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ARTICLE INFO ABSTRACT

Keywords: We review major scientific results from Subtheme (1) "Variability of the Greenland Ice Sheet and climate" under
Greenland Ice Sheet Research Theme 2 "Variations in the ice sheet, glaciers, and the environment in the Greenland region" of the
Ice core Arctic Challenge for Sustainability (ArCS) project. We participated in the international East Greenland Ice Core
i?;::clz‘:‘ass balance Project (EGRIP) led by Denmark, conducted snow pit observations near the coring site and reconstructed the

surface mass balance over the past 10 years. Analyses of an ice core from Northwest Greenland revealed temporal
variability in black carbon concentration over the past 350 years and in mineral dust over the past 100 years. To
understand the mechanisms of ice-sheet flow, which is necessary for accurate predictions of sea level rise, we
conducted laboratory experiments using artificial ice and derived an improved flow law for ice containing im-
purities. Ice sheet modeling was improved by including effects of impurities and ice stream dynamics. As part of
the Ice Sheet Model Intercomparison Project for the Coupled Model Intercomparison Project Phase 6 (ISMIP6),
we simulated ice sheet mass loss and contribution to sea level rise over the 21st century and beyond. Further-
more, we developed a Glacial Isostatic Adjustment model to better constrain ice sheet models.

Sea level change

paper, we introduce the background and purpose of Subtheme (1) and
review its major scientific results. A paper by Sugiyama et al. (submitted
to this issue) reviews the results from Subtheme (2).

1. Introduction

The Greenland Ice Sheet and the glaciers, ocean, climate and envi-

ronment in and around Greenland have been experiencing drastic
changes (e.g. AMAP, 2017), and have attracted international attention.
However, the mechanisms underlying these changes and their impacts
on the climate and the ocean are poorly understood. Changes in the
coastal regions of Greenland have also been affecting local communities
and their culture, but much is yet to be understood. Under these cir-
cumstances, we carried out studies under Research Theme 2—Variations
in the ice sheet, glaciers, and environment in the Greenland region—of
the Arctic Challenge for Sustainability (ArCS) project Subtheme (1)
"Variability of the Greenland Ice Sheet and climate" with focus on
interior Greenland and Subtheme (2) "Ice sheet/glacier-ocean interac-
tion in Greenland" with focus on the coastal regions of Greenland. In this

Mass loss of the Greenland Ice Sheet has been accelerating (AMAP,
2017; IPCC, 2013) owing to global warming and associated environ-
mental changes in the Arctic, which leads to sea level rise, and possibly
abrupt changes in the global climate and ocean circulation. While the ice
sheet was in a state of near balance in the early 1990s, the mass loss
amounted to 255 + 20 Gt/yr (0.71 + 0.056 mm/yr sea-level equivalent)
between 2005 and 2015 (The IMBIE Team, 2020). These changes would
influence human societies and economies, including those in Japan. A
better understanding of the mechanisms and impacts of ice sheet mass
loss and ongoing environmental changes from global warming is
therefore crucial. There is also an urgent need to improve future pro-
jections of ice mass loss, sea level change, and environmental changes to
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prepare for such changes. Accelerated mass loss can be attributed to
decreases in the surface mass balance of the ice sheet and increased ice
flow into the ocean (Van den Broeke et al., 2009; Rignot et al., 2011).
However, changes in surface mass balance, ice flow dynamics, and the
environment associated with global warming remain poorly understood.

