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Zusammenfassung

Eisbohrkerne aus den Polargebieten stellen ein einzigartiges Archiv des Klima-
systems der Erde dar. Allerdings kann die Repréasentativitéit dieser Eiskerne auf-
grund der komplexen logistischen Rahmenbedingungen nicht auf direktem Wege
untersucht werden. Moglich ist allerdings die Analyse der rdumlichen Variabilitét
in polarem Schnee und Firn. In Kombination mit einem verbesserten Verstandnis
der Bildung paldoklimatischer Signale in Eiskernen mit zunehmender Tiefe, kon-
nen diese Ergebnisse zu einer Abschéitzung der Reprisentativitdt herangezogen
werden. In der vorliegenden Arbeit werden réntgentomographische Messungen
genutzt um Stratigraphie und Mikrostruktur von polarem Schnee und Firn zer-
storungsfrei zu untersuchen. So werden Beitrdge zu beiden Teilgebieten dieses
indirekten Ansatzes geliefert.

Neue Methoden zur Beprobung der Schneeauflage und der Identifikation ko-
héarenter Signale in raumlich verteilten Datensdtzen werden vorgestellt. Diese
werden angewandt um die rdumliche Variabilitdt auf der lokalen (Schachtstudi-
en in Gronland und der Ostantarktis, bis zu 100 m Entfernung) ebenso wie der
regionalen Skala (Traverse durch Nordgronland, 450 km) zu untersuchen. Der
Algorithmus zur Ahnlichkeitsbestimmung wird anhand zufillig erzeugter Profile
mit den statistischen Figenschaften der Originaldaten validiert. Zweidimensiona-
le Rontgentomographie dient als Indikator fiir die Schnee- und Firnstratigraphie,
die Datierung erfolgt anhand des §'®*O-Signals.

Die Ergebnisse belegen eine signifikante regionale Komponente der Dichte-
schichtung, welche tiber hunderte Kilometer nachweisbar ist. Lokal zeigt sich ein
starker richtungsabhéngiger Einfluss des Windes mit erhéhter Homogenitét ent-
lang der vorherrschenden Windrichtung. Da Dichte ein wichtiger Eingangspara-
meter fiir die Fernerkundung und Abschitzungen der Massenbilanz der Oberfla-
che ist, besteht Bedarf an reprasentativen Profilen und Mittelwerten der Dichte.
Ein solches Profil wird fiir die obersten zwei Meter der Schneeauflage in Nord-
gronland bereitgestellt. Fiir flichige Signale auf der lokalen Skala (z. B. altimetri-
sche Messungen) werden derartige Abschétzungen durch die richtungsabhéngigen
Einfliisse auf die Variabilitdt deutlich erschwert.

Da die Dichteschichtung massiv durch Schmelzen der Schneeoberfliche beein-
flusst wird, werden Schmelzlagen aus dem warmen gréonldndischen Sommer des
Jahres 2012 gesondert betrachtet. Die ausgepriagte Heterogenitit dieses Schmel-
zens hat nicht nur groffen Einfluss auf die Fernerkundung (da sie als Reflektoren
fiir elektromagnetische Wellen agieren), sondern verkompliziert auch die Inter-
pretation von Schmelzlagen in einzelnen Eiskernen.

Methodische Fortschritte in der dreidimensionalen Computertomographie er-
moglichen die Erstellung eines ersten umfassenden Datensatzes direkter Mikro-
strukturmessungen im Firn. Drei Eiskerne, die verschiedene Extreme der auftre-
tenden Temperaturen und Akkumulationsraten abdecken, werden fiir den gesam-
ten Bereich des Lufteinschlusses analysiert. Der zugrundeliegende Einschlusspro-
zess ist ein bestimmender Faktor fiir den Altersunterschied zwischen eingeschlos-
sener Luft und umliegendem Eis, der bis zu mehreren 1.000 Jahren betragen
kann. Die exakte Bestimmung dieses Werts ist daher von besonderer Bedeutung
fiir die Untersuchung von paldoklimatischen Phasenzusammenhéngen.

Mit Hilfe des Datensatzes wird nachgewiesen, dass es sich bei der kritischen
Porositat des Porenabschlusses um eine klimaunabhangige Konstante handelt.
Diese Erkenntnis wird durch Perkolationstheorie gestiitzt. Die Beriicksichtigung
der Ergebnisse hat nennenswerten Einfluss auf die Datierung der Gasphase —
Abweichungen von anderen Klimaproxies reduzieren sich um bis zu mehr als 1.000
Jahre. Erginzend wird gezeigt, warum vorherige Studien irrefithrende Resultate
lieferten.
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Abstract

Polar ice cores act as a unique archive of the Earth’s climate system. However,
due to logistic constraints, the representativity of these ice-core records cannot
be estimated directly. One possible remedy is to analyze the spatial variability
in polar snow and firn and combine the results with an improved understanding
of the formation of paleoclimatic ice-core signals and their evolution with depth.
Here, X-ray computed tomography is applied as a non-destructive method that
yields information on stratigraphy and microstructure in polar snow and firn.
The results are used to contribute to both subtopics of this indirect approach for
estimating representativity.

New methods for sampling the snowpack as well as the detection and ali-
gnment of coherent signals in spatially-distributed datasets are presented. They
are applied to analyze spatial variability in the snowpack both on the local (trench
studies in Greenland and East Antarctica, distances up to 100 m) and the regio-
nal scale (450 km traverse through North Greenland). The matching algorithm is
validated using randomly generated profiles with the same statistical properties
as the original data. Snow and firn density as markers of stratigraphy are deter-
mined by two-dimensional radioscopic imaging, the water-isotopic 680 signal is
used for age dating.

The results show that regionally a significant share of the stratigraphic density
signal persists over hundreds of kilometers. Locally, there is a strong directional
influence of the wind with a much larger homogeneity of the snowpack along the
main wind direction. As density is an important input parameter for remote sen-
sing and surface-mass-balance estimates, representative profiles or mean values
of snow and firn density are required. Such a profile is provided for the upper
two meters of the North Greenland snowpack. On the local scale, the estimation
of representative densities for certain areas of interest (such as the footprint of
an altimeter) is complicated by the directional dependence of the stratigraphic
variability.

As the density layering is significantly impacted by melting of the snow sur-
face, melt features dating to the warm Greenlandic summer of 2012 are analyzed
in detail. A large heterogeneity of these features is quantified, which does not
only affect remote measurements (where ice layers act as reflectors for electro-
magnetic waves) but also strongly influences the ability to interpret single-core
melt records.

Methodological advances in the three-dimensional computed tomography of
polar firn allow the creation of a first extensive dataset of direct firn-micro-
structure measurements. Three ice cores that represent different extremes of the
temperature and accumulation ranges are analyzed throughout the lock-in zone,
the depth range where pores are sealed from the atmosphere. The fundamental
lock-in process is a determining factor for the gas-age—ice-age difference, which
can be on the order of several 1,000 years. Thus, accurate estimates of this value
are of particular importance for the interpretation of phase relationships between
ice and gas records.

The dataset is used to show that the critical porosity of pore enclosure is
a climate-independent constant, a finding that is corroborated by percolation
theory. Incorporation of this result significantly influences the dating of trace-
gas records, reducing mismatches with other climate proxies by up to more than
1,000 years. Furthermore, it is demonstrated why previous measurements yielded
misleading results.
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1 List of publications

This thesis is based on the following three publications, which can be found in the Ap-
pendix in journal format. The author contributions are pointed out using the respective
paragraph from each manuscript.

Publication 1

Schaller, C. F., Freitag, J., Kipfstuhl, S., Laepple, T., Steen-Larsen, H. C., and Eisen,
O.: A representative density profile of the North Greenland snowpack, The Cryosphere,
10, 1991-2002, https://doi.org/10.5194/tc-10-1991-2016, 2016

Author contributions. SK took the samples and initiated the analysis process. HCSL
was involved in the field planning and helped interpret the results with his expertise
in the Greenland snowpack. JF originally established the CT method, supervised and
evaluated the isotope measurements and regularly discussed preliminary results with
the main author. OE helped to relate the results to the literature and provided insights
on alternative methods. TL recommended underlining the results with randomly gene-
rated data and suggested possible approaches. CS coordinated the CT measurements,
evaluated and analyzed the combined data and prepared this manuscript. It was re-
viewed by all coauthors.

Publication 11

Schaller, C. F., Freitag, J., and Eisen, O.: Critical porosity of gas enclosure in polar firn
independent of climate, Climate of the Past, 13, 1685-1693, https://doi.org/10.5194 /cp-
13-1685-2017, 2017

Author contributions. JF was responsible for the development of the AWI-Ice-CT and
pointed out the opportunity for this study to CS. 3-D measurements were carried out
by JF for RECAP S2 and CS for B49 and B53. The segmentation of the 3-D datasets
and the evaluation of microstructural parameters were performed by CS, who rese-
arched and programmed the necessary algorithms. The results and their implications
were discussed and related to the literature by all coauthors. CS prepared the initial
manuscript, which was reviewed and improved by all coauthors.

Publication IIT

Schaller, C. F., Kipfstuhl, S., Steen-Larsen, H. C., Freitag, J., and Eisen, O.: On the
influence of polar snowpack stratigraphy on the interpretation of ice-core and altimetry
data, Journal of Geophysical Research: Farth Surface, under review, 2017

Author contributions. This study was designed by JF, SK, HCSL and CS. Wall sampling
was conducted by SK and CS. CS took the snow cores, supervised the CT measure-
ments, evaluated the melt record, densities and AWS data as well as researched and
programmed the necessary algorithms. The results were discussed and related to the
literature by all coauthors. CS prepared the initial manuscript, which was improved by
reviews from all coauthors.
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2 Motivation

Climate change is no longer only of interest to scientists and politicians — it has become
an omnipresent topic in daily life and the media. In the context of global warming, the
prediction of potential consequences (such as a rise in sea level) and their impact on
economy, environment and society is of particular importance. The Intergovernmental
Panel on Climate Change (IPCC) acts as an expert group to regularly provide policy-
makers with assessment reports of the related scientific advances, inter alia presenting
possible future scenarios [I/PCC, 2014].

Both, the decay of the West Antarctic ice sheet (WAIS) and the Greenland ice sheet
(GrlS) were named "tipping points" in the Earth system and may cause sea level rises
of up to 5 and 7 m within the next 300 years [Lenton et al., 2008]. Worryingly, only one
of the ten warmest years recorded for Greenland since 1961 occurred before 2000 and
the extent of surface melting is steadily growing in the recent years [McGrath et al.,
2013]. The trend culminated in the extreme summer of 2012 when melt was recorded
for 98.6% of the ice sheet’s extent [Nghiem et al., 2012]. As also the Arctic sea ice is
rapidly declining in extent and thickness [Stroeve et al., 2014], the Arctic climate can
no longer be considered to be in a steady state [Bhatt et al., 2014].

While ice dating to the previous warm period, the Eemian interglacial (126,000 to
115,000 years ago), was found at multiple locations in Greenland [e.g. NEEM commu-
nity members, 2013], the oldest dated ice at the WAIS divide is only as old as 67,800
years [Buizert et al., 2015] and thus originates from the last glacial. In combination with
other indicators, such as biological evidence for a trans-Antarctic seaway [Barnes and
Hillenbrand, 2010] and sediment samples recovered from underneath the WAIS [Sche-
rer et al., 1998], this suggests a collapse of the (vast majority of the) WAIS during the
Eemian interglacial [Steig et al., 2015]. As a consequence, the retreat and mass loss of
both ice sheets are carefully monitored [Rignot et al., 2014; Doyle et al., 2015].

In order to interpret present-day observations, accurate reconstruction of the climatic
evolution in the past is necessary. Ice cores act as a unique source of paleoclimatic
information as the ice and the enclosed air provide various continuous records of past
atmospheric conditions [Legrand and Mayewski, 1997]. As a consequence, one of the
main goals of the International Partnerships in Ice Core Sciences (IPICS) is the recovery
of the "Oldest-Ice" core, providing a climatic record of the last 1.5 million years [Fischer
et al., 2013]. In comparison, the oldest existing ice-core, drilled in the scope of the
European Project for Ice Coring in Antarctica (EPICA), spans 800,000 years [EPICA
community members, 2004].

The storage of paleoclimatic information in polar ice and the enclosed air is largely
influenced by the transformation of snow to ice ("firnification"). The transport of air
within the porous snow and firn [Colbeck, 1989; Severinghaus et al., 2001] as well as
the trapping of gas bubbles [Schwander and Stauffer, 1984] are controlled by firn den-
sification [Herron and Langway, 1980; Freitag et al., 2013a]. In this context, a quantity
of particular interest is the age difference between enclosed air and surrounding ice (up
to 7,000 years within the existing records [Bender et al., 2006]). Accurate estimates
of this value are required to relate the gas- and ice-records [Parrenin et al., 2012].
At the same time, snow and firn stratigraphy strongly affect remote measurements in
the polar regions [Rutter et al., 2014; Nilsson et al., 2015] and the conversion of volu-
me to mass is the largest source of uncertainty for altimetry-based estimates of mass
changes [Shepherd et al., 2012].
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Figure 1: Overview of a) Antarctic and b) Greenlandic ice cores spanning at least
14,000 years, thereby extending to the last glacial. For Antarctica, ice sheets (white)
and ice shelves (gray) were distinguished. The map scales were adjusted to a) 80°S and
b) 70°N.

Remote-sensing techniques (such as airborne radio-echo sounding) reveal continuous
isochronal reflectors within the ice-column over hundreds of kilometers allowing the
connection of individual ice cores [Steinhage et al., 2013]. However, tracing of isochro-
nes is often impeded by the influence of ice flow, surface processes (buried dunes or
erosion) and subglacial features [Cavitte et al., 2016]. Taking into account the sparsity
of existing polar ice cores (see Fig. 1), these techniques are certainly very instrumental
in decreasing dating uncertainties and linking ice-core records. Nevertheless, they do
not yield information about the actual signal composition in an ice core.

As drilling in the remote polar regions is logistically complex, direct analysis of the
representativity of single-core records (for example via ice-core arrays) is not possible.
Thus, it remains unclear how large the contributions of local, regional and global signals
to a specific ice-core record are [e.g. Muench et al., 2016]. In particular, due to significant
differences in the climatic conditions (such as temperature, accumulation rate, altitude,
wind, coastal influence, ...) the composition of the depositional signal and thus also the
representativity of single-core records do not only depend on the location, but are
subject to change over time.

In contrast, the drilling of snow- and firn-core arrays (at certain sites as well as along
traverses) is feasible and provides the opportunity to analyze the variability of the
resulting records. This information, in combination with an improved understanding
of the signal formation in the snowpack and its evolution with depth may allow the
estimation of the representativity of ice-core records. To this end, the process of pore
enclosure is investigated in detail (Publication II). In addition, signal composition and
spatial variability within the snowpack are studied both on the local (Publication I)
and the regional scale (Publication III).
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3 Scientific background

3.1 X-ray computed tomography

X-ray computed tomography (X-CT) was already
used for various glaciological applications [Schnee-
beli and Sokratov, 2004; Obbard et al., 2009; Gre-
gory et al., 2014]. The AWI-Ice-CT, a computer
tomograph in a cold lab at the Alfred Wegener
Institute, Helmholtz Center for Polar and Mari-
ne Research (AWI) [as first presented in Freitag |
et al., 2013b], provides unique opportunities for
non-destructive X-ray tomographic measurements
of 1 m firn- and ice-core segments. For 3-D scans

) . Figure 2: a) Photograph and
over the full core diameter (up to 10 cm), resoluti- b) 3-D X-CT image of air enclos-

ons down to 15 pm can be achieved. Precisions of
this order are necessary for the accurate segmen-
tation of the three-dimensional pore structures in firn and ice (Fig. 2). However, the
necessary measurement durations easily exceed 24 hours.

ures in polar ice.

In contrast, simple 2-D radioscopic images of 1 m segments at a resolution of appro-
ximately 100 pm (see Fig. 6b) can be obtained within 15 minutes (including sample
preparation, documentation and automated data evaluation). The resulting gray-scale
images do not only provide a qualitative impression of the stratigraphy, but also allow
the determination of absolute density values. As X-rays are attenuated as they pass
through matter, a calibration curve can be fit to the gray values of pure-ice samples of
known geometry. The attenuation follows an exponential law (Eq. 1), where [ denotes
the initial intensity and I the remaining intensity after passing the distance z in a
material with absorption coefficient A.

I = Ilpe™™ (1)

3.2 Firn densification and gas enclosure

Air is only enclosed in polar ice at a certain depth — the firn-ice transition (50-120 m,
depending on the local conditions such as accumulation rate and temperature) [Schwan-
der and Stauffer, 1984]. While near the surface, air in the pore space is still rapidly
mixed with the atmosphere (convective zone), air transport is dominated by diffusion
further down in the firn column (diffusive zone) [Sowers et al., 1992]. As a result, the
enclosed air is always younger than the surrounding ice and has a certain age distri-
bution for each depth. The mean gas-age—ice-age difference (Aage) can be up to 7,000
years under glacial conditions [Bender et al., 2006]. It is of particular importance for
the interpretation of phase relationships between paleoclimatic information stored in
air and ice.

The entrapment of air is caused by pore closure due to firn densification. In a certain
depth range, the lock-in zone, pores are gradually sealed until the respective horizontal
layers in the firn become impermeable at a critical porosity [Schwander et al., 1993].
Air-content measurements of deep ice samples suggest a temperature dependence of
this value [Martinerie et al., 1992]. Knowledge of the critical porosity is required in

4
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order to estimate the Aage for past and present conditions using models of firn densi-
fication [Herron and Langway, 1980; Freitag et al., 2013a] and firn-air transport [Seve-
ringhaus and Battle, 2006; Mitchell et al., 2015].

While such modeled chronologies show good agreement with §'°N of Ny (as a proxy for
firn height [Sowers et al., 1992]) for high accumulation sites [Schwander et al., 1997],
there is a mismatch of up to 2,000 years in Aage for the East Antarctic plateau [Bender
et al., 2006; Parrenin et al., 2012]. Several possible explanations, such as impurity
effects on firn densification [Breant et al., 2017], a larger convective zone under glacial
conditions [ruled out by Capron et al., 2013] or inaccuracies in the reconstructions of
past temperatures and accumulation rates from the water isotopic composition [Landais
et al., 2006] were discussed in previous studies.

3.3 Density stratigraphy of polar snow and firn

The vertical density variability in the firn was observed to
be depth-dependent [Hoerhold et al., 2011]. A seasonal cy-
cle in density develops with depth, which was attributed
to the influence of impurity concentrations (particularly
Ca®") on the densification [Hoerhold et al., 2012; Freitag
et al., 2013a). Knowledge of the density stratigraphy is re-
quired for remote-sensing applications |e.g. Picard et al.,
2013], where it is a large source of uncertainty. For ex-
ample, the error in retrieved snow height approaches 50% Figure 3: Example of
when stratigraphy is neglected [Durand et al., 2011]. snow stratigraphy at Koh-
nen station, East Antarc-
tica. Picture courtesy of

S. Kipfstuhl.

The spatial variability of the snowpack is strongly affected
by wind-driven redistribution of snow [Libois et al., 2014].
The resulting stratigraphic noise has a particularly strong
influence for low accumulation sites, overprinting a seasonal
density cycle in the snow [Laepple et al., 2016]. Polar snow surfaces are often characteri-
zed by horizontal undulations as dunes formed along the main wind direction separate
individual snow fields [Birnbaum et al., 2010]. Burial of surface features increases the
spatial variability of the density stratigraphy [Proksch et al., 2015].

