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Summary

This thesis presents an analysis of the meltwater features that developed on the Nivlisen ice shelf in Antarctica
during the melting season of 2016-2017. Meltwater features are present on ice shelves all around Antarctica.
These meltwater features could either destabilize ice shelves by exerting additional loading forces, or prevent
destabilization by exporting meltwater from the ice shelf into the ocean. The ice shelves play an important
role in controlling the discharge of land ice from the Antarctic continent into the ocean by providing a resist-
ing force against this ice flow. Therefore, the rate of global mean sea level rise depends on the future of the
Antarctic ice shelves. The development of surface meltwater networks is a process not fully understood. In
this thesis three aspects are studied. 1) The development of meltwater features during one melting season, 2)
the influence of topography on the shape and extent of a meltwater network, and 3) the link between climate
data and the observed developments of the meltwater features.

Three data sources have been combined in this study. First of all, optical satellite imagery was used to track
the development of meltwater features during one melting season. The area, depth and volume of the melt-
water features were calculated using the Reference Elevation Model of Antarctica. Second, the same elevation
model was used as input for running a routing algorithm to create a potential routing network. With the rout-
ing network the influence of topography on the shape of meltwater networks was researched. A workflow
was proposed to ensure that depressions were handled correctly. Finally, climate data from RACMO was
analysed. Meltwater and refreezing data were combined to study the modelled nett meltwater production.
The modelled nett meltwater production was compared to the changes in the calculated volumes of observed
meltwater features.

The calculated depth, volume and area of the meltwater features were in line with a study by Dell et al. (2020).
Both volume and area showed clear trends over the melting season, steadily growing at first and declining
when the peak of the summer was over. The first meltwater features developed close to the grounding line.
Later in the season, these individual features connected and formed a network which extended seawards
until halfway between the grounding line and the ice shelf cliff. The depth of meltwater features was fairly
constant over time. The accuracy of the potential routing networks is strongly dependent on the correct use
of a depression depth threshold. The deepest depressions on an ice shelf have to be included as endpoints for
the routing algorithm to obtain realistic results. The created potential routing networks for the Nivlisen ice
shelf matched the observed meltwater features very well. The modelled meltwater production and refreez-
ing turned out to be very similar. Modelled meltwater was for the major part of the summer immediately
refrozen, resulting in a nett meltwater production close to zero. Since observations show that meltwater is
present on the ice shelf, climate data underestimates the meltwater production significantly. Additionally,
distinct regions were identified with a high number of days of positive modelled nett meltwater production.
These regions coincided with the regions where meltwater features were observed.

During the melting season, meltwater features started out as individual lakes. Later on, channels connected
these lakes and started forming a network which evolved seaward. The shape, extent and calculated dimen-
sions matched the analyses found in other studies. Topography is the determining factor for the shape of
meltwater networks on the Nivlisen ice shelf. Depressions served as endpoints for the developing meltwater
networks and possibly prevent a network to extend to the ocean. The developed routing method works well
and can be applied on other ice shelves as well. Modelled climate data underestimated the meltwater pro-
duction rate or overestimated the refreezing rate. Therefore the climate data could not be used to explain the
development of meltwater features. However, it does provide a first indication of locations where meltwater
features can develop.

This thesis contributed to the understanding of processes related to meltwater development on an Antarctic
ice shelf. It is advised that future research focusses on the representation of hydrological processes in climate
models to improve the estimations of meltwater production and refreezing rate.
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1
Introduction

1.1. Background
The thick land based ice sheet1 of Antarctica holds up to 60 metres worth of global mean sea level (GMSL)
rise. Current climate projections indicate that the estimated contributed GMSL rise of the Antarctic ice sheet
for 2100 is limited to 0.06 metre under Representative Concentration Pathway (RCP) 4.5 (Table 1.1)(Oppen-
heimer et al., 2019).

Table 1.1: The three main RCP scenarios and their respective GMSL rise contribution on Antarctica and the total GMSL rise for 2100
(Oppenheimer et al., 2019).

RCP scenarios and GMSL rise, 2100
scenario Antarctica [m]

median(95% interval)
Total [m]
median(95% interval)

RCP 2.6 0.04(0.01-0.11) 0.43(0.29-0.59)
RCP 4.5 0.06(0.01-0.15) 0.55(0.39-0.72)
RCP 8.5 0.12(0.03-0.28) 0.84(0.61-1.10)

The relative contribution of Antarctica to GMSL rise increases when extending the projections beyond the
year 2100. On these long time scales, the Antarctic and Greenland ice sheet contribute the most to GMSL
rise. The total GMSL rise and its timing may be strongly dependent on two tipping points, a sudden and irre-
versible effect caused by a gradual change. One tipping point addresses the retreat of the Greenland ice mass.
The other is about the possible decrease in stability of the Antarctic ice shelves* (Deconto and Pollard, 2016).
The timing of these tipping points, which are expected to be strongly dependent on the different climate sce-
narios the world could follow, is very uncertain (Meredith et al., 2019).

The exact future behaviour of the Antarctic ice sheet is difficult to predict. Ice flow may accelerate depen-
dent on changes in the forces acting on the ice sheet. The ice shelves, floating ice connected to the Antarctic
mainland, provide one of these forces. It is a resisting force against the ice flow, called the buttressing ef-
fect (Rignot et al., 2013). This force limits the ice discharge from the upstream ice sheet and is provided by
friction between the ice shelf and the sea bed and side walls (Goldberg, 2017). A possible break up of the
ice shelves would reduce the buttressing effect. As a result the discharge of land ice into the ocean would
increase, causing the GMSL rise to accelerate (Reese et al. (2018), Fürst et al. (2016) and Dupont and Alley
(2005)). The exact mechanism behind the break up of ice shelves is not fully understood (Bell et al., 2018).
It is argued that the fast disintegration of the Larsen B ice shelf, a large ice shelf on the Antarctic Peninsula
(Figure 2.1), was triggered by the rapid drainage of the surface lakes present on the shelf and the subsequent
crack development throughout the ice shelf (Banwell et al., 2013). Water concentrating on one place, forming
a lake, provides an additional loading on the ice shelf, flexing the shelf downwards. After draining of the lake
through (small) cracks, the ice shelf flexes upwards again. This cycle can destabilize the ice shelf (Banwell
and MacAyeal, 2015). Moreover, when water refreezes in a crack, it expands and thus increases the size of
the crack (Scambos et al., 2000). These two processes lead to a decreased stability of the ice shelf and could
break it up (Banwell et al., 2013). There are indications that the melt intensities on multiple ice shelves will

1The definition of some words used in this report are given in Appendix A.1 and are indicated from now on with a *.
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2 1. Introduction

pass the melt rate prior to the break up of the Larsen B ice shelf by 2100. This is especially the case under RCP
8.5 and mainly on the Antarctic Peninsula (Trusel et al., 2015). However, there is a possibility that increased
melting rates do not necessarily lead to break up events, if water is not ponded on the ice shelf surface, but
instead transported towards the ocean (Bell et al., 2017). Observations of extensive surface water networks,
extending up to 120 kilometres (Kingslake et al., 2017a), could indicate that ice shelves are indeed able to
discharge meltwater into the ocean and thus mitigate the destabilizing effect of ponded meltwater (Bell et al.,
2017). However, little is known about the processes determining the fate of surface water on the Antarctic ice
shelves.

In this research, an analysis of a meltwater drainage network on an Antarctic ice shelf is presented. It will
focus on the potential shape of a drainage network and the evolution of such a network during one melting
season.

Before continuing to the problem statement and the questions posed in this study, a short introduction into
general Antarctic processes is given. This will focus on the surface mass balance* (SMB) processes, which are
important for GMSL rise. This introduction was written to help laymen better understand the processes men-
tioned in this study and grasp the relations between this study and the larger framework of climate change
research.

1.2. Antarctic processes
In contrast to the North Pole, the majority of the ice of Antarctica does not float, but rests upon bedrock (fig-
ure 1.1.a). A thick layer of ice, over 3 kilometres thick at some places, covers this bedrock (Fretwell et al., 2013).
The thick ice layer becomes thinner towards the edges of the Antarctic continent and due to the weight of the
ice sheet, ice slowly flows from the centre outwards. At a certain point towards the edge of the continent, ice
will start to float while still attached to the ice on the bedrock. The line where ice starts to float is called the
grounding line* (Figure 1.1.b). These floating parts are called ice shelves. They can be found along 75% of the
coasts of Antarctica (Rignot et al., 2013). Ice shelves provide a resisting force against the flow of ice from the
continent, called a buttressing effect (Fürst et al., 2016). Due to various natural processes, ice breaks of from
ice shelves and becomes an iceberg. Due to the constant flow of ice from the mainland onto the ocean, ice
shelves grow again over time after a break of event. The lost ice mass by the breaking off of icebergs is com-
pensated by snowfall on the mainland. In a stable system, there is a balance between the mass loss (losing of
icebergs and additionally melt of ice) and the mass gain(snowfall). However, ice shelves are losing mass more
quickly the past decades (Paolo et al., 2015) and large break up events have been recorded (Banwell et al.,
2013). This decreases the resisting force that the ice shelves provide (Dupont and Alley, 2005). Therefore, the
flow of ice from the mainland is accelerating (Reese et al., 2018). Antarctica is thus no longer in balance: more
mass is lost than gained. As a result, more water is present in the worlds oceans and the global mean sea level
rises.

Figure 1.1: a) A simplification of Antarctica. A thick ice sheet rests upon a bedrock layer and slowly discharges ice from the mainland
into the ocean. b) A visualization of one ice shelf. Ice is no longer in contact with the bedrock layer, but floats on the ocean. Meltwater
collects in streams and lakes, possibly causing fractures in the ice shelf. This weakens the ice shelf and makes it more prone to a breakup
event.
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As mentioned, the break up of ice shelves is a natural process. But likely due to an increase in temperature
(Scambos et al., 2000), this process is accelerated. One process that was recently observed and is argued to
be a cause for ice shelf break up, is the ponding of meltwater (Banwell et al., 2013). When ice at the surface
melts, the water can infiltrate into the ice/snow layer. It is also possible that water flows over the surface and
collects in streams and lakes (figure 1.1.b). The concentration of water on one place, adds an extra force. This
has the potential to weaken the ice shelf by creating fractures (Banwell and MacAyeal, 2015). Consequently,
new water can fill these cracks, and could make the cracks bigger (Scambos et al., 2000). Once multiple cracks
are present and propagate through the entire thickness of the ice shelf, a break up event can occur (Banwell
et al., 2013). Recently it was argued, that the concentration of meltwater in streams could be able to also
prevent break up events. Streams could bring the water towards the edge of the ice shelf and discharge it
directly into the ocean (Bell et al., 2017). In this way, water does not stay on the ice shelf in lakes and thus no
additional loading is present. So far, the understanding of these meltwater streams is limited (Bell et al., 2018).

