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Summary
Glacier mass loss has been one of the main contributors to sea-level rise in the 20th
century and it is expected to remain a large contributor in the 21st century. Because of
the large glacier volume in the Canadian Arctic Archipelago and its recent increase in
glacier mass loss, it is important to understand the sensitivity of these glaciers to regionally changing climatic conditions. Due to the relatively high density in climate data over
the last 1000 years, it is a useful period to quantify the relative importance of natural
and anthropogenic forcing to the climate. In this context we placed the recent glacier
mass loss in the perspective of the last millennium, by simulating the land-terminating
glaciers with the Open Global Glacier Model over the last millennium. In these simulations the model was forced with 2-m air temperature and the precipitation of the
fully forced ensemble members of the Community Earth System Model Last Millennium
Ensemble.
The sensitivity study leading up to this shows that neglecting or under-representing temperature variability may result in a significant overestimation of glacier volume. This
effect is caused by the non-linear response of the glacier surface mass-balance to air temperature, where both the changed mean and variability of the equilibrium line altitude
play a role. The significance of this effect has implications for any glacier modelling study
driven by climate model output, and calls for a careful treatment of the downscaling of
gridded data to the glacier scale.
The fully forced transient simulations have been validated with present-day observations
and the RACMO2.3 simulation. Our simulations show that glacier mass loss over the
period 2006-2016 CE might not be unprecedented in the last millennium. However under
the RCP8.5 scenario it will reach a mass loss rate in the next decade that was unprecedented during the last millennium. The orbital and volcanic forcing contributed most
to the build up of glacier volume throughout the last millennium. The single forced
simulations show that without the increase in greenhouse gas emissions since 1850 CE,
the glacier volume in the region would still be growing. Because the anthropogenic ozone
and aerosols largely counter balances the negative influence of the greenhouse gas emissions, the net contribution of the anthropogenic climate forcings over the last millennium
might still be positive; however, there are large uncertainties in this regard.
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Zusammenfassung
Der Massenverlust von Gletschern stellt einen Hauptbeitrag zum Meeresspiegelanstieg
im 20. Jahrhundert dar und wird voraussichtlich auch im 21. Jahrhundert einen großen
Beitrag liefern. Wegen des großen Gletschervolumens im kanadisch-arktischen Archipel
und des kürzlichen Anstieges des dortigen Gletschermassenverlustes ist es wichtig, die
Sensitivität dieser Gletscher bezüglich sich regional verändernder klimatischer Bedingungen zu verstehen. Aufgrund der relativen Häufigkeit an Klimadaten aus den letzten
1000 Jahren ist dies ein nützlicher Zeitraum, um die relative Wichtigkeit von natürlichem
und anthropogenem Antrieb für das Klima zu quantifizieren. In diesem Kontext haben
wir den kürzlichen Gletschermassenverlust zu dem des letzten Jahrtausends in Beziehung
gesetzt, indem wir die Gletscher mit Landterminierung während des letzten Jahrtausends
mit dem Open Global Glacier Model simuliert haben. In diesen Simulationen wurde das
Modell mit Zwei-Meter-Temperaturen und Niederschlägen des Community Earth System Model Last Millenium Ensembles angetrieben.
Die hierzu führende Sensitivitätsstudie zeigt, dass das Vernachlässigen oder Unterschätzen
der Temperaturvariabilität in einer signifikanten Überschätzung des Gletschervolumens
resultieren kann. Dieser Effekt wird durch die nicht-lineare Reaktion der Gletscheroberflächenmassenbilanz auf die Lufttemperatur verursacht, wobei sowohl der veränderte
Mittelwert als auch die Variabilität der Höhe der Gleichgewichtslinie eine Rolle spielen.
Die Signifikanz dieses Effekts hat Auswirkungen für jede Gletschermodellstudie, die mit
Ergebnissen aus Klimamodellen betrieben wird und verlangt eine vorsichtige Behandlung
bei der Herunterskalierung von Gitterdaten auf die Größenordnung von Gletschern.
Die transienten Simulationen wurden mit Beobachtungen aus der Gegenwart und der
RACMO2.3-Simulation validiert. Unsere Simulationen zeigen, dass der Massenverlust
von Gletschern während des Zeitraums 2006-2016 CE möglicherweise auch schon im
letzten Jahrtausend vorkam. Allerdings wird er unter Annahme des RCP8.5-Szenarios in
der nächsten Dekade eine Verlustrate erreichen, die im letzten Jahrtausend ohne Beispiel
ist. Der orbitale und vulkanische Antrieb haben im letzten Jahrtausend am meisten zum
Aufbau des Gletschervolumens beigetragen. Die individuell angetriebenen Simulationen
zeigen, dass das Gletschervolumen in der Region ohne den Anstieg der TreibhausgasEmissionen seit 1850 CE immer noch ansteigen würde. Da anthropogenes Ozon und
Aerosole dem negativen Einfluss der Treibhausgas-Emissionen großteils entgegenwirken,
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könnte der Nettobeitrag der anthropogenen Klimaantriebe in der Vergangenheit dennoch
positiv sein; es herrschen diesbezüglich allerdings große Unsicherheiten.
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1 Introduction
1.1 Glacier mass loss - Linking climate change and
sea-level rise
Internationally serious efforts are being made to mitigate global warming, ranging from
top down efforts like the Paris Agreement that was negotiated by the Conference of the
Parties (COP) to bottom up initiatives that call for action like Fridays for Future. One
of the reasons for pursuing this challenge is the influence a warming climate has on the
sea level. The sea level rises both due to thermal expansion of ocean water and as a
result of the decrease of water that is stored on land in the form of ice (Oppenheimer
et al., 2019). However, a rising sea level is not a new phenomenon. The sea level has
fluctuated through time and has been significantly higher in the past during warmer periods. The last time this occurred was 125,000 years ago, during the previous interglacial
in a period called the Eemian, when the global mean sea level was 5.5 to 9 m higher
than today (Dutton and Lambeck, 2012). There is however a big difference between us
and the Homo sapiens in the Eemian, that where hunters and gatherers. The first agricultural revolution (Neolithic revolution), that led in the end to larger settlements, had
for instance not taken place yet. This revolution started in the early Holocene (Svizzero,
2017), when the estimated population size was about 5 million (Deevey, 1960) and the
sea level was about 35 m lower than at present (Lambeck et al., 2014). In the meantime things changed, and it has been estimated that 230 million people are living within
the first meter above the current high tide line and 1 billion people within the first ten
meters (Kulp and Strauss, 2019). Therefore sea-level rise would, from a human perspective, have severe consequences now. Ironically, people do now, in contrast to during the
Eemian, have a significant influence on the climate. The global mean temperature has
risen by approximately 1 ◦ C with respect to pre-industrial levels due to anthropogenic
causes (Allen et al., in press), while previously it were the only changes in natural forces
(e.g. volcanism and the Milankovitch cycles1 ) and feedbacks within the climate system
that drove climate change.
1

The Milankovitch cycles refers to the cyclical changing position of the Earth with respect to the sun,
as a result of eccentricity (shape of the orbit), obliquity (tilt of the Earth axis) and precession (the
direction of the tilt), that have a periodicity of respectively roughly 100.000, 41.000 and 23.000 years.
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It is virtually certain that the global mean sea level (GMSL) is rising and there is a very
high confidence that shrinking glaciers2 are the dominant source for this (Oppenheimer
et al., 2019). Land ice has a huge potential for increasing the sea level further, as the
Antarctic Ice Sheet contains 58 m (Fretwell et al., 2013) and the Greenland Ice Sheet
contains 7 m GMSL rise equivalent of ice (Morlighem et al., 2017). The glaciers and
ice caps (GIC) together would cause a GMSL rise of 0.32 ± 0.08 m when all completely
melted (Farinotti et al., 2019), which is lower than the previously estimated 0.41 m
(Vaughan et al., 2013). Though the GIC contain a relatively small portion of all land
ice, due to their smaller size they respond more rapidly to a changing climate. The GIC
have been one of the of the main contributors to GMSL rise over the last century and
it is expected that the GIC remain a large contributor during the 21st century (Slangen
et al., 2017).
The formation of glaciers is a slow process. Glacier ice can form due to accumulation
and the densification of snow. Fresh snow can be as light as 50 kg/m3 . After the snow
survives for a year without melting away it becomes firn. Though this transition is based
on the age, it includes changes in its properties. The process of densification starts with
relocation of the snow grains. Later the density will further increase due to vitrification, the fusion of ice crystals. Firn becomes ice once its density passes the threshold
of 830 kg/m3 , the air filled pores are then no longer interconnected. The duration of
this process is very much depended upon the local conditions. Under warm and wet
conditions this process might take a few years, while it might take a couple of hundred
years under cold and dry conditions. In addition, pressure has a positive influence on
the densification speed. Based on the mass balance3 a glacier can be divided into two
zones. In the accumulation zone there is more mass gain throughout a year than mass
loss and this is the other way around in the ablation zone. Ice ends up in the ablation
zone of a glacier through the flow of ice (Fig. 1.1). The flow of glacial ice is driven by
gravity and restricted by lateral and basal drag. The height where the accumulation is
equal to the ablation over a year is the equilibrium line altitude (ELA, see Fig. 1.2 for
an overview of the different mass balance components that a glacier can have). The ELA
2

A commonly used definition for a glacier is: "a perennial mass of ice, and possibly firn and snow,
originating on the land surface by the recrystallization of snow or other forms of solid precipitation
and showing evidence of past or present flow" - Cogley et al., 2011. However, there is some ambiguity
related to this term. Glaciers can be further subdivided into categories, including one carrying the
same name: glaciers, ice caps, and ice sheets. In this subcategory glaciers are defined by these ice
masses that are confined by the topography, while the latter two are not (e.g. Benn and Evans, 2010).
An ice cap is dome shaped and has a radial flow. Once an ice body is larger than the commonly
used threshold of 50 000 km2 , than it is referred to as an ice sheet (Cogley et al., 2011). When the
term glacier is being used in this thesis, it is a reference to all these three types of ice masses, unless
specified otherwise. In practise, it means that the glaciers often referred to in this thesis consist of
both glaciers and ice caps, as there is currently no ice sheet in the Canadian Arctic.
3
The glacier mass balance is the change in glacier mass, or a part of that, over a stated span of time
(Cogley et al., 2011). It is the sum of the ablation and the accumulation.
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Figure 1.1: Schematic glacier. In blue the net gain is indicated in the accumulation
zone and in red the net loss is indicated in the ablation zone. The border between these
two zones is the ELA. The grey arrow indicates the flow of the glacier ice. (Figure credit:
Anne Maussion, Atelier les Gros yeux)
is not necessarily located on the glacier. In a year with a very positive/negative mass
balance, the ELA can be respectively lower/higher than the lowest/highest point of the
glacier. It is then at the altitude where the specific mass balance would theoretically be
zero. Due to the densification of snow and firn over time, a change in surface elevation
of a glacier can not directly be transferred to mass change. As a results it is very labour
intensive to get local mass balance measurements. Uncertainty is being added when
these point measurements are being extrapolated over an entire glacier.

1.2 Canadian Arctic glacier mass balance
Approximately 23% of the glacier ice volume, not taking into account the ice sheets,
is located in the Canadian Arctic Archipelago (CAA, Farinotti et al., 2019). Due to a
combination of positive feedback mechanisms, referred to as Arctic Amplification, the
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Figure 1.2: Glacier mass balance components. (Figure credit: Cogley et al.,
2011.)
surface air temperature in the Arctic has changed on average with a factor 3 to 4 more
than the Northern Hemisphere mean, on a range of time scales over the last 3 million
years (Miller et al., 2010). There is a high confidence that over the last two decades the
surface air temperature has increased more than double the global average in the Arctic
(Meredith et al., 2019). During this period the mean near-surface summer temperature
increased by 1.1 ◦ C in the CAA (Noël et al., 2018). This resulted in a doubling of the
Southern CAA glacial surface mass loss and an even higher increase in the Northern CAA
compared to the pre-1996 surface mass loss (Noël et al., 2018). For the period 2003-2009
CE there are different mass-balance estimates for the CAA: −60 Gt/yr (Gardner et al.,
2013), −40 Gt/yr (Marzeion et al., 2015) and −47 Gt/yr (Box et al., 2018). Harig and
Simons (2016) reported based on data from the Gravity Recovery and Climate Experiment (GRACE) a mass loss acceleration for the region of 11 ± 3 Gt/yr2 . Due to the
sharp increase in mass loss the CAA was probably the largest cryospheric contributor
to sea-level rise between 2007 and 2009 CE, with an ice loss of 92 ± 12 Gt/yr, without
taking into account the ice sheets (Gardner et al., 2011). This is not just the case over
this relatively short time window. There are more recent studies that show that the CAA
has also lately over a slightly longer period, e.g. 2006-2016 CE, been the region with
the largest non ice sheet ice loss as well (Zemp et al., 2019; Wouters et al., 2019; Ciracì
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et al., 2020). Understanding the sensitivity of the Canadian Arctic glaciers to regionally
changing climate conditions is therefore important for sea-level rise projections, even
more so because Arctic Amplification means that the temperature rise in the Arctic is
expected to continue to be double that of the global mean (Overland et al., 2019). In
addition glacial mass loss in the CAA has an influence on the local hydrology, which can
effect the ecology and the fresh water supply to local communities (Sharp et al., 2014).
Several of the ice caps in the Canadian Arctic are remnants of the Innuitian and Laurentide Ice Sheets (Koerner and Fisher, 2002; England et al., 2006), of which some are now
smaller than at any time in the last 44 ka (Miller et al., 2013). Other glaciers and ice caps
disappeared during the early-to-mid Holocene, before reforming with the cooling climate
during the late Holocene (Koerner and Fisher, 2002). The cooling trend in the Arctic
corresponds with a period of decreasing Northern Hemisphere summer insolation driven
by orbital forcing (Kaufman et al., 2009). Over the last millennium there have however
been different episodes of glacier advances and retreats (Solomina et al., 2016). During
this period not solar forcing, but volcanic eruptions and changes in GHG concentration
have been probably the most important influence on the climate (Schurer et al., 2014).
Though volcanic aerosols stay only briefly in the atmosphere, it has been suggested that
volcanic eruptions, coincident with a period of minimum insolation driven by orbit forcing, triggered sea-ice/ocean feedbacks that caused the onset of the Little Ice Age (LIA)
in the CAA (Miller et al., 2012). On the other hand Slawinska and Robock (2018) made
a similar argument, but instead of the orbitally driven insolation minimum they suggest
the solar minimum as an enabling forcing. In contrast, it has been argued that glacier
build-up in the neighbouring Arctic Atlantic region could have occurred through a combination of stochastic atmospheric cooling and feedbacks without the need for changes in
forcing (van der Bilt et al., 2019). Also, changes in land use and land cover had a cooling
effect in the CAA over the last millennium (Peng et al., 2020) and could therefore have
contributed to glacier advances.
The trend of glacier growth in the CAA has recently been reversed: ice cores suggest
that Devon and Aggasiz ice caps have been losing mass at a faster rate in the period
1983-2008 CE than at any time in the last 4000 years (Fisher et al., 2012). The ELA
increase from the LIA up to 1960 in the Northern CAA is spatially very variable, ranging
from 0 to >600 m (Wolken et al., 2008). There are 11962 glaciers in the CAA (RGI
Consortium, 2017), that each have their own characteristics and therefore do not all
necessarily respond in the same way to a changing climate. According to a study by
Marzeion et al. (2014), an anthropogenic signal can be detected with high confidence
in the recent regional glacier mass balance. However the glaciers were out of balance
with the climate since 1850 CE. Therefore it would be beneficial to know what led to
the mass build-up during the LIA for placing the recent mass loss into perspective and
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distinguishing between the different sources of mass loss (Marzeion et al., 2014).

