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ABSTRACT

Throughout the last ~3 million years, the Earth’s climate system was
characterised by cycles of glacial and interglacial periods. The current
warm period, the Holocene, is comparably stable and stands out from
this long-term cyclicality. However, since the industrial revolution, the
climate has been increasingly affected by a human-induced increase
in greenhouse gas concentrations. While instrumental observations
are used to describe changes over the past ~200 years, indirect ob-
servations via proxy data are the main source of information beyond
this instrumental era. These data are indicators of past climatic con-
ditions, stored in palaeoclimate archives around the Earth. The proxy
signal is affected by processes independent of the prevailing climatic
conditions. In particular, for sedimentary archives such as marine sed-
iments and polar ice sheets, material may be redistributed during or
after the initial deposition and subsequent formation of the archive.
This leads to noise in the records challenging reliable reconstructions
on local or short time scales. This dissertation characterises the initial
deposition of the climatic signal and quantifies the resulting archive-
internal heterogeneity and its influence on the observed proxy signal
to improve the representativity and interpretation of climate recon-
structions from marine sediments and ice cores.

To this end, the horizontal and vertical variation in radiocarbon con-
tent of a box-core from the South China Sea is investigated. The three-
dimensional resolution is used to quantify the true uncertainty in ra-
diocarbon age estimates from planktonic foraminifera with an exten-
sive sampling scheme, including different sample volumes and repli-
cated measurements of batches of small and large numbers of speci-
men. An assessment on the variability stemming from sediment mix-
ing by benthic organisms reveals strong internal heterogeneity. Hence,
sediment mixing leads to substantial time uncertainty of proxy-based
reconstructions with error terms two to five times larger than previ-
ously assumed.

A second three-dimensional analysis of the upper snowpack pro-
vides insights into the heterogeneous signal deposition and imprint
in snow and firn. A new study design which combines a structure-
from-motion photogrammetry approach with two-dimensional iso-
topic data is performed at a study site in the accumulation zone of
the Greenland Ice Sheet. The photogrammetry method reveals an in-
termittent character of snowfall, a layer-wise snow deposition with
substantial contributions by wind-driven erosion and redistribution
to the final spatially variable accumulation and illustrated the evo-
lution of stratigraphic noise at the surface. The isotopic data show
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the preservation of stratigraphic noise within the upper firn column,
leading to a spatially variable climate signal imprint and heteroge-
neous layer thicknesses. Additional post-depositional modifications
due to snow-air exchange are also investigated, but without a conclu-
sive quantification of the contribution to the final isotopic signature.

Finally, this characterisation and quantification of the complex sig-
nal formation in marine sediments and polar ice contributes to a bet-
ter understanding of the signal content in proxy data which is needed
to assess the natural climate variability during the Holocene.



ZUSAMMENFASSUNG

Wihrend der letzten ~3 Millionen Jahre war das Klimasystem der Er-
de durch Zyklen von Glazialen und Interglazialen gekennzeichnet.
Die aktuelle Warmperiode, das Holozin, ist vergleichsweise stabil
und hebt sich von dieser langen Zyklizitdt ab. Seit der industriel-
len Revolution wird das Klima jedoch zunehmend durch einen vom
Menschen verursachten Anstieg der Treibhausgaskonzentrationen be-
einflusst. Wahrend instrumentelle Beobachtungen die Verdnderun-
gen der letzten ~200 Jahre beschreiben konnen, liefern Proxydaten
die meisten klimatischen Informationen fiir den Zeitraum vor die-
sen Beobachtungen. Proxies zeichnen vergangene Klimabedingungen
auf und sind in Paldoklimaarchiven rund um die Erde gespeichert.
Das Proxysignal wird durch eine Vielzahl an Prozessen beeinflusst,
die unabhéngig von den vorherrschenden klimatischen Bedingungen
sind. Insbesondere bei sedimentdren Archiven wie Meeressedimen-
ten und Eisschilden kann es wahrend oder nach der Ablagerung zu
einer Umverteilung des Materials und einer Anderung des Signals
kommen. Dies fiihrt zu nicht-klimatischen Unsicherheiten in den Da-
ten, was zuverldssige Rekonstruktionen auf lokalen oder kurzen zeit-
lichen Skalen erschwert. Diese Dissertation charakterisiert die Abla-
gerung des Klimasignals und quantifiziert die daraus resultierende
archiv-interne Heterogenitdt und ihren Einfluss auf das beobachtete
Proxysignal, um die Représentativitdt und Interpretation von Klima-
rekonstruktionen aus marinen Sedimenten und Eiskernen zu verbes-
sern.

Zu diesem Zweck wird die horizontale und vertikale Variabilitit
des Radiokarbongehalts in einem Sedimentkern aus dem Stidchine-
sischen Meer untersucht. Die dreidimensionale Auflésung des Kas-
tenbohrers wird genutzt, um die tatsdchliche Unsicherheit in Alter-
abschdtzung von planktonische Foraminiferen mittels der Radiokar-
bonmethode zu quantifizieren. Mit Hilfe von verschiedene Probenvo-
lumina und wiederholten Messungen von kleinen und grofien An-
zahlen an Lebewesen wird eine Quantifizierung der Variabilitdt, die
auf die Durchmischung des Sediments durch benthische Organismen
zuriickzufiihren ist, durchgefiihrt. Die Durchmischung der Sedimen-
te verursacht eine starke interne Heterogenitdt, was zu Fehlertermen,
die zwei bis fiinf Mal grofler sind als bisher angenommen, und einer
erheblichen zeitlichen Unsicherheit von Rekonstruktionen basierend
auf Proxydaten fiihrt.

Eine zweite dreidimensionale Analyse liefert Einblicke in die hete-
rogene Signalablagerung in Schnee und Firn. Hierzu wird ein neu-
es Studiendesign in der Akkumulationszone des gronlandischen Eis-
schilds angewandt, wobei ein Structure-from-Motion Photogramme-

Xi



trie Ansatz mit zweidimensionalen Isotopendaten kombiniert wird.
Die photogrammetrische Methode zeigt, dass die Akkumulation von
Schnee sehr variable ist. Die Entwicklung der Schneeablagerung an
der Oberflache erfolgt primér schichtweise mit erheblichen Verdnde-
rungen durch eine windgestriebene Erosion und Umverteilung des
Schnees. Diese Dynamik fiithrt zu einer rdumlich variablen Akku-
mulation und sratigraphischem Rauschens an der Oberfliche. Die
heterogene Akkumulation bestimmt die rdumliche Ablagerung der
klimatischen Informationen, die in der Isotopenzusammensetzung
des Schness enthalten ist. Stratigraphische Rauschen der Oberfldche
bleibt in der oberen Firnsiule erhalten, was zu einem raumlich varia-
blen Signaleindruck fiihrt. Weiterhin werden zusétzliche Veranderun-
gen nach der Ablagerung durch Austauschprozesse zwischen dem
Schnee und der Atmosphére untersucht, jedoch ohne eine schliissige
Quantifizierung dieses Beitrags zur endgiiltigen Isotopensignatur.

Die Charakterisierung und Quantifizierung der komplexen und
heterogenen Signalbildung in marinen Sedimenten und Gletschereis
verbessert letztlich das Verstandnis des Signalgehalts in Proxydaten
und tragt dazu bei, die natiirliche Klimavariabilitdt des Holozédns bes-
ser abzuschétzen.
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INTRODUCTION

The Earth’s climate system is reliant on a complex interplay between
the land surface, the vegetation, the oceans, the atmosphere and the
cryosphere. External forcings affect these components at different spa-
tial and temporal scales. An influencing factor is, for example, the
solar radiation. The Earth’s orbital cycles and volcanic eruptions de-
termine the amount of insolation received at the Earth’s surface by
changing the amount of radiation going through the atmosphere.
Such changes have extensive influence on the mean state of the cli-
mate system and its variability on different spatial and temporal
scales, and is described as climate variability (Rohling et al., 2012).
The last ~3 million years are, for example, characterised by a cyclic-
ity of glacial and interglacial periods, as for instance revealed by a
deep ice from Antarctica for the last ~800,000 years (EPICA commu-
nity members, 2004). Since the last glacial maximum around 22,000
years ago, the climate transitioned to the current warm period, the
Holocene. This period is comparably stable and characterised by a
reduced climate variability (Rehfeld et al., 2018).

In recent decades, anthropogenic forcing has considerably affected
the Earth’s climate by increasing the concentration of greenhouse
gases, including CO,, in the atmosphere and thus causing the global
average temperature to rise by about 1 °C compared to pre-industrial
levels (IPCC, 2021). The knowledge of the rate and the magnitude of
these changes can only partly be inferred from instrumental observa-
tions due to their temporal limitation to the last ~200 years (Parker
et al., 2000). Yet, understanding past climatic changes is crucial to put
human-induced perturbations into context, compared to the small
variations during the Holocene, and to further distinguish the cur-
rent changes from the long-term natural variability.

Beyond the instrumental era, palaeoclimate archives are the most
important means to reconstruct the climatic history. The environmen-
tal information is recorded in sensors, such as calcite shells or ice crys-
tals. They carry the signal of interest and are stored, for example, in
marine sediments or ice cores, thus in archives, following the termi-
nology of Evans et al. (2013). The actual observation made on these
archives is called proxy and provides indirect information on the cli-
mate of the past. Besides the climatic information, each reconstructed
signal requires an age estimate, e.g., the time of deposition. One of
the first age estimates of a seashell was determined by Libby and
Arnold around 1950 by measuring the radioactive carbon isotope 4C
(Arnold and Libby, 1949; Libby et al., 1949). At the same time and in



INTRODUCTION

the same laboratory, Urey and Emiliani demonstrated the use of the
ratio of heavy (*¥0) to light oxygen isotopes (*°O) to reconstruct past
temperatures from marine shells (Urey, 1948; Emiliani, 1955, 1958).
At a similar time, Craig, Gordon and Dansgaard reported the rela-
tionship between the water isotopic composition and temperature,
which has since been widely used for the reconstruction of climatic
information from ice cores (Dansgaard, 1953; Craig, 1961a; Craig and
Gordon, 1965; Dansgaard et al., 1973). These and other findings have
laid the foundation for the use of proxy data and for today’s knowl-
edge of the climate history; and yet, in the context of climate change,
it has become more important than ever before.

To reliably reconstruct the variability of the Earth’s climate system
before to the instrumental era, a profound understanding of the pro-
cesses involved in the formation of the proxy signal is required. De-
pending on the archive, the imprint of the climatic information might
be multivariate, non-linear and seasonal. Resulting time uncertainty
and archive-internal heterogeneity can create random or systematic
biases in proxy data and their interpretation (e.g., Schiffelbein and
Hills, 1984, Werner et al., 2000). Recent developments and investi-
gations tackled these issues with improved sampling schemes and
dating methods for reliable chronologies (e. g., Blaauw and Christen,
2011; Lacourse and Gajewski, 2020; Miinch et al., 2021), with spec-
tral estimations of the signal and the uncertainties (Laepple and Huy-
bers, 2013; Miinch and Laepple, 2018), analytical error models and en-
hanced statistical analyses (e. g., Miinch et al., 2016; Kunz et al., 2020;
Dolman et al., 2021a,b) to improve the robustness of reconstructed
time series. A further step towards refined interpretations of proxy
data are forward models, such as proxy system models (PSMs), which
generally help develop a clearer understanding of the proxy-climate
relationship (e.g., Evans et al., 2013; Dee et al., 2017; Dolman and
Laepple, 2018). All these efforts improve the mechanistic understand-
ing of the climatic signal contained in the archives; however, detailed
studies of the uncertainties introduced during the signal imprint to
and preservation in the archive are elusive, but pivotal to ensure reli-
able reconstructions. This thesis, therefore, focuses on the uncertain-
ties in reconstructions from sedimentary palaeoclimate archives by
providing detailed insights into the processes and associated uncer-
tainties during the proxy signal formation.

1.1 INTRODUCTION TO PROXY-BASED CLIMATE RECONSTRUC-
TIONS

Marine sediments and polar ice sheets, two examples of sedimen-
tary archives, are key archives for climate reconstructions on short
and long temporal scales and cover large parts of the Earth. In con-
trast to other archives, such as speleothems or tree rings, both ma-
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rine sediments and polar ice sheets continuously record the climate
history. Time series from regions with low accumulation rates are
generally able to provide long-term climate information, but have
the disadvantage of low temporal resolution. Vice versa, areas with
high accumulation rates provide records with high temporal resolu-
tion, but limited in time. Reconstructions from the open ocean have,
for instance, a much lower temporal resolution than ice cores from
Greenland and Antarctica. The longest time series available from ice
cores currently covers the last ~800,000 years (EPICA community
members, 2004), while marine sediments can go back much further
in time. With their different characteristics, both archives provide a
wealth of information on different environmental parameters, such
as the sea level height, the size of ice sheets, the salinity content in
the oceans, atmospheric and sea surface temperature (SST), past accu-
mulation rates as well as atmospheric CO, and other greenhouse gas
concentrations, throughout glacial-interglacial periods (e. g., Pearson,
2012; Lea, 2014).

Sedimentary archives develop over time through successive depo-
sition of particles from above, i.e., marine organisms or snow crys-
tals (Fig. 1.1). The burial of these particles leads theoretically to a
chronological sequence of climatic information. In fact, a multitude
of processes before and during the accumulation as well as after the
deposition within the archiving medium modify the layered informa-
tion and add non-climatic noise. The most important principles of the
imprint of the environmental signal into a signal carrier, i.e., a snow
crystal or marine organisms, its deposition and preservation in ma-
rine sediments and polar ice sheets are introduced in the following
section and provide the background for the studies in the Chapters
2, 3 and 4 and the additional Chapters in Appendix A and B. Fur-
ther, similarities and differences between both archives are described
and current challenges in the interpretation of proxy-based climate
reconstructions are presented.

1.1.1  Radiocarbon as a tracer of time

The ocean covers more than 70% of the Earth’s surface. It is a vi-
tal component of the global climate and is in direct interaction with
the biosphere, the atmosphere and the cryosphere. The oceans basins
consist of sedimentary material of abiotic and biotic particles which
store a wealth of environmental information. Part of the sediment
consists of deceased organisms’ calcite shells, for example planktonic
foraminifera (Fig. 1.1a, in the following, foraminifera always refers
to planktonic foraminifera). These organisms live in the upper water
column and incorporate the prevailing environmental conditions of
their habitat into their shells. This information can be reconstructed
from the shells, for instance via the ratio of Magnesium to Calcium
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Figure 1.1: Schematic of marine sediments (a) and ice sheets (b). Both
archives develop over time with successive deposition of sink-
ing particles, containing the climatic information. Within each
archive, a variety of processes interact with the environmental
parameter and affect the linearity of the recorded information.
Marine organisms, e.g., planktonic foraminifera, record the en-
vironmental information of their habitat in the upper water col-
umn, sink down and deposit on the seafloor (a). With time, they
are advected downwards into the sedimentary column and af-
fected by bioturbation. Similar processes occur above ice sheets
(b). Snow crystals record the ambient conditions during their for-
mation in clouds and carry this signal to the snow surface. Dur-
ing the incorporation into the firn column, they are affected by
a number of depositional (e. g., snowdrift) and post-depositional
(e. g., sublimation) modifications. Note, both illustrations are not
to scale.

atoms or the ratio of heavy to light oxygen isotopes (e. g., Niirnberg
etal., 1996; Lea, 2014). Further, the shell’s radiocarbon content reflects
the time passed since deposition, based on its radioactive decay, and
is a commonly used dating method for material younger than 55,000
years (Libby et al., 1949; Blaauw and Heegaard, 2012).

The depth-age assignment via the ™C content from marine sed-
iments can be affected by many types of uncertainties, introduced
during the variable deposition of the material or post-depositional
within the sedimentary column. Bioturbation, for example, describes
mixing in oxygenated sediments by burrowing and feeding organ-
isms. This process significantly alters the stratigraphy of biological,
physical and chemical properties of the sediment with variations in
the intensity and the vertical extent for particles of different sizes and
for different environmental conditions, either at other locations or
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during different climatic periods (e.g., Peng et al., 1979; Schiffelbein
and Hills, 1984; Trauth et al., 1997).

Mixing models with different complexities were developed to quan-
tify this net displacement of material within the sedimentary column
(e.g., Berger and Heath, 1968; Guinasso and Schink, 1975; Bard et al.,
1987; Trauth, 2013). They generally assume uniform mixing of new
deposited particles within an upper sedimentary layer, often referred
to as the homogeneous layer (Fig. 1.1a). If the mixing is faster than the
burial of particles, the initial signal gets dispersed, resulting in a uni-
form distribution of the proxy signal (e. g., derived §'%0 or 4C from
foraminifera). Statistically speaking, bioturbation acts as a low-pass
filter smoothing the imprinted signal (Bard et al., 1987; Anderson,
2001).

In a number of studies since the 1970s, the radiocarbon content of
calcite shells has been used to assess the mixing rate in marine sed-
iments (Peng et al., 1979; Berger and Johnson, 1978; Broecker et al.,
1991), showing that the simple but frequently used mixing model by
Berger and Heath (1968) is too idealised. Linked to this is the inter-
est in quantifying the horizontal age-heterogeneity, i. e., the spread in
age in one depth layer. Recent developments towards ultra-small and
high-precision radiocarbon techniques allowed measurements of few
specimens and individual foraminifera analysis (IFA) (Wacker et al.,
2010, 2013). This new method was applied to assess sediment char-
acteristics and provide new insights into sediment mixing and the
resulting horizontal age-heterogeneity (e. g., Lougheed et al., 2018; Fa-
gault et al., 2019; Dolman et al., 2021a).

1.1.2 Environmental information stored in snow, firn and ice

The continuous deposition of snow leads to a geographically con-
strained recording of climatic information in ice (Fig. 1.1b) on the
large ice sheets that cover Greenland and Antarctica. The use of ice
cores as a palaeoclimate archive originated in the 1960s in the semi-
nal work of Dansgaard, who documented a temperature-dependent
change in the molecular structure of water. Water, water vapour, snow
and ice share the same chemical structure of two hydrogen and one
oxygen atom. In nature, atoms occur with different numbers of neu-
trons which are called isotopes. For hydrogen, the two stable isotopes
H (henceforth shortened to H) and 2H (also referred to as Deuterium
D) exist, whereas oxygen naturally has three stable isotopes, i.e., 160,
70 and 0. Water molecules can therefore build combinations of dif-
ferent isotopes, resulting in the isotopologues H,0, HD*O, H,70
and H,*®O with different natural abundances and molecular weights
(Table 1.1). In parts of this thesis, stable water isotopologues are re-
ferred to as stable water isotopes, which is used as a synonym.
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Table 1.1: The natural abundance and the molecular weight of stable water
isotopologues (Nassar et al., 2007; Horita et al., 2008).

Isotopologue Abundance Weight

[gmol™]
H,'°0 0.997317 18.011
HDO 0.00031069  19.017
H,"70 0.000372 19.015
H,0 0.00199983  20.015

The isotopic composition of water is commonly expressed in the
d-notation (in per mil, %o)

5 — < Rsample o ]> (11)
Rreference

following Craig (1961b) with Rgample being the abundance ratio of the
rare (e.g., H,'®0) to the common isotopologue H,"®O and Rieference
that of a reference water according to the international VSMOW /SLAP
scale (Gonfiantini, 1978). By convention, the Vienna Standard Mean
Ocean Water (VSMOW) has a reference value of oY% for both 580
(80/1°0) and 5D (D/H), whereas the Standard Light Antarctic Pre-
cipitation (SLAP) reference has values of -55.5 %o and -427.5 %o for 530
and 8D, respectively (IAEA, 2017).

The usage and interpretation of stable water isotopologues in
palaeoclimate research is based on the fractionation between the light
and the heavy components during phase changes, i.e., during the
transition from water vapour to raindrops or snow crystals, due to
differences in the volatility between light and heavy isotopologues.
Fractionation during evaporation and condensation can be quanti-
fied with the fractionation factor «, which expresses the differences
in the saturated vapour pressure between the light (p) and the heavy
component (p). This factor is temperature dependent and can be
described with

o= — (12)

in the case of equilibrium fractionation, i.e., when a slow rate of re-
action allows for equilibrium conditions between the phases (Dans-
gaard, 1964). The temperature dependency of this process results in
different isotopic ratios in snow crystals (Jouzel and Merlivat, 1984)
and builds the foundation of ice core based climate reconstructions.
The isotopic composition of firn and ice cores is, therefore, to a first or-
der interpreted as a proxy for local air temperature variations (Jouzel
et al., 2003).
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An immediate removal of the condensate after formation is de-
scribed by Rayleigh distillation and characterises the conditions dur-
ing the formation of raindrops in clouds. Under kinetic conditions,
this process shows higher fractionation rates than under equilibrium
conditions. The isotopic composition of the remaining phase R is com-
posed of the isotopic ratio of the original phase R, and the remaining
fraction of the initial phase f, following

R =Ry f*! (13)

(Dansgaard, 1964). Rayleigh distillation under equilibrium conditions
results in a linear relation between the oxygen and the hydrogen iso-
topic ratios in the form of

SD~8-5'80+10 (14)

(Craig, 1961a) which was found in many natural waters from various
places around the Earth. This ratio is defined as the Global Meteoric
Water Line (GMWL) (Craig and Gordon, 1965).

In contrast to this co-variation, kinetic effects, i. e., non-equilibrium
changes, are known to influence the isotopic composition during
evaporation at the ocean surface and during the formation of snow
crystals in the atmosphere (Dansgaard, 1964, Merlivat and Jouzel,
1979; Jouzel and Merlivat, 1984). While the slope of 8 between 580
and 6D can be predicted from equilibrium fractionation, a deviation
from this parallelism is expressed in the second-order parameter
deuterium excess (d-excess), defined as

d—excess = 8D —8-5'80 (15)

(Dansgaard, 1964). Besides an interpretation of oceanic source con-
ditions (e.g., Jouzel et al., 1982; Stenni et al., 2010), this parameter
additionally provides evidence of non-equilibrium processes after the
initial deposition, including vapour-snow exchange processes such as
sublimation as well as condensation at and beneath the snow surface
(Fig. 1.1) (Ebner et al., 2017; Casado et al., 2021). Indeed, a clear as-
signment of the signal to the source conditions or to local changes
after deposition can help to better understand the processes during
and after deposition, but is still pending. In addition to the drivers of
changes in the isotopic signature, accurate measurements and a de-
tailed understanding of the signal deposition are essential for reliable
climate reconstructions from ice cores.

Measuring stable water isotopologues

The abundance ratios of stable water isotopologues can be deter-
mined via the different weights using Isotope Ratio Mass Spectrom-
eter (IRMS) or via the differences in the electromagnetic wave ab-
sorption at specific wavelengths using Isotope Ratio Infrared Spec-
troscopy (IRIS). The first method has been used for many decades and
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provides reliable results. However, the analysis is time-consuming be-
cause the water has to be converted into gases which can be measured
by the mass spectrometer. The second method is mostly applied by
Cavity Ring Down Spectrometer (CRDS) instruments which measure
all ratios simultaneously via specific absorption spectra in different
wavenumber ranges (e. g., Kerstel et al., 1999; Kerstel and Gianfrani,
2008; Steig et al., 2014; Piarro Inc., 2022).

Despite the higher sample throughput, CRDSs, such as those from
Picarro Inc. (2022), have two disadvantages. First, a carry-over of re-
maining material from the precursor to the successive sample within
the instrument falsifies the measured value. This memory effect can
be accounted for by repeated injections of the same sample which re-
duces the influence of the previous sample and reaches a stable value
after certain injections, or by applying a mathematical correction. The
second drawback is an instrumental drift which describes a gradual
change in the measured isotopic ratios and is more pronounced dur-
ing long measurement sequences. The drift has to be monitored and
corrected with known reference values. Additionally, a normalisation
to the VSMOW /SLAP scale is necessary (van Geldern and Barth, 2012).
These three steps, memory- and drift-correction as well as normalisa-
tion, are usually referred to as the post-run correction.

Over the last decade, several calibration protocols have been devel-
oped using different measurement methods (e. g., different numbers
of injections per sample) and post-run corrections (e. g., van Geldern
and Barth, 2012; Groning, 2018; Miinch, 2021), highlighting the need
for more accurate measurements. During the preparation of this the-
sis, different sample treatments and calibration protocols were tested
and analysed regarding the number of injections per sample and
different post-run corrections. The evaluation is partly presented in
Braun (2019). Further description of the detailed results is beyond the
scope of this thesis but shall be published in the future.

Measuring snow accumulation

The underlying principle for the use of stable water isotopologues
from ice cores is the successive deposition of snow crystals on the
surface of ice sheets (Fig. 1.1b). Hence, a detailed understanding of
the accumulation history is necessary to account for potential biases
during the signal imprint and preservation within the archive.
Current approaches to quantify snow accumulation on ice sheets
cover a wide range of spatial and temporal scales. Remote sensing
products and ground-penetrating radar surveys provide a large spa-
tial coverage but lack the small-scale spatial resolution desired for
local studies (van der Veen and Bolzan, 1999; Rignot and Thomas,
2002; Arthern et al., 2006; Herzfeld et al., 2021). Firn and ice cores
provide long-term estimates of accumulation rates but are restricted
to one sampling point. Similarly, sonic snow height sensors offer high
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temporal resolutions but measure only a single point. Lines and grids
of snow stakes allow a high temporal and spatial resolution and are
easy to operate, but are limited to manual readings of personnel in the
tield (Kuhns et al., 1997; Mosley-Thompson et al., 1999; Schlosser et
al., 2002). Laser scanner (e. g., Picard et al., 2016, 2019) and Structure-
from-Motion (SfM) methods are used to obtain snow height data on
scales from centimetres to kilometres. Both are nowadays often used
methods for glaciological questions (e. g., Westoby et al., 2012; Nolan
et al., 2015; Picard et al., 2016; Chakra et al., 2019).

1.2 CHALLENGES OF PROXY-BASED CLIMATE RECONSTRUCTIONS

The previous paragraphs introduced archive-specific characteristics
of marine sediments and polar ice sheets. Combining proxies from
both archives can complement each other by providing detailed in-
sights into climatic relationships on various spatial and temporal
scales (e.g., Charles et al., 1996; Maffezzoli et al., 2021). Both archives
are influenced by a multitude of different processes, which add vari-
ations independent in time and possibly unrelated to climate, to the
signal. This noise limits the spatial representativity of single records
and the potential to reconstruct climatic variations on short tempo-
ral scales. The specific definitions of short and local depend on the
particular archive and are described as required.

In recent years, major progress in the understanding of the Earth’s
climate system and its response to various external and anthro-
pogenic forcings has been achieved by the acquisition of new palaeo-
climate information via research on the inherent uncertainties in
proxy data (e.g., Laepple et al.,, 2016; Miinch et al., 2016) and the
timescales which are meaningful to look at (e.g., Miinch and Laep-
ple, 2018; Casado et al., 2020). The question of the highest possible
temporal resolution of isotope time series from firn and ice cores
as well as marine sediment cores is increasingly coming to the fore
and is tackled with improved sensor-models in PSMs (Evans et al.,
2013; Dee et al.,, 2015). Many archive-related processes are, however,
still missing in these models. In the following, a selection of these
processes and relevant to this dissertation is presented.

1.2.1  The particle flux

The deposition of the signal carrier via vertical downward fluxes,
i.e., sinking of foraminifera within the water column or falling snow
crystals within the atmosphere (Fig. 1.1), varies in space and time.
The flux of foraminifera depends on environmental parameters and
water properties, including density horizons, chlorophyll concen-
tration, light intensity, seawater temperature and food availability
(Mortyn and Charles, 2003; Kuroyanagi and Kawahata, 2004; Jonkers
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and Kucera, 2015). This vertical flux can be influenced by ocean
currents that can carry foraminifera and, hence, cause a lateral and
thus climatic shift between the living and sinking sites (van Sebille
et al., 2015). Similar processes also prevail over ice sheets. The timing
and the amount of snowfall is driven by synoptic weather regimes
and prevailing winds that lead to an intermittent and potentially
seasonally biased snow deposition (Steig et al., 1994; Schuenemann
et al., 2009; Persson et al., 2011). This variability is particularly pro-
nounced in very dry areas with low accumulation rates, such as the
East Antarctic Plateau (EAP), where a few individual events account
for most of the annual accumulation (Richardson-Néaslund, 2004).
The flux-weighted recording in both archives results, therefore, in
an undersampling of the prevailing climatic conditions which can
additionally depend on the climatic state, i.e., glacial or interglacial
period (e. g., Kapsner et al., 1995; Cuffey and Clow, 1997).

1.2.2  Modifications after the initial deposition

After the initial particle settling, processes at the surface can erode
and redistribute particles in both archives, i.e., marine organisms
above the seafloor and snow crystals above ice sheets. While the trans-
port of the particles above the respective surface is archive-specific
and driven by different mechanisms, i. e., internal tides, deep-sea and
turbidity currents at the seafloor (Heezen, 1959; Johnson, 1972; Young
and Southard, 1978) vs. creep and saltation of snow (Filhol and Sturm,
2015), the processes themselves are similar; namely erosion and redis-
tribution. This reshuffling of snow leads to the formation of surface
features, which, in turn, influence the amount and location of sub-
sequent snow deposition. This can lead to large differences in the
amount of snow as well as the location between the initial and final ac-
cumulation, i. e., stratigraphic noise (e. g., Fisher et al., 1985; Pomeroy
and Jones, 1996). These modifications lead to spatial heterogeneity in
the local-scale accumulation history and the signal deposition, and
add non-climatic noise to proxy time series in both archives (Miinch
et al., 2016, 2017).

The deposited and flux-weighted climatic signal experiences fur-
ther modifications. Bioturbation within the sediment, for example,
leads to a net displacement of material, as introduced in Section 1.1.1.
Similar to the effects of bioturbation for marine sediments, the iso-
tope signal within the firn column is influenced by firn diffusion. The
transport of vapour within the pore space between snow grains atten-
uates the seasonal signals and smooths the isotopic gradients. How-
ever, firn diffusion is mainly restricted to the firn column above the
pore close-off, spatially uniform and depending on the accumulation
rate, the ambient temperature and the strain rate at the respective
site on an ice sheet (Whillans and Grootes, 1985; Johnsen et al., 2000).
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Hence, firn diffusion can be simulated with numerical models and
corrected for before interpreting ice core isotopic data (e.g., Stevens
et al., 2020; GKkinis et al., 2021). In contrast, bioturbation is more vari-
able in space and time and less predictive because it is driven by the
active mixing of benthic fauna. Deeper sediment layers can still be
affected by bioturbation, in particular by deep-reaching burrows pen-
etrating down to 1m into the sedimentary column and falsifying the
age estimate at a specific depth (Lowemark and Werner, 2001; Lowe-
mark and Grootes, 2004). Since bioturbation is often characterised
by variability in the strength and extent of mixing, the distortion of
the chronological sequence manifests in temporal offsets (Bard et al.,
1987), low signal-to-noise ratios (SNRs) in reconstructed time series,
low correlations of nearby records (Reschke et al., 2019b, 2021) and a
reduced amplitude of the climate variability (Schiffelbein, 1985; An-
derson, 2001).

Besides firn diffusion, isotopic exchange between the snow and
the atmosphere during sublimation, condensation, metamorphism
and firn ventilation is increasingly observed to substantially mod-
ify the imprinted signal after the initial deposition, especially dur-
ing precipitation-free summer periods (Town et al., 2008; Ebner et al.,
2017; Wahl et al., 2021). However, this process is still subject of on-
going research and the contributions of snowfall, depositional (snow-
drift) and post-depositional (vapour-snow exchange) modifications
to the final signal are not quantified yet (Steen-Larsen et al., 2014;
Casado et al., 2021). It could increase the signal content by continu-
ously imprinting the prevailing temperature into the snow and firn
column, or reduce the significance of the flux-weighted signal by
adding a non-linear factor; however, due to their small magnitude,
these processes are difficult to quantify.

1.2.3 Sampling and measurement uncertainty

Besides the presented uncertainties introduced during the signal for-
mation, i. e., deposition and imprint, additional errors can stem from
an unrepresentative physical sampling from an inherent heteroge-
neous archive or can be introduced during the measurement process.

The probability of a sample’s age to represent the true mean age
of the respective depth layer is affected by the archive-internal het-
erogeneity in oxygenated marine sediments. This is especially pro-
nounced when age estimates are based on small numbers of individ-
ual signal carriers or from small sample volumes because they are
more strongly affected by the net displacement of sedimentary ma-
terial (Schiffelbein and Hills, 1984; Kunz et al., 2020; Dolman et al.,
2021b). Besides the archive-internal heterogeneity, fewer individuals
per sample also increase the measurement uncertainty, even though
instrument developments have greatly improved the accuracy and

11
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reduced the measurement errors (Wacker et al., 2010, 2013). The in-
strumental analytical error increases with a decreasing radiocarbon
content; thus, older samples have larger uncertainties (Andree, 1987).
Additionally, the raw *#C values require a calibration to calendar age
(Heaton et al., 2020) and potentially also a correction for the ocean’s
carbon reservoir age (Alves et al., 2018). Both corrections introduce an
additional error to the final data point which has to be accounted for
(Hajdas et al., 2021). It is important to know and consider these un-
certainties for both, the analysis of reconstructed time series as well
as modeling approaches.

