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Abstract
The Canadian Arctic Archipelago (CAA) was remarked as the third most significant contributor
to the global sea level rise between 2003 and 2009, containing one third of the world’s freshwater
as land ice (Gardner et al., 2011). Continuous monitoring of the long-term mass variability of the
CAA is essential knowledge for gaining insight about their forthcoming impact due to climate
change. The scope of this thesis is to determine independent mass balance estimates from GRACE
gravity and ICESat laser altimetry data for both the Northern and the Southern Canadian Arctic
(NCA; SCA), compare both estimates and assess them with respect to previous studies, while
discussing the reasons of the potential discrepancies existing.

GRACE data are available as spherical harmonic coefficients (Level-2) express the gravity field
and they are expanded up to a certain degree and order. This hampers the recovery of regional
scale mass anomalies, which need knowledge of higher spatial detail. The proposed approach
reconstructs spatial averaging basin functions that mask the glaciated areas of the NCA and SCA
and fits GRACE-Stokes coefficients to isolate the ice-signal. This methodology has been applied
to large river basins and ice sheets, however the present algorithm is applied for the first time to
ice caps and glaciers. Due to the basins’ nature of signal leaking outside the basin, an estimate of
the basin leakage error is accounted as well. High correlation in the Stokes coefficients of shorter
wavelengths produces artificial noise which has to be filtered. Four different filters were tested
and assessed with respect to geophysical signal attenuation they induced. The impact of the
different filtering has been neglected for ice applications up to now, however this thesis highlights
mass trends differences up to 8 Gt/yr. The GIA and hydrology reduced GRACE mass balance was
-27.5 ± 4.1 Gt/yr for the NCA and -19.8 ± 2.5 Gt/yr for the SCA from 2003 to 2009. 5-yearintervals were estimated between 2003 and 2014 and accelerating mass losses of 50-55 Gt/yr for
the NCA and 20-25 Gt/yr for the SCA were noticed. ICESat repeat tracks are not repeated exactly,
while the elevation sampling is relatively sparse for glaciers, ICESat operated 2-3 times/yr. The
ICESat mass changes derivation involved the retrieval of elevation changes by fitting elevations
into boxes, and the conversion to volume changes using Ordinary Kriging and mass changes
assuming a constant ice density. The GIA-free ICESat mass changes of -39.4 ± 10.4 Gt/yr for the
NCA and -23.9 ± 6.1 Gt/yr for the SCA showed greater mass losses compared with GRACE in the
same period. The potential causes are discussed analytically and justified sufficiently in this thesis.
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Introduction and Literature Review
The focus of this work is to determine the present-day ice mass changes of the major glaciers of
cryospheric importance located at the Canadian Arctic Archipelago (CAA) from 2003 to 2014,
using satellite data from GRACE and ICESat. Satellite missions have become an indispensable
tool for monitoring global and regional geophysical phenomena, enabling the collaboration of a
broad range of interdisciplinary scientific groups. This chapter includes an overview of the
literature review and the methods used, while the climatic state of a warmer Earth is underlined.
Also, the open problems and objectives of this thesis are presented, while the thesis structure is
outlined at the end of the chapter.

1.1

Background

Cryosphere refers to areas where water is in its solid form, frozen into ice or snow, assembled
conjointly by various factors. It is usually assumed to refer to the glaciated regions of the north
and south poles, however snow, ice and frozen ground (permafrost) are also found at many other
locations on Earth. Different forms of the frozen water on the Earth’s surface are divided into landsurface and water-surface contributors. The land-surface contributors (land ice) consist of ice
sheets, ice caps and glaciers, and areas of snow and permafrost, while the water-surface
contributors are the frozen parts of oceans (sea ice), lakes and rivers. The former are significant
contributors to the sea level rise as they melt and one of the most sensitive indicators of long-term
climate change. The latter are all highly sensitive components to air and ocean temperature and
precipitation, and hence to climate change at shorter time scales. Estimating the mass balance,
defined as the net difference between the mass gains (e.g., rain, snow accumulation) and the mass
losses (e.g., discharge, sublimation, melting, runoff, calving, ocean melting from bedrock), and
understanding the ice mass balance mechanisms of water exchanging with the atmosphere and the
adjacent ocean are essential to assessing the mass transport processes and their significant
contribution to climate change.

Therefore, monitoring the time variability of the ice masses of the cryospheric regions around the
globe and estimating their contribution to global sea level have become the main topic of
investigation by various research groups worldwide. Much focus has been put on the ice sheets of
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Greenland and Antarctica, which, according to recent predictions, have the potential to
significantly contribute to the global sea level with around 7 m and 57 m rise, respectively
(Forsberg et al., 2013) if all were to melt. In the past, the mass estimate of these immense ice sheets
was poorly known and it was often treated as a residual in the budget of oceanic mass and sea level
change. Due to recent developments in regional climate modelling and remote sensing, using
altimetry, gravimetry and Interferometric Synthetic Aperture Radar (InSAR) feature tracking, the
ice sheets mass balance components can be resolved at a near-annual timescale with spatial
resolution of meters. This has also enabled us to investigate the ice mass changes in smaller,
regional glaciers and ice caps, with inherent impediments due to their smaller size, geometry and
possibly limited spatial and temporal resolution.

1.2 Monitoring the ice mass changes in the Canadian Arctic Archipelago
Results from a combination of techniques have shown that the global ice sheets were losing more
than three times as much ice each year in the 2003-2009 period, compared to 1990s, contributing
a 0.7 mm/yr (or 29% of the sea level rise in that period (Gardner et al., 2013; Shepherd et al., 2012;
Van de Broeke, 2009). Mountain Glaciers and Ice Caps (GIC) included in the peripheries of the
vast ice sheets are found to be supplementary contributors to the sea level rise, even at a
comparable level with the ice sheets (Bolsch et al., 2013; Gardner et al., 2013; Nilsson et al., 2015).
About two-thirds of the global input come from the rapid melting of the coastal Greenland (Rignot
et al., 2011), Alaska (Luthcke et al., 2008) and the Canadian Arctic glaciated islands (Gardner et
al., 2011; see Figure 1.1).

The glaciological study by Radic and Hock (2010) highlighted the contribution of different
glaciated areas to the global sea level rise compared to each region’s contribution to the global
glaciated area. The five regions with the largest sea level rise contribution were the Canadian
Arctic, Antarctica, Alaska, Greenland, and High Mountain Asia. However, the ranking of the same
five regions with respect to the largest ice-covered areas was different; namely Antarctica,
Canadian Arctic, High Mountain Asia, Alaska, and Greenland. These results indicated that a region
that contained fewer glaciers, most of which were large, had increased sea level rise contribution
2

compared to a region with many but smaller glaciers. This difference was due to the power law
nature of the volume‐area relation (Marshall, 2011), which is the most simple and popular method
used for estimating glacier volume, expressed as:

V  cA

(1.1)

where V is the volume and A is the surface area of a glacier, and the scaling parameters c and γ are
obtained regionally for glaciers based on their different size and topography. For more details
about how the values of these scaling parameters were derived, the reader is referred to Radic and
Hock (2010) study.

Figure 1.1 Map of the main glaciated areas under study of the Canadian Arctic Archipelago, located
west-off Greenland.
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The cryospheric importance of the CAA, shown Figure 1.1, was largely neglected until Gardner
et al. (2011) underlined its crucial contribution to the sea level rise of 0.17 ± 0.02 mm/yr with
average ice mass loss of about 61 ± 7 gigatons per year (Gt/yr) between the years 2004 and 2009.
Lenaerts et al. (2013) showed an increased meltwater runoff, which did not compensate for the
snowfall in the CAA, suggesting a higher sea level rise of about 0.35 ± 0.24 mm/yr between the
years 2003-2012. Nevertheless, it was unclear whether this accelerating increase was caused by
natural decadal climate variability or long-term decline of the CAA glaciated periphery and
volume. As the northern hemisphere land ice is melting, it does not only contribute to the ocean
circulation and the deep-water formation by the freshwater input into the ocean, but also to the
global sea level rise. Estimating the sea level rise is a complicated task, due to the fact that it does
not change uniformly across the oceans due to self-attraction and isostasy (Forsberg et al., 2013),
and it is beyond the scope of this thesis.

The use of different data sets, the data record length available, the various observation periods and
the implementation of miscellaneous techniques factors can potentially introduce large
discrepancies in the estimated rate of the ice mass variability. Additional uncertainty can be
brought by the unknown glacier area distributions in regions with large ice covers, such as
Antarctica (Sasgen et al., 2010, Rignot et al., 2008), CAA (Gardner et al., 2011; 2013), Alaska
(Arendt et al., 2008; 2009), Greenland (Rignot et al., 2011) and Patagonia (Radic and Hock, 2010).
All the aforementioned factors accumulated can yield conflicting estimates that do not always
overlap. Therefore, it is of great importance to obtain a better understanding of the regional scheme
of the ice masses over the CAA by (i) acquiring extensive records of time series, (ii) using methods
which combine different levels of spatial and temporal resolution of the data and (iii) obtaining
reliably improved estimates of the ice mass variability.

1.3

A warmer climate and Arctic Ocean

One of the very first and main indicators that gives insight about climate change and respectively
the time variability of the ice masses is air temperature. In Figure 1.2, the average annual
temperature change between the periods 2003-2016 and 1950-1990 is illustrated in a stereographic
projection for the winter (Dec-Jan-Feb) and the summer (Jun-Jul-Aug) seasons.
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We observe a high temperature increase in the entire northern hemisphere, with averaged
temperature variations increasing by 1-2 °C during the winter season. Particularly, the northern
part of the Ellesmere Island showed a greater temperature increase, along with Greenland (~ 24°C). During the summer months, the temperature increased as well between 1-2 °C for Ellesmere
Island and between 0.5 - 1.5 °C for Baffin Island.

Figure 1.2 Northern hemisphere plot of the mean temperature change in winter(left) and summer(right)
months for the period 2003-2016 compared to 1950-1990. Figure generated at
data.giss.nasa.gov/gistemp.

Figure 1.3 depicts the relation between mean temperature and latitude. During the winter months,
the highest mean temperature observed was above 2°C for latitudes above 60 degrees, which refer
to the CAA, increasing for higher latitudes. However, during the summer period, for latitudes
above 60 degrees, the mean temperature changed by about only 0.5°C, confirming that warmer
winters are occurring.
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Winter

Summer
(b)
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Figure 1.3 Zonal means of the data shown in Figure 1.2 during (a) winter and (b) summer with respect to
Figure 1.2. Figure generated at data.giss.nasa.gov/gistemp.

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC AR5) released in 2013, during the last decade the largest contributions to global glacier ice
mass losses were from glaciers in Alaska, the Canadian Arctic, the periphery of the Greenland ice
sheet, the Southern Andes and the Asian mountains, while many disappearing glaciers were
noticed in the Canadian Arctic (Radic and Hock, 2010). It is predicted that the Arctic region will
warm more rapidly than the global mean, while the mean warming over land will be larger
compared to the ocean at the end of the 21st century. It is anticipated that the globally averaged
changes will exceed by a factor value between 1.4 to 1.7 (IPCC AR5). There is high confidence
that the current glacier outlines are out of balance with current climatic conditions, indicating that
glaciers will continue to shrink in the future even without further temperature increase.

1.4 Determining the mass balance of glaciated areas
Knowledge about ice mass variability estimates has been substantially improved during the past
years due to the use of miscellaneous global and regional techniques over extensive time periods.
The combination of methods of different levels of spatial and temporal detail has enabled the
continuous monitoring and update of a high resolution and record database. However, differences
still remain due to inherent uncertainties of the techniques used.
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The three main independent techniques widely used for regional and global ice monitoring are
satellite gravimetry, satellite altimetry and MB modelling along with in-situ observations.

Satellite Gravimetry
The Earth’s gravity field varies not only spatially but also temporally. Mass (re-)distributes within
the Earth and on and above its surface, causing changes to the geoid. The geoid is the equipotential
surface of the Earth’s gravity field which approximates the mean sea surface. The geoid is the
reference surface for measuring elevations (vertical datum definition) and all Earth monitoring
disciplines require precise knowledge of heights above the mean sea level. Most of the mass
changes are typically expressed as elevation changes in water, ice and oceans above the static
geoid. Satellite gravimetry with the Gravity Recovery And Climate Experiment (GRACE) mission
has enabled the accurate derivation of the Earth’s gravity field temporal variations by providing
monthly gravity changes, which can be simply converted to mass changes. Mass changes are
assumed to be concentrated in a very thin layer of water thickness changes near the Earth’s surface,
therefore they can be expressed as equivalent water height (EWH) changes. These gravity
variations contain the information of the whole integrated geophysical signal, which includes
information about hydrologic, oceanic, atmospheric, ice and land-uplift changes (referred as
Glacial Isostatic Adjustment; GIA). Therefore, one can derive mass variations due to only ice
changes after removing the contribution of the unwanted geophysical signals, by using available
data from hydrology, ocean, atmosphere and GIA models, as no ice-model exists. Additionally,
GRACE solutions produce mass directly, without the implication of any density scheme. The time
variations of mass refer directly to spatial averages over broad areas (GRACE spatial resolution is
around 400km) instead of point data, so there is no need for applying any interpolation technique.
However, the drawback is that it does not allow directly capturing small-scale mass changes
accurately from time-variable gravity.

Satellite Altimetry
The use of satellite altimetry for determining mass balance of major ice sheets and glaciers has
become possible since the mid 1980’s and early 1990’s (Zwally et al., 1987; Wingham et al., 1998;
Nilsson et al., 2015). Over the past decade we have been able to acquire data from both satellite
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radar altimeters like Topex/Poseidon, Jason-1, Jason-2 (National Aeronautics and Space
Administration; NASA), Geosat, European Remote Sensing Satellites ERS 1 and 2, Envisat,
Cryosat and its follow up mission Cryosat-2 (ESA), and laser altimeters like the Ice, Cloud and
land Elevation (ICESat) mission of the European Space Agency (ESA). The basic advantage of
these altimetric missions is their high temporal and spatial resolution, making long-term studies
feasible by using geodetic measurements, such as Satellite Laser Ranging (SLR) and Doppler
Orbitography by Radiopositioning Integrated by Satellite (DORIS), together with GPS, for highaccuracy orbit determination (Vergos, 2002).

The primary information of altimetric missions is elevation, which is defined at the centre of the
laser footprint in the case of ICESat. However, deriving regional ice mass changes from timevariable elevations of an area under study entails two drawbacks that have to be considered. The
first impediment concerns the conversion from elevation changes to volume changes, while the
second involves the conversion from volume to mass changes. As the ultimate goal is deriving
surface mass changes at the glaciated regions only, this implies the creation of a continuous
surface, densely populated with elevation changes covering the area. In this sense, regional
interpolation or extrapolation techniques are involved (Gardner et al., 2011, Nilsson et al., 2015),
which increase the uncertainty at the unmeasured locations due to prediction errors. Then, one can
simply derive volume changes, which can be converted to mass variations after assuming a density
profile.

Mass Balance and in-situ data
Mass Balance (MB) is a measure of the net accumulation (Ac) minus ablation (Ab) defined for an
entire ice body (e.g., ice sheet, glacier), over a specified time interval of usually one year as:

MB  Ac  Ab

(1.2)

where Ac denotes the accumulation primarily by rain and/or snow, while Ab denotes the loss of
snow and ice induced from evaporation, sublimation, wind-erosion, melt-water runoff and calving
(see Figure 1.4). Calving refers to the process where ice fractions detach from the main ice body
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and start floating in the ocean. Then, the mass balance MB represents the mass or volume change
of a whole land ice body with units of kg yr-1 or m3 yr-1.

However, MB can also be described at points of glaciers or averaged over a glacier surface, which
is rigorously introduced as Surface Mass Balance (SMB). SMB is the MB after neglecting
contributors that induce dynamic discharge, i.e., gravity change and therefore mass transport
(Hanna et al., 2013), such as calving, basal and internal accumulation and ablation (Marshall, 2011;
Figure 1.4). The total glacier mass balance for most mountainous glaciers (e.g., CAA) is governed
by SMB, therefore, MB= SMB. When Eq. (1.1) is defined at a point, it expresses the local SMB per
unit area of the glacier, expressed in units of kg m -2 yr-1 or m yr-1 equivalent water. Snow density
measurements are required then to convert snow-surface height changes to mass changes.

Figure 1.4 Mass balance components of a glacier. Image credit: Cogley et al. (2011).

The SMB is constructed from the reanalysis of mean daily records of temperature and precipitation
fields from Regional Climate Models (RCM), such as atmospheric models (Fettweis et al., 2013;
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Lenearts et al, 2013; Wouters et al., 2013) and ocean models (Swenson et al., 2008), downscaled
to the selected grid size. In case of available trustworthy in-situ observations (Gardner et al., 2011),
biases in these fields can be reduced.

Ice Discharge (D) estimates (Rignot et al., 2008a, Hanna et al., 2013) provide information about
the mass or volume ice flux through a glacier section anywhere in the glacier, but usually close to
or at the terminus (Cogley et al., 2011). If the terminus is a calving front, the ice discharge is
equivalent to the calving flux plus the flux due to the advance (positive) or retreat (negative) of
the calving front (Cogley et al., 2011), as it illustrated in the right side of Figure 1.4. D estimates
can be derived from either InSAR (Pritchard, 2006) or regional glacial measurements (Rignot et
al., 2011), calculated from a time series of glacier ice velocity and ice thickness, respectively, in
order to derive the rate of mass change (Rignot et al., 2011). In the case that they are taken into
account in the final MB, they increase the estimate’s uncertainty due to their limited knowledge
and the difficulty in accurately quantifying marine terminating glaciers and/or the advance or
retreat of their termini (Gardner et al., 2011). Additionally, mass flux terms resulting from
melt/refreezing at the base of the glacier, avalanches, and blowing snow are usually assumed to be
negligible.

Note that mass balance rates and their uncertainties can be expressed not only in centimeters or
millimeters of EWH but equivalently in gigatons per year of mass change. The unit of kg m-2 can
be replaced by mm EWH, implying that 1 kg of liquid water (of water density 1000 kg/m3) has a
thickness of 1 mm when it is distributed uniformly over 1 m2 area, expressed as:
1 m EWH =1000 kg m-2/ ρw

(1.3)

Also, if mass balance is stated in km3 EWH, this means that 1 km3 EWH is equal to 1 km of EWH
uniformly distributed over 1 km2 area. Thus, 1 km3 can be replaced with 1 Gt.

To sum up, precise temporal geoid determination in conjunction with satellite altimetry estimates
and in-situ data will allow significant advances in the improvement of the ice mass variations, as
the full length of the spatial resolution, from hundreds of kilometers to few meters, is addressed in
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high-accuracy. Continuously quantifying the ice mass variability and determining the rigorous
error estimates involved are crucial factors to improving our understanding on the global ice mass
balance estimates and their contribution to the related climate change, along with the associated
hazards mitigation.

1.5 Research objectives
The primary objective of this thesis is to estimate the annual ice mass changes of the main glaciated
areas of the Canadian Arctic Archipelago, outside Greenland, from two independent methods. The
CAA regions under investigation are partitioned into the North and South Canadian Arctic, which
are defined and discussed in Section 2.3. The input data from satellite gravimetry with GRACE
and satellite laser altimetry with ICESat will provide information regarding the land ice monitoring
of the CAA in space and time. Both satellites are widely used for polar studies, since their orbit
inclinations ensure a high concentration of observations at high latitudes. Although both methods
are completely independent, the resulting mass balance from each method in comparison with
previous studies of various applied algorithms and data used will enhance the validation of the
retrieved individual estimates and provide insight about the potential differences. The main
objectives of this thesis are summarized as follows.
1. To derive the time variations of the CAA ice mass changes from GRACE in two periods
of study, where the first one overlaps with the operational period of ICESat, i.e., 20032009 and the second one ranges from 2003 to 2014, including data of more recent years.
2. To estimate the mass balance in the CAA glaciated regions from ICESat for its operational
period 2003-2009.
3. To assess and compare the independent mass change estimates and their associated
uncertainty results from: i) both GRACE and ICESat, ii) glaciological measurements and
glacier mass balance modelling preliminary results, and iii) previous studies on the areas
of NCA and SCA using various methods.
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1.6 Thesis outline
The thesis is composed of six chapters. Chapter 2 summarizes the necessary background
information regarding the two satellite missions used (GRACE and ICESat), including their
mission purpose, characteristics, measurement principles and data products. The applicability,
benefits and drawbacks of both approaches for estimating the ice mass variability in the CAA are
discussed as well. Chapter 3 focuses on the methodology and results after processing GRACE
monthly harmonic solutions. In order to capture small-scale mass changes of the CAA glaciated
regions, spatially averaging kernel functions were used, various filtering techniques for reducing
the high frequency noise were applied, and the undesirable geophysical contribution was removed
from the final ice mass balance estimate. In Chapter 4, the methodology concerning ICESat data
processing is included and the derived elevation and mass results along with their uncertainties are
discussed. In order to derive elevation changes we used the repeat track method, after data preprocessing, data culling and gross error detection by robust estimators. Elevation and elevation
changes plots are provided for the whole CAA glaciated surface after introducing the spatial
correlation technique, and the density scheme is discussed in order to derive the ice mass balance
from ICESat. In Chapter 5, the two-independent ice mass balance results from GRACE and ICESat
are presented and compared for the North and South part of the CAA separately. The final ice mass
variations were corrected for the GIA effect by using different versions of the ICE6G-(VM5a)
model. An overview of the GIA effect and contribution to the mass change estimates is discussed
separately for each mission. Also, this chapter includes comparisons between the thesis results and
previous studies estimates that used different methodologies and data, and a preliminary
comparison between estimates from glaciological observations and a mass balance model is made
with ICESat mass changes. Discrepancies are discussed and explained. Lastly, Chapter 6 includes
a short summary, presents the conclusions of this work for each individual technique and their
comparison, and discusses recommendations for possible future work.
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The GRACE and ICESat missions and the glaciers databases
Achieving reliable knowledge of temporal and spatial changes in terrestrial ice requires the
analysis of long time records of regional in-situ and satellite measurements, as the derived mass
variability strongly depends on the record length (Velicogna, 2009; Wouters et al., 2013). With
the debut of the first satellite remote sensing missions a new era has begun, enabling the
determination of the time-variable mass changes of vast remote glaciated areas, such as Antarctica,
Alaska, Greenland and its periphery (Shepherd et al., 2012), and also the smaller glaciers and ice
caps of the CAA. This chapter provides an overview of the satellite gravimetry mission of GRACE
and the satellite altimetry mission of ICESat, along with information about their main objectives,
characteristics and measurement principles. At the end of the chapter, the available glacier outlines
are discussed and the ones used are determined.

2.1 Satellite gravimetry with GRACE
For more than 15 years, satellite gravimetry measurements acquired from GRACE have been used
for estimating the time variability of the gravity field within the Earth and at its surface, capable
of also recovering changes in the re-distribution of the land ice masses. GRACE has been widely
used for monitoring various geophysical processes and phenomena and provide estimates of their
associated mass distribution in the Earth system. Mass transports included the detection of
earthquakes (Chen et al., 2007), changes in the ground water (Syed et al., 2008) and the ocean
circulation pattern (Chambers and Bonin, 2012) and melting of the vast ice sheets (Velicogna and
Wahr, 2006; Luthcke et al., 2008, Gunter et al., 2009). GRACE is a joint mission of the Deutsche
Forschungsanstalt fṻr Luft und Raumfahrt (DLR) and NASA, under the NASA Earth System
Science Pathfinder Program (Tapley et al., 2004). The GRACE twin satellite system was launched
on March 17, 2002, and currently operates under an extended mission phase, as the initial intended
lifetime was five years (Watkins and Bettadpur, 2000; Tapley and Reigber, 2001). GRACE
satellites are expected to continue orbiting till the end of 2017, while the GRACE follow-on
mission GRACE-2 is scheduled for launch in early 2018.
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Mission objectives and characteristics
The primary objective of the GRACE mission was to accurately measure the temporal changes in
the shifting Earth masses and map their effects on the Earth’s gravity field, with a high spatial
resolution from 400 km to 40,000 km, yielding new information on effects of global climate
change. Its secondary objective was to measure globally distributed profiles of the GPS signal
excess delay or bending angle of GPS measurements per day, caused by the Ionosphere and
Atmosphere (Slobbe, 2008).

The GRACE mission consists of two identical satellites, separated by an along-track distance of
approximately 220km, chasing each other in similar near-polar orbits of 89.5° inclination. Each
satellite is equipped with a K-Band (sampling frequency 10Hz) ranging instrument, capable of
measuring inter-satellite distances. This system is sensitive enough to detect distance changes as
small as 10 micrometres over their nominal separation distance of 220 km. Additionally, GRACE
satellites also carry attitude sensors (to control the orientation of each satellite; Dunn et al., 2003),
GPS receivers, high precision accelerometers (Touboul et al., 1999) and laser retro reflectors that
enable SLR by terrestrial measurements. The SLR data combined with the GPS tracking data are
used for precise satellite orbit determination and calibration of the on-board GPS Space Receivers.
The twin satellites have a Low Earth Orbit (LEO) of ~500 km altitude which decays naturally with
time (~30 m/yr; Tapley et al., 2004), due to atmospheric drag. The degree of decay depends on the
solar radiation activity maximum, which was a significant factor for selecting the satellite’s
launched altitude, assuring the mission’s lifetime.

The unprecedented accuracy of the GRACE gravity field models has given the opportunity of
exploring the time-varying gravity field of the Earth achieving a 2 cm geoid accuracy (to degree
and order 70) uniformly over land and ocean regions (Tapley et al., 2004). Its accuracy at long and
medium wavelengths has been proven better than any previous model (Tapley et al., 2004). In this
sense, GRACE satellites are able to retrieve time-varying mass changes, averaged over arbitrary
regions of a few hundred kilometers and larger areas (Swenson and Wahr, 2002) with better than
1 cm EWH accuracy. These estimates showed evidence that GRACE gravity data would be
significantly consolidated in the next years (Kusche et al., 2012). It would enable one to understand
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how the Earth’s mass varies over time and monitor the global sea level, polar ice mass, deep ocean
currents, and depletion and recharge of continental aquifers, all crucial components of the climate
change regime.

Measurement principle
GRACE satellite system measures the fluctuations of the Earth’s gravity field by precisely tracking
the microwave K-band signals transmitted and received by both spacecrafts. The GRACE principle
relies on the concept of satellite-to-satellite-tracking in the low-low mode (LL-SST), where the
relative motion between the two same-low-orbit GRACE satellites is tracked by monitoring their
inter-satellite distance range. By combining these data with precise knowledge of the satellites’
speed acquired from GPS measurements, a global map of the Earth’s gravity anomalies along the
satellites’ orbit can be constructed.

While in operation, the satellites may speed up or slow down due to causes other than changes in
the Earth’s gravity field. Thus, the inter-satellite distance changes include the summation of all
the forces acting on the satellites, both gravitational and non-gravitational. On each satellite, the
accelerometer is responsible for distinguishing and removing the effects of the non-gravitational
forces acting on the satellite. The GPS receivers are used for determining the precise time-tagging
of the observed measurements, in order to obtain the inter-satellite range changes and derive the
absolute positions of the satellites orbiting the Earth. These are the primary data obtained from
GRACE, known as Level-1B data, which will be addressed in more detail in Section 2.1.3, along
with the data used for deriving changes in mass from gravity. In order to understand how GRACE
operates, Figure 2.1 illustrates the GRACE satellites’ behavior while passing over a mass anomaly
on the Earth’s surface. The twin satellites are displayed as ‘GRACE A’ and ‘GRACE B’, referring
to the front- and the back- satellite, with respect to the direction of motion.
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(c)

Figure 2.1 GRACE twin-satellite principle of measurement while passing over a gravity - mass anomaly.