The major objectives of Subtheme (1) are to: (a) understand temporal
and spatial variability in surface mass balance and its relationship with
warming; (b) improve the flow law of ice sheet ice for future improve-
ments of ice sheet models; (c) improve ice sheet and glacial isostatic
adjustment (GIA) modeling for better projections of sea level change;
and (d) reconstruct past environmental changes associated with warm-
ing to better understand the impacts of warming. We participated in the
East Greenland Ice Core Project (EGRIP) in collaboration with Denmark,
USA, Germany, Norway, France, Switzerland, and other countries.
Under this international ice coring project, drilling of a deep ice core at
the onset of the Northeast Greenland Ice Stream (NEGIS) to the bed of
the ice sheet is underway, and various observations have been carried
out (Fahnestock et al., 1993, 2001; Joughin et al., 2001). Horizontal
flow velocity at this location is several tens of meters per year, which is
much larger than that at previous deep ice coring sites (Joughin et al.,
2001; Vallelonga et al., 2014). One of the main purposes of the EGRIP is
to advance our knowledge on the dynamics and past changes of the
Greenland Ice Sheet through analyses of the EGRIP core, ice-sheet and
borehole observations and modeling studies. This is closely related to
objectives (b) and (c). To accomplish objective (c), we must also realize
objective (a). Another main purpose of EGRIP is to reconstruct the
climate and environment during the early Holocene, which was warmer
than today and serves as an excellent analogue for future conditions
under global warming. This is closely related to objective (d). Partici-
pation in EGRIP also contributes to important goals of the ArCS project,
which include the promotion of international collaborative research,
establishment of research and observation stations in the Arctic, and
dispatch of young researchers to Arctic research institutions.

We performed snow pit studies at the EGRIP site (Fig. 1) to under-
stand recent variability in surface mass balance, which is one of the two
major factors that affect ice sheet mass loss (objective (a), Section 2).
The other major factor is ice flow dynamics. Therefore, we carried out
creep tests of ice and derived an improved ice flow law to better un-
derstand ice flow properties and dynamics (objective (b), Section 3). At
the EGRIP site, we participated in analyses of the physical properties of
the EGRIP core and studied ice flow dynamics of the NEGIS. To evaluate
the contribution of mass loss of the Greenland Ice Sheet to global sea
level rise (objective (c), Section 4), we performed ice-sheet modeling
studies, mainly as part of the Ice Sheet Model Intercomparison Project
for the Coupled Model Intercomparison Project Phase 6 (CMIP6)
(ISMIP6; Nowicki et al., 2020). Furthermore, we developed a GIA model,
which is essential for constraining ice-sheet models (objective (c), Sec-
tion 4). We also analyzed EGRIP and previous Greenland ice cores to
study the impacts of past warmings (objective (d), Section 5). Our ulti-
mate goal is to incorporate the achievements from objectives (a) and (b)
and results from the GIA modeling into ice sheet models to better un-
derstand the interactions between ice sheets, climate, and the environ-
ment. As a first step, we carried out four individual projects to achieve
objectives (a) - (d) during the 5-year ArCS project, as described in Sec-
tions 2-5. We have not yet used the results from Sections 2 - 3 for the ice
sheet modeling described in Section 4. Nor have we linked the results
from Sections 4 and 5 yet. These tasks remain for future studies.

2. Recent variability in surface mass balance at EGRIP

To investigate recent variability in surface mass balance in East
Greenland, where direct observations are scarce, we carried out snow pit
studies around the EGRIP drill site during the summers of 2016-2019.
Using snow samples collected from snow-pit walls, we reconstructed
recent surface mass balance and examined its spatial variability. It is
important to examine the spatial variability and representativity of the
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Fig. 1. Locations of ice coring sites in Greenland.

snow-pit data to discuss temporal variability around the EGRIP drill site.
Although we reconstructed surface mass balances only around the
EGRIP drill site, the results serve as ground truth data for satellite ob-
servations and can hence be extended to wider areas in Greenland. Re-
sults of the snow pit studies in 2016 are reported by Nakazawa et al.
(submitted to this special issue) and those in 2017-2018 are reported by
Komuro et al. (2020). Here, we summarize the results of all the snow pit
studies.

Characteristics of the snow pits reported in Nakazawa et al. (sub-
mitted) and Komuro et al. (2020) are shown in Tables 1 and 2 and Fig. 2.
Snow samples for stable water isotope and ion measurements were
collected from each pit at depth intervals of 0.03 m. Samples for density
measurements were also collected at the same depths from each pit and
then weighed. Fig. 3 shows vertical profiles of stratigraphy, 6180, oD,
d-excess (derived from 8D - 8 x 6180), methanesulfonate (hereafter
referred to as MSA) and density in Pit 1. All profiles show clear seasonal
variations. Because 5!%0 and &D peak in summer (e.g. Johnsen et al.,
1989; Kuramoto et al., 2011), we determined summer layers using
annual peaks of 580 and 8D. Because d-excess peaks in fall (e.g. Johnsen
et al., 1989; Kuramoto et al., 2011) and MSA peaks in summer (Li et al.,
1993; Jaffrezo et al., 1994; Kuramoto et al., 2011), annual peaks of
d-excess and MSA were used as secondary tools for dating. Pit 2 was
similarly dated using 6180, 8D, d-excess and MSA (Nakazawa et al.,
submitted). Pits 3-6 were dated using 6180, 8D, and d-excess (Komuro
et al., 2020).