In the next section, the problem statement is summarized. Afterwards, the three questions that this thesis tried
to answer are given.

1.3. Problem statement
Destabilization of ice shelves reduces the resisting force against ice flow from the grounded part of Antarctica
into the ocean. This results in an acceleration of the ice flow. Surface meltwater networks are thought to have
an important role in the mechanisms influencing the ice shelf stability. They could decrease the stability by
creating additional loading forces when meltwater ponds, but they could also help to prevent this destabiliza-
tion of the ice shelf by exporting meltwater towards the ocean. Knowledge is lacking on the processes of the
creation and evolution of meltwater networks. Therefore this thesis will try to answer the following questions:

1. What is the temporal and spatial development of meltwater networks during one melting season?

2. Is the topography of an ice shelf a driver for the shape and extent of a meltwater network?

3. Is it possible to identify underlying physical drivers of the creation of meltwater networks using avail-
able climate data?

The next section contains a theoretical framework for each question posed above. It describes previous research
and forms a basis for the methods described in section 2. But first, a broader background is given containing
information about GMSL rise and the processes related to ice shelf breakup.

1.4. Theoretical framework
Table 1.1 showed the projected GMSL rise for the three main RCP scenarios developed in the IPCC report
published in 2019 (Oppenheimer et al., 2019). However, recent research introduced both a larger and more
uncertain contribution to the GMSL rise from Antarctica (Deconto and Pollard, 2016). They included an ad-
ditional process for ice shelf break up in GMSL rise models. Sea levels during interglacial periods were better
represented in this way. Consequently, these models were applied to the RCP climate scenarios. This created
possible envelopes for the Antarctic contribution to GMSL rise up until the year 7000. Only under RCP2.6 was
the contribution limited, but for RCP8.5 the Antarctic contribution in 2100 is 1.14±0.36 metre, and this fur-
ther rises to 15.65±2.00 metre by 2500 (Deconto and Pollard, 2016). In comparison, the future contribution
from glaciers is small, since the total water volume stored on land based glaciers is just 0.34 metre. Besides
this, the contribution from the expansion of the warming sea water is straightforward to calculate and is also
projected to be limited to 0.19 metre by 2100 (under RCP 4.5). The Greenland ice sheet stores an additional 7
metre of GMSL rise, but its future contribution is also less uncertain and is not expected to exceed 0.20 metre
by 2100 (Oppenheimer et al., 2019). It is the uncertainty of the tipping point at Antarctica that creates such
a large spread in GMSL rise predictions. Another aspect of the possible large scale melt on the Antarctic ice
sheet is the irreversibility. Once the breakup of the ice shelves has taken place, relatively warm ocean water
could prevent the regrowth of the ice shelves during the coming centuries (Deconto and Pollard, 2016).

The contribution of Antarctica to GMSL rise can be roughly divided into four processes of which three are
interlinked: (a) direct meltwater discharge into the ocean, (b) accelerated discharge of glaciers into the ocean
and (c) ice shelf collapse (Bell et al., 2018). A fourth process is basal melting, when relative warm ocean water
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causes the bottom of ice shelves to melt and the grounding line to retreat (Pritchard et al., 2012).

The first three interlinked processes are all dependent on the possible pathways of present meltwater.
a) Ice shelf collapse can be caused by meltwater lakes creating and deepening fractures in the ice shelf. Due
to the additional loading of the ponded water, the ice shelf flexes downwards. After a drainage event of the
lake, the loading is removed and the ice shelf flexes upwards again. This creates additional stresses in the ice
shelf and causes cracks to form. Pre-existing fractures could be a location where water accumulates. When a
fracture fills up, the hydrostatic pressure developed can widen and deepen the fracture, possibly all the way
through the ice shelf, causing it to collapse (Bell et al., 2018).
b) When meltwater is injected into the ice sheet, it can end up at the interface between bed rock and ice sheet.
Here, the meltwater could act as a lubricant, diminishing the friction between the ice and bed rock and thus
accelerating the ice flow downstream (Bell et al., 2018).
c) Surface meltwater forming a network of streams and lakes could potentially drain into the ocean, either
through a river terminating at the edge of the ice shelf, or through draining into a moulin*, slowing the weak-
ening of ice shelves. On the other hand the water surfaces have a lower albedo than the surrounding ice and
thus create a feedback loop where surface ablation* is enhanced by a higher long wave radiation uptake, re-
sulting in more melt (Bell et al., 2018).

1.4.1. Seasonal development of meltwater networks
Although the occurrence of extensive meltwater has long been thought to be mainly focused on the Antarctic
Peninsula, multiple studies (e.g. Langley et al. (2016), Kingslake et al. (2017a) and Stokes et al. (2019)) show
that surface meltwater features are widespread outside the peninsula as well. Lakes present on ice shelves
may cause them to break up. It is argued that the disintegration of the Larsen B ice shelf in 2002 was caused
by the rapid drainage of the numerous surface lakes and the consequent hydrofractures throughout the entire
shelf (Banwell et al., 2013). With a further spread of meltwater features across Antarctica, the stability of the
ice shelves is therefore questioned. However, when separate lakes evolve into a connected drainage system
which transports water to the ocean, the occurrence of meltwater features could actually become a stabiliz-
ing mechanism (Bell et al., 2017). Instead of forming meltwater ponds on the ice shelf, the major part of the
volume of water, and thus weight of the water, could be removed from the ice shelf through such a drainage
system (Bell et al., 2017). Kingslake et al. (2017a) showed that connected systems transporting water up to
120 kilometres are present all around Antarctica, but not every system will drain into the ocean. To further
improve projections of GMSL rise, it would be beneficial to have an indication about which ice shelves have
the potential to facilitate meltwater networks draining into the ocean and which do not. So far, the first steps
are being taken around the world. Buzzard (Buzzard et al. (2018) and Buzzard and Robel (2019)) focussed on
modelling the formation of lakes based on a mathematical model, including 3D processes such as water rout-
ing and channel erosion. Another approach taken is processing satellite imagery to analyse present meltwater
networks, such as done by Dell et al. (2020). In her work, the meltwater network present on the Nivlisen ice
shelf is digitized to study its development during the austral summer*. This work could be further expanded
by including topographical information of the ice shelf and comparing the results to a regional climate model.

1.4.2. Topography and routing
A digital elevation model (DEM*) captures the topography of an area in a grid of cells. In hydrology, such a
DEM can be used to automatically extract a potential flow routing network (an expected course for a river
based on the topography of the area) using a flow routing algorithm. These routing algorithms are all based
on the principle that water flows from one cell to the lowest neighbouring cell (O’Callaghan and Mark, 1984).
The simple algorithms were soon expanded by no longer restricting the flow to one cell (Single Directional
Flow). Water was now allowed to be distributed towards all neighbouring cells (Multi Directional Flow) based
on the ratio of slope steepness (Holmgren, 1994). This greatly increased the accuracy of routing algorithms.
One problem for flow routing algorithms is coping with pits. Pits are a group of neighbouring cells that are
only surrounded by cells with a higher elevation. Based on the ratio of slope steepness, water can not be
transported out of this pit. A pit is either present because it reflects a true depression in the landscape or
because it is erroneous introduced during the creation of the DEM. Only when a pit is in reality an end point
of the water flow, for instance a lake draining underground or an endorheic lake*, should the pit be kept as a
depression in the routing algorithm. In all other cases, water should be allowed to leave the pit. Based on dif-
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ferent thresholds, such as depth or area of a pit, a user can decide to dismiss the pit or keep it as an endpoint
for the flow routing algorithm. Research shows that the resulting potential routing network is very sensitive
to the thresholds used: the density and connectivity of a routing network are easily over- or underestimated
when using a different threshold value (Yang et al., 2015). Once a pit is flagged as an error, flow routing al-
gorithms generally fill the pit. By raising the elevation of the pit, the DEM itself is altered until water is able
to escape the pit somewhere. This results in large flat areas in the DEM over which the flow is routed, often
in a straight line. This possibly introduces errors in the resulting potential flow routing network (Metz et al.,
2011). An alternative algorithm does not fill the found pits, but uses a least cost path algorithm. Using the
elevation of a cell as its cost, flow is routed over the least expensive cells (Ehlschlaeger, 1989). In this way, the
original elevation data is not affected. The algorithm has proven to be both faster and more accurate than pit
filling algorithms (Metz et al., 2011).

A potential flow routing network on a certain location alone does not guarantee the occurrence of rivers and
lakes, a water source is needed as well. A combination of water supplied and the potential routing network
gives a good indication of the location of a water network. Precipitation and groundwater are the sources for
river systems for traditional land based hydrology. However, on Antarctica water is mainly provided through
the melt of snow and ice. Thus to further study the occurrence of meltwater features on an Antarctic ice shelf,
snowmelt and refreezing data should be included. This data can be found in regional climate models.

1.4.3. Climate data
Only little field measurements are available on Antarctica because of the harsh environment and remote lo-
cation. Therefore, modelling of Antarctic processes often relies on data from climate models. Global climate
models have a relative coarse resolution and are thus not suited for further modelling of smaller scale pro-
cesses. Regional climate models solve this issue. These models, with a resolution up to a couple of kilometres,
are able to capture local topography and provide climate data on a finer scale. They are coupled to the global
climate models at their boundaries, but resolve the area of interest independently. For Antarctica, the regional
atmospheric climate model (RACMO) produces various climate variables on a 5.5 x 5.5 kilometre resolution
(van Wessem et al., 2018). Two of the climate variables one should take into account while studying melt wa-
ter feature development are snowmelt and refreezing rate. The snowmelt rate is driven by the energy balance
on the interface between the atmosphere and the firn layer* (the top layer on ice shelves, which is a mixture
of ice and snow). The energy balance includes short wave radiation, long wave radiation, sensible heat, la-
tent heat and energy supplied by rainfall (Bougamont et al., 2005). The albedo of the surface determines how
much of the incoming short wave radiation is reflected. A bright surface (ice or snow) has a higher albedo
than a darker surface (water) and thus ice reflects more of the incoming short wave radiation than water does
(Bougamont et al., 2005). The long wave radiation is partly absorbed, but also emitted following the Stefan-
Boltzman constant (Bougamont et al., 2005). The balance is further complemented by including sensible
heat, latent heat and a small source of energy supplied by rainfall (Bougamont et al. (2005) and Ettema et al.
(2010)). Liquid water infiltrates down into the firn layer as long as the density of the firn layer does not exceed
910 kg/m3. If the density is larger, water is not able to infiltrate and will start to pond on the surface, or flow
over or through the firn. The density of firn is variable over time, because of the settling of the firn layer and
the refreezing of water within (Ettema et al., 2010). The amount of water that refreezes is determined by three
factors: the water available, the pore space and the temperature. Water only refreezes as long as the ambient
temperature is staying below the melting point. The ambient temperature also changes during the freezing
process due to the release of heat during the transition of water from the liquid to the solid phase (Ligtenberg
et al. (2011) and Ettema et al. (2010)). As long as the firn layer is thick enough and enough pore space is avail-
able for melted water to infiltrate and percolate, the refreezing will continue. Over time, refreezing does lower
the firn air content, but new snowfall on top of the firn layer will also add new pore space at the same time.
Only when the net change in firn air content is below zero and the firn air content drops to zero, water will
no longer be able to percolate down and start to accumulate on the surface (Kuipers Munneke et al., 2014).
Unless an ice layer forms close to the surface due to the refreezing of meltwater. This also prevents water from
percolating further down (Buzzard et al., 2018).

