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ABSTRACT

Montgomery, Lynn Nicole (Ph.D., Department of Atmospheric and Oceanic Sciences)

Detecting Recent Snow Accumulation and Meltwater Storage in Firn Aquifers on Ice
Sheets Using Remote and Field Observations

Thesis directed by Senior Research Scientist Lora Koenig and Assistant Professor Jan Lenaerts.

Mass loss from ice sheets has been identified as a major contributor to sea level rise by the
Intergovernmental Panel on Climate Change from detailed observations in the past few decades.
In order to understand how sea level rise will be influenced by ice sheets, we must quantify their
total mass balance (through surface mass fluxes and ice discharge) over time. This dissertation
focuses on the component of surface mass balance, presenting new in-situ and remote
observations of accumulation and meltwater storage in firn aquifers.

In Chapter 2, I present the 2018 Surface Mass Balance and Snow on Sea Ice Working
Group database, a standardized, formatted, community-based dataset housed at the Arctic Data
Center. It consists of sub datasets of density, accumulation, 10 m borehole temperatures, and
snow depth on sea ice measurements. | analyze temporal and spatial patterns across the
Greenland Ice Sheet and conclude that observations are oversampled in higher elevation, colder
regions and undersampled at warmer, lower elevations. In addition, there was a large temporal
gap from 2000 into more recent decades, but since then that has been reconciled in the 2019 and
2020 SUMup database releases.

In Chapter 3, I use NASA’s Operation IceBridge airborne snow radar to derive annual
accumulation over 8 consecutive years (2009-2017) in Southeast Greenland, the highest snowfall
region on the ice sheet which largely influences the sign of the mass balance. I compare these

derived accumulations with two regional climate models, the Modéle Atmosphérique Régional



version 3.9 (MAR) and the Regional Atmospheric Climate Model version 2.3p2 (RACMO?2), to
evaluate model biases. Results indicate that MAR agrees with the derived accumulations well,
but underestimates interannual variability while RACMO2 underestimates accumulation but is
able to capture the interannual variability.

Finally, in Chapter 4, I present hydrological and geophysical observations of meltwater
storage and flow in a firn aquifer on the Wilkins Ice Sheet, Antarctica and its impact on ice shelf
stability. Results from a borehole dilution test, slugs tests, ground penetrating radar, and
groundwater flow modeling show that the aquifer is highly permeable and flowing into a nearby
rift. Based on these observations and model output, we conclude that the aquifer is likely not in
steady state near our measurement site, could have influenced past ice shelf breakups, and may

impact ice shelf stability in the future.
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1 Introduction

1.1 Sea Level Rise and Ice Sheet Mass Balance

Over 250 million people live in coastal regions that are located less than five meters above sea
level, making sea level rise an important global issue (Kulp and Strauss, 2019; Siegart et al.,
2017). Rising ocean levels can endanger necessary resources including safe drinking water,
farming and food production, infrastructure, as well as human lives. In Florida, seawater is
contaminating aquifers where coastal communities pump unsustainable amounts of groundwater,
limiting the future availability of safe drinking water (Hurdle, 2020). Farmers in Bangladesh
have seen an increase in soil salinity due to frequent flooding from sea water and are expected to
lose 21% of their crop revenue per year due to this contamination (Chen and Mueller, 2018). By
2100, coastal flooding influenced by increased global temperatures and sea level rise could cost
up to 100 trillion dollars (Hinkel et al., 2014). In order to mitigate the negative impacts of sea
level rise, and prepare our natural and human environments, we must understand what factors
contribute to rising ocean levels.

Since the early 1970’s, thermal expansion of water and mass loss from glaciers have been
identified as the most important contributors to global mean sea level rise (GMSLR), with the
rest due to changes in land water storage (Church et al., 2013). However, in recent decades with
more detailed observations, the Greenland Ice Sheet (GrIS) and Antarctic Ice Sheet (AIS) were
also identified as important factors, contributing ~40% of the total GMSLR (3.0 £ 0.38 mm yr'!)
from 2006-2015 (Oppenheimer et al., 2019). Future projections from the worst-case
Representative Concentration Pathway (RCP) 8.5 scenario show that with continued warming,
GMSLR will rise by 0.84 = 0.25 m by 2100 (Figure 1.1), with 0.12 £ 0.10 m coming from the

