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Abstract

The Greenland Ice Sheet is under stress with the rising temperature. Ice sheet sensitivity
to temperature changes and its contribution to global sea level rise can be estimated using ice
sheet/climate models. This study combines an ice dynamics model and an isotope tracer model to
carry out long-term coupled ice-sheet/climate simulations to investigate the vulnerability of the
Greenland ice sheet to higher temperatures during the Eemian warming. I also examine how
Eemian melting may have altered isotopic ratios and temperature reconstructions. The
simulations are benchmarked against NEEM and Summit ice core observations to provide
validation of model performance. I find that there is ice in central Greenland for climates up to
12°C higher than present. Greenland’s contribution due to Eemian sea level most likely ranges
between 2.8 to 4.3 m, associated with temperature anomalies from 5 to 9°C. Melt-induced

isotopic modifications can cause overestimation of 0.1-2°C warming in proxy records.

Keywords: Greenland ice sheet, isotopes, ice sheet/climate model, melting

modifications, Eemian
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Preface
This thesis consists of a series of altered (to ensure consistency with the thesis format)
and unaltered figures from publications in academic journals and websites within chapters 1 and
2. The license and copyright agreements allow sharing and adapting material for non-commercial
purposes as long as credit is attributed to the author. The source has been referenced within the
figure caption and is listed in the References section. This thesis is original, unpublished,

independent work by the author Z. Rahimian.
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Chapter 1 Introduction and Objectives

The Greenland Ice Sheet (GrIS) and Antarctic Ice Sheet (AIS) are fundamental
components of the global climate system. These only two currently available ice sheets, are
losing mass and contributing an estimated 1.2 mm/year to global mean sea level rise (SLR) over
the past decade (IPCC, 2019). The rate of sea level rise is expected to increase further into the
future in response to climate warming (Figure 1.1; IPCC, 2019). GrIS holds enough water to
raise global sea levels by ca. 7 m (Bamber et al., 2001). Glacier melt processes are understood
fairly well and have been included in global climate/ice sheet models, but uncertainties remain
with respect to ice sheet-ocean interactions, snow/ice-albedo feedback processes, and resolution
of all of the relevant mass balance processes. As a result, there is significant uncertainty in
projections of ice sheet sensitivity to temperature changes, and its contribution to SLR, due to

melting ice sheets.

0 500

Scale (km) Scale (km)
-10 -8 £ 4 -2 0 2 4
T i
Ice loss change Ilce gain change

cm of water yr! (2003-2012)

Figure 1.1. Ice sheet mass loss over (a) Antarctica (b) Greenland shown in centimeters of
water per year (cm of water yr'l) from 2003 to 2012 (IPCC, 2013).
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Past studies have examined how stable GrIS is in a warmer climate by employing ice sheet
models, exploring a wide range of uncertainty in the model parameters (e.g., Letréguilly et al.,
1991; Huybrechts et al., 1991; Huybrechts and de Wolde, 1999; Cuffey and Marshall, 2000;
Lhomme et al., 2005; Otto-Bliesner et al., 2006; Gregory and Huybrechts, 2006; Robinson et al.,
2012; NEEM Community Members, 2013; Otto-Bliesner et al., 2013; Dutton et al., 2015; Yau et
al., 2016).

Letréguilly et al. (1991) estimated that it would take a temperature increase of 3°C for the
margins of the GrIS to melt with the central part of the ice sheet unaffected. The ice sheet divides
into two part with an increase of 4°C. The central and northern parts as well as an ice cap on the
southern mountains remain intact. According to this model, the GrIS disappears with a
temperature increase of 8°C. On the other hand, Huybrechts et al. (1991) determined that a 1°C
temperature rise could increase the global sea level 0.22 mm/yr. According to Huybrechts and de
Wolde (1999) GrIS would likely contribute 10 cm and a few meters to global sea level rise by
the year 2100 and 3000, respectively. Robinson et al. (2012) simulated a 60% reduced volume of
the GrIS after 1200 years when forced with an applied constant temperature anomaly of 6°C. In
addition, Dutton et al. (2015) states that currently the assessment of a threshold of 1-4°C above
preindustrial levels could mean irreversible GrIS retreat. It needs to be noted however that with
Arctic amplification of warming, approximately +1.5°C for the Northern Hemisphere means
+5°C for Greenland (Otto-Bliesner et al., 2013).

Arctic temperatures were several °C warmer than present during the last interglacial (LIG)
period (Letreguilly et al., 1991; Turney and Jones, 2010; McKay et al., 2011), also known as the
Eemian period (129 to 116 ka), resulting in notably smaller GrIS (Figure 1.2). In addition, the

LIG period is the penultimate warming period in Earth’s history and at the moment Earth has a



3
comparable climate regime to that of the early Eemian (Nature, 2013). As a result, the LIG is
considered an instructive period to investigate to understand how the ice sheet will react to
future, warmer conditions. While the climate forcing in the LIG was different than today, orbital
variability vs. greenhouse gasses, modelling research shows an intensified summer warming
through similar albedo and water vapour feedbacks obtained in future and LIG climate
simulations over Greenland (Lunt et al., 2013). Eemian climate warming was driven by an Earth-
Sun orbital configuration that focused more summer insolation at high northern latitudes (Otto-
Bliesner et al., 2006). However, Otto-Bliesner et al. (2013) also concludes that the Eemian

should not be considered as an exact resemblance of future warming.

Temperature intensity

120 100 80 60 40 20 0

Thousands of years before present

Figure 1.2. Temperature from the Eemian (left) through the last glacial cycle (darker grey
background from ~115 to 10 ka) to present. The red colour indicates ice from a warm
period, the blue from a cold period, and the rest of the colours from periods in between
(adapted from University of Copenhagen, 2013).

It should be noted that high latitudes of both hemispheres were significantly warmer

during the last interglacial period than the pre-industrial era (Church et al., 2013), with peak
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warmth from 129 to 122 ka. Climate reconstructions of the Northern Hemisphere reveal
maximum anomaly temperatures of +2 to +5°C early in the LIG (Bakker et al., 2014), leading to
substantial melting of ice sheets. The increased melting of the GrIS caused the ice sheet to lose
mass and reduce in height during the Eemian. Based on interpretations from the North Greenland
Eemian ice core (NEEM Community Members, 2013), the NEEM ice core site thinned at a mean
rate of 7 = 6' cm per year between 128 and 122 kyr BP and stabilized at this thickness until 117-
114 kyr BP. The NEEM group also reconstructed local (north Greenland) temperature anomalies
of up to +8°C at this time (Figure 1.3). The temperature inference comes from 8'°0 values in
Eemian ice near the base of the core.

Despite the warm temperatures and the high rate of melting, the ice sheet did not
disappear; older ice has been found in central Greenland (Centre for Ice and Climate, 2019a) and
at the base of the NEEM core. Reconstructions of paleo ice sheet elevation can be derived from
the total gas content in ice-core air bubbles (which is a proxy for air pressure, hence altitude;
Raynaud et al., 1997). Using this method, air pressure reconstructions from the NEEM ice core
indicate that surface elevation of the 128-ka ice depositional site was 540 = 300 m higher than
NEEM surface elevation at present (NEEM Community Members, 2013). The present surface
elevation at the 128-ka ice depositional site is 330 = 50 m higher than present at NEEM. The 210
m £ 350 m surface elevation decrease is the difference between the elevation 128 ka and present.
At about 122 ka, the surface elevation was estimated to have decreased to 130 = 300 m below the
present elevation, resulting in an ice thickness change of ~340 m (400 + 350 m after accounting

for i1sostatic rebound) (NEEM Community Members, 2013). Figure 1.4 plots the LIG elevation

"NEEM reports 7 + 4, which is an error. As 7¥6000 years= 42,000 cm = 420 (or 400) m is correct, but
4*6000 would give 240 m. It should be 6 cm/yr for the error.
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reconstruction for the ice sheet based on these data. Based on this, the NEEM group concludes
that GrIS geometry did not change much during the LIG, and GrIS could not have caused more
than ~2 m of sea-level rise during the Eemian.

Surface melting during the warm Eemian period can be seen in the ice core as layers of
refrozen meltwater (NEEM Community Members, 2013). Surface meltwater percolated into the
snow below and refroze. This site does not experience melting today, so there is no question that
the Eemian climate was considerably warmer. However, the whole ice sheet inferences from the
NEEM ice core are more difficult to validate, as the climatic and ice-sheet elevation records from

this core are specific to this sector of the ice sheet.
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Figure 1.3. Temperature (°C) difference during the Eemian period relative to mean of past
millennium (adapted from Nature, 2013).

Paleoceanographic data and a coupled atmosphere-ocean climate model were used to
investigate global ocean surface temperatures of the LIG period (Figure 1.5), in order to provide

an estimate of ocean thermal expansion SLR during the LIG, which most probably did not



6
exceed 0.4 = 0.3 m (McKay et al., 2011). Kopp et al. (2009) estimate that during the last
interglacial, sea level rose above 6.6 m, yet not exceeding 9.4 m. If the NEEM Community
Members (2013) are correct that melting of the Greenland Ice Sheet caused less than 2 m of sea-
level rise during the LIG, then most of the Eemian sea-level rise must have originated in
Antarctica (Nature, 2013; Quiquet et al., 2013). This is possible, but the contributions of the two

ice sheets remain uncertain, with a wide range of reconstructions from modelling studies.
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Figure 1.4. Surface elevation (m) difference during the Eemian period relative to past
millennium (adapted from Nature, 2013).
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Figure 1.5. Annual LIG surface air temperature (°C) simulation minus preindustrial
anomalies in a global climate model (adapted from McKay et al., 2011).

Estimates of Eemian global sea level rise associated with GrIS retreat range from 0.5 to 7
m, with no conclusive data available to better constrain this number. A contribution of 0.3 to 3.6
m from GrlS is supported by modelling studies of the LIG (Otto-Bliesner et al., 2006; Stone et
al., 2013). Other researchers believe that GrIS contributed at least 5 m of SLR during the Eemian
(Cuffey and Marshall, 2000; Nature, 2013). The conclusions from the NEEM Community
Member (2013) are on the other end of the spectrum, arguing that GrIS was resilient to 8°C or
more of regional warming in the Eemian, experiencing only minor retreat at this time. This was
reinforced by the perspective piece that accompanied the publication of the NEEM results in
Nature News, titled “Greenland Defied Ancient Warming” (Nature, 2013).

The interpretation of the isotope record and paleo-elevation history in the NEEM core
requires reconstruction of source ice trajectories and ice sheet geometry in the Eemian period

through to present day; it is necessary to know the age, location, and isotopic values of snow
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falling on the ice sheet, which eventually flowed to the site of the present-day NEEM core.
Another interesting question is associated with evidence of ice-core melting during the Eemian
(NEEM Community Members, 2013). This melting is assumed not to have impacted the §'°0
values or total gas content, such that these proxies give valid estimates of Eemian air
temperatures (Figure 1.3) and ice sheet elevations (Figure 1.4). My main research questions stem
from the ability to examine these assumptions and reinterpret the results of NEEM Community
Members (2013), with the aid of isotopic tracing in ice sheet modelling. The study expands
current understanding of past and present-day ice sheet dynamics and GrlIS sensitivity to climate
change.

The paleo record draws attention to the sensitivity of ice sheets and sea level to increased
global temperatures (Figure 1.6). It even highlights a major sea-level response to less severe
global warming than what is predicted for future climate. The high SLR sensitivity related to
greater warming at high latitudes results from powerful cryosphere-climate feedbacks (Church et

al., 2013).
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Figure 1.6. Multi-millennial equilibrated sea level (m) per °C of warming (x-axis) above
preindustrial (PI) levels (y-axis). Resulted from physical models (black lines/grey shading)
and proxy-data estimates from past warm periods (black boxes). PI = pre-industrial, LIG =
last interglacial period, M11 = Marine Isotope Stage 11, Plio = Mid-Pliocene. M11 is
marine isotope stage 11, another interglacial period ca. 400 kyr BP. Plio is another warm
interval ca. 3.3 to 3.0 Ma (Ma equals million years ago) with about 400 ppmv CO; and
global mean surface temperature of 1.9°C to 3.6°C higher than pre-industrial values.
Shading represents the uncertainty range. Red lines indicate fitted relationships (adapted
from Church et al., 2013, fig. 13.14).