The spatial pattern of the surface melt product of RACMO correlates well with observations, but the abso-
lute values can be 30-50% lower than those observed (Lenaerts et al., 2017). Especially close to grounding
lines, the surface melt can be underestimated in RACMO due to an enhanced albedo-melt feedback influ-
enced by persistent katabatic winds*. Air flows from the higher regions down towards the ice shelf and warms
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during the decent. This can cause the temperature to rise 3°C. Additionally, these winds erode the snow layer,
exposing blue ice areas (Lenaerts et al., 2018). Research shows that the underestimation of snowmelt is likely
caused by a misrepresentation of the albedo-melt feedback (van Wessem et al., 2018). The quick change in
albedo values when a surface becomes wet or when new snow covers bare ice is difficult to capture and pos-
sibly explains this misrepresentation (Ettema et al., 2010).

Combining climate, topographical and satellite data, this research will present an analysis of the meltwa-
ter network present on the Nivlisen ice shelf during the melting season of 2016-2017.

This thesis consists of four chapters. Chapter 1 gave an introduction into the thesis topic, presented the three
questions of this research and described the theoretical framework. Chapters 2 (method) and 3 (results and
discussion) will in general be divided into three parts corresponding to the three questions and their topic: 1)
satellite observations of the development of meltwater features, 2) the influence of the topography on the shape
and extent of meltwater features and 3) the use of climate data to explain the found location of meltwater fea-
tures.
Chapter 2 (Method) starts with a description of the study area (section 2.1). Thereafter the sections containing
the method for satellite observations (section 2.2), topography and routing algorithms (section 2.3) and climate
data (section 2.4) can be found.
Chapter 3 (Results and Discussion) starts with the same three topics: Meltwater observations (section 3.1), To-
pography (section 3.2) and Climate data (section 3.3). The discussion for each of these topics can be found
directly after the results are presented for each topic. Afterwards one can find a section where the results are
described from the additional analysis that was executed for the Roi Baudouin ice shelf and the corresponding
discussion (section 3.4). Chapter 3 concludes with a general discussion where all results are combined (section
3.5).
Chapter 4 (Conclusions and Recommendations) first shortly summarizes the obtained results and answers the
three questions. This chapter and this thesis ends with recommendations for further studies and possible im-
provements.
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Method

This chapter starts with describing the chosen study area and continues with explaining the chosen or developed
methods to find an answer to each of the three questions posed in section 1.3.

2.1. Study area
The Nivlisen ice shelf is located in Dronning Maud Land on the East Antarctic ice sheet (Figure 2.1.a). The
ice shelf spans roughly 80 kilometres from its grounding line towards the ocean and has a width of 130 kilo-
metres. The ice shelve gently slopes upwards (5∗10−4) from 40 metres near the ocean to 80 metres close to
the grounding line, where the floating ice shelf becomes grounded on solid rock. From the grounding line
the land rises more steeply towards a plateau of 100 metres and higher (Figure 2.1.b). The ice shelf is typically
150 to 700 metres thick and the ice flows with a speed in the order of 100 metres per year (Horwath et al.,
2006). This ice shelf was chosen as the study area, since climate data (see section 2.4 for further elaboration)
was available for this location. Furthermore, observations of meltwater features on this ice shelf were docu-
mented in multiple studies (Kingslake et al. (2017a) and Stokes et al. (2019)).

Halfway through this study, it was decided that including a second ice shelf for an additional but partial anal-
ysis would be beneficial. The Roi Baudouin ice shelf is also located within Dronning Maud Land and the same
climate data, satellite observations and DEM as for the Nivlisen ice shelf were available on the Roi Baudouin
ice shelf. Meltwater features had previously been observed, both in satellite observations (e.g. Kingslake et al.
(2017a) and Stokes et al. (2019)) and during field expeditions (Lenaerts et al., 2017).

It was chosen to study the summer of 2016-2017, because this was the only summer covered by both Sen-
tinel 2, Landsat 8 and RACMO data.

Figure 2.1: (a) Overview of Antarctica and (b) the elevation of the Nivlisen ice shelf.
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2.2. Observations
2.2.1. Satellite data
Two optical satellites were used for this study, Sentinel 2 and Landsat 8. They have a resolution of 20 and
30 metres, respectively. Twelve cloud free scenes were selected from December 1st 2016 to March 31st 2017
(Table 2.1). The true colour image (combining the red, green and blue bands per scene) are used for the digi-
tization step.

Table 2.1: Dates used in this study. This is based on the cloud free satellite imagery obtained from Landsat 8 and Sentinel 2.

Dates of timesteps used in this study
2016-12-04 2016-12-27 2017-01-19 2017-02-13
2016-12-11 2017-01-05 2017-01-26 2017-02-25
2016-12-17 2017-01-12 2017-02-04 2017-03-24

2.2.2. Digitization
For each time step observed, meltwater features were manually digitized using the Google Earth Engine Digi-
tisation Tool (Lea, 2018) where one can draw polygons in satellite imagery by hand and download these poly-
gons for further analyses. Consequently, the meltwater features were imported to QGIS and the area was
calculated using the native QGIS functionalities.

2.2.3. Depth and volume calculations
To obtain an estimate for the depth of the meltwater features, a DEM was used. The Reference Elevation
Model of Antarctica (REMA) provides the elevation of the Antarctic ice sheet on an eight metre resolution. It
was created by the Polar Geospatial Center of the University of Minnesota (Howat et al., 2018). The elevation
model was combined with the meltwater feature area to obtain the mean depth and the volume of the melt-
water network (Figure 2.2 and Figure 2.3). The elevation from REMA was sampled along the border and the
centreline of all meltwater features on a 50 metre interval. The centreline was created using the QGIS plugin
’Geometric Attributes’ created by Nyberg et al. (2015). A buffer of 50 metres was applied to the points on the
centreline, to account for deeper parts adjacent to the exact location of the centreline. The maximum depth
was then calculated by taking the difference between the elevation of a point on the border and the elevation
of the closest point on the centreline. By dividing the average of all maximum depths by two, the mean depth
was calculated. This assumes a triangular shape of the cross section. Finally the mean depth was multiplied
with the area, obtaining the calculated volume of the observed melt water features.

Figure 2.2: Flow diagram for depth and volume calculations.
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Figure 2.3: The used features for one meltwater lake to calculate the mean depth. Points along the circumference sample the elevation
on that point. Points on the centreline sample the minimum elevation within an area around the point. The depth is calculated for every
point on the centreline as the difference with the elevation from the closest point on the circumference.

2.2.4. Comparison to Dell (2020)
As a validation step, the calculated areas, depths and volumes were compared to the research done by Dell
et al. (2020). In her research the Normalised Difference Water Index (NDWI) was used to automatically iden-
tify water bodies. The NDWI is the normalised ratio between the blue and red band from the satellite imagery,
which has a large contrast between ice and water. The resulting water mask was filtered to only keep water
bodies larger than 1800 m2. Depth calculations are based on the light attenuation in the water column by
comparing the reflectance of a pixel in a lake to the reflectance of optically deep water pixels in the ocean
(Dell et al., 2020).

2.3. Routing
Using an ‘of the shelf’ algorithm to obtain a potential routing network for an Antarctic ice shelf did not give
sufficient results. Traditional pit filling algorithms would yield sufficient results when used on exorheic*

catchments, since the outflow point is always the open sea or ocean. But once applied on an endorheic
basin, flow is still forced towards the ocean. The observed meltwater features on the Nivlisen ice shelf are
all part of an endorheic basin, there is no outflow point at the ice shelf cliff. Instead, river systems end in a
lake at the deepest part of larger depressions (Figure 3.1). If nevertheless all depressions were to be filled, a
fully connected system would be created, terminating in the ocean, which is not what was observed in reality.
Accounting for this by allowing all pits do be an endpoint for a routing algorithm would result in a routing
network consisting of short and isolated channels terminating in (small) depressions. An intermediate solu-
tion was required to accommodate networks terminating in real depressions and thus forming networks that
are not overly connected, but also not too separate. Moreover, when depressions with very large areas occur,
not the entire depression can be marked as such. Otherwise, routing networks would stop as soon as they
enter a depression, causing the loss of routing information once inside. Only the deepest part of depressions
should be kept as an endpoint. Besides this, the algorithm has to be able to cope with the low slopes present at
Antarctic ice shelves. These criteria are all met in the workflow proposed in this study (Figure 2.4) using freely
available programs and algorithms. The core of the method is the AT algorithm, part of the r.watershed func-
tion within QGIS-GRASS 7.0. This algorithm is shown to perform better on relatively flat surfaces compared
to other routing algorithms (Kinner et al., 2005). The AT algorithm does not fill depressions to route flow, pre-
serving the original DEM and thus giving more details to the resulting routing network (Ehlschlaeger, 1989).
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Figure 2.4: Flow diagram for the routing method proposed in this study.

