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Zusammenfassung

Eisbohrkerne aus den Polargebieten stellen ein einzigartiges Archiv des Klima-
systems der Erde dar. Allerdings kann die Représentativitat dieser Eiskerne auf-
grund der komplexen logistischen Rahmenbedingungen nicht auf direktem Wege
untersucht werden. Méglich ist allerdings die Analyse der raumlichen Variabilitat

in polarem Schnee und Firn. In Kombination mit einem verbesserten Verstéandnis
der Bildung palé&oklimatischer Signale in Eiskernen mit zunehmender Tiefe, kdn-
nen diese Ergebnisse zu einer Abschatzung der Reprasentativitdt herangezogen
werden. In der vorliegenden Arbeit werden réntgentomographische Messungen
genutzt um Stratigraphie und Mikrostruktur von polarem Schnee und Firn zer-
stérungsfrei zu untersuchen. So werden Beitrage zu beiden Teilgebieten dieses
indirekten Ansatzes geliefert.

Neue Methoden zur Beprobung der Schneeau age und der Identi kation ko-
harenter Signale in raumlich verteilten Datensatzen werden vorgestellt. Diese
werden angewandt um die rAumliche Variabilitat auf der lokalen (Schachtstudi-
en in Gronland und der Ostantarktis, bis zu 100 m Entfernung) ebenso wie der
regionalen Skala (Traverse durch Nordgrénland, 450 km) zu untersuchen. Der
Algorithmus zur Ahnlichkeitsbestimmung wird anhand zufllig erzeugter Pro le
mit den statistischen Eigenschaften der Originaldaten validiert. Zweidimensiona-
le Rontgentomographie dient als Indikator fur die Schnee- und Firnstratigraphie,
die Datierung erfolgt anhand des 20-Signals.

Die Ergebnisse belegen eine signi kante regionale Komponente der Dichte-
schichtung, welche tber hunderte Kilometer nachweisbar ist. Lokal zeigt sich ein
starker richtungsabhéangiger Ein uss des Windes mit erhéhter Homogenitat ent-
lang der vorherrschenden Windrichtung. Da Dichte ein wichtiger Eingangspara-
meter fur die Fernerkundung und Abschatzungen der Massenbilanz der Ober &-
che ist, besteht Bedarf an reprasentativen Pro len und Mittelwerten der Dichte.
Ein solches Pro | wird fir die obersten zwei Meter der Schneeau age in Nord-
gronland bereitgestellt. Fir achige Signale auf der lokalen Skala (z. B. altimetri-
sche Messungen) werden derartige Abschatzungen durch die richtungsabhangigen
Ein Usse auf die Variabilitat deutlich erschwert.

Da die Dichteschichtung massiv durch Schmelzen der Schneeober dche beein-
usst wird, werden Schmelzlagen aus dem warmen gronlandischen Sommer des
Jahres 2012 gesondert betrachtet. Die ausgepragte Heterogenitat dieses Schmel-
zens hat nicht nur groyen Ein uss auf die Fernerkundung (da sie als Re ektoren
fur 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 flr 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
fur die Untersuchung von paldoklimatischen Phasenzusammenhangen.

Mit Hilfe des Datensatzes wird nachgewiesen, dass es sich bei der kritischen
Porositat des Porenabschlusses um eine klimaunabhéngige Konstante handelt.
Diese Erkenntnis wird durch Perkolationstheorie gestitzt. Die Berticksichtigung
der Ergebnisse hat nennenswerten Ein uss auf die Datierung der Gasphase
Abweichungen von anderen Klimaproxies reduzieren sich um bis zu mehr als 1.000
Jahre. Erganzend wird gezeigt, warum vorherige Studien irrefihrende Resultate
lieferten.
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Abstract

Polar ice cores act as a unigue 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 rn 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 rn.
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 pro les with the same statistical properties
as the original data. Snow and rn density as markers of stratigraphy are deter-
mined by two-dimensional radioscopic imaging, the water-isotopic 180 signal is
used for age dating.

The results show that regionally a signi cant share of the stratigraphic density
signal persists over hundreds of kilometers. Locally, there is a strong directional
in uence 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 pro les or mean values
of snow and rn density are required. Such a pro le 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 signi cantly 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 quanti ed, which does not
only a ect remote measurements (where ice layers act as re ectors for electro-
magnetic waves) but also strongly in uences the ability to interpret single-core
melt records.

Methodological advances in the three-dimensional computed tomography of
polar rn allow the creation of a rst extensive dataset of direct rn-micro-
structure measurements. Three ice cores that represent di erent 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 di erence, 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 nding that is corroborated by percolation
theory. Incorporation of this result signi cantly in uences 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 |

Schaller, C. F., Freitag, J., Kipfstuhl, S., Laepple, T., Steen-Larsen, H. C., and Eisen,
O.: A representative density pro le of the North Greenland snowpacklhe 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 eld 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 I

Schaller, C. F., Freitag, J., and Eisen, O.: Critical porosity of gas enclosure in polar rn
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 IlI

Schaller, C. F., Kipfstuhl, S., Steen-Larsen, H. C., Freitag, J., and Eisen, O.: On the
in uence of polar snowpack stratigraphy on the interpretation of ice-core and altimetry
data, Journal of Geophysical Research: Earth Surfacender 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 scienti ¢ advances, inter alia presenting
possible future scenariodPCC, 2014].

Both, the decay of the West Antarctic ice sheet (WAIS) and the Greenland ice sheet
(GrlIS) 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 yearsllenton 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 yeartMgGrath et al.,
2013]. The trend culminated in the extreme summer of 2012 when melt was recorded
for 98.:6% of the ice sheet's extentNghiem et al, 2012]. As also the Arctic sea ice is
rapidly declining in extent and thickness $troeve et al, 2014], the Arctic climate can

no longer be considered to be in a steady statBHatt 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 [elNEEM 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 seawdarnes and
Hillenbrand, 2010] and sediment samples recovered from underneath the WA lie-

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 monitoredRignot 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 unigue source of paleoclimatic
information as the ice and the enclosed air provide various continuous records of past
atmospheric conditions [Legrand and Mayewski1997]. 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 yearBigcher

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 year&PICA
community members 2004].

The storage of paleoclimatic information in polar ice and the enclosed air is largely
in uenced by the transformation of snow to ice (" rni cation"). The transport of air
within the porous snow and rn [Colbeck 1989; Severinghaus et al.2001] as well as
the trapping of gas bubbles$chwander and Stau er 1984] are controlled by rn den-

si cation [Herron and Langway 1980;Freitag et al., 2013a]. In this context, a quantity

of particular interest is the age di erence between enclosed air and surrounding ice (up
to 7,000 years within the existing recordsHender et al, 2006]). Accurate estimates
of this value are required to relate the gas- and ice-recordBdrrenin et al., 2012].
At the same time, snow and rn stratigraphy strongly a ect 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 $hepherd 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 age for past and present conditions using models of rn densi-
cation [ Herron and Langway 1980;Freitag et al., 2013a] and rn-air transport [Seve-
ringhaus and Battle 2006;Mitchell et al., 2015].

While such modeled chronologies show good agreement witAN of N, (as a proxy for

rn height [ Sowers et al. 1992]) for high accumulation sites§chwander et al. 1997],
there is a mismatch of up to 2,000 years in age for the East Antarctic plateauBender
et al., 2006; Parrenin et al.,, 2012]. Several possible explanations, such as impurity
e ects on rn densi cation [ 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 compositidrajpndais

et al., 2006] were discussed in previous studies.

3.3 Density stratigraphy of polar snow and rn

The vertical density variability in the rn was observed to

be depth-dependentiioerhold et al, 2011]. A seasonal cy- s
cle in density develops with depth, which was attributed =
to the inuence of impurity concentrations (particularly &
Ca®") on the densi cation [Hoerhold et al, 2012; Freitag

et al., 2013a]. Knowledge of the density stratigraphy is re- =
quired for remote-sensing applications [e.dRicard et al.,
2013], where it is a large source of uncertainty. For ex-
ample, the error in retrieved snow height approaches 509igure 3: Example of
when stratigraphy is neglectedPurand 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 a ected
by wind-driven redistribution of snow [Libois et al,, 2014].
The resulting stratigraphic noise has a particularly strong
in uence for low accumulation sites, overprinting a seasonal

density cycle in the snowl[aepple et al, 2016]. Polar snow surfaces are often characteri-
zed by horizontal undulations as dunes formed along the main wind direction separate
individual snow elds [Birnbaum et al., 2010]. Burial of surface features increases the
spatial variability of the density stratigraphy [Proksch et al, 2015].

3.4 The inuence 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 feedbdibx| et al., 2012].
Depending on the surrounding conditions, the melt water can either run o or be
retained or refrozen in the snow and rn below. Di erent mechanisms for melt wa-
ter percolating through snow and rn were identi ed. While homogeneous wetting
front migration is dominant in snow and rn near the freezing point, heterogeneous
in Itration (often along pipe structures [Pfe er and Humphrey, 1996]) is prevalent in
subfreezing rn [Parry et al., 2007]. Melt experiments in West Antarctica have shown
that lateral ow along crust layers and subsequent refreezing of melt water leads to the
formation of near-surface melt layersjas and Alley, 2005]. Several modeling studies
have worked towards a quanti cation of refreezing based on energy balan€olbeck
1975;Pfe er et al., 1990]. However, these models lack veri cation with in-situ data [as

5
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reviewed byReijmer et al., 2012]. Furthermore, they are not able to represent the com-
plex three-dimensional percolation patterns observed in the eld [e.¢lumphrey et al,
2012]. Regional climate models suggest that approximately 50% of annual melt water
is refrozen in GreenlandEttema et al, 2009].

B L R SRR

TR TR RO PR

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 34 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 [[angway and Shoji 1990;Alley and
Anandakrishnan 1995]. These days, remote-sensing allows
the detection of surface melting using passive microwave
data [Tedescq 2007;Hall et al., 2013]. While for regions
of high melt frequency (e.g. South Greenland) satellite-
derived melting was linked to shallow-core dataHowe
et al.,, 1995], the e ects 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 cor€dajusen et al,
1988], but there is no consistent spatial pattern in the existence and volume of the

observed melt features.
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CT Tool Feature

Previous solution

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

Unspeci ed folder structure

Printable protocols from within the tool,
meta les assigned to each measurement

Handwritten protocols

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

ImageJ macro

Automated creation of density pro les
for each scan

Semi-automated creation of gray value

pro les in ImageJ

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

Calibration curve based on scan of

pure-ice samples, veri ed with one ice

cube in every measurement

Automated compounding of density
pro les (incl. correction for cutting
e ects at the transitions)

Manual compounding of gray value

pro les, collective conversion to density

Semi-automated break correction based
on 2-D images

Manual break correction of density
pro le

Automated tube correction based on

empty tube being part of the scan (if

feasible, otherwise using a prescribed
empty tube pro le)

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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Distinguishing between closed and open pores in the vicinity of the rn-ice transition
requires both a su ciently high resolution (<30 um) and a certain sample size (to
eliminate the e ect of cut pores at the sample surfaceMartinerie 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 Il features the rst extensive dataset of direct rn-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 Il 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 xed threshold) are unable to account for small changes in illumination or
scattering (e.g. induced by uctuations in ice-core geometry), a more sophisticated yet
e cient segmentation algorithm was adapted for the speci ¢ application (detection of
the pore space within the rn down to the smallest channels)Nguyen et al, 2011].