(b)

(d)
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In Figure 2.1, we can see that when the front-satellite ‘GRACE A’ is about to pass over a stronger
gravity area (gravity anomaly) caused by a positive mass anomaly (Figure 2.1.a), the satellite tends
to speed up and pulls ahead of the back-satellite ‘GRACE B’, due to the mass attraction. This
results in an inter-satellite distance increase, as it is shown in Figure 2.1.b. Then, as the frontsatellite moves away from that area, it decelerates and the inter-satellite distance decreases again
(see Figure 2.1.c). Meanwhile the back-satellite approaches and senses the gravity anomaly on the
specific area and it starts accelerating. In this case, the satellite range between ‘GRACE A’ and
‘GRACE B’ increases again (Figure 2.1.d), although ‘GRACE A’ satellite is not affected anymore
by the mass anomaly. After the ‘GRACE B’ satellite passes over the mass anomaly, their intersatellite distance decreases again to their nominal separation.

Data levels and distribution
Data levels
The GRACE data are grouped into different categories called levels, based on the level of
processing performed on the raw data, resulting in Level-0, Level-1, Level-2 and recently Level3 data. Level-0 data refer to the raw GRACE data of the mission’s operation system, which consists
of the binary encoded satellite communication. The Raw Data Center (RDC) is responsible for
dividing the raw data stream into science and housekeeping data (Bettadpur, 2003). This is
executed for each of the two GRACE satellites once in every pass.

Level-1 data are divided into Level-1A and Level-1B data. The Level-1A data are the result of
sensor calibrated and time-tagged to the raw Level-0 data in order to convert them into engineering
units after undergoing extensive processing, editing and data cleaning. The Level-1 data are
completely reversible to the Level-0 data and they are not distributed to the public. Irreversible
processing of Level-0 and Level-1A data has been applied to create the Level-1B data, which are
the input needed for deriving gravity field solutions and determining orbits. The Level-1B data
include: the inter-satellite range and range-rates, and the non-gravitational accelerations for each
satellite, along with the additional orbit information.
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Level-2 data are derived from calibrated and validated Level-1 data. These data are monthly
gravity fields in the form of time-variable spherical harmonic coefficients, which represent
geopotential perturbations. Geopotential in this case stands for the Earth’s exterior potential
(outside the attracting masses), which includes not only the land part, but also the oceans and the
atmosphere. Spatial and temporal variations in the Earth’s gravity field affect the motion of each
GRACE satellite differently, causing inter-satellite distance changes (Figure 2.1). Therefore, in
order to derive the Earth’s exterior gravity potential and its variations, initial gravity field estimates
are required. These are obtained after combining the precise satellite orbits with the inter-satellite
distance measurements. Background gravity models (Bettadpur, 2012) are used to correct for solid
Earth tides and ocean tides, solid Earth pole tides and ocean pole tides, and the Atmosphere-Ocean
De-aliasing Level-1B (AOD1B) product. Overall, most users do not have the resources to process
Level-1 data and rely on the Level-2 harmonic solutions (Wahr, 2007). After the creation of Level2 data, their monthly mean is removed from the monthly coefficients’ differences, in order to
process only their changes. Nevertheless, these gravity changes also include secular signals
derived from Post-Glacial Rebound (PGR) or GIA, which will be discussed in more detail in
Section 3.9. These gravity changes will be used to retrieve surface mass changes and interpret
them as ice mass changes, as we will see in Section 3.3 analytically.

During the past few years, GRACE working groups have started developing Level-3 data by
directly providing global mass change estimates, expressed as EWH of gridded mass concentration
blocks called mascons, which aimed at studying the time-variable gravity. Mascons are robust
estimators and help to better localize the ice mass signal. There have been three classes of GRACE
mascon solutions developed, where the first one was used by Ivins et al. (2011) based on the
approach of Watkins et al. (2015), who estimated spherical cap mascons directly from explicit
partial derivatives relating the inter-satellite range-rate measurements (Level 1B data) to an
analytical expression for the mass concentration. The second class of mascon solution developed
by a group at the NASA Goddard Space Flight Center (Luthcke et al., 2006a; Rowlands et al.,
2010; Sabaka et al., 2010; Luthcke et al., 2013) was similar to the first one; however, here each
mascon basis function is represented by a finite truncated spherical harmonic expansion instead of
an analytical expression, having signal power outside of the mascon boundary (Waltkins et al.,
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2015). Finally, the third class of the so-called “mascon” solution (Jacob et al., 2012; Schrama et
al., 2014; Velicogna et al., 2014) fits gridded mass concentration to the spherical harmonic
coefficients (Level 2 data) in order to remove the correlated error of GRACE fields, which will be
discussed analytically in Sections 3.4 and 3.5. These are not true mascon solutions as there is no
direct relation between the mass elements and the inter-satellite range-rate measurements. Both
first and second classes have the advantage of simultaneously adjusting all state parameters when
estimating the gravity potential (Watkins et al., 2015).

Data distribution
The GRACE Level-1B and Level 2 data are distributed between three joint partners of the Center
for Space Research (CSR) in Texas, the German Research Centre for Geosciences Geo Forschungs
Zentrum Potsdam (GFZ) in Potsdam, and NASA’s JPL in California. Deriving month-to-month
gravity field variations from GRACE observations requires a complex inversion of relative ranging
observations between the two formation-flying GRACE spacecrafts, in combination with precise
orbit determination via GPS and various corrections for spacecraft accelerations non-related to
gravity changes (Sakumura et al., 2014). Various parameter choices, models and solution strategies
are possible, and have been explored by GFZ, CSR, and JPL. Updated results of Level-2 gravity
fields have helped to better understand the characteristics of various approaches, and the
differences between the processing centers’ results have generally decreased over newer releases.
The differences among JPL, GFZ, and CSR are mostly very small, and lie within the error bounds
of the GRACE solution itself (Barletta et al., 2013) of couple centimeters (Sakumura et al., 2014).
However, in polar regions, JPL solutions varied more than other solutions (Sakumura et al., 2014).
Overall though, research findings showed that the differences are due to random errors rather than
signal differences (Sakumura et al., 2014), after evaluating GRACE solutions over oceans
(Chamber and Bonin., 2012) and river basins (Oki, 2011) as well.

Additionally, in contrast to the earliest release RL04 of Level-2 data, the latest release RL05 was
created through numerous changes covering reprocessed instrument data, observations and
background models used (Dahle et al., 2012; Bettadpur 2012). For instance, changes include
improved alignments between the star camera, accelerometer and the K-band ranging system, the
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use of updated background models for the atmospheric and nontidal ocean variability, the mean
gravity field, the ocean tides and the pole tide. Since May 2012, RL05 superseded RL04 releases,
which are not produced anymore, while since October 2013, RL05a superseded RL05 and RL05
time series are no longer produced.
Lastly, available Level-3 data of EWH mascon grids have been distributed by the NASA’s JPL as
TELLUS-GRACE equal-area 3-degree spherical cap mascons constructed by Wiese et al. (2015;
first class) and by the Goddard Space Flight Center (GSFC) as GSFC Global 1x1 arc-degree equalarea mascons created by Luthcke et al. (2013; second class).

2.2

Satellite altimetry with ICESat

Satellite laser altimetry with NASA’s ICESat has led to scientific advances in monitoring the time
variability of the precise elevation knowledge of the Earth’s land ice and the surface characteristics
of the sea ice (Zwally et al., 2002). By the expansion of the suite of ICESat data and tools, it has
become possible to monitor the world’s ice sheets, glaciers and sea ice, with improved
measurement accuracy. Therefore, it has been one of the key techniques to monitor sea level rise
and the associated global climate change up to present, capable of sensing the seasonal and interannual climate variability. ICESat was launched on January 13, 2003 and provided multi-year
science data until October 2009. It was decommissioned from operation in August 2010. The
ICESat follow-on mission ICESat-2 is scheduled for launch in 2018.

Mission objectives and characteristics
The primary science objective of ICESat was to estimate accurately the topography and the mass
changes of the vast ice sheets of Greenland and Antarctica in order to retrieve their ice mass
balance. Secondary objectives were to estimate the changes in the polar sea ice thickness, the
additional changes made to the vegetation-canopy heights, and the height profiles of clouds and
aerosols by observing the vertical structure and magnitude of cloud and aerosol parameters.
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ICESat carried the Geoscience Laser Altimetry System (GLAS), a profiling instrument that
collected data only where the altimeter pointed, nominally along the ground tracks. ICESat/GLAS
had three lasers, each one of them had a 1064 nm laser channel for surface altimetry and dense
cloud heights, and a 532 nm lidar channel for the vertical distribution of clouds and aerosols.
Although the initial plan was to operate 365 days per year, due to technical problems right after
the satellite’s launch, the mission’s repeat cycle had to be reduced from 365 days to 91 days repeat
orbit, with an approximate sub-cycle of 33 days a year. This implied that each crossover location
was revisited every 91 days, while the surrounding area every 33 days. To extend the mission’s
life, the operational mode included 33-day to 56-day campaigns, several times per year. Table 2.1
shows the ICESat operational time periods with respect to the altimeter operating, including also
information about the satellite’s orbit cycle days. Asterisk shows the end of life for the particular
laser; therefore, three lasers were in total onboard, operating one at a time.
Table 2.1 ICESat operational periods, based on the activated laser (https://nsidc.org/daac/)

The satellite operated in a near-polar orbit of 94° inclination, as a compromise between achieving
global coverage and ground-track crossovers. GLAS operated from a 600 km altitude, with
frequency of 40 pulses per second and along-track spacing of 172 m, with a surface-ranging
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accuracy of 10 cm (Zwally et al., 2002). The precise position of the satellite was obtained by two
Global Positioning System (GPS) receivers as seen in Figure 2.2. The altitude of the satellitealtimeter, and hence the direction of the laser beam, was determined by gyroscopes and star
cameras. Figure 2.2 illustrates how the ICESat/GLAS altimeter operated, making measurements
on reference ground tracks intersecting the Earth. The figure is provided by NASA, and it depicts
how the laser pulses return back to the altimeter after being reflected from a land, water and ice
surface, instead of clouds and aerosols, where in the latter case, the laser pulses are being scattered.

Figure 2.2 ICESat\GLAS altimeter measurements per track (http://nasa.gov/centers/goddard/images/).

GLAS predicted accuracy for surface elevation variations was less than 1.5 cm/yr over a 100 km
x 100 km area (Slobbe, 2008), averaged over the approximately 70 m diameter laser footprints.
Therefore, ICESat provided and still provides a unique database for cryosphere monitoring due to
its high-spatial resolution and despite its short operational period (Zwally et al., 2002), able to
predict how the glaciated areas and the sea level respond to climate change.
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Measurement principle
The satellite altimeters are instruments determining the distance between the Earth’s surface (e.g.,
sea surface) and the satellite, by recording the transit time of a pulse transmitted from a precisely
located altimeter, after being reflected from the Earth’s surface and received back at the instrument
(altimeter range measurements; see Figure 2.3). The emitted signal has a Gaussian shape, and the
return full pulse signal, called waveform, contains information about the characteristics of the
surface it is reflected from. For illustration purposes in Figure 2.3, the Earth’s surface refers to the
sea surface, however it can refer to land, river, lake or ice surface, from where the signal is
reflected. Then, the sea surface or simply called surface height refers to the height of the associated
Earth’s surface above the reference ellipsoid (green line, Figure 2.3).
Assuming that the satellite’s orbit is determined precisely, the satellite’s altitude can reach cmlevel accuracy and, as long as the travel time is also accurately measured, the range between the
altimeter and the reflected surface can be determined with high accuracy. In order to derive the
surface height, we have to subtract the altimeter measured ranges from the known satellite’s
altitude. However, in practice, in order to obtain an accurate altimetric range, the range
measurements must be corrected for a number of effects, while the instrument must be regularly
calibrated to determine the delay times of the signal (https://earth.esa.int). These instrument delays
vary with the heating/cooling cycle of the satellite around its orbit after passing the Ionosphere and
Troposphere (clouds). So, in order to derive an accurate estimate of the surface height, a range of
geophysical corrections needs to be applied. These corrections include the Inverse Barometer, Sea
State Bias, Ionospheric correction, Ocean Tide, Polar Tide, Earth Tide, Wet Tropospheric
correction and the Dry Tropospheric correction (https://earth.esa.int). Only Instrumental
Corrections have already been applied to the altimetric ranges. After acquiring elevations on a
desired glaciated surface over a certain period, elevation variations can be derived. Then, these
elevation changes will be converted into mass changes after multiplying with the underlined area
they refer to and a density profile.

23

Figure 2.3 Measurement principle of laser altimetry.

Data products and campaigns
The NASA ICESat/GLAS instrument products are defined as Level-0, Level-1, Level-2, and Level
3 data, according to the NASA’s Earth Observing System (EOS) standards (Zwally et al., 2002).
Level-0 refer to the raw data, Level-1 include the instrument parameters, and Level-2 contain
geophysical ice, ocean, atmosphere, and land parameters. Lastly, Level-3 data include gridded
digital elevation models of Greenland and Antarctica, along with atmospheric (lidar) backscatter
images (Zwally et al., 2002). The National Snow and Ice Data Center (NSIDC) distributes fifteen
Level-1 and Level-2 data products from the GLAS instrument as binary files, as it is shown in
Table 2.2. All of the parameters in the data files are determined from the digitized waveforms (not
only the first or the last pulse), which refer to the full pulse.
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Table 2.2 ICESat GLDAS available products
Product
GLAH01
GLAH02
GLAH03
GLAH04
GLAH05
GLAH06
GLAH07
GLAH08
GLAH09
GLAH10
GLAH11
GLAH12
GLAH13
GLAH14
GLAH15

Description
GLAS/ICESat L1A Global Altimetry Data
GLAS/ICESat L1A Global Atmosphere Data
GLAS/ICESat L1A Global Engineering Data
GLAS/ICESat L1A Global Laser Pointing Data
GLAS/ICESat L1B Global Waveform-based Range Corrections Data
GLAS/ICESat L1B Global Elevation Data
GLAS/ICESat L1B Global Elevation Data
GLAS/ICESat L2 Global Planetary Boundary Layer and Elevated Aerosol
Layer Heights
GLAS/ICESat L2 Global Cloud Heights for Multi-Layer Clouds
GLAS/ICESat L2 Global Aerosol Vertical Structure Data
GLAS/ICESat L2 Global Thin Cloud/Aerosol Optical Depths Data
GLAS/ICESat L2 Antarctic and Greenland Ice Sheet Altimetry Data
GLAS/ICESat L2 Sea Ice Altimetry Data
GLAS/ICESat L2 Global Land Surface Altimetry Data
GLAS/ICESat L2 Ocean Altimetry Data

Based on the data availability and the required data input in order to derive mass changes over the
CAA, the GLAH14 product was selected and processed with ICESat, which provided Global Land
Surface Altimetry Data. With respect to the global altimetric data, the data referring to the area
under study were derived and extracted, as there was no specific altimetric product available for
the northern hemisphere except for Greenland (GLA12 product). More details about the data
selection and processing follow in Chapter 4.

2.3

Glacier outlines

As GRACE and ICESat provide data with a global coverage, there is a need for acquiring and
isolating their satellite data only over the glaciated areas under study, in order to retrieve the
respective ice mass variations. In order to do so, different glacier databases exist, containing
information about the glacier boundaries (outlines) and various other assigned attributes.
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The Global Land Ice Measurements from Space (GLIMS) Web Mapping Service (WMS) includes
various layers that can be accessed, such as the GLIMS Glacier Outlines, World Glacier Inventory
(WGI), Regional Coordinator Locations, Glacier Outlines, ASTER Footprints, and others. The
GLIMS Glacier Outlines layer contains the results of glaciers’ mapping within the GLIMS
initiative (Raup et al., 2007). The GLIMS initiative is a project designed to monitor the world’s
glaciated regions, using optical satellite data from instruments such as the Advanced Spaceborne
Thermal Emission and reflection Radiometer (ASTER), available from the Ministry of Economy,
Trade and Industry of Japan (METI) and NASA (https://asterweb.jpl.nasa.gov/gdem.asp). The
ASTER instrument acquires optimized imagery from Earth’s glaciers (e.g., best season and
instrument gain settings), accumulated from an international network of collaborators, who
analyze imagery of glaciers in their areas of expertise. Their results are sent for archiving to the
National Snow and Ice Data Center (NSIDC), including digital glacier outlines and related
metadata, snow lines, center flow lines, hypsometry data, surface velocity fields, and literature
references. The data in the GLIMS WMS are Open Geospatial Consortium (OGC;
http://www.opengeospatial.org/) compliant; OGC is an international non-profit organization,
responsible for making freely-available quality data, thus increasing the data spread and utility in
the geospatial society globally. Each GLIMS file contains polygons representing the small-scale
glacier or ice cap outlines at a specific time, and other features, such as the extent of debris cover
or the location of supra-glacial and pro-glacial lakes. In this database, the uncertainty of each
given glacier’s location (outlines) lies within a circle of 20 m radius from its true location (Raup
et al., 2007).

The GLIMS Glacier Outlines can be acquired by using the GLIMS Glacier Viewer, an interactive
map which was developed to provide easy access to the GLIMS Glacier Database. In this case,
the glacier outlines and attributes are downloaded by interactively selecting the area of interest in
the GLIMS Glacier Viewer. Then, the outlines are available for download into a number of
Geographic information System (GIS)-compatible formats, including KML (for using it in
Google Earth), Environmental Systems Research Institute (ESRI) Shapefiles, MapInfo tables,
Geographic Mark-up Language (GML), and Generic Mapping Tools (GMT). These outlines were
further processed with ICESat data.
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Furthermore, the Randolph Glacier Inventory (RGI; http://www.glims.org/RGI/) is a global
glacier outlines inventory, supplemental to the established GLIMS after the IPCC AR5. The RGI
intends to enhance cryosphere-related knowledge, in order to estimate improved and precise total
ice volumes and ice mass changes at global and large-regional scales. Updates have been and still
are being made to both the RGI and the GLIMS Glacier Database, offering a complete one-time
coverage, version control and standard set of attributes. The most updated and recommended for
use inventory at the time of this thesis was the RGI 5.0 (July 20, 2015; Arendt et al., 2015).
However, the newest and recommended release for use is the RGI 6.0 since July 28, 2017. The
RGI 5.0 database includes coarse glaciated outlines referring to individual glaciated regions,
which are grouped based on the broad geographic area they refer to.

As both GLIMS and RGI are databases that are constantly being updated with newer estimates of
glaciers extents through glaciological measurements from different international groups, the
outlines of the CAA under study were extracted using both databases. In the case of the GLIMS
Glacier Outlines, the acquired data were obtained on November 28, 2016, while the RGI 5.0 on
July 18, 2015. Two different sets of outlines were used with respect to the satellite method used,
as we will see later on in Chapter 3 for GRACE and Chapter 4 for ICESat. Concerning the GLIMS
outlines, the GLIMS Glacier Viewer was used and two shapefiles were extracted and read from
the interactive map, including refined boundaries of the North Canadian Arctic (NCA) and the
South Canadian Arctic (SCA) separately, provided as polygons. Due to the fact that the GLIMS
glaciated polygons showed detailed extents of glaciers and ice caps, they are further processed
with ICESat data. Concerning the RGI 5.0 outlines, the extracted outlines were read from
downloaded shapefiles, which included data for a number of individual global glaciers and ice
caps, as well as ice sheets. From that file, the glaciers and ice caps included in the CAA were
selected and extracted with respect to the broader glaciated region they correspond to; NCA or
SCA. Table 2.3 provides analytically the list of glaciers and ice caps that are included in the NCA
and SCA area, respectively. The investigation of the NCA included six major glaciated areas,
while the SCA included eight. These outlines were further processed with GRACE data.
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Table 2.3 RGI 5.0 glaciers included in the CAA
NCA

SCA
Bylot Island
W Baffin Island
N Baffin Island
NE Baffin Island
EC Baffin Island
SE Baffin Island
Cumberland Sound
Frobisher Bay

N Ellesmere Island
Axel Heiberg and Meighen Is
NC Ellesmere Island
SC Ellesmere Island
S Ellesmere Island (NW Devon)
Devon Island

Figure 2.4 GLIMS glacier outlines (cyan) and RGI 5.0 outlines (blue for the NCA and red for the SCA),
projected on the full resolution GSHHS coastline.
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Figure 2.4 illustrates the two sets of glaciated outlines of both the NCA and the SCA under study,
projected using the full resolution of the Global Self-consistent Hierarchical High-resolution
Geography (GSHHS) coastline, version 2.3.5 as of April 12, 2016 (Bohlander and Scambos, 2007;
Gorny, 1977; Soluri and Woodson, 1990; Wessel and Smith, 1996). The figure illustrates the RGI
basins for the NCA in blue and SCA in red and the GLIMS polygons as detailed glaciated polygons
in cyan color for both the NCA and SCA.

2.4

Summary

In this Chapter, an overview of the GRACE and ICESat missions was given by providing
information about each satellite’s operational system, levels of product and their use, measurement
principles and their significance in monitoring mass changes in glaciated areas such as the CAA.
The GRACE mission provides information about the solid Earth and surface water
(re)distributions via gravity anomalies, which can be expressed as mass anomalies in the form of
cm/yr or mm/yr of EWH or equivalently Gt/yr, in case they refer to mass changes in ice caps and
glaciers. The GRACE Level-2 data are able to produce a continuous global EWH field, however,
due to the certain maximum DO of the spherical harmonic (Stokes) coefficients’ expansion,
GRACE has a limited spatial resolution and can not sample at each point on Earth. Therefore, the
mass trends can not be directly derived at small-scale regions, such as the glaciated areas in the
CAA as defined by the GLIMS outlines (see Figure 2.4; in cyan). Thus, different data processing
algorithm needs to be defined in order to retrieve mass changes in these regions from Level-2 data.
On the other hand, ICESat provides global high-accuracy height variation estimates measured from
ground-based track measurements, which can also be expressed as mass changes in polar areas,
after assuming a density profile for the underlined ice thickness observed. Despite the high alongtrack resolution of ICESat, due to its limited temporal resolution operating 2-3 times per year for
about 6 years, the data sample is likely sparse to cover the whole surface area of glaciers and ice
caps. Therefore, interpolation or extrapolation techniques need to be involved. Both methods allow
the monitoring of glaciated regions in the CAA, whose glaciated outlines used were provided and
discussed at the end of this chapter. Both methods have different input data, advantages and
disadvantages to overcome in order to derive mass changes rates independently.
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Estimation of mass changes using GRACE data
In this chapter, the applied methodology using GRACE data is described and the retrieved EWH
changes are provided separately for the NCA and the SCA. The chapter includes the equations
used to derive gravity changes from the monthly Stokes coefficients from CSR, which are then
converted to ice mass changes. Different corrections and errors are introduced, discussed and
removed in order to derive the final ice mass balance of the CAA in two periods. The first period
(period 1) overlaps with the ICESat operational period running from 03/2003 to 10/2009 (82
months). The second period (period 2) was originally planned to include monthly solutions
available from 03/2003 to 02/2016, in order to complete 13 years of GRACE operation. However,
due to a high number of missing monthly models during the year of 2015 (missing information for
half of the year), period 2 was finally truncated up to the 10/2014 month (142 months). According
to the GRACE processing teams, the data gaps occurred due to the fact that the GRACE satellites
passed through orbital resonances and were not able to fully resolve the gravity field (Wagner et
al., 2006). The numerical results along with the uncertainty and error estimates are presented and
discussed for each region and the followed methodology is summarized in steps in Section 3.11.
3.1

Geopotential and GRACE data

The Earth’s gravitational potential, V is a harmonic function outside the attracting masses and it
can be expanded into a spherical harmonic series (Heiskanen and Moritz, 1967) as:
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(3.1)
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where (r,θ,λ) are the spherical coordinates, r the distance from the origin of the coordinate system,

 the co-latitude,  the longitude, RE the radius of the Earth, G the gravitational constant, and
M the Earth’s mass. The terms Clm and Slm are the dimensionless spherical harmonic coefficients,
while Plm are the associated Legendre functions, which can be computed everywhere as a function
of coordinates, and l and m are the spherical harmonic degree and order (DO), respectively, which
theoretically can take values up to infinity.
30

The gravitational potential of Eq. (3.1) has a radial dependence, e.g., radial attenuation with
l 1

R 
increasing height from the Earth’s surface due to the factor  E  , which shows that the
 r 
gravitational potential decreases with increasing radius r. Thus, the terms with the smallest values
of l, which represent the longest wavelengths, have the least attenuated signals due to the satellite’s
altitude.
The spatial resolution of the gravitational potential field

S res is practically limited to a certain

value of spectral resolution, defined by the maximum degree and order of the spherical harmonics
expansion lmax. Typically, this is up to 120 for GRACE (Chen et al., 2006). The formula for the
spatial resolution expressed in km, is described as:
Sres 

20, 000
,
lmax

(3.2)

expressing that the spatial resolution is dependant on and inversely proportional to the maximum
degree

lmax of the truncated potential field expressed in Eq. (3.1). The maximum degree and order

expansion of the Stokes coefficients defines the spatial resolution of GRACE, which indicates the
maximum high frequencies that can be recovered.
Although the Earth’s gravitational potential in Eq. (3.1) is expressed by the spherical harmonic
coefficients’ expansion from 0 to infinity, in practice the summation starts from degree 2. As
conventionally the origin of the reference frame is chosen to coincide with the Earth’s center of
mass, the coefficient C with degree and order 0 represents the total mass of the Earth as a sphere
(including both solid and fluid components) and it is equal to 1, while the coefficient S of the same
degree and order is zero. Also, the coefficients of degree-1 vanish in Eq. (3.1), as they represent
the coordinates of the Earth’s centre of mass and the origin coincides with the centre of mass of
the Earth. Therefore, the spherical harmonic series summation in Eq. (3.1) starts from l=2, with
the degree 2 terms expressing the longest wavelengths in the series expansion.
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Eq. (3.1) was used with GRACE Level-2 gravity field solutions, consisting of complete sets of
Stokes coefficients, averaged over monthly intervals. To retrieve the Earth’s surface gravity
variations over a certain period, the mean gravity field had to be removed from the monthly Stokes
coefficients. The mean gravity field can be either obtained as a geopotential model provided by
various GRACE processing centres or estimated as the average field of all the available monthly
solutions of the period under analysis. The GRACE analysis made use of the latest release of data
RL05, produced by the CSR as monthly geopotential models as sets of coefficients. These models
were downloaded from the International Center for Global Gravity Field Models (ICGEM)
website. Each downloaded file consisted of a series of monthly spherical harmonic coefficients,
up to degree and order 96. As the coefficients’ standard deviations were not provided by ICGEM,
we finally acquired the coefficients’ uncertainties from the Information System and Data Center
(ISDC) centre for coefficients up to DO 60.

3.2

Coefficients replacement

Before computing the monthly gravity changes from the GRACE gravity coefficients, certain
corrections had to be applied to the obtained coefficients. These corrections are analytically
discussed below, underlining the importance and/or necessity of each one of them.
The C20 coefficient
The C20 coefficient (degree l=2 and order m=0) is not observed reliably by GRACE due to the
GRACE satellites’ short separation distance. This coefficient actually shows anomalously large
variability in the Level-2 GRACE data and it can bias the mass change estimates in polar regions
(Gunter et al., 2009) as it is proportional to the Earth’s oblateness (Velicogna, 2009; Gunter et al.,
2009). Therefore, the C20 monthly coefficients are usually replaced with the values derived from
five SLR satellites (LAGEOS-1 and 2, Starlette, Stella and Ajisai) (Cheng and Tapley, 2004). SLR
is a well-established technique for determining independent degree-2 coefficients.

Different scientific groups have created their own time series of monthly C20 coefficients.
Particularly, the Astronomic Institute of the University of Bonn (AIUB) provides monthly
estimates for coefficients up to DO 10, based on SLR observations of the satellites LAGEOS-1,
32

LAGEOS-2, Starlette, Stella, AJISAI, Beacon-C, LARES, Larets, Blits. Their time series consist
of 138 months running from January 2003 to June 2014 (Sosnica et al., 2014). No filtering was
applied to the coefficients and the Atmosphere and Oceanic Variability De-Aliasing (AOD)
product of RL05 was the same as in the GRACE data. These data are available for download from
the ICGEM. Other C20 values estimates are provided by the University of Texas (UT/CSR) and
the GRACE Technical note 07, where the first provides time-series of 166 months from January
2002 to November 2015 and the second of 165 months from January 2002 to November 2015 (1
missing month). Both provide C20 estimates with updated values for months up to December 2016.
These C20 estimates are derived from the analysis of SLR data to five geodetic satellites, LAGEOS1 and 2, Starlette, Stella and Ajisai. The background gravity model used in the SLR analysis is
consistent with the GRACE RL04 or RL05 processing, including also the use of the same AOD
product. The monthly mean of the applied AOD model (included in the file) has been restored, so
that the coefficients represent the full monthly signal, used for deriving the monthly coefficients’
differences.