Although the annual layer of 2012-13 was particularly thin in Pit 1,
that in Pit 2 had a regular thickness compared to other years (Nakazawa
et al., submitted). The between-site difference of annual layer thickness
can potentially be explained by spatial variability, as discussed by
Komuro et al. (2020). In Pit 1, ice layers were observed at depths of 1.76
and 2.02 m (Fig. 3). The ice layers provide evidence of slight summer
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Table 1

Polar Science 27 (2021) 100557

Characteristics of snow pits and average surface mass balance reconstructed from each pit for the period covered by each pit (Komuro et al., 2020).

Observation date Depth Period covered Longitude Latitude Average surface mass balance (mm w.e./yr)
Pit1 2016/6/29-2016/7/5 4.02m 2006-2016 75.6289°N 36.0039°W 145 + 44
Pit 2 2016/7/11-2016/7/12 3.18 m 2009-2016 75.6252°N 35.9860°W 149 + 23
Pit 3 2017/6/13 2.01 m 2013-2017 75.6288°N 36.0045°W 148 +£17
Pit 4 2017/6/16 2.0l m 2013-2017 75.6252°N 35.9876°W 157 £19
Pit5 2017/8/6-2017/8/8 2.22m 2012-2017 75.6150°N 35.9658°W 144 + 28
Pit 6 2018/7/3-2018/7/5 2.01 m 2014-2018 75.6275°N 35.9828°W 154 + 16
bl surface melting or internal melting in subsurface layers at the EGRIP
Table 2

Seasonal snow depositions (mm water equivalent) for Pits 1 and 2. The average
summer-to-winter and winter-to-summer depositions for the period covered by
each pit are shown in the bottom row. SD indicates standard deviation (Komuro
et al., 2020).

Period Pit1 Pit 2
Winter 2015/16 to summer 2016 70 82
Summer 2015 to winter 2015/16 72 58
Winter 2014/15 to summer 2015 73 50
Summer 2014 to winter 2014/15 95 100
Winter 2013/14 to summer 2014 59 86
Summer 2013 to winter 2013/14 89 102
Winter 2012/13 to summer 2013 29 60
Summer 2012 to winter 2012/13 29 72
Winter 2011/12 to summer 2012 90 66
Summer 2011 to winter 2011/12 111 107
Winter 2010/11 to summer 2011 70 42
Summer 2010 to winter 2010/11 88 95
Winter 2009/10 to summer 2010 79 91
Summer 2009 to winter 2009/10 64 35
Average of summer-to-winter depositions +SD 78 + 27 81 + 27
Average of winter-to-summer depositions +SD 67 £ 19 68 + 19

/ P T.N
/ >
W
1
30
6
O
402
Prevailing wind
direction
@ Pitsite
(O Main dome
Garage 5
Tent area ®
. Drill trench entrance 500 m

Fig. 2. Locations of snow pit observation sites. Locations of Main Dome (main
building located at 75.6299°N, 35.9937°W), garages, tent area, drill trench
entrance are also shown. The EGRIP drill site is within 20 m of the drill
trench entrance.

site. However, this melting was not sufficient to disturb the stable water
isotope and ion profiles. These ice layers appeared between summer
2011 and summer 2012 layers according to our dating. Surface snow/ice
melting was observed over the Greenland Ice Sheet in July 2012
(Nghiem et al., 2012: Aoki et al., 2014). Meltwater should have also
occurred at the EGRIP site in the summer of 2012, penetrated lower
layers and refrozen in the layer between the summers of 2011 and 2012.
Our dating explains this melting phenomenon well.