My research explores GrIS reconstructions during the last interglacial period,
approximately 128,000-116,000 years ago (128 to 116 ka) and through the last glacial cycle,
from 116 ka to present. Modelled ice sheet reconstructions offer an opportunity to understand
how GrIS reacted to a warmer Arctic, with less sea ice, longer summers, and increased energy
available for melt. I use the University of Calgary (U of C) ice sheet model (Marshall and
Cuffey, 2000; AMAP, 2009), and the isotope tracer models within the ice sheet model (Clarke
and Marshall, 2002; Lhomme et al., 2005), to carry out long-term coupled ice-sheet/climate

simulations in order to investigate the susceptibility of the GrIS and sea level to higher
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temperatures. The simulations of the LIG period will be benchmarked against ice core
observations to provide a validation of model performance in warm past climate states. I employ
these new modelling capabilities to re-examine the history of the GrIS and its sensitivity to
climate change. I also build on this work through examination of post-depositional isotopic
modifications within the GrIS during the Eemian. This research is becoming ever more relevant
as high northern latitudes are facing substantial warming.

The U of C ice sheet model has been developed by Dr. Shawn Marshall over many years,
and has the ability to trace stable water isotopes of precipitation (5'*0) through the ice sheet
system. These isotope-tracing capabilities in the ice sheet model allow predictions of 3D §'°0
fields (Clarke and Marshall, 2002; Lhomme et al., 2005), which are compared with modern
observed fields (in ice cores) to better understand and constrain past climates and ice-sheet
changes. A challenge of this approach is that precipitation isotopes in the past are unknown, and

can only be roughly estimated.

My specific hypotheses are:
H1: 3D isotope tracers in a GrIS model can be used in conjunction with ice-core records to
better constrain the Eemian extent of the GrIS.
H2: The isotopic signal in Eemian ice in Greenland has been modified by melting; this

requires a re-interpretation of the temperature and elevation history of the ice sheet.

New understanding concerning these two hypotheses will inform reinterpretation of the

Eemian climate and ice sheet history in Greenland. This in turn will provide a revised estimate of
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the GrIS’s climate sensitivity. Future climate warming in the Arctic is projected to exceed that of
the Eemian. My results will better constrain estimates of GrIS stability and future sea level rise.

Chapter 2 of this thesis is a literature review that discusses early and recent investigations
of ice cores and ice sheets during the last interglacial period, stable water isotopes, and ice
sheet/climate models (mainly the U of C ice sheet model), as well as summarizes the affect of
post depositional modifications, especially melting, on stable water isotopes. My methodology
and analysis are described in Chapter 3. The results are presented in Chapter 4. Chapter 5
discusses the isotopes and post depositional modifications on Greenland in the context of larger

literature. The thesis is concluded in Chapter 6.
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Chapter 2 Literature Review

In its recent special report on the oceans and the cryosphere, IPCC (2019) reports that
global mean sea level was at least 5 m higher than present during the Eemian, and that modelling
studies have come to the conclusion that GrIS withdrew between approximately 1 and 6 m, but
still demonstrate a small contribution to the global mean sea level around 129 ka; most of
Greenland’s sea-level contribution likely came later in the Eemian. Like mountain glaciers, it is
clear that the Greenland Ice Sheet is sensitive to warm temperatures. Greenland mass loss in
recent decades is caused by increased surface melting and the acceleration of large outlet glaciers
(van den Broeke et al., 2009). Satellite gravity measurements indicate that the GrIS is currently
losing mass at an average rate of 278 = 11 Gt/yr (IPCC, 2019). A mass loss of 360 Gt is equal to
global SLR of 1 mm (Lipscomb, 2010).

The main contributions to global sea level are from land ice retreat and ocean thermal
expansion, adding to the sea level at a rate of roughly 3.2 mm per year (IPCC, 2019). The IPCC
(2013) suggests that these processes account for about 75% of recent SLR, but the value
fluctuates from year to year (Figure 2.1). Estimates of 21st century ice-sheet mass loss and SLR
are extremely uncertain (IPCC, 2019). Therefore, there has been a great urgency for modelling of

land ice, and the need for a number of improvements in ice sheet models.
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Figure 2.1. Global mean sea level change accompanied by coloured lines (of annual values)
indicating different data sets. Shadings represent uncertainty (IPCC, 2013).

2.1. Ice sheets

Ice sheets are glaciers that cover an area of at least 50,000 square kilometers, and are in
constant motion, due to gravitational stresses that cause ice deformation (National Snow and Ice
Data Center, 2018). They move faster at the coastline since the ice flows through channelized
outlets glaciers, ice streams, and ice shelves (National Snow and Ice Data Center, 2018). Ice
sheets will remain in equilibrium as long as they gain the same mass in snowfall as they lose
through melting and calving (Figure 2.2) (National Snow and Ice Data Center, 2018).

An ice sheet can be divided into a number of zones (Figure 2.2). Within the GrIS
accumulation zone, which is where an ice sheet gains mass through snowfall, there are four other
zones: the dry-snow zone, the percolation zone, the wet-snow zone, and the superimposed ice
zone (Nolin and Payne, 2007). Within the dry zone, there is no melting as the air temperature is

always below freezing. The dry zone is located at the highest elevations of the ice sheet. In the
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percolation zone, there is partial surface melting, which percolates into the snow and refreezes
(Nolin and Payne, 2007). The percolation zone is below the dry-snow zone, next in elevation
(Figure 2.2). The meltwater that has penetrated the whole snowpack creates the wet-snow zone
and as widespread refreezing occurs the superimposed ice zone is created (Nolin and Payne,
2007). Melting and refreezing of the current year's snow creates the superimposed ice; therefore,
this zone is considered part of the accumulation area of the ice sheet. The lowest elevation zone

is the bare-ice zone, which designates the ablation zone (Figure 2.2) (Nolin and Payne, 2007).
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Figure 2.2. An image of the different glacier zones on Greenland ice sheet (Nolin and
Payne, 2007, fig. 1).

An ice sheet experiences mass loss through snow and ice melt, evaporation, sublimation,

wind erosion, or when ice is detached through calving. These mechanisms are collectively
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referred to as ablation (Nolin and Payne, 2007). Calving is an effective ablation mechanism for
glaciers and ice sheets that are exposed to the ocean. Enormous amounts of ice are removed by
iceberg calving (Marshall, 2012, Chapter 6). Calving of icebergs to the ocean explains 40-50%
of annual mass loss in Greenland, which makes it an important factor to consider (Marshall,
2012, Chapter 6). Most melting happens at the glacier surface. However, melting also occur
englacially and subglacially (Marshall, 2012, Chapter 6). Melting that leads to run off and is
removed from the system cause ablation, as some surface meltwater can percolate into the
snowpack and refreeze (Marshall, 2012, Chapter 6). About 50% of the annual ablation occurs by
surface melting (Marshall, 2012, Chapter 6) in Greenland, which also makes it a crucial factor
(Nolin and Payne, 2007). This varies from year to year; in warm summers, such as 2012 and

2019, mass loss due to surface melting can account for as much as 75% of annual ablation.

2.1.1. Greenland Ice Sheet.

According to Alley et al. (2010), the Greenland ice sheet covers approximately 1.7 million
km® and has a volume of 2.9 million km3, with a maximum ice thickness of 3367 m and an
average ice thickness of 1600 m. It extends 2200 km from north to south (Figure 2.3). The ice
load has resulted in some bedrock below sea level, due to isostatic depression. However, with ice
removal the bedrock would slowly rebound, with only a little staying below sea level. If all of
the ice that rests on bedrock above sea level melted completely, it would contribute a globally

averaged SLR of 7.3 m (Alley et al., 2010).
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Figure 2.3. Satellite image (SeaWiFS) taken of the Greenland Ice Sheet on July 15, 2000
(Alley et al., 2010, fig. 1).

2.2. Stable water isotopes
Isotopes are variations of a chemical element, which contain a different number of
neutrons, resulting in a different atomic mass. Water consists 99.7% of H216O but also contains
H,'*0, H,"’0, and HD'®O (Jouzel et al., 2013). Oxygen has the most commonly measured
isotopes in glaciology. The most abundant oxygen isotope, '°0, has eight neutrons and eight
protons, while "*O consists of ten neutrons and eight protons, making it heavier than '°O.
Similarly, deuterium (*H or D) is heavier than 'H. As a result, the slight differences in the

physical properties of these stable isotopic molecules lead to fractionation at each phase change
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of the water cycle, except sublimation and melting of compact ice (Gat, 1996; Jouzel et al.,
2013), due to the different saturation vapour pressure and molecular diffusivities of the heavier
and lighter water molecules (Schlosser et al., 2008). This causes variations in the distribution of
water isotopes, both spatially and temporally in the atmosphere and in precipitation (Figure 2.4;
Jouzel et al., 2013). As a result, the ratios of '*O to '°0 (8'*0), and *H to 'H (8D) provide
excellent proxies for temperature and environmental conditions at the time of rain or snow

deposition (Gat, 1996).
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Figure 2.4. The isotopic fractionation process at each phase change with hypothetical '*O
values (adapted from Bruckner, 2019).
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Isotopic concentrations are given with respect to a standard:

0= (Rsample - RSMOW) / RSMOW (1)

where Rgample and Rgmow are the isotopic ratios of the sample (e.g. [180]/[160]) and
Vienna Standard Mean Ocean Water, respectively, with & typically expressed in parts per
thousand (per mil) (Jouzel et al., 2013).

The water cycle connects evaporation of oceanic water, cloud formation, vapour and cloud
transfer by wind, precipitation, and the isotopes of the run-off water back to the ocean (Gat,
1996; Sokratov and Golubev, 2009; Brady et al., 2019). Stable water isotope distribution in
precipitation is strongly related to climatological parameters (Sokratov and Golubev, 2009). The
measured isotopic content of solid precipitation and its variations in land ice and snow are
considered to represent climate variations (Sokratov and Golubev, 2009). Annual values of §'°0,
oD, and annual mean air temperatures at observed precipitation sites are linearly related in
middle and high latitudes (Dansgaard, 1964; Jouzel et al., 1983; Jouzel et al., 2013). Despite this,
measurements indicate that only under relatively uniform meteorological conditions is it possible
to construct a temperature-isotope relationship (Jouzel et al., 1983).

During evaporation, initial fractionation takes place in thermodynamic equilibrium (Jouzel
et al., 1997). This equilibrium occurs only in a very thin layer at the water—air interface
(Schlosser et al., 2008). The kinetic effect (i.e. the non-equilibrium effect) happens during
molecular diffusion in the water layer right above (Schlosser et al., 2008), causing the lighter and

heavier isotopes to behave differently (Jouzel et al., 1997). The amount of kinetic fractionation
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during evaporation depends on sea surface temperature, relative humidity, and wind speed
(Masson-Delmotte et al., 2006).

After water evaporates from the ocean or from inland water bodies, it can be carried to
higher latitudes and altitudes, where the vapour condenses due to cooling, forming precipitation
(Gat et al., 2001). Due to kinetic effects, the isotopic fractionation during evaporation is larger
than the fractionation during the condensation process, which in turn results in the depletion of
heavy isotopes in vapour and precipitation (Figure 2.4; Gat et al., 2001). As the distance from the
ocean increases, the 8'°0 in the precipitation becomes more and more depleted, which is called
the continental effect or the distance-from-coast effect (Gat et al., 2001). The continental effect
depends on the topography and the climate of the region, as well as the temperature gradient (Gat
et al., 2001). The 8'°0 in the precipitation gets more depleted at higher altitude, as well as higher
latitudes (the altitude and latitude effect, respectively). The altitude and latitude effects are also
temperature related, since temperature controls condensation (Gat et al., 2001).

As a result of these processes, the isotopic composition of precipitation is strongly
correlated with the temperature at which the precipitation occurs (Dansgaard, 1964). The lower
the temperature is, the lower the 5'*0 (Dansgaard, 1964; Jouzel et al., 1983). Therefore, winter
precipitation at a specific location is isotopically lighter than its summer values (Figure 2.5;
Jouzel et al., 1983). This seasonal effect is especially noticeable in higher latitudes and therefore
is of special interest in the snow layers over the ice caps of polar regions, where precipitation is
preserved for long periods of time in its original order of deposition (Jouzel et al., 1983). Annual
snow layers can be recognized by periodic seasonal variations of 'O (Figure 2.5; Gonfiantini et

al., 1963).
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Figure 2.5. Stable water isotopic value depletion during fractionation processes by
comparing summer and winter seasons with the distinguishable summer and winter layers
within the ice (adapted from Centre for Ice and Climate, 2019).