In addition to the plain segmentation, the algorithm also di erentiates 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 pro les) and locally (for one site in Greenland and one site in
East Antarctica, Publication Ill, 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 signi cant part of
the shared variability persists over hundreds of kilometers. This allows the construc-
tion of a representative density pro le for the North Greenland snowpack. Dating of
the 80 signal enables the deduction of annual accumulation rates and the investiga-
tion of interannual variabilities. Finally, the relations of 20 with both density and
accumulation rate are analyzed.

Locally, a strong directional in uence of the wind on the small-scale variability of the
snowpack is quanti ed. 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.
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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 1) and local (Publication Ill) 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 signi cant horizontal
redistribution, indicates deep in ltration of melt (and potentially rain) water in cold
Greenlandic plateau rn.

4.2.3 Firn microstructure

In Publication II, rn microstructure throughout the lock-in zone is analyzed for three
ice cores representing di erent 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 solidi ed by showing why previous measurements
suggested a climatic dependencMfrtinerie 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 pro les along a 450 km-traverse (Pu-
blication 1) 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 con guration 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 in uence of surface structure and wind-driven redistribution of snow
(Publication 111) 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 GreenlandSchwander et al.1997].

4.3.2 Paleoclimatic interpretations

For the di erent sites along the traverse (Publication [), a positive linear relation of
annual accumulation rate and average'®O was deduced. However, there seems to be
a (presumably temperature-dependent) o set between the years. This may indicate
that the simple relations between 0 and accumulation rate and temperature, that
are commonly used in paleoclimatic reconstructions from deep ice cores [@gtre-

nin et al., 2012], may not hold for di erent climatic conditions, particularly glacials.
Deviations of these relations were previously discussed as potential reasons for dating
mismatches [andais et al, 2006].
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Incorporation of a constant critical porosity (Publication Il) in rn-air models can be
used to explain more than 1,000 years of the 2,000-year mismatch between modeled
age and N for the Vostok ice core Bender et al, 2006]. Furthermore, the density
layering of the rn in the lock-in zone was identi ed as an important factor for pore
enclosure, in particular for the air content (e.g. due to sealing e ects). Layering is
known to change with climatic conditions, but is not well-represented in current rn
models. Accounting for a stronger layering during glacial8gndel et al, 2013] may
further reduce the remaining mismatch. It will also bene t the understanding of the
air-content signal, which seems to be anti-correlated with insolatiorRhynaud et al,
2007]. However, the underlying physical mechanisms are unknoviidher et al., 2016].

4.3.3 Remote measurements and surface melting

The directional dependence of the stratigraphic variability on the local scale (Publica-
tion I11) also a ects the interpretation of areal signals (e.g. from altimetry). However,
the conversion of volume to mass requires representative density pro les, which are
the largest source of uncertainty for surface mass balance estimates to d&adpherd
et al., 2012]. A regionally representative pro le 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 bene t the creation and accuracy of these pro les.

Melt features are a second source of uncertainty for remote-sensing signals they act
as re ectors for electromagnetic waves and increase the amount of volume scattering.
However, their large spatial heterogeneity (Publication 1Il) 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 e ect can be reduced
by stacking multiple melt records, still individual events may either be overestimated
or missed completely.

Refreezing, retention and runo 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 §icGrath et al., 2013]. Rainfall was observed on the
Greenlandic plateau in the summer of 2012\jlsson et al, 2015]. However, rain at
higher altitudes of the polar ice sheets is currently not represented in regional climate
models or reanalysis dataTedesco et al. 2013]. Its in uence on the surface energy
budget is unclear Fausto et al, 2016].
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5 Outlook

5.1 25-D a new AWI-lce-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 nal 2-D image. Even though a
signi cant share of the information may be redundant (as ba-
sically the same ice is penetrated at a di erent 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 rn. The basic idea was tested for selected core segments
(with distinct layering) and is described in Algorithm 1. Under
the assumptlo_n_of homogeneous layers _separated by su C'emi:igure 8 A laye-
ly sharp transitions, the output of Algorithm 1 can be used d rncore sample
to generate images of layered snow and rn cores (e.g. Fig. 8(rf P

. : ) . utput of the 2.5-D
and improved density pro les with sharper transitions between

individual layers. algorithm.

Algorithm 1 2.5-D CT Basic algorithm

1. Generate 2-D images for a xed set of penetration angles (e.g7:5 to 7:5 at
steps of 05 ).

2. For each angle:

2.1. Apply an edge detection lter (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 nal edges to the set, until there is no edge with a strength
above a certain threshold.
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5.4 Gas enclosure and rn sintering

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

A second interesting continuation would be a quanti cation of closed bubbles and mi-
crobubbles in shallow rn. Recent air-content measurements suggest that there already
is a signi cant amount of enclosed air way above the lock-in zonKdbashi et al, 2015].

In case these bubbles do not open up again due to rn densi cation, their incorporation
in rn air models would signi cantly broaden the resulting gas-age distribution.

Finally, there is a joint German-French proposal for a new rn model in order to
determine the impact of layering on air entrapment and the gas record. A combination
of recent advances regarding the in uence of rn microstructure (Publication Il) and
impurities [Freitag et al,, 2013a;Breant et al., 2017] on rn densi cation may not only
allow for further reduction of existing mismatches (such as age 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 e ects of physical properties of the
rn on the gas record (e.g. air content and di usion) 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 in uence 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-alonetes, Firn cores were drilled at sites 12,
snowpack model for polar low-accumulation14 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) quanti cation 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 pro les).
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 coresPANGAEA, 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. PANGAEA, https://doi.org/10.1594/PANGAEA.884003
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Abstract. Along a traverse through North Greenland in to regional climate modeling (e.g., Fettweis, 2007) and to
May 2015 we collected snow cores up to 2m depth and aniarge-scale climate simulations constrained by weather sta-
alyzed their density and water isotopic composition. A newtion data and ice core records (e.g., Hanna et al., 2011).
sampling technique and an adapted algorithm for comparEven though rst accumulation and density measurements
ing data sets from different sites and aligning stratigraphichad already been carried out in 1952—-1954 (Bull, 1958) us-
features are presented. We nd good agreement of the dening accumulation stakes and Rammsonde measurements at a
sity layering in the snowpack over hundreds of kilometers,few points alongside the gravity survey of the British North
which allows the construction of a representative density pro-Greenland Expedition, large-scale studies such as Benson
le. The results are supported by an empirical statistical den-(1962) are still very rare. To obtain accumulation maps of
sity model, which is used to generate sets of random pro lesGreenland such as Bales et al. (2009), diverse data sets from
and validate the applied methods. Furthermore we are able&e cores, snow pits and weather stations have to be collected
to calculate annual accumulation rates, align melt layers anaver several years. Recently Hawley et al. (2014) conducted
observe isotopic temperatures in the area back to 2010. Disa ground-penetrating radar survey alongside a traverse of
tinct relations of 180 with both accumulation rate and den- about 1000 km length, supported by a few snow pits and shal-
sity are deduced. Inter alia the depths of the 2012 melt layersow cores for bulk densities and chemical pro ling. Koenig
and high-resolution densities are provided for applications inet al. (2016) used airborne snow radar to determine accumu-
remote sensing. lation rates from 2009 to 2012 along ight paths of more than
10000 km.
In summer 2012, there were 2 very warm days with tem-
) peratures above @ almost all over Greenland, causing sub-
1 Introduction stantial melt layers (Nghiem et al., 2012). Although this was
. . avery rare event induced by a special weather situation (Ben-
In the context of global warming, the Greenland ice sheetnartz etal., 2013), the newly formed ice layers strongly in u-

has been identi ed as a so-called "tipping poin_t” of climate enced the physical properties of snow and rn (Nilsson et al.,
change (Lenton et al., 2008). The sea level rise caused b¥015)

its decay may have a severe impact on human society as Wi

I logical Thus the diff . e introduce a new and ef cient technique for sampling
well as ecological systems. Thus the difference in accumuy, o snowpack along traverses, which allows for additional

lation across the interior of the ice sheet and seasonal melﬁhb-based measurements to gain high-resolution pro les of
ing, runoff and calving at its borders, the so-called mass bal-physical snow properties such as density. Furthermore we

1”C(Z h:_as be_en ”jnzhe fOCIF’SdOf rer(]:ecr;t ?mgntldc aCt'V_'t'eS_ Inadapt an algorithm from speech recognition to align these
the Arctic region. The appiie m_et ods for its EEtermm""t'onspatially distributed data sets and provide further insight into
range from satellite remote sensing (e.g., Zwally et al., 2011)

Published by Copernicus Publications on behalf of the European Geosciences Union.
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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 pro le per

location was used for this study.