1.3 Goals and Outline
Here the following questions are being raised:
• Is the recent glacier mass loss of land-terminating glaciers in the CAA unprecedented for the last millennium?
• What is the long-term contribution of individual forcings to the recent glacier mass
loss?
• How will the glacier volume evolve over the 21st century under a high emission
scenario?
Of all the 11962 glaciers in the region (RGI Consortium, 2017), only six have massbalance measurement time series in the World Glacier Monitoring Service (WGMS, 2017)
database with over 10 years of observations: Devon ice cap NW (1960-2016, 56 obs),
Baby Glacier (1959-2005, 34 obs), White Glacier (1959-2016, 54 obs), Ward Hunt Ice
Rise (1958-1985, 23 obs), Melville South Ice Cap (1962-2016, 54 obs), and Meighen Ice
Cap (1959-2016, 57 obs). These time series cover at most about half a century and are
not all continuous (Fig 1.3). Little is known about the climate in the northern part of
the CAA up to 1946, as from before that year there are only some scattered records
of meteorological data from early expeditions (Bradley and England, 1978a). There
are however climate reconstructions that go further back in time, like the temperature
reconstruction of the Arctic for the last 2000 years by McKay and Kaufman (2014),
though its resolution is much coarser than that of the instrumental data. Due to this
scarcity of glacier mass balance and climate data, both in time and space, model studies are needed to get a better insight into natural climate variability and glacier evolution.
Here we used the Open Global Glacier Model (OGGM, Maussion et al., 2019a) to simulate the glaciers in the Canadian Arctic over the last millennium. This model allows
glaciers to advance, which is an essential feature when simulating glacier evolution over
the last millennium. The simulations were started from present day glaciers, because
their geometry a millennium ago is poorly known. The initial glacier states are thus not
based on the correct geometry for the glaciers at the time. Therefore we assessed, with
a sensitivity experiment, the influence that the initial glacier geometry has in the simulations on the glacier evolution and the mass balance. The simulations were forced with
the Community Earth System Model Last Millennium Ensemble (CESM-LME, OttoBliesner et al., 2016), an ensemble that was designed to study climate variability over
the last millennium as a result of both internal variability within the climate system and
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changes in individual external forcings.

Figure 1.3: The surface mass balance record of Baby Glacier (left) and White
Glacier (right) (WGMS, 2020). The grey bars indicate a data gaps.
There are different methods to separate the internal climate variability from the forced
response. Taking the ensemble mean of climate simulations reduces and, depending on
the ensemble size, might even averages out the internal variability, leaving the response
to the external climate forcing (Frankcombe et al., 2015). In case of a single model
ensemble mean this gives a good estimate of the true forced signal (Frankcombe et al.,
2018). Goosse et al. (2005) showed for last millennium simulations that taking a such
mean mostly reduces the inter-annual temperature variability. There is however an
asymmetry in the glacier mass balance between warm and cold years (Malone et al.,
2019). So even if the mean climate is constant, a change in its variability could have
an effect on the mass balance. In the CAA it has been observed that one year with a
very negative mass balance can remove the mass that was gained over many years with
a positive mass balance (Koerner, 2005). This leads to the question:
• How important is the amplitude of internal variability within the forcing climate
for the simulation of glaciers over the last millennium?
While addressing this question with sensitivity experiments, there is a specific focus on
the effect of using the ensemble mean as forcing compared to forcing the model with the
different ensemble members.
Tidewater glaciers have very specific modelling challenges, not only in their dynamics
but also for the ice thickness inversion (e.g. Recinos et al., 2019). Currently 35.7% of the
145999 km2 by glacier covered area in the CAA are tidewater glaciers (RGI Consortium,
2017). Still about 92% of the glacier mass loss in the region comes from melt water

7

1 Introduction

Figure 1.4: Glacier and ice caps in the CAA according to the RGI v6 (2017).
The land-terminating glacier and ice caps (dark blue) are the focus of this study, while
the tidewater glacier (light blue) are being excluded. Note there are are many small
glaciers in the region, that are not visible due to the size of the map.
run-off and only 8% is due to calving (Gardner et al., 2011). However, it is suggested
that throughout the 20th century the mass loss in the Northern CAA, where 258 of the
326 tidewater glaciers are located (RGI Consortium, 2017), primarily occurred through
calving (Lenaerts et al., 2013). Over the period 1991-2005 CE 52% of the glacier mass
loss on Queen Elizabeth Island was a result of calving. However this share decreased to
10% with increasing mass losses over the following decade (Millan et al., 2017). Even
though Cook et al. (2019) show that atmospheric forcing appears to be the primary driver
of their changes since the 1950s (unlike in other regions, which are primarily driven by
ocean temperatures), it cannot be assumed that that was the case throughout the last
millennium. Therefore it has been decided to focus in this study on land-terminating
glaciers and ice caps in the region only (Fig. 1.4).
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1.3 Goals and Outline

Outline
Addressing the response of CAA land-terminating glaciers to a warming climate requires
longer time series with higher spatial resolution than that of the available in situ surface
mass balance (SMB) the measurements, which began only around 1959 CE and are available for only a small number of glaciers (WGMS, 2017). Therefore a modelling study
was conducted to answer the research questions. The simulations were preformed with
OGGM (Maussion et al., 2019a) forced with the CESM-LME (Otto-Bliesner et al., 2016).
Chapter 2 gives a general overview of the method that is being used. Chapter 3 presents
the sensitivity study, that led to the model set-up that is being used in the second part
of chapter 3 and in chapter 4. The focus of this sensitivity study is on the influence
of climate variability on glacier evolution and addresses specifically the effect of using
ensemble mean climate forcing compared to that of individual ensemble members on the
glacier evolution. In the second part of chapter 3 we present and evaluate simulations
of the glacier volume evolution of land-terminating glaciers over the last millennium,
including those for the initial glacier sensitivity test. The transient last millennium simulations extend to the year 2100 CE under the Representative Concentration Pathway
(RCP) 8.5 scenario. These simulations are used to answer the first and third research
questions. In addition these transient simulations have been used as a base for studying
the influence of individual forcings and to address with that the second research question
(Chapter 4). In the final chapter, the conclusions are summarized and an outlook is given.
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2 Methods
2.1 Glacier modelling
OGGM is a relatively new and open source model that is in constant development
(Maussion et al., 2019a). In this study we use the OGGM v1.0.3 and v1.1 (Maussion et al., 2018, 2019b) to simulate the glacier volume evolution in the CAA (Fig. 1.4).
OGGM uses a glacier centric approach (i.e., every single glacier is modelled independently from the others), using ice masks based on the Randolph Glacier Inventory (RGI
Consortium, 2015, 2017) and topography derived from the DEM3 data for the CAA
(http://viewfinderpanoramas.org/dem3.html). The ice thickness is being
computed, by using an ice thickness inversion method that is based on Farinotti et al.
(2009). OGGM is a flowline model that uses the isothermal shallow ice approximation
for its dynamics and defines the flowlines, which consist of a main flowline with possibly
tributary branches, by following the method of Kienholz et al. (2014). For the mass
balance a variation of the temperature index model by Marzeion et al. (2012) is used.
An overview of the workflow in OGGM can be found in figure 2.1.

2.1.1 Mass balance model
The monthly mass balance mi at altitude z is calculated as follows:
mi (z) = pf Pisolid (z) − µ∗ max(Ti (z) − Tmelt , 0) − β ∗ .

Where monthly solid precipitation Pisolid is multiplied by the precipitation correction
factor pf (set to 2.5 globally). As there is no precipitation lapse rate in the model, pf
can be seen as a global correction factor for orographic precipitation, avalanches, and
wind-blown snow. The precipitation is treated as liquid above 2 ◦ C, solid below 0 ◦ C
and the fraction of solid precipitation is being linearly interpolated between these two
boundary values. The temperature lapse rate is set by default to 6.5 °C/km. For the
monthly mean temperature Ti exceeding the melting point (Tmelt ; −1 ◦ C by default), the
temperature excess [◦ C] is multiplied by the temperature sensitivity parameter µ∗ [mm
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Figure 2.1: A simplified schematic of the workflow in OGGM. The left side of the
flow chart presents the steps for preprocessing the surface geometry of the glacier and its
surroundings, including generating flowlines both for the glacier itself and down stream
of the glacier tongue. The geometrical glacier width determination is the calculation of
glacier width perpendicular for each grid point along the flowline. Because this does not
conserve the total area of the glacier and the distribution per elevation bin, the final
preprocessing step performs some corrections.
yr−1 K−1 ]. Both µ∗ and residual bias β ∗ [mm/yr] are parameters that originate from the
automated calibration procedure of the model, which is used by default in OGGM. All
the parameters are kept constant over time, so the sensitivity of the glacier to temperature does not change over time.
The temperature sensitivity of a glacier, µ∗ , can be estimated when using a climate time
series in combination with the mass balance measurements. One of the glaciers in the
CAA that has a glacier mass balance record is White Glacier (WGMS, 2017), which will
be used here as an example (Fig 1.3). The values for µ can be computed by assuming
that the glacier mean specific mass balance, over a 31-year period centred around year
t, is zero. For each t there is a candidate µ(t) for the temperature sensitivity (Fig 2.3).
During the computation of µ the glacier geometry is kept constant. This geometry is
determined by the digital elevation model (DEM) and the RGI outline (Fig. 2.2). The
method assumes that in one of these years the glacier was near equilibrium with the
climate and that therefore the computed µ is close the actual µ. The next step is that
the model runs for the years with a mass balance record, using the different µ candidates.
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Figure 2.2: Example glaciers. The outlines of White Glacier (in the centre) and
Baby Glacier (bottom left) and their flowlines, in different colors on top of the local
topography (DEM3 dataset post-processed by OGGM). The filled circles indicate the
origin of the flowlines and the empty circles indicate the locations where one flowline
connects to another; in other words, the point where the flux of the upstream flowline is
added. (This figure has been produced with one of the graphics functions from OGGM.)
The computed mass balance is compared with the mass balance record, resulting in a
mean bias that is based on the years with mass balance measurements (Fig 2.3). The µ
that has the smallest corresponding bias is µ∗ . For White Glacier this results in a µ∗ of
177 mm yr−1 K−1 and a bias of 48 mm/yr.
Many glaciers do not have a mass balance record. Globally there are about 200,000
glaciers in the RGI. Only 254 of those glaciers have mass balance measurement time
series in the WGMS data base that can be used for the calibration of OGGM (Maussion
et al., 2019a). The µ∗ differs from glacier to glacier. Neighbouring glaciers can have
a very different µ∗ , as this value is mostly dependent on glacier-specific characteristics,
such as topographical shading and clouds. Baby glacier has a µ∗ of 728 mm yr−1 K−1 ,
which is roughly 4 times larger than the µ∗ of its neighbour White Glacier (Fig 2.2).
Because µ∗ is so glacier-specific, it is not being spatially interpolated between glaciers.
Instead t∗ , the year that µ∗ originates from, and the corresponding bias are spatially
extrapolated. For White Glacier and Baby Glacier t∗ is respectively, 1982 and 1924 CE.
For the glaciers without a mass balance record, µ∗ is computed in t∗ . Cross-validation
has shown that this method gives better results than the interpolation of µ∗ (Marzeion
et al., 2012). For the example glaciers, it is clear that extrapolating t∗ would have led
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Figure 2.3: The µ candidates with their corresponding bias for two example
glaciers with a mass balance record. Baby Glacier in the upper and White Glacier
in the lower plot. The dashed line indicates t∗ , the year from which µ∗ and its respective
bias has been selected by the calibration procedure.
to a much better approximation of µ∗ than extrapolating µ∗ , in the event that one of
the glaciers would have lacked a mass balance record. Though t∗ is very different for
both glaciers, the µ candidate of White Glacier for the t∗ of Baby glacier is with 167 mm
yr−1 K−1 a way better approximation of White Glaciers µ∗ than taking Baby glaciers
µ∗ , which are respectively 177 mm yr−1 K−1 and 728 mm yr−1 K−1 . The µ candidate of
Baby Glacier in the t∗ of White Glacier is 649 mm yr−1 K−1 . This underestimates µ∗
with 11% instead of 76 %.
By default Climatic Research Unit (CRU) climate data is used in OGGM both for the
calibration procedure and for doing model simulations. Before the calibration procedure
takes place, the CRU monthly climate data of the last century (CRU TS, Harris et al.,
2014) is down scaled to the CRU 1961-1990 CE climatology (CRU CL, New et al.,
2002). The down scaling is done with the delta method, for each month separately (e.g.
all the Julys receive the same correction). The temperature, T, is computed by applying
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temperature anomalies:
T = CRUT S − CRUT S(1961−1990) + CRUCL .
The monthly precipitation, P, is being scaled to the CRU CL:
P =

CRUT S
· CRUcl .
CRUT S(1961−1990)

The CRU CL has with 0.167◦ a higher resolution than the 0.5◦ resolution of CRU TS.
However, the main advantage of applying the delta method in this case is the gain of
elevation data, which is required for computing the mass balance. The CRU CL data set
contains heights, while the CRU TS does not. (See Marzeion et al., 2012 and Maussion
et al., 2019a and https://docs.oggm.org/en/v1.1/mass-balance.html for
more information on both the calibration procedure and the mass balance model).

2.1.2 Ice thickness and dynamics
The ice thickness inversion, h[m], in the model is based on the method of Farinotti et al.
(2009), using an ice density, ρ, of 900 kg/m3 . There is no distinction made between
ice, firn and snow. In the Ice Thickness Models Intercomparison eXperiment (ITMIX),
OGGM ranked among the best models (Farinotti et al., 2017). The inversion method
makes use of the DEM, the glacier outline and the calibrated mass balance model. The
method assesses how thick the glacier needs to be in order to retain its shape with the
glacier dynamics that the model has under the average mass balance in the 31 years centered around t∗ . The default glacial bed shape in OGGM is a parabola; however, there
are some exceptions to this. In the case that a section along the flowline is touching a
neighboring catchment or ice divide, than the shape of that section will be rectangular.
This is also the case for the terminus of a tidewater glacier, however those will not be
considered in this thesis.
The glacier geometry gets updated once a year based on the glacier mass balance and
the ice dynamics. The ice flux q [m3 /s]:
q = uS,

is a function of the velocity of the ice, u [m/s], and through area S [m2 ], which is the
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section perpendicular to the flowline. The ice velocity is computed with the shallow ice
approximation (Hutter, 1983):
u=

2A
hτ n ,
n+2

which neglects lateral drag. Here Glen’s A is the creep parameter (A = 2.4*10−24 s−1
Pa−3 ) and n Glen’s flow law exponent (n = 3). The basal shear stress τ is computed as
follows:
τ = ρghα,

where g is the gravitational acceleration (9.81 m/s2 ) and α the surface slope along the
flowline. The ice flux is computed on a staggered grid using a forward finite difference
scheme. The spacing between the grid points, dx [m], of the respective glacier is based
on area [km2 ] of the respective glacier in the RGI,
dx = d1 ∗ area2 + d2,

where d1 is 14 and d2 is 10 by default. The grid spacing is clipped to a maximum of
200 m. To ensure numerical stability the ice flux computation uses an adaptive time
stepping scheme following the Courant-Friedrichs-Lewy (CFL) condition:
∆t = γ

dx
,
max(u)

where ∆t [s] is the time step. The CFL number, γ, ranges from 0.1 in the ambitious
set-up and to 0.01 in the conservative set-up. ∆t is being clipped to a set minimum and
maximum depending on the set-up. By default the time step can be as large as 15 days
in the ambitious set-up to as small as 6 minutes in the most conservative set-up. The
time step clipping to a minimum is being done to avoid very long computation times.
However when the glaciers encounter an error during the simulation, it will automatically
be simulated again using more conservative time stepping. In the set-up that was used
in this thesis, the first attempt was to use the default CFL number of 0.05, followed if
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needed two successive times with increasingly smaller time stepping being allowed. If
the third simulation attempt would fail, it would raise an error and move on with the
next glacier. As of OGGM version 1.3 an improved numerical solver is being used. The
glacier length decreases once all the glacier ice at the glacier snout, the most downstream
point along the glacier flowline, has melted away. The glacier grows in length once the
snow in front on the glacier survived for a year. At that point this snow is considered
glacier ice and a part of the glacier (for more information see Maussion et al., 2019a and
https://docs.oggm.org/en/v1.1/ice-dynamics.html).