Past changes in evaporation conditions or atmospheric transport might cause biased
temperature reconstructions of 8'°0 (Masson-Delmotte et al., 2006). In fact, the temperature at
the time and height of condensation is the main control on isotopic composition of snowfall and
not the surface temperature (Masson-Delmotte et al., 2006). Masson-Delmotte et al. (2006) noted
that in central Antarctica, the condensation temperature is almost the same as the temperature in
the inversion layer, which is linearly related to the surface temperature. However, the same
should not be assumed for coastal Antarctica or Greenland, as convective activity takes place
episodically in these locations. For that reason, changes in the vertical temperature profiles might
impact past temperature reconstructions. In addition, changes in the seasonality of precipitation,
as well as post-depositional effects might also cause biases in temperature reconstructions from

ice cores (Masson-Delmotte et al., 2006).
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Anderson et al. (2016) concluded that temperature is well correlated with the majority of
8'80 variations for some individual storms, locations, and years. However, local temperature can
sometimes have little or no influence on 8'°0, meaning that other factors must be in control
(Anderson et al., 2016). Water vapour source, transport history, and post-depositional processes
within the snowpack could be among the controlling factors (Sinclair and Marshall, 2009;
Anderson et al., 2016).

Isotopic data retained in individual precipitation events can be modified by a number of
different processes, such as meltwater percolation, wind scour, depositional sublimation,
meltwater refreezing, and vapour diffusion (Moran and Marshall, 2009). As a result, the
interpretation of 8'*O profiles in these records requires a crucial evaluation of the impact of post-
depositional processes on the isotope stratigraphy. On a seasonal timescale, these processes
smooth the isotopic variability recorded in the snowpack stratigraphy. This reduces the
interannual variability retained in the ice cores, which makes it difficult to use stable water

isotopes as paleothermometers on longer timescales (Moran and Marshall, 2009).

2.3. Post-depositional isotopic modifications
Stable water isotopes in precipitation, such as 8'°0, are dominated by the advective
transport and condensation history of precipitation, and especially the temperature in the cloud
system during condensation (Dansgaard, 1964). Solid-phase precipitation represents these
characteristics in such a way that accumulated snow and ice record the history and environmental
conditions during precipitation events. Snowpacks that survive summer melting can preserve the
annual isotopic cycle, enabling the reconstruction of high-resolution temperature records from

ice cores.
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In general, it is assumed in ice-core research that there is negligible post-depositional
isotopic modification, as long as the near-surface snow remains cold and dry (i.e., below
freezing). However, several processes can modify the isotope stratigraphy. “The most significant
post-depositional process is probably wind scour or loading but they also include sublimation,
frost and rime condensation, vapor circulation, and basal melt” (Anderson et al., 2016). Post-
depositional modifications compromise the interpretation of precipitation isotopes as
thermometers both on a seasonal timescale and in longer-term analyses (Sinclair and Marshall,
2008), and it is important to consider whether such processes occurred at ice-core sites. “Each of
these mechanisms is non-linear, highly local, and can only be studied effectively with process

modeling validated by monitoring” (Anderson et al., 2016).

2.3.1. Effects of vapour diffusion.

Sublimation effects occur in the near-surface snow and could deprive the snowpack of light
isotopes, specifically during extended dry periods (Anderson et al., 2016). If phase changes
remove light isotopes, then the remaining snow will be more enriched (Anderson et al., 2016).
Fractionation has been documented in snowpacks in association with the non-equilibrium
processes related to water-vapor diffusion (Sinclair and Marshall, 2008). At the ground—snow
interface of alpine snow-packs, cold atmospheric conditions combined with the input of
geothermal heat can create strong temperature (hence vapour pressure) gradients, promoting
vapour transport, recrystallization, and depth-hoar formation (Sinclair and Marshall, 2008). This
has shown to be associated with increased heavy isotopic concentration in the lowest layers of
the snowpack (Sinclair and Marshall, 2008; Anderson et al., 2016), since heavy isotopes are the

first to condense or be deposited from the vapour. Solid diffusion may be neglected in the
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snowpacks; however, vapour-phase diffusion within the snow matrix is 1000 times faster and

reduces isotopic gradients in times of sublimation and redeposition in snow and firn (Sinclair and

Marshall, 2008).

2.3.2. Effects of wind scouring.

Wind scouring may mainly impact low-density (i.e. winter) snowfall, leaving the
remaining snow enriched in heavy isotopes (associated with warmer conditions), in contrast to
wind-loaded areas, which may be biased toward lower isotope values (Anderson et al., 2016). In
addition, spring and summer precipitation on glaciers and ice sheets would also enrich the

snowpack (Sinclair and Marshall, 2008).

2.3.3. Snow isotopic content change by melts.

Snowpack enrichment may also be due to mass loss from erosive sublimation, evaporation,
or meltwater runoff, if these processes are associated with fractionation and preferential removal
of heavy or light isotopes from the snowpack (Sinclair and Marshall, 2008). Field studies by
Moran and Marshall (2009) indicate that meltwater percolation may affect the accuracy of
palaeoclimatic reconstructions. It can decrease seasonal isotopic signals and cause isotopic
enrichment, as well as initiate time gaps. The isotopic fractionation resulting from refreezing and
evaporation of meltwater in the snowpack could influence the ability of isotopic values to be
used as accurate proxies of environmental change. Hence, this should be noted when interpreting
climatic information from ice cores drilled in areas with high amounts of summertime melt.

Pohjola et al. (2002) acknowledge the reduction of seasonal range in isotopic values that

occurs with meltwater percolation. However, Pohjola et al. (2002) conclude that due to the
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similarity between annual §'*0 values from an ice core site and modified coastal values for a
geographical gradient, water isotopes appear to be only slightly affected. There were indications
of smoothing of the record as well as some diffusion, yet atmospherically deposited signals were
preserved in their depositional layer. This is in contrast to the significant evidence of §'°0 signal

modifications Goto-Azuma et al. (2002) found due to melting, which restricts the use of §'*0

signals as a temperature proxy.

Moran and Marshall (2009) investigated the modification of snow temperature, water
content, density and stable water isotopes of 8'°O at four Arctic snow-pit sites during early-
season melt. The goal was to understand the impact of melt on snowpack stratigraphies and
seasonal isotopic signals. Moran and Marshall (2009) associated isotopic changes observed at the
four Arctic snow-pit sites to temperature reconstructions that were obtained from a 33-year firn-
core record drilled on the same icefield, and came to the conclusion that preservation of annual
i1sotopic signals does not mean that isotopic values are preserved.

Positive degree-day (PDD) values can be used as proxies for melt-induced isotopic
correction (Moran and Marshall, 2009). It is based on Braithwaite’s (1995) assumption that PDD
values are linearly related to melting of snow and ice. PDD is defined as the summation of all
temperatures above 0°C (melting point) over a period of time. Moran and Marshall (2009) used
empirically obtained linear relationships between PDD and isotopic modification to extrapolate
between the amount of isotopic enrichment, which were estimated to be +0.08 %o (PDD)'. A
temperature-isotope relationship is then required to be able to relate isotopic modifications to
errors in the isotopic temperature estimates. There is a wide range of temperature-isotope

relationships in literature. However because this study focuses on temperature reconstructions on
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Greenland and especially NEEM, the reported value of 2.1 + 0.5 °C %o in the NEEM research

paper (2013) is considered to be appropriate.

2.4. The last interglacial period (Eemian)

High latitudes of both north and south hemispheres were warm during the last interglacial
period (129 to 116 ka) compared to the pre-industrial era, primarily due to greater Earth axial tilt
and eccentricity in the Earth-Sun orbit, which combined to give increased summer insolation at
high latitudes (Turney and Jones, 2010; McKay et al., 2011). Surface temperatures during the
last interglacial period are estimated to have peaked at 8 + 4°C above the mean temperature of
the past millennium at NEEM, based on stable water isotopes (Figure 1.3; NEEM Community
Members, 2013). Substantial amounts of surface melting occurred at NEEM during the last
interglacial period (NEEM Community Members, 2013).

As mentioned above, based on the NEEM Community Members (2013) results,
temperatures were estimated to have reached 8°C above present. During the summers of 2012
and 2019 it was not this warm; nevertheless, the entire interior plateau of the GrIS experienced
melting (Arctic Report Card, 2019). Isotopic fractionation due to melting and refreezing may
have affected the isotopic records, and accounting for this could improve isotope-temperature
reconstructions in Greenland ice cores. This would result in revised estimates of peak LIG
warming; peak warming in Greenland may have actually been less than 8°C, due to meltwater
effects that lead to isotopic enrichment in firn and ice.

There has been no simulation of the LIG period with an atmospheric general circulation
model that includes the water isotopic composition (Masson-Delmotte et al., 2006). Analysis of

the temperature-isotope relationships in LIG climate simulations of GCMs with stable water
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compositions would shed some light on the above estimates (Masson-Delmotte et al, 2006), by

including both potential changes in the vapour source region and changes in air-mass trajectory.

2.5. Ice cores
Ice cores are paleoclimate archives that contain important physical and chemical
information about past climate and atmospheric changes (Masson-Delmotte et al., 2006). Of
particular interest for my study are stable isotope records of the ice cores, because they are

proxies for the temperature and precipitation history in a region (Figure 2.6).
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Figure 2.6. "0 profiles of five Greenland deep ice-cores that extend from the present to
some period before the beginning of the last glacial stage. Warm Greenland Interstadials
(GI) and cold Greenland Stadials (GS) are numbered to the right and left of some profiles,
respectively (Johnsen et al., 2001, fig. 2).
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The flow of ice over uneven bedrock topography has resulted in folding of ice older than
105,000 years ago, and disturbed layers of ice about 300 m above at the bottom of both Summit
ice cores (GRIP and GISP2) (Figure 2.7). Due to the disturbed ice deposition during the Eemian
period, researchers sought for a new drill site with undisturbed Eemian ice, which resulted in the
North Greenland Ice Core Project (NGRIP) and NEEM ice core (University of Copenhagen,
2019). It should be noted however that the NGRIP only contains the last part of the Eemian
(University of Copenhagen, 2019), and NEEM ice core is also folded for the Eemian period

(NEEM Community Members, 2013).
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Figure 2.7. The location of five deep drilling sites in Greenland (adapted from Abbott and
Davies, 2012).
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Quantitative temperature reconstructions are vital to be able to compare ice core records
and climate models (Masson-Delmotte et al., 2006). Masson-Delmotte et al. (2006) obtained
quantitative information on past temperature changes and concluded that to reproduce the
observed magnitude of polar temperature changes, the glacial-interglacial temperature intensity
evaluated from deep ice core sites could be used to study the capability of climate models
(Figure 2.8). Climate models systematically underestimate the magnitude of temperature change
in comparison to the ice-core values. One limitation of this kind of comparison could be due to

change in the ice sheet topography that are not well understood and are incorrect in the model

simulations (Masson-Delmotte et al., 2006).
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2.6. Coupled ice-sheet/climate models

Ice sheet models are numerical tools that are used to simulate the mass balance and flow
dynamics of ice sheets. Given a certain climate forcing and assumptions about the ice rheology,
these models predict how the three-dimensional ice sheet velocity and temperature structure will
evolve. This in turn influences how the ice sheet geometry (thickness, area, and volume) changes
for a given climate history. Ice sheets have a long memory; the deep ice in Greenland is 10s of
100s of kyr in age. Simulation of the present-day GrIS therefore requires one to carry the model
back through the last glacial cycle. Lhomme et al. (2005) recommend a simulation of at least the

last 200,000 years in order to examine the internal structure of the present-day ice sheet.
Scientists have recognized that developing coupled ice-sheet/climate models and their
application to simulate past and future coupled system behavior is crucial to scientific and
policy-relevant goals (Hanna et al., 2013). Uncoupled ice sheet simulations can produce physical
inconsistencies and therefore using coupled ice-sheet/climate models are highly beneficial and
allows consideration of coupled feedbacks (e.g., Ridley et al., 2010). However, there are
contrasting timescales and technical complexities, which have delayed modellers to implement
full ice-sheet/climate coupling. In a ‘one-way’ coupled simulation of ice sheets, surface mass
balance (SMB) is calculated within a climate simulation and directed to the ice sheet model, with
no feedbacks (e.g., Gregory and Huybrechts, 2006; Otto-Bliesner et al., 2006). Topography and
surface types of the land and atmosphere models are fixed. On the contrary, in ‘full’ or ‘two-
way’ coupling, the surface types, surface elevation, and albedo fields evolve as the ice sheet
grows and retreats. One-way coupling can be valid for timescales of about 100 years or less, as

the surface elevation and areal coverage of the major ice sheets in Greenland and Antarctica is
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not expected to change much over this timescale (CESM Land Ice CESM2.0 documentation,

2018).