Site Longitude Latitude  Traverse
kilometer
NEEM (N2E_02)  51.06914W  77.444337N 0.00
N2E_03 50.11W 77.3669 N 24.80
N2E_04 49.23077TW  77.25429 N 49.66
N2E_05 48.170872W  77.120098 N 79.76
N2E_06 47.13806W  76.98195 N 109.73
N2E_07 46.14227TW  76.84788 N 138.90
N2E_08 45.27375W  76.71337 N 165.57
N2E_09 44,78786W  76.52426 N 190.03 Figure 1. The N2E traverse route with the measurement sites ac-
N2E_10 44.09225W  76.40034 N 212.78 cording to Table 1.
N2E_11 43.06116W  76.32535N 241.07
N2E_12 42.051636W 76.248888 N 269.01
N2E_14 41.16026W 76.1777 N 293.92 . .
N2E 15 40.29920W  76.10455 N 318.95 s_now _core' was _sl_lghtly compacte_d by upto2cm in the \_/er-
N2E 16 30.31873W  76.01559 N 346.32 tical direction, visible as a reduction of the snow level inside
N2E_17 38.46937W  75.93539 N 370.88 the tube compared to the surroundings. Subsequently a snow
N2E_19 37.69747W  75.85845N 393.48 pit of 1 m depth was dug next to the tube and the snow was
N2E_20 36.54374W  75.70614 N 429.25 cut off at its bottom using a metal plate or small saw. The

EGRIP (N2E_22) 35.985618V  75.629343N  446.83 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 rst one. Fi-
their development with changing surrounding conditions. nally the pit had to be deepened to 2m to once again cut off
The method is tested with randomly generated sets of denthe snow and take the second liner. Theoretically the process
sity pro les with the same statistical properties as the origi- described can be iterated up to an arbitrary depth. However,
nal measurements. As an application we present data gaina#le area of the snow pit required increases signi cantly with
along a 450 km traverse in North Greenland, deduce relationgvery meter of depth gained. Sampling the upper 2m took
of the individual parameters (density$20 and accumulation approximately 2 h per site.
rate) and show additional values of interest such as the depths

of the 2012 melt layers. 2.2 X-ray tomography

The cores were transported to the Alfred Wegener Institute,
Bremerhaven, in a frozen condition. All samples were an-

In preparation for the upcoming East GReenland Ice core?lyzed in the AWI-lce-CT (described in detail in Freitag
Project (EGRIP), the Danish Centre for Ice and Climate's €t @l 2013), @ unique X-ray computer tomograph (CT) in
dome and equipment had to be moved about 450 km fronft cold lab, which allows micrometer-resolution density mea-
the previous drilling site, NEEM. Alongside this so-called Suréments of whole 1m core segments in 2-D and 3-D. As
“N2E” traverse in May 2015, several measurements of thePart of the measurement procedure a sample holder for liners
upper part of the m and the snow surface were taken."Vas constructed, which contains several pieces of pure ice
Amongst others, the upper 2m of the snowpack was sam?©f known geometry for calibration purposes. Amongst oth-
pled using the “liner technique” described in detail below. &'S: the effect of the carbon ber tube being part of the scan

Snow cores were taken approximately every 25km at théNas_corrected for using empty tube measurements. Thys, the
sites shown in Fig. 1; detailed coordinates can be found infragile snow cores do not have to be removed from the liners.

2 Data acquisition and processing

Table 1. As the required measurement time increases with resolu-
tion, we chose to do 2-D scans with a pixel size of approx-
2.1 Liner technique imately 0.128 mm. Each of these scans takes about 3 min.

However, 15 min m* are more realistic when including sam-
The sampling was done using carbon ber tubes with sharpple preparation and accurate documentation. Then, the raw
edges of 1 m length, 10cm diameter and 1 mm wall thick-measurement data are automatically processed by detecting
ness (called “liners”). To start off, the rst liner was care- the calibration unit and directly calculating densities from
fully pushed and hammered into the ground until its top wasthe CT images. Additionally, for each liner, the mean density
parallel to the snow surface. Nonetheless in a few cases this determined from the mass and geometry of the snow as an

The Cryosphere, 10, 19912002 2016 www.the-cryosphere.net/10/1991/2016/
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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
D 0.1 % for €0.
The snow was dated by determining and counting the max-
ima (summer) and minima (winter) in the seasor8D 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 Figure 2. Example 2-D CT image of a 1m liner (1-2m depth)
the snowpack. In the present study, we only use winter-to-and a zoomed section showing two melt layers aligned with the
winter rates (separating years at th80 minima) —summer-  respective densities. In the left image a distinct density layering
to-summer values were computed as a reference but do nde.g., blue triangle), several melt layers (e.g., blue circle) and wind
show different behavior. 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.

3 Mathematical methods

3.1 Automatic alignment of stratigraphic features with multiple values of the other data set. To nd the best t,
. one calculates a matri®, whereDT, j Uindicates the error
In order to ef ciently analyze the data sets generated alongys the pest path that leads to thh element of the rst data
the traverse, we investigated several ways to automaticallyq; being connected to théh element of the second one.
detect coherent signals at the different sites. A w_ell-known The original algorithm starts by calculating the matrix in
matching method is maximizing the cross-correlation. How- 1hq upper left corner, xing the rst elements of both data
ever, determining a constant shift in depth between two proses to be linked with each other. Then it proceeds through
les is not suitable for our case as the accumulation rate, andhe matrix by taking the path with the minimal error leading
thus the vertical spacing of layers, is subject to change gorg the respective cell and adding the local error, i.e.,
ing eastwards. Under the assumption of constant accumula-
tion over time and no signi cant compaction in the top 2m, DT;j UD
one would expect a shift which linearly increases with deptht fori< Oorj< 0
and has a slope equal to the ratio of accumulation rates. Then (&30 {¥0konn or; o1 15 wor 1ju e o 0% @)
again, local environmental conditions such as wind speed and
direction in uence the mass accumulated by a certain depo- Finally, on arrival at celDTh, mUit backtraces the path of
sition event (Fisher et al., 1985). Therefore we aimed to alignminimal errors taD[0, 0], obtaining the best t of the com-
snow of the same origin and its properties with continuouslyplete data sets in the given nokmk.
changing shifts, a problem that has already been worked on For our application — matching measurements of the up-
at a lower vertical resolution for alpine snow (e.g., Hagen-per 2 m of the snowpack —we do not aim to t complete data
muller and Pilloix, 2016). sets, but rather allow for different offsets at the top and bot-
The dynamic time warping (DTW) method, which was in- tom. The former may be caused by variations of the snow
troduced in speech recognition in the 1970s (Itakura, 1975)surface due to current conditions, the latter by different ac-
provides an ef cient algorithm for that purpose. It has al- cumulation rates, leading to data at the bottom of the liners
ready been applied in numerous elds, e.g., for the trackingnot having any physical relation apart from being the deepest
of ice oes in synthetic aperture radar images (McConnell snow analyzed at the given location. To accomplish that, we
etal., 1991). For a detailed review of DTW, see Senin (2008).expand the idea of Sakurai et al. (2007), introducing maxi-
The basic idea is to discretize the two data sets to be commal surface and bottom index offset@ndb. Then we ini-
pared with the same step sikdresulting in two vector$S tialize D by
andT of lengthn andm) and then consecutively assign the
values of one to another, whereby each value can be matched;j UDKSTOU TTUkforO j s (2)

else

www.the-cryosphere.net/10/1991/2016/ The Cryosphere, 10, 19912002 2016

29



Signal formation in polar snow, rn and ice Christoph Schaller

1994 C. F. Schaller et al.: North Greenland density pro le

Table 2.Fitting parameters for our adaption of the DTW algorithm.

Property (step) Step Maximum  Maximum
size () surface bottom
offset (5) offset ()
180 (coarse) 3cm 15¢cm 75¢cm
Density ( ne) 0.1cm 10cm 10cm

Figure 3. (a) Basic and(b) constrained stepping patterns for the
DTW algorithm. Usage of celli[ j ] indicates that théth element  lost by diffusion. Then, we use the obtained depth assign-
of the rstand thej th element of the second data set were matched.ment of the two different sites to resample the measured den-
The basic pattern allows for a single value to be assigned to arbisjties to a common depth scale. In a second step, we apply
trarily_many values of the other dgta s_et, Wh‘ile for the constrainedi, g algorithm to these densities at a much higher resolution to
stepping, each value can only be identi ed with one or two others. ne-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
A3) in a second matrix. Table 2 summarizes the nal set of pa-
rameters. The maximum allowed offsets for the coarse tting
before proceeding through the matrix. Finally instead of have been chosen according to the measured height of varia-
backtracing simply fronDT, my we end our tting path at tions in the snow surface (e.g., dunes) and the maximum ratio
of estimated accumulation rates. In the second step we allow
for ne-tuning up to the maximum remaining shift, which
was manually identi ed by aligning the vertical centers of
the 2012 melt layers.
and search a trace back to any of the initialized elements. This method does not only allow us to compare data from

and

DT; 0U DkSTU TTOUkforO<i s

m/ or
n/g

min DT;j Uj.i Dnandm b j

j Dmandn b i 4)

Thereby we nd the best matching of subsetsfnd T
with a maximal shift ofs | at the top andd | at the bottom.

In between, we verify that a linearly increasing maximal shift
is not exceeded.

two sites, but also to obtain a moving depth alignment by t-
ting the pro les to the rst 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-

The simple way we proceed through the matrix so far, of-dition, being able to align densities and stratigraphic features
ten referred to as “stepping pattern”, is unrealistic for our all along the traverse enables us to provide a representative
case as a single value of one data set could be t to arbi-density pro le for the region. For its construction, we rst
trarily many values of the other. Along the traverse we nd use the continuous layering to transform all density curves to
the maximal ratio of the respective accumulation rates bethe rst depth scale (NEEM) and average them. This, how-
tween two sites to be a little smaller than 2. Therefore, weever, is not yet a representative density pro le as all pro les
apply constrained stepping as presented by Sakoe and Chibieow replicate the layering at NEEM; e.g., a layer that is very
(1978) such that each value of one data set can be t to athin there but thicker at most sites would be considered thin.
most two values of the other. This is obtained by To overcome this, we calculate the mean shifts applied to the

values that were aligned and thus averaged. On average, i.e.,

8D'IT: jub for constant accumulation rates, we would expect these shifts

3kSTU TTUKQMin@Tj 1UDT Lj 1YDT LjP foriDlorj D1 to go linear with depth for the layering to be representative.
SKSTU TTUKNn@ DT 11w A eke (5)  Thus we calculate a linear least squares regression and cor-

kSTU TJ 1Uk@T 1Lj 2U rect the depth accordingly.

Nonetheless, the depth scale still represents the accumu-
ion rate at NEEM. To transfer the average pro le to any
locationX in the sampling area of known accumulation (not
necessarily one of the N2E sites), we need to calculate a lin-

ear rescaling factdry for the depthdy that ful lls

Figure 3 illustrates the different patterns for proceedingIat
through the matrix. Here, usage of cell [] refers toSTU
being assigned td T U In the aftermath, the backtracing has
to occur according to the implemented stepping.