2.2 Climate forcing
In the framework of the Coupled Model Intercomparison Project phase 5 and the Paleo
Model Intercomparison Project phase 3 (CMIP5/PMIP3) different model groups preformed the transient simulations over the last millennium with fully coupled general
circulation models (GCMs) using the same experimental set-up (Taylor et al., 2012).
Otto-Bliesner et al. (2016) expanded on this with the CESM-LME by generating an
ensemble of transient last millennium simulations, using the CESM1.1 (Hurrell et al.,
2013). The study used the fully coupled CESM, with a ∼2◦ resolution of the atmosphere
and the land component and a ∼1◦ resolution in the ocean and sea ice component. The
CESM-LME was done to study natural climate variability, including internal climate
variability, making it a very suitable dataset to use in this study. In CESM the glaciers
are prescribed and not dynamically modelled, hence this model by itself provides no insight into the influence of natural climate variability on glacier mass balance in the CAA.
The CESM-LME consist of both fully forced, single forced and control simulations. The
two control simulations have a constant forcing throughout the simulation. The 850 CE
control simulation is branched off the 1850 CE control simulation after 650 model years.
The 850 CE control simulation is used to branch all the other simulations from. For
all simulations this is done after 200 model years, except the ozone-aerosol single forced
simulations, which branch 1000 years later. References in this thesis to the CESM-LME
control simulation are to the 850 CE control simulation from the point that most simulations are branched from onwards, thereby excluding the first 200 model years of the
simulation.
The fully forced simulations are forced with the same volcanic, solar, orbital, ozone,
aerosol, land use and land cover change (LULCC) and greenhouse gas (GHG) forcing.
Up to 1850 CE the forcings are similar to those in the Last Millennium simulation that
has been done with the Community Climate System Model 4 (CCSM4, Landrum et al.,
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Figure 2.4: A schematic of the CESM-LME. For the CESM-LME the fully coupled
version of CESM was used, meaning that the four model components interacted together
via coupler. The resolution of different model components is noted next to the respective
model component.
2013) and after that to those in the CESM Large Ensemble (CESM-LE, Kay et al.,
2015). The changes over time in the LULCC forcing are based on reconstructions of
crops and pastures by Pongratz et al. (2008) and Hurtt et al. (2011). The solar forcing
is based on the reconstruction by Vieira et al. (2011) and an 11-year solar cycle has
been superimposed (for more details see Schmidt et al., 2011). The ozone and aerosol
forcing is the only forcing that is fixed at its control values up to 1850 CE and evolves
over time for the remainder of the simulations (Otto-Bliesner et al., 2016). These are
anthropogenically induced changes ozone and aerosols (Huang et al., 2018). The volcanic
forcing is based on the reconstruction by Gao et al. (2008) and during the 20th century,
like in CMIP5, on the dataset of Ammann et al. (2003). The orbital forcing is calculated
following Berger (1978) and Berger et al. (1993) and the GHG concentrations are based
on Antarctic ice cores (Schmidt et al., 2011).
The 13 fully forced simulations only differ from each other because of a tiny perturbation
in the initial condition of the air temperature. As a result, the differences within the
ensemble are solely caused by internal variability of the climate system. Four of these
simulations are extended under the RCP8.5 scenario up to 2100. This extension has not
been done under other scenarios. The single forced simulations have only one forcing
that changes over time. The other forcings are fixed at their initial values in 850 CE,
except for the ozone-aerosol forcing that has 1850 CE as initial year. Like with the fully
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forced simulations, also for the single forced set-up, a couple of simulations have been
done with the same forcing: volcanic (5), orbital (3), solar (4), LULCC (3), ozone-aerosol
(4) and GHG (3). As a result the simulations in the respective single forced ensembles
also only differ from each other due to internal climate variability (Otto-Bliesner et al.,
2016).
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3 Recent glacier mass loss in the
Canadian Arctic Archipelago in a
last millennium perspective
3.1 Introduction
Between 1961 and 2016 the glacier and ice caps in the CAA contributed 1,485 Gt (4.1
mm) to global sea level rise and recently (over the period 2006-2016 CE) CAA was the
region with the largest non ice sheet glacier mass loss (Zemp et al., 2019). The aim of
this chapter is to place the recent mass loss in the perspective of the glacier mass loss in
the region over the last millennium and investigate how this might evolve under a high
emission scenario. For this purpose model experiments have been done with OGGM
driven by the climate of the CESM-LME (Maussion et al., 2019a; Otto-Bliesner et al.,
2016), hereby being the first study to use OGGM for millennium long transient simulations on a regional scale. Though OGGM has been used before for last millennium
transient simulations, none of these simulated glaciers are in the CAA (Goosse et al.,
2018; Parkes and Goosse, 2020). This is one of the reasons the sensitivity study was
needed, leading up to the experimental set-up for the last millennial fully forced glacier
simulations that were used to put the recent mass loss into perspective.

3.1.1 Sensitivity study
Internal climate variability and temperature fluctuations have an influence on the glacial
volume of the Greenland Ice Sheet (Tsai et al., 2017; Mikkelsen et al., 2018). However
previous glacier studies have mainly focused on the influence of a change in the mean
climate on the mass balance, while little is known about the influence of changing climate variability on glacier mass balance. Nonetheless temperature variability on time
scales shorter than the glacier response time can have a strong influence on glacier mass
balance (Farinotti, 2013). Because melting occurs above a threshold temperature, the
number of positive degree days (and therefore glacier mass balance) is influenced by
both the mean temperature and temperature variability. Hence zero-mean temperature
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variability can have a non-zero-mean effect on mass balance, due to the mass balance
asymmetry between warm and cold years as a result of the mass balance profile (Malone et al., 2019). Some studies showed that climate variability can have a significant
influence on glacier length (Roe and O’Neal, 2009; Roe, 2011; Farinotti, 2013; Goosse
et al., 2018; Huston et al., 2021). However, these studies were done for a relatively small
number of well observed glaciers, mostly on a short time scale. Aside from the study by
Huston et al. (2021), none of these studies included glaciers in the CAA. Though it has
been observed that one year with a very negative mass balance can reverse many years
of positive mass balance (Koerner, 2005). The goal of the sensitivity study is to asses the
role of the amplitude of the internal variability within the forcing climate data on the
glacier mass balance in the CAA during the last millennium, while specifically focussing
on the effect of ensemble mean forcing. In this context some additional experiments were
preformed to asses the role of the mass balance - elevation feedback in the sensitivity
experiment and the amplitude of the temperature variability. Based on these results
adjustments have been made to the experimental set-up for the transient fully forced
glacier simulations.

3.1.2 Fully forced transient simulations - 850-2100 CE
The transient fully forced simulations have been validated with the in situ mass balance
measurements (WGMS, 2017), the present day glacier covered area (RGI Consortium,
2017), the present day inverted glacier volume (Maussion et al., 2019a) and modeled
SMB derived from the Regional Atmospheric Climate Model (RACMO2.3) starting in
1958 CE (Noël et al., 2018). In order to make a comparison with the RACMO2.3 SMB
that is not hampered by the natural year-to-year climate variability, simulations were
branched off the transient fully forced simulations and from there on forced with the
CERA-20C and CRU TS (Laloyaux et al., 2018; Harris et al., 2014).
The transient fully forced simulations have been extended under the RCP8.5 scenario,
the only scenario under which the CESM-LME simulations have been extended (OttoBliesner et al., 2016). These projections are used to give an upper boundary for the
future mass loss, to indicate what would be the earliest moment when the mass loss
for the region becomes unprecedented for the last millennium. However there is no
consensus on how the RCP8.5 scenario should be valued. According to Hausfather and
Peters (2020), the RCP8.5 scenario should be seen as a worst case and unlikely scenario.
However an even more recent study by Schwalm et al. (2020) showed that between 2005
and 2020 RCP8.5 scenario was close to the actual emissions. Even though the RCP8.5
overestimates the current emissions and stated policies up to 2050, it is still the best
matching RCP scenario up to the middle of the century and contains highly plausible
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Figure 3.1: The Domain: land-terminating glaciers in the CAA. In blue the ones
that were successfully simulated in the transient simulations and in red the ones that
failed. On the left side the domain for the sensitivity study (RGI Consortium, 2015) and
on the right domain of the fully forced transient simulations (RGI Consortium, 2017).
Note there are are many small glaciers in the region, that are not visible due to the size
of the map.
CO2 levels for the end of the century (Schwalm et al., 2020).

3.2 Method
3.2.1 Sensitivity study
Model set-up
For the sensitivity study OGGM v1.0.3. is being used (Maussion et al., 2019a). The
domain is set to the land-terminating glaciers of the CAA North and South, as defined
by the RGIv5 (Fig. 3.1). The model has been initialized with its default settings, with
an increased border parameter to allow the glaciers to advance further when evolving
over time. Since the geometry of CAA glaciers is poorly known in the year 850 CE,
ice volume and extent were initialized based on their present day state. Therefore they
do not account for the glaciers that were present during the last millennium, but had
already disappeared around 2003, i.e. the year of which most of the RGI glacier outlines
are based.
The total initial glacier volume, that has been inverted with the default method in
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OGGM, is 19796 km3 (Maussion et al., 2019a). This volume does not include tidewater
glaciers and 142 other glaciers (1.9% total area) that are not included due to errors during the simulations. A part of the errors occur during initialization of the model and a
part of the errors are caused by glaciers that exceed the domain boundary. More information about why in rare occasions glaciers can not be modelled with OGGM can be
found in Maussion et al. (2019a). When an error occurs for a glacier in one simulation,
all the results for that glacier are removed for the respective experiment, the transient
simulations or the temperature variability sensitivity experiment. This does not affect
our conclusions, because these glaciers only make up for a small part of the total and
are expected to behave in a similar manner as the other glaciers.

Transient simulations - 850-2005 CE
The goal of this sensitivity study is to investigate the influence of the amplitude of climate
variability in the forcing climate on the glaciers in the CAA during the last millennium,
while specifically focussing on the effect of ensemble mean forcing. Here our first step
is to generate an ensemble where the ensemble members only differ from each other
as a result of internal climate variability. In our simulations OGGM was driven with
the temperature and precipitation of the fully forced CESM-LME simulations (OttoBliesner et al., 2016). To force OGGM, the CESM-LME timeseries are bias corrected
to the glacier scale with a relatively simple but robust statistical method similar to the
“delta-method” (e.g. Ramirez-Villegas and Jarvis, 2010) applied with CRU (New et al.,
2002; Harris et al., 2014) as a reference climate. The monthly mean 2-m air temperature
of each of the ensemble member (CESMm ) was used to calculate the temperature time
series (Tm ) in the following way:
Tm = CESMm − CESMens + CRUcl ,
where the bar denotes the monthly time average over the period 1961-1990 CE (i.e. one
average for each calendar month) and CESMens denotes the monthly average over all
ensemble members. This “ensemble reference climatology” was subtracted from each
ensemble member to generate the temperature anomalies, which are then applied to
the CRU CL dataset (monthly climatology for 1961-1990, New et al., 2002). In practice, this applies a monthly bias correction while keeping the variability of each member
unchanged. The reason we used the ensemble mean instead of each member’s temporal mean (the “standard delta method”) was because of the significant difference of the
30-year averages between the ensemble members. Treating the ensemble members separately would therefore have increased the ensemble spread and introduced a systematic
bias, by generating ensemble members that are systematically warmer/colder than the
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other ensemble members.
The total monthly precipitation was down scaled similarly to temperature, but here we
use scaled anomalies instead:
Pm =

CESMm
· CRUcl
CESMens

We use scaled anomalies because the standard anomaly procedure could lead to negative
precipitation in some cases. This down scaling procedure is the same as the one that
is used by default in OGGM with the CRU TS dataset, or to GCM data in Marzeion
et al. (2012, 2014, 2018). The only difference is that the ensemble mean is used instead
of each member independently as explained above. The influence of internal climate
variability in the forcing climate on the glacier mass balance in the Canadian Arctic has
been further investigated by reducing the internal climate variability. In this "reduced
variability experiment", OGGM was forced with the ensemble average instead of each
ensemble member independently, which leads to a great reduction of interannual climate
variability in the forcing climate.

Mass balance - elevation feedback
Typically the mass balance rate increases with altitude. This is caused by the temperature lapse rate and the generally increasing amount of precipitation with altitude
(Oerlemans, 2008). When a glacier has a positive mass balance, the surface of the glacier
increases. This increased surface elevation will have a higher surface mass balance than
it would have had with its previous geometry, in this way generating a positive feedback
loop. Even though there is no precipitation gradient implemented in the model set-up,
there is still a positive feedback due to the temperature lapse rate. For this reason the
transient simulations that are described in the previous paragraph have been repeated
with this feedback turned off in the model, to get an insight into how much the differences between the simulations are being enhanced by this mechanism. Turning the mass
balance - elevation feedback off in the model means that the height at which the mass
balance is calculated for a point along the glacier flowline stays constant throughout the
simulation. This configuration allows the glacier geometry still to evolve over time, only
the altitude at which the mass balance is computed along the flowline stays the same
as in the first model year and is thus after that first year not necessarily equal to the
altitude of the glacier surface at that point.
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Sensitivity experiment: Temperature variability

The CAA is cold, with annual mean 2-m air temperatures ranging from -20 ◦ C on central
Ellesmere Island to -10 ◦ C on southern Baffin Island (Sharp et al., 2014). Due to the short
melt season in the region a change in the summer climate can have a significant influence
on the glacier mass balance in the region (Bradley and England, 1978b; Koerner, 2005).
The glacier mass balance is strongly correlated with the summer temperature and this
does not seem to be much influenced by winter precipitation (Bradley and England,
1978a; Koerner, 2005; Gardner and Sharp, 2007). Therefore it was chosen to investigate
further the impact of temperature variability on the glacier mass balance in the region,
hereby looking at the frequency modes and the magnitude of the variability. This was
done by changing the amplitude of the temperature anomalies. In a first experiment,
we repeated the ensemble member 6 Tm and Pm time series of the period 1950-2000 CE
for 2000 years. Ensemble member 6 was chosen for this sensitivity experiment, because
it represents the median of the ensemble for that period and we therefore assumed that
it will give a general picture that is representative for the ensemble. The temperature
anomalies of this time series were then scaled as follows:
Tm,scaled = scf (Tm − Tm(1950−2000) ) + Tm(1950−2000)
The following scaling factors (scf ) have been used: 0.5, 0.75, 1 (no scaling), 1.5 and 2.
In a second experiment, the role of temperature variability has been further tested by
using a moving average with different window (boxcar) sizes: 1 (no moving average), 3,
10, 25 and 50 years. The yearly temperature cycle was kept intact by using the moving
average for each month separately. Except for the different time series that were used
to force OGGM, the set-up of the model was the same for the sensitivity experiments as
for the transient simulations. In addition to the sensitivity experiments where either the
temperature anomalies were scaled or smoothed, an experiment of 250 model years was
done with all 25 combinations of window sizes for smoothing and the different scaling
factors. Effectively this results in 21 different combinations, as there is no net difference
between the runs with a window size for smoothing over 50 years for the different scaling
factors. The climate time series that is repeated has in that case the same length as
the smoothing window, so each year ends up having the same temperature cycle. All
these simulations for the sensitivity experiment were started from the same 5000 year
long spin-up run, with a repeated forcing of the 1950-2000 CE climate. This spin-up
simulation was, like the transient simulations, started from present-day glaciers.
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3.2.2 Glacier evolution 850 - 2100 CE
Model set-up
Based on results of the sensitivity study slight adjustments have been made to the model
set-up with regard to the climate forcing for the experiments in the second part of this
chapter (Table 3.1). In addition more recent versions of OGGM (v1.1.) and the RGI
(v6) are being used here.
Climate forcing
To simulate SMB and ice volume over the last millennium, we used the 13 CESM-LME
fully forced simulations to drive the OGGM (Maussion et al., 2019a). Four of these
last millennium simulations continue under the RCP8.5 scenario until 2100 CE (OttoBliesner et al., 2016). In those cases the full length of the extended simulations has been
used to force OGGM. This ensemble of simulation will be referred to as the fully forced
simulations.
Based on the results of the sensitivity study, the temperature anomalies were scaled to
the CRU TS (Harris et al., 2014) by using the standard deviation over the reference
period. The monthly scaling factor is again based on the whole ensemble and applied
to the individual ensemble members. This correction was applied, because of the higher
year-to-year temperature variability in the CESM-LME compared to the CRU TS (Fig.
3.12), to which the mass balance of CAA glaciers is very sensitive (Chapter 3.3). Due
to the temperature threshold for melting, temperature variability also has an influence
on the positive degree days and therefore the mass balance (Farinotti, 2013). The temperature variability also influences the variability of the ELA, which is important for
the mass balance, as upward and downward shifts of the mass balance gradient of the
same magnitude do not have the same effect as keeping it constant, due to the glacier
geometry and the shape of the mass balance gradient. Through asymmetry between
the mass balance in warm and cold years the magnitude of inter-annual air temperature
variability can influence the glacier mean state (Malone et al., 2019). Not correcting this
effect would in this case lead to a significant underestimation of the glacier volume in
the CAA (Chapter 3.4).