The list of applications to measure the snow height is long, but they
have only rarely been used to assess the characteristics of snow accu-
mulation (e. g., Albert and Hawley, 2002; Picard et al., 2019). Combina-
tions of snow height information with isotopic data sets can provide
insights into the two-dimensional view of stable water isotopologues
(Miinch et al., 2016) and help to quantify potential post-depositional
modifications. This further requires accurate isotope measurements
to overcome the inherent heterogeneity in snow. IRMS and CRDS in-
struments have their individual advantages and drawbacks. A suit-
able measurement method and post-run correction might depend on
the aim of a study, the required accuracy, financial possibilities and
time constraints. The variety of available measurement protocols and
post-run corrections presented in Section 1.1.2 hints to many potential
parameters to reduce the measurement uncertainties which are, how-
ever, not fully explored yet. Comprehensive sampling designs that
combine observations of snow deposition with isotopic data are rare,
but would greatly improve the understanding of the processes acting
during the signal formation at and beneath the snow surface.

1.3 OBJECTIVES AND OVERVIEW OF THE THESIS

Based on the presented challenges, the following scientific questions
have evolved and are addressed in this thesis:

¢ How can we measure and characterise the heterogeneity in sed-
imentary palaeoclimate archives?

* How heterogeneous are sedimentary archives and at what spa-
tial scale?

* What processes determine the signal formation and preserva-
tion as well as the spatial heterogeneity of the archive?

¢ How can the reliability of proxy-based climate reconstructions
from sedimentary archives be improved?

Designed as a cumulative thesis, this dissertation comprises of
three parts, presenting (1) a general introduction and theoretical
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background (Chapter 1), (2) the main part which consists of three
independent research articles from international peer-reviewed jour-
nals (Chapters 2 to 4) and two additional articles with co-author
contributions (Appendix A and B), as well as (3) a general discussion
answering the above-mentioned research questions (Chapter 5).

Chapter 2 analyses the three-dimensional age-heterogeneity in
several sub-cores from a box-core from the South China Sea (SCS)
based on radiocarbon data from foraminiferal tests. Three different
sampling schemes are performed with different sample volumes and
varying numbers of measured specimen. In addition, visual analyses
of X-ray radiographs confirm the indicated strong sediment mixing
without a clear separation between the mixed and historical layer,
as assumed in simple mixing models. Besides a decreasing mixing
intensity with depth and considerable contribution of deep-reaching
burrows to the overall archive-internal heterogeneity, the study shows
that previously assumed error terms underestimate the uncertainty
by a factor between two and five on the depth and age scale, respec-
tively. This Chapter is cited as Zuhr et al. (2022a) throughout the
thesis.

Chapter 3 presents the application of a StM photogrammetry ap-
proach that provides near-daily Digital Elevation Models (DEMs) of
the snow surface at the East Greenland Ice-Core Project (EGRIP) camp-
site. Besides an evaluation of the method for applications in glacial
environments, the SfM method gives insights into the snow surface
evolution over a three-month period. DEM-derived snow height in-
formation reveal spatial and temporal precipitation intermittency as-
sociated with wind-driven erosion and redistribution of snow. The
hereby created heterogeneity is illustrated with a two-dimensional
view of the internal snowpack structure. Both the strong intermit-
tency of snowfall and the internal varying layer thickness emphasise
the event-based imprint of the climatic signal and the substantial
modifications due to wind-driven post-depositional changes of the
snow surface. Throughout the thesis, this Chapter is cited as Zuhr
et al. (2021a).

Chapter 4 provides insights into the buildup of the stable water
isotopic signal in the upper firn column for a two-month periods at
the EGRIP campsite. The combination of near-daily snow height infor-
mation, using the established sftM approach, with repeated snow sam-
pling of the upper 30cm of the snow column along a 4om transect
reveals that the observed isotopic signal is to a first order imprinted
via snowfall. The unique data set additionally shows that the sur-
face stratigraphic noise is transferred and preserved in deeper layers
with spatial isotope variability persisting throughout the observation
period. This Chapter is cited as Zuhr et al. (2022b) throughout the
thesis.

13
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Chapter A presents laboratory experiments and field measure-
ments at EGRIP which investigate the role of sublimation on the
isotopic signature in surface snow during precipitation-free periods.
An increase in 5§®0 and a decrease in d-excess is observed and
related to sublimation and kinetic fractionation within the snow sur-
face. In both setup, changes in the isotope signature are influenced
by both sublimation and vapour deposition. The study, therefore,
postulates that the snow surface isotopic signature does not only rep-
resent the condensation temperature in a cloud but also incorporates
the atmospheric signature between precipitation events by moderate
post-depositional modifications. Throughout the thesis, this Chapter
is cited as Hughes et al. (2021).

Finally, Chapter B analyses the isotopic exchange between atmo-
spheric water vapour and surface snow based on field observations
at the EGRIP campsite and modelling approaches. Daily surface snow
samples are jointly analysed with observations of the vapour isotopic
composition for two consecutive summer seasons. During both peri-
ods, the latent heat flux suggests a positive net sublimation flux from
the surface towards the atmosphere which is confirmed with a sim-
ple model. Throughout the thesis, this Chapter is cited as Wahl et al.
(2022).

For consistency, the layout of some figures and tables has been ad-
justed. Additionally, the spelling has been changed from American
to British English, but in none of the cases was the original content
changed.

1.4 AUTHOR CONTRIBUTIONS TO THE MANUSCRIPTS

This section provides detailed information on the first-author re-
search articles included in this thesis as well as the contributions as
co-author to two additional publications in the Appendix.

First-author publications

Chapter 2: Age-heterogeneity in marine sediments revealed by three-
dimensional high-resolution radiocarbon measurements (Zuhr et al., 2022a):
T. Laepple and S. L. Ho designed the study. C.-C. Su performed the
fieldwork with the help of the crew of the research vessel OR1. A. M.
Zuhr and S. L. Ho did the subsampling at the Institute of Oceanog-
raphy, Taiwan, and J. Groeneveld and H. Grotheer carried out the
picking of specimens and measuring of samples. C.-C. Su performed
the X-ray measurements and L. Léwemark the analysis of the radio-
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ABSTRACT. Marine sedimentary archives are routinely used to recon-
struct past environmental changes. In many cases, bioturbation and
sedimentary mixing affect the proxy time-series and the age-depth re-
lationship. While idealized models of bioturbation exist, they usually
assume homogeneous mixing, thus that a single sample is represen-
tative for the sediment layer it is sampled from. However, it is largely
unknown to which extent this assumption holds for sediments used
for palaeoclimate reconstructions.

To shed light on (1) the age-depth relationship and its full uncer-
tainty, (2) the magnitude of mixing processes affecting the downcore
proxy variations, and (3) the representativity of the discrete sample
for the sediment layer, we designed and performed a case study on
South China Sea sediment material which was collected using a box
corer and which covers the last glacial cycle. Using the radiocarbon
content of foraminiferal tests as a tracer of time, we characterise the
spatial age-heterogeneity of sediments in a three-dimensional setup.
In total, 118 radiocarbon measurements were performed on defined
small- and large-volume bulk samples (~200 specimens each) to in-
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vestigate the horizontal heterogeneity of the sediment. Additionally,
replicated measurements on small numbers of specimens (10 X 5 spec-
imens) were performed to assess the heterogeneity within a sample
volume.

Visual assessment of X-ray images and a quantitative assessment
of the mixing strength show typical mixing from bioturbation cor-
responding to around 10 cm mixing depth. Notably, our 3D radiocar-
bon distribution reveals that the horizontal heterogeneity (up to 1,250
years), contributing to the age uncertainty, is several times larger than
the typically assumed radiocarbon based age-model error (single er-
rors up to 250 years). Furthermore, the assumption of a perfectly bio-
turbated layer with no mixing underneath is not met. Our analysis
further demonstrates that the age-heterogeneity might be a function
of sample size; smaller samples might contain single features from the
incomplete mixing and are thus less representative than larger sam-
ples. We provide suggestions for future studies, optimal sampling
strategies for quantitative palaeoclimate reconstructions and realistic
uncertainty in age models, as well as discuss possible implications for
the interpretation of palaeoclimate records.

2.1 INTRODUCTION

Proxy data from climate archives have been used for decades to re-
construct climate beyond the instrumental period. The information of
past temperatures is, for example, stored in the §'80 and the Mg/Ca-
ratio in calcite shells of organisms (e.g., foraminifera) embedded in
marine sediments (e. g., Niirnberg et al., 1996; Lea, 2014). These shells
are produced in the water column, rain down on the ocean seafloor,
accumulate over time and build a continuous archive with deeper lay-
ers representing earlier times. For the interpretation of the recorded
environmental parameters via palaeoclimate proxies, a reliable con-
version from depth to age is necessary. For material from the past
55,000 years, the measured radiocarbon content can be interpreted as
a tracer of time since deposition (Libby et al., 1949; Blaauw and Hee-
gaard, 2012; Heaton et al., 2021). To this end, the ratio of *C/**C (in
the following, we only refer to *#C) of carbon-containing sedimentary
material, e. g., the calcite shell of foraminifera, is typically measured
from several depth layers along a sediment core. These discrete age
estimates are then interpolated by applying statistical methods to ob-
tain a continuous depth-age scale for the entire sedimentary archive
(Bard et al., 1987; Bronk Ramsey, 2008; Blaauw and Christen, 2011).
In oxygenated sediments that form the bulk of the marine sedimen-
tary archives used for palaeoclimate reconstruction, the deposited
material is mixed by burrowing and feeding activities of the benthic
fauna in the upper layer of sediment (Berger et al., 1979; Savrda and
Bottjer, 1991; Casanova-Arenillas et al., 2022). As the rate of biological
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mixing, i.e., the bioturbation, is usually large compared to the sed-
iment accumulation rate, the sediment becomes well mixed before
it is eventually buried below the mixed layer (Figure 2.1A) (Berger
and Heath, 1968). This mixing considerably modifies the sequence
of recorded environmental properties and a down-core proxy time
series represents only a smoothed version of the true climatic and
temporal history (Goreau, 1980; Schiffelbein and Hills, 1984; Bard et
al., 1987). Sediments from the same depth layer therefore contain a
mixture of relocated younger and older material which complicates
the interpretation of proxy variables, as well as the determination
of the age of a sediment layer; the latter because measurements are
performed on a finite number of specimens which may not be rep-
resentative of the true mean age and proxy value of the layer (e.g.,
Lougheed et al., 2018; Dolman et al., 2021a).

Simple quantitative descriptions of the mixing (Berger and Heath,
1968; Berger and Killingley, 1982) assume a complete and instanta-
neous mixing of the sediment down to a fixed depth, and no fur-
ther mixing below (Figure 21A). Under this assumption, the degree
of smoothing affecting the archived climate record and the expected
variations between age-determinations from different samples from
the same sediment layer are well studied (e. g., Goreau, 1980; Dolman
et al., 2021a).

In reality, the intensity of mixing might vary which would lead to
non-uniform and incomplete mixing. Furthermore, secondary modifi-
cations by trace fossils of different sizes, such as Chondrites, Planolites,
Thalassinoides, Scolicia and Zoophycos, result in vertical and horizon-
tal variability as well (Figure 2.1B and C) (e.g., Dorador et al., 2020;
Casanova-Arenillas et al., 2022). The impacts within the sediment are
deep-reaching burrows and spreiten with fillings different from the
surrounding sediment leading to considerable horizontal differences
in age estimates on local (intra-sample, mm- to cm-scale) and regional
(between different samples and cores, m- to km-scale) spatial scales
(Anderson, 2001; Bard, 2001; Lowemark and Werner, 2001; Lougheed
et al., 2020). These post-depositional modifications can be visualized
and analysed with X-ray images highlighting the magnitude of sed-
iment heterogeneity (e.g., Lowemark and Werner, 2001; Léwemark
et al., 2008; Trauth, 2013).

For a quantitative use of palaeoclimate records, especially for large-
scale compilations (e.g., Marcott et al.,, 2013), model-data compar-
isons (e.g., Laepple and Huybers, 2014) or data assimilation (e.g.,
Osman et al., 2021), the uncertainties and distortions in the proxy
record and age-model have to be known. Here, proxy-system mod-
els (Evans et al., 2013; Dee et al.,, 2017; Dolman and Laepple, 2018)
or analytical error models (Kunz et al., 2020; Dolman et al., 2021b)
can be used if the processes contributing to the signal formation are
known. Analysing global compilations of Holocene and Glacial ma-
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rine records, Reschke et al. (2019a,b) showed that the correlation of
nearby proxy records is very low compared to the expectations from
climate models, and that this cannot be explained by the classical age
model uncertainty estimates derived from radiocarbon measurement
and calibration. One hypothesis for this low correlation is that the
true uncertainty of the age model may be larger due to heterogene-
ity in the sediment. Such a strong effect of archive heterogeneity was
previously found in other climate archive types, e. g., ice cores from
polar ice-sheets (Miinch and Laepple, 2018).

In the quest of a full characterization of sediment mixing and age
uncertainty, recent developments of ultra-small sample radiocarbon
dating techniques (e.g., <100 ug CaCOs;) provide an important tool.
They allow the measurement of the age of individual or small num-
bers (<10) of specimens (Wacker et al., 2010, 2013). This informa-
tion can be used to quantify the within-sample variability, i.e. the
spread between the youngest and the oldest material, at one depth
(Lougheed et al., 2018; Fagault et al., 2019; Lougheed et al., 2020; Dol-
man et al., 2021a).

Here we characterise the heterogeneity and the factors contributing
to the age uncertainty of sedimentary archives by generating radiocar-
bon data using nine replicate cores extracted from a single boxcore,
thereby affording a 3-dimensional view on the *#C variability within
a 24 x24x 34 cm volume. This allows us to estimate the bioturbational
mixing and the sediment heterogeneity and to infer the full age model
uncertainty accounting for these effects. Finally, we discuss possible
implications of the age-heterogeneity on palaeo reconstructions and
provide suggestions for an optimal sampling scheme targeted to bio-
turbated sediments.

2.2 METHODS
2.2.1  Study approach

To quantify and characterise the sediment heterogeneity affecting
palaeo-environmental reconstructions from marine archives, we
study an oxygenated marine sediment core retrieved from the south-
ern South China Sea using a box corer (Figure 2.2A, 10° 54.0262" N,
115° 18.4611" E, 2,208 m water depth), enabling the analysis of the
three-dimensional (24x24x38cm) spatial distribution of ages. The
South China Sea core location was chosen because this region is
characterised by sediments with medium to high carbonate concen-
trations (e. g., Broecker et al., 1988b; Broecker et al., 1988a; Sarnthein
et al., 1994) and reported bioturbational activities (e. g., Wetzel, 2002;
Lowemark and Grootes, 2004; Wetzel, 2008); both can be seen as
representative for many deep sea sediment cores and are therefore
suitable for a pilot study on age-heterogeneity. The sediment consists
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Figure 2.1: Conceptual sketches of mixing processes and sediment hetero-
geneity in a marine environment. Following the traditional terms
of the mixed and the historical layer, (A) shows a well-defined
boundary between both layers while (B) shows more dynamic
mixing processes including deep reaching burrows. (C) illus-
trates a potential two-dimensional view of the heterogeneous dis-
tribution of consistently increasing ages with depth. The panels
on the right hand side show a zoom into local age-heterogeneity.
Coloured dots and areas indicate marks from mixing of fine ma-
terials, fossils and other detrital components.

of beige and light brown silty foraminiferal ooze which provides
sufficient material for this extensive study with the need of many
specimens in a finite volume.

We use the radiocarbon content in foraminiferal tests as a proxy
of time since deposition. Following the different intensity and spatial
extent of mixing and burrowing activities, the vertical and horizontal
heterogeneity, which is a result of reworking by e. g., bottom currents
and the displacement of foraminifera shells by benthic fauna (Figure
2.1B), might vary on different spatial dimensions from millimetres to
decimetres. To guide our sampling strategy and interpretation, we
posit that the overall age-heterogeneity can be described by the two
terms defined below and illustrated in the idealized sketch of a two-
dimensional sediment slice (Figure 2.1C).

1. The term mixing is used here as a description of the hetero-
geneity within a sample, i.e. the variations between individual
specimens in a finite volume, which is the result of the uniform
mixing over a certain depth interval. This in-sample heterogene-
ity can be overcome by measuring a large number of specimens.

2. The horizontal heterogeneity in the mean age can be thought of
as a net displacement of the sediment. It describes the deviation
of a sample from the mean age-depth relationship. In addition
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to the process of mixing, this is also dependent on the sediment
accumulation rate and the presence of trace fossils and resulting
post-depositional modifications.

2.2.2  Core setup and sampling

The sediment core OR1-1218-C2-BC was taken in March 2019 on-
board the research vessel Ocean Researcher 1 (OR1). The sediment
consists of beige and light brown silty foraminiferal ooze. The core
was directly divided into twelve sub-cores onboard the ship by push-
ing plastic tubes into the sediment (Figure 2.2B). Here, the sub-cores
OR1-1218-C2-BC-1 to 9 (in the following we only refer to sub-cores
1 to 9) were analysed. The oxygen content of the core was not mea-
sured, but the number of fossil traces indicates oxygen-rich condi-
tions (Savrda, 2007). The subsequent sampling was performed in the
PaleoProxy Lab at the Institute of Oceanography, National Taiwan
University, Taipei, Taiwan. From each sub-core, a thin slab with 1cm
thickness along the length of the core was taken for X-ray radiogra-
phy before the sub-cores were split into smaller samples. The sub-
cores 1 to 5 were vertically sampled in 2 cm thick slices and the sub-
cores 6 to 9 in 1cm slices. The sub-cores 7 to 9 were additionally
horizontally split into two parts, A and B (Figure 2.2C). All samples
were freeze-dried, wet-sieved through a 63 p mesh and dried at 50 °C
before foraminiferal tests were picked. All analyses were based on the
most abundant planktonic foraminiferal species Trilobatus sacculifer (T.
sacculifer, without sac-like final chamber, 315- 355 um size fraction).

A x B

Latitude

Longm‘;‘da

Figure 2.2: Location and setup of the boxcore OR1-1218-C2-BC. (A) Sam-
pling location of the boxcore in the South China Sea. (B) Photo of
the setup and the plastic tubes (courtesy of Yu-Huang Chen), the
sub-cores 11 and 12 are not analysed. (C) Schematic overview of
the individual samples analysed from the boxcore. Within each
sub-core, seven depth layers were sampled for radiocarbon anal-
yses (orange layers): 0-2, 6-8, 10-12, 16-18, 22-24, 28-30 and
32-34cm. A detailed overview of the sample sizes is given in
Table 2.1. Sub-core 1 was further used for small sample analy-
ses, and together with sub-core 2 for small-volume bulk sample
measurements (22-23 and 23 - 24 cm, green excerpt).
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The sub-cores extracted from the box core were of different lengths,
ranging between 33.5 and 38 cm (Table 2.1). We restricted the mea-
surements to a maximum depth of 34cm for all but sub-core 1, on
which the first "4C measurements were performed with 130 and 165
specimens for the depths from o0-1 and 36 - 37 cm, respectively, to esti-
mate the age range covered by the core. Additionally, three replicates
with 200 specimens from the depth of 36 - 37 cm from sub-core 1 were
measured for a preliminary estimate of the sediment mixing intensity.

Table 2.1: Overview of different parameters from the sub-cores 1 to o:
lengths of the individual sub-cores, the measured horizontal and
vertical sample size and the resulting volume for each large-
volume bulk sample.

Sub-core Length Horizontal Vertical Volume

[cm] [cm] [cm] [cm3]
1 37 8x8 2 128
2 38 8x8 2 128
3 35 8x8 2 128
4 36.5 8x8 2 128
5 37 8x8 2 128
6 38 8x8 2 128
7A 335 4x8 2 64
7B 335 4x8 2 64
8A 33.5 4x8 2 64
8B 33.5 4x8 2 64
9A 35 4x8 2 64
9B 35 4x8 2 64

The sampling was divided into three types with the aim to inves-
tigate the afore-described processes which cause age-heterogeneity
between individual specimens as well as among samples. The types
differ in terms of the number of picked and measured specimens as
well as the volume of the samples:

* Large-volume bulk samples. The age of the seven depth lay-
ers from each of the twelve sub-cores (indicated in orange in
Figure 2.2C) was determined with samples based on volumes
of 128cm3 (=2x8x8cm) for the sub-cores 1 to 6 and 64 cm3
(=2x4x8cm) for the sub-cores 7A to 9B (Table 2.1). From each
sample, 200 foraminiferal tests were picked, gently crushed and
well mixed, so that each aliquot of the sample would contain
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material from a large proportion of the individuals, and thus
would reflect the mean age of the sample. The crushing and
mixing is important as only about one-third of each sample
(~800 ug CaCO;) was used for each "“C measurement in order
to have remaining material for either a replicate measurement
or a measurement of another proxy from the same batch of indi-
viduals (e.g. 580). These age estimates based on large-volume
bulk samples are used to quantify spatial patterns of net verti-
cal displacement of sediment leading to horizontal variation in
the mean age.

¢ Small-volume bulk samples. From sub-core 1 and 2, small-
volume samples with a volume of 1.8cm3 (=1x1.8x1cm) were
taken from thin slabs for two depth layers (22-23 and 23-24cm,
indicated in green in Figure 2.2C zoom-in). As for the large-
volume bulk samples, 200 specimens were picked, crushed and
about one third of each sample (~8oo ug CaCO3) was used for
radiocarbon measurements. These data are used to test whether
the net displacement depends on the spatial scale and thus the
sample volume.

¢ Small-n samples. Ten replicates of five specimens were mea-
sured for the depth layers 6-8 and 36-37cm from sub-core 1.
In contrast to the 200 foraminifera samples, which are intended
to average out the variation between individuals in a sample so
that differences between distinct sediment volumes can be mea-
sured, these small-n samples are used to determine the within-
sample age-heterogeneity and the vertical extent of the mixing.
Samples from two different depths were used to test whether
the mixing changed along the core and over time. However, the
upper depth might be less reliable because it lies within the
actively mixed layer.

All measurements were performed with an accelerator mass spec-
trometer Mini Carbon Dating System (MICADAS) equipt with a Car-
bonate Handling System (CHS) and Gas Interface System (GIS) at the
Alfred Wegener Institute in Bremerhaven, Germany (Wacker et al,,
2010; Mollenhauer et al., 2021). All samples were prepared and mea-
sured as gas targets following the standard operating procedures de-
scribed by Mollenhauer et al. (2021). Briefly, all samples were weighed
into 4.5ml septum sealed vials, loaded into the CHS and flushed
with ultra-pure helium for 5 minutes with 7omL/min to remove all
traces of atmospheric CO, using a two-way needle. After addition of
200 uL. phosphoric acid (H;PO,, >85 %, Fluka 30417) the hydrolyza-
tion reaction took place over ~30 minutes at 70 °C. Following com-
plete hydrolysis, sample CO, was flushed from the vial for 1 minute
at 7omL min™ He flow and passed over a phosphorus pentoxide trap
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to remove water vapor. CO, was subsequently concentrated on the ze-
olith trap of the GIS, quantified manometrically and fed into the ion
source. Radiocarbon data were normalised against standard gas (CO,
produced from NIST Oxalic Acid II, NIST SRM4990C) and blank cor-
rected against sample size-matched blank foraminifera (pre-Eemian
age) processed alongside the samples (Mollenhauer et al., 2021).

All radiocarbon data were calibrated and converted to calendar
ages based on the Marine2o calibration (Heaton et al., 2020) using
the R package Bchron (Haslett and Parnell, 2008; R version 4.0.3, R
Core Team, 2020). We used the default reservoir age provided in Ma-
rine2o and did not adjust for local marine reservoir effects because
we are only comparing relative, and not absolute ages.

Besides the processes affecting the signal prior to the core extrac-
tion, a number of steps during the sampling can also result in biases.
A tilted incline of the corer at the seabed can result in skewed lay-
ers within the core and can lead to differences in derived parameters
from different sides of the core especially when compared by sedi-
ment depth. Additional biases can arise from an imprecise manual
sampling of single layers and from the preferential preservation of
younger specimens due to their shorter residence time in the sed-
iment compared to older counterparts. We carefully examined our
data set with respect to the described errors by analyzing the differ-
ence in age between different sides of the core. We did not find any
indication for biases in the core retrieval, the manual sampling or the
preferential preservation of younger specimens.

2.2.3 Estimation of the sediment accumulation rate

The sediment accumulation rate is derived from a simulation with the
depth-age model BACON (Blaauw and Christen, 2011) using a verti-
cal resolution of 1 cm and the Marine2o calibration curve (Heaton et
al., 2020) to convert raw '4C data to calendar ages. We use all radio-
carbon data for this approach, with the small-volume bulk samples
and the small-n samples averaged for their respective depths.

2.2.4 Estimation of the sediment mixing strength

The variation in age between individual foraminifera from the same
depth, oing, can be used as a measure of the sediment mixing
strength. As our current analytical capabilities do not allow us to
measure the radiocarbon content of a single T. sacculifer test, we
instead measure "#C on samples of 5 individuals, and rescale the vari-
ance between them following Dolman et al. (2021a). To obtain oing
from o we first subtract the measurement error variance, omeas,
before multiplying by the number of individual specimens, n¢, and
taking the square root. omeqs includes the reported measurement
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error and the additional uncertainty from the calibration to calendar
age.

Oind = \/nf (O-%ep - 0-12neas) (21)

If oing is rescaled using the sediment accumulation rate, it repre-
sents the average distance that individual particles have been moved
by mixing, and in a simple 1-box mixing model, it can be thought of
as the mixing depth (e. g., Berger and Heath, 1968).

2.2.5 Estimation of the net sediment displacement

The variations in derived "C ages from the small- and large-volume
bulk samples are used to describe the net sediment displacement, i.e.,
the effect of the spatially non-uniform mixing on the mean age of a
sample. We evaluate this by analyzing the deviations of the individual
age estimates to the respective mean of each depth layer corrected
for the expected variations due to the large but still finite sample
size. To only study the effect of the net displacement, we subtract the
variations caused by the measurement error and the calibration as
well as from the finite sample size.

2.2.6  Visual assessment of mixing

Radiograph images were taken from the thin slabs at the Institute
of Oceanography at the National Taiwan University, Taipei, Taiwan,
and are, together with optical photographs, used to qualitatively de-
termine the mixing extent and intensity. Both types of images allow a
visual inspection of the mixing conditions and a separation between
homogeneously mixed material with a mottled appearance and the
historical layer with potential deep reaching burrows (e. g., Lowemark
and Werner, 2001; Lowemark, 2015).

2.3 RESULTS

In the following, we present the results of the individual "4C measure-
ments, grouped by sampling approach as described in section 2.2.2.
We then derive the sediment accumulation rate (section 2.3.2) as well
as the extent (section 2.3.3) and the spatial structure of the mixing
(section 2.3.4) before describing different error terms affecting the re-
liability of derived age estimates (section 2.3.5).
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2.3.1 Radiocarbon measurements

2.3.1.1  Large-volume bulk samples

The youngest calibrated 4C age estimate from the large-volume bulk
samples is 1,803 yrs (years) (£109 yrs 1 standard deviation (SD) mea-
surement error), while the oldest sample has an age of 18,333 yrs
(%226 yrs). The horizontal standard deviations (0cores) in each depth
layer vary between 471 (22-24cm) and 1,354 yrs (32-34cm). Gener-
ally, the range of ages, the standard deviations within a depth layer
and the measurement errors (Omeqs) increase with sediment depth
and age (Figure 2.3, Table 2.2).

= 9:
A o - —=— Averaged large-vol. bulk samples B
\ Individual large-vol. bulk samples
’”"\ . Small-n samples -
10 . 4 Indidivual small-vol, bulk samples 1 !
E I
E. \- =47 7
£ 20 N g | "
© £ s B T
=] \ E 2
. R
30 - 29 3
\\. e 23 i
40 - T T T 1 1 - I -29
] 5000 10000 15000 20000 25000 i & 3
Calibrated age [yr] 2
Calibrated age [yr] - TATBEABBOASE

15000 10000 5000

Figure 2.3: Depth-age illustrations for calibrated radiocarbon ages. (A) Cal-
ibrated ages for the large-volume bulk samples are shown with
grey points and their respective mean per depth layer illustrated
in black. Measurement errors for single data points are not dis-
played due to their small magnitude. The blue diamonds are age
estimates based on small-n samples while the golden triangles
show ages from the small-volume bulk samples. (B) Absolute
calibrated calendar ages from the large-volume bulk samples are
illustrated for each sub-core and arranged according to the sub-
sampling of the core to illustrate the three dimensions (see Figure
2.2B).

2.3.1.2  Small-volume bulk samples

To investigate whether and how the net displacement varies in space,
we analysed the horizontal variations in the small-volume bulk sam-
ples (1.8cm3). The mean ages of the small-volume samples are sim-
ilar to those of the large-volume bulk samples from their respective
depth and sub-core, and agree within the standard error. However,
the small-volume samples show a significantly higher variance than
the large-volume samples (golden triangles vs. grey points, Figure
2.3A, F-test with p =0.01) with a SD of 1,089 yrs for the small-volume
samples compared to 471 yrs for the large-volume samples, despite
being based on measurements with the same number of foraminiferal
tests.
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Table 2.2: Overview of calibrated calendar ages derived from the 4C mea-
surements of the low- resolution bulk samples. For each depth
interval (in cm), the mean age (Wiowres), the standard deviation
(0cores), the total range (z = maxqge — Mingge) as well as the
mean measurement error (Omeqs) Of all twelve subcores (see Ta-
ble 2.1) are given in years. For the layer from 32-34cm, the data
point from sub-core 9B had to be removed due to reported prob-
lems during the measurement and is not included in the analyses.

Depth Hlow Ocores Z Omeas

0-2 2,241 503 1,710 114

6-8 3,703 681 2,485 118
10-12 4,791 524 1,505 139
16-18 6,086 611 1,919 122
22-24 8,954 471 1,539 149
28-30 12,523 1,125 3,345 187
32-34 16,373 1,354 4,289 237

2.3.1.3 Small-n samples and age heterogeneity

To infer the age-heterogeneity within a sediment sample and thus
the mixing, the replicated measurements of the small-n samples from
6-8 and 36-37cm from sub-core 1 are used. The mean age for the
upper layer is 2,849 yrs with or¢p of 977 yrs, and 19,140 yrs with a
SD of 3,126 yrs for the deeper layer (Table 2.3, individual data points
in Figure 2.3A). The inferred SD between single foraminifera, oinq
(equation 21), which can be seen as an estimate for the heterogeneity
in ages within a sample, is 2,184 yrs for the upper layer and 6,990 yrs
for the deeper layer. The mean of the small-n samples from 6-8cm
is younger than the large-volume samples mean (2,849 vs. 3,703 yrs,
Table 2.2), but this difference is not statistically significant.

Table 2.3: Replicated "#C measurements on small-n samples from sub-core
1. The number of measured specimens n¢ as well as the num-
ber of replicate measurements nycp is given. pyep is the mean of
replicated age estimates per depth layer, oy¢p the standard devia-
tion and Omeqs the mean measurement error. oj,, q is the inferred
standard deviation in age between individual samples, following
Dolman et al. (2021a). All estimates are given in years.

Depth Nf Mrep Hrep Orep Omeas Oind

6-8 5 10 2849 977 139 2,184
36-37 5 10 19,140 3,126 299 6,990
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2.3.2  Sediment accumulation rate

With an average age of 2,241 yrs for the top layer and 19,140 yrs
for the lowest measured layer (36-37cm), the sediment core covers
the Holocene and the last glacial termination. The sediment accumu-
lation rate was determined using the BACON model (Blaauw and
Christen, 2011). To obtain estimates at a spatial scale comparable to
the extent of mixing, we applied a running mean with a width of
10cm to the derived accumulation rate model. For the upper part
of the core (10-18 cm, disregarding the mixed layer), the model sug-
gests an average sediment accumulation rate of 3.4 cmkyr™ (Figure
2.4) while the deeper part of the core is characterised by a transi-
tion to lower sediment accumulation rates with a mean of 1.6 cm kyr™
(> 18 cm).
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Figure 2.4: Derived sediment accumulation rates using the BACON model
and all ™C ages (averages of the small-volume bulk and the
small-n samples). The rate decreases from the upper core part
towards the bottom of the core. The confidence intervals are +
one standard deviation of all realizations from BACON.