Finally, we do not only want to t one type of data
(e.g., densities) but combine the available information in theq, ... D dy fx: (6)
pro les to gain a robust picture of the developing stratigra-
phy along the traverse. In a rst step, we match tH80 e expecf x to be determined by the accumulation rate, or
signal, which shows a clear seasonal behavior but almost neather its ratio to the one at NEEM.
small-scale variations, as the high-frequency component is
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3.2 Signi cance testing and surrogate density pro les the probabilitiePsnocksand Pmelt Of beginning a shock or a
melt layer at a speci ¢ position. For this purpose, we deter-
Any alignment method will increase the covariance betweenmine the number of melt layet$mer, the number of shocks
records even if they are not related (Haam and Huybersng, .sand the average distance to the previous shugk
2010). Therefore, to test the statistical signi cance of our |n addition, we denote the total number of data points\by
density alignment, we generate sets of surrogate density praand the distance to the last shock at a given positiond, .

les with similar statistical properties independently for each Finally, the basic model to generate a random density pro le
site and process them the same way as the original data.high is

Alongside the arti cial density pro les, the reaf80 signals

are used for the coarse tting step. high-Zi/ D 1ow.zi/ C i (11)
The complexity of the density signal consisting of slow S | fori D 0 0rP > PmeitC Pshocks

variations, sharp property changes as well as strong meltiD. N . shocks shockd fori 60 andPmer<P  PmeitC Pshocks  (12)

layer and wind-crust-related density spikes, inhibits the use N - meti mew/  fori 6DandP  Prmen

of simple surrogate construction methods such as autoregregs Nmelt (13)
sive processes. Instead we propose the following algorithm. melt N
For each site, as a base curve, we identify #© compo- p di  Nshocks
o ) ) . shocksD —— (14)
nent of the density signal by linear regression, using the same davg N
step sizdjow as for the coarse t80-based) tting step. This p .o 1/ (15)
can be done because we rely o0 to follow a seasonal l(J ’ .
cycle — otherwise water isotope dating would be impossible. ; p 0 fori DO (16)
Let pasebe the base density from®0, r|o the autocorrela- righ i 1C i else
tion and pasethe standard deviation of the uctuations of the N .0, pasd: (17)
measured density (averaged to resolutigr) around pase
for lag liow. We start generating an arti cial low-resolution where
density pro le ow by
ziDzCi lpigh: (18)
low-Zi/ D basezi/ C"j )
( foriDO The same approach as before can be used to expand to
"D ° (8)  higher autocorrelation lengths. However, we use the model
Mow "i 1C i else in the presented form as it already provides realistic density
N .0, basd: (9) surrogates.
where
4 Results
z,DzoCi ljow: (20)

4.1 Pro le alignment
Here N (0, pase implies that the ; are distributed

normally with mean zero and standard deviatigfase In As an example of the matching process, we present a t of
the following, U(0, 1) will represent a continuous uniform data from N2E_11 to the rst site (NEEM) in Fig. 4. The
distribution for the interval [0, 1]. The inclusion of higher distance between the two locations is about 240 km, i.e., a lit-
autocorrelation lengths is straightforwargh, has to be re-  tle more than half of the total traverse length. First th&O
placed by the autocorrelation matrix, which is multiplied by pro les are matched, yielding an approximately linearly in-
a vector of the preceding. Second, on the ne scale (step creasing coarse shift. In the second step the densities are ne-
size Inign), we have a look at the differences between thetuned, which results in small shifts uctuating around zero
interpolated low-resolution density and the high-resolutionand never reaching the allowed maximum of 0.1 m. To pro-
density values from the measurements. As we nd the dis-vide an overview of the changing snow structure, we tted
tribution to be trimodal, we split the differences into three all combinations of pro les from two sites and plotted the
components — low amplitude variations within snow of sim- matrix of the root mean square errors (RMSES) in Fig. 5. A
ilar properties (henceforth denoted “noise” even though theyremarkable change in the pattern of the tting errors occurs
might partly have physical origin), fast and moderate ampli- between the fourth and fth site along the traverse.
tude changes in the density due to layering or wind crusts Figure 6 shows the continuous depth alignment obtained
(“shocks”) and rapid high amplitude changes at melt layersby tting all liners along the traverse to the rst site (NEEM).
(“melt”). Again, we compute the autocorrelation factgh There were no notable differences when another location
for lag Inigh. Nonetheless, this time, the standard deviations(e.g., EGRIP) was chosen as the reference or the tting
noise shocks@Nd melt @and the meansshocks@and meithave  was done consecutively. For comparison, the melt layer po-
to be calculated separately. Furthermore we need to estimatgtions detected during the CT measurements (cf. Table 3)
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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 Depthl Depth2 Depth3 Snow Depth4  Snow Accumulation
[m] [m] [m] origin [m] origin [kgm 23 ;|
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 W11/12 1.87 W11/12 205.04
N2E_05 1.35 1.54 1.67 W11/12 171.55
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_10 131 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_14 112 1.18 117.30
N2E_15 1.10 1.20 126.78
N2E_16 1.13 1.16 1.33 W11/12 115.06
N2E_17 1.19 1.23 1.50 W11/12 129.88
N2E_19 1.13 1.17 1.42 S2011 132.16
N2E_20 1.35 1.41 1.48 W11/12 1.61 S2011 145.93
EGRIP 1.22 1.32 1.57 W11/12 139.57

of all melt layers, see Table 3 or Fig. 6. From the raw density
pro les, 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 332 kg frat NEEM down
to a minimum of 297 kg m® 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 225 kgha 1
Figure 7. Representative density pro le for the traverse region. The at NEEM, the values steadily decrease down to the mini-
gray area indicates a 1 standard deviation error band in>batid mum of 115kgm 23 1 about 100 km from EGRIP before
y directions as there are uncertainties in the depth alignment as Weihcreasing againto 140 kg Ma latEGRIP. Comparing av-
as the averaged densities of aII_ sites. Here, the depth scale was aérage values for the different years, there is neither a trend
justed to the NEEM accumulation rate and has to be rescaled aGqq considerable variations in the accumulation rate (cf. Ta-
cording to the accumulation rate for different sites. ble 4). However, we observe much higher differences be-
tween successive years within the same core (average change
h 34.67kgm2a 1), 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-
4.2 Raw densities, isotope extrema and accumulation ~ Maining locations (N2E_11, N2E_16 and EGRIP), the high-

rates est 180 values occur in 2014. For the winters, 2014/2015
was isotopically coldest in 51 % of the cases, 2011/2012 in
For all sites we nd at least two melt layers in the snow iso- 19 % and 2010/2011 in 30 %. Regarding annu#&0 aver-
topically dating back to the summer of 2012. In addition, ages of all available sites (Table 4), we also nd the highest
some liners show melt layers which are surrounded by snow 80 values for 2012.
dating to winter 2011/2012 or summer 2011. For an overview

the measured pro les within the distribution; i.e., the hig
shared variance of the measured pro les is statistically sig-
ni cant.
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high uctuations in the local annual values, a feature consis-Greenland. We obtain a record up to May 2015 of the depths
tent with the strong in uence of stratigraphic noise in sin- of the 2012 melt layers and submillimeter-resolution densi-
gle pro les (Miinch et al., 2016). These can be explained byties. By combining these with'80 measurements, which in-
the accumulation of every year compensating previous locatlicate temperature, we are able to reconstruct accurate accu-
variations in the snow surface before new structures are inmulation rates for the years 2010-2014 along a distance of
troduced by wind-induced drift and dunes. Nonetheless, theyabout 400 km.
also might partly originate from the uncertainty of separating We combine isotope and density data as inputs for the
the years only according to thé80 extrema. matching algorithm. Thereby we are able to identify the dif-
In the majority of cases we nd the highest isotopic sum- ferent accumulation regimes along the traverse and resolve
mer temperatures and averag€O values for 2012, un- the continuous stratigraphy of the snow over the whole dis-
derlining the exceptional warmth of this year. The valuestance. This allows us to create a representative density pro le
for 2014 indicate that it was still warmer than the other con-for the study area, whose quality is proven by comparison
tained years, in particular 2010, which was formerly regardedwith randomly generated data based on a statistical density
as very warm (Harper et al., 2012). The picture for the win-model. The pro le is available at a resolution of 0.1 cm and
ters is less clear. Indeed, we assume that the isotopic signanly has to be rescaled according to accumulation rate. Thus
of the fresh snow from winter 2014/2015 might still change. it is ready to act as a benchmark for snowpack models or
be applied for the conversion of volume to mass and the de-

5.3 Relations of density, 180 and accumulation rate tection of strong density gradients as potential re ectors in
remote sensing (compare e.g., Hurkmans et al., 2014).
We nd a positive linear relationship of annual meatfO The success of tting density and isotope pro les over

and accumulation rate (Fig. 10) with similar slopes for 2012 hundreds of kilometers shows that even though there is a
and 2014. This relation might partly originate from the |ocal component in the snow stratigraphy (e.g., layer thick-
changing surrounding conditions (e.g., elevation) along theness, average density), the general pattern is dominated by
traverse. The offset between the years could potentially beyon-local processes in North Greenland. We assume that an
caused by the very high temperatures and the consequentighportant factor for that is the origin of weather and precipi-
surface melting in 2012 as we nd the relation for 2013 to tation as air masses dominantly move in from the west to the
be a lot closer to 2014 than 2012. The dependence of theast (Chen et al., 1997).
offset on the annual mean temperature (which is quite simi- We observe large interannual accumulation variations lo-
lar along the traverse) could explain why previous attemptscally but almost none on average, which can be explained
to link both parameters by averaging data from several yeargy the smoothing of the surface by accumulation before new
(e-g., WeilRbach et al., 2016) show results that are less clearsurface structures are caused by dunes and drift. The excep-
We observe a clear anticorrelation of low-resolution den-tionally warm summer of 2012 is clearly visible in the wa-
sity and 80 in Fig. 11. This agrees with the widely accepted ter isotope data; additionally 2014 shows the second highest
conceptual model of Shimizu (1964), which states that snowsummer values of180 within the study period.
has lower densities in summer and higher ones in winter. The Relating the various snow properties, we nd a distinct
main causes given are the increased packing due to strongehticorrelation of smoothened density an¥O in accor-
winds in winter and the larger size of precipitation particles dance with previous literature. Furthermore we deduce a pos-
in summer. For the summer of 2012, the high average densitive linear relation between80 and accumulation rate,
ties are caused by the prominent melt layers, superimposing/hose slope seems to be constant for the period considered,
the original signal of the snow. 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
6 Summary and conclusions cores (e.g., Parrenin et al., 2007, for the EPICA Dome C ice
core) do correctly reconstruct accumulation rates from the
We introduced the liner technique, which allows the very ef - 180 values, especially for times with signi cantly differing
cient retrieval of high-quality samples from the upper metersannual mean temperatures such as glacials.
of the snowpack. To support this new sampling technique, Future work should include the automatic recognition of
we adapted a robust tting algorithm from acoustic signal wind crusts and layering from CT images and the application
processing for the diverse data sets produced by such stuaf the described methods on different scales for both Antarc-
ies. This enables us to identify characteristic changes in théica and Greenland to gain further insight into the variability
snowpack according to surrounding conditions as well as toof physical properties in the snowpack.
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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Abstract. In order to interpret the paleoclimatic record 1 Introduction
stored in the air enclosed in polar ice cores, it is crucial
to understand the fundamental lock-in process. Within theAir trapped in polar ice cores provides a unique opportunity
porous rn, bubbles are sealed continuously until the re-for paleoclimatic studies (Legrand and Mayewski, 1997). In
spective horizontal layer reaches a critical porosity. Presentparticular, it allows the reconstruction of the past chemi-
day rn air models use a postulated temperature depencal and isotopic composition of the atmosphere for up to
dence of this value as the only parameter to adjust to thé300000 years (Jouzel et al., 2007; Loulergue et al., 2008).
surrounding conditions of individual sites. However, no di- However, as bubbles are only isolated from the atmosphere
rect measurements of the rn microstructure could con rm atcertain depth (the rn—ice transition —50-120 m depending
these assumptions. Here we show that the critical porosityn the local conditions), the enclosed air is always younger
is a climate-independent constant by providing an extensivéhan the surrounding ice. An accurate estimation of this
data set of micrometer-resolution 3-D X-ray computer to- gas-age—ice-age differenck gge, up to 7000 years during
mographic measurements for ice cores representing differglacial periods; Bender et al., 2006) is essential for the inter-
ent extremes of the temperature and accumulation rangegretation of ice-core records as otherwise phase relationships
We demonstrate why indirect measurements suggest a clipetween ice and gas records cannot be determined correctly.
matic dependence and substantiate our observations by ap- Thus, itis crucial to understand the fundamental processes
plying percolation theory as a theoretical framework for bub- in the porous rn (Schwander and Stauffer, 1984) — diffu-
ble trapping. The incorporation of our results signi cantly Sion of air through the open pore space (Trudinger et al.,
in uences the dating of trace gas records, changing gas-agel997; Fabre et al., 2000) and the entrapment of air by pore
ice-age differences by up to more than 1000 years. This maglosure due to rn densi cation, which is the main focus of
further help resolve inconsistencies, such as differences behis study. In a depth range referred to as the “lock-in zone”,
tween East Antarctic!®N records (as a proxy for rn height) gas enclosure within individual horizontal layers occurs at
and model results. We expect our ndings to be the basisa critical porosity (Schwander et al., 1993). It is the only
for improved rn air and densi cation models, leading to parameter in empirical relations of closed and total poros-
lower dating uncertainties. The reduced coupling of prox-ity (Schwander, 1989; Goujon et al., 2003) that are com-
ies and surrounding conditions may allow for more sophis-monly used in present-day rn air models (Severinghaus
ticated reinterpretations of trace gas records in terms of paand Battle, 2006; Mitchell et al., 2015). A temperature de-
leoclimatic changes and will bene t the development of new pendence of this value has been postulated (Raynaud and
proxies, such as the air content as a marker of local insolaLebel, 1979) and parametrized using air-content measure-
tion. ments (Martinerie et al., 1992). Nonetheless, the underlying
microstructural processes are not well-understood and there
is no con rmation of these assumptions by direct measure-
ments of rn 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 wiigeCoordination 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 denofedry an estimate of yearly accumulationdy