Sensitivity to initial conditions
It is a big assumption to initialize the simulations with present-day glaciers. Therefore
sensitivity tests were performed to asses the implications of this assumption. As a first
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part 1
Sensitivity study
OGGM version
RGI version
scaled temperature anomalies

1.0.3.
5
False

part 2
Glacier evolution
850-2100 CE
1.1.
6
True

Table 3.1: The differences in the model set-up between the part 1, the sensitivity study, and 2, the fully forced transient simulations, of this chapter.
Scaled temperature anomalies refers to the scaling of temperature anomalies in the transient simulations, not to the temperature variability sensitivity experiment (Chapter
3.2.1)
test the model was initialized with the highest and lowest regional glacier volume state
from the regular transient runs and forced with the climate that resulted in those states,
respectively CESM-LME ensemble member 10 and 3. Another simulation was started
from a state without glaciers, which is extreme and unrealistic, and forced with CESMLME ensemble member 10. To get more insight into the influence of the initial conditions
on the glacier evolution, an additional 6-millennium long run was done to see how long
a difference in glacier volume can persist. One of these simulations starts from the same
initial conditions as the fully forced transient simulation, while the other one starts from
zero glacier volume. Both these simulations were forced with the last 6 ka of the CCSM
Simulation of Transient Climate Evolution over the Last 21,000 Years (TraCE-21ka: He,
2011; Liu et al., 2014).

Validation
For local validation of the simulations observations were used. The simulated area at
present day was compared to the glacier area according to the RGI (RGI Consortium,
2017). The present-day simulated volume was compared to the initial volume that was
obtained by the glacier bed inversion of present day glaciers (Maussion et al., 2019a;
Farinotti et al., 2019). The simulated glaciers with a SMB record in the World Glacier
Monitoring Service (WGMS) of at least 5 years were compared to those records.
On a regional scale, the SMB of glaciers that were successfully modelled with OGGM
were validated by using the corresponding SMB derived from the regional climate model
RACMO2.3 (Noël et al., 2018). RACMO2.3, forced by ERA-40 (1958-1978; Uppala
et al., 2005) and ERA-Intenim (1957-2015; Dee et al., 2011) reanalysis products, runs
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at an 11 km spatial resolution for the period 1958-2015 CE, and is further statistically
down scaled to a 1 km grid (Noël et al., 2018). Due to the internal variability of the
climate system, there is a spread in the transient simulations. In order to make a better
comparison, between our simulations and the RACMO2.3 SMB, additional simulations
were preformed. A part of these simulations were branched of the 13 ensemble members
in 1957 CE and than forced with the CRU TS anomalies (Harris et al., 2014; New et al.,
2002). The other part of the simulations were branched of the transient fully forced
simulation that resulted in median regional volume in the year prior to the start of the
RACMO2.3 data, 1957 CE, and forced from there with the Coupled Ocean-Atmosphere
Reanalysis of the 20th Century ensemble (CERA-20C, Laloyaux et al., 2018) scaled climate anomalies with respect to CRU timeseries (1961-1990 CE). These 23 simulations
together will be referred to as the climate data forced simulations.
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3.3 Sensitivity study - Results
3.3.1 Transient simulations
From the start of the transient simulation the total glacier volume in the region declines
(Fig. 3.2). This decline continues throughout the Medieval Warm Period (MWP3 , here
defined as 950-1250 CE, e.g.: Masson-Delmotte et al., 2013) and into the LIA (here
defined as 1450-1850 CE, e.g.: Masson-Delmotte et al., 2013), until it reaches its lowest
point in 1584 CE with an ensemble mean of 12,748 km3 . However for individual ensemble members the time of reaching the lowest volume ranges from 1252 to 1729 CE,
with volumes ranging from 11,490 to 13,370 km3 . The ensemble mean volume starts to
increase during the LIA towards a maximum of 13,929 km3 in 1918 CE. The different
ensemble members reach a maximum between 1787 and 1990 CE, with a volume ranging
from 13,183 to 15,529 km3 . After that, it decreases again to a mean volume of 13,297
km3 , range 12,486-14,471 km3 , in 2005. This present day simulated volume is below the
present day volume that was used for initialisation.
The mean simulated equilibrium line altitude (ELA) of the ensemble is 909 m, ranging
from 896 to 919 m for the different ensemble members, and it has a mean standard deviation of 190 m. The mean ELA of the glaciers is on average higher during the MWP (941
m), lower during the LIA (878 m) and high in recent times (950 m for the period 19502005 CE). The ELA for the simulation that was forced with the CESM-LME ensemble
mean is lower and much less variable; this pattern is consistent throughout the region
(Fig. 3.3). This simulation has a mean ELA of 879 m and a standard deviation of 74
m. It has an average ELA of 912 m during the MWP, 848 m during the LIA and 921 m
for the period 1950-2005 CE. The total glacier volume in that simulation is significantly
larger and outside the range of the ensemble.
The results of the transient simulations show different patterns of glacier evolution for
different glaciers. Baby Glacier and White Glacier, a respectively small and larger sized
glacier, were chosen to use as an example of individual glacier results (Fig. 2.2). The
choice of these glaciers was based on the fact that they have a relatively long mass balance record and are therefore better known and studied than other glaciers of similar size
(e.g. Thomson et al., 2017). The glaciers are located near to each other on Axel Heiberg
Island. Baby glacier is with 0.72 km2 quite representative in size for the region, as it is in
the 44th area percentile. Due to the large amount of small glaciers and a small amount
of very large glaciers the distribution is skewed, with a glacier mean size of 12 km2 (88th
area percentile). White Glacier is on the other hand with 40 km2 (96th area percentile)
3

This period is also being referred to as the Medieval Climate Anomaly (MCA).
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Figure 3.2: Glacier evolution in simulations forced with the CESM-LME. (a)
Total CAA glacier volume of the transient simulations. The model is initialised with
present day glaciers, the red dot indicates this volume at present day. (b) The average
equilibrium line altitude presented with a 31-year average smoothing of the simulated
glaciers in the region. The vertical dashed lines indicate the LIA and MWP (e.g. MassonDelmotte et al., 2013). The ensemble mean, the blue dashed line, refers to the mean
of the 13 simulations forced with the temperature and precipitation of the different
CESM-LME ensemble members, that are presented in grey. Ensemble mean forcing,
solid black line, refers to the simulation that is forced with the CESM-LME ensemble
mean climate. This simulation has therefore been driven with a climate that has reduced
internal climate variability compared to those that were driven by the different ensemble
members. (Note that there is one legend for both panels.)
less similar to the typical glacier in the region (RGI Consortium, 2015). However, it is
the bigger glaciers which contain the largest part of the region’s glacier volume (Fig. 3.4).
White Glacier shows a similar glacier evolution pattern as was shown for the whole
region (Fig. 3.5). Its volume decreases at the start of the simulation and during the
MWP. Unlike the total glacier volume, the volume of White Glacier starts to increase
right after the MWP. Then it increases until it starts to decrease again in recent times.
Baby Glacier on the other hand, shows a very different pattern. The volume of Baby
Glacier decreases after the start of run drastically and disappears completely. For both
Baby Glacier and White Glacier the volume for the simulation that was forced with the
ensemble mean is larger than the mean volume of the ensemble and outside the ensemble
range. For Baby Glacier this simulation was relatively much further from the ensemble
range.

31

3 CAA glacier mass loss in a last millennium perspective

Figure 3.3: Simulated ELA per latitude band. a) South of 70°N. b) between 70
°N and 75°N. c) North of 75°N.

Figure 3.4: Cumulative initial volume distribution of the simulated glaciers
in the CAA.
Mass balance - elevation feedback
The difference between the regular transient simulations and the one that is forced with
the CESM-LME ensemble mean climate, is heightened by the mass balance elevation
feedback (Fig. 3.6). Without this feedback the regular simulations would have resulted
in a slightly higher volume and the simulation with the reduced climate variability in a
lower volume. Still the later simulation resulted in a significantly higher glacier volume,
outside the ensemble range. Therefore the large difference between the these simulations
(Fig. 3.2) can only partly be attributed to the mass balance elevation feedback.

3.3.2 Sensitivity to temperature variability
The sensitivity to temperature variability is tested through equilibrium simulations that
start from a 5000 year long spin-up run (Fig. 3.7a). In some cases an equilibrium is
not reached within the 2000 year long simulation (Fig. 3.7b,c). Still it is clearly visible
that larger temperature variability results in a smaller total glacier volume in the CAA
(Fig. 3.7b). After 500 years of simulation the largest part of the deviation between the
simulations with the different scaling factors already happened. Doubling the amplitude
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Figure 3.5: Glacier evolution of the example glaciers in simulations forced
with the CESM-LME. Glacier volume of Baby Glacier (a) and White Glacier (b) in
the transient simulations. (Note the different vertical axis scales. See the caption of Fig.
3.2 for more information.)
of the temperature anomalies resulted in 73 % reduction in glacier mass and reducing the
anomalies by half resulted in 31 % higher volume, with respect to the simulation without
adjusted temperature anomalies by the end of the simulation. These differences are not
just existing for the large glaciers that dominate the signal in the total glacier volume.
Smaller glaciers are even more affected by changes in the amplitude of the temperature
variability than the larger ones, as these disappear with higher temperature variability
while larger ones just shrink (Fig. 3.8).
Smoothing out the temperature variability over time results in a higher glacier volume
in the region, the larger the window for smoothing the higher the glacier volumes (Fig.
3.7c). The largest difference occurs in the step from no smoothing to a 3-year window,
resulting in a 16 % larger volume and highlighting the role of temperature variability on
the inter-annual time-scale. Using a 50-year window results in a 27 % volume increase,
with respect to no smoothing, after 500 years. The results of the simulations where the
inter-annual variability is reduced by a moving average and the temperature anomalies
are scaled by different factors are shown in figure 3.9. The larger the temperature variability the larger the difference in volume between different experiments. The largest
scaling factor in combination with no smoothing of the temperature anomalies over time
results in the smallest glacier volume. The largest total glacier volume is simulated in
the simulation with the largest moving average window, the simulation where each year
has the same temperatures.
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Figure 3.6: The sensitivity of glacier evolution to the mass balance - elevation feedback in OGGM, in transient simulations of the CAA. This figure shows
results presented in figure 3.2a and the results of the same experiment with the mass
balance - elevation feedback turned off. In the latter experiment the height at which the
mass balance was computed stayed constant throughout the whole simulation. This allowed for the glacier to evolve, while keeping the height at which the SMB was computed
constant over time.

Figure 3.7: Glacier response to varying temperature anomalies. The total
glacier volume in simulations forced with a repeated climate, ensemble member 6 of
the CESM-LME (1950-2000), with varying temperature anomalies. (a) The spin-up
simulation of this sensitivity experiment. (b) The total glacier volume in the model
experiments with scaled temperature anomalies, with different scaling factors. (c) The
total glacier volume in the model experiments with smoothed temperature anomalies,
with different size moving boxcar average smoothing.
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Figure 3.8: The sensitivity of glaciers of different sizes to the temperature
anomaly amplitude. Total glacier volume after 500 years of simulation with repeated
climate forcing and varying scaled temperature anomalies. Based on the initial area, the
glaciers are divided into quantiles. Q1, Q2, Q3 represent respectively the 25th , 50th , 75th
percentile and Q4 the total glacier volume.
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Figure 3.9: Total glacier volume after 250 years of simulation, forced with a
repeated climate with varying temperature anomalies. The climate of CESMLME ensemble member 6 (1950-2000) is repeated. The temperature anomalies in the
downscaled time series are smoothed with different moving average windows and scaled
with different scaling factors.
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3.4 Sensitivity study - Discussion
The sensitivity study shows that even though the climate forcing for the different transient glacier simulations only differs from each other due to the internal climate variability, they resulted in different glacier volumes over time (see ensemble spread Fig. 3.2).
That is similar to what was found for the Greenland Ice Sheet (Tsai et al., 2017) and
for the length of well measured European glaciers (Goosse et al., 2018; Reichert et al.,
2002). Reducing the amplitude of the internal climate variability in the forcing climate
of the simulations by forcing the glacier model with the ensemble mean climate results
in a lower ELA than the mean of the ensemble and a significantly larger glacier volume.
By taking the mean of the climate ensemble both the variability in precipitation and
temperature are reduced. A decreased variability in the air temperature reduces the
exceedance of the threshold temperature for melting, resulting in the lower ELA and a
larger glacier volume, like in the study by Farinotti (2013). This larger volume is not
just seen for the few large glaciers in the region that make up the majority of the signal,
but also for the smaller glaciers.
The reduction of the mean ELA that is caused by using the CESM-LME ensemble
mean as forcing, instead of the CESM-LME ensemble members, is relatively small (Fig.
3.14b) compared to the increase in glacier volume that is generated in that simulation
(Fig. 3.14a). The mean ELA of the different ensemble members has a range of 23
m, while the lowest mean ELA of the ensemble and the mean ELA of the simulation
that was forced with the CESM-LME ensemble mean differ only by 17 m (Fig. 3.2b).
However the ensemble spread of the total glacier volume is much narrower than the
difference between the ensemble maximum and the volume of the simulation that is
forced with the CESM-LME ensemble mean, respectively 1,985 km3 vs 12,175 km3 in
2005 (Fig. 3.2a). This points towards the lowered mean ELA, as result of the reduced
climate variability, not being the full explanation for the increased glacier volume in
the simulation with the CESM-LME ensemble mean forcing. Other indicators for this
can be found when comparing the simulations in more detail. The mean ELA and the
ELA of the simulation with the mean forcing covary, while being constantly relatively
close to each other (Fig. 3.2b). The amplitude of their variance is larger than their
difference to each other, showing that there are occasions where just based on the mean
ELA there should be a volume decrease while there is an increase in the simulation with
CESM-LME mean forcing (Fig. 3.2a). Though the difference between these simulations
is enhanced by the mass balance - elevation feedback, it can only partly be explained by
this feedback (Fig. 3.6). This indicates again that not only the reduced mean ELA is
responsible for the high glacier volume in the simulation with the ensemble mean forcing.
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In addition to lowering the ELA, its variability gets reduced when using the ensemble
mean instead of the different ensemble members to force OGGM. The variability of the
ELA can have an influence on the glacier volume due to the glacier geometry (glaciers are
commonly wider in the accumulation area than ablation area) in combination with the
surface mass-balance gradient, as the mass balance gradient is typically steeper below
the ELA than above. Moving the ELA up by a certain amount results in more mass loss
than the mass gain that results from moving it down by the same amount. This causes
White Glacier, for example, to lose more mass with a more variable ELA (Fig. 3.5b &
3.10). This mechanism is in line with observations that have been done in the region,
showing that a year with very negative mass balance can cancel out the effect of several
positive mass balance years (Bradley and England, 1978a; Koerner, 2005).
As temperature variability influences both the mean ELA and the variability of the ELA,
one cannot fully disentangle the influence that the two have on the glacier volume. However the data can be used to get an insight into the correlation of both the mean ELA
and its variability with the volume change. In this analysis, the comparison is being
made between selections of regular transient simulations, where either the mean ELA is
the same or its variability is the same as in another ensemble member over a 10-year time
slice. The correlation between the difference in mean ELA and the difference in volume
change is higher than that of the difference in ELA variability and the difference change
in glacier volume (Fig. 3.11). The mean ELA also seems to have a stronger influence
than variability of the ELA on the glacier volume, where relative rates differ for different
selections of data (e.g. by region/ glacier). Nonetheless the reduction in variability of
the ELA seems to be the main reason for the significantly larger glacier volume in the
simulation that is forced with the ensemble mean. That is because using the ensemble
mean reduces the ELA variability much more than its mean.
The glaciers are at the start of the transient simulations not in equilibrium with the
climate, although neither would the real glacier have been during that period. As a
result part of the response of the glacier to the climate is therefore due to this disequilibrium. Even though transient simulations have present day glaciers as initial conditions,
at the end of the millennium long transient runs the total glacier volume is lower than
the initial glacier volume. Though this could have many reasons there is one straight
forward explanation. Summer air temperature variability in the CESM-LME ensemble
members is higher than in the CRU TS dataset for the CAA (Otto-Bliesner et al., 2016;
Harris et al., 2014) and the glacier volume in the CAA is very sensitive to temperature variability (Fig. 3.7 and 3.12). Our sensitivity experiment showed that doubling
the temperature anomalies results in 73% smaller glacier volume after 2000 years, with
respect to not adjusting the anomalies. As higher temperature variability results in a
higher and more variable ELA and therefore a lower glacier volume in the CAA, it is