3.4 The influence of melting

Warm conditions (particularly temperatures above the freezing point) can cause polar
snowpacks and ice sheets to heat up until the surface begins to melt. The wetting
decreases the albedo of the snow, which triggers a positive feedback [Boz et al., 2012].
Depending on the surrounding conditions, the melt water can either run off or be
retained or refrozen in the snow and firn below. Different mechanisms for melt wa-
ter percolating through snow and firn were identified. While homogeneous wetting
front migration is dominant in snow and firn near the freezing point, heterogeneous
infiltration (often along pipe structures [Pfeffer and Humphrey, 1996]) is prevalent in
subfreezing firn [Parry et al., 2007]. Melt experiments in West Antarctica have shown
that lateral flow along crust layers and subsequent refreezing of melt water leads to the
formation of near-surface melt layers [Das and Alley, 2005]. Several modeling studies
have worked towards a quantification of refreezing based on energy balance [Colbeck,
1975; Pfeffer et al., 1990]. However, these models lack verification with in-situ data [as

5
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reviewed by Reijmer et al., 2012]. Furthermore, they are not able to represent the com-
plex three-dimensional percolation patterns observed in the field [e.g. Humphrey et al.,
2012]. Regional climate models suggest that approximately 50% of annual melt water
is refrozen in Greenland [Ettema et al., 2009].

AL A A A

3 LT = R T T W, S

Figure 4: Melt layers in
the NEEM ice core [North

Greenland, Orsi et al.,

2015).

In the summer of 2012, advection of warm air from the
south [Fettweis et al., 2013] in combination with low-level
liquid clouds [Bennartz et al., 2013] caused the surface of
the Greenland ice sheet to melt across 98.6% of its ex-
tent [Nghiem et al., 2012]. As such events recur, a frequency
record of melt layers (indicating extremely warm summers)
is created in the ice [Langway and Shoji, 1990; Alley and
Anandakrishnan, 1995]. These days, remote-sensing allows
the detection of surface melting using passive microwave
data [Tedesco, 2007; Hall et al., 2013]. While for regions
of high melt frequency (e.g. South Greenland) satellite-
derived melting was linked to shallow-core data [Rowe
et al., 1995], the effects of single melt events on snowpack

stratigraphy at cold sites are less well-known. For example, the (presumably) last "ex-
treme" melt event in 1889 is observed in most Greenlandic ice cores [Clausen et al.,
1988], but there is no consistent spatial pattern in the existence and volume of the

observed melt features.
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4 The author’s main contributions

4.1 Methodology
4.1.1 Snow sampling

In Publication I, the liner method is introduced as a new
and efficient technique for sampling the snowpack. It al-
lows the recovery of high-quality snow cores from the field
for advanced lab-based analyses. To preserve the structure
of the snowpack (which is usually disturbed by drilling), a
carbon-fiber tube of 1 m length with sharp edges (also cal-
led "liner", see Fig. 5) is pushed or carefully hammered into
the snow until its top is parallel to the surface. A snow pit
is excavated next to the liner to cut off the snow at its bot-
tom and retrieve it from the pit wall. The process can be
iterated to an arbitrary depth with the main limiting fac-
tor being the necessity for excavation. For transport, the
tube openings are sealed using matching plastic bags. Oc-
casionally, compaction of the snow in the vertical direction
during tube insertion (indicated by a lowered snow surface Figure 5: Sampling a
inside the tube compared to the surroundings) requires re- trench wall with the liner
moval and parallel reinsertion of the liner. technique.

The technique is applicable for regional sampling, e.g. along

traverses (Publication I), as well as local studies. In Publication III, a Westa rotary
plow mounted in front of a Pistenbully is used for trench excavations to conduct an
extensive study of the small-scale spatial variability of the snowpack.

4.1.2 2-D radioscopy using the AWI-Ice-CT

As the structure of the snow cores is best preserved as long as they remain within
the carbon-fiber tubes, a sample holder for measuring them in the AWI-Ice-CT was
constructed. It consists of Delrin® to minimize X-ray scattering. At the bottom, slots
for pure-ice cylinders of known diameter were included. Detection of this calibration
unit in the resulting 2-D images (see also Fig. 6b) allows the automatic determination
of an accurate calibration curve for every single scan. The effect of the carbon-fiber
tube being part of the scan is corrected for using empty-tube measurements.

Significant improvements in both quality and time efficiency of the 2-D measurement
and analysis process at the AWI-Ice-CT have to be seen as an important contribution
of the author. To make his work easily accessible for others, he programmed a cross-
platform Graphical User Interface (GUIL, >10,000 lines of C/C++ code, see Fig. 6a)
that has become the standard software for working with the AWI-Ice-CT. A (non-
exhaustive) overview of the included features and improvements is provided in Table 1.
In particular, the 2-D Image, density profile and reference bag density are available
before the next scan has finished and thus allow immediate validation of each measu-
rement (Fig. 6b).
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CT Tool Feature

Previous solution

GUlI-accessible database structure for all
AWI-Ice-CT measurements

Unspecified folder structure

Printable protocols from within the tool,
metafiles assigned to each measurement

Handwritten protocols

2-D Image reconstruction from a stack
of raw detector images

ImageJ macro

Automated creation of density profiles
for each scan

Semi-automated creation of gray value
profiles in ImagelJ

Automated calibration for every single
measurement (incl. calibration sample
detection and curve fitting)

Calibration curve based on scan of
pure-ice samples, verified with one ice
cube in every measurement

Automated compounding of density
profiles (incl. correction for cutting
effects at the transitions)

Manual compounding of gray value
profiles, collective conversion to density

Semi-automated break correction based
on 2-D images

Manual break correction of density
profile

Automated tube correction based on

empty tube being part of the scan (if

feasible, otherwise using a prescribed
empty tube profile)

Constant correction factor

Fully parallelized analysis

Manageable queue for analysis tasks to
be performed

Table 1: Feature overview of the AWI CT Tool in comparison with previous approa-

ches.
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Figure 6: a) Main GUI and b) Validation module (with 2-D image on the left and
density profile on the right) of the AWI CT Tool. The calibration unit can be seen at
the bottom of the scan.

4.1.3 Wiggle matching

In order to allow for a better comparison between snow- and firn-core profiles from dif-
ferent locations, a method for the detection of coherent signals is required. The main
challenge of this analysis is dealing with the stratigraphic variability — the representa-
tion of a deposition event (forming a certain "layer" in the snowpack) is highly variable
on the regional as well as the local scale. Reasons for that range from surface variability
over wind-driven redistribution of snow to different accumulation patterns depending
on the atmospheric configuration [Fisher et al., 1985].

Standard approaches (such as maximizing the cross-

correlation using a constant offset and a scaling factor) lack

the complexity to handle this natural variability. As a con-

sequence, a robust fitting algorithm called Dynamic Time

Warping (DTW) was adapted from acoustic signal proces-

sing. It allows the alignment of profiles with continuously Figure 7: Alignment of
changing shifts and is described in detail in Publication I. ¢ profiles using the
The basic idea is illustrated in Fig. 7. Feature matching will vy algorithm  [Criel
always increase the covariance between records [Haam and 1 Tsiporkova, 2006].
Huybers, 2010]. However, surrogate density profiles (with

similar statistical properties as the original data) can be used to test the significance
of this increase in similarity.

4.1.4 3-D firn-microstructure analysis

The microstructural evolution of firn with depth is expected to strongly influence po-
re enclosure and thus the paleoclimatic signal in ice-core gas records [Schwander and
Stauffer, 1984; Severinghaus et al., 2001]. However, no direct measurements of firn mi-
crostructure were available to analyze the underlying processes prior to Publication II.
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Distinguishing between closed and open pores in the vicinity of the firn-ice transition
requires both a sufficiently high resolution (<30 pm) and a certain sample size (to
eliminate the effect of cut pores at the sample surface [Martinerie et al., 1990] and
have a statistically representative number of pores left). As standard microCTs and
indirect air-content measurements are unable to meet both requirements at the same
time, Publication II features the first extensive dataset of direct firn-microstructure
measurements throughout the lock-in zone. It was obtained using the AWI-Ice-CT.

As the measurement campaign conducted in the scope of Publication II was unprece-
dented in size amongst users of the AWI-Ice-CT, the author created a semi-automated
chain for data acquisition, processing and archiving. Approximately 400 sections of
interest (mostly homogeneous layers) were scanned at the chosen resolution of 25 pm
with each measurement consisting of 3,000 radioscopic images (40 GB of raw data).
These are used to reconstruct a single three-dimensional gray value image (25 GB),
which subsequently has to be segmented into ice and air. As simple approaches (such
as using a fixed threshold) are unable to account for small changes in illumination or
scattering (e.g. induced by fluctuations in ice-core geometry), a more sophisticated yet
efficient segmentation algorithm was adapted for the specific application (detection of
the pore space within the firn down to the smallest channels) [Nguyen et al., 2011].
In addition to the plain segmentation, the algorithm also differentiates between closed
and open pores and yields multiple parameters of interest such as pore volumes, ani-
sotropies and pore coordination numbers. The scripts for queuing CT measurements
(otherwise these have to be started individually), data processing and archival were
made available to other users of the AWI-Ice-CT.

4.2 Results
4.2.1 Spatial variability of the snowpack

The liner method was applied both regionally (along a 450 km traverse in North Green-
land, Publication I, 2 m profiles) and locally (for one site in Greenland and one site in
East Antarctica, Publication III, up to 5 m depth) to learn about the representativity
and spatial variability of density stratigraphy in the snowpack. Regionally, tracing of
individual layers using the adapted DTW algorithm shows that a significant part of
the shared variability persists over hundreds of kilometers. This allows the construc-
tion of a representative density profile for the North Greenland snowpack. Dating of
the 6180 signal enables the deduction of annual accumulation rates and the investiga-
tion of interannual variabilities. Finally, the relations of §'*0Q with both density and
accumulation rate are analyzed.

Locally, a strong directional influence of the wind on the small-scale variability of the
snowpack is quantified. While along the main wind direction a larger homogeneity
of the snowpack is measurable for up to 100 m (depending on the site conditions),
imprints and burial of surface features dominate the signal in the orthogonal direction.
For the vertical variability of the density signal in the top 5 m, the results indicate the
evolution of a seasonal cycle with depth.

10
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4.2.2 Melt layers

All analyzed snow cores from Greenland contain signs of melting dating to the summer
of 2012 [Nghiem et al., 2012], providing the opportunity to analyze both the regional
(Publication I) and local (Publication III) variability of these melt features. Their
positioning agrees very well with the DTW-based depth alignment of the traverse
snow cores. Locally, a mapping of the melt features along two orthogonal trench walls
reveals a considerable spatial variability on the small scale. The existence of distinct
melt pipes, penetrating several years of accumulation with no significant horizontal
redistribution, indicates deep infiltration of melt (and potentially rain) water in cold
Greenlandic plateau firn.

4.2.3 Firn microstructure

In Publication II, firn microstructure throughout the lock-in zone is analyzed for three
ice cores representing different extremes of the temperature and accumulation ranges.
It is shown that the critical porosity of pore enclosure is a climate-independent con-
stant. This is in agreement with percolation theory as a framework for bubble trapping
in porous media. The results are solidified by showing why previous measurements
suggested a climatic dependence [Martinerie et al., 1992; Gregory et al., 2014].

4.3 Implications
4.3.1 Signal formation in the snowpack

The successful matching of density and isotope profiles along a 450 km-traverse (Pu-
blication I) shows that signal formation over North Greenland seems to be governed
by non-local processes. An important factor may be the dominance of a certain at-
mospheric configuration where air masses (and thus precipitation) move in from the
West [Chen et al., 1997]. However, the local component in the density layering (e.g.
layer thickness, average density) is not to be underestimated and has to be accounted
for to achieve such alignment.

The strong local influence of surface structure and wind-driven redistribution of snow
(Publication IIT) shows the importance of understanding the dominant deposition me-
chanisms under very low-accumulation conditions, where the height of surface features
can easily exceed the annual accumulation. While today such conditions are mainly
observed on the East Antarctic plateau, they were far more widespread during glaci-
als [e.g. in Greenland, Schwander et al., 1997].

4.3.2 Paleoclimatic interpretations

For the different sites along the traverse (Publication I), a positive linear relation of
annual accumulation rate and average 0'*0O was deduced. However, there seems to be
a (presumably temperature-dependent) offset between the years. This may indicate
that the simple relations between §'80 and accumulation rate and temperature, that
are commonly used in paleoclimatic reconstructions from deep ice cores [e.g. Parre-
nin et al., 2012], may not hold for different climatic conditions, particularly glacials.
Deviations of these relations were previously discussed as potential reasons for dating
mismatches [Landais et al., 20006].

11
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Incorporation of a constant critical porosity (Publication II) in firn-air models can be
used to explain more than 1,000 years of the 2,000-year mismatch between modeled
Aage and §'N for the Vostok ice core [Bender et al., 2006]. Furthermore, the density
layering of the firn in the lock-in zone was identified as an important factor for pore
enclosure, in particular for the air content (e.g. due to sealing effects). Layering is
known to change with climatic conditions, but is not well-represented in current firn
models. Accounting for a stronger layering during glacials [Bendel et al., 2013] may
further reduce the remaining mismatch. It will also benefit the understanding of the
air-content signal, which seems to be anti-correlated with insolation [Raynaud et al.,
2007]. However, the underlying physical mechanisms are unknown [Eicher et al., 2016].

4.3.3 Remote measurements and surface melting

The directional dependence of the stratigraphic variability on the local scale (Publica-
tion III) also affects the interpretation of areal signals (e.g. from altimetry). However,
the conversion of volume to mass requires representative density profiles, which are
the largest source of uncertainty for surface mass balance estimates to date [Shepherd
et al., 2012]. A regionally representative profile for the upper two meters of the North
Greenland snowpack (including estimates of uncertainty) is provided in Publication I.
An improved understanding of spatial density variability and its evolution with depth
will further benefit the creation and accuracy of these profiles.

Melt features are a second source of uncertainty for remote-sensing signals — they act
as reflectors for electromagnetic waves and increase the amount of volume scattering.
However, their large spatial heterogeneity (Publication III) complicates the necessary
corrections. Furthermore, it raises strong doubts about the representativity of single ice-
core melt records, in particular for sites where melt is scarce. The effect can be reduced
by stacking multiple melt records, still individual events may either be overestimated
or missed completely.

Refreezing, retention and runoff of the resulting melt water are important factors for
mass-balance estimates and the frequency of widespread surface melting is expected
to increase in a warming climate [McGrath et al., 2013]. Rainfall was observed on the
Greenlandic plateau in the summer of 2012 [Nilsson et al., 2015]. However, rain at
higher altitudes of the polar ice sheets is currently not represented in regional climate
models or reanalysis data [Tedesco et al., 2013]. Its influence on the surface energy
budget is unclear [Fausto et al., 2016].
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5 Outlook

5.1 2.5-D — a new AWI-Ice-CT method?

At the moment, 2-D radioscopic measurements with the AWI-
Ice-CT are only using about 1% of the available raw informati-
on. Single projections are recorded as X-ray source and detector
move along the ice core in parallel, with the detector covering
an angle of £7.5°. However, solely up to six rows in the center
of each projection (compared to a total number of 500 rows)
are compounded to obtain the final 2-D image. Even though a
significant share of the information may be redundant (as ba-
sically the same ice is penetrated at a different angle), tilted
crusts and transitions between layers are blurred in the hori-
zontal 2-D image while being clearly visible at angles closer to
their own orientation. Thus, the raw data may be used to obtain
a better impression of the three-dimensional layering in snow
and firn. The basic idea was tested for selected core segments
(with distinct layering) and is described in Algorithm 1. Under
the assumption of homogeneous layers separated by sufficient-
ly sharp transitions, the output of Algorithm 1 can be used
to generate images of layered snow and firn cores (e.g. Fig. 8)
and improved density profiles with sharper transitions between
individual layers.

Figure 8: A laye-
red firn core — sample
output of the 2.5-D
algorithm.

Algorithm 1 2.5-D CT — Basic algorithm

1. Generate 2-D images for a fixed set of penetration angles (e.g. —7.5° to 7.5° at

steps of 0.5°).

2. For each angle:

2.1. Apply an edge detection filter (e.g. Scharr operator).

2.2. Determine the gradients in gray value orthogonal to the detected edge pixels

(as a measure of edge "strength").

2.3. Use non-maximum-suppression to uniquely determine the strongest (1 pixel
thick) path in the vicinity of each detected transition.

3. Order all detected edges by strength.

4. Starting with the strongest edge, add edges that do not intersect with another
edge in the set of final edges to the set, until there is no edge with a strength

above a certain threshold.
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5.2 Spatial variability of chemical signals in the snow

While density mainly affects pore enclosure and thus the gas record, the chemical
composition in the ice phase is another source of paleoclimatic information [Legrand and
Mayewski, 1997]. Measurements of water isotopes (6D, §**0 and Dexcess) and impurity
content (Ca*", KT, Mg*", Na*, NHJ, Br~, ClI", F~, MSA~, NO; and SO7") were
conducted for a subset of the East Antarctic snow cores presented in Publication III in
the scope of a bachelor’s thesis [Sander, 2017]. The analyzed profiles lie orthogonal to
the main wind direction and their similarity in chemical composition seems to oscillate
in agreement with the results for the density. However, due to the uneven spacing and
a lack of comparison with the variations along other directions, further investigations
will be necessary in the scope of ongoing and future projects. As only the chemical
analyses require cutting or melting, the majority of cores remained in the carbon-fiber
tubes and awaits further processing while stored at —27 °C. The chemical composition
of one 5 m profile from Greenland was analyzed and linked to snow microstructure in a
second bachelor’s thesis [Schaidt, 2017]. The author was involved with the supervision
of both projects.

5.3 Alpine snow versus polar snow

The author once participated in and twice co-supervised

the "Glaciological field trip to the Austrian Alps', organi- EZ=ii g

zed by POLMAR and the University of Bremen. Amongst m
others, the students conducted measurements of density = ——

and 00 to study their spatial variability while learning
methods of state-of-the-art field glaciology.

However, comparison with the results for polar snowpacks _ ‘Lr *
is not straightforward as wet snow conditions dominate the Jﬂ:’f‘ A ‘\

study site, Vernagtferner (Fig. 9), in July. Furthermore, the :
retrieval of non-disturbed snow samples from the field was Figure 9: The study si-
not feasible, so the sampling was limited to density cutting te on Vernagtferner in Ju-
(weighing a known volume of snow) and retrieving mol- ly 2017.

ten snow samples for waterisotopic analysis. There is an

ongoing master’s project that deals with the detailed eva-

luation of these data. If comparison with polar studies was desired, sampling the snow
and firn in the accumulation zone of a high-altitude site (such as Colle Gnifetti [ Wagen-
bach and Geis, 1989] or Mt. Ortles [Gabrielli et al., 2016]) would be advisable. These
sites would also allow for samples to be taken in frozen condition.
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5.4 Gas enclosure and firn sintering

Following up on Publication II, it might be interesting to conduct sintering experiments
for (natural as well as artificial) firn samples at different temperatures and pressures
(representing different depths and thus accumulation rates). Such controlled conditions
in combination with regular X-CT scans would provide a unique opportunity to study
the influence of the surrounding conditions on firn sintering and gas enclosure in more
detail. This way, both the existence of a universal critical porosity of gas enclosure
could be verified and the slope of the relation of closed and total porosity might be
parametrized.