2.3.3 Sediment mixing and bioturbation depth estimates

Visual analyses of optical images and radiographs are used to dis-
tinguish between a homogeneously mixed layer at the top of each
sub-core, followed by increasingly distinct burrows which mark the
transition to the historical layer with single deep reaching burrows,
such as Zoophycos (Figure 2.5). The exemplarily shown sub-core 2
illustrates the vertical extent of sediment mixing which can be de-
scribed with a homogeneous colour in the photograph and a mottled
appearance in the radiograph. The homogeneously mixed layer ex-
tends to about 8 cm, followed by the transition from the increasingly
distinct burrows to the historical layer between 12 and 13 cm. The
historical layer is characterised by lighter and darker colours in the
image, the occurrence of individual deep reaching burrows (Figure
2.5, marked in red) and loosely filled burrows (orange marks).
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Core depth (cm)

Figure 2.5: Assessment of the vertical extent of sediment mixing as well as
the intensity by visually analyzing photograph and radiograph
images from sub-core 2 exemplarily. All images are in the Supple-
mentary Material Figure S1. The radiograph image was done on
a thin slab (~1 cm thick sediment slice). Possible burrowing activ-
ities are indicated on the radiograph image for Zoophycos (black)
and loosely filled burrows (grey). The characteristic depth inter-
vals of bioturbated sediments are described as well. Horizontal
grey bars indicate the sampled layers for #C analyses.

Similar structures are also found in all other cores (Supplemen-
tary Material Figure S1). The average extent of the mixed layer is
8.4+ 1.2cm (1 SD) and the transition to the historical layer occurs on
average at 12.8 £0.9cm. The visual assessment indicates horizontal
variability for all analysed layers within the core. Individual depths
for each sub-core are listed in the Supplementary Material Table S1.

In addition to the visual inspection of images, we used the derived
age-heterogeneity from the small-n data together with the sediment
accumulation rate (section 2.3.2) to derive a mixing depth. Depend-
ing on the considered depth interval and the accumulation rate, we
derive a bioturbation depth between 7.5 and 11cm, consistent with
the independent visual estimates.

2.3.4 Spatial structure of sediment mixing

The individual age-depth profiles in Figure 2.3 indicate a continuous
increase of age with depth for each sub-core. However, the horizontal
structure shows spatial variability within single depth layers (Figure
2.6). Variations within a depth layer increase with depth, exceeding
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+ 2,000 yrs with large standard deviations for depths from 28-30cm
and 32 - 34 cm (see Table 2.2). The resulting heterogeneous spatial vari-
ability in the large-volume three-dimensional residuals (Figure 2.6) in-
dicates spatial coherence: the right panel for the sub-cores 7A to 9B is
often younger than its neighbouring panel for the sub-cores 4 to 6. No-
tably, the sub-cores 7A and 9B show consistently younger ages while
sub-core 5 is consistently older than the average age. These patterns
were tested for spatial autocorrelation with a 3D Moran’s I (Moran,
1950) and are statistically significant (p <0.05) which indicates more
spatial clustering than expected from a random process.

The horizontal variability derived from the small-volume bulk sam-
ples (zoom-in panel in Figure 2.6) suggests that the spatial scale of
mixing is smaller than the volume of the large samples which implies
a dependency on the spatial scale of measurements.

Depth [cm]
o] =
-J

Depth [cm]

Residual age [yr]
. 2000
1000
0
-23 -1000
I B 2000

7A7BB8ABBIAGH

Depth fom)

Distanco fem]

Residual age [yr] I b |

1000 o 1000

Figure 2.6: Three-dimensional view on age-heterogeneity within the core.
Residuals to the respective mean of each depth layer are shown
for all twelve sub-cores. They generally increase with depth
and show the largest deviations towards the bottom of the core.
Residuals from the small-volume bulk samples are compared to
the overall mean of all twelve samples and are shown in the in-
sert.

2.3.5 Components of age uncertainty

Uncertainties in age-depth profiles are usually based on analytical er-
ror terms, specifically the measurement error which is reported by
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the laboratory and its conversion to calendar ages. However, addi-
tional uncertainties arise from both picking a finite number of speci-
mens from a mixed sediment sample, and from horizontal variation
in mean age. In order to account for these uncertainties, we assess the
error terms from the measurement and calibration process, from the
finite number of specimens as well as from the net displacement of
sediment material (Figure 2.7). The first error term is the calibrated
value of the reported uncertainty (derived from #C counting statis-
tic) from the MICADAS laboratory and increases with depth due to
the exponential decay of radiocarbon (mean of 152 yrs, individual
estimates per depth layer are in Table 2.4). The error from picking
and measuring a finite number of specimens can be expressed by
Oind from the small-n samples divided by the square root of the
number of picked specimens. This term shows a mean uncertainty
of 325 yrs and increases with depth due to the decreasing sediment
accumulation rate. We use this term as an approximation of the ex-
pected heterogeneity within the bulk-samples based on the derived
age-heterogeneity in the small-n samples from 6 -8 and 36- 37 cm. The
spatial age-heterogeneity o¢ores is the standard deviation of all large-
volume bulk C ages for each depth layer respectively. Due to the
change in sediment accumulation rate with depth, the age uncertainty
increases with depth from 291 to 1,253 yrs (mean 673 yrs) while the
net vertical displacement in depth stays between 0.6 and 2.6 cm (mean
1.7Ccm).

2.4 DISCUSSION

If sedimentation and mixing within the sediment is spatially uniform,
neighbouring cores would be affected in the same way and thus,
nearby records should demonstrate replicable profiles. In contrast, if
mixing is incomplete, patchy or heterogeneous, the afore-mentioned
simple assumption does not hold and proxy records from nearby
cores will display differences due to their unique mixing history.

Following the simple assumption of a homogeneous mixed layer
(Figure 2.1A), the transition to the historical layer is characterised by
a kink in the depth-age-relation and this depth is interpreted as the
mixing depth (Berger and Heath, 1968; Berger and Killingley, 1982;
Trauth et al., 1997). This might be true if the mixing is intense and
sediment accumulation rate low. However, even though both of these
apply to the core shown here, we do not find a distinct kink in the
'4C record which suggests that mixing is incomplete, or spatially and
temporally variable mixing describes the conditions more realistically
(Figure 2.1B).

From previous studies, we recognise the importance of sediment
mixing for proxy records and its influence on the representativity
of such reconstructions. The mixing leads to additional uncertainty
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Figure 2.7: Different error terms affecting the reliability of 4C ages de-
rived from large-volume bulk (200 foraminifera) samples. The
measurement error (Omeas—err) iS shown combined with the
uncertainty from the calendar age calibration (o¢qtibration,
grey). Sampling only a finite number of specimens (Oyep, or-
ange) leads to an additional uncertainty term which increases
with decreasing sediment accumulation rates. The largest con-
tribution to the overall uncertainty stems from the horizontal
age-heterogeneity which is represented as the standard devia-
tion per depth layer between the large-volume bulk samples
from all sub-cores (Ocores, blue). The small-volume bulk sam-
ples (0smatll—volume, blue star) show an even larger uncertainty
due to the smaller physical volume. The variations caused by
the measurement error and the finite sample size are subtracted
from both 0¢ores and Osmall—volume t0 show the true effect
of the net displacement. The error terms are illustrated for (A)
resulting age uncertainty and (B) the net vertical displacement
by considering the change in sediment accumulation rate with
depth (Figure 2.4). The confidence interval and the error bar are
the standard deviation of the standard deviation of the bulk sam-
ples, but in (B) not accounting for the uncertainty in the sediment
accumulation rate.

in the determination of the samples” age (e.g., Barker et al., 2007;
Diaz-Asencio et al., 2020; Lougheed et al., 2020; Dolman et al., 2021a)
and to a smoothing of the signal (Anderson, 2001). We can use sim-
ple models to estimate the additional noise as well as the magnitude
of smoothing. However, these models assume homogeneous mixing
which underestimates the afore-described spatial variability. Besides
the active mixing, age-heterogeneity and age offsets can also arise
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Table 2.4: Contributions to age and depth uncertainty from different er-
ror terms. The error terms are described and illustrated in sec-
tion 2.3.5. The error from the standard deviation across all large-
volume bulk samples (0cores) is the remaining uncertainty after
accounting for Omeas—err, Ocalibration and an interpolated esti-
mate of Oy¢p. For the small-volume bulk samples, 0smat1—volume
is mentioned in brackets at 23 cm depth. The depth estimates are
derived by scaling the age estimates with the sediment accumula-
tion rate output from the BACON model.

Depth | 0meas—err + Omeas—err + | Orep  Orep | Ocores  Ocores
Ocalibration Ocalibration

[yrs] [em] [yrs] [cm] [yrs] [em]
1 114 0.6 482 2.4
7 118 0.5 154 0.6 653 2.6
11 139 0.5 464 1.8
17 122 0.4 534 1.6
23 149 0.3 291 [995] 0.6 [2.0]
29 187 0.3 1,032 1.4
33 237 0.3 1,253 1.6
36.5 494 oy

from changes in the foraminiferal flux (i. e., the number of specimens
per cubic centimetre) which can amplify or reduce the variations
caused by mixing. Changes in the flux are driven by variations in the
surface productivity and/or the thermal structure of the upper wa-
ter column (Bard et al., 1987; Jian et al., 2000); thus, also containing
environmental information. However, the abundance of T. sacculifer
does not change along our sediment core and is consequently not the
factor causing the age-heterogeneity.

Likewise, selective bioturbation of different size-fractions can result
in biassed age estimates (Peng et al., 1979; Broecker et al., 1984). Our
study is based on the size fraction from 315-355 um, thus our results
might be invalid for the fine material and other size fractions which
are differently affected by mixing (Wheatcroft, 1992; Diaz-Asencio
et al.,, 2020). In addition, changing corrosivity of bottom water mass
over time, oxygen-related changes in the benthic faunal community
or preferential dissolution of older foraminifera shells due to their rel-
atively longer residence time in the sediment can bias age estimates
(Barker et al., 2007). However, we expect that dissolution at our study
site is not important because the water depth at the core location lies
above the typical depth of the lysocline in the South China Sea where
the water is saturated with calcium carbonate (e. g., Regenberg et al.,
2014; Wang et al., 2016). We also find no trend toward lower diversity
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in trace fossils or a change in sediment colour from brown to grey,
both of which would indicate changes in oxygen levels (e. g., Froelich
et al., 1979; Savrda, 2007 ). We therefore interpret our observations
as variability caused by mixing and discuss its spatial scale in the
following.

2.4.1  The spatial scale of mixing and sediment heterogeneity

The conventionally considered error terms of the measurement and
the calibration process underestimate the true uncertainty of the age-
depth relationship that includes also spatial displacement (Figure 2.7),
and disregard deep reaching bioturbation effects, e. g., the formation
of spreiten, which can lead to significant deviations from the mean
age and severe offsets in the horizontal age structure (Lowemark and
Werner, 2001; Leuschner et al., 2002; Lowemark and Grootes, 2004).
The magnitude of different error terms (section 2.3.5) is dependent
on the sediment accumulation rate and can therefore be different in
age and depth units.

Figures 2.8A and 2.8B illustrate in three dimensions the scale and
pattern of variation in age that could be generated from the indepen-
dent "C measurement error and the measurement of a finite number
of specimens from a homogeneously mixed sediment, respectively.
Figure 2.8C shows the pattern observed in the real data, which dif-
fers from that shown in the previous two figures, suggesting that
it likely contains a component of incomplete and/or heterogeneous
mixing leading to net displacement. The assumption that mixing is
at least partly responsible for the clustering of spatial patterns from
e. g., burrowing activities and resulting low reproducibility of nearby
cores can be confirmed with a statistically significant spatial correla-
tion within the presented core (Moran’s I, p <0.05).

The presented variability in Figure 2.8C is based on the large-
volume bulk samples (200 specimens from volumes of 64 or 128 cm?3)
which averages out small structures within the sediment, whereas age
estimates from small-volume samples with 1.8cm3 are more likely
to be influenced by small-scale mixing structures, have larger stan-
dard deviations and are less indicative for the mean age of a depth
layer (Figures 2.3 and 2.6). As most proxy analyses are performed on
sample volumes of 10-20cm3, the applicable net displacement and
its uncertainties would be in between our estimates from the small-
and large-volume samples and are likely contained but potentially
not considered in conventional proxy analysis. Using fewer speci-
mens increases the range of age estimates for a given depth layer
which would rather be indicative of short-term local #C changes,
such as upwelling and monsoonal activities for our study site in the
South China Sea (e.g., Xie et al., 2003; Tan et al., 2020), instead of
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Figure 2.8: An illustration of the effect of different error terms on the three-
dimensional variability of #C derived age estimates. The devia-
tions from the mean age per depth layer are smallest considering
(A) only a random measurement error (including the calendar
age calibration error) and increase when (B) the finite number of
randomly picked and measured specimens is taken into account.
(C) The horizontal age-heterogeneity derived from all sub-cores
(Figure 2.7, ocores) exceeds both deviations and shows the true
age-heterogeneity caused by mixing.

the true mean age of the layer which is desired for reliable age-depth
modeling.

The question remains to what extent our findings apply to other
sediment sites used for palaeo-reconstructions. In most cases, age-
models are not replicated. In the replicated down-core radiocarbon
age estimates from different tubes from a multicore (50213-84-2, Fig-
ure 7 in Dolman et al., 2021a), the difference between age models is
one order of magnitude higher than expected from the uncertainty
from the radiocarbon measurements which provides strong evidence
for a significant net displacement. Furthermore, an indirect evidence
for sediment mixing can be found in age-model reversals as seen
in larger compilations of marine proxy records which regularly con-
tain age-reversals in their chronologies (38 % of the age-models in the
marine compilation in Marcott et al., 2013 contain an age reversal,
19 % have a reversal larger than twice the given uncertainty bounds).
The true number might be even higher because cores or core-sections
with difficult age-models may sometimes remain unpublished even
though this might simply be the result of active sediment mixing.
Thus, our findings are likely applicable beyond our study site but
similar studies at other sites would be very useful to investigate the
dependence of the sedimentation setting.

The magnitude of the errors associated with a ™#C age estimate in-
fluences the shape of a potential depth-age relationship. An example
of a BACON realization for sub-core 8B (vertical resolution of 1 cm)
with conventional error estimates based only on the uncertainty stem-
ming from the measurement and calibration (as in Figure 2.8A) shows
that most of the age estimates from the other sub-cores lie outside of
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the suggested 95 % confidence interval (Supplementary Material Fig-
ure S2A). In contrast, when the observed variability in age estimates
(Figure 2.8C) is used as an error estimate, the BACON model (not
surprisingly) shows an overlap of the confidence intervals with most
of the individual age estimates (Supplementary Material Figure S2B).
Hence, it may be useful to include the effect of the net displacement,
i.e., that a dated sample might not represent the correct age for the
layer it was sampled from, into age-model strategies for marine sed-
iments. A similar strategy was proposed for lake sediments already
(Heegaard et al., 2005).

2.4.2  Potential implications for palaeo-reconstructions

While the classical uncertainty of radiocarbon dates (derived from
#C counting statistic, Omeas—err + Ocalibration) i independent of
the sedimentation rate, the effect of measuring radiocarbon dates on
a finite number of foraminifera in a mixed sediment (or¢p) and the
effect of the net displacement (0¢ores) are inversely proportional to
the sedimentation rate and thus most important for low sedimenta-
tion conditions. For example, assuming a 10cm sedimentation rate;
a net displacement of 2cm would lead to an additional 200 yrs (1
SD) uncertainty from the net displacement comparable to the typical
radiocarbon uncertainty in the Holocene.

While for single records, such an age uncertainty might not af-
fect the inferred conclusions, it does, however, affect the comparison
between records from different sites, between reconstructed climate
and independent forcing time-series as well as large scale stacks of
records. For example, Marcott et al. (2013) (their SI Figure 17) esti-
mated that in the global mean Holocene stack, variability at millen-
nial scales (1/1000 yrs) is underestimated by a factor of two, mainly
caused by the radiocarbon age-uncertainty. If we speculate that the
true time uncertainty is 30 % times larger due to mixing and net dis-
placement as shown here, this would imply that millennial scale varia-
tions might be damped by a factor of five in the reconstructions. Thus,
the smooth reconstructed Holocene temperature evolution might be
further away from the true temperature variations. Reschke et al.
(2019b) used the correlation between nearby records to estimate the
signal to noise ratio in marine sediment records. The study found that
the results were strongly dependent on the age uncertainty estimates;
if the true age uncertainty is considerably stronger than usually as-
sumed, as proposed here, this would also imply that the signal to
noise ratio and thus the quality of the sediment records is higher
than suggested by Reschke et al. (2019b). Given the importance of
knowing the accurate age-uncertainty, estimates of the mixing and
the net displacement for other sedimentation conditions would be
very valuable for quantitative palaeo-reconstructions.

37



38

THREE-DIMENSIONAL AGE-HETEROGENEITY IN MARINE SEDIMENTS

2.4.3 Suggested "*C measurement strategy to determine mixing and net
displacement and to enable a reliable dating

A number of studies already compared different dating strategies
(e.g., Andree, 1987; Blaauw et al., 2018; Lacourse and Gajewski, 2020)
and we therefore do not want to propose an all-encompassing strat-
egy, as this also depends on external conditions, such as financial and
laboratory capacity, as well as the individual characteristics of each
core. For studies which need reliable dating with a precise quantifica-
tion of the age-model uncertainty and mixing, we suggest a sampling
strategy based on our findings (Figure 2.9). It should be noted, how-
ever, that our suggestions focus on sampling strategies for optimal
age modeling to derive from this information on the uncertainty in-
herent in the reconstructed proxy data that should be considered in
the interpretation. Moreover, these results and recommendations ap-
ply to bioturbated sediments and would not apply to sediment cores
which are clearly laminated or show other signs that they were de-
posited in dysoxic or anoxic conditions.

We recommend sampling in batches to adapt it to the accumulation
characteristics of the core. Specific suggestions on the replications,
the number of specimens and the sample volumes are mentioned in
Figure 2.9. Samples for the age determination should have a similar
sediment volume as those for the proxy, so that they are affected by
the same sediment heterogeneity. Furthermore, if proxy and radiocar-
bon measurements are based on the same sedimentary material, e. g.,
calcite tests, they should be derived from the same sediment sample
instead of two smaller sediment samples from the same depth. The
minimal number of shells to measure in order to derive reliable age
estimates can be approximated with the information on the sediment
accumulation rate and the mixing depth as well as with calculations
and reference charts (e.g., equation 5 and Figure 8 in Dolman et al.,
2021a).

The ultimate aim of each dating approach is to establish a reliable
depth-age scale. A first approximation of the covered temporal period
of a core and a rough estimate of the sediment accumulation rate
can be derived with age estimates ideally based on a large number
of specimens from the top and the bottom of a core. An additional
data point at an intermediate depth can provide information on the
consistency of the sediment accumulation rate.

Replicated measurements of small numbers of foraminifera (10 x
5 specimens) from the same sample can be sampled from several
depths to infer the mixing extent and intensity. Similar approaches
were applied in previous studies and provided reliable estimates
(e.g., Lougheed et al., 2018; Fagault et al., 2019; Dolman et al., 2021a).
Additional information on the presence of bioturbational structures
from trace fossils and their intensity (e.g., Zoophycos, Figure 2.5 and
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Supplementary Material Figure S1) can be obtained from X-ray im-
ages. To further assess the small-scale heterogeneity among samples,
we recommend the sampling of several horizontal samples, if pos-
sible. This might be restricted by the available core diametre and
material, but will provide valuable insights.

As a last step, measurements with many specimens from large vol-
umes for multiple, regularly spaced intervals can be performed. A
high vertical density is desired but depends on the sedimentary con-
ditions and might be limited by the availability of material and the
financial resources. However, applying the strategy on a limited num-
ber of cores in different sedimentation conditions would allow an
estimation the range of expected age displacements and thus allow
for more realistic age-depth models including uncertainty estimates
in the future.
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Figure 2.9: Overview and illustration suggested steps towards an improved
sampling protocol for a single core. The boxes correspond to pro-
posed samples in the 2D sketch and contain suggestions for dif-
ferent sample types with the depth and the number of layers to
samples, the ideal number of specimens n¢, the number of repli-
cates Nyep _within from one sample or the number of replicated
samples from one depth n;ep petween as well as the physical
volume of a sample Vy4¢c. The sample volume should be similar
or the same as the volume used for the proxy reconstruction (i.e.
10-20cm?). The second row indicates the information which can
be derived from each individual sample type and it indicates to
which of the samples from our study it can be compared.

2.5 CONCLUSIONS

The analysis of radiocarbon in foraminiferal tests as a tracer of time
since deposition shows at a first sight that all sub-cores showed an
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agreement on the temporal "4C decrease from the early Holocene to
the last glacial termination. However, the detailed investigation of
the three-dimensional variability in ages pointed out a much larger
uncertainty than what is usually accounted for in depth-age models.
This is to some extent caused by the measurement of a finite number
of specimens which leads to an uncertain estimate of the true age. An
additional contribution to the increased uncertainty is the (vertical)
displacement of sedimentary material which is more pronounced in
small volume samples. Even if all of these parameters were taken into
account, there is a lack of clear delineation or kink in the 4C record
between the mixed and the historical layer, which is often used in
studies or simulations as a determination of the bioturbation depth
(e.g., Berger and Heath, 1968; Berger and Killingley, 1982).

The new estimation of uncertainties implies that the traditionally
considered errors related to '4C derived ages are likely too optimistic.
Both the mixing and the sediment displacement affect the represen-
tativity of a derived age estimate in a way which is not clearly quan-
tified yet. We provide a data-based estimate of the vertical net dis-
placement indicating that the depth of a specific age might vary by
up to 3 cm from one core to another with an effective age uncertainty
about five times larger than usually assumed. If resources and fund-
ing permit, we recommend replicated radiocarbon measurements of
samples with small numbers of foraminifera, e.g., 10 x 5 specimens
for one or two depths, and (replicated) measurements based on many
specimens of large-volume samples, e. g., core halves, to quantify the
full magnitude of uncertainty for the age-depth model. An exami-
nation of the spatial variability of age estimates under other sedi-
mentary conditions, e.g. higher sediment accumulation rates or weak-
er/stronger mixing, would allow a more detailed description of the
effects and a parameterisation of these in depth-age models.



2.6 SUPPLEMENTARY MATERIAL 41

2.6 SUPPLEMENTARY MATERIAL
2.6.1 Supplementary figures and tables

2.6.1.1  Supplementary figures
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Figure 2.10: Visual assessment of the vertical extent of sediment mixing as
well as the intensity derived from photographs and x-rays from
all sub-cores except sub-core 2 (shown in Figure 5). Possible
burrowing activities are indicated on the radiograph image for
Zoophycos (red) and loosely filled burrows (orange). The charac-
teristic depth intervals of bioturbated sediments are described
as well. Horizontal grey bars indicate the sampled layers for 14C
analyses. Each sub-core is shown in one panel: (A) sub-core 1,
(B) sub-core 3, (C) sub-core 4, (D) sub-core 5, (E) sub-core 6, (F)
sub-core 7, (G) sub-core 8 and (H) sub-core 9.
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Figure 2.11: Depth-age models for sub-core 8B using BACON. The depth-
age model is shown in blue (dots represent the sampled depth
layers) and the shading indicates the 95 % confidence interval.
Additionally, all individual age estimates from the large-volume
bulk samples are included as well (black points). BACON was
run with the large-volume bulk samples, the mean per sub-core
from the small-volume bulk samples and the mean per depth
layer from the small- n samples. For the uncertainty estimate
required input by BACON, we used (A) the reported measure-
ment error and (B) the increased uncertainty from Figure 7.
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Table 2.5: Estimates of the mixed layer depth and of the transition to the
historical layer (both in centimetre) for each sub-core derived from
visual analyses of the optical photographs and the radiographs
as exemplarily illustrated in Figure 5. Averages + one standard
deviation are given as well.

Sub-core Mixed layer Historical layer
[cm] [cm]
OR1-1218-C2-BC-1 7 12
OR1-1218-C2-BC-2 8.5 12
OR1-1218-C2-BC-3 9 15
OR1-1218-C2-BC-4 9 13
OR1-1218-C2-BC-5 7 13
OR1-1218-C2-BC-6 8 12.5
OR1-1218-C2-BC-7 7 12.5
OR1-1218-C2-BC-8 10 13
OR1-1218-C2-BC-9 10 12
Mean + 10 84t1.2 12.8+0.9
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ABSTRACT. Ice cores from polar ice sheets and glaciers are an impor-
tant climate archive. Snow layers, consecutively deposited and buried,
contain climatic information from the time of their formation. How-
ever, particularly low-accumulation areas are characterised by tem-
porally intermittent precipitation, which can be further redistributed
after initial deposition, depending on the local surface features at dif-
ferent spatial scales. Therefore, the accumulation conditions at an ice
core site influence the quantity and quality of the recorded climate
signal in proxy records. This study aims to characterise the local ac-
cumulation patterns and the evolution of the snow height to describe
the contribution of the snow (re-)deposition to the overall noise level
in climate records from ice cores. To this end, we applied a structure-
from-motion photogrammetry approach to generate near-daily eleva-
tion models of the surface snow for a 195 m? area in the vicinity of the
deep drilling site of the East Greenland Ice-core Project in northeast
Greenland. Based on the snow height information we derive snow
height changes on a day-to-day basis throughout our observation pe-
riod from May to August 2018 and find an average snow height in-
crease of ~ 11 cm. The spatial and temporal data set also allows an in-
vestigation of snow deposition versus depositional modifications. We
observe irregular snow deposition and erosion causing uneven snow
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accumulation patterns, a removal of more than 60 % of the deposited
snow, and a negative relationship between the initial snow height and
the amount of accumulated snow. Furthermore, the surface rough-
ness decreased by approximately a factor of 2 throughout the spring
and summer season at our study site. Finally, our study shows that
structure from motion is a relatively simple method to demonstrate
the potential influences of depositional processes on proxy signals in
snow and ice.

3.1 INTRODUCTION

Ice cores from polar ice sheets and glaciers are one of the most impor-
tant climate archives. Physical and chemical characteristics are pre-
served in the ice, store information on past climatic conditions, and
are used as proxy data, for example, to reconstruct past temperatures
(e.g., Dansgaard, 1964; Jouzel and Merlivat, 1984) or snow accumula-
tion rates (e. g., Mosley-Thompson et al., 2001; Dethloff et al., 2002).

The accuracy and interpretability of reconstructed parameters de-
pend on the understanding of the initial signal formation and the pro-
cesses that potentially thereafter change the original signal imprinted
in the deposited precipitation. Amongst these are local processes such
as snow-air exchange processes; alteration of the isotopic composi-
tion (i.e., 880 or 5D) by diffusion, sublimation, vapour deposition,
or metamorphism (Steen-Larsen et al., 2014; Dadic et al., 2015; Rit-
ter et al., 2016); depositional losses of chemical compounds (Weller
et al., 2004), local-to-regional processes such as the spatial variabil-
ity in snowfall and wind-driven redeposition leading with the local
topography to stratigraphic noise (Fisher et al., 1985; Miinch et al.,
2016); and larger-scale processes such as precipitation intermittency
(Persson et al., 2011).

One major obstacle is the apparent gap between precipitation —
as determined from model approaches, reanalysis data, and remote
sensing products — and the net snow accumulation at the local scale
relevant for firn and ice core records. This gap is caused by processes
such as snow erosion, drift, and redistribution, which depend on the
wind speed, wind direction, and duration of wind events, as well as
on the conditions of the surface snow (Li and Pomeroy, 1997b; Li and
Pomeroy, 1997a; Sturm et al., 2001). While dunes and ripple marks
are snow bedforms resulting from snow deposition by wind, sastrugi
are the result of erosional processes at the snow surface and are very
common at locations with high wind speeds (Filhol and Sturm, 2015;
Kochanski et al., 2018). Furthermore, loose snow on top of consoli-
dated features can easily be picked up, transported by wind, and re-
deposited at other locations, which results in spatially variable snow
accumulation (Fisher et al., 1985; Libois et al., 2014; Naaim-Bouvet
et al., 2016), rendering wind an important meteorological parameter
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driving the changes in the observed snow surface (Albert and Hawley,
2002; Groot Zwaaftink et al., 2013). In order to understand the tempo-
ral and spatial variability of snow accumulation and to ascertain their
contribution to accumulation intermittency and to the observed vari-
ability in proxy records (van der Veen and Bolzan, 1999; Ekaykin et
al., 2016; Picard et al., 2019), quantification of the spatial and temporal
snowfall events and of the changes in surface structure and surface
roughness is therefore of crucial importance.

The acquisition of reliable snow height data is, however, still a
challenge (Eisen et al., 2008; Chakra et al., 2019). Methods to mea-
sure the amount of snow accumulation include stake lines and farms,
snow height sensors, remote sensing products (e.g., satellites, lidar
and radar measurements, photogrammetry alone or in combination
with Structure-from-Motion (SfM) approaches), as well as laser scan-
ning approaches. Stake lines, grids, and farms are robust and low-cost
ways to manually document snow height evolution (e. g., Kuhns et al.,
1997; Mosley-Thompson et al., 1999; Schlosser et al., 2002); however,
these methods require time and personnel in the field. Snow height
sensors, often mounted next to an automatic weather station (AWS)
(e. g., Steffen and Box, 2001; van de Wal et al., 2005), require less man-
ual work, can provide measurements at high temporal resolution but
are restricted to a single point. Remote sensing products provide large
spatial coverage up to several hundreds of kilometres with spatial res-
olutions of, e. g., 0.7 m pixel size for laser altimeter systems (Herzfeld
et al., 2021); however, their large spatial resolution is not suitable for
small or local-scale studies (e. g., van der Veen and Bolzan, 1999; Rig-
not and Thomas, 2002; Arthern et al., 2006). To obtain snow height
changes on the scale from centimetres to kilometres, various forms of
StM photogrammetry (Keutterling and Thomas, 2006; Westoby et al.,
2012; Nolan et al., 2015; Basnet et al., 2016; Cimoli et al., 2017), laser
scanners (Baltsavias et al., 2001; Picard et al., 2016, 2019), and large
grids of snow stakes (Mosley-Thompson et al., 1999; Schlosser et al.,
2002) are used. SfM is a widely used technique, also with applications
in glaciology (e. g., Westoby et al., 2012; Chakra et al., 2019), and it can
overcome some of the limitations of laser scanners, for example, the
wind disturbance by the fixed scanning tower as well as the limited
range of the laser scan (Picard et al., 2016, 2019).

In this study, we apply a custom-made StM photogrammetry ap-
proach to explore the snow accumulation behaviour for a study site
in northeast Greenland next to the deep drilling site of the East Green-
land Ice-Core Project (EGRIP). The overall aims of this study are (1) to
show that our method reliably characterises the temporal and spatial
pattern of snow erosion and accumulation; (2) to provide insights into
the temporal and spatial changes of the surface structures; and (3) to
investigate the effect of wind, subsequent snow erosion, and trans-
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port on the internal layering of the upper snowpack and the resulting
implications for climate proxy analyses.

3.2 DATA AND METHODS
3.2.1  Study site

Our study site is located next to the EGRIP camp site in northeast
Greenland (75°38'N, 36° W, 2708 ma.s.l; Fig. 3.1a) (Dahl-Jensen et
al., 2019). The location has a mean annual temperature of —29 °C and
is characterised by prevailing westerly winds (Madsen et al., 2019)
with a mean wind direction of 252° during our observation period
(Appendix Figs. 3.15 and 3.16). Accumulation rates in the vicinity of
EGRIP are 13.9cmw.e.yr | as estimated over a period of ~5 years
from 2011 to 2015 (using density data of the upper 2m of the snow-
pack, Schaller et al., 2016), while shallow ice cores and geophysical
surveys indicate between 10 and 12cmw.e.yr~! (Vallelonga et al.,
2014; Karlsson et al., 2020). An AWS from the Programme for Mon-
itoring of the Greenland Ice Sheet (PROMICE) (Fausto and van As,
2019) was installed in 2016 ~500m southeast of the camp (Fig. 3.1b)
and provides meteorological data with a 10 min resolution (Appendix

Fig. 3.15).
3.2.2  SfM photogrammetry and snow height reconstruction

We apply a SfM photogrammetry approach to map the daily snow ac-
cumulation patterns by reconstructing the daily surface snow heights
from digital images. To this end, we took images of the snow surface
covering a 39 x 10 m rectangular area, with the long x-axis set up per-
pendicular to the main wind direction and the short y-axis pointing
towards it (referred to as Photogrammetry Area; Fig. 3.1b). We set up
35 glass fiber sticks surrounding the area (30 sticks along the x-axis
and five distributed on the surrounding edges, Fig. 3.1c) to provide
absolute reference points for the snow height reconstructions. Fur-
thermore, all sticks were levelled to the same relative height by using
a theodolite.