37

3 CAA glacier mass loss in a last millennium perspective

Altitude [m]

2000 a

b

1500
1000
500
0
0

5 10 0.000
Area [%]

Ensemble member
Ensemble mean forcing
Median ELA

0.005

Figure 3.10: The hypsometry and ELA distribution of White Glacier. a) The
glacier area per altitude bin of 50 meters. b) The ELA height distribution of the ensemble
members and the simulation with ensemble mean forcing. The horizontal lines indicate
the median simulated ELA.
no surprise that the total glacier volume is underestimated at the end of the transient
simulations.
The average standard deviation of the CESM-LME temperature over the months June,
July and August in the period 1950-2005 is ∼37% higher than in the CRU TS dataset.
This overestimation of temperature variability is in the same order of magnitude as was
found in a comparison between the CESM-LE and observations (McKinnon et al., 2017).
CESM-LME has model settings that are very similar to that of the CESM-LE (Kay et al.,
2015; Otto-Bliesner et al., 2016). McKinnon et al. (2017) found that the near surface
internal temperature variability in the winter months 1966-2015 is by 32% overestimated
by the CESM-LE for North America compared to observations. The results of our sensitivity experiment indicate that this amount of increased temperature variability is in the
right order of magnitude to cause the underestimation of the present-day glacier volume
by ∼34%. Using the standard deviation of the monthly temperature anomalies of the
CESM-LME and scaling those to that of the CRU TS could solve this issue. This has
been confirmed with the fully forced transient simulations (Chapter 3.5).
Though temperature index models are commonly used, in the end temperature is a proxy
for the ablation within the model. In the calibration procedure of OGGM, a sensitivity
factor to the temperature above the melting threshold is determined for each glacier. A
limitation of this study is that this sensitivity parameter µ∗ is constant over time. Biases
in µ∗ resulting from a changing sensitivity to temperature over time or the calibration,
are likely having an influence on the magnitude of the sensitivity to temperature variabil-
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ity. Using monthly climate forcing instead of a daily one might have introduced another
unknown bias. However it is common practice to use monthly climate data in the global
glacier modelling community (e.g. Zekollari et al., 2019) and the model used monthly
climate forcing for the calibration of µ∗ , so this is at least partly being accounted for the
lack of sub-monthly variability. Though refreezing is a large component in the surface
mass balance in the CAA (Noël et al., 2018), in our experiments it was not separately
accounted for. When refreezing would be separately included, the influence that temperature variability has on the glacier mass in the simulation could be different. However
the sign of this difference is uncertain. On one hand it would result in a higher calibrated
sensitivity parameter, while on the other hand the capacity of the glaciers to store and
refreeze melt water could decrease the sensitivity of the mass balance to temperature
variability. Once the maximum water retention capacity is reached, the glacier could
become more sensitive to temperature variability, because the temperature sensitivity
parameter would be larger in that case.
In a case study of Rhonegletscher, Farinotti (2013) found that day-to-day, month-tomonth and year-to-year air temperature variability has an influence on the number of
positive degree days and therefore on the glacier evolution. We showed here that temperature variability also has a large influence on the evolution of glaciers in the Canadian
Arctic and explained this by the influence temperature variability has on the mean ELA
and its variability. Here the mean ELA and its variability should be seen as measures.
Both above and below the ELA, temperature variability has for the same reasons an
effect on the surface mass balance. Changing the temperature variability while keeping
the mean temperature the same has a large influence on the equilibrium volume of the
glaciers. This shows that caution should be taken when using an ensemble mean temperature as forcing in a glacier model, but perhaps it is also of significance for other
processes. In addition it highlights the importance of representing the temperature variability in climate models well when these will be used to force a glacier model. Neglecting
or underestimating a change in air temperature variability in a warming climate could
lead to glacier mass losses being overestimated or underestimated in future projections.
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Figure 3.11: The influence of ELA mean and variability on the glacier mass
balance. 10-year time windows from the regular transient simulations with roughly the
same mean ELA or ELA variability (the threshold is set to respectively 0.5 m and 1
m difference) over that time window are being compared to each other. For each time
slice with a match the difference in volume change is shown against the difference in
standard deviation for the Northern CAA (top), Southern CAA (middle) and White
Glacier (bottom). In this analysis the first 150 years of the simulation are excluded.
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Figure 3.12: July monthly mean temperature variability 1950-2005. (Left)
Standard deviation of the monthly mean July CRU temperature. (Right) The mean
standard deviation of the monthly mean July CESM-LME members temperature.
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3.5 Glacier Evolution - Results
The focus of the second part of the chapter is on placing the recent mass loss of landterminating glaciers in the perspective of the last millennium. In this context fully forced
transient simulations are being presented and evaluated. Based on the first part of this
chapter (3.3 and 3.4), the experimental set-up has been improved for the simulations
that are being presented here, in this second part of the chapter (table 3.1). The major change that has been made in the model set-up is that the temperature anomalies
have been scaled when applying the anomalies method (3.2.2). This has been done to
adjust for the difference in temperature variability between the CESM-LME fully forced
simulations (Otto-Bliesner et al., 2016) and the CRU TS (Harris et al., 2014). Without
this adjustment the regional glacier volume ends up being too low as a result of the
sensitivity to the higher temperature variability seen in CESM-LME than in the CRU
TS.

3.5.1 Model-observation comparison for present day
The model is initialized with present-day glacier extent and volume. Even though some
glaciers completely disappear before present day in the simulations (Fig. 3.13), e.g. Liaka, Meville and St. Patrick glacier, the total initial volume is within the range of the
present-day simulated volume (Fig. 3.14). The glacier covered area is, unlike the volume,
underestimated at present day. The simulated glacier area is 90 % of that derived from
the RGI (RGI Consortium, 2017), while for 49 % of the glaciers their present-day area
according to the RGI lies within their ensemble spread. For the glacier volume that is the
case for 66 % of the glaciers. SMB from RACMO2.3 for both the Canadian Arctic North
and South fall well within the ensemble range of the fully forced simulations, exempt for
1 year in the northern and 2 years in the southern part of the region (Fig. 3.15), though
the variability of the SMB in RACMO2.3 is lower than that of our simulations. The
climate data forced simulations, showed an even more similar pattern as the RACMO2.3
SMB for both for the CAA North and South (Fig. 3.16). However the SMB variability
is also higher there than in the RACMO2.3 data.
Since White Glacier has the most observations available in the WGMS database (thanks
to F. Müller, J. Cogley, L. Thomson and many others), this glacier is being compared
to the simulations in more detail and used as an example glacier (WGMS, 2017). Model
performance for other glaciers with SMB data in the WGMS database can be found in
Table 3.2. White Glacier is located on Axel Heiberg Island and is with 40.5 km2 average
in size for the region (RGI Consortium, 2017). This glacier’s volume falls also within the
simulated range. Its simulated glacier covered area is slightly overestimating the WGMS
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Figure 3.13: Present day performance of the simulations presented in distribution graphs. The initial glacier volume and glacier covered area (which is based on
present day glaciers) are compared here with the present day simulated glaciers. For the
ensemble range 100% means that the respective area or volume are within the range of
the simulated ones at present day. When the volume is outside that range, the percentage
is based on the nearest outer bound of the range. (e.g. In the case of an underestimation
simulated volume the highest simulated volume is being used to calculate to percentage.)
area records and that of the RGI in the simulations (Fig. 3.17). 85 % of the WGMS
SMB observations lie within the ensemble range (Cogley et al., 1996, Fig. 3.18). Most of
the WGMS ELA records for White glacier lie inside the ensemble. Note that although
the average ELA seems to be comparable, the variability of the WGMS record is larger,
156 m and 250 m, respectively.

3.5.2 Simulations
From the start of the glacier simulation, in 850 CE, the ensemble shows a loss in regional
volume (Fig. 3.14). This decrease in glacier volume continues throughout the MWP.
During the LIA the volume increases, until it starts to decrease again in recent times.
This decrease continues during the 21st century under the RCP8.5 scenario, with a sharp
increase in the rate at which the mass loss occurs. This pattern matches the simulated
ELA, which is higher during the MWP than during the LIA and shows a steep increase
during the 21st century (Fig. 3.19).
The trajectory of the simulated glacier volume is dependent on the prescribed initial conditions (Fig. 3.20). In some cases, simulations with a different initial condition diverge,
however in most cases they converge. While the simulated glacier volume converges, the
total regional simulated volume remains different throughout the millennium. This is
from the perspective of absolute simulated glacier volume in the region. When looking
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Figure 3.14: Glacier evolution in simulations forced with scaled anomalies
of the CESM-LME full forced simulations with respect to CRU. Total CAA
glacier volume of the transient simulations. The model is initialised with present day
glaciers, the black dot indicates this volume at present day. The vertical dashed lines
indicate the MWP and the LIA (e.g. Masson-Delmotte et al., 2013).
into the difference in volume change the simulations with changed initial conditions converge at an earlier stage (Fig. 3.21). The difference between simulations with a different
initial condition turns out to be smaller than discrepancies caused by the internal climate
variability, when excluding the simulation that was initialized with no glaciers present.
The total glacier volume in the region is very sensitive to the initial conditions of the
glaciers (Fig. 3.20). The TraCE-21ka (He, 2011; Liu et al., 2014) forced sensitivity
experiment showed that even after a 6-millennium long run with the same forcing there
is a difference in glacier volume in the CAA. It takes about 4 millennia before these
simulations become very similar (Fig. 3.22). The differences between the two simulations
become negligible, but the simulated volume never becomes identical over the course of
the simulation.
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Figure 3.15: Surface mass balance comparison of the fully forced simulations
with RACMO. On the left the Canadian Arctic North (RGI region 3) and on the right
the Canadian Arctic South (RGI region 4).

Glacier
Baby Glacier
Barnes
Decade
Ward Rise
White glacier

RGI ID
RGI60-03.00840
RGI60-04.06187
RGI60-04.03082
RGI60-03.04079
RGI60-03.04539

Volume
40 %
76 %
100 %
15 %
100 %

Area
90 %
51 %
100 %
79 %
101 %

SMB range
100 %
80 %
100 %
9%
85 %

Table 3.2: Evaluation of simulations of individual glaciers. In the first column
their name and in the second the RGI ID. In the third and fourth column the present
day simulated volume and area are compared to the initial glacier volume and RGI area
(for more information see fig 3.13). In the last column it is indicated how much percent
of the WGMS SMB observations lie within the ensemble.
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Figure 3.16: Surface mass balance comparison of the climate data forced
simulations and RACMO2.3. Ten simulations were branched of the simulation that
was forced with CESM-LME ensemble member 5 in 1957 CE, the year prior to the start
of the RACMO2.3 simulation, and forced with CERA-20C scaled anomalies with respect
to the CRU TS dataset (1961-1990). In addition a simulation was branched of each of
the individual CESM-LME forced simulations and then forced with the CRU TS climate.
Together these simulations are the ensemble created with OGGM, which is shown next
to the RACMO2.3 simulation with its uncertainty. On the left the Canadian Arctic
North (RGI region 3) and on the right the Canadian Arctic South (RGI region 4).

Figure 3.17: The evolution of White Glacier in simulations forced with scaled
anomalies of the CESM-LME full forced simulations with respect to CRU.
The initial conditions of the glacier are based on the glacier at present day. The red dot
indicates that volume at present day.
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Figure 3.18: Simulated White Glacier compared to observations. left) The
equilibrium line altitude. right) The surface mass balance.

Figure 3.19: The mean ELA in simulations forced with scaled anomalies of
the CESM-LME full forced simulations with respect to CRU.
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Figure 3.20: Sensitivity of the regional glacier evolution to the initial glacier
state. The gray lines present the simulations forced with the fully forced CESM-LME
simulations, that started from a present-day state (Fig. 3.14 minus some of the glaciers
that grew out of the domain boundary in the sensitivity experiment). The dashed lines
indicate the simulations that contain either the maximum (blue dot) or the minimum
(pink dot) volume. The simulations presented in pink start from the state at the pink
dot and the blue ones with the state at the blue dot. These runs have the same forcing
as those with the dashed line of the respective colour. The purple simulations started
from zero glacier volume and has the same forcing as dashed simulation with the highest
glacier volume.

Figure 3.21: Mass balance sensitivity to the initial glacier volume. Yearly mass
change plotted with a 31-year moving average smoother [boxcar]. These plots present
the same simulations as figure 3.20. On the left the simulations that are forced with
the run that resulted in the highest regional volume state and on the right the one that
resulted in the lowest volume state. In grey the regular transient simulations.
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Figure 3.22: Total regional glacier volume in simulations forced with TraCE
21k (He, 2011; Liu et al., 2014). In blue the simulation started from present day
glacier states and in orange the simulations started from zero glacier volume.

Figure 3.23: Glacier mass balance 851-2099 CE. The mass balance is presented
with a 10-year moving average smoother [boxcar] to put the mass balance of 2006-2016
CE into perspective. Like in the previous plots the presented RACMO2.3 data is a
selection based on the glaciers that are also modelled in our simulations. In addition the
RACMO2.3 SMB has been converted to a volume by using the same ice density (900
kg/m3 ) as was used in OGGM.
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Figure 3.24: Simulated evolution of Barnes Ice Cap. (RGI entity RGI60-04.06187
& RGI60-04.06188)
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3.6.1 Initial conditions
It is clearly visible that total regional volume is sensitive to the initial glacier volume from
which the simulations were started (Fig. 3.20). Over the course of the last millennium
the simulations with different initial conditions do not fully converge and in some cases
even diverge (Fig. 3.20). It was expected upfront that unlike in the Alps (Goosse et al.,
2018; Eis et al., 2019), it might take a couple of centuries for these different simulations
to converge due to the cold and dry climate that causes a low mass turnover rate. In
the end, full convergence does not happen within the time span of the experiment. An
additional sensitivity experiment, forced with the last 6 ka of the TraCE 21k (He, 2011;
Liu et al., 2014, Fig. 3.22), shows that roughly four millennia are required for the simulations to converge, but within the time span of the simulations the state does not become
identical (Fig. 3.22). This small remaining difference, can be ascribed to two mechanisms: First, for certain climates there are two stable states, one with a glacier and one
without, as a result of the temperature-elevation feedback (Oerlemans, 2008). In such
cases, the presence of a glacier reinforces its own existence by maintaining surface area
above the ELA, and a new glacier will not grow from scratch as a result of having a too
low surface elevation. The second mechanism, which occurs only on very rare occasions,
is numeric instability. Together these mechanisms prevent full convergence, however the
differences occur only for a few glaciers and are, with 1 % difference in total volume,
negligible on a regional level. The newly implemented numerical scheme in OGGM v1.3
should solve the issue of these very rare cases of numerical instability. These sensitivity
experiments show the importance of proper initial conditions when doing simulations
for this region with the purpose of looking into absolute glacier volume, while for the
mass balance initialisation is less important provided that the simulation starts from a
reasonable estimate of the initial glacier states (Fig. 3.21). For the mass balance, the
resulting difference is in that case smaller than the differences that are caused by the
internal variability of the climate system.

3.6.2 Model-data comparison
Some of the data that were used for evaluating the simulations were not independent.
The RGI area, the present-day glacier volume and the WGMS SMB were also used for
setting up OGGM, either for the initialisation or the calibration procedure. Keeping this
in mind, the comparison still gave some interesting insights, as the model was calibrated
and initialized using data of the past century while the simulations start one millennium
earlier. The RACMO2.3 SMB is on the other hand independent from our simulations and
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the two data sets show very good agreement (Noël et al., 2018). The RACMO2.3 SMB
falls within the ensemble spread of our CESM-LME forced simulations and is for most
years close to the ensemble median (Fig. 3.15). Due to the relatively large difference
between this median and RACMO2.3 estimates in the first years of the comparison, it
could be argued that they might represent a different trend. However the negative SMB
might be slightly overestimated in RACMO2.3 during those years, due to a potentially
too low bare ice albedo in RACMO2.3 for those years, i.e. based on MODIS albedo
records averaged over the period 2000-2015. These years were relatively warm with large
mass loss, so if brighter snow or ice was actually exposed at the surface in this early
period, the downscaled RACMO2.3 product would overestimate the runoff as a result of
a too low prescribed ice albedo. Due to this potential bias in combination with the fact
that the SMB lies within the ensemble spread, we do not speculate further on this topic.
Another difference stems from the fact that RACMO2.3 SMB shows less variability than
that of our ensemble of simulations. A possible reason for this is that refreezing is simulated in RACMO2.3, while refreezing in OGGM is only indirectly taken into account as a
part of the sensitivity parameter µ∗ , therefore not representing the year-to-year buffering
effect of meltwater refreezing can have, which dampens the SMB inter-annual variability.