AIS and 0.12 £ 0.11 m from the GrIS (Oppenheimer et al., 2019). Similar values of GMSLR are



presented in the recent Ice Sheet Model Intercomparison for CMIP6 (ISMIP6) project, with 21
century contributions to sea level rise of 0.09 £ 0.05 m from the GrIS (Goelzer et al., 2020) and
0.11 £ 0.18 m for the AIS (Seroussi et al., 2020) in the highest-emission scenario. Under all RCP
scenarios, mass loss from both the GrIS and the AIS will increase as we approach 2100 (Pattyn
et al., 2018). Therefore, it is essential to understand how ice sheets are changing, and will change

in the future, to better predict future GMSLR
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Figure 1.1 - Time series of Global Mean Sea Level for RCP 2.6, RCP4.5, and RCP8.5 Results
are based on ARS results for all components except the Antarctic contribution. Adapted from

Chapter 4 of the 2018 IPCC Report.

An ice sheet will grow or shrink based on its mass balance, which will lead to an associated sea
level fall or rise, respectively. Ice sheet mass balance is defined as the difference between surface
mass fluxes or surface mass balance (SMB) and the flux of ice across the grounding line referred
to as ice discharge (Lenaerts et al., 2019). Total ice sheet mass balance can be estimated through
three independent methods: (1) ice mass change through gravimetry (Jeon et al., 2018), (2) ice
volume change via satellite altimetry based surface elevation change (Schrdder et al., 2019), and
(3) from the input-output method (The IMBIE Team, 2020 and 2018). The first method uses the

Gravity Recovery and Climate experiment (GRACE), which consists of two polar orbiting



satellites that can detect variations in Earth’s gravity field and, therefore can estimate mass
variations on ice sheets (Ramillien et al., 2004). The second method uses altimetry-based mass
balance studies to estimate volume change based on surface height changes (which are often
measured from satellites). These methods are novel and useful to estimate mass balance change
remotely and on large scales from the ice sheets. However, the only way to understand the
individual components of mass balance is by examining the input-output which quantifies mass
input through cumulative surface mass balance (SMB) processes and mass output through

discharge.

1.2 Surface Mass Balance

In this dissertation, we focus on the SMB component of total ice sheet mass balance. SMB is
defined as snow accumulation and wind-driven snow redistribution (through erosion or
redeposition), minus runoff, where accumulation is the difference between snowtfall and

evaporation/sublimation (Equation 1; Lenaerts et al, 2019).

Equation 1: SMB = Precipitation - Runoff - Sublimation/Evaporation - Blowing Snow Erosion

For this research, we ignore snow redistribution because it is small when integrated over large
areas and not well constrained by models or observations (Lenaerts et al., 2019). Therefore, in

this research, SMB is defined as snow accumulation minus meltwater runoff.

1.2.1 Accumulation

Accumulation is commonly measured directly through ice cores, stake measurements (Takahashi
and Kameda, 2007), and ground penetrating radar surveys. Ice cores provide a long temporal
record of accumulation at a single point location while stake field measurements provide better

spatial resolution but are only feasible at a small scale. Ground penetrating radar surveys allow



for accumulation observations that show both temporal and spatial variability over large areas.
However, none of these methods can provide an accurate estimate of ice sheet wide
accumulation over space and time. In addition, most field measurements of accumulation are
dispersed across multiple data centers with no standardized format which limits scientific
applications. To address this issue, the Surface Mass Balance and Snow on Sea Ice Working
Group (SUMup) database was created, which includes subdatasets of accumulation, density, 10
meter borehole temperature, and snow depth on sea ice measurements (Chapter 2). SUMup is a
standardized, publicly available database that is easily expandable to benefit researchers. Since
the first release on the Arctic Data Center in May 2017, the datasets have been used extensively
by the cryospheric community and have been downloaded over 7,500 times Currently, the
SUMup database includes ~2.5 million measurements at over 600 unique locations on the GrIS
and AIS (Figure 1.2). The SUMup database validates that accumulation observations are sparse

across space and time for both ice sheets.

