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ABSTRACT

Recent surface mass balance changes in space and time over the polar ice sheets
need to be better constrained in order to estimate the ice-sheet contribution to sea-level
rise. The mass balance of any ice body is obtained by subtracting mass losses from mass
gains. In response to climate changes of the recent decades, ice-sheet mass losses have
increased, making ice-sheet mass balance negative and raising sea level. In this work, |
better quantify the mass gained by snowfall across the polar ice sheets; | target specific
regions over both Greenland and West Antarctica where snow accumulation changes are
occurring due to rising air temperature.

Southeast Greenland receives 30% of the total snow accumulation of the
Greenland ice sheet. In this work, I combine internal layers observed in ice-penetrating
radar data with firn cores to derive the last 30 years of accumulation and to measure the
spatial pattern of accumulation toward the southeast coastline. Below 1800 m elevation,
in the percolation zone, significant surface melt is observed in the summer, which
challenges both firn-core dating and internal-layer tracing. While firn-core drilling at
1500 m elevation, liquid water was found at ~20-m depth in a firn aquifer that persisted
over the winter. The presence of this water filling deeper pore space in the firn was
unexpected, and has a significant impact on the ice sheet thermal state and the estimate of
mass balance made using satellite altimeters. Using a 400-MHz ice-penetrating radar, the

extent of this widespread aquifer was mapped on the ground, and also more extensively



from the air with a 750-MHz airborne radar as part of the NASA Operation IceBridge
mission. Over three IceBridge flight campaigns (2011-2013), based on radar data, the firn
aquifer is estimated to cover ~30,000 km2 area within the wet-snow zone of the ice sheet.
I use repeated flightlines to understand the temporal variability of the water trapped in the
firn aquifer and to simulate its lateral flow, following the gentle surface slope (< 1°) and
undulated topography of the ice sheet surface toward the ablation zone of the ice sheet.
The fate of this water is currently unknown; water drainage into crevasses and at least
partial runoffis inferred based on the analysis of radar profiles from different years.

| also present results from a field expedition in West Antarctica, where data
collection combined high-frequency (2-18 GHz) radar data and shallow (< 20 m) firn
cores from Central West Antarctica, crossing the ice divide toward the Amundsen Sea.
The radar-derived accumulation rates show a 75% increase (+0.20 m w.eq. y-1) of net
snow accumulation from the ice divide, toward the Amundsen Sea for a 70-km transect,
assuming annual isochrones being detected in the radar profile. On the Ross Sea side of
the divide, with accumulation rates less than 0.25 m w.eq. y-1 and significant wind
redistribution, only a multi-annual stratigraphy is detected in the radar profile. Using
radar, | investigated the small-scale variability within a radius of ~1.5 km of one firn-core
site, and | find that the averaged variation in accumulation-rate in this area is 0.1 m w.eq.

y-1in the upper 25-m of the firn column, which is 20% of the average accumulation rate.
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CHAPTER 1

INTRODUCTION

Human interference with our climate is occurring, which has raised the level of
CO2in the atmosphere and caused the Earth surface to warm since the mid-20th century
(IPCC, 2013). Recent climate changes affect ecosystems, ice reservoirs, weather
extremes, and already have resulted in consequences for our society. The cryospheric
response to climate change has been observed worldwide, in particular, glaciers are
shrinking, Arctic sea ice extent is decreasing, drainage of ice from the ice sheets is
increasing, permafrost is degrading, and the amount of water from spring snowpack is
reducing for western North America (IPCC, 2013). In many regions of our planet,
melting snow and ice have direct consequences on hydrological systems and on the
quality and quantity of water resources (IPCC 2013).

The contribution of glaciers and ice sheets to sea level rise is significant. For the
214 century, mountain glaciers and ice caps contribute to more than half of the sea level
rise (SLR) coming from ice loss (Meier et al., 2007). For the last two decades (1992-
2010), the Greenland and Antarctic ice sheets contributed 0.43+0.11 mm yr"l and
0.27£0.11 mm yr"l to SLR, respectively, based on reconciled observations and
simulations (Shepherd et al., 2012; IPCC 2013). From 2003-2009, mountain glaciers

contributed 0.76+£0.37 mm yr"1to SLR (Gardner et al., 2013; IPCC, 2013).



Mountain glaciers are rapidly shrinking, dominating the cryospheric contribution
to SLR today, and their total contribution is estimated to be + 0.41 m of vertical SLR
(IPCC, 2013). The ice sheets’ total ice mass corresponds to a SLR of + 65.7 m, with +7.4
m for Greenland and +58.3 m for Antarctica. Reducing the uncertainties in sea-level rise
contributions from Greenland and Antarctica is crucial for policy and decision makers,
since coastal cities will be at a very likely risk of flooding by the end of the 21st century
(IPCC, 2013).

Ice loss from the ice sheets can be partitioned between ice discharge from
Antarctica and from Greenland due to ice calving at the edges and due to surface melt
runoff to the ocean (occurs primarily for Greenland and the Antarctic Peninsula). To
offset the mass loss, the ice sheet is gaining mass by snowfall, which is not equally
distributed over the ice sheets. The mass balance of each ice sheet is established by
adding mass losses and mass gains for each year.

For Greenland, surface melt contributed to 50% of the total ice loss for the last
decades (van den Broeke et al., 2009). For the 2009-2012 period, the surface melt
contribution to ice loss increased to ~70% (Enderlin et al., 2014) since it includes the
exceptional and widespread melt during summer 2012 (Nghiem et al., 2012).
Compensating for some of the mass loss, and correlated with increasing air temperature
over the ice sheet, an increasing accumulation trend has been observed since 1958
(Hanna et al., 2008; Wake et al., 2009). However, regional signal trends are important;
for example, the snow falling in the southeastern corner of Greenland contributes 30% of
the total accumulation of the ice sheet. This region is poorly constrained and

discrepancies of 1.5 m w.e. yr-1 exist between regional climate model estimates and there



has been no significant increasing trend of accumulation since 1958 (Burgess et al., 2010;
Box et al., 2013; Miege et al., 2013).

Since 1979, the Antarctic ice sheet lost mass by two main processes: basal ice-
shelf melt and ice discharge (e.g., Rignot et al., 2013a). Surface melt is also occurring but
is typically restricted to coast areas of Antarctica and the peninsula; most of the melt does
not contribute directly to SLR as it refreezes in the subjacent firn layer (Kuipers Munneke
et al., 2012). Monitoring the firn layer within the ice shelves is important to assess their
stability and to convert volume change to mass change conversion (Helsen et al., 2008;
Scambos et al., 2009). The West Antarctic Ice Sheet (WAIS) is a critical research target
as it is grounded below sea level and recent studies have shown there is potential for the
ice-sheet collapse in the near future (Joughin et al., 2014; Rignot et al., 2014). Along the
Amundsen Sea coast, the main outlet glaciers are thinning, retreating, and accelerating
(Pritchard et al., 2009; Rignot et al., 2014). At the surface of the WAIS, air temperature is
increasing significantly (Steig et al., 2009; Bromwich et al., 2013). This observed recent
temperature warming trend would suggest synchronous increase of the show
accumulation. However, this increased accumulation pattern has not been yet confirmed

from firn-core studies in central WAIS (e.g., Frezzotti et al., 2013).

1.1 Motivation and objectives
In this dissertation, | focus on the ice sheet mass input, primarily snowfall. | do
this by reconstructing the snow accumulation history for the last ~40 years. | target the
specific regions of Southeast Greenland and West Antarctica where important changes in
snow accumulation are taking place. Since accumulation rates vary in space and time, |

use ground and airborne snow and ice sounding radars to extend point observations from



firn cores by tracking internal isochrones in the radar data. In Southeast Greenland, a firn
aquifer was observed with significant implications for mass balance estimation for the ice
sheet. 1 map the aquifer extent using similar airborne ice-sounding radars, analyze its

temporal variability, and simulate the flow of water in the aquifer.

1.1.1. Southeast Greenland recent accumulation rate history

This chapter builds on the recent work by Burgess et al. (2010), who highlighted
the importance of Southeast Greenland when estimating accumulation rates for the entire
Greenland ice sheet. The Southeast part of Greenland represents 30% of the entire ice
sheet accumulation and interannual variability (Burgess et al., 2010). In this region, the
bulk of the accumulation is near the southeast coast with coastal storms bringing a
significant amount of moisture toward the ice sheet interior, with accumulation rates
simulated up to 5 m w.eq. y-1 (e.g., Rae et al., 2012). However, with strong interannual
variability, regional climate models do not always simulate the correct accurate amount
of yearly snow water equivalent in this region. Differences between models are up to 1.5
m w.eq y-1, representing a non-negligible mass uncertainty in the ice sheet yearly balance
(Box et al., 2013). By conducting two separate snowmobile traverses in spring 2010 and
2011 in southeast Greenland, we reduce the accumulation-rate uncertainties in this region
and improve estimates of the ice sheet mass budget. The 2010 and 2011 Arctic Circle
Traverses (ACT) follow on from the original 2004 ACT traverse (Spikes et al., 2007),
where during each traverse we extracted a total of three 50-m firn cores and used
seasonal variations of specific chemical species to date the cores (McConnell et al.,

2002). After sampling the firn core along an elevation gradient, we used a 400-MHz



ground-penetrating radar (GPR) to trace continuous isochronous internal horizons in
order to fully capture the spatial variability in accumulation. Below 2000 m a.s.l., the
firn-core dating is challenged by the presence of surface melt and meltwater vertically
percolating into the underlying snowpack. Only high winter snowfall regions could
prevent the meltwater from reaching the previous summer firn layer and not perturbing

the snow/firn chemistry used for dating.

1.1.2. Greenland firn aquifer

Based on a successful 2010 season when one firn core collected at 1800 m
elevation was successfully dated, lower elevation drill sites were targeted. In the early
spring of 2011, we drilled a firn core at 1500 m a.s.l. and a firn aquifer was identified
with a water table at 10-m depth below the snow surface. After finding the subsurface
water, using a 400-MHz GPR, we identified a spatially extensive bright reflector at a
similar depth in the vicinity of the firn-core site. A few days later, this widespread firn
aquifer was confirmed when we drilled at another location a few kilometers upstream
from the first location. At the second location, the GPR bright horizon was at ~25 m
depth, matching the drilling depth where subsurface water was also found. Eleven days
prior to this discovery, a 750-MHz radar system onboard the NASA Operation IceBridge
(OIB) airplane flew a similar line to our ground radar. This distinct bright reflector was
also observed, and | correlated it to the ground observations. This correlation and the
abundance of the OIB flights over the ice sheet allowed the mapping of this feature

elsewhere than at the field location.



To date, two manuscripts have been published by the “firn aquifer team’. A first
manuscript, by Forster et al. (2014), presents the aquifer characteristics and an initial
mapping. Further field investigations led to a second manuscript by Koenig et al. (2014),
where a volume of liquid water within the aquifer was estimated. While these two
manuscripts are not included directly in this PhD dissertation as stand"alone chapters, |
significantly contributed to their preparation and publication.

The firn aquifer stores a significant amount of liquid water for more than a year in
the lower part of the accumulation zone (wet-snow zone), which leads to uncertainty in
estimates of meltwater runoff into the ocean. The storage of this significant volume of
water at depth could be partly responsible for the discrepancies between mass loss
simulated by regional climate models and the satellite-derived mass loss from altimetry
and gravimetry (Harper, 2014). This chapter provides an updated map of the firn aquifer
using three airborne radar campaigns (2011-2013) as well as repeated ground and
airborne observations. | identified that the first observations of the firn aquifer were made
in 1993 and were not only synchronous to the last decade of enhanced surface melt.
Lateral flow within the firn aquifer is imaged and connections with crevasse networks are

presented.

1.1.3. West Antarctica recent snow accumulation rate history

West Antarctica is also a rapidly changing region that needs better measurements
to reduce uncertainties in surface mass balance. In the field, we used a similar sampling
strategy to the ACT in Greenland, collecting high-frequency radar data and shallow firn

cores. Two Satellite Era Accumulation Traverses (SEAT) were completed in 2010 and



2011, travelling from Central WAIS toward the Amundsen Sea. The main research
objectives for this chapter are the following: (1) Confirm the annual accumulation signal
from the airborne radar (Medley et al., 2013). (2) Compare firn-core-derived
accumulation rates with radar-derived accumulation rates. (3) Capture spatio-temporal
changes in accumulation over the last 30 years. (4) Confirm that firn-core observations
can be representative to a small region (<1 km2) by using detailed radar grids around the
core site.

Based on the SEAT firn cores obtained in 2010, Burgener et al. (2013) noticed an
unexpected but significantly decreasing trend of accumulation for the last 40 years,
despite the fact that air temperature has been increasing during the same period at the
nearby Byrd station (Bromwich et al., 2013). However, observations across WAIS do not
show any consistent trend in accumulation. Recent observations over the Antarctic
Peninsula at the Gomez ice core site found a significant increase of accumulation
(Thomas et al., 2009), but in the Amundsen sea sector (upstream of Thwaites and Pine
Island Glaciers), no accumulation trend is found (Medley et al., 2014). However, the
signal-to-noise ratio remains low, challenging the establishment of a clear trend since
high interannual variability and short time period available could mask the trend. In this
chapter, | will present the high-frequency radar data and | will derive past snow
accumulation rates in order to bring spatial context to the single-point firn-core

observations.

1.2. Radar background
This work uses RAdio Detection And Ranging (RADAR) techniques to image

subsurface features in the radio and microwave frequency ranges over snow and ice.



Historically, application of radar to glaciological problems began in the 1960s, at the
same time as the International Geophysical Year in 1957 (Waite and Schmidt, 1962).
While flying over the ice sheets, airplane pilots realized that their high-frequency radar
altimeters were transparent to the snow surface interface, leading to an overestimation of
the distance between the airplane and the snow surface (Waite and Schmidt, 1962). Since
then, radio-echo soundings have been developed for a wide range of application between
seasonal snow and deep ice sheet internal layers mapping (e.g., Jol, 2008, chapter 12).
Nonmagnetic, low conductivity materials like dry snow and ice provide excellent
mediums for radar investigations, but are sometimes challenged by liquid water in snow
and ice where absorption loss is higher due to a strong dielectric contrast and an increase
of the ice temperature to near 0°C. For temperate ice, lower-frequency (1-32 MHz) radar
systems have been successfully used to image subsurface structure, for example in

Alaska and Iceland (Sverrisson et al., 1980; Rignot et al., 2013b).

1.2.1. Electromagnetic waves and dielectric constant

An electromagnetic (EM) wave is composed of two fields, an electric field and a
magnetic field that are perpendicular to each other. An EM wave is characterized by its
wavelength (X) and its frequency (u); the relationship between the two is = ¢/X , where ¢
is the speed of light (~3x108m s-1). In 3-D space and at a given time, the EM field has a
direction of propagation and a magnitude. The polarization describes the magnitude and
direction of the EM wave as a function of space and time. If the propagation is along a
straight line, the polarization is linear. If the electric and magnetic fields rotate along the

propagation axis, the polarization is circular, and can also be ellipsoidal (along an



ellipse). But for a natural source of radiation, the EM wave follows a random polarization
(Rees, 1990).

When the EM radiation interacts with a surface, which can be the air/snow
interface or a buried surface, three forms of interactions are present as illustrated in
Figure 1.1. The absorption process takes a certain amount of energy and transfers it to the
material that absorbs by it. The reflection is a result of in part the incoming energy that is
reflected back toward the sensor. Finally some energy is transmitted and will travel
through the second medium.

Each material will have a different relative permittivity (dielectric constant) and
electric conductivity characteristics; therefore, the velocity of an EM wave and the
quantity of energy (absorbed vs. transmitted) will change depending on the material
(Matzler 2006). For example, salty water and dry snow will have different conductivity
and dielectric constant values residing in a different attenuation due to their properties.
The velocity of an EM wave across a given material depends on the dielectric constant (s)
and the magnetic susceptibility (p) following equation (1.1). If the material is
nonmagnetic, which is the case of most of the materials studied at the Earth surface, p = 1
and the equation (1.1) can be simplified.

The dielectric constant has two parts (see equation 1.2), the real part (s’) that
varies between materials and the imaginary part (¢ ) that will be zero for the air, but will
have an impact for other mediums; for example, e " can vary between 10"4 and 10"2 for
dry snow. If we consider the imaginary part negligible, the velocity of the EM wave in a
given medium can be approximated by equation (1.3).

v= 1IVM* e (1.1)
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withe= e'—is" (1.2)
Vf = c/Vi7 (1.3)
Lower dielectric constants result in faster propagation through a material. For

example, an EM wave penetrates faster through snow (e’=1.5 to 2.4) than through ice

(e’=3.15).

1.2.2. Penetration depth

One way to define the penetration depth is related to the transmitted power. The
“power penetration depth” of a material corresponds to the depth when the initial
transmitted power is reduced to e-1 or (37%) of its initial value (P(z) = PQe). Therefore,
the penetration depth is independent of the strength of the initial transmit power value.
The penetration depth of a material depends on the total extinction loss rate. The
extinction coefficient is the sum of the absorption coefficient and the scattering
coefficient (Ulaby et al., 1981).

For microwave radiation, penetration depth of an electromagnetic (EM) wave is
essentially dependent on wavelength of the radar (active) or the radiometer (passive)
used. Shorter wavelengths (higher frequencies) will increase vertical resolution but allow
smaller penetration depths (Surdyk, 2002). For the East Antarctic Plateau, the penetration
depth ranges between 0.74 and 2m at 37GHz and 2.5-5 m at 19 GHz (Brucker et al.,
2011). Below 10 GHz, penetration depths are greater, for example between 20 and 40 m
at 6.6 GHz.

The penetration depth in a dry-snow environment is limited by losses due to

scattering and absorption. Scattering is caused by reflection, refraction, or diffraction
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processes, which distribute the incoming energy toward other directions than receiver, in
a radar case. Absorption occurs when the electrical conductivity of the medium is non-
zero. Both processes are dependent on the size of individual snow grains, the
temperature, and the snow density. Surdyk (2002) performed a sensitivity test of the
penetration depths for the three variables. At frequencies below about 10GHz, the
important variables affecting penetration depths are the temperature and the interface
reflections due to density changes (Surdyk, 2002). Between 10 and 20 GHz, the three
variables have a non-negligible influence on penetration depth since they are
interdependent. For example, higher surface temperature can produce larger snow grains,
reducing penetration depth. Finally, higher than 20 GHz, snow-grain size represents the
main factor influencing the penetration depth during the experiments (Surdyk, 2002). At
an ice-sheet scale, it has been observed that the penetration depth for Greenland snow
would be half the penetration depth for Antarctic snow (Surdyk, 2002). In addition, the
interdependence between penetration depth and snow thermal conductivity plays a role
for uncertainty estimates, since an uncertainty on the conductivity propagates into an
uncertainty on the propagation depth (Picard et al., 2009).

To image the bedrock below an ice sheet, lower frequencies are used. At these
frequencies, in the radio bands, dielectric absorption, volume scattering from air bubbles,
depolarization, and reflections from the internal layers are the main sources of signal
extinction at depth (e.g., Paden et al., 2005). The dielectric absorption remains the main
cause of extinction of the EM waves at the radio frequencies. The loss from spherical
spreading and dielectric loss must be compensated by sufficient signal-to-noise ratio near

the bedrock. The transmitted power-to-received power ratio decreases with depth.
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Increasing transmitted power (as well as gain) could improve the return loss at depth;
techniques like arraying two transmit antennas in the along-track direction were

successful (Paden et al., 2005).

1.2.3. Radar systems

In this dissertation, different radar systems will be used depending on the
application and the resolution needed. The Greenland chapters present results from
internal layers detected with a 400-MHz GPR that | used to derive snow accumulation
rate histories and map the surface of the firn aquifer in Southeast Greenland (Miege et al.,
2013; Forster et al., 2014). With a ~30-cm vertical resolution, this GPR allowed near-
annual accumulation rates to be estimated in high-accumulation regions (>1 m w.eq. yr-1,
Spikes et al., 2004; 2007; Miege et al., 2013). To explore the regional variability of the
firn aquifer, we use the NASA Operation IceBridge 750 MHz Accumulation Radar. With
a 65-cm vertical resolution, this radar can successfully image the firn aquifer (Forster et
al., 2014).

For the Antarctic chapter, higher-frequency systems were used to map annual
horizons in low accumulation regions (< 0.25 m w.eq. y-1). Instead of a single pulse radar
system, frequency-modulated continuous-wave (FMCW) radars were preferred. This
other generation of radars has been designed specifically for cryospheric research
questions (e.g., Marshall and Koh, 2008). During fieldwork, two FMCW radars were
simultaneously imaging the snow surface and subsurface. A “Ku-band” radar was
operating at a frequency range of 12.5-18.5 GHz and “Snow” Radar was operating at a

lower frequency range (2-8 GHz). Penetration depth was limited to 20-30 m but
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corresponded to the firn-core depth (< 20 m) and the vertical resolution was about ~4 cm

in dry snow (Rodriguez-Morales, 2013).

1.3.  Accumulation variability and uncertainties

| investigate the spatio-temporal variations of accumulation using ice cores and
radars and compare them with snow accumulation outputs from numerical models with
different spatial footprints and temporal resolutions. In the following, I describe the firn-
core method and the radar method to estimate accumulation rate, and | discuss the
accumulation variability due to climate variability as well as the uncertainties associated.

Firn cores allow the sampling of the last 30-50 years of accumulation history
depending on the averaged accumulation rate at a given point location. By looking at the
seasonal cycle of chemical components used as temporal proxies, for example hydrogen
peroxide, the non-sea-salt sulfur-to-sodium ratio, and water stable isotopes, a depth-age
scale can be retrieved with about one year resolution. Summer surface melt or other
surface snow processes can perturb the annual cycle and can challenge establishing a
depth-age scale, as the chemistry peaks are not always sharp. Rupper et al. (2015)
discussed the uncertainties associated with the mean, trend, and variability of snow
accumulation for a region in West Antarctica using five shallow firn-core records. This
study found that peak-identification and peak-date uncertainties affect trend estimates and
interannual variability in accumulation. At a firn-core scale (a single point), the
interannual variability is due to a combination of climate variability (storm and snowfall
frequencies and intensities), wind redistribution, snow sublimation, and dating

uncertainties. Therefore, the standard deviations from the mean accumulation for 30-40
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years do not solely represent climate variability. In addition, a single core lacks spatial
variability, and contains glaciological noise due to snow processes like wind
redistribution and snow sublimation, which can alter the interannual signal based on
location on an often undulated (~10 km wavelength) snow surface. To retrieve
information about the spatial variability of accumulation rates and assess the robustness
of a temporal trend, multiple firn cores can be collected in different locations near the
primary core site, in an effort to represent variability over a larger region. Correlation
coefficients are used to measure the strength and direction of a linear relationship
between two variables. If correlation coefficients between firn cores of a same region are
close to 1, it means that the different accumulation records capture the same climate
variability. In addition, the coefficient of determination (r2 value) will be useful to
provide the proportion of the variation of one variable that could predict another one. By
looking at the correlation between the accumulation record of a firn core and a regional
climate pattern like the North Atlantic Oscillation (NAO), we aim to quantify whether the
moisture source origin and variability of a certain region are due to regional climate
patterns. For example, if the correlation coefficient (r) is equal to 0.8, then the coefficient
of determination (r2 will be equal to 0.64, meaning that 64% of the total variation is
explained by the relationship between the climate pattern and the accumulation records.
Different temporal filters such as a 5-year triangular filter could improve the correlation
coefficients by filtering out part of the glaciological noise from the signal.