As we are interested in the C20 temporal variations, a comparison between the monthly C20
differences from all the different centres and the raw RL05-CSR-GRACE is performed in Figure
3.1, after removing the mean field from each solution. For the sake of comparison, the raw CSRGRACE C20 series are plotted for the period from April 2002 to October 2015, with 145 months
of data and 17 missing monthly values. The mean field was derived separately for each solution
as the average of all the available monthly C20 estimates. In Figure 3.1, increased variability was
observed for the CRS-GRACE C20 changes, as anticipated and also for the CSR-SLR C20
differences. Lower amplitudes are shown for the solutions by the GRACE Technical Note 07 SLR
and the AIUB. Nevertheless, Figure 3.1 can not give a feeling of the coefficients’ contribution to
the final mass estimates. Figure 3.2 was created in order to express the significance of the C20 term
correction expressed as mass change. Figure 3.2 was created as the difference between a random
global monthly change after being corrected and without being corrected for the C20 term. Based
on Figure 3.2, after correcting for the C20 term, the mass change estimate shows about 1.5 cm
EWH increase in both north and south polar areas, including the CAA. Therefore, by neglecting
this correction the derived mass estimate for the CAA will be biased lower.
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Figure 3.1 Time series estimates of C20 deviations from their mean for different processing centres.

Figure 3.2 EWH monthly change showing the difference between corrected and uncorrected C20
coefficient.
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In the present study, the GRACE C20 terms along with their associated standard deviations were
replaced by the updated Technical Note 07 SLR C20 estimates (January 2017), provided by Cheng
et al. (2013). These SLR C20 estimates were chosen as their time series changes show smaller
variability than the overestimated of the original GRACE terms. Additionally, Cheng et al. (2013)
based their estimates on RL05-CSR-GRACE data. This correction improves the GRACE estimates
in polar regions based on Chen et al. (2005), who computed and evaluated the seasonal amplitude
of basin-scale mass change time series, such as Antarctica and Greenland, sensitive to these low
degree gravitational terms, and similarly the CAA.

The degree-1 coefficients
GRACE is not able to estimate degree-1 harmonics directly. Those terms have a physical meaning
as they are proportional to the displacement of the geocenter, expressing the offset between the
Earth’s center of mass and center of figure. The latter refers to the centre of a set of tracking
stations (figure) on the Earth’s surface. For instance, as ice sheets refer to a coordinate system
attached to the Earth’s surface, degree-1 terms are non-zero. Therefore, by neglecting the retrieval
of degree-1 coefficients, mass change estimates over a given region are degraded. Their omission
causes distant signals to leak into the region and ignoring their influence can significantly affect
estimates of the ice mass variability (Gunter et al., 2008; Gunter et al.,2009; Davis et al. 2004;
Chen et al. 2005; Wu et al. 2006). According to Wu et al. (2006), degree-1 along with zonal degree2 coefficients resulted in over 2 cm of EWH improvement in the determination of the annual mean
of the ice mass balance of Antarctica. They derived both degree-1 and C20 estimates by inverting
GPS displacement series measured at roughly 450 continuously tracking sites and ocean bottom
pressure (OBP) estimates from a data assimilated ocean circulation model from 1993 to 2004.
Then, they compared these estimates with GRACE harmonics up to DO 50.

Degree-1 coefficients can be expressed in several equivalent forms. For example, they can
represent distances (in mm) along the Z (axis of rotation), X and Y axes, derived from SLR
measurements to geodetic satellites, as provided by Cheng et al. (2010). Differently, they can be
expressed as (fully normalized) coefficients of the geopotential, after combining GRACE data with
the output of a numerical ocean model. This form was used for land hydrology and cryospheric
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applications by Swenson et al. (2008). Lastly, they can represent changes in mass (per unit area),
expressed either in kg/m2 or cm of EWH (https://grace.jpl.nasa.gov/data/get-data/geocenter/).

In some studies, degree-1 coefficients are neglected and not replaced, due to the fact that all the
coefficients of the same monthly solution are correlated, so, in that case, the residuals of the
coefficients replacement will still remain. According to previous studies, if one is interested in
their linear trend over the years, the original GRACE solutions can be kept without any
replacement (Ewert et al., 2012). However, in the present study, degree-1 GRACE harmonics
along with their associated uncertainties were replaced with the fully normalized coefficients
provided by Swenson et at. (2008), updated in November 14, 2016. Their estimate was based on
CSR-RL05 GRACE coefficients and their values were obtained from JPL. The time series of the
three degree-1 coefficients’ deviations from their respective mean field is shown in Figure 3.3.

Figure 3.3 Time series comparison of degree-1 spherical harmonic coefficients’ deviations from their
mean.

Similarly as with the C20 coefficient, the comparison of the variability of the dimensionless
coefficients does not give a handful insight about the degree-1 coefficients’ significance in the
final changes. Therefore, in order to illustrate the impact of this correction to the final EWH mass
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estimates, Figure 3.4 was created. In this figure, the difference between a global monthly change
(same months as in Figure 3.3) after being corrected and without being corrected for the degree-1
coefficients is illustrated in cm of EWH. It is obvious that as degree-1 terms are zero in the GRACE
monthly solutions, the figure provides directly the change due to the corrected terms. In Figure
3.4, we can see that the correction of degree-1 terms brings about 1.5 cm of EWH mass loss to
both north and south hemispheres, where the CAA is also affected by the same magnitude. Note
that Figure 3.4 was derived without including the C20 coefficient correction.

Figure 3.4 EWH monthly change after correcting for degree-1 spherical harmonics.

The pole tide coefficients
Another GRACE harmonic coefficient correction is associated with the coefficients of degree 2
and order 1, which are related to the solid Earth pole tide. The solid Earth pole tide refers to the
deformation of the solid Earth and oceans caused by the Earth’s rotation-axis movement (polar
motion). When deriving surface mass variations from GRACE, the assumption is that the gravity
field variations do not incorporate the signal of any solid Earth process. Particularly, the effects of
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tides are already removed during the GRACE Level-2 processing, the GIA effect has to be
removed by the GRACE data users and the pole and ocean tide effects are partly corrected during
the construction of Level-2 GRACE data, before the creation of the gravity field coefficients.
However, the long-period pole tide variability still remains in the GRACE coefficients (Wahr et
al., 2015). Additionally, a surface load (mass increase) induces deformation within the underlying
solid Earth, which also affects the gravity field and so does to the gravity coefficients. Despite the
underlined significance of these coefficients, their correction was not applied in this study.

An illustration and of their values is provided as time series from 01/2002 to 12/2016 of the most
recent available data in Figure 3.5. The uncorrected GRACE coefficients C21 and S21 are shown in
green, their corrections derived from SLR data are in black and the latter’s deviation from their
respective mean field is in red. The pole tide corrected values were derived from SLR data obtained
from the UT/CSR, who derived them based on monthly RL05 time series. Note that both pole tide
coefficients by GRACE show less fluctuation and smaller amplitude compared with the respective
SLR values. In Figures 3.5.a and 3.5.b, both SLR C21 and S21 deviations from the mean (in red)
show similar magnitude as the degree-1 coefficients’ changes illustrated in Figure 3.3. This implies
that their impact on the final mass estimates will be of similar significance as seen in Figure 3.4.
For more details about the pole tide coefficients and their effect on the GRACE time-variable
gravity measurements, the reader is advised to refer to the manuscript of Wahr et al. (2015).

The aforementioned corrections are applied to the monthly GRACE coefficients before computing
the coefficients’ differences and constructing the associated matrices. With respect to the Stokes
coefficients’ matrix format, either as in Table 3.1 (square format) or Table 3.2 (rectangular format),
the GRACE coefficients were substituted with the respective corrected coefficients.
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(a)

(b)

Figure 3.5 Time variability comparison of SLR (a) C21 (a) and (b) S21 in black and the deviation from
their mean in red. GRACE C21(top) and S21(bottom) coefficients are shown in green during 2002.012016.12.
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Table 3.1 Stokes coefficients square format

𝐶0,0

𝑆1,1

𝑆2,1

𝑆3,1

𝑆4,1

𝑆5,1

𝐶1,0

𝐶1,1

𝑆2,2

𝑆3,2

𝑆4,2

𝑆5,2

𝐶2,0

𝐶2,1

𝐶2,2

𝑆3,3

𝑆4,3

𝑆5,3

𝐶3,0

𝐶3,1

𝐶3,2

𝐶3,3

𝑆4,4

𝑆5,4

𝐶4,0

𝐶4,1

𝐶4,2

𝐶4,3

𝐶4,4

𝑆5,5

[𝐶5,0

𝐶5,1

𝐶5,2

𝐶5,3

𝐶5,4

𝐶5,5 ]

Table 3.2 Stokes coefficients rectangular format

𝐶0,0

[𝑆5,5

3.3

𝑆1,1

𝐶1,0

𝐶1,1

𝑆2,2

𝑆2,1

𝐶2,0

𝐶2,1

𝐶2,2

𝑆3,3

𝑆3,2

𝑆3,1

𝐶3,0

𝐶3,1

𝐶3,2

𝐶3,3

𝑆4,4

𝑆4,3

𝑆4,2

𝑆4,1

𝐶4,0

𝐶4,1

𝐶4,2

𝐶4,3

𝐶4,4

𝑆5,4

𝑆5,3

𝑆5,2

𝑆5,1

𝐶5,0

𝐶5,1

𝐶5,2

𝐶5,3

𝐶5,4

𝐶5,5 ]

Gravitational potential to surface mass variations

The changes in the Earth’s gravity field are caused by changes in its mass distribution, however,
the inversion from gravity to mass is not unique (Wahr, 2007). These temporal mass variations are
retrieved by using GRACE gravity fields in the form of Stokes coefficients. These gravity changes,
caused by gravitational potential changes, can be expressed as geoid height changes. In spherical
approximation, geoid heights N can be expanded in a spherical harmonic series as follows:
lmax

l

N ( ,  )  RE  Plm (cos  )(Clm cos m  Slm sin m ) ,

(3.3)

l  2 m0

where RE is the mean radius of the Earth, Clm and Slm the dimensionless, fully normalized Stokes
coefficients, and Plm the normalized associated Legendre functions.
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In reality, most of the mass transports are indeed caused by changes in the water storage in
hydrologic reservoirs, oceanic, atmospheric and land ice masses movement and the associated
mass exchanges among all these components (Wahr et al., 1998). Nevertheless, the solid Earth
signal is stronger. Assuming that the mass changes are concentrated in a very thin layer of water
thickness changes near the Earth’s surface, i.e., relatively thin ±10 km (Wahr, 2007), they can be
expressed as:

 ( ,  )  

thin layer

 (r , ,  )dr ,

(3.4)

where  (r , ,  ) is the density redistribution on a specific location that causes the changes in the
Earth’s gravity field and  ( ,  ) is the surface density change, which is the surface mass changes
in EWH. This surface mass layer thickness must ensure the incorporation of the all the
aforementioned geophysical signals involved. Its relative value is mainly determined by the
atmospheric changes, for which most of the mass lies within 10 km of sea level (Wahr et al., 1998).
Therefore, one is able to estimate the associated global mass changes maps in the form of
centimeters or millimetres of EWH (Wahr et al., 1998).
The Clm and Slm time-variable fully normalized Stokes coefficients of the Earth’s gravity field
are related to the density distribution  (r , ,  ) that causes the time-dependant gravity as:

Clm 
 r 
3

(
r
,

,

)


 

 RE 
Slm  4ave (2l  1)
where

ave

l 2

cos m 
Plm (cos  ) 
 sin 
 sin m 

d d  dr ,

(3.5)

is the average density of the Earth (=5517 kg/m3).

 r 
At the Earth’s surface, we can assume that  
 RE 

l 2

 1 and then Eq. (3.5) simplifies to:

Cˆlm 
cos m 
3
 (r , ,  ) Plm (cos  ) 


 sin 

ˆ
sin
m

4

(2
l

1)

S


ave
 lm 
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d d  ,

(3.6)

where Cˆlm and Sˆlm refer to the time-variable fully normalized dimensionless Stokes
coefficients’ differences of the Earth’s surface mass variations (mass coefficients).

However, there is no surface mass load change without inducing deformation on the Solid Earth,
and this is addressed by the Love numbers kl . The Love numbers help to convert the gravity
coefficients to surface mass coefficients, and they represent the effects of the Earth’s response to
the surface loads (deformation). They are expressed in Eq. (3.7), which gives the conversion from
gravity to mass coefficients using the Love numbers, as:

Cˆlm   2l  1 Clm 
ave
 
  .
ˆ
 Slm   w 1  kl  Slm 

(3.7)

The Love numbers values are obtained from Wahr et al. (1998).

Therefore, equivalently, instead of expressing the gravity changes in geoid height changes, they
are expressed as changes in the surface mass density, as (Wahr., 1998):

 ( ,  ) 

3.4

RE ave
3

lmax

l

2l  1

 1  k
l  2 m 0

Plm (cos  )(Clm cos m  Slm sin m ) .

(3.8)

l

Striping effect and smoothing

Due to the GRACE satellites orbit geometry, the lack of spatial coverage and the errors in the
background models, noise is produced as the satellites operate and make observations. This high
frequency noise generates long, linear features oriented from north-to-south in the global GRACE
fields, called stripes (see Figure 3.6). These stripes do not represent geophysical signals, but they
come from the GRACE K-band ranging system. This system provides inter-satellite distance
variations which produce temporal gravity field variations that suffer from a limited spatial
resolution. The spatial resolution of GRACE is defined by the DO expansion of the GRACE
coefficients as it is described in Eq. (3.2), where the higher DO coefficients refer to higher
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frequencies. Therefore, the generated ‘stripes’ imply a high degree of correlation in the Stokes
coefficients at shorter wavelengths, which correspond to higher DO coefficients (spectral domain).

One simplified way of reducing and removing the stripes would be to truncate the Stokes
coefficients to a relatively low degree and order. However, this would cause increased geophysical
signal loss, apart from removing the systematic noise. Instead, filtering techniques have been
widely used to reduce this correlated noise and recover the Earth’s surface mass changes that cause
the gravity field variations, expressed by the Stokes coefficients’ differences. The process of
filtering the correlated coefficients as a function of degree and order is called decorrelation. By
decorrelating the GRACE Stokes coefficients, noise is being suppressed and the amplitude of the
stripes decreases.

In Figure 3.6, one monthly EWH change was plotted on a global scale to illustrate the striping
effect in the spatial domain, after using unfiltered GRACE coefficients (Figure 3.6.a) and after
decorrelating them (Figure 3.6.b). As we can see in both plots, stripes attenuate from the equator
to the poles, however they still exist after decorrelation. This remaining striping effect implies that
noise still remains in higher frequencies, which is due to non-correlated errors (i.e., random or
other systematic errors). Smoothing techniques like Gaussian isotropic or anisotropic filtering are
usually applied to the decorrelated Stokes coefficients, causing smoothly averaged results. By
filtering the GRACE coefficients, a part of the geophysical signals involved might also be removed
simultaneously, which cannot be directly estimated. Given that only the frequencies (or
wavelengths) allowed by the maximum degree of the Stokes coefficients’ expansion can be
recovered, its magnitude is affected by the selected filtering parameters. As the level of filtering
increases, the geophysical signals attenuate. Thus, the selection of the decorrelating and smoothing
filtering parameters has a great impact on the geophysical signal loss and their selection is very
critical.
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(a)

9a)

(b)

9a)

Figure 3.6 GRACE EWH monthly change using (a) unfiltered and (b) decorrelated spherical harmonic
coefficients.
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For the reduction of the noisy GRACE data, various filtering algorithms have been implemented
and discussed in the literature, including:
•

Gaussian isotropic and anisotropic filters (Wahr et al., 1998).

•

Non-Gaussian degree- and order-dependent filters, based on a-priori estimates of signal
and measurement error variances (Swenson and Wahr, 2002; Seo and Wilson., 2005; Chen
et al., 2006a).

•

Other anisotropic filters, based on the geographical region needs and the calibrated error
spectrum (Han et al., 2005b), such as also the fan filter (Zhang et al., 2009) which is a
combination of two isotropic filters, one depending on the spherical harmonic degree and
the other on the spherical harmonic order.

•

Wiener filtering, as a linear convolution filtering for optimally adjusting the filtered output
to be close to the desirable output (Sasgen et al., 2006).

•

Empirical Orthogonal Function (EOF) decomposition of the spherical harmonics grouped
by order (Wouters et al., 2008), where the obtained principal components (PCs) were
tested for temporal random behavior and the series of coefficients were then reconstructed
using the non-random PCs and associated EOFs.

•

Empirical decorrelation filters, which filter the correlated Stokes coefficients of the same
harmonic order and over the same parity using a quadratic polynomial moving window
(Swenson and Wahr, 2006; Chambers, 2006; Chen et al., 2007; Duan et al., 2009).

•

Other decorrelation filters, which use a-priori data from a synthetic model (Kusche, 2007;
Klees et al., 2008; Kusche et al., 2009).

In this work, two different decorrelation filters were applied and evaluated, after inserting different
filter parameters. Additionally, both Gaussian isotropic and anisotropic filters were applied
separately to each set of decorrelated Stokes coefficients, to supress any remaining noise.
Therefore, at the end, four different filters were applied, which are analytically described below as
decorrelation filters and Gaussian isotropic and anisotropic filters.
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Decorrelation filters
Swenson and Wahr (2006) created a decorrelation filter and found coefficients’ correlation for
even and odd degrees. Later on, Duan et al. (2009) revisited the filters by Swenson and Wahr
(2006), Chambers (2006) and Chen at al. (2007), and introduced a refined formula of the filter.
Both decorrelation filters, created for reducing the correlated errors in the Stokes coefficients, are
expressed by the length of the filter’s window W. However, the new filter’s window included an
increasing number of parameters to be defined and achieved a better balance between correlated
noise removal and geophysical signal preservation. The de-correlation process is performed by
fitting the Stokes coefficients to a quadratic polynomial in both cases, where Each Stokes
coefficient is located in the center of the window. The length of the window W defined by Swenson
and Wahr (2006) is expressed by Eq. (3.9) and by Duan et al. (2009) by Eq. (3.10) as:





W = max Ae-m / K +1, 5



W = max Ae

f



+1, 5 ,

 (1- γ)m
f 

and

p

1/ p
+ γl p 

K

(3.9)

,

(3.10)

where l and m are the degree and order of the Stokes coefficients to be filtered, A the number, K
the width, γ the slope and p the curvature, which define the varying filter parameters that need to
be fixed. The minimum length of the window is fixed to 5 in both Eq. (3.9) and Eq. (3.10). As the
filter parameters change, the length of the window W changes as well. So, in order to filter stronger
where noise is higher, the length of the window needs to decrease, as the order of the fitting
polynomial remains constant. In Eq. (3.10), the width of the window decreases (increases) as A or
k decreases (or increases), which would make the filter stronger (or weaker) (Belda et al., 2015).

Gaussian isotropic filter
The Gaussian isotropic smoothing filter is a common isotropic averaging function, which is able
to reduce the magnitude and the possible signal distortion at the high-degree only GRACE
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coefficients. This smoothing filter is degree-dependant spectrum only and it is expressed by Eq.
(3.11), filtering the Stokes coefficients as:


W  Wl   W (a )Pl (cos a )sin(a )da

(3.11)

0

with

Wl (a ) 

b exp[ b(1  cos a )]
and
2
1  e2b

b

ln(2)
,
 r 
1  cos 

 RE 

(3.12)

where aψ is the spherical distance between two points, W(aψ )is the height that corresponds to the
distance aψ , r denotes the averaging or smoothing radius and RE the Earth’s radius. This idea of
constructing spatial averages like Eq. (3.11) to compensate for poorly known, short-wavelength
spherical harmonic coefficients was developed by Jekeli (1981) to improve estimates of the Earth’s
gravity field.

Gaussian anisotropic filter
The Gaussian anisotropic filter has a degree and order dependent spectrum, with spatial resolution
being determined by r0 in latitude, and rl in longitude. It is expressed as
W  Wlm  Wlm (r l/2 (m))

with r l/2 (m) 

rl  r0
 r0 ,
ml

(3.13)

where r0 is the radius for zonal coefficients (m=0) and rl the radius for order m=ml. Deficiencies
in de-aliasing background models and other errors and mismodelling then yield an anisotropic
error pattern (Kusche et al., 2009).

In this study, the final filter parameters for decorrelating and smoothing the Stokes coefficients are
summarized in Figure 3.7. Two decorrelation filters were applied, defined as ‘Dec 1’ and ‘Dec 2’
and both relied on the filter window length as defined in Eq. (3.10). The parameters needed to be
defined for each window length were selected based on the studies of Belda et al. (2015) for ‘Dec
1’, who processed RL05 GRACE data, and Duan et al. (2009) for ‘Dec 2’, who processed RL04
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GRACE Stokes coefficients respectively. As it was mentioned in Section 2.1.3, although the RL05
data show improvement on the noise levels of higher DO coefficients than previous releases like
RL04, they still need to be filtered. The GRACE data used in the present work are RL05 Stokes
coefficients, however, most of the published results up to now processed RL04 data. As expected,
RL04 data needed different parameters to be tuned for reducing the noise.

In the present study, a more simplified approach and implementation was followed regarding the
starting degree and order of the decorrelation process. Particularly, the decorrelation started after
degree and order 38 for the ‘Dec 1’ and 5 for the ‘Dec 2’. As the decorrelation affects geophysical
signals especially in high latitudes (Swenson and Wahr., 2006), a portion of lower degree and order
coefficients was excluded from decorrelation in both filters. The rest of the decorrelation filter
parameters needed to define the window length (Eq. 3.10) were used from the aforementioned two
studies, with respect to the filter (see Figure 3.7). After decorrelating the coefficients, Gaussian
isotropic and Gaussian anisotropic filters were applied to the decorrelated coefficients, using
different radius and radii respectively, for each filter. For ‘Dec 2’, the radius and radii selection
for the Gaussian isotropic and anisotropic filter respectively was chosen as the most common
smoothing radii used for GRACE RL04 Level-2 data from previous studies (Chen et al, 2007;
Gunter et al., 2009; Chambers and Bonin, 2012). Differently, the radii values for ‘Dec 1’ were
chosen after Belda et al. (2015), who defined them as optimal globally, for RL05 CSR GRACE
data. The final filter parameters for decorrelation and smoothing are summarized in Figure 3.7.

+

+

Figure 3.7 Schematic illustration of the applied filter parameters.
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The main objective of using different filtering schemes was to illustrate the effect of filtering to
the final mass change estimates of the area under study. As we will see later on, the selection of
the Gaussian smoothing radius or radii is more crucial than of the decorrelation parameters, as the
first smoothly averages the resulting EWH fields. Higher radius/radii values imply stronger
filtering which decreases the amplitude of noise, thus produces more smoothed EWH fields. The
level of smoothing is capable of vanishing the geophysical signals’ presence. Therefore, the final
radius and radii selection was based on the different levels of filtering intensity (see Figure 3.7).

In order to visualize the stripes before and after filtering in the spectral domain, the coefficients’
differences between two consecutive geopotential models (July 2006 and August 2006) are
illustrated in Figure 3.8. Figure 3.8 depicts the impact of decorrelating with ‘Dec 1’ (Figure 3.8.a),
‘Dec 2’ (Figure 3.8.b) and smoothing the decorrelated coefficients of the respective filter with
Gaussian isotropic (Figure 3.8.c and 3.8.e) and anisotropic (Figure 3.8.d and 3.8.f). A logarithmic
scale is used for better representation. The negative and positive axes values show the negative
and positive coefficients’ correlation respectively.

In Figure 3.8 note that not only coefficients of higher degree and order terms are correlated, but
also along and close to the diagonal, where coefficients with the same degree and order lie
(sectorials). Higher correlation means higher harmonic coefficients differences. The reason we see
higher correlations in Figure 3.8.a in comparison to Figure 3.8.b is because the decorrelation
process started after degree and order 38 for ‘Dec 1’ and after 5 for ‘Dec 2’, leaving a grater part
of low degree and order unfiltered. Additionally, due to the nature of the moving window of the
decorrelation filter, we observe the so-called edge effect (Devaraju and Sneeuw., 2017) closer to
the maximum degree of expansion (tesserals; higher than 85) and at and around the sectorials.
Since the maximum DO expansion used was 60, this effect was neglected. After both Gaussian
smoothing was applied, the coefficients were filtered stronger after anisotropic (Figure 3.8.3 and
3.8.f) than isotropic filtering (Figure 3.8.c and 3.8.e). This is due to the fact that they supress the
noise in both degree and order spectrum.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.8 GRACE Stokes coefficients’ monthly changes after (a) ‘Dec 1’, (b) ‘Dec 2’, (c) ‘Dec
1’+isotropic, (d) ‘Dec 2’+isotropic, (e) ‘Dec 1’+anisotropic and (f) ‘Dec 2’+anisotropic. Unitless.

Then, the final global EWH changes after filtering the gravity coefficients with the filtering factor
W are estimating using the following equation:

RE ave lmax l 2l  1
 ( ,  ) 
Plm (cos  )W (Clm cos m  Slm sin m ) .

3 l 2 m0 1  kl

(3.14)

The results of the global surface mass changes after filtering the Stokes coefficients as in Figure
3.8 are illustrated in Figure 3.9, using Eq. (3.14).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.9 Impact of filtering on EWH monthly differences after (a) ‘Dec 1’, (b) ‘Dec 2’, (c) ‘Dec
1’+isotropic, (d) ‘Dec 2’+isotropic, (e) ‘Dec 1’+anisotropic and (f) ‘Dec 2’+anisotropic.
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Figure 3.9 shows the EWH mass changes in cm/year after applying (a) ‘Dec 1’ only, (b) ‘Dec 2’
only, (c) ‘Dec 1’ + isotropic, (d) ‘Dec 2’ + isotropic, (e) ‘Dec 1’ + anisotropic and (f) ‘Dec 2’ +
anisotropic, with respective to the parameters defined in Figure 3.7. We notice that after
decorrelating-only the GRACE coefficients only some short-wavelength features were removed
for high latitudes as shown in both Figures 3.9.a and 3.9.b. Striping effect is more intense after
‘Dec 1’, implying that it filters the coefficients less strongly. After Gaussian filtering, the resulting
EWH maps show smoothed EWH fields for both decorrelation filters. However, after decorrelating
with ‘Dec 1’, the smoothed results in Figures 3.9.c and 3.9.e show mass increase in the southern
part of the SCA, while the smoothed results after ‘Dec 2’ in Figures 3.9.3 and 3.9.f do not reveal
any geophysical signal in the same area. This mass increase in the SCA might be attributed to the
hydrology signal variations, due to the tundra covering the majority of the Baffin Island.
Therefore, we can see that by only decorrelating the GRACE data, striping effect does not vanish.
This implies that the remaining artificial signals impede the geophysical signals involved. Thus,
all four filters are included for further analysis.

3.5

Spatial Averaging

The CAA consists of an accumulation of islands, containing ice caps and glaciers, with
mountainous rough topography, in contrast to a homogeneous ice sheet. Additionally, the CAA
does not only include glaciated areas, but also non-ice land covered areas, hampering the isolation
of the ice mass signal of interest. GRACE signal represents the total integrated gravity signal and
its spatial resolution is limited especially for regional areas. In order to estimate the time-variable
mass variations in the CAA only, specific basins were created and spatial averaging was
performed. Basin areas were created separately for the NCA and the SCA, based on a desired grid
step and the algorithm used was developed by Swenson and Wahr (2002).

The shape and size of every basin is described by a kernel averaging function (Swenson and Wahr,
2002) formed as follows:

0
 ( ,  )  
1

outside the basin
inside the basin
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.