A second interesting continuation would be a quantification of closed bubbles and mi-
crobubbles in shallow firn. Recent air-content measurements suggest that there already
is a significant amount of enclosed air way above the lock-in zone [Kobashi et al., 2015].
In case these bubbles do not open up again due to firn densification, their incorporation
in firn air models would significantly broaden the resulting gas-age distribution.

Finally, there is a joint German-French proposal for a new firn model in order to
determine the impact of layering on air entrapment and the gas record. A combination
of recent advances regarding the influence of firn microstructure (Publication II) and
impurities [Freitag et al., 2013a; Breant et al., 2017] on firn densification may not only
allow for further reduction of existing mismatches (such as Aage versus §'°N [Bender
et al., 2006]), but also for a better understanding of signal formation in the gas phase.
Here, estimates of the gas-age distribution and the effects of physical properties of the
firn on the gas record (e.g. air content and diffusion) will be of particular importance.

5.5 Snowpack modeling

Most candidate sites for the IPICS "Oldest-
Ice" core [Fischer et al., 2013] lie far up on the
East Antarctic plateau, where accumulation
rates are lower than 10 cm snow per year. At
the same time the surface roughness can easily
exceed 20 cm and there is a strong influence of
wind, snow drift and erosion. The formation
of signals in the snowpack and their evolution
with depth under these conditions is not well-
understood. As commonly used snowpack mo-
dels [e.g. Lehning et al., 1999; Vionnet et al.,
2012] originate from alpine applications (such
as avalanche forecasting), they are focused on
other processes and do not represent all re-
levant quantities. Instead of adjusting these Figure 10: CoFi traverse 2016/17.
models to polar conditions, it may be wor- Snow cores were retrieved from all si-
thwhile to develop and establish a stand-alone tes, Firn cores were drilled at sites 12,
snowpack model for polar low-accumulation 14 and 15, a trench study was conduc-
sites. Existing datasets, in particular traverse ted at site 12. Map courtesy of A. Wein-
and trench studies as conducted within the hart.

Coldest Firn (CoFi) project (e.g. Fig. 10),

should allow the determination and (empiri-

cal) quantification of the dominant processes.
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5.6 Data and code availability

The scripts and algorithms presented here as well as in the listed publications were made
available to Dr. Johannes Freitag as the person responsible for the AWI-Ice-CT. All
datasets generated by the author were transferred to the AWI-Ice-CT storage system
(that automatically runs an weekly backup on tape) and all raw data were archived on
hssrv2, a central storage system at AWI. Data related to the listed publications was
made available via PANGAEA®:

Schaller, C. F.; Freitag, J.; Kipfstuhl, S.; Laepple, T.; Steen-Larsen, H. C.; Eisen, O.
(2016): NEEM to EGRIP traverse — density and d180 of the surface snow (2 m profiles).
PANGAEA, https://doi.org/10.1594/PANGAEA 867875

Schaller, C. F.; Freitag, J.; Eisen, O. (2017): Firn microstructure in the lock-in zone
for three polar ice cores. PANGAEA, https://doi.org/10.1594/PANGAEA.879577

Schaller, C. F.; Kipfstuhl, S.; Steen-Larsen, H. C.; Freitag, J.; Eisen, O. (2017): Spatial
variability of density stratigraphy and melt features for two polar snowpacks in Green-
land and East Antarctica. PANGAFEA, https://doi.org/10.1594/PANGAEA.884003
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Abstract. Along a traverse through North Greenland in
May 2015 we collected snow cores up to 2 m depth and an-
alyzed their density and water isotopic composition. A new
sampling technique and an adapted algorithm for compar-
ing data sets from different sites and aligning stratigraphic
features are presented. We find good agreement of the den-
sity layering in the snowpack over hundreds of kilometers,
which allows the construction of a representative density pro-
file. The results are supported by an empirical statistical den-
sity model, which is used to generate sets of random profiles
and validate the applied methods. Furthermore we are able
to calculate annual accumulation rates, align melt layers and
observe isotopic temperatures in the area back to 2010. Dis-
tinct relations of 8'80 with both accumulation rate and den-
sity are deduced. Inter alia the depths of the 2012 melt layers
and high-resolution densities are provided for applications in
remote sensing.

1 Introduction

In the context of global warming, the Greenland ice sheet
has been identified as a so-called “tipping point” of climate
change (Lenton et al., 2008). The sea level rise caused by
its decay may have a severe impact on human society as
well as ecological systems. Thus the difference in accumu-
lation across the interior of the ice sheet and seasonal melt-
ing, runoff and calving at its borders, the so-called mass bal-
ance, has been in the focus of recent scientific activities in
the Arctic region. The applied methods for its determination
range from satellite remote sensing (e.g., Zwally et al., 2011)

to regional climate modeling (e.g., Fettweis, 2007) and to
large-scale climate simulations constrained by weather sta-
tion data and ice core records (e.g., Hanna et al., 2011).
Even though first accumulation and density measurements
had already been carried out in 1952-1954 (Bull, 1958) us-
ing accumulation stakes and Rammsonde measurements at a
few points alongside the gravity survey of the British North
Greenland Expedition, large-scale studies such as Benson
(1962) are still very rare. To obtain accumulation maps of
Greenland such as Bales et al. (2009), diverse data sets from
ice cores, snow pits and weather stations have to be collected
over several years. Recently Hawley et al. (2014) conducted
a ground-penetrating radar survey alongside a traverse of
about 1000 km length, supported by a few snow pits and shal-
low cores for bulk densities and chemical profiling. Koenig
et al. (2016) used airborne snow radar to determine accumu-
lation rates from 2009 to 2012 along flight paths of more than
10000 km.

In summer 2012, there were 2 very warm days with tem-
peratures above 0 °C almost all over Greenland, causing sub-
stantial melt layers (Nghiem et al., 2012). Although this was
a very rare event induced by a special weather situation (Ben-
nartz et al., 2013), the newly formed ice layers strongly influ-
enced the physical properties of snow and firn (Nilsson et al.,
2015).

We introduce a new and efficient technique for sampling
the snowpack along traverses, which allows for additional
lab-based measurements to gain high-resolution profiles of
physical snow properties such as density. Furthermore we
adapt an algorithm from speech recognition to align these
spatially distributed data sets and provide further insight into
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Table 1. Measurement sites along the traverse, see also Fig. 1. The
missing liner numbers (e.g., N2E_01) result from multiple samples
being taken at some locations. Nonetheless, only one profile per
location was used for this study.

Site Longitude Latitude  Traverse

kilometer
NEEM (N2E_02) 51.06914°W  77.444337° N 0.00
N2E_03 50.11°W 77.3669° N 24.80
N2E_04 49.23077°W  77.25429° N 49.66
N2E_05 48.170872°W  77.120098° N 79.76
N2E_06 47.13806°W  76.98195° N 109.73
N2E_07 46.14227°W  76.84788° N 138.90
N2E_08 45.27375°W  76.71337°N 165.57
N2E_09 44.78786°W  76.52426° N 190.03
N2E_10 44.09225°W  76.40034° N 212.78
N2E_11 43.06116°W  76.32535°N 241.07
N2E_12 42.051636°W  76.248888° N 269.01
N2E_14 41.16026° W 76.1777°N 293.92
N2E_15 40.29929°W  76.10455° N 318.25
N2E_16 39.31873° W  76.01559° N 346.32
N2E_17 38.46937°W  75.93539°N 370.88
N2E_19 37.69747°W  75.85845°N 393.48
N2E_20 36.54374°W  75.70614° N 429.25
EGRIP (N2E_22) 35.985618°W  75.629343° N 446.83

their development with changing surrounding conditions.
The method is tested with randomly generated sets of den-
sity profiles with the same statistical properties as the origi-
nal measurements. As an application we present data gained
along a 450 km traverse in North Greenland, deduce relations
of the individual parameters (density, 8130 and accumulation
rate) and show additional values of interest such as the depths
of the 2012 melt layers.

2 Data acquisition and processing

In preparation for the upcoming East GReenland Ice core
Project (EGRIP), the Danish Centre for Ice and Climate’s
dome and equipment had to be moved about 450 km from
the previous drilling site, NEEM. Alongside this so-called
“N2E” traverse in May 2015, several measurements of the
upper part of the firn and the snow surface were taken.
Amongst others, the upper 2m of the snowpack was sam-
pled using the “liner technique” described in detail below.
Snow cores were taken approximately every 25km at the
sites shown in Fig. 1; detailed coordinates can be found in
Table 1.

2.1 Liner technique

The sampling was done using carbon fiber tubes with sharp
edges of 1 m length, 10cm diameter and 1 mm wall thick-
ness (called “liners”). To start off, the first liner was care-
fully pushed and hammered into the ground until its top was
parallel to the snow surface. Nonetheless in a few cases the
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Figure 1. The N2E traverse route with the measurement sites ac-
cording to Table 1.

snow core was slightly compacted by up to 2 cm in the ver-
tical direction, visible as a reduction of the snow level inside
the tube compared to the surroundings. Subsequently a snow
pit of 1 m depth was dug next to the tube and the snow was
cut off at its bottom using a metal plate or small saw. The
tube was removed and its openings were sealed using match-
ing plastic bags. Then the cutting surface was cleaned and
the second liner was inserted right below the first one. Fi-
nally the pit had to be deepened to 2 m to once again cut off
the snow and take the second liner. Theoretically the process
described can be iterated up to an arbitrary depth. However,
the area of the snow pit required increases significantly with
every meter of depth gained. Sampling the upper 2m took
approximately 2 h per site.

2.2 X-ray tomography

The cores were transported to the Alfred Wegener Institute,
Bremerhaven, in a frozen condition. All samples were an-
alyzed in the AWI-Ice-CT (described in detail in Freitag
et al., 2013), a unique X-ray computer tomograph (CT) in
a cold lab, which allows micrometer-resolution density mea-
surements of whole 1 m core segments in 2-D and 3-D. As
part of the measurement procedure a sample holder for liners
was constructed, which contains several pieces of pure ice
of known geometry for calibration purposes. Amongst oth-
ers, the effect of the carbon fiber tube being part of the scan
was corrected for using empty tube measurements. Thus, the
fragile snow cores do not have to be removed from the liners.

As the required measurement time increases with resolu-
tion, we chose to do 2-D scans with a pixel size of approx-
imately 0.128 mm. Each of these scans takes about 3 min.
However, 15 min m~! are more realistic when including sam-
ple preparation and accurate documentation. Then, the raw
measurement data are automatically processed by detecting
the calibration unit and directly calculating densities from
the CT images. Additionally, for each liner, the mean density
is determined from the mass and geometry of the snow as an
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independent comparison value. Figure 2 displays an example
CT image with a zoomed section showing two melt layers in
the snowpack aligned with the respective densities derived
from 2-D analysis.

2.3 Isotope measurements

Finally, the snow was gently pushed out of the tubes and cut
in samples with a vertical height of 1 cm for the 30 cm right
below the surface and 2 cm otherwise. These samples were
crushed and sealed in plastic bags. Finally water isotopes
were measured using a Picarro L2130-i with a precision of
o =0.1 %o for §180.

The snow was dated by determining and counting the max-
ima (summer) and minima (winter) in the seasonal §'80 sig-
nal. Using the density data, accumulation rates at the dif-
ferent sites were calculated from the snow mass for the 3—
5 years worth of accumulation contained in the top 2m of
the snowpack. In the present study, we only use winter-to-
winter rates (separating years at the §'30 minima) — summer-
to-summer values were computed as a reference but do not
show different behavior.

3 Mathematical methods
3.1 Automatic alignment of stratigraphic features

In order to efficiently analyze the data sets generated along
the traverse, we investigated several ways to automatically
detect coherent signals at the different sites. A well-known
matching method is maximizing the cross-correlation. How-
ever, determining a constant shift in depth between two pro-
files is not suitable for our case as the accumulation rate, and
thus the vertical spacing of layers, is subject to change go-
ing eastwards. Under the assumption of constant accumula-
tion over time and no significant compaction in the top 2 m,
one would expect a shift which linearly increases with depth
and has a slope equal to the ratio of accumulation rates. Then
again, local environmental conditions such as wind speed and
direction influence the mass accumulated by a certain depo-
sition event (Fisher et al., 1985). Therefore we aimed to align
snow of the same origin and its properties with continuously
changing shifts, a problem that has already been worked on
at a lower vertical resolution for alpine snow (e.g., Hagen-
muller and Pilloix, 2016).

The dynamic time warping (DTW) method, which was in-
troduced in speech recognition in the 1970s (Itakura, 1975),
provides an efficient algorithm for that purpose. It has al-
ready been applied in numerous fields, e.g., for the tracking
of ice floes in synthetic aperture radar images (McConnell
etal., 1991). For a detailed review of DTW, see Senin (2008).

The basic idea is to discretize the two data sets to be com-
pared with the same step size / (resulting in two vectors S
and T of length n and m) and then consecutively assign the
values of one to another, whereby each value can be matched
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Figure 2. Example 2-D CT image of a 1 m liner (1-2m depth)
and a zoomed section showing two melt layers aligned with the
respective densities. In the left image a distinct density layering
(e.g., blue triangle), several melt layers (e.g., blue circle) and wind
crusts (e.g., blue square) are visible. Above the lower zoomed melt
layer a clear percolation pattern (blue arrow) can be seen on the
right-hand side of the snow core.

with multiple values of the other data set. To find the best fit,
one calculates a matrix D, where D[i, j] indicates the error
of the best path that leads to the ith element of the first data
set being connected to the jth element of the second one.

The original algorithm starts by calculating the matrix in
the upper left corner, fixing the first elements of both data
sets to be linked with each other. Then it proceeds through
the matrix by taking the path with the minimal error leading
to the respective cell and adding the local error, i.e.,

D[i, j]1=

o0
15101 = T[01]|
IS1i] = T[]l + min (i, j — 1], D[i — 1, j — 11. Dli — 1, /1)

fori <Oorj<0
fori=0and j =0
else

¢y

Finally, on arrival at cell D[n, m] it backtraces the path of
minimal errors to D[0, 0], obtaining the best fit of the com-
plete data sets in the given norm || - ||.

For our application — matching measurements of the up-
per 2m of the snowpack — we do not aim to fit complete data
sets, but rather allow for different offsets at the top and bot-
tom. The former may be caused by variations of the snow
surface due to current conditions, the latter by different ac-
cumulation rates, leading to data at the bottom of the liners
not having any physical relation apart from being the deepest
snow analyzed at the given location. To accomplish that, we
expand the idea of Sakurai et al. (2007), introducing maxi-
mal surface and bottom index offsets s and b. Then we ini-
tialize D by

D[0, j1=I SI0]=T[j] |l forO=<j<s (@)
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Figure 3. (a) Basic and (b) constrained stepping patterns for the
DTW algorithm. Usage of cell [, j] indicates that the ith element
of the first and the jth element of the second data set were matched.
The basic pattern allows for a single value to be assigned to arbi-
trarily many values of the other data set, while for the constrained
stepping, each value can only be identified with one or two others.

and

D[, 0] =[| Si1—-T[O] || forO <i <s 3
before proceeding through the matrix. Finally instead of
backtracing simply from D[n, m], we end our fitting path at

min{Q[i,j]l (i=nandm—>b<j<m)or

(j=mandn—>b <i <n)} 4)
and search a trace back to any of the initialized elements.
Thereby we find the best matching of subsets of S and T
with a maximal shift of s - / at the top and b - at the bottom.
In between, we verify that a linearly increasing maximal shift
is not exceeded.

The simple way we proceed through the matrix so far, of-
ten referred to as “stepping pattern”, is unrealistic for our
case as a single value of one data set could be fit to arbi-
trarily many values of the other. Along the traverse we find
the maximal ratio of the respective accumulation rates be-
tween two sites to be a little smaller than 2. Therefore, we
apply constrained stepping as presented by Sakoe and Chiba
(1978) such that each value of one data set can be fit to at
most two values of the other. This is obtained by

D[, j]=
IS0i1 = TUj)l+ min(Dli, j = 11.Dli = 1./~ 11.Dli = 1.j]) fori=1lorj=1
o A(HS[i—1]—Tv[j]H+_Q[i—2.j—1]) )
18011 = T1)1+ min Dli-1j-1] else
ISt = T0j = 1+ Dl —1,j - 2]

Figure 3 illustrates the different patterns for proceeding
through the matrix. Here, usage of cell [i, j] refers to S[i]
being assigned to T'[j]. In the aftermath, the backtracing has
to occur according to the implemented stepping.

Finally, we do not only want to fit one type of data
(e.g., densities) but combine the available information in the
profiles to gain a robust picture of the developing stratigra-
phy along the traverse. In a first step, we match the §'30
signal, which shows a clear seasonal behavior but almost no
small-scale variations, as the high-frequency component is
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Table 2. Fitting parameters for our adaption of the DTW algorithm.

Property (step) Step Maximum Maximum
size (1) surface bottom

offset (s) offset (b)
s180 (coarse) 3cm 15cm 75cm
Density (fine) 0.1cm 10cm 10cm

lost by diffusion. Then, we use the obtained depth assign-
ment of the two different sites to resample the measured den-
sities to a common depth scale. In a second step, we apply
the algorithm to these densities at a much higher resolution to
fine-tune our depth alignment according to small-scale strati-
graphic features. As a norm we use the Euclidean distance
divided by the path length (i.e., the root mean square error),
which means that we have to keep track of the path lengths
in a second matrix. Table 2 summarizes the final set of pa-
rameters. The maximum allowed offsets for the coarse fitting
have been chosen according to the measured height of varia-
tions in the snow surface (e.g., dunes) and the maximum ratio
of estimated accumulation rates. In the second step we allow
for fine-tuning up to the maximum remaining shift, which
was manually identified by aligning the vertical centers of
the 2012 melt layers.

This method does not only allow us to compare data from
two sites, but also to obtain a moving depth alignment by fit-
ting the profiles to the first data set one by one. The result,
a continuous image of the snow layering, can be compared
with other indicators such as the melt layer positions. In ad-
dition, being able to align densities and stratigraphic features
all along the traverse enables us to provide a representative
density profile for the region. For its construction, we first
use the continuous layering to transform all density curves to
the first depth scale (NEEM) and average them. This, how-
ever, is not yet a representative density profile as all profiles
now replicate the layering at NEEM; e.g., a layer that is very
thin there but thicker at most sites would be considered thin.
To overcome this, we calculate the mean shifts applied to the
values that were aligned and thus averaged. On average, i.e.,
for constant accumulation rates, we would expect these shifts
to go linear with depth for the layering to be representative.
Thus we calculate a linear least squares regression and cor-
rect the depth accordingly.

Nonetheless, the depth scale still represents the accumu-
lation rate at NEEM. To transfer the average profile to any
location X in the sampling area of known accumulation (not
necessarily one of the N2E sites), we need to calculate a lin-
ear rescaling factor fy for the depth d that fulfills
(0)

dneem = dx - fx.