Surface mass balance for each year during the study period was
calculated for each snow pit using annual layer thicknesses obtained
from dating results and snow density profiles. An annual layer was
defined as the layer between two consecutive summer layers. Winter
layers were also determined using the minimum §'80 value within each
annual layer. Each annual layer was subsequently divided into two
halves and summer-to-winter and winter-to-summer snow depositions
were calculated. Fig. 4 shows results from Pits 1 and 2. Surface mass
balances in water equivalent (w.e.) obtained from Pit 1 varied between
58 and 202 mm w.e./yr, and that from Pit 2 varied between 126 and 188
mm w.e./yr. In both Pits 1 and 2, ice layers were found between the
layers corresponding to the summers of 2011 and 2012. The snow melt
that occurred in July 2012 should have redistributed water mass by
refreezing of meltwater at the lower layers. The mean monthly isotopic
compositions of precipitation at six sites on the Greenland coast show
more enriched composition in June-August precipitation (data from
IAEA/WMO, 2020). Annual summer peaks of 5'80 and 8D in the snow at
the EGRIP site therefore seem to appear during these months. The melt
event would have led to a decrease in the surface mass balance between
summer 2012 and summer 2013 and an increase in the balance between
summer 2011 and summer 2012.

Average surface mass balance between 2009 and 2016 was 145 mm
w.e./yr in Pit 1 and 149 mm w.e./yr in Pit 2 (Nakazawa et al., submit-
ted). Similar values of average surface mass balance were obtained from
all pits (Komuro et al., 2020). While there was spatial and temporal
variability in values of annual surface mass balance, there was little
variability in the values of average surface mass balance over multiple
years (ranging from 148 to 157 mm w.e./yr) and in the values of annual
average surface mass balance of multiple pits (ranging from 134 to 157
mm w.e./yr). Spatial variability in surface mass balance is probably a
result of post-depositional redistribution of snow caused by wind erosion
and snowdrift. Our results suggest that surface mass balance in the
EGRIP area was almost constant during 2009-2017 (Komuro et al.,
2020), which is as much as 1.5 times higher than the average in
1607-2011 (Vallelonga et al., 2014). This substantial increase may be
due to the recent warming in Greenland. We also found that seasonal
snow depositions tended to be larger in the summer-to-winter period
than in the winter-to-summer period (Table 2), the latter being about
85% of the former. Our results are opposite to those from the North
Greenland Eemian Ice Drilling (NEEM) site (NEEM community mem-
bers, 2013), which is located in Northwest Greenland (Kuramoto et al.,
2011).

3. Flow properties of ice

Snow deposited onto the Greenland Ice Sheet is buried under
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Fig. 3. Vertical profiles of stratigraphy, 5'%0, 8D, d-excess, methanesulfonate (MSA) and density in Pit 1. Red dotted lines indicate annual summer layers. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Surface mass balances obtained from Pits 1 and 2.

subsequent layers of snow and eventually transforms into ice. Ice is
exerted upon by gravity and is deformed. Ice deformation results in
vertical and horizontal motion (i.e. flow) of the ice sheet. When ice
reaches the ice sheet margin, it loses its mass either by melting or
calving. Because calving strongly depends on ice flow velocity, accel-
erated ice sheet flow thus accelerates sea level rise (Van den Broeke
et al., 2009). To make better projections of future sea level rise, we need
to improve our understanding of the flow properties of ice. Crystal grain
size, crystal orientation distribution and impurities in ice affect ice flow
properties (Faria et al., 2014) and detailed mechanisms of ice flow still
need to be ascertained.

Ice deformation has been traditionally described by Glen’s flow law
(Glen, 1955) or the following modified Glen’s flow law (Goldsby and

Kohlstedt, 2001):

. 0" 0
& _Ad_PeXp(R_T) (€8]

where ¢ is strain rate, A is enhancement factor, o is applied stress, d is
average grain diameter, p is grain size parameter, R is the gas constant, n
is the stress exponent, and T is absolute temperature. The value of n is
usually set to 3 although a recent study reported that n = 4 best fits
observations of the Greenland Ice Sheet (Bons et al., 2018). Another
study of laboratory experiments using fine-grained artificial ice without
impurities indicated that n was close to 2 (Goldsby and Kohlstedt, 2001).
To improve ice sheet flow models, it has become clear that, even as the
mechanisms that give rise to different values of n remain poorly un-
derstood, the traditional flow law with n = 3 needs to be reconsidered.
To better understand ice flow properties, we carried out creep tests using
artificial ice, separately identified the effects of microparticles and
crystal grain size, and also determined n (Saruya et al., 2019).