(3.15)

Then, the exact regional averaging can be expressed as:

 basin 
where

1

basin

  ( ,  ) ( ,  )d 

, d   sin  d d  ,

(3.16)

region is the angular area of the basin of interest, after integrating the function  ( ,  ) over

the sphere and  ( ,  ) refers to the global surface mass variations. For a region

basin , after

using Eq. (3.8), the averaged surface mass change can be expressed as a summation of the spherical
harmonic coefficients as:

 basin
where the factors lm and
c

a ave

3basin

lmax

(2l  1)

l

 (1  k ) (
l  2 m0

c
lm

Clm  lms Slm ) ,

(3.17)

l

lms represent the harmonic coefficients of the basin, constructed after

Spherical Harmonic Analysis (SHA), expressed as:

lmc 

cos m 

 s     ( ,  ) Plm (cos  ) 
 sin  d d  .
sin
m







 lm 

(3.18)

Solving for the averaging function, we end up with a close approximate of Eq. (3.15) which gives
the function of each reconstructed basin, written as:
1
 ( ,  ) 
4

lmax

l

 P
l  2 m0

lm

(cos  )(lmc cos m  lms sin m ) .

(3.19)

The final average mass changes of the basin were computed after filtering the basin coefficients
with the same filtering technique applied to the GRACE global surface mass variations discussed
in Section 3.4. The approximate basin average  basin is defined as:

 basin

a ave lmax l (2l  1)

W (lmc Clm  lms Slm ) .

3basin l 2 m0 (1  kl )
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(3.20)

A measure for this effect is the degree amplitude spectrum, defined as:

l 

l



m0

(lmc 2  lms 2 )

.

(3.21)

Swenson and Wahr (2002) illustrated the degree spectrum with respect to disc-shaped basins with
radii of 100, 500 and 1000km, shown in Figure 3.10, underlining the importance of the size of the
basin region with respect to the degree expansion. In Figure 3.10, one observes that as the basin
radius increases, i.e., the basin size increases, its degree amplitude is concentrated at smaller
degrees which correspond to longer wavelengths (lower frequencies), introducing artificial lowfrequency signals that are not present. Thus, spatial averages over larger regions are influenced
less by the higher degree truncation which affects the higher frequencies.

Figure 3.10 Degree Amplitude of Basin Coefficients. Image credit: Swenson and Wahr (2002).
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In practice, these spatial averaging kernels have been widely used for masking global large river
basins with GRACE data and comparing the resulting surface mass change estimates with the
EWH rates from hydrology models (Wahr et al., 1998; Swenson and Wahr, 2002; Swenson et al.,
2003; Seo and Wilson, 2005; Chen et al., 2006a; Han et al., 2005b). In similar sense basins have
been constructed and applied to the ice sheets of Greenland and Antarctica (Velicogna and Wahr,
2005, 2006a, 2006b; Chen et al., 2006b, 2006c; Luthcke et al., 2006, Slobbe, 2008) due to their
larger geographical regions with dominant glacier signal. However limited investigation has been
performed using Level-2 data to infer to the smaller-scale geographical regions, considering the
GRACE limited spatial resolution. The studies by Jacob et al. (2012) and Schrama et al. (2014)
used different solutions to represent glaciers and ice caps, applying global mascon inversion
algorithms.
Therefore, in this study, the size of the desired region should not be very small, as GRACE is not
able to capture such fine resolution and, additionally, the area is susceptible to leakage from
various signals inside and outside the basin, which will potentially bias the estimated mass
variations. This implies that the basins cannot be defined by the GLIMS refined glaciated
boundaries, introduced in Section 2.3. Instead, the introduced RGI regions can be used, as they
include both the glaciated areas of NCA and SCA; however, they contain a large portion of the
ocean as a part of the basin area where spatial averaging will take place. Therefore, outlines were
created by the author in Google Earth, as it is shown in Figure 3.11. Due to the geographical
location of the northern part being closer to Greenland, and the southern part being closer to the
Hudson Bay and mainland, the CAA investigation is divided into the North and the South CAA
separately as also the whole CAA exhibits heterogeneous elevation changes not only in time but
also in space. From this point on, the used basins for the GRACE processing are the ones illustrated
in Figure 3.11. The selection and creation of the basins’ boundaries was done as follows. For the
NCA, which includes both ice caps and glaciers spread out densely in the region (Figure 3.11 in
cyan), the basin area was selected as an extended area of the glaciers. This area incorporates
additionally the land and ocean part among the islands, while deviates slightly towards the ocean.
For the SCA, its glaciated area is mainly located at the eastern coast of the island, while the rest is
covered by mainly large land areas where the hydrology signal prevails in that area. The selection
of the SCA was determined in similar manner as for the NCA, incorporating an extended area of
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the glaciated regions. Thus, the defined basins do not exactly match the surface area of the glaciers
and ice caps, however, this has no effect on the derived solution, as long as the glaciated regions
are within the basin, because GRACE senses the total mass change.

Figure 3.11 Basin boundaries created manually by the author in dashed lines, blue for the NCA and
green for the SCA. The GLIMS glaciers and ice caps boundaries are illustrated in cyan. The full
resolution GSHHS coastline was used.
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Then, by using the Eq. (3.19) of estimating the spectrum of the approximate averaging kernel,
reconstructed basins were created. By spherical harmonic analysis, the basin coefficients were
derived, which were later on filtered with the same filters as the GRACE coefficients (Eq. 3.20),
in order to derive mass change estimates for each basin. Plots of the unfiltered and differentlyfiltered spatially-averaged basins are illustrated for the NCA in Figure 4.12 and the SCA in Figure
4.13. The basin coefficients estimated were expanded up to DO 60 and the basin areas were created
with 0.5 degrees grid step, for consistency with the GRACE processing.

In Figures 3.12 and 3.13, the approximate spatially averaged kernel functions are plotted for six
different filters applied in the NCA and SCA, where both regions were defined as in Figure 3.11
with dashed lines. Each figure gives the results for each reconstructed basin, where each spatial
averaging function is illustrated for the different filter parameters applied with respect to
decorrelation filter ‘Dec 1’ or ‘Dec 2’. The subplots numbering gives the averaging kernel function
(a) for GRACE-only results, without any filtering applied, after (b) decorrelating with ‘Dec 1’
only, (c) ‘Dec 2’ only, (d) ‘Dec 1’ and Gaussian isotropic or (e) Gaussian anisotropic, and (f) ‘Dec
2’ and Gaussian isotropic or (g) Gaussian anisotropic. The parameters used in both the Gaussian
isotropic and anisotropic filtering are the same for subplots (c), (e) and (g).

The impact of the different decorrelation parameters, different smoothing isotropic radius and
anisotropic radii with or without applying a decorrelation filter gives insight on (i) how each
decorrelation filter performs spatially and (ii) how the signal leaks around each basin. One can
notice that after decorrelating with ‘Dec 1’ (Figures 3.12.b and 3.13.b), the same basin shape is
reproduced, which coincides with the unfiltered approximate basin (Figures 3.12.a and 3.13.a),
while ‘Dec 2’ samples a larger area, which leaks into the ocean in a west-east direction (Figures
3.12.c and 3.13.c), showing increased differences for the two decorrelation filters applied and
signal significantly attenuated. It appears that the signal magnitude remaining in the basin shape
is stronger by using ‘Dec 1’ compared to ‘Dec 2’. This happens due to the different parameters’
selection for the decorrelation filter. However, for both ‘Dec 1’ and ‘Dec 2’, once Gaussian
smoothing (isotropic or anisotropic) is applied (3.12 and 3.13 (d)-(g)) the signal strongly attenuates
from the centre of the basin to the boundaries.
57

(a)

(a)

(b)

(c)

(c)

(d)

(e)

(f)

(g)

Figure 3.12 Spatial averaging kernel examples in the NCA basin with (a) no-filter, (b) Dec 1 only, (c)
Dec 2 only, (d) Dec1 +is, (e) Dec2 +is, (f) Dec1 +anis and (g) Dec2 +anis. Unitless.
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(c)

(d)

(c)

(d)

(d)

(e)

(f)

Figure 3.13 Spatial averaging kernel examples in the SCA basin with (a) no-filter, (b) Dec 1 only, (c) Dec
2 only, (d) Dec1 +is, (e) Dec2 +is, (f) Dec1 +anis and (g) Dec2 +anis. Unitless.
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This attenuation is illustrated by values less than 1.0 over most of their respective regions and
results for both NCA and SCA produce similar patterns of leakage-out of each basin area. Thus,
these averaging kernel functions would give biased low mass estimates. In order to retrieve
unbiased estimates, both NCA and SCA averaging functions were scaled accordingly. The
respective scale factor for each basin was selected after estimating the ratio between the
reconstructed basin before filtering (Figure 3.12.a for NCA and 3.13.a for SCA) and after filtering
using the decorrelation filter ‘Dec 1’ with Gaussian smoothing (Figures 3.12 and 3.13 (d)-(f)
respectively). Based on the results plotted in Figures 3.13 and 3.14, the ‘Dec 1’ was selected
instead of the ‘Dec 2’ due to the fact that the same basin shape is reproduced after decorrelating as
in the unfiltered basin, which averaging kernel which varies smoothly inside and across the basin
boundary.

By computing this ratio for each region, we can observe the distribution of the attenuated grid
values inside each basin. These values enable us to define a uniform scale factor for all grids insider
each region. The resulted ratio ranges are provided in Figure 3.14.a and 3.14.b for the NCA and
3.14.b and 3.14.d for the SCA basin.

The ratio results for the grids included in the NCA show attenuated values in the filtered central
grids of the basin, where glaciers and ice caps are located (Figure 3.14.a). By using Gaussian
anisotropic filter after ‘Dec 1’ (Figure 3.14.b), the basin coefficients were filtered more strongly
and the estimated basin function was populated with very small values in the majority of the region.
In than sense, for the NCA grids scaling a factor equal to 2.5 was selected. For the SCA, the
attenuated grids are located where the glaciated areas with higher mass losses are located
(southeast and northeast part of the Island), based on results we will see later. The grids’ scaling
needed has higher values with respect to the grids of the NCA. Therefore, the scale factor equal to
3 was selected uniformly thorough the SCA basin.
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(a)

(b)

(c)

(d)

Figure 3.14 Ratio between reconstructed basins before and after filtering with (a, c) ‘Dec 1’ and
Gaussian isotropic or (b, d) Gaussian anisotropic for NCA and SCA, respectively.

In order to derive the mass balance rates for each basin, we applied spatial averaging kernels and
convolved the filtered basin coefficients to the filtered GRACE spherical harmonics. Then, a
constant, an annual and a semi-annual trend was fitted to the monthly time series using leastsquares adjustment. Plots of the GRACE-only time series and trend for all four applied filters are
shown in Figures 3.15 for the NCA and 3.16 for the SCA. In Figures 3.16, the influence of periodic
signals is apparent for the SCA, as the SCA glaciers are neighbouring with vast land parts on the
west of Baffin Island (see Figure 1.1), which can infer seasonality. This makes SCA susceptible
to hydrology leakage in the glaciated area, while in Figure 3.15, NCA does not seem to be affected
much by seasonal signals, although secular signals (GIA) are expected to be involved.
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Figure 3.15 Monthly EWH changes from 142 GRACE-only months for the NCA.

Figure 3.16 Monthly EWH changes from 142 GRACE-only months for the SCA.
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3.6

GRACE error sources

GRACE data contain satellite measurement errors (first error), which accounts for the system noise
error in the inter-satellite range rate, accelerometer error, error in the ultra stable oscillator, and
error in the orbits as it is mentioned by Swenson and Wahr (2002). In order to estimate this error,
the associated degree amplitudes of the variance of the satellites errors needed to be acquired as
they are not publicly distributed. Therefore, no further processing was applied, considering that its
contribution is accounted in the final uncertainty estimates.

Another source of error is introduced due to the limited spatial resolution of GRACE, which is
defined by the maximum DO expansion of the Stokes coefficients. The limitation of the Stokes
coefficients being expanded up to a certain maximum degree, omits the contribution of high-order
Stokes coefficients above the maximum (i.e., up to infinity) to fully capture the spectrum of the
gravitational potential and induce regional surface mass variations. The infinite number of Stokes
coefficients would theoretically reveal every single point inside the reconstructed basins when
calculating their spatial averages. This limitation introduces the second GRACE error source called
truncation or omission error.

In addition, by using the spatial averaging kernels discussed in Section 3.5, the glaciated regions
of the NCA and SCA were represented by reconstructed basins using the approximate kernel
function  ( ,  ) introduced in Eq. (3.19). These basins were first created based on the exact kernel
function  ( ,  ) in (Eq. 3.15), which contained binary values of 1 and 0 to glaciated and nonglaciated grids respectively, after selecting the desired grid size (0.5 degrees). Spherical harmonic
analysis was performed in order to derive the basin coefficients from the exact kernel, which were
then used for spherical harmonic synthesis in order to derive the approximate kernel for each area.
However, spatially averaged basin represents less accurately the true basin average, even before
any filtering is applied, as it is seen in Figures 3.12.a and 3.13.b. After Gaussian smoothing, either
isotropic or anisotropic, additional spatial averaging is performed due to the nature of the filter.
This spatial average induces signals to spatially spread and not being concentrated in the basin,
while it is influenced by mass signals from the surrounding areas referred as leakage. This leakage
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is leaking inside the basin and either over- or under-estimates the contribution of the signal inside
the basin. This is third error known as basin leakage error.

In this study, only the leakage error was estimated for each basin and it was estimated as surface
mass anomaly expressed by the formula by Swenson and Wahr (2002):



leak
basin

   ( ,  )   ( ,  )   ( ,  )d 

(3.22)

The Eq. (3.22) is expressed in the same sense as Eq. (3.19), where the approximate averaging
kernel  ( ,  ) was accounted after estimating the basin coefficients of Eq. (3.18): (i) for the
unfiltered GRACE data, and after applying (ii) only a decorrelation filter and (iii-iv) a Gaussian
isotropic and anisotropic smoothing filter respectively after decorrelating. Then, we derived the
new basin spectrum  ( ,  )   ( ,  ) by subtracting the exact averaging kernel  ( ,  ) and we
computed surface mass changes from the leakage error for each basin (NCA and SCA). The
estimated averaged surface mass anomalies and uncertainties due to the basin leakage error are
provided numerically in Table 3.5 for NCA and Table 3.6 for SCA and discussed for the different
periods and filters applied in Gt/yr (Section 3.12). Their uncertainties were estimated from the rms
value of the residual signal after fitting a constant, an annual and a semi-annual trend to the
monthly time series using least-squares adjustment. These values, expressed as averaged EWH
fields, were subtracted from the GRACE-only EWH changes in order to derive and map the final
leakage-free GRACE estimates for each basin.

3.7

GRACE uncertainty estimates

Despite the GRACE leakage error, error uncertainties in the mass variation estimates had to be
sa
computed after applying spatial averaging kernels ( var( )basin
). These errors were derived based

on the gravity field errors, which are actually derived from the monthly Stokes coefficients’
uncertainties. The Stokes coefficients’ errors are provided as calibrated error instead of formal
errors, as the latter raw data uncertainties have very optimistic values (too low; Schmidt et al.,
2007). These monthly errors vary from one month to the other due to the amount of data used in
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the processing and the ground track coverage (Schmidt et al., 2007). Practically, these calibrated
errors are the standard deviations for each harmonic coefficient and their estimate relies on subset and inter-monthly comparisons. For CSR data up to DO 60, these standard deviations were
obtained monthly from the ISDC website.

Therefore, the square root of the summation of the error degree variances up to the spherical
expansion of degree lmax gives the commission error as:
lmax
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(3.23)

which is simply the RMS error of the estimated quality. In Eq. (3.23) the by-degree l, the error
degree variance  l2 is computed as:
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where GM  3.986004415 1014 m3 / s 2 , R  6.3781363 106 m , and  C2 and  S2 are the error
lm

lm

variances of the monthly Stokes coefficients. Then, the variance-covariance matrix is created by
accounting for the error variances for every degree diagonally, ignoring any correlation between
the different Stokes coefficients.
In the current study, the uncertainty of the surface mass anomalies was estimated via error
propagation in Eq. (3.20), forming the equation of variances as (Swenson and Wahr, 2002):
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(ti ))2  (Sˆlm (ti )) 2  .

(3.25)

(3.26)

(3.27)

assuming uncorrelated Stokes coefficients at n months t1, t2,…, tn of surface mass anomalies. The
surface mass anomalies uncertainties are provided numerically and discussed in Tables 3.5 and 3.6
for the NCA and SCA respectively (Section 3.12).

3.8

Annual and semi-annual signal separation

Before extracting the trend parameters of the time series of each basin, the GRACE missing months
were interpolated by using cubic splines algorithm. The missing GRACE solutions, for monthly
solutions available till the time of writing of this thesis were the following 17 months: 2003.06,
2011.01, 2011.06, 2012.05, 2012.10, 2013.03, 2013.08, 2013.09, 2014.02, 2014.07, 2015.01,
2015.02, 2015.03, 2015.06, 2015.10, 2015.11.

The annual and semi-annual trends of the time series expressed in EWH for each basin (NCA and
SCA) were estimated using the equation:
EWH (t )  a0  aa cos

2 t
2 t
2 t
2 t
,
 ba sin
 as cos
 bs sin
T
T
T /2
T /2

(3.28)

where a0 is the constant, aa , as are the cosine coefficients for the annual and seasonal trend
respectively, ba , bs are the sine coefficients for the annual and seasonal trend respectively, and T
is the period of a year, i.e., equal to 12 months .

The vector of observations expressing the EWH of each GRACE month ti derived after spatial
averaging (Eq. 3.20) was written as:

y   EWH(t1 ) EWH(t2 ) EWH(t3 )

EWH (t N ) , i =1,…,N
T

...

(3.29)

and the vector of the unknowns was defined as:

x  [ a0 aa ba as bs ] T .
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(3.30)

Then, the design matrix was estimated after evaluating the matrix:
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(3.31)

The fitted parameters were then derived from the formula:

x̂   AT A AT y .
1

(3.32)

Also, instead of using the sin and cos terms in Eq. (3.28), one can estimate the amplitude and phase
of the signal via the following two equations (Vanicek and Krakiwsky, 1986).

An  an 2  bn 2

 bn 
 n  2 tan 

 An  an 

(3.33)

1

(3.34)

The annual and semi-annual amplitude of GRACE EWH were plotted in Figures 3.17 and 3.18
respectively, for unfiltered GRACE data and after applying the decorrelation and smoothing filters
of Figure 3.7 for period 1 (03/2003-09/2009). For the same period, the annual trend was also
illustrated in Figure 3.19 for the different applied filters as EWH in cm/year.
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‘Dec 1’

‘Dec 2’

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.17 Annual amplitude of EWH using (a) Dec 1, (b) Dec 2, (c) Dec1+isotr, (d) Dec2+isotr, (e)
Dec1+anis and (f) Dec2+anis for period 1
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‘Dec 1’

‘Dec 2’

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.18 Semi-annual amplitude of EWH using (a) Dec 1, (b) Dec 2, (c) Dec1+isotr, (d) Dec2+isotr,
(e) Dec1+anis and (f) Dec2+anis for period 1.
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(a)

(b)

(c)

(d)

Figure 3.19 Annual EWH trend from GRACE-only using (a) Dec1+isotr, (b) Dec1+anisotr, (c) Dec2+isotr, (d) Dec1+anisotr for
period 1.
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Comparing the Figures 3.17, 3.18 and 3.19, the EWH plots of annual, semi-annual and trend
derived after applying ‘Dec 2’show attenuated EWH fields compared to ‘Dec 1’maps (also seen
in Figure 3.9). This highlights the impact of the filtering technique applied, i.e. the parameters used
for each filter. This outcome was also expected after plotting the spatially averaged kernels in
Figures 3.12 and 3.13, confirming also the reduced annual trends. For each decorrelation filter,
smoothing either with Gaussian isotropic or anisotropic produces similar EWH maps, however
comparing the resulting EWH plots after different decorrelation filter shows higher differences.
The highest differences are observed in the semi-annual plots between ‘Dec 2’ and ‘Dec 1’, with
Figures 3.18.d and 3.18.f producing attenuated fields and do not reveal regional geophysical
signals. In comparison, Figures 3.18.c and 3.18.e show mass increase not only in the southwestern
part of Greenland, but also in both NCA and SCA, while mass loss is also observed in the central
part of Greenland. Therefore, the resulting EWH plots by ‘Dec 1’ are considered more realistic
compared to the ones by ‘Dec 2’.

3.9

Geophysical signal separation - Gravity leakage

The total integrated gravity signal from GRACE solutions is induced from various natural
processes, however, GRACE has no vertical resolution and can not distinguish between gravity
changes induced by ice, snow, water on the surface, water stored in the ground, and atmospheric,
oceanic and solid Earth mass redistributions. In order to retrieve the mass variations attributed to
the land ice mass changes, there is therefore a need for removing the geophysical signal
contamination from the hydrological, oceanic and atmospheric signal, and the GIA effect. The
GIA effect will be discussed separately in Section 3.10.

Atmospheric signal
Concerning the atmospheric signal, the GRACE science teams have removed the atmospheric
mass fluctuations using the 6-hourly pressure fields from the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational analysis (Flechtner, 2007). The atmospheric data of this
model includes surface pressure, multi-level temperature and humidity, and geopotential height at
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a surface; these are factors used to remove the short-term nontidal atmospheric mass from the
gravity solutions (Gardner et al., 2013). Gardner et al. (2011) compared the ECMWF fields to
reanalysis fields from the National Centers for Environmental Prediction (NCEP) (Kistler et al.,
2001), while Gardner et al. (2013) converted the GRACE provided monthly atmospheric
correction data to equivalent surface water height changes and applied the mascon fitting method
at the locations of the glacier mascons, under the same period between 2003 and 2009. Both
methods introduced negligible uncertainty < 0.5 Gt yr-1 for both NCA and SCA. In particular, the
atmospheric EWH for the NCA was estimated as 0.3 ± 0.1 Gt yr-1 and 0. 1 ± 0.1 Gt yr-1 for the
SCA. Therefore, in this study, given the insignificance of the trends in both regions, the
atmospheric leakage is not computed, but obtained from Gardner et al. (2011) and used in the
GRACE estimates of uncertainty. These values were used towards the final GRACE uncertainty
during period 1, referring to the same period. As the values were negligible, they were also used
as uncertainties in the final GRACE estimates of period 2.

Oceanic signal
Variations in the ocean mass were already removed during the Level-1 processing by the GRACE
science teams, using the Ocean Model for Circulation and Tides (OMCT) (Flechtner, 2007). Based
on previous studies (Gardner et al., 2011), the residual signal in the ocean showed a trend with low
magnitude, therefore no correction was applied. Therefore, no further correction was applied to
the GRACE results, as there would be negligible trend contribution from the ocean (Wahr, 2007).

Hydrological signal
The dominant GRACE signal is due to the total water storage variations, and as GRACE satellites
do not distinguish between the glacier mass changes and the terrestrial water storage changes, its
effect needs to be removed from the GRACE solutions, either as a-priori coefficients reduction or
as a trend removal from the final mass change estimates. Various models of land hydrology have
been widely used, such as the Global Land Data Assimilation System (GLDAS), the North
American Land Data Assimilation System (NLDAS), the Land Dynamics (LAD), the Water
Global Assessment and Prognosis Hydrology Model (WGHM) and the Climate Prediction Center
(CPC) models. The GLDAS and NLDAS models are databases which provide information about
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numerous quantities, such as soil moisture, surface temperature, and flux information like
evaporation and sensible heat flux. Both datasets include hourly, 3-hourly and monthly data, with
spatial resolutions of 0.125°, 0.5° and 1° degrees, while there is a series of different versions of
land surface models they are divided into. These land surface models express the mass transport
from soil, vegetation and ground to the atmosphere, referred to as Mosaic, Noah, Community Land
Model (CLM) and Variable Infiltration Capacity (VIC).

Experiments were conducted only with the GLDAS/NOAH monthly model, with 1° degree spatial
resolution, as it showed similar pattern as the GRACE EWH fields for the North American region
(Piretzidis et al., 2015). On the other hand, NLDAS models provide data only for North America,
and particularly for the United States of America, without covering the Canadian Arctic
Archipelago. The data were obtained from NASA’s Goddard Earth Sciences Data and Information
Services Center (GES DISC), which developed them along with the National Oceanic and
Atmospheric Administration (NOAA) National Centers for Environmental Prediction (NCEP)
since 1979.

The same methodology as with the GRACE spherical coefficients was applied here, fitting a
constant, trend, annual and semi-annual signals to the resulted hydrology time series. Figures 3.20
and 3.21 show the hydrology time series in cm of EWH for the NCA and the SCA, respectively.
As expected from the GRACE-only time series in Figures 3.15 and 3.16 for the NCA and the SCA,
respectively, the hydrology signal shows higher monthly estimates for the SCA rather than the
NCA. The EWH average is about 4-5 cm/year for the SCA, while for the NCA the maximum
estimate was estimated around 1-2 cm/year. This is attributed to the fact that the hydrology signal
dominates the mass changes occurring in the extended area of the SCA, which is mainly covered
by tundra for the majority of the Baffin Island, affecting the surrounding glaciated areas.
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Figure 3.20 Averaged EWH signal of GLDAS/NOAH for different filters applied to the NCA.

Figure 3.21 Averaged EWH signal of GLDAS/NOAH for the SCA for the applied filters.
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3.10 Glacial Isostatic Adjustment
Glacial Isostatic Adjustment (GIA) refers to the Earth’s land masses rise, after being depressed by
the weight of several kilometer-thick ice sheets during the Last Ice Age (LIA). GIA affects the
Earth’s gravity field, rotation, surface deformation and the sea-level change, while it interacts with
the present-day ice changes (Hanna et al., 2013). Therefore, its effect needs to be taken into
consideration in both GRACE and ICESat mass balance estimates for the NCA and the SCA.
Introduction
The Earth’s rebound affects both altimetric and gravimetric estimates of ice sheet thickness
changes and equivalent water changes. For altimetry, when the Earth’s crust rises (or falls), the
ice-covered surface will rise (or fall) respectively, implying that the altimeter will measure that the
ice thickness increases (or decreases). For satellite gravimetry, the gravity signal rates incorporate
the gravity signal contribution from the solid Earth, along with its ongoing ice changes. Because
rock in the upper mantle is 3-4 times denser than the ice, GIA’s relative impact on gravity is 3-4
times larger than its impact on altimeter estimates. Therefore, if the Earth’s surface has a rebound
estimated as 1 cm, the altimeter sees the ice surface rising by 1 cm, while the gravimetric mission
senses a gravity signal change caused by the mantle mass redistribution that will be equivalent to
the signal induced if there was 3-4 cm of ice surface rebound. Therefore, any residual errors in
those models can cause more problems for gravity than for altimetry (Wahr, 2007). Figure 3.22
illustrates how the crust is supressed and the mantle moves laterally with the ice accumulation
(3.22.a), while during deglaciation as the Earth rebounds, the mantle moves towards the centre of
the ice-body (3.22.b).

Figure 3.22 Earth’s response to ice load changes with (a) ice accumulation and (b) ice deglaciation.
Image credit: Sorensen (2010).
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GIA model
The Earth’s radial uplift rates can be expressed as spherical harmonic coefficients, representing
the dimensionless present-day changes due to GIA. These Stokes coefficients can be used in order
to correct GRACE estimates for GIA, either by correcting each raw GRACE coefficient before
any processing (e.g., filtering) is performed, or equivalently after estimating the GIA trend and
removing it from the GRACE EWH trend. More details about the processing are provided in the
methodology for GRACE, Section 3.11. Similarly, these coefficients were used for separating the
GIA effect in the satellite altimetry observations, analyzed in Section 4.8.

Several models have been constructed in time, from various scientific research groups, describing
the ice-load history and the Earth’s mantle viscosity. GIA is considered one of the largest
uncertainties in the mass balance estimates, especially for Antarctica, where large discrepancies
exist (Gunter et al., 2009; Riva et al., 2007). The ICE series provide a global model of surface
topography and ice sheet distribution from the last glacial maximum. The series is primarily
derived from sea level records, including also GNSS measurements, interferometry (VLBI)
measurements, SLR measurements and measurements derived from DORIS observations to obtain
estimations of vertical and horizontal motion at points on the Earth’s crust in the latest version
(ICE-6G) Peltier et al. (2015). The latest model of the ICE series before the ICE-6G was the ICE5G, which did not predict the GIA effect accurately around the North American continent. The
criterion used in order to assess the resulting GIA signal was to compare it with the GRACE-only
fields for the area under study. GRACE showed a “double bulls-eye” pattern of extrema that
straddles present day Hudson Bay, according to Peltier et al (2015), which does appear by using
the ICE-5G model.