3.6.3 Comparison to reconstructions
Vegetation that recently emerged from underneath retreating glaciers, at some sites on
Baffin Island, has been dated by the use of 14 C, indicating the date that specific location
must have been ice free at that point in time. Based on the lack of such vegetation kill
dates it is suggested that the period ∼1000-1250 CE was a period of glacier retreat or
stable state (Anderson et al., 2008; Margreth et al., 2014). Ice growth began abruptly
between 1275 and 1300 CE (Miller et al., 2012). The period 1280-1450 was marked with
oscillations of advance and retreat associated with an overall advancing trend (Anderson
et al., 2008). This period was followed by extensive ice expansion (Anderson et al., 2008),
that started between 1430-1455 CE (Miller et al., 2012). The lack of samples younger
than 1650 CE indicates an extensive ice cover until the recent warming (Anderson et al.,
2008). The maximum ice extent was reached around 1900 CE (Pendleton et al., 2017).
The pattern described above, which is based on reconstructions of different sites in
the CAA, is also visible on a regional level in our simulations (Fig. 3.14). However
there is a moraine chronology for Naqsaq valley, Baffin Island, that puts the glaciers
at their maximum extent during the MWP. Young et al. (2015) and Blake Jr (1981)
suggested that there was a glacier advance around 1050 CE. These patterns are both not
visible on a regional level in our regular transient simulations (Fig. 3.14), but individual
glaciers can behave differently than the regional pattern. For instance Barnes Ice Cap
has continuously been retreating throughout the Holocene (Koerner and Fisher, 2002).
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This means that for Barnes ice cap the simulations were initialized with a too small ice
extent, as all simulations were started from present day glacier states. Even though the
absolute volume is not correct this pattern of retreat is visible during the last millennium
in Barnes’ simulations (Fig. 3.24). A multi proxy study shows clear evidence of regional
LIA glacier expansion until the late 19th century, followed by variable glacier retreat,
whereupon some glaciers have remained at their LIA maximum, but most retreated
significantly (Miller et al., 2005). This is again in line with our simulations.

3.6.4 Present and future mass losses compared to past mass
losses
Ice core melt records suggest that the Canadian Arctic ice caps are currently losing mass
faster than at any time in the last four millennia (Fisher et al., 2012). However at first
sight it seems like the recent glacier mass loss on a regional level in the CAA is not
exceptional in the region for the last millennium. At the start of the simulations the
mass loss is higher than over the last years of our regular simulations (Fig. 3.21). This is
both the case when comparing the ensemble mean as when looking at the lower boundary of the ensemble range. However the sharp increase in mass loss from 31 ± 8 Gt/yr
from the period 2004-2006 CE to 92 ± 12 Gt/yr over 2007-2009 CE (Gardner et al.,
2011) is not covered in the regular simulations, which stop in 2004 CE. So the period,
2006-2016 CE, over which the CAA is known to be the region with the largest non-ice
sheet mass loss is only a part of the simulations that are extended under the RCP8.5
scenario. Therefore the mass loss based on the RACMO2.3 SMB of Noël et al. (2018)
over that period was compared to our SMB of the last millennium (Fig. 3.23). Though
the 10-year ensemble mean SMB is never as negative throughout the last millennium as
the RACMO2.3 2006-2016 CE SMB, in the ensemble it is not unprecedented. Up to 1200
CE the 10-year mean RACMO2.3 SMB lies about half of the time within the ensemble
spread. When excluding the first decade of the simulation only three out of the thirteen
ensemble members, that only differ from each other due to internal climate variability,
do not exceed this minimum. This indicates that the 2006-2016 CE mass loss for the
region might not be unprecedented for the last millennium.
Under the RCP8.5 scenario the mass loss will reach a level during the next decade that
was unprecedented during the last millennium. The mass loss rate keeps increasing up
to roughly 2065 CE, after which it starts to decrease again. While the mean specific
glacier mass balance continues to increase, the decrease in total mass loss rate is caused
by a decrease in glacier covered area in the region as a result of the glacier retreat. Even
though the mass balance becomes less negative towards the end of the 21st century, it
stays more negative than it has been in the region during the last millennium. As a result
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the glacier volume decreases in the 21st century to below a level that has been seen in the
last millennium (Fig. 3.14). With 14.5 ± 1.8 % of its glacier volume remaining at the
end of the 21st century that is significantly less than the 18 % total mass loss projected
by Lenaerts et al. (2013) for the RCP4.5 scenario for the region as a whole. The RCP
scenario is the largest source of uncertainty of the total glacier mass loss by the end of the
century in CAA according to the Glacier Model Intercomparison Project (GlacierMIP)
study by Marzeion et al. (2020). Either way the simulated remaining glacier volume relative to present day, is also well below the presented ensemble range (mean ± 1 standard
deviation) of the RCP8.5 forced simulations in the GlacierMIP (Marzeion et al., 2020).
A significant part of these differences is could be caused by our simulations excluding
the tidewater glaciers. The tidewater glaciers in the region tend to be larger than the
land terminating ones and are therefore expected to respond slower in the simulations
to a warming climate. In addition, the use of other climate forcing and different initial
conditions, could have contributed to this difference too.
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to the glacier mass balance in the
Canadian Arctic Archipelago
4.1 Introduction
The glacier mass loss of land-terminating glaciers in the CAA over the period 2006-2016
CE was extremely large for the region. However, this mass loss might not have been
unprecedented for the last millennium (Chapter 3). Nevertheless, the CAA has recently
been the region with the largest non ice sheet glacier mass loss both according to geodetic
measurements (Zemp et al., 2019) and gravimetry (Wouters et al., 2019; Ciracì et al.,
2020). The glacier volume in the region is both influenced by internal climate variability (Chapter 3.5, 3.6) and external forcing. The external forcing includes both natural
forces (e.g. orbital) and anthropogenic influence (e.g. changes in land use and land
cover). The different forcings act on different time scales, where the orbital forcing is a
slowly and constantly changing climatic diver that acts on a multi-millennial timescale
and the volcanic forcing is an event-based interannual to decadal phenomenon. A recent
global study of the length of 76 glaciers over the last millennium shows that glaciers
with longer response times are more influenced by external forcing than internal climate
variability (Huston et al., 2021). Due to the cold and dry climate glaciers in the CAA
have relatively long response times. The ice caps in the region, that make up for the
largest part of the regional volume, have estimated response times of 250 to 1000 years
(Patterson, 1994). As a result, it can be expected that external forcing might have a
relatively large influence on the CAA glacier volume too. This raises the question: What
is the long-term contribution of individual forcings to the recent glacier mass loss?
This chapter is about the influence different external forces have on the glacier mass
balance of land terminating glaciers in the CAA, namely: the volcanic, orbital, solar,
land use and land cover change (LULCC), ozone-aerosol and GHG forcing (Chapter 2.2).
These factors are the focus in determining what led to the build up of glacier volume
during the LIA and the recent mass loss, addressing both the influence of those different
forces and the natural vs anthropogenic forcing. Therefore, these millennium-long simu-
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lations also give additional insights on the last century compared to historical (1850 CE
- present) simulations (Marzeion et al., 2014). This is not the first study addressing the
influence that different forces have on the glaciers mass balance in the region. Marzeion
et al. (2014) and Slangen et al. (2016) studied the influence that anthropogenic vs natural forces have had on the global glacier mass balance had, since 1850 CE and 1900
CE, respectively, with the model from Marzeion et al. (2012). Roe et al. (2021) does
take into account the last millennium in their assessment of the relative anthropogenic
contribution to the glacier mass loss. However, the model from Marzeion et al. (2012)
and Roe and Baker (2014), that is being used by Huston et al. (2021) and Roe et al.
(2021), make use of estimated glacier response times for the glacier evolution, while here
we use OGGM which includes ice dynamics (Maussion et al., 2019a).

4.2 Method
4.2.1 Simulations
The fully forced transient simulations that have been presented and evaluated in the
previous chapter serve here as a base to investigate the role of individual forcings on
the glacier mass loss in those simulations. Here OGGM has been forced with the single forced simulations of the CESM-LME (Maussion et al., 2019a; Otto-Bliesner et al.,
2016; Chapter 2.2). The temperature and precipitation of the CESM-LME single forced
simulations were treated in the same way as those in the fully forced transient simulations (Chapter 3). However, bias correcting the single forced simulations with their own
climatology and scaling factor, would remove the difference between these simulations
that are caused by having a different forcing. In order to preserve these differences, the
ensemble mean climatology and the scaling factors of the fully forced transient simulations are applied to bias correct the single forced simulations.
To be able to attribute glacier mass change to the different forcings, an ensemble was
made of the CESM-LME 850 CE control simulation (Otto-Bliesner et al., 2016). The
850 CE control simulation has a constant forcing with all forcings fixed at their 850 CE
levels. The years from this simulation were randomly and uniquely sampled from the
last millennium. For this procedure, the RandomMassBalance function in OGGM was
used, which takes care of this random sampling before passing the climate on to the part
of the model that computes the actual mass balance (Maussion et al., 2019b). For the
sampling seed 1 to 13 were used, meaning that for each respective ensemble member all
glaciers experience the climate from the same year. Additionally, the simulations can be
replicated, as the order of the randomized climate time series is fixed for each seed. Like
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in the fully forced transient simulations all single forced simulations and the control simulations are initialized with present-day glacier conditions, except for the ozone-aerosol
experiment. The CESM-LME ozone-aerosol simulations only start in 1850 CE, therefore
our simulations that are forced with this climate forcing do not start from the presentday condition, but are branched off the original control simulation in their starting year.

4.2.2 Analysis
In the process of analysing the influence that the different climate forcings have on the
glacier mass in the region, a trend test has been applied to the climate time series. This
was done to later assess if the differences in glacier volume between the ensemble members by the end of the simulations can be explained by different trends in the climate.
To test for trends in the temperature and precipitation time series a variation of the
Mann-Kendall test (Mann, 1945; Kendall, 1948) has been used. The Mann-Kendall test
is non-parametric, meaning that the data that it is being applied to does not need to be
normally distributed. The test is rank based, which makes it less sensitive to outliers.
The robustness with regards to the distributional shape of the time series is an advantage
for analysing climate data (Mudelsee, 2013). However, data that is serially correlated,
which is likely the case for climate data, can result in a significant trend even when none
is present (Hamed, 2009). There are two ways to address this problem. It is an option to
remove the serial correlation, a method commonly referred to as ’pre-whitening’, before
applying the Mann-Kendall test (Mudelsee, 2013). However, according to a study by
Sang et al. (2014), pre-whitening does not improve the detection of trends. Therefore it
was decided to apply an adjusted version of the Mann-Kendall trend test that accounts
for serial correlation. The method of Yue and Wang (2004) was used, as implemented
in the Pymannkendall package (Hussain and Mahmud, 2019). By taking into account
the effective sample size, the method reduces the influence of auto correlation on the
Mann-Kendall test (Yue and Wang, 2004). The CAA is a very cold region, with a yearly
mean temperature that is far below the freezing point for all the different simulations.
Because the melt season is short and the temperature during this time of the year does
not necessarily follow the yearly trends (Koerner, 2005), the trend test has been applied
to the July monthly mean temperature. The trend analysis has also been applied to the
total yearly precipitation. This has the advantage of not having a seasonal cycle in the
time series, as seasonality can also negatively impact the Mann-Kendall test (Shao and
Li, 2011).
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Figure 4.1: Glacier evolution under a range of climate forcings over the past
millennium. The model has been initialised with present-day glaciers, the black dot
indicates this volume at present day. The thick black line represents the simulation that
has been forced with the original 850 CE control simulation and the thin ones the control
simulations that have been sampled from that. The vertical dashed lines indicate the
MWP and the LIA (e.g. Masson-Delmotte et al., 2013).

4.3 Results
Of all the land-terminating glaciers 93.4 % (83.7 % of the land-terminating glacier covered area) was successfully simulated for all the fully forced, single forced and control
simulations (Fig. 4.1). These are 24 (0.2 %) less successfully simulated glaciers than
in the fully forced transient simulations (Chapter 3). To assess the influence of the individual forcings on the glacier mass balance, the glacier volume in the single forced
simulations with respect to that of the mean of the control simulation ensemble have
been added up. This results in an ensemble of 2160 combinations (Fig. 4.3). These
are different combinations that can be made when adding up the anomalies of the single
forced simulations (5 (volcanic) * 3 (orbital) * 4 (solar) * 3 (land use) * 4 (ozone-aerosol)
* 3 (GHG) = 2160 combinations). This ensemble will be referred to as the single forced
totals.

4.3.1 Single compared to fully forced glacier volume evolution
It is clearly visible that the initial glaciers, that are based on present-day states, were
out of balance with the 850 CE control simulation climate. The glacier volume decreases
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Figure 4.2: Glacier volume evolution in the control ensemble. The vertical
dashed lines indicate the MWP and the LIA (e.g. Masson-Delmotte et al., 2013).
from the start of the simulation, both in the original control simulation as in the control
ensemble. The original 850 CE control simulation lies largely within the control ensemble (Fig. 4.2). From the control simulations it is not clear if glaciers are in equilibrium
with the climate by the end of the control simulation. Based on the difference in glacier
volume between the beginning and the end of the simulation the regional glacier volume
in the simulations has an e-folding response time1 of at least 150 years.
The glacier volume in the fully forced transient simulations increases with respect to the
control ensemble from the beginning of the simulations until a peak is reached between
1849 and 1999 CE. The range of these volume anomalies is much larger for the single
forced totals, where this peak occurs as early as 1755 CE and in some cases does not
happen before the end of the simulation. Its median peak occurs 1965 CE, which is well
within the range of the fully forced maxima, and only 20 years after its median maximum in 1945 CE (Fig. 4.3). The median of the single forced totals lies largely within the
ensemble spread of fully forced transient simulations and is not distinguishably different
in magnitude compared to the fully forced anomalies. In other words, adding up the
effect that the single forces have on the glacier volume, is not distinguishably different
in magnitude than the effect they have when being combined in the fully forced exper1

The term response time has been used with different definitions throughout the literature (Benn and
Evans, 2010). The e-folding response time is the time it takes to reach 1e of the change. This is a
different definition than Patterson (1994) used in his response time calculations. Thus the e-folding
response time should not be compared with the values that are cited in the introduction of this
chapter.
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Figure 4.3: Contribution of individual forcings to the glacier evolution. The
glacier volume evolution relative to the control ensemble is shown here, both for the fully
forced simulations and the single forced totals. In light shading is the whole ensemble
range and in darker shading is the interquartile range for the single forced totals.
iment. This implies that there is no interaction between the forcings and that they do
add up linearly. The single forced simulations therefore can provide further insight into
the mechanisms that shape the fully forced runs.
By the year 1800 CE all forcings contributed to a net increase in glacier volume compared
to the initial conditions and with respect to the control simulations (Fig. 4.4). From
that point onwards the volume in the GHG forced simulations starts to decrease. Even
though the glacier mass balance gets increasingly more negative in the GHG simulations
(Fig. 4.5), the total glacier volume still increases in both the fully forced transient simulations as it does in the single forced totals. From 1850 CE onwards, changes in the
ozone-aerosol forcing gets included, which has a strong positive influence on the glacier
mass balance. In this way it partly counter balances the negative influence of the GHG.
By the end of the simulations all forcings except the GHG contributed to a net gain
in mass since 850 CE with respect to the control simulations. Although there is some
uncertainty as a result of internal variability, it seems that the changes in volcanic and
orbital forcing since 850 CE contributed the most to the gain, with respect to the control
simulations, in glacier volume in the region (Fig. 4.4). The changes in land use and land
cover might have contributed significantly to the build up of ice volume during the LIA.
In two of the three ensemble members, there is a relatively large gain in glacier volume
over this period, 1117 km3 and 1378 km3 . However, such a contribution of the LULCC
to the glacier volume increase during the LIA is not at all certain from our results, as in
the other ensemble member the glacier volume decreased by 92 km3 over this period.
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Figure 4.4: Contribution of individual forcings to the glacier evolution. Each
color represents simulated volume for each single forcing with respect to the control
ensemble. The ensemble range is shaded and the mean is given by the bold lines.