Drill site Year Elevation T & Depth interval No. of

(m) (C) (kgm 2a 1) (m) data points
RECAP_S2 (Renland, Greenlafhd) 2015 2296 18 460 49-73 246
B49 (Kohnen station, East Antarctiéa) 2012/13 2881 44 65 73-90 303
B53 (Dome Fuiji, East AntarcticA) 2012/13 3726 55 30 76-106 614

1 Johnsen et al. (19923.Unpublished data, the accumulation rates are based on a preliminary volcanic layer dating.

The 15N of N, has been established as a proxy for rn ature dependence. Deviations from the simple relationships
height and thus an indirect constraintbage (Sowers etal., used to reconstruct past temperatures and accumulation rates
1992). This relation has successfully been tested for highfrom the water isotopic composition have been suggested as
accumulation sites, e.g., the last 40000 years at Summita possible explanation (Landais et al., 2006), while the hy-
Greenland (Schwander et al., 1997). On the contrary, ther@othesis of a large glacial convective zone as an important
is a mismatch of up to 2000 years with model results for thefactor has been ruled out (Capron et al., 2013). Recently,
East Antarctic plateau (Bender et al., 2006; Parrenin et al.the inclusion of impurity effects has reduced the mismatch
2012). These modeled chronologies are based on the currefir East Antarctic sites; however, it reduces the agreement
knowledge of bubble trapping in polar rn and are particu- between modeled and measuréeN for high-accumulation
larly sensitive to the critical porosity via the assumed temper-sites (Breant et al., 2017).

Clim. Past, 13, 1685-1693, 2017 www.clim-past.net/13/1685/2017/
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Table 2. Results of least squares tting our parametrization to the A well-known framework to model porous media is bond

obtained data. percolation theory (Broadbent and Hammersley, 1957). It en-
ables us to predict the point at which a material becomes im-

Data set 8 crit 1 2 b R? permeable. The Kelvin structure (packed tetrakaidecahedra;
RECAP S2 0.1005 62.45 4734 0.4816 09744 See Fig. 1a) is space- lling with one of the lowest surface-
B49 0.0985 16957 5155 0.5797 009801 area-to-volume ratios. It is well-studied and has for exam-
B53 0.1000 206.36 48.06 0.7072 0.9603 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,
In this paper, we present the rst extensive data set of gi-the air network corresponds to its dual lattice, which has a co-

rect rn microstructure measurements throughout the |ock_in?r|cli|nat|on _nudm't:)ert(ra]l_velrat?e nLterbfer Otf nelgfht;]ors) Olf 4 when
zone. We start off by using it to scrutinize the current knowl- ully occupied. For this fattice, the fraction ot channels occu-

edge of gas enclosure in polar m and show why previous pied by air at gas enclosure, the so-called percolation thresh-

indirect measurements yielded different results. Then, we apgld’ is known to be 81031 (van der Marck, 1997). Thus, the

ply bond percolation theory (Enting, 1993) as a theoretical_prediCted coordination number at t_he percolation threshold
framework for our conclusions and demonstrate their agree13 4 O:.4031D L6124. Nptably, the in uence of the chosen
ment with other methods. Finally, we discuss changes in théatt'ce is rather small (Wierman and Naor, 2003).

dating and interpretation of trace-gas records that incorpora-

tion of our results in current rn air models will imply. The 3 Results

reduced coupling of proxies and surrounding conditions may

allow for more sophisticated reinterpretations in terms of pa-Gas enclosure within a single layer occurs at the same critical
leoclimatic changes and will bene t the development of new POrosity8 it of about 01 for all cores (Fig. 2a). However,
proxies, such as the air content as a marker of local insola@S indicated by the much steeper slope of the closed poros-

tion (Raynaud et al., 2007; Eicher et al., 2016). ity, enclosure takes place i_n a signi cantly smaller porosity
range for the East Antarctic cores compared to the coastal

Greenland site. To t our data, we derived a new local re-
2 Materials and methods lation (Eqg. 1) of closed porosit§ ¢ and total porosity8 ,

whereb, 1, 22IR gandb 1. The parameters of least
Firn microstructure throughout the lock-in zone has been desquares tting are given in Table 2.

duced for ice cores from three locations (cf. Table 1) using a )

speci cally designed X-ray microfocus computer tomograph < 8 for8 8t
inacold lab (Freitag et al., 2013). For each 1 m core segmen8 o D 8t be 18 8eci) else Q)
we scanned a minimum number of ve sections of approxi- ’ C(l bye 28 8cw

mately 4 cm height and the full core diameter (8—10 cm) with

afocus on homogenous |ayersl One measurement consists Wlthln the microstructure analysis for the B53 core, we also
3000 radioscopic images, which are used to tomographicallynimicked the sample properties (cylindrical shape, 5cm di-
reconstruct the 3-D microstructure at a resolution of approxi-2meter, 5¢cm height) and the method (melting the sample
mately 25 pm (e.g., Fig. 1b). Consecutively, these reconstrucunder vacuum conditions, thus counting cut closed pores as
tions are segmented into ice and air using a two-step procePart of the open pore space) as applied for Summit, Green-
dure consisting of a two-level Otsu's method (Otsu, 1979)land (Schwander et al., 1993). This signi cantly changes the
followed by Simp|e region growing for the ambiguous VOX- Shape of the closed versus total pOfOSity curve and yleldS re-
els. We adapted an existing algorithm (Nguyen et al., 2011)sults similar to previous studies (Fig. 2b). Then, by compar-
to determine the pore coordination number during the seging with our original data (where cut pores are traced within a
mentation process. To eliminate the effect of cut pores afarger volume to determine whether they are open or closed),
the surface of the sample (Martinerie et al., 1990), each dat#/e determined the necessary correction factors for the effect
point (as referred to, e.g., in Table 1) corresponds to a layePf cut pores (Fig. 4).

of approximately 1 cm height and 6 cm diameter. Having the For the coordination number (Fig. 1c) we observe a linear
microstructure of the surrounding material in all directions atincrease with total porosity for all three sites. At the criti-
hand allows us to safely determine whether a pore is open ofal porosity of about @, we obtain very similar values of
closed. For all measurements, the remaining cut pores weré:65 0:17 for B53, 17  0:18 for B49 and 164 0:24 for

less than 0% of the pore volume. For 10 repeat measure-RECAP_S2 from linear regression.