The spatial variability of accumulation is further explored using ground-
penetrating radars deployed either from the ground or from an airplane. Depending on the

vertical resolution of the radar, the sampling location, the averaged accumulation rate,
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and the snow surface conditions (with or without the presence of melt over a year),
internal horizons detected by radar will have a multiyear, annual, to subannual resolution.
Over the dry firn of West Antarctica, the ability of tracing annual layers allows the
retrieval of the full temporal variability of the signal to directly compare with the firn
cores and also climate reanalysis (Medley et al., 2013). Medley et al. (2013) found a good
agreement between the radar-derived accumulation rates and global climate reanalysis
data (e.g., ERA-interim, MERRA) capturing a similar temporal variability. In addition,
the regional climate model RACMO2 has a finer resolution and therefore is able to better
capture the spatial changes of accumulation. If only multiyear accumulation rates are
derived from radar data, the temporal variability will be averaged out; therefore, the
variation from the mean will be smaller for specific time periods. The radar-derived
accumulation method captures the temporal variability with a degree of averaging
dependent on the radar data and captures the spatial variability with a better resolution
than typical 25 km grids used for climate simulations. At least two sources of variation
are present in the data, which are the real variability and the errors from measurements.
The two variation sources can be difficult to untangle to only extract the signal of the
spatiotemporal variability due to climate variability. While inferring temporal variations
in accumulation, if an internal annual layer is not traced, the subsequent accumulation
rates will be higher for this specific time. As the tracing process is done manually, an
error is difficult to quantify. In addition, the radar travel-time-to-depth conversion is
dependent on the medium characteristics, which depend on density changes in the firn. If
a steady-state spatially invariant density profile is used, spatial density changes at small

scale will not be taken into account, which introduces uncertainties that are challenging to
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quantify. For example, an area with density higher than normal will tend to underestimate
the thickness between two layers and also overestimate the conversion in snow water
equivalent.

Finally, numerical climate models also capture temporal and spatial variability of
accumulation with a particular spatial and temporal resolution. | will compare my firn-
core and radar-derived accumulation rates to regional climate model-derived
accumulation rates to understand if averaged accumulation rates are captured by my two

independent methods.
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Figure 1.1: Illustration of the EM wave interacting with a specific medium with
electromagnetic properties n1 and another material of properties n2. The three forms of
interactions are presented here, and there is a reflection at every interface.
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CHAPTER 21

SOUTHEAST GREENLAND HIGH ACCUMULATION
RATES DERIVED FROM FIRN CORES AND

GROUND-PENETRATING RADAR

2.1.  Abstract

Despite having only 14% of the Greenland Ice Sheet by area, the southeast sector
has the highest accumulation rates, and therefore receives ~30% of the total snow
accumulation. We present accumulation rates obtained during our 2010 Arctic Circle
Traverse derived from three 50 m firn cores dated using geochemical analysis. We
tracked continuous internal reflection horizons between the firn cores using a 400 MHz
ground-penetrating radar (GPR). GPR data combined with depth-age scales from the firn
cores provide accumulation rates along a 70-km transect. We followed an elevation
gradient from ~2350 m to ~1830 m to understand how progressive surface melt may
affect the ability to chemically date the firn cores and trace the internal layers with GPR.
From the firn cores, we find a 52% (~0.43 m yr-1 w.e.) increase in average snow

accumulation and greater interannual variability at the lower site compared to the upper

1 This chapter is reprinted from Annals of Glaciology, with permission of the
International Glaciological Society. Miege et al. (2013), Southeast Greenland high
accumulation rates derived from firn cores and ground-penetrating radar. Annals of
Glaciology 54(63), 322-332. The comments from Reinhard Drews and an anonymous
reviewer improved the manuscript.
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site. The GPR profiling reveals that accumulation rates are influenced by topographic
undulations on the surface with up to 23% variability over 7 km. These measurements
confirm the presence of high accumulation rates in the Southeast as predicted by the

calibrated regional climate model Polar MM5.

2.2.  Introduction

In recent decades significant air and ocean warming has been observed in
Greenland (e.g. Meehl et al., 2007; Levitus et al., 2009), causing mass loss to accelerate
on the ice sheet by surface melting, runoff, and ice discharge (e.g. van den Broeke et al.,
2009; Rignot et al., 2011). The current Greenland ice sheet mass loss is estimated to
range between 191 + 23 Gt yr-1 and 240 + 28 Gt yr-1 by combining NASA'’s Ice, Cloud
land Elevation Satellite (ICESat) elevation measurements, firn compaction, and modelled
surface density (Sorensen et al., 2011). The Gravity Recovery and Climate Experiment
(GRACE) mission provided an independent check that confirmed the Greenland ice sheet
loss of 219 + 38 Gt yr-1 for 2002-2009 (Chen J.L. et al., 2011). In the last decade, about
half of the mass loss is due to ice dynamics and the remaining half is due to surface mass-
balance processes (van den Broeke et al., 2009). Surface mass balance for the Greenland
ice sheet can be approximated by snowfall (accumulation) minus ablation, and its
interannual variability over the 1957-2008 period is very large, with a standard deviation
(o) of 107 Gt yr-1 (Ettema et al., 2009).

Accumulation is the only mass input to the Greenland ice sheet, and its
magnitude, spatial, and temporal distributions are poorly constrained, specifically in the

southeast sector (e.g. Burgess et al., 2010). Measurement uncertainty of the accumulation
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input to the ice sheet means that there is uncertainty in the total mass budget of
Greenland. The mass budget needs to be estimated in order to understand ice-sheet
behavior, which is a critical question. Since accumulation may increase with future
warming (e.g. Meehl et al., 2007), reducing uncertainty in ice-sheet accumulation and
better estimating the total mass budget is also critical. Recently, for the 2007-2009 time
period, the southeast sector of the ice sheet has lost 172 + 44 Gt yr-1, which is a large part
of the total mass loss over the whole ice sheet (Chen J.L. et al., 2011). However, an
increase of accumulation rates that could offset this mass loss has not yet been observed.
We present snow accumulation rates derived from new firn cores and GPR
measurements across poorly sampled areas of the southeastern Greenland ice sheet. The
objectives of this study are to confirm the modelled high snow accumulation rates and to
quantify the spatial and temporal variations in snow accumulation over the past 30 years.
Below we introduce previous work on Greenland accumulation estimates and on GPR

studies, which serve as the context for our study.

2.2.1. Accumulation-rate measurements

Accumulation rates over the Greenland ice sheet have been studied with a variety
of methods. We discuss three of these methods, and highlight the need for additional in-
situ measurements in the southeast sector of the ice sheet. In the first method,
accumulation maps are generated by interpolating in-situ point measurements. Ice cores
and snow pits, located in the upper accumulation area, are the most common
observations. Along the coast of Greenland, the Danish Meteorological Institute

maintains meteorological stations to measure accumulation from solid precipitation
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minus evaporation. Benson (1962) and Ohmura and Reeh (1991) produced initial snow
accumulation maps from these limited observations. Since then there has been increased
spatial and temporal resolution of those accumulation maps using updated ice-core data,
an increasing number of coastal weather stations, and more sophisticated interpolation
techniques (Ohmura et al., 1999; Calanca et al., 2000; McConnell et al., 2001; Bales et al.
2001; Cogley, 2004; Bales et al., 2009). In the second method, regional climate models
are used to simulate recent climate (typically since 1958 because of the availability of
reliable reanalysis fields) of the ice sheet and also provide accumulation maps (Fettweis,
2007; Hines and Bromwich, 2008; Ettema et al., 2010; Lucas-Picher et al., 2012).
However, all the different modelled snow accumulation outputs do not fully agree, and
the lack of in-situ measurements in the southeast sector does not yet allow model
comparison and validation (Rae et al., 2012). For example, the Regional Atmospheric
Climate Model (RACMO?2) (Ettema et al.,, 2009) modelled higher accumulation in
Southeast Greenland compared to estimates from Box et al. (2006) using the Fifth
Generation Mesoscale Model modified for polar climates (Polar MM5), or to Fettweis
(2007) using the Modele Atmospherique Regional (MAR). A hybrid technique uses the
discrepancies between regional climate model outputs and in-situ measurements to
generate correction factors to produce calibrated accumulation maps (Box et al., 2006;
Burgess et al., 2010). In the third method, accumulation maps are reconstructed by using
meteorological reanalysis, for example ERA-40 (e.g. Hanna et al., 2006), 20CR (e.g.
Hanna et al., 2011), and ERA-interim (e.g. Chen L. et al., 2011).

The southeast sector of the ice sheet represents only 14% of the total ice sheet

area and accounts for 31% of total accumulated mass and 32% of annual accumulation
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variability (Burgess et al., 2010). Only 2% of the available firn-core data of the
Greenland ice sheet are found in the southeast sector, but no firn-core data are found
below 2000 meters of elevation, where higher accumulation rates are predicted: over 2 m
yr-lwater equivalent (w.e.) (Burgess et al., 2010) and reaching up to 5 m yr-lw.e. (Rae et
al., 2012). It is difficult to estimate accumulation close to the Southeast Greenland coast,
where orographic precipitation dominates and topography is complex (e.g. Burgess et al.,
2010; Lucas-Pichier et al., 2012). These studies emphasized the need for in-situ
measurements to constrain climate models in this sector. In addition, Hanna et al. (2011)
noted the lack of validation data for climate models and showed that uncertainties in
Southeast Greenland accumulation are the greatest where accumulation rates are the

highest, and where both accumulation and topographic gradients are significant.

2.2.2. Ground Penetrating Radar (GPR)

GPR allows us to capture spatial variability in accumulation over distances of tens
to hundreds of km. Small-scale spatial variability in accumulation (~5-10 km), mostly
due to snow redistribution and surface undulations, is not captured in point measurements
from cores and is not taken into account in regional climate models with large grid cells
(~5-25 km). The spatial variability of snow accumulation can be observed in GPR
transects that show continuous internal reflection horizons (IRHs) (e.g. Arcone et al.,
2004, 2005b; Dunse et al. 2008). IRHs at relatively shallow depths (<50 meters) are
primarily due to density contrasts (e.g. Eisen et al., 2003; Arcone et al., 2005b). The
isochronous nature of the IRHs has been confirmed using the depth-age scale from firn

cores located at both ends of the GPR profile (Spikes et al., 2004; Eisen et al., 2006).
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In the southeast sector of the ice sheet, for an elevation range between ~1840 m to
~2350 m, two major snow facies are found in our GPR profile. At elevations above 2000
m, the dry-snow facies is represented with no or little melt (~1-3 cm melt layers). At
lower elevation, percolation facies are found where surface snow melts and travels
downward through the snow pack until it refreezes (e.g. Benson, 1962), which likely
produces vertical ice pipes and horizontal ice layers. Recent GPR studies in West
Greenland documented the presence of ice layers within the firn (e.g. Parry et al., 2007;
Dunse et al. 2008; Brown et al., 2011). These features complicate tracing of continuous
IRHs in the firn depending upon melt intensity, spatial scale, and radar frequency. Dunse
et al. (2008), using GPRs with frequency of 500 and 800 MHz, were able to track IRHs
down to 10 m depth. Brown et al. (2011) found no correlation between IRHs and firn
stratigraphy in the higher elevation part of the percolation zone in West Greenland and
assumed the IRHs were multi-annual features (2-10 years) in the lower part of the
percolation zone. These studies highlight the challenges in identifying isochronous IRHs
from GPR profiles, and tracking them over many kilometers. However, all of these
studies were conducted in regions where accumulation rates are relatively low compared
to southeast Greenland. In the southeastern sector, high accumulation rates can prevent
multi-annual melt features from dominating the GPR reflections at shallow depths (< 50

meters).

2.3. Acrctic Circle Traverse 2010
Our study took place in the southeast sector of the Greenland ice sheet (Figure

2.1), where few field investigations have been reported, mostly due to high accumulation
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rates in this region that discouraged long-term climate-data collection. We conducted the
500 km Arctic Circle Traverse 2010 (ACT-10) by snowmobile, starting at the DYE-2
station (now called “Raven”) and moving toward the southeast ice-sheet margin. The data
presented here were collected from 26 April to 9 May 2010, prior to surface melting that
could have confounded propagation of the radar signal into the subsurface. ACT-10
repeated and extended the first ACT from 2004, which crossed the ice divide at the
location called “Saddle” (Spikes et al., 2007). In 2010, three 50 m firn cores were
collected (Table 2.1), and surface-based GPR was used to track continuous IRHs between
the core sites. Our transect is located > 110 km away from the open ocean. Surface mean
temperature is -19.3 £ 0.2 °C (Box et al., 2009), obtained from the NASA-SE weather
station that is located ~55 km north from ACT10-C (see Figure 2.1). The mean wind
speed recorded by the NASA-SE weather station is 5.5 m s-1 and its dominant direction
has an azimuth of 315° (Steffen and Box, 2001), which is characteristic of the katabatic
wind flow regime that is prevalent in this sector of the ice sheet. While GPR data were
collected on the return segment of the traverse from ACT10-A to DYE-2 (250 km), this
study focuses on the lowest elevation eastern segments between ACT10-A and ACT10-C
(Figure 2.1) where accumulation rates have been predicted to be the highest (Burgess et
al., 2010; Rae et al., 2012).

The ACT-10 traverse route covered a relatively slow-moving portion of the ice
sheet. Observed surface velocities, for 2008-2009, are in the 50-100 m yr-1 range,
between ACT10-C to ACT10-A (Rignot and Mouginot, 2012). We determined the flow-
line direction based on surface-elevation contours from the DEM produced by Bamber et

al. (2001); our GPR profile is approximately parallel to the current flow direction. The
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average ice thickness along the ACT10-A to ACT10-C transect is 1520 £ 45 m
(Leuschen and Allen, 2011). Here we assume that the observed structure of the IRHSs is
only due to variations in accumulation, and not due to ice dynamics. This simplification
can be made because of the high accumulation in this area and the minimal internal
deformation at these depths corresponding to a short period of time analyzed (1995-

2010).

2.4.  Methods

2.4.1. Firn Cores

Three 82 mm diameter firn cores (ACT10-A, -B, -C) were drilled with an
ECLIPSE drill (designed by Icefield Instruments Inc.), starting 2 meters below the
surface in a trench to allow room for core-barrel clearance. The upper 2 meters were
sampled manually using the core barrel. In the field, ~1 meter core sections were labeled
and bagged before being shipped frozen to the Desert Research Institute Ultra-trace
Chemistry Laboratory. Then, the core sections were processed and analyzed for a broad
range of elements and chemical species, which were used to develop a precise depth-age
relationship and annual accumulation rates (Table 2.1). First, the cores were cut into
rectangular samples, each ~1 m by ~35 mm by ~35 mm. The samples from each site were
weighed, used for the depth-density profile, and then analyzed using a continuous flow
analysis system with an effective depth resolution of ~10 mm (McConnell et al., 2002;
Banta and McConnell, 2007; McConnell et al., 2007). This system is composed of two
high resolution inductively coupled plasma mass spectrometers and a number of
fluorimeters, spectrophotometers, and other instruments (Banta and McConnell, 2007).

Indicators of continental dust (Al, Mg, Ca, Fe), sea salts (Na, Mg, Ca, S), industrial
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pollution (Pb, TI, Cd, S, nitrate), explosive volcanism (S), biomass burning (black
carbon, ammonium, nitrate), and atmospheric photochemistry (hydrogen peroxide;
H202) are used for annual layer counting since most, if not all, of the chemical proxies
show pronounced annual cycles in concentration. In regions with high accumulation rates
such as Southeast Greenland, H202 is often the preferred proxy because of its very
distinct annual concentration cycle and consistent mid-winter minimum (McConnell and
Bales, 2004). Here we relied primarily on the annual H202 cycle for annual dating but
secondarily used chemical proxies to confirm annual-layer identification in the few cases
of unclear H202 cycles. The most commonly used secondary proxy was the non-sea salt
sulfur to sodium ratio (nssS/Na), which showed a very strong annual cycle due to the
occurrence of anti-correlated annual cycles in the nssS and Na species. Over the southeast
sector of the ice sheet, extensive summer melting, revealed by the presence of thick ice
layers (> 10 cm), has the potential to disrupt firn stratigraphy. Accumulation from one
year may percolate down and refreeze in a different annual layer, confounding water
equivalence measurements using annual glaciochemical signals. However, in our study
area, accumulation rates are generally high enough and percolating surface melt water
penetrate less than the full depth of a given year’s accumulation. Because of the multiple
chemical parameters available and the high snow accumulation rate, the maximum dating
uncertainty is estimated to be one year.

An annual depth-age relationship is deduced from chemistry-peak identification
and, a posteriori, is used to test for isochronal accuracy in the GPR profile between two
firn cores. Since the H202 peak does not occur at the exact beginning of the year, a

fractional year, with 0.1 year resolution, is required to capture the full variability in snow
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accumulation. To convert the snow depth to accumulation at each core site for each year,
an exponential function is fit to the density profile (see section 3.3 for further details on

density analysis).

2.4.2. GPS and GPS data

The GPR system used for ACT-10 was the Geophysical Survey Systems, Inc.
(GSSI) SIR-3000 controller and a 400 MHz center frequency antenna, with an 800 MHz
bandwidth. The vertical resolution for the dry Antarctic firn is estimated ~35 cm (Arcone
et al., 2004; Spikes et al., 2004), which is less than the thickness between two annual
layers in our study area. The sampling interval was set at 6 traces per second, 2048
vertical samples per trace. As the expedition moved across the ice sheet at ~ 3 m s-1, the
deduced trace spacing is ~ 0.5 m. In addition, to increase the signal-to-noise ratio, an
initial stacking of 6 traces was performed. A time-dependent gain was used to
compensate for signal attenuation by the firn. The time window was 500 ns, with 2048
samples/trace giving a sampling interval of ~0.24 ns, with an average penetration depth
of ~45 m.

In post processing, additional horizontal spatial averaging was done by stacking 8
traces, in addition to the original stacking of 6 traces in the field, thus each final trace has
been averaged from 48 initial traces. This spatial averaging aims to increase the signal-to-
noise ratio and minimize the influence of layer variations and cm-scale vertical ice layers
present in the percolation zone, as described by Humphrey et al. (2012).

Coupled to the GPR measurements, a Trimble R7 geodetic-quality Global

Positioning System (GPS) receiver was used to track the location of the GPR profile
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every 5 seconds, corresponding to one point for ~ 15 meters (for a travel speed ~ 3 m s-1).
The GPS receiver was mounted on the snowmobile towing the GPR sled. Each GPR trace
is georeferenced using processed GPS data that have been interpolated based on the time
when GPR data collection began (obtained from the kinematic GPS receiver) and the
trace acquisition rate. GPS data processing was done using the Canadian Spatial
Reference Service - Precise Point Positioning (CSRS-PPP). This processor uses GPS
orbit and clock information to enhance positioning precisions in the International
Terrestrial Reference Frame (ITRF) via a kinematic processing mode. Uncertainties in
the GPS positions are given within one standard deviation for the ACT10-A to ACT10-C
transect. The maximum standard deviations are 0.07 m for latitude and longitude (~0.02

m in average) and 0.22 m for elevation (~0.06 m in average).

2.4.3. Accumulation-rate calculation

Depth-age profiles from three firn cores collected along the GPR profile (Figure
2.2) are used to confirm that the IRHs are isochrones (see section 4.3 for details on
isochronal accuracy). Only the most prominent IRHs, which were the easiest to trace in
the GPR profile, were used for digitizing (Figure 2.2). Manual layer picking was
preferred because it provided better operator control when IRHs were laterally
discontinuous. While manually picking, if a short lateral discontinuity (<100 meters) was
observed in the GPR profile, the operator used the two IRHs located directly above and
below the tracked IRH as a guide to estimate the tracked IRH depth. Three possible
explanations for the partial disruption of an IRH include: 1) topographic undulations on

the surface of the ice sheet may result in more pronounced folds at depth (Figure 2.2),



33

which can induce a two-way-travel time (TWT) phase delay of as much as half the
wavelength for only a 0.4° incidence angle for a given dip that reduces return strengths
and causes destructive interference (Spikes et al., 2004). 2) The presence of ice layers,
due to heterogeneous meltwater infiltration, may disrupt the lateral continuity of an IRH
(see section 2.4.2 for details). 3) The surface roughness can cause vertical artifacts, for
example, when the radar sled lost contact with the snow surface due to sastrugi, making
the IRHs more difficult to track.

For an individual digitized radar horizon, several steps are required to obtain
accumulation rates. At each firn-core site, the conversion of the radar TWT to distance
below the surface is computed based on the core-density profile, through the relationship
between velocity in the firn ty and firn density profile p(z) (Kovacs et al., 1995):

Vf = ¢/VF 1)
e' = (1 + 0.845p(z))2 (22

where ¢ represents the speed of light in a vacuum, and s' is the real part of the
dielectric constant (permittivity).

The density profiles for the ACT-10 firn cores, represented in Figure 2.4, were
derived from ~1 m sections of the firn core (section 2.3.1). We used an exponential fit to
smooth and interpolate the density profile with depth:

p{z) = ps+ ax* *7) +a2* eN2*2) (2.3)

where ps is the density at the surface, a and are the fitting parameters, and is
the depth of the profile (Horhold et al., 2011).

This fitted density profile is used for the TWT-depth conversion. Estimated snow

depth for the radar signal is known at each core site and then linearly interpolated along
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the transect for each radar trace. To account for all three firn cores, we made two linear
interpolations of the density profile, one between ACT10-A and ACT10-B and the
second between ACT10-B and ACT10-C. To determine the snow accumulation rate
between two time periods, the depth of the upper horizon is subtracted from the depth of
the lower horizon. Then, the calculated snow thickness is converted to a water equivalent
depth using the interpolated density profile for each trace.

For defining each time period, absolute ages are assigned to an IRH from the
three firn cores depth-age scale. A conventional way to express the age of a tracked
isochrone is to use the calendar year, reasonable in areas with low accumulation where
isochrones are closer together (e.g. Spikes et al., 2004). In the southeast sector of the ice
sheet, high accumulation rates allow us to express the age of each IRH in fractional years,
increasing the precision of the accumulation-rate calculations. The GPR-derived annual
accumulation rates depend primarily on the age of each tracked IRH. The estimated
seasonality (fractional year) for different IRHs (shown in Figure 2.2), is not consistent

from one horizon to another, varying from 0.2 to 0.7 years.