4.3.2 Climate forcing and present-day glacier volume
The simulated mass balance is a function of the precipitation and the temperature (e.g.
Chapter 2.1). The glacier volume at the end of the simulations is highly correlated with
the simulated mean ELA over the entire simulation (Fig. 4.6). This result combined
with the relatively slow glacier response in the region (e.g. Chapter 3) indicates that it
might be valuable to study the whole climate time series, when assessing the differences
in present-day simulated volume between simulations.
The differences in mean precipitation over the whole time series between the simulations
are relatively small, ranging from 253 mm/yr in one of the ozone-aerosol simulations to
265 mm/yr for one of the GHG simulations (Table 4.1). The total precipitation over
the simulation cannot explain the difference in glacier evolution in the simulations (Fig.
4.7). On the contrary, the millennium-long simulations with a large glacier volume at
the end were forced with less precipitation than the simulations that resulted in a lower
volume at present-day. Neither can this pattern, in present-day simulated glacier volumes, be explained by trends in the precipitation (Fig. 4.8). The trends in regional
precipitation are either not present in the time series or are opposite of what would be
needed to explain the difference in glacier volume at present-day (Table 4.1). The yearly
ensemble mean precipitation in the volcanic single forced simulations has a decreasing
trend for instance, though it results in a relatively high glacier volume (Fig. 4.4). This
is the opposite for the GHG single forced simulations, where the ensemble mean annual
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precipitation shows an increasing trend in precipitation, while the simulated volume at
the end of the simulation is relatively low.
The annual mean temperature is far below the freezing point in the simulations. We
therefore compare the trends of July temperature in the CESM-LME ensemble members
with the total glacier volume at the end of the simulation. The trends in the ensemble mean temperature of the respective forcings line up for all forcings except for the
LULCC forcing (Fig. 4.9). The LULCC forcing has a stronger negative trend in the
July temperature than the volcanic forcing; however, results in a lower glacier volume
(Fig. 4.4). The trends in the July temperature do therefore not, or at least cannot fully,
explain the differences in simulated glacier volume. This pattern also holds when looking
at the individual ensemble members and is not just a result of analysing the ensemble
mean trends (Table 4.1). However, the simulated glacier volume at present-day does correlate to a high degree with the mean July temperatures over the entire simulation (Fig.
4.10). The differences in regional mean July temperatures in the CESM-LME ensemble
members is an explanation for the resulting differences in glacier volume between the
simulations. The negative relation between the increase in precipitation and simulated
glacier volume can be explained by the correlation between the mean July temperatures
and the mean yearly precipitation (Fig. 4.11). The temperature change seems to have a
larger effect on the glacier volume than the change in precipitation.
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Ensemble member
Forcing
no.
full
full
full
full
full
full
full
full
full
full
full
full
full
volcanic
volcanic
orbital
volcanic
volcanic
LULCC
volcanic
orbital
LULCC
solar
orbital
ozone-aerosol
ozone-aerosol
ozone-aerosol
ozone-aerosol
solar
LULCC
solar
solar
GHG
GHG
GHG

3
6
10
13
5
2
9
1
4
7
12
11
8
2
1
3
3
4
1
5
2
2
1
1
2
3
1
4
3
3
5
4
3
2
1

Volume
total
km3
16295
15527
15511
15019
14839
14768
14604
14419
14257
14232
14111
13816
13727
12876
12778
12216
11867
11396
11070
10765
10753
10477
10377
10359
10207
10077
10069
9762
9620
9406
9168
9044
5981
5905
5831

ELA
mean
m
887
895
892
894
900
899
898
905
905
903
907
907
910
920
917
921
926
929
939
939
938
944
945
945
821
840
839
861
949
955
959
956
978
982
980

July Temperature
mean trend
◦
◦
C
C/yr
-1.67 -0.00040
-1.66 -0.00034
-1.65 -0.00063
-1.66 -0.00038
-1.60 -0.00037
-1.64 -0.00036
-1.58 no trend
-1.57 -0.00043
-1.59 no trend
-1.56 -0.00029
-1.60 -0.00063
-1.54 -0.00052
-1.55 -0.00035
-1.55 no trend
-1.52 -0.00048
-1.48 -0.00029
-1.45 no trend
-1.43 -0.00042
-1.38 no trend
-1.37 -0.00026
-1.32 -0.00027
-1.34 -0.00051
-1.34 no trend
-1.24 -0.00024
-2.09 -0.00598
-1.98 -0.01479
-1.92 -0.00947
-1.86 -0.00910
-1.30 no trend
-1.27 -0.00050
-1.28 no trend
-1.25 no trend
-1.09 0.00034
-1.08 0.00044
-1.11 0.00055

Precipitation
mean
trend
mm/yr mm/yr
257
-0.00891
256
-0.00809
258
-0.00785
257
-0.00545
258
no trend
257
no trend
258
-0.00451
258
-0.00549
258
-0.00514
257
-0.00655
258
-0.00759
258
-0.00581
258
no trend
260
no trend
259
no trend
260
no trend
258
no trend
260
-0.00553
262
-0.00555
261
-0.00446
261
no trend
261
-0.00741
261
-0.00485
261
no trend
253
-0.10646
256
-0.15453
255
-0.13094
256
-0.14025
262
no trend
261
-0.00479
261
no trend
262
no trend
265
0.00487
264
no trend
264
0.01084

Table 4.1: Trends in the climate forcing. For the different forcings the ensemble
members climate characteristics are presented for the region (Otto-Bliesner et al., 2016).
This regional selection has been made in the same way as for figure 4.7. The results are
ordered by present-day simulated glacier volume. The trend analysis that is presented
here was done with a modified version of the Mann-Kendall test (Yue and Wang, 2004;
Hussain and Mahmud, 2019). "No trend" indicates that no significant (p<0.05) trend
was found with the trend test.
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Figure 4.5: SMB in the single forced simulations with respect to the control
ensemble, shown here with a 5-year moving average. The coloured lines indicate
the ensemble mean of the single forced simulations, and the grey lines the respective
single forced ensemble members.
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Figure 4.6: Total glacier volume at the end of the simulations vs mean ELA.
The mean ELA that is presented here is the mean ELA of all successfully simulated
glaciers, which are not being corrected for the glacier size. The ozone-aerosol single
forced simulations have been excluded from this figure, because of the shorter duration
of those simulations.

Figure 4.7: Total glacier volume at the end of the simulations vs mean precipitation. The mean precipitation shown here is the mean precipitation of the CESM-LME
(Otto-Bliesner et al., 2016) over the area where land-terminating glaciers are present in
the CAA based on the RGI v6. This selection has been made with the salem python
package (Maussion et al., 2019c) and includes all the CESM-LME grid points that contain a glacier. The results of the ozone-aerosol forcing are not shown here because these
simulations have a shorter duration. (Note that the anomaly method, that is used in
the preprocessing step before forcing OGGM, has not been applied on the precipitation
data that is being presented here.)
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Figure 4.8: Yearly mean precipitation under different climate forcings. The
CESM-LME precipitation time series that are presented here are based on the same
selection as in figure 4.7 (Otto-Bliesner et al., 2016). The trend analysis was done with
a modified version of the Mann-Kendall test on the ensemble mean from each of the
different forcings (Yue and Wang, 2004; Hussain and Mahmud, 2019).
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Figure 4.9: July temperature trends under different climate forcings. The
CESM-LME timeseries that are being presented here are based on the same selection as
in figure 4.7 (Otto-Bliesner et al., 2016). The trend analysis was done with a modified
version of the Mann-Kendall test on the ensemble mean from each of the different forcings
(Yue and Wang, 2004; Hussain and Mahmud, 2019).
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Figure 4.10: Total glacier volume at the end of the simulations vs mean July
temperature. The selection of the CESM-LME temperature data has been done in the
same way as in figure 4.7 (Otto-Bliesner et al., 2016). Also here the ozone-aerosol single
forced simulations have been excluded from the plot because of their shorter duration.

Figure 4.11: Mean precipitation vs mean July temperature. The selection of
the CESM-LME temperature data has been plotted similarly as figure 4.7 (Otto-Bliesner
et al., 2016).
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Figure 4.12: SMB and solar forcing. The SMB is of the solar single forced simulations and the solar forcing that was used in the CESM-LME (Vieira et al., 2011; Schmidt
et al., 2011), are presented here with an 11-year moving average to filter out the 11-year
solar cycle.

4.3.3 The influence of solar forcing

There is no significant trend in the July temperature of the solar single forced simulations
(Table 4.1). However, the solar forcing fluctuated over the last millennium and a trend
test does not capture such influence. Therefore the correlations between the solar forcing
and July temperature, precipitation and the SMB are given here for the solar single
forced experiment. In all these cases the time series have been smoothed with an 11year running mean, to filter out the effect of the 11-year solar cycle, before computing
the correlation (Fig. 4.12). The preprocessed climate time series have been weighted
here by the glacier area at the respective time step in order to use a time series that
is representative of the area covered by land-terminating glaciers and account for the
fact that most glaciers are very small (Fig. 3.4). There is no significant correlation
between the solar forcing and the simulated SMB in the solar single forced simulations.
This correlation ranges from r=-0.188(p=0.441) to r=0.019(p=0.920) for the ensemble
members. Also the ensemble mean SMB shows no significant correlation with the solar
forcing, r=-0.185(p=0.265). Neither is there a significant correlation between the climate
data that is being used to force the model. The correlation between the solar forcing
and the July temperature ranges from r=0.015(p=0.947) to r=0.090(p=0.722) for the
ensemble members and is r=0.081(p=0.683) for the ensemble mean. For the yearly
precipitation this ranges from r=-0.035(p=0.673) to r=0.055(p=0.447) for the ensemble
members and r=0.017(p=0.790) is for the ensemble mean.
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4.3.4 The influence of volcanic forcing
The volcanic forcing has a strong positive influence on the total glacier volume in the
region. Because the forcing is event based, we look here in more detail at what the influence of the volcanic forcing is on the July temperature and the SMB. For this purpose
the ten eruptions with the largest aerosol load in the Northern Hemisphere have been selected (Fig. 4.13). A one-tailed student’s t-test was used to test if the July temperature
and SMB before the eruption was significantly different from the year of eruption onward
(Fig. 4.14 and 4.15). The 15 years before the event were compared to the following 15
years (Fig. 4.16) to assess the influence of the eruption on a time scale that is longer than
the event itself. Because of the length of these samples two eruptions had to be excluded
from the analysis, due to their overlapping time window. The 5 volcanic single forced
ensemble members and 8 eruptions result in 40 time slices. In 11 of those 40 cases the
temperature is significantly (p<0.05) colder in July in the 15 years from the year of the
eruption onwards than in the 15 years before. This percentage in slightly higher when
the test is applied to the ensemble mean, leading to significantly colder temperatures 3
out of 8 times. When instead of assessing the ensemble members individually the t-test
is applied to the whole ensemble, increasing the sample size 5 times, 4 out of 8 eruptions
result in significantly colder July temperatures. These numbers are slightly lower for the
more positive SMB after the eruptions. In the volcanic single forced simulations, the
SMB is in 8 out of 40 cases significantly lower after the respective events. When applying the same test to the ensemble mean, 2 out of the 8 eruptions (1238 and 1761 CE)
result in a significantly more positive mass balance. There is one additional eruption,
1600 CE, that results in a significantly more positive SMB when the t-test is applied
to the ensemble. These results indicate that in some cases the signal in the individual
ensemble members is not significant as a result of internal climate variability. When
applying the same test to the 104 time slices (13 ensemble members * 8 eruptions) of
July temperature and the SMB in the fully forced simulations, the result is in the same
order of magnitude for the individual volcanic single forced ensemble members: in 21%
of the events there is a significantly lower July temperature and 25% of the cases have
a significantly more positive SMB. However when analysing ensemble mean the number
increase to 100% for the July temperature and 38% for the SMB. For the ensemble as a
whole, these values are respectively 63% and 88%. The higher numbers for the ensemble mean and the ensemble as a whole for the full forced experiment, compared to the
volcanic single forced experiment, are likely the result of the larger ensemble size.
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Figure 4.13: SMB and volcanic forcing. The SMB of volcanic single forced simulations is presented here with a 5-year moving average. The yearly mean values for the
Northern Hemisphere volcanic forcing as used in the CESM-LME (Gao et al., 2008; Ammann et al., 2003), are shown here in red. The dashed lines indicate the dates of the 10
largest eruptions in the Northern Hemisphere that occurred during the last millennium.

Figure 4.14: Ensemble mean July temperature before and after the 8 selected
volcanic eruptions. On the left the volcanic single forced and on the right the fully
forced temperature.
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Figure 4.15: Ensemble mean SMB before and after the 8 selected volcanic
eruptions. On the left the volcanic single forced and on the right the fully forced SMB.