2.6.1. The U of C ice sheet model.

The U of C ice sheet model is a 3D coupled-ice-and-heat-flow model of Marshall and
Clarke (1997), including a tracer model for oxygen isotopes (Clarke and Marshall, 2002;
Lhomme et al., 2005). Ice sheet dynamics and thermodynamics are solved on vertically
transformed co-ordinates with linear interpolation between grids. The ice sheet model is also
based on the shallow ice approximation, with simple higher-order treatments of floating ice and
iceberg calving fluxes. I will work with this model because of its existing tracer model and
experience tracking stable water isotopes through the ice sheet system.

The model has been applied to past reconstructions and future projections of the Greenland
Ice Sheet in several different studies (e.g., Marshall and Cuffey, 2000; Otto-Bliesener et al.,
2006; AMAP, 2009). The mass balance calculation in the ice-sheet model uses the positive
degree-day (PDD) method. The usage of the PDD method for exploring ice sheet evolution in
climate change studies has been criticized, as it does not account for all of the physics involved
in snow and ice melt, but a full surface energy balance is difficult to apply in paleoclimate
studies, as it requires detailed information of a large number of meteorological fields (e.g., cloud
cover, wind, humidity). The PDD model is simpler to implement, requiring estimates of past
temperature on monthly or annual timescales. These can be distributed over the ice sheet
topography using a prescribed lapse rate. Precipitation fields are also required to estimate snow

accumulation over the ice sheet.
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Different climate forcing can be applied where sufficient climate information is available.

For recent historical runs (i.e., on decadal time scales), these can be acquired from climate
reanalyses, and a full surface energy balance is possible. Similarly, future climate simulations on
century timescales could be forced by climate models, although with less skill than climate
reanalyses as models of future climate change are not constrained by observations. For
paleoclimate simulations, however, it is conventional to apply climate perturbations from
present-day spatial patterns (A7, AP), based on ice-core records. Ice cores in central Greenland
give a good idea of AT, based on isotope thermometry, while AP is inferred from the change in
annual layer thickness of net accumulation in ice cores. Central Greenland contains an intact
record of these two proxies for the past ~110 kyr, but no clean records exist prior to that. Hence,
simple AT scenarios are needed to extend simulations to the last 200 kyr, typically based on a
splice of Antarctic and Greenland ice core reconstructions (Cuffey and Marshall, 2000). T will
work with this model because of its existing tracer model and experience tracking stable water
isotopes through the ice sheet system. The next chapter provides details on how I applied the U

of C ice sheet model to study the NEEM core and explore Eemian reconstructions of GrIS.
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Chapter 3 Methods

To address the contribution of Greenland to past SLR, I use the U of C ice sheet model,
running on the WestGrid and Compute Canada platforms. WestGrid and Compute Canada, in
partnership, gather advanced computing facilities, research data management services, and
technical experts for innovative researchers (WestGrid, 2016). They also employ advanced
research computing systems, software and storage solutions (Compute Canada, 2016).

The ice sheet model was used to run from 200 ka till present using 10 different temperature
scenarios based on the NEEM and Summit ice cores (Cuffey and Clow, 1997; NEEM
Community Members, 2013). As noted above, an initial time of 200 kyr BP is needed to allow
for an appropriate model spinup going into the LIG, i.e. with a realistic internal (3D) temperature
and isotope structure in the model (Lhomme et al., 2005). The climate scenarios produce a range
of scenarios for GrIS geometry in the LIG, and I use ice core reconstructions to examine model
output against the NEEM ice core. The isotope tracer model allows me to trace stable water
isotopes (8'*0) of precipitation through the ice sheet (Figure 3.1), which can be used to better
understand the ice sheet history and to validate (or invalidate) different model reconstructions.
Temperature modification was also investigated to analyze the potential effects of ice core

enrichment due to melting.
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Climate Forcing
(T2-T10)

Tracer Model

Modern Day Climate Bed and Ice
(monthly P, T) Fields Ice Sheet Model Topography

Depositional Archive

Ice Core Reconstructions
(NEEM, Summit, etc.)

Figure 3.1. Schematic diagram illustrating the big picture behind the ice sheet modelling,
and reconstruction of ice cores.

3.1. Paleoclimate data
To be able to construct a climatic temperature history, a time dependent temperature

perturbation (AT (t)paico) 1S added as a perturbation onto the prsent-day temperature fields, T
(X,¥)pres (€.g., Quiquet et al., 2013). By assuming a uniform lapse rate of § = -0.006°C m' over
Greenland, the impact of changing ice sheet surface topography, A/ (x,y,t) is also taken into
consideration: AT (X,y,t)wpo = PAL (X,y,t). The air temperature at any point and time on the ice
sheet is then:

T(%,y,8) = T (X,¥)pres AT (H)pateo + AT (X,¥,ttopo (1)

The paleotemperature comes from the climate proxy data, inferred from 'O at NEEM
or GISP2, which is converted to temperature with the following formula:

8"%0(t) = AT (t)pateo + b (2)
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The o coefficient is the isotopic slope and b is the §'*O intercept (Cuffey and Clow,

1997; Jouzel et al., 1997; Quiquet et al., 2013). The AT (t)paeo perturbation is then calculated
from AT(t)pateo = T(t)pateo — Tpres

at the relevant ice core site.

3.1.1 Temperature Scenarios.

To obtain a long-term climate history, I take AT(t)palco from the temperature calibration of
the GISP2 project ice core 8'°0 record for the most recent 97.8 ka, and extend the GISP2 §'*0
ice core reconstruction with temperature estimates from the NEEM 8'*0 record (NEEM
community, 2013) from 97.8 to 128 ka. For times older than this, no Greenland ice core data is
available, so the Vostok ice core 5'*O record is mapped onto Greenland from 128 to 200 ka, after
Marshall and Cuffey (2000).

Specific to the NEEM record, I use a dataset of 18,000 isotope temperature records/entries
(nine different temperature scenarios; Figure 3.2) compiled by Kurt Cuffey (personal
communication, 2016), using the NEEM isotopic record with isotope-temperature relationships
based on Cuffey and Clow (1997). The goal of using this compilation is to provide a range of
anomalies that span the potential temperature conditions during the LIG for the region of
northwest Greenland that is of particular interest in my study.

To obtain a long-term climate history for Summit (Figure 3.3), I use Marshall and Cuffey’s
(2000) the temperature calibration of the GISP2 project ice core §'*0 record for the most recent
102 kyr. And for times older than 102 ka, the Vostok ice core 8O record is mapped onto

Greenland to 200 ka, after Marshall and Cuftey (2000).
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3.1.2. NEEM ice core.

The GICCO5 model-extended time scale is taken from the NGRIP core using linear
interpolation between 740 match points of the NEEM and NGRIP ice core records, which starts
from the surface down to the depth of 2203.6 m (108.17 ka). Below this depth, ice has been
folded (NEEM community members, 2013). Between 108.17 ka and 122 ka (NEEM depth of
2203.6-2398.2 m), global methane (CHy4) and SISOair records from NGRIP and Antarctica, cross-
dated via the EDML time scale, as well as NGRIP SISOice, were used to match NEEM records
back to the oldest NGRIP record i.e. 122 ka. Since that does not cover the entire Eemian record,
the lower section of the NEEM core between 2398.2 m and 2432.2 m is matched to the global
CH4 and slgoair records from Antarctica, cross-dated via the EDML time scale (NEEM
community members, 2013), to extend back to 128 ka. More on the time scale is described in

detail in the Supplementary Information of NEEM community members (2013).

3.2. Defining present and LIG target intervals

To be able to consistently compare both reconstructed and simulated present and LIG
period temperature trends, I need to define target intervals. The main criterion in defining these
intervals is that the Eemian ice sheet needs to be compatible with available constraints on its past
elevation and extent. To meet this criterion the minimum ice volume was examined for each
temperature scenario. For this purpose, we identified the timing of the maximum change in the
ice sheet in the LIG period at 125 ka for cases T2-T5 and 125.5 ka for T6-T10. This is consistent
with the approach of the NEEM Community Members (2013), who defined the peak surface
temperature at 126 ka. There can be a lag between the peak of temperature and minimum ice

sheet volume, as the ice sheet geometry responds to cumulative periods of negative mass
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balance, which causes thinning and retreat of the ice sheet margins. These defined intervals do

not cover the whole LIG period.

3.3. The ice sheet model

The U of C ice sheet model is a 3D coupled thermomechanical model developed by
Marshall and Clarke (1997), with 0.8° longitudinal resolution, 0.2° latitudinal resolution, and 20
layers in vertical in the default model over Greenland. The model uses spherical co-ordinate (a
latitude-longitude grid), with grid cells roughly equivalent to 22.2 km North-South and 44.5,
30.4, and 15.5 km at 60°, 70° and 80°N. The model also includes elevation changes as a result of
isostatic response of the crust.

As thermomechanical coupling is invoked, the vertical dimension is added in the dynamic
solution and 3D velocity fields are calculated. Thermodynamics are solved after Jenssen (1977)
in the style of Huybrechts (1986). Dynamics and thermodynamics are solved on vertically
transformed co-ordinates with linear interpolation between grids. User inputs are required for
numerical/physical option flags, and model integration limits. Global parameters and dimensions
are set at run-time. A degree-day mass balance treatment table-look up (Wake and Marshall,
2015), and a uniform geothermal heat flux are set for the ice sheet. PDD are calculated from the
monthly temperature data and ice elevations at each point in the grid.

Present-day precipitation rates over the ice sheet, P (X,y)pres are taken from the gridded
dataset of Bales et al. (2001, updated in 2009), which is based on historical station data and ice
core records, interpolated onto the model grid. Precipitation is adjusted in time through a simple
scaling factor fp(t): P(X,y,t) = fp(t) P (X,y)pres- The scaling factor is based on the ratio of past to

present-day annual accumulation in the GISP2 ice core for the past 97.8 ka (Cuffey and Clow,
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1997, 1999); this is assumed to apply to the whole ice sheet. In earlier periods, changes in past
precipitation rates are assumed to scale with the temperature anomaly, AT, following f»(t) = exp
(0.0693AT) when AT = 0°C and fp(t) = exp (0.115AT) when AT < 0°C. This is modelled after
Cuffey and Clow (1997), and is related to the change in saturation vapour pressure with

temperature (the Clausius-Clapeyron effect) as manifest at the GISP2 site in central Greenland.
The ice sheet model tracks the spatial and temporal evolution of the bedrock topography

(hp) and the ice surface topography (4;), following:

hs (X,y,t) = H (X,y,t) + 7y (X,y,1) 3)

where H stands for thickness of the ice. The evolution of the ice sheet with time follows

ahs
at

==V-q +b(xy.}), 4

where ¢ is the ice sheet flux (m?%/yr) and b is the surface mass balance (m/yr): the net
annual accumulation minus ablation of ice. The notation V - g refers to the ice flux divergence,
which is essentially representing the flow of ice into and out of a grid cell. For surface mass
balance, surface accumulation and ablation are calculated using the PDD method based on

monthly temperature and precipitation values. Further details on the model physics are described

in full in Marshall and Clarke (1997).

3.4. Climate forcing
3.4.1. Present day climate forcing.
The evolution of the GrIS for the last 200,000 years was modelled using the U of C ice
sheet model, using the ice-core based climate forcing described above. Present-day temperature

over the ice sheet is prescribed after Reeh (1991), based on a sinusoidal annual temperature
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cycle. The annual sinusoid is sampled monthly, to give a monthly resolution of the climate
forcing, and stochastic variability is superimposed on the monthly mean temperature following
Wake and Marshall (2015). The climate forcing is updated every 100 years, including a
perturbation for climatic change and local elevation change (lapse rate feedbacks).

The climatic forcing for the model consists of nine NEEM temperature scenarios and an
additional simulation forced by the GISP2 ice core record, after Cuffey and Marshall (2000). For
the Eemian warming from the NEEM scenarios, minimum, mean, and maximum temperatures
are represented by cases T2, T6, and T10 (Cuffey and Clow, 1997), respectively, at all grid
points on the ice sheet surface, as functions of time. The temperature forcing time series spans
200,000 presenting the penultimate glacial period, the Eemian interglacial, the last glacial period,
and finally the Holocene period and post-industrial warming. Time ‘0’ nominally refers to the

year 1950.