We prepared powder snow by spraying pure water into liquid ni-
trogen. Some samples were prepared with water containing SiO»
(hereafter referred to as silica) particles of approximately 300 nm in
diameter, and other samples were prepared without silica particles.
Consolidated samples with and without silica particles were prepared by
mechanically compressing the corresponding powder for 1 h at —10 °C
and 70 MPa, and stacked alternately as shown in Fig. 5. The bulk sample
in Fig. 5 was creep tested at —10 °C and 1 MPa. Layers containing silica
deformed much more than pure ice layers during the test and their di-
ameters became larger than those of the pure ice layers. This preliminary
experiment highlights the effect of silica particles on ice deformation
and demonstrates that ice sheet deformation can be modeled by defor-
mation experiments using artificial ice samples with and without silica
particles.

A similar creep test was performed using artificial ice containing



K. Goto-Azuma et al.

After deformation
pure ice -10 °C, 1 MPa
strain: 34%
40%

34%

pure ice

38%
34%

Fig. 5. Ice sample with (dark color) and without (white) silica particles before
(left panel) and after (right panel) creep testing. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

silica particles. The test was conducted at —20 °C, which is a typical
temperature in the Greenland Ice Sheet as observed from the borehole
temperature profiles at GRIP and Dye 3 (Dahl-Jensen, 1998), and under
1 MPa, which was selected to achieve a relatively short test duration. For
comparison, a pure ice sample was also prepared and tested under the
same conditions and the results are shown in Fig. 6. We found that silica
affected even the early stages of creep deformation. Over the entire
range of measured strains, strain rate in pure ice was much lower than
that of silica-dispersed ice, indicating that silica-dispersed ice deforms
much more rapidly than pure ice, which agrees with the results shown in
Fig. 5. In ice samples with large grain sizes, the strain rate usually de-
creases with strain at the beginning of a creep test as work hardening
occurs because of interactions between dislocations (Wilson et al.,
2014). Recovery or recrystallization usually follows, accumulated dis-
locations disappear, new strain-free grains nucleate, and strain rate
decreases with strain at a slower rate. Minimum creep rate is reached
when the effects of work hardening and recovery are in balance, after
which strain rate starts to increase with strain (Wilson et al., 2014).
However, our artificial ice samples exhibited a totally different behavior
and we found no minimum creep rate or increase in strain rate in our
experiments (Fig. 6).

Fig. 7 shows optical microscope images of microstructures of
deformed samples at 10% strain. As a result of Zener drag—pinning of
grain boundaries by silica particles (Humphreys and Hatherly, 2004)—
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Fig. 6. Strain rate-strain diagrams calculated from creep curves derived under
the conditions of —20 °C and 1 MPa.
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initial deformed

Fig. 7. Microstructural differences in artificial ice samples before and after
achieving 10% strain under —20 °C and 1 MPa.

the initial grain size in the silica-dispersed sample (mean diameter of
approximately 40 pm) was smaller than that in the pure ice sample.
When natural impurities transported by atmospheric circulation are
deposited onto and incorporated into the Greenland Ice Sheet, such
fine-grained ice layers can be generated locally as a result of seasonal
variations and climate-dependent variations in impurity concentrations
(Svensson et al., 2003). When ice core samples from Greenland are cut
parallel to the core axis and observed perpendicular to the axis, so-called
cloudy layers or bands are often visible (Faria et al., 2014). These layers
were deposited mainly during glacial periods, and grain sizes are
generally very small and concentrations of impurities are high (Faria
et al., 2014).