Figure 4.16: The volcanic eruption with the largest load of volcanic aerosols
for the Northern Hemisphere in the forcing of the CESM-LME simulations
(Gao et al., 2008; Ammann et al., 2003). The volcanic load is presented with
respect to the year of the volcanic outburst.
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4.4 Discussion
It is known that the glacier mass balance in the CAA strongly depends on the summer
temperature and not on the precipitation (e.g. Koerner, 2005). Lower melt season temperatures favour glacier growth and that is also seen in our simulations, where glacier
volume strongly correlates with the mean July temperature (Fig. 4.10). More precipitation could favour larger glaciers, however in our experiments the total precipitation
in the climate forcing is negatively correlated with the simulated glacier volume (Fig.
4.7). This is a result of the strong correlation between July temperature and precipitation (Fig. 4.11). Bintanja and Selten (2014) found a 4.5 % increase in precipitation
per degree warming for the whole Arctic, in CMIP5 21st century simulations. This very
comparable with the 10.7 mm/°C relationship between the mean July temperature and
mean precipitation, over the last millennium in the CESM-LME for the different simulations in the region (Fig. 4.11), which corresponds to roughly 4.1%/°C. A decreasing
sea ice extent has been linked with increasing precipitation in the Arctic, resulting from
both increased evaporation in the region and increased meridional moisture transport
(Bintanja et al., 2020). However Arctic summer sea ice extent over the last 1450 years
correlates poorly with the surface atmospheric temperature, suggesting changes in sea
ice extent were driven by a combination of different forces (Kinnard et al., 2011).
There are small changes in the GHGs due to natural feedbacks prior to 1800 CE (Landrum et al., 2013). Up to 1800 CE our GHG single forced simulations follow as a result
a comparable trajectory as the control ensemble (Fig. 4.4). However, a small increase
in glacier volume occurs during the LIA. This is in line with the reduced GHG emissions during this period. The reduction in GHG concentrations are caused by reduced
emissions by the terrestrial biosphere as a results of colder temperatures during that
time (Macfarling Meure et al., 2006). From 1800 CE onwards anthropogenically induced
changes in GHGs become apparent (Landrum et al., 2013) and the decline in glacier volume starts. This trend is comparable to the influence the GHG has on the sea ice extent
in the Northern Hemisphere, which shows an increasing trend up to the mid 19th century
before it starts to decline rapidly in the GHG single forced simulations (Otto-Bliesner
et al., 2016). For comparison purposes we will therefore treat the GHG single forced
simulations as the anthropogenic forcing together with the ozone-aerosol and land use
and land cover change single forced simulations (Fig. 4.17).
The volcanic, solar and orbital single forced simulations are grouped together as the
natural forced simulations (Fig. 4.17). The change in glacier volume due to solar forcing
might be underestimated in our simulations, because the CESM-LME does not include
the mechanism through which variations in solar intensity can influence the stratospheric
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ozone and through this the climate (Gray et al., 2010; Varma et al., 2012). Even though
this mechanism is also lacking in the HadCM3 simulations, Schurer et al. (2014) concluded based on fingerprinting that the solar forcing probably had a minor influence
on the Northern Hemisphere climate during the last millennium. As a result the solar forcing also has a relatively small influence on the glacier evolution during the last
millennium in our simulations (Fig. 4.4). The volcanic cooling, on the other hand, is generally stronger in the CESM-LME than in reconstructions (Otto-Bliesner et al., 2016),
like in the HadCM3 simulations by Schurer et al. (2014). The gap between the PMIP3
simulated volcanic and the reconstructed cooling can partly be assigned to missing nonlinear aerosol microphysics in the models and partly to the reconstructions (Stoffel et al.,
2015). The simulated glacier volume and the volcanic contribution to that, are potentially slightly overestimated as a consequence (Fig. 4.4). This does not take away that
there was a significant influence by volcanism on the climate (Schurer et al., 2014). There
are clear indications that two major volcanic eruptions were followed by ice growth and
intensification of that growth (Miller et al., 2012; Anderson et al., 2008). Though volcanic
aerosols stay briefly in the atmosphere, the continued cold summers can be explained
by sea-ice ocean feedbacks during a northern hemispheric summer insolation minimum
that was driven by orbital forcing (Miller et al., 2005, 2012). This supports the pattern
of sustained significantly colder July temperatures and subsequently more positive SMB
after large volcanic eruptions. The declining summer insolation over the last millennium
also explains the lower summer temperatures in the orbital single forced simulations (Fig.
4.9) and the increasing glaciers volumes as a result (Fig. 4.4). Additionally, signs for a
positive influence by volcanism on the mass balance of Devon Ice Cap have been found
based on instrumental records (Bradley and England, 1978b). Our results are also in line
with the study by Huston et al. (2021) on the influence of different forcings on global
glacier length. This model study of 76 glaciers shows that most of the pre-industrial
last millennium forced response of the glaciers is a result of the volcanic forcing (Huston
et al., 2021).
From the onset of the LIA onwards the ensembles of anthropogenic forced and fully forced
total do not overlap. The fully forced ensemble is located within the spread of the natural
forced ensemble throughout the simulated period. The natural forced simulations show
a very similar pattern as the fully forced simulations and do not seem to be distinctly
different (Fig. 4.18). Although the glacier volume keeps increasing in the natural forced
simulations, it starts to decrease in the fully forced simulations in recent times. With
respect to the control simulations, the total of the single forced simulations result in the
highest glacier volume, with a slightly higher volume than the natural forced totals from
the early LIA onwards (Fig. 4.17). This indicates that the anthropogenic forcing contributed to the build-up of the glacier volume over the last millennium in the region, prior
to contributing to the decline in recent times. Even though the anthropogenic forcing as
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a whole contributed to the recent decline in glacier volume, its net contribution at the
end of the simulation might still be positive. This positive net contribution is, however,
not at all certain and maybe even unlikely. Firstly, as with the volcanic aerosols, CESM
is likely oversensitive to the indirect effect of anthropogenic aerosols, resulting in a cold
bias (Otto-Bliesner et al., 2016). This cold bias would result in an overestimated glacier
volume. Secondly, both the GHG and the ozone-aerosol forced experiments both have a
relatively narrow ensemble spread compared to the LULCC simulation (Fig. 4.3). The
ensemble spread of the anthropogenic forced totals is for that reason largely a result of
the ensemble spread on the change in LULCC (Fig. 4.17, 4.18). The LULCC ensemble
consists of only 3 members, meaning the lower range of the ensemble is not necessarily an
unlikely scenario. Neither is the increasing glacier volume as a result of LULCC required
to explain the increase in glacier volume during the LIA. This means these results should
be seen as a range of possible scenarios, without necessarily a large decrease in likelihood
toward the boundaries of the range. Thirdly, the strong negative mass balance in the
last century under the GHG single forcing is likely an underrepresented effect in the
anthropogenically forced totals. As the glacier volume decreases under the GHG single
forcing, it leaves less that can be melted. By the end of the GHG forced simulation, the
ensemble mean volume is only 40% of the fully forced one. Applying the same forcing on
these larger glaciers in the fully forced simulations would very likely have resulted in a
more negative mass balance. Though this is an issue that could have influenced all single
forced simulations, it may disproportionately affected the GHG single forced simulations
as a result of the huge mass loss during the last century. Lastly, the positive mass balance during the LIA in the GHG single forced simulation is a result of the decreasing
GHG concentrations. The reduced GHG concentrations during this period, measured
in ice core samples, have been ascribed to be a natural response to the colder climate
(Macfarling Meure et al., 2006). However, in our comparison the GHG forced simulation
contains the added effects of anthropogenic and natural GHG forcing, thereby creating
a positive bias.
The cooling effect that the LULCC has in the permafrost regions is caused by an increase
in albedo due to the change from forest, grassland and shrubs to cropland (Peng et al.,
2020). The positive influence that the LULCC as a result has on the glacier volume in
the simulations might be bound to the region, because the summer cooling that occurred
because of LULCC is stronger for the permafrost regions than in the remaining part of
the Northern Hemisphere (Peng et al., 2020). On the other hand, the cooling effect of
the LULCC could have a significant effect on the glaciers in other regions, as the cooling
in summer is relatively weak compared to the cooling in other seasons. Not only does
the mean temperature go down in the LULCC simulations, but there is also a cooling of
daily cold and warm extremes in these simulations (Chen and Dirmeyer, 2019). Though
this is not taken into account in the glacier simulations, as they are forced with monthly

75

4 Contribution of individual forcings to the CAA mass balance
mean temperature, the reduced extreme temperatures could have an additional positive
effect on the glacier volume. However, there are inconsistencies in warm season temperature changes as a result of LULCC between different models (Lejeune et al., 2017).
So in addition to the difference between the ensemble members due to internal climate
variability, the impact that LULCC has in the simulations might be very different when
using another GCM to force the simulations.
Marzeion et al. (2014) showed a decline in glacier volume in the CAA since 1850 CE,
the start of their transient simulations based on full forcings from CMIP5. This decline
in glacier volume starts on average later in our fully forced simulations, however in one
of our ensemble members peak volume occurs one year prior to the start of the simulations by Marzeion et al. (2014). On the other hand there is a larger difference between
the natural forced simulations, as our simulations show a growing glacier volume, while
their mean glacier volume declines. This difference might be caused by the fact that
we present our results with respect to the control ensemble and/or the glaciers that we
take into account in our simulations (Fig. 4.17). The advantage of analysing the glacier
simulations with respect to the control simulation, is that the results are not affected by
adjustments to the climate prior to the start of the simulations. Such a disequilibrium
with the climate would be removed when subtracting the control simulation, making the
observed signals more robust. However at the same time this introduces a source of error
in the comparison that is being made in this paragraph. The mass balance sign might
change (e.g. from a negative to positive mass balance when close to zero) in the simulations of Marzeion et al. (2014) once presented with respect to a control run. Either
way our simulations show that without anthropogenic influence the glacier volume in
the region would still be growing instead of decreasing, and this can be ascribed to the
strong influence of GHGs (Fig 4.19, 4.20).
Slangen et al. (2016) did perform a control simulation for their CMIP5 forced global
glacier simulations over the period 1900-2005. Like in our results, their simulations
show a negative mass balance under the anthropogenic forcing, where the anthropogenic
aerosols partly counter balance the effect the GHG has. However unlike in our simulations, their results show a pattern of globally retreating glaciers under natural forcing as
a result of LIA relaxation (Slangen et al., 2016). Hirabayashi et al. (2016), on the other
hand, did describe a pattern of increasing glacier in their natural forced experiments of
85 Northern Hemisphere glaciers and retreating glaciers under full and natural forcing
since the 1980’s. Our results are also largely in line with the findings of Roe et al.
(2021), who found, for larger ice caps with multi-century response times like those that
determine the regional signal in the CAA, that anthropogenic forces likely contributed
to 85 to 180 % of the mass loss since 1850 CE. Even though there is a chance that the
net influence of the anthropogenic contribution to the glacier volume in the region is
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Figure 4.17: The contribution of grouped forcings to the glacier evolution.
The glacier volume is presented with respect to the control ensemble. The red line
represents the anthropogenic forcing, the green line the natural forcing and the blue line
all forcing combined. Shaded is the ensemble range of the respective ensemble. (For the
ensemble of the single forced totals see Fig. 4.4.)
maybe still net positive today, it does not mean that there is anthropogenic glacier mass
"credit" left that could be spent before hitting the zero net anthropogenic influence bar
for these glaciers. Glaciers respond slowly to a changing climate and a part of the mass
loss is therefore already committed (Marzeion et al., 2018).
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Figure 4.18: The contribution of the full, natural and anthropogenic forcing
to the glacier evolution. The glacier volume is presented with respect to the control
ensemble. The red line represents the anthropogenic forcing, the green line the natural
forcing and the grey line the full forcing. Shaded is the ensemble range of the respective
ensemble.

Figure 4.19: Contribution of individual forcings to the glacier evolution over
the last 153 years. The simulated volume with respect to the control ensemble as
presented in figure 4.4. In this case, the individual forcings were also set to zero in 1851
CE. The shading indicates the ensemble range and the solid line the respective mean.
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Figure 4.20: The contribution of grouped forcings to the glacier evolution
over the last 153 years. The glacier volume with respect to the control ensemble
is presented relative to the simulated volume in 1851 CE. The red line represents the
anthropogenic forcing, the green line the natural forcing and the blue line all forcing
combined. The shaded areas resemble the ensemble range of the respective ensemble.
(For the ensemble of the single forced totals see Fig. 4.4.)
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The sensitivity study showed that the simulation that was forced with the average of
the fully forced ensemble members, and therefore has a reduced amplitude of the internal variability within the climate forcing, has much higher glacier volumes that are well
outside the, by internal climate variability generated, ensemble range of the regular fully
forced simulations. The amplitude of the climate variability has an influence on both
the mean ELA and its variability, resulting in an influence on evolution of glaciers in
the CAA. Because a decreased variability in the air temperature reduces the exceedance
of the threshold melting temperature, it results in a lower ELA. In addition decreased
air temperature variability decreases the variability of the ELA, together causing larger
equilibrium volumes in the region, because of the typical glacier geometry and shape of
the mass balance gradient. When not taking into account a changing air temperature
variability, glacier mass losses might be biased in future projections with a changing climate. Therefore temperature variability cannot be neglected when assessing long-term
glacier changes in the Canadian Arctic. This has implications for any glacier modelling
study that is driven by climate model output and calls for careful treatment when downscaling gridded data to a glacier scale. Though it goes beyond the scope of this study, this
finding might be relevant for other disciplines that make use of climate model output too.
The evolution of the total glacier volume in the region is very sensitive to the initial
glacier states in the simulations. However irrespective of the initial conditions the regional volume increases during the LIA, after which it starts to decrease. The regional
glacier mass balance is on the other hand not as sensitive to the initial glacier states, enabling us to put recent mass loss in perspective. On a regional level the recent CAA mass
loss (2006-2016 CE) might not be unprecedented in the last millennium. Ten out of the
thirteen fully forced simulations exceed the recent mass loss during the last millennium.
This suggests that with the climate forcing of the last millennium, similar as recent or
even more negative mass balance rates could have occurred, but not necessarily did occur.
Under the high emission scenario RCP8.5, the volume loss strongly increases in the 21st
century and becomes unprecedented compared to the last millennium within the next
decade. The volume loss rate increases up to 2065 CE, after which it decreases. Also
after 2065 CE the mass loss stays larger than at present day. The decreasing glacier
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volume loss is a result of a decreasing glacier covered area and not of a specific mass
balance that becomes less negative. On the contrary, the specific mass balance continues
to become more negative up to 2080 CE after that it stays around the 2080 CE values
for the remainder of the century. By the end of the century only 14.5 ± 1.8 % of the
initial glacier volume remains in the simulations.
Since 850 CE all the different climate forcings, except maybe for the GHG, contributed
to a net build up of the glacier volume of land-terminating glaciers up to the end of the
LIA. Though there is quite some uncertainty as a result of internal climate variability,
the volcanic and orbital forcing seem to be the largest contributors to long term volume
build up in the region by the end of the simulation. They are followed by LULCC and
the ozone aerosol forcing, of which the later one, though only included for the last 155
years, has a net comparable effect as the LULCC. As a result of the ensemble spread
caused by internal climate variability it is not detectable if GHG made net positive contributions to the total volume at the end of the LIA. Around 1800 CE a change in this
trend starts and throughout the following 200 years the net contribution of GHG to the
glacier volume becomes increasingly more negative. At first the regional volume still
grows as a result of the other forcings, in which the anthropogenic ozone aerosol forcing
plays a large role from 1850 CE onwards. All together the anthropogenic influence on
the glacier volume might have been net positive over the last millennium, thought there
are large uncertainties associated with this. Either way, this has already begun to change
as a results of both the increasing GHG emissions and glaciers that are not in equilibrium with the climate. Over the last 150 years, GHG had a negative influence on the
glacier mass balance, though the impact this has on the glacier volume is at first largely
counterbalanced by other forcings, most strongly by the ozone and aerosol forcing. Since
the middle of the 20th century, the GHG signal has become stronger than that of the
other anthropogenic forcings combined, resulting in a negative anthropogenic influence
on the glacier mass balance. Total anthropogenic influence has also grown in recent
decades to become larger than the positive influence that the combined natural forces
have. Without the recent change in GHG emissions the glacier volume in the Canadian
Arctic would still be growing instead of losing large amounts of mass.
The conclusions being presented here are based on the simulations forced with the climate of one GCM in one set-up, the CESM-LME. Putting the recent glacier mass loss
into perspective could be improved by repeating the fully forced transient simulations
with forcings from different GCMs, e.g. CMIP6/PMIP4, and extending the simulations
under different future scenarios. In this context the effect of using another baseline climate than CRU could also be tested. Though it would be interesting to include the
tidewater glaciers in such simulations, it does not seem likely that this will be possible to
simulate large numbers of tidewater glaciers dynamically on a millennium timescale in
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the near future. Additionally the model simulations would likely be improved by including the process of melt water refreezing into OGGM, which is an important component
in the SMB of CAA glaciers (Noël et al., 2018).
The glaciers in the region respond relatively slowly to a changing climate. Over the
millennium long simulations, the simulated total glacier volume is very sensitive to the
initial glacier conditions. The geometry of the glaciers at start of the simulations is
unknown. A way to get an better estimate, could be to go further back in time and
simulate glaciers over the entire Neoglacial and capture with that the build-up to the
maximum extent during the LIA. The sensitivity experiment that was forced over the
last 6 millennia with TraCE-21k (He, 2011; Liu et al., 2014), could be a good starting
point for doing so (Fig. 3.22). The advantage of starting the simulations during the
mid-Holocene would be that many of the valley glaciers were smaller during that time
(Briner et al., 2009), likely resulting in a shorter impact of the initial conditions. This
would result in the initial conditions no longer being relevant for many glaciers over a
large time span of our simulations, on the condition that they were started from reasonable initial states. However this is not the case for all glaciers: e.g. Barnes Ice Cap is a
remnant of the Laurentide Ice Sheet and has been retreating throughout the Holocene
(Koerner and Fisher, 1990; Thomas et al., 2010). Besides that such simulations could
give additional information about the last millennium, the simulation by itself could give
valuable insight about the glacier evolution during the Neoglacial, among others because
the onset of the advance seems to be asynchronous (Solomina et al., 2015).
It would also be worthwhile to expand the single forced experiment to a global domain.
In this context it would however be important to re-think the way this experiment is
implemented. Glaciers under the single forcing that deviated too much from the fully
forced experiment, might result in misrepresenting the influence the respective forcing
has on the glacier mass balance. This is likely a larger issue in regions that have a
shorter response time; for instance, as a result of a warmer climate or a regional signal
controlled by smaller glaciers than those in the CAA. Prescribing the glacier geometry
with for instance the fully forced simulations, could be a way to deal with this issue.
Such global simulations would give a global insight into what drove glacier evolution
throughout the last millennium, thereby showing what caused the build-up of glacier
volume during the LIA (which occurred asynchronously; Neukom et al., 2019), the recent decline, and how that differs by region. It is especially interesting to do this type of
simulations on a longer time scale, as glaciers respond slowly to changing climate forcing and are therefore at any given time are also responding to previous changes when
being out of equilibrium with the current climate forcing. Therefore it would also give
a better insight into the influence of different forcings for the last century than shorter
simulations. To our knowledge such simulations have not been done before globally for
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the last millennium, which would make them particularly valuable.
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