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 %.
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certain depth no longer changes (de nition according to gasnot observe this temperature dependence for the gas enclo-
transport) at the “close-off depth” (Buizert et al., 2012). It sure within single layers, it is a signal that seems to originate
is de ned as the depth at which all pores are closed (Witrantfrom the lock-in zone, presumably as a consequence of a dis-
etal., 2012) and thereby also coincides with the bottom of thetinct density layering.
lock-in zone according to rn microstructure. Thus, the three  We conclude tha¥ measurements may yield multiple-
de nitions for the lock-in zone (according to rn microstruc- layer averages of pore volumes at gas enclosure. They should
ture, rn air transport and rn air pumpings) are equivalent. only be interpreted with great caution in regard to the sealing
Furthermore, the limits of the lock-in zone are solely deter-of single layers. The post-coring loss of enclosed air is an er-
mined by the existence of signi cant layers above and belowror source we can neither quantify nor rule out. For the Camp
the critical porosity and thereby the (centimeter-scale) porosCentury core, about 10% lower air contents were observed
ity variability. after 35 years of storage (Vinther et al., 2009), although a
While concepts such as gas enclosure (both in single layersystematic error due to the different measurement setups is
and as a bulk property) occurring at a critical closed (Goujonpossible.
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 rn microstructure analysis and the previously 5 Implications
discussed (conceptual) de nitions of the lock-in zone. As a
consequence, the re nement of these theories may greatl§ror the EDC core (East Antarctica), 86 % of the variancé in
bene t the understanding of gas enclosure in polar rn. No- cannot be explained by air pressure or temperature changes.
tably, the critical closed porosity value of 37% identied An anticorrelation with local insolation was found and sug-
by Jean-Marc Barnola using porosity measurements of sevgested as a new proxy (Raynaud et al., 2007). The same in-
eral ice cores from Greenland and Antarctica (Goujon et al. solation signature was found for therecord of the NGRIP
2003) corresponds to a total porosity of approximately 0 core (Greenland), but the underlying physical mechanisms
for the two data sets (Summit and B53) that are affected byare not yet resolved (Eicher et al., 2016). Based on our re-
the cut-pore effect (displayed in Fig. 2b). sults, we rule out the idea of other properties in uencing the
Even though gas enclosure for a single layer occurs aporosity at gas enclosure for single layers as we do not even
the same critical porosity, sealed layers may have variabl@bserve a temperature dependence. Instead, we suggest in-
air contents. Above the close-off depth, we determine avercreased sealing effects and shallow trapping due to larger
age coef cients of variation for the total porosity of36 porosity variability of the layered snowpack as an explana-
for B53, 18% for B49 and 5% for RECAP_S2. Higher tion. Reasons for the enhanced layering may be changes in
porosity variability will lead to a larger amount of shallowly the atmospheric conditions, accumulation rate or impurity
trapped pores, thereby increasing the air conte(btauffer ~ content, similar to the observed increase in layering during
et al., 1985). In our case, the effect of shallow trapping canglacials (Augustin et al., 2004).
be estimated from the different slopes of the lock-in curves As indicated by 15N measurements as a proxy for rn
given in Fig. 2a, yielding possible increases in air contentheight (Sowers et al., 1992), up-to-date rn air models
of about 2% for B49 and 8% for RECAP_S2 in compari- seem to have dif culties to estimate past lock-in depths for
son with B53. This implicitly assumes that closed and openthe East Antarctic plateau (Landais et al., 2006; Capron
porosity undergo the same compaction as the rn densi eset al., 2013) and to synchronize age dating of individual ice
and thus has to be interpreted as the maximum possible incores (Parrenin et al., 2012). We suggest that incorporation
uence of shallow trapping. In addition, the lock-in zone ex- of our results will help to overcome these problems, as cur-
tends over a depth range of approximately 7 m for B53, 9 mrent approaches are based on temperature-dependent lock-
for B49 and 15m for RECAP_S2. Larger lock-in zones arein (Martinerie et al., 1992) and the Barnola model (Gou-
expected to cause enhanced sealing effects (i.e., permeahlen et al., 2003). Exemplarily, we estimate the gas-age—ice-
layers being sealed by impermeable ones above). This furage difference for the Vostok ice core from the tempera-
ther increases the air content (Stauffer et al., 1985). How+ture (Jouzel et al., 1987) and accumulation rate (Parrenin et
ever, the effect is hard to quantify as our measurements dal., 2004) records using the Herron—Langway model (Her-
not yield information about the spatial extent of horizon- ron and Langway, 1980). On average, excluding the tem-
tal layers, and it does not take into account pressure adjustperature dependence of the critical porosity reduces the gas-
ment within the lock-in zone, which is happening on a much age—ice-age difference by well over 10 %. For the last glacial
shorter timescale compared to diffusion (Buizert and Severmore than 1000 years of the 2000-year mismatch witiN
inghaus, 2016). Nonetheless, it may explain the 8 and 27 %lata (Bender et al., 2006) can be explained this way. We sug-
larger air contents for B49 and RECAP_S2 (compared togest a combination with the effect of impurities on rn densi-
B53), respectively, tha¥ measurements for deep ice cores cation (Freitag et al., 2013; Breant et al., 2017) as a promis-
would predict according to the observed temperature depening approach to resolve the remaining mismatch. Other ef-
dence (Martinerie et al., 1992). In return, even though we ddfects that are currently not well represented, such as stronger
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Abstract

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

1 Introduction

For altimetry-based estimates of ice-sheet mass changes, the largest uncertainty lies in
the conversion of volume to masSHjepherd et a12012]. On the other hand, density as a phys-
ical parameter of the porous snow and rn in uences air transport in the pore s@adaeck
1989; Severinghaus et al2001] and its evolution with depth affects the storage of paleocli-
matic information as the rn densi esHerron and Langway1980;Breant et al, 2017] and
bubbles are seale&fhwander and Stauffet984;Schaller et al, 2017a]. As a consequence,
the density layering of the snow surface and, in particular, its spatial variability has been a
focus of recent studie®foksch et al.2015;Laepple et al.2016].

Stratigraphy is an important parameter for microwave transfer models and active remote
sensing Picard et al, 2013;Rutter et al, 2014] with the root mean square error in retrieved
snow height approaching0% when neglecting stratigraphypirand et al, 2011]. Vertical
density variability and rn stratigraphy have been observed to change with delpgriiold
et al, 2011]. At the same time a correlation with impurity concentrations (particulady Ca
develops as they imprint their seasonal cycle on the density in theHoefhold et al, 2012;
Freitag et al, 2013a]. However, a seasonal cycle in density is present even in the rst meter of
snow in low accumulation regions but overprinted by strong stratigraphic nasgple et al.
2016]. The redistribution of surface snow due to wind-driven snow drift is known to strongly
in uence the spatial variability of the snowpackipois et al, 2014]. In particular, the forma-
tion of dunes along the main wind direction, separating snow elds with lengths of the order of
meters induces horizontal undulations of the snow surfBoathaum et al. 2010]. Burial of
these features has been identi ed as a main cause of lateral density variditikg¢h et al.
2015;Laepple et al.2016].

As ice sheets are exposed to very warm conditions, particularly temperatures above the
freezing point, the snowpack heats up and its surface can start to melt. This decreases the
albedo of the surface and triggers a positive feedbBok [et al, 2012]. The meltwater either
runs off or is retained or refrozen in the snow and rn below. While between 2000 and 2008
the mass loss of the Greenland ice sheet (GrIS) was equally split between surface processes
(mainly runoff) and calving\an den Broeke et al2009], surface mass balance (SMB) has
become the dominant component in the recent ydamdégrlin et al, 2014]. Regional climate
models estimate that about half of the annual meltwater is refrozen in Greemtathf
et al, 2009], nonetheless it is a big source of uncertainty for remote-sensing-based estimates
of SMB. As a consequence, there have been several attempts to quantify refreezing by energy-
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balance-based modelS¢lbeck 1975;Pfeffer et al, 1990] but they both lack veri cation with
in-situ data [for a review seReijmer et al, 2012] and the complexity to represent the three-
dimensional percolation patterns observed in the eld [Elgmphrey et a].2012].

In July and August 2012, a special weather pattern with low-level liquid cloBda-
nartz et al, 2013] and advection of warm air from the souBeftweis et al. 2013] resulted
in temperatures above the freezing point38r6% of the GrIS Nghiem et al.2012]. Subse-
quent refreezing of meltwater caused the formation of substantial ice layers in the snowpack,
acting as re ectors for electromagnetic waves and thus strongly affecting remote measure-
ments such as radar altimetrii[sson et al. 2015]. According to ice-core records, such
widespread melting last occurred in 188%4usen et al. 1988]. The in uence of rain (as
observed at the NEEM eld site in summer 2012dghiem et al.2012]) on the surface energy
budget at higher elevations of the GrIS is uncléasto et al. 2016]. Moreover, 2012 holds
the record for the highest mass loss in the satellitel@Millan et al, 2016]. The likelihood
of such extreme melt events is expected to increase in the context of climate chim@ath
et al, 2013;Collins et al, 2013].

With the recurrence of melt events over longer periods of time (decades to millenia), a
frequency record of extremely warm summers is credtaddway and ShajiL990;Alley and
Anandakrishnan1995]. Field observations have shown that depending on the temperature
and structure of the snowpack, not only continuous melt layers, but also features such as ice
lenses Das and Alley2005] and melt pipeHfeffer and Humphrey1996] can form in differ-
ent depths. Analysis of melt records can indicate single events or changing regime conditions,
such as the warming of West Antarctidags and Alley 2008] and the Canadian Arctic ice
caps Fisher et al, 2012]. For Southern Greenland, shallow-core data have been linked to
satellite-derived meltRowe et al. 1995]. Several methods have been established to detect
snow melt on the GrIS from space-borne passive microwave d@iatiefcp2007;Hall et al.,

2013]. Nevertheless, a robust interpretation requires further understanding of signal formation
in snow and rn.

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

2 Materials and Methods

In May 2016, two trenches of 4 m depth were excavated in the proximity of the EGRIP
eld site (75.63 N, 35.98 W, 2663 m above sea level) using a Westa rotary plow mounted in
front of a Pistenbully. Both trenches (collectively referred to as LTX trenches) had a length of
about 60 m at full depth. The LTW trench followed the main wind direction as indicated by
dune orientation (232 i.e. SW) while the LTO trench lied orthogonal to it. Between 19 and
27 May 2016, 22 ve-meter snow cores were extracted from the outer walls of both trenches
(by manually excavating the fth meter) at a sampling interval of 5 m starting about 15 m from
the common origin. Each core was named according to the respective trench and numbered
with increasing distance (starting from zero) as can be seen in Fig. 1a. As the top meter was
sampled within the rst 24 hours after excavation, there was no signi cant alteration of the
surface snow. For the outer trench walls, the areal melt fraction was determined visually — a
reference horizon was marked using wooden sticks and the relative depth and extent of melt
features measured with a caliper and a tape.

In order to convert the areal melt fractions (visible on the wall surface) to a mass distribu-
tion of refrozen meltwater versus depth, we averaged the vertical pro les along both trenches.
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This implicitely assumes that the density of melt features (which is not necessarily the den-
sity of pure ice due to enclosed snow and air) is independent of depth. In addition, vertically
summing up the melt layer thicknesses at a horizontal resolution of 0.1 m along both trenches
yields the probability distribution of nding a certain total melt layer thickness in an ice core
(diameter 0.1 m) drilled at the study site. We then conducted simple Monte Carlo simulations
(by repeatedly drawing from this distrubtion) to determine the number of cores that would be
necessary for their average total melt layer thickness to be within a certain range of the true
value with a con dence level 085%

Hourly automatic weather station (AWS) data for eld sites NASA-E (75M30.00 W,
182 km from EGRIP, 2584 m above sea level) and NEEM (7M™N441.07 W, 438 km from
EGRIP, 2450 m above sea level) covering the complete 2012 melt event were obtained from
the Greenland Climate Networlsfeffen et a].1996]. The AWS are equipped with four near-
surface air temperature sensors in passively ventilated solar radiation shields (two Type-E
Thermocouples and two Campbell Scienti ¢ CS-500), two surface height sensors (Campbell
Scienti ¢ SR-50) and one upward- and one downward-facing pyranometer (LI-COR 200 SZ).
As one of the CS-500 was partially non-operational at the NASA-E site, we averaged only
the other three sensors for both sites. Comparison of a similar dataset with satellite-derived
surface temperatures yielded a root mean square error of 2.1 K for temperatures ranging from

40to 0 C [Hall et al., 2008]. For the change in surface height, we calculated daily mean

values from both available sensors. Surface albedo is computed automatically from the up-
ward and downward solar irradiance. An albedo accuracy of 0.035 for the daily mean values
has been determined by comparison with MODIS dSteofve et a).2006].