3.4.2. Model initialization.

I initialize the model by starting with present-day bed and surface topography as initial
conditions and running a 100-kyr simulation (i.e. from 300 ka to 200 ka) with a fixed climate
10°C colder than present. There are pockets of deep ice in Greenland as much as 200,000 years
old today, but the climate ‘memory’ for the overall ice sheet geometry is mostly dictated by the
internal temperature structure, which has a memory of about 35,000 years; effects of the initial
geometry and temperature structure are erased after 35,000 years due to diffusive processes
(Clarke and Marshall, 2002). By initiating the glacial cycle runs at 200 ka, this should eliminate
effects of the initial condition on the Eemian ice sheet reconstruction. The age of the ice is traced

throughout the 3D ice sheet structure. The Eemian is my main focus; however the model is run to
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the present to evaluate whether particular model settings give an accurate reproduction of the

modern GrIS.

3.5. The tracer model

The tracer code is adapted from Clarke and Marshall (2002), and Lhomme et al. (2005). It
is coupled with the ice sheet model and is called with a time step of 100 years, chosen to match
the climate update. Provenance markers identify time and location (latitude and longitude) of
deposited snow on the surface of the ice sheet. The trajectory of these depositional provenance
markers is tracked with the tracer code, based on the 3D velocity fields. This means that as snow
falls on the surface of the ice sheet, the depositional location of that snow has a birth marker,
which will be carried throughout the ice sheet as that snow turns to ice, migrates, melts, or calves
from the ice sheet. The time evolving 3D structure of the provenance markers provides a
depositional archive, which can be interpolated to provide a detailed stratigraphic reconstruction
of the marker of interest. The provenance markers do not directly provide the isotopic
stratigraphy of the ice, but this can be constructed if one knows the isotopic ratio of snowfall at a
given time and location (e.g., through ice core records, the isotope-temperature relationship

(Lhomme et al., 2005), or isotope-enabled climate models (e.g., Brady et al., 2019)).

3.6. Reconstructing the ice cores
Using the depositional archive, the modelled stratigraphy at the NEEM and Summit ice
core sites can be reconstructed to compare model output to the observed ice cores (Lhomme et
al., 2005). Tracer provenance markers include values for latitude, longitude, elevation, air

temperature, and time of origin for every point in the 3D ice sheet grid. The spatial values are not
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positioned column-like within the depositional archive. The points are located within
quadrilateral regions that are approximated by bilinear interpolation (Clarke and Marshall, 2002).
Isotopic stratigraphies can be reconstructed through the application of a temperature-isotope

relationship, e.g. after Cuffey and Clow (1997).

3.7. Temperature modifications and data analysis

Melt estimates based on positive degree-day (PDD) values are used as proxies for melt-
induced isotopic correction, after Moran and Marshall (2009). Based on field studies of isotopic
modifications during melt, Moran and Marshall (2009) derived a linear relationship between
PDD and 8'%0 enrichment, equal to +0.08%/o, (PDD)".

A 8" O-temperature relationship must also be assumed, in order to link isotopic
modification to temperature change estimates. A wide range of 8'*O—temperature relationships is
available in different research and reports. However, because this study focuses on temperature
reconstructions on Greenland and especially NEEM, I use the reported value of 2.1 = 0.5 °C */o, ™"

from the NEEM research paper (2013).
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Chapter 4 Results and analysis
4.1. Greenland Ice Sheet over the last 200 kyr

The purpose of this section is to give a sense of the complete model simulation over the
last glacial cycle in Greenland. I present the results of the model for the last 200 ka, before
focusing in on the Eemian period. Figure 4.1 plots modelled ice sheet volume over the full time
frame, in response to the temperature scenarios shown in Figure 3.2.

The volume of the ice sheet is stable with some fluctuations from 200-145 ka, but increases
as temperature increases at around 140 ka (Figure 3.2 and Figure 4.1), in response to an initial
increase in snow accumulation in the warmer early-Eemian atmosphere. Volumes then decrease
in response to the Eemian warmth, with the magnitude of the ice sheet decline dependent on the
extent of Eemian warming (i.e., from T2 through to T10). The temperature scenarios (T2 to T10)
differ markedly during the Eemian, with peak warming of between 2.5 and 12°C at about 126
and 125 ka, respectively (Figure 3.2). This period is examined in greater detail in section 4.2.

The ice sheet recovers after the Eemian warmth, starting into the last glacial cycle at about
115 ka. There is only a small influence of the Eemian ice sheet extent through the glaciation,
which lasted from ~110 to ~11 ka. Ice sheet volume fluctuates between 3 and 3.7 x 10° km’
through this period, equivalent to ~7.4 to 8.9 m of global sea-level equivalent. Peak volume
occurs at the last glacial maximum at about 18 ka, with a temperature of about —18°C colder than
present. At this time, the ice sheet is extended to the edge of Greenland’s continental shelf and
there is mass loss by iceberg calving, but negligible surface melting. GrIS comes out of the
glacial period relatively abruptly from ~12 to 10 ka, reaching its early Holocene volume of about
3.0 x 10° km® in these simulations. The ice sheet grows slightly from the early Holocene through

to the present, reaching a modelled present-day volume of ~3.15 x 10° km® (Table 4.1). This is
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about 8.6% greater than the observed present-day ice sheet volume, although the model also

implicitly includes peripheral glaciers and ice caps in Greenland, which are not part of the

primary ice sheet.
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Figure 4.1. Ice volume change over the past 200 kyr using T2-T10 temperature forcing.

Table 4.1. Observed and modelled present-day ice area, volume, and sea level equivalent
for the T2, T6, and T10 temperature scenarios.

obs T2 T6 T10
Ice area 1.71 1.75 1.73 1.73
(10° km?)
Ice volume 2.90 3.16 3.12 3.14
(10° km®)
Sea Level 7.30 7.88 7.77 7.82
Equivalent (m)
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Modelled present-day ice area, volume and sea level equivalent do not differ significantly
(within 9% deviation) as a function of the Eemian temperature scenarios (Table 4.1). As a more
local point of comparison, Table 4.2 shows observed vs. modelled ice sheet elevation, thickness,
and air temperature at two critical ice core sites, NEEM and Summit. Counter-intuitively, the
warmer Eemian scenarios produce slightly thicker ice at NEEM ice core site. This may be
associated with the deep ice temperature and viscosity structure in these scenarios, which result
in different present-day ice deformational velocities. In addition, the modelled present-day ice
elevation is higher than the observations at both ice core sites, with colder surface temperature.
At the Summit ice core site, elevation and ice thickness reduce slightly for warmer scenarios as
surface temperature decrease slightly (Table 4.2).

Modelled present-day ice elevation, thickness, and temperature do not differ significantly
as a function of the Eemian temperature scenarios at the Summit ice core site (Table 4.2). Values
at Summit are in good accord with the observations. Results are more variable at the NEEM core
site, where the modelled ice sheet is from 120 to 170 m too thick compared to the observations,
with the excess elevation making it slightly too cold. The ice thickness at NEEM is also sensitive
to the temperature scenario, with ice at NEEM about 70 m thicker for the T10 scenario compared
to T2 and T6. This increases the deviation from the observations for the T10 scenario. The
modelled present-day results in Table 4.2 are also within 10% of the observations at the Summit

and NEEM ice cores.
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Table 4.2. Observed and modelled present-day elevation (%), ice sheet thickness (H) and air
temperature (7,) for T2 (minimum T forcing), T6 (mean T forcing), and T10 (maximum T

forcing) temperature scenarios at the Summit and NEEM sites.

Summit NEEM
obs T2 T6 T10 obs T2 T6 T10
hg (m) 3203 3241 3236 3232 2450 2565 2567 2617
H (m) 3053 3037 3035 3033 2542 2666 2668 2736
7.(°C) | -31 -31.6 -31.6 -31.5 -29 -29.7 -29.7 -30

4.2. Model Reconstructions in the Eemian Period

The purpose of this section is to evaluate my output during the Eemian against available
observations. No direct observations or proxies for ice sheet volume are available from the
Eemian period, but several constraints are available from the NEEM Community (2013) research
findings and the Summit reconstructions of Yau et al. (2016).

Figures 4.2 and 4.3 provide a detailed view of the modelled temperature forcing and ice
sheet volume in the Eemian period. T10 is the warmest scenario and has the lowest ice sheet
volume during the Eemian, while T2 has the lowest temperature anomaly and the highest ice
volume. The ice sheet volume starts to decline at ~130 ka for all of the temperature scenarios,
reaching a minimum at ~125 ka and recovering after ~124 ka (Figure 4.3). The ice sheet volume
reaches its minimum of ~2.4 10° km® for T2 and ~0.9 10° km® for T10, equivalent to ~6 and ~2.2
m of global sea-level equivalent (i.e., a global sea-level rise of 1.3 and 5.1 m, respectively,
relative to the present-day ice sheet volume of 7.3 msl). The minimum occurs at approximately
125 ka in the T2-T5 scenarios and 125.5 ka for T6-T10 (Figure 4.3 and Table 4.3). The ice sheet

collapses more quickly with the stronger temperature forcing.
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Figure 4.4 plots contour maps of ice sheet elevation for several Eemian warming scenarios
near the time of minimum ice sheet volume. The maximum ice sheet elevation decreases from
T2 to T10, to a point where the entire ice sheet lies below ~3000 m in T10 (Figure 4.4¢). The
central ice sheet dome persists in all scenarios, but it is considerably retracted with the warmer
temperatures; the minimum Eemian ice sheet area is 1.4 x 10° km” for T2 and 0.6 x 10° km? for
T10 (Table 4.3).

Table 4.3 presents summary values of Eemian ice sheet geometry and climate conditions in
Greenland. The temperature is highest at 126 ka for T2-T5, but reaches its Eemian maximum
about 1000 years later for T6-T10 (Figure 4.2 and Table 4.3). This is likely due to the more
extensive ice sheet collapse in T6-T10, along with the associated elevation (lapse rate) feedbacks
on temperature. The timescale of ice sheet geometric responses to climate forcing is of order
1000s of years.

Figure 4.5 provides the evolution of the ice sheet surface elevation for Summit, NEEM
source, and NEEM ice core sites over Eemian. Summit is located at the highest elevation of
about 3203 m, and NEEM site at the lowest elevation of 2450 m (Table 4.2). During the Eemian
all ice core elevations initially increase, then decrease after they reach the peak elevation.
However, for the T2 temperature scenario the ice sheet surface elevation does not decrease more
than it has increased, in contrast to the T6 and T10 temperature scenarios that plummet much
more than they increase early in the Eemian (Figure 4.5). The T2 elevation decrease is less than
100 m at all ice cores, whereas T10 elevation decreases by ~1100 m at Summit (Figure 4.5a) and
NEEM source (Figure 4.5b) and 1700 m at NEEM (Figure 4.5¢). Summit is at its peak elevation
late in the Eemian for the T2 and T3 scenarios, but early in the Eemian for the rest of the

temperature scenarios (Table 4.3).
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Figure 4.2. Temperature forcing anomalies during the Eemian (130-115 ka) for scenarios
T2 to T10.
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Figure 4.3. Ice volume change over the Eemian (130-115 ka) for scenarios T2-T10.
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Figure 4.4. Ice surface topography showing elevation over Greenland. The legend shown in
(c) applies to all ice sheet scenarios. The ice sheet is shown at 125 ka for scenarios (a) T2

and (b) T4 and 125.5 ka for (¢) T6, (d) T8, and (e) T10.
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Figure 4.5. Evolution of the ice sheet surface elevation over Eemian (130-115 ka) for T2,
T6, and T10 scenarios at (a) Summit, (b) NEEM source, and (c) NEEM.
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Table 4.3. Modelled minimum ice volume and area (106 km3), sea level equivalent of this
volume, maximum temperature change (A7), maximum NEEM source surface
temperature, maximum Summit elevation (&), and the time they occur (ka) for all
temperature scenarios during the Eemian.

T2 T3 T4 T5 T6 T7 T8 T9 T10
Min vol 2.4 2.1 1.8 1.5 1.3 1.2 1.1 1 0.9
(10° km®)
Time of 124.8 | 1249 125 1252 | 1253 | 1255 | 1256 | 125.6 | 125.8
min vol
(ka)
SLR at this 1.3 2.1 2.8 3.6 4.1 43 4.6 4.8 5.1
time (m)
(10° km®)
Time of 124.3 124 124.5 | 125.1 | 1252 | 1255 | 1254 | 125.6 | 125.7
min area
(ka)
Eemian AT
O
Time of 1264 | 1264 | 1264 | 1264 | 124.7 | 124.7 | 124.7 | 124.7 | 124.7
max AT
(ka)
NEEM 278 | 267 | 257 | 249 | 243 | -23.9 | -23.6 | -229 -22.3
source max
Eemian 7
O
Time of 1264 | 1264 | 1264 | 1264 | 126.4 | 126.4 | 1264 | 1247 | 1242
max 7 (°C)
Max 3182 | 3147 | 3141 | 3141 | 3139 | 3138 | 3136 | 3133 3133
Summit A
(m)
Time of 121.1 | 118.7 | 128.3 | 128.5 | 128.6 | 128.8 129 129.1 129.2
max
Summit A
(ka)
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Table 4.4. Elevation (k) at NEEM, NEEM source, and Summit at 126 ka, as well as PDD
for NEEM source for all temperature scenarios.