The algorithm needs an accumulation threshold, a DEM and the layer containing the depressions mentioned
above. The 100 metre resolution product of REMA was used as input for the created routing method. This
proved to yield similar results as the 8 metre resolution product and resulted in shorter calculation times. To
create a raw depression layer (a first layer that still needs some filter steps to complete), the no data values
(equal to −3.4028230607370965e38) from REMA were removed first. Without removing these values, the rout-
ing algorithm would try to also create routing networks over the ocean or data gaps. The resulting cleaned
REMA layer was consequently filled using the r.fill algorithm (part of QGIS-GRASS 7.0). This filling algorithm
needs several loops to completely fill REMA until every depression is resolved (GRASS Development team,
2020). During this study it was found that six loops were sufficient to completely fill both of the two ice
shelves considered. A completely filled DEM no longer has pits without outflow points, each cell is able to
drain somewhere. By subtracting the filled REMA layer from the original REMA layer, the raw depression layer
was created. As described before, using every depression found in REMA for the routing algorithm, would not
yield accurate results. Therefore, two filter steps were needed to obtain a depression layer that could be used
in the routing algorithm. Depressions more shallow than the chosen depth threshold were discarded, keep-
ing only the deepest depressions. For the Nivlisen ice shelf, a depth threshold of 9.5 metre yielded the best
results. This value should be selected by trial and error for every new location where this method would be
applied. Furthermore, only depressions consisting of more than five cells (or 50.000 m2) are preserved for
the cleaned depression layer. Finally, a positive and then a negative buffer of 100 metre were applied on all
depression features to resolve possible inconsistencies in the shape file. The resulting cleaned depression
layer was one of the three inputs for the r.watershed algorithm. A complete graphical overview of the method
implemented in QGIS can be found in Appendix A.3, Figure A.2. The second input for the r.watershed algo-
rithm was the cleaned REMA layer and thirdly an accumulation threshold was defined. This last threshold
determines how many cells have to drain through one particular cell to mark it as part of a routing network.
Lowering this threshold will create a more dense network, whereas a higher threshold will only keep main
branches. An accumulation threshold of 10.000 gave the right balance between a too sparse and too dense
routing network.

The r.watershed algorithm, using the Multiple Directional Flow AT algorithm explained above, takes the DEM,
depression layer and the accumulation threshold as input and generates multiple output layers. Two of these
layers were further used. The accumulation layer contains the number of cells draining to the cell under con-
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sideration. The stream segment layer, or the raw network layer in Figure 2.4, includes all stream segments
identified. This raster layer was firstly thinned to create linear features of one cell width. Finally it was con-
verted to a vector layer for better visualization. This final network layer containing all streams was further
studied and the results were presented in section 3.2.

2.4. Climate data
To study the underlying physical drivers, data from RACMO was used. This model provides data on a daily
basis with a resolution of 5.5 kilometres. In this study, snowmelt, refreezing, temperature and incoming short
wave radiation datasets were used (van Wessem et al., 2018). Important to take into account is the reliability
of the data. Two studies (Lenaerts et al. (2017) and Lenaerts et al. (2018)) showed that RACMO data can under-
estimate surface melt by 30 to 50 % and especially close to grounding lines the deviation from observations
can be large.

As a first step in studying the climate data, the Pearson correlation coefficients for two drivers of snowmelt,
temperature and incoming short wave radiation, and the calculated volume of the meltwater features were
calculated. The Pearson correlation coefficient is a value between -1 and +1. Two positive linear correlating
datasets will have a coefficient of +1, whereas no correlation would give a coefficient of 0. A coefficient of -1
indicates a negative linear correlation. This might give an indication of the existence of a clear link between
the temperature and incoming short wave radiation as modelled by RACMO and the observations of meltwa-
ter features on the Nivlisen ice shelf.

Afterwards, the melting and refreezing product of RACMO were analysed to study spatial and temporal pat-
terns in the modelled snowmelt and compare this to the observations of meltwater features. The temporal
mean snowmelt and refreezing rates were calculated for every time step between the dates corresponding to
the cloud free scenes selected from the satellite data. All time steps were then exported to QGIS where only
the melt and refreezing data within the catchment area of the observed meltwater features was kept. Data
outside this catchment area was discarded for the water balance. A simple water balance was made per pixel:
Q = P −RF , where Q is the nett modelled meltwater production, P is snowmelt and RF is refreezing. All units
were initially millimetres per timestep, but were converted to cubic metres per timestep to match the calcu-
lated volumes of observed meltwater features. Lastly, Q was summed over all pixels within the catchment to
obtain the total amount of nett modelled meltwater produced, which was then compared to the change in
volume of the observed meltwater network during each time step. As explained in section 3.3.2, the integrated
snowmelt and refreeze rates did not match the meltwater volume calculated based on observations. There-
fore, also the daily snowmelt and refreeze rates were studied. Days when snowmelt exceeded the refreeze
rate were marked and summed. The spatial pattern of these days was then compared to the observations of
meltwater features.
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Results and Discussion

This chapter presents and discusses the obtained results. For each topic separately, the results are presented and
directly discussed. The first section (section 3.1) contains the results from the satellite observations of meltwater
features. The area, depth and volume of the meltwater features are calculated based on the satellite imagery
and a digital elevation model. Section 3.2 then presents the results from the routing algorithm, where a digital
elevation model is used to create potential routing networks on the Nivlisen ice shelf. Thirdly, section 3.3 shows
the results from studying the climate data from the Regional Atmospheric Climate Model. Afterwards, a partial
analysis was executed for the Roi Baudouin ice shelf and the results can be found in section 3.4. Finally, this
chapter finishes with a general discussion, where all results are integrated and discussed together in section 3.5.

3.1. Meltwater observation
Using satellite data from two optical satellites, the extent of meltwater features on the Nivlisen ice shelf were
digitized. The area was calculated for all meltwater features. By combining this with the Reference Elevation
Model of Antarctica, the depth and consequently volume were calculated. This data was compared to a study
in which the volume, depth and area of the meltwater features present on the Nivlisen ice shelf in the melting
season of 2016-2017 were calculated as well (Dell et al., 2020). The results are presented below and discussed
in section 3.1.4.

3.1.1. Area
The maximum area of the meltwater network on the Nivlisen ice shelf occurred on 2017-01-19, when 1.64·108

m2 of water was observed (Figure 3.1). Three areas were identified: individual lakes at higher elevations, a
dense and connected network in the southern part of the ice shelf and a more linear part stretching north.
The network encompassed approximately 40 kilometres in both South-North and East-West direction. An
overview of the meltwater extent for all dates can be found in Appendix A.3, Figure A.1. The meltwater
channels did not widen significantly over time, but lakes did increase in size and were connected by form-
ing additional meltwater channels throughout the melting season. The area stayed below 2.55 ·107 m2 until
2016-12-11 and increased during the end of December and the beginning of January to the maximum value
of 1.64 ·108 m2 on 2017-01-19. It gradually declined to zero by April (Figure 3.2.a). By combining all dates in
one figure, the movement of the front of the meltwater network was visualized (Figure 3.3). The meltwater
front of the western system moved with a speed of about 5 kilometres per week (or 0.5 metre per minute).
The first melt water features occurred on 2016-12-04 close to the grounding line in the south part of the ice
shelf. One week later (2016-12-11), melt water features developed throughout the south part of the ice shelf,
but only as separate lakes. By 2016-12-17, the first features were connected and started forming melt water
networks, which started to expand northward from 2016-12-27 onward. After the maximum was reached on
2017-01-19, the melt water features shrank in size or were frozen over until only a couple features remained
on 2017-03-24 (Figure A.1, Appendix A.3).

3.1.2. Depth and volume
The calculated mean depth of the meltwater network did not change significantly over time, but varied
between 0.23 and 0.27 metre. 90% of the calculated depths were between 0.05 and 0.67 metre, except for
2017-03-24 when the calculated mean depth was 0.48 metre (Figure 3.2.b). The deepest melt water features
are found close to the grounding line in between exposed bed rock formations. Combining the calculated

12
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Figure 3.1: The maximum water extent reached in the 2016-2017 melt season on 2017-01-19.

mean depth and area resulted in the volume of the meltwater network. The calculated meltwater volume had
a steep rise between 2016-12-11 and 2016-12-17 and gradually shrunk after the maximum was reached on
2017-01-12, with a total of 3.8 ·107 m3 (Figure 3.2.c).

3.1.3. Comparison to Dell et al. (2020)
Dell et al. (2020) also determined the volume of the same meltwater network for the 2016-2017 melt season.
Her results were compared with the calculated meltwater volume. The relative difference between the vol-
umes ranges from -85% to +125% (Figure 3.2.c). These two large deviations occurred during the last two time
steps (2017-02-25 and 2017-03-24). The timing of the maxima, minima and the increase and decrease of the
calculated meltwater volume did coincide, although the absolute values differ. The depths found by Dell et al.
(2020) are larger than those found in this study. However, the method to determine the area of the meltwater
networks used by Dell et al. (2020) resulted in smaller areas found. This is further discussed in section 3.1.4.

3.1.4. Discussion
By manually delineating meltwater features during the digitization step, an error was introduced by the sub-
jectivity of the user. It is possible that either too many or too few areas are classified as meltwater feature
because of this user bias. Research suggests that the user bias was found to be very small during a digiti-
zation process (Keefer, 1988), although this did not specify whether the digitized features were hard to dis-
tinguish from the surrounding area. Therefore, the potential error introduced during digitization was not
significant for the results of this study. An approach for delineating meltwater features automatically was
created by Yang and Smith (2013). A normalized difference water index, specifically for icy areas (NDWIice),
is calculated by taking the normalized difference of the red and blue band from optical satellite imagery:
N DW Ii ce = (Bl ue −Red)/(Bl ue +Red) (Yang and Smith, 2013). While this method is more practical to use
when analysing a larger (either spatially or temporally) dataset, it is also limited by two factors. Firstly, the
resulting meltwater features are very sensitive to the threshold distinguishing between water, ice and slush
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Figure 3.2: (a) The change of observed meltwater area from December 2016 to March 2017. This study found larger areas in comparison
to Dell et al. (2020), but the timing of the found maxima and the first observations of meltwater features were similar. (b) The change
of calculated meltwater depth from December 2016 to March 2017. Dell et al. (2020) found larger depths using a depth calculation
based on the light attenuation in the water column, whereas depth calculations in this study were based on a DEM. (c) The change of
calculated meltwater volume from December 2016 to March 2017. The calculated depths in this study are somewhat smaller than the
depths calculated by Dell et al. (2020). But timing of the maxima and the general development of the calculated volumes is quite similar.
The area, depth and volume derived by Dell et al. (2020) is included in orange crosses in each figure.