To understand the creep mechanism of the silica-dispersed ice sam-
ples, we applied different stresses to the samples at constant tempera-
ture, measured strain rate, and derived values for the stress exponent n.
We also derived the apparent activation energy Q by plotting strain rate
as a function of the reciprocal of absolute temperature. We obtained n
and Q values of 1.8-2.0 and 60-66 kJ/mol, respectively. These values
are similar to those for fine-grained ice without microparticles reported
by Goldsby and Kohlstedt (2001). By varying the compression condi-
tions, we created artificial ice with larger grain sizes. This technique can
be applied to both pure and silica-dispersed ice samples, and we ob-
tained grain size diameters of approximately 100 pm in pure ice. We also
succeeded in preparing coarse-grained artificial ice by using a seed
crystal of ice. We then evaluated the p value in the modified Glen flow
law using results from the creep tests of fine- and coarse-grained artifi-
cial ice (Fig. 8). We found that p values converge towards the critical
value of 1.4, implying that microparticles that are abundant in the deep
parts of the ice sheet could influence ice sheet flow. Although the sizes of
the ice grains in actual ice sheets are two orders of magnitude larger than
in our artificial fine-grained ice, both are likely to experience similar
deformation mechanisms because they deform under the situation in
which the accumulation of dislocations is not saturated. More details are
described by Saruya et al. (2019). Further analyses of the characteristics
of microparticles in the Greenland Ice Sheet (e.g. size, shape, chemical
composition) are needed to understand the mechanisms of ice sheet flow
and predict future ice mass loss, which affects global climate and sea
level. Ongoing studies on creep tests of the EGRIP core will contribute to
the understanding of the effects of microparticles on ice deformation at
the EGRIP site where horizontal flow velocity is high.



K. Goto-Azuma et al.

10°F
— I A
2,  fine grains \{\
o] ’
§ 107 :(GS dependence e
c tP~14
= s
5 i LY & a
] r e =
@ pure-water ice Iarge grains
~ A silica-dispe iice (nO GS dependence)
107 & YTy PP | L s sy
10 100 1000

Grain size [um]

Fig. 8. Grain size (diameter) dependence of strain rate measured at —20 °C and
1 MPa.

4. Numerical simulations: ice sheet modeling and GIA modeling

We carried out the following ice sheet and GIA modeling studies to
improve future projections of sea level change and estimates of past ice
sheet masses. For the ice flow, we used Glen’s flow law (1) with the
parameters by Greve (2019). In particular, we used a stress exponent of
n = 3 and grain size parameter p = 0 to account for no dependence on
grain size, and an additional flow enhancement factor E on the
right-hand side.

In contrast to previous Greenlandic deep ice cores, the NEEM ice core
was drilled in a region with significant shear deformation, which makes
it useful for inferring ice-dynamical information. We analyzed NEEM
borehole deformation data measured from borehole logging and calcu-
lated the flow enhancement factor as a function of the ice core’s %0
profile. We found a strong correlation down to millennial time scales
(Dansgaard-Oeschger events), such that isotopically colder ice is softer
and isotopically warmer ice is stiffer. For the isotopically coldest ice of
the last glacial period, the enhancement factor reaches values up to ~40.
We interpret this as a combined effect of impurities and flow-induced
anisotropy (Greve et al., 2017, in preparation).

It is not clear at this stage whether these findings can be generalized
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to larger parts of the ice sheet, or whether the dependence of ice
deformability on climate varies strongly from place to place. For the
purpose of large-scale modelling, we therefore mainly used a simpler,
two-valued dependence, with E = 1 for interglacial ice and E = 3 for
glacial ice. We implemented ice stream dynamics (Bernales et al., 2017)
and a simple treatment of subglacial hydrology (Calov et al., 2018) in
the ice sheet model SImulation COde for POLythermal Ice Sheets
(SICOPOLIS; www.sicopolis.net). We spun up SICOPOLIS and the Ice
sheet model for Integrated Earth system Studies (IcIES) to reproduce the
present-day state of the Greenland Ice Sheet. For surface topography and
velocity, there was good agreement between observed and simulated
values (Goelzer et al., 2018, 2020; Greve, 2019). We used two warming
scenarios based on Representative Concentration Pathway (RCP) 2.6
projections from climate models, which are in line with the commit-
ments of the Paris Agreement, to force SICOPOLIS and the Ice Sheet
System Model (ISSM; issm.jpl.nasa.gov). The results show that the mass
loss of the Greenland Ice Sheet is projected to be 62-88 mm sea level
equivalent for the period of 1990-2300 (Riickamp et al., 2019). As our
contribution to ISMIP6, we used the latest version of the SICOPOLIS
model (version 5.1 that includes ice stream dynamics, subglacial hy-
drology and a depth-dependent flow enhancement factor; Greve and
SICOPOLIS Developer Team, 2019), forced by output from a represen-
tative subset of CMIP5 and CMIP6 global climate models, to project ice
sheet changes and sea level rise contributions over the 21st century
(Goelzer et al., 2020; Greve et al., 2020). The results are shown in Fig. 9.
The simulated sea level contribution for 1990-2100 is 133.0 + 40.7 mm
(mean + 1-sigma uncertainty) for the RCP8.5/SSP5-8.5 pathway that
represents “business as usual”, and it is 48.6 + 6.2 mm for the
RCP2.6/SSP1-2.6 pathway that represents substantial emissions re-
ductions. The large difference between the results for the two pathways
highlights the importance of efficient climate change mitigation for
limiting sea level rise.