In this study, the ICE-6G(VM5) model was implemented by using differently developed and
published versions of it. The original file of coefficients was posted on the JGR website as
supplementary material to Peltier et al. (2015), considered as the original dataset of the model
(‘version 1’). Then, the coefficients were estimated with a higher resolution calculation (‘version
2’), implying that, for instance ice sheets are sampled at a denser grid of points. Another dataset
of coefficients was provided as alternative results of reduced code (‘version 3’), noting that this
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expansion degree of the set of Stokes coefficients was insufficient to accurately represent the
physically important process of the grounding line migration. This denotes that this dataset cannot
properly explain the evolution of land ice that is grounded below sea level, especially important
around the perimeter of the Antarctic ice sheet. Nevertheless, the original coefficients were not
incorrect by any means. According to Stuhne and Peltier (2015). The forth and last tested version
of the model was ‘version 4’, provided by Purcell et al. (2016), who assessed the original ICE-6G
(VM5) model and highlighted that it contains excessive power for degree higher than 90 and it
does not agree with physical expectations. Therefore, in order to estimate the GIA effect, the trend
Stokes coefficients provided for all four versions of the ICE-6G(VM5) model were investigated.
Additionally, as the ICE-6G(VM5) Stokes coefficients did not carry uncertainty estimates of the
coefficients, the GIA uncertainty was defined as the standard deviation of the GIA trenddifferences among all four trend results.

The GIA trend was computed for each basin following the same processing as in the GRACE
Stokes coefficients, however note that the same trend was subtracted from every monthly mass
change of the same basin. Also, as GIA refers to the secular trend of GRACE, the same trend was
subtracted from GRACE for both periods under analysis for each basin. The GIA EWH trend was
estimated by using truncated Stokes coefficients of the version up to DO 60, in order to be
consistent with the DO of the GRACE Stokes coefficients. Additionally, the GIA trend was
derived in cm/yr, with the grid size of 0.5 degrees, as in the derived GRACE solutions. In order to
define which version of the ICE-6G(VM5) model to use, in Figures 3.23 to 3.25, the EWH trend
for each version of the ICE-6G(VM5) model were plotted. Note that an extended area of the CAA
was plotted in order to observe the GIA signal in the North American region neighbouring with
the CAA, noticing the double-pattern (‘bulls-eye’). One can observe that the total observed signal
in the plotted area attenuates from Figure 3.23 to Figure 3.25. The strongest GIA effect was
detected in the Hudson Bay area, which actually affects also part of the SCA. Concerning the NCA,
the highest GIA contribution was observed in the northeastern part (Ellesmere Island), while same
magnitude was also noticed in the northeastern Greenland, the most prominent part of ice mass
increase (Sorensen, 2010; Bøggild et al, 1994).
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cm/yr

Figure 3.23 EWH trend of ICE-6G(VM5) ‘version 2’ Stokes coefficients up to DO 60 in cm/year.
cm/yr

Figure 3.24 EWH trend of ICE-6G(VM5) ‘version 3’ Stokes coefficients up to DO 60 in cm/year.

78

cm/yr

Figure 3.25 EWH trend of ICE-6G(VM5) ‘version 4’ Stokes coefficients up to DO 60 in cm/year.

As in Figure 3.23 the expected GRACE pattern does not appear as in Figure 3.24 and the more
attenuated signal in Figure 3.25, the GIA EWH trend differences between every two different
versions were plotted in Figures 3.26 to 3.28. The trend differences were mapped in order to see
how much the trends change with respect to the different version of the ICE-6G(VM5) model and
how these differences influence the area of investigation. Only the EWH trend difference between
‘version 1’and ‘version 3’ was not illustrated, as it was negligible. In Figure 3.26, the EWH trend
difference was derived between ‘version 2’ and ‘version 3’, with negligible impact on the NCA
and SCA, apart from the Axel Heiberg Island. In Figure 3.27, the GIA trend difference was
obtained as a difference between ‘version 3’ and ‘version 4’, where we can see that the highest
GIA contribution was obtained from ‘version 3’ in both NCA (Ellesmere Island) and SCA
(northwest side). Lastly, in Figure 3.28, the GIA trend divergence between ‘version 2’ and ‘version
4’ was similar as in Figure 3.27 for the CAA areas of study, including also higher estimates of
GIA rebound in Axel Heiberg Island and the mainland of the SCA referring to prediction by
‘version 2’.
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cm/yr

Figure 3.26 EWH trend differences with ‘version 2’ minus ‘version 3’ in cm/year.
cm/yr

Figure 3.27 EWH trend differences with ‘version 3’ minus ‘version 4’ in cm/year.
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cm/yr

Figure 3.28 EWH trend differences with ‘version 2’ minus ‘version 4’ in cm/year.

Table 3.3 GIA trends from different ICE6G versions and filters applied to each basin, in Gt/yr

NCA
DEC 1 IS
DEC 1 AN
DEC 2 IS
DEC 2 AN

GIA ORIGINAL
‘VERSION 1’
7.40
8.33
6.38
6.28

GIA HIGH RES
‘VERSION 2’
8.38
9.35
6.99
6.90

SCA
DEC 1 IS
DEC 1 AN
DEC 2 IS
DEC 2 AN

7.91
7.66
8.21
8.49

10.05
9.86
10.75
11.03
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GIA REDUCED GIA PURCELL
‘VERSION 3’
‘VERSION 4’
7.15
5.00
8.04
5.60
6.14
4.32
6.06
4.27

8.16
7.93
8.44
8.72

7.01
6.84
7.24
7.42

Records of the annually averaged EWH values of each model are presented in Table 3.3, after
isolating the signal in the glaciated regions of interest (NCA and SCA) by using the same spatial
averaging and filtering techniques applied to the CSR-GRACE data processing. The DO truncation
was up to 60 and the grid size was 0.5 degrees, as it was also illustrated in the GIA EWH trends
(Figures 3.23-3.28). The highest GIA trends were estimated by model ‘version 2’, while the lowest
by ‘version 4’ for both NCA and SCA. Then Table 3.4 summarizes the standard deviation of each
trend, separately for the NCA and the SCA. The standard deviation was derived as the mean values
of all the standard deviations of the four versions of the ICE-6G(VM5) model.

Table 3.4 GIA mass trend uncertainty from different filters applied to each basin, in Gt/yr

DEC 1 IS
DEC 1 AN
DEC 2 IS
DEC 2 AN

NCA

SCA

0.97
1.18
0.94
0.63

0.36
0.56
0.34
0.26

In this work, the GIA effect was finally estimated and removed as a trend from the available Stokes
trend coefficients from ‘version 4’ of the ICE-6G(VM5a) model, provided by Stuhne and Peltier
(2015). The selection was between ‘version 3’ and ‘version 4’, due to the double-signal pattern in
Figures 3.24 and 3.25, respectively, which agrees well with the GRACE observed signal. However,
‘version 3’ gives higher GIA magnitude for both NCA and SCA areas as it is also seen in the Table
3.3. That was the main reason for Purcell et al (2016) to assess the original ICE-6G(VM5) model
and provide the assessed ‘version 4’ of it. Nevertheless, the final selection of the ICE-6G(VM5)
version relied also on the study by Gardner et al (2011), who estimated the GIA effect using a
range of viscosity profiles and alternative loading histories from ICE-3G and the ANU models and
compared with the results derived from the ICE-5G model. Based on their study, the smallest trend
values were selected for GIA, given by ‘version 4’.

82

3.11 Methodology steps
Figure 3.27 summarizes the methodology steps followed to retrieve the temporal mass changes for
the CAA from GRACE monthly solutions in both periods under study.

1

2

3

4

• Correct monthly GRACE Stokes for degree-1 and C20 terms (Tables 3.1, 3.2)
• Calculate and subtract the mean gravity field of all the months for each study period
• Derive GRACE monthly gravity-coefficients’ differences

• Filter the gravity coefficients’ differences (Eq. 3.9, 3.10, 3.11, 3.13)
• Convert the filtered gravity coefficients’ differences to mass coefficients (Eq. 3.7)
• Create binary masks for NCA and SCA with grid step 0.5 degrees (wrt Fig. 3.11)
• Derive the basin coefficients (Eq. 3.18) and the approximate basin function
(Eq.3.19)
• Scale the approximate function and derive the new basin coefficients for each basin
• Filter the new basin coefficients with the same filters as in GRACE Stokes (step 2)
• Convolve the filtered GRACE with the basin coefficients’ differences (Eq. 3.20) and
convert them to mass coefficients (Eq. 3.7)
• Perform spatial averaging on each basin (Eq. 3.20): obtain GRACE-only time series

5

• Derive Stokes coefficients’ differences from hydrology monthly fields after
removing the mean hydrology field
• Repeat steps 2 and 4 for hydrology coefficients’ differences instead of GRACE:
obtain time series from hydrology-only changes

6

• Repeat step 5 for GIA Stokes trend coefficients and derive a global change
• Subtract hydrology time series and GIA trend value from GRACE-only time series
• Perform least-squares adjustment fitting constant, trend, and annual and semi-annual

7

•

signals to the reduced spatially averaged monthly time series (Eq. 3.28)
Derive the reduced averaged ice mass balance for each basin by multiplying with
the respective area and the water density constant

Figure 3.29 Methodology steps for GRACE mass changes estimates using spatial averaging functions.
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Then, the total mass balance MB for any basin was estimated as:
MBtotal = MBsa −MBleak −MBhydro−MBGIA −MBatmo

(3.35)

In the total uncertainty estimate for each basin we also included an extra uncertainty source due to
the different results produced based on the filtering technique applied (var(ε)filter). This term was
introduced as the influence of the filtering and it was derived as the standard deviation between all
the filters applied for each basin (Dec 1+ is, Dec 1+anis, Dec 2+is, Dec 2 +anis).

Then, the total GRACE uncertainty for each basin was estimated as:
2
2
2
2
 total
  sa2   leak
  hydro
  GIA

3.12

(3.36)

Ice mass change results from GRACE

Based on the GRACE methodology chart in Figure 3.29, the final GRACE surface mass anomalies
are presented here for the NCA and SCA separately with respect to the period under analysis. The
final results are reduced, after estimating and removing the contribution of the GIA and hydrology
signal. Due to monthly gaps in the GRACE data, cubic spline interpolation was used in order to
fill in the gaps of the missing months. The time series plots of the ice mass variability in Gt/year
are shown in Figures 3.30 and 3.31 for the NCA and the SCA respectively. The final time series
were derived after applying four different filters to the Stokes coefficients, described in Figure 3.7.
Then we fitted a constant, a trend, and annual and semi-annual varying terms to the aggregated
time series of each region.

The results and analysis are presented and discussed individually for the NCA in Section 3.12.1
and the SCA in Section 3.12.2. In each section, the final leakage-free time series are illustrated
and the numerical results of the ice mass variations over both study periods are presented in Table
3.5 for the NCA and Table 3.6 for the SCA, respectively. Each table-column represents the trend
of the associated geophysical signal that contributes to the GRACE surface mass anomalies.
Therefore, each table includes the mass trend estimate by GRACE-only, hydrology, GIA and basin
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leakage error, which will reduce the GRACE estimates in order to derive the final leakage-free
estimates. Every table-row includes the trends for the different filter applied. Note that the mass
changes were obtained in EWH changes in cm/year and they were converted into ice mass
variations in Gt/year by multiplying with region’s area and the density of water 1000 kg/m3.

Northern Canadian Arctic results
Both Figures 3.30.a and 3.30.b show accelerating ice mass losses for the NCA for all the applied
filters. Only after decorrelating with ‘Dec 1’ and smoothing with Gaussian anisotropic, higher
deviations are observed in the time series in comparison to the rest of the applied filters. In Table
3.5 the mass change trends are presented for the four applied filters, after a linear trend is assumed
for each period of study. The GRACE mass changes refer to the GRACE-only results, before any
geophysical signal was removed. The contribution of the hydrology signal was estimated based on
the GLDAS/NOAH model and the GIA effect from the Stokes coefficients of ICE6G (VM5)
model, ‘version 4’ (Purcell et al., 2016).

Table 3.5 Mass balance estimates for the NCA from CSR-GRACE-only, GIA and hydrology
corrections, after applying different filters in periods 1 and 2 in Gt/yr
GRACE-only

Leakage
error

PERIOD 1
DEC 1+ IS
DEC 1 + ANIS
DEC 2 + IS
DEC 2 + ANIS

-34.69 ± 3.15
-39.55 ± 3.58
-34.97 ± 2.94
-34.00 ± 2.82

-15.07
-18.23
-14.77
-14.33

2.83
2.59
1.49
1.39

5.00 ± 0.97
5.60 ± 1.18
4.32 ± 0.94
4.27 ± 0.63

-27.45 ± 4.12
-29.51 ± 4.76
-26.01 ± 3.88
-25.33 ± 3.45

PERIOD 2
DEC 1+ IS
DEC 1 + ANIS
DEC 2 + IS
DEC 2 + ANIS

-47.29 ± 2.58
-53.68 ± 2.92
-48.05 ± 2.42
-46.74 ± 2.33

-21.46
-25.56
-21.25
-20.65

1.10
1.05
0.56
0.53

5.00 ± 0.97
5.60 ± 1.18
4.32 ± 0.94
4.27 ± 0.63

-31.93 ± 3.55
-34.77 ± 4.10
-31.68 ± 3.36
-30.89 ± 2.96
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Hydrology
correction

GIA
GRACE mass
correction
balance

Comparing the from GRACE-only mass balance results in Table 3.5, we can see that for period 2
the observed mass loss trends are slightly increased with respect to period 1. With respect to the
applied filter, the results after applying ‘Dec 2’ show smaller trend values than ‘Dec 1’. However,
we can not be assured that this was caused due to stronger filtering retrieving attenuated signal
with respect to the original unfiltered. Thus, in order to examine the filter’s behaviour, we observed
the GRACE-only annual and semi-annual amplitudes, and annual trends provided in Figures 3.173.19 respectively. The ‘Dec 2’ plots indeed confirm more attenuated signals after Gaussian
smoothing in comparison to the ‘Dec 1’ plots.
Then, assessing the two applied filters based on ‘Dec 1’, we see that the highest mass loss estimate
for NCA is given by ‘Dec 1’ after applying Gaussian anisotropic filtering for both periods 1 and
2; apparent also from the time series plots in Figures 3.30.a and 3.30.b. This filter gives up to an 8
Gt/yr trend difference from the other trend rates, as seen in period 2 rates. This may be attributed
to the greater smoothing radius selected of 690km for the order spectrum, which is also capable of
over-filtering the results. Differently, the degree spectrum radius of 290 km may be responsible
for under-filtering. In order to have independent results’ derivation, without relying to previous
studies or other type of data, the preferred filter for the NCA is the ‘Dec 1’ after Gaussian isotropic
filtering. According to the author, performing less strong filtering -by applying the smaller
smoothing radius of 380 km- should be recommended for use due to less noise occurring in the
polar areas like the CAA. Additional reason is also the smaller leakage-out rate observed. In both
periods, the highest signal contamination to the final mass balance was induced by the leakage
error. This can be attributed to the impact of Greenland’s signal leaking into the NCA area, as the
northeast part of the NCA is geographically very close to the northwest outlet of Greenland’s ice
sheet. In Section 3.11.3, mass change results in 5-year-intervals of period 2 are presented and
discussed, in order to examine the changing variability through the whole period under study.
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(a)

(b)

Figure 3.30 Mass change time series of the NCA for (a) period 1 and (b) period 2 CSR-GRACE, reduced
for GIA and hydrology, shown for four different filters applied with scale factor 2.5.
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Southern Canadian Arctic results

(a)

(b)

Figure 3.31 Mass change time series of the SCA for (a) period 1 and (b) period 2 CSR-GRACE, reduced
for GIA and hydrology, shown for four different filters applied.
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Table 3.6 Mass balance estimates for the SCA from CSR-GRACE-only, GIA and hydrology
corrections, after applying different filters in periods 1 and 2 in Gt/yr
GRACE
only

Leakage
error

Hydrology
correction

GIA
correction

GRACE mass
balance

PERIOD 1
DEC 1+ IS
DEC 1 + ANIS
DEC 2 + IS
DEC 2 + ANIS

-22.68 ± 2.14
-23.96 ± 2.24
-25.30 ± 1.87
-25.53 ± 1.81

-13.97
-15.79
-14.71
-14.56

4.06
4.74
3.78
3.96

7.01 ± 0.36
6.84 ± 0.56
7.24 ± 0.34
7.43 ± 0.26

-19.78 ± 2.50
-19.75 ± 2.80
-21.61 ± 2.21
-22.36 ± 2.07

PERIOD 2
DEC 1+ IS
DEC 1 + ANIS
DEC 2 + IS
DEC 2 + ANIS

-34.88 ± 1.61
-37.34 ± 1.69
-38.77 ± 1.43
-38.76 ± 1.39

-21.86
-24.50
-22.47
-22.12

-0.48
-0.25
-0.16
-0.08

7.01 ± 0.36
6.84 ± 0.56
7.24 ± 0.34
7.43 ± 0.26

-19.55 ± 1.97
-19.43 ± 2.25
-23.38 ± 1.77
-23.99 ± 1.73

Both Figures 3.31.a and 3.31.b show accelerating ice mass losses for the SCA for all the applied
filters, with larger variability than the respective figures of the NCA. Since the SCA is surrounded
by a large non-glaciated region located at the west side of the island, the mass change estimates
are more sensitive to potential biases from the hydrology signal changes. In Table 3.6, the
increased uncertainty in the hydrology signal mass rates is noticeable for period 1. Therefore, the
strongest geophysical contamination to the final GRACE estimates was induced by the hydrology
signal for period 1, while for period 2, smaller and negative trend rates are obtained. The reason
for that is likely the hidden annual and semi-annual hydrology variability during the 11-year
period, which vanishes over a long period trend.
Comparing the from GRACE-only mass balance results in Table 3.6, in contrast to the NCA
estimates, here ‘Dec 2’ filters produces the highest mass loss trends in both periods. For period 1
the highest estimate for the SCA is given by ‘Dec 2’ after Gaussian isotropic filtering is applied,
while for period 2 is detected after applying ‘Dec 1’ and Gaussian anisotropic filtering. However,
in period 2, the trend estimates fall in similar rates with applying the Gaussian isotropic filter. Due
to the same justification as in Section 3.12.1, the ‘Dec 2’ applied filters provide attenuated EWH
fields (Figures 3.17-3.19). Differently that in the NCA results, the ‘Dec 1’ after Gaussian
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anisotropic filtering produces similar mass loss trends as the ‘Dec 2’ applied filters. The smaller
mass loss and leakage-out estimate are observed after ‘Dec 1’ and Gaussian isotropic, thus
similarly with the NCA, is the preferred filter.
Influence of inter-annual variability
The possibility of multi-year or decadal-scale variability may affect the impact of variations
estimated over short-time intervals, in case I extended the results to longer periods (Jacob et al.,
2012) as in the particular case of two periods under study. Ice mass changes show a short-term
seasonal variability which is superimposed on a longer period variability, but obviously we should
not expect the same seasonal ice mass variability to occur during the whole observational period.
For example, we cannot expect the same snowfall to occur during the observational time frame, or
sub-monthly gravity fluctuations do not necessarily average out in the monthly solutions but alias
into apparent longer-period variability (Velicogna and Wahr., 2013). The reason for this aliasing
is due to errors remaining in the monthly solutions provided by the GRACE processing centres,
after removing the short-period signals by atmosphere, nontidal ocean variability and ocean tides.

To help illustrate this effect, we computed the mass rates for each basin over consecutively
overlapping periods of five years. The results are presented in Tables 3.7 and 3.8 for the NCA and
SCA results respectively. Table 3.7 includes the NCA mass variations observed by GRACE in 5year period intervals from 2003 to 2014 for the four performed filters, after reducing for the
hydrology ad GIA signal. Note that no leakage error was estimated or removed. The NCA averaged
mass changes show increasing rates in time, with the highest loss occurring between the years
2006 and 2010. It seems that the ice mass change estimates have increased rapidly since the first
interval between 2003 and 2007 for all applied filters, until the last 5-year period where the trend
decreases. Additionally, comparing the values of the mass losses with respect to the different
filtering applied, the greatest differences were found after applying the ‘Dec 1’ with a Gaussian
anisotropic smoothing filter, inducing values up to 8 Gt/year. As we also saw earlier in the trend
estimates over the maximum record length for the NCA. These high estimates might imply signal
leakage from Greenland being accounted. Respectively, Table 3.8 shows the corresponding ice
mass changes for the same year periods for the SCA. The ice mass variations observed have lower
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estimates than for the NCA, however the lowest mass balance was estimated at the first 5-year
window. Increased loss rates were observed from one-time span to the next with the maximum
trend loss occurring between the years 2007 and 2011. Similar rate was also observed between
2008 and 2012 from Gaussian smoothing after ‘Dec 1’.
Table 3.7 Mass balance rates for the NCA, reduced for hydrology and GIA in consecutive fiveyear overlapping periods in Gt/yr
Period/Filter
Mar 03- Feb 07
Mar 04- Feb 08
Mar 05- Feb 09
Mar 06- Feb 10
Mar 07- Feb 11
Mar 08- Feb 12
Mar 09- Feb 13
Mar 10- Feb 14

DEC 1 IS
-20.38 ± 2.75
-38.16 ± 3.10
-55.02 ± 3.30
-63.11 ± 3.50
-59.04 ± 3.77
-59.77 ± 4.11
-58.05 ± 4.67
-44.61 ± 4.95

DEC 1 ANIS
-22.26 ± 3.10
-43.01 ± 3.60
-62.45 ± 3.82
-71.09 ± 4.05
-66.68 ± 4.36
-67.80 ± 4.74
-66.24 ± 5.37
-51.24 ± 5.69

DEC 2 IS
-19.82 ± 2.58
-36.93 ± 2.92
-54.00 ± 3.11
-60.47 ± 3.30
-58.61 ± 3.55
-61.12 ± 3.88
-60.71 ± 4.41
-48.54 ± 4.69

DEC 2 ANIS
-19.29 ± 2.21
-35.57 ± 2.53
-52.30 ± 2.71
-58.77 ± 2.90
-56.91 ± 3.14
-59.36 ± 3.45
-59.16 ± 3.96
-47.57 ± 4.22

Table 3.8 Mass balance rates for the SCA, reduced for hydrology and GIA in consecutive fiveyear overlapping periods in Gt/yr
Period/Filter
Mar 03- Feb 07
Mar 04- Feb 08
Mar 05- Feb 09
Mar 06- Feb 10
Mar 07- Feb 11
Mar 08- Feb 12
Mar 09- Feb 13
Mar 10- Feb 14

DEC 1 IS
-17.33 ± 1.41
-27.99 ± 1.60
-35.81 ± 1.68
-40.78 ± 1.78
-43.48 ± 1.91
-43.11 ± 2.03
-39.97 ± 2.25
-31.24 ± 2.36

DEC 1 ANIS
-18.85 ± 1.66
-30.14 ± 1.86
-38.21 ± 1.94
-43.62 ± 2.04
-46.70 ± 2.19
-46.66 ± 2.31
-43.66 ± 2.54
-33.99 ± 2.66

DEC 2 IS
-20.48 ± 1.24
-31.98 ± 1.41
-38.57 ± 1.49
-44.11 ± 1.58
-46.25 ± 1.70
-48.27 ± 1.82
-48.64 ± 2.03
-37.56 ± 2.14

DEC 2 ANIS
-21.20 ± 1.14
-32.57 ± 1.30
-38.64 ± 1.38
-44.21 ± 1.46
-46.26 ± 1.58
-48.09 ± 1.70
-48.34 ± 1.90
-37.05 ± 2.01

Increased averaged mass losses were seen for both NCA and SCA can be considered either as an
indication of stable or even increasing high averaged ice mass losses for the upcoming years. It is
not clear if the large fluctuation in the rates of the first three period intervals is due to the interannual or decadal variability, or simply denotes the debut of an era with accelerating losses. The
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reduced EWH trend for each 5-year period is illustrated in Figure 3.32 in cm/yr. Then Figure 3.33
shows the reduced EWH trends from period 1 and period 2 in cm/yr after using the ‘Dec 1’ and
the Gaussian isotropic filter (Figure 3.33.a. and 3.33.b). Additionally, the trend differences
between the isotropic and anisotropic smoothing after applying ‘Dec 1’ are provided as well with
minor differences in the resulted trend (Figure 3.33.c and 3.33.d).

Figure 3.32 Annual reduced EWH trend in 5-year periods, after applying Dec 1 +isotropic. Unit: cm/yr.

(a)

(c)
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Period 1

(b)

(d)

Period 2

Figure 3.33 Annual reduced EWH trend for period 1 and 2 after applying (a,b) Dec 1 +isotr and (c,d) Dec 1+difference
between isotropic -anisotropic, in cm/year.
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In Figure 3.32, we can see clearly the increasing mass loss rates from the first 5-year period to the
next three 5-year periods, since the mass change rate becomes relatively stable for the next 5-year
periods. Then, in Figure 3.33, the increasing negative trend shows the increasing mass loss trends
from period 1 to period 2, occurring in the glaciated area of the SCA, located off east by the coast
and of the NCA, located mainly in the central eastern part where Ellesmere Island is.

3.13 Summary
To summarize, in this chapter the applied methodology using monthly CSR-GRACE data was
described, after the Stokes coefficients were corrected for degree-1 and zonal degree-2 spherical
harmonic coefficients, due to unreliably measured and unobserved coefficients, respectively.
GRACE’s striping effect does not allow the mass changes retrieval reliably due to artificial signals’
presence, therefore four different filters were tested and assessed in order to reduce the highfrequency coefficients’ correlation and the remaining noise, before deriving EWH variations in the
CAA. Also, as we were interested in extracting the regional gravity signal on the small-scale
glaciated regions of the CAA, the spatial averaging kernel method was applied to the glaciers and
ice caps of the CAA, based on the study of Swenson and Wahr (2002), who applied the kernels to
mask and isolate the signal in large river basins. The GRACE geophysical signal was contaminated
by hydrology and GIA signals, which were estimated from external models and removed as a trend
from the final mass trends separately for the NCA and the SCA. Oceanic and atmospheric
variations were considered negligible based on previous published results and no further analysis
was performed. The final reduced EWH variations for each part of the CAA were converted to
time-variable ice masses in Gt/year by multiplying with the underlined area each estimate refers
to and the water density. Additionally, the basin leakage error was estimated for each region in
order to account for the signal leaking outside the averaging kernel function. The final leakagefree mass change estimates from GRACE were derived after applying ‘Dec 1’ +isotropic and for
period 1 are -27.5 ± 4.1 Gt/year for NCA and -19.8 ± 2.5 Gt/year for SCA, while for period 2, 31.9 ± 3.6 Gt/year and -19.6 ± 2.0 Gt/year respectively.