(a water and ice mixture). A small change in chosen parameters leads to large differences in the end product
(Banwell et al., 2014). Secondly, meltwater features that are partly frozen over introduce an underestimation
of the total meltwater area (Banwell et al., 2014). Dell et al. (2020) used such an automated process to delin-
eate meltwater features. The possibility of errors in this method was reflected in the increase of meltwater
volume in the last time step while no meltwater was produced during the corresponding period. Large dif-
ferences between the calculated volumes in this study and by Dell et al. (2020) were found during the last
two timesteps of the meltwater observations. Dell et al. (2020) derived a very small area on 2017-02-25 and
calculated a large depth (2 metres) on 2017-03-24. On 2017-02-25, satellite imagery showed a first onset of
refreezing of the top of the meltwater features and some light cloud cover was present.The meltwater features
were still classified as meltwater by hand in this study and the clouds were thin enough to trace the meltwater
features in the clouded area. It is possible that the method using the NDWIice as described above, did not cap-
ture both the meltwater features that had started to refreeze and the meltwater features under the thin cloud
cover. Considering this, the derived volumes of the observed meltwater features in this study were thought to
be in line with the findings by Dell et al. (2020).

The method to determine the depth of meltwater features in this study was based on a static DEM. There-
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Figure 3.3: The progression of the meltwater front during the 2016-2017 melt season. The colours blue to red each represent timesteps
corresponding to the dates listed in the figure. The front moved roughly 5 kilometres during each time step of 7 days.

fore, the continuous flow of the ice shelf was not included, possibly causing an offset of the location of the
deepest parts of a meltwater feature. Moreover, dynamical processes, such as thermal erosion of the channels
caused by the higher temperature of the meltwater transported (Marston, 1983), were not taken into account.
Hence calculated meltwater feature depths might be underestimations of the true depth. Lake bottoms be-
come deeper by the positive albedo feedback of the darker surface of the meltwater lake in comparison to
the ice/snow cover around it, thus absorbing more radiation. This can account for up to 135% increase in
ablation rate of the lake in comparison to its surroundings (Tedesco et al., 2012). The effect of the movement
of the ice shelf and thermal erosion will become larger as the DEM used becomes older. Using the light at-
tenuation in the water column to calculate water depth (e.g Sneed and Hamilton (2007) & Dell et al. (2020))
would mitigate these problems but was not validated on the Antarctic ice sheet. As with area calculations,
the depth of meltwater features partly covered with ice can not be retrieved (Banwell et al., 2014). Moussavi
et al. (2020) have developed a method to generate meltwater volumes and area over large temporal and spa-
tial scales, while improving the overall accuracies. This could greatly enhance the possibilities of studying
meltwater features during multiple seasons and over larger scales.

Another point to reflect on is the slow movement of the front of the meltwater network. The size (67.0 km2)
and progression (0.5 metre per minute) of the observed melt water feature on the Nivlisen ice shelf resem-
bles the behaviour of the largest meltwater feature on the Amery ice shelf during the summer of 2014-2015
as found by Kingslake et al. (2017a). This front moved with a speed ranging from 0.8 to 2.5 metre per minute
and had a total area of 56.7 km2 (Kingslake et al., 2017a). Velocities in the order of a metre per minute are very
low for unrestricted surface streams. Flow velocities measured on the Greenland ice sheet were 0.4-2.6 m/s
(Gleason et al., 2016). As a further comparison, the Manning equation was used to derive a typical flow speed
for freely flowing water, formula 3.1 (Manning, 1891).

V = R2/3 ·pS

n
(3.1)

V is the calculated flow velocity in m/s. R is the hydraulic radius in metres, calculated as the cross sectional
area divided by the wetted perimeter. R can be approximated as the stream depth for wide channels. S is the
(average) gradient of the stream bed. Lastly, n [s/m1/3] represents the Manning roughness coefficient, a mea-
sure for how smooth or rough a stream bed is (Manning, 1891). When assuming a depth of 0.25 metre (the
average depth found in this study), an average gradient of 5 ·104 and a smooth ice stream bed, corresponding
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to a Manning roughness coefficient of 0.035 s/m1/3 (the mean value found for supraglacial* streams on the
Greenland ice sheet (Gleason et al., 2016)), an expected flow velocity of 0.2 m/s was found (Manning, 1891).
Movies made during a fieldwork campaign showed even larger flow velocities in the order of metres per sec-
ond, albeit in smaller channels (Lenaerts and Lhermitte, 2016). Therefore it is expected that the front of the
meltwater network is not a freely flowing water mass. A possible explanation for the slow movement of the
front could be that water at the front was draining into the firn layer, as suggested by Stokes et al. (2019). It
might be that only after the firn layer was fully saturated was it possible for meltwater to continue its path
over the surface of the firn layer.

The meltwater network observed on the Nivlisen ice shelf is very different from meltwater networks on the
Greenland ice sheet (GrIS). Shorter (<10 kilometre) and smaller drainage channels on the GrIS form a dense
network terminating in small moulins (Yang et al., 2016), whereas the longest connected meltwater feature
stretched over 70 kilometre on the Nivlisen ice shelf. A higher surface gradient of the glaciers and a higher
meltwater production on the Greenland ice sheet may both be the cause of the differences observed. The
meltwater features on the Nivlisen ice shelf do resemble those on other locations on Antarctica as found by
Kingslake et al. (2017a): broader channels, elongated meltwater features, round or ellipsoid lakes and of-
ten with a tip where water flows out of the lake. The location of the lakes is also in line with findings by
Kingslake et al. (2017a), who notes that meltwater features are often located close to exposed bed rock forma-
tions (nunatak’s*) and blue ice regions (Kingslake et al., 2017a).

3.2. Topography and routing
Below one can find the results from the method developed to create a potential routing network. The Reference
Elevation Model of Antarctica was used as the input for this method. Preprocessing steps were executed in order
to create a potential routing network that would be as close as possible to reality. The created routing network
was compared to the observed patterns of the meltwater features in section 3.2.1. Section 3.2.2 shows what
happens when one does not use an optimal setting for depression thresholds. Lastly, the results are discussed in
section 3.2.3.

3.2.1. Routing algorithm
The routing workflow resulted in a potential routing network for six chosen accumulation thresholds ranging
from 2500 to 20.000 cells (or 25 to 200 km2). Potential routing features are present all over the ice shelf,
as well as on the higher elevated grounded ice (Figure 3.4). The routing features did overlap with the main
branches of the observed meltwater network in the South-Eastern part of the ice shelf. Lower threshold values
introduced more side branches over the entire study area, whereas higher thresholds removed branches on
the location of observed meltwater features. For the Nivlisen ice shelf, a threshold of 10.000 gave the right
balance between too many side branches and a too sparse network. Additionally, a depth threshold of 9.5
metres was chosen. The four major depressions on the ice shelf had a depth of 10+ metres. Choosing a depth
of 9.5 metres ensured that only the center of each depression was conserved for flow routing calculations.

3.2.2. Influence of depressions
As mentioned in section 2.3 and section 1.4.2, depth thresholds are the dominant factor for the end result of a
routing algorithm (Yang et al., 2015). To illustrate this further, a potential routing network was also created for
two extreme cases, in contrast to the proposed situation as presented in section 3.2. In case A, all depressions
were used as potential endpoints for the routing algorithm (Figure 3.5.A). The depth threshold was manually
set to -0.01 metres. The routing algorithm resulted in short channels which did not form a network. Case
A did not reflect observations of meltwater features in any way. In case B, all depressions were excluded as
potential endpoints. The routing algorithm was only allowed to route flow toward the ocean (Figure 3.5.B).
This resulted in the formation of one very large potential network in the southern region of the ice shelf, which
connected to the ocean in the North-West part of the ice shelf. Water from the southern part would thus be
flowing North, to the ocean, whereas observations indicated that water flows to the depressions present in the
South part of the Nivlisen ice shelf (S.L.M. Lhermitte, personal communication, October 2019). Five networks,
mostly consisting of one main channel, were created by the routing algorithm left from the outflow point of
the largest network. These networks were at the same location and had the same shape as the networks on
those locations in the potential routing networks in Figure 3.4.
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Figure 3.4: Potential routing network created with a threshold for accumulation of 10.000 cells (equal to 100 km2) and a depression
threshold of -9.5 metres. Several networks are created. Some networks terminated in large depressions located in the south-east and
west part of the ice shelf. Other networks located in the northern part of the ice shelf do connect to the ocean directly.

3.2.3. Discussion
While Dell et al. (2020) suggested that a "flow routing analysis is extremely hard" (response to Reviewer com-
ments Dell et al. (2020), p.4 and p.24) when using REMA, the results of this study showed that it was possible
to create a potential routing network based on REMA. The performance of the routing algorithm was strongly
dependent on the use of depressions, in line with findings by Yang et al. (2015). Not using depressions re-
sulted in one connected system flowing out of the deepest depressions towards the ocean, although field
observations indicate that water is flowing towards certain depressions. A network consisting of short sep-
arate channels was obtained by keeping every pit deeper than 0.01 metres as a true depression. The best
result was obtained by manually finding an optimal depth threshold for pits. This manual step would be
needed for every other location where this method would be applied. Algorithms that allow for flow towards
multiple neighbouring cells were shown to perform better than single directional flow algorithms (Holmgren,
1994). Nevertheless, single directional flow algorithms were often used for studying meltwater features on the
Greenland ice sheet (GrIS) and yielded similar results as multi directional flow algorithms (Yang et al. (2015)
and King et al. (2016)). For the Nivlisen ice shelf, a single directional flow algorithm generally followed the
same flow paths as the AT algorithm used in this study. The single directional routing network did deviate
at some locations from the potential routing network presented at this study, connecting otherwise uncon-
nected flow paths. This observed difference, in contrast to the similarities found in literature, could have
been caused by the low slope of the Nivlisen ice shelf of 0.05%, in contrast to the steeper (5 to 16%) glaciers of
Greenland (King et al., 2016).
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Figure 3.5: A) The result for the routing method, but including every depression into the algorithm instead of depressions only deeper
than 9.5 metres. The accumulation threshold is set to 1000 instead of 10.000 to show all the small river segments created. Shorter and
separate potential routing channels are created and no real network forms. B) The result for the routing method, but without using any
depression. The accumulation threshold is set to 10.000. One large network dominates the ice shelf and connects to the ocean, after
passing through some of the deepest points on the Nivlisen ice shelf. These are located close to the grounding line in the south-west and
on the east side of the ice shelf.

This section showed the potential for using an automated approach for the creation of a potential routing
network (Figure 3.4). The results indicate that the meltwater network will not be able to extend towards the
ice shelf cliff and thus would not be able to drain meltwater into the ocean. A deep and large depression
present at the current end point of the meltwater network might prevent the network from extending further
over the surface of the ice shelf than it does today. Other potential networks on the Nivlisen ice shelf do ter-
minate at the ice cliff and would be able to transport water to the ocean, if surface water would occur in their
catchment, as on the Nansen ice shelf (Bell et al., 2017).
Potential routing networks are present over the entire Nivlisen ice shelf, but meltwater features are only ob-
served in the South-East part. To explain why no meltwater networks developed outside this region, climate
data is studied in section 3.3.2.