We developed a GIA model that takes into account a realistic vis-
cosity structure of the lower mantle, reconstructed ice sheet volume at
the Last Glacial Maximum (LGM) and calculated the change of degree-
two harmonics of the Earth’s geopotential (Nakada et al., 2016). We
examined variations of total meltwater volume during the last deglaci-
ation and determined the contributions of different continental ice
sheets, including the Greenland Ice Sheet. We found that the lower de-
gree geopotential data were critical in the estimation of both global ice
volume at the LGM and lower mantle viscosity structure. Our results
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provide valuable insight to understand past variabilities of the
Greenland Ice Sheet, which is essential for constraining ice sheet models.

5. Environmental changes associated with past climate changes

For better projections of future environmental changes due to global
warming, we need to evaluate the impacts of past environmental
changes associated with warming. To understand the impacts of global
warming on terrestrial and marine environments in the middle to high
latitudes of the Northern Hemisphere, we used three Greenland ice cores
covering different time periods. All of the cores include past warm pe-
riods although on different time scales ranging from 350 to 130,000
years.

Variations in terrestrial environments over the past 130,000 years
were reconstructed using ion data from the NEEM ice core (Schiipbach
et al., 2018). Compared with the present day, temperature during the
early Holocene was 2-3 °C higher and temperature during the last
interglacial period was 8 °C higher. However, North American terrestrial
vegetation varied little between the two periods. Emissions of mineral
dust from East Asia during the last interglacial period were only
moderately (30%) higher than those of the early Holocene. A tempera-
ture that is 8 °C higher than present day in Greenland is similar to the
polar amplification signal forecasted for a global warming of 1.5-2 °C
(Otto-Bliesner et al., 2013). Therefore, these results suggest that if global
mean temperature increase can be kept within 1.5-2 °C above
pre-industrial levels, there is likely to be little change in terrestrial en-
vironments in the middle to high latitudes in the Northern Hemisphere.

Sea ice extent in the Canadian Arctic over the past 110,000 years was
reconstructed using the bromine data from the NEEM ice core (Spolaor
et al., 2016). Results show that multi-year ice in the Canadian Arctic
increased during cold stadials of the last glacial period, while the extent
of first-year ice reached its maximum during the early Holocene, sug-
gesting that multi-year ice in the Arctic Ocean would decrease under
future warming.

In collaboration with Research Theme 3 of the ArCS project, black
carbon (BC) variations over the past 350 years were reconstructed from
an ice core drilled at the SIGMA-D site in Northwest Greenland (Matoba
et al., 2015). The Wide-Range Single Particle Soot Photometer (SP2)
developed at the University of Tokyo (Mori et al., 2016)—modified from
the SP2 of Droplet Measurement Technologies (Longmont, CO., U.S.
A.)—and the Continuous Flow Analysis System (Dallmayr et al., 2016)
developed at the National Institute of Polar Research were used to
produce a high-resolution and high-accuracy reconstruction of BC con-
centrations and size distributions. Anthropogenic BC increased during
the first half of the 20th century and annual peaks of BC shifted from
summer to winter because of anthropogenic input. Sporadic BC peaks in
summers were likely results of boreal forest fires in North America
and/or Siberia (Zennaro et al., 2014). Although Greenland has under-
gone recent rapid warming (Kobashi et al., 2011), we found no evidence
of increased boreal forest fires over the last 20 years. However, for the
present warm period and the warm period of 1920-1940, we found that
mineral dust at the SIGMA-D site largely originated from high-latitude
sources including local sources in Greenland while low or mid-latitude
sources were dominant during the cold periods of the 20th century.
These results suggest that high-latitude dust sources would become
more important under global warming.