T2 T3 T4 TS T6 T7 T8 T9 | T10
NEEM | hy,(m) | 2594 | 2553 | 2451 | 2280 | 2068 | 1839 | 1589 | 1352 | 1132
NEEM | hy,(m) | 2852 | 2836 | 2787 | 2706 | 2603 | 2485 | 2356 | 2220 | 2086
source

PDD 083 | 1.44 | 223 | 3.16 | 4.08 | 489 | 58 | 7.2 | 9.52
(Cd)
Summit | A, (m) | 3097 | 3047 | 2920 | 2722 | 2514 | 2333 | 2200 | 2097 | 2007

Table 4.4 shows that NEEM source is at a higher elevation than NEEM at 126 ka.
However, Summit is at the highest elevation except for the warmer scenarios (T6-T10) where
NEEM source is actually higher than the modern Summit at 126 ka. This indicates northward
mobility of the central ice sheet dome during the Eemian ice sheet retreat. Deep Eemian ice at
the present-day NEEM site has flowed in from a location near to the Eemian ice sheet divide, in
proximity to the present-day summit (see Section 4.5). The elevation difference between T2
(minimum T forcing) and T6 (mean T forcing) is almost half the elevation difference between T6
and T10 (maximum T forcing) at NEEM source and NEEM. PDD ranges from 0.83 to 9.52°Cd

at NEEM source at 126 ka (Table 4.4).

4.3. Melting modifications
The purpose of this section is to examine the potential effects of partial melting on Eemian
isotopes at NEEM, and the associated implications for Eemian temperature and ice sheet volume
reconstructions. Based on the PDD-3'°0 linear relationship and the &'®O—temperature
relationship described in section 3.7, as well as the modelled Eemian PDD, I adjusted the
isotopic (temperature) record during the LIG and ran an additional model simulation to account

for the effects of meltwater modification. As melting results in enrichment of the isotopic ratios
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in snow (higher 8'°0), this adjustment corrects for that and effectively decreases the LIG §'*0
and temperature anomalies. The Eemian temperature anomaly reaches its maximum during the
same time after the modifications for scenarios T2 to T7 (Table 4.5). The T2 temperature
anomaly is modified to a maximum of 0.1°C, but the T10 temperature anomaly is reduced by
more than 2°C during the Eemian (Figure 4.6). This in return results in higher ice volume
revisions for T10 compared to T2 (Figure 4.7), compared to the initial simulations. The ice sheet
volume reaches its minimum of ~2.5x10° km” at T2 and ~1x10° km® at T10 at about 125 ka after
the modifications, which is a 0.1x10° km® volume increase for all scenarios (Table 4.5). By
modifying the 8'®0 values for the meltwater enrichment affect, the temperature values are
reduced, resulting in higher ice volume and thickness. While this is a systematic result, it does

not strongly alter the modelled Eemian ice sheet reconstructions.
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Figure 4.6. Temperature forcing anomalies (a) before and (b) after modifications for
meltwater enrichment over the Eemian (115-130 ka).
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Figure 4.7. Ice volume change (a) before and (b) after the modifications for meltwater
enrichment over the Eemian (130-115 ka) using T2-T10 scenarios.

Table 4.5. Modelled Eemian maximum temperature anomalies, minimum ice sheet volume
and their time of occurrence after modifications for all the scenarios. Where dT and dV are
the changes from before modifications.

T2 T3 T4 T5 T6 T7 T8 T9 T10
Max Eemian 2.5 3.5 4.6 5.7 6.9 7.8 8.6 9.4 10.1

AT (°C)

dT (°C) 01 | 03 | 04 | 05 | 06 | -08 | -1.1 | -14 | -1.8
Time of max | 1264 | 1264 | 125.6 | 125.1 | 1247 | 1247 | 125.6 | 126 | 1259
AT (ka)

|
Min vol (10° 2.5 2.2 1.9 1.6 1.4 1.3 1.2 1.1 1.0

km®)
dv 10°km’) | +0.1 | +0.1 | +0.1 | +0.1 | +0.1 | +0.1 | +0.1 | +0.1 | +0.1
Time of min | 124.8 | 1249 | 125 | 125.1 | 1249 | 125.1 | 125.4 | 125.5 | 125.5
vol (ka)




55

Table 4.6. Modelled elevation (%) of NEEM source and Summit, as well as PDD of NEEM
source for the T2, T6, and T10 scenarios after modifications compared with the initial
simulations for 126 ka.

T2 T6 T10
NEEM | h, (m) 2851 (-1) | 2672 (+69) | 2275 (+189)
source | PDD 0.79 (-0.04) | 3.67 (-0.41) | 6.42(-3.1)
(°Ca)
Summit | Ay (m) | 3100 (+3) | 2618 (+104) | 2090 (+157)

Table 4.6 shows the impact of melting modifications on surface elevation at NEEM source
and Summit, as well as and PDD at NEEM source for the T2, T6, and T10 scenarios. As the
temperature increases from T2 to T10 at the NEEM source and Summit locations, the impact on
the elevation and PDD increase as well. For T2, elevation and PDD decreased by 1 m and
0.04°Cd, respectively (Figure 4.8 and Table 4.6). For T10, on the other hand, elevation increases
by 189 m and PDD decreases by 3.1°Cd. At Summit, surface elevation increases 3 m, 104 m,
and 157 m for T2, T6, and T10 scenarios, respectively (Table 4.6). As the temperature values
decrease after the modifications, PDD and melt values decrease slightly, resulting in higher
elevations (Figure 4.6, Table 4.6, and Figure 4.8). The modifications impact PDD and melt from

~128 ka until ~120 ka.
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Figure 4.8. Surface elevation before (T2, T6, and T10) and after (T2’, T6’, and T10’)
melting modifications at NEEM source ice core site over the Eemian (130-115 ka) using T2,
T6, and T10 scenarios.

4.4. Summit
Figure 4.9 shows the impact of melting modifications on Summit surface elevation during
the Eemian for T2, T6, and T10 scenarios. Summit surface elevation fluctuates slightly over the
Eemian for the T2 scenario, however it increases early in the Eemian and around 124 ka for T6
and T10 scenarios. Table 4.7 shows that Summit hits its lowest elevation 125 and 126 ka for T6
and T10, respectively. Summit reaches its minimum surface elevation of 2994 m around 130 ka

for T2 scenario, which is an increase of 110 m after the modifications (Table 4.7).
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Figure 4.9. Surface elevation before (T2, T6, and T10) and after (T2’, T6’, and T10’)
melting modifications at the Summit site over the Eemian (130-115 ka) using T2, T6, and

T10 scenarios.

Table 4.7. Modelled Eemian minimum surface elevation (%) and time of occurrence after
melting modifications for T2, T6, and T10 scenarios, where Ah is the change from the

initial simulation.

T2 T6 T10
Min A, (m) 2994 2453 2090
Ah (m) +110 +112 +157
Time of min 130 125 126
hs (ka)
4.5. Tracing

The purpose of this section is to display the results of the tracing of the snow deposition

over GrIS in the past 200 kyr with the different temperature scenarios. Figure 4.10 plots the

tracing of the snow deposition over time on GrlIS for T2, TS, T7, and T10. The source ice at the
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NEEM ice core site moves in from the southeast. For the higher temperature anomaly (T10), no
ice older than 160 ka exists. However, ice as old as 180 ka exists in the lower part of the NEEM

core for T2, TS, and T7 (Figure 4.10).
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Figure 4.10. Surface elevation map of the position of the NEEM ice core site with the
tracing of the snow deposition over time on GrlIS is shown for (a) T2, (b) TS5, (¢) T7, and (d)
T10.
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Figure 4.11 shows NEEM and Summit ice core provenance trajectories for different
temperature scenarios. NEEM ice immigrates from the southeast. It moves more than 90 km west
and less than 140 km north with the T2 scenario, but more than 140 km north with the T6
scenario. The T10 scenario ice moves slightly (less than 10 km) east before it changes direction
and moves west like the other scenarios (~80 km). It moves more than 160 km north. The ice of
the Summit ice core however, moves in from the north, about 30 km south and 20-30 km west,

before it moves slightly east again to where it is now located.
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Figure 4.11. NEEM and Summit ice core provenance trajectories for (a) T2, (b) T6, and (¢)
T10 scenarios.

4.6. Ice core reconstructions
With the ice core reconstruction model (Clarke and Marshall, 2002), it is possible to
fabricate any ice core record of depositional tracers at any drill hole location and time (e.g.,
Lhomme et al., 2005). Figure 4.12 shows the reconstruction of ice age in the NEEM ice core
using the modelled depositional data. The depositional age decreases smoothly from sea level,

which happens to be close to ice sheet bed at NEEM, with time starting from 200 ka to present
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(aka time zero), which is at the surface of the ice (Figures 4.12). With the T10 temperature
forcing, the bed of the ice sheet is slightly below sea level with the oldest ice having an age of
~150 ka (Figure 4.12). In this case, isostatic depression has moved the ice below sea level. Ice
older than 150 ka has melted in this case, but there is still Eemian ice. With the T2 and T6
scenarios, the bed of the ice is at about the sea level with ice as old as 200 ka.

Temperature is the lowest with T2, but still warmer than the highest elevation (Figure
4.13a), and highest with the T10 scenario (Figure 4.13c) close to the bed of the ice linking it to
the Eemian. At higher elevation with the younger ice to about 1700 m elevation, temperature is
around -30°C for all temperature scenarios similar to the Holocene. With this ice core
reconstruction model, it is possible to fabricate any ice core record of depositional tracers at any
drill hole location and time. The paleo-temperature can in turn be converted to other tracers such
as 8'°0 to be compared with observational 8'°0 ice core records.

Figure 4.14 shows the elevation differences of the surface paeleo-elevation. Major
fluctuations can be seen in the surface elevation at different layers of the ice column, which are
linked to changes to the ice thickness and warmer temperatures linking it to the Eemian

warming, especially in Figure 4.14c close to the bed of the ice.
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Figure 4.12. Deposition depth and time for NEEM ice core site for T2, T6, and T10
scenarios (to compare with observations).
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Figure 4.13. Surface paleo-temperature for NEEM ice core site for (a) T2, (b) T6, and (c)
T10 scenarios.
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Figure 4.14. Surface paleo-elevation for NEEM ice core site for (a) T2, (b) T6, and (c¢) T10
scenarios.

Figure 4.15 illustrates modelled ice age in vertical cross sections of the ice sheet near the
NEEM drill site. The top row of figures shows west-east transects for cases T2, T6, and T10, and
the lower row plots south-north transects for these three scenarios. Younger (Holocene) ice is
found in the upper ~1500 m of the ice sheet. With time, ice is buried, compressed, and thinned
by flow. This creates thinner layers in the deeper, interior regions of the ice sheet. Ice from the
Eemian period, ~120-130 ka is modelled to occur a few 100 metres above the bed for most of the
W-E and S-N transects through NEEM, but old (pre-Eemian) ice is best-preserved in the deep ice
of central Greenland. In the model, no ice of Eemian age (or older) is found in southern

Greenland or on the ice sheet flanks.
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Figure 4.15. Modelled ice age for west-to-east (al-a3) and south-to-north (b1-b3) profiles
through the NEEM site for T2, T6 and T10. al-a3: ice age vs longitude from 70° to 20°W at
a latitude of 77.45°N. b1-b3: ice age vs. latitude from 68° to 83°N at a longitude of 51.06°W.

At Summit, the depositional elevation increases smoothly from approximately 200 m
above the sea level with time starting about 190, 160, 150 ka to present, which is at the surface of
the ice, for T2, T6, and T10 scenarios, respectively (Figure 4.16). Eemian ice exists in all

temperature scenarios. With the T2 scenario ice as old as 190 kyr exist. Figure 4.17c shows the
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temperature being the highest, about -21°C, close to the bed of the ice. That is about 10°C
warmer than present Summit temperature. At higher elevation with the younger ice to about
1400 m elevation, temperature is around -32°C for all temperature scenarios similar to the

Holocene (Figure 4.17).