2.5. Results
2.5.1. GPR-derived accumulation rates
Mean accumulation rates, derived from the firn cores, at each core site are 1.26,
1.09 and 0.83 m yr-1 w.e. for ACT10-A, ACT10-B, and ACTO-C, respectively (Table
2.1). They are in agreement with the accumulation rates estimated by the calibrated Polar
MMS5 on the pixel corresponding to each core site (Table 2.1). Accumulation rates are

calculated along the traverse from ACT10-A to ACT10-C, from the radar profile (Figure
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2.2) over different time periods (Figure 2.3). They are smoothed to remove digitizing
noise with a moving-average filter that was 20 traces wide. The accumulation rates
presented for each period highlight an increasing trend in accumulation as elevation
decreases, closer to the southeast ice margin. On average, a 52% increase in accumulation
(+0.43 m yr-1w.e.) is observed along the 70-km line between ACT10-C to ACT10-A for
the 1992.2 to 2008.5 time period. The spatial variability in accumulation rates over this
time period has a standard deviation of 0.13 m yr-l w.e. A maximum local spatial
variability in accumulation is found over a 7 km distance with 0.24 m yr-1 w.e.
representing 23% of the annual mean (Figure 2.3). As for temporal variability, an
increase of accumulation may be expected in the last decades due to the increase of
surface temperature (Box et al., 2012). However, we found no significant trend in
accumulation rate from the firn cores over their respective time periods spanning the last
25-35 years.

The wide range (~ 0.26 m yr-1w.e. on average) of accumulation rates between the
different time periods, shown in Figure 2.3, is mainly due to the presence or absence of
an anomalous accumulation year. For example, 2003, is known to be a high accumulation
year (Box et al. 2005). The high accumulation over the 2002.2-2006.2 period is primarily
driven by the anomalously high accumulation of 2003. In contrast, the 2006.2-2008.5

period is the lowest accumulation period.

2.5.2. Influence of ice layers
Firn-core dating and GPR-derived accumulation rates are challenged by the

increase of surface melt as meltwater penetrates within the firn layer and refreezes. For
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the firn-core dating, at core sites such as ACT10-A (1825 m), accumulation rates are high
(1.26 m yr-1 w.e.) and melt water penetrates less (~20 %) than the full depth of the
present year’s accumulation. For the IRH tracking on the GPR profile, the spatial
variation of the density is difficult to estimate in the percolation zone because of
heterogeneous water infiltration at small scales (~1-5 m) (Humphrey et al., 2012). The
presence of thicker ice layers at lower elevation site (ACT10-A) is illustrated in Figure
2.4 where the ~1 m density measurements deviate the most from the exponential fit. It
becomes more difficult to track IRHs at greater depths (35-45 m) as the surface elevation
decreases and thicker ice layers become more common. On the contrary, near ACT10-C,
we find more laterally-homogenous IRHs with few ice layers (Figure 2.2). Understanding
how firn stratigraphy affects the GPR signal is beyond the scope of this study, even if it
remains an important upcoming challenge while mapping annual accumulation rates.

These issues have been discussed for West Greenland by Brown et al. (2011).

2.5.3. Uncertainty estimates

Different sources of uncertainties affect the estimation of the IRH depth and
therefore the estimation of GPR-derived accumulation rates.

1 The vertical density profile at each core site is estimated from the mass of ~1
m firn-core segments (Figure 2.4). To avoid a bias from a single core segment dominated
by ice layers, we use an exponential fit to the density profile. A fitted density profile is
needed, specifically at lower elevation sites where intense melt layers are interspersed
between lower density firn producing a sporadic depth-density series (Figure 2.4). The

lowest coefficient of determination (r2) between the exponential fit and the density-depth
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data is 0.87 at ACT10-A. The root mean square error (RMSE) for ACT10-A, ACT10-B,
and ACT10-C are 37.63, 26.12, and 12.21 kg m-3 respectively. A higher RMSE is
expected for the presence of thick ice layers, with the original data deviating more from
the fitted profile. Using an averaged RMSE (25.3 kg m-3), deviating at 4% from an
averaged density, we obtain an average depth uncertainty of +24 cm from the surface to
the depth of the deepest tracked IRH (~35 m).

2. In addition to the vertical exponential interpolation of density, an uncertainty is
introduced while interpolating the density profile horizontally between two core sites.
Snow stratigraphy and implied density are spatially variable at a meter scale, specifically
in the percolation zone with the presence of heterogeneous infiltration forming ice layers
and potential vertical channels by refreezing. By interpolating the density profile between
two firn-core sites and stacking radar traces, the uncertainties are minimized. While
comparing the fitted density profiles, the maximum standard deviation obtained is 31.18
kg m-3 between the ACT10-A, ACT10-B, and ACT10-C fitted density profiles, yielding
an average depth uncertainty of £ 28 cm.

3. Layer picking and digitizing are performed manually, and therefore its
uncertainty is difficult to quantify. Most of the IRHs observed are made of distinct
wavelets with consistent phase polarity sequence: negative/positive/negative,
corresponding to a 1.5 wavelet cycle (Arcone et al., 2005a). Deduced from the 1.5 cycle
wavelet length, the GPR vertical resolution (separation of two IRHS) is ~ 35 cm for the
dry polar firn, with the wavelet response characterizing a single interface (Arcone et al.,
2004). Along the ACT-10 transect, assuming that we are tracking the same IRH, the

maximum 15 cycle wavelet lengths were ~ 10 vertical samples, about 2.5 ns or ~25 cm,
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which is less than the 35-cm vertical resolution of the GPR. Ideally, the high
accumulation rates in this area create sufficient vertical separation between annual layers
that it becomes possible to track an IRH for most years. Even for the lower accumulation
site, the minimum annual firn layer thickness is 73.2 cm, more than twice the vertical
resolution of the GPR.

4. The age of an IRH is given at +1 year from the firn-core chemistry dating.
Then, despite this 1-year uncertainty in the absolute age, the isochronal accuracy of the
IRHs is determined at the three ACT-10 cores sites. The age of a continuous IRH is
determined at each end of the radar profile, using the depth-age scales from the firn cores.
The difference between the two years at each side of the radar profile (ACT10-A and
ACT10-C) is calculated to give the precision of this isochronal tracking. The firn core
between the two end points (ACT10-B) is used to confirm the result. The mean
difference of the IRHs tracked for this GPR profile is + 0.14 years with a maximum
difference of 0.37 years, indicating that the IRHs are continuous and isochronal.

Finally, we estimate an average total depth uncertainty of 37 cm from the density
vertical uncertainty (point 1 above) and the density horizontal uncertainty (point 2
above), using an orthogonal error propagation law, giving a ~20% (+ 0.23 m w.e.)
uncertainty in the GPR-derived accumulation rates for an averaged density (640 kg m-3).
We didn’t include the core dating uncertainty in this estimation, given the fact that each
tracked IRH ends up with the almost same age (point 4 above) at the three firn-core sites
along the profile and we are estimating the uncertainty of the accumulation rates derived

from the technique of GPR interpolation between dated cores.
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2.6.  Discussion

2.6.1. Comparison with a regional climate model

The ACT-10 accumulation rates are compared to modelled accumulation-rate
output from Polar MM5, which was calibrated to existing firn-core data by Burgess et al.
(2010). Calibrated Polar MM5 is favoured in this study because it accounts for
orographic precipitation that other modelled accumulation outputs underestimate
(Burgess et al., 2010). The closest grid cells to the traverse line are used to produce an
accumulation profile between ACT10-A and ACT10-C. Here, we focus on two IRH
intervals with low and high accumulation rates (years 2006.2 - 2008.5, and years 2002.2
- 2006.2, respectively) and an interval from the bottom IRH to the surface to provide a
long-interval average accumulation record (years 1992.5 - 2008.2). These three periods
show spatial and temporal differences in accumulation from the GPR profile (Figure 2.5).
For the 19925 - 2008.2 period, calibrated Polar MM5 accumulation rates are in
agreement with our fitted GPR-derived accumulation rates (Figure 2.5). However, the 24-
km grid resolution of the model does not resolve the ~10 km and smaller-scale variation
in accumulation. Examining a shorter period from 2002.2-2006.2, the calibrated Polar
MMD5 underestimated accumulation by ~20% (~0.24 + 0.16 m yr-1 w.e.) at the highest
accumulation (and lowest elevation) site (Figure 2.5). The linear fit to the ACT-10
accumulation is steeper than the fit to calibrated Polar MM5. We think this is a
consequence either of the limited horizontal resolution of Polar MM5 (24 km) and/or the
calibration methods used by Burgess et al. (2010). Yet, for the period 2006.2 - 2008.5,
calibrated Polar MM5 overestimates accumulation. The maximum RMSE associated with

the GPR-derived results represents 0.17 m yr-1w.e. for the 2002.2 - 2006.2 period. This
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value is in agreement with calibrated Polar MM5 error estimate, which is 0.16 m yr-1w.e.
along the entire traverse route, verifying the model prediction over the southeast ice

sheet.

2.6.2. Local topographic influence

Accumulation rates are higher in topographic depressions (shaded bars in Figure
2.3). Some combinations of wind redistribution of snow and water-vapor flux likely
create this accumulation pattern. Over the Antarctic ice sheet, King et al. (2004) showed
that topography, snow precipitation, wind direction, and speed resulted in significant
snow redistribution that lead to high spatial variability in snow accumulation over
distances as short as a few kilometers. The degree to which surface slope and
accumulation rate correlate depends on how the GPR profile is oriented relative to the
direction of the dominant wind (Spikes et al., 2004; Arcone et al., 2005b). In our study
region, wind direction is essentially from ~315° (from the NASA-SE station), which is on
average parallel to the GPR profile. But, for the last 10 km of the study transect (toward
ACT10-C), the main wind direction may diverge up to ~30° with the GPR profile
direction. This difference could be an explanation of amplitude differences and a slight
phase shift between the accumulation rates and the surface-slope derivative (Figure 2.6).
The second derivative of the surface-elevation profile yields the topographic curvature
corresponding to the convexity or concavity of the terrain. Positive values represent
concavity, where the terrain has a local depression, and negative values represent
convexity, where the terrain has a local high (Figure 2.6). The GPR-derived accumulation

rates were detrended to remove the overall increasing accumulation rate along the studied
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transect. This convexity/concavity index shows a good agreement with the accumulation
pattern. Higher accumulation correlates with concavity (positive values), with a
correlation coefficient (r) of 0.58 (Figure 2.6).

Although the amplitude and local maxima/minima shifts between accumulation
values and the convexity/concavity of the terrain do not correlate perfectly along the
entire profile, it is generally true that the GPR-derived accumulation rates are lower if the
surface is convex and higher if it is concave. This pattern is consistent with wind scouring
from the tops of undulations and redeposition into adjacent depressions (or else there is
less scouring in depressions). Here, scouring refers to some combination of sublimation

loss and wind redistribution.

2.6.3. Temporal variability

Temporal variability is investigated here using only the firn cores and is compared
to the calibrated Polar MM5 (Table 2.1). We find that the GPR data do not clearly resolve
annual accumulation rates because of the difficulties tracking IRHs due to the increasing
presence of ice layers as elevation decreases. The agreement between the averaged firn-
core accumulation rates and the accumulation rates from calibrated Polar MM5 over
corresponding time periods is characterized by correlation coefficients (r) ranging from
0.625 to 0.803 and RMSE ranging from 0.11 to 0.25 m yr-1 w.e. (Figure 2.7). At the
lowest elevation core site, ACT10-A, the calibrated Polar MM5 underestimated the mean
accumulation rate by 5% (0.06 m yr-1w.e.).

Atmospheric reanalysis and ice-core data indicate an increase in snow

accumulation rates on the ice sheet since 1958 (Hanna et al., 2008; Box et al., 2012). But,



42

no significant increasing temporal trends were identified over the length of our ACT-10
firn-core records. The ACT-10 cores are less than 40 years in duration and seem
dominated by high interannual variability (Figure 2.7). An observation from Figure 2.7
reveals the presence of year 2003 as a strong positive accumulation anomaly, in ACT-10
firn cores. This high accumulation year was related to persistent low atmospheric
pressure on the southern tip of the ice sheet from September 2002 to April 2003 (Box et
al., 2005). During this time period, large accumulation events are recorded by automatic
weather stations, such as NASA-SE (located ~ 55 km north of ACT10-C). For example,
one event deposited 65 cm of fresh snow over 7 hours followed by strong winds
compacting the snowpack down to 40 cm (Box et al., 2005). High accumulation years
like 2003 have implications for the following summer melt rates by maintaining a higher
albedo, minimizing the impact of observed warming (e.g., Box et al., 2009) on increased
melting.

The interannual variability observed in the firn cores is high, especially at the
lowest elevation site (ACT10-A) with a standard deviation of 0.373 m yr-lw.e. (~30% of
the mean). The calibrated Polar MM5 data at the corresponding grid cells have a standard
deviation of 0.152, 0.123, and 0.084 m yr-1w.e. for ACT10-A, ACT10-B, and ACT10-C,
respectively (Table 2.1). This interannual variability in the southeast is large enough to
significantly impact the total mass budget of the entire ice sheet, accounting for ~30% of
the ice sheet total interannual variability in accumulation (Burgess et al., 2010).

However, the modelled accumulation rates show ~50% less variability compared
to the firn cores. The Polar MM5 interannual variability is lower than the firn-core

observations because of the month-long model integration (Burgess et al., 2010),
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producing ~30% lower interannual variability in Polar MMS5 than in earlier
configurations in which daily integrations are made (Box et al., 2006). In addition, this
interannual variability discrepancy between the firn core and the model can be explained
by the large model horizontal grid resolution compared to the point measurements of the
firn cores. At the firn-core site, spatial variations due to wind redistribution result in
incoherent “glaciological noise” (Mosley-Thompson et al., 2001) in the firn-core data
that is also not captured by a 24 km grid-cell of Polar MM5. To reduce this incoherent
noise, a common practice is to use multiyear average filters (Banta and McConnell,
2007). However, despite minimizing incoherent noise, these filters eliminate some of the
high-frequency coherent signal, such as the presence of anomalous high accumulation
years, e.g. 2003. We find correlation coefficient values between firn cores of r = 0.84 for
ACT10-A vs. ACT10-B; r = 0.75 for ACT10-A vs. ACT10-C; and r = 0.88 for ACT10-B
vs. ACT10-C, all associated with <10-5 p-values, which are statistically significant (at p
< 0.01), for common time periods. These relatively high correlation coefficients (r >
0.75) between firn core time series support that both the firn cores and calibrated Polar
MMS5 capture a common climate.

Comparing a regional accumulation record with a large-scale atmospheric
circulation pattern is a commonly-used process to identify precipitation source regions as
well as understanding how the observed interannual variability may affect the annual
surface mass-balance estimates (e.g. Mosley-Thompson et al., 2005). The North Atlantic
Oscillation (NAO), a dominant mode of regional atmospheric variability around
Greenland, exerts a significant yet complex spatial and temporal influence on Greenland

precipitation (e.g. Appenzeller et al., 1998; Hutterli et al., 2005; Mosley-Thompson et al.,
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2005; Banta and McConnell, 2007). The NAO is the difference in atmospheric pressure
at sea level between the Icelandic Low pressure system and the Azores High pressure
system, and it indicates changes in the intensity and direction of the North Atlantic storm
tracks (Hurrell, 1995). The influence of the NAO on accumulation varies spatially and
temporally for the Greenland ice sheet (Mosley-Thompson et al., 2005). Hutterli et al.
(2005) identified four regions over the Greenland ice sheet with distinct sources of
accumulation variability with only the western sector of the Greenland ice sheet that
presents an inverse relationship with a NAO pattern. The other regions are affected by
other large-scale patterns, like the southeast region, where accumulation is positively
correlated with a high-pressure anomaly over the Greenland Sea.

Despite the short time span of the cores (last 25 to 35 years), a comparison
between the firn-core records and the December-March NAO index of Hurrel (1995),
consistent with Box (2006), shows a negative correlation. Using this seasonal NAO index
gives a ~0.2 higher correlation compared to using the annual NAO index. While the
correlation coefficients are low: r = -0.21 for ACT10-A, r = -0.25 for ACT10-B, and r = -
0.38 for ACT10-C; their p-values (1-p ranging from 0.68 to 0.98) suggest that the
captured signal is real. Mosley-Thompson et al. (2005) demonstrated that the use of a
temporal smoothing filter (5-year triangular filter) improved the correlation coefficients.
Applying this filter to the ACT-10 firn-core data, we find a similar result with higher
correlation coefficients: r = -0.40 for ACT10-A, r = - 0.33 for ACT10-B, and r = -0.59 for
ACT10-C. These low initial correlations may imply that the origin of moisture source in

the southeast is not explained by the NAO alone.
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2.7.  Conclusions

The presence of three new annual accumulation records from our ACT-10 cores,
as well as spatial accumulation rates from our GPR profile provide necessary in-situ
measurements in the southeast sector of the Greenland ice sheet. Since the accumulation
rate in our study site was greater than the vertical-resolution of our GPR system, we
expected to be able to track annual reflection horizons in our GPR profile. While this was
possible at higher elevations along our transect, we found that this was not always
possible at lower elevations because the presence of >10-cm thick melt layers likely
caused spatial discontinuity of IRHSs.

The obtained in-situ measurements of accumulation would contribute to further
validation efforts and help reduce Greenland accumulation model uncertainties in the
southeast sector, where accumulation rates are the highest on the ice sheet. Radar
profiling along a 70-km transect between our firn cores indicates a 52% (~0.43 m yr-1
w.e.) increase in accumulation from the higher elevation site (ACT10-C at 2350 m) to the
lower site (ACT10-A at 1830 m). Maximum spatial variability estimated from the GPR,
which is not captured by widely-spaced single-point measurements such as firn cores, is
found to be 23% (up to 0.24 m yr-1 w.e. in this case) over distances as short as 7 km.
This shows that firn-core data alone may not be adequate to infer regional accumulation
rates, as local topography and wind redistribution must be considered. Surface convexity
is found to be a useful predictor of undulation-scale accumulation variability, with the
highest local accumulation rates associated with local depressions (concavities).

No significant temporal trend exists in the firn-core data. The mean accumulation

rates, of up to 1.26 m yr-1 w.e., from the firn cores are in a good agreement with
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calibrated Polar MM5 output, but the amplitude of the interannual variability observed in
firn cores is substantially reduced in the model output; interannual variability in the
calibrated Polar MM5 is ~50% less than measured in the firn cores. This is mainly due to
a combination of “glaciological noise” in the firn-core data, and the smoothing effect of
using different model-integration strategies for Polar MM5. Further, the discrepancy in
the interannual-variability amplitude, for the calibrated Polar MM5 and the firn cores,
increases toward the coast as accumulation rates increase.

The three ACT-10 firn-core accumulation records, strongly inter-correlated (r >
0.75), are likely to be affected by a common climate. Initial comparisons between the
accumulation records and seasonal NAO indices show low correlations, implying that the
accumulation in Southeast Greenland for the last decades is likely not controlled by the

NAO alone.
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Table 2.1: ACT-10 firn cores. Mean annual accumulation rates are given with one
standard deviation for firn cores and for calibrated Polar MMD5, representing the range of
the annual values in each time series. Calibrated Polar MM5 and firn core mean
accumulation rates have been calculated from the bottom age of each firn core until 2008.

Mean accumulation (in yrlw.e.)
NAMES Latitude Longitude Elevation (m) Length (m) Firn cores Polar MM5 Time span (yr)

ACT10-A 65°41'N 41°28'W 1825 47 1.26+0.731  1.19+0.298 1985-2010
ACT10-B 65°46'N 41°52'W 1999 49 1.09+£0.519  1.08 £0.241 1980-2010
ACT10-C 65°59'N 42°46'W 2354 49 0.83 +0.310 0.83 £0.165 1973-2010
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Figure 2.1: Study site in Southeast Greenland with the ACT-10 route, which started at
DYE-2 (black square). The red solid line represents the 70 km GPR data presented in this
paper. The red dashed line represents the rest of the traverse route, which is not discussed
here. The red diamonds are the locations of firn cores drilled as part of this project. The
black lines are elevation contours with 250 m spacing from Bamber et al. (2001). NASA-
SE and Saddle weather stations (see text) are represented by white squares. The
background is the mean (1958-2008) accumulation rates modelled by Burgess et al.
(2010) in m yr-lw.e.
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Figure 2.2: GPR profile between ACT10-A and ACT10-C. A total of seven different
IRHs (white dashed lines) are tracked for the entire radar profile. Each isochronous layer
is dated using the depth-age scale at the three core sites and an averaged fractional age is
obtained (white characters). Firn-core sites are represented by white vertical lines.
ACT10-A and ACT10-C are on the left and right side of the profile, respectively. The
depth scale represented on the vertical axis is calculated from the TWT-depth conversion
(see section 3.3) for the ACT10-A firn core. The black line corresponds to the elevation
profile associated to GPR profile.
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Figure 2.3: Temporal and spatial variability in snow accumulation rates for six time
periods revealed by GPR profiling between firn cores ACT10-A and ACT11-C, the thin
black line represent the averaged-accumulation for the whole time period 1992.2 -
2009.3. The thick black line represents the elevation profile. The four gray shaded
vertical bars illustrate four examples, along the GPR profile, of the presence of high
accumulation peaks located in topographic depressions, highlighting the role of wind
redistribution of snow.
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Figure 2.4: ~1 m density measurements made at each firn-core site associated with
colored lines representing the exponential fit. Fitted-density profiles are used for the
TWT-depth conversion and accumulation-rate estimation in water equivalent (section
3.3). Coefficients of determination (r2) are associated for each firn-core site. Lower
coefficients of determination indicate that short-scale density fluctuations increase.
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Figure 2.5: Comparison between calibrated Polar MM5 (solid line) and accumulation
rates derived from GPR (solid curves), along the GPR transect, for three different time
periods, showing the accumulation-rate variability. The periods chosen are the lowest
(green) and highest (red) mean accumulation rates and the long-term average (blue). A
linear fit (dashed line) is added for each period. The same time span is used for calibrated
Polar MM5 and GPR accumulation rates.
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Figure 2.6: Comparison between convexity/concavity index (red) and the detrended
annual accumulation rate from the radar (blue) for the ACT10-A to ACT10-C transect.
To calculate the convexity/concavity index, outliers were removed and a Gaussian
smoothing function was applied, with 1 o width of the Gaussian equal to ~ 0.2 km (o0 =
70.5 GPR horizontal traces).
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ACT10-A ACT10-B ACT10-C

Figure 2.7: Comparison of the temporal variation of accumulation between Polar MM5
(red) and firn cores (blue), for each core site, from low elevation to high elevation,
ACT10-A, ACT10-B, and ACT10-C, respectively. Dashed lines present a linear fit to the
data for Polar MM5 (red) and firn cores (blue). There is a change in vertical scale
between cores.
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CHAPTER 32

SPATIAL EXTENT AND TEMPORAL VARIABILITY
OF THE GREENLAND FIRN AQUIFER DETECTED

BY GROUND AND AIRBORNE RADARS

3.1.  Abstract

Widespread perennial firn aquifers are found in an elevation range of ~1200-2000
m within the lower percolation zone of the Greenland ice sheet. Aquifers are
predominantly found in the high snow-accumulation regions of southeast and south
Greenland. Prior to melt onset, we map the aquifer extent and quantify the water-table
interannual variations using surface-based and airborne radars. The aquifers are mapped
along a linear distance of 2420 km over three NASA Operation IceBridge (OIB)
campaigns (2011-13) and the average depth to the water table is 22+8 m. At our
Southeast Greenland field site, we found that the water table was spatially stable between
2011 and 2014, fluctuating less than 2.5 m vertically. Upstream of Helheim glacier, a
spatially stable aquifer is inferred from missing bed echoes from 1993-2008. After 2008,

this aquifer expands to higher elevations and after spring 2012, drainage of its lower-

2 This chapter has been submitted under the same title to the Journal of Geophysical
Research: Earth Surface in January 2015 with authors C. Miege, R. Forster, L. Brucker,
L. Koenig, D. Solomon, J. Paden, J. Box, E. Burgess, J. Miller, L. McNerney, N.
Brautigam, R. Fausto, and S. Gogineni.
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elevation portion is suspected. Combining radar data with surface-elevation profiles, we
find that in general, firn aquifers are initiated by strong surface slope gradients. The water
flows laterally in an unconfined aquifer, topographically driven by ice-sheet surface
undulations until water encounters crevasses. Our hydraulic simulations suggest local
flow cells are formed within the aquifer and some water is discharged at the steep-to-flat
transitions. The firn is saturated with water at the firn-ice transition, which delivers heat
downward. Water drainage into crevasses is suspected from repeated radar profiles, but

the volume and volumetric flow rate of water are unknown.