The state of the art is that this study illustrates is that Stokes coefficients are not only reliable
detectors of revealing large river basins and ice sheets but also small-scale mass variations of
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glaciers and ice caps, based on the mass trends derived for both the NCA and the SCA. Also, the
final mass trend estimates relied on the selected applied filter, as high differences were observed
based on the filter parameters selected, inferring differences up to 8 Gt/yr in the mass trends.
Nevertheless, according to the author, the impact of the filtering was neglected in the majority of
previous studies using GRACE Level-2 data for ice applications, as higher fluctuations may be
caused in the final ice mass variations for larger regions/basins (e.g., Greenland, Antarctica). In
this study, the ‘Dec 1’ filter was selected instead of ‘Dec 2’ as the best estimates for both NCA
and SCA, as it maintains the basin’s shape as it was seen in Figures 3.12.b and 3.13.b in
comparison to Figure 3.12.a (or 3.13.a, which is the same unfiltered basin). The Gaussian isotropic
filtering was selected for smoothing the decorrelated results as it filters less strongly than the
Gaussian anisotropic. Additioanlly, the ICE6G-VM5 ‘version 4’ was selected to account for the
contribution of GIA in thefinal estimates, which produced the lowest trend estimates among all
versions. The reason this version was selected was because GIA is considered one of the biggest
sources of uncertainty and its contribution was not thoroughly investigated for the region under
study as it was beyond the scope of this thesis. However, we assigned an uncertainty estimate,
computed as the standard deviations between all trend values of the other three versions.
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Estimation of elevation and mass changes using ICESat data
This chapter includes the processing of the selected ICESat data, in order to derive elevations that
will be further used for deriving elevation changes for the NCA and SCA areas. Note that although
laser shots refer to footprints of a certain spatial resolution (~ 60m), the derived. The applied
methods, including the gross error detection and the assumptions made used to retrieve volume
and mass changes from elevation changes for each area under study are analytically explained in
each section. The followed methodology is provided in steps in Figure 4.13 and the numerical
results and uncertainties are plotted and discussed for each area of the CAA at the end of the
chapter.

4.1

Data processing and quality corrections for ICESat

During the data pre-processing, the raw data were downloaded, processed and evaluated after
applying certain quality indicators, in order to derive the individual elevation measurements first.
According to Table 2.1 (http://nsidc.org/data/icesat), the GLAS/ICESAT L2 Global Land Surface
Altimetry data (product GLA14) of the latest Release 34 (13.10.2014) were obtained from the
National Snow and Ice Data Center (Zwally et al., 2014) as granules. The Level-2 altimetric
product provides surface elevation estimates with respect to location and time, while the Release
34 refers to the period from 2003.02.20 to 2009.10.10. All operational laser campaigns (Table 2.1)
are taken into account in the following calculations.

MatLAB was used to read and process the ICESat data, which were available as binary data and
were read with a big endian byte ordering. In total, 642 data granules were downloaded, which
contained all the available parameters, providing information globally. These granules were
grouped and saved into folders with respect to the date of operation. Each granule contained 105
parameters, which were stored either per shot or per second. Because each file was too large for
processing in MatLAB, only the desired parameters were selected for further processing, as
provided in Table 4.1. The invalid cells of each parameter were replaced by Infinite and the
remaining parameters of each granule were saved as matrices or vectors into a new folder. Bad
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measurements were indicated by several quality flags and rejection parameters included in the
product release (GLA14).

Table 4.1 The selected parameters and corrections saved as matrices-vectors for processing
granule: idxStart, idxEnd, name of the granule

d_lon: geodetic longitude of the laser shot
(specific to the glaciated range)

campaign: Laser campaign operating

d_UTCTime_40: Transmit time of the first shot
in J2000 frame (12:00 am, January 1, 2000)

i_rec_ndx: GLAS record unique index

i_shot_count: The time deltas of pulses 2 through
40 to UTCTime for every granule

cycTrk: Cycle (count of the number of exact

d_elev: Land surface elevation above reference

repeats of the reference orbit) and track (number

ellipsoid (elevation of glaciers)

of each repeat ground track)
d_d2refTrk: Distance to the reference ground

d_DEM_elv: DEM elevation

track
d_lat: geodetic latitude of the lase shot (specific

d_gdHt: Geoid height based on EGM2008

to the glaciated range)

The GLA14 data files contained flags which indicated the quality of input and output data, and
data corrections. If the quality was acceptable, the data were used and the record quality flags were
all set to zero. The different quality flags can be grouped into four categories. The first group
includes flags like the ElvuseFlg and atm_char_flag, which indicate whether or not elevations can
be used (valid) and for all observations the conditions are favorable for forward scattering,
respectively. The second group has the capability of distinguishing bad data that are related to the
main parameters of interest, elevation. The elevation-related quality flags like the FrameQF
indicate whether some of the data are not corrected or have measurement problems, while the
satCorrFlg indicates whether the signal is saturated or not. So, all the elevations indicated as bad
are removed from the dataset. The third group includes flags which are not selected for further
processing, as they are not directly related corrections to elevation. The fourth group does not
indicate bad data directly, but it is related to effects that might influence the derived elevations.
However, it is neglected for further analysis. Last correction accounts for the number of peaks on
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the return signal echo, indicated by the parameter numPk. Multiple peaks imply multiple reflectors
of the transmitted signal and in that case, these measurements should be removed. The applied
corrections to the data are listed in Table 4.2. Only when the latitude, longitude and elevation
values were all valid, were all shots stored.
Table 4.2 Applied corrections to ICESat data
Corrections

numPk: Number of peaks found in the return

ElvuseFlg: Elevation use flag (view byte

atm_char_flag: Atmosphere Flag indicates

structure) whether elevations on record should be

from LIDAR channel if conditions for forward

used or not

scattering were favorable

FrameQF: Altimeter frame quality flag

satCorrFlg: Saturation Correction Flag

As the area of interest is the CAA, these parameters were selected only for the glaciated area of
that region. In order to do so, we downloaded and used the coarse RGI 5.0 outlines that refer only
to the North and South Canadian Arctic. These outlines do not include only the glaciated regions,
but also ocean and land parts. These outlines were selected at first, in order to accelerate the data
processing in MatLAB, due to the combination of extensive amount of information contained in
the selected parameters and numerous refined polygons referring to the CAA. In the end, the final
time-variable elevation changes were estimated with respect to the glaciated-only areas, expressed
by the GLIMS polygons. This processing was performed in ArcGIS software.
4.2

Reference tracks selection

The 91-day orbit of ICESat was composed of 1354 orbit tracks. However, measurements were
only made on some of these tracks. The reference ground tracks were downloaded from the
National Snow and Ice Data Center and referred to global tracks; only the reference tracks covering
the ice-covered area of interest were extracted with respect to the RGI 5.0 outlines. Figure 4.1
shows the different ascending and descending reference tracks intersecting the glaciated-only areas
of the CAA with respect to the GLIMS outlines, as introduced in Figure 2.4 (in cyan). Note that
the different colours were chosen randomly in order to define the different number of reference
track. The main reason for selecting the extended-coarser areas of the glaciers, which included also
parts of the mainland was to limit the lengthy computational processing in MatLAB.
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Additional reason was in order to avoid any signal distortion in the perimeter of the glacier
boundaries intersecting with the reference tracks. The reference tracks that did not contain any
information were deleted.

latitude (degrees)

(a)

(b)

longitude (degrees)
Figure 4.1 Reference tracks across the (a) NCA and (b) SCA glaciated areas as defined by GLIMS.
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According to ICESat’s measurement frequency, observations were acquired every 40 seconds for
a distance separation of about 172m along track. However, the downloaded reference ground track
locations were reported at 1 sec intervals, corresponding to an along-track spacing of
approximately 7 km/sec. Therefore, for each track the length of every two consecutive laser shots
was computed, and this distance was used to interpolate footprint-locations every 40 seconds along
track.

Figure 4.2 illustrates the reference ground track locations in blue and the interpolated shots in red,
covering the Bylot Island. The latter are represented by tracks created by the dense data sampling.
Simultaneously, the measurements of each selected parameter (Table 4.1 and 4.2) were sorted out
based on their track number and saved with respect to the number of the reference track they
referred to. Finally, 409 measured reference tracks were selected, covering the total area including
Greenland.

Figure 4.2 Example of reference tracks (blue) and the laser shots interpolation every 40 seconds (red)
populating the tracks in the measurement frequency. Reference glaciated area: Bylot Island.
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4.3

Elevation of the CAA

The height changes derivation relied on the calculated elevations, so we provide plots of elevation
with respect to the centre time of the ICESat operational period, i.e., the 2005.09. The process
steps follow.
•

Choose time interval to lay between 1/1/2003 and 31/12/2009, based on ICESat operation,
so only the measurements within ICESat’s operation time period to be selected.
date = [year month day hours minutes seconds]
date1 = [2003 1 1 0 0 0]

•

and

date2 = [2009 12 1 0 0 0]

Convert the dates of ICESat operation to UTC, based on the length of the year (accounting
also for leap years) and the month (in number of days).

•

Account for the offset of 12 hours of the J2000 frame, defined at 12:00pm.

•

The final calculated time in UTC was defined as:
utc = [day*24*60*60] + [hour*60*60] + [min*60+sec] in seconds

However, the repeat cycles of the tracks did not have perfect spatial repetition as expected (~ 35m
across track distance separation from the reference orbit tracks) due to errors in pointing and
smaller differences between the predicted and real satellite orbit (Ewert et al., 2011). As a result,
offsets between the individual tracks from the main ground-tracks could reach from a few meters
to kilometres (Pritchard et al., 2009). This separation may cause slope differences between
elevation measurements. Past studies (Slobbe et al., 2008) have used external Digital Elevation
Models (DEM) in order to account for this local surface slope by interpolating elevations and
capturing the local surface topography under investigation. In the present work, no external DEM
was used, as there is no available DEM of high spatial resolution of less than 2 km. A visual
comparison was performed between the ICESat elevation plots derived for the NCA and SCA in
Figures 4.4.a and 4.4.b, and the elevations from the ETOPO1 DEM referring to the CAA in Figure
4.3. ETOPO1 (Amante and Eakins, 2009) is a 1 arc-minute global relief model of the Earth's
surface (approximately 2 km spatial resolution) that integrates land topography and ocean
bathymetry. It was built in August 2008, from numerous global and regional data sets, and is
available as "Ice Surface" (for the Antarctic and Greenland ice sheets) and "Bedrock" (base of the
ice sheets) versions. The elevation retrieval from ETOPO1 is consistent with the ICESat, as both
data refer to the same horizontal datum WGS 84 geographic.
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The ETOPO1 data were downloaded from NOAA (www.ngdc.noaa.gov/mgg/global/global.html)
and read as binary files. Note that the further south we go, the less dense track measurements we
have, which is expected due to the satellite’s orbital configuration and coverage.

Figure 4.3 Elevation of the NCA and SCA from the ETOPO1 DEM.
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(a)

(b)

Figure 4.4 Elevation from ICESat wrt 2005.09 for the (a) NCA and (b) SCA.
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Comparing the plots in Figures 4.3 and 4.4, one can clearly see similar elevation patterns for both
NCA and SCA, although ICESat derived elevations show higher spatial sampling and coverage
(meters of difference) in comparison to the ETOPO1 elevations (kilometers of difference).
However, due to the different plotting method used ICESat elevations appear as ‘point’ data while
ETOPO1 elevations as a continuous field. As the derivation of the ICESat elevation estimates will
be used to derive temporal height changes in the CAA, the elevation distribution from ICESat is
considered trustworthy.

4.4

Deriving elevation changes and uncertainties

In order to compute elevation changes, several methods have been proposed and have reached a
good agreement in previous studies. Sorensen et al. (2011) studied the results of three main
techniques for deriving surface elevation changes in Greenland. The different methods included:
interpolating a Digital Elevation Model (DEM) in order to correct for the surface slope (method
1), using data from two ICESat campaigns separated by one year, in order to create a reference
surface representing the topography in each segment (method 2), and assuming that in each alongtrack segment the surface elevation varies linearly with the position, time and a sine and a cosine
term, describing the seasonal signal (method 3; Sasgen et al., 2012b; Bolch et al., 2013). In this
work, the methodology followed used a similar algorithm to the aforementioned method 3.
As ICESat measurements are not exactly repeated, any separation between any pair of
measurement footprints can introduce a non-zero surface slope component, which can be divided
into an along-track and a cross-track segment. Therefore, in order to retrieve elevation change
estimates for the NCA and SCA, we followed the repeat track analysis method, which calculates
the height changes of the corresponding along-track repeated laser measurements of the same
reference track (Ewert et al., 2012; Figure 4.5.b). In contrast, an alternative method is the crossover
point analysis, which calculates height differences at the intersection points of ascending and
descending tracks (Moholdt et al., 2010a). Note that usually for ICESat the laser shots or footprints
are usually referred to as points. Figure 4.5.a illustrates the principle of crossover points estimation,
where in blue are the consecutive two points of an ascending track and in green the consecutive
104

two points of a descending track. Each crossover point elevation is derived as the interpolant
between the two closest footprints in a selected distance apart (e.g., ~200m) (Figure 4.5.a). This
method leaves out a large amount of the original data set remaining as height information at the
crossovers only. That was the main reason for using the repeat track method, which accounts for
all the available high-resolution elevation profiles along the tracks. Respectively, Figure 4.5.b
illustrates the principle of how the laser shots were stored in each one of the boxes (called logical
boxes). The black circles represent the footprints of the individual laser shots of the particular
reference track (black dashed line). The several repeated cycles of the reference track are illustrated
as colour lines in the same direction. Each repeated cycle occurred on a specific time ti. In order
to differentiate between a temporal surface-elevation change and a local ice-surface topography,
the repeated track shots around each track should be well distributed in each fitted box (Ewert et
al., 2012), as it is shown in Figure 4.5.b. Then, Figure 4.6 illustrates in steps how the logical boxes
were estimated along track 18, intersecting both NCA and SCA (4.6.a) and how the shots were
distributed and stored inside each box (4.6.d). In Figure 4.6.d, the stored shots are shown in red,
the 3 consecutive footprints along track are in green and the box edges are in blue.

descending track

ascending track
repeat cycles of
reference track

footprint

box
footprints

crossover
point

reference track
shot-by-shot
distance

(a)

(b)

Figure 4.5 Crossover elevation point principle measurement (a) and schematic representation of storing
ICESat repeat track measurements to each created box (b).

105

(a)

(b)

(c)

(d)

Figure 4.6 Measurements of track 18 intersecting both NCA and SCA(a), isolated for a GLIMS glaciated area (b), with consecutively
shot footprints in red, box edge boundaries in blue stars (c), ensuring 3 consecutive shots in green stars, linearly connected in green (d)
per box.
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ICESat elevation changes are correlated along-track due to the similarity in surface topography,
atmosphere and satellite related eﬀects. The observed surface elevation difference may include a
non-negligible across-track topography and a seasonal and secular component. The seasonal
variations are caused by changes in accumulation, flow, melt and firn compaction rate (temperature
dependent). Based on my methodology, after the repeated altimeter shots along each reference
track were stored into boxes of 500m x 500m size. The box size was selected in order to ensure
that a sufficient number of elevation measurements was stored at each box. Sufficient means that
at least 3 consecutive point elevations were stored, whose distance separation of 172m along-track
was calculated from the footprints’ centres. Then, the elevation measurements of each box were
fitted to the 12-parameter mathematical model introduced by Ewert et al. (2012), who applied it
for Greenland as:
H i  Hti
 a0  a1 xi  a2 yi  a3 xi 2  a4 xi yi  a5 yi 2  a6 xi 2 yi  a7 xi yi 2  a8 xi 2 yi 2 ,
c sin

 ti
T

 d cos

(4.1)

 ti
T

where H i is the height of every measured shot i at time ti, with i=1, 2, 3, …, N, with N representing
the number of observations within the fitted box, Hti is the long-term ice elevation change at ti
time, where ti is the relative time to a reference epoch t0 which refers to 2005.09, the centre of the
analyzed period. The period T is one year, as we were interested in deriving the elevation changes
per year. Lastly, xi, yi refer to the point location defined by longitude and latitude, respectively.

Eq. (4.1) can be decomposed into three components. The first component represents the surface
elevation change, which linearly depends on the time of each shot ti, and expresses the long-term
elevation changes. The second component, the biquadratic polynomial, represents the local ice
surface topography, which accounts for the induced height differences in time (Ewert et al., 2012).
The third component refers to the periodic functions, which express the annual variations deviating
from the linear trend. Due to the fact that ICESat operated 2-3 times per year during its total
operational period, the annual elevation change variability is expected to vary significantly.
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Iterative Least-Squares algorithm
After creating the logical boxes and storing the elevation points, a regression analysis was needed
to estimate the unknown parameters of Eq. (4.1) in each box and derive the elevation change of
each box. Only boxes with at least 15 observations were considered, as the unknown parameters
introduced by the model of Eq. (4.1) were 12. As the least-squares method is sensitive to outliers
in the data, an M-estimator introduced by Huber (1964) was used instead to achieve robustness in
the data analysis.

The standard regression model is expressed as:
yi  aiT x   vi , i=1,2,…,n ,

(4.2)

where x is the vector of the unknowns, yi are the observations, ai refers to the particular row of
the design matrix A, v denotes the random error, which is usually assumed to be normally
distributed with expectation 0 and finite variance, and σ is a scale parameter.

According to Holland and Welsch (1977), for a given value or estimate of the scale parameter  ,
a robust estimate for x, xˆ is obtained after minimizing the relation:
n

 yi  ai x 
,
 

  
i 1

(4.3)

where ρ(v) is the robust loss function of the standardized residuals.
If  (v)   (v) , instead of Eq. (4.3), x̂ should satisfy the non-linear equation:
n

 yi  ai x 
 0 for all j,
 

 a  
i 1

ij

(4.4)

which requires iterative methods to solve it. Depending on the type of the loss function ρ(v) the
unknown estimates x̂ are derived from a different algorithm. Using the Huber estimation (Huber,
1975; Bickel, 1975), classified as a robust M-estimator for detecting gross errors, Eq. (4.5) is
analytically expressed as:
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 y  Axˆ0 
xˆ1  xˆ0   0 ( AT A)1 AT 

 0 

i=1,2,…,n .

(4.5)

As the scale parameter is unknown, an iterative process is performed to update both the unknown
vector x and the scale parameter σ.

For each box, the followed algorithm is provided in the next steps.
1. We defined the observations as the elevation measurements at ti, which were estimated
with respect to the time difference between the time of each measurement i and the
reference epoch t0, as:

y = Hi .

(4.6)

2. Based on Eq. (4.1), the vector of unknowns is:
x  [ Hi

a0

a1 a2

a3

a4

a5

a6

a7

a8

c d ]T .

(4.7)

3. The design matrix formed from Eq. (4.1) is:

A

y 
 ti 1 xi
x 

yi

xi 2

xi yi

yi 2

xi 2 yi

xi yi 2

xi 2 yi 2

cos

 ti
T

sin

 ti 

, (4.8)
T 

where only for this equation, xi and yi refer to the longitude and latitude of each point
measurement i at time ti., respectively.
4. First, we removed the outliers of the given elevations by using the 2 sigma-criterion, after
estimating the sigma value s ' as: s ' =

v 'T v '
, where the residuals v' were computed as:
n-u

v ' = yi - median(yi ) , and n and m refer to the vector size of the observations and unknowns
respectively. Note that the prime symbol in this step does not imply the inverse function,
but simply a notation of different values computed for the residuals v and the squared
variance factor s.
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5. Then, we assigned approximate values to the unknowns x0 , residuals v0 and variance
factor  0 , after constructing the design matrix of ‘step 3’ and first obtaining approximate
values of the unknowns as:
x0 = ( AT A)-1 AT y ,

(4.9)

deriving the approximate value of residuals as

v0 = Ax0 - y

(4.10)

and then, we estimated the scale parameter. There are two commonly used robust
estimators of σ (Street et al., 1988). One is the extended quasi-likelihood (Huggins 1993;
Gill 2000), which according to Venables and Ripley (2002, p. 124) is not so resistant to
outliers. Therefore, we used the median absolute deviation (MAD) estimator for a robust
estimation of σ as it will be given in the steps followed. as:

 0 = 1.4785MAD(v0,1).

(4.11)

The selection of the a-priori values of the residuals and scale parameters were very critical
for the loss function ρ(v) and the convergence of Eq. (4.5) to a local minimum. According
to Holland and Welsch (1977), the factor 1.4785 makes Eq. (4.11) an approximately
unbiased estimate of scale when the error model is Gaussian.
6. Then, we first calculated the ψ(v) function and then the weight function w(v) as:

w(v)=

ψ(v)
.
v

(4.12)

The critical functions used during the adjustment are summarized as follows:

range

Huber estimation


 v k



 v >k


 (v)

 (v)

v2
2

v

k2
k v2

ksign(v)
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w(v)

1

,
k
v 

(4.13)

where k is the Huber ‘tuning constant’ (Holland and Welsch, 1977), which is used to adjust
the efficiency of the resulting estimator. It is considered equal to 1.1. The usual values vary
between 1 and 2, depending on the assumption about the data distribution. The loss function
ρ(v) is quadratic for small values of v, and linear for large values, with equal values and
slopes of the different sections at the two points where |v|=k.

range
BLUE-LS estimation

 (v)


any(v)


v

 (v)

w (v)

1

v2 

2

(4.14)

and the residuals of Eq. (4.14) and Eq. (4.15) are defined as in Eq. (4.2).

7. As the scale parameter is included in the iteration process (Eq. 4.6), it needs to be scaled
iteratively as well. Instead of using Eq. (4.11) for updating the value of the scale
parameters, we used a more robust method by inserting a bias b as:

7.1 Huber estimation
b=

1
 n - m  ( B1  B2 - 1+ 2k 2 ) ,
2

(4.15)

where

B1  (2k ) pdf 'Normal',k,0,1

(4.16)

and

B2  2(1- k 2 )cdf 'Normal',k,0,1 .

(4.17)

In Eq. (4.15) pdf defines the probability density function, while in Eq. (4.16) cdf defines
the cumulative distribution function. Both functions were used from the MatLAB build-in
functions. The terms n and m define the number of observations and unknowns,
respectively.
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7.2 BLUE-L2 estimation
b=

1
 n - m
2

(4.18)

which was used for deriving the scaled standard deviation expressed as:

1



ˆ =   Chi(v)σ0 2  ,
b


(4.19)

where the estimated initial value for the scale parameter along with the Chi(v) function are
updated iteratively. The Chi(v) function is defined as:

Chi(v)= vψ(v)- ρ(v) .

(4.20)

8. The iterative least-squares adjustment is performed with maximum number of iterations
100 and iteration tolerance value 10-6. In each iteration, the a-priori values in step 5 were
getting updated and the following steps 5-7 were repeated till the maximum number of
iterations allowed was reached. Once the adjustment is over the variance factor along with
the covariance matrix of the unknown parameters are determined. The unknowns that were
further processes were the elevation changes and their uncertainty in m/year for both.

4.5

Deriving surface elevation changes

After estimating the elevation rates from ICESat measurements following the algorithm in Section
4.4, we had to convert these elevation changes into mass changes. In order to do so, the ICESat
height changes need to be converted to volume changes. However, for retrieving volume changes,
we need to have a dense sample of point elevation changes, in order to recover the whole glaciated
surface. One of the biggest uncertainties in estimating mass changes with ICESat is its sparse
altimetric observations, which cover only a part of the glaciated areas in the CAA. Due to its
operation lifetime of approximately 6 years, with measurements being taken 2-3 times per year,
its high spatial resolution along-track (~172m) was not able to compensate for its limited temporal
resolution. Therefore, there is a need for selecting a spatial correlation technique to populate the
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observations and predict outside the tracks. The prediction will gradually populate the area with
elevation changes information, until a continuous surface is created. In this sense, we had to create
a dense sample of point elevation variations, capable of recovering elevation changes on the
glaciated surfaces of the NCA and SCA. Due to the different morphology discussed earlier
(Section 3.5), each surface creation was based on the derived scattered elevation rates on the NCA
and SCA separately.

Various spatial correlation techniques have been used in literature

introducing large discrepancies in the estimation of volume changes. These techniques included
approaches using the mean, median, polynomial fits (Gardner et al., 2011), hypsometry from two
different DEMs (Sorensen et al.., 2011) and surface fitting using inter/extrapolation methods
(Nilsson et al., 2015). In this study, the followed method was the Ordinary Kriging, which assumed
that the regional spatial variation of the measured points in a particular area of study was
statistically homogeneous throughout the surface (for example, the same pattern of variation can
be observed at all locations on the surface (Lichtenstern., 2013).

Ordinary Kriging algorithm
Kriging is a method similar to Inverse Distance Weighting (IDW), which weights the spatially
measured values in order to predict unmeasured values. The general formula is given as the
weighted sum of the data which expresses that ordinary kriging interpolates a variable Z measured
at locations with coordinates xi, yi at unsampled locations x0, y0 as (Heine, 1986):
N

Zˆ ( s0 )   i Z ( si ) ,

(4.21)

i 1

where Z ( si ) refers to the measured value at the i location, N is the number of the measured values,

s0 the prediction location and i the unknown weight for the measured value at point i.
The weight i does not only depend on the distance range between measured and for-prediction
(unmeasured) points as in the IDW method, but it also accounts for the overall spatial distribution
of the measured points. Therefore, in order to make predictions at the unmeasured points one has
to estimate the weights whose values come from the knowledge of the spatial distribution. A semi113

variogram has to be estimated in order to describe the spatial autocorrelation of the measured
points for some variable Z. Then, a model is fitted to the measured data and weight values are
estimated based on the distance from the target location. This implies that the measured locations
farther from the prediction location will have decreased impact thus will be weighted less in the
prediction.

Semi-variograms and prediction
Before applying Ordinary Kriging, we extracted the ICESat elevation rates that referred only to
the glaciated areas of the NCA and SCA regions, using the GLIMS polygons. Note that up to this
point, the elevation changes were derived with respect to the extended RGI 5.0 outlines. In order
to accomplish the derivation of the height variations in the glaciated-only area, a shapefile is
created, which includes the ICESat elevation changes (processed in MatLAB), and inserted in the
ArcGIS environment for further analysis. Based on the GLIMS glacier outlines, the ICESat
elevation changes were extracted only for the glaciated regions, allowing a tolerance of 200m
beyond the glaciers boundaries.

Then, Ordinary Kriging was performed by interpolating the known point elevation changes to
predict to points on a grid with size of 0.025 degrees for longitude and 0.01 degrees for latitude,
corresponding to a spatial resolution of approximately 1 x 1 km for the polar areas. The high alongtrack spatial resolution of the derived ICESat elevation changes (of 500 m) allowed the selection
of a small grid size. The empirical semi-variograms for the NCA and SCA were plotted separately
for both Huber and L2 elevation variations derived and an exponential model was fitted, expressed
as:


 h   , for h>0 and  (0)  0 ,
h

 r 

 h (h)  c0  c 1  exp 


(4.22)

which shows that the spatial autocorrelation decreases exponentially as distance-separation
increases. The semi-variogram plots are shown in Figure 4.7 for the NCA and 4.8 for the SCA,
after using as measured points the elevation changes derived from ICESat with Huber and the L2
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estimators. In each figure, y-axis expresses the discrepancies (dissimilarities) γ plotted against the
lagged distance h between every pair of locations in the x-axis. The number of pairs was grouped
into a definite number of bins (equal to 30; in red dots), due to their numerous possible
combinations, and the exponential model was fitted through them (in blue line). The averaged
values of the binned locations separated by one lag distance, were plotted in blue crosses. The
maximum value of the x-axis defines the maximum range, which represents the distance beyond
which there is no autocorrelation between the locations.
(a)

(b)

Figure 4.7 Semi-variogram plots for NCA from ICESat elevation changes derived using (a) Huber and
(b) L2 estimators.

Based on Figures 4.7.a and 4.7.b of the semi-variograms for the NCA, higher dissimilarity is
observed for the elevation changes derivation from Huber estimator (Figure 4.7.a), by comparing
the averaged bin values (in blue crosses) fit to the exponential model (blue line) against the same
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lag distances (equal distance axes in both figures). Respectively, the comparison of the following
Figures 4.8.a and 4.8.b for the SCA shows again similar patterns for the averaged bins fit to the
model, however, by visually comparing the plotted bins (in red) the highest dissimilarities are
observed for the Huber estimator as well.
(a)

(b)

Figure 4.8 Semi-variogram plots for SCA from ICESat elevation changes derived using the (a) Huber
and (b) L2 estimators.

The algorithm used an 8-sector quadrant centered at the prediction location, including the 15
closest measured locations (min of 10) to reduce the spatial biasing. Each measured location was
assigned a weight value based on the distance separation with the prediction location. The
predictions for each location on the selected grid points covering the NCA and SCA area
respectively were based on the provided semi-variograms and the spatial arrangement of the
measured values that were nearby. Figures 4.9 and 4.10 illustrate the comparison between the
116

measured and the predicted values after following the Ordinary Kriging steps above for the NCA
and the SCA, respectively.