Photos were taken almost daily from 16 of May to 1% of August,
2018 (77 days), mostly between 6 and 8 pm (local camp time, GMT-
3) to ensure the best light contrast and similar light conditions on
all photos (Nolan et al., 2015; Cimoli et al., 2017). No photos were
taken on days with very cloudy or whiteout conditions, because these
conditions do not allow a DEM generation from optical images. The
photos were taken using a Sony «6000 camera with a fixed lens of
20mm focal length and a focal ratio of f/16. The ISO value was set
to 100. These parameters were chosen to get as much contrast in the
images as possible. The camera was mounted at a height of ~1.6m
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Figure 3.1: Overview maps for all relevant locations and transects in our
study. a) Map of Greenland with the location of the EGRIP camp
site in northeast Greenland. b) Schematic map of the EGRIP area
including all relevant study sites. This area is approximately
200 m south of the deep drilling site at the EGRIP camp and about
300m from the AWS. The map is not to scale. Data from the AWS,
the Bamboo stakes, and the SSA transect (SSA = Specific Surface
Area) are used for the comparison of snow height estimates. Data
from the Validation Area are described in the Appendix 3.6.2. ¢)
Schematic illustration of the Photogrammetry area with respec-
tive distances. 30 glass fiber sticks were set along the walking
line (x-axis), four sticks were positioned on the edges towards
the main wind direction (y-axis), and one in the back of the study
area. The sledge with the camera is located as is shown in Fig.
3.2. The approximate field of view of the camera is illustrated
with grey lines.

above ground on a setup consisting of a sledge, an ice core box, a
plexiglass plate, and a metal pole (Fig. 3.2). During image acquisition,
photos were taken every second using an automatic shutter control
while the sledge was dragged on foot by a person along the down-
wind main side (Fig. 3.1, x-axis). This provided about 60 consecutive
images with an overlap of ~70 %. If less than 50 photos were available,
no DEM could be generated because of insufficient overlap between
successive images. We obtained an effective data set of 37 out of 77
days (48 %, Table 3.3) due to overcast conditions affecting the light
contrast, the inability to detect surface structures, failures in the im-
age processing, or insufficient overlap of consecutive photos.

We used the software AgiSoft PhotoScan Professional (Version 1.4.3
Software, 2018, retrieved from http://www.agisoft.com/downloads/
installer/) for the stM workflow including the digital elevation
model generation (hereafter referred to as DEM (digital elevation
model), archived under https://doi.org/10.1594/PANGAEA.936082,
Zuhr et al., 2020). The generated DEMs have a resolution of 1x1cm.
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Figure 3.2: Camera setup for the image acquisition. The setup consists of a
sledge, an ice core box, a plexiglass plate, a metal pole, and the
camera used to take images of the Photogrammetry area. The
sledge was dragged along the downwind main side of the study
area, during which photos were taken using an automatic shutter
control.

For reliable geo-referencing, we manually added ground control
points (GCPs) with known coordinates using the top of the glass fiber
sticks (Figs. 3.1¢, 3.19b and c) within Agisoft PhotoScan. The sticks at
y =10m were, however, not visible in every daily data set and could
not always be used as GCPs. Therefore, all 35 sticks were used as GCPs
if they were visible, otherwise the effective number of GCPs varied
between 32 and 35. The absence of the GCPs at y =10m and the lower
image quality might impair the height control in the back of the
area. For further analyses, the study area was therefore restricted to
y <5m and thus a DEM area of 195m? (instead of 390 m?) to ensure
constant data availability.

We evaluated our DEMs by analysing the trueness of our DEM-
derived snow height estimates compared to reference heights, i.e.,
manually measured snow heights. For this, we set up a validation
area with independent validation points within the area, avoiding
using the actual study area for the validation purposes to minimise
the disturbances on the snow height evolution in the study area. The
detailed validation analyses are presented in the Appendix 3.6.2 with
the main findings summarised here:

1. Data quality: We assessed the data quality and uncertainty by
comparing DEM-derived snow heights around the stick posi-
tions to manually measured snow heights at the stick locations
(Appendix 3.6.2.1, Table 3.4, Fig. 3.18). We derived the temporal
and spatial uncertainty across all stick positions and all mea-
surement days with manual and DEM data and found a mean
difference of 0.2cm, a standard deviation of 1.2 cm, and a root
mean square error (RMSE) of 1.3 cm. This uncertainty applies to
single points in time and space and will reduce when averaging
over the quantities.
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2. Sensitivity test on the number of GCPs: We tested the depen-
dency of the number of used GCPs on the DEM uncertainty by
using additional sticks in the validation area as an independent
measure of the accuracy of DEM-derived snow height estimates
(Appendix 3.6.3, Table 3.6). Different numbers of GCPs have a
very small effect on the overall accuracy with mean differences
between -0.3 and 0.1 cm, standard deviations up to 1.5cm and
RMSEs up to 1.5cm.

3. Sensitivity test on the alignment of GCPs: We evaluated the accu-
racy of our DEM-derived snow height estimates to the alignment
of the sticks itself by using the detailed information from the val-
idation sticks (Appendix 3.6.3, Table 3.7). The influence of mis-
aligned sticks causes mean differences between -0.1 and o0.1cm,
standard deviations up to 1.0cm and RMSEs up to 1.0cm.

In summary, uncertainties from manually setting up the transect,
distributing the GCP coordinates during the processing, as well as
the uncertainty of the GCP alignment are small compared to the am-
plitude of snow height change throughout our observation period
(11cm on average). We therefore conclude that our elevation models
provide reliable snow height estimates with a sufficient accuracy for
the purpose of our study.

3.2.3 Additional snow height and snowfall data

Complementing the DEM-derived snow height data, four additional
snow height evolution estimates are available with different temporal
resolutions and spatial coverages (Table 3.1 and Fig. 3.1b): manual
documentation of the relative snow heights from i) the glass fiber
sticks in the photogrammetry area (PT sticks, archived under https:
//doi.pangaea.de/10.1594/PANGAEA.931124, Zuhr et al., 2021¢), ii) a
200m long transect with 200 wooden sticks with 1 m spacing (Bamboo
stakes, archived under https://doi.pangaea.de/10.1594/PANGAEA.
921855, Steen-Larsen, 2020a), iii) a gom long transect with 10 sticks
and 10m spacing (SSA stakes, SSA = specific surface area, archived
under https://doi.pangaea.de/10.1594/PANGAEA.921853, Steen-
Larsen, 2020b), and iv) automatic snow height measurements from
the sonic snow height sensor at the nearby AWS (AWS PROMICE,
http://www.promice.dk). The SSA stakes as well as the Bamboo
stakes were aligned in the same orientation as our study area. The
high-resolution data from the AWS PROMICE were averaged to daily
values.

Both, snowfall and snowdrift can lead to an increase in snow height
and a differentiation between these can be difficult in the DEMs. Dur-
ing the study period, snowfall was manually documented when vi-
sual snowfall was observed or physical snowfall was collected (Ap-
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Table 3.1: Snow height estimates around the EGRIP camp site. The temporal
resolution, the spatial extent, and the distance relative to the study
area are given. The manual measurement of the 30 sticks at our
study area refers to the sticks along the x-axis, because these were
measured more frequently than the remainder of the 35 sticks. Es-
timates form the Bamboo stakes and the SSA stakes are averages
across 200 or 10 sticks with 1 or 1om spacing, respectively. The
single point high-resolution data from the AWS PROMICE were
averaged to daily values. Locations are illustrated in the overview
map (Fig. 3.1b).

Name Temporal Spatial Distance
resolution extent (m)

DEMs near-daily 39X5m 0

PT sticks 3 days 30 sticks, 39m 0

Bamboo stakes 3-5days 200 sticks, 200m ~50

SSA stakes daily 10 sticks, gom ~70

AWS PROMICE daily single point ~370

pendix Table 3.3; snow collection setup described in Steen-Larsen et
al., 2014). We use this simple, manual documentation of snowfall as
well as the ERA5 snowfall product from the European Centre for
Medium-Range Weather Forecasts (ECMWEF, 2017; Hersbach et al,,
2020) to obtain information about the time of snowfall events. ERA5
is increasingly used and provides reliable near-surface variables over
the Greenland Ice Sheet (Delhasse et al., 2020). The data were down-
loaded with an hourly resolution from the Climate Data Store (https:
//cds.climate.copernicus.eu) and summed up to daily values. If
the manual documentation indicates snowfall and the DEM data show
an increase in surface heights, we consider this as snowfall. This does,
however, not exclude the possibility that snowdrift (i.e., mobilised
snow by wind) may have also contributed to the increase.

In addition to the sfM photogrammetry study, a snow sampling
study was carried out every third day at the windward side of each
stick position along the long x-axis of the PT area (resulting data is
not part of this study). Even though the positions were filled up with
snow after sampling to avoid artificial surface structures and drift,
we manually removed these areas in the DEM generation to minimise
biased snow height estimates.

3.2.4 Estimation of surface roughness

Surface roughness is often used to describe and analyse the size of
landforms and features with respect to a specific scale, and it is there-
fore a useful tool to investigate the variability of the snow surface


https://cds.climate.copernicus.eu
https://cds.climate.copernicus.eu

3.3 RESULTS

in our study area (van der Veen et al., 2009; Grohmann et al., 2011;
Veitinger et al., 2014). Here, we use the peak-to-peak amplitude of
2.5m long, non-overlapping segments following the approach by Al-
bert and Hawley (2002) and average the individual values to a repre-
sentative surface roughness estimate R,

R=— Z (hmax-l - hmini) (31)

where hpay, is the maximum and hp,in, the minimum snow height of
an individual segment and where 7 is the number of considered seg-
ments. We analyse the surface roughness perpendicular (along the
x-axis) and parallel (along the y-axis) to the main wind direction
(schematic overview in Appendix in Fig. 3.23). Both estimates are av-
eraged across n = ~3800 individual segments. This surface roughness
estimate captures variations on spatial scales below 2.5 m. To account
for the larger-scale undulations, we additionally compute the stan-
dard deviation of the entire DEM area after applying a spatial smooth-
ing (using an isotropic Gaussian smoothing kernel with a standard
deviation of 100 cm).

3.3 RESULTS
3.3.1 Relative snow heights from digital elevation models

Each of the 37 DEMs (Fig. 3.3, Appendix Table 3.3, Zuhr et al., 2020)
represents a two dimensional map (39x5m) of the relative snow
height in the study area for the particular day. The zero-point was
chosen arbitrarily to be at the bottom of the first GCP on the day of
installation. All further snow heights are referenced to this zero-level.

On the first day of our observation period, 16" of May 2018 (here-
after we refer to the Day of Observation Period, DOP), the snow
height varied from -10.5cm to +11.3cm, with a total amplitude of
21.8cm (Fig. 3.3 top panel). Two pronounced features of elevated
snow heights were elongated along the prevailing wind direction and
located in x-direction from ~12m to ~20m and around 32 m. Consid-
ering the higher wind speeds during the winter (Appendix Fig. 3.17),
these bedforms present in our study area are presumably dunes re-
sulting from snow erosional processes (Filhol and Sturm, 2015). Until
the middle of our observation period (20th of June 2018, DOP 36), the
snow height has generally increased with a maximum increase of
12cm while the surface structures flattened (Fig. 3.3 second panel).
At the end of our observation period (1% of August 2018, DOP 78),
snow heights ranged from +2.6cm to +16.4cm, thus showing a re-
duced amplitude of 13.8 cm compared to DOP 1 (Fig. 3.3 third panel).
The bedform morphology is still dominated by undulations, although
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they are no longer as dominant as in the beginning of the observation

period.
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lMain wind direction
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Figure 3.3: DEM-derived relative snow heights presented as two-dimensional

maps (39 x5m). Shown are the snow heights for the Day of Ob-
servation Period 1 (16 of May 2018, DOP 1, upper panel), DOP 36
(20 of June 2018, second panel), and DOP 78 (1% of August 2018,
third panel) as well as the change in snow height between DOP 1
and DOP 78 (fourth panel). Snow height estimates are given in cm
relative to the snow height at x=0om and y=om on the day of
installation. The y-direction points towards the main wind direc-
tion. The red bar (in the top panel) indicates the band along the
x-direction from y=2.5 to y=3m (50cm width), which is used
to obtain average snow heights for each day for further analyses.
The grey bars mark three subareas for the analyses in section
3.3.4 and Fig. 3.9. Missing data are shown as white areas and
are caused either by a snow sampling performed in the same
area (white spots close to the lower main line) or by insufficient
image quality.

3.3.2  Comparison of the mean temporal evolution of different snow height

estimates

Over the season, the area affected by the manual snow sampling and
leading to missing DEM values is increasing. Thus, we focus our main
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analyses on an averaged band from y=2.5 to y =3 m which remains
largely unaffected by the disturbances from foot steps and snow sam-
pling across the entire season, since it lies upwind of these activities
(Fig. 3.3 red bar in the top panel). We refer to this band in the follow-
ing as the 2.5 m-band. By comparing the DEMs between the beginning
and the end of our observation period, the change in snow height of
the 2.5 m-band amounts to an overall but not homogeneous increase
of ~11cm (black vertical line in Fig. 3.4a; 10 and 90 % quantiles are
7.4 and 14.8 cm, respectively).

To investigate the consistency between snow height estimates ob-
tained by different methods and from different locations, we com-
pare our DEM-derived snow height data to the other, independently
obtained estimates (Table 3.1, Fig. 3.4a and b). Compared to our DEM-
derived increase in snow height of ~11 cm from DOP 1 to DOP 78 (top
row in Table 3.2), the other measurements based on multiple sam-
pling locations show increases from 8.5 to 10.9 cm, while the single
snow height sensor mounted to the AWS PROMICE recorded an in-
crease of only 5.8 cm. Part of the differences among the methods are
due to the different time periods covered, since comparing the most
common time interval yields a better agreement (lower row in Table
3.2). The remainder of the differences are expected due to the differ-
ent spatial representativity of the measurement techniques. The indi-
vidual pixel within our study site also show large spatial variability
of snow height increase at the EGRIP site (see Appendix Fig. 3.20).

Table 3.2: Snow height changes (in cm) for the different snow height esti-
mates (Table 3.1) throughout the observation period. Two differ-
ent periods are considered to include first the entire observation
period covered by the DEMs (i.e., DOP 1 to 78) and second to com-
pare the most common time interval, especially for the PT sticks
and the Bamboo stakes (temporal resolutions are mentioned in
Table 3.1).

Name DEM: PT  Bamboo  SSA AWS
2.5m-band sticks  stakes  stakes PROMICE

DOP 1-78 5-78 10-75 2-78 1-78
Change (cm) 11 9.7 8.5 10.9 5.8
DOP 10 - 73 11-72 10-71 10-73 10 - 73
Change (cm) 10.3 10.7 8.5 10.9 7.6

Despite the differences in the average snow height increase be-
tween the individual estimates (Fig. 3.4a), they agree on the overall
temporal evolution within their uncertainty ranges (Fig. 3.4b). The
development over time is characterised by a few individual, large
events, such as the event around DOP 21 that led to an increase of
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~5cm. Similar large snow height increases during single events have

been reported in other studies (e. g., Libois et al., 2014).
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Figure 3.4: Evolution and changes of different snow height estimates

throughout the observation period. a) Histogram of the DEM-
derived change in snow height (grey bars) for every single pixel
of the 2.5 m-band from DOP 1 to DOP 78 (Fig. 3.3 fourth panel)
together with the mean snow height change (black vertical line)
in the 2.5 m-band, as well as the mean snow height changes from
other methods (vertical lines; Tables 3.1 and 3.2). Note that the
latter estimates cover different spatial extents. b) Mean temporal
evolution of snow height estimates throughout the observation
period from the DEMs (2.5 m-band; black), the SSA stakes (light
blue), the AWS PROMICE (gold), the PT Sticks (grey), and the
Bamboo stakes (dark blue). For a direct comparison, each esti-
mate is referred to its mean value from DOP 10 to DOP 20, which
is defined as the zero level. Vertical bars include the uncertainty
in cm (£ one standard error) due to the limited spatial resolution
of each method assuming a spatial decorrelation length of 5 m for
our study site. The AWS PROMICE has the largest uncertainty
because it is a single point measurement. c) The ERA5 snowfall
product (grey bars) and manually documented snowfall during
the observation period (red lines, see Appendix Table 3.3).
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Manual documentation of snowfall (Appendix Table 3.3) contains
only the information when snowfall occurred, but no indication on
the amount. By contrast, all snow height estimates show only the to-
tal snow accumulation including depositional and erosional changes
such as snowdrift and redistribution, but not the net amount of snow-
fall during a single event. To close the gap, we compare these data
sets to the ERA5 snowfall product (Fig. 3.4c). The ERA5 data and
the manual documentation agree in general well on the timing of
snowfall; however, ERA5 also indicates snowfall on some days with-
out manual notes. This can have multiple reasons, e.g., no snowfall
documentation during the night, snowfall which was directly blown
away, or inaccuracies in ERA5. Comparing the ERA5 data with our
snow height estimates, we find good agreement for all estimates con-
cerning the strong event around DOP 21 (Fig. 3.4b). In addition, the
many smaller events between DOP 30 and DOP 60 seem to constitute
the gradual height increase in our observations.

3.3.3 Day-to-day variations and the erosion of fresh snowfall

To illustrate the nature of accumulation and erosion at the EGRIP site,
we analyse the daily changes in the surface topography maps. Three
examples are shown here (Fig. 3.5; the full maps are archived under
https://doi.org/10.1594/PANGAEA.936099, Zuhr et al., 2021b).

The first example is an overall increase of the snow height; thus
a full layer of fresh snow. The snow height increased by 2.9+ 1.6cm
(one standard deviation) and, except for a small area in the bottom
left corner, the entire area received snow (DOP 4 to DOP 5, Fig. 3.5a).
The complementary behaviour, that we will later discuss in more de-
tail, is an erosive event from DOP 7 to DOP 8, characterised by a snow
height decrease of -2.9 == 2.3 cm (Fig. 3.5b). A negative change in snow
height can be caused by compaction or erosion. We consider erosion
(i.e., physical depositional modifications) as the primary driver of
negative snow height changes, neglecting compaction. Finally, some
days show a patchy change in snow height as illustrated here for
the evolution from DOP 35 to DOP 36 (net change of -1.1 & 1.6 cm; Fig.
3.5C).

The spatial and temporal evolution can be investigated in a more
continuous way by averaging across the y-direction (in the 2.5m-
band) to show the snow height evolution against time. For DOP 1
to DOP 12 (Fig. 3.6, for all DEMs see Appendix Fig. 3.21), large tempo-
ral changes in the snow height are visible. In detail, the mean snow
height increased by 4.1cm from the first to the fifth day, consistent
with manually documented snowfall. The ERA5 snowfall product
agrees in the timing of snowfall (Fig. 3.4c, Appendix Table 3.3), but
not regarding the amount (0.6 cm when converting the ERA5 snow-
fall from mm w.eq. using a density of 2gokgm™3). The DEM-derived
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Figure 3.5: Day-to-day variations shown as the change in snow height (in
cm) of the entire DEM-area for three periods: a) DOP 4 to DOP 5
shows an increase in the snow height for 78 % of all pixel, b) the
change from DOP 7 to DOP 8 is dominated by snow erosion for
65 % of all pixel, and c) the snow height evolution from DOP 35
to DOP 36 is characterised by a spatially patchy pattern with posi-
tive and negative changes. For each panel, the zero-line indicates
areas without changes in the snow height.

increase is evenly distributed across the troughs and dunes. The sub-
sequent decrease in snow height from DOP 7 to DOP 8 (-3.6cm) is
similarly homogeneous and, remarkably, exposes the initial surface
structure from DOP 1 again. After a few days with rather patchy snow
height changes (DOP 9 to DOP 11), the snow surface shows again the
initial structure on DOP 12.

To study how systematic these erosion events are, we analyse how
the correlation between the surface structures changes over time (Fig.
3.7). For this, we provide for each day the correlation between the
DEM on this day with all following DEMs, together with the evolution
of the overall snow height. Erosive events can lead to an exposure
of previous snow structures increasing the correlation between two
DEMs while snowfall in combination with wind can cause inhomoge-
neous snow height increases which reduces the correlation. Indeed,
the pattern of increasing and decreasing snow heights between DOP
4 and DOP 12 (Fig. 3.6) is reflected in varying correlations. Similar
events occur between DOP 28 and DOP 31 as well as between DOP
7o and DOP 73, highlighting the contribution of snow erosion on the
overall snowpack build-up.
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Figure 3.6: Temporal evolution of the relative horizontal snow height pro-
files from DOP 1 to DOP 12 (20-point running median, averaged
2.5 m-band). Different colours represent the different days as well
as the respective mean snow heights in cm, both shown in the leg-
end. Snowfall caused an overall snow height increase from DOP
1 to DOP 7, followed by an erosive event removing the new snow,
and exposing the previous surface structure again. Arrows indi-
cate the erosional decrease in the snow height from DOP 7 to DOP
8.

The study of Picard et al. (2019) compared the mean and standard
deviation of the daily accumulation to snowfall and wind speed in or-
der to investigate the influence of meteorological parameters on the
snow accumulation for a study site on the East Antarctic Plateau, a
region which receives only a quarter of the accumulation of the EGRIP
site. Following their study, we derive the mean and standard devia-
tion of the daily accumulation from our DEM data and compare these
to the ERA5 snowfall and the wind speed from the AWS PROMICE
to reproduce their Fig. 5. Surprisingly, we find patterns for our study
site in northeast Greenland (Fig. 3.8) which are comparable to East
Antarctica. Especially, we do not find significant relations between
snowfall, wind speed, the mean daily accumulation and the standard
deviation of the daily accumulation indicating that accumulation is
not (solely) determined by snowfall or wind speed. Wind direction is
not included in the analysis because the comparison did not indicate
any relationship. The relation between the mean daily accumulation
and the standard deviation of daily accumulation (bottom right plot)
is also similar to the pattern observed on the East Antarctic Plateau;
however, this funnel-type pattern is reproducible with random data
and therefore only a statistical feature with no meaningful informa-
tion on the physical processes determining the accumulation condi-
tions. However, in contrast to the study by Picard et al. (2019), we find
a statistically significant correlation of -0.55 (p < 0.01, not accounting
for autocorrelation) between wind speed and the daily accumulation
(middle plot on the left in Fig. 3.8) which suggests that snow drift
and erosion are important processes determining the snow accumu-
lation, with higher wind speeds increasing the potential for negative
accumulation, i. e., snow erosion.
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Figure 3.7: Correlation between the DEM-derived surface structures of a par-
ticular day and the surface structure on every following day
(coloured points) as well as the overall snow height evolution
(black diamonds). The colour-code indicates the DOP of the sur-
face structure to which all subsequent structures are correlated
to. The entire DEM area is considered for the correlation calcula-
tion. Vertical blue bars indicate an increase in the correlation and
a decrease in the snow height. The second blue bar to the left
shows the decrease in snow height from DOP 7 to DOP 8 which is
illustrated in Fig. 3.6.

3.3.4 Flattening of the surface and changes in surface roughness

The surface snow becomes flatter towards the end of our observation
period (Sect. 3.3.1, Fig. 3.3). This change from a heterogeneous to a
homogeneous surface structure can be characterised in more detail
by analysing the change in snow height between DOP 1 and DOP 78
relative to the initial snow height on DOP 1 for the 2.5 m-band (Fig.
3.9a) which shows a variable structure at the beginning and a rather
flat snow surface at the end of the observation period. In addition,
we investigate three selected subareas with different initial surface
structures (grey areas in Fig. 3.3 upper panel) to account for snow
height changes parallel to the main wind direction. On DOP 1, the
snow structures in these subareas (Fig. 3.9b) were characterised by
a trough (dotted grey line), the top of a dune (blue), and an undu-
lating surface (gold). While the first and second subareas received a
homogeneous snow accumulation of ~14 and ~6 cm, respectively, the
third subarea suggests a spatially variable snow accumulation such
that the partial dune undulation present at DOP 1 has nearly vanished
at DOP 78. Thus, despite the differences at the beginning of the obser-
vation period, all three subareas developed to similar relative snow
heights on DOP 78 (Fig. 3.9b solid lines). Combining all four subareas,
we find a strong negative correlation of -0.9 between the change in
snow height and the initial snow height (Fig. 3.9c) which indicates
that areas which started with a relatively high snow height received
less snow while areas with a comparably low initial snow height re-
ceived more accumulation, a pattern that is also evident for the entire
study area (see Appendix Fig. 3.22).
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Figure 3.8: Following Fig. 5 in Picard et al. (2019), DEM-derived mean and
standard deviation of the daily accumulation are compared to
the daily wind speed from the AWS PROMICE and to the ERA5
snowfall product (converted to cm). During data gaps in the
DEMs, the amount of snow accumulation was divided by the
number of days to derive approximate daily accumulation. The
accumulation conditions at the EGRIP site are largely remarkably
similar to those on the East Antarctic Plateau, given the differ-
ences in accumulation rate, except for the relationship between
mean daily wind speed and accumulation, which exhibits a neg-
ative correlation (r =-0.55; linear fit in blue) that is not apparent
in Picard et al. (2019).

The change from a heterogeneous to a flatter surface structure is
also reflected in a change of the surface roughness (Fig. 3.10). The tem-
poral evolution of the roughness shows a consistent decrease from
4-5cm to ~2cm from DOP 1 to DOP 38 for both estimates parallel and
perpendicular to the main wind direction (individual peak-to-peak
amplitudes are in the Appendix Fig. 3.24). Interestingly, the same be-
haviour as found in the roughness (variations inside 2.5 m intervals)
is also found for the large scale undulations. After the data gap of
the DEM data between DOP 40 and DOP 56, the surface roughness esti-
mates show an increase on DOP 56 followed by a successive decrease
towards the end of the observation period. The surface roughness
perpendicular to the main wind direction shows a larger amplitude
than the surface roughness parallel to the main wind direction as well
as the estimates from the entire study area. To investigate the evolu-
tion of the surface structure during the gap in the DEMs, we also in-
clude the standard deviation of the individual snow height readings
from the PT sticks. This measure shows no changes in the strength
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Figure 3.9: DEM-derived relative snow heights for 16 of May (DOP 1, dot-
ted lines) and 1% of August, 2018 (DOP 78, solid lines) for four
subareas of the study area: a) the 2.5 m-band perpendicular to
the main wind direction; b) three subareas parallel to the main
wind direction (grey: x = 4-6 m, blue: x =20-22m, and gold: x = 30-
32m) marked with grey bars in Fig. 3.3. c) Relationship between
the initial snow height on DOP 1 and the change in snow height
to DOP 78 for the subareas in a) and b). Note that the legend
refers to all panels. The relation for each individual pixel in the
study area is shown in the Appendix Fig. 3.22.

of surface undulations between DOP 40 and DOP 56. Similarly to the
DEM-derived roughness estimates, the PT stick estimate records an in-
crease in undulations around DOP 60 which indicates that the overall
roughness increased at this point before decreasing again towards the
end of the observation period.

3.3.5 Implied internal structure of the snowpack

The snow accumulation characteristics presented in the previous
sections suggest spatial variability in the snow accumulation which
might influence the internal structure of the snowpack. The DEM-
derived snow height data can be used to extract the internal struc-
ture of the snowpack along the x-axis which we illustrate as a two-
dimensional view of the upper snow layers for the last day of our
observation period (Fig. 3.11). A snow height increase between two
consecutive DEMs is considered as a positive contribution to the snow-
pack and adds a new layer to the internal structure. A decrease in the
snow height removes previously deposited layers, neglecting snow
compaction.
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Figure 3.10: Temporal evolution of the surface roughness estimates through-
out the observation period as described in section 3.2.4. The
estimates parallel (blue) and perpendicular (black) to the main
wind direction show an overall similar behaviour with the lat-
ter estimate suggesting higher roughness estimates at the begin-
ning of the observation period. In addition, larger-scale undu-
lations (gold) follow the overall pattern as well with an overall
lower roughness estimate. The standard deviation across all PT
stick measurements (grey) is used to fill the DEM data gap be-
tween DOP 40 and DOP 56 and follows the other estimates.

The internal structure is characterised by the fact that only a lim-
ited number of days with different layer thicknesses are finally pre-
served. The prominent snowfall event on DOP 4, for example, is not
recorded due to its subsequent erosion (previously discussed in Fig.
3.6). Other strong events, such as the large increase in snow height at
DOP 21, result in nearly continuous layers, albeit with varying thick-
nesses. Different layer thicknesses transfer the heterogeneity of the
initially rough surface to the internal structure of the snowpack with
considerable variations at different locations: at x = 12 m, no snowfall
events were recorded prior to DOP 56, while at x=8 or x=24m, for
example, larger amounts of snow were accumulated during the first
weeks of the observation period. Based on the small number (about
five to six) of distinct days in Fig. 3.11, we conclude that only a small
number of events is actually recorded in the internal structure even
though we know that more snowfall events occurred, which suggests
that physical and chemical properties might vary at different loca-
tions within our study area.

3.4 DISCUSSION

We presented a three dimensional data set of snow heights and their
variations derived from elevation models. The data show the tempo-
ral and spatial changes of the snow surface for the summer season
2018 at the EGRIP location, provide insights into accumulation condi-
tions and allow a comparison to similar studies from e. g., Antarctica
(Picard et al., 2019). In this section, we discuss the changes of sur-
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Figure 3.11: Two-dimensional view of the internal structure of our study
area based on DEM-derived snow height variations along the
2.5m-band for the last day of our observation period (DOP
78). Colours indicate the day of deposition during the season,
namely when the DEM data recorded an increase in the snow
height at the respective location. The grey background repre-
sents older snow and surface undulations prior to the first DEM
on DOP 1. The long data gap between DOP 39 and DOP 56 does
not cause an unrealistically thick snow layer which suggests
that the temporal resolution of our data set does not affect the
derived internal structure.

face structures, their implications for the interpretation of proxy data
and the determination of accumulation estimates, and we assess the
advantages and disadvantages of the SftM approach used.

3.4.1 Temporal and spatial changes of surface structures

The DEM-derived mean snow height increased by ~11 cm in the 2.5 m-
band (Fig. 3.4b). The total amount of snow input into the area, how-
ever, was more than 30cm, if we consider only the positive contri-
butions from precipitated and drifted snow (Fig. 3.12). The cumula-
tive ERA5 snowfall results in ~8cm of net snowfall (Fig. 3.12). The
DEM-derived net accumulation corresponds only to ~35 % of the total
amount of temporarily deposited snow while the ERA5 snowfall is
only ~24 %. Even though this could suggest that the ERA5 data might
be biased towards drier conditions, we assume that both differences
between the DEM-derived net accumulation and all positive contri-
butions as well as between the DEM-derived estimate and the ERA5
snowfall are caused by substantial contributions of snowdrift and re-
distribution which emphasise their influence on the final snow accu-
mulation during the observation period. Thus, the overall accumula-
tion intermittency (Kuhns et al., 1997; Picard et al., 2019), presented
here as the combination of snowfall and the intermittent depositional
modifications, significantly influences the recording of climate prox-
ies in the snow and firn and can either cause the removal of snow



3.4 DISCUSSION 65

30 pos and neg contributions AA“‘ —A
— 4 considering only deposition (dh>0) ah— A -4
= 25 - ERAS5 cumulative snowfall _ -
s L --
£ 20 an—As
=) o
‘o 15 A
< 7/
= 10 AAA
e 5 “m‘“
2 .
0 N
T T T T T
0 20 40 60 80

Day of observation period

Figure 3.12: Cumulative snow height over the observation period from DEM-
derived data and from the ERA5 reanalysis snowfall product.
The DEM-derived snow height is shown for the two possibilities
of i) counting both positive and negative contributions from one
day to the next (blue), and ii) counting only the positive con-
tributions (gold). The ERA5 snowfall (grey) is converted from
mm w.eq. to cm assuming a mean snow density of 2gokgm?3
which was obtained from daily density measurements of the
top 2.5cm at the stick positions of the SSA transect. Consider-
ing only the positive changes in the DEM-derived data accounts
for deposition by snowfall or drift, but not for snow removal
(e.g., erosion). This indicates that more than half of the snow
that arrived at the study site was eroded and redistributed, and
was thus transported out of our study area.

from single spots and a transport to other locations, or, in turn, the
deposition of snow from other locations at our study site.

Varying accumulation rates on a local scale can, especially in com-
bination with wind, influence the surface structure. In our study area,
two pronounced dunes were present at the beginning of the observa-
tion period which flattened towards the end of the summer season
(Figs. 3.3, 3.9a and 3.9b). The process of building up and wearing
down of surface undulations has been reported for different loca-
tions on ice sheets in Greenland (e.g., Albert and Hawley, 2002) and
Antarctica (e.g., Gow, 1965; Groot Zwaaftink et al., 2013; Laepple et
al., 2016). The observed flattening in our study is characterised by a
negative correlation between the initial snow height and the local ac-
cumulation (Fig. 3.9c), which likely also holds in the long term, i.e.,
between the accumulation from one year to the next. This suggests
that local deviations from the mean accumulation rate quickly aver-
age out over time as they cancel each other out (Fisher et al., 1985;
Kuhns et al., 1997). Likewise, it explains why accumulation estimates
from firn or ice cores that only sample one point in space but average
across a large time-window, provide a good estimate of the regional
accumulation rate, as already suggested by Kuhns et al., 1997 and
van der Veen et al., 2009.

High wind speeds largely determine the growth or reduction of sur-
face features and changes in the snow structure, in addition to smaller
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contributions from e.g., temperature, humidity and metamorphism
(e.g., Gow, 1965; Libois et al., 2014; Kochanski et al., 2018; Filhol and
Sturm, 2019). Wind speed thresholds for drift and redistribution are
4ms™ on average for a 100 hour period, or higher for a shorter time
period (Groot Zwaaftink et al., 2013). At our study site, the winter
wind speed is generally higher than the summer wind speed (Ap-
pendix Fig. 3.17) which can lead to an enhanced formation of dunes.
Even during our observation period, the wind speed exceeded the de-
fined threshold values on some days (Appendix Fig. 3.16) which can
possibly lead to snowdrift and might explain the observed erosion
of entire snow layers and the exposure of previous surface structures
(Figs. 3.6 and 3.7).