Key Points:
- A ~28,500 km2firn aquifer is mapped using radar for 2011-2013
- Upstream of Helheim Glacier, an aquifer is evident since 1993

- A partial drainage of this Helheim firn aquifer is suspected after 2012

3.2 Introduction

For the last two decades, the Greenland ice sheet has lost mass at an increasing
rate [e.g., Rignot et al., 2011]. For the same period, a reconciled mass loss is estimated at
142+49 Gt y-1 [Shepherd et al., 2012]. With air temperature increasing over the ice sheet
the mass loss is dominated by surface melt [Hanna et al., 2013]. In the 2009-2012 period,
~70% of the ice-sheet mass loss has come from surface melt and the remaining from ice
discharge [Enderlin et al., 2014]. Melt extent records show Greenland surface melt has
increased over the last decade with recent strong advection of warm air from the south
during summer [e.g., Box et al., 2011; Tedesco et al., 2011]. In recent years, the

Greenland ice sheet’s largest melt extent occurred in July 2012 when 98.6% of its area
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experienced at least a brief surface melt [Tedesco et al., 2013]. The summer meltwater
volume, retention proportion, and transport pathways are variable in space and time.
These hydrological characteristics directly impact ice-sheet mass balance, ice-flow
dynamics, sea-level-rise contribution, and remain poorly understood [e.g., Rennermalm et
al., 2013]. In Southeast and South Greenland, widespread firn aquifers have been
observed in high accumulation regions (~1.2 m w.eq. y-1) of the percolation zone [Forster
et al., 2014]. The firn aquifer persists at depth throughout the entire year and stores water

and heat at depth within the firn.

3.2.1. Greenland percolation zone

The percolation zone corresponds to the part of the accumulation zone where
surface water is generated and percolates into the subsurface (snow or firn) before
refreezing and forming ice lenses [Benson 1962; Cogley et al., 2011]. Coincident with the
recent warming, surface melt is not only occurring in the lower-elevation margins of the
ice sheet, but it is also migrating toward the interior, higher elevations of the ice sheet.
Consequently, the dry-snow zone is predicted to retreat and the percolation zone is
predicted to expand in future decades [McGrath et al., 2013]. Within the percolation
zone, two sub-areas are defined depending on the amount of melt produced. At relatively
high elevations (~2000 m) in the upper percolation zone, air temperatures exceed 0°C for
only a few days per year and the subsequent meltwater percolates to a depth less than 1.5
m and refreezes in the snow [Parry et al., 2007; Brown et al., 2011]. In the lower part of

the percolation zone (~1500 m), the amount of meltwater increased due to several weeks
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of summer surface melt, allowing meltwater to percolate to greater depths [Humphrey et
al., 2012].

The percolation of water into the snow and firn is a nonuniform process in space
and time [e.g., Colbeck 1975]. Temperatures above 0°C lead to surface melt, and
resulting meltwater drains downward through porous snow enhancing destructive snow
metamorphism [e.g., Raymond and Tusima, 1979]. Two competing forces exist: gravity
pulls water down while surface tensions (capillary forces) hold a small amount of water
within the snow and firn microstructure. Cold-room experiments suggest that capillary
forces hold up to ~10% of water in wet snow, and that the holding capacity decreases at
depth with an increase of snow/firn density [Coleou and Lessaffre, 1998]. The same
experiments found a water-saturated layer at the bottom of each snow sample holding a
greater amount of water for corresponding bulk densities of 900-950 kg m"3. In firn
conditions, Schneider and Jansson [2004] reported higher irreducible water content for
lower porosity. For the Greenland percolation zone, the firn stratigraphy is heterogeneous
and characterized by ice lenses (horizontal) and ice columns/pipes (vertical). The ice
inclusions offer preferential pathways for meltwater to travel, changing firn physical
properties in their immediate vicinity [Pfeffer and Humphrey, 1996; Humphrey et al.,
2012]. Following a network of ice lenses and columns, meltwater percolates toward
deeper horizons (>10 m) and bypasses preexisting ice lenses. At greater depths (>10 m),
a water-saturated layer persists in the firn and may remain liquid year-round in the inter-
granular space [Humphrey et al., 2012], similar to a groundwater aquifer [Forster et al.,

2014].
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3.2.2. Firn aquifers

The presence of water in firn aquifers is well documented for mountain glaciers
[e.g., Fountain and Walder, 1998; Jansson et al., 2003]. Examples for temperate glaciers
include: Vernagtferner, Oetztal Alps [Oerter and Moser, 1982] and South Cascade
Glacier, WA, U.S.A. [Fountain, 1989]. Polythermal glaciers like Storglaciaren in
Northern Sweden also store water in a firn aquifer [Schneider, 1999; Schneider and
Jansson, 2004]. A firn aquifer in a glacier forms when enough meltwater (or rain)
percolates from the surface to the firn/ice transition where a quasi-impermeable barrier is
found. From there, the water table rises as more surface water is supplied from the
surface melt in the summer. Water flows laterally under hydraulic gradients, following
the glacier slope and eventually draining into nearby crevasses. The water table decays
after surface melting ceases, reaching a minimum in late winter. Fountain [1996] reports
a complete draining of the aquifer by late November. The firn water storage duration is
between a few days to less than a year [Jansson et al., 2003]. The thickness of the firn
aquifer is related to the hydraulic gradient (water table slope) and the efficiency of the
englacial network allowing water to exit the glacier system [Jansson et al., 2003].
Despite their existence in different types of glaciers, firn aquifers present relatively
similar hydraulic characteristics, reflecting a similar snow grain metamorphism rate in
response to water input [Fountain and Walder, 1998]. Firn hydraulic conductivity occurs
at values spanning 1to 5 x 106 m s-1 with an average porosity of 0.15 [Fountain and
Walder, 1998]. In the aquifer, water is found to occupy 40% of the pore space while air
still accounts for 60% of the total void volume [Fountain et al., 1989]. Depth to the water

table from the snow surface depends on elevation and location in the glacier. Upstream,
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water tables can be found as deep as 40 m [Fountain and Walder, 1998]. Percolation
vertical velocities are found in a range of 0.12 to 0.35 m h-lin the firn, equivalent to ~40
h to bring water from the surface to a water table at 10 m depth [Schneider, 1999]. The
horizontal hydraulic gradients have been averaged to 5.7° for Storglaciaren [Schneider,
1999].

The Greenland firn aquifer is more extensive spatially than its glacier analogues,
usually between 10 and 20 km on a given along-flow direction with an averaged slope
less than 1° [Forster et al., 2014]. Assuming a similar hydraulic conductivity value as
glaciers and weak hydraulic gradients, it could take months for water at the high-
elevation end of the water-saturated firn layer to exit the glacial system [Humphrey et al.,
2012]. Over the course of a year, the water present in the Greenland firn aquifer does not
fully drain. The water persists over the winter, and thus is perennial, in contrast to
mountain glaciers. At the end of the winter, the Greenland firn aquifer stores a non-
negligible mass (140+20 Gt) of water [Koenig et al., 2014]. This observation contrasts
with temperate glacier aquifers where the presence of water in the firn aquifer is seasonal,
restricted to the summer months, corresponding to a shorter-term storage system (<1
year) and a limited buffering effect as the water exits the firn [Fountain 1996; Jansson et
al., 2003]. As simulated by Kuipers Munneke et al. [2014], a perennial firn aquifer only
exists in regions with moderate to strong summer surface melt and high snow

accumulation, which provide both fall insulation and wider pore space at depth.
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3.2.3. Radar imaging of ice-sheet water tables

For typical groundwater aquifer investigations in coarse-textured soils, ground-
penetrating radar (GPR) is often used as a geophysical nondestructive technique to
supplement conventional depth-to-water table measurements [e.g., Doolittle et al., 2006].
In our study, the water table is imaged using a combination of ground and airborne
radars. The presence of water in the firn slows electromagnetic wave propagation as it
increases the medium’s dielectric constant [Smith and Evans, 1972]. In the case of wet
snow, the real part of the dielectric constant (permittivity, s’) increases with the liquid
water content [Bradford et al., 2009]. The strong dielectric contrast between liquid water
(sw'=80) and the dry firn (sf’=2.4) results in an attenuation of the transmitted radar signal.
Smith and Evans [1972] calculated a dielectric constant of sf’=15.2 for soaked-firn
conditions. The electromagnetic wave attenuation (reflection and/or absorption) is related
to the water volume and water conductivity in the firn and depends on the frequency of
the radar system used [Smith and Evans, 1972]. For all frequencies used in this study, a
high-amplitude reflector is due to the significant reflection of the electromagnetic wave
when encountering liquid water in the subsurface. The advantage of this technique is the
continuous mapping of the water table elevation, giving a continuous measurement of the

hydraulic head.

3.2.4. Objectives
This study focuses on the Greenland firn aquifer extent and temporal evolution
using a combination of airborne radar and ground data (GPR and firn cores). We provide

an updated map of the Greenland firn aquifer extent using three years of airborne radar
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data. We study the temporal evolution of the water table over repeated airborne and
ground tracks between 2011 and 2014. We present the connections between the firn
aquifer and the crevasse network. We infer evidence of the firn aquifer existing in the
early 1990s from archived depth-sounding radar data, and we simulate lateral flow within
the firn aquifer. Only the interannual changes are investigated here, with an aquifer at its
lowest filling capacity throughout the year. Since airborne data collection occurs each
year before the melt onset in March/April, examining seasonal aquifer variability is

beyond the scope of this study.

3.3.  Field site

The surface-based measurements were made on the southeastern Greenland ice
sheet (66.18°N, 39.04°W, ~1560 m a.s.l.), 50 km west from Sermilik Fjord (Figure 3.1).
This site was chosen for firn-core extraction to verify the high simulated accumulation
rates (1.44+0.30 m w.eq. y-1) and large interannual variations in the region [Burgess et
al., 2010], which were confirmed with 50-m dry firn cores [Miege et al., 2013]. At this
location, the annual number of melt days was 35+20 days over the 1979-2012 period,
with a significant increase surface-melt duration in the last decade (Figure 3.1, top-right
inset). For the 2010-2013 period, summer 2011 was within the 1979-2012 average melt
duration, whereas 2010 and 2012 witness extensive melt (Figure 3.1, top-right inset). In
2013, melt started early June, but it only persisted for 10 days more than the 1981-2010
average [Mote, nsidc.org/greenland-today/]. As a result of surface melt and dynamic
thinning, altimetry observations showed a surface lowering at a rate of ~1 m y-1for 2003-

2009 [Sorensen et al., 2011; Csatho et al., 2014].
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Our field work was conducted in April to early May each year, prior to melt onset,
when the firn aquifer is assumed to be at the seasonal minimum capacity. Fifteen
kilometers west of our location, the ice thickness is about 1000 m, according to the
observation from the OIB 2012 multi-channel coherent radar depth sounder (MCoRDS)
[Gogineni, 2012]. A surface velocity of 7.5 cm d-1 was measured over 10 days in April
2014, giving a linearly extrapolated velocity of ~30 m y-1, with an azimuth of 55°. In
2011, during the third Arctic Circle Traverse (ACT), a 2.6-km line, between the firn cores
ACT-11A and ACT11-A2, was surveyed by GPR (Figure 3.1). In April 2013 and 2014,
this same line was resurveyed using a similar GPR system to investigate the temporal

variability of the firn aquifer.

3.4. Data

3.4.1. Airborne data

Most of the airborne radar data presented in this study were collected each year
during April-May between 2011 and 2013 as part of OIB. Four different radar systems
designed by the Center for Remote Sensing (CReSIS) with different frequency ranges
were operated simultaneously on the NASA aircraft [Rodriguez-Morales et al., 2013].
We use ultra-high-frequency radar referred to as the Accumulation Radar (AR). It
operates at a center frequency of 750MHz with a bandwidth of about 300 MHz. The
ultra-wideband width enables imaging of internal features including the water table with
a 65 cm vertical resolution [Rodriguez-Morales et al., 2013]. In the along-track
dimension, the data product spacing is 35.8 m for a platform velocity of 140 m s-1. For

smooth, quasi-specular targets (i.e., internal layers), the across-track resolution is equal to



70

the first Fresnel zone, which is 20 m at 750 MHz and 500 m height [Leuschen, 2011].
The snow surface was identified and picked in the radar data using an amplitude
threshold at the base of the surface return. This threshold had to be adjusted for each OIB
campaign; no other changes were made in data processing. Radar hardware changes
between 2011 and 2014 involved attenuator setting changes, but do not impact our
analysis.

In addition to the AR, we use the radar depth sounder (MCoRDS), which operates
at 195 MHz during the OIB campaigns. We also use older RDS data (150 MHz) prior to
OIB, to retrieve evidence of the firn aquifer in the 1990s by identifying areas where bed
echoes (and internal layers) are missing or weakened due to water in the firn column.
Archived depth sounder data are made publicly available since 1993 by CReSIS
(data.cresis.ku.edu).

We also used the NASA Airborne Topographic Mapper (ATM) LIDAR [Krabill,
2011] operating simultaneously with the AR and the RDS to retrieve the along-track
surface elevation profile. The spatial resolution is about 50 m and the accuracy of the
measured elevation is 8.5 cm [Krabill et al., 2002]. At nadir, the elevation profile is
resampled to be synchronized with individual traces from the radar data. Using the

surface elevation, we calculate the depth of the water table.

3.4.2. Ground-based data
Surface-based radar measurements were made using a 400-MHz GPR from
Geophysical Survey Systems, Inc. (GSSI). The layer interface separation resolution is 35

cm for the dry Antarctic firn [Spikes et al., 2004]. We sampled at a rate of 6 traces s-1,
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and collected 2048 samples per trace for 500 ns, yielding a ~0.24 ns sample interval. Two
different types of surveys were performed: one using a snowmobile in 2011 moving at
about ~3 m s-1 and one using skis in 2013 and 2014 moving slower between 1and 2 m ¢'
1 The averaged trace spacing was about 0.5 m via snowmobile and 0.3 m via skis. To
reduce noise in both surveys, each trace corresponds to a real-time stacking average of 6
traces taken over the same target almost instantaneously. In addition, time-dependent
gain was used to compensate for signal attenuation within the firn. In post-processing, an
additional stacking (8 times) increased signal-to-noise ratio, bringing the trace interval
between 4.0 m (snowmobile) and 2.4 m (skis). The first 13 samples (~3.2 ns) of each
trace are removed to account for the signal travelling through the hardware and cable. No
additional filtering was applied to the GPR data as the water layer represents a bright
target that contrasts well with the dry firn located above.

Simultaneous to the GPR data collection, we used a Trimble R7 rover GPS in a
kinematic mode for horizontal and vertical geolocation. Positions were recorded with a 5
s interval, corresponding to a sampling interval of ~15 m by snowmobile and ~7.5 m
while traveling by skis. The online Canadian Spatial Reference Service (CSRS) is chosen
to process the GPS data with a precise point positioning (PPP) approach. It uses precise
global navigation satellite system (GNSS) orbit ephemerides (near real time) and clock
information together with precise undifferenced carrier-phase observations to improve
the accuracy of the collected GPS data points [Mireault et al., 2008]. Uncertainties are
related within one standard deviation of each transect and averaged here for the three

field seasons: latitude and longitude: 3.5 cm and elevation: 7.0 cm. The GPS is
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synchronized to the GPR by assigning to each radar trace a linearly interpolated position
and elevation.

A total of five firn density profiles were obtained from our firn cores in the study
region between 2010 and 2013 (Figure 3.1). Each core section was weighed to retrieve a
depth-density profile. In 2010 and 2011, the vertical resolution was ~1 m [Miege et al.,
2013], while it was about ~20 cm in 2013 [Koenig et al., 2014]. In the wet-snow zone, ice
lenses and pipes are found in the firn cores. Seasonal snow depth (snow/firn transition) is
estimated from the extracted cores when small (<0.8 mm) dry-snow grains transition to
larger (>1.5 mm) grains with rounded angles, showing evidence of previous melting.
Seasonal snow depth was about 280 cm on 6 April 2013 and 300 cm on 10 April 2014.

Finally, we use temperature, ablation, and snowfall measurements collected from
the two automatic weather stations (AWS) in Southeast Greenland, part of the PROMICE
network [Ahlstrom et al., 2008, www.promice.org]. TAS_L station (65.64°N, 38.90°W,
~270 m a.s.l.) and TAS_U station (65.70°N, 38.87°W, ~570 m a.s.l.) are located in the

ablation area of the ice sheet, ~50 km south from our field site.

3.5. Methods
3.5.1. Radar travel time to depth conversion
The depth of the aquifer surface is estimated from the two-way-travel time (TWT)
of the radar electromagnetic wave between the snow surface and the water-table surface.
For nonmagnetic and low-loss dielectric mediums like snow and firn, the velocity (v) of
an electromagnetic wave can be approximated as the ratio of the velocity in a vacuum (c

~0.3 m ns-1) to the square root of the permittivity (e’) of the medium (Equation (1)).


http://www.promice.org
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v= cl4e' (1)

A first-order depth estimate is obtained using a constant dielectric value
throughout the firn of e’=2.4 and the associated electromagnetic velocity is 0.194 m ns-1
This velocity is comparable to velocity values (0.196 m ns-1) used in the western ice sheet
lower percolation zone [Brown et al., 2011]. To refine this depth estimate, we use an
empirical relationship, Equation (2), to calculate e’ knowing the density (p) [Kovacs et
al., 1995].

e' = (1 + 0.845p(z2))2 (2)

The steady-state composite density profile (Figure 3.2) used in this study is based
on five dry cores extracted, either above the water-table surface (ACT11-A and A2,
FA13-B, FA-14) or less than 20 km upstream of the firn aquifer (ACT10-A and ACT11-
B) [Forster et al., 2014; Koenig et al., 2014]. By using a composite-averaged density
profile, we attempt to minimize the impact of small-scale spatial density heterogeneities
in the firn of the lower percolation zone. Indeed, at the different firn-core locations, we
observed ice lenses up to 40 cm thick, and ice pipes in the firn below the seasonal snow.
To smooth their impact on the density profile, we use a bi-exponential relationship to fit
the data within one standard deviation (Figure 3.2).

At greater depth (28 m), a significant difference (~1 m) exists between the
density-adjusted velocity conversion compared to the constant velocity conversion (see
Figure 3.3, green dashed line). This difference increases up to 3 m for 500 ns (~50 m). In
this study, to better account for the densification at depth, we use the density adjusted
conversion method to retrieve the depth to the water table. The presence of interstitial

water within the snow microstructure has an impact on the TWT to depth conversion as it
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will slow down the transmitted electromagnetic waves [Bradford et al., 2009]. Here, we
are focusing on the surface of the water table only; and we make the assumption that the

firn above the water table is cold and dry.

3.5.2. Firn aquifer extent

We delineate the firn aquifer lateral extent of the radar-derived map using
polygons. We combine the 3 years of OIB data allowing us to increase the aquifer
coverage and two types of polygons are chosen. In regions with extensive OIB coverage,
we combine along-surface slope flights and across-surface slope flights to pick the high-
and low-elevation edges, and its latitudinal extent. Extrapolation of the aquifer area is
done between two parallel flightlines if the aquifer is detected in both flightlines. In
regions with less radar coverage and isolated flightlines, polygons are represented with a
rectangular/square box with a 5-10 km width. Isolated aquifers detected by AR for only 1
year and for a linear distance less than 5 km were not included in a polygon. On the other
hand, similar length gaps can be found within the wider polygons (Figure 3.6). A total of
35 polygons were created with areas ranging from 25 km2to 13,500 km2 as shown in

Figure 3.6.

3.5.3. Water table uncertainties

During the 2011 fieldwork, two firn cores ACT11-A (1 May 2011) and ACT11-
A2 (30 April 2011) were extracted (Figure 3.1). For these two cores their last meter-long
core segment was retrieved in water saturated firn conditions at 25.3£1 m and at 10.4+1

m depth, respectively. On May 2, 2011 the GPR imaged a bright reflector at similar
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depths of 25.0£0.7 m and 9.7£0.3 m. In addition, thirteen days prior to the field
campaign, OIB flew over the field site with the AR, allowing a direct comparison
between the GPR and the AR (Figure 3.4) [Forster etal., 2014]. Over an 18-km transect,
the average difference between the two water table depths is 26 cm with a standard
deviation of 34 cm. The significant correlation (r = 0.99) between the water-table depth
observations from the two radars allows firn aquifer mapping in locations where only AR
data exists [Forster et al., 2014].