(a)

(b)

Figure 4.9 Measured versus predicted elevation changes for the NCA, derived from (a) Huber and (b)
L2 estimators.

(a)

(b)

Figure 4.10 Measured versus predicted elevation changes for the SCA, derived from (a) Huber and (b)
L2 estimators.

The predicted values with respect to the measured values of elevation changes showed increased
disparity from the trend fit (in blue line) for the Huber estimator. However, the derived predicted
elevation changes, derived using both estimators, show similar estimates. The predicted grid cells
populating the NCA and SCA surfaces were used in order to derive their volume changes.
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Surface elevation changes to volume variations
After retrieving the elevation changes for every interpolated grid cell inside the surface of NCA
and SCA, we were able to derive the volume change for each grid. The volume change Vi of each
grid i was determined by multiplying the respective elevation change dhi of the interpolated grid
with the corresponding area it referred to Agrid following the equation:
Vi  dhi  Agrid .

(4.23)

Then, the total estimate of a regional mean volume change was estimated by the summation of all
the grid volume changes included in the glaciated surface of interest, which means separately for
the NCA and the SCA.

4.6

Volume to mass change conversion

In order to compare the ICESat results with the GRACE derived results expressed as ice mass
variations in Gt/year, we needed to derive mass variations from the retrieved height changes. This
implies that first, the derived elevation variations had to be converted into volume changes by
simply multiplying every grid of elevation change with its area. Each grid was considered a point,
which carried information about the height change. The accumulation of all the grids aggregated
the entire glaciated surface. Then, the volume rates were converted into mass variations, based on
the assumption of a density profile.

When height change measurements are translated into mass changes, the latter estimates are highly
affected by the density profile selection. Density variability reveals information about the ice/water
molecules (ice, firn or snow), whether the observed height change is caused by variability in
accumulation and temperature (Wouters et al., 2008), and/or whether the snow compaction known
as firn is accounted in the density profile used (Gunter et al., 2009). The independent knowledge
of snow accumulation has been one of the most daunting tasks in the glaciological community. Its
density value is different than the ice density by a factor of three, which makes the snow component
capable of strongly biasing the mass variation estimates. In the case of firn, i.e., the snow
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compaction in time, the density value is estimated around 500 kg m−3 and its height changes are
not related to mass changes. Firn models exist and are used for reducing this term (Sorensen, 2010).
Both firn compaction (Li and Zwally, 2011) and vertical bedrock movement caused by GIA can
cause elevation fluctuations, and their contribution is also integrated in the observed elevation
changes.

In this work, snow and firn compaction structures were not addressed, and were considered
significant sources of uncertainty. The ice density value used was 917 kg m−3, assuming that all
the thinning in the CAA was associated with glacier ice. This assumption has been widely used in
previous studies, such as Nilsson et al. (2015), Gardner et al. (2011), Moholdt et al. (2010a, 2012)
and simplifies the final mass variations comparison. Thus, possible discrepancies in the resulting
estimates will be attributed to different techniques applied in the derivation of elevation changes,
surface elevation rates or even volume change, where the latter are due to the high uncertainty in
the glacier area distribution and knowledge limitation in global glaciers coverage (Radic and Hock,
2010). GIA is discussed separately in Section 4.8. The use of different models to remove the effects
of firn compaction (Sorensen et al., 2011) and bedrock movement (Hanna et al., 2013; Sasgen et
al., 2012a) introduce another source of uncertainty, which is hard to quantify (Schoen et al., 2014).

4.7

Uncertainty estimates

The error analysis and the assigned uncertainty to the final mass change estimates from ICESat
was based on the uncertainties inferred from the processing applied to the ICESat data. This
entailed the contribution of (i) the measurement error of ICESat (  icesat 2 ), (ii) the uncertainty of the
elevation changes retrieved after regression, using the Huber and L2 estimators (  dh / dt ) and (iii)
the uncertainty of the surface elevation changes after applying spatial correlation with Ordinary
Kriging (  krig ). Therefore, the total estimated mean square error is the accumulation of the errors
involved through the different processing of the data (Nilsson et al., 2015; Nuth et al., 2010;
Moholdt et al., 2010a) expressed as:

 2total   2icesat   2dh / dt   2krig .
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(4.24)

For (i), as it was mentioned in Section 2.2.1, the GLAS accuracy for elevation variations was
predicted having lower than 0.15 m/yr accuracy over a 100 km x 100 km area. In my estimates,
we used a slightly higher estimate of 0.17 m/year from a measurement error of 1m and
measurement period of 6 years (Nilsson et al., 2015; Nuth et al., 2010). For (ii), the uncertainty
inferred in the derived elevation changes was estimated along with the elevation rates following
the iterative weighting adjustment in Section 4.4.1. This provided a measure of how trustworthy
the derived individual elevation changes were. The uncertainty for the whole area was estimated
as the standard deviation around the mean of the accumulated uncertainty estimates within the total
glaciated area. This uncertainty was estimated according to Moritz (1980) as:

 dh / dt 

 dh / dt
N

,

(4.25)

where N denotes the number of elevation changes observations. For (iii), the uncertainty inferred
after applying Ordinary Kriging was estimated in the same sense as in (ii), by deriving the standard
deviation around the mean of the retrieved elevation rates for each glaciated region. This
uncertainty was estimated as:

 krig 

 krig
Nbins

,

(4.26)

where N denotes the number of the uncorrelated bins used in Ordinary Kriging. Therefore, the total
volume change error εvol was derived after multiplying the total elevation change error εtotal with
the surface glaciated area Aglacier, as:
 vol   total  Aglacier .

(4.27)

Thus, the respective estimate of uncertainty of the mean mass variations coming from ICESat εmass
was computed as:

 mass   vol  ice .

(4.28)

The mass uncertainty estimates are provided along with the mass change rates in Tables 4.3 for
NCA in Section 4.10.1 and Table 4.4 for SCA in Section 4.10.2.
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4.8

GIA Effect

The GIA effect was introduced and discussed in detail earlier (Section 3.9), underlining its
contribution to the final estimates and its removal significance for both gravimetric and altimetric
measurements. However, the GIA’s impact on altimetric estimates is 3-4 times smaller than on
gravimetric estimates, as it was explained in Section 3.10.1 and the rate of crustal uplift due to
GIA is much smaller than the ice elevation change at most locations (Sutterley et al., 2014). The
GIA effect was removed from the ICESat measurements by using the Stokes coefficients of the
GIA model ICE6G-VM5, as it was also applied to the GRACE solutions. Although for GRACE
the GIA effect was removed as EWH trend from the final EWH trend estimates, for ICESat, its
contribution was estimated by using the formula by Wahr et al., (2000), who introduced the
estimation of crustal uplift rates from GIA Stokes coefficients, without requiring assumptions
about the ice model or viscosity profile as they were inferred from GRACE. The formula calculates
the uplift rates of the Earth’s surface caused by GIA as U GIA ( ,  ) , based on the Legendre
GIA
GIA
expansion coefficients Alm and Blm as:
lmax

U

GIA

l

GIA
GIA
( ,  )  RE  Plm (cos  )( Alm
cos m  Blm
sin m ) .

(4.29)

l  2 m0

Eq. (4.21) was formed with respect to Eq. (3.3), where the latter calculates the geoid heights based
on the GRACE Stokes coefficients. In the same sense, Eq. (3.3) can be used in order to estimate
the geoid heights changes induced by GIA, after using the GIA Stokes coefficients provided by
Purcell et al. (2016), as the re-assessed version of the original ICE6G-VM5 coefficients (see
Section 3.9.2). The respective Eq. (3.3) for GIA becomes:
lmax

l

GIA
GIA
N GIA ( ,  )  RE  Plm (cos  )(Clm
cos(m  )  Slm
sin(m  )) .

(4.30)

l  2 m 0

Then, the calculated crust lift rates in Eq. (4.21) were computed after defining:
 2l  1  GIA
AlmGIA  
 Clm
 2 

(4.31)

 2l  1  GIA
BlmGIA  
 S lm
 2 

(4.32)
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and their estimated values are illustrated in Figure 4.11. The ‘version 4’ Stokes coefficients of
ICE6G-VM5 model (Purcell et al., 2016) was used, as in the GRACE estimates.

(a)

(b)

Figure 4.11 Crust uplift trend from GIA ICE6G-VM5 (version 4) Stokes coefficients up to DO (a) 256
and (b) 60 expressed in cm/year.
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This crust/elastic vertical movement was plotted in two different GIA-trend Stokes coefficients
expansions due to the fact the GIA effect was accounted in the GRACE solutions by using
coefficients up to DO 60 (Figure 4.11.b), in order to be consistent with the GRACE harmonic
coefficients expansion. This implied that the GIA Stokes coefficients were truncated from their
original expansion of 256 (Figure 4.11.a). In both plots in Figure 4.11 one can observe minor
differences in the CAA region in the two plots, with the Figure 4.11.a plot appearing more detailed
around the glaciated east coast of the Ellesmere Island, while no major fluctuations exist for Baffin
Island. Overall, considering the pattern in the extended CAA area, we noticed that the highest
rebound was located in the northeast part of the NCA with approximately 0.6-0.8 cm/year uplift
amplitude, while the uplift rate for the rest of the region varied between 0.2 and 0.4 cm/year. For
the glaciated area of the SCA (as defined in Figure 4.11.b), the vertical uplift varied approximately
between 0 and 0.4 cm/yr, as the area is highly affected by the Hudson Bay area where the highest
uplift occurs in the central area of the Baffin Island with around 0.8 cm/year trend. In order to see
the effect of omitting higher DO coefficients (above 60), the crust movement trend difference
between Figure 4.11.a and Figure 4.11.b is plotted in Figure 4.12.

Figure 4.12 Crust movement trend difference between ICE65-VM5 (version 4) Stokes coefficients up to
DO 256 and 60, expressed in cm/year.
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The main glaciated area influenced is the northeastern side of the NCA and a part of Axel Heiberg
Island, showing higher crust uplift rate of about 0.1 cm/year for Stokes up to DO 256.
Respectively, SCA shows also higher uplift trends around the tundra-only area. Overall, we can
say that the existing differences between the two trends from Stokes up to DO 256 and 60 are
negligible, as expected after plotting their trends separately in Figures 4.11.a and 4.11.b.

Sorensen (2010) investigated the vertical movement of Greenland induced from three different
GIA models (ICE-3G(TP), ICE-5G(VM2) and ANUO5(KL)). The performance of ICE5G(VM2)
showed similar trend pattern as the ICE6G(VM5) of ‘version 4’, with Greenland’s maximum uplift
rate in the northeastern glacier outlet fluctuating around 0.8-1 cm/year. The removal of the uplift
trend seen for the entire ice sheet gave approximately 4 Gt/year difference in their final mass
change estimates. In this study, similar crust uplift rate was noticed for Greenland, with
Greenland’s northeastern part giving uplift rates in the same magnitude as the ones observed in
the northeast part of the NCA under study. Therefore, it was assumed that the similar uplift trend
magnitude observed will lead to similar and possibly lower than 4 Gt/year difference in the final
averaged mass changes estimate for the NCA, due to the smaller glaciated area accounted. As GIA
effect was previously computed as an EWH trend in Table 3.3, in order to be removed from the
GRACE EWH trend, the estimated values obtained for NCA and SCA showed that the GIA trend
has slightly higher amplitude in SCA, compared to the NCA. Based on the discussion above, the
methodology for the GIA removal is summarized below.
1. We assumed the uplift trend as 0.4 cm/year for NCA and 0.6 cm/year for SCA, as an
average uplift value for every grid in the entire surface of the respective glaciated area.
2. We converted this uplift trend to Gt/year, by multiplying with the entire glaciated surface
of the NCA and SCA respectively, and the ice density (917 kg m−3). The same density
value was used in the initially retrieved mean mass changes.
3. We removed GIA by subtracting the computed trend in step 2 from the mean mass changes
(initially retrieved after Ordinary Kriging) in Gt/year, for each area individually.
By correcting it, the ice mass losses retrieval was increased, as the Earth’s rebounding augmented
the glaciers thinning. The induced correction in the final averaged mass variations was 3.85
Gt/year for the NCA and 2.25 Gt/year for the SCA, after accounting only for the glaciated areas
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defined by the GLIMS outlines, where the ice-covered area of the NCA is 104,900 km2 and of the
SCA 40,869 km2.

4.9

Methodology steps

The methodology steps using ICESat data are summarized in Figure 4.13 above.
Raw data products
· Download the binary folders (592 granules)
· Read the granules with big endian byte ordering
· Save each granule as a mat-folder, containing all the parameters
Parameters selection and filtering
· Select only the parameters of each granule for further processing (Table 4.1)
· Remove the invalid values of each parameter and save them as vectors/ matrices (Table 4.2)
· Select the parameters referring only to the CAA
Reference tracks selection
· Obtain global reference tracks of ICESat and save them as a mat-file
· Select only the reference tracks intersecting CAA and remove the unmeasured (Figure 4.1)
· Sort out and save the measurements with respect to the measured reference tracks
Elevation change estimates
· Use of repeat track method for estimating elevation rates:introduce the math model (Eq. 4.1)
· Calculate boxes along each measured track and store measurements wrt the track number
(Figures 4.6, 4.7)
· Perform iterative least-squares adjustment to each box, remove outliers with Huber and L2
esimators and derive the elevation rates (4.4.1)
Surface elevation changes and conversion to mass
· Extract the elevation rates only for the glaciated CAA using ArcGIS
· Retrieve elevation rates for each glaciated surface using Ordinary Kriging (Eq. 4.21)
· Multiply each point elevation change with its area to derive the volume change
· Multiply each volume rate with the density constant to derive the mass change (Section 4.6)
· Estimate GIA crust uplift and remove it as a trend from the ICESat mass estimates
Figure 4.13 Methodology steps using ICESat data.
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4.10 Elevation and mass change estimates from ICESat
The elevation changes were derived after applying the robust Huber estimator and the linear leastsquares regression L2 in order to downweigh the outliers. Then, the surface elevation changes
covering the whole glaciated area in the CAA were derived, after Ordinary Kriging, by the
respective estimator used on the surface elevation rates. The estimated elevation changes are
shown in Figures 4.14 and 4.15 for the NCA and their uncertainties in Figures 4.16 and 4.17
respectively. For the SCA, Figures 4.18 and 4.19 provide the height changes and their respective
uncertainties are shown in Figures 4.20 and 4.21.

Elevation changes with standard deviation higher than 0.5 m were excluded for further processing,
as they were considered unreliable. Comparing visually the demonstrated elevation change maps
on both basins of the CAA, we noticed that although Huber is a more robust estimator (resilient to
outliers), both estimators show similar patterns and values in the elevation changes in both regions
in Figures 4.14 for NCA and 4.18 for the SCA.

Although the number of measured elevations by ICESat was quite low to cover the whole glaciated
area, an elevation-change pattern was able to be seen in both NCA and SCA maps (Figures 4.14
and 4.18). Overall, we noticed that for the NCA, the ice mass losses were mainly occurring in the
periphery of the glaciers and ice caps concentrated in each basin of the NCA and the SCA, while
the margin areas still showed mass loss but with reduced magnitude. For the SCA, as the glaciated
areas included have smaller spatial extent, the majority of the ice area showed high mass loss along
the coast. Concerning their uncertainty maps, the standard error after Ordinary Kriging was
plotted. The highest values were observed closer to the boundaries of the NCA glaciers (periphery)
and Huber estimator showed lower standard error values than L2, while in the SCA were located
by the coastline (Figures 4.17 and 4.21).
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North Canadian Arctic results

(a)

(b)

Figure 4.14 ICESat elevation changes with (a) Huber and (b) L2 estimators for the NCA.
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(a)

(b)

Figure 4.15 ICESat elevation changes using Ordinary Kriging on (a) Huber and (b) L2 estimated elevation changes
for the NCA.
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Figure 4.16 ICESat elevation change uncertainties after (a) Huber and (b) L2 estimators for the NCA.
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Figure 4.17 Standard error after Ordinary Kriging with (a)Huber and (b) L2 estimators for the NCA.
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The total mass balance for each region in the NCA was derived after aggregating all the grids
covering the respective glaciated surface. The estimates of elevation changes and averaged ice
mass changes along with their uncertainties are provided in Table 4.3. After removing the GIA
trend for the NCA estimated as 3.85 Gt/year, the final ice mass change was derived.
Table 4.3 ICESat elevation changes statistics and mass change derivation for each interpolation
technique applied for the NCA

Method

No.
obs

Min
(m/yr)

Max
(m/yr)

Mean
(m/yr)

Std
(m/yr)

dh/dt Huber
dh/dt L2

16,240 -5.02
14,898 -4.99

2.96
2.91

-0.30
-0.29

0.43
0.44

Kriging Huber
Kriging L2

47,997 -3.27
47,997 -3.31

2.10
2.37

-0.37
-0.36

0.32
0.32

Mass change
(Gt/yr)

Final mass
change
(Gt/yr)
-

-

-35.56 ± 10.42 -39.41 ± 10.42
-34.70 ± 9.74 -38.55 ± 9.74

South Canadian Arctic results
The total mass balance for each region in the SCA was derived after aggregating all the grids
covering the respective glaciated surface. The estimates of elevation changes and averaged ice
mass changes along with their uncertainties are provided in Table 4.4. After removing the GIA
trend for the SCA estimated as 2.25 Gt/year, the final ice mass change was derived.

Table 4.4 ICESat elevation changes statistics and mass change derivation for each interpolation
technique applied for the SCA

Method

No.
obs

Min
(m/yr)

Max
(m/yr)

Mean
(m/yr)

Std
(m/yr)

dh/dt Huber
dh/dt L2

2,785 -2.98
2,418 -3.81

2.27
2.27

-0.53
-0.53

0.52
0.53

Kriging Huber
Kriging L2

18,687 -1.76
18,687 -1.74

0.47
0.52

-0.58
-0.58

0.33
0.35
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Mass
change
(Gt/yr)
-

Final mass
change
(Gt/yr)
-

-21.68 ± 6.07 -23.93 ± 6.07
-21.69 ± 6.10 -23.94 ± 6.10

(a)

(b)

Figure 4.18 ICESat elevation changes with (a) Huber and (b) L2 estimators for the SCA.
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(a)

(b)

Figure 4.19 ICESat elevation changes using Ordinary Kriging from (a) Huber(a) and (b) L2 estimated elevation
changes for the SCA.
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Figure 4.20 ICESat elevation change uncertainties after (a) Huber and (b) L2 estimators for the SCA.
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Figure 4.21 Standard error after Ordinary Kriging with (a) Huber and (b) L2 estimators for the SCA.
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Experimental test in the NCA
In order to test the robustness of the derived algorithm used in order to derive mass variations from
ICESat data, an experimental study was performed in the NCA, using the derived elevation
changes by the Huber estimator. The NCA was selected as a more well-covered area by ICESat,
compared to the SCA (less dense sampling). The applied methodology followed the next steps.
1. We reduced the number of elevation changes derived only from ICESat, before applying
Ordinary Kriging, by removing a number of tracks. The elevation changes were reduced
from 16,240 to 11,576 (look Table 4.3). This set of data is later referred as M1.
2. We interpolated a few glaciated locations (provided as GLIMS points) using Ordinary
Kriging, and the number of elevation changes increased from 11,576 to 13,242. This
dataset is referred as M4.
3. We used Ordinary Kriging and Inverse Distance Weighting (IDW) methods to predict the
elevation changes in the whole glaciated area of the NCA for both M1 and M4 data sets.
The derived results are illustrated in Figures 4.22 to 4.25. Figure 4.22 shows the reduced ICESat
elevation changes before (4.22.a) and after interpolating the glaciated GLIMS points using
Ordinary Kriging (4.22.b) for the NCA. Figure 4.23 illustrates the elevation changes of the
glaciated surface of the NCA, using Ordinary Kriging (4.23.a) and IDW (4.23 b) on the raw ICESat
elevation changes of M1(Figure 4.22.b). Figure 4.24 depicts the elevation changes of the glaciated
surface of the NCA, using Ordinary Kriging (4.24.a) and IDW (4.24.b) on the already populated
ICESat elevation rates of M4 (Figure 4.24.b).
The numerical values of the estimated elevation changes and mass variations are shown in Table
4.5. The derived surface elevation changes after Ordinary Kriging on M1 are referred as M2, while
the ones after IDW as M3. Respectively, the elevation changes derived after Ordinary Kriging and
IDW on the M4 are referred to as M5 and M6.
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(a)

(b)

Figure 4.22 Reduced ICESat elevation changes (a) and after interpolating the glaciated GLIMS points using Ordinary
Kriging (b) for the NCA.
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(a)

(b)

Figure 4.23 Elevation changes on the glaciated surface of the NCA, using Ordinary Kriging (a) and IDW (b) on the raw ICESat
elevation changes of M1.
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(a)

(b)

Figure 4.24 Elevation changes on the glaciated surface of the NCA, using Ordinary Kriging (a) and IDW (b) on the already
populated ICESat elevation rates from Figure 6.3 (b).
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Table 4.5 ICESat elevation changes statistics and mass change derivation for each interpolation
technique applied for the NCA

Method

No.
obs

Min
(m/yr)

Max
(m/yr)

Mean
(m/yr)

Std
(m/yr)

M1 : ICESat reduced dh
M2 : M1+Ordinary Kriging
M3 : M1+IDW

11,576
45,429
40,130

-4.40
-3.04
-2.94

3.63
1.45
1.34

-0.31
-0.28
-0.28

0.43
0.27
0.27

Mass
change
(Gt/yr)
- 27
- 27

M4 : M1+GLIMS pts
M5: M4 + Ordinary Kriging
M6 : M4 + IDW

13,242
45,422
45,422

-4.40
-3.88
-4.13

3.63
1.44
1.35

-0.37
-0.39
-0.38

0.39
0.32
0.31

- 36.6
- 37.6

Based on the derived values, it seems that the closer results to the final estimates derived for the
NCA were the ones obtained from using the elevation changes from the dataset M4. The reason is
that this dataset already provided a pattern on the elevation rates distribution around the glaciated
surface of the NCA. This enhanced the applied Ordinary Kriging, which interpolated to
unmeasured grid locations based on the neighbouring known points. However, in the case of M1,
the missing elevation rates were critical for any further interpolation to provide a continuous
glaciated surface. This lead to underestimated the ice mass losses based on the results derived in
Section 4.10.1, as we can see from the derived estimates in Table 4.5. Therefore, the sampling
density and distribution across each glaciated area is very critical for applying Ordinary Kriging
techniques, as they require good knowledge of the surrounding areas of the locations for
prediction.

4.11 Summary
In this chapter, the followed methodology was described using ICESat data. As ICESat data were
not provided directly as elevations, some preparation of the raw downloaded data was required,
while available quality flags were used for correcting the derived parameters. Once the ‘point’
elevations were retrieved, due to the fact that the repeat tracks do not occur exactly at the same
location, the repeat track method was used for deriving the elevation changes. The measurements
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were stored into 500m x 500m boxes and elevation changes were derived for each box. As ICESat
yielded sparse point sampling by operating only 2-3 times per year, in order to derive surface mass
variations, we needed to involve a spatial correlation technique for recovering elevation change
estimates in the unmeasured grid locations, resulting in a dense sampling covering the glaciated
surfaces of the CAA. Ordinary Kriging was used to derive the time-variable elevations, which
were converted to volume by multiplying with the area each point estimate referred to and to mass
by multiplying additionally with the ice density. Ordinary Kriging was selected as a flexible and
more sophisticated technique for prediction at unmeasured points, allowing us to investigate the
graphs of spatial auto- and cross-correlation and define the critical parameters for the method, such
as the lag size and the maximum range used for assigning weights in the algorithm for prediction.
Based on the data corrections, interpolation technique schemes and density modelling, including
also the GIA correction as an average value, the final averaged ice mass changes and their
uncertainties after using Ordinary Kriging on Huber and L2 derived elevation rates became -39.4
± 10.42 Gt/year and -38.6 ± 9.7 Gt/year respectively for the NCA, and -23.9 ± 6.1 Gt/ year and 23.9 ± 6.1 Gt/year for the SCA. The land ice areas of the Canadian Arctic exhibited increasing
mass loss during the ICESat years of operation, with only a smaller region on the southeastern
coast of Baffin Island gaining mass. Greater loss occurred in the NCA compared with the SCA.
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Comparison of ice mass variations
This chapter includes various comparison studies between different applied methodologies and
datasets in order to assess the derived mass change estimates from GRACE and ICESat. The first
comparison was performed between the mass changes inferred by GRACE and ICESat with
respect to the area they refer to, i.e., NCA or SCA. Then, a GRACE solution generated by the
CNES/GRACE Plotter was compared against the GRACE results of this study. The ICESat results
were evaluated against the preliminary results from a regional glacier mass balance model and
glaciological observations. At the end of this chapter, numerical mass balance estimates are
provided by multiple published works concerning the NCA and SCA, separately. These estimates
were compared and analyzed with respect to the present study’s results, and the derived agreements
or discrepancies were justified.

5.1

Comparison between GRACE and ICESat results

In this section, the mass changes derived by GRACE and ICESat are presented and discussed
separately for the NCA and the SCA. In Figures 5.1 and 5.2 the recommended results of both
methods are illustrated, as retrieved from Chapters 3 for GRACE and Chapter 4 for ICESat. The
ICESat results shown were derived from Ordinary Kriging after using the Huber estimator, while
the GRACE results represent the mess changes after using ‘Dec 1’ and Gaussian isotropic filtering.
Figures 5.1.a and 5.1.b show the mass changes of the NCA and SCA from ICESat, computed on a
0.025 x 0.01 degrees grid covering their glaciated areas. The negative mass changes are shown in
red and the positive in blue. Figure 5.2.a shows the annual mass trend during period 1 from
GRACE using a 0.5 degrees grid size, while Figure 5.2.b the respective trend during period 2. In
these figures, the mass losses are illustrated in blue and the mass gains in red.

As we expected, Figure 5.1 reveals a higher detail about the mass change distribution in space due
to the higher spatial resolution achieved using ICESat data. For the NCA (Figure 5.1.a), greater
masses losses occurred around the glacier peripheries, while positive mass changes were observed
in the margins. Mass gains dominate the glaciated areas of the Devon Ice Cap (80°-85° W and 74°75° N) and the North central Ellesmere Island (75°-80° W and 79°-81° N). Respectively, for the
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SCA (Figure 5.1.b), as the glaciated areas cover smaller land parts and are located by the eastern
coastline, the majority of them shows negative mass changes with the highest mass losses
occurring in the southern glaciers and ice caps of the island.

(a)

(b)

Figure 5.1 Mass changes from ICESat for the NCA (a) and SCA (b).

In contrast to the derived GRACE estimates during period 1, of -34. ± 10.4 for the NCA and -38.6
± 9.7 for the SCA, the ICESat mass changes showed higher losses in the range of about 10 Gt/yr,
with -34. ± 10.4 mass changes for the NCA and – 38.6 ± 9.7 for the SCA. It is very likely that
these higher estimates were produced due to the fact that the ice density value used. Each grid
elevation change was multiplied with the ice density and the grid area and the mass change
estimates were retrieved. This density value assumed that every mass change occurred due to pure
ice melting. However, this can end up to erroneous and overestimated results, as it does not account
for the firn compaction changes, which are attributed to a smaller magnitude density.
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(a)

(b)

Figure 5.2 GRACE mass trends for (a) period 1 and (b)period 2, in Gt/yr.
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5.2

Comparison between GRACE and CNES-GRACE-Plotter results

Additional comparison studies were made using the GRACE Plotter, offered by CNES/GRGS
(version 3.5.0). This Plotter provides EWH trends in a 1°x1° grid and time series for different
Level-2 products, produced by CSR, GFZ, JPL, and TUGRAZ (Technical University of Graz, in
Austria; current release: ITSG-2016), using RL05a monthly coefficients and applying DDK5
filtering (Kusche et al., 2009). All centres processed monthly spherical harmonics coefficients
from degree 2 to 90, with C20 replaced by SLR values from the GRACE Technical Note 7 (Cheng
et al., 2013). Only for CNES/GRGS (French National Space Center/ Research Group for Space
Geodesy) used RL03-v3 GRACE data from degree 2 to 80, without replacing C20 coefficients,
since their solutions contain already SLR data (up to degree 30). Grid values are computed at the
center of the pixels. The available months were plotted from 2003 to February 2016 and the same
months were included from the CSR-GRACE data already presented and discussed in Chapter 3.