Between 23 and 27 January 2016, sixteen two-meter snow cores were taken in the prox-
imity of Kohnen station, East Antarctica (75.@®, 0.08 E, 2885 m above sea level) within the
CoFi Liner Project (CLP). Sampling was conducted along three lines (parallel, diagonal and
orthogonal to the main wind direction of 57.e. NE to ENE Reijmer and van den Broeke
2003]) at distances of 1, 5, 15, 35 and 75 m from the origin (see Fig. 1b and c¢). There was no
observation of signi cant alterations of the snow surface within the ve days of sampling.

All snow cores were sampled using the liner technig8ehgller et al. 2016], trans-
ported to the Alfred Wegener Institute in frozen condition and analyzed in the AWI-Ice-CT
for mm-resolution densityHreitag et al, 2013b]. The results were matched using an adapted
version of the dynamic time warping (DTW) algorithi8dhaller et al. 2016]. It yields the
shared varianc®? between two density pro les, independent of the current surface height
and thickness variations of the same layer and allows stacking of the aligned signals. Spectral
analysis of the stacked pro les was conducted using the Cooley—Tukey fast Fourier transform
(FFT) algorithm Cooley and Tukeyl965]. Signi cance checking compared to white noise
has been carried out using Fishagstatistic Wichert et al, 2004].

3 Results
3.1 Spatial melt record

As an example of the observed melt features dating to summer 2012, the affected section
of a snow core from the LTW trench is shown in Fig. 2. Throughout the analyzed trench walls
we nd the uppermost occurrence of refrozen meltwater to be a very thin crust (less than 3 mm
for 88%0f the trench lengths) at a mean deptid@2 0:03m (95%con dence). Itis the only
spatially continuous melt feature. We use its upper edge as a reference horizon to determine the
percolation depths of the other observed melt features in the outer walls of the LTO and LTW
trenches (Fig. 3). Other prevalent features are a second thin crust (up to 5 mm thick) within
the rst 0.05 m of the top crust and several distinct ice lenses 0.3—-0.4 m below the reference
horizon (e.g. Fig. 2). Figure 4 shows the mass distribution of refrozen melt versus percolation
depth. The main fractions are found in the two uppermost ice crusts (top 02&hand the
aforementioned ice lenses (0.3-0.431%9). The latter are present alodg%of the length of
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the two trench walls. Other ice lenses and crusts can appear anywhere up to 0.6 m below the
reference layer. In both trenches we nd prominent vertical melt pipes (average diameter up
to 0.2 m), occasionally forming small ice lenses when penetrating horizontal crusts and thus
having cascade-like shapé&B0oof a total of 36 melt pipes). Within the rst meter, these pipe
features contain a mass fraction of approximai9a Below the percolation depth of 1 m
displayed in Fig. 3 only some of the pipes continue, three of them (two for LTW, one for LTO)
do exceed the bottom of the trench (about 4 m below the surface and thus 2.4 m below the
reference horizon).

The AWS data show three periods with temperatures at or above freezing point, around
11 July, 29 July and 5 August 2012 (Fig. 5). In all three cases the warming comes along with
a signi cant decrease in snow albedo compared to the conventional (i.e. hon-melt) values of
0.82-0.86 Box et al, 2012]. A decrease of the snow surface height can be observed for both
sites, in particular a lowering of about 0.15 m at the NEEM site between 11 July and 21 July.

Based on our spatial melt record, we calculated the probability of nding a certain total
2012 melt layer thickness for an ice core drilled in the study area, shown in Fig. 6. We
nd an average ice-equivalent melt layer thickness of 29 mm, correspondig@%oof the
mean annual accumulation rate of abdd6kg m 2 a ! for the recent yearsSchaller et al.
2016]. By Monte Carlo sampling the probability distribution of total melt layer thicknesses at
a con dence level 085%, we nd the necessary number of ice cores to be 15 and 60 in order
to be within  10mm or 5 mm of the mean value.

3.2 Snow cores

For the CLP cores, a decrease in shared varialiiftyf the two-meter density pro les
with distance can be observed along each line in Fig. 7. Here, distance is given with respect
to CLP.00 and the pro les along each line were compared to a stacked density pro le of
the four pro les within the rst 1 m by 1 m square (CLBO ... CLP03). Orthogonal and
diagonal to the main wind direction, the shared variability strongly decreases within the rst
15-20 m before staying rather constant at around 0.67. Parallel to the main wind direction,
however, a similar decline in shared variability within the rst 5 m is followed by a much
slower (approximately linear) decrease from 0.81 at 5 mto 0.73 at 75 m.

For the LTX cores, we rst determined the shared variance after DTW matching of ve-
meter cores from the same trench with a certain distance (Fig. 8). Using linear regression,
we nd the averageR? to be decreasing parallel to the main wind direction (i.e. the LTW
trench) from about 0.79 at a distance of 5 m to 0.72 at 35 m. In contrast, for the orthogonal
LTO trench the values vary around a constant leved:@fL.  0:01 for distances between 5
and 35 m. At distances larger than 35 m, we nd simiRf values of about 0.71 for both
trenches. In a second step, we compared the decred&eatong the LTW trench for three
consecutive depth intervals of 1.5 m each (omitting the last 0.5 m). As can be observed in
Fig. 9, all three intervals show the same trend but there are offsets with the highest correlations
occuring for 3-4.5 m. In order to further investigate this, we conducted spectral analyses of
stacked density pro les for the three depth intervals along the LTW trench (Fig. 10). We nd
a signi cant (p < 0:05) peak in the spectrum of the 3—4.5 m interval for wavelengths around
0.6 m, while no such peak is present for the other intervals. Finally, we calculated the shared
variance between density pro les of cores from the different trenches (Fig. 11). Along the
LTO trench, we observe a signi cant decreas®hwith all LTW snow cores for positions 3—

5. Subsequently, it increases back to the original values for LTO positions 6—-8 and decreases
again.
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4 Interpretation and Discussion
4.1 Meltat EGRIP

For the EGRIP melt record, we interpret the continuous thin melt crust (e.g. Fig. 2) as a
July or August 2012 near-surface or surface crust. Thus, we will use it as a reference horizon
to determine percolation depths for the other melt features (Fig. 3). The frequent appearance
of a second melt layer 0.05 m below is in accordance with melt experiments conducted for the
snow surface at Siple Dome, West Antarctibaf and Alley2005], where comparable accu-
mulation rates and temperatures occur. About half of the total meltwater from summer 2012
refroze above the next prevalent melt feature, the ice lenses 0.3-0.4 m below the reference
horizon (Fig. 4). As the depth difference corresponds to the accumulation of oné/géer [
longa et al, 2014], approximately one third of the meltwater refroze in the summer snow of
2011 after percolating through the winter snow of 2011/12. This agrees with melt observa-
tions in West GreenlandPfeffer and Humphreyl998] showing that ice layers preferentially
form along the previous summer surface, which acts as a strong boundary for the meltwater to
penetrate through.

The remaining meltwater (at leak$%) percolated through more than one year of pre-
viously deposited material, predominantly along vertical melt pipes. We observed several
prominent melt pipes (Fig. 3), three of them with percolation depths of more than 2.4 m (and
thus spanning at least six years of accumulation in depth). For the GrlS, heterogeneous in-
Itration of meltwater to several meters depth along such pipe structures has already been
documented in snow pit$feffer and Humphreyl996], tracked thermally and observed in
dye tracing experimentdHumphrey et al.2012]. In a new study, an upward-looking radar
deployed in the rn allowed the rst quasi-continuous observation of melt-water in ltration
along similar patterns indicating a much larger fraction of liquid water percolating through
the previous summer surface in 20Hejlig et al., personnel communication, 2017]. While
homogenous wetting front migration is prevalent in snow and rn near the freezing point, het-
erogenous in Itration has been identi ed as dominant in subfreezing Rarfy et al, 2007].
However, all of these studies focussed on the percolation zone of the GrIS, while our site is
located further up within the accumulation zone of the plateau where mean annual (and thus
snow and rn) temperatures are signi cantly lower and melt is scarce. Thus, even though
the snow and rn are initially subfreezing for the different sites, the interplay and transitions
between the two mechanisms are not necessarily similar.

Apart from small plate-like ice lenses around the melt pipes we found no signs of hori-
zontal meltwater redistribution (i.e. lateral ow) for percolation depths larger than 0.6 m. Even
strong crusts (such as previous summer surfaces) that correspond to ice layers in the rst0.6 m
are not signi cantly affecting the melt pipes deeper in the rn. Interestingly, snow pit observa-
tions at NEEM, an ice-coring site 438 km north-west of EGRIP with very comparable surface
conditions Bchaller et al. 2016] (see also Fig. 5a for air temperatures north-west and south-
east of EGRIP), showed that the top 0.6 m were around melting point in July 2012 with the
deepest melt feature being an ice layer in a depth of 0.Niedon et al. 2015]. We suggest
a similar warming of the snowpack at EGRIP (causing a homogenously advancing wetting
front) to explain the presence of melt features only in the top 0.6 m. Vertical water ow in the

rn was impeded by spatially extensive (newly formed) ice layers or strong crusts until break-
through events occured, draining the accumulated water at certain "weak” points [as observed
in dye tracing experiments bumphrey et al.2012]. As the water percolated through the
underlying subfreezing rn, it refroze in the observed pipe structures.

Percolating water will be around freezing point within millimeters from the surface as
thermal equilibrium between sub-freezing snow or rn and in owing water occurs on time
scales of second®feffer et al, 1990]. The temperature of the in owing water is expected
to be very close to freezing point (see Fig. 5a for air temperatures), so there is no signi cant
additional surface melting due to sensible heat transfer. As additional melting due to latent heat
release cannot exceed the amount of freezing in owing water, the extent of the pipe structures
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corresponds to an equivalent water in ow of at least 10.5 mm of the total mapped 26.5 mm of
water-equivalent melt. There are two possible sources for this water in ow — rain or surface
melting. Rain on the Greenlandic plateau in summer 2012 is currently not represented in
regional climate models or reanalysis daladesco et al2013], but was observed at NEEM

on 11 July 2012Nighiem et al.2012]. As meltwater and (potential) rain will mix, we do not
terminologically distinguish between melt features and refrozen rainwater.