We expect fx to be determined by the accumulation rate, or
rather its ratio to the one at NEEM.
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3.2 Significance testing and surrogate density profiles

Any alignment method will increase the covariance between
records even if they are not related (Haam and Huybers,
2010). Therefore, to test the statistical significance of our
density alignment, we generate sets of surrogate density pro-
files with similar statistical properties independently for each
site and process them the same way as the original data.
Alongside the artificial density profiles, the real §'80 signals
are used for the coarse fitting step.

The complexity of the density signal consisting of slow
variations, sharp property changes as well as strong melt
layer and wind-crust-related density spikes, inhibits the use
of simple surrogate construction methods such as autoregres-
sive processes. Instead we propose the following algorithm.

For each site, as a base curve, we identify the & 180 compo-
nent of the density signal by linear regression, using the same
step size /jow as for the coarse (& 180-based) fitting step. This
can be done because we rely on §'80 to follow a seasonal
cycle — otherwise water isotope dating would be impossible.
Let ppase be the base density from § 180, riow the autocorrela-
tion and op,ge the standard deviation of the fluctuations of the
measured density (averaged to resolution /iy ) around ppyse
for lag /jow. We start generating an artificial low-resolution
density profile pjow by

Plow (Zi) = Pbase (2i) + &; @)
Vo fori =0

& = )
Flow - €i—1 t Vi else

v~ N(O’ Obase) » ©)

where

Z2i =20+ 1 - low- (10)

Here v~ N(0, obase) implies that the v; are distributed
normally with mean zero and standard deviation opgse. In
the following, ¢(0, 1) will represent a continuous uniform
distribution for the interval [0, 1]. The inclusion of higher
autocorrelation lengths is straightforward. rioy has to be re-
placed by the autocorrelation matrix, which is multiplied by
a vector of the preceding &;. Second, on the fine scale (step
size Ihigh), we have a look at the differences between the
interpolated low-resolution density and the high-resolution
density values from the measurements. As we find the dis-
tribution to be trimodal, we split the differences into three
components — low amplitude variations within snow of sim-
ilar properties (henceforth denoted “noise” even though they
might partly have physical origin), fast and moderate ampli-
tude changes in the density due to layering or wind crusts
(“shocks”) and rapid high amplitude changes at melt layers
(“melt”). Again, we compute the autocorrelation factor ryign
for lag Ihign. Nonetheless, this time, the standard deviations
Onoises Oshocks aNd Omele and the means ftshocks and fimele have
to be calculated separately. Furthermore we need to estimate
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the probabilities Pghocks and Prel¢ of beginning a shock or a
melt layer at a specific position. For this purpose, we deter-
mine the number of melt layers Npejr, the number of shocks
Nshocks and the average distance to the previous shock dyyg.
In addition, we denote the total number of data points by N
and the distance to the last shock at a given position i by d;.
Finally, the basic model to generate a random density profile
Phigh 18

Phigh (2i) = Plow (2i) + ki (11)
bi fori =00r P > Pmeit + Pshocks
K = 1 N (shocks- Oshocks)  for i 7 0 and Preit < P < Punett + Panocks ~ (12)
N (Kmelts Omelt) fori #0and P < Prelt
N,
Prnett = —t (13)
di Nihocks
P — . 14
shocks davg N ( )
P~U(O,1) (15)
Vo fori =0
¢ = (16)
Thigh - Pi—1+Vv; else
v NN(Oa Obase) » 17
where
Zi = 20+ - Ihigh- (18)

The same approach as before can be used to expand to
higher autocorrelation lengths. However, we use the model
in the presented form as it already provides realistic density
surrogates.

4 Results
4.1 Profile alignment

As an example of the matching process, we present a fit of
data from N2E_11 to the first site (NEEM) in Fig. 4. The
distance between the two locations is about 240 km, i.e., a lit-
tle more than half of the total traverse length. First the §'30
profiles are matched, yielding an approximately linearly in-
creasing coarse shift. In the second step the densities are fine-
tuned, which results in small shifts fluctuating around zero
and never reaching the allowed maximum of 0.1 m. To pro-
vide an overview of the changing snow structure, we fitted
all combinations of profiles from two sites and plotted the
matrix of the root mean square errors (RMSEs) in Fig. 5. A
remarkable change in the pattern of the fitting errors occurs
between the fourth and fifth site along the traverse.

Figure 6 shows the continuous depth alignment obtained
by fitting all liners along the traverse to the first site (NEEM).
There were no notable differences when another location
(e.g., EGRIP) was chosen as the reference or the fitting
was done consecutively. For comparison, the melt layer po-
sitions detected during the CT measurements (cf. Table 3)
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Figure 4. Alignment of the data from NEEM and N2E_11. (a) First, the raw 5180 data from N2E_11 (orange) are fit to those of NEEM
(blue) resulting in the red curve. (b) Then, the calculated (coarse) shifts are applied to the raw N2E_11 density data to obtain the red curve
as an input for a second alignment with the raw NEEM density profile (blue). We end up with the pink curve as a final result. (¢) The applied

coarse (black) and fine (gray) shifts.
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Figure 5. Root mean square matrix of the density alignment. The
nth field in the mth row refers to the error of fitting data from the nth
and mth liner. The darker the color, the lower the error and therefore
the higher the agreement. The most notable change in snow struc-
ture can be observed between the fourth and the fifth column (or
TOwW).

have been included. In addition, selected density profiles are
displayed. Using the previously calculated depth alignment,
density records were stacked to obtain a representative den-
sity profile (Fig. 7). The gray area indicates a 1 standard devi-
ation error band. Comparing the necessary rescaling factors
(known from the construction of the stacked profile) to the
ratio of accumulation rates, we apply linear least squares to
find

GNEEM
,

fx =0.325+0.665- 19

ax

where ax denotes the mean annual accumulation rate at
site X. The coefficient of determination is R? = 0.82.
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Figure 6. Continuous depth alignment, example density profiles
and melt layers. A color map was applied uniformly at the first
site (NEEM) and then transformed the same way as the depths were
assigned. Thus snow within the same color band was matched dur-
ing the fitting process. Linear interpolation was used between the
sampled sites. In black, measured density profiles for the labeled
locations are shown at the same scale, centered around their respec-
tive mean values. The white lines and points indicate the melt layer
positions detected from the CT scans (cf. Table 3).

At the base resolution of 0.1 cm we find a mean shared
variance of R% =0.56 between the average and the individ-
ual density profiles. It can be increased by smoothing and ob-
tains a maximum of RZ=0.71 when using a 4.3 cm moving
average. In comparison, for 1000 randomly generated density
data sets (e.g., Fig. 8), the respective stacked profiles share an
average of R?=0.44 with their components at base resolu-
tion. The maximum is RZ=0.61. We determine a p value
(probability of finding such high R? by chance) of 0.015 for
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Table 3. Melt layers, the water isotopic season of origin for the surrounding snow and mean annual accumulation rates for each site. The
given depths indicate the vertical center of the respective melt layer. The upper two melt layers are always located in snow from summer
2012. For the lower ones, the season of origin for the surrounding snow is given, where S indicates summer and W winter. The accumulation
rates are annual mean values for all available years at the particular location.

Site Depth1 Depth2 Depth3  Snow Depth4  Snow Accumulation
[m] [m] [m] origin [m] origin [kg m—2 a’l]

NEEM 1.76 1.84 224.69
N2E_03 1.61 1.68 1.76 S2012 193.8
N2E_04 1.47 1.60 1.77 WI11/12 1.87 WI1/12  205.04
N2E_05 1.35 1.54 1.67 WI11/12 171.55
N2E_06 1.48 1.67 193.46
N2E_07 1.37 1.50 165.38
N2E_08 1.37 1.41 162.67
N2E_09 1.33 1.42 155.85
N2E_10 1.31 1.39 135.01
N2E_11 1.21 1.36 1.50 W11/12 137.58
N2E_12 1.15 1.21 124.73
N2E_l14 1.12 1.18 117.30
N2E_15 1.10 1.20 126.78
N2E_16 1.13 1.16 1.33 WI11/12 115.06
N2E_17 1.19 1.23 1.50 WI11/12 129.88
N2E_19 1.13 1.17 1.42 S2011 132.16
N2E_20 1.35 1.41 1.48 WI11/12 1.61 S2011 145.93
EGRIP 1.22 1.32 1.57 WI11/12 139.57

0 0.5 1
Depth [m]

151 2

Figure 7. Representative density profile for the traverse region. The
gray area indicates a 1 standard deviation error band in both x and
y directions as there are uncertainties in the depth alignment as well
as the averaged densities of all sites. Here, the depth scale was ad-
justed to the NEEM accumulation rate and has to be rescaled ac-
cording to the accumulation rate for different sites.

the measured profiles within the distribution; i.e., the high
shared variance of the measured profiles is statistically sig-
nificant.

4.2 Raw densities, isotope extrema and accumulation
rates

For all sites we find at least two melt layers in the snow iso-
topically dating back to the summer of 2012. In addition,
some liners show melt layers which are surrounded by snow
dating to winter 2011/2012 or summer 2011. For an overview
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of all melt layers, see Table 3 or Fig. 6. From the raw density
profiles, we obtain Fig. 9, which shows the average densi-
ties of the top meter and decimeter, which do not contain any
prominent melt layers. The density in the top meter tends to
decrease from the maximum of 332kgm~3 at NEEM down
to a minimum of 297 kgm~3 roughly 150 km from EGRIP
before slightly increasing again. For 15 out of 18 sites the
surface density is higher; nonetheless both parameters evolve
similarly along the traverse.

Table 3 displays the mean annual accumulation rates along
the traverse. Starting with a maximum of 225kgm=2a~!
at NEEM, the values steadily decrease down to the mini-
mum of 115kgm~2a~! about 100 km from EGRIP before
increasing again to 140 kg m~—2 a~! at EGRIP. Comparing av-
erage values for the different years, there is neither a trend
nor considerable variations in the accumulation rate (cf. Ta-
ble 4). However, we observe much higher differences be-
tween successive years within the same core (average change
34.67kgm~2a~!), where we mainly see alternating behav-
ior of high- and low-accumulation years.

Of the 5 years contained in our data, 2012 had the isotopi-
cally warmest summer for 83 % of the sites. At the three re-
maining locations (N2E_11, N2E_16 and EGRIP), the high-
est 8130 values occur in 2014. For the winters, 2014/2015
was isotopically coldest in 51 % of the cases, 2011/2012 in
19 % and 2010/2011 in 30 %. Regarding annual §'80 aver-
ages of all available sites (Table 4), we also find the highest
8180 values for 2012.
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Figure 8. The measured density profile and three surrogates for the first site (NEEM). The artificial profiles are based on the seasonal 8180
component of the density and have the same statistical properties as the original curve. Each profile is displayed at the same scale and has

been centered around its mean.

Table 4. Mean deviations of the given year from the average lo-
cal annual (winter-to-winter) accumulation rate and §'80. For each
year, data from all available sites were used.

Year a anomaly 5180 anomaly  Unavailable sites
lkgm™2a~'] (%e]

2014 —2.66 —-0.88 -

2013 5.26 —-125 -

2012 3.20 3.64 NEEM, N2E_06

2011 —7.37 —2.31 NEEM, N2E_03-N2E_09

4.3 Linking accumulation, §'80 and density

Comparing the annual average §'80 values with the accumu-
lation rates we obtain Fig. 10. Positive linear relations were
fit to the data of 2012, 2013 and 2014 respectively, showing
that within 1 year higher temperatures coincide with higher
accumulation. The coefficient of determination is highest
for 2012, while we have larger spreads for the other 2 years,
in particular 2013.

To relate the density with the seasonal, low-frequency
8130 signal at NEEM, we applied a 10cm running mean
to the stacked high-resolution density profile in Fig. 11. On
average, snow with a high 830 value (considered summer
snow) has a low density and the other way around. The only
exception is the summer of 2012, where we find high-density
values in summer, too.

5 Discussion

5.1 New methodology

The liner technique allows us to retrieve non-disturbed snow
samples from the field and thereby conduct lab-based anal-
ysis (such as high-resolution density measurements) to gain
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Figure 9. Average densities along the traverse through North Green-
land (May 2015) in the top 1 and 0.1 m derived from CT data.
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Figure 10. 5180 signal vs. accumulation rate for the years 2012—
2014. The lines were obtained by linear least squares fitting with
coefficients of determination of R?>=0.52 for 2012, R?>=0.27
for 2013 and R% =0.37 for 2014. The data points for 2013 show
the largest spread and were omitted for clarity.
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Figure 11. Comparison of the NEEM § 180 signal with the stacked
density profile on the NEEM depth scale smoothed using 10 cm run-
ning means. The summer maxima for 2012-2014 were marked.

further insight in the development of physical snow proper-
ties over large distances. This is a major improvement com-
pared to previous methods, e.g., for measuring snow density,
which was so far mainly done by weighing a known volume
of snow where we have a trade-off of accuracy (bulk density)
and resolution (density cutters). Both horizontal resolution
and vertical depth can be adjusted to fit the needs of the re-
spective study.

Figure 4 illustrates that we are able to align §'30 and den-
sity data down to small stratigraphic features very well over
a distance of over 200 km. Along the traverse, one observes
a clear change in the RMSE (cf. Fig. 5) and thereby the snow
structure at the fourth site, indicated by significantly differ-
ent fitting errors. This coincides with the location where the
ice divide was left eastwards and thereby the traverse en-
tered a different accumulation regime in agreement with the
drainage systems given by Zwally et al. (2011).

Furthermore the continuous depth alignment agrees very
well with the melt layer positions detected during the
CT measurements (Fig. 6). Stratigraphic features are still
well aligned over the complete traverse distance of almost
450 km. We obtain a clear picture of the layering of the snow-
pack along the traverse. In comparison to radar measure-
ments, which are limited to centimeter vertical resolution but
can resolve annual layers down to 12 m (Hawley et al., 2006),
we can give a much more precise picture and observe small-
scale structures like wind crusts. In exchange we are limited
to shallower depths — the maximum we plan to access in the
near future is 6 m in a trench at the EGRIP drilling site.

For rescaling the stacked profile to any location in the area
with known annual accumulation, we obtain a linear relation
of the depth factor with the ratio of accumulation rates. This
is plausible because, on average, we find linearly increasing
shifts for the matching. Furthermore we do not observe sig-
nificant densification in the upper 2 m of the snowpack, and
therefore the depth of snow from the same deposition event is
primarily determined by the accumulation rate. In addition,
the relation has a high coefficient of determination for the
applied linear least squares.
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As the stratigraphy does not seem to change remarkably
along the traverse apart from the effect of the decreasing ac-
cumulation rate, we consider the profile in Fig. 7 to be repre-
sentative of the whole traverse region, potentially even most
of North Greenland. For the given error band, there is an
overlap of uncertainty in the depth alignment (x direction)
with the uncertainty in density (y direction). The former is
mainly caused by the variability of the snow mass accumu-
lated from a single deposition event. Regarding the latter, the
average density of the snowpack greatly varies as can be seen
in Fig. 9. Thus, for the second meter, even though it is con-
tained in the uncertainty band, we do not expect a straight
line, but rather an alternation of high- and low-density layers
similar to the upper meter.

A statistical test using surrogate density profiles shows that
the high shared variance of the measured profiles is statisti-
cally significant (p =0.015), even though the actual differ-
ence in numbers is quite small. This underlines that the den-
sity alignment provides additional information as we tried to
use the most realistic surrogates (original 8'30 signal, sea-
sonal cycle, three component stratigraphy model). Further-
more, a coefficient of determination of R%=0.56 between
the stacked and the individual profiles shows how much
of the layering does reappear. Smoothing increases R> as
it steadily transforms the profile to the low-resolution den-
sity curve that shows seasonal behavior (see Fig. 11) while
smaller local variations vanish.

5.2 Temporal and regional variability of snow
properties

The vast majority of melt layers are found in snow dating
back to the very warm summer of 2012 (Nghiem et al., 2012).
Moreover, above most of the melt layers within older snow,
we find clear signs of percolation (cf. Fig. 2). Therefore we
assume that 2012 was the only year in the period 2010-2015
with significant melt occurring in the observed area. From
Fig. 9 we can infer that on the one hand, the average density
of the snow in the top 2m at a certain location can already
be deduced from the surface density. On the other hand, the
surface snow in May is among the denser ones within the
year, thereby rather representing a spring or even winter sig-
nal than a summer one (compare Fig. 11). Furthermore we
are able to visually identify many layers of homogeneous
density, often clearly separated by wind crusts, which seem
to contain snow from single deposition events.

For the accumulation rate (see Table 3), the 1964-2005
average of 220kgm~2a~! determined from the NEEM ice
core (Steen-Larsen et al., 2011) agrees very well with the
225kgm~2a~! that we obtain from the corresponding snow
liner. In addition, both accumulation maps from field mea-
surements (Bales et al., 2009) and regional climate models
(Fettweis, 2007) show the same behavior towards the east.
While Table 4 shows no significant interannual changes in
the average accumulation rate for the study area, we observe
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high fluctuations in the local annual values, a feature consis-
tent with the strong influence of stratigraphic noise in sin-
gle profiles (Miinch et al., 2016). These can be explained by
the accumulation of every year compensating previous local
variations in the snow surface before new structures are in-
troduced by wind-induced drift and dunes. Nonetheless, they
also might partly originate from the uncertainty of separating
the years only according to the §!30 extrema.

In the majority of cases we find the highest isotopic sum-
mer temperatures and average 8'80 values for 2012, un-
derlining the exceptional warmth of this year. The values
for 2014 indicate that it was still warmer than the other con-
tained years, in particular 2010, which was formerly regarded
as very warm (Harper et al., 2012). The picture for the win-
ters is less clear. Indeed, we assume that the isotopic signal
of the fresh snow from winter 2014/2015 might still change.

5.3 Relations of density, 6130 and accumulation rate

We find a positive linear relationship of annual mean 830
and accumulation rate (Fig. 10) with similar slopes for 2012
and 2014. This relation might partly originate from the
changing surrounding conditions (e.g., elevation) along the
traverse. The offset between the years could potentially be
caused by the very high temperatures and the consequential
surface melting in 2012 as we find the relation for 2013 to
be a lot closer to 2014 than 2012. The dependence of the
offset on the annual mean temperature (which is quite simi-
lar along the traverse) could explain why previous attempts
to link both parameters by averaging data from several years
(e.g., Weillbach et al., 2016) show results that are less clear.

We observe a clear anticorrelation of low-resolution den-
sity and 8'80 in Fig. 11. This agrees with the widely accepted
conceptual model of Shimizu (1964), which states that snow
has lower densities in summer and higher ones in winter. The
main causes given are the increased packing due to stronger
winds in winter and the larger size of precipitation particles
in summer. For the summer of 2012, the high average densi-
ties are caused by the prominent melt layers, superimposing
the original signal of the snow.

6 Summary and conclusions

We introduced the liner technique, which allows the very effi-
cient retrieval of high-quality samples from the upper meters
of the snowpack. To support this new sampling technique,
we adapted a robust fitting algorithm from acoustic signal
processing for the diverse data sets produced by such stud-
ies. This enables us to identify characteristic changes in the
snowpack according to surrounding conditions as well as to
generate continuous depth alignment using features from all
available records.