In this comparison, the focus was the derivation of the surface mass anomalies for the NCA and
SCA separately in order to assess the time series derived with the obtained from Chapter 3. The
time series of the NCA and SCA -as defined in Figure 5.3- were obtained from the CNES/GRACE
Plotter website as .txt files. They were expressed in EWH trend in cm/yr and the solutions selected
were from the processing centres: CSR, JFZ, JPL and TUGRAZ, which used RL05 GRACE data.

The processing started by creating polygonic areas using Google Analytics; a web analytics service
provided by Google Inc, incorporated in the website of the GRACE Plotter. The glaciated areas
were constructed as close as possible to the GRACE basins used, where the latter were defined in
Figure 2.4 (blue for the NCA and red for the SCA). The polygonic areas created are used are shown
in Figure 5.3. For each polygon-area the final mass estimate was defined as the averaged over all
grid points located inside the area’s outline (contour). Each grid obtained a value by barycentric
computation from the values of the four surrounding grid points. Then, each grid value is weighted
by the latitude’s cosine to obtain the mass change per unit area (e.g. EWH in cm/m2).
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(a)

(b)

Figure 5.3 The NCA (a)and SCA (b) areas defined by the author in the CNES GRACE Plotter.

As the CNES trends from all centres showed similar trends, only the CSR-CNES-DDK5 solutions
were selected for further analysis and comparison, in order to be consistent with the CSR-GRACE
results processed in Chapter 3. Figure 5.4 shows the monthly ice mass variability for the NCA
from 2003 to 2016 in Gt/yr. Note that the GRACE time series from Chapter 3 were not reduced
for hydrology and GIA signals in order to be consistent. The EWH mass changes were converted
to Gt/yr, by multiplying with the associated area and the density assumption. The ice mass changes
were derived under the assumption that they refer to the same geographical area.

In Figure 5.4, we can see that the time series from CNES-CSR-DDK5 show lower estimates than
the CSR-GRACE series obtained in this thesis, however better agreement is reached for the months
falling in the middle of the assessed period, roughly from 2008 to 2011. This systematic behaviour
of a lower mass loss trend can be caused by the different processing of the GRACE Level-2 data.
The CSR-GRACE-‘Dec 1’ results were derived after scaling the filtered averaging kernel
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functions, in order to avoid producing biased lower estimates. This scaling caused higher mass
loss trends for the different filters applied as it the kernel functions had relatively small grid values
of less than 0.5. Therefore, the ice mass variability was plotted without the applying the scaling to
the averaging kernel functions and the results are shown in Figure 5.5 for the NCA.

Figure 5.4 Mass variability comparison between CNES-CSR-DDK5 and CSR-GRACE-‘Dec 1’
for the NCA in Gt/yr.

The CNES-CSR-DDK resulting time series remained the same as illustrated in blue. Although the
resulting time series are in better agreement and at comparable levels, differences still remain.
Higher amplitude differences occur between 2003 and 2008 and 2011 to 2016. The remaining
differences can be attributed to multiple factors or corrections that were applied or implemented
differently in the derive GRACE solutions of this thesis (Chapter 3). Possible reasons a re: i) the
non-corrected degree-1 terms, ii) the higher DO expansion of coefficients up to 90 and iii) the
different filtering technique applied to the Stokes coefficients (DDK5). As we saw earlier, the
degree-1 terms and the different filtering techniques can have a significant impact on the final
mass change estimates. Additionally, higher DO coefficients’ expansion includes higher levels of
noise.
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Figure 5.5 Mass variability comparison between CNES-CSR-DDK5 and non-scaled CSR-GRACE-‘Dec
1’for the NCA in Gt/yr.

In Table 5.1, the different mass trends for each solution are presented for the NCA before and after
scaling the CSR-GRACE-‘Dec 1’ estimates. Note that both estimates after applying the scaling
factor are not reduced from hydrology, GIA and basin leakage error, therefore their estimate is
higher than expected. In contrast, lower are the estimates without accounting for the scale factor,
providing biased low mass trends if one considers the contaminated signal portion being included.

Table 5.1 EWH Trend comparison between our GRACE estimates and the CNES different
centre solutions, for NCA and SCA
NCA

NOT SCALED

SCALED

CSR-GRACE- ‘Dec 1’+isotr

-23.95

- 62.72

CSR-GRACE-‘Dec 1’+anisotr

-27.15

-71.19

CSR- CNES-DDK5

-35.15

-
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Nevertheless, we should not neglect the fact that the GRACE Level-2 data processing was
executed differently. Given that GRACE does not allow for grid sampling accurately, due to its
limited spatial resolution, the particular methodology followed in the CNES-GRACE Plotter using
polygon-areas as an accumulation of grid points can not be applicable to the glaciers and ice caps
of the CAA.

5.3

Modelled and observed mass balances versus ICESat

In this section, derived mass balance estimates from glaciological observations and climatic
modeling are compared with the derived ICESat results. The comparison between the glacier mass
balance derived from direct glaciological measurements and regional glacier modelling is a part
of the preliminary work by Shawn Marshall (personal communication). Marshall introduces a
distributed mass balance model of the Canadian Arctic icefields and ice caps. This model used a
surface energy balance scheme to calculate snow and ice melt, while it included a firn model to
simulate the surface-layer temperature evolution, meltwater percolation, and refreezing processes.
The latter are factors that complicate the monitoring and modelling of large-scale glacier mass
changes, while they also affect the altimetry signal. Therefore, measurements and models of
glacier mass balance need to include a realistic representation of these processes.

The reconstructed model was driven by ERA-Interim reanalyses, using a grid size of 1/20 degrees
in latitude by 1/10 degrees in longitude (~ 6 km grid cell). Daily snow accumulation and melt, and
densification were downscaled to the grid size, in order to provide elevation changes on a monthly
time step for each grid cell. The mass balance was estimated after aggregating the ice mass changes
of the grid cells included in the area under investigation, providing an independent estimate. This
model was evaluated against the glacier mass balance estimates from Devon Ice Cap and White
Glacier, depicted in Figure 5.6. Available mass balance observations were used to constrain and
evaluate the mass balance derived from the model. Historical reconstructions were compared with
those from a simpler positive-degree-day models to assess the overall spatial pattern of glacier
change that is modelled from the different approaches. Due to the model’s slow processing, the
resulting mass balance and elevation change estimates were not derived for the whole CAA.
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Figure 5.6 The White Glacier and Devon Ice Cap. Image credit: Marshall et al. (2017).
In Figure 5.7, the mass balance estimates from observations and the reconstructed model are
plotted from 2000 to 2015 for the Devon Ice Cap (Figure 5.7.a) and the White Glacier (Figure
5.7.b). As we can see in Figure 5.7.a, the reconstructed model agrees well with the predicted mass
balances derived from the glaciological measurements for the Devon Ice Cap. However, for the
White Glacier in Figure 5.7.b, higher variations and peaks are observed from the glaciological
observations rather than the model, occurring from 2006 to 2012. Also, in each subplot, the derived
MB estimates are included with respect to the input data used. In order to compare these MBs with
ICESat resulting mass variations, their estimates were converted from mm/yr of EWH to Gt/yr,
under the same density assumption of 917 kg/m3.
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(a)

MB_obs = -307 mm/yr EWH
MB_mod = -399 mm/yr EWH

(b)

MB_obs = -416 mm/yr EWH
MB_mod = -316 mm/yr EWH

Figure 5.7 Mass balance of Devon Ice Cap (a) and White Glacier (b) from glaciological observations
and after modelling. The mass balance estimates were derived after using an average density of about
780 kg/m3 in the upper 10 m.
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Table 5.2 shows the resulting values for Devon Ice Cap as elevation changes (dh/dt) in m/yr and
ice mass variations (dm/dt) in Gt/yr. Note that the elevation changes by ICESat were derived for
the whole glaciated surface of the Devon Ice Cap, after densifying the area sampling using
Ordinary Kriging. As we can see from Table 5.2, the elevation changes and mass variations
inferred from glaciological observations and ICESat data show very similar rates. Nevertheless,
the predicted estimates by the reconstructed model are also in a good agreement with the rest of
the methods, with slightly higher rates.

Table 5.2 Comparison of elevation and mass change estimates from glaciological observations,
modelling and ICESat data
Devon Ice Cap

Observations

Model

ICESat

dh/dt (m/yr)

- 0.26

- 0.34

- 0.27

dm/dt (Gt/yr)

- 2.82

- 3.66

- 2.93

The main goal of this comparison was to assess the derived ICESat results, by comparing them
with independent estimates of different spatial and temporal detail. Glacier modeling provides high
spatial and temporal resolution however it requires modelling skills. Differently, in-situ regional
measurements are considered to represent the ‘true’ region’s behaviour, however these
measurements are limited to a few points or sampling parts of larger areas. For that reason, the
Devon Ice Cap was selected as the sample area under investigation.

5.4

Comparison with previous studies and discussion

In this section, the derived results of this thesis -from Chapters 3 for GRACE and 4 for ICESatare discussed with respect to the ice mass change or elevation change estimates from previous
published studies of various scientific groups. Concerning the GRACE mass change estimates,
contradictory results may be inferred due to different: i) input data (i.e., Level-1, Level-2 or Level3 data) and processing, ii) data record length and observation periods, iii) filtering technique to
remove the striping effect and remaining noise in the Stokes coefficients and iv) GIA models.
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Regarding the ICESat mass variations, discrepancies in the results can be caused due to different:
i) techniques for removing outliers, ii) models for fitting elevation and deriving elevation changes
(i.e., repeat track or crossover analysis), iii) spatial correlation techniques for densifying the sparse
elevation sampling (e.g., interpolation or extrapolation and including or not a DEM) to help
deriving volume changes, iv) density profiles (e.g. accounting for firn compaction) to derive mass
changes and v) GIA models.

Tables 5.3 and 5.4 summarize the derived results of different studies on the NCA and the SCA
respectively, acquired up to present. For both tables, the first column mentions the authors of each
study, the third column provides the assumption of the glaciated area under study, the forth column
refers to the period under investigation and the last column presents the ice mass change rates. For
the studies that included ICESat in their analysis, columns 2, 5 and 6 include the number of the
acquired elevation changes by ICESat, the mean value of the elevation variations acquired and
their uncertainty, respectively. However, some studies might not have included the estimates of
the mean elevation changes and their uncertainties by ICESat, therefore there will no values in
these columns. The last row of both tables includes the obtained results from this thesis for period
1 and 2, marked with red. We notice that most of the previous studies processed data collected
between 2003 and 2009, in order to include ICESat data into their processing. The reason was that
although ICESat operated only during this period, it acquired data with high spatial resolution (i.e.,
elevations every ~ 172 m along track).

In Table 5.3 concerning the NCA, the GRACE mass changes inferred from the present study
during period 1 are closer to the estimates by Colgan et al. (2013), derived from GRACE-only
processing, and Colgan et al. (2015) under the same observation period. The latter study generated
a mass balance field by combining independent observations of glacier inventory derived from
optical imagery, cryosphere-attributed mass trends derived from satellite gravimetry, and ice
surface elevation trends derived from airborne and satellite altimetry. Colgan et al. (2015)
introduced a novel inversion algorithm known as Hybrid glacier Inventory, Gravimetry and
Altimetry (HIGA) product. According to the author, their estimate is considered the most reliable
mass estimate for the NCA during 2003 to 2009, as it relied on a number of different methods and
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incorporated different spatial and temporal resolutions. Higher mass losses were estimated by
Gardner et al. (2011; 2013), who used forward modelling and to derive GRACE mass changes.
Then, the thesis estimates for period 2 can be compared with the study of Millan et al. (2017), who
processed months between 2005 and 2014, excluding the first two years of period 2, when no
major mass losses were observed. The two estimates agree well with about 2Gt/yr mass difference,
however the mass loss by Millan et al. (2017) was derived as -3.5 ± 0.2 Gt/ yr due to ice discharge
and -29.6 ± 3.0 Gt/ yr from SMB. Similarly, the estimates agree very well with mass losses
observed from 2003 to 2013 by Schrama et al. (2014), who used a mascon approach to infer to
mass changes from GRACE.

Differently, for the ICESat estimates shower lower magnitude mass changes in comparison to the
GRACE results. This may imply that the Canadian Arctic is relatively sensitive to mass loss overand underestimation by altimetry and gravimetry, respectively, as it has also been proven by
Colgan et al. (2015). The ICESat mass change estimates closer to the present work are produced
by Gardner et al. (2011, while the farther estimates are given by Nilsson et al. (2015). Due to
different interpolation techniques and number of elevation changes by ICESat used, higher
discrepancies can occur. The empirical example over the NCA shows evidence on this matter.

Concerning the SCA, better agreements are seen between both GRACE and ICESat mass variation
rates. GRACE resulting mass rates are in the same range as the rates from Colgan et al. (2013;
2015) and also Gardner et al. (2011). The ICESat rates show similar mass losses with the studies
by Nilsson et al. (2015) and Gardner et al. (2011), who also processed ICESat data. Overall, better
agreement is reached for the SCA rather than the NCA in this thesis study. Potential reason for
these higher differences can be attributed to the interpolation technique used for the whole NCA
or a part of the NCA, which produces overestimated mass losses for the NCA. In Section 5.3, good
agreement was shown in mass changes inferred from ICESat, glaciological measurements and
glacier modelling over the Devon Ice Cap. Therefore, the author believes that the applied
interpolation techniques can be partitioned to glaciers and ice caps, instead of including the whole
NCA or SCA, along as the altimetric spatial resolution allows it. The reason is the different
morphology and elevation sampling, therefore different needs for prediction.
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Table 5.3 Ice mass changes on the NCA from different studies and observational periods
Authors

Schrama,
Wouters
2011
Gardner
et al., 2011

Jacob
et al., 2012

ICESat No.
Elev-glacier
rates

Years

Mean
dh/dt
(m/yr)

Std
dh/dt
(m/yr)

Mar03Feb 10
34,800

106,400

-

Gardner
et al., 2013

Lenaerts
et al., 2013

Glaciated
area
(km2)

-

Mar03Dec09

Ice mass loss
(Gt/yr)
-21.9 ± 6.6
(GRACE)

-0.39

-

-37 ± 7 (ICESat)
-39 ± 9 (GRACE)
-34 ± 13 (SMB)

Jan03Dec10

- 34 ± 6
(GRACE)

104,900

Aug03Aug09

-33 ± 4
(ICESat),
(GRACE)

105,000

Sep03-12

-37 ± 10
(RACMO2)
-46 ± 5 (GRACE)

Colgan
et al., 2013
Schrama et
al., 2014
Nilsson
et al., 2015

18,022

103,990

Colgan
et al., 2015
Millan
et al., 2017
Present
study

Dec03Dec10
Feb 03Jun13

-

-

-

-

-33.9 ± 3.3
(GRACE)

03-09

-0.27

0.34

-27.4 ± 6.7
(ICESat)

Sep 03Oct 09

-

-

-24 ± 6 (MB*)

-28 ± 4 (GRACE)

-

105,000

05-14

-

-

-33 ± 3 (MB)

16,240

104,898

Mar 03Nov 09

-0.30

0.43

-39.4 ± 10.4
(ICESat)
-27.5 ± 4.1
(GRACE)

Mar 03Nov 14
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- 31.9 ± 3.6
(GRACE)

Table 5.4 Ice mass changes on the SCA from different studies and observational periods
Authors

ICESat No.
Elev-glacier
rates

Glaciated
area
(km2)

Schrama,
Wouters
2011

Mean
dh/dt
(m/yr)

Stddh/dt
(m/yr)

Mar 03Feb 10

Gardner
et al., 2011

5,600

Jacob
et al., 2012

-

Gardner
et al., 2013

Lenaerts
et al., 2013

Years

-

42,000

Ice mass loss
Gt/yr
-10.8 ± 15.2
(GRACE)

Mar 03Dec 09

-0.69

-24 ± 6
(ICESat),
(GRACE)

Jan 03Dec 10

-

-33 ± 5 (GRACE)

40,900

Aug 03Aug 09

-27 ± 4
(ICESat),
(GRACE)

41,000

Sept
03-12

-31± 5 (RACMO2)
-23 ± 3 (GRACE)

Colgan
et al., 2013

Dec 03Dec 10

-

-

-20 ± 4 (GRACE)

Schrama et
al., 2014

Feb 03Jun13

-

-

-28.4 ± 1.9
(GRACE)

03-09

-0.58

0.42

-22.6 ± 5.3
(ICESat)

Sep 03Oct 09
Mar 03Nov 09

-

-

-18 ± 5 (MB*)

-0.53

0.51

-

-

-23.9 ± 6.1
(ICESat)
-19.8 ± 2.5
(GRACE)

Nilsson
et al., 2015
Colgan
et al., 2015
Present
study

3,281

2,785

40,601

40,687

Mar 03Nov 14
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-19.6 ± 2.0
(GRACE)

Conclusions and Recommendations

6.1

Summary

The main objective in this PhD thesis was to estimate the mass variations of the land ice areas in
the Canadian Arctic Archipelago. The knowledge of the time variability of these ice masses will
enhance our understanding about the associated regional climate conditions and behaviour in time,
and their impact to the global climate regime, which can potentially indicate the answer to the
question: are CAA glaciers and ice caps significant contributors to the global sea level rise?

The thesis analysis was divided into two parts, based on the satellite data used. The first method
made use of GRACE gravimetry data of the latest release RL05 in order to determine ice mass
variations. Satellite gravimetry with GRACE is the only observation technique that gives directly
mass change estimates, and therefore plays a key role in land ice monitoring. Despite its limited
spatial resolution and the presence of non-random noise, applied spatial averaging kernel functions
were proved capable of extracting the geophysical signal in the selected areas, enabling the reliable
retrieval of the time-variable ice masses. Nevertheless, emphasis must be put on the area selection,
due to the leakage-out errors involved that affect especially smaller-scale areas. Thus, the area
selection and construction is still a very daunting task for deriving reliable mass-change estimates.
In the present study, the resulted mass changes from GRACE were derived from areas empirically
created by the author, based on areas that were created and evaluated as optimal by Gardner et al.
(2011). The constructed area included an extended area of the glaciated regions in the CAA
towards the ocean, and the estimates were in agreement with previous studies (Wouters et al.,
2008; Gardner et al., 2011; Lutchke et al., 2006, Chen et al., 2006), which used forward and inverse
modeling techniques and mascon approaches.

In the second method, global laser altimetry data from the ICESat mission were used, covering the
period from 2003/03 to 2009/10. ICESat measurements were pre-processed in order to derive point
elevations in the CAA, while data culling removed the gross errors and measurements with
suspiciously high uncertainty. The elevation changes were derived by using the repeat track
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method, which accounted for all the altimetric measurements to be taken into consideration. Two
estimators were tested for downweighing the outliers in the regression analysis defined as Huber
and L2. Both estimators gave us similar mean elevation changes for both glaciated regions, though
Huber is a more robust estimator. Then Ordinary Kriging was used to populate the sparse sample
of height changes in order to cover continuously the whole glaciated area of the NCA and SCA
and derive their volume changes. Various assigned parameter values were tested during this
technique, including mainly the lag distance size in the binning process, however only the final
values were provided.

In order to test the proposed algorithm, an experiment was conducted over the NCA. A number of
known elevation changes was removed and Ordinary Kriging was applied to the new set of data.
The resulting mass variations showed good agreement with the total mass changes derived from
the initial dataset of height variations. However, under-sampling may entail the underestimation
of the derived ice mass changes, especially in areas like ice caps and glaciers. This is due to the
morphology of these areas varying rapidly in space, while their smaller extent does not allow for
extensively flat areas, like ice sheets, which usually show similar behaviour. Therefore, predicting
at unmeasured points using high accurately spatial data from ICESat (shots every 172m) may
easily falsify the derived elevation change results and, consequently, their mass change estimates.
Although interpolation techniques like Ordinary Kriging are highly recommended for use in
interpolating geophysical phenomena with expected spatial correlation, they should always be
employed carefully.

Overall, the resulted GRACE and ICESat showed increasing mass loss rates for the years 2003 to
2009, which GRACE also indicated that accelerating mass loss trends in 5-year-intervals running
from 2003 to 2014. GRACE and ICESat mass variations agreed well for the SCA, however higher
discrepancies were shown for the NCA, with about 10-12 Gt/yr difference.
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6.2

Conclusions

The main conclusions of this PhD thesis are summarized below.
▪ The final leakage-free mass change estimates inferred from GRACE for period 1 are -27.5
± 4.1 Gt/year for NCA and -19.8 ± 2.5 Gt/year for SCA, while for period 2, -31.9 ± 3.6
Gt/year and -19.6 ± 2.0 Gt/year, respectively. The SCA shows similar mass loss rates for
the two periods, while the NCA shows increasing mass loss rates for the years after 2009,
highlighting the significance of the NCA in the years to come.
▪ Rapid changes occurred since 2003, with double and triple estimates of the averaged mass
changes between 2003 and 2007. This pattern, along with the increased averaged mass
losses in the recent periods, can give insight about near-future increasing mass losses, which
proves that the CAA is a contributor to the global level rise.
▪ The highest non-ice signal contamination in the final GRACE estimates was caused by
leakage error for the NCA, due to Greenland’s leakage. Respectively for the SCA, the
largest geophysical contribution is induced by GIA and hydrology, due to the tundra
surrounding the glaciated area. Overall, higher GIA crust uplift rates were observed in the
SCA than NCA with respect to their derivation from Stokes coefficients.

▪ Comparing the values of the mass trends with respect to the different filtering applied to the
GRACE data, we concluded that the greatest differences were found after applying the ‘Dec
1’ with a Gaussian anisotropic smoothing filter, inducing up to 8 Gt/year differences. The
filtering parameters applied on Level-2 data (Stokes coefficients) showed that they are
having a great impact on the final estimates of ice mass variations. However, in most studies
in literature, the investigation of the selected filter parameters is usually neglected during
the GRACE Level-2 processing. This may cause larger discrepancies in the final ice mass
changes of larger regions, such as Greenland. Therefore, the present study wants to highlight
the importance of the filtering performed into the mass change variations derived.
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▪ The filter recommended for use to Stokes coefficients is the ‘Dec 1’, as it was proven capable
of reproducing the same basin shape with the original approximate basin (unfiltered) after
decorrelating (Figure 3.12.b and 3.13.b). Differently, the ‘Dec 2’ sampled a larger area,
leaking out of the basin boundaries towards the ocean (Figure 3.12.c and 3.13.c). After
Gaussian smoothing both results produced smoothed mass estimates, however, according
to the author less strong filtered is preferred for the polar areas of the CAA due to attenuated
noise from equator to poles. Therefore, the GRACE estimates were considered more reliable
after using the ‘Dec 1’ and Gaussian isotropic filter, which is recommended for use.
▪

The spatial averaging kernels used were proven capable of detecting ice mass variations in
small-scale glaciated areas like the NCA and the SCA, providing reliable estimates in
agreement with previous studies, such as by Colgan et al. (2015). They derived an
integrated mass balance estimate from the HIGA product, incorporating different spatial
and temporal detail data. Therefore, the agreement with these mass loss trends enhanced
the reliability of the derived results by GRACE for both NCA and SCA.

▪ The final mass estimates from ICESat, for the period of 2003/03 to 2009/10, after applying
the GIA correction, showed averaged mass variations of -39.4 ± 10.4 Gt/year and -38.6 ±
9.7 Gt/year for the NCA and -23.9 ± 6.1 Gt/ year and -23.9 ± 6.1 Gt/year for the SCA after
using Ordinary Kriging on Huber and L2 derived elevation rates respectively. The resulted
values are in good agreement with the majority of previous studies for the SCA, however
higher differences are observed for the NCA. According to the author, the selected
interpolation techniques can be applied individually to each glacier or ice cap included in
the CAA area. This is feasible since altimetric data by ICESat are known for their high
along-track spatial resolution. In this sense, the different morphology and sampling density
can be accounted individually for each glaciated area.
▪ Concerning the robust estimators for the gross error detection in the ICESat elevation
changes retrieval, although the Huber estimator is a more robust estimator, the L2 estimator
provided similar results for SCA and lower for the NCA. Additionally, the reason for that
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result could be attributed to the selected Huber ‘tuning’ constant, which defines the amount
of robustness involved. Based on the distribution of the data under investigation, we can
assign this constant a numerical value carefully, as it will give insight in the possible
proportion of outliers in the data, performing empirical experiments.
▪ The mass variations inferred from ICESat for both regions are -39.41 ± 10.4 Gt/year for the
NCA and -23.93 ± 6.1 Gt/year for the SCA. For the same period, the estimates from GRACE
are retrieved after applying the ‘Dec 1’ filter along with a Gaussian isotropic provided ice
mass changes as – 27.5 ± 4.1 Gt/year for the NCA and -19.8 ± 2.5 Gt/year for the SCA. The
higher differences can be attributed to the neglected mass changes inferred by firn.

6.3

Recommendations for Future work

The recommendations based on the research presented in this thesis are listed below. Additionally,
the future outlook to continuous land ice monitoring is provided.
▪

The ETOPO-1 DEM can be used to interpolate known elevation points and create a denser
sampling of elevation in each glaciated surface, as it refers to elevation with respect to
2008. This will enhance and potentially overcome the large under sampling of ICESat,
especially in smaller surfaces, like ice caps and glaciers.

▪

The present ICESat estimates were not corrected for the firn compaction. Previous studies
Sorensen et al. (2011) underlined this correction as necessary, as it affects the altimetric
returns. Overall, further modelling is in need in order to characterize the uncertainties in
the conversion of elevation changes to mass changes.

▪

The combination of radar altimetry data from Cryosat with laser altimetry data from ICESat
will provide a high spatial and temporal resolution elevation change dataset. Cryosat-2 will
give the opportunity of having data on many more repeated cycles, which will reduce the
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prediction at unmeasured positions. Also, the combination of ICESat and Cryosat-2 for
deriving the CAA mass changes will enable the estimation of the semi-penetration on the
ice surface and will give insight for the firn compaction values. An updated firn density
profile (with velocities) covering the full GRACE/ICESat observation period can be a
subject of future work.
▪

By including glaciologically-modelled mass balance reconstructions and assuming they are
'accurate', one can isolate the firn compaction estimate in the altimetry signal derived by
ICESat and evaluate the magnitude of this effect over the CAA. This shows the potential
to help refine density assumptions and interpolation methods with altimetry data.

▪

Concerning the GRACE estimates, future estimates should rely on the ability to identify,
quantify and effectively remove the leakage effects involved in the ice mass variations. As
there is no reliable source/model that provides directly ice signal, future studies should
focus on the estimation of the leakage-out error. Methods for spatially optimizing the
averaging function of Eq. (4.19), that have been proposed by Swenson and Wahr (2002)
and Velicogna and Wahr (2006a; 2006b) and implemented to river basins and ice sheets,
can be also tested in glaciers and ice caps.

▪

GRACE Level-2 processing involves satellite measurement errors, which account for the
system noise error in the inter-satellite range rate, accelerometer error, error in the ultra
stable oscillator, and error in the orbits (Swenson and Wahr (2002). In spatial averaging
kernel functions, this correction provided improved values for river basin estimates, and
increased in magnitude for decreasing basin size and short wavelengths according to
Swenson and Wahr (2002). Its estimate will provide insight about its contribution to the
final mass estimates.

▪

From the combination of both volume changes from ICESat and mass changes from
GRACE, a mean density value can be determined, in order to assess the assumed density
applied in derived mass variations from GRACE.
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▪

Acquiring in-situ measurements in glaciers and ice caps and combine them with altimetric
elevation changes retrieved from Cryosat will complement the present datasets, while it
will improve the spatial and the temporal resolution of our data in order to derive more
reliable mass change estimates.

▪

Subsequent studies can also use longer time series of spatially dense and homogeneous
observations of glaciated changes. This can potentially help the isolation and understanding
of the physical mechanisms, on the level of a multi-decadal time scale, responsible for
these changes. The investigation of longer time series can also result in the mitigation of
large uncertainties in the estimation and monitoring of ice sheet rate of change.
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