3.3. Climate data / physical drivers

The previous section presented the results from the developed routing method. It was shown that the poten-
tial routing network closely matches the shape of the observed meltwater features. Thus the topography has a
strong influence on the shape of the meltwater features. The next section presents the analysis of climate data.
This data might explain the absence of meltwater features in the north-west part of the Nivlisen ice shelf. Three
different steps were executed to find a link between climate data and the meltwater observations. Section 3.3.1
presents the results from correlation calculations between calculated meltwater volumes based on observations
and two climate variables. Thereafter, the meltwater and refreeze product from RACMO were integrated over
the timesteps as defined by the observations and a water balance was made. Both in time and space, a com-
parison is made to observed meltwater volumes and areas. The results can be found in section 3.3.2. The third
section considers a daily time step and compares the number of days where snowmelt exceeds the refreeze rate
to observations of meltwater features (section 3.3.3). Finally, in section 3.3.4, all the results are discussed.
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3.3.1. Correlation
The Pearson correlation coefficient (PCC) was calculated between two climate variables and the calculated
total volume of meltwater features. The incoming short wave radiation (Figure 3.6.a) and the temperature
(Figure 3.6.b) were both extracted from the REMA dataset. Since the calculated meltwater volumes were only
available on specific dates (because they were based on satellite observations), the climate data needed to
be sampled in the same time frame and interval. Therefore, mean short wave radiation and temperature per
timestep were calculated first. For radiation, the PCC was found to be 0.52. For temperature, the PCC was 0.34
(Figure 3.7). Since a PCC of 1 indicates a perfect correlation and a PCC of 0 no correlation at all, a PCC of 0.52
indicates that some correlation did exist between radiation and meltwater volume. The PCC for temperature
is a bit lower, which indicated that the correlation is less strong.

Important to realize is the fact that the number of data points used was very low. Only 12 points were com-
pared in the PCC analysis. Therefore, these results are not very robust. A larger dataset, with at least 50
observations, would be needed to reliable tell something about the link between the two climate variables
and calculated meltwater volumes. Since incoming short wave radiation is one of the components of the
energy balance for surface melt (Bougamont et al., 2005), it was expected to find a stronger correlation be-
tween calculated meltwater volume and short wave radiation. Since the PCC does not include any spatial
information, both the meltwater and refreeze product of RACMO were used to further study climatic drivers
in section 3.3.2. As explained in section 2.4, the meltwater product is based on a full energy balance, which
includes short wave radiation.

Figure 3.6: (a) Modelled incoming short wave radiation from RACMO for one location in the centre of the Nivlisen ice shelf and (b)
modelled temperature from RACMO for one location in the centre of the Nivlisen ice shelf. The modelled short wave radiation showed
a clear trend over the season, where the radiation drops when the summer season is ending and the maximum was found during the
period (2016-12-12 to 2017-01-11) of largest observed meltwater growth.

Figure 3.7: Pearson correlation for (a) temperature (PCC = 0.52) and (b) radiation (PCC = 0.34) with the calculated volume of observed
meltwater features.
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3.3.2. Meltwater production: development during season

The total amount of modelled snowmelt during the melting season was 5.4 ·108 m3. The maximum modelled
snowmelt occurred from 2017-01-13 until 2017-01-19, when 1.8 ·108 m3 (33% of the total seasonal snowmelt)
modelled snowmelt was produced (Figure 3.8.a). The onset of modelled snowmelt coincided with the first
observations of meltwater features on 2016-12-04. The highest modelled snowmelt production occurred at
a time when no growth in calculated meltwater volume was observed. Moreover, the large amount of nett
modelled meltwater production (0.6 · 107 3) at 2017-01-19 (Figure 3.8.b) was not reflected in an increase in
calculated volume of the observed meltwater features. In fact, the calculated volume decreased by 0.4 ·106

m3 (Figure 3.2.c). After this timestep, the calculated volume kept decreasing slowly. The modelled snowmelt
also declined and dropped to zero before 2017-02-13, after which the remaining observed meltwater features
(total volume of 2.7 ·107 m3) shrank further to almost zero in volume during the following month. The nett
modelled meltwater production calculated from RACMO data did not match the calculated meltwater vol-
umes of the observed meltwater features during the summer of 2016-2017.

Figure 3.8: (a) Snowmelt and refreezing data as modelled by RACMO, compared with the calculated meltwater volume of the observed
meltwater features. (b) The calculated meltwater volume of the observed meltwater features compared with the modelled nett snowmelt
production. Although modelled snowmelt alone is large enough to provide the water found in the observed meltwater features, the
refreezing during each timestep is almost similar to the modelled snowmelt. This results in a modelled nett meltwater production close
to zero.

The modelled refreeze of water was almost equal to the snowmelt, except for the three timesteps of 2017-01-19,
2017-01-26 and 2017-02-04. This resulted in a nett modelled meltwater production value close to zero. The
summed nett modelled meltwater production over the entire melting season was −7.5 ·106 m3, so more wa-
ter was modelled to be refrozen than melted. A negative nett modelled meltwater production (−6.1 ·106 m3

and −6.7 ·106 m3) was found on 2017-01-26 and 2017-02-04, more water was modelled to be refrozen than
snow melted. A shrinkage of the calculated volume of the observed meltwater features took place at the same
time. The spatial patterns of modelled snowmelt and refreezing are very similar as well. Modelled snowmelt
is highest in the south-east part of the Nivlisen ice shelf, close to the grounding line, and almost zero in the
north-west (Figure 3.9).
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Figure 3.9: Temporal mean modelled snowmelt and refreezing over the 2016-2017 melting season on the Nivlisen ice shelf. Both
snowmelt and refreezing are concentrated in the south-east part of the ice shelf, close to the grounding line. Little to no snowmelt is
modelled in the north-west region. Patterns of snowmelt and refreeze are very similar.

3.3.3. Daily melt and refreeze
The snowmelt and refreezing products analysed in the previous section were found to be very similar. Almost
all water is refrozen in the same timestep as it melted. Therefore, the same data is also studied on a daily reso-
lution. The difference between the modelled snowmelt and refreeze data was zero or very close to zero for the
largest part of the summer of 2016-2017 as well (Figure 3.10). The period from 2016-12-04 until 2017-01-05
does have significant modelled meltwater production which matches with the growth of the calculated vol-
ume of observed meltwater features. However, the modelled refreezing rate is very similar, resulting in almost
no nett modelled melt production. The nett modelled melt production is defined as the modelled snowmelt
minus the modelled refreezing during one day. During the period from 2016-12-27 to 2017-01-12, the mod-
elled melt production was mainly zero, whereas the calculated volume of the observed meltwater features
was still rising during that time. The nett modelled melt production is (close to) zero for almost the entire
period in which a growth in calculated volume of the observed meltwater features was found. Additionally,
at the moment a large nett modelled melt production was found, on 2017-01-15, the calculated volume of
observed meltwater features was already decreasing (Figure 3.10.b).

The spatial pattern of the number of days where the nett modelled melt production was positive, was studied
as well (Figure 3.11). The maximum number of days where the nett modelled melt production was positive,
was 12 for any cell within the area of the Nivlisen ice shelf. The area with the most positve nett modelled melt
production days is concentrated in the south of the Nivlisen ice shelf, in the same region as the observed melt
water networks.

3.3.4. Discussion
The concentration of meltwater production close to the grounding line is consistent with findings by Lenaerts
et al. (2017). The low amount of nett meltwater production was not expected. Observations showed that
meltwater features were present on the ice shelf. Even though calculated depths might have been over- or
underestimations of the real depth, a large volume of water was present on the surface. Nevertheless the
climate data did not support the development of large meltwater features. This is either caused by an under-
estimation of the snowmelt or an overestimation of the actual refreezing. Previous research ((Lenaerts et al.,
2017) and (Lenaerts et al., 2018)) already identified that surface melt is indeed underestimated, especially in
the regions close to the grounding lines due to persistent katabatic winds. These winds cause a temperature
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Figure 3.10: (a) Snowmelt and refreezing as modelled by RACMO on a daily time step. The snowmelt and refreezing rate were very similar
for the major part of the summer, resulting in a nett melt production close to zero. (b) Calculated melt water surplus on a daily time step
compared to calculated meltwater volumes. The calculated meltwater volumes were larger than the modelled nett melt production and
a significant nett meltwater production in between 2017-01-12 and 2017-01-19 was not reflected in an increasse in calculated meltwater
volume of the observed meltwater features.

rise of 3K and surface erosion of the snow layer. Due to the erosion, blue ice areas are exposed. Blue ice has
a higher albedo than snow and therefore melt is enhanced in these areas (Lenaerts et al., 2017). Since the
amount of water refrozen is partly dependent on the pore space available in the firn layer (see also section
1.4.3) (Bougamont et al., 2005) and the katabatic winds cause the firn layer to become thinner, this could
also be an explanation for the overestimation of refreezing. The formation of ice lenses close to the surface
is another possible reason for an overestimation of refreezing. Refrozen meltwater in the firn layer prevents
meltwater from percolating further and the available pore space is thus decreased (Buzzard et al., 2018). This
also limits the refreezing rate and enhances surface lake formation. In comparison, only about 40% of the
meltwater refreezes in the firn on Greenland in multiple climate simulations (Van Angelen et al., 2012).

RACMO was not able to quantitatively match the modelled snowmelt and refreeze rates with the increase
in calculated melt water feature volumes. This was observed both in the integrated snowmelt/refreeze rate
per time step, as in the daily rates. Possibly, this is due to an underestimation of melt and a poor implemen-
tation of refreeze calculations within the model (Lenaerts et al., 2017). However, the spatial pattern of days
where snowmelt exceeds the refreeze rate, did show that the highest amount of days was found within the
area where meltwater features were most abundant (Figure 3.11).

3.4. Roi Baudouin ice shelf
The previous sections explained the results found after studying the climate data and enables this study to
answer the third question posed. The meltwater and refreezing product from RACMO was not able to fully ex-
plain the total volume of the observed meltwater features. However, the areas with the highest number of days
when melting rate exceeded refreeze rate, did overlap with the regions where meltwater features are mainly
concentrated. To further support the findings from the previous sections, the Roi Baudouin ice shelf was in-
cluded in this study. There are three distinct regions on the Roi Baudouin ice shelf where meltwater features
are present, of which two are shown in Figure 3.12. Because the manual digitization of meltwater features was
very time intensive, it was decided to only focus on the meltwater features in the middle of the Roi Baudouin ice



3.4. Roi Baudouin ice shelf 23

Figure 3.11: Number of days with a positive modelled nett meltwater production. The area where the meltwater features originated
during the summer of 2016-2017 has the highest number of nett positive days.

shelf. Besides this, only the maximum extent of the meltwater features has been digitized. By this simplifica-
tion, the temporal development during the season was not studied for the Roi Baudouin ice shelf. Below, area
and volume calculations, results from the routing method and the analysis of climate data are presented.