® Density

® Accumulation

® Co-located Density and
Accumulation




Figure 1.2 - Updated SUMup database locations of density and snow accumulation on the

Antarctic and Greenland Ice Sheets from November 2020.

New measurement techniques have been developed over the last few decades to provide
more spatial and temporal accumulation coverage. In 2008, NASA’s Operation IceBridge (OIB)
began a unique campaign to measure snow properties over both ice sheets using radar systems on
airborne surveys. Using this method, scientists were able to derive accumulation estimates across
much larger areas of the ice sheet taking into account the density of the snow, depth of the snow,
and age of the snow layers (Montgomery et al., 2020a, Koenig et al., 2016, Medley et al., 2013).
With this new technique we focused on the data-sparse region of Southeast Greenland, which
receives the most annual snowfall on the GrIS. In fact, variation in accumulation in this region
heavily influences the total SMB of the GrIS and can even determine whether the total mass
balance in some years is positive or negative (Burgess et al., 2010). We derived a new 9-year
long dataset (2009—17) of accumulation rates that can be used to evaluate regional climate
models where few in-situ observations are available (Chapter 3). Current machine learning
research is using this dataset to train neural networks to automate (and better quantify the
uncertainty) of tracking internal layers of accumulation from the OIB radar (Rahnemoonfar et

al., 2020).

1.2.2 Meltwater Runoff and Storage

The other component of surface mass balance includes meltwater processes. Meltwater from ice
sheets can either be refrozen into the snowpack, stored in or on the ice sheet or ice shelves, or
runoff into the ocean. On the GrIS, the hydrological system is characterized by supraglacial
streams and lakes that can drain through moulins, or vertical fractures, providing an influx of

meltwater into englacial and subglacial environments (Chu, 2014; Figure 1.3). These meltwater
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features provide storage or runoff mechanisms which can increase glacial flow and lead to sea
level rise (Figure 1.3). Conversely, on the AIS nearly all meltwater produced on the surface of
the ice sheet or ice shelves, extensions of ice sheets past the grounding line and are afloat on the
ocean, refreezes (Lenaerts et al., 2019). However, recent studies show Antarctic meltwater in
coastal areas and ice shelves stored englacially in lakes (Dunmire et al., 2019) or firn aquifers
(Montgomery et al., 2020b; Chapter 4). Understanding meltwater storage in and on ice shelves is
especially important because meltwater storage has been shown to be a precursor to
hydrofracture and ice shelf disintegration (Bell et al., 2018; Scambos et al., 2004, Scambos et al.,
2000). Additionally, meltwater runoff can form supraglacial streams which drain into moulins

and crevasses (Bell et al., 2018; Figure 1.4).

buoyant sediment
plumes

Figure 1.3 - Elements of the Greenland ice sheet hydrologic system. (a) In the accumulation

zone above the equilibrium line altitude (ELA), water percolating through the snow/firn can pool



into slush regions and channelize into supraglacial streams. In the ablation zone beneath the
ELA, meltwater pools in supraglacial lakes and flows through streams into crevasses and
moulins, entering englacial and subglacial conduits emerging into proglacial rivers and lakes. As
meltwater moves through the system, erosional debris increases sediment concentration making
glacial-melt lakes and rivers sediment-rich (leaving precipitation and snow-melt lakes clear of
sediment). Finally, meltwater entering the ocean produces a buoyant sediment plume in the fjord.

Modified from Chu et al., (2014) and Cuffey and Paterson (2010).
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Figure 1.4 - Examples of major components of surface hydrological systems located on a
present-day Antarctic surface melt map. The central map shows 2000-2009 Antarctica surface
melt from QuikSCAT satellite observation 7; the locations of the images in a—j are indicated. a,
Meltwater lakes and dolines (arrows), b, Foehn wind-enhanced meltwater ponding. ¢, Buried
lake. d, Moulin draining surface stream. e, Elongate supraglacial lake. f, Fractures around a
drained lake. Scale unknown. g, Persistent waterfall draining water. h, Supraglacial streams
transporting water across the grounding line of the Darwin Glacier onto the Ross Ice Shelf. i,
High-elevation (1,830 m) meltwater stream. j, Meltwater stream crossing the grounding line.
Images reproduced from: US Geological Survey (a,b,e,h); ref. 8, Springer Nature Limited (c);
Sanne Bosteels (d); USGS/EROS and the Polar Geospatial Center (f); Won Sang Lee (g); Mike

Kaplan (i); John Stone (j). From Bell et al. (2018).