Figure 4.18 is a fabricated ice core reconstruction at the Summit ice core site for the past
200 ka. It shows Holocene down to the depth of ~1700 m containing &'*O of about -35 %o and

the Eemian at the depth of around 2900 m containing 3'*O of about -32 %o.
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Figure 4.16. Deposition depth and time for the Summit site for T2, T6, and T10 scenarios
(to compare with observations).
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Figure 4.17. Paleo-surface temperature for the Summit site for (a) T2, (b) T6, and (c) T10
scenarios.
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Figure 4.18. Modelled Summit ice core of 5'%0 (%) versus depth (m).
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Chapter S Discussion
5.1. Summary of the Ice Sheet Reconstructions

This chapter discusses the results from each subsection of the previous chapter (chapter 4).
I used the U of C 3D coupled-ice-and-heat-flow model (Marshall and Clarke, 1997) including a
tracer model for oxygen isotopes (Clarke and Marshall, 2002; Lhomme et al., 2005) using nine
different temperature scenarios based on the NEEM ice core (Cuffey and Clow, 1997; NEEM
Community Members, 2013) to examine how stable GrIS is in a warmer climate by running
simulations of the past 200 kyr. I especially focus on the Eemian warming with the intent of
reconstructing source ice trajectories and ice sheet geometry from that period to today. I also
build on that model to examine post-depositional isotopic modifications within the GrIS during
the Eemian.

Past studies have used several ice sheet/climate models reconstructing LIG Greenland
geometry. Some studies have used surface mass balance (SMB) based on modelled climate
fields, while others use temperature forcing based on ice-core proxy data. Cuffey and Marshall
(2000) used surface temperature forcing from Summit ice core temperature reconstructions to
drive a coupled 3D ice-and-heat flow model. Lhomme et al. (2005) used a similar surface
temperature forcing on a coupled 3D ice-and-heat-flow model containing a provenance transport
model. To reconstruct GrIS during the Eemian warming, Otto-Bliesner et al. (2006) used
modelled climate fields from the NCAR general circulation model (GCM), coupled with an ice
sheet model using one-way forcing. “One-way” coupling refers to simulations in which SMB is
calculated within the coupled climate simulation and sent to the ice sheet model, but the
topography and surface types of the land and atmosphere models are fixed, whereas with “full”

or “two-way” coupling, the surface types and surface elevation can evolve within the climate
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model as the ice sheet advances and retreats (CESM Land Ice CESM2.0 documentation, 2018).
Quiquet et al. (2013) used ice-core based surface temperature forcing with a thermomechanically
coupled ice sheet model to conduct long-term simulations of the GrIS. The measurements of
GrIS contributions to the global mean sea level rise during the Eemian range from 2.2 m to 5.5 m
among these studies. Meanwhile, another study has suggested SLR levels as low as 0.4 m
(Robinson et al., 2011). My simulations result in SLR of 1.2 m (T2 scenario) to 5 m (T10
scenario). This range will be more constrained, as more probable temperature scenarios during
the Eemian are determined within this chapter.

My model resulted in similar present-day simulations for the NEEM and Summit sites for
all the temperature scenarios (Table 4.1 and 4.2). The present-day ice sheet area and volume are
also insensitive to the temperature scenario; while there is pervasive old (pre-Eemian) ice in the
present-day ice sheet, which has some impact on modern-day ice sheet flow, the present-day ice
sheet geometry is not sensitive to the extent of ice sheet retreat during the Eemian period. The
modelled glacial cycle in Greenland is similar in all scenarios following recovery from the
Eemian ice sheet retreat, with a peak volume at about 18 ka (the last glacial maximum). The
temperature was ~18°C colder than present at this time (Figure 3.2), similar to the Greenland
temperature anomaly of -20°C at the last glacial maximum reported by Johnsen at al. (2001).

The maximum Eemian temperature change occurs at ~126 ka for the T2-T5 scenarios
(Figure 4.2). The rest of the scenarios have the maximum Eemian temperature change at ~125 ka
(Figure 4.2). In addition, the T2-T8 scenarios have the highest surface temperatures at NEEM
source ~126 ka, which is in agreement with the NEEM community members’ (2013) research
findings (Table 4.3). Ice sheet volume changes increase with temperature (Figure 4.3), and

exceeds 4.3 m of sea level rise for scenarios T7 and above. Snapshots of the simulated GrIS ice
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extent during its lowest ice sheet volume are offered in Figure 4.4. The T10 forcing presents the
most retracted ice sheet on Greenland during the Eemian, although the central ice sheet dome
persists in all scenarios. As the temperature gets warmer, from T2 to T10, the pattern of retreat is
strongest in the northeastern and southwestern parts of GrIS. Ice is preserved at the NEEM and
Summit ice core sites during the Eemian in all temperature scenarios (Figure 4.10). These
findings are all compatible with Quiquet et al. (2013). Nonetheless, the minimum ice sheet
volume is at ~125 ka in the simulations, which disagrees with the Quiquet et al. (2013) estimate

of 121 ka.

5.2. Effects of meltwater on the NEEM isotope-temperature reconstructions

I also looked at possible modification of 'O values in the NEEM ice core that could have
been caused by melting during the Eemian warming period. As per Moran and Marshall (2009)
and Moran et al. (2011), meltwater percolation during warming periods may impact the accuracy
of palaeoclimatic reconstructions, by causing isotopic enrichment within the ice sheet,
jeopardizing accurate interpretations of the climatic information. The enrichment of heavy
isotopes in the snowpack due to either refreezing of meltwater (assuming that some meltwater
leaves the system) or evaporation of liquid meltwater could influence the ability of isotopic
values to be used as accurate proxies (Moran and Marshall, 2009). This may have affected the
ice core record at NEEM, given the evidence for melting during the Eemian (NEEM community
members, 2013).

Thus, I used PDD values, at the NEEM ice source location during the Eemian period,
which were outputs of the ice sheet model, as a proxy for melt-induced isotopic correction. The

melt-adjusted isotopic record may provide a more accurate climate reconstruction for the GrIS. I
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used a linear relationship between PDD and isotopic modification to extrapolate the amount of
isotopic enrichment, which Moran and Marshall (2009) estimated to be 0.08%. (PDD)™". A §'*0—
temperature relationship of 2.1 = 0.5 °C %o, derived from the NEEM community members
(2013), was assumed at times when melting occurred during the Eemian, in order to link the
isotopic modification to temperature change estimates. The modification reduced the original
temperature anomalies, resulting in higher elevation, ice thickness and ice volume.

On the whole, water isotopes and temperature reconstructions appear to be only slightly
affected by the Eemian warming on the GrIS. This is compatible with the findings of Pohjola et
al. (2002), who argue for minimal effects of a small amount of melting. In contrast, Goto  Azuma
at al. (2002) argue for significant post-depositional melting modifications to §'*O signals within
Arctic ice cores. Melting during the Eemian reduced the T2 to T10 temperature anomalies from a
minimum of 0.1°C to a maximum of 2°C (Figure 4.6 and Table 4.5), which slightly increases the
reconstructed Eemian ice volume over Greenland (Figure 4.7). Whether or not melting has a
significant impact on the climate interpretation coming from water isotopes on the GrIS depends
on the magnitude of the warming during the Eemian. Even in the T10 scenario, there is only a
small amount of melting predicted at the NEEM source site, which remains above an elevation of

2000 m, so the isotopic modification is modest (Figure 4.8).

5.3. Tracer Modelling
Tracer transport modelling is used to model stratigraphic records within ice sheets.
According to Clarke et al. (2005), as ice moves the stratigraphic records within ice cores are
disfigured, and tracer transport modelling can be used to overcome such limitations. Flow

modelling is especially useful for the validation of climate and ice sheet models, as it can be used
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to reconstruct the layers of an ice core from any drilling site. I ran the tracer transport model
simultaneously within my ice sheet model to track the flow of the provenance markers from the
time the snow is deposited on the ice to the time it arrives at the ice core site.

Tracing of the snow deposition over GrIS in the past 200 kyr with the different temperature
scenarios indicates that the ice at the NEEM site flowed in from the southeast (Figure 4.10 and
4.11), which is in agreement with the tracing results of the NEEM community members (2013).
The NEEM community members (2013) modelled the locations of the depositional sites of the
Eemian ice using nested 3D flow models, which estimates the depositional site of the 128-ka ice
to be located 205 + 20 km upstream from the NEEM site at present. My simulations resulted in
the depositional site of the 128-ka ice to be located approximately 150 km upstream of the
NEEM site; hence, the southeasterly source is consistent, but my modelling indicates that the
source ice was less far-travelled. In my simulations the depositional site of the 128-ka, 126-ka,
and 124-ka ice were all within one grid cell in the ice sheet model.

Consistent with the conclusions of the NEEM community members (2013), I find that even
higher temperature scenarios such as T9 and T10 produce ice older than the Eemian at the
bottom of the NEEM ice core site (Figure 4.10). In other words, the presence of old (Eemian and
pre-Eemian ice) in the NEEM core is consistent with a greatly retracted ice sheet at this time.

In Figure 4.12, according to the model simulations of T2, T6, and T10 scenarios, 1400 m
below the surface of the ice sheet at NEEM site is from the current interglacial, the Holocene,
which is compatible with the observations in the NEEM ice core of the top 1419 m ice belonging
to the Holocene (NEEM community members, 2013). Figure 4.15 displays the severe thinning of
the bottom ice (i.e. older ice layers) in comparison to the younger ice closer to the surface. Older

ice is buried and compressed by flow, and the younger ice covers the top ~half of the ice sheet.
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The model predicts existing ice even older than the Eemian (Figures 4.12-4.15), which is in
agreement with the research findings of the NEEM community members (2013). If melting had
occurred from the bottom, older ice would not exist (Clarke and Marshall, 2002). Basal melting
occurs within my model, if temperatures reach the pressure melting point, but [ will
underestimate the basal melting in geothermal hot spots under Greenland (e.g., Martos et al.,
2018), since I use a uniform value for the geothermal heat flux that is typical of mature shield
rock, rather than the higher heat fluxes associated with geothermal hot spots.

Figure 4.14 displays major fluctuations in the source-ice surface elevation in different
layers of the ice column, especially close to the bed of the ice, which are linked to changes to the
fluctuations in ice thickness during the Eemian warming. The NEEM community members
(2013) mention ice down at about 2480 m at NEEM being from the Eemian warming, which also
agrees with my results (Figure 4.12). The T2 and T6 scenarios have Eemian ice between depths
of ~2400 m and ~2500 m. The T10 scenario has Eemian ice from ~2450 m to 2600 m. These
results are in agreement with the high 8'%0 values found near the bed of Summit ice indicating a
warmer climate than the present, most likely the Eemian (Yau et al., 2016).

The modelled time-elevation curve for Summit shows that the ice sheet bed dates to around
190, 160, and 150 ka for the T2, T6, and T10 scenarios, respectively (Figure 4.16). Clarke et al.
(2005) arrived at a simulation that dated the basal ice at Summit back to 380 ka. Nonetheless, the
paper states that one should be doubtful of the predicted deep ice sheet bed age, as the ice flow
model does not consider flow-induced disturbance of the deep ice. Indeed, disrupted and folded
stratigraphies in both the NEEM and Summit cores are consistent with the rapid fluctuations in

Eemian source ice elevation predicted by the model, which will be associated with shifts in the
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flow direction. However, while the physics of folding are not in the ice sheet model (and are not
well understood), this cannot be quantitatively tested.

Figure 4.18 is a fabricated ice core reconstruction at the Summit ice core site for the past
200 ka, which can be compared with the observed 8'*0 within the Summit ice cores (Figure 2.6).
At the depth of ~1500 m 8'®0 concentration is about -35 %o, which is consistent with the
modelled Summit ice core reconstruction. However, at the depth of ~1700 m 8'*0 concentration
reaches to about -40 %o, which disagrees with the modelled results. The Holocene section is
about 200 m thicker in the model, implying too high an accumulation rate through this period.
This discrepancy should be further investigated within the coding and parameterization of the U
of C ice sheet model. While the transition from the Holocene to the glacial period is offset, the
glaciation and underlying Eemian and pre-Eemian ice look similar between the observed and

modelled ice cores.