To demonstrate their feasibility we applied the described
methods to the upper 2 m of snow along a traverse in North
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Greenland. We obtain a record up to May 2015 of the depths
of the 2012 melt layers and submillimeter-resolution densi-
ties. By combining these with 880 measurements, which in-
dicate temperature, we are able to reconstruct accurate accu-
mulation rates for the years 2010-2014 along a distance of
about 400 km.

We combine isotope and density data as inputs for the
matching algorithm. Thereby we are able to identify the dif-
ferent accumulation regimes along the traverse and resolve
the continuous stratigraphy of the snow over the whole dis-
tance. This allows us to create a representative density profile
for the study area, whose quality is proven by comparison
with randomly generated data based on a statistical density
model. The profile is available at a resolution of 0.1 cm and
only has to be rescaled according to accumulation rate. Thus
it is ready to act as a benchmark for snowpack models or
be applied for the conversion of volume to mass and the de-
tection of strong density gradients as potential reflectors in
remote sensing (compare e.g., Hurkmans et al., 2014).

The success of fitting density and isotope profiles over
hundreds of kilometers shows that even though there is a
local component in the snow stratigraphy (e.g., layer thick-
ness, average density), the general pattern is dominated by
non-local processes in North Greenland. We assume that an
important factor for that is the origin of weather and precipi-
tation as air masses dominantly move in from the west to the
east (Chen et al., 1997).

‘We observe large interannual accumulation variations lo-
cally but almost none on average, which can be explained
by the smoothing of the surface by accumulation before new
surface structures are caused by dunes and drift. The excep-
tionally warm summer of 2012 is clearly visible in the wa-
ter isotope data; additionally 2014 shows the second highest
summer values of §'30 within the study period.

Relating the various snow properties, we find a distinct
anticorrelation of smoothened density and §'80 in accor-
dance with previous literature. Furthermore we deduce a pos-
itive linear relation between §'80 and accumulation rate,
whose slope seems to be constant for the period considered,
while the offset varies between the years, and thus might be
temperature-dependent. This, however, poses the question as
to whether models commonly used in the dating of deep ice
cores (e.g., Parrenin et al., 2007, for the EPICA Dome C ice
core) do correctly reconstruct accumulation rates from the
8180 values, especially for times with significantly differing
annual mean temperatures such as glacials.

Future work should include the automatic recognition of
wind crusts and layering from CT images and the application
of the described methods on different scales for both Antarc-
tica and Greenland to gain further insight into the variability
of physical properties in the snowpack.
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7 Data and code availability

All measurement data will be uploaded to the open-access
library PANGAEA®. If you are interested in using our im-
plementation of the described algorithms, please contact the
main author.
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Abstract. In order to interpret the paleoclimatic record
stored in the air enclosed in polar ice cores, it is crucial
to understand the fundamental lock-in process. Within the
porous firn, bubbles are sealed continuously until the re-
spective horizontal layer reaches a critical porosity. Present-
day firn air models use a postulated temperature depen-
dence of this value as the only parameter to adjust to the
surrounding conditions of individual sites. However, no di-
rect measurements of the firn microstructure could confirm
these assumptions. Here we show that the critical porosity
is a climate-independent constant by providing an extensive
data set of micrometer-resolution 3-D X-ray computer to-
mographic measurements for ice cores representing differ-
ent extremes of the temperature and accumulation ranges.
We demonstrate why indirect measurements suggest a cli-
matic dependence and substantiate our observations by ap-
plying percolation theory as a theoretical framework for bub-
ble trapping. The incorporation of our results significantly
influences the dating of trace gas records, changing gas-age—
ice-age differences by up to more than 1000 years. This may
further help resolve inconsistencies, such as differences be-
tween East Antarctic §'°N records (as a proxy for firn height)
and model results. We expect our findings to be the basis
for improved firn air and densification models, leading to
lower dating uncertainties. The reduced coupling of prox-
ies and surrounding conditions may allow for more sophis-
ticated reinterpretations of trace gas records in terms of pa-
leoclimatic changes and will benefit the development of new
proxies, such as the air content as a marker of local insola-
tion.

1 Introduction

Air trapped in polar ice cores provides a unique opportunity
for paleoclimatic studies (Legrand and Mayewski, 1997). In
particular, it allows the reconstruction of the past chemi-
cal and isotopic composition of the atmosphere for up to
800000 years (Jouzel et al., 2007; Loulergue et al., 2008).
However, as bubbles are only isolated from the atmosphere
at certain depth (the firn—ice transition — 50—120 m depending
on the local conditions), the enclosed air is always younger
than the surrounding ice. An accurate estimation of this
gas-age—ice-age difference (Aage, up to 7000 years during
glacial periods; Bender et al., 2006) is essential for the inter-
pretation of ice-core records as otherwise phase relationships
between ice and gas records cannot be determined correctly.

Thus, it is crucial to understand the fundamental processes
in the porous firn (Schwander and Stauffer, 1984) — diffu-
sion of air through the open pore space (Trudinger et al.,
1997; Fabre et al., 2000) and the entrapment of air by pore
closure due to firn densification, which is the main focus of
this study. In a depth range referred to as the “lock-in zone”,
gas enclosure within individual horizontal layers occurs at
a critical porosity (Schwander et al., 1993). It is the only
parameter in empirical relations of closed and total poros-
ity (Schwander, 1989; Goujon et al., 2003) that are com-
monly used in present-day firn air models (Severinghaus
and Battle, 2006; Mitchell et al., 2015). A temperature de-
pendence of this value has been postulated (Raynaud and
Lebel, 1979) and parametrized using air-content measure-
ments (Martinerie et al., 1992). Nonetheless, the underlying
microstructural processes are not well-understood and there
is no confirmation of these assumptions by direct measure-
ments of firn microstructure.
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Figure 1. (a) A structure consisting of three packed tetrakaidecahedra. The white bodies represent ice crystals, the gray edges the pore
network. (b) Example of a 3-D scan; the pore network is shown in white. (¢) Coordination number versus total porosity for our measurements.
The threshold for gas enclosure within a single layer as predicted by percolation theory has been marked.

Table 1. Details on the analyzed cores. Mean annual temperature is denoted by 7' and an estimate of yearly accumulation by d.

Drill site Year Elevation T a  Depth interval No. of

(m) (°C) (kg m2al) (m) data points
RECAP_S2 (Renland, Greenland)' 2015 2296 —18 460 49-73 246
B49 (Kohnen station, East Antarctica)2 2012/13 2881 —44 65 73-90 303
B53 (Dome Fuji, East Antarctica)? 2012/13 3726 —55 30 76-106 614

! Johnsen et al. (1992). 2 Unpublished data, the accumulation rates are based on a preliminary volcanic layer dating.

The 85N of N has been established as a proxy for firn
height and thus an indirect constraint on Aage (Sowers et al.,
1992). This relation has successfully been tested for high-
accumulation sites, e.g., the last 40000 years at Summit,
Greenland (Schwander et al., 1997). On the contrary, there
is a mismatch of up to 2000 years with model results for the
East Antarctic plateau (Bender et al., 2006; Parrenin et al.,
2012). These modeled chronologies are based on the current
knowledge of bubble trapping in polar firn and are particu-
larly sensitive to the critical porosity via the assumed temper-

Clim. Past, 13, 1685-1693, 2017

ature dependence. Deviations from the simple relationships
used to reconstruct past temperatures and accumulation rates
from the water isotopic composition have been suggested as
a possible explanation (Landais et al., 2006), while the hy-
pothesis of a large glacial convective zone as an important
factor has been ruled out (Capron et al., 2013). Recently,
the inclusion of impurity effects has reduced the mismatch
for East Antarctic sites; however, it reduces the agreement
between modeled and measured §'>N for high-accumulation
sites (Breant et al., 2017).

www.clim-past.net/13/1685/2017/
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Table 2. Results of least squares fitting our parametrization to the
obtained data.

Data set Dt A Ao b R?
RECAP_S2  0.1005 6245 4734 04816 0.9744
B49 0.0985 169.57 51.55 0.5797 0.9801
B53 0.1000 20636 48.06 0.7072 0.9603

In this paper, we present the first extensive data set of di-
rect firn microstructure measurements throughout the lock-in
zone. We start off by using it to scrutinize the current knowl-
edge of gas enclosure in polar firn and show why previous
indirect measurements yielded different results. Then, we ap-
ply bond percolation theory (Enting, 1993) as a theoretical
framework for our conclusions and demonstrate their agree-
ment with other methods. Finally, we discuss changes in the
dating and interpretation of trace-gas records that incorpora-
tion of our results in current firn air models will imply. The
reduced coupling of proxies and surrounding conditions may
allow for more sophisticated reinterpretations in terms of pa-
leoclimatic changes and will benefit the development of new
proxies, such as the air content as a marker of local insola-
tion (Raynaud et al., 2007; Eicher et al., 2016).

2 Materials and methods

Firn microstructure throughout the lock-in zone has been de-
duced for ice cores from three locations (cf. Table 1) using a
specifically designed X-ray microfocus computer tomograph
in a cold lab (Freitag et al., 2013). For each 1 m core segment,
we scanned a minimum number of five sections of approxi-
mately 4 cm height and the full core diameter (8§—10 cm) with
a focus on homogenous layers. One measurement consists of
3000 radioscopic images, which are used to tomographically
reconstruct the 3-D microstructure at a resolution of approxi-
mately 25 um (e.g., Fig. 1b). Consecutively, these reconstruc-
tions are segmented into ice and air using a two-step proce-
dure consisting of a two-level Otsu’s method (Otsu, 1979)
followed by simple region growing for the ambiguous vox-
els. We adapted an existing algorithm (Nguyen et al., 2011)
to determine the pore coordination number during the seg-
mentation process. To eliminate the effect of cut pores at
the surface of the sample (Martinerie et al., 1990), each data
point (as referred to, e.g., in Table 1) corresponds to a layer
of approximately 1 cm height and 6 cm diameter. Having the
microstructure of the surrounding material in all directions at
hand allows us to safely determine whether a pore is open or
closed. For all measurements, the remaining cut pores were
less than 0.1 % of the pore volume. For 10 repeat measure-
ments of the same sample, both standard and maximum de-
viation of the total porosity are less than 1 %. Furthermore,
the total porosities agree with those from bulk measurements
and 2-D radioscopy with a maximum deviation of 3 %.

www.clim-past.net/13/1685/2017/
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A well-known framework to model porous media is bond
percolation theory (Broadbent and Hammersley, 1957). It en-
ables us to predict the point at which a material becomes im-
permeable. The Kelvin structure (packed tetrakaidecahedra;
see Fig. 1a) is space-filling with one of the lowest surface-
area-to-volume ratios. It is well-studied and has for exam-
ple been applied as a model for foam (Koehler et al., 1999).
We use it to represent sintered ice grains. When packed, the
grains align along a body-centered cubic lattice. Therefore,
the air network corresponds to its dual lattice, which has a co-
ordination number (average number of neighbors) of 4 when
fully occupied. For this lattice, the fraction of channels occu-
pied by air at gas enclosure, the so-called percolation thresh-
old, is known to be 0.4031 (van der Marck, 1997). Thus, the
predicted coordination number at the percolation threshold
is 4-0.4031 = 1.6124. Notably, the influence of the chosen
lattice is rather small (Wierman and Naor, 2003).

3 Results

Gas enclosure within a single layer occurs at the same critical
porosity ®; of about 0.1 for all cores (Fig. 2a). However,
as indicated by the much steeper slope of the closed poros-
ity, enclosure takes place in a significantly smaller porosity
range for the East Antarctic cores compared to the coastal
Greenland site. To fit our data, we derived a new local re-
lation (Eq. 1) of closed porosity @ and total porosity @,
where b, A1, Ay € IR>¢ and b < 1. The parameters of least
squares fitting are given in Table 2.

O]
(bcrit (b e_)tl (P—Drip)
+(1 - b)e—kz@—%m))

for ® < d

O = else (€))

Within the microstructure analysis for the B53 core, we also
mimicked the sample properties (cylindrical shape, 5 cm di-
ameter, 5cm height) and the method (melting the sample
under vacuum conditions, thus counting cut closed pores as
part of the open pore space) as applied for Summit, Green-
land (Schwander et al., 1993). This significantly changes the
shape of the closed versus total porosity curve and yields re-
sults similar to previous studies (Fig. 2b). Then, by compar-
ing with our original data (where cut pores are traced within a
larger volume to determine whether they are open or closed),
we determined the necessary correction factors for the effect
of cut pores (Fig. 4).

For the coordination number (Fig. 1c) we observe a linear
increase with total porosity for all three sites. At the criti-
cal porosity of about 0.1, we obtain very similar values of
1.65£0.17 for B53, 1.7+ 0.18 for B49 and 1.64 £ 0.24 for
RECAP_S2 from linear regression.

Clim. Past, 13, 16851693, 2017
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Figure 2. Closed versus total porosity for (a) the analyzed cores in comparison with commonly expected values and (b) B53 ignoring cut
pores compared to previous results from Summit, Greenland (Schwander et al., 1993). The solid lines indicate least squares fits for the
respective core, the short-dashed lines represent model results (Schwander, 1989; Goujon et al., 2003) for the given parameters, and the
long-dashed lines mark the critical porosity values predicted by the previously observed temperature dependence (Martinerie et al., 1992).

4 Discussion

Even though the surrounding conditions differ significantly,
we obtain the same critical porosity of about 0.1 for all cores
(Fig. 2a, Table 2). In previous literature, average ice densi-
ties at air isolation were obtained from air-content measure-
ments on deep ice samples (Martinerie et al., 1992). To al-
low for a better comparison with our results, we calculated
the corresponding critical porosities (Fig. 3). For the gas en-
closure within single layers, we do not observe the com-
monly assumed temperature dependence of ® ;. In contrast,
we find strong evidence for a constant (and thus climate-
independent) critical porosity.

In order to estimate the closed porosity in firn, previous
studies relied on measuring the amount of air enclosed in a
sample by melting it in a vacuum chamber. However, during
vacuumization, air is not only removed from the open pore
space but also cut closed pores, which is of particular impor-
tance for the more extensive pore network of the firn com-
pared to deeper ice samples. The breaking of closed, but still
fragile pores might even enhance this effect (Schwander and
Stauffer, 1984). Nonetheless, to date, it has been neglected
or only accounted for by multiplying with correction factors
of up to 10% (first applied for firn in Appendix 2 of Mar-

Clim. Past, 13, 1685-1693, 2017

tinerie et al., 1992; recently, Mitchell et al., 2015). Our esti-
mation (Figs. 2b and 4) proves a serious underestimation of
the cut-pore effect. This can be explained by a classical per-
colation phenomenon — near the percolation threshold, indi-
vidual (clusters of) closed pores can be very large compared
to single bubbles (Stauffer, 1979). Indeed, we observe ex-
tents of more than 1 cm near the critical porosity for all three
cores.

In particular, our results confirm the existence of a crit-
ical porosity in contrast to recent assumptions of gas en-
closure for a single layer occurring within a certain poros-
ity range (Mitchell et al., 2015). Remarkably, for the correct
critical porosity, the Schwander parametrization (Schwander,
1989) seems to approximately represent a site-independent
average relation of closed and total porosity (cf. Fig. 2a).
However, due to the lack of other parameters, it cannot fully
reflect the behavior of polar firn. Therefore, we decided to
derive a more complex exponential-decay relation (Eq. 1) to
fit our results.

For all three cores, the observed coordination numbers
at gas enclosure (Fig. 1c) are in agreement with the value
predicted by percolation theory. We conclude that polar firn
evolves towards the same “optimal” microstructure, driven
by a universal percolation process (Enting, 1993). However,
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Figure 3. Critical porosity versus temperature. The given linear relation is commonly fit to the data of Martinerie et al. (1992), a study based
on air-content measurements of 495 deep ice samples from 16 cores (with a minimum of only two measurements for one core). From their
results, they reconstruct the average ice density at air isolation, which is equivalent to the porosities shown here. In contrast, we analyzed the
microstructure of 1163 firn samples for three cores (see Table 1), allowing the direct determination of the critical porosity of gas enclosure
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Figure 4. Necessary correction factors for the cut-pore effect assuming the B53 core would have been analyzed with the method used for
Summit, Greenland (Schwander et al., 1993). The range of corrections applied in previous literature is indicated by the gray box.

the initial conditions differ as the firn is strongly influenced
by the surrounding local conditions such as accumulation
rate (affecting residence times at certain depth intervals) and
temperature (as one of the main drivers for snow and firn
metamorphism; Schneebeli and Sokratov, 2004).

The problem of understanding gas enclosure in polar firn
has been tackled with different methods and from various
perspectives such as firn microstructure, firn air transport and
firn air pumpings. As a consequence, seemingly different
definitions have been established for terminological frame-
works such as the lock-in zone. The results of two firn air
pumpings conducted at the RECAP drill site (T. Sowers, per-
sonal communication, 2017) and at Kohnen station, close to
B49 (Weiler, 2008), in combination with high-resolution X-
ray porosity measurements (Freitag et al., 2013) corroborate
our microstructural findings. For both sites, the sharp decline
in CO2, CHy and N2O concentrations (interpreted as the on-

www.clim-past.net/13/1685/2017/

set of the lock-in zone according to firn air pumpings) coin-
cides with the occurrence of the first significant (i.e., at least
1 cm thick) layer with a porosity below the critical value of
0.1. On the other hand, no more air can be pumped (bottom of
the lock-in zone according to firn air pumpings) when there
are no further layers with a total porosity larger than 0.1. In
the firn air transport literature (e.g., Buizert and Severing-
haus, 2016), the onset of the lock-in zone (also referred to
as “lock-in depth”) is defined as the depth where molecular
diffusion effectively ceases. According to percolation theory,
this happens at the percolation threshold, i.e., the point when
there is no longer a connected component of the order of the
system size (Ghanbarian and Hunt, 2014). This corresponds
to the first layer reaching a closed porosity of 100 %, which
is the onset of the lock-in zone in the microstructural sense.
Regarding the bottom of the lock-in zone, it has been ob-
served that due to vertical mixing, the air composition at a

Clim. Past, 13, 16851693, 2017
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certain depth no longer changes (definition according to gas
transport) at the “close-off depth” (Buizert et al., 2012). It
is defined as the depth at which all pores are closed (Witrant
etal., 2012) and thereby also coincides with the bottom of the
lock-in zone according to firn microstructure. Thus, the three
definitions for the lock-in zone (according to firn microstruc-
ture, firn air transport and firn air pumpings) are equivalent.
Furthermore, the limits of the lock-in zone are solely deter-
mined by the existence of significant layers above and below
the critical porosity and thereby the (centimeter-scale) poros-
ity variability.

While concepts such as gas enclosure (both in single layers
and as a bulk property) occurring at a critical closed (Goujon
et al., 2003) or open (Gregory et al., 2014) porosity have be-
come widely accepted, they do not seem to agree with the
results of our firn microstructure analysis and the previously
discussed (conceptual) definitions of the lock-in zone. As a
consequence, the refinement of these theories may greatly
benefit the understanding of gas enclosure in polar firn. No-
tably, the critical closed porosity value of 37 % identified
by Jean-Marc Barnola using porosity measurements of sev-
eral ice cores from Greenland and Antarctica (Goujon et al.,
2003) corresponds to a total porosity of approximately 0.1
for the two data sets (Summit and B53) that are affected by
the cut-pore effect (displayed in Fig. 2b).