In collaboration with international EGRIP members and Research
Theme 3 of the ArCS project, we analyzed BC in the EGRIP core. The
EGRIP core has been dated preliminarily by relating acidity peaks in the
core to volcanic events (Mojtabavi et al., in review, 2019). Preliminary
BC concentration data over the past 200 years appear to show seasonal
variations and increases during the first half of the 20th century. We
expect that further detailed dating and BC analysis back to the early
Holocene warm period will reveal changes in boreal forest fires in as-
sociation with past warming.
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6. Summary and future prospects

We carried out snow pit studies to assess the spatial variability of
recent surface mass balance in the area around the EGRIP deep drilling
site in East Greenland, where direct observations are scarce (Nakazawa
et al., submitted; Komuro et al., 2020). While spatial and temporal
variability of annual surface mass balance values are likely due to effects
of wind scouring, there was little variability in the average surface mass
balance values over multiple years and in multiple pits. This confirms
the representativity of our pit data for the EGRIP area. The surface mass
balance in the EGRIP area was surprisingly constant during 2009-2017.
However, compared with the 1607-2011 average (Vallelonga et al.,
2014), we found a substantial increase in recent surface mass balance by
as much as 50%, which is likely associated with recent warming. We
must therefore reconstruct annual surface mass balances over the past
400 years and investigate the detailed mechanisms of their recent in-
crease. Our new data can serve as ground truth data for satellite ob-
servations and contribute to validate climate models, which are essential
to improve projections of future changes in mass balance of the
Greenland Ice Sheet and in global climate and the environment.

The NEEM borehole data suggest that impurities strongly enhance
ice deformation (see Section 4). In ice sheets, however, smaller grain size
is usually associated with higher microparticle concentration (Faria
et al., 2014), which makes it difficult to separate the effects of grain size
and microparticles. Using artificial ice with grain sizes and microparticle
concentrations that were independently regulated, we investigated the
effects of microparticles and grain sizes separately (Saruya et al., 2019).
We found that grain size, not microparticle concentration, is a dominant
factor regulating the deformation rate of ice. To apply our new flow law,
which takes into account effects of grain size and microparticles, to the
Greenland Ice sheet, we still need to perform creep tests using ice
samples from NEEM and EGRIP ice cores because microparticle con-
centrations were much higher and grain sizes were much smaller in our
artificial ice samples, compared with those in these ice cores. The EGRIP
ice core will provide unique information on ice dynamics because the
drill site is located in an area with considerably high horizontal flow
velocity compared to previous deep drilling sites.

Analysis of NEEM borehole deformation data revealed a strong cor-
relation between climatic states and ice deformability down to the time
scales of millennial-scale warming events. For the coldest ice of the last
glacial period, the flow enhancement factor reaches values up to ~40,
which is substantially larger than previously thought. We will need to
confirm that this finding can be generalized to larger parts of the ice
sheet and incorporate it into large scale ice sheet modeling. Within the 5-
year ArCS project, we mainly used simpler ice-sheet models. However,
by taking into account ice stream dynamics and subglacial hydrology,
we improved our ice sheet models and reproduced the present-day state
of the Greenland Ice Sheet. We also performed new projections of the
future contribution of the Greenland ice sheet to sea level rise by
improving the ice sheet models and using the latest results from climate
models. As a next step, we will continue observations of the EGRIP
borehole deformation after completion of the deep ice drilling so that we
can obtain more spatial information on the correlation between climatic
states and ice deformability. We need to perform longer-term future
climate/ice sheet change simulations (e.g. until the year 3000).
Furthermore, we need to incorporate the results from creep tests and
GIA modeling into ice sheet modeling.

We reconstructed the past environmental changes during the past
warming periods on different time scales, mainly focusing on terrestrial
and sea-ice conditions. Ongoing high-resolution analyses on the EGRIP
core, the first deep ice core in East Greenland, will provide new insight
into the mechanisms and impacts of environmental changes during the
early Holocene, which was 2-3 °C warmer than today (Schiipbach et al.,
2018).

The studies summarized above were carried out rather indepen-
dently. In the future, we will need to integrate the results obtained from
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each project in ice sheet and climate modeling.
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