4.2 Insights from AWS data

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

In the light of the observations at NEEM (438 km north-west of EGRIP) and due to
their similarity, the AWS data from the NASA-E site (180 km south-east of EGRIP) can be
interpreted as an indicator for the conditions at EGRIP in July and August 2012 (Fig. 5). While
the rst warm period (10-16 July) had much less of an impact there and the snow albedo had
mostly recovered by 18 July, the decrease in albedo was much more persistent in late July
and prevailed until after 6 August. Throughout the whole period (11 July to 11 August) the
snow surface lowered slowly for a total loss of about 0.08-0.1 m. In agreement with our
eld observations, we conclude that there was some melting and maybe minor rainfall during
the rst warm period when the rst melt crusts and ice lenses were formed. Then, after the
snowpack had refrozen, further melting or rainfall occurred during the second or third warm
period, leading to the formation of distinctive melt pipes.

4.3 Implications for single-core melt records

The probability distribution of nding a certain total 2012 melt layer thickness when
drilling an ice core in the EGRIP area (Fig. 6) shows more variability than desirable for the
interpretion of single ice-core melt records. This is due to the documented large heterogeneity
of melt features that was already suggested by ground-penetrating radar measurements [e.g.
Brown et al, 2011]. Even though the absolute thickness values will decrease due to com-
paction and thinning (and thus only refer to drillings in the near future), the variability will
persist.3% of cores drilled in the study area would contain more than 100 mm of refrozen wa-
ter. In order to obtain a value within10 mm of the average total melt layer thickness (29 mm)
with a95%con dence, it would be necessary to drill fteen ice cores in the study area. For a
precision of 5mm one would already need to drill 60 ice cores. Thus melt records from sin-
gleice cores [e.Alley and Kocj 1988;Langway and Shqjil990] have to be interpreted with
great caution. Exemplarily, for an ice core drilled in the study area, there are signi cant proba-
bilities to nd the 2012 event represented by only thin crusts as well as melt features covering
several years of accumulation. Thin melt crusts can no longer be detected with reasonable cer-
tainty in deep ice coredlley and Anandakrishnari995;0rsi et al, 2015], leading to melt
events being missed in single cores. Melt features that span several years may be interpreted as
multiple events. For sites with high melt frequencies, this uncertainty may be compensated by
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averaging over a suf cient amount of years (and thereby melt eventsHsler et al, 2012],
but for cold sites, i.e. where melt is scarce, the representativity of single-core melt records is
doubtful.

4.4 Directional in uence of the wind

Even though previous studies did focus on the variability of the snowpack along a xed
direction [e.g.Laepple et al. 2016], a strong directional in uence of the wind due to dune
formation and horizontal undulations was already sugge®eusk§ch et al. 2015]. We can
con rm these assumptions for both study sites, Kohnen (East Antarctica) and EGRIP (Green-
land). For the shared variance of the two-meter density pro les at Kohnen station (Fig. 7), a
signi cantly higherR? is preserved with distance along the main wind direction (and thereby
parallel to the dunes), while for the other two (orthogonal and diagonal) the values decrease
to a constant level of about 0.68 within the rst 10—-15 m. For the ve-meter density pro les
from EGRIP,R? is linearly decreasing along the main wind direction, i.e. the LTW trench,
until a constant level is reached at 35-40 m distance (Fig. 8). In contrai? thalues for the
orthogonal trench have already decreased to the same constant level at 5-10 m. As we apply a
matching algorithm for the density layering, this proves that individual stratigraphic features
are more persistent parallel to the dunes for both study sites. Thus, wind-driven redistribu-
tion of snow causes the snowpack to be signi cantly more homogenous along the main wind
direction.

We observed (summer) surface roughnesses (i.e. dune heights) of 0.2-0.3 m at both
sites and there are no signi cant differences in density (similar ranges and standard devia-
tions), while the accumulation rates differ by a factor of approximately two (62 kg an?
at Kohnen Derter et al, 2000] compared to 120 kg M a ! at EGRIP Jallelonga et al,

2014]). This may be the reason that we observe an even larger in uence of wind-driven redis-
tribution at Kohnen, in the sense that even at a distance of 75 m an increased shared variability
prevails along the main wind direction, while the constant "local” level is reached after 35—
40 m at EGRIP. In turn, a higher local level in shared variability at EGRIP may result from a
larger fraction of snow being deposited evenly (without signi cant redistribution) due to the
higher accumulation rate while erosion (and the resulting decrease in the local shared variabil-
ity) plays a bigger role at Kohnen.

The shared variance values seem to oscillate at a wavelength of 15-20 m for the LTO
trench (Fig. 8). This corresponds to the observed snow eld sizes between dunes formed by
strong wind events in East AntarcticBifnbaum et al. 2010]. In order to quantiy this ob-
servation, we determined the shared variance between snow cores from the different trenches
(Fig. 11). Our interpretation of the distinct wave pattern along the LTO direction is an imprint
of the average distance of surface dunes that are formed along the main wind dirBitien [
baum et al.2010] and the snow elds between them. This further con rms the strong in uence
of wind and its direction on the density stratigraphy of the snowpack.

4.5 Density evolution with depth

We then analyzed the in uence of depth on the decrease in shared variance for the LTW
trench and do observe the same general trend, but signi cant offsets (Fig. 9). The lowest values
occur for the interval 1.5—-3 m, which is a consequence of the various percolation features from
the 2012 melt event that are mostly limited to these depths. However, while the values for 0—
1.5 m are only slightly higher, we observe a positive offset of about ORZifior 3—4.5 m
depth. Thus, within the snowpack the shared variance seems to increase with depth. Notably,
for the majority of cases we also observe higRérfor the second meter in depth at Kohnen.
However, the picture is much less clear as there we only have one pair of snow cores for a
certain distance. In comparison, for EGRIP, Greenland, each data point is based on several
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 pro les (Fig. 10).
366 While most of the signals are indistinguishable from white noise, a signi can0{@5) 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 oMuench et al. 2016]. Thus, the seasonal cycle in

an density Bchaller et al. 2016;Laepple et al. 2016] builds up within the snowpack while the

an2 high variability at the surface due to roughness and wind-driven redistribution of snow is
a73 steadily abating.

374 5 Conclusions

a1 A trench study of the snowpack at EGRIP, Greenland of high spatial resolution and and
376 large horizontal and vertical extent allowed the rst accurate determination of the local spatial
ar 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

379 total ice layer thickness that an ice core from the EGRIP area may contain. One would need
380 to drill fteen ice cores in order for the average total melt thickness to be withl® 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
a8 events will be signi cantly 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 in ltration of
ags water in cold Greenlandic plateau rn through several years of accumulation with no signi -
387 cant horizontal redistribution. One possible explanation is rainfall at the EGRIP eld site (as
388 observed on other plateau sites in July 2012), a nding 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

301 modeling may bene t the understanding of extreme summer melt events, whose frequency
a0 is expected to increase in the context of climate chaMgdrath et al, 2013;Collins et al,

393 2013].

304 By analyzing snow-core arrays from Greenland and East Antarctica, we showed a sig-
305 ni cantly 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 nd an oscillating behavior of the shared variance, strongly

308 suggesting that buried surface structures (i.e. dunes and the interjacent snow elds) dominate
a9 the local variability of the snow stratigraphy. These ndings 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 pro les for such areas is not straightfor-
405 ward, but may require ground-based sampling.

406 For the EGRIP site, we nd clear evidence of an increasing shared variability of snow
a07 density with depth due to the developing seasonal cycle. Our data from East Antarctica indi-
a08 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 AntarctidHogfhold et al,

a10 2012;Laepple et al.2016] suggests a similar effect. As a consequence we plan further inves-
a1 tigations of the stratigraphic variability and its directional dependence on the East Antarctic
a12 plateau with a focus on regions with very low accumulation rates.

a13 All of these aspects are of particular importance for altimetry-based SMB estimations.
14 The conversion of volume to mass requires representative density pro les of the snow and

58



Signal formation in polar snow, rn and ice Christoph Schaller

415

416

417

418

419

420

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

443

444

445

446

Submitted for publication iIdGR-Earth SurfaceNot subject to U.S. copyright.

rn, which are the largest source of uncertainty to de®a¢pherd et al.2012]. Improving

these pro les requires understanding both, the spatial variability of the density signal and its
evolution with depth (densi cation). Melt features act as re ectors for electromagnetic waves
and thus strongly affect remote-sensing signals by increasing the amount of volume scattering.
However, the necessary corrections cannot take into account their large spatial heterogeneity,
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.

449 Figure 2. Example of the 2012 melt features in a snow core from the LTW trench. The density pro le in

450 the left panel has been aligned with the radioscopic image in the center, where ice is represented in white.

451 Zoomed sections of two thin ice crusts (blue box) and an ice lense (cyan box) are displayed on the right.
-11-
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452 Figure 3. Areal melt fraction along the a) LTO and b) LTW trench walls. Percolation depths have been
453 determined with respect to the upper edge of a reference horizon that we interpreted as a July or August 2012
454 surface or near-surface crust.
455 Figure 4. Mass distribution of refrozen meltwater versus percolation depth. The results for both trenches
456 have been averaged.
—12—
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457 Figure 5. AWS data for the NEEM and NASA-E sites in summer 2012. Potential melt or rain conditions

458 are indicated by gray boxes. a) Maximum hourly air temperature per day, b) daily average snow albedo and c)
459 change in daily average snow height relative to July 1, 2012.
460 Figure 6. Probability (y-axis) to nd a certain total melt layer thickness (x-axis) when drilling an ice core
461 (diameter 0.1 m) in the EGRIP area. Notably, it is not possible to nd no 2012 melt layer as the uppermost
462 melt crust from 2012 is continuous.
—13—
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Figure 7. R? after matching the density pro les of two-meter CLP snow cores along the same direction
using the Dynamic Time Warping algorithm. The respective core was compared with a stack of the four cores

around the origin (see Fig. 1).

Figure 8. R? after DTW matching the density pro les of ve-meter snow cores with a certain distance

from the same LTX trench. The displayed values are averages of all combinations of two snow cores with the
respective distance. The decrease for the LTW trench was t by a linear regressidR3with 0 :93 while the
values for the LTO trench oscillate around the mean value of 0.71.

Figure 9. Average R after DTW matching of 1.5 m density pro les versus distance for three consecutive
depth intervals in the LTW trench.
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Figure 10. Spectral analysis of stacked 1.5 m density pro les from the LTW trench for three consecutive
depth intervals. The spectral powers (cross-correlations with a complex sinusoid of the wavelength given on
the x-axis) were normalized with respect to the absolute maximum. The eleven density pro lesQ(td'W
LTW_10) were cut in the given intervals and stacked using the DTW algorithm as descritgahallgr et al.
2016]. For the values within the gray box statistic signi canpe<(0:05) has been checked by comparison to
white noise using Fisherg-statistic Wichert et al, 2004].

Figure 11. R? after DTW matching density pro les of ve-meter snow cores from the LTX trenches. For a
map of the positions see Fig. 1. Please note the rst liners (LO&hd LTQO) were both taken 15 m from the
common origin in the respective trench.
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