There are two major challenges associated with the detection of the firn aquifer
using the AR data: (1) Presence or absence of the firn aquifer; and (2), if present, depth of
the water table. The uncertainty quantification is difficult since the layer picking is not
automated and thus a subjective bias is introduced by the operator. A total distance of
~140,000 km is flown during each OIB campaign (2011-2013). For each flightline, we
observe individual radar frames manually and look for similar firn aquifer reflection
patterns to the known 2011 profile, at a depth range of 5-50 m. We define a water table
when a continuous strong reflector can be followed for more than 0.5 km horizontally. To
quantify the bias introduced from the layer tracing, the entire 2011 OIB data were traced
twice, by two different operators using two different tracing methods (manual vs. semi-
automatic). The semi-automatic method used the layer-picker algorithm developed by
Ivanoff and Koenig at NASA Goddard. The picker is similar to an edge-detection
method, based on differences between lower and upper frequencies to accentuate the
peaks. The automatic picker performed well in regions with a clear water-table signal, but
manual tracing was required for weaker return signals. While comparing these two

methods, ~75% agreement in space is found relative to the presence of the firn aquifer.
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The main differences between the layer traces from the two methods are due to defining
the edges of the water table where the strength of the reflector tends to diminish
gradually.

The data quality and subsequent water table selection are dependent on airplane
survey conditions, such as turbulence and turning geometry. For example, a roll above
10° prevents detection of internal layers and hence identification of the firn aquifer.
Imaging the deeper parts the firn aquifer is challenging due to the penetration depth of the
AR. In general, an aquifer deeper than 40 m in the percolation zone is not always well
imaged in the AR profile. This is mainly because weak returns from internal layers are
masked by surface clutter (off-vertical surface) at the edges of the percolation zone.
Layer depth uncertainty comes from two sources: TWT to depth conversion (Section 4.1)
and layer picking. The TWT to depth conversion uncertainty is associated with the
density profile used. For example, within £10 of density, the uncertainty of is +40 cm for
an averaged depth to the water table at 20 m, the uncertainty is up to 1 m for the first 50
m (see Figure 3.3, gray dashed lines). For the AR, the layer picking was repeated twice
for 2011 and the unsmoothed average depth difference was 60 cm for the ~1000 km of
radar data (~50,000 radar traces). Internal continuous horizons collected by GPR were
brighter and more distinct, improving layer picking uncertainty. The repeated picking test
over a 5 km segment shows difference of 7 cm (or 3 samples) in average. Finally, we
calculate averaged error propagations (sum of square root errors) based on the two

uncorrelated uncertainties of 72 cm for the AR and 41 cm for the GPR.
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3.5.4. Bed echoes missing from beneath firn aquifer regions

The presence of a saturated liquid water layer within the ice sheet firn inhibits
radar’s ability to image the bedrock at the base of the ice sheet, even at lower frequencies
[Rodriguez-Morales et al., 2013]. The AR and MCoRDS systems have been operating
simultaneously since 2010, onboard the NASA P-3 aircraft, enabling a direct comparison
of the two systems in aquifer regions. This comparison is illustrated in Figure 3.5 for a
transect collected in spring 2012, on the southern arm of the Helheim glacier (between
red arrows on Figure 3.1). A good agreement is found Dbetween
weakened/intermittent/missing bed echoes and the presence of a water-saturated layer
(Figure 3.5). This observation motivates us to retrieve archived airborne data collected by
CReSIS since 1993 when only the RDS system was operating. Here, we focus our
analysis on the Helheim Glacier where firn aquifer has been detected during the 2011-
2013 period. With this method only the presence or absence of the water layer is inferred,
without estimating the depth to the water table. However, other causes for missing bed
echoes cannot be fully excluded: 1) Lower radar sensitivity is found in older datasets
since radar systems and processing techniques have improved over time. 2) Prior to 2006,
the radiometric quality of the data is unknown and could vary between range lines due to
radar-system changes and signal-processing changes. 3) We cannot exclude possible
changes in basal conditions. We minimize the impact of these other causes by finding
that surface and surface multiple do not change in strength significantly at the aquifer
transition. In addition, the relative differences of ice-bottom scattering are negligible

without the aquifer between two points as the relative ice-bottom scattering between the
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same points is large when the aquifer is present at one point. Finally, the internal layers
seem to disappear at the same time, suggesting that it cannot be related to changes in

basal conditions alone (Figure 3.5).

3.5.5. 2-D hydrological flow model

The radar mapping of the water table gives us the opportunity to investigate water
lateral flow in the firn aquifer. The radar data combined with laser altimetry provide a
continuous 2-D measurement of the water surface relative to the surface topography
along an ice-flow line. Spatial undulations of the water table, which are stable year-to-
year, could imply that local flow cells are created in the aquifer with a similar scale to
spatial undulations in the surface topography (typically less than 10 km). The flow-cell
lateral limits are marked with water recharge and discharge locations related to the
surface topography. We test this hypothesis using a terrestrial 2-D finite-element
groundwater model, SEEP2D, which is part of the Groundwater Modeling System
(GMS) package [Jones, 1999]. This model has been developed and used for terrestrial
aquifer simulations in both confined and unconfined circumstances. A 1s type boundary
condition was used, by assigning a head value to each node along the upper boundary.
The head value corresponds to the water surface elevation inferred from the radar (every
16 m in average). Hydraulic conductivity values of 1x10-56m s-1are used homogeneously
throughout the aquifer [Fountain and Walder, 1998], and we assume a constant aquifer
thickness of 25 m [Koenig et al., 2014]. To summarize, three main assumptions are made
for this simulation: steady state, constant firn aquifer thickness, and constant hydraulic

conductivity.
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3.6. Results
3.6.1. Firn aquifer map

Three OIB seasons (2011, 2012, and 2013) are used to map the presence of a firn
aquifer over the Greenland ice sheet. In 2011, a total of about ~800 km of radar profiles
with the presence of water within the firn is revealed mainly in Southeast Greenland for a
total area of 13,600 km2 (Figure 3.6b). After the 2012 airborne campaign, the firn aquifer
delineation is improved for the southern tip (Figure 3.6a) and revealed in East Greenland
(Figure 3.6¢c). The Sukkertoppen ice cap, ~100 km southwest of Kangerlussuag, has
higher accumulation rates and thus also maintains liquid water at depth (~185 km2) over
the 2010-11 and 2011-12 winters (not surveyed in 2013). Rare occurrences of firn aquifer
exist in Northwest Greenland (~85 km2), while no aquifers were identified in Northeast
Greenland (Figure 3.6). The Geikie plateau (east Greenland) presents a few isolated
locations with perennial firn water storage.

With a mean elevation at 1660+275 m, most of the firn aquifer is restricted
spatially below the 2000 m contour line, except for the southern tip of the ice sheet with
locations around ~2000 m (Figure 3.6). A total linear distance of 2420 km of firn aquifer
has been imaged between the three spring airborne surveys, representing a total area of
28,500 km2 (Table 3.1). The surface elevation distribution of the firn aquifer is skewed
toward higher elevations; this distribution varies between years (Figure 3.7). Skewed
distributions could also originate from OIB campaign’s specific objectives and regional
focus. The depth to the water table presents a normal distribution, with a mean of 227

m, consistent from year to year (Figure 3.7). The total delineated water-table area based
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on AR is ~60% less than the RACMO2 model estimate (70,000 km2 for the persisting
liquid water content in the firn layer for April 2011 [Forster et al., 2014]. On the one
hand, the area derived by the radar observation is biased by the flightline location as
future flightlines could reveal a greater spatial extent of the firn aquifer. On the other
hand, RACMOZ2 tends to simulate liquid water held at depth in crevassed locations where
the AR does not record the presence of an aquifer. In addition, RACMOZ2 coarser spatial
resolution (11-km pixels) and absence of lateral flow simulations tend to overestimate the
aquifer extent. The radar-derived area estimate implies that the volume of 140+20 Gt of
water stored in the aquifer estimated by Koenig et al. [2014], based on the 70,000-km2

model estimate, could be halfthe reported value.

3.6.2. Aquifer hydraulic properties

Using the radar data, we can deduce information on the aquifer hydraulic
properties, like its confined/unconfined behavior. In the radar data, the internal layers,
due to density contrasts, are only imaged above the water table. At the dry/wet transition,
the dominant reflection followed by attenuation in the saturated firn prevents tracing
internal layers below the water table. Therefore, the bottom of the aquifer, which is
defined as the transition of water-saturated firn to glacial ice (due to compaction) [Koenig
et al., 2014], cannot be detected at the GPR and AR frequencies (400 MHz and 750 MHz,
respectively) (Figure 3.4). From Figure 3.4a (topographically corrected in Figure 3.9,
left), we note that the internal reflection horizons, caused by density contrasts and
interpreted as isochrones when calculating accumulation rates, intersect the water table

and are not ending while encountering water. Few brighter internal layers are preserved
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within the aquifer. This observation is consistent with the firn cores extracted in the
aquifer in 2013 that presents a preserved stratigraphy with ice layers of different
thicknesses. However, the depths of the preserved layers below the water-table surface
are over-estimated since the electromagnetic signal slows down when encountering water
and the TWT-depth conversion is set up for dry conditions. The water table intersecting
with pre-existing internal layering implies 1) a lateral flow of water influenced by the
surface slope and 2) an unconfined behavior of the aquifer at least in some parts, where
the water is not constrained by laterally extensive refrozen ice layers. The spatial pattern
of the water table tends to confirm the unconfined behavior observed in glacier aquifers
[Fountain and Walder, 1998].

The unconfined aquifer assumption allows continuous head estimates to be made
directly from the depth to the water table along the radar profile. The horizontal hydraulic
gradient is equivalent to the water table slope. Figure 3.8 illustrates the variability of the
water table imaged by AR over a 25 km along-flow transect and corrected for
topography. Small-scale surface undulations have a dominant effect on the depth to water
surface. For example, over ~5 km distance, <50 m of elevation changes lead to water
surface changes of 20 m (Figure 3.8). At a larger scale (~25 km), we find a deeper aquifer
in the higher-elevation portion compared to the lower-elevation portion of the profile (20
to 25 km). This is consistent with observations on mountain glacier aquifers over shorter
distances [Fountain 1989]. Along this profile, the average surface slope is 0.64° and the
averaged hydraulic gradient is 0.61°, about 10 times lower on average than mountain

glacier aquifers [Schneider 1909]. The depth to the water table local minima agrees with
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null surface slope. This relationship is typical and can be seen along other flightlines

discussed later (Figure 3.10).

3.6.3. Temporal evolution

Radar measurements repeated at the same locations allow us to monitor firn
aquifer spatial variations over time. RDS data obtained between 1993 and 2013 are only
used to infer the presence or absence of the aquifer over time. AR and GPR are only
available for the 2011-2014 period, and due to finer range (vertical resolution) these
observations are also used to monitor variability in the water table depth. Only the
interannual variability is investigated here since measurements are made once a year.
Since the airplane/snowmobile/ski tracks were not exactly superposed between years (up
to 220 m of spatial differences), we linearly interpolate the radar data to the same profile
to avoid image distortions.

A GPR profile (~2.5 km), originally collected in May 2011, has been re-surveyed
with the same GPR in April 2013 and April 2014 between firn core locations ACT11-A
and -A2 (Figure 3.9). There was no field season in 2012, but the transect was flown by
OIB and allowed us to fill the temporal gap with AR data. Along this transect the snow
surface lowered 0.4, 1.4, and 1.0 m for 2011-2012, 2012-2013, and 2013-2014,
respectively (Figure 3.9). The water table does not follow the same lowering trend. After
a 0.7 m averaged vertical lowering between 2011 and 2012, the water table was found 1.2
m closer to the surface in 2013. Later, in 2014, the water-table is found on average 2.5 m
deeper than in 2013 (Figure 3.9). In addition, we compare the vertical stratigraphy from
firn cores extracted above the water table to observe changes in ice lenses to firn ratio

over time (Table 3.2). This examination was made by only distinguishing snow/firn and
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ice. From the snow surface to the water table, ice lenses represent less than 10% in
average of the stratigraphy and no increase of this ratio has been observed over the short
2-year period, but including the stronger 2012 melt year (Table 3.2).

We also analyze the firn aquifer spatial variations directly upstream of the south
arm of Helheim Glacier, since the glacier has been repeatedly airborne surveyed since
1993 (Figure 3.10). Over a 22-km along-flow profile, we find that bed echoes are missing
in the radar observations for a ~5-km segment (from 14 to 19 km) in 1993-2003,
indicating the presumed presence of the firn aquifer. For 2006-2008, the aquifer is
restricted to a narrower width of ~3 km, and its expansion to higher elevations is
observed in 2012 (Figure 3.10). In 2013, the bed is revealed in most of the previously
undetected segments (from 11 to 19 km), inferring that a significant volume of liquid
water has likely drained out of the firn or refroze in place. The bed/no bed transitions are
consistent over time, and correspond to significant slope gradients observed at 3 km
(2013) and 14 km (1993, 2003) on Figure 3.10. The locally higher slopes allow enough
water to move laterally through the steeper parts and start pooling in flatter parts. This
behavior is observed in topographically driven water flow in unconfined system [Toth,
1963]. Upstream of Helheim, the snow surface remained relatively constant between
1993 and 2003 based on the ATM data onboard the airplane [Krabill, 2011]. An
important lowering between 7 m (upper end of the profile) and 18 m (lower end) of the
profile is observed between 2003 and 2013 [Krabill, 2011]. This surface thinning is
associated with the short-lived acceleration of Helheim Glacier [Howat et al., 2008;

Enderlin etal., 2014].
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The AR provides additional details on the water table between 2011 and 2014
(Figure 3.11). The water table is relatively stable between 2011 and 2012; a 3-km
extension upstream is observed in 2012. At the low-elevation end, the water table
undulates, following the surface topography, and ends up increasing its depth before
encountering crevasses where the bright return disappears (~16 km on Figure 3.11). In
2013, consistent with MCoRDS observations (Figure 3.10), the water table is
substantially diminished or missing between 12 and 16 km. On the upstream end of the

profile (1 to 5 km), the water table rose ~5 m in 2013 compared to 2012.

3.6.4. Lateral boundaries

The lateral limits (spatial extent) of the aquifer are studied using the GPR (upper-
elevation limit) and the AR (lower-elevation limit). AR allows data collection in
crevassed terrain, whereas the GPR provides greater penetration depth and images finer
details at the upper end of the firn aquifer. The upper-elevation transition (~1700 m for
the ACT traverse) between dry and wet firn is progressive and diffuse. In Figure 3.4b,
two brighter reflectors are found at depths, between 28 and 38 m, but present some short
discontinuities. The low-elevation end of the aquifer is only imaged here using AR data,
coupled with high-resolution visible satellite imagery. The upper crevasses are imaged by
AR, represented by vertical brighter stripes locally disrupting the internal layers (Figures
3.12 and 3.13). Combining the AR profile with 0.5-m resolution images, we observe that
the lower-elevation edge of water table corresponds with the initial encounter of
crevasses, implying drainage of water in subjacent crevasses. The crevasse depths are

unknown, and our current measurements do not allow us to investigate the fate of the



85

water as it exits the aquifer. In Figure 3.13, for the Helheim case, the upper crevasses (km
4-5) are located on a steeper section and a brighter reflector is observed when the slope
decreases (km 5-6). This observation indicates presence of liquid water downslope of the
first crevasses, deducing that the crevasse depth did not reach the aquifer surface (< 20
m). The relationship between firn aquifer and crevasses is further addressed in the

discussion section.

3.6.5. 2-D simulated flow

SEEP2D simulates flow of water within the firn aquifer while using variables,
assumptions, and boundary conditions described in the method section. Figure 3.14
shows simulated local flow cells that develop similar to topographically driven water
flow [Toth, 1963]. The flow cell size is dependent on surface undulations (slope) and the
spacing between flowlines decreases with increasing water velocity. To interpret the
ground-water simulation, we assume that Darcy’s law is valid and there is no flow into or
out of the plane of the cross section (i.e., 2D flow). Following Darcy’s law, the
volumetric flow rate Q (m3s-1) of an incompressible fluid is calculated under stationary
conditions within a porous medium of area A (m2 and length AL (m) under a head
difference AH (m).

Q=KA?" (3

We obtain an averaged total flow rate (Q) of 3,305 m3y-1 per meter of profile,

based on hydraulic conductivity (K) values of 1x105 m s-1. Following Equation (3), the

flow is directly proportional to the assumed value of hydraulic conductivity taken from

glacier aquifers. Since K has not been measured at our field site, we present the total



86

simulated flow rate as a first-order estimate only. Fluctuations in head translate to
variations of drainage rates and therefore, the drainage rate is not constant throughout the
aquifer. The local flow cells are strongly related to the local topography (Figure 3.14).
Local surface depressions (vertical arrows on Figure 3.14) act as local recharge and

discharge of the firn aquifer.

3.7.  Discussion

3.7.1. Firn aquifer stability

The firn aquifer stability is studied at two specific locations, corresponding to the
radar profiles upstream of Helheim and at our field location where repeated data are
available. At the field location, the firn aquifer appears stable between 2011 and 2012,
the snow surface lowered each year, and the water surface also lowered. The stability of
the depth to water between these two years implies water discharge would accommodate
new meltwater input, if any. The vertical rise (+1.2 m) of the water table observed in
spring 2013 is likely due to a combination of an increase of surface melt in summer 2012
compared to 2011 and a reduction in snowfall prior to the data collection. Using the
nearby AWSs, we confirm that the accumulated snowfall was 40% less in 2013 compared
to the 2008-2014 average and the annual mass-loss in 2011 was ~5% below average,
whereas 2012 was ~20% above average. However, the rise of the water table observed in
2013 could not only be caused by an increase of water volume storage. In fact, Schneider
[1999] observed that the rise of the water table was of the same magnitude as the rise of
firn/ice transition (~1.5 m y-1) for the Storglaciaren firn aquifer. In this study, the lack of

radar signal penetration in the aquifer prevented us from making this observation. The
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following winter (2013-2014) corresponded to another low snowfall season (50% less
than 2008-2014 average) from the AWS data, but the aquifer is lowered to greater depth
(-2.5 m). This lowering can be related to the lateral water movement in the aquifer,
depleting the water from these elevations, associated with a limited input of new
meltwater. From the AWS data, 2013 represented a relatively low melt year with an
ablation rate 20% below average, confirming that less meltwater was produced.

The OIB repeated radar surveys located in the vicinity of Helheim Glacier present
a strong case for partial drainage of the firn aquifer after spring 2012. Between 2012 and
2013, the aquifer disappeared at low elevations, but its water surface rose at higher
elevations (Figure 3.11). The absence of radar reflectors can be due to (1) water drainage,
(2) refreezing, or (3) lack of penetration of the AR signal. We favor the drainage
hypothesis by ruling out the other two possibilities. First, it seems unlikely that after the
above-average summer melt of 2012, significant quantities of water in the firn, which has
been warmed for a few years, could refreeze at depth in less than one year. A liquid to
solid phase change will produce a significant amount of latent heat to maintain the firn at
near-temperate temperatures. A winter colder than average that would allow temperatures
to penetrate at greater depth via conduction was not observed in the AWS temperature
data. Second, the absence of a radar reflector can be due to thick ice layers preventing the
radar signal to reach greater depth (>10 m). Since the radar attenuation depends on
frequency, in the scenario where the AR signal at 750 MHz could be attenuated before
getting to the depth of the water, the lower frequency MCoRDS system (195 MHz)
should have been affected by the water. However, the MCoRDS profile presents a clear

bed-echo return over the lower part of the profile, ruling out this third possibility (Figure
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3.11). Therefore, we favor the first hypothesis consisting of draining the lower part of the
aquifer. This drainage of a ~4-km section of the aquifer implies hydraulic gradients and
hydraulic conductivity to be high enough to mobilize this volume of water and transport
it out of the firn. If the low-elevation end of the firn aquifer is drained of its water for a
few years, we could envisage a migration of the aquifer to higher elevations. The
competing element is the seasonal production of meltwater supplying the water table.
Even if summer 2013 melt was detected below average by the AWS located at TAS_L
and TAS_U, 2014 melt season was above average and could lead to a possible refill of

the aquifer in its lower-elevation parts for spring 2015.

3.7.2. Lateral deep water flow

The hydraulic gradient is a key driver of the water flow over the relatively flat
surface of the Greenland ice sheet. For mountain-glacier aquifers, the hydraulic gradients
can be up to 10 times greater for smaller lateral spatial extent; therefore, routing
meltwater in a more efficient manner toward an exit prevents liquid water from
overwintering. The hydraulic gradient is related to the firn aquifer thickness. For
example, for mountain-glacier analogues, on Aletschgletscher, Switzerland, the lower
hydraulic gradients result in a +2-m thicker aquifer compared to Storglaciaren, Sweden,
which is slightly steeper [Jansson et al., 2003]. This observation is in agreement with the
25-m thick aquifer used in our simulation where the hydraulic gradient is lower than 1°in
average. However, as the hydraulic gradients vary spatially following ice-sheet surface

undulations, the aquifer thickness would not be kept constant.
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In the percolation zone, the presence of ice lenses complicates water percolation.
Horizontal ice lenses disrupt the vertical flow of water, which starts to flow horizontally
[Conway and Benedict, 1994]. On the Devon ice cap and West Greenland, thick and
continuous ice lenses are formed and meltwater pools above them, flows laterally upon
surface topography, and ends up running off or refreezing at the end of the melt season
[Gascon et al., 2013]. At our field location, during the spring 2014, we observe with GPR
the slow downstream migration of liquid water at depth, following hydraulic gradients
(Figure 3.15). In this figure, the water surface happens to diverge from the water table
while the surface slope is reaching 0°. A thick ice layer, which creates an impermeable
boundary, could have been encountered by the water. The water pools on this horizon and
expends laterally, slowly flowing downstream at the firn ice interface, saturating the
above firn. This feature is interpreted as a perched water layer on top of the firn aquifer.
The sharp end of the reflector on the flat side of the radar profile implies that the data
collected happened during the water migration. In concordance with low hydraulic
gradients, we infer a slow lateral motion during the winter, but we did not monitor its
changes in real time. This observation is consistent with observations from Humphrey et
al. [2012] that deep pore water slowly migrates down glacier under low hydraulic
gradients.

Based on our hydraulic simulations, flow cells have been revealed, with transition
to flatter locations allowing local discharge to occur, indicating local flow behavior in the
larger firn aquifer (Figure 3.14). Such local discharge features in the form of thicker ice
layers or perched water table (Figure 3.15) with a possible surface expression have not

been observed at our field location. In west Greenland, Humphrey et al. [2012] observed
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the presence of pingo-type features (usually found in permafrost) forming at similar
locations to our local water discharge simulations (Figure 3.14), when the slope
transitions from steep to flat. In Southeast Greenland, the frequent snowfalls occurring
before and during spring fieldwork could mask a possible pingo’s surface expression, and

no GPR evidences of this feature have been detected yet.