Even though gas enclosure for a single layer occurs at
the same critical porosity, sealed layers may have variable
air contents. Above the close-off depth, we determine aver-
age coefficients of variation for the total porosity of 1.3 %
for B53, 1.8 % for B49 and 2.5% for RECAP_S2. Higher
porosity variability will lead to a larger amount of shallowly
trapped pores, thereby increasing the air content V' (Stauffer
et al., 1985). In our case, the effect of shallow trapping can
be estimated from the different slopes of the lock-in curves
given in Fig. 2a, yielding possible increases in air content
of about 2% for B49 and 8 % for RECAP_S2 in compari-
son with B53. This implicitly assumes that closed and open
porosity undergo the same compaction as the firn densifies
and thus has to be interpreted as the maximum possible in-
fluence of shallow trapping. In addition, the lock-in zone ex-
tends over a depth range of approximately 7 m for B53, 9m
for B49 and 15 m for RECAP_S2. Larger lock-in zones are
expected to cause enhanced sealing effects (i.e., permeable
layers being sealed by impermeable ones above). This fur-
ther increases the air content (Stauffer et al., 1985). How-
ever, the effect is hard to quantify as our measurements do
not yield information about the spatial extent of horizon-
tal layers, and it does not take into account pressure adjust-
ment within the lock-in zone, which is happening on a much
shorter timescale compared to diffusion (Buizert and Sever-
inghaus, 2016). Nonetheless, it may explain the 8 and 27 %
larger air contents for B49 and RECAP_S2 (compared to
B53), respectively, that V measurements for deep ice cores
would predict according to the observed temperature depen-
dence (Martinerie et al., 1992). In return, even though we do
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not observe this temperature dependence for the gas enclo-
sure within single layers, it is a signal that seems to originate
from the lock-in zone, presumably as a consequence of a dis-
tinct density layering.

We conclude that V measurements may yield multiple-
layer averages of pore volumes at gas enclosure. They should
only be interpreted with great caution in regard to the sealing
of single layers. The post-coring loss of enclosed air is an er-
ror source we can neither quantify nor rule out. For the Camp
Century core, about 10% lower air contents were observed
after 35 years of storage (Vinther et al., 2009), although a
systematic error due to the different measurement setups is
possible.

5 Implications

For the EDC core (East Antarctica), 86 % of the variance in V
cannot be explained by air pressure or temperature changes.
An anticorrelation with local insolation was found and sug-
gested as a new proxy (Raynaud et al., 2007). The same in-
solation signature was found for the V record of the NGRIP
core (Greenland), but the underlying physical mechanisms
are not yet resolved (Eicher et al., 2016). Based on our re-
sults, we rule out the idea of other properties influencing the
porosity at gas enclosure for single layers as we do not even
observe a temperature dependence. Instead, we suggest in-
creased sealing effects and shallow trapping due to larger
porosity variability of the layered snowpack as an explana-
tion. Reasons for the enhanced layering may be changes in
the atmospheric conditions, accumulation rate or impurity
content, similar to the observed increase in layering during
glacials (Augustin et al., 2004).

As indicated by 8§'"°N measurements as a proxy for firn
height (Sowers et al., 1992), up-to-date firn air models
seem to have difficulties to estimate past lock-in depths for
the East Antarctic plateau (Landais et al., 2006; Capron
et al., 2013) and to synchronize age dating of individual ice
cores (Parrenin et al., 2012). We suggest that incorporation
of our results will help to overcome these problems, as cur-
rent approaches are based on temperature-dependent lock-
in (Martinerie et al., 1992) and the Barnola model (Gou-
jon et al., 2003). Exemplarily, we estimate the gas-age—ice-
age difference for the Vostok ice core from the tempera-
ture (Jouzel et al., 1987) and accumulation rate (Parrenin et
al., 2004) records using the Herron-Langway model (Her-
ron and Langway, 1980). On average, excluding the tem-
perature dependence of the critical porosity reduces the gas-
age—ice-age difference by well over 10 %. For the last glacial
more than 1000 years of the 2000-year mismatch with §'°N
data (Bender et al., 2006) can be explained this way. We sug-
gest a combination with the effect of impurities on firn densi-
fication (Freitag et al., 2013; Breant et al., 2017) as a promis-
ing approach to resolve the remaining mismatch. Other ef-
fects that are currently not well represented, such as stronger
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layering during the glacials (Bendel et al., 2013), may further
influence these values. We see this study as a catalyst for im-
proved firn air and densification models, which will reduce
dating uncertainties and allow for more sophisticated reinter-
pretations of the available trace gas records, in particular due
to the reduced coupling to temperature.
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15 Abstract

16 Density is a fundamental property of polar snowpacks and of particular importance for var-
17 ious applications such as remote sensing, surface-mass-balance estimates and paleoclimatic
18 ice-core studies. As a result, there is growing interest in quantifying and understanding the
19 stratigraphy of the snowpack and its spatial variability. Melting and refreezing significantly
20 impact the density layering. Melt frequencies observed in polar ice cores are commonly used
21 as markers for extreme summer temperatures. Moreover, the evolution of a seasonal cycle in
22 density with depth is not well-understood as all of these aspects require extensive field data.
23 To provide a larger sample size, we analyzed snow cores up to 5 m depth from two sampling
2 sites on the Greenlandic and East Antarctic plateaus and determined the spatial distribution of
25 melt features along two orthogonal trench walls of 60 m length and 4 m depth for the Green-
26 land site. We quantify how the observed variability of melt features is strongly influencing
27 the ability to interpret single-core melt records. In particular, prominent vertical melt pipes
28 indicate deep penetration of water in cold Greenlandic plateau firn. For the spatial variability
29 in density, we find a much larger homogeneity of the snowpack along the main wind direction
30 and an imprint of surface features orthogonal to it. Thus, within a certain area (such as the
31 footprint of an altimeter) the stratigraphic variability is directionally dependent and estimation
32 of a representative profile (e.g. from snow cores or modeling) is not straightforward.

3 1 Introduction

34 For altimetry-based estimates of ice-sheet mass changes, the largest uncertainty lies in
35 the conversion of volume to mass [Shepherd et al., 2012]. On the other hand, density as a phys-
36 ical parameter of the porous snow and firn influences air transport in the pore space [Colbeck,
37 1989; Severinghaus et al., 2001] and its evolution with depth affects the storage of paleocli-
38 matic information as the firn densifies [Herron and Langway, 1980; Breant et al., 2017] and
39 bubbles are sealed [Schwander and Stauffer, 1984; Schaller et al., 2017a]. As a consequence,
40 the density layering of the snow surface and, in particular, its spatial variability has been a

41 focus of recent studies [Proksch et al., 2015; Laepple et al., 2016].

4 Stratigraphy is an important parameter for microwave transfer models and active remote
43 sensing [Picard et al., 2013; Rutter et al., 2014] with the root mean square error in retrieved
4 snow height approaching 50% when neglecting stratigraphy [Durand et al., 2011]. Vertical
a5 density variability and firn stratigraphy have been observed to change with depth [Hoerhold

46 et al., 2011]. At the same time a correlation with impurity concentrations (particularly Ca**)
a7 develops as they imprint their seasonal cycle on the density in the firn [Hoerhold et al., 2012,
a8 Freitag et al., 2013a]. However, a seasonal cycle in density is present even in the first meter of
49 snow in low accumulation regions but overprinted by strong stratigraphic noise [Laepple et al.,
50 2016]. The redistribution of surface snow due to wind-driven snow drift is known to strongly
51 influence the spatial variability of the snowpack [Libois et al., 2014]. In particular, the forma-
52 tion of dunes along the main wind direction, separating snowfields with lengths of the order of
53 meters induces horizontal undulations of the snow surface [Birnbaum et al., 2010]. Burial of
54 these features has been identified as a main cause of lateral density variability [Proksch et al.,

55 2015; Laepple et al., 2016].

56 As ice sheets are exposed to very warm conditions, particularly temperatures above the
57 freezing point, the snowpack heats up and its surface can start to melt. This decreases the
58 albedo of the surface and triggers a positive feedback [Box et al., 2012]. The meltwater either
59 runs off or is retained or refrozen in the snow and firn below. While between 2000 and 2008
60 the mass loss of the Greenland ice sheet (GrIS) was equally split between surface processes
61 (mainly runoff) and calving [van den Broeke et al., 2009], surface mass balance (SMB) has
62 become the dominant component in the recent years [Enderlin et al., 2014]. Regional climate
63 models estimate that about half of the annual meltwater is refrozen in Greenland [Ettema
64 et al., 2009], nonetheless it is a big source of uncertainty for remote-sensing-based estimates
65 of SMB. As a consequence, there have been several attempts to quantify refreezing by energy-
i,
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66 balance-based models [Colbeck, 1975; Pfeffer et al., 1990] but they both lack verification with

67 in-situ data [for a review see Reijmer et al., 2012] and the complexity to represent the three-
68 dimensional percolation patterns observed in the field [e.g. Humphrey et al., 2012].

69 In July and August 2012, a special weather pattern with low-level liquid clouds [Ben-
70 nartz et al., 2013] and advection of warm air from the south [Fertweis et al., 2013] resulted
7 in temperatures above the freezing point for 98.6% of the GrIS [Nghiem et al., 2012]. Subse-
72 quent refreezing of meltwater caused the formation of substantial ice layers in the snowpack,
73 acting as reflectors for electromagnetic waves and thus strongly affecting remote measure-
74 ments such as radar altimetry [Nilsson et al., 2015]. According to ice-core records, such
75 widespread melting last occurred in 1889 [Clausen et al., 1988]. The influence of rain (as

7 observed at the NEEM field site in summer 2012 [Nghiem et al., 2012]) on the surface energy
7 budget at higher elevations of the GrlIS is unclear [Fausto et al., 2016]. Moreover, 2012 holds
78 the record for the highest mass loss in the satellite era [McMillan et al., 2016]. The likelihood
79 of such extreme melt events is expected to increase in the context of climate change [McGrath
80 et al., 2013; Collins et al., 2013].

81 With the recurrence of melt events over longer periods of time (decades to millenia), a
82 frequency record of extremely warm summers is created [Langway and Shoji, 1990; Alley and
83 Anandakrishnan, 1995]. Field observations have shown that depending on the temperature
84 and structure of the snowpack, not only continuous melt layers, but also features such as ice
85 lenses [Das and Alley, 2005] and melt pipes [Pfeffer and Humphrey, 1996] can form in differ-
86 ent depths. Analysis of melt records can indicate single events or changing regime conditions,
87 such as the warming of West Antarctica [Das and Alley, 2008] and the Canadian Arctic ice
88 caps [Fisher et al., 2012]. For Southern Greenland, shallow-core data have been linked to
89 satellite-derived melt [Rowe et al., 1995]. Several methods have been established to detect
% snow melt on the GrIS from space-borne passive microwave data [ZTedesco, 2007; Hall et al.,
91 2013]. Nevertheless, a robust interpretation requires further understanding of signal formation
02 in snow and firn.

93 In this study, we present the results of two extensive snowpack studies conducted at
94 Kohnen station, East Antarctica, and in the scope of the East Greenland ice core project
95 (EGRIP). Analyzing snow cores of 2 — 5 m depth, we investigate the small-scale spatial vari-
9 ability of the snowpack with a focus on the influence of the main wind direction and the
o7 evolution of the density signal with depth. For EGRIP, a mapping of the melt features dating
98 to the summer of 2012 provides us with the rare opportunity to learn about the impact of such
99 extreme events in general.

100 2 Materials and Methods

101 In May 2016, two trenches of 4 m depth were excavated in the proximity of the EGRIP
102 field site (75.63°N, 35.98°W, 2663 m above sea level) using a Westa rotary plow mounted in
103 front of a Pistenbully. Both trenches (collectively referred to as LTX trenches) had a length of
104 about 60 m at full depth. The LTW trench followed the main wind direction as indicated by
105 dune orientation (232°, i.e. SW) while the LTO trench lied orthogonal to it. Between 19 and

106 27 May 2016, 22 five-meter snow cores were extracted from the outer walls of both trenches
107 (by manually excavating the fifth meter) at a sampling interval of 5 m starting about 15 m from
108 the common origin. Each core was named according to the respective trench and numbered
109 with increasing distance (starting from zero) as can be seen in Fig. 1a. As the top meter was
110 sampled within the first 24 hours after excavation, there was no significant alteration of the
111 surface snow. For the outer trench walls, the areal melt fraction was determined visually — a
112 reference horizon was marked using wooden sticks and the relative depth and extent of melt
113 features measured with a caliper and a tape.

114 In order to convert the areal melt fractions (visible on the wall surface) to a mass distribu-
115 tion of refrozen meltwater versus depth, we averaged the vertical profiles along both trenches.

3

52



Signal formation in polar snow, firn and ice Christoph Schaller

116 This implicitely assumes that the density of melt features (which is not necessarily the den-
117 sity of pure ice due to enclosed snow and air) is independent of depth. In addition, vertically
118 summing up the melt layer thicknesses at a horizontal resolution of 0.1 m along both trenches
119 yields the probability distribution of finding a certain total melt layer thickness in an ice core
120 (diameter 0.1 m) drilled at the study site. We then conducted simple Monte Carlo simulations
121 (by repeatedly drawing from this distrubtion) to determine the number of cores that would be
122 necessary for their average total melt layer thickness to be within a certain range of the true
123 value with a confidence level of 95%.

124 Hourly automatic weather station (AWS) data for field sites NASA-E (75.00°N, 30.00°W,
125 182 km from EGRIP, 2584 m above sea level) and NEEM (77.44°N, 51.07°W, 438 km from
126 EGRIP, 2450 m above sea level) covering the complete 2012 melt event were obtained from
127 the Greenland Climate Network [Steffen et al., 1996]. The AWS are equipped with four near-
128 surface air temperature sensors in passively ventilated solar radiation shields (two Type-E

129 Thermocouples and two Campbell Scientific CS-500), two surface height sensors (Campbell
130 Scientific SR-50) and one upward- and one downward-facing pyranometer (LI-COR 200 SZ).

131 As one of the CS-500 was partially non-operational at the NASA-E site, we averaged only
132 the other three sensors for both sites. Comparison of a similar dataset with satellite-derived
133 surface temperatures yielded a root mean square error of 2.1 K for temperatures ranging from
134 —40 to 0°C [Hall et al., 2008]. For the change in surface height, we calculated daily mean
135 values from both available sensors. Surface albedo is computed automatically from the up-
136 ward and downward solar irradiance. An albedo accuracy of 0.035 for the daily mean values

137 has been determined by comparison with MODIS data [Stroeve et al., 2006].

138 Between 23 and 27 January 2016, sixteen two-meter snow cores were taken in the prox-
139 imity of Kohnen station, East Antarctica (75.01°S, 0.08°E, 2885 m above sea level) within the
140 CoFi Liner Project (CLP). Sampling was conducted along three lines (parallel, diagonal and

141 orthogonal to the main wind direction of 57°, i.e. NE to ENE [Reijmer and van den Broeke,
142 2003]) at distances of 1, 5, 15, 35 and 75 m from the origin (see Fig. 1b and c). There was no
143 observation of significant alterations of the snow surface within the five days of sampling.

144 All snow cores were sampled using the liner technique [Schaller et al., 2016], trans-
145 ported to the Alfred Wegener Institute in frozen condition and analyzed in the AWI-Ice-CT
146 for mm-resolution density [Freitag et al., 2013b]. The results were matched using an adapted
147 version of the dynamic time warping (DTW) algorithm [Schaller et al., 2016]. It yields the
148 shared variance R? between two density profiles, independent of the current surface height
149 and thickness variations of the same layer and allows stacking of the aligned signals. Spectral
150 analysis of the stacked profiles was conducted using the Cooley—Tukey fast Fourier transform
151 (FFT) algorithm [Cooley and Tukey, 1965]. Significance checking compared to white noise

152 has been carried out using Fisher’s g-statistic [Wichert et al., 2004].

153 3 Results

154 3.1 Spatial melt record

185 As an example of the observed melt features dating to summer 2012, the affected section
156 of a snow core from the LTW trench is shown in Fig. 2. Throughout the analyzed trench walls
157 we find the uppermost occurrence of refrozen meltwater to be a very thin crust (less than 3 mm
158 for 88% of the trench lengths) at a mean depth of 1.62+0.03 m (95% confidence). It is the only
159 spatially continuous melt feature. We use its upper edge as a reference horizon to determine the
160 percolation depths of the other observed melt features in the outer walls of the LTO and LTW
161 trenches (Fig. 3). Other prevalent features are a second thin crust (up to 5 mm thick) within
162 the first 0.05 m of the top crust and several distinct ice lenses 0.3—0.4 m below the reference
163 horizon (e.g. Fig. 2). Figure 4 shows the mass distribution of refrozen melt versus percolation
164 depth. The main fractions are found in the two uppermost ice crusts (top 0.05 m, 26%) and the

165 aforementioned ice lenses (0.3-0.4 m, 31%). The latter are present along 42% of the length of
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166 the two trench walls. Other ice lenses and crusts can appear anywhere up to 0.6 m below the
167 reference layer. In both trenches we find prominent vertical melt pipes (average diameter up
168 to 0.2 m), occasionally forming small ice lenses when penetrating horizontal crusts and thus
169 having cascade-like shapes (58% of a total of 36 melt pipes). Within the first meter, these pipe
170 features contain a mass fraction of approximately 25%. Below the percolation depth of 1 m
171 displayed in Fig. 3 only some of the pipes continue, three of them (two for LTW, one for LTO)
172 do exceed the bottom of the trench (about 4 m below the surface and thus 2.4 m below the
173 reference horizon).

174 The AWS data show three periods with temperatures at or above freezing point, around
175 11 July, 29 July and 5 August 2012 (Fig. 5). In all three cases the warming comes along with
176 a significant decrease in snow albedo compared to the conventional (i.e. non-melt) values of

177 0.82-0.86 [Box et al., 2012]. A decrease of the snow surface height can be observed for both
178 sites, in particular a lowering of about 0.15 m at the NEEM site between 11 July and 21 July.