In the first half of our observation period, the surface roughness de-
creased from 4-5 to 2cm (Fig. 3.10) followed by fluctuations around
2cm. An increase of the surface roughness in winter, followed by a
decrease in summer, is often attributed to seasonally changing wind
speeds, with higher wind speeds in winter (e. g., Albert and Hawley,
2002). Our observed decrease in surface roughness towards the sum-
mer is comparable to studies from van der Veen et al., 2009 covering
a large area of central and northern parts of the Greenland ice sheet,
from van der Veen and Bolzan, 1999 for the location of the GRIP
drilling site (close to Summit station, central Greenland), and to a
study from Summit, Greenland, with a comparable spatial extent to
our study (Albert and Hawley, 2002). van der Veen and Bolzan, 1999
and van der Veen et al., 2009 used different mathematical expressions
to calculate the surface roughness and found no reduction in surface
roughness during the summer season. However, Albert and Hawley,
2002 used similar spatial scales and found patterns comparable to our
results. The spatial and temporal variations in surface roughness esti-
mates highlight the natural complexity of this parameter and the lack
of clear information. Even though the considered time period in our
study is too short to characterise the seasonal behaviour of surface
roughness, our data set contributes to an increasing understanding
of this parameter by suggesting a smoothing of the surface and a
flattening of surface features towards the summer.

Short-lived and rapidly changing snow structures resulting from
wind-driven redistribution have been reported for sites on the East
Antarctic Plateau and influence the snow accumulation (Libois et al.,
2014; Picard et al., 2019). In contrast to the persistently "patchy" ac-
cumulation characteristics in Antarctica and to alpine settings with
much higher accumulation rates, we characterise the studied accu-
mulation at the EGRIP location as "layer by layer": we observe alter-
nating and layer-wise increases and decreases of the snow surface
between DOP 1 and DOP 20, a filling of troughs (Figs. 3.3 and 3.9)
and a reduction of the surface roughness from DOP 20 to DOP 38 (Fig.
3.10) followed by accumulation in layers from DOP 56 to DOP 78 (Ap-
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pendix 3.21). The ratio between the percentage of pixel with a posi-
tive and pixel with a negative DEM-derived day-to-day change in the
snow height can be used to differentiate more quantitatively between
"patchy" and "layer-by-layer" accumulation by defining an arbitrary
threshold. In order to obtain a clearer result, we exclude changes be-
tween -0.5 and o.5cm. A ratio between 0.5 and 1.5 is considered to
indicate "patchy" accumulation, i.e., about the same number of pixel
show an increase as a decrease, whereas a ratio below 0.5 or above 1.5
is seen as indicative for "layer-by-layer" accumulation, i.e., an overall
increase or decrease of the snow height from one day to the next. In-
deed, 12 out of 36 day-to-day changes suggest a ratio below 0.5 and
18 above a ratio of 1.5. Thus, following our simple metric, 30 out of
36 days confirm the proposed "layer-by-layer" accumulation.

Picard et al. (2019) tried to link snow accumulation to meteorologi-
cal conditions but did not find a robust relationship. In contrast, our
DEM data show a significant negative correlation of -0.55 between the
DEM-derived mean daily accumulation and the wind speed (Fig. 3.8),
which suggests enhanced snow erosion during events with higher
wind speeds, while lower wind speeds seem to be associated with
more snow deposition, potentially leading to the deposition of redis-
tributed snow during calmer conditions. Wind conditions are thus an
important parameter for snow accumulation, which might also de-
pend on the local accumulation rate and the amount of loose snow
on top of a compacted snow surface. A key difference between the
study by Picard et al. (2019) and our analyses is the considered time
period: while their study covers a period of three years including sev-
eral winter and summer seasons, our data only cover a timespan of
three months. Meteorological conditions and their influence on the
snow accumulation might depend on the respective season which
would not be represented in our study. Repeating our study and ex-
tending it to cover a longer time period would be necessary to more
thoroughly investigate the seasonal behaviour of the snow surface
and the influence of the wind on the snow accumulation.

3.4.2 Implications for the interpretation of proxy data

The large heterogeneity in accumulation, the depositional modifica-
tions of the surface snow and their impact on the internal snow
structure (Figs. 3.4a and 3.11) imply that at sites with similar envi-
ronmental conditions, parameters measured in a single firn core will
not be representative on a seasonal scale (e.g., Ekaykin et al., 2002;
Ekaykin et al., 2016; Masson-Delmotte et al., 2015). This result is not
only due to precipitation intermittency, a factor often considered in
the interpretation of palaeoclimate records (Persson et al., 2011; Sime
et al.,, 2011; Casado et al., 2018), but also due to the erosion of snow
layers (Fig. 3.6). Erosion causes large differences between the total
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snow input and the net accumulation (Fig. 3.12) and creates a strong
noise level due to an under-sampling of the continuous environmen-
tal signal (Casado et al., 2019). In addition, a singular event, such as
a singular deposition of a proxy signal from a volcano or a biomass
burning peak, might be missed in a local record. Stable water isotopo-
logues, density data and accumulation rates show large interannual
variations on local (e. g., Miinch et al., 2017) and also larger scales of
e.g., 450km in North Greenland (e.g., Schaller et al., 2016) which is
likely the result of the accumulation heterogeneity.

Following studies on changes in the isotopic composition of surface
snow (e.g., hughes_sublimation_2021; Casado et al., 2018), we use
theoretical snow profiles based on the accumulation history from our
DEM data set (Fig. 3.11) to demonstrate the variability of snow ages
at one location for several days (Fig. 3.13a) and at different locations
for a single point in time (Fig. 3.13b). On a single day, the derived
mean snow age of a depth layer from o to 1 cm along our study area
can vary by more than 20 days (Fig. 3.13b orange line). Even though
we cannot distinguish between freshly precipitated and eroded or
drifted snow in our data set, the variability within these theoretical
snow profiles gives insight into the heterogeneous internal structure
of the upper snowpack and shows the uneven snow accumulation
at the EGRIP camp site and very likely also at other sites. Therefore,
individual samples are not representative and should generally be
avoided in favour of sampling multiple profiles.
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Figure 3.13: Theoretical temporal and spatial sampling of different depth
intervals (0-0.5cm, o-1cm, 1-2cm and 2-4cm) of the internal
snow structure along the 2.5 m-band. a) Temporal sampling for
ten consecutive days at x=12m. b) Spatial sampling at eight po-
sitions with 5m spacing along the 2.5 m-band on DOP 69. The
y-axes in a) and b) represent the average day of snow accumu-
lation for the respective depth interval.

Further long-term observations of the precipitation vs. accumula-
tion statistics (Picard et al., 2019) and spatial studies of the signal
recorded in snow and firn (Miinch et al., 2016, 2017) are needed to
better constrain the effect of both precipitation and accumulation in-
termittency on the preserved climatic information and to allow for
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a more reliable interpretation of proxy data from firn and ice cores.
Compared to single point measurements, our spatial data set has the
advantage of being better able to evaluate the redistribution and final
settlement of snow. However, determining the origin and composi-
tion, e. g., the homogeneity, of drifted snow and associated imprinted
climatic signals, is essential but still challenging. Measuring the proxy
signal at different stages during the deposition process, i.e., freshly
precipitated snow, surface snow during vapour exchange with the at-
mosphere, drifted snow, and buried snow (as exemplary shown in
Fig. 3.13), and combining these data with DEM-derived snow height
information, will help to close the gap between accumulation inter-
mittency and the preserved climatic information.

3.4.3 Implications for the measurement of snow accumulation

Typically, a snow height sensor integrated in an AWS delivers high
temporal resolution data for only a single point and measures the
accumulation at one specific location on an ice sheet. Our results
show that at least at our study site, such a single point measurement
would not deliver spatially representative information on a seasonal
timescale. If only a single point in our study area was chosen, it would
result in a snow accumulation estimate that could range from 7.4 to
14.8cm (10 and 9o % quantiles, Fig. 3.4a). The AWS PROMICE esti-
mate is at the lower end of this range (5.8 or 7.6 cm depending on the
selected time period, Table 3.2) and significantly deviates from the
DEM-derived average snow height change of ~11 or 10.3 cm, respec-
tively.

Accumulation estimates from snow stake farms and grids are aver-
aged over multiple sites and are thus more representative (Kuhns et
al., 1997; Eisen et al., 2008), but the remaining uncertainty is expected
to depend on the number and the spacing of the stakes (Laepple et
al., 2016; Miinch et al., 2016). We can test this dependency based on
our spatio-temporal data set. To this end, we use the DEM-derived
snow height data at y =2.5m, identify each DEM pixel along this line
with a possible snow stake position, and simulate different setups
of snow stake samplings with varying stake numbers and spacings.
For this, we chose different numbers of stakes between one and more
than 200 sampling points with spacings between 10 cm and 10m (Fig.
3.14). Depending on the chosen number of stakes and spacing, we
determine all possibilities of positioning the stakes along the line at
y =2.5m. Each possibility yields an accumulation estimate from av-
eraging across the snow height changes at the stake positions, and
we calculate the RMSE between the accumulation estimates from all
possibilities and the reference accumulation estimate, i.e., the snow
height change from averaging across all positions along the y=2.5m
line.
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The RMSE of the simulated snow stake accumulation estimates
shows a clear dependency on the number of stakes and the choice
of the distance between them (Fig. 3.14). Averaging ten snow stakes
measurements with a one metre distance results in a similar error on
the accumulation estimate as using only two stakes with a larger dis-
tance of 5 m, while an even larger spacing does not further reduce the
estimation error. This effect can be explained by the typical size of the
surface structures at our study site, which are on the scale of several
metres. Sampling the same surface feature multiple times does not in-
crease the representativeness of the accumulation estimate, whereas
sampling points farther apart to avoid the same feature contain more
independent information. Thus, for study sites similar to EGRIP, stake
setups for reliable snow accumulation estimates (RMSE <1 cm) could
for example consist either of 25 stakes with 1m distance or of only
seven stakes with 5m distance, significantly reducing the workload.

Stick distance:
T -- 10em
— 50cm
—— 100 cm
~—— 200cm
~—— 500 cm
04 — 1000cm
T T T T T T T
1 2 5 10 20 50 100 200

RMSE of mean estimate (cm)

Number of stakes

Figure 3.14: The uncertainty of the estimated mean snow height change as
a function of the number of sampling points ("stakes") and the
distance between them. The mean snow height change is calcu-
lated from the DEM data at y=2.5m for all possible sequences
along the x-direction which consist of N sampling points with
a given distance from one point to the next. The figure shows
the RMSE between the DEM-derived mean snow height change
of the respective sequences and the mean snow height change
as calculated using all available sampling points.

3.4.4 SfM photogrammetry as an efficient surface snow monitoring tool

We showed that our StM photogrammetry approach delivers reliable
snow height information with an accuracy of ~1.3cm. The method
can be used to characterise the spatio-temporal snow evolution on a
spatial decimetre to 100m scale. Our setup has several advantages
in contrast to alternative approaches. Compared to single point mea-
surements, we benefit from spatial information encompassing an area
of 195 m* which is easily scalable. Previous laser scanner studies cov-



3.4 DISCUSSION

ered areas of only 4gom? (Picard et al., 2016) and 110m* (Picard et
al., 2019) which can only be extended by placing the laser higher
above the ground. However, a laser scanner itself is a high obstacle
which can influence the snow redistribution and can thus affect the
natural snow accumulation conditions. Our approach also offers the
flexibility of repeatedly covering a spatial scale with specific desired
dimensions (e.g., an area with a length of 100 m) and orientations. In
contrast, this is not possible for a laser scanner that is fixed to one
position with a specific radius, or for manual point measurements,
sonic snow height sensors or ground penetrating radar (Basnet et al.,
2016; Cimoli et al., 2017). In our specific study, we had to reduce the
analysed area by removing parts influenced by a parallel snow sam-
pling campaign, but this can be avoided if one is only interested in
the DEM evolution.

Furthermore, our approach does not require expensive equipment,
as all the necessary items for image acquisition are commercially
available. The method can be easily operated in remote areas and
the logistical effort is low. It does not require a permanent power sup-
ply, which can be a limiting factor for laser scanners and snow height
sensors. No specific training for users is needed as is required for air-
borne studies with aircraft (e. g., Baltsavias et al., 2001), drones (e. g.,
Hawley and Millstein, 2019) or LiDAR operations (e. g., Deems et al.,
2013). Even though our approach is limited by light availability and
visual contrasts, which is also reported in many studies (e.g., Nolan
et al., 2015; Harder et al., 2016; Cimoli et al., 2017), it has the advan-
tage of being very easy to operate and that it can be used at other
study sites without great effort. However, the approach requires a hu-
man operator which can possibly limit our method, especially if an
application is planned for a longer time period or year-round, and
it also needs a mobile base (here, a sledge) to take multiple images
along the area of interest. Using less images or stationary cameras
(e.g., two fixed cameras) would probably result in a very small sur-
veyed area since the field of view of one image covers only 3-5m
width at the baseline of the study area. We also had to restrict our
analysed area to 5m towards the wind direction due to insufficient
image quality and lack of data points.

Besides the field work, our method requires the use of a software
with a graphical user interface, manual work of setting the GCPs dur-
ing the post-processing and a computer with a strong GPU unit. All
data, i.e., the photos and the DEMs, are less than 1TB. The post-
processing time and the effort to generate a DEM are less than four
hours per DEM and are comparable or even less than reported by
other studies (e. g., James and Robson, 2012).

Since the presented setup was used for the first time for this study,
days with missing DEMs were the result of human errors, e. g.,
insufficient number of images or poor overlap between consecutive
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photos. To improve future studies, we suggest to use an infrared filter
to enhance the image quality and facilitate data acquisition even dur-
ing cloudy and bad weather conditions (Biihler et al., 2015; Adams et
al., 2018). Furthermore, placing the camera higher above the ground
could enhance the spatial coverage (Picard et al., 2019). Finally, hu-
man errors can be reduced by providing a detailed manual for the
data acquisition.

3.5 CONCLUSIONS

We presented high-resolution near-daily elevation models monitor-
ing the surface snow evolution over a three-month period (May to
August 2018) from the EGRIP campsite in northeast Greenland using
a novel SftM photogrammetry approach. Comparing the DEM-derived
snow height evolution to other snow height estimates from single
or multi-point measurements showed an overall agreement on the
general snow height increase of about 11 cm. The comparison empha-
sised the natural spatial variability of the snow accumulation on a
local scale as well as its non-linear and event-driven character. Based
on the observed spatial accumulation field, we recommend that a
stake-setup to reliably derive snow height estimates should consist of
either 25 sticks with 1 m distance or seven sticks with 5 m distance for
locations similar to EGRIP.

Day-to-day changes in the observed snow height provided detailed
insights on snowfall and erosion which are essential processes that
shape the surface structure and contribute to the internal snowpack
structure. The spatial information on wind-driven snow erosion al-
lowed us to showcase the removal of entire snowfall layers which
caused an exposure of previous surface structures. The inhomoge-
neous snow accumulation within our study area led to a flattening
of the snow surface and a reduction in surface roughness from ~4-5
to 2cm as a result of a negative correlation between the initial snow
height and the amount of accumulated snow.

Based on the daily snow height information, we simulated the in-
ternal snowpack structure for our study area. Main features are the
spatially and temporally varying layer thicknesses and the complete
absence of snow layers for specific time periods. Extracting single
profiles (in space or in time) from this internal layering illustrates the
expected variability in proxy data. Averaging samples from several lo-
cations is therefore suggested to reduce the local noise and to receive
a representative signal.

Proxy data from ice cores are typically interpreted as precipitation-
weighted signals. However, we showed that there are significant dif-
ferences between precipitation and accumulation and that deposi-
tional modifications considerably change the structure of the surface
snow. Investigating the dependency of proxy signals on the surface
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structures and on the general depositional processes leading to the
signal imprint at different locations would therefore enhance the un-
derstanding and interpretability of proxy records. Combining snow
height information, as provided by our study, with proxy data from
the same area would be helpful to determine the influence of the in-
ternal snowpack heterogeneity on reconstructions from firn and ice
cores.
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3.6 APPENDIX

3.6.1  Additional meteorological and photogrammetric information
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Figure 3.15: Daily averages of meteorological parameters, i.e., wind direc-
tion in degrees [°], wind speed in metres per second [m s71],
and air temperature in degrees Celsius [°C], measured at 2m
height at the AWS PROMICE for the observation period from
16 May (DOP 1) to 1 August 2018 (DOP 78). In the first panel,
the horizontal blue line indicates the average wind direction of
252° during the observation period. The horizontal red line in
the second panel marks the threshold wind speed of 4ms~'.
Snow transport is enabled when the threshold is exceeded for a

100 h average (Groot Zwaaftink et al., 2013).
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Figure 3.16: Wind characteristics (speed and direction) for the EGRIP camp
site recorded by the PROMICE AWS for (a) the observation pe-
riod (16 May to 1 August 2018) and (b) the years 2017, 2018, and

2019.
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Figure 3.17: Hourly wind speed data from the PROMICE AWS for two dif-
ferent time periods. Wind speeds during the winter months of
2017 to 2019 (December, January, February; DJF; grey) are com-
pared to wind speeds during our observation period (green).
The winter months are characterised by higher wind speeds
with a mean of ~6ms™', while the average wind speed during

our observation period was 4.1ms™"'.
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Table 3.3: Detailed information on the fieldwork campaign, including day of
observation period (DOP), day of year (DOY), the date, the avail-
ability of a DEM, manual snow height measurements at the PT
sticks (PT), and manually documented snowfall. We refer to the

DOP in the text, figures, and tables.

DOP DOY Date DEM PT Snowfall DOP DOY Date DEM PT Snowfall
1 136  16/05/2018 X X 40 175  24/06/2018

2 137 17/05/2018 41 176 25/06/2018 X

3 138  18/05/2018 42 177 26/06/2018 X X
4 139 19/05/2018 X 43 178  27/06/2018 X X
5 140 20/05/2018 X X X 44 179 28/06/2018 X

6 141 21/05/2018 X 45 180 29/06/2018

7 142 22/05/2018 X 46 181 30/06/2018 X
8 143 23/05/2018 X X 47 182  o1/07/2018 X X
9 144 24/05/2018 X 48 183 02/07/2018

10 145 25/05/2018 X 49 184 03/07/2018 X

11 146  26/05/2018 X X 50 185 04/07/2018 X X
12 147 27/05/2018 X 51 186  05/07/2018

13 148 28/05/2018 X 52 187 06/07/2018 X
14 149 29/05/2018 X X 53 188  oy/07/2018 X
15 150 30/05/2018 X 54 189 08/07/2018 X X
16 151 31/05/2018 X 55 190 09/07/2018

17 152 01/06/2018 X X 56 191 10/07/2018 X

18 153 02/06/2018 X 57 192 11/07/2018 X X X
19 154 03/06/2018 X 58 193 12/07/2018

20 155 04/06/2018 X 59 194 13/07/2018 X X
21 156 05/06/2018 X X 60 195 14/07/2018 X
22 157 06/06/2018 X 61 196  15/07/2018 X X
23 158 07/06/2018 X X 62 197 16/07/2018 X

24 159 08/06/2018 X X 63 198 17/07/2018 X

25 160 09/06/2018 X 64 199 18/07/2018

26 161 10/06/2018 X 65 200 19/07/2018

27 162  11/06/2018 X 66 201 20/07/2018 X X

28 163 12/06/2018 X X 67 202 21/07/2018

29 164 13/06/2018 X 68 203 22/07/2018

30 165 14/06/2018 X X X 69 204 23/07/2018 X X

31 166  15/06/2018 X X 70 205 24/07/2018 X

32 167 16/06/2018 X 71 206 25/07/2018 X

33 168  17/06/2018 X X 72 207 26/07/2018 X X

34 169  18/06/2018 X 73 208 27/07/2018 X

35 170  19/06/2018 X 74 209 28/07/2018

36 171 20/06/2018 X X 75 210 29/07/2018 X

37 172 21/06/2018 X 76 211 30/07/2018

38 173  22/06/2018 X 77 212 31/07/2018

39 174  23/06/2018 X X X 78 213 01/08/2018 X X X
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3.6.2  Accuracy estimates and validation

We evaluated our DEMs by analysing the trueness of our DEM-derived
snow height estimates compared to reference heights, i. e., manually
measured snow heights. For this, we first analysed the bias, i.e., the
mean difference between DEM-derived estimates and manually mea-
sured reference data. We also investigated the variability and disper-
sion as well as the overall accuracy of our data by calculating the stan-
dard deviation and the root mean square error (RMSE) between DEM-
derived and manually measured snow heights, respectively. Here, we
report about two different evaluation schemes: (1) DEM-derived snow
heights in the vicinity of the PT sticks are compared to manually
measured snow heights at the PT sticks to assess the general data
quality and uncertainty in the study area; and (2) a sensitivity test
is performed on the number and dependency of GCPs by analysing
DEM-derived and manually measured reference snow heights from a
second, independent validation area.

3.6.2.1  Data quality assessment via ground control analysis within the
study area

To assess the quality of DEM-derived snow height information, we
compared manually measured data to DEM-derived snow heights at
the PT stick locations (+ 10cm in x and +10cm in y direction) for all
days for which both data are available (in total 14 d). We consider the
manually measured data as reference values, i.e., as the true snow
heights. We find a mean difference of 0.2cm, a standard deviation
of 1.2cm, and a root mean square error (RMSE) of 1.3cm. Single
daily mean differences, standard deviations, and RMSEs are listed
in Table 3.4 and illustrated in Fig. 3.18. Note that some estimates in
Table 3.4 are based on less than 30 data points due to missing data
caused by the snow sampling. Since manual data can be influenced
by individual persons carrying out the measurement, for compari-
son we also analysed independent snow height estimates measured
on the same day at the same locations by different people, which re-
sulted in a mean difference of 0.2 cm, a standard deviation of 0.3 cm,
and a RMSE of o0.4cm, showing that the DEM RMSE of 1.3cm is a
conservative estimate.
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Figure 3.18: Temporal evolution of the DEM-derived snow heights in the
vicinity of the PT stick locations (£10cm in x and +10cm in
y direction, black) and of the manually measured snow heights
at the PT sticks (grey). Presented are the data for all days during
the observation period (DOP) for which both DEM-derived and
manually measured snow heights are available (Table 3.3).

3.6.3 Validation

The quality of the DEMs can be affected by many aspects during
the image acquisition, the GCP allocation, and the DEM processing.
During the image acquisition, the camera resolution, the camera-to-
object distance, and the angle of the camera towards the surface can
influence the quality of the images (Basnet et al., 2016; Chakra et al.,
2019). Moreover, the introduction of GCPs is necessary to generate
geo-referenced DEMs. However, the models can be biased towards the
fixed positions of the GCPs, i. e., the glass fibre sticks, due to a stronger
contrast (Fig. 3.19b and c) (e.g., James and Robson, 2014; Cimoli et
al., 2017). Since GCPs are only distributed around the study area, not
inside, a detailed analysis on potential biases, such as doming effects
inside the area, was performed. Furthermore, we investigate the influ-
ence of human mistakes during the aligning of the sticks as well as of
potential misalignments of GCP marker points during the processing
in Agisoft PhotoScan, which can introduce additional uncertainties.

Ground control analysis with a validation area

To assess possible biases by the distribution of GCPs, we set up a
second, independent area with a size of 5o0m? (1om x 5m, Fig. 3.19a).
This area was set up with the same procedure as the study area and
was surrounded by 13 glass fibre sticks which were used as GCPs. We
chose a second area where we physically could walk into, which was
not possible for the actual study area, in order to avoid snow height
disturbances from the foot steps. Four additional sticks (hereafter
called validation sticks) were distributed inside the validation area
on different local snow structures and with different distances to the
main line. Image acquisition of this area was performed on 3d to
account for varying uncertainties in time (Adams et al., 2018), with
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Table 3.5: Accuracy measures for the validation area. Mean differences, stan-
dard deviations, and RMSEs between DEM-derived and manually
measured snow heights are presented for the validation sticks in
the validation area.

Date 16/06/2018 27/06/2018 9/07/2018
Mean difference (cm) 0.71 —1.73 0.04
Standard deviation (cm) 0.67 0.78 0.86
RMSE (cm) 0.92 1.86 0.74

photos taken on 16 June, 27 June, and 9 July 2018. In order not to
disturb the DEM generation, the manual snow height measurements
at the validation sticks were performed after the image acquisition.
By comparing DEM-derived and manually measured snow height
estimates at the validation sticks for all three dates, we obtained an
overall mean difference of —0.3cm, a standard deviation of 1.2cm,
and a RMSE of 1.3 cm (Table 3.5).

Camera-to-object distance and local snow height

The accuracy of the DEM-derived snow heights depends on all the
steps involved in the sftM workflow. This includes the distance be-
tween the camera and the object, i.e., the snow surface in our case
(Basnet et al., 2016). We therefore assessed the accuracy of the DEM-
derived snow height data at the validation sticks for different camera-
to-object distances (between 3.8 and 7m) and found no dependency
on the distance between camera and surface snow.

Since the validation points are distributed on different local sur-
face structures, we also compared the accuracy between varying
snow heights but did not find any dependence with respect to the
relative snow height.

Dependency on number and alignment of GCPs

As a final step, we evaluated the accuracy of our DEM-derived snow
height estimates depending on the number of used GCPs. It is rec-
ommended to use at least three GCPs; however, more GCPs provide a
better geo-referencing and a reduced sensitivity to a single point (e. g.,
James and Robson, 2012; Tonkin et al., 2016). We generated DEMs with
5, 8, or 13 GCPs and used the detailed snow height information from
the validation sticks as ground control analysis. The mean differences
between the DEM-derived and the manually measured snow heights
at the validation sticks for the different numbers of GCPs are 0.1, —0.2,
and —o.3 cm, respectively, with the standard deviations and RMSEs
listed in Table 3.6). The use of more than 10 GCPs leads to a decrease in
the standard deviation and RMSE, while the mean difference remains
comparable.
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This analysis, however, assumes that all glass fibre sticks were ver-
tically and horizontally precisely positioned, that all glass fibre sticks
were aligned in a straight line, and that all GCP marker positions were
accurately set during the data processing. However, inaccuracies in
the GCPs can be caused either by misaligned glass fibre sticks or by
misplaced GCP locations during the processing. We therefore inves-
tigated these effects by purposely misaligning GCP positions at the
top of the glass fibre sticks. Deviations from the documented coor-
dinates were independently drawn from a normal distribution with
a mean of ocm and a standard deviation of 2cm, and were added
to the initial input marker coordinates in Agisoft PhotoScan leading
to the scenarios (a) to (e) below. Furthermore, manual misalignment
of GCP locations in Agisoft PhotoScan was simulated by deliberately
misplacing the GCPs (scenario f).

a. Change in x coordinates (deviations along the main area).

b. Change in y coordinates (deviations from the arbitrary chosen
zero line).

c. Change in z coordinates (deviations in the height of the stick
top).

d. Change in x and y coordinates by combining the deviations
from (a) and (b).

e. Change in x, y, and z coordinates by combining the deviations
from (a), (b), and (c).

f. All 13 GCPs were manually set to the left and right margins of
the sticks. The normal coordinates without changes were used.

The DEM-derived snow heights from each of these cases is refer-
enced to a DEM assuming perfectly aligned sticks and correct GCP
input marker coordinates. Mean deviations between changed and ini-
tial DEMs range from —o.1 to 0.1 cm, standard deviations range from
0.1 to 1.0cm, and RMSEs range from 0.2 to 1.0cm (Table 3.7). Based
on this assessment, we conclude that inaccurate distributions of GCPs
(e.g., tilted sticks and inaccuracies in the x, y, or z coordinates, sce-
narios a to e) result in an uncertainty of less than 1 cm. Changing the
marker position (scenario f) has an even smaller effect on the overall
accuracy of the final DEM.

Summary

Uncertainties from manually setting up the transect and distributing
the GCP coordinates during the processing, as well as the uncertainty
of the GCP alignment, are small, especially compared to the amplitude
of snow height change throughout our observation period (11cm on
average). We therefore conclude that our elevation models provide
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a) View from above

Figure 3.19: Validation area and possible error sources during the process-
ing workflow. (a) Schematic illustration of the validation area
which was set up according to the same procedure as the main
study area. A total of 13 glass fibre sticks were distributed
around the validation area (green): 11 sticks were aligned at
the downwind side in a straight line with 1m spacing and 2
sticks at the upwind corners at 5 m distance from the main line.
Four additional sticks (validation sticks, black) were distributed
inside the area. (b) Allocation of GCPs (ground control points)
during the process of DEM (digital elevation model) generation.
The tops of the glass fibre sticks were used as GCPs and manu-
ally checked for correct alignment (c).

reliable snow height estimates with a sufficient accuracy (RMSE of
1.3 cm) for the purpose of our study.

3.6.4 Querall snow height evolution

The mean snow height evolution derived from the 2.5 m band shown
in Fig. 3.4b consists of ~195000 individual estimates based on the
DEM resolution of 1 x 1cm. The snow height evolution for each in-
dividual pixel within this band is illustrated in Fig. 3.20, and the
relation between the snow height on DOP 1 and the change in snow
height from DOP 1 to DOP 78 are illustrated in Fig. 3.22.

The relative horizontal snow height profiles along the 39m long x
axis (Fig. 3.21) show the overall increase in snow height in our study
area.

3.6.5 Surface roughness

The surface roughness is calculated on 2.5 m long segments along and
perpendicular to the main wind direction as illustrated in Fig. 3.23.



3.6 APPENDIX

Table 3.6: Accuracy measures for varying numbers of GCPs used in the DEM
generation. Mean differences, standard deviations, and RMSEs be-
tween DEM-derived and manually measured snow heights using
5, 8, or 13 GCPs are shown here. Values are averaged for all three
dates for which DEMs are available for the validation area (i.e.,
16 June, 27 June, and 9 July 2018).

Number GCPs 5 8 13

Mean difference (cm) 0.09 —0.21 —0.32
Standard deviation (cm) 1.54 1.52 1.23
RMSE (cm) 1.48 1.46 1.27

Table 3.7: Accuracy measures for inaccurate GCP coordinates and positions.
Mean differences, standard deviations, and RMSEs between nor-
mal DEM-derived snow heights and DEM-derived snow heights
with altered input marker coordinates or GCP positions. Scenarios
(a) to (f) are explained in the text.

Scenario @ (b © () (o

Mean difference (cm) 0.04 —0.09 —0.09 0.06 0.08 0.09

Standard deviation (cm) o0.12 0.17 0.92 0.14 0.98 o0.10

RMSE (cm) 0.13 0.2 0.92 0.15 0.99 0.14
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Figure 3.20: Daily variability in snow height throughout the observation pe-
riod. Each density represents the daily snow height distribution
across all individual pixel in the study area. The spatial resolu-
tion of the DEM is 1 x Tcm. Due to increasingly missing data in
the area (footsteps and snow sampling positions), the number
of available points per day decreases to about 70 % of the initial
number of data points towards the end of the observation pe-
riod (1 885 506 with 64 494 missing data points due to bad image
quality on DOP 1 to 1319095 on DOP 78 due to foot steps).

Individual peak-to-peak amplitudes of the 2.5 m long segments are
shown in Fig. 3.24 and indicate the spread of the individual rough-
ness estimates perpendicular and parallel to the main wind direction
as illustrated in the schematic (Fig. 3.23).
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Figure 3.21: Relative horizontal snow height profiles throughout the entire
observation period (20-point running median, averaged in the
y direction across the 2.5 m band). Different colours represent
the different days from DOP 1 to DOP 78, as shown in the legend.
Opverall, snowfall caused an increase in the snow height at each
point in the study area. The first 12d are shown in more detail
in Fig. 3.6.
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Figure 3.22: Relationship between the initial snow height on DOP 1 and the
change in snow height on DOP 78 relative to DOP 1 for each pixel
in the study area.
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Figure 3.23: Schematic overview of the surface roughness estimates based
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Figure 3.24:

on Eq. (31). The peak-to-peak amplitude of 2.5m long non-
overlapping segments is calculated (a) perpendicular and
(b) parallel to the main wind direction. Individual estimates are
averaged in each case to obtain a representative surface rough-
ness value. Both estimates cover the same area from x=o to
x=39mand y=1 toy=3.5m.
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Surface roughness estimates throughout the observation period
following Eq. (31) (a) perpendicular (Fig. 3.23a) and (b) paral-
lel to the main wind direction (Fig. 3.23b). Single peak-to-peak
amplitudes from the 2.5 m segments are given in grey with the
daily average surface roughness in black (Fig. 3.10).
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ABSTRACT. The stable water isotopic composition in firn and ice cores
provides valuable information on past climatic conditions. Because
of uneven accumulation and post-depositional modifications, time se-
ries derived from adjacent cores differ significantly and do not di-
rectly reflect the temporal evolution of the precipitated snow isotopic
signal. Hence, a characterization of how the isotopic profile in the
snow develops is needed to reliably interpret the isotopic variability
in firn and ice cores. By combining digital elevation models of the
snow surface and repeated high-resolution snow sampling of a tran-
sect at the EastGRIP campsite on the Greenland Ice Sheet, we are able
to visualise the buildup and post-depositional changes of the snow
column across one summer season. To this end, 30 cm deep snow pro-
files were sampled on six dates at 20 adjacent locations along a 4om
transect. Near-daily photogrammetry provided snow height informa-
tion for the same transect. By combining both methods, this unique
data set demonstrates the buildup of the strong horizontal hetero-
geneity with some locations showing winter snow (low delta values)
and others summer snow (high delta values) at the same depth. The
spatial variability can be attributed to the observed strong influence
of the prevailing surface features on the location and the amount of
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new snow accumulation. Our data set suggests that this uneven ac-
cumulation has a major impact on the imprint of the atmospheric
climate signal in the upper snowpack, and also provides the basis for
quantification of how post-depositional modifications influence the
snow column after deposition.