3.7.3. Previous existence of the aquifer

Evidence of the firn aquifer as early as airborne radar records exist for Southeast
Greenland (in 1993) implies the nonsynchronicity of the aquifer formation and the
increased melt of the last decade (2002-2012). However, the recent aquifer expansion (in
locations where repeated data exist) implies that its extent may be influenced by the
recent surface melt increases over the last decade. Prior to 2012, the aquifer was limited
to a 3-km strip for the area upstream of Helheim Glacier (Figure 3.10). For 2004-2006, a
2-km long drainage of the low-elevation part is suspected based on the Figure 3.10. The
lack of measurements between 2009 and 2012 does not allow inspection of the timing of
the aquifer upstream expansion. However, the spatial variability of the firn aquifer, linked
to the surface undulations and hydraulic gradient, guides the presence of an aquifer where
only significant slope gradients seem to allow its formation (vertical black arrows on
Figure 3.10).

Past firn aquifers, prior to the instrumentation record, will leave an imprint at
greater depth as heat is trapped during the phase transition from water-saturated firn to
ice. The high snow accumulation of these regions allows the firn to be buried at a faster

rate compared to low-accumulation regions. The slow lateral flow of water down glacier
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is competing with compaction squeezing the water out of the pore space during the
densification process [Koenig et al., 2014]. Over longer time scales, the signature of a
buried water-saturated layer in the firn should remain at greater depth and warmer ice
would be observed. This ice imprint of such temperate conditions in the firn has been
recently recorded by Luthi et al., [2014] in the ablation zone of the western Greenland ice
sheet. The direct impact of warmer ice is related to the cryo-hydrologic warming [Phillips

etal., 2013].

3.7.4. Firn aquifer impacts

The aquifer impacts ice sheet mass balance in three ways: firn densification,
contribution to runoff, and ice dynamics. Increased firn densification and its warming is
noted for the last decades over the Greenland ice sheet [Harper et al., 2012; Polashenski
et al., 2014] and the Devon ice cap [Bezeau et al., 2013] percolation zones. The repeated
ATM observations of the flightline upstream of Helheim (45 km from calving front)
(Figure 3.10) give a relatively stable snow surface between 1998 and 2003 followed by a
10-m lowering between 2003 and 2013. For the last decade, dynamic thinning and firn
densification are important [Csatho et al., 2014]. For the percolation zone in West
Greenland, the available pore space in the firn is being filled with meltwater that
refreezes, temporally filling the firn by an increased presence of ice lenses until capacity
is reached [Harper et al., 2012]. For the aquifer detected at our field location, with a
limited period of investigation (2011-2013), we obtained surface elevation changes
(Figure 3.9) and firn-core ice fraction to the top of the water table (Table 3.2). Despite the

surface lowering, we did not observe a significant interannual increase of the ice fraction
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in the snow/firn stratigraphy above the aquifer due to refreezing of water in the firn, even
after the important summer melt year of 2012. In an aquifer configuration, the liquid
water content might not be refreezing as much in the firn once the seasonal snow is
traversed by meltwater. The holding capacity of the firn by capillary forces is lower
(~4%) and the water makes its way at a faster rate to the firn/ice transition [Schneider and
Jansson, 2004]. At greater depth, the water is less subject to refreezing in the fall since
freshly fallen snow will keep insulating a previously warmed firn.

If the meltwater does not contribute to significantly increase the ice fraction of the
firn above the water table by refreezing, slow runoff of the water at depth under low
hydraulic gradient is suggested. It is not clear from the radar dataset what the fate of the
water drained from the firn aquifer is. When crevasses are encountered along aquifer
flightlines, in most cases, no more bright reflectors are found at depth, suggesting that the
water could have drained into the crevasses and either refroze in them or found englacial
pathways toward the glacier bed. On smaller-scale mountain glaciers, the firn aquifer is
intimately linked to the englacial network via crevasses and moulins [Fountain and
Walder, 1998], allowing meltwater to access the bed after being delayed in the aquifer. In
Greenland, similar englacial pathways have been observed [e.g., Catania and Neumann,
2010]. However, meltwater exiting the aquifer and reaching the bedrock has not been
observed yet. The consequences of delaying/suppressing meltwater flow to the bed can
be related to seasonal changes in glacier velocity in Southeast Greenland [Moon et al.,
2014]. For the studied aquifer location, the ice thickness is > 800 m and mainly moulins
can bring water to depth, but their formation seems limited due to important ice thickness

and water supply. Indeed, enough water would need to flow at a high rate to keep up with
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the crevasse penetration rate to bring aquifer water to the bed [e.g., van der Veen, 2007].
The drainage event inferred between spring 2012 and 2013 using radar data does not
provide the temporal resolution to determine if the drainage was constant throughout the
fall and winter or if it led to a more sudden release event. However, the low hydraulic

gradients combined with a low hydraulic conductivity favor the first hypothesis.

3.8.  Conclusions

Widespread firn aquifers can be detected directly or inferred over high
accumulation regions of the Greenland ice sheet by a variety of radars systems: a 195
MHz radar depth sounder, a 750 MHz Accumulation Radar, and a 400 MHz ground
penetrating radar. A total linear distance of 2420 km of the firn aquifer has been observed
and mapped using the AR between spring 2011 and spring 2013 in the lower part of the
percolation zone (wet-snow zone). The firn aquifer is found at an average elevation of
1600+£220 m (+10) and the average depth to the water table (top of the aquifer) is 22+8 m
(x10). Driven by low hydraulic gradients (average of 0.6°), the water in the aquifer
travels down glacier following the ice-sheet surface undulations. For the 2011-2014
period at the field site, the water table remained spatially stable and only fluctuated
vertically (less than 2.5 m) due to the ice-sheet surface conditions (melt and
accumulation). The water table rose after the 2012 summer surface melt and declined two
years later, in the spring of 2014. Within the firn aquifer, local flow cells are simulated
and their lateral limits are related to the surface topography with water recharge and
discharge located at the steep-to-flat transitions. Strong surface slope gradients are likely

required to collect enough meltwater to initiate a firn aquifer. Upstream of Helheim
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glacier, the presence of an aquifer is inferred from missing bed echoes in 1993 using
CReSIS archived data. The aquifer remained spatially stable between 1993 and 2008.
After 2008, this aquifer expands to higher elevations due to increased surface melt toward
the interior of the ice sheet producing enough water to reach greater depth in the deep
pore space of the firn. After spring 2012, drainage of its lower-elevation portion is
suspected. The fate of the water leaving the aquifer and its connection to englacial
pathways is unknown. The storage of meltwater from the aquifer in crevasses would
warm the ice in their vicinity by refreezing and releasing latent heat. If the amount of
water draining out of the aquifer into a crevasse is sufficient for hydrofracturing, the
water could reach the bed and impact the ice dynamics.

The densification scheme observed in West Greenland consisting of filling
available pore space with refrozen meltwater [Harper et al., 2012] cannot be fully
applied here as the water will transit for a certain time within the firn without refreezing
and will potentially exit the aquifer at lower elevations. This process needs to be taken
into account in order to convert surface changes to mass changes. Additional field
observations are required to better constrain the hydraulic variables (conductivity, water
age, and residence time), water volume mobilized in the aquifer, and quantify volumetric

flow rate out of the aquifer system.
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Figure 3.1: Landsat 8 composite image (on 21 August 2014) over the field site area. Firn
aquifer locations are color coded by depth to the water table. OIB flight lines are gray.
Firn core locations are represented by blue dots, with a two-digit number corresponding
to year of collection. Green lines indicate last upstream crevasse visible from L-band
SAR imagery [Moon and Joughin 2008]. Elevation contours (black) are from the 30-m
resolution GIMP DEM [Howat et al., 2014]. Magenta circles indicate main outlet glaciers
[Rignot andMouginot, 2012]. Inset a) detail inside red box with diamonds for airborne
depth to water table and lines for the 2014 GPR. Gray elevation contours are obtained
from linear interpolation of the GPS grid. Top right inset represents number of melt days
(red) [Mote, 2014] and simulated accumulation rates (black) [Burgess et al., 2010] at the
FA-13 firn core.
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Figure 3.2: Density profiles for five firn cores extracted in Southeast Greenland (Figure
3.1) used for the TWT to depth conversion. Only ACT10-A and ACT11-B are not drilled
above the firn aquifer. We use a bi-exponential function to fit the data (solid black) = 1
standard deviation (dash).
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Figure 3.3: Two-way-travel time as a function of depth calculated with two methods:
density adjusted (blue) or with a constant dielectric constant at depth (red). Solid lines are
related to the left-y axis (TWT), whereas dashed lines are related to the right-y axis
(Adepth). Using an invariant dielectric constant correction can introduce an error up to 2
m at 40-m depth (thick green). 1 o from the density profile (£53.3 kg m-3) leads to a
maximum uncertainty of£1 m at 40-m depth (gray lines).
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Figure 3.4: Direct comparison (r2=0.99) between GPR (400 MHz; May 2, 2011) and AR
(750 MHz; April 19, 2011) over an 18-km portion of ACT-11 traverse (transect is located
between the two black arrows on the map of Figure 3.1). The 3 boreholes (red diamonds)
confirm the presence of water at the bright reflector depth. Insets a) and b) show details
ofthe GPR data over certain distances and depths.
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Figure 3.5: Comparison between the AR at 750MHz (top) and the MCoRDS at 195MHz
(bottom) over the firn aquifer for Apr. 17, 2012. The lack of internal layering and bed
return is related to the presence of the firn aquifer. The red vertical lines highlight
transitions in both radar profiles.
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Figure 3.6: Greenland map: Spring detection of water table using OIB Accumulation
Radar for 2011 (red), 2012 (blue), and 2013 (green). OIB flightlines are represented in
light gray. The different insets show the depth of the firn aquifer surface. Note that insets
b. and c. have a 30° angle from the North. Dashed-gray polygons were used to estimate
aquifer extents. lce mask and DEM are from Howat et al. [2014]. Coastline is from
Rignot andMouginot [2012].
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Figure 3.7: Water table depth (left) and surface elevation (right) distribution from three
years of radar data: OIB2011 (red), 2012 (blue), and 2013 (green). Mean and +1 standard

deviation are given for each year.
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Figure 3.8: a) Airborne radar profile (2011) of the water table surface corrected for
topography in direction perpendicular to elevation contours. b) Relationship between the
water table depth (red), the surface slope (black), and water surface slope (green). The
red vertical dashed lines illustrate the local water surface depth minimum (red) observed

when the surface slope (black) intersects 0.
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Figure 3.9: Temporal evolution of the depth to the water table from GPR for four
consecutive years between sites ACT11-A to ACT11-A2 (Figure 3.1). Left panel, the
GPR profile is taken in 2011. Right panel, solid lines are related to the left y axis
(elevation) whereas dashed lines are related to the right y axis (depth to water). The 2012
profile is obtained from airborne radar. The maximum horizontal distance between two
transects is 70 m. The water table elevation uncertainty range corresponds to each end of
the profile.
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Figure 3.10: Missing bed echoes over the last two decades related to the presence of
water in the firn. Note that the 1993 data are not aligned with the other radar profiles (~2
km south). Top left panel presents two ATM variables for 2003 (red) and 2013 (black):
elevation (solid) and slope (dash). Black vertical arrows illustrate strong slope gradients
at the high-elevation limit of the aquifer. Left panels present radar depth-sounder profiles
for 1993-2013. Right panels overlay airborne flightlines and the presence (blue) or
absence (red) of a firn aquifer is inferred from the lack of bed returns. Upper crevasses
(green) are mapped using L-band imagery [Moon and Joughin, 2008].
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Figure 3.11: Yearly evolution of the water table surface between spring 2011 and 2013
upstream of Helheim Glacier (between red arrows on Figure 3.1). The top panel
represents the elevation (ATM, black) and surface slope (red) profiles. The lower panel
corresponds to the depth of the water retrieve from the three AR profile above taken over
repeated flightlines. The maximum distance between two flightlines is 220 m. Blue
vertical lines illustrate water surface patterns.
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Figure 3.12: Lower-elevation end of the firn aquifer with crevasses. Top panel image is a
WorldView 1image from DigitalGlobe© with a 0.5 m resolution. Colors represent depth
to the water table in m. The radar profile is located in the KOge Bugt bay (65.2°N
51.5°W) upstream of Glacier C (left) [Glacier name from Rignot and Mouginot, 2012].
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Figure 3.13: Second example of aquifer and crevasse connection. Top panel image is a
WorldView 1image from DigitalGlobe© with a 0.5 m resolution. Colors represent depth
to the water table in m. Flightlines in blue, black and cyan represents OIB 2011, 2012,
and 2013, respectively. The radar profile is located upstream of Helheim glacier,
corresponding to km 15 to 20 on Figure 3.11.
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Figure 3.14: Top panel, AR profile for OIB2012 upstream of Helheim glacier (identical
to 3rd panel on Figure 3.11). Bottom panel, we simulate flowlines (black) using the water
table elevation for boundary conditions (blue). Vertical arrows represent main local
discharge locations. Snow surface (red) is obtained from ATM data collected
simultaneously than the radar.
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Figure 3.15: Near along-flow GPR profile collected in April 2014, corrected for surface
elevation, over a 1.5km segment (Figure 3.1). A perched water table is observed ~1-2m

above the firn aquifer surface, likely ponding on a thick ice layer and traveling down
glacier.
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Table 3.1: OIB flight campaign characteristics for to the aquifer regions using the AR

OIB flight Total Total linear Aquifer-repeat Aquifer
campaign flightlines distance with tracks (km) deduced
(km) aquifer (km) 2011 | 2012 | 2013 area (km2
2011 119,810 1,030 - 335 75 -
2012 169,200 1,105 33 - 80 -
2013 148,760 285 75 80 - -

Total 437,770 2,420 450 415 155 28,500
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Table 3.2: Location and stratigraphy of the different firn cores collected during fieldwork

(Figure 3.1). The two-digit numbers in the firn-core names give the year of collection.
Note that FA13-A and B are located 1.5 m apart.

Firn cores Elevation Depth to water Ice fraction
(m) (m) (%)

ACT11-A 1589 25 14

ACT11-A2 1559 10 7

FA13-A 1563 12.2 9

FA13-B* 1563 12.2 8
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CHAPTER 4

SNOW-ACCUMULATION SPATIAL VARIABILITY DETECTED
FROM 2-18 GHZ RADARS ACROSS THE WESTERN ICE

DIVIDE, CENTRAL WEST ANTARCTICA

4.1.  Abstract

Spatial variability in accumulation is found using 2-18 GHz ground and airborne
radars for the Central West Antarctic lce sheet. From the ice divide, toward the
Amundsen Sea, we find an increase of the accumulation rate of ~75% (+ 0.20 m w.eq. y"
1) for a 70-km transect by following internal annual reflection layers in the radar profile.
These annual layers are not preserved on the Ross Sea side, where lower accumulation
rates are found (< ~0.25 m w.eq. y-1), and only the main reflection layers can be traced in
order to calculate multiyear averaged accumulation rates. At the ice divide, we find a
good agreement between the depth-age scales obtained by the radar and the firn cores. On
the Amundsen Sea side, where higher accumulation rates are found, the radar-derived
accumulation rates are higher than the firn-core accumulation rates. This mismatch may
be caused by a noisy seasonal cycle in the isotopes and solutes challenging the
establishment of a depth-age scale. Direct comparisons between the water stable isotope
depth profile and the radar-averaged waveform could help identify the causes of this

mismatch and eventually obtain a reconciled depth-age scale. Also, part of the mismatch
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between the two depth-age scales can come from the small-scale spatial variability in the
vicinity of the core site (within a radius of 1.5 km). We find up to 1.3 m of vertical
variation for a continuous layer located at 25-m depth, across the entire radar grid around
the site. | find that the average variation in accumulation rate in this area is 0.1 m w.eq. y-
1in the upper 25-m of the firn column, which is 20% of the average accumulation rate;
this is not taken into account by a single-point measurement. Additional data will be
processed to confirm the accumulation spatial trend and further investigate the
accumulation variability on the Ross Sea side of the divide. The radar-derived snow
accumulation rates will be available for comparison with regional atmospheric model

outputs.

4.2.  Introduction

The West Antarctic Ice Sheet (WAIS) represents the marine-based part of the
Antarctic Ice Sheet. Grounded below sea level, WAIS has the potential to collapse
making it a crucial place to study past behavior and future response (e.g., Joughin and
Alley, 2011). WAIS is bounded by outlet glaciers with floating tongues (e.g., Pine Island
Glacier, Thwaites Glacier) and wider ice shelves (Ross, Ronne, Filchner) that respond to
oceanic forcing and to melting at their base (e.g., Jacobs et al., 2011). The ocean
temperatures have been warming for the last three decades (e.g., Schmidtko et al., 2014).
For the Amundsen Sea coast, west of the ice divide, the main outlet glaciers are thinning,
retreating, and accelerating, actively contributing to sea level rise (Pritchard et al., 2009;
Rignot et al.,, 2014). It has been highlighted that a possible WAIS collapse may have

already begun (Joughin et al., 2014; Rignot et al., 2014). As a whole, WAIS ice loss is
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estimated at 65+26 Gt yr-1 over the 1992-2011 period (Shepherd et al., 2012). To
complete the mass balance of WAIS, the main mass input, snow accumulation, needs to
be measured and monitored.

The quantity of snow that accumulated over the last decades is recorded in the
firn, the layer of porous snow that survives one mass-balance year, ranging from the
surface to the firn-ice transition at depth (Cogley et al., 2011). Air temperature as an
effect on snow accumulation and warmer air would lead to greater snowfalls over
Antarctica (e.g., Gregory and Huybrechts, 2006). Since 1958, when the first temperature
observations became available, Central WAIS has experienced an increase of air
temperatures that is most significant during the austral winter and spring (Steig et al.,
2009; Bromwich et al., 2013), consistent with borehole temperature observations (Orsi et
al., 2012; Steig and Orsi, 2013). In addition, Bromwich et al. (2013) observe a significant
air temperature increase in the austral summer, which could lead to surface melt in the
future. This observed recent temperature warming trend would suggest synchronous
increase of the snow accumulation. However, this expected accumulation trend has not
been yet confirmed from firn cores in central WAIS (Frezzotti et al., 2013), radar data
(Medley et al., 2013), or climate re-analysis and regional climate models (Monaghan et
al., 2006; Lenaerts et al.,, 2012). Unexpectedly, Burgener et al. (2013) observe a
significant decrease of accumulation since 1975 based on 5 shallow firn cores located on
both sides of the WAIS ice divide. Reasons for the difficulties in obtaining a robust trend,
if any, are numerous and the primary ones are: (1) the short time span observed (only 4-5
decades), (2) the significant interannual and decadal variability in the signal, and (3) the

spatial-scale used. Spatial heterogeneities and undulated surface topography will have
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repercussions on the accumulation patterns when measurements with different spatial
scales are used: firn cores, stake farms, radar profiles, 10-40 km simulation grid sizes.

The variability of atmospheric patterns originating from the air temperature
changes over WAIS, leading to accumulation variations, are still the subject of debate,
but its tropical origin is commonly accepted (e.g., Bromwich et al., 2013). For a longer
time range, spanning the last 2,000 years, WAIS air temperature changes could find its
source in the Pacific tropics with a strong decadal variability (Ding et al., 2011; Steig et
al., 2013). In addition, the Southern Annular Mode (SAM) brings cooler temperatures in
West Antarctica, but its effect is restricted to the autumn (Nicolas and Bromwich, 2014).
The combination of SAM and the tropical EI Nino Southern Oscillation (ENSO) makes
the climate predictions (storm track and intensity) difficult. The main snow transport and
deposition is dominated by warm and moist storms originating from the Amundsen-
Bellingshausen Sea Embayment, moving toward the WAIS higher-elevation interior
depositing snow (Genthon et al., 2005; Steig and Orsi, 2013).

In addition to the climate variability, the scale of the observations and simulations
has an impact on the interpretations of the measurements in a larger or smaller context.
While individual firn and ice cores suffer from a lack of representativeness of larger
scales, numerical simulation grids are too large to fully capture local-scale processes due
to the topography. To partly overcome these challenges and bridge the information gap
between individual firn cores, ground and airborne radars have been used. Radars image
continuous internal reflection layers caused by density contrasts in the layered polar firn
with a high sampling rate and a decimeter scale vertical resolution (e.g., Eisen et al.,

2008). These continuous reflection layers are assumed to be of a same age, referred to as
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isochrones, and have been successfully used in WAIS to derive past accumulation rates
(e.g., Nereson et al., 2000; Spikes et al., 2004; Medley et al., 2013). Having a firn-core
depth-age scale at each end of the radar profile allows the dating of individual layers and
confirms that the layers as isochronous (e.g., Spikes et al., 2004). Topography and wind-
redistribution of snow, which influence the accumulation rates, are captured by these
radar systems and facilitate firn-core interpretations to a larger area (e.g., Spikes et al.,
2004; King et al., 2004).

To complement the five firn cores collected during the 2010 Satellite Era
Accumulation Traverse (SEAT) and interpreted by Burgener et al., (2013), we collected
in conjunction atotal of 330 km of high-vertical-resolution radar profiles between the firn
cores. Two high-frequency radars, operating from the ground and from an airborne
platform, were used in this study (Panzer et al., 2013; Rodriguez-Morales et al., 2013).
Using these surface-based radars in conjunction with shallow firn cores, we characterize
the spatial patterns of the annual accumulation rates across the WAIS modern ice-sheet
divide. We confirm that annual stratigraphy is preserved on the Amundsen Sea side of
WAIS as previously observed from the airborne Snow Radar (2-8 GHz) (Medley et al.,
2013). In contrast, we find that the Ross Sea side, with lower accumulation rates, does
not preserve an annual stratigraphy in the radar profile. We present the agreement at the
different core sites between firn-core depth-age scale and radar-derived depth-age scale.
Finally, we present the small-scale variability of accumulation from the radar-derived
accumulation rates in the vicinity of a core site and discuss the uncertainties associated

when characterizing larger-scale accumulation patterns from firn-core data.
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4.3. Satellite Era Accumulation Traverses

The SEAT project consisted of two consecutive Antarctic field seasons, collecting
shallow firn cores (< 20 m) and high-frequency radar profiles (2-18 GHz) in order to
retrieve recent snow accumulation rates spanning the satellite-era measurements (1975-
present) in Central WAIS. The data were collected during snowmobile traverses. The first
traverse took place in December 2010 and started at the WAIS divide deep-core site
(79.47°S, 112.07°W, 1766 m) and traveled toward the Amundsen Sea, crossing the Ross-
Amundsen ice divide, toward higher accumulation rates (Figure 4.1). The in-and-out
bound traverse lines were 25 km apart to obtain further spatial variability. A total of 5
firn cores were extracted (Burgener et al., 2013), combined with 350 km of radar data
collected over an elevation range of 1650-1800 m. In December 2011, the second
traverse started at Byrd surface camp (80.01°S, 119.57°W, 1530 m), 160 km away from
WAIS divide camp, also heading toward the Amundsen Sea, for a total of 470 km and
collected 8 firn cores.