179 Based on our spatial melt record, we calculated the probability of finding a certain total
180 2012 melt layer thickness for an ice core drilled in the study area, shown in Fig. 6. We
181 find an average ice-equivalent melt layer thickness of 29 mm, corresponding to 20% of the
182 mean annual accumulation rate of about 140 kg m~ 2 a~? for the recent years [Schaller et al.,
183 2016]. By Monte Carlo sampling the probability distribution of total melt layer thicknesses at
184 a confidence level of 95%, we find the necessary number of ice cores to be 15 and 60 in order
185 to be within +10 mm or +5 mm of the mean value.
186 3.2 Snow cores
187 For the CLP cores, a decrease in shared variability R? of the two-meter density profiles
188 with distance can be observed along each line in Fig. 7. Here, distance is given with respect
189 to CLP_00 and the profiles along each line were compared to a stacked density profile of
190 the four profiles within the first 1 m by 1 m square (CLP_00 ... CLP_03). Orthogonal and
181 diagonal to the main wind direction, the shared variability strongly decreases within the first
192 15-20 m before staying rather constant at around 0.67. Parallel to the main wind direction,
193 however, a similar decline in shared variability within the first 5 m is followed by a much
184 slower (approximately linear) decrease from 0.81 at 5 m to 0.73 at 75 m.
195 For the LTX cores, we first determined the shared variance after DTW matching of five-
196 meter cores from the same trench with a certain distance (Fig. 8). Using linear regression,
197 we find the average R? to be decreasing parallel to the main wind direction (i.e. the LTW
198 trench) from about 0.79 at a distance of 5 m to 0.72 at 35 m. In contrast, for the orthogonal
199 LTO trench the values vary around a constant level of 0.71 4+ 0.01 for distances between 5
200 and 35 m. At distances larger than 35 m, we find similar R? values of about 0.71 for both
201 trenches. In a second step, we compared the decrease in R? along the LTW trench for three
202 consecutive depth intervals of 1.5 m each (omitting the last 0.5 m). As can be observed in
203 Fig. 9, all three intervals show the same trend but there are offsets with the highest correlations
204 occuring for 3—4.5 m. In order to further investigate this, we conducted spectral analyses of
205 stacked density profiles for the three depth intervals along the LTW trench (Fig. 10). We find
206 a significant (p < 0.05) peak in the spectrum of the 3—4.5 m interval for wavelengths around
207 0.6 m, while no such peak is present for the other intervals. Finally, we calculated the shared
208 variance between density profiles of cores from the different trenches (Fig. 11). Along the
209 LTO trench, we observe a significant decrease in R? with all LTW snow cores for positions 3—
210 5. Subsequently, it increases back to the original values for LTO positions 6-8 and decreases
211 again.
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212 4 Interpretation and Discussion

213 4.1 Melt at EGRIP

214 For the EGRIP melt record, we interpret the continuous thin melt crust (e.g. Fig. 2) as a
215 July or August 2012 near-surface or surface crust. Thus, we will use it as a reference horizon
216 to determine percolation depths for the other melt features (Fig. 3). The frequent appearance
217 of a second melt layer 0.05 m below is in accordance with melt experiments conducted for the
218 snow surface at Siple Dome, West Antarctica [Das and Alley, 2005], where comparable accu-
219 mulation rates and temperatures occur. About half of the total meltwater from summer 2012
220 refroze above the next prevalent melt feature, the ice lenses 0.3—0.4 m below the reference
221 horizon (Fig. 4). As the depth difference corresponds to the accumulation of one year [Valle-
222 longa et al., 2014], approximately one third of the meltwater refroze in the summer snow of
223 2011 after percolating through the winter snow of 2011/12. This agrees with melt observa-
224 tions in West Greenland [Pfeffer and Humphrey, 1998] showing that ice layers preferentially
225 form along the previous summer surface, which acts as a strong boundary for the meltwater to
226 penetrate through.

227 The remaining meltwater (at least 15%) percolated through more than one year of pre-
228 viously deposited material, predominantly along vertical melt pipes. We observed several
229 prominent melt pipes (Fig. 3), three of them with percolation depths of more than 2.4 m (and
230 thus spanning at least six years of accumulation in depth). For the GrIS, heterogeneous in-
231 filtration of meltwater to several meters depth along such pipe structures has already been
232 documented in snow pits [Pfeffer and Humphrey, 1996], tracked thermally and observed in
233 dye tracing experiments [Humphrey et al., 2012]. In a new study, an upward-looking radar
234 deployed in the firn allowed the first quasi-continuous observation of melt-water infiltration
235 along similar patterns indicating a much larger fraction of liquid water percolating through
236 the previous summer surface in 2016 [Heilig et al., personnel communication, 2017]. While
237 homogenous wetting front migration is prevalent in snow and firn near the freezing point, het-
238 erogenous infiltration has been identified as dominant in subfreezing firn [Parry et al., 2007].
239 However, all of these studies focussed on the percolation zone of the GrIS, while our site is
240 located further up within the accumulation zone of the plateau where mean annual (and thus
241 snow and firn) temperatures are significantly lower and melt is scarce. Thus, even though
242 the snow and firn are initially subfreezing for the different sites, the interplay and transitions
243 between the two mechanisms are not necessarily similar.

244 Apart from small plate-like ice lenses around the melt pipes we found no signs of hori-
245 zontal meltwater redistribution (i.e. lateral flow) for percolation depths larger than 0.6 m. Even
246 strong crusts (such as previous summer surfaces) that correspond to ice layers in the first 0.6 m
247 are not significantly affecting the melt pipes deeper in the firn. Interestingly, snow pit observa-
248 tions at NEEM, an ice-coring site 438 km north-west of EGRIP with very comparable surface
249 conditions [Schaller et al., 2016] (see also Fig. 5a for air temperatures north-west and south-
250 east of EGRIP), showed that the top 0.6 m were around melting point in July 2012 with the
251 deepest melt feature being an ice layer in a depth of 0.7 m [Nilsson et al., 2015]. We suggest
252 a similar warming of the snowpack at EGRIP (causing a homogenously advancing wetting
253 front) to explain the presence of melt features only in the top 0.6 m. Vertical water flow in the
254 firn was impeded by spatially extensive (newly formed) ice layers or strong crusts until break-
255 through events occured, draining the accumulated water at certain ”weak” points [as observed
256 in dye tracing experiments by Humphrey et al., 2012]. As the water percolated through the
257 underlying subfreezing firn, it refroze in the observed pipe structures.

258 Percolating water will be around freezing point within millimeters from the surface as
259 thermal equilibrium between sub-freezing snow or firn and inflowing water occurs on time
260 scales of seconds [Pfeffer et al., 1990]. The temperature of the inflowing water is expected
261 to be very close to freezing point (see Fig. 5a for air temperatures), so there is no significant
262 additional surface melting due to sensible heat transfer. As additional melting due to latent heat
263 release cannot exceed the amount of freezing inflowing water, the extent of the pipe structures
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264 corresponds to an equivalent water inflow of at least 10.5 mm of the total mapped 26.5 mm of
265 water-equivalent melt. There are two possible sources for this water inflow — rain or surface
266 melting. Rain on the Greenlandic plateau in summer 2012 is currently not represented in
267 regional climate models or reanalysis data [Tedesco et al., 2013], but was observed at NEEM
268 on 11 July 2012 [Nghiem et al., 2012]. As meltwater and (potential) rain will mix, we do not
269 terminologically distinguish between melt features and refrozen rainwater.

270 4.2 Insights from AWS data

271 At NEEM, temperatures were already around the freezing point on 10 July, but only
272 the rainfall on 11 July and the subsequent wetting of the snowpack caused the main decrease
273 of the snow albedo for this site (Fig. 5). On 13 July, sleet was recorded at NEEM [Nilsson
274 et al., 2015], which caused the snow albedo to partially recover. Melt conditions prevailed
275 until 16 July and the snow albedo stayed below the pre-melt values (indicating the snowpack
276 was still wet) until there was new snow after 21 July. For the snow height (Fig. 5c), a steady
277 decrease was observed between 11 July and 21 July, which we interpret as a combination of
278 surface melting and settling of the snowpack after rain and meltwater percolated through it.
279 We consider the latter to be predominant as the decay in snow height continues even though
280 the temperatures stayed below freezing point after 16 July. For the second warm phase (around
281 29 July) there was only a two-day decrease in snow albedo and no change in snow height. As
282 there are no reports of rain we conclude that only minor surface melting was present. Then
283 again, after temperatures above freezing point on 5 and 6 August, snow albedo was lowered
284 for several days along with a significant decrease in snow height. This may potentially indicate
285 another minor rain event.

286 In the light of the observations at NEEM (438 km north-west of EGRIP) and due to

287 their similarity, the AWS data from the NASA-E site (180 km south-east of EGRIP) can be
288 interpreted as an indicator for the conditions at EGRIP in July and August 2012 (Fig. 5). While

289 the first warm period (10-16 July) had much less of an impact there and the snow albedo had
290 mostly recovered by 18 July, the decrease in albedo was much more persistent in late July
291 and prevailed until after 6 August. Throughout the whole period (11 July to 11 August) the
292 snow surface lowered slowly for a total loss of about 0.08-0.1 m. In agreement with our
293 field observations, we conclude that there was some melting and maybe minor rainfall during
294 the first warm period when the first melt crusts and ice lenses were formed. Then, after the
295 snowpack had refrozen, further melting or rainfall occurred during the second or third warm
296 period, leading to the formation of distinctive melt pipes.

297 4.3 Implications for single-core melt records

208 The probability distribution of finding a certain total 2012 melt layer thickness when
299 drilling an ice core in the EGRIP area (Fig. 6) shows more variability than desirable for the
300 interpretion of single ice-core melt records. This is due to the documented large heterogeneity
301 of melt features that was already suggested by ground-penetrating radar measurements [e.g.
302 Brown et al., 2011]. Even though the absolute thickness values will decrease due to com-
303 paction and thinning (and thus only refer to drillings in the near future), the variability will
304 persist. 3% of cores drilled in the study area would contain more than 100 mm of refrozen wa-
305 ter. In order to obtain a value within +-10 mm of the average total melt layer thickness (29 mm)
306 with a 95% confidence, it would be necessary to drill fifteen ice cores in the study area. For a
307 precision of 5 mm one would already need to drill 60 ice cores. Thus melt records from sin-
308 gle ice cores [e.g. Alley and Koci, 1988; Langway and Shoji, 1990] have to be interpreted with
309 great caution. Exemplarily, for an ice core drilled in the study area, there are significant proba-
310 bilities to find the 2012 event represented by only thin crusts as well as melt features covering
3t several years of accumulation. Thin melt crusts can no longer be detected with reasonable cer-
312 tainty in deep ice cores [Alley and Anandakrishnan, 1995; Orsi et al., 2015], leading to melt
313 events being missed in single cores. Melt features that span several years may be interpreted as
314 multiple events. For sites with high melt frequencies, this uncertainty may be compensated by
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315 averaging over a sufficient amount of years (and thereby melt events) [e.g. Fisher et al., 2012],
316 but for cold sites, i.e. where melt is scarce, the representativity of single-core melt records is
317 doubtful.

318 4.4 Directional influence of the wind
319 Even though previous studies did focus on the variability of the snowpack along a fixed
320 direction [e.g. Laepple et al., 2016], a strong directional influence of the wind due to dune
321 formation and horizontal undulations was already suggested [Proksch et al., 2015]. We can
322 confirm these assumptions for both study sites, Kohnen (East Antarctica) and EGRIP (Green-
323 land). For the shared variance of the two-meter density profiles at Kohnen station (Fig. 7), a
324 significantly higher R? is preserved with distance along the main wind direction (and thereby
325 parallel to the dunes), while for the other two (orthogonal and diagonal) the values decrease
326 to a constant level of about 0.68 within the first 10—15 m. For the five-meter density profiles
327 from EGRIP, R? is linearly decreasing along the main wind direction, i.e. the LTW trench,
328 until a constant level is reached at 35-40 m distance (Fig. 8). In contrast, the R? values for the
329 orthogonal trench have already decreased to the same constant level at 5-10 m. As we apply a
330 matching algorithm for the density layering, this proves that individual stratigraphic features
3at are more persistent parallel to the dunes for both study sites. Thus, wind-driven redistribu-
332 tion of snow causes the snowpack to be significantly more homogenous along the main wind
333 direction.
334 We observed (summer) surface roughnesses (i.e. dune heights) of 0.2-0.3 m at both
335 sites and there are no significant differences in density (similar ranges and standard devia-
336 tions), while the accumulation rates differ by a factor of approximately two (62 kg m~2 a=!
397 at Kohnen [Oerter et al., 2000] compared to 120 kg m—2 a~! at EGRIP [Vallelonga et al.,
338 2014]). This may be the reason that we observe an even larger influence of wind-driven redis-
339 tribution at Kohnen, in the sense that even at a distance of 75 m an increased shared variability
340 prevails along the main wind direction, while the constant ”local” level is reached after 35—
341 40 m at EGRIP. In turn, a higher local level in shared variability at EGRIP may result from a
342 larger fraction of snow being deposited evenly (without significant redistribution) due to the
343 higher accumulation rate while erosion (and the resulting decrease in the local shared variabil-
344 ity) plays a bigger role at Kohnen.
345 The shared variance values seem to oscillate at a wavelength of 15-20 m for the LTO
346 trench (Fig. 8). This corresponds to the observed snowfield sizes between dunes formed by
347 strong wind events in East Antarctica [Birnbaum et al., 2010]. In order to quantiy this ob-
348 servation, we determined the shared variance between snow cores from the different trenches
349 (Fig. 11). Our interpretation of the distinct wave pattern along the LTO direction is an imprint
350 of the average distance of surface dunes that are formed along the main wind direction [Birn-
351 baum et al., 2010] and the snowfields between them. This further confirms the strong influence
352 of wind and its direction on the density stratigraphy of the snowpack.
353 4.5 Density evolution with depth
354 We then analyzed the influence of depth on the decrease in shared variance for the LTW
355 trench and do observe the same general trend, but significant offsets (Fig. 9). The lowest values
356 occur for the interval 1.5-3 m, which is a consequence of the various percolation features from
357 the 2012 melt event that are mostly limited to these depths. However, while the values for 0—
358 1.5 m are only slightly higher, we observe a positive offset of about 0.1 in R? for 3-4.5 m
359 depth. Thus, within the snowpack the shared variance seems to increase with depth. Notably,
360 for the majority of cases we also observe higher R? for the second meter in depth at Kohnen.
361 However, the picture is much less clear as there we only have one pair of snow cores for a
362 certain distance. In comparison, for EGRIP, Greenland, each data point is based on several
363 combinations due to the evenly spaced sampling.
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364 To investigate at which wavelength this increase in shared variance with depth occurs,
365 we conducted a FFT-based spectral analysis of the stacked 1.5 m density profiles (Fig. 10).
366 While most of the signals are indistinguishable from white noise, a significant (p<0.05) peak

367 is present in the 3—4.5 m interval at a wavelength of about 0.6 m, which corresponds to the
368 accumulation of two years. The fact that we observe a bi-annual peak is probably caused by
369 interannual variations in the local deposition rates, that are often compensated in consecutive
370 years as the surface partially levels out [Muench et al., 2016]. Thus, the seasonal cycle in
a7t density [Schaller et al., 2016; Laepple et al., 2016] builds up within the snowpack while the
ar2 high variability at the surface due to roughness and wind-driven redistribution of snow is

a73 steadily abating.

a7 5 Conclusions

375 A trench study of the snowpack at EGRIP, Greenland of high spatial resolution and and
a76 large horizontal and vertical extent allowed the first accurate determination of the local spatial
377 distribution of refrozen meltwater that resulted from the extremely high temperatures all over
a78 Greenland in July and August 2012. We observe large variations in the spatial distribution of
a79 total ice layer thickness that an ice core from the EGRIP area may contain. One would need
380 to drill fifteen ice cores in order for the average total melt thickness to be within 10 mm
381 of the average of 29 mm. The effect can be reduced for sites with large melt frequencies by
382 averaging multiple events, but there is no such remedy for low-melt sites. There, single melt
383 events will be significantly overestimated, while others will be missed completely. This raises
384 strong doubts about the representativity of single ice-core melt records from regions with low
385 melt frequencies. Furthermore, distinct melt pipes indicate deep heterogenous infiltration of
386 water in cold Greenlandic plateau firn through several years of accumulation with no signifi-
387 cant horizontal redistribution. One possible explanation is rainfall at the EGRIP field site (as
ass observed on other plateau sites in July 2012), a finding that is supported by AWS data. Neither
389 regional climate models nor reanalysis data do represent rainfall on the Greenlandic plateau
390 so far [Tedesco et al., 2013]. Incorporation of our results in both climate and percolation
391 modeling may benefit the understanding of extreme summer melt events, whose frequency
302 is expected to increase in the context of climate change [McGrath et al., 2013; Collins et al.,
3% 2013].

394 By analyzing snow-core arrays from Greenland and East Antarctica, we showed a sig-
395 nificantly higher homogeneity of the snow density along the main wind direction, proving that
396 wind-driven snow redistribution causes stratigraphic features to be more persistent. Orthogo-
397 nal to the main wind direction, we find an oscillating behavior of the shared variance, strongly
398 suggesting that buried surface structures (i.e. dunes and the interjacent snowfields) dominate
399 the local variability of the snow stratigraphy. These findings are of particular importance for
400 very low-accumulation sites, today as well as under glacial conditions, where the height of
401 surface features can easily exceed the net annual accumulation and thus the interplay of the
a02 underlying deposition mechanisms is not well-understood. Furthermore, the directional de-
403 pendence of the stratigraphic variability complicates the interpretation of areal signals (e.g.
404 from remote sensing). Estimation of representative profiles for such areas is not straightfor-
405 ward, but may require ground-based sampling.

406 For the EGRIP site, we find clear evidence of an increasing shared variability of snow
407 density with depth due to the developing seasonal cycle. Our data from East Antarctica indi-
408 cate the same behavior, but does not provide the statistical basis for a detailed investigation.
409 However, the observation of seasonal cycles evolving in East Antarctic firn [Hoerhold et al.,
410 2012; Laepple et al., 2016] suggests a similar effect. As a consequence we plan further inves-
411 tigations of the stratigraphic variability and its directional dependence on the East Antarctic
412 plateau with a focus on regions with very low accumulation rates.

413 All of these aspects are of particular importance for altimetry-based SMB estimations.
414 The conversion of volume to mass requires representative density profiles of the snow and
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415 firn, which are the largest source of uncertainty to date [Shepherd et al., 2012]. Improving
416 these profiles requires understanding both, the spatial variability of the density signal and its
417 evolution with depth (densification). Melt features act as reflectors for electromagnetic waves
418 and thus strongly affect remote-sensing signals by increasing the amount of volume scattering.
419 However, the necessary corrections cannot take into account their large spatial heterogeneity,
420 introducing an additional source of uncertainty.
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447 Figure 1. a)Map of the LTX trenches, sampled at EGRIP, Greenland, in May 2016. b) Zoomed section and

448 c) overview of the CLP liners taken at Kohnen station, East Antarctica, in January 2016.
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472 Figure 10. Spectral analysis of stacked 1.5 m density profiles from the LTW trench for three consecutive
473 depth intervals. The spectral powers (cross-correlations with a complex sinusoid of the wavelength given on
474 the x-axis) were normalized with respect to the absolute maximum. The eleven density profiles (LTW_0 to
475 LTW_10) were cut in the given intervals and stacked using the DTW algorithm as described in [Schaller et al.,
476 2016]. For the values within the gray box statistic significance (p < 0.05) has been checked by comparison to
477 white noise using Fisher’s g-statistic [Wichert et al., 2004].
10 4 0.85
0.8
0.75
i 0.7 &V
2 8
B= 0.65 §
z 06 g
— <
<=
0.554
0.5
0.45
0.4
4 6
LTO position
478 Figure 11. R? after DTW matching density profiles of five-meter snow cores from the LTX trenches. For a
479 map of the positions see Fig. 1. Please note the first liners (LTW_0 and LTO_0) were both taken 15 m from the
480 common origin in the respective trench.
15—

64



Signal formation in polar snow, firn and ice Christoph Schaller

481 References

482 Alley, R., and B. Koci (1988), Ice-Core Analysis at Site A, Greenland: Preliminary Results,

483 Ann. Glaciol., 10, 1-4, doi:10.1017/S0260305500004067.

484 Alley, R. B., and S. Anandakrishnan (1995), Variations in melt-layer frequency in the GISP2

a85 ice core: implications for Holocene summer temperatures in central Greenland, Ann.