3.4.1. Area and volume
Three separate meltwater networks developed during the summer of 2016-2017. The maximum extent of
one of these melt water networks, occurring on 2017-01-22, was digitized to determine its area: 1.8 ·108 m2.
No separate depth calculations were executed for this network. Instead, the mean depth (±50%) found at
the Nivlisen ice shelf was taken to calculate a likely range for the total volume of the observed network. The
calculated volume was 4.5±2.2·107 m3. The observed meltwater network on the Roi Baudouin had about the
same dimensions as the network found on the Nivlisen ice shelf.

3.4.2. Topography and routing
The digitized meltwater features overlapped largely with the created potential routing network (Figure 3.12).
At some stretches of meltwater features, the shape of the potential routing network matched very well with
the observed meltwater, but is shifted northward. This is probably due to the constant movement of ice,
which is discharged from the ice sheet. A large part of the potential routing network did not connect to the
ocean, but terminated in deep (>20 m) depressions close to the grounding line. This was also the location
where meltwater features were observed.

3.4.3. Climate data
The RACMO snowmelt and refreezing data were also combined for the Roi Baudouin ice shelf. Temporal
patterns were very similar to the climate data from the Nivlisen ice shelf. Refreezement follows snowmelt
very closely throughout the season. An average of 0.32 ·108 m3 of snowmelt is produced during the first three
timesteps, after which a maximum snowmelt of 1.8 ·108 m3 is produced from 2016-12-17 to 2016-12-27. Only
small amounts of meltwater are produced after 2017-01-26. The refreezing was larger than the melt water
produced on time steps following the two largest melt events (2017-01-05 and 2017-01-26). The total water
balance over the entire melt season was −2.0 ·107 m3 (Figure 3.13). The spatial pattern showed similarities
with the findings from the Nivlisen ice shelf as well. Snowmelt (and refreezement) were largest in the region
close to the grounding line. No spatial variation from west to east was found (Figure 3.14). The number of
days with a positive nett meltwater production was also calculated and the spatial pattern was similar as
found on the Nivlisen ice shelf (Figure 3.15). The locations with the highest amount of days with a positive
nett meltwater production were concentrated in the areas where meltwater features were observed.
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Figure 3.12: Overview of the potential network created with a threshold for accumulation of 10.000 for the Roi Baudouin ice shelf. In
subfigure A and B, the left and middle meltwater feature found on the ice shelf are shown. The third meltwater feature present on the
Eastern side of this ice shelf is not depicted. The potential routing network matches the shape of the observed meltwater features often,
although a northward shift can be observed, especially in subfigure B.

3.4.4. Discussion
The results described above were all very similar to those found at the Nivlisen ice shelf. The routing method
created a network overlapping with the observed meltwater features and the climate data showed the same
patterns as well. The found location of meltwater features and the concentration of snowmelt close to the
grounding line were also supported by Lenaerts et al. (2017). The shift northwards of the observed meltwater
features in comparison to the potential routing network was only found on the Roi Baudouin ice shelf, caused
by the faster ice flow in comparison to the Nivlisen ice shelf (Rignot et al., 2011). This shows the effect of the
movement of the ice shelf. The DEM was made based on satellite imagery from 2014 and 2015 and thus
did not incorporate ice sheet flow from that point onwards (Howat et al., 2018). This also leads to errors
when using the digital elevation model to calculate depths and volumes of the meltwater features. Since no
full analysis of the temporal evolution of the volume of the observed meltwater features was executed, no
complete comparison was made between calculated volumes of the observed meltwater features and the
modelled (nett) melt production. Similarly to the Nivlisen ice shelf, the modelled nett melt production was
close to zero for the largest part of the 2016-2017 summer, caused by the refreeze data matching the snowmelt
data very closely.

3.5. General discussion
The previous four sections showed the results for the three topics for the Nivlisen ice shelf and the partial analy-
sis for the Roi Baudouin ice shelf. The area, depth and volume of the meltwater features was calculated and an
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Figure 3.13: (a) Modelled snowmelt, refreezing from RACMO and calculated nett meltwater production data. The snowmelt and re-
freezing rates are very similar and result in a nett meltwater production which is close to zero for the major part of the summer season.
(b) Calculated nett meltwater production compared with the estimated volume on the Roi Baudouin ice shelf on 2017-01-22. The blue
triangles depict the estimated range of the possible volume of the meltwater network on the Roi Baudouin ice shelf. No separate depth
calculations were executed. Instead, the mean depth found at the Nivlisen ice shelf (±50%) was used to calculate the possible volume at
the Roi Baudouin ice shelf.

analysis of the spatial and temporal development was made (section 3.1). A potential routing network was cre-
ated and showed similarities with the observed meltwater features present on the ice shelf (section 3.2). Climate
data was analysed, but was proven to not be able to explain the volume of the meltwater features. However, it
was able to give an indication of where meltwater features are likely to develop based on the number of days
when meltwater rates exceed melting rates (3.3). Finally, the same analysis was executed for the Roi Baudouin
ice shelf. Results found for the Roi Baudouin ice shelf were largely similar to the findings on the Nivlisen ice
shelf (section 3.4). With these four results, four general discussion points are presented below.

3.5.1. Calculated volumes in relation with RACMO climate data
The calculated volumes are based on the observations of meltwater area and calculations of mean water
depths. The maximum volume stored in the meltwater network found on the Nivlisen ice shelf was about
5 ·107 m3. The research of Dell et al. (2020) supports this finding. The largest calculated nett melt produc-
tion on one day was 1.5 · 107 m3 and occurred only after the observed meltwater network had reached its
maximum volume. Hence this study did not find a quantitative climatological explanation in RACMO for the
observed meltwater features. Either an additional water source should have been found, or the RACMO data
underestimates snowmelt or overestimates refreeze. Lenaerts et al. (2017) showed that snowmelt is indeed
underestimated, but it is uncertain if adapting RACMO to predict higher snowmelts would also cause an in-
crease in refreeze rate. This would mainly depend on the amount of pore space modelled in RACMO (Bouga-
mont et al., 2005). An increase in snowmelt of 20% would be sufficient, if refreeze rate would remain constant,
in order to generate enough nett meltwater production to explain the found meltwater volumes. A process
that could provide an additional water source is precipitation, also found within RACMO. A first analysis of
precipitation data in this study showed that liquid precipitation (precipitation when air temperature is above
2 °C (Oerlemans, 1991)) during the melting season would only contribute a very small amount of water to the
total water production by snowmelt. For a large meltwater feature on the Amery ice shelf (also mentioned in
section 3.1.4), the total volume of the lake was also compared to RACMO data (Kingslake et al., 2017a). This
lake had a similar volume to the amount of water generated in the region surrounding the lake(Kingslake



26 3. Results and Discussion

Figure 3.14: Temporal mean snowmelt and refreezing over the 2016-2017 melting season for the Roi Baudouin ice shelf. The temporal
pattern of snowmelt and refreeze are very similar and highest close to the grounding line.

Figure 3.15: Number of days with a modelled nett positive melt production. The areas with the highest number of days are close to the
grounding line, in the regions where meltwater features were observed.

et al., 2017b). However, this study did only consider meltwater production and excluded the refreeze data.
Moreover, the entire ice shelf was used to calculate the total volume of meltwater produced, instead of the
catchment of the lake. The study also suggested to integrate melting rates over individual catchments as was
done here (Kingslake et al., 2017b).Nevertheless, the concentration of number of days where a positive nett
meltwater production was found, was located in the same region as the observed meltwater features, both
for the Nivlisen and Roi Baudouin ice shelf. This demonstrated that the number of days with a positive nett
meltwater production is a first indicator of possible locations for meltwater network development.

3.5.2. Future development of the meltwater network
The main features of the observed meltwater systems on the Nivlisen and Roi Baudouin ice shelf in 2016-2017
followed the paths of the potential routing networks. The goal of this study was to present a detailed analysis
of one season, since both climate and satellite data were available during the summer of 2016-2017. However,
as an extra step, satellite imagery from the summers from 2017 up to 2020 were used to make a multiannual
comparison as well. The maximum extent of the meltwater network on the Nivlisen ice shelf progressed fur-
ther each following year (Figure 3.16). The networks which redeveloped each summer, perfectly followed the
lines of the created potential routing network. This highlights the potential of using a flow routing algorithm
as presented in this study for predicting likely flowpaths of meltwater features in the future. In 2020 the net-
work terminated in a lake formed on the eastern side of the ice shelf. A large depression is present at this
location. Based on REMA, the area was 2.6 · 108 m2 and the average depth was 5 metre. This depression is
thus capable of storing roughly 1.3 ·109 m3 of water, 30 times the amount stored in the entire meltwater net-
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work in 2016-2017. Therefore, it is not very likely that the observed meltwater network on the Nivlisen ice
shelf will drain into the ocean in the near future. Instead, large quantities of water might be stored on one
single location. This has potential consequences for the stability of the ice shelf and makes the ice shelf more
vulnerable for a potential collapse (Bell et al. (2017) and Bell et al. (2018)).

Figure 3.16: Evolution of the three main meltwater features for the summer seasons from 2016-2017 until 2019-2020. The development
of the meltwater features follows the potential routing network (black line) created in this study very closely.

3.5.3. Role of firn air content
As previously discussed in section 3.3.4, the pore space in the firn layer (the firn air content) plays an im-
portant role in storing and refreezing meltwater. Only after the drainage capacity of the firn layer is lower
than the snowmelt rate, water starts to pond on the surface (Kuipers Munneke et al., 2014). Both the Nivlisen
and Roi Baudouin ice shelf have a relative low firn air content (Kuipers Munneke et al., 2014). It is projected
that the firn air content will decrease further over the 21textsuperscriptst and 22nd century (Ligtenberg et al.,
2014), increasing the potential for surface ponding. Alley et al. (2018) combines radar backscatter properties
depending on the saturation of firn layers with the number of melt days in a summer season and ice shelf
geometry to derive a vulnerability index to hydrofracturing. The area with observed meltwater features is
found to be less vulnerable than areas closer to the ice cliff (Alley et al., 2018). However, it was expected that
the firn air content is considerably lower close to the grounding line, since meltwater features are only able
to develop in that region.