Previous studies reported modern-averaged snow-accumulation rates range
between 0.20 m w.e. yr-1 at WAIS divide camp and > 0.25 m w.e. yr-1 on the Amundsen-
Sea side of the Western divide (Burgener et al., 2013; WAIS Divide Project Members,
2013). The ice thickness at the WAIS divide core site is 3,455 m to bedrock (WAIS
Divide Project Members, 2013). For the surface velocities, the Western divide is
migrating toward the Ross Sea at a rate of 10 m yr-1 due to dynamical thinning on the
Amundsen Sea side (Conway and Rasmussen, 2009). The primary source of snow
accumulation is associated with storms coming from the Amundsen and Bellingshausen

Seas. With a gentle surface slope, low pressure systems may penetrate far inland on the
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West side of the ice divide (Steig and Orsi, 2013). Near the ice divide and on the Ross
drainage side, accumulation is linked to a mid-latitude mechanism (Kaspari et al., 2004).
Air temperature average for the WAIS divide camp is -30°C and temperatures are
ranging between -24 and -30°C since 1979 at Byrd station (WAIS Divide Project

Members, 2013; Bromwich et al., 2013).

4.4, Data

4.4.1. Ground radars and GPS

The near-surface radars used during the SEAT traverses were developed by the
Center for Remote Sensing of the Ice Sheets (CReSIS), University of Kansas. The two
Ultra-high-frequency (UHF) frequency-modulated continuous wave (FMCW) radars
(Panzer et al., 2013) were operated simultaneously during the two SEAT traverses. The
Ku-band radar operates over the frequency range of 12.5 to 17.5 GHz, while the Snow
Radar operates at slightly lower frequencies between 2 and 8 GHz (Gomez-Garcia et al.,
2012; Panzer et al.,, 2013; Rodriguez-Morales et al., 2013). Since both radars operate
next to each other, a 2-8 GHz band-pass filter is applied to Snow Radar to reduce the
signal interference with Ku-band radar (Panzer et al., 2013). Both radars can be used to
retrieve continuous internal layers from the snow surface down to 25-30 meters into the
dry firn to match the targeted depth for the firn-core collection. For this preliminary study
along the SEAT-10 traverse, we will only use the surface-based Ku-band radar since it
provided the best radar profiles revealing clearer subsurface features compared to the

Snow Radar.
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The vertical resolution of both radars is about 5 cm in snow for an average density
of 300 kg m"3. A density variation of 100 kg m"3 would lead to a ~5% change in the
velocity propagation, resulting in a 20-mm difference in the vertical resolution (Panzer et
al., 2013). This high vertical resolution allows us to pick reflection layers with an annual
resolution in the radar profile. For the horizontal dimension, postprocessing stacking was
applied to increase signal-noise ratio by averaging 10 traces, which resulted in an
averaged radar trace spacing of 2.5 m. The two radars were installed on a wooden
platform, part of an aluminum triangular sled. The transmitting and receiving antennas
were located ~2 m above the snow surface. To avoid interferences between the
electromagnetic signal and the sled, microwave absorbent material was added around the
metal parts and the sled design was not detected in the radar return. The sled is pulled by
a snowmobile travelling on the snow surface at a speed averaging 10 km h-1L

Simultaneously with the radar data collection, we used a Trimble R7 rover GPS,
mounted on top of the sled (2.5 m above the surface), in a kinematic mode for accurate
positioning and to obtain a surface elevation profile. Positions were recorded at a 5
seconds interval rate, corresponding to a sampling interval of ~15 m. GPS data were post-
processed using a precise point positioning approach. The Canadian Spatial Reference
Service (CSRS) online program was chosen because it uses precise global navigation
satellite system orbit ephemerides and clock information together with precise
undifferenced carrier-phase observations to improve the accuracy of the collected GPS
data points (Mireault et al., 2008). The uncertainties are related within one standard

deviation of each transect and averaged here for the two field seasons: latitude and



127

longitude: 5 cm and elevation: 10 cm. GPS was synchronized to the surface-based radar

by assigning to each radar trace a linearly interpolated position and elevation.

4.4.2. Airborne radar

In addition to the surface-based radar data, airborne radar data were collected on 9
November 2011, as part of the NASA’s Operation IceBridge (OIB) campaign. The
airplane flew over the SEAT10-4 to SEAT10-6 transect about one year after the SEAT10
ground traverse (Figure 4.1). The radar data were collected by the airborne version of the
Snow Radar developed by CReSIS, operating at a center frequency of 5 GHz with a
bandwidth up to 6 GHz (Leuschen et al., 2011). The ultra-wideband radar enables
imaging the polar firn internal layers with a 5 cm vertical resolution, similar to the
ground-based system (Rodriguez-Morales et al., 2013). In the along-track dimension, the
data product spacing is 1.12 m for a platform velocity of 140 m s-1, but the actual
resolution is approximately of 16.7 m for an aircraft at 500 m above surface (Leuschen et
al.,, 2011). The snow surface was identified and picked in the radar data using an

amplitude threshold at the base of the surface return.

4.4.3. Firn cores

Oxygen isotopes changes in Antarctic precipitation reflect changes in atmospheric
circulation even better than temperature or other variables (Steig et al., 2013). We derive
depth-age scales for each firn core using the seasonal variations of S180 and SD. Two
volcanic horizons (Pinatubo and EI Chichon) often identifiable in the firn cores offer an

independent confirmation of the accuracy of the water-isotope depth-age scale. We refer
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the reader to Burgener et al. (2013) for a complete description of the methods used to
obtain depth-age scales and density profile for each firn core collected during the SEAT-
10 traverse. The depth-age scale temporal accuracy is less than +1 year for the 1981-2010
period, and about +1 year prior to 1981 for every firn-core site except SEAT10-4
(Burgener et al., 2013). For this last firn core, the dating was more challenging, resulting
in an uncertainty much greater than one year; therefore, this firn core is taken with
caution in our analysis. The density sampling was done with a 2-cm vertical spacing for
both a 2-m snow pit and from the firn core. Every sample was measured and weighed, 5
and 10% total errors were estimated for the firn core and snow pit, respectively. Table 4.1
illustrates the main characteristics of the firn cores collected during the SEAT-10

traverse.

45.  Methods

4.5.1. Layer picking and time to depth conversion

To accelerate and simplify the manual picking of the internal layers detected by
the radars, a semi-automatic layer picker was developed by A. lvanov and L. Koenig at
NASA Goddard. This picker is based on the difference between the upper frequencies
and the lower frequencies in a radar image to accentuate the peaks within a radar trace.
Continuous layers are created by connecting the peaks between two traces with respect to
depth. After running the automatic picker, a manual step is required to re-organize the
data, to connect discontinuous layers and to index each layer. We estimate the picking
uncertainty at £ 3 vertical samples. With a sample size of 4 cm, we obtain a vertical

uncertainty of 12 cm.
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The depths of the internal layers are estimated from the two-way-travel time
(TWT) of the radar electromagnetic wave between the snow surface and each continuous
layer. For nonmagnetic and low-loss dielectric mediums like snow and firn, the velocity
(v) of an electromagnetic wave can be approximated as the ratio of the velocity in a
vacuum (c ~0.3 m ns-1) to the square root of the permittivity (real part of the dielectric
constant: s”) ofthe medium (Equation (1)).

v= cl4e' (1)

A first-order depth estimate is obtained using a constant dielectric value
throughout a firn corresponding to a value of s’ = 2.2 and the associated electromagnetic
velocity is 0.20 m ns-1. To refine this depth estimate, s’ needs to increase at depth as the
density increases. We compare two relationships to calculate s’ as a function of the
density (p) of snow and ice and the permittivity of ice (Kovacs et al., 1995 for Equation
(2) and Looyenga 1965 for Equation (3)).

s' = (1 + 0.845psnow(z))2 (2)

£, = (Ef=S« 1) + 13 (3)

For Equation (3) we usepieof 917 kg m-3and s’iee of 3.15. For the density profile
used to convert the radar TWT to depth, we compile the density profiles for each firn
core during SEAT-10 into a single profile (Figure 4.2). By using a composite density
profile, we attempt to minimize the impact of small-scale spatial density heterogeneities
in the layered polar firn. In addition, to smooth the significant variations of the density
profile measured at a 2-cm resolution, due for example to the presence of low-density
hoar layers, we use a bi-exponential relationship to fit the data (Figure 4.2). When using a

similar density profile, the differences between Equations (2) and (3) do not exceed 2.5
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ns for the upper 20 m of the firn, representing 24 cm in the vertical. For the first 20 m of
the firn, we obtain up to 3 ns of TWT differences when subtracting a constant
propagation velocity model (0.20 m s-1) with the mixture model from Looyenga, (1965)

(Figure 4.2).

4.5.2. Radar-derived accumulation uncertainties

The uncertainty estimation when deriving accumulation rates from internal radar
layers comes from the layer age, the density profile, and the layer picking. In this study,
the layers revealed by Snow Radar on the Amundsen Sea side (Figure 4.1) are assumed to
be annually spaced (Medley et al., 2013). From the surface, which corresponded to
December 2010 and November 2011, for the ground radar and the airborne radar,
respectively, we count the years down as we encounter new layers. For both ground and
airborne radars, we assign to the first subsurface layer the age of 1January 2010 (or 2011
for the airborne) and count every subjacent layer from there. We did not linearly
interpolate the accumulation to obtain a monthly resolution, since the assumption of a
constant accumulation throughout the year might not be valid (Bromwich et al., 2004). If
an internal layer is weaker within the radar profile and is not being identified and traced
over the entire profile, the accumulation rate would double where this layer is missing. In
contrast, a sub-annual layer could form at another time within the year and the picking
this sub-annual layer would lead to an underestimation of the accumulation rate for this
year. Figure 4.3 illustrates the presence of the annual layer dominants in the vicinity of
SEAT10-4 where higher accumulation rates are found. At SEAT10-5, the lack of annual

stratification is observed where snow accumulation rates are smaller. For both radars, the
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annual layers become difficult to identify below a depth of 10 m, leading to an increase
of the age uncertainty. In addition, by assuming a steady-state spatially-invariant density
profile over the entire radar profile, we do not take into account spatial heterogeneities of
the density that would have an effect when converting TWT to depth and to calculate
water-equivalent accumulation rates. Finally, an error of 3 vertical samples (~12 cm) is
introduced when picking each individual layer, which would result in a 0.048 m w.eq y-1

error in the accumulation rate estimates.

4.6. Results

4.6.1. Internal stratification variability across the ice divide

During SEAT10, the modern ice-sheet divide was crossed twice, between site
SEAT10-1 and SEAT10-3 and between SEAT10-4 and SEAT10-6 (Figure 4.1). We
choose the transect from SEAT10-4 to SEAT10-6 to explore the spatial patterns of
accumulation across the ice divide. This transect is preferred because one firn core
(SEAT10-5) is located at the divide and the two other cores are located ~70 km away
from the ice divide on each side (Figure 4.1). Using the Ku-band radar operating on the
surface, we deduce an increasing spatial trend of accumulation from SEAT10-6 to
SEAT10-4, assuming the layers to be isochrones (Figure 4.4). The internal layers
revealed by the Ku-band radar are likely annual in the vicinity of SEAT10-4 (Figure 4.3)
and most of the way toward the ice divide (Figure 4.4), as confirmed by a previous study
over Thwaites Glacier catchment (Medley et al., 2013). However, the transect between
SEAT10-5 and SEAT10-6 on the Ross Sea side only shows multi-annual layers. We

assumed that the smaller spacing between individual layers in a lower accumulation
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regime and surface processes such as wind scouring, drifting, and redistribution,
preventing the radar data from solving for annual accumulation rates (Figure 4.4).
However, a few isochronal layers, continuous from SEAT10-5 to SEAT10-6, allow the
calculation of accumulation rates, averaged over multiyear time periods. For the surface
topography, over a similar 70-km transect length, the slope is greater toward the
Amundsen Sea, compared to the slope toward the Ross Sea. The surface undulations are
also more pronounced on the Amundsen Sea Side (Figure 4.4, left), resulting in a greater
topographic expression of the bed and shallower ice (Morse et al., 2002). This undulated

topography on the Amundsen Sea side could affect the snow accumulation rates locally.

4.6.2. Spatial patterns of accumulation

Based on the radar profiles of Figure 4.4, internal layers are picked on either side
of the ice divide (Figure 4.5, top panels). Whereas layers with an annual resolution are
identified on the Amundsen-Sea-side profile, only four layers are picked on the Ross-
Sea-side profile, dated using the internal layer ages at SEAT10-5, assuming continuous
layers to be isochronous. A few layers, identified as annual near the SEAT10-4 firn core,
disappeared toward the ice divide as the snow accumulation decreases (blue layers on
Figure 4.5). These layers were not included when deriving accumulation rates.

On the Amundsen Sea side, we found that the averaged accumulation rates
derived from the Ku-band radar increase by ~75% (+0.20 m w.eq. y-1) over a 70-km
transect, from SEAT10-5 to SEAT10-4 (Figure 4.5). A similar increasing trend of the
averaged accumulation rates was not confirmed using the stable-isotope dating for

SEAT10-4 and SEAT10-5 (Table 4.1). Indeed, the radar-derived averaged accumulation
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rates for the SEAT10-4 location are significantly higher (+0.22 m w.eq. y-1) than the firn-
core accumulation rates even within the £1 o of interannual variability range (Figure 4.4,
left panel and Table 4.1). However, this is likely due to the difficulties in dating the
SEAT10-4 firn-core, resulting in uncertainties much greater than one year, as reported by
Burgener et al. (2013). At the divide (SEAT10-5), radar and firn-core accumulation rates
are in agreement. On the Ross Sea side, only a few layers were picked, resulting in multi-
annual averaged accumulation rates. On this side, the accumulation rates are decreasing
while going away from the divide for both firn cores and radar data. At SEAT10-6, the
radar-derived accumulation rates are slightly lower than the firn core but stay within 1 o
of variability. A similar decreasing trend of accumulation from the Amundsen Sea toward
the ice divide and beyond was reported by Morse et al. (2002) (Figure 4.5). In their study,
one layer was dated at 2.5 ky in the Byrd ice core and this horizon was followed in the
radar data, producing a long-term averaged accumulation rate. Medley et al. (2013)
reported similar accumulation rates on the Amundsen Sea side of the divide but this
airborne-radar study did not investigate accumulation pattern on the Ross sea side. It will
be interesting to see if this ~140-km accumulation spatial pattern is also detected by the

regional climate models that simulate accumulation at a larger grid size (~25 km).

4.6.3. Temporal variations

We compare the depth of individual years using depth-age scales obtained in three
different ways: oxygen-isotope dating on firn cores, Ku-band radar layers, and OIB Snow
Radar layers for the last 30 years, at four different sites (Figure 4.6). For SEAT10-3 and -

4, given years are found at greater depths in the radar dating compared to the firn-core
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dating. At SEAT10-4, the airborne-radar depth-age scale diverges from the ground-radar
depth-age scale at 10 m; this is due to the presence of a few continuous weaker layers in
the ground-radar profile that were not found in the airborne radar profile. At the ice
divide (SEAT10-5), the three depth-age scales agree; the airborne depth-age scale is
shorter since annual layers were not continuously observed below 7-m depth (Figure 4.3
bottom-right panel). For SEAT10-6, only four internal radar layers are dated using the
annual radar layers at SEAT10-5, and continuously traced until SEAT10-6 (Figure 4.6).
For SEAT10-6, a good agreement is found with an average of 0.75 m for the depth
differences between the radar and the firn cores. The older internal layers tend to be
shallower for the radar compared to the firn cores.

The common time span studied here is about 30 years, which allows us to explore
the interannual variations in accumulation to detect potential temporal trends. For each
firn core extracted during SEAT 10, a statistically significant decreasing trend of
accumulation has been observed (Burgener et al., 2013). However, caution and advanced
statistical analysis are required when validating an observed trend for such short time
records (~30 years) (Rupper et al.,, 2015). Using the radar layers, such advanced
statistical analysis to find the trend has not been done yet, and no simple statistical trend
is evident. Using both radar and firn-core accumulation rates, we observe that the
interannual variability (x10) is in general greater for the high-accumulation sites
compared to the low-accumulation sites. The standard deviation (@) is three times higher
for the SEAT10-4 compared to SEAT10-5 for both firn cores and radar-derived
accumulations rates (Table 4.1). On Figure 4.7, we compare the interannual variability

obtained for the radar-derived accumulation rates and for firn-core accumulation rates at
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three different locations. The high-snow years observed in the firn-core data do not
always match with the radar data for SEAT10-5 where averaged accumulation is similar.
For the high-accumulation sites, the averaged accumulation rate is lower in the firn cores
compared to the radar throughout the entire 30-year time period for SEAT10-5 but only
for the last 15 years for SEAT10-4. Between 1982 and 1995, accumulation rates are
found in the core with similar values compared to the radar (Figure 4.7). SEAT10-1 and
SEAT10-6 sites were not presented here since their annual accumulation rates were not
calculated using the radar data due to the lack of annual stratification. We note that when
averaged-accumulation rates are less than ~0.25 m w.eq. y-1 based on the firn cores, the
annual radar layers become difficult to follow continuously with both OIB Snow Radar

and surface-base Ku-band radar.

4.6.4. Small-scale spatial variability

In the vicinity of each firn-core site, a 200-m by 200-m grid and a ~10-km bowtie-
shaped transect were surveyed by the ground radar to explore the small-scale spatial
variability of snow accumulation. We present on Figures 4.8 and 4.9 the results obtained
at SEAT10-4, our highest accumulation site, where the internal reflection layers were
traced. The top-left panel of Figure 4.8 illustrates the layout of the survey. The snow-
surface conditions and surface roughness during the grid survey were similar to those
observed a year later using the Digital Mapping System (DMS) onboard a NASA aircraft,
with small sastrugis formed by wind erosion (top-right panel on Figure 4.8). The radar
profile presents continuous internal reflection layers over the entire grid and bowtie

pattern that we traced to look at the accumulation-rate variability for each radar trace.
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The internal stratigraphy on the radar profile is represented by straight continuous layers
that become slightly undulated at greater depth. The impact of these undulations can be
quantified by looking at the difference between the depths of each isochrone layer over
the entire profile. We found that the maximum depth variation for a layer of a given age
increases at depth (Figure 4.9), consistent with the observed undulation patterns in the
radar stratigraphy, which are more pronounced at greater depth (Figure 4.8). We find an
averaged layer-depth variation of 0.65+0.35 m from the surface to 25-m depth with
variations increasing with depth. The layer-depth variability is up to 1.3 m for the 1976
layer across the entire transect combining grid and bowtie-shaped pattern, less than 1.5
km away from the firn-core site. The observed layer differences in depth across the grid
will have an impact when deriving accumulation rates. We find an averaged
accumulation-rate variability of 0.1 m w.eq. y-1, which is 20% of the averaged
accumulation for the firn-core site (Figure 4.9, middle panel). It is important to note that
we use the same steady-state spatially invariant density profile to convert the radar TWT
to depth so spatial density variations, which are expected to be small, are not accounted

for.

4.7.  Discussion
Large- and small-scale spatial accumulation variability is observed across the
Central WAIS ice divide in the surface-based radar data. The spatial increase (+75%) of
the accumulation rates from the divide toward the Amundsen Sea side (to SEAT10-4),
spanning 70 km, is not being captured by the firn cores due to the noisier seasonal stable

isotope signal for this firn core (Burgener et al., 2013). The radar-derived accumulation
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rates are in agreement with the previously radar-derived long-term accumulation trend
(Morse et al., 2002), and the radar-derived accumulation map for Thwaites Glacier
catchment (Medley et al., 2013). For the firn-core dating, the water stable isotope and
solute method was difficult at the high-accumulation site, especially for the SEAT10-4
firn core (Burgener et al., 2013). At this site, the age confirmation using the well-dated
Pinatubo and El Chichon volcanic markers did not occur. To explain the absence of
volcanic markers at depth and the lower averaged-accumulation using the S180 isotopes
for dating, we make the hypothesis that this core can contain a strong sub-annual isotopic
signal, which could lead to an erroneous dating by following a sub-annual cycle instead
of the annual cycle at shallow depths. If this hypothesis is valid, the volcanic markers
would be found at greater depths for SEAT10-3 and SEAT10-4. On the Amundsen Sea
side, the high-accumulation regime allows extraction of seasonal information from water
stable isotopes (Kuttel et al., 2012).

We also note the absence of annual radar reflectors for the Ross Sea side where
lower accumulation rates are found. The Ku-band radar has vertical resolution of 5cm,
which is about eight times greater than the spacing between two annual layers, for
averaged snow accumulation rates of 0.2 m w.eq. y-1 and a snow density of 500 kg m-3.
Therefore, annual layers have the potential to be detected if density contrasts are large
enough to generate a signal reflection at given interfaces. We think that different snow
deposition, wind redistribution, and densification processes occurring on the Ross Sea
side could lead to a different stratification in the firn and the absence of annual reflectors
in the radar data. The surface depositional processes, including wind redistribution, are

likely on similar scale as snow deposition by the different storms over a year. This
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mechanism would not allow a good preservation of the stratigraphy like on the
Amundsen Sea side. High-accumulation sites are expected to present larger density
contrast with important layering on an annual basis, whereas low-accumulation sites
would only have a small variability in density and a similar grain size range due to wind
effect (Landais et al., 2006). However, a later study by Horhold et al., (2011) observed
that the density variability decreases with increasing mean-annual temperature and
accumulation rates. A higher density variability at lower accumulation sites could
produce a more complex snowpack, preventing the establishment of clear reflection
layers. In addition of their density, layers are also created due to grain size and shape,
hardness, and viscosity (Horhold et al., 2011), which could impact the radar signal.

This work is still in progress and we have detailed snow-pit stratigraphy during
the SEAT-11 fieldwork at 8 different sites across the ice divide to help understand the
processes causing the layering in the radar data. We complemented the pit stratigraphy at
each site with infrared images to better quantify the observed variation in the snow with
depth. During SEAT-11, we also have detailed radar measurements with both the Ku-
band Radar and the Snow Radar next to each snow pit and we used a metal plate at given
depth to better calibrate the radar data with depth. In addition, we would like compare
directly the water stable isotope depth profile with a stacked radar waveform to see if
there are any correlations between the two signals and relate physical snow deposition
and densification processes with the chemistry. Finally, during SEAT11, we have
repeated firn cores at two locations on either side of the ice divide and we will analyze
them independently to provide an additional check on the deduced depth-age scales using

two different dating techniques.