5.4. Comparison with observations

I compare several features of the model simulations against available observations to assist
evaluating the different models and examining the most plausible model, as well as the
implausible models. Based on the suite of observational criteria summarized in Tables 5.1 and
5.2, the model results are similar to observations and inferences from the NEEM ice core. There
are some exceptions. The NEEM community members (2013) estimated an ice thickness
decrease of 400 = 350 m from 128 to 122 ka (an average 7 + 6 cm/yr reduction) after considering
the isostatic rebound, which the model also accounts for. According to the same research, the air
content within the ice core suggests a surface elevation of the 128-ka ice depositional site to be

540 £+ 300 m higher than NEEM surface elevation at present (2450 m), estimating the 128-ka
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depositional site surface elevation to be at 2990 = 300 m (Table 5.1). All the temperature
scenarios agree with this, however only the T4-T7 scenarios agree with the lowered ice thickness
every 2000 years (Table 5.1). The Summit forcing produces surface elevation results that are
compatible with the observations, but it fails to produce a lowered ice thickness from 128-122 ka
(Table 5.1).

In the present-day ice sheet, the elevation of the Eemian (128 ka) source ice location in the
NEEM core is 2780 = 50 m (Table 5.2) (NEEM community members, 2013). Therefore, the
surface elevation at this location on the ice sheet is 210 + 350 m lower at present compared to the
depositional time. It is considered that 128 ka was the onset of the Eemian warming. A surface
elevation increase may have occurred at the onset of a warming period such as the Eemian due to
an initial increase in precipitation and mass balance, before the ice sheet can adapt to the warmer
conditions and increase the rate of ice flow, which subsequently thins the ice (NEEM community
members, 2013).

In addition to the stratigraphic evidence, the modelled thickness of the ice itself can be
compared with the observations (Table 5.2). The NEEM ice core is 2540 m long (NEEM
community members, 2013), which is ~100-200 m lower than the simulated ice cores produced
for all the temperature scenarios as well as when forced by the Summit (GISP2) ice core. The
T10 scenario produces a thicker ice sheet in northwest Greenland, with a NEEM ice core about
2735 m long. The modelled results of Table 5.2 are within 10% of the observations, which is
consistent with the passing criteria.

On the other hand, most of my modelled Summit results when forced by the Summit
(GISP2) ice core are not compatible with the observational results estimated by Yau et al.

(2013). None of the temperature scenarios pass the observations (Table 5.3), which is most
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probably due to the reason that I forced the model with temperature scenarios adjusted from the
observed NEEM temperature range. This can produce modelled results similar to NEEM
observations, but less similar to observations at Summit, especially for the Eemian simulations
due to the large uncertainty for that period.

Table 5.1. Observations versus model results (T2-T10 and Summit forcing) of ice thickness
change (AH) from 128-122 ka and elevation (%) for every 2000 years from 128 ka to 122 ka

at the NEEM source location. Crosses indicate failed scenarios of the model to produce the
observed data.

Time (ka) 128 126 124 122 128-122 Fail
Observations AH (m) -400 + 350
(-7x6
cm/yr)
hg (m) 2990 | 2850 | 2710 | 2570
+300 | £420 | £540 | +£660
Models:
T2 H/AH (m) 2799 | 2885 | 2849 | 2849 +50 X
hg (m) 2801 | 2852 | 2799 | 2791
T3 H/AH (m) 2815 | 2870 | 2802 | 2826 +11 X
hg (m) 2814 | 2836 | 2757 | 2776
T4 H/AH (m) 2826 | 2822 | 2716 | 2770 -56
hg (m) 2824 | 2787 | 2682 | 2734
TS H/AH (m) 2838 | 2740 | 2596 | 2664 -174
hg (m) 2835 | 2706 | 2577 | 2652
T6 H/AH (m) 2848 | 2632 | 2403 | 2488 -360
hg (m) 2843 | 2603 | 2407 | 2513
T7 H/AH (m) 2860 | 2510 | 2240 | 2299 -561
hg (m) 2853 | 2485 | 2267 | 2359
T8 H/AH (m) 2870 | 2372 | 2066 | 2120 =750
hg (m) 2860 | 2356 | 2118 | 2218 X
T9 H/AH (m) 2879 | 2227 | 1903 | 2005 -874 X
hg (m) 2868 | 2220 | 1982 | 2135 X
T10 H/AH (m) 2879 | 2080 | 1768 | 1893 -986 X
hg (m) 2866 | 2086 | 1874 | 2052 X
Summit H/AH (m) 2759 | 2694 | 2803 | 2828 +69 X
forcing hg (m) 2746 | 2714 | 2773 | 2784
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Table 5.2. Present-day observations versus model results (T2-T10 and Summit forcing) of
temperature (7,), elevation (%), and ice thickness (H) at the NEEM site, total ice sheet
volume and area, plus elevation (%,), and time (ka) of highest temperature of the NEEM

source ice site.

NEEM | Volume Area NEEM NEEM ice NEEM Time
T,.(°C) 10°km*) | (10° divide sheet source ice (ka) -
kmz) elevation, thickness, | elevation, | source
hy (m) H (m) hg (m) highest
T,
Observations -29 2.9 1.71 2450 2540 2780 +/- 126
50
Models:
T2 -29.7 3.1 1.75 2565 2665 2811 126.4
T3 -29.7 3.1 1.74 2563 2663 2812 126.4
T4 -29.7 3.1 1.74 2565 2665 2813 126.4
TS -29.7 3.1 1.74 2566 2666 2814 126.4
T6 -29.7 3.1 1.73 2567 2667 2813 126.4
T7 -29.8 3.1 1.73 2575 2679 2818 126.4
T8 -29.9 3.1 1.74 2587 2695 2822 126.4
T9 -29.9 3.1 1.73 2599 2712 2824 124.7
T10 -30 3.1 1.73 2616 2735 2828 124.2
Summit -30 3.0 1.73 2569 2672 2809 128.4

forcing




76

Table 5.3. Summit observation versus model results (T2-T10) of temperature changes over
the Eemian, and present temperature. Crosses indicate failed scenarios of the model to

produce the observed data.

Time (ka) 127.6-126.6 | 121.8-118 | 126-122 127 Present | Fail
Observations | AT/T (°C) | Increase (6 | Decrease | 4-8 higher | =recent -31
+1.5) (3+1) | thanrecent (-31)
Models:
T2 AT/T (°C) +2.5 -4.2 2-34 -28.8 -31.6 X
T3 AT/T (°C) +2.7 -4.9 3-4.6 -27.8 -31.6 X
T4 AT/T (°C) +3 -5.5 4-6 -26.8 -31.6 X
TS5 AT/T (°C) +3.3 -5.7 4.5-7.4 -25.8 -31.6 X
T6 AT/T (°C) +3.8 -5.7 4.6-8.6 -24.8 -31.6 X
T7 AT/T (°C) +4.1 -6.1 3.2-4.4 -23.8 -31.5 X
T8 AT/T (°C) +4.2 -6.2 4.8-9.7 -22.7 -31.5 X
T9 AT/T (°C) +4.1 -6.5 5-10 -21.6 -31.5 X
T10 AT/T (°C) +3.8 -6.8 5.7-10.4 -20.4 -31.5 X

5.5. Implications for the stability of GrIS

When comparing simulated results with observations at NEEM and NEEM source, T4-T7

scenarios pass, which can mean peak temperature anomalies between 5 to 9°C during the

Eemian, compatible with the NEEM community members (2013) temperature peak of 8 + 4°C.

Temperature anomalies of 5-9°C can mean Greenland contribution to the SLR of 2.8-4.3 m

between 125-125.5 ka, which does not agree with Yau et al. (2016) 4.1-6.2 m Greenland SLR

contributions by 121 ka. My results imply that GrIS can lose 1.2-1.8 10° km® ice volume over

such warm periods.

My results are not narrowed enough to support or contradict the suggested resilience of

GrIS to a warmer climate and the large Antarctic ice sheet contribution to the global mean sea

level rise during the LIG by NEEM community members (2013) and Quiquet et al. (2013).

However, it does not agree with Yau et al. (2016) that by the end of Eemian GrIS contributed 5.1
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m to the global sea level rise. On the contrary, it confirms that the GrIS contributed to SLR most

likely early in the Eemian ~125 ka, and that Antarctica is a much stronger candidate than
Greenland for the SLR later in the Eemian.

Finally, despite the fact that the results suggest a large contribution of Greenland to the

SLR at ~125 ka, there are still discrepancies left to be explained between the modelled and

observed relative changes between the ice core sites. Furthermore, this and other studies are

limited by the accuracy of the climate/ice sheet models available (Yau et al., 2013), and the

underestimation of temperature change magnitude when compared to evaluations based on ice

cores (Masson-Delmotte et al., 2006).
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Chapter 6 Conclusions
The aim of this study was to investigate the susceptibility of the Greenland ice sheet to
higher temperatures during the Eemian warming, by combining an ice dynamics model and an
isotope tracer model to carry out long-term ice-sheet simulations. Another objective was to build
on that model to examine the potential impact of Eemian melting on isotopic modifications and
temperature, and reconstructions in the NEEM ice core. Using nine different temperature
scenarios based on the NEEM ice core and one scenario based on the Summit ice core, I ran
simulations of the past 200 kyr and came to the following three conclusions:
I.  Even for peak Eemian warming up to 12°C higher than present, there is a persistent ice
dome in central Greenland and old ice (pre-Eemian and Eemian) is preserved at the
NEEM site.
II.  Greenland’s contribution to sea level rise due to Eemian warmth most likely ranges
between 2.8 to 4.3 m, associated with temperature anomalies from 5-9°C.
III.  Melting during warmer periods can cause an overestimation of 0.1 to 2°C in proxy
records of Eemian warming. The impact on the climate interpretation coming from
water isotopes depends on the magnitude of the warming and the extent of Eemian

melting, which is not well constrained.

The available data and model results are broadly consistent, creating confidence in the
conclusion above and the model’s ability to reconstruct ice core records of depositional tracers at
the NEEM drill hole location. There is more confidence in predicting characteristics of ice core
records closer in time to present, rather than Eemian ice, due to the folding of ice near the ice

sheet base and uncertain affects from Eemian ice sheet melting. Thus, I disagree with the
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statement that Greenland defied ancient warming. Only the central ice sheet dome seems to be
persistent with ancient warming. Greenland ice sheet caused more SLR during the Eemian (while
still being consistent with the NEEM ice core record) than the implied ~2 m by the NEEM

community members (2013) and Nature (2013).

6.1. Recommendations for future work

I looked carefully at the NEEM ice core site, but comparisons of modelled versus observed
ice core stratigraphy could also be carried out at several other sites (e.g., NGRIP, Camp Century,
Dye 3), to better constrain the ice sheet history and provide a more rigorous test of the model.
Other proxies such as dust and deuterium excess can also provide valuable information.
Deuterium excess does not depend on condensation temperature like 8'°0, but the climate
conditions of source water when vapour is created (Hoffman and Jouzel, 2001).

I also looked at the potential effects of partial melting on Eemian isotopes at NEEM, but
meltwater effects on the isotope records of other ice core sites could also be examined to
understand the implications better. Other post depositional modifications (such as wind scouring)
to water isotopes could also help quantify the magnitude of post depositional effects on isotopic
records within the ice cores (Anderson et al., 2016).

Most important is understanding the precipitation isotopes in the Eemian, as these may
have changed with the open Arctic oceans and retreating ice sheets. Eemian warming could have
changed the moisture source and air mass trajectories, creating uncertainty in the isotope-
temperature relationship in Greenland.

Additionally, the ice sheet model should also be coupled to water isotope enabled

atmospheric and ocean models, to focus on the coupled evolution of the climate and the GrIS for
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the LIG as well as the future. The Community Earth System Model (CESM) and the Community
Ice Sheet Model (CISM) at NCAR (National Center for Atmospheric Research) have recently
enabled a full two-way coupling of ice sheets with the atmosphere and land surface allowing the
new “CESM-CISM” model to be used to simulate climate/ice-sheet interactions on scales of
centuries to millennia (Vizcaino et al., 2008; Fyke et al., 2011; CESM Land Ice CESM2.0
documentation, 2018). A future project would be to include the full hydrological isotope cycle in
the “CESM-CISM” climate model and focus on the coupled evolution of the climate and the
GrIS for the LIG and the last glacial cycle. This would provide diagnostic models of
precipitation isotopes over Greenland and their variations in time and space, accounting for
differences in air mass trajectory, seasonality of precipitation, and source characteristics during
the Eemian period.

Simulations of the LIG period in such a study should be benchmarked against paleoclimate
observations to provide a robust validation of model performance in warm past climate states.
This validation would in turn provide the basis for assessing the future climate simulations and
the impacts of global warming on GrIS and sea level in the coming centuries. The Eemian, being
warmer than today, contributes as a learning tool to anticipate the future warming. These
findings will serve as a baseline for future projects to investigate the sensitivity of the ice sheet to
climate change. This study assists the scientific effort to understand the impact that global

warming will have on the Greenland ice sheet.
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