4.1 INTRODUCTION

Glaciers and ice sheets are a key component of the Earth’s climate
system. They are formed by deposition of snow through time which
also builds up a chronology of climatic information. The stored infor-
mation within stable water isotope records (e. g., 5*%0) from ice cores
is commonly used as a palaeo-thermometer to infer past temperature
variations (e.g., Dansgaard, 1964; Jouzel and Merlivat, 1984; Jouzel
et al., 2003).

While water isotopes are a proven proxy for temperature on long
timescales and have been used to reconstruct continuous temperature
series dating back ~800,000 years (EPICA community members, 2004),
isotope profiles from Antarctica and Greenland depict a low signal-to-
noise ratio (SNR) on annual to decadal temporal scales (Fisher et al.,
1985; Graf et al., 2002; Miinch and Laepple, 2018) and single records
only show a poor correlation among each other (Karlof et al., 2006;
Miinch et al., 2016).

On local scales from several metres to hundred metres, snow is
spatially unevenly deposited and the final accumulation is primarily
driven by depositional modifications of the initial snowfall. Driving
processes are wind scouring, snow drift and redistribution, poten-
tially building up characteristic surface features that influence the
local accumulation (Fisher et al., 1985; Kuhns et al., 1997). This cre-
ates substantial heterogeneity between individual firn profiles (i.e.,
stratigraphic noise) (Fisher et al., 1985), and causes low correlations
between adjacent firn or ice core records (Karlof et al., 2006). The char-
acteristics of this stratigraphic noise have recently been visualised and
analysed using density (Laepple et al., 2016; Weinhart et al., 2020)
and isotopic data (Miinch et al., 2016, 2017) from two-dimensional
trenches in Antarctica.

The classical interpretation of the §'®0 signal in firn and ice cores
assumes that the isotope signal reflects the signal of the deposited
snow (e.g., Lorius et al., 1969). It is further assumed that this signal
is primarily affected by downward advection due to new deposited
snow (Miinch et al.,, 2017) and modified by densification and iso-
topic diffusion until the depth of firn-ice transition (Johnsen, 1977;
Johnsen et al., 2000). However, in recent years, the basic principle of
this palaeo-thermometer has been questioned (e. g., Town et al., 2008;
Steen-Larsen et al., 2014; Casado et al., 2021). Studies show that the
original isotopic composition of snow is considerably altered after the



4.2 METHODS AND DATA

initial deposition by molecular exchange processes at the snow-air in-
terface at and beneath the surface, including wind-driven ventilation,
sublimation, vapour deposition and snow metamorphism (Town et
al., 2008; Harris Stuart et al., 2021; Wahl et al., 2021). Such modifica-
tions have been reported from laboratory experiments (e. g., Sokratov
and Golubev, 2009; Ebner et al., 2017; Hughes et al., 2021) and obser-
vations from locations in Greenland (Steen-Larsen et al., 2014) and
Antarctica (Ritter et al., 2016; Casado et al., 2021) with different accu-
mulation rates.

To estimate the uncertainty introduced by stratigraphic noise and
vapour-snow exchanges, to correct for the noise in climate variability
estimates (Miinch and Laepple, 2018), or to even use the heterogene-
ity as a proxy for past surface roughness (Wolff et al., 2005; Barnes
et al., 2006), there is a need to characterise the driving processes accu-
rately to parametrise and model them.

Here, we designed and performed a study to analyse for the first
time the buildup of the isotopic signal in the upper snowpack over a
summer season for a study site next to the deep drilling site of the
East Greenland Ice-core Project (EastGRIP) in the accumulation zone
of the Greenland Ice Sheet (GrlS). Based on previous studies and find-
ings, we designed and performed an extensive two-dimensional snow
sampling scheme making use of the liner technique (Schaller et al.,
2016). Throughout the two-months observation period, we sampled
six 30 cm deep transects, sub-sampled them with 2 cm resolution and
analysed the samples for their stable water isotopic composition. Ad-
ditionally, near-daily digital elevation models (DEMs) for the same
area were generated applying an established Structure-from-Motion
(SfM) photogrammetry technique (Zuhr et al., 2021a) to quantify the
changes in the snow surface height. The combination of both meth-
ods results in a unique data set that provides important information
on the temporal evolution of the heterogeneity of the isotopic signal
in firn and ice cores.

4.2 METHODS AND DATA
4.2.1  Study site

A 4om long transect was studied next to the EastGRIP campsite in
northeast Greenland (75° 38" N, 36° 00’ W, ~2,700 m altitude, Fig. 4.1a).
The site is characterised by an annual mean temperature of —29°C
and prevailing westerly winds (Madsen et al., 2019). The studied tran-
sect was oriented perpendicular to the main wind direction with the
walking area on the downwind side of the transect, following a sim-
ilar setup as Zuhr et al. (2021a). Annual accumulation rate estimates
vary between 10 and 14cmw.eq. yr* (Vallelonga et al., 2014; Schaller
et al.,, 2016; Karlsson et al., 2020). The influence of post-depositional
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a)

C
) View from above Main wind direction 1

Figure 4.1: Location of the study site (abbreviated with EGRIP, a), and illus-
tration of the used setup for DEM generation (b) and snow sam-
pling (c). Along the 40 m transect, glass fiber sticks with 2 m spac-
ing mark the snow sampling positions and were used as ground
control points during the DEM generation (b). The dashed line
indicates that all sticks were levelled to the same height. (c ) At
each stick position, snow profiles were sampled which had to
move by about 30 to gocm with every sampling day. The blue
area provides a representative snow height along the transect
which was used to analyse the temporal evolution of the snow
height and to simulate the signal content within the snow sur-
face. For a better overview, the number of profiles and sticks is
reduced and does not represent the original setup.

influences of vapour-snow exchange on the snow isotopic composi-
tion have been studied at the same location for the same observation
period in (Wahl et al., 2021).

A nearby automatic weather station (AWS) from the Programme
for Monitoring of the Greenland Ice Sheet (PROMICE) has been mea-
suring meteorological data since 2015 (Fausto et al., 2021). During
the observation period from 27 May to 27 July 2019, a mean temper-
ature of -10.3 °C and an average wind speed of 4.5 ms™ mainly from
the west (~240°, standard deviation of 46 °) were observed (Fig. 4.2,
yellow area marks the study period).

4.2.2 DEM generation

Two-dimensional maps of the snow surface (i.e., DEMs) were gen-
erated for each day with suitable weather conditions to obtain de-
tailed information on the snow height and its evolution throughout
the observation period. For this, we carried out a SEM photogramme-
try approach following the method established in Zuhr et al. (2021a).
Relative to their study, we used a Sony a7R camera with a fixed
lens of 35 mm focal length, mounted at a height of ~2m (instead of
~1.5m). Our DEMs have the same resolution of 1 x 1 cm while the im-
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Figure 4.2: Meteorological observations showing in a) daily mean tempera-
ture and relative snow height from 1 August 2018 to 1 August
2019 measured at the PROMICE AWS, and b). The yellow area
denotes the summer period covered in this study and for which
manual observations of snowfall (in total 13x, dark blue) and
snowdrift (in total 23, light blue) are illustrated in b). In addi-
tion, the snow sampling dates are shown as well (grey).

Time

proved setup enabled a larger coverage of 400m* (=40x10m) than
the 195 m* in Zuhr et al. (2021a).

At the beginning of the season, glass fiber sticks with 2m spacing
were distributed along the transect and used as ground control points
for an absolute georeferencing (Fig. 4.1b) (e.g., James and Robson,
2012). The DEM generation was carried out with the software Agisoft
Metashape and the snow height at the first sticks on 27 May 2019
was defined as an arbitrary zero level to which all further DEMs were
referenced. Due to the improvements of the setup, the accuracy of the
DEMSs should be equal (1.3 cm) or better than in Zuhr et al. (2021a).

DEMs are available for 30 out of 62 days of the observation period
providing an effective data coverage of 48 %. Missing days are caused
by cloudy and overcast conditions which impede the alignment of
the photos. The largest gap between consecutive DEMs is three days,
but mostly less. In case a DEM was not available for a day of snow
sampling, a DEM from the day before or after was used instead.

4.2.3 Isotope measurements

To investigate the spatial and temporal evolution of the stable water
isotopic composition of the upper firn layer, vertical snow profiles
were collected at 20 positions with 2 m spacing along the 40 m transect
on six days during the 2019 summer season (27 May, 6 June, 18 June, 3
July, 17 July and 27 July 2019). The sampling distance is small enough
to resolve the scale of spatial variations in accumulation (Zuhr et al.,
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2021a) and the length is a trade-off to capture some representative
dune features while still being feasible to sample in a single day.

Carbon fiber tubes of 30 cm length and 10 cm diameter were used to
collect mini-cores at each position (Fig. 4.1¢c), following the liner tech-
nique described in Schaller et al. (2016). The sampling positions were
filled with snow and flattened after each sampling to avoid disturb-
ing surface features. Each position was moved by about 30 to 40cm
towards the main wind direction between successive samplings to
avoid contamination from the previous sampling.

The mini-cores were sampled immediately after the collection with
a 2 cm vertical resolution which is enough to resolve the isotopic vari-
ations as faster scales are damped by the isotopic diffusion. Depend-
ing on the recovered length of the snow cores (26 to 30cm), the num-
ber of samples of single profiles varied between 13 and 15. The max-
imum sampled depth for single locations alternates between 26 and
30cm; thus, covering at least half a year of accumulation.

All snow samples were airtightly stored in Whirl-Paks® and trans-
ported to Germany in a frozen state. Stable water isotope measure-
ments were performed in the Stable Isotope Facility at the Alfred-
Wegener-Institute in Potsdam, Germany, using a cavity ring-down
spectrometer from Picarro Inc. (model L2140-7). Isotopic ratios are re-
ported in the standard &-notation given in per mil (%) following

5 — Rsample 1 (41)

Rrefe‘rence
Craig (1961b) with Rsqmpie as the isotopic ratio of the sample and
Rreference the ratio of an in-house reference water calibrated against
the international VSMOW /SLAP scale (Gonfiantini, 1978). All data
were corrected for memory and instrumental drift as suggested in
van Geldern and Barth (2012) using the calibration algorithm de-
scribed in Miinch et al. (2016). Only 5O will be analysed in this
study. The mean measurement uncertainty for 580 derived from an
independent quality control standard was 0.13 %o and 0.09 % for all
used reference waters.

4.2.4 Simulation of the snowpack layering

To interpret the buildup of the internal signal content and the im-
printed temperature information, we simulate the expected layering
using the near-daily snow height information from the DEM’s and
the temperature data from the nearby AWS. Using the daily temper-
ature as a proxy for the signal in the new accumulated snow, this
model provides the expected internal structure of the snow column.
We extract the DEM-derived snow height for a 20cm wide field
behind the sampling locations (Fig. 4.1c, blue area) and use it as a
representation for the evolution of the mean snow height along the
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g4om transect. This area is chosen because it is well-covered by the
DEMs, close to the sampling positions (within 2 m) and, hence, repre-
sentative of the snow height evolution at the sampling spots while not
disturbed by the sampling itself. Using this snow height information,
we simulate the expected internal structure of the upper snowpack,
similar to Fig. 11 in Zuhr et al. (2021a), by assigning the daily mean
temperature to the respective day-to-day change in the snow height.
We also account for snow erosion by considering negative changes in
the snow height.

We perform this simulation for each day with available DEMs, start-
ing on the day after the first sampling, i.e., 28 May 2019, and show
the results for the same five following days at which the snow sam-
pling was performed. To qualitatively compare the simulated two-
dimensional structure, which is still in temperature units, to our ob-
served isotope profiles, we manually adjust the colour-scales. We do
not transfer the temperature to isotopic values since the temporal
slope cannot be determined with the temporally limited data set. The
comparison is not affected by this, because it would not change the
correlation due to the linear character of the calibration.

4.2.5 Expected uncertainty due to changes in the sampling position

To study the temporal evolution of a snowpack, it would be desir-
able to sample the same place and exactly the same snow at each
time step. This is, however, not possible due to the destructiveness of
snow sampling. Thus, sampling positions were moved each time by
30 to 40 cm towards the main wind direction, i.e. perpendicular to the
transect, to avoid disturbances (Fig. 4.1c). As we move the sampling
positions with time, we have to consider the heterogeneous character
of surface snow (Miinch et al., 2016, 2017). At the end, the first and
last sampling locations are ~2 m apart, similar as the spacing between
two adjacent sampling positions. As a measure of the expected 5§80
variability, we calculate the standard deviation of the differences (in
sampling depth) from the same sampling day between adjacent pro-
files. The mean of all standard deviations accounts to 2.9 %o. Hence,
we cannot detect any significant change in the 50O data smaller than
2.9 Jho.

4.3 RESULTS
4.3.1  Snow height evolution

The snow height along the transect is illustrated for each day (Fig.
4.3) and shows an overall increase of ~6 cm from the end of May to
the end of July 2019. This increase is, however, not spatially uniform
and influenced by precipitation intermittency and snow redistribu-
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tion as indicated by manual observations of snowfall and snowdrift
(Fig. 4.2b). While the (net) snow accumulation exceeded 10cm snow
depth change at few locations (e. g., at the transect positions 2, 38 and
4om), other spots received no or only very little new snow (e.g., the
positions at 12 and 36 m). Comparing the first (Fig. 4.3, blue line) and
the last (yellow line) day of the sampling period shows a flattening
of the surface topography over time as troughs (between o and 10m,
18 and ~32m and between 37 and 40m) receive more snow than the
local elevation maxima at ~13 and 36 m. Further, we also observe de-
creases in the snow height between consecutive days, indicating snow
erosion. The dune between 11 and 14 m in the beginning of the obser-
vation period is eroded/sublimated with time. Similarly, the second
dune between 32 and 38m first becomes more pronounced before
erosion/sublimation flattens this feature towards the end of July.

Snow height [cm]
I

Transect position [m]

Figure 4.3: Temporal evolution of the DEM-derived snow height (20-point
running mean) along the 40 m transect. The colour code indicates
the day throughout the observation period from blue represent-
ing end of May via red to yellow indicating end of July. The bold
lines in blue and yellow denote the first (27 May 2019) and last
sampling day (27 July 2019), respectively.

4.3.2 Mean isotopic records

Mean 5*80 values across all profiles increase from -38.3 %o on 27 May
to -35.8 %o on 3 July, followed by a decrease to -36.3 %o towards the end
of July 2019 (Fig. 4.4, vertical lines) with 5O values of individual
samples ranging between -57.0 and -21.9 %o across all sampling days.
The mean 580 profile on 27 May 2019 is characterised by a local
isotopic minimum at ~9cm sampling depth (Fig. 4.4). Towards the
end of July, this layer is found at 17cm depth with almost no change
in the §'®0 value. Throughout June and July, the lowest mean value
changed from -42.5 to -41.4 %o. We assign this part of low 50 values
to the winter period (Fig. 4.2). On each sampling day, the highest
8180 value is always found at the surface and increases with time
due to the deposition of new, isotopically enriched snow throughout
the summer period and/or due to sublimation induced enrichment
of surface snow (Fig. 4.4). The mean §'®0 surface values across all 20
sampling locations rose from -30 %o in May to -23.4 %o in July.
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Figure 4.4: Mean 580 profiles vs. sampling depth for each of the six sam-
pled days. No correction for downward advection due to new
snow accumulation is performed. The dashed vertical line shows
the mean §'80 value for each day.

4.3.3 Combining isotopic data with snow height information

Analysing the two-dimensional temporal sampling in combination
with snow height information (Fig. 4.5) offers insights into the spatial
and temporal 580 variability. On 27 May, the transect was charac-
terised by a layer with depleted 580 values between -47 and -42 %o
with a local minimum in the profile at 1om (Fig. 4.5, dark blue).
The vertical extent of this depleted layer varies between 5 and 10cm
within most profiles. However, the profile at 36 m has an exception-
ally large vertical extent of ~24 cm, while the nearby profiles at 28 and
3om do not show this layer at all. The depleted layers were mostly
surrounded by isotopically more enriched layers.

The relative depth of the depleted 680 values changes over time
due to a downward advection from new snow accumulation whereas
the layers themselves, such as the depleted area between 10 and 25m,
change only slightly. The low 5O values between 30 and 40m are
noteworthy because they remain quasi constant and only show slight
changes with on average 1.1 %o with time for the lowest 580 values
(Fig. 4.5).

The amount of the successively deposited snow in the upper lay-
ers corresponds to the thickness of the difference in snow height as
observed in the DEMs (Fig. 4.5, grey line indicates the first sampling
day). The change in snow height between the first and the third sam-
pling, i.e., from 27 May to 18 June, indicates a gradual filling of the
trough between 15 and 27 m with the deposition of snow with slightly
enriched 580 values with on average -30.2 %o. In contrast, the new
layers on 3 and 17 July, defined via changes in the snow height, in-
dicate a deposition of strongly enriched mean isotopic ratios of -25.1
and -23.6 %o, respectively, and a continued flattening of surface undu-
lations. This snow stayed until the end of July. The last sampling day
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showed a locally constrained accumulation in a corner between 2 and
4m with a more negative 580 value than the previous depositions.
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Figure 4.5: Two-dimensional view on the 'O variability of each profile on a
respective sampling day aligned with DEM-derived snow height
information. The black line indicates the relative snow height for
each individual sampling day and the grey line the snow height
of the first sampling day, i.e., 27 May 2019. Transect position
corresponds to the distance along the transect (Fig. 4.1c).

4.3.4 Observed vs. simulated composition

A better understanding of the buildup of the upper snowpack can
be achieved by visually comparing the observed isotopic composi-
tion (Fig. 4.6a) with the expected precipitation-weighted temperature
content (Fig. 4.6b) within the two-dimensional transects. This com-
parison will enable us to distinguish between changes due to deposi-
tional processes (redistribution, erosion or new deposition) and post-
depositional modifications of the snow (air-snow exchange).

The 580 data suggests that the accumulated snow throughout the
observation period represents several snowfall events with spatially
heterogeneous layer thicknesses (Fig. 4.6a). In the beginning of July,
for example, most of the surface snow is characterised by layers of
strongly enriched snow up to -21.9 %o. This layer persists for several
weeks, especially at the positions between o and 3om. Similar fea-
tures are found in the expected temperature content as shown by the
simulations (Fig. 4.6b). On 27 July, however, the area between o and
6 m indicates differences between the observed isotope ratios and the
simulated internal layers from DEM-derived snow height changes.

4.3.5 Changes in the isotope signal over time

The presented analysis suggests that the main changes of the isotope
signal through time is the addition of snow with a distinct isotope sig-
nature at the surface or a retrieval of material, i.e. wind-driven uptake
and redeposition. To test whether the isotope signal is also changing
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over time in the depth range not directly affected by accumulation or
erosion, we analyse the isotope anomaly maps in the zones that were
not eroded at any point during the two months (Fig. 4.7, dotted line)
after removing the time-mean two-dimensional isotope profile (Fig.
4.7)-

Even if no change in the isotopic composition in a given snow par-
cel would have occurred, we would expect some variations due to
the horizontal changes in the sampling position and, thus, sampling
a new snow column every day. As the changes in the horizontal sam-
pling position relative to the mean position is less than 1m (i. e., half
of the 2m spatial range), we use 2.9 %o (two times the expected stan-
dard deviation for a 1 m horizontal shift) as a heuristic threshold for
local significance.

In general, more than 86 % of the anomalies are within +2 SD, i.e,,
2.9 %o (Fig. 4.7) suggesting that only some locations show changes not
explainable with spatial heterogeneity. Stronger changes are observed
close to the surface while changes further down in the snowpack are
weaker. Whereas the sign of change seems systematic near the surface
from negative anomalies in the beginning of the season to positive
anomalies at the last sampling, the sign of the changes further down
in the snow column is varying.

4.4 DISCUSSION

We present a new approach to study the buildup of the isotopic sig-
nal in the snow column, combining elevation models from SfM pho-
togrammetry and a transect of snow profiles sampled throughout a
two-months field season.

4.4.1  Evolution of the snow surface

Our new DEM data confirms the results found in a similar transect
in the previous year (Zuhr et al.,, 2021a), i.e., the snow deposition is
irregular in space, ranging from a net negative change (erosion) up
to an increase of 14cm (Fig. 4.3) throughout the season. Similar to
2018, the snow surface became generally flatter during the season in
2019, as troughs were filled up and peaks eroded, also visible in the
negative correlation between the initial snow height and the amount
of accumulated snow (not shown here). This supports that the ob-
served pattern was not a specific feature of the season in 2018 but is a
systematic behaviour for this area in northeast Greenland, similar to
findings from other locations with comparable accumulation charac-
teristics in central Greenland (Kuhns et al., 1997; Albert and Hawley,
2002).
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4.4.2  Two-dimensional view of water isotopes in the snow

Our two-dimensional profiles (40 m wide and 30cm deep) of the iso-
topic variations (Fig. 4.5) provide the first visualization of the 58O
signal and stratigraphic noise in snow from the Greenland ice sheet,
similar to the findings from snow trenches in Antarctica (Miinch et
al., 2016, 2017). We find a pattern of enriched-depleted-enriched iso-
topic composition, presumably indicative for seasonal layering in ad-
dition to horizontal isotopic variability which is caused by local strati-
graphic noise. While our profiles are too short to quantify the strati-
graphic noise, a very rough estimation of the signal-to-noise variance
ratio (SNR = ( 02 - 0121 )/ Gﬁ ), comparing the horizontal (Gﬁ) and ver-
tical (02) variance (Miinch et al., 2016), results in a SNR of 1.8. This is
consistent with typical SNR values documented for Greenlandic sites
that range from 1 to 3 (Fisher et al., 1985) and considerably higher
than the SNR of 0.6 found in the trench studies in Antarctica from
an area with approximately half of the annual accumulation than our
study site. The lower stratigraphic noise (thus higher SNR) at our site
compared to Antarctica is expected as it is mainly determined by the
ration of the annual layer thickness (about twice as high at this study
site) relative to the thickness of snow surface undulations (similar at
both sites) (Fisher et al., 1985).

The two-dimensional profiles also demonstrate that single vertical
profiles, such as firn cores, can miss individual seasons, as observed
in this study by a missing winter layer at transect position 32m as
well as reported from single ion records (Gfeller et al., 2014). On the
contrary, seasons can be strongly overrepresented in other close-by
profiles, e. g., in the profile at 36 m (Fig. 4.5).

4.4.3 Buildup of the snowpack isotopic signal

The isotopic signature in snow and firn profiles has previously been
interpreted to reflect the temporal development of the isotopic signa-
ture of snowfall. However, the signal at a specific depth is influenced
by the interplay between spatially variable processes, such as snow ac-
cumulation, redistribution (Ekaykin et al., 2004; Picard et al., 2019) as
well as post-depositional modifications at the surface (Steen-Larsen
et al., 2014; Hughes et al.,, 2021) and within the upper snowpack
(Johnsen, 1977; Town et al., 2008). To shed light on these processes
at and beneath the surface, we make use of the two-dimensional iso-
topic data set and investigate the signal deposition and its subsequent
development through time.

The first order pattern, that is visible when averaging across all
5180 profiles to minimize the stratigraphic noise (Fig. 4.4) is in agree-
ment with the traditional perception of a downward movement (‘ad-
vection’) of the depleted winter layer throughout the season as more
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isotopically enriched summer snow is deposited at the top. Taking
into account the respective snow height of each of the spatially dis-
tributed profiles (Fig. 4.5) confirms, that the downward advection of
the winter layer is caused by the snow accumulation as the isotope
profiles, accounting for the elevation changes, remains largely con-
stant through time below the layer affected by accumulation and ero-
sion.

To test for systematic changes in the isotopic composition of the
snow column through time, for example by forced ventilation (Town
et al., 2008; Ebner et al., 2017), we analysed the temporal 580 anoma-
lies in the two-dimensional snow transect (Fig. 4.7). This compari-
son is limited by the magnitude of expected variations caused by
the spatial change of the sampling locations between consecutive
samplings. We were, thus, only able to separate temporal changes
larger than 2.9 %o from this spatial sampling effect. Given this limi-
tation, our study did not indicate significant alterations below 10cm
depth throughout the two-months period. However, we found few
changes closer to the surface that might be related to isotopic diffu-
sion. For future studies, the noise from the spatial shift of sampling
locations should be reduced in order to allow testing for potential
post-depositional alterations. This could be achieved with optimized
sampling schemes that enable shorter distances between successive
sampling positions.

During the summer season, the changes at the surface were charac-
terised by a spatially unequal deposition of warmer, i. e., isotopically
enriched snow (Fig. 4.6). To see which signal we would expect in the
simplest case without post-deposition or snowdrift, we constructed
a model in which we piled up layers according to the topographical
changes with a signal representing the respective daily air tempera-
ture. The visual comparison to the observed isotope signature in the
surface snow shows that, while the general characteristics of higher
680 values corresponding to higher temperatures are captured (de-
scribed in chapter 3.4), there are also some differences. A thin layer
of isotopically depleted snow between 30 and 40 m along the transect
was deposited between the first and the second sampling and per-
sisted throughout the summer season (Fig. 4.6a). This layer is also
represented in the simulation by cold temperatures (Fig. 4.6b). In
contrast, the alternating sequence of high and low isotopic values
between o and 6 m is, however, not shown in the simulation.

This mismatch can have several reasons. One reason could be the
quality and temporal gaps in the DEMs as for some days the low vi-
sual contrast of the flat surface did not allow a faithful reconstruction
of the snow height. However, the largest gap between consecutive
DEMs is three days. Moreover, Zuhr et al. (2021a) investigated in de-
tail the uncertainties of the photogrammetry method and concluded
that the observed magnitude of snow height changes is larger than
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the uncertainty of 1.3 cm. For future studies, improvements in the
DEM recovery rate, for example by using infrared filters (Biihler et
al., 2017), or the use of other DEM generating methods, such as laser
scanners (Picard et al., 2019), could reduce these uncertainties.

Another aspect might be the patchy deposition of drifting snow
at the surface which can substantially contribute to accumulation at
one site and might lead to the deposition of snow at another site con-
taining an environmental fingerprint from another location (Ekaykin
et al., 2002; Picard et al., 2019). Zuhr et al. (2021a) showed a signifi-
cant negative correlation between the mean daily wind speed and the
mean daily snow height change and with the temporal snow height
evolution in this study, it seems to be a persistent behaviour of the
summer snow surface at EastGRIP. Summer wind conditions, thus,
favour substantial snow drift that affects surface structures (Zuhr et
al., 2021a) as well as the development of the isotopic layering.

Besides these rather mechanical contributions, additional modifi-
cations of the snow’s isotopic signature might be caused by post-
depositional processes at the very surface in the absence of snow-
fall or drift. In particular, sublimation is found to imprint a climate
signal into the surface layer during precipitation-free periods in the
summer (Casado et al., 2021; Hughes et al., 2021; Wahl et al., 2021).
Hughes et al. (2021) performed sublimation experiments at the same
study site and reported that the isotopic composition within the top
few centimetres is affected by the atmospheric diurnal temperature
cycle. (Harris Stuart et al., 2021) documented significant change in
the isotopic composition of the surface snow following precipitation
events, in effect masking the initial precipitation second order iso-
topic composition. However, high accumulation rates might dampen
the magnitude of observed changes and bury the snow too quickly
(Waddington et al., 2002), that the large spatial heterogeneity at our
study site (Fig. 4.7) in combination with our setup cannot resolve the
magnitude of these post-depositional modifications.

Repeating the study, ideally with a more frequent sampling in-
terval than applied here (biweekly interval) to also cover snowfall-
free periods, would allow for a better detection of post-depositional
changes at and near the surface. In addition, combining our study ap-
proach with sampling and measurements of the isotopic composition
of snowfall would allow us to perform more detailed simulations and
to compare the skill of simulations to our measurements including
or excluding processes, such as sublimation. Finally, making use of
second-order parameters, such as d-excess and 7O-excess, might pro-
vide additional constraints to evaluate the role of post-depositional
processes on the preserved signal since these parameters are highly
sensitive to non-equilibrium processes (Casado et al., 2021). The ques-
tion of the driving processes that ultimately determine the isotopic
signal remains, therefore, open but points to a combination of the pre-
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cipitated isotope signal altered by post-depositional processes. Snow-
pack models, that consider exchanges with the vapour, could be used
to estimate expected changes which could help to develop new study
designs.

4.5 CONCLUSION

We investigated the temporal evolution of the snow surface in
northeast Greenland based on snow height information and two-
dimensional isotopic transects. We identified uneven snow deposi-
tion as the main driver for buildup and preservation of stratigraphic
noise, confirming the conceptual model by Fisher et al. (1985). In
addition, the isotopic data revealed that the climatic signal is mainly
introduced at the surface by either snowfall or depositional and post-
depositional modifications of the surface layer, such as snowdrift
and snow-air exchange. Changes in the isotopic composition below
~10cm were not significant and, therefore, cannot confirm wind
pumping or other processes altering the properties of buried snow,
confirming similar studies in Antarctic snow (Miinch et al., 2016).
However, the strong spatial variability limited the ability to detect
significant changes smaller than 2.9 %o with the current setup during
a two-months summer period.

We have shown that this study design, which combines snow
height information with isotope records, allows to quantify the
buildup of the snow column. In a next step, extending the gained
knowledge through refined simulations of the expected isotopic
composition of the snow column and comparisons with parame-
ters such as d-excess, could allow an evaluation of the presented
snowpack buildup. Ideally, these simulations should also include
post-depositional changes, such as sublimation, as the influence of
vapour-snow exchange processes has shown to have the potential to
alter the snow isotopic composition.

Further optimizations of the study design with, for example, a
higher temporal resolution to capture periods without snowfall or
improved devices to reduce the spatial shift between consecutive
sampling positions, should facilitate the investigation of the post-
depositional changes. Additionally, improvements in the measure-
ment of the isotopic composition in snowfall (Stenni et al., 2016),
and a method to differentiate between snowdrift and fresh snow are
needed to refine our understanding and simulations of the signal
formation. Repeating this or improved study designs in regions with
different environmental conditions, such as the low accumulation
regions on the East Antarctic Plateau or other areas in Greenland
with higher accumulation rates, should enhance our overall under-
standing of the climatic signal contained in stable water isotopes in
polar firn and ice cores.
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Figure 4.6: Two-dimensional view of the internal structure of the newly

deposited snow from a) observations and b) simulations using
DEM-derived snow height information and daily temperatures
from the nearby AWS. The §'80 observations in a) denote the
newly accumulated snow during the observation period. The
simulation in b) assigns the daily temperature to all positions
which received accumulation on a given day. The thickness might
be influenced by missing DEMs (largest gap is three days) which
could lead to a slightly overestimated thickness of specific lay-
ers. The grey line indicates the snow height on the first day of

sampling.
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Figure 4.7: Anomalies of the mean isotopic composition for each sample.
Only sample positions are considered which have a value on
each sampling day. New snow accumulation is therefore not in-
cluded. Black squares indicate significant anomalies, i.e., larger
deviations than twice the local uncertainty of 1.45 %o. The dashed
grey line indicates the lowest snow height observed during the
entire observation period and the black line the snow height for
each sampling day, respectively.
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GENERAL DISCUSSION AND CONCLUSIONS

This dissertation presents five research articles that investigate proxy
signal formation in palaeoclimate archives. In particular, the arti-
cles cover the deposition and imprint of the signal as well as post-
depositional modifications and the final preservation within sedimen-
tary archives. To this end, novel sampling schemes were developed
and applied to characterise and quantify the inherent heterogeneity
in marine sediments and polar ice sheets. The results are primarily
based on field observations and statistical analyses, accompanied
by laboratory experiments and simulations. The following general
discussion connects the presented studies and elucidates their contri-
bution to an improved understanding of the proxy signal and related
climate reconstructions.