3.5.4. Influence of climate change
It is projected that the surface melt on Antarctica will double towards the end of the 21st century (Pattyn et al.,
2018). Due to a combination of a drop in firn air content (Ligtenberg et al., 2014) and the possible formation
of ice lenses in the firn layer (Buzzard et al., 2018), it was expected that the refreezing rate will simultaneously
drop as well. Climate models showed that firn air content is indeed dropping under climate scenario A1B
(a rapid economic growth while using both fossil and renewable fuels) (Kuipers Munneke et al. (2014) and
Ligtenberg et al. (2014)). With the firn air content dropping and the surface melt rising, a large increase in
nett meltwater production could be expected, probably causing a rise in the extent of meltwater features
on the ice shelf. Since a large depression was identified as the endpoint of the current meltwater network
during the routing analysis, this additional water is likely to be stored on the ice shelf. This surface ponding
would cause the ice shelf to become more sensitive to hydrofracturing and would thus weaken the ice shelf
significantly (Banwell and MacAyeal, 2015).



4
Conclusions and recommendations

Based on the results found in Chapter 3, the conclusions were made and are presented below in section 4.1. This
report ends with recommendations for extensions to and new studies on the same topic as this study (section
4.2).

4.1. Conclusions
This study has combined satellite imagery, a digital elevation model and climate data to analyse the detailed
development of meltwater networks during one melting season on the Nivlisen ice shelf. The findings were
further supported by an additional partial analysis of the Roi Baudouin ice shelf. Below, each question is re-
peated and answered, supported by the results presented in Chapter 3.

What is the temporal and spatial development of meltwater networks during one melting season?
By manually delineating meltwater features as seen in optical satellite imagery, the temporal and spatial de-
velopment of meltwater networks on the Nivlisen ice shelf was analysed for the melting season of 2016-2017.
While in the beginning of the melting season meltwater features were mostly separate lakes, this evolved in a
connected system slowly expanding northwards, ending 40 kilometres from the grounding line and 50 kilo-
metres from the ice shelf cliff. Meltwater features were observed on the Nivlisen ice shelf from 2016-12-04
until 2017-03-24 and the maximum extent was on 2017-01-19. The movement of the front of the system was
very slow, indicating that the front is not a freely flowing water mass. A digital elevation model was used to
determine the mean depth and total volume of the meltwater network. No significant change in mean depth
was found during the melting season. An increase in volume of the meltwater network was predominantly
determined by an increase in area. The calculated volumes were in line with the volumes derived by Dell et al.
(2020).

Is the topography of an ice shelf a driver for the shape and extent of a meltwater network?
A semi-automated method to create a potential routing network on an Antarctic ice shelf was developed. This
method is based on the AT least cost path algorithm, but extents this further by incorporating real depressions
and further automating the procedure to obtain a routing network. Keeping real depressions as endpoint for
the routing method was crucial for obtaining a realistic potential routing network. Main branches of the ob-
served meltwater network did often coincide with the potential network branches. To validate the proposed
method, it was applied on the Roi Baudouin ice shelf. The potential routing network created matched the
observed meltwater features very well on the Roi Baudouin ice shelf. It can be concluded that the routing
method developed in this study can also be applied to other ice shelves. Although potential networks are
present throughout the entire ice shelf, no meltwater networks are observed outside the South-West region
of the Nivlisen ice shelf. Based on these results, this study concludes that the topography of the ice shelf is
indeed a driver for the shape and extent of the meltwater network, but does not determine the creation of
a network. Other factors should be taken into account as well. The extent of a meltwater network can be
limited by the topography, when large depressions are present in the possible flow path.

Is it possible to identify underlying physical drivers of the creation of meltwater networks using available cli-
mate data?
Snowmelt and refreezing data from the Regional Atmospheric Climate Model (RACMO) were analysed for
the Nivlisen and Roi Baudouin ice shelf. The observed meltwater features developed in the regions with the

28



4.2. Recommendations 29

highest snowmelt. The amount of water refrozen was very close to the meltwater produced. Therefore the
calculated melt water surplus is very low and often close to zero. Too little melt water generation is modelled
to account for the amount of water found in the meltwater networks. Hence the snowmelt and refreezing
data from the current RACMO model could not be used to further explain the development of the observed
meltwater features quantitatively. It is very important that this underestimation of snowmelt or overestima-
tion of refreezing rate is addressed, to be able to further study the hydrological processes on the ice shelves of
Antarctica. Nevertheless, it can be concluded from this study that the number of days on which the snowmelt
rate exceeded the refreezing rate could be used as a first indication of the locations where the development of
melt water features is likely to occur. Regions with more of these days coincided with the parts of the Nivlisen
and Roi Baudouin ice shelf where melt water features were present.

4.2. Recommendations
4.2.1. Closing the water balance
This study used snowmelt and refreezing to calculate the net surplus of water. Results in section 3.3.2 showed
that an additional water source is needed in order to explain the observed meltwater volumes. Creating a full
water balance, including precipitation and other variables from RACMO, might give a net surplus of water
that better matches the observed volume, even though uncertainties in RACMO are present. Precipitation
alone was not enough to account for the deficit of water when integrating snowmelt and refreezing over the
melting season, and certainly did not generate enough water volume to explain the water volume present
in the observed melt water features. It is recommended to create a full water balance, although it is also
likely that the representation of snowmelt and refreeze rate in RACMO needs to be improved before the water
balance can be properly closed.

4.2.2. RACMO constrained by observed meltwater volume
As mentioned in section 3.3.4, the climate data from RACMO underestimates the snowmelt produced severely
(Lenaerts et al., 2017). The total nett modelled meltwater production during the season did not match the cal-
culated volume of the meltwater features. Moreover, also the timing of meltwater production did not match
the timing of the growth of observed meltwater features. To further improve RACMO, an estimate of the ob-
served meltwater volume can be used to constrain the model during its calibration. Meltwater observations
and calculations of the volume stored in the meltwater features are able to serve as a first indication for the
minimum amount of nett meltwater production that RACMO should model.

4.2.3. Study firn air content
The firn air content is an indicator for the possibility of meltwater ponding (Kuipers Munneke et al., 2014).
It might be worthwhile to study the current firn air content and the projected evolution to be able to better
define possible locations where meltwater networks might form and to explain the formation of current net-
works. Firn air content products with a 5.5 kilometre resolution were used to study the impact of katabatic
winds on the melt water production on Antarctica (Lenaerts et al., 2017). It is recommended to combine
this data set with melt water observations which can tell us more about the importance of firn air content in
relation to the development of meltwater features.

4.2.4. Routing on multiple ice shelves
This study created a potential routing network for two ice shelves. The routing method could be used on
multiple ice shelves across Antarctica to study the potential paths meltwater features might take in the future
under an increase in melting rates. This would give indications on the ability of ice shelves to discharge water
in the ocean. Combining this with projections for melting rates, firn air content and basal melting could
provide information about the vulnerability to break up of the ice shelves under projected climate change.
GMSL rise projections could be further refined by knowing which ice shelves are more likely to collapse. To
use the proposed method on other ice shelves, it is very important that depressions on the ice shelves are
dealt with appropriately.

4.2.5. Radar satellites
Using optical satellite imagery to detect meltwater features only works on cloud free days. Sufficient cloud
free images were available for the Nivlisen ice shelf in 2016-2017 to follow the development of the meltwater
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network. Different locations or different years might have more clouds, limiting the number of observations.
Radar satellites are able to overcome this problem and could thus increase the frequency of observations
(Miles et al., 2017). Moreover, the radar waves are able to penetrate the upper firn, snow or ice layer. Hence
radar satellites do detect supraglacial lakes that are (partly) frozen over and buried subglacial lakes (Miles
et al., 2017). The start of operation of Sentinel 1 in 2016 provides a product that has both a high spatial
resolution (25 metres) and a relative high temporal resolution (6 days), making this satellite very promising
for further research (Miles et al. (2017) and Arthur et al. (2020)). However, it is not always straightforward to
distinguish water from ice or slush regions due to the backscattering properties of each medium (Cooley and
Pavelsky (2016) and Unterschultz et al. (2009))
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A.1. Glossary

Austral summer The summer season on the Southern hemisphere and on Antarctica
specifically. From November to March.

DEM A digital elevation model. A representation of the elevation of the ter-
rain in a grid consisting of cells. Each cell has an assigned elevation.

Endorheic lake A lake that does not have an outflow point.
Exorheic lake A lake that does have an outflow point.
Firn A mixture of snow and ice. Contains pores where water can infiltrate.
Grounding line Line where the ice sheet (grounded on the bedrock layer) starts to

float and thus becomes an ice shelf.
Ice shelf The ice on Antarctica that rests on the bedrock layer.
Ice sheet The ice on Antarctica, attached to the main land, that floats on the

ocean.
Katabatic winds Winds coming from the high elevation inland of Antarctica, blowing

down towards the coastal areas. These winds warm up during their
descend and can cause an increase in temperature of 3 °C (Lenaerts
et al., 2017).

Moulin A vertical shaft in the firn or ice layer in which surface water drains
and the start of a tunnel through which water flows.

Nunatak Exposed bedrock formations on the Antarctic ice sheet.
Supraglacial On top of the ice sheet or ice shelf.
Surface ablation The process of melt or erosion of the surface (ice) layer
Surface mass balance Mass balance of Antarctica. Antarctica loses mass by break up of ice

shelves and by the melting of ice. Mass is gained by precipitation.

A.2. Datasets
Below, a table is presented which summarizes all datasets used in this study.

Table A.1: The datasets used

Dataset Date retrieved source/citation
REMA March 2019 Howat et al. (2018)
RACMO May 2020 van Wessem et al. (2018)
Landsat 8 October 2019 Courtesy of U.S. Geological Survey
Sentinel 2 October 2019 Copernicus Sentinel, processed by ESA
Depth, area and volume of meltwater
features on the Nivlisen ice shelf

May 2020 Dell et al. (2020)
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A.3. Additional figures

(a) 2016-12-04 (b) 2016-12-11 (c) 2016-12-17

(d) 2016-12-27 (e) 2017-01-05 (f) 2017-01-12

(g) 2017-01-19 (h) 2017-01-26 (i) 2017-02-04

(j) 2017-02-13 (k) 2017-02-25 (l) 2016-11-27

Figure A.1: The digitized water extent for each selected date for the 2016-2017 melting season on the Nivlisen ice shelf.
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Figure A.2: Complete graphical modeller overview of the routing method developed for this study.
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