486 Glaciol., 21, 64-70, doi:10.1017/S0260305500015615.

487 Bennartz, R., M. D. Shupe, D. D. Turner, V. P. Walden, K. Steffen, C. J. Cox, M. S. Kulie,

488 N. B. Miller, and C. Pettersen (2013), July 2012 Greenland melt extent enhanced by low-

489 level liquid clouds, Nature, 496(7443), 83-86, doi:10.1038/nature12002.

490 Birnbaum, G., J. Freitag, R. Brauner, G. Knig-Langlo, E. Schulz, S. Kipfstuhl, H. Oerter, C. H.

491 Reijmer, E. Schlosser, S. H. Faria, and others (2010), Strong-wind events and their influence

492 on the formation of snow dunes: observations from Kohnen station, Dronning Maud Land,

493 Antarctica, J. Glaciol., 56(199), 891-902, doi:10.3189/002214310794457272.

404 Box, J. E., X. Fettweis, J. C. Stroeve, M. Tedesco, D. K. Hall, and K. Steffen (2012), Greenland

495 ice sheet albedo feedback: thermodynamics and atmospheric drivers, Cryosphere, 6(4),

496 821-839, doi:10.5194/tc-6-821-2012.

497 Breant, C., P. Martinerie, A. Orsi, L. Arnaud, and A. Landais (2017), Modelling firn thick-

498 ness evolution during the last deglaciation: constraints on sensitivity to temperature and

499 impurities, Clim. Past, 13(7), 833853, doi:10.5194/cp-13-833-2017.

500 Brown, J., J. Harper, W. T. Pfeffer, N. Humphrey, and J. Bradford (2011), High-resolution

501 study of layering within the percolation and soaked facies of the Greenland ice sheet, Ann.

502 Glaciol., 52(59), 35-42.

503 Clausen, H., N. Gundestrup, S. Johnsen, R. Bindschadler, and J. Zwally (1988), Glaciological

504 Investigations in the Crlte Area, Central Greenland: A Search for a new Deep-Drilling Site,

505 Ann. Glaciol., 10, 10-15, doi:10.1017/S0260305500004080.

506 Colbeck, S. C. (1975), A theory for water flow through a layered snowpack, Water Resour.

507 Res., 11(2), 261-266, doi:10.1029/WR011i002p00261.

508 Colbeck, S. C. (1989), Air movement in snow due to windpumping, J. Glaciol., 35(120), 209—

509 213.

510 Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W. J.

511 Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A. J. Weaver, and M. Wehner

512 (2013), Chapter 12 - Long-term climate change: Projections, commitments and irreversibil-

513 ity, in Climate Change 2013: The Physical Science Basis. IPCC Working Group I Contri-

514 bution to ARS, edited by IPCC, Cambridge University Press, Cambridge.

515 Cooley, J. W., and J. W. Tukey (1965), An algorithm for the machine calculation of complex

516 Fourier series, Math. Comput., 19(90), 297-301, doi:10.1090/S0025-5718-1965-0178586-

517 1

518 Das, S. B., and R. B. Alley (2005), Characterization and formation of melt layers in polar

519 snow: observations and experiments from West Antarctica, J. Glaciol., 51(173), 307-312,

520 doi:10.3189/172756505781829395.

521 Das, S. B., and R. B. Alley (2008), Rise in frequency of surface melting at Siple Dome through

522 the Holocene: Evidence for increasing marine influence on the climate of West Antarctica,

523 J. Geophys. Res., 113(D2), doi:10.1029/2007JD008790.

524 Durand, M., E. J. Kim, S. A. Margulis, and N. P. Molotch (2011), A First-Order Char-

525 acterization of Errors From Neglecting Stratigraphy in Forward and Inverse Passive

526 Microwave Modeling of Snow, IEEE Geosci. Remote Sens. Lett., 8(4), 730-734, doi:

527 10.1109/LGRS.2011.2105243.

528 Enderlin, E. M., I. M. Howat, S. Jeong, M.-J. Noh, J. H. van Angelen, and M. R. van den

529 Broeke (2014), An improved mass budget for the Greenland ice sheet, Geophys. Res. Lett.,

530 41(3), 866-872, doi:10.1002/2013GL059010.

531 Ettema, J., M. R. van den Broeke, E. van Meijgaard, W. J. van de Berg, J. L. Bam-

532 ber, J. E. Box, and R. C. Bales (2009), Higher surface mass balance of the Greenland

533 ice sheet revealed by high-resolution climate modeling, Geophys. Res. Lett., 36(12), doi:
16—

65



Signal formation in polar snow, firn and ice Christoph Schaller

534 10.1029/2009GL038110.

535 Fausto, R. S., D. van As, J. E. Box, W. Colgan, P. L. Langen, and R. H. Mottram (2016),
536 The implication of nonradiative energy fluxes dominating Greenland ice sheet excep-
537 tional ablation area surface melt in 2012, Geophys. Res. Lett., 43(6), 2649-2658, doi:
538 10.1002/2016GL067720.

539 Fettweis, X., E. Hanna, C. Lang, A. Belleflamme, M. Erpicum, and H. Galle (2013), Important
540 role of the mid-tropospheric atmospheric circulation in the recent surface melt increase over
541 the Greenland ice sheet, Cryosphere, 7(1), 241-248, doi:10.5194/tc-7-241-2013.

542 Fisher, D., J. Zheng, D. Burgess, C. Zdanowicz, C. Kinnard, M. Sharp, and J. Bourgeois
543 (2012), Recent melt rates of Canadian arctic ice caps are the highest in four millennia,
544 Global Planet. Change, 8485, 37, doi:10.1016/j.gloplacha.2011.06.005.

545 Freitag, J., S. Kipfstuhl, T. Laepple, and F. Wilhelms (2013a), Impurity-controlled den-
546 sification: a new model for stratified polar firn, J. Glaciol., 59(218), 1163-1169, doi:
547 10.3189/2013J0G13J042.

548 Freitag, J., S. Kipfstuhl, and T. Laepple (2013b), Core-scale radioscopic imaging: a new
549 method reveals densitycalcium link in Antarctic firn, J. Glaciol., 59(218), 1009-1014, doi:
550 10.3189/2013J0G13J028.

551 Hall, D., J. E. Box, K. Casey, S. Hook, C. Shuman, and K. Steffen (2008), Comparison of
552 satellite-derived and in-situ observations of ice and snow surface temperatures over Green-
553 land, Remote Sens. Environ., 112(10), 3739-3749, doi:10.1016/j.rse.2008.05.007.

554 Hall, D. K., J. C. Comiso, N. E. DiGirolamo, C. A. Shuman, J. E. Box, and L. S. Koenig
555 (2013), Variability in the surface temperature and melt extent of the Greenland ice sheet
556 from MODIS, Geophys. Res. Lett., 40(10), 2114-2120, doi:10.1002/grl.50240.

557 Herron, M. M., and C. C. Langway (1980), Firn Densification: An Empirical Model, J.
558 Glaciol., 25(93), 373-385, doi:10.1017/S0022143000015239.

559 Hoerhold, M., T. Laepple, J. Freitag, M. Bigler, H. Fischer, and S. Kipfstuhl (2012), On the
560 impact of impurities on the densification of polar firn, Earth Planet. Sci. Lett., 325326, 93—
561 99, doi:10.1016/j.epsl.2011.12.022.

562 Hoerhold, M. W., S. Kipfstuhl, F. Wilhelms, J. Freitag, and A. Frenzel (2011),
563 The densification of layered polar firn, J. Geophys. Res. Earth Surf., 116(F1001), doi:
564 10.1029/2009JF001630.

565 Humphrey, N. F., J. T. Harper, and W. T. Pfeffer (2012), Thermal tracking of melt-
566 water retention in Greenland’s accumulation area, J. Geophys. Res., 117(F01010), doi:
567 10.1029/2011JF002083.

568 Laepple, T., M. Hoerhold, T. Muench, J. Freitag, A. Wegner, and S. Kipfstuhl (2016), Lay-
569 ering of surface snow and firn at Kohnen Station, Antarctica: Noise or seasonal signal?, J.
570 Geophys. Res. Earth Surf., 121(10), 1849-1860, doi:10.1002/2016JF003919.

571 Langway, C. C., and H. Shoji (1990), Past Temperature Record From The Analysis of
572 Melt Features In The Dye 3, Greenland, Ice Core, Ann. Glaciol., 14, 343-344, doi:
573 10.1017/S0260305500009095.

574 Libois, Q., G. Picard, L. Arnaud, S. Morin, and E. Brun (2014), Modeling the impact of
575 snow drift on the decameter-scale variability of snow properties on the Antarctic Plateau, J.
576 Geophys. Res., 119(20), 11,662-11,681, doi:10.1002/2014JD022361.

577 McGrath, D., W. Colgan, N. Bayou, A. Muto, and K. Steffen (2013), Recent warming at
578 Summit, Greenland: Global context and implications, Geophys. Res. Lett., 40(10), 2091—
579 2096, doi:10.1002/gr1.50456.

580 McMillan, M., A. Leeson, A. Shepherd, K. Briggs, T. W. K. Armitage, A. Hogg,
581 P. Kuipers Munneke, M. van den Broeke, B. Nol, W. J. van de Berg, S. Ligtenberg, M. Hor-
582 wath, A. Groh, A. Muir, and L. Gilbert (2016), A high-resolution record of Greenland mass
583 balance: High-Resolution Greenland Mass Balance, Geophys. Res. Lett., 43(13), 7002—
584 7010, doi:10.1002/2016GL069666.

585 Muench, T., S. Kipfstuhl, J. Freitag, H. Meyer, and T. Laepple (2016), Regional climate signal
586 vs. local noise: a two-dimensional view of water isotopes in Antarctic firn at Kohnen Sta-
587 tion, Dronning Maud Land, Clim. Past, 12(7), 1565-1581, doi:10.5194/cp-12-1565-2016.

~17-

66



Signal formation in polar snow, firn and ice Christoph Schaller

588 Nghiem, S. V., D. K. Hall, T. L. Mote, M. Tedesco, M. R. Albert, K. Keegan, C. A. Shuman,

589 N. E. DiGirolamo, and G. Neumann (2012), The extreme melt across the Greenland ice
590 sheet in 2012, Geophys. Res. Lett., 39(20), doi:10.1029/2012GL053611.
591 Nilsson, J., P. Vallelonga, S. B. Simonsen, L. S. Srensen, R. Forsberg, D. Dahl-Jensen,
502 M. Hirabayashi, K. Goto-Azuma, C. S. Hvidberg, H. A. Kjaer, and K. Satow (2015), Green-
503 land 2012 melt event effects on CryoSat-2 radar altimetry, Geophys. Res. Lett., 42(10),
594 3919-3926, doi:10.1002/2015GL063296.
505 Oerter, H., F. Wilhelms, F. Jung-Rothenhusler, F. Gktas, H. Miller, W. Graf, and S. Sommer
506 (2000), Accumulation rates in Dronning Maud Land, Antarctica, as revealed by dielectric-
507 profiling measurements of shallow firn cores, Ann. Glaciol., 30(1), 27-34.
508 Orsi, A. J., K. Kawamura, J. M. Fegyveresi, M. A. Headly, R. B. Alley, and J. P. Severinghaus
599 (2015), Differentiating bubble-free layers from melt layers in ice cores using noble gases,
600 J. Glaciol., 61(227), 585-594, doi:10.3189/2015J0G14J237.
601 Parry, V., P. Nienow, D. Mair, J. Scott, B. Hubbard, K. Steffen, and D. Wingham (2007),
602 Investigations of meltwater refreezing and density variations in the snowpack and firn within
603 the percolation zone of the Greenland ice sheet, Ann. Glaciol., 46(1), 61-68.
604 Pfeffer, W. T., and N. F. Humphrey (1996), Determination of timing and location of water
605 movement and ice-layer formation by temperature measurements in sub-freezing snow, J.
606 Glaciol., 42(141), 292-304, doi:10.1017/S0022143000004159.
607 Pfeffer, W. T., and N. F. Humphrey (1998), Formation of ice layers by infiltration and refreez-
608 ing of meltwater, Ann. Glaciol., 26, 83-91, doi:10.1017/S0260305500014610.
609 Pfeffer, W. T., T. H. Illangasekare, and M. F. Meier (1990), Analysis and Mod-
610 eling of Melt-Water Refreezing in Dry Snow, J. Glaciol., 36(123), 238-246, doi:
611 10.3189/50022143000009497.
612 Picard, G., L. Brucker, A. Roy, F. Dupont, M. Fily, A. Royer, and C. Harlow (2013), Sim-
613 ulation of the microwave emission of multi-layered snowpacks using the Dense Media
614 Radiative transfer theory: the DMRT-ML model, Geosci. Model Dev., 6(4), 1061-1078,
615 doi:10.5194/gmd-6-1061-2013.
616 Proksch, M., H. Loewe, and M. Schneebeli (2015), Density, specific surface area, and cor-
617 relation length of snow measured by high-resolution penetrometry, J. Geophys. Res. Earth
618 Surf., 120(2), 346-362, doi:10.1002/2014JF003266.
619 Reijmer, C. H., and M. R. van den Broeke (2003), Temporal and spatial variability of the sur-
620 face mass balance in Dronning Maud Land, Antarctica, as derived from automatic weather
621 stations, J. Glaciol., 49(167), 512-520, doi:10.3189/172756503781830494.
622 Reijmer, C. H., M. R. van den Broeke, X. Fettweis, J. Ettema, and L. B. Stap (2012), Re-
623 freezing on the Greenland ice sheet: a comparison of parameterizations, Cryosphere, 6(4),
624 743-762, doi:10.5194/tc-6-743-2012.
625 Rowe, C. M., M. R. Anderson, T. L. Mote, and K. C. Kuivinen (1995), Indications of melt in
626 near-surface ice-core stratigraphy: comparisons with passive-microwave melt signals over
627 the Greenland ice sheet, Ann. Glaciol., 21, 59-63, doi:10.1017/S0260305500015603.
628 Rutter, N., M. Sandells, C. Derksen, P. Toose, A. Royer, B. Montpetit, A. Langlois, J. Lem-
629 metyinen, and J. Pulliainen (2014), Snow stratigraphic heterogeneity within ground-based
630 passive microwave radiometer footprints: Implications for emission modeling, J. Geophys.
631 Res. Earth Surf., 119(3), 550-565, doi:10.1002/2013JF003017.
632 Schaller, C. E,, J. Freitag, S. Kipfstuhl, T. Laepple, H. C. Steen-Larsen, and O. Eisen (2016), A
633 representative density profile of the North Greenland snowpack, Cryosphere, 10(5), 1991—
634 2002, doi:10.5194/tc-10-1991-2016.
635 Schaller, C. F., J. Freitag, and O. Eisen (2017a), Critical porosity of gas enclosure in polar firn
636 independent of climate, Clim. Past, 13(11), 1685-1693, doi:10.5194/cp-13-1685-2017.
637 Schaller, C. E, S. Kipfstuhl, H. C. Steen-Larsen, J. Freitag, and O. Eisen (2017b), Spatial
638 variability of density stratigraphy and melt features for two polar snowpacks in Greenland
639 and East Antarctica, PANGAEA, doi:10.1594/PANGAEA.884003.
640 Schwander, J., and B. Stauffer (1984), Age difference between polar ice and the air trapped in
641 its bubbles, Nature, 311(5981), 45-47, doi:10.1038/311045a0.

—18—

67



Signal formation in polar snow, firn and ice

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

Severinghaus, J. P., A. Grachev, and M. Battle (2001), Thermal fractionation of air in polar
firn by seasonal temperature gradients, Geochem. Geophys., 2(7).

Shepherd, A., E. R. Ivins, G. A, V. R. Barletta, M. J. Bentley, S. Bettadpur, K. H. Briggs,
D. H. Bromwich, R. Forsberg, N. Galin, M. Horwath, S. Jacobs, 1. Joughin, M. A. King,
J. T. M. Lenaerts, J. Li, S. R. M. Ligtenberg, A. Luckman, S. B. Luthcke, M. McMillan,
R. Meister, G. Milne, J. Mouginot, A. Muir, J. P. Nicolas, J. Paden, A. J. Payne, H. Pritchard,
E. Rignot, H. Rott, L. S. Sorensen, T. A. Scambos, B. Scheuchl, E. J. O. Schrama, B. Smith,
A. V. Sundal, J. H. van Angelen, W. J. van de Berg, M. R. van den Broeke, D. G. Vaughan,
I. Velicogna, J. Wahr, P. L. Whitehouse, D. J. Wingham, D. Yi, D. Young, and H. J. Zwally
(2012), A Reconciled Estimate of Ice-Sheet Mass Balance, Science, 338(6111), 1183-1189,
doi:10.1126/science.1228102.

Steffen, K., J. E. Box, and W. Abdalati (1996), Greenland Climate Network: GC-Net, in
Glaciers, Ice Sheets and Volcanoes: A Tribute to Mark F. Meier, edited by S. C. Colbeck,
pp- 98-103, US Army Cold Regions Research and Engineering Laboratory, Hanover, NH.

Stroeve, J. C., J. E. Box, and T. Haran (2006), Evaluation of the MODIS (MOD10al) daily
snow albedo product over the Greenland ice sheet, Remote Sens. Environ., 105(2), 155-171,
doi:10.1016/j.rse.2006.06.009.

Tedesco, M. (2007), Snowmelt detection over the Greenland ice sheet from SSM/I brightness
temperature daily variations, Geophys. Res. Lett., 34(2), doi:10.1029/2006GL028466.

Tedesco, M., X. Fettweis, T. Mote, J. Wahr, P. Alexander, J. E. Box, and B. Wouters (2013),
Evidence and analysis of 2012 Greenland records from spaceborne observations, a regional
climate model and reanalysis data, Cryosphere, 7(2), 615-630, doi:10.5194/tc-7-615-2013.

Vallelonga, P., K. Christianson, R. B. Alley, S. Anandakrishnan, J. E. M. Christian, D. Dahl-
Jensen, V. Gkinis, C. Holme, R. W. Jacobel, N. B. Karlsson, B. A. Keisling, S. Kipfstuhl,
H. A. Kjr, M. E. L. Kristensen, A. Muto, L. E. Peters, T. Popp, K. L. Riverman, A. M.
Svensson, C. Tibuleac, B. M. Vinther, Y. Weng, and M. Winstrup (2014), Initial results from
geophysical surveys and shallow coring of the Northeast Greenland Ice Stream (NEGIS),
Cryosphere, 8(4), 1275-1287, doi:10.5194/tc-8-1275-2014.

van den Broeke, M., J. Bamber, J. Ettema, E. Rignot, E. Schrama, W. J. van de Berg, E. van
Meijgaard, 1. Velicogna, and B. Wouters (2009), Partitioning Recent Greenland Mass Loss,
Science, 326(5955), 984-986, doi:10.1126/science.1178176.

Wichert, S., K. Fokianos, and K. Strimmer (2004), Identifying periodically ex-
pressed transcripts in microarray time series data, Bioinformatics, 20(1), 5-20, doi:
10.1093/bioinformatics/btg364.

19—

68

Christoph Schaller