5.1 HETEROGENEITY IN SEDIMENTARY ARCHIVES
5.1.1  Quantifying archive-internal heterogeneity

The radiocarbon content in planktonic foraminifera in marine sed-
iments is traditionally used as a tracer of time since deposition
(Arnold and Libby, 1949; Libby et al., 1949). This information can
additionally be seen as a tracer of mixing by determining the hetero-
geneity of “C-derived age estimates (Peng et al., 1979). Chapter 2
uses this relation to quantify mixing extent and intensity via the hor-
izontal heterogeneity in "#C data at a study site in the South China
Sea (SCS).

Indeed, a multitude of studies with X-ray radiographs (Bouma,
1964; Wetzel, 1991; Lowemark and Werner, 2001), high-resolution
mass spectrometry imaging (Wormer et al., 2014, 2019), radioactive
tracers (Peng et al., 1979), novel instrument developments (Wacker
et al., 2010, 2013) and modelling efforts (Goldberg and Koide, 1962;
Berger and Heath, 1968; Guinasso and Schink, 1975; Trauth, 1998)
indicated large spatial heterogeneity within marine sediments, but
a data-based quantification of the dimensions of sediment mixing
is missing so far. The presented evaluation of the horizontal age-
heterogeneity is based on a grid of several sub-cores from a marine
boxcore and is complemented by X-ray radiographs.

The heterogeneity is quantified by means of different sample types,
i.e., small and large volume samples as well as small and large num-
bers of measured specimens. Several measurements of large volume
samples from one depth layer reveal the spatial differences between
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age estimates. Because these differ more than the measurement un-
certainty, these estimates can be seen as a measure of the spatial
heterogeneity (Fig. 2.3). The effect of different sample volumes (Fig.
2.6) suggests that the spatial dimension of a sample is, in this case,
larger than the scale of sediment displacement. Replications of mea-
surements within one sample reveal that a single estimate comprises
a substantial spread of younger and older specimens, strongly de-
viating from the true mean age of the respective depth layer with
decreasing numbers of measured specimen. The magnitude of the
spread is indicative for the vertical extent of mixing leading to the
observed heterogeneity. Hence, the heterogeneity within one sample
can be determined by replications of measurements of small and large
numbers of specimen and different sample volumes (Fig. 2.3).

X-ray radiographs confirm the estimation of the mixing extent by
visualising the net displacement of sediment material (Fig. 2.5) and
additionally indicate bioturbation below the so-called mixed layer
depth (Fig. 2.1). Even though sampling multiple sub-cores and mea-
suring more than 100 "#C samples is very labour- and cost-intensive,
the benefit of this unique data set is a remarkable visualisation of
the inhomogeneous sedimentary structure (Fig. 2.6). Combining both
three-dimensional data sets, the '4C data and the X-ray images, re-
veals detailed insights into the archive-internal age-heterogeneity in
marine sediments and the importance of post-depositional modifica-
tions on the apparent time uncertainty in past chronologies. How-
ever, this approach was only applied at this single location in the
SCS and for this archive type. Local climate and sedimentation condi-
tions might influence the heterogeneity; hence, analysing the archive-
internal heterogeneity at other sites is therefore suggested.

As a second archive, the spatio-temporal heterogeneity of snow ac-
cumulation and isotopic composition within the upper snowpack is
analysed because both influence the formation of the proxy signal in
polar ice. A Structure-from-Motion (StM) photogrammetry technique
is used to generate near-daily two-dimensional maps of the snow sur-
face (Fig. 3.3) for two consecutive summer seasons at the campsite
of the East Greenland Ice-Core Project (EGRIP) on the Greenland Ice
Sheet (Gris) (Chapters 3 and 4). The application of this method was
not new (e.g., Nolan et al., 2015; Cimoli et al., 2017). Its usage for
a very flat white area without distinguished features challenges the
generation of reliable Digital Elevation Models (DEMs) causing gaps in
our records (Chapter 3). Nevertheless, the analysis of the DEMs reveals
an event-based character and spatial variability of snowfall (Figs. 3.4a
and Fig. 4.3). Besides this intermittency, the SfM method denotes the
importance of snow erosion and redistribution to the overall snow ac-
cumulation (Figs. 3.5 and 3.6). The quantification of the redistribution
is indicative of the heterogeneous character of snow accumulation in
both studied summer seasons which is associated with a preferen-
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tially deposition in troughs (Figs. 3.9, 3.11) and 4.3). Similar methods
with a comparable precision have been used to quantify accumulation
conditions at other locations on the GrIS (Kuhns et al., 1997; Albert
and Hawley, 2002) and on the East Antarctic Plateau (EAP) (Picard et
al., 2016, 2019). However, the stM method is more flexible regarding
the deployment, the surveyed location and the covered spatial dimen-
sions and allows additional snow sampling relating the accumulation
variability to the heterogeneity of stable water isotopes within the up-
per snowpack.

The combination of snow height information with two-dimensional
isotopic transects enables a characterisation of the internal structure
and reveals the heterogeneous buildup of the upper snowpack (Chap-
ter 4, Figs. 4.5 and 4.7). Trench studies from the EAP revealed strong
internal heterogeneity of the density of snow and its isotopic com-
position (Laepple et al.,, 2016; Miinch et al.,, 2016, 2017, Weinhart
et al., 2020). Compared to these studies, the advantage of the pre-
sented novel sampling design is the visualisation of the temporal evo-
lution of the isotopic signature, its large internal heterogeneity and
the buildup of stratigraphic noise at the surface throughout a two-
month period (Fig. 4.5) based on the detailed snow height informa-
tion and the repeated snow sampling. While this data set provides re-
markable insights into vertical and horizontal isotopic variations and
the preservation, i. e., downward shift, of these signals (Figs. 4.4 and
4.5), an ultimate quantification of the driving processes modifying the
signal during (snow redistribution) and after the deposition (vapour-
snow exchange) cannot be represented with this study design (Fig.
4.7.) Laboratory and field experiments as well as simulations are addi-
tional important tools to estimate the magnitude of change caused by
particular processes (Appendix A and B). The observations as well as
the experimental studies emphasise the heterogeneous imprint (Fig.
4.6) of the climatic signal at the surface and hint towards a potentially
strong relation between the proxy signal formation and the archive-
internal heterogeneity.

5.1.2 Relationship between proxy signal formation and archive-internal
heterogeneity

Observed low correlations of palaeoclimate time series from cores
close to each other suggest that the recording of climate signals
might be subject to regional variations and/or superimposed by
non-climatic noise in marine sediments (Reschke et al., 2019b, 2021)
and polar ice sheets (Karlof et al., 2006; Miinch and Laepple, 2018).
For instance, radiocarbon data from adjacent cores from a multi-
corer deployment showed an unexpected low reproducibility of age
estimates. Their discrepancies exceeded the typically assumed uncer-
tainties (Fig. 7 in Dolman et al., 2021a). This observation raises the

107



108

GENERAL DISCUSSION AND CONCLUSIONS

question, whether the internal heterogeneity on these local scales is
real and how much this affects the depth-age assignment in climate
reconstructions. To shed light on this relation between the proxy
signal and heterogeneity, Chapter 2 quantifies and investigates the
three-dimensional "C variability in several sub-cores from a marine
boxcore on spatial scales below 30cm.

Bioturbation is known to cause spatial and temporal variability in
marine sediments. The extensive 4C data set in Chapter 2 reveals
a more realistic estimate of the inherent time uncertainty in proxy
data which results from sediment net displacement. The mixing ex-
tent is quantitatively determined with a depth of ~8cm. Hence, a
homogeneous 4C distribution from the surface down to this depth
is expected (e. g., Peng et al., 1979; Berger and Killingley, 1982). How-
ever, this is not apparent in any of the analysed sub-cores (Fig. 2.3)
and is further supported by X-ray radiographs revealing substantial
bioturbation also at greater depths (Fig. 2.5). This indicates that post-
depositional processes within the archive substantially modify the
sedimentary structure and that the proxy-climatic relationship con-
tains uncertainties larger than previously assumed (Fig. 2.7).

Post-depositional modifications within the marine sediments limit
the proxy-climate relationship by adding substantial time uncertainty.
BACON, an often-used depth-age model (Blaauw and Christen, 2011),
considers only the reported measurement error by the laboratory for
each individual *#C data point. It neglects the constraints caused by
bioturbation (Figs. 2.7 and 2.8). However, when accounting for the
uncertainty, the spatial variability of marine sediments is actually
covered by the depth-age model (Fig. 2.11). This calls for a consid-
eration of uncertainties not only in the climatic signal, but also in the
temporal information as both are affected by the archive-internal het-
erogeneity. These error terms support and explain the observation of
increasing correlations of proxy records when accounting for time un-
certainty (Reschke et al., 2021). They can further explain a number of
observations, including the mentioned differences in age models from
nearby records from a multi-corer (Fig. 7 in Dolman et al., 2021a) as
well as observed age-model reversals in marine records within large
proxy-compilations (such as the data compilation by Marcott et al.,
2013).

Similarly investigations of the proxy signal content within polar ice
sheets also benefit from two or three dimensions. Snow trench stud-
ies, performed in Dronning Maud Land on the EAP, offer a wealth of
information on the heterogeneity of different parameters within the
upper snowpack (Laepple et al., 2016; Miinch et al., 2016, 2017; Wein-
hart et al., 2020). Miinch et al. (2017) found a discrepancy between
the isotopic signal in the upper firn and the observed temperature
and concluded that processes prior to or during the snow deposition,
and hence the signal deposition, are responsible for this difference.
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This motivated a modification of their study design to repeated sam-
plings of small trenches combined with a SfM method next to the
EGRIP campsite (Chapters 3 and 4).

Following general assumptions of a precipitation-weighted signal
imprint (Persson et al., 2011; Sime et al., 2011; Casado et al., 2020),
the SftM method confirms an event-based character of the snowfall
and the accumulation (Figs. 3.4a, 3.6 and 4.3) and with this an under-
sampling of the environmental conditions. However, the final snow
accumulation corresponds to only ~35 % (Fig. 3.12) of the temporarily
deposited snow which suggests that the 50 signal in the upper firn
cannot purely represent a precipitation-weighted climatic signal, con-
tradicting earlier assumptions (Steig et al., 1994; Persson et al., 2011).
This local-scale redistribution is further complicated by the interplay
between prevailing surface structures and drifting snow. We find a
reduction of the surface roughness (Fig. 3.10) alongside a negative
correlation between the snow height and the amount of accumulated
snow (Fig. 3.9) during two consecutive summer seasons, visualising
the development of stratigraphic noise (Fisher et al., 1985).

Based on the detailed snow height information and the repeated
snow sampling, Fig. 3.11 and Fig. 4.5 remarkably illustrate the inter-
nal heterogeneity, expressed in varying layer thicknesses of the snow
age and the isotopic composition, respectively. The visualised preser-
vation of local stratigraphic noise (Fig. 4.5) and its influence on the
horizontal isotopic variability within the upper snowpack confirm a
strong influence of the surface spatial heterogeneity on the isotopic
composition within the snowpack, referred to as stratigraphic noise,
as it was suggested by Fisher et al. (1985). Compared to similar trench
studies from the EAP (Miinch et al., 2016, 2017), the extensive data
set from the EGRIP location provides valuable insights into the sig-
nal preservation at a site with higher accumulation rates, but not the
entire imprint of the isotopic signal might be precipitation-driven.

Vapour-snow exchange processes within the snow column but
also with atmospheric vapour further influence the recorded iso-
topic signature (Johnsen, 1977; Town et al., 2008; Steen-Larsen et al.,
2014; Casado et al., 2021). Field experiments conducted at the EGRIP
camp site as well as laboratory experiments suggest modifications
of the §'80 signal in the upper few centimetre of the snow during
precipitation-free periods (Appendix Chapters A and B). Analyses on
the temporal change of the isotopic profiles, however, do not reveal
any significant modifications within the upper 3ocm of the snow
column throughout the studied summer period (Chapter 4). This
might be due to the large inherent heterogeneity within the upper
snowpack or the limited vertical extent of the mentioned processes.
Further processes, in particular firn diffusion, are not considered in
the presented studies but might alter the §'%0 signal as well.
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The relationship between the signal of interest, i. e., the atmospheric
temperature, and the proxy, i.e., 5180, is affected by a multitude of
processes within the archive. The presented studies provide a char-
acterisation of the uncertainties introduced by precipitation intermit-
tency, snowdrift, stratigraphic noise and post-depositional modifica-
tions for a study site on the GrIS. Future analyses with refined sam-
pling designs, e.g., a higher temporal resolution, at the same study
site as well as a characterisation of the discussed processes at other
sites with different climatic conditions are needed to gain an overall
estimate of the archive-internal heterogeneity and its relevance for
the proxy-climate relation within firn and ice cores.

5.2 METHODS TO IMPROVE CLIMATE RECONSTRUCTIONS

Reassessing the generation of proxy data through refined sampling
schemes and optimised measurement protocols can lead to an im-
provement in the reliability and reproducibility of palaeoclimate re-
constructions. Depending on scientific objectives and available fund-
ing, current practice in, for instance, palaeoceanography can be opti-
mised by adapting the sampling and measurement process for age es-
timates to more thoughtful study designs, as Chapter 2 suggests. This
includes improvements regarding the sample volume, the number of
measured specimen, the down-core density of data points and, in par-
ticular, replications of measurements with small and large numbers
of specimen. These replications are needed to quantify the internal
heterogeneity and to account for the influence on uncertainty in time
or the climatic proxy variable (Fig. 2.7).

To this end, improvements in depth-age models by e. g., implement-
ing an inflatable error term to account for the reconstructed net dis-
placement as well as future instrument developments, are key to ad-
vance these efforts. For example, recent developments enabled mea-
surements of small numbers of specimen and individual foraminifera
analysis (IFA) (Wacker et al., 2010, 2013), i.e., providing information
on the age distribution within a single sample. However, it is not
recommended to routinely apply these measurements for dating pur-
poses (Lacourse and Gajewski, 2020) or general climate reconstruc-
tions from sediments with low accumulation rates, due to the un-
certainty associated with individual signal carriers (Thirumalai et al.,
2013).

Proxy system models (PSMs) are a powerful tool to complement ob-
servational and proxy data (e.g., Evans et al., 2013; Dee et al., 2015;
Dolman and Laepple, 2018). These models perform a forward simula-
tion of a multitude of processes along the way from the climatic input
to the observation from an archive. PRYSM is an example for oxygen-
records (Dee et al., 2015) and sedproxy for marine-archive proxies (Dol-
man and Laepple, 2018). If basic parameters, such as the sedimenta-
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tion rate and the mixing extent, are known, sedproxy can be used
to simulate an expected proxy record from a marine sediment core
as well as related uncertainties, depending on the number of mea-
sured specimen. Besides an improvement in the proxy understand-
ing and the assessment of uncertainties, PSMs could be applied more
frequently to also refine sampling setups.

The ice core palaeoclimate community is in general aware of the
spatial heterogeneity in ice, but faces different challenges than the
palaeoceanographic questions. Isotopic data from firn and ice cores
are usually continuously sampled without gaps in the vertical dimen-
sion. The question of sampling density is, therefore, not as important
as in marine sediment cores. However, the information contained in
the signal is still not holistically understood and the need for more
mature sampling schemes is great. This includes a precise estimation
of the amount of initial snowfall with its spatial and temporal varia-
tions where the Chapters 3 and 4 present a step towards an improved
understanding via refined study designs. Additionally, the analysis
of parameters as d-excess can help to disentangle depositional from
post-depositional modifications but requires a more profound under-
standing of the processes determining this factor and accurate mea-
surements.

Modelling approaches with varying complexities have also been
carried out to examine the isotopic signal in firn and ice cores for both
ice sheets on Greenland and Antarctica (Sime et al., 2011; Sjolte et al.,
2011; Dee et al., 2015; Laepple et al., 2018; Touzeau et al., 2018; Casado
et al., 2020). These models have in common that they use temperature
and an artificial representation of the particle flux, e. g., snowfall from
global atmospheric reanalysis data sets. These snowfall estimates do
not match the observed accumulation (Fig. 3.12) and disregard redis-
tribution, which is an important factor (Chapter 3). Further important
processes, such as intermittency and diffusion, are considered, for in-
stance, in the forward model by Casado et al. (2020). A major caveat of
their study, also stated by the authors, is the missing implementation
of vapour-snow exchange processes which might in particular affect
the surface snow isotopic composition during precipitation-free peri-
ods as shown in Appendix Chapters A. Yet, this process is missing
in their model but also in PRYSM or other approaches. A simple sim-
ulation was performed in Appendix Chapter B, but did not provide
a comprehensive quantification of the contribution of vapour-snow
exchange processes. Hence, these attempts do not close the apparent
gap between atmospheric temperature and observed §'®O variability,
but provide first steps towards an improved representation of the rel-
evant processes within the upper snow and firn layer (Chapter 4);
however, a more profound representation in e. g., archive-models, im-
plemented in PSMs, is missing.
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5.3 OUTLOOK: IMPLICATIONS FOR PROXY-BASED CLIMATE RE-
CONSTRUCTIONS

In recent years, the question of the highest possible temporal resolu-
tion of isotope time series from firn and ice cores as well as marine
sediment cores is increasingly coming to the fore and important for
quantifying Holocene climate variability. The effective temporal scale
at which isotope records can be meaningfully interpreted is limited
by a variety of processes, among which precipitation intermittency;,
depositional and post-depositional modifications, stratigraphic noise
and diffusion have a large share. In this dissertation, these processes
are tackled for the EGRIP camp site with a modern accumulation rate
of ~14cmw.eq. yr* (Schaller et al., 2016). The presented results can be
used to estimate the signal content in isotope records from the GrIs.

The overall noise level in isotope records is partly depending on
precipitation intermittency (Helsen et al., 2005; Sime et al., 2009; Pers-
son et al., 2011) and stratigraphic noise (Fisher et al., 1985; Laepple
et al., 2016; Miinch et al., 2016) which in turn, influence the signal con-
tent in the proxy data (Miinch and Laepple, 2018; Casado et al., 2020).
Fisher et al. (1985) estimated SNRs between 1.1 and 2.7 for isotopic
records from different locations on the GrIS. Estimates from Antarc-
tica, for example for Dronning Maud Land, increase from 0.1 on
inter-annual time scale up to 1.5 on multi-centennial scales (Miinch
and Laepple, 2018). Due to the limited temporal coverage of less than
one year, the isotope data from EGRIP provide a tentative SNR esti-
mate which amounts to 1.8 (Chapter 4). Furthermore, the influence of
vapour-snow exchange processes, especially diffusion, have not been
taken into account so far. These processes would probably greatly
reduce the SNR, as simulations show that the processes in combina-
tion with large noise terms determine the spectral structure of the
observed signal (Laepple et al., 2018). However, the simulated diffu-
sion was based on the diffusion model of Johnsen et al. (2000) which
was reported to overestimate diffusion lengths in firn in Greenland
(van der Wel et al., 2015). In an optimistic interpretation, the tentative
SNR value for the EGRIP site argues that isotopic records from Green-
land might have a larger climate-proxy signal share which might stem
from a higher accumulation rate at EGRIP than at Dronning Maud
Land with only half the accumulation rate than EGRIP (Fisher et al.,
1985; EPICA community members, 2006; Miinch and Laepple, 2018).

SNRs from marine sediments strongly depend on the time uncer-
tainty of the proxy records. Chapter 2 shows that time uncertainty is
usually underestimated. Therefore, the reported retrieval timescale of
centennial to millennial scales (Reschke et al., 2019b) seems to be an
optimistic estimate which might need a renewed evaluation consider-
ing a larger time uncertainty.
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Overall, the presented isotope and ™C data sets provide a step
towards an improved understanding of the signal content in proxy
data, which might allow reconstructions from Greenlandic isotope
records on a higher temporal scale than the possible decadal to multi-
decadal time scales from Antarctic records (Miinch and Laepple, 2018;
Casado et al., 2020). Additional statistical methods or stacking of sev-
eral records can further improve the SNRs as well as improvements of
forward models and PSMs with more realistic characterisations of pre-
viously neglected processes, e. g., vapour-snow exchange (Chapter B),
and a better representation of the archive-internal heterogeneity can
support the estimation of the noise level in proxy data and improve
the signal retrieval timescales.

5.4 CONCLUDING REMARKS

One of the key challenges in closing the gap between the climatic
signal and the archived proxy signal in firn and ice cores is the evalu-
ation of the contribution of blowing snow to the statistical properties
of §'80. Although Robert Peary, in 1898, may not have been as aware
as we are today of the wealth of the information contained in snow,
he was similarly interested in the phenomenon shaping the apparent
uncertainty to some extent, as his reflections show:

"There is one thing of special interest to the Glacialist -
the transport of snow on the ice-cap by the wind"”

The ultimate motivation of palaeoclimate research is to learn about
and constrain the climate prior to the instrumental era. This, how-
ever, ultimately depends on the reliability of proxy data that are
stored in palaeoclimate archives and contain the long-term record-
ing of environmental parameters. A fundamental understanding of
the archive-internal heterogeneity and associated uncertainties is ur-
gently needed to provide a holistic understanding of the embedded
climatic information.

In recent years, major progress in the understanding of the Earth’s
climate system and its response to various external and anthro-
pogenic forcings has been achieved by the acquisition of new palaeo-
climate information as well as by fundamental research on the in-
herent uncertainties in proxy data on different temporal and spatial
scales. The question of the highest possible temporal resolution of
isotope time series from polar ice sheets as well as marine sediment
cores is increasingly coming to the fore. With the presented steps
towards improved uncertainty estimates and a characterisation of the
climate signal deposition and modification, this dissertation greatly
contributed to answering this question and revealed the need for
further studies.
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ABSTRACT. Ice core water isotope records from Greenland and Antarc-
tica are a valuable proxy for palaeoclimate reconstruction, yet the
processes influencing the climate signal stored in the isotopic com-
position of the snow are being challenged and revisited. Apart from
precipitation input, post-depositional processes such as wind-driven
redistribution and vapour-snow exchange processes at and below
the surface are hypothesized to contribute to the isotope climate sig-
nal subsequently stored in the ice. Recent field studies have shown
that surface snow isotopes vary between precipitation events and co-
vary with vapour isotopes, which demonstrates that vapour-snow ex-
change is an important driving mechanism. Here we investigate how
vapour-snow exchange processes influence the isotopic composition
of the snowpack. Controlled laboratory experiments under forced
sublimation show an increase in snow isotopic composition of up
to 8 %o 680 in the uppermost layer due to sublimation, with an atten-
uated signal down to 3 cm snow depth over the course of 4-6d. This
enrichment is accompanied by a decrease in the second-order param-
eter d-excess, indicating kinetic fractionation processes. Our observa-
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tions confirm that sublimation alone can lead to a strong enrichment
of stable water isotopes in surface snow and subsequent enrichment
in the layers below. To compare laboratory experiments with realis-
tic polar conditions, we completed four 2—3 d field experiments at the
East Greenland Ice Core Project site (northeast Greenland) in summer
2019. High-resolution temporal sampling of both natural and isolated
snow was conducted under clear-sky conditions and demonstrated
that the snow isotopic composition changes on hourly timescales. A
change of snow isotope content associated with sublimation is cur-
rently not implemented in isotope-enabled climate models and is not
taken into account when interpreting ice core isotopic records. How-
ever, our results demonstrate that post-depositional processes such as
sublimation contribute to the climate signal recorded in the water iso-
topes in surface snow, in both laboratory and field settings. This sug-
gests that the ice core water isotope signal may effectively integrate
across multiple parameters, and the ice core climate record should be
interpreted as such, particularly in regions of low accumulation.

A.1 INTRODUCTION

Water isotope records in polar ice cores have been used as a proxy
to reconstruct local temperature and evaporation source conditions
dating back hundreds of thousands of years. The isotope— palaeother-
mometer relationship used to interpret ice core water isotope records
is based on the assumption that the observed stable water isotope
signal is primarily composed of the input signals from individual
precipitation events (Johnsen et al., 2001; Werner et al., 2011; Sime et
al., 2019). However, this approach does not take into account the ef-
fects of post-depositional surface exchange processes such as vapour
exchange and wind-driven redistribution. Recent field studies have
shown that the isotopic composition of surface snow varies in par-
allel with atmospheric water vapour without occurrence of newly
precipitated snow (Steen-Larsen et al., 2014) and can change on sub-
diurnal timescales (Ritter et al., 2016; Casado et al., 2018), suggesting
a coupling between the atmospheric water vapour and surface snow
through isotope exchange.

The primary water isotope signal (i.e., 580, 8D) in polar precip-
itation closely reflects the temperature gradient experienced by an
air mass from source to deposition and ultimately the temperature
of condensation in the cloud (Dansgaard, 1964; Jouzel and Merlivat,
1984; Jouzel et al., 1997). Therefore, seasonal differences in the iso-
topic composition of the precipitation have historically been assumed
to be the primary contributor to observed annual cycles in the ice core.
In addition, the second-order parameter deuterium excess (d-excess
= 5D - 8 - 5"80) results from kinetic fractionation due to molecular
differences between the movement of oxygen and hydrogen in the
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hydrologic cycle. Traditionally, it is thought that the ice core d-excess
signal is driven by the evaporation conditions at the moisture source
to an ice core site (Merlivat and Jouzel, 1979).

There are several processes known to influence the climate signal
recorded in ice core water isotopes. First, precipitation may not take
place continuously throughout the year, and precipitation intermit-
tency and seasonal bias influence the isotope record (Werner et al.,
2000; Casado et al., 2018; Miinch et al., 2017; Miinch and Laepple,
2018; Zuhr et al., 2021a). Second, surface processes such as snow-
drift erosion and redistribution may hamper the consecutive deposi-
tion and burial of snow layers through time, leading to a lack of a
continuous time record. For example, wind-drifted snow can form
large persistent surface features/dunes with variations in the snow
density and height, altering the isotope signal spatially and verti-
cally. This issue has been approached by stacking multiple cores or
snow pit profiles in order to resolve the climate signal (Casado et
al., 2018; Miinch et al., 2017; Miinch and Laepple, 2018; Zuhr et al.,
2021a). Third, after deposition the snow and firn undergo vapour
diffusion. Unconsolidated snow grains have open pathways between
pore spaces, allowing for vapour transport and mixing. Diffusion at-
tenuates the seasonal signal and acts as a smoothing function, and
is well-constrained (Whillans and Grootes, 1985; Cuffey and Steig,
1998; Jones et al., 2017a; Johnsen et al., 2000). It has been shown that
diffusion may smooth across noise and gaps from intermittent pre-
cipitation events, leading to the observed isotope records that imply
continuous seasonal temperature changes (Laepple et al., 2016, 2018).
However, a remaining missing link between the accumulated signal
and the ice core record is a well-defined understanding of snow-air
exchange. Continuous isotope exchange between the snow surface
and water vapour is known to influence the recorded climate signal,
yet the effects are still not fully resolved.

While it was previously assumed that sublimation of snow and
ice occurs layer by layer and does not cause isotopic fractionation
of remaining ice (Dansgaard, 1964), recent studies have shown this
is not the case and that snow is subjected to isotopic fractionation
due to sublimation (Ekaykin et al., 2009; Sokratov and Golubev, 2009;
Ebner et al., 2017; Madsen et al., 2019). In the accumulation zone of ice
sheets, the typical region for ice core drill sites, the snow surface and
lower atmosphere are coupled through the continuous humidity ex-
change in the form of sublimation and deposition of water molecules
and isotopologues (Wahl et al., 2021). This interaction continuously
imprints on the snow surface §®O and 8D isotopic composition and
suggests an interpretation of snow isotopes as an integrated climate
record, rather than a precipitation signal only (Steen-Larsen et al.,
2014). As sublimation is a non-equilibrium process comparable to

143



144

SUBLIMATION AS A DRIVER OF CLIMATE SIGNALS IN SURFACE SNOW

evaporation, it likewise influences the surface snow d-excess, ques-
tioning the interpretation of d-excess as a source region signal.

In this study, we investigated how the isotope signal of surface
snow is altered over multiple days via post-depositional exchange be-
tween the snow and the near-surface atmospheric water vapour. We
utilized multiple types of experiments including both controlled labo-
ratory experiments and in situ field observations. First, we performed
a simple laboratory experiment to observe the effects of sublimation
under dry air in a controlled environment. Next, we performed two
field experiments in northeast Greenland to (1) analyse the change of
snow of known isotopic composition under characteristic polar con-
ditions and (2) document the isotope signal evolution of undisturbed
snow as it naturally exists at the ice sheet surface. For all experiments,
continuous atmospheric vapour measurements were made above the
snow surface to complement the snow sampling and allow us to ob-
serve ongoing snow—vapour isotope exchange. Thus, these laboratory
and field experiments are the first to measure both 580 and &D at fine
vertical and temporal resolution for multiple depths across several
multi-day experimental periods under differing environmental con-
ditions, with simultaneous continuous measurements of atmospheric
vapour 80 and 8D. In the case of the laboratory experiments pre-
sented, the vapour isotopic composition can directly be interpreted
as the isotopic composition of the flux, since the experimental set-
up fulfils the closure assumption and therefore allows a direct com-
parison of flux and snow isotopic composition. With these data we
demonstrate the importance of post-depositional processes on the
snow surface water isotope signal, and we provide better constraints
on transfer functions between the atmospheric conditions including
water vapour isotopic composition and the climate signal recorded
in the surface snow, with implications for interpretation of ice core
records.

A.2 METHODS

We investigated through a combination of laboratory and field exper-
iments (Table A1) the influence of phase changes (i.e., sublimation
and vapour deposition) on the snow surface isotopic composition.
Laboratory experiments were run in a controlled environment, which
allowed us to isolate the effects of idealized sublimation conditions.
The sublimation rate was varied between different experiment runs
through adjusting temperature and the flow rate of dry air. Comple-
mentary field experiments provided greater insight as to how labora-
tory findings are consistent with field observations occurring at the
surface of the ice sheet. The field experiments were run under close-
to-ideal conditions, which limited the duration of the experiments to
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intervals of time with clear-sky conditions. In return, the sampling
resolution was increased for the field experiments.

Throughout this work, water isotope measurements are reported
in standard delta notation given in per mil (%) (Craig, 1961b):

Si=[-—t 1 (A1)

where i refers to 8D or "0, and R is the ratio of heavy to light iso-
topes, such that Rg, = ["H,®0]/['H,"°0] and and Rp = [P H'H'O]/
['"H.™°O], where 2H is referred to as D. Samples were referenced to
Vienna Standard Mean Ocean Water (VSMOW).
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Figure A1: (a) Diagram of laboratory experiment setup. A plexiglass cham-
ber was placed within an outer plywood box in a freezer, and dry
air regulated by a mass flow controller was pumped into the in-
ner box above four to six homogeneous snow samples, placed on
a small shelf to allow airflow. Fans inside the box maintained air
circulation. Three temperature sensors were placed at different
heights, and continuous CRDS measurements of the vapour were
made at four inlet heights (2, 12, 28, 32 cm above the snow sur-
face). (b) Schematic diagram of the field sampling setup at East-
GRIP. From left to right: atmospheric vapour at 10cm above the
snow surface was continuously measured by a CRDS. Homoge-
nous box samples (FB; red) were partially buried and covered,
and temperature sensors were placed in the atmosphere, snow
surface, and below the surface. Three surface sampling locations
(FS A, B, C; blue) were spaced 5-10m apart, with samples taken
at every time interval at each location. A photo example of one
sample is shown, in which the left-most sample is the o—0.5cm
sample, while the intervals for o-1, 1—2, and 2—4 cm can be seen
in the small pit.

A.2.1  Laboratory experimental methods (L experiments)
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For the laboratory experiments (L1-L8), dry air was circulated over
boxes containing isotopically homogeneous snow samples that were
kept at fixed temperatures (Fig. A1a). An experimental chamber was
designed that consisted of an inner plexiglass box, which sat inside
an outer plywood box (2.7cm thick) used for temperature regula-
tion. The entire setup was placed in a large freezer, with the inner
temperature moderated by a PID-controlled (Omega CN7800; 50 W)
cable heater wrapped around the inside of the plywood box. Dry air
was produced with a generator (Puregas CDA-10) and run through
Drierite desiccant, resulting in humidity <iooppm (i.e., <5% RH).
The amount of dry air circulated in the box was regulated by a
HORIBA SEC-4400 mass flow controller, and two continuously run-
ning computer fans at the top of the chamber maintained mixed
air. In order to maintain positive pressure in the box, flow rates less
than 2L min™ could not be used. Four to six small plastic boxes
(5.7x5.7x7.6 cm) were filled with snow that was well-mixed and sifted
so that the snow grain size (1—2 mm) and isotope value were homoge-
nous, and the initial mass of each sample was measured. The samples
were placed at the bottom of the inner box, on a shelf with under-
lying airflow to prevent a temperature gradient within the samples.
Every 24h, one sample was removed, and the mass of that sample
was measured. The boxes could be opened on one side, and a metal
spatula was used to collect snow samples with 5 mm resolution to
obtain a vertical isotope profile. Snow samples were transferred to
20mL HDPE scintillation vials for storage and kept frozen until anal-
ysis, at which time they were melted and immediately transferred
to 2mL vials. Liquid samples were then analysed using a Picarro
L2130-i cavity ring-down spectrometer (CRDS), in conjunction with a
CTC Analytics HTC PAL autosampler injection system and Picarro
V1102-i vaporisation module. Each sample was measured with six
injections, and the reported value is based on the average of the last
three injections to remove memory effects (Schauer et al., 2016). Every
analysis run of 40 samples also included three known water isotope
standards bracketing the sample isotope values for calibration (e.g.,
as done in Jones et al., 2017b). The resulting discrete measurements
have uncertainties of 0.1 %o 630 and 1 %o 8D.