139

4.8.  Conclusions

Continuous high-frequency radar profiles across the West Antarctic ice sheet
divide are able to retrieve accumulation rates for the last 30 years. From the ice divide
toward the Amundsen Sea, we observe a 75% (+ 0.20 m w.eq. y-1) increase of
accumulation over a 70-km transect using radar-detected annual layers created by density
contrasts in the upper part (> 25 m) of the firn. On the Ross Sea side of the divide, the
annual layers are not detectable for accumulation rates less than ~0.25 m w.eq. y-1.
However, continuous isochronal layers do span the ice divide, allowing for retrieval of
multiyear accumulation rates ranging between 0.15 and 0.2 m w.eq. y-1L While comparing
the firn-core depth-age scales obtained by stable-isotopes dating with the radar depth-age
scale assuming the layers to be annual and isochrones, we find a good agreement at the
low-accumulation sites but some discrepancies for the higher-accumulation sites likely
due to the noisier isotope signal challenging the SEAT10-4 firn core dating (Burgener et
al., 2013). While looking at the small-scale variability of accumulation with a 200 m by
200 m grid and a 10-km bowtie-shaped transect, we find an averaged layer-depth
variation of 0.65£0.35 m for the first 25 m of the firn column with variability increasing
with depth, consistent with the internal undulation patterns observed in the radar data.
This variability leads to an averaged accumulation-rate variation of 0.1 m w.eq. y-1
which is 20% of the mean accumulation rate. The depth difference for individual
isochrone layer increases with depth across the entire grid and could result in larger
differences past the depth limit of 20 m that was investigated in this study. This work will
further benefit from a thorough analysis ofthe SEAT11 data, providing an additional 500

km of radar survey and seven shallow firn cores. The SEAT11 traverse started at Byrd
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Station, located 160 km away from the ice divide on the Ross Sea side and allows the

investigation of a longer transect in lower accumulation regions.
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Table 4.1: SEAT-10 firn core locations and specifications. Mean annual accumulation
rates are given with one standard deviation for both firn cores and radar, representing the
range of the annual values, for a similar time span. Note that original firn-core time spans
can be found in Burgener et al. (2013). For the firn cores SEAT10-1 and SEAT10-6, the
radar profile internal stratigraphy was only multi-annual and an averaged-annual
accumulation rate estimate was not calculated.

Elevation Length Mean accumulation (m w.cq.y )

NAME Latitude Longitude (m) (m) Firn cores Radar Common time span (y)
SEAT10-1 79.38°S 111.24°W 1791 15.6 0.22 + 0.05 - - 1974-2010
SEAT10-3 79.04°S 111.55°W 1772 16.7 0.19 + 0.08 0.38 £0.10 1980-2010
SEAT10-4 78.49°S 111.70°W 1650 22.6 0.25+0.13 0.47 £0.15 1976-2010
SEAT10-5 79.12°S 113.04°W 1794 16.5 0.24 £0.08 0.27 £0.06 1985 -2010

SEAT10-6 79.75°S 114.55°W 1694 18.7 0.21 +£0.07 - - 1966-2010
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Figure 4.1: Study site in Central WAIS. SEAT-10 (red) and SEAT-11 (blue) represent
330 km and 500 km, respectively. Five firn cores were collected in 2010 and seven in
2011. The ice divide is represented by the dashed line. The starting points of SEAT were
WAIS Divide Camp (WDC) in 2010 and Byrd Station in 2011 (black stars). On 9
November 2011, Operation IceBridge (green) flew over the SEAT10-4 to SEAT10-6
with Snow Radar on board. The elevation contour lines (in black) were obtained from
high-resolution Radarsat Antarctic Mapping project (RAMP2) (Liu et al, 2001). The
background image is a MODIS mosaic (Scambos et al., 2007). This figure was made with
basemaps compiled in Qantarctica®©.
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Figure 4.2: Top panel: in gray, raw density profiles for the five firn cores extracted during
SEATI10 in Central WAIS (Figure 4.1) used for the TWT to depth conversion. We use a
biexponential function to fit the density data (solid red). Bottom panel: Two-way-travel
time as a function of depth calculated with three methods: two density adjusted methods
(gray) or with a constant dielectric constant at depth (red). Solid lines are related to the
left-y axis (TWT), whereas dashed lines are related to the right-y axis (ATWT). The
differences between the three methods are illustrated with dash lines and remain with the
+3-ns range for the first 20-m depth.
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Figure 4.3: Comparison between the Ku-band radar operating from the surface at 15 GHz
(left) and the airborne Snow Radar, 5 GHz (right) at two different locations, near
SEAT10-4 (top) and SEAT10-5 (bottom). For the Ku-band radar profiles (left), the
surface is lowered on purpose to account for the additional year of accumulation that
happened between the two data collections to allow a better comparison of their
stratigraphy. The maximum horizontal distance between two transects is 40m.
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Figure 4.4: Evolution of the Ku-band radar profile while crossing the ice divide between
the firn cores SEAT10-4 and SEAT10-6. On the Amundsen Sea side, an annual signal is
preserved in the stratigraphy. In contrast, on the Ross Sea side, only the main reflection
layers can be traced in the radar profile. An increasing spatial trend of accumulation from
the divide toward the Amundsen Sea is visible based on the internal layering.
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Figure 4.5: Based on the radar profiles on Figure 4.4, accumulation rates are obtained for
the SEAT10-4 to SEAT10-6 transect. On the top left, annual layers are in red and the few
blue layers represent discontinuous layers that were present at SEAT10-4 but could not
be followed all the way toward SEAT10-5 (divide). For the bottom panels, accumulation
rates for each radar trace between two distinct layers are in gray and the averaged
accumulation rates are in red. We compare our radar-derived accumulation rates with the
long-term-averaged radar-derived accumulation rates from Morse et al. (2002) (black
dash). The green diamonds represent the averaged accumulation rate 1 standard
deviation for the firn cores, located on both ends of the profile. Note the different vertical
scale used for the accumulation rates on each side of the ice divide.
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Figure 4.6: Comparison of the depth-age scales obtained using Ku-band radar (red
crosses) and the firn core isotopes (blue circles). For SEAT10-4 and -5, OIB Snow Radar
layers (green diamonds) were added. For SEAT10-6, only four dated layers were added.
We find a good agreement between firn cores and radar for the low-accumulation sites
but discrepancies are higher for the high-accumulation sites.
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Figure 4.7: Interannual variability of the accumulation rates for the three firn-core sites of
SEAT-10 where an annual depth-age scale was obtained from both firn core (blue) and
radar (red). The radar-derived accumulation rates are higher than the firn-core
accumulation rates for the Amundsen Sea side of the divide. Note the different y-axis
scale for SEAT10-5.
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Figure 4.8: Small-scale accumulation variability investigated at SEAT10-4 (Figure 4.1)
by a combination of a ~10 km bowtie pattern and a 200 m by 200 m grid. The colored
circles located at end points of the bowtie are represented by vertical bars in the radar
profile. On the top right-panel, a geo-located DMS image was obtained on 9 November

2011 during the OIB campaign, illustrating the typical surface roughness at the site
(Dominguez, 2011).
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Years

Figure 4.9: Accumulation-rate variability observed in the vicinity of the SEAT10-4 drill
site on the Amundsen Sea side. On the top panel, the radar-derived depth-age scales are
shown in different colors, matching the different corners of the bowtie pattern. Light gray
depth-age scales represent the accumulation rates derived for all the other radar traces for
the bowtie and the grid. On the middle panel, the maximum difference between the
accumulation rates derived for each radar trace, is calculated for each year, across the
entire grid. On the bottom panel, the maximum difference between the layer depths
obtained for each radar trace is calculated also for each year.
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CHAPTER 5

CONCLUSIONS

5.1. Summary

In this dissertation, | derived past snow accumulation rates and mapped the
presence of subsurface water over specific sectors of the Greenland Ice Sheet and the
West Antarctic Ice Sheet, using a set of different radar systems. Snow/ice-penetrating
radars are strong tools to bridge firn-core point observations to get a spatial
understanding of the snow-accumulation distribution due to atmospheric patterns and
wind redistribution of snow on an undulating surface. Over West Antarctica, frequency-
modulated continuous-wave (FMCW) radars (2-18 GHz) with a ~5 cm vertical resolution
detect internal firn horizons with an annual resolution. However, lower-frequency
systems (e.g., 400 MHz) only detect dominant continuous internal horizons and therefore,
accumulation rates can only be derived for multiannual periods. The choice of the radar
frequency depends on the penetration depth required to detect specific subsurface
features. In Southeast Greenland, the firn aquifer water table found on average at 20-m
depth was detected by both 400-MHz ground-based radar and 750-MHz airborne radar
system, but not detected by the 2-8 GHz airborne radar that lacked the penetration depth

necessary.
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In Chapter 2, | derive accumulation rates over a 70-km transect in Southeast
Greenland from ice-penetrating radar observations. | find that snow accumulation rates
simulated by a calibrated regional climate model (Polar MM5) capture the mean annual
accumulation rates over the southeast part of Greenland. However, both interannual
variability and small-scale spatial variations found in the radar-derived accumulation
rates and in the firn cores due to surface topography are not taken into account during the
model simulations. Following an elevation gradient from 2350 m to 1830 m toward the
southeast coast of Greenland, | find that accumulation increases by 52% (~0.43 m w.eq.
y-1). The maximum spatial variability estimated from the radar, which is not captured by
single-point firn cores, is up to 23% (0.24 m w.eq. y-1) over distance less than 10 km.
Looking at the temporal variations from the firn cores, | did not find any significant trend
in accumulation since 1973, despite the temperature warming observed in the Arctic.
Finally, the three firn cores (~50 m) that were collected are strongly intercorrelated in
terms of past accumulation interannual variability but are not significantly correlated to
the North Atlantic Oscillation (NAO), meaning that additional climatic patterns could
have been at play to explain the signal variability in accumulation.

For Chapter 3, | used different radar systems operated from the ground and from
an airplane to spatially map the extent of a firn aquifer and the depth to its water table
over the Greenland ice sheet. Widespread perennial firn aquifers are found in an elevation
range of ~1200-200 m within the percolation zone of the Greenland ice sheet. They
represent an area of ~28,500 km2based on mapping their extent with radar data, and have
average depth of 22+8 m below the snow surface. | inferred the presence of a firn aquifer

since the 1990s using the radar-depth sounder data that were deployed by CReSIS from
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an aircraft. When combining the radar data with surface elevation profiles, | found that
firn aquifers are initiated by strong surface slope gradients that increase the quantity of
meltwater to be collected. The firn aquifer is unconfined and the flow of water is local,
driven by ice-sheet surface undulations. A succession of local flow cells are hypothesized
based on numerical hydraulic simulations using the water table depth from the radar data
as boundary conditions and some water could be discharged at the steep-to-flat
transitions. Finally, based on repeated radar profiles for the upper part of Helheim
Glacier, | suspect water drainage into the crevasses, but both the volume of water and
flow rate remain unknown.

In Chapter 4 of this dissertation, | quantified the spatial variations of the recent
snow-accumulation rates on both sides of the West Antarctic Ice Sheet (WAIS) ice divide
using a combination of firn cores and high-frequency radars developed by CReSIS. Using
radar-imaged internal reflections, | found that there is a 75% (+ 0.20 m w.eq. y-1) spatial
increase of the averaged-accumulation rate along a 70-km transect from the ice divide
toward the Amundsen Sea side. At the ice divide, | find a good agreement between the
depth-age scales obtained by the radar and the firn cores. On the Amundsen Sea side,
where higher accumulation rates are found, the radar-derived accumulation rates are
higher than the firn-core accumulation rates. This mismatch can be caused by a noisy
seasonal cycle in the isotopes and solutes challenging the establishment of a depth-age
scale. Finally, small-scale radar grids (~10 km length) are used to investigate the small-
scale variability of accumulation and show how a single-point firn core is representative
of a wider region. In the vicinity of the firn core at SEAT10-4, | find up to 1.3 m of

vertical variations for a continuous layer located at 25-m depth across the radar grid. The
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averaged accumulation-rate variability is 0.1 m w.eq. y-lin the vicinity of the core site

(less than 1.5 km away), which is not taken into account by a single point measurement.

5.2. Broader impacts of this work

This work aimed to further our knowledge on the mass balance of the ice sheets

of Greenland and Antarctica. Net snow accumulation is the only net mass input for both
ice sheets that could offset the mass loss represented by ice discharge, surface melt and
runoff, and basal melt. Accumulation is variable in space and time, challenging the
establishment of a depth-age scale that would be representative of a larger region over the
ice sheet. The accumulation data collected during the different fieldwork over Greenland
and Antarctica show the importance of both spatial and temporal variability. For the
spatial variability, radar-derived accumulation rates capture small-scale accumulation
patterns (< 10 km) driven by the undulated surface of the ice sheets that is not captured
by the model. This observation could have an interesting potential using new high-
resolution digital elevation model to simulate the accumulation to be expected based on
ice-sheet topography. The regional spatial accumulation gradient observed from the radar
data was captured by the calibrated Polar MM5 regional model for SE Greenland. The
accumulation gradient can therefore be used with a high-resolution surface elevation
model to precise accumulation patterns, assuming that those surface features are steady
through time. The temporal variability of accumulation for the time period investigated
provide information on the past climate variability. For the Greenland ice sheet part of
my work, the depth-age scales obtained from the Southeast sector only span the last 40

years, which makes it difficult to establish a trend from this short time record and given
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the signal variability. For both the Greenland and Antarctic projects, | did not find any
increasing trend of accumulation over the last 40 years. Over West Antarctica, our firn
core measurements show even a decreasing trend of accumulation (Burgener et al.,
2013), which highlights the importance of taking into account regional climatic patterns,
especially across Antarctica where signals may be different. For Greenland, an increase
in snowfall was inferred since the end of the Little Ice Age based on a recent
accumulation reconstruction using firn cores and a regional climate model (Box et al.,
2013). Based on this reconstruction, the accumulation signal correlates well with the
North Atlantic Oscillation index, which is an indicator of the large-scale climate pattern,
but changes sign over a period of 135 years, indicating that decadal processes are part of
the climate variability.

The Greenland firn aquifer will impact the surface mass balance of the Greenland
ice sheet. The recent finding of this subsurface water in the firn highlights the current
lack of knowledge regarding snow processes active in the percolation zone of the
Greenland ice sheet where surface melt is present. The remaining challenge is to connect
the firn aquifer to the rest of the Greenland hydrologic system. The aquifer likely impacts
ice-sheet mass balance in at least three ways: firn densification, contribution to runoff,
and ice dynamics. The firn aquifer is an integral part of the ice-sheet hydrology and this
relates to our ability to estimate uncertainties in the runoff in the percolation regions of
the ice sheet in a warming climate (Harper et al., 2014). The presence of an aquifer needs
to be accounted while deriving a volume change obtained from satellite or airborne
altimeters to a mass change. Such a perennial body of water in the subsurface increases

the density of the firn column at least temporally. Knowledge of the processes active in
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the percolation zone is important to determine the position and surface elevation of the
meltwater runoff line. The runoff evolution in the future of the ice sheet is crucial, as it
directly impacts the sea level rise when meltwater is able to directly leave the ice sheet

and enter in the ocean.

5.3. Future research directions

The research presented in this dissertation answers many questions, but it also
allows me to ask many new questions. Follow-on research can be done using existing
datasets, but there is also a need to collect new data over both Greenland and the
Antarctic ice sheet. Fortunately, since 2010, the NASA Operation IceBridge (OIB)
mission has been collecting a large amount of high-quality radar data, covering a good
portion of the Greenland ice sheet, and across in West Antarctica. This dataset and other
planned ground-based investigations leave open many opportunities for new work. In the
following, | present possible future research directions for each chapter.

Building on the findings in Chapter 2, | would use the data collected by
Accumulation Radar onboard of the NASA OIB P-3 airplane over Greenland. The
Accumulation Radar has been successful at imaging internal layers up to a few hundred
meters depth in the ice sheet and accumulation rates can be derived from these layers
(Rodriguez-Morales et al., 2013; Medley et al., 2014). During the 2011 OIB season, the
southeast region of Greenland was extensively surveyed, providing several ~500-km
radar profiles parallel to different elevation contour lines. At high-elevation (> ~2000 m),
in nearly dry firn conditions, multiannual internal isochrones can be followed down to 50

m depth. To derive accumulation rates, a similar method to the one used in Chapter 2
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could be used, by dating the radar-imaged isochrones with a firn-core depth-age scale
(collected at a similar time). The density information obtained from the firn cores would
also be useful to convert radar TWT to depth. In sectors closer to the coast (< 2000 m
a.s.l.), with significant summer melt, the penetration depth of the radar signal is
challenged. In this region, preliminary assessment of the Accumulation Radar data does
not show a good preservation of the internal firn layering beyond the last summer melt,
which is a relatively bright subsurface reflector. Knowing the depth of this melt layer
relative to the snow surface is still important as it corresponds to the seasonal snow depth,
which could be later converted into a snow-water equivalent (SWE) product. For this part
of the work, | recommend using the Snow Radar, also onboard the aircraft, but this
system has a higher frequency range. This will allow a better vertical resolution while
tracing the last summer layer. This second method would give the last year of snow
accumulation with some uncertainties. The main uncertainty source is related to snow
density, which is required for both TWT-to-depth conversion and SWE estimation. Also,
this method will not account for any snow falling in the spring past airborne-radar
collection date. On the other hand, the main advantage of this method will be to capture
the small-scale (<10 km) processes in snow accumulation that are currently not handled
by larger-scale regional-climate-model simulations. These radar-derived accumulation
rates and accumulation maps at the ice-sheet scale will be valuable to constrain regional
climate model mass inputs for past, present, and future simulations. Another interesting
direction with this radar data will be to derive firn compaction rates, over repeated

flightlines (separated a year or two apart). Similar continuous internal horizons can be
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followed and the difference between two known and dated horizons can be used to
calculate firn compaction rates (Kruetzmann et al., 2011; Simonsen et al., 2013).

Building on the work in Chapter 3, exciting new work can be done because there
remains a lot to learn about the firn aquifer. After mapping the extent of the aquifer using
airborne radar data, | have raised numerous research questions, including: (1) What is the
fate of the water table? (2) What is the time of residence of the water in the aquifer? (3)
How to image the water-saturated firn / ice transition? (4) What are the consequences of
the aquifer on surface mass balance estimates? To help answer question (3), a lower-
frequency radar system should be applied above the firn aquifer. Indeed, the current 400-
MHz surface-based radar does a good job imaging the water table (Forster et al., 2014),
but attenuation of the radar signal prevents imaging below this interface. However, the
thickness of this a water-saturated layer is critical to deduce water volume storage and the
spatial variation of the water. The sharp dielectric transition observed at the water table
interface contrasts with the progressive transition from water-saturated firn to ice. Since
the scattering and absorption (radio wave extinction) increases with radio frequency
when meltwater and soaked firn conditions are present (Smith and Evans 1972), lower-
frequencies are recommended. By using surface-based radar operating at lower
frequencies (10 MHz - 40 MHz), chances to obtain signal information below the water
table surface would increase. Successful echo soundings of temperate glaciers with
presence of 0°C ice and liquid water using 10 to 32 MHz radars have been reported (i.e.,
Sverrisson et al.,, 1980). In combination with this, common Mid-Point surveys (CMPs)
can be used to obtain the velocity variations of the electromagnetic waves at depth and

infer density changes above, within, and below the firn aquifer. CMP measurements can
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provide a way to find the phase velocity needed for time-depth conversions to accurately
monitor at what depth changes in the firn/ice structure occur. This technique has been
used recently in West Greenland to estimate density profiles of the upper 80 m of the ice
sheet (Brown et al., 2012). In addition to the radar work, other geophysical in-situ
techniques can be performed in aquifer regions. Upcoming fieldwork in spring 2015 will
further investigate the aquifer by bringing in other geophysical techniques and
hydrological measurements to determine the physical properties of the water table.
Besides geophysical field-based methods, numerical modeling developments can
be pursued. The infiltration of water into the snow and firn is a nonuniform process,
therefore challenging to simulate. When meltwater travels downward throughout the
porous winter snowpack and the firn, snow metamorphism is enhanced and the inter-
granular space is filled with water. For the Greenland percolation zone, the firn
stratigraphy is found to be heterogeneous, where ice lenses (horizontal) and ice columns
(vertical) offer preferential pathways for meltwater to travel, changing firn physical
properties in their vicinity. A simple 1-D water-bucket percolation scheme with
accumulation and melt used as forcing has been used to simulate persisting liquid water
depth over the Greenland winter (Forster et al., 2014; Kuipers Munneke et al., 2014). But
these initial modeling efforts need to be expanded to simulate an accurate water volume
at a 20-m depth in the firn. Field measurements of water volume, temperature, water
height, and lateral flow will improve our understanding of the snow physics to be
implemented in the simulations to handle water percolation, movement, and retention
within the snow/firn as well as its thermal properties. Initial work toward this direction

was performed using the 1-D snow-model CROCUS, which was primarily designed for
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seasonal alpine snow and avalanche forecasting (Brun et al., 1989; Brun et al., 1992).
More Recently, CROCUS has been integrated in the externalized surface module
SURFEX, facilitating stand-alone and coupled simulations (Vionnet et al., 2012). The
model provides the temporal evolution of variables, temperature, density, liquid water
content, and snow type, for each snow/firn layer. Physical processes like heat conduction,
snow compaction, snow melt, water percolation, and subsequent refreezing are handled
by the model. Initial simulations with CROCUS adapted to SE Greenland conditions
allowed for nearly complete water retention in the pore space and water was simulated at
depths of 10 m to 40 m, persisting over the winter. These initial simulations of depth to
the water-saturated layer and temperature profiles closely match initial field
measurements but require higher than average accumulation. Therefore, future research
directions would be in running sensitivity tests under various accumulation scenarios and
with maximum water retention for each snow layer in order to match the observed layer
saturation, water depths, and temperatures. Simulations should also be conducted to
constrain the bottom of the firn aquifer by varying bottom boundary conditions. Finally,
water-saturated firn in 3-D could be simulated to allow lateral flow of water to help
answering research questions (1) and (2).

Chapter 4 is a work in progress. The firn cores collected in 2011 during the
second snowmobile traverse (SEAT-11) have not been fully processed yet and their
depth-age scales were not available at the time of this study. The accumulation-rate
mismatch observed between the firn cores and the radar data at the high-accumulation
sites is interesting and will be fully explored in future work. Since the vertical resolution

of the radar is only about 5 cm, it would be interesting to directly compare the S180
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profile obtained at a 2-cm resolution to a radar trace intensity profile to see if the radar
reflections could be correlated to the isotopes variations. At a snow-pit scale, detailed
radar experiences were done with a metal plate to precisely relate the observed pit
snow/firn stratigraphy with the radar layers and could provide additional information to
further our knowledge on the cause of the signal reflections. We would also explore the
frequency dependency at both C-band and Ku-band on the snow physical variables to see
if different densification processes could lead (or contribute) to the different radar profile
observed on either side of the West divide, likely working together with snow
accumulation variations. An additional 500 km of radar data still needs to be processed,
and the internal layers need to be traced for SEAT-11. This second traverse started at
Byrd Station, ~160 km away from the ice divide toward the Ross Sea and would permit
further exploration of the radar data in a low-accumulation regime, to see if any
temporally increasing trend of accumulation could be detected for the last 50-60 years,
which may correlate with the recent air temperature warming observed at Byrd Station

(Bromwich et al., 2013).
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