For the duration of all experiments, several additional parameters
were monitored. A Picarro L2130-i CRDS was continuously measur-
ing (~1Hz) vapour (humidity, 580, D) from four heights above the
snow surface (2, 12, 28, 36 cm), cycling between each level every hour.
The second-order parameter d-excess (d-excess = 8D - 8 - §80) was
also calculated from those measurements. Three Pico Technologies
PT-104 data logger temperature sensors were placed in the box to
record continuously: one 10cm above the snow surface, one on the
surface of the snow, and one ~4 cm below the snow surface.
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Two sets of experiments were conducted with varying sublimation
rates controlled by adjusting temperature and dry air flow rate (Table
A1). For five experiment runs, the temperature was held steady at
—12°C while the dry air flow rate was changed between a constant
flow rate of 2, 3, 4, and 5L min™ (L1-L5, respectively). These exper-
iments used snow from Boulder, Colorado, with a starting value of
approximately -20 %o 50, and they were carried out at the Institute
of Arctic and Alpine Research at the University of Colorado Boul-
der. Three additional experiment runs had the temperature of the
inner box held constant at -9, -8, or -5°C (L6-L8, respectively), and
the flow rate of dry air above the snow samples was held steady at
5L min™. These experiments used snow from the East Greenland Ice
Core Project field site with a starting 680 value of approximately -
28 %0 and were completed at the section for Physics of Ice, Climate
and Earth at the University of Copenhagen. In total, eight experi-
ments were completed.

A.2.2  Field experimental methods (F experiments)

Field experiments were conducted at the East Greenland Ice Core
Project (EastGRIP) field camp in July 2019. EastGRIP is located at
75.6268° N, 35.9915° W in the accumulation zone of the Greenland Ice
Sheet. In July 2019, the meteorological conditions at the site were char-
acterized by low temperatures (mean —9.0 °C, measured at 2m above
the snow surface) and high relative humidities (mean 91 % RH with
respect to ice), leading to an average specific humidity of 2.3gkg™.
Positive temperatures (>0 °C) were very rare, and we observed a pos-
itive change in snow height of about 2 cm during July.

The goal of in situ field experiments was to characterize interac-
tions between the snow surface and near-surface atmospheric vapour
on short timescales and to monitor the evolution of the isotopic sig-
nal in the snow. To do so, we selected four 2-3 d experimental periods
(field experiments, F1-F4) during which changes in water isotopes in
the snow surface and atmospheric vapour were measured simultane-
ously through three sample types (Fig. A1b): (1) discrete box sam-
ples (field box, FB2-FBy4), (2) discrete surface samples (field surface,
FS1-FSg), and (3) continuous vapour measurements at 10cm above
the snow surface. Each experiment was conducted during a period of
good weather, such that precipitation or windblown snow would not
bias results. This required air temperatures below freezing, sustained
wind speeds below 5-6ms™, and no precipitation.

A.2.2.1  Discrete box samples (FB experiments)

At the beginning of each period, 14-16 boxes (5.7x5.7x7.6 cm) were
filled with well-mixed surface snow. Sampling boxes were partially
buried in the snow surface, with the top of the sample box 1—2cm
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above the surrounding snow surface to minimize any risk of con-
tamination from windblown snow. Samples were also protected from
direct overhead sunlight using a light-coloured thin cloth covering.
Although this deviates from natural conditions in which the snow
surface is exposed and not covered, this modification was necessary
to prevent solar heating of the sample boxes which may have led to
melt of the snow samples. A Pico Technologies PT-104 data logger
was used to measure temperature during the experimental period,
with four sensors placed in an additional snow-filled box. The logger
continuously recorded temperatures of the ambient air, snow surface,
3 cm below surface, and 6 cm below surface.

One box was collected every 3 h; each box was equipped with one
removable side so that a vertical profile of the snow was accessible.
Snow samples were taken at intervals 0-o0.5, 0.5-1, 1-1.5, 1.5-2.5, and
2.5-4.5cm from the surface using a spatula. The snow samples were
transferred to a 20mL HDPE scintillation vial for storage. Discrete
samples are referred to as field box (FB) samples, with each experi-
ment designated FB2, FB3, and FB4 (Table A1).

A.2.2.2  Discrete surface samples (FS experiments)

In addition to the isolated boxes, every 3 h we collected samples from
a clean, undisturbed surface snow area at the same time as the boxes
were sampled. Because wind effects can lead to variability in snow
surface density and isotopic value, surface samples were collected
from three locations, designated sites A, B, and C. The distance from
A to B was 1o0m and from B to C was 5m (Fig. A1). At each surface
location, samples were collected from 0-0.5, 0-1, 1-2, and 2—4 cm be-
low the surface (Fig. A1b). The snow samples were transferred to a
20mL HDPE scintillation vial for storage. Discrete surface samples
are referred to as field surface (FS) samples, with each experiment
designated FS1, FS2, FS3, and FS4 (Table A1).

All snow samples (both field box (FB) and field surface (FS)) were
kept frozen after collection and were measured at the Stable Isotope
Lab at the University of Colorado Boulder. Samples were analysed
using a Picarro L2130-i, in conjunction with a CTC Analytics HTC
PAL autosampler injection system and Picarro V1102-i vaporisation
module. The same measurement protocol was used as described in
Sect. 2.1.

A.2.2.3 Continuous vapour measurements

Continuous atmospheric water vapour isotope measurements were
made at 10 cm above the snow surface, ~50m away from the FS sam-
pling site so as not to be contaminated by snow sampling activity.
The measurements were made with a Picarro L2130-i CRDS, which
was kept in a temperature-controlled tent and measured humidity,
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§180, and 8D. Using a diaphragm pump (KNF model DC-B 12V
UNMPS850), air was pumped through a ~12m long heated copper
tube to the analyser (similar to the setup described in Madsen et al.,
2019).

Four types of calibrations were performed on the water vapour
isotope measurements of the CRDS, similar to the calibration proto-
col described in Steen-Larsen et al. (2013): (1) humidity calibration,
(2) humidity-isotope response calibration, (3) VSMOW-VSLAP scale cal-
ibration, and (4) drift calibration. All calibrations are applied to wa-
ter vapour isotope measurements in both laboratory and field experi-
ments. Details of the calibration setup specific to laboratory and field
experiments are described in Appendix B.

Latent heat flux (LHF) was also continuously measured during
the field campaign using a Campbell Scientific IRGASON eddy-
covariance (EC) system. The two-in-one EC system measured humid-
ity and three-dimensional wind at a sampling frequency of 20Hz
in the same sample volume at 2.15m above the snow surface. LHF
values were computed for 3omin intervals using Campbell Scien-
tific’s software EasyFlux™ adjusted for sublimation conditions and
accounting for wind rotation and frequency corrections. Latent heat
flux is related to sublimation: LHF =sublimation rate - A, where A
is the latent heat of sublimation at 0°C, 2834 k] kg™; a positive LHF
indicates sublimation, and negative LHF indicates vapour deposition.

A.3 RESULTS
A.3.1  Laboratory experiments

A.3.1.1  Sublimation rate

The mean sublimation rate for each laboratory experiment is calcu-
lated based on mass loss with time and surface area, reported in
Table A1. Sublimation rate does not significantly change with time
and is shown for each experiment in Fig. A8. The mass of each box
was measured at the onset of the experiment and immediately before
each sampling. Since we only push dry air into the chamber, the ex-
periment relates only to sublimation processes. We find that the LHF
associated with sublimation varies from approximately 15 Wm™ (Ex-
periment L1 at 2L min™ and —12°C) to 44 Wm™ (Experiment L8 at
5L min™ and —3°C).

Latent heat flux values in laboratory experiments are comparable
to the peak daytime sublimation fluxes observed during the field
campaign, albeit the average LHF during the sublimation period in
the field was substantially smaller than observed during the labo-
ratory experiments (Table A1). The mean daytime positive LHF was
~5Wm™, and the maximum LHF observed was ~23 W m™. Therefore,
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laboratory experiments can be considered representative of processes
occurring during peak daytime conditions in the field.

A.3.1.2  Snow measurements

Eight laboratory experiments (L1-L8) were completed, with temper-
ature, dry air flow rate, and sublimation rate documented in Table
A1. In all experiments, the surface snow experiences substantial iso-
topic changes, with 5180 increasing by up to 8 %o and d-excess de-
creasing by over 25 %o. 810 and d-excess signals for all experiments
are shown in Fig. A1o (Appendix of the publication), with a subset
of experiments shown in Fig. A2. Changes in the isotope signal are
observed to propagate several centimetres into the snowpack due to
diffusion over 4-6 d, driven by the induced sublimate-related isotope
change at the surface. The rate of change is calculated for the mean
isotope value for each day of sampling, ranging from 0.25-0.70 Y00 d™*
for 580 and 0.66—2.64 %o d™* for d-excess (Fig. A11a and b). There is a
strong relationship between mass loss and isotope values, with an av-
erage R?>=0.90 for daily mean box 80 vs. mass loss for experiments
L1-L8. The relationship between sublimation rate and 580 rate of
change has R*=0.13, and sublimation rate vs. d-excess rate of change
has R*=0.54 (Fig. A11c (Appendix of the publication)).
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Figure A2: Snow §'®0 (top) and d-excess (bottom) vertical profiles from
three of the laboratory experiments: (a) L1 (—12°C, 2L min™),
(b) L5 (—12°C, 5L min™) and (c) L6 (—9°C, 5 Lmin™). Day o
(black) represents the initial homogeneous snow sample, with
colours progressively moving towards orange (§'80) and blue
(d-excess) with each day of sampling. As each experiment pro-
gresses from Day o to Day 6, sublimation drives an increase
in 680 and decrease in d-excess, with the greatest change at
the snow surface. Similar figures for all laboratory experiments
(L1-L8) can be found in Fig. A10 (Appendix of the publication).
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Because 580 reflects equilibrium fractionation and d-excess is in-
fluenced by kinetic fractionation, a comparison of these variables pro-
vides insight into the extent of fractionation effects occurring during
sublimation. The slope of d-excess vs. §*®0 is calculated for samples
within each box (Fig. A3a), and the slope with time over the dura-
tion of each experiment is shown in Fig. A3b. The slope ranges from
-0.91 %0 to -3.57 %0 d-excess/%o 880 and decreases over the course
of all experiments. In general, there is a decrease in slope associated
with an increase in sublimation rate, as indicated by the colour scale
reflecting sublimation rate in Fig. A3b and as shown in Fig. Ag (Ap-
pendix of the publication).

Ex‘perlm‘ent L§ ‘ ‘ ‘ os ‘ ‘ Experlmgnts L1TL8 ‘ ‘(b) 13203
| al 057 L1 o L5 ]
15 @) L2 L6
’ L3 E;u
T ¥ L4 L8
o} ~
10 - B ;'_EQ 2
1.5 ¢ o
32 g £
< a2 2
§ 5¢ 18 2 o
8 4 ©
53 iy c
o © o
o 5257 E
of i £
— Day 1 Ke] o
— Day 2 » 37 @
— Day 3
5} —Day4 L
—— Day 5 35
. . . . . . . . f . . . . . . . 428.4
20 -19 -18 -17 -16 -15 -14 -13 -12 20 40 60 80 100 120 140

5780 (%o) Hours from start

Figure A3: (a) d-excess vs. §'80 is shown for the vertical snow profile at each
day of sampling in Experiment L5, with a linear regression calcu-
lated for each day. This gives a slope of d-excess vs. $'80, which
evolves with time. (b) The slope of d-excess vs. 580 with time
is shown for each experiment L1-L8, demonstrating an inverse
relationship between sublimation rate and slope of d-excess vs.
§'80. Error bars indicate 95 % confidence intervals for each slope.

A.3.1.3  Vapour measurements

During all laboratory experiments, a Picarro L2130-i CRDS was used to
continuously measure vapour in the chamber at 2, 12, 28, and 36 cm,
cycling through each height for 1 h measurement periods. We exclude
the first 20min of each measurement period to remove memory ef-
fects from valve changes. Figure A4 shows an example of tempera-
ture and vapour data for experiment L5, including the 28 and 32cm
levels, which represent sublimated vapour which is more well-mixed
than that immediately above the snow surface. Dry air pumped into
the top of the box is mixed using a set of fans creating turbulence
above the snow surface. The vertical differences in humidity and iso-
topic composition of the air in the box (i.e., differences between 28
and 32 cm as seen in Fig. Ay) likely indicate that the ventilation is not
strong enough to maintain a fully homogeneous air mass in the box,
allowing for a slight vertical gradient.
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Figure A4: An example of continuous temperature and vapour measure-
ments from experiment L5. (a) Three temperature sensors con-
tinuously measure at different heights with respect to the snow
surface (10cm above, on the surface, and ~4 cm below the sur-
face). A CRDS measured (b) humidity, (c) §'%0, and (d) d-excess in
vapour, continuously cycling at four heights. Panels (b—d) show
vapour measurements at 28 and 32cm above the snow surface.
We document the average of each measurement period, with the
first 20 min excluded to remove memory effects.

Over the course of each 4-6 d experimental period, we observe sev-
eral trends in vapour measurements consistent across all laboratory
experiments. Humidity decreases with time, due to a reduction in the
sublimating surface area each time a snow sample box is removed.
Vapour 580 increases with time, consistent with the increase in §%0
observed in the snow surface. Similarly, d-excess decreases with time
in both vapour measurements and the snow surface.

A.3.2  Field experiments

Four experiments (F1, F2, F3, F4) were carried out during the 2019
EastGRIP field season, with surface samples (FS1, FS2, FS3, FS4) col-
lected for all experiments and box samples (FB2, FB3, FB4) collected
for three experiments. Each of the four experiments lasted 40-60h
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and is supported by continuous measurements of near-surface (10 cm)
atmospheric vapour (6180, dD, d-excess, humidity), temperature
(snow and atmosphere), and LHF. Within each experiment, surface
snow and box samples are collected every 3h. The duration and av-
erage environmental conditions of each experiment are reported in
Table A1. A compilation of results for measurements of FS, FB, and
atmospheric vapour is shown in Fig. A5 and discussed in the next
section. All FS and FB samples are shown in Figs. A12 and A13, re-
spectively, with additional vapour measurements shown in Fig. A14
(Appendix of the publication).
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A compilation of data from the 2019 field season shows atmo-
spheric measurements and surface snow samples; from top: la-
tent heat flux (red, positive values; blue, negative values; dashed
gray line at 0), 6’80 (green) of atmospheric vapour (2min av-
erage) measured at 10cm, 5'80 of the top sample (0-0.5cm) of
the FB box sample (pink dashed), and 50 of FS snow surface
samples. Each snow surface sampling interval shown represents
the average of three surface sampling locations (A, B, C) for four
different depth intervals: 0—o0.5cm (black), o-1cm (red), 1-2cm
(orange), and 2—4cm (yellow). 880 of FS samples tends to re-
flect 580 in atmospheric vapour, with the relationship strongest
in the upper surface samples (Table A3). Additional data includ-
ing temperature and vapour humidity are shown in Fig. A14
(Appendix of the publication).
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A.3.2.1  Variability in §'30 and d-excess of surface snow

In order to account for horizontal and vertical spatial variability as
a result of redistribution of snow in sastrugi and snow dunes, we
averaged isotope values across the three surface locations (A, B, C) for
each time of sampling and for each depth interval (i.e., one averaged
value each for 0-0.5, 0-1, 1—2, and 2—4 cm at every time sampled). In
the following figures and tables we focus on the location-averaged
values for each sampling time and depth, referred to as FS1, FS2, FS3,
and FS4 for each FS surface experiment. Isotope values for all surface
locations (A, B, C) are shown together with the averages in Fig. A12.
Location-averaged surface snow measurements at all depths across
FS1, FS2, FS3, and FS4 range from approximately -30.3 %o to -20.7 %o
580 and 4.6 %o to 14.3 %o d-excess. In all experiments, we consistently
observe changes in surface snow isotopic composition on an hourly
timescale (Fig. A5). The maximum change in average 580 of the top
surface sample (0-0.5 cm) during a single experiment occurred during
FS2, which experienced an enrichment of 3 %0 'O and decrease of
4.37 %0 in d-excess. This evolution is substantially smaller than the
isotopic change observed in vapour measurements, which has ranges
of 5%c—12%0 5O over individual experiment periods and ranges
for d-excess of 15%0—24 %0. The maximum change in 50 and d-
excess observed within the top surface sample (0.0-5cm) during each
experiment is reported in Table A2.
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Figure A6: (a) d-excess vs. §'80 is shown for the vertical snow profile at each
time of sampling in Experiment FB2, with a linear regression
calculated for each day. This gives a slope of d-excess vs. 580,
which evolves with time. The sampling time is indicated by the
colour scale from black (first sample taken) to light green (last
sample taken). The slope of d-excess vs. §'0 with time is shown
for experiments (b) FB2, (c) FB3, and (d) FB4. Error bars indicate
the 95 % confidence interval for each slope.
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Table A2: The maximum range of isotope measurements is shown for the
mean value of the top (0-0.5cm) sample for all FS experiments.

Experiment Range 50 (%:) Range d-excess (%o)

FS1 1.44 4

FS2 3 4.37
FS3 1.84 4.12
FS4 2.06 2.62
Mean 2.09 3.78

A.3.2.2 Relationship between vapour and surface snow

Over the course of all experiments, the minimum atmospheric vapour
580 value observed is -50 %o, while the maximum observed value is
-33 %o (a range of 17 %o). Within each 40-60 h long experiment, the min-
imum range of variability observed is about 5 %o (F4), and the max-
imum is about 12 %o (F3). Vapour 580 co-varies with humidity and
temperature (Fig. A14), with the lowest 530 measurements observed
during cold, dry conditions. A clear diurnal cycle is observed in
vapour measurements for experiments F3 and F4, while experiments
F1 and F2 are more variable. The change in atmospheric 50 associ-
ated with the diurnal cycle is much smaller than that observed during
synoptic weather changes, similar to the pattern previously observed
at the northwest Greenland site NEEM (Steen-Larsen et al., 2014). For
example, we observe a strong diurnal cycle in F4 and the first half
of F3, both of which have an amplitude of approximately 5 %o—6 %o
5180; the change between experiments with different synoptic-scale
atmospheric conditions is much greater (i.e., a 17 %0 §'®O range is
observed between the maximum value during F2 and the minimum
value during Fg).

Over clear-sky experimental periods with no precipitation, we ob-
serve the 580 value of surface snow increasing and decreasing on
an hourly timescale, corresponding to changes in vapour 50O (Fig.
As5). To compare the evolution of the isotope signal in vapour and
snow measurements, the vapour 5®0 is downsampled to 3h reso-
lution to match snow sampling resolution. A statistically significant
(p<o0.05) relationship is observed between 58O of 0-0.5cm snow sur-
face samples and atmospheric vapour measurements for experiments
FS2, FS3, and FS4, but not FS1 (Fig. A1s, Table A3). The lack of a
significant correlation in FS1 may be a result of some synoptic-scale
weather difference, as it is the only experiment period in which there
is a sustained decrease in vapour 5§80, and a diurnal cycle in temper-
ature, LHF, and vapour 5180 is least distinguishable.
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Table A3: The R value, P value, and root-mean-square error (RMSE) are doc-
umented for the relationship between the top (0—0.5 cm) FS sample
§'80 and interpolated vapour §'80. Significance is determined by
p <0.05. 8'80 of vapour vs. surface samples is shown in Fig. A1s.

Experiment Slope R value P value Significance RMSE

FS1 0.84 0.22 0.374 No 1.62
FS2 2.16 0.73 0.002  Yes 1.67
FS3 4.73 0.82 0 Yes 1.6

FS4 1.56 0.49 0.043  Yes 1.39

A.4 DISCUSSION

In the laboratory experiments, the snow was sublimating under dry
air, resulting in a higher LHF than was observed in a typical field
setting. For this reason, laboratory experiments are considered an ex-
treme example of natural processes and can be used to identify and
understand the physical processes associated with sublimation which
would occur on a slower timescale in nature. Laboratory results show
a strong signal of enrichment in the snow surface §'®0, as light iso-
topes preferentially sublimate from the surface due to fractionation.
In addition we observe a strong decrease in the snow surface d-excess.
Decreasing d-excess driven by kinetic fractionation is also observed
when a body of water evaporates into a sub-saturated atmosphere
(Benson and White, 1994; Merlivat and Jouzel, 1979). As a similar
effect is observed during sublimation in laboratory experiments, we
draw the analogy that this is due to kinetic fractionation. This aligns
with previous experimental and modelling studies (Ritter et al., 2016;
Ebner et al., 2017) and confirms our hypothesis that the upper sev-
eral centimetres of the snow surface are rapidly (i.e., on a sub-daily
timescale) influenced by equilibrium and kinetic fractionation during
sublimation. This contradicts the traditional theory of sublimation,
which states that sublimation occurs layer by layer and does not alter
the snow isotopic composition, on which ice core palaeoclimate water
isotope research has been resting (Dansgaard et al., 1973).

In order to interpret these results in the context of natural pro-
cesses, we consider the results of the field experiments. Previous stud-
ies have shown that significant isotopic changes of surface snow are
observed (using daily sampling resolution) over periods of time with-
out precipitation, and this is associated with snow metamorphism
(Steen-Larsen et al., 2014; Casado et al., 2018). We expand on these
findings with higher-resolution field sampling, showing that snow
surface 580 and d-excess change on an hourly basis, which was hy-
pothesized by Madsen et al., 2019; this demonstrates that similar pro-
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cesses to the lab experiments are occurring in a natural environment,
albeit less extreme.
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Figure Ay: Comparison of latent heat flux (LHF) and o0-o0.5cm samples for
mean FS surface samples and FB box samples for (a) F2, (b) F3,
and (c) F4. Positive LHF values are indicated in red, and negative
LHF values are marked blue with associated shading in all sub-
plots (LHEF, 580, and d-excess). FS surface snow 0-0.5cm values
are shown in brown (5'0) and dark blue (d-excess), with each
location (A, B, C) designated by dashed lines and the mean of all
locations as the bold solid line. FB box snow 0-0.5 cm values are
shown in light orange (§'80) and light blue (d-excess) bold lines.

To interpret the driving factors in snow isotope changes, we con-
sider differences between the FB box and FS surface samples. The FB
samples were covered to shield from direct sunlight and windblown
snow and therefore were less likely to experience vapour deposition
or frost. Figure Ay shows a comparison of the top 0-o0.5cm sample
for all FB and FS experiments with LHF. Over the course of the field
experiments, we observe several 6-12h periods of increasing 580
in 0-0.5cm FB and FS samples, primarily during periods of positive
LHF and decreasing d-excess; this is indicative of sublimation as sug-
gested by laboratory experiments and model results. We also observe
several 6-12 h periods in which the FS "0 decreases, despite exper-
iments taking place during time periods with no precipitation and
minimal wind-drifted snow. Periods of decreasing FS 580 occur pri-
marily during night-time hours with negative or low LHF measure-
ments (Fig. Ay; negative LHF indicated by shading) and increasing
d-excess. There is no significant decrease in 50 in FB2 and FB3 as-
sociated with these periods, while there is a simultaneous decrease
in 680 in FB4 and FS4. Additionally, the 0-0.5cm d-excess decreases
substantially in all FB experiments, similar to the signal that was ob-
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served due to kinetic fractionation during sublimation in laboratory
experiments. In general, the box samples experience less decrease in
580 than associated FS samples due to minimized vapour deposi-
tion during periods of negative LHF and greater total decrease in d-
excess due to increased total sublimation across the entire experimen-
tal period. This demonstrates that vapour deposition of preferentially
isotopically heavy water molecules in the form of frost significantly
contributes to the surface snow signal on a rapid timescale (Casado
et al., 2018).

There are still several factors in the field experiments which could
complicate interpretation of the results. While it is clear in the labo-
ratory experiments that any changes in the snow composition are a
direct result of sublimation, we cannot isolate individual processes oc-
curring in field experiments. For example, atmospheric vapour 5O
measurements often vary in phase with LHF, but during some peri-
ods (most notably the latter half of F1 and F3) vapour §'®0O deviates
from the LHF trend. At this stage it is unclear whether LHF, vapour
5180, or another factor is influencing the snow surface, or whether
the snow surface composition is driving vapour §%0. Additionally,
the isotopic composition of deeper snow layers could influence the
surface snow due to diffusion. We note a general trend observed in
Experiments FS1, FS2, and FS3 in which the deepest surface sample
(2-4 cm) has the lowest values for both 50 and d-excess. However,
throughout the duration of FS4, the upper samples (0-0.5, 0-1, and
1—2cm) have a lower 580 value than the 2—4cm sample, likely due
to a precipitation event preceding FS4 which may have deposited sur-
face snow with anomalously low §™0. If there are significant differ-
ences between the composition of adjacent snow layers, the surface
snow could be influenced by a combination of interstitial diffusion
and atmospheric driving forces (i.e., LHF and vapour §'®0). This may
also explain some isotope inter-experiment differences between FB
and FS results, as FB samples are homogeneous and FS samples have
vertical variability in snow isotopic composition.

A key finding from field experiments is that both sublimation
and vapour deposition influence the surface snow on an hourly
timescale; this is supported by laboratory experiments, demonstrat-
ing that sublimation has the ability to influence the mean surface
snow isotopic composition in the top 1-2 cm of the snowpack during
precipitation-free periods. These changes are occurring faster than
the average recurrence of precipitation events and could produce
substantial changes in the mean isotopic composition of the upper
several centimetres of the snowpack over a long precipitation-free
period. This suggests that effects from sublimation and vapour depo-
sition may be superimposed on the precipitation signal, resulting in
a snowpack record indicative of multiple parameters including atmo-
spheric conditions, water vapour isotopic composition, condensation
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temperature (i.e., 5'%0), and precipitation source region conditions
(i.e., d-excess). The extent to which this occurs is dependent on the
accumulation rate at the ice core site, as these processes primarily
influence the top few centimetres of the snow column. A site such
as SE-Dome (southeast Greenland), which receives 102 cm yr™ of ice
equivalent precipitation (Furukawa et al., 2017) (i.e., several metres of
snowfall), will be less affected than a drier location with significantly
less annual accumulation, such as Antarctic sites like WAIS Divide
(24 cm annual accumulation) (Fudge et al., 2016) or South Pole (7.4 cm
annual accumulation) (Mosley-Thompson et al., 1999).

To assess the relevance of our results on longer timescales, we make
use of a simple mass balance calculation and an observed mean LHF
in July of 3.1 Wm™, indicating a net removal of snow from the surface
due to sublimation. By assuming equilibrium fractionation during
sublimation (Wahl et al., 2021), we can calculate the isotopic composi-
tion of the humidity flux and the associated removal of isotopologues.
When considering reasonable values of a 5,cm layer of snow, a snow
density of 300kgm3, an initial isotopic composition of -20 %, 60,
and a surface temperature of -9 °C for the month of July, the snow
would be enriched by ~4 %o 'O due to the net humidity flux, which
is substantial. For comparison, the seasonal amplitude (i.e., summer
peak to winter trough) at the Renland Ice Cap, for example, is about
8 %o in 880 (Hughes et al., 2020). We acknowledge that this is a highly
simplified mass balance calculation without taking into account the
vapour isotopic composition or precipitation inputs. However, since
vapour exchange is a continuous process, it will continuously affect
the layer of snow that is in contact with the atmosphere and will
therefore imprint on the snow isotopic composition with a general
net daily sublimation signal during months with a net sublimation
flux.

Which months show a net sublimation flux is dependent on the
geographical location and general climatology of the area. Especially
in the context of palaeoclimatological interpretation of ice cores, this
cannot be assumed to be constant in time. If the vapour-snow ex-
change imprints on the seasonal snow isotopic composition as indi-
cated in the result of the mass balance calculation, one would need to
take changes in sublimation seasonality into account when making as-
sumptions about vapour-exchange effects on palaeo timescales, as has
been previously demonstrated for precipitation seasonality (Werner
et al., 2000).

On shorter timescales in our laboratory experiments we observe
changes of up to 8% 60 and 20%o d-excess over time periods
of several days, and in FS field experiments we find an average
change of 2.09 %o 580 and 3.78 %o d-excess on very short (sub-diurnal)
timescales. This observation, in combination with our mass balance
calculation of 4 %o change in 60 over the month of July, suggests



A.4 DISCUSSION

that under typical natural conditions, changes in the surface isotope
value occurring on a short timescale may have an impact on the mean
seasonally recorded isotope signal. Previous studies have addressed
the effect of seasonally biased accumulation rate on diffusion and
the recorded 580 isotope signal (Persson et al., 2011; Casado et al,,
2020; Hughes et al., 2020) and the effect of physical modifications
and snow redistribution of the snow surface on the accumulation
intermittency (Zuhr et al., 2021a), but the effect of sublimation-driven
changes in surface snow isotopic composition between precipitation
events has not been quantified previously. Whether the magnitude
of the mean isotope change due to sublimation and snow-vapour
exchange outweighs the effects of snow redistribution, accumulation
bias, and diffusion has yet to be determined. This could be further
explored through future experiments which account for additional
variables or are completed at a larger scale. For example, the effect of
snow specific surface area (SSA) could be determined by making si-
multaneous SSA and isotope measurements. Additionally, to remove
the effect of wind redistribution and snow dunes on snow isotope
spatial variability, a large pit could be filled with homogeneous snow
for continuous sampling. In this case, the snow would have a known
starting isotopic composition, similar to the FB experiments com-
pleted here but be subject to more natural conditions as in the FS
experiments. Finally, as weather conditions would allow, it would be
beneficial to have multiple experimental periods greater than 48 h.

In order to fully understand the implications of sublimation and
vapour deposition on the ice core record, it is necessary to quantify
the effects of these processes over the course of a full year. While
not in the scope of this paper, this problem can first be approached
through mass and isotope flux measurements throughout the sum-
mer field season (Wahl et al., 2021). Subsequent modelling of these
processes throughout the annual climate cycle will provide insight
as to what magnitude snow-vapour exchange influences surface
snow on longer timescales (i.e., months to years), and how it may
be recorded in the ice core isotope record. This could inform us to
what extent changes in frequency of precipitation events, accumu-
lation rate, and LHF could influence the isotope signal recorded in
ice cores on decadal to millennial scales. Our findings suggest that
these variables contribute to a combined isotope signal, in which
580 and d-excess in ice core records likely incorporate individual
precipitation events (i.e., condensation temperature and moisture
source region conditions, respectively), surface redistribution (i.e.,
wind drift and erosion), and a post-depositional alteration signal
reflecting atmospheric conditions at the ice core site. Snow isotope
models such as CROCUSiso (Touzeau et al., 2018), the Community
Firn Model (Stevens et al., 2020), and isotope-enabled climate models
would therefore be updated through the incorporation of isotope
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fractionation during sublimation, snow-vapour isotope exchange,
and snow metamorphosis.

A.5 CONCLUSIONS

In this study, we have combined controlled laboratory experiments
with field measurements in an effort to constrain the effects of subli-
mation on surface snow isotopic composition. Experiments in a con-
trolled laboratory setting demonstrate isotopic enrichment due to
fractionation occurring during sublimation. In experimental results,
880 increases as light isotopes preferentially sublimate due to frac-
tionation, and d-excess decreases due to kinetic fractionation. These
changes occur rapidly, substantially changing the isotopic composi-
tion of the top 2—-3 cm of snow over a 4-6 d period. Field experiments
included continuous measurements of atmospheric vapour and latent
heat flux during periods of high-resolution surface snow sampling,
during which we observed significant changes in the top 1—2m of
snow surface isotopes on a sub-diurnal timescale. We observed peri-
ods of increasing and decreasing 5180, indicating that both sublima-
tion and vapour deposition influence the surface snow on an hourly
basis. This supports our hypothesis that rapid change occurs in a nat-
ural setting and propagates into the snowpack, moderately altering
the initial precipitation isotope signal.

Post-depositional effects have implications for the interpretation of
ice core data, which traditionally is assumed to only record isotopic
variability from precipitation. Our results complement previous stud-
ies demonstrating spatial and temporal variability in snow surface
isotopes, further strengthening the idea that the ice core record not
only integrates the climate signal of condensation temperature (i.e.,
§180 and 5D) and moisture source conditions (i.e., d-excess) during
precipitation, but also may integrate the atmospheric conditions be-
tween precipitation events (in both 580 and d-excess). These factors
should in the future be included in isotope-enabled climate models,
which may include estimates of synoptic-scale patterns across annual
cycles that would influence latent heat flux, vapour composition, and
the resulting influence on surface snow isotopes. This will improve
future interpretations of ice core data and may be the missing link in
the transfer function between climate and an uninterrupted isotope
record, strengthening our interpretation of ice core water isotopes as
a proxy for a continuous integrated climate record.
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