1.2.2.1 Meltwater Runoff from Supraglacial Streams

Supraglacial streams are channels of meltwater that activate during the summer, are a transport
mechanism for meltwater, and link to englacial/subglacial systems via moulins, crevasses, and
shear fractures (Smith et al., 2014). Formation of these streams occurs when one of the following
occurs: 1) meltwater percolates through underlying snow and ice, refreezes, and establishes
impermeable superimposed ice lenses allowing for water to flow along this barrier or 2) when
surface snow and ice reach saturation and drainage begins to mobilize a slush flow of snow, firn,
and meltwater (Pitcher and Smith, 2019). These channels establish predominantly in the
direction of the steepest surface slopes and therefore mostly transport water downslope towards
the edge of the ice sheet, depositing it into the ocean. This impacts the mass balance of the ice
sheet through mass loss of surface snow, firn, and meltwater to the ocean. Supraglacial streams

also impact ice sheets by reinforcing impermeable ice layers at the surface that allow downslope



flow into the ocean which can lead to larger, perineally active supraglacial rivers mostly
observed in Greenland (Pitcher and Smith, 2019) and on ice shelves in Antarctica (e.g. Amery
Ice Shelf) (Bell et al., 2018; Kingslake et al., 2017; Phillips, 1998). Additionally, these streams
can terminate in moulins or crevasses which can lead to hydrofracture to the bed of the ice sheet

or ice shelf causing local velocity accelerations or ice shelf breakups.

1.2.2.2 Meltwater Storage through Refreezing

Refreezing occurs when there is available liquid meltwater either at the surface or in the
snowpack and temperatures drop below 0 degrees Celsius, causing an ice lens or ice layer to
form. If the meltwater percolates into the snowpack and reaches an impermeable layer, then it
can spread out laterally and freeze, thus increasing the thickness of the ice lens. Refreezing
impacts the ice sheet system by creating dense, impermeable ice layers, and decreasing the
available air content in the snowpack. This impact is important because the firn (multiyear
compressed snow) layer buffers the ice-sheet contribution to sea-level rise by retaining a fraction
of summer melt as liquid water and refrozen ice (Vandecrux et al., 2019). On the GrIS,
refreezing occurs in both the accumulation and ablation zones. In the accumulation zone, where
mass gain from snowfall exceeds the mass losses of melt and evaporation, these ice layers often
form below the surface as the water percolates into the snowpack and reaches colder, denser
layers below. Conversely, in the ablation zone, where mass loss from melt and evaporation
exceed snowfall, meltwater can form ice layers at the surface late in the season. Additionally,
bare ice layers at the surface create an impermeable surface, allowing for the formation of
supraglacial meltwater streams leading to more surface meltwater runoff into the ocean

(Macferrin et al., 2019). In Antarctica, very little meltwater is produced on the grounded ice



sheet (where the ice sheet is in contact with bedrock). Surface meltwater on ice shelves mostly

refreezes locally in the firn layer.

1.2.2.3 Meltwater Storage in Supra and Sub-Glacial Lakes

Supraglacial lakes are bodies of meltwater that form in topographic depressions of the ice sheet
surface during summer. They store meltwater in these basins and influence ice sheet dynamics
on hourly through interannual timescales if they rapidly drain via hydrofracture (which occurs
when water pressure activates/initiates fractures in the ice) which can relate the signal of surface
melt to local ice motion (Sundal et al., 2009). These drainage events can cause increases in ice
velocity by lubricating the ice-bedrock interface. Recent observations in Greenland and
Antarctica also show that supraglacial lakes can become buried lakes, where water is retained
within the at shallow depths throughout the winter season (Dunmire et al., 2020; Benedek and
Willis, 2020; Miles et al., 2017; Koenig et al., 2014). Although they do not store a significant
amount of meltwater, they can influence the local hydrology and can drain via hydrofracture by
initiating or reactivating pre-existing fractures which is currently a poorly understood process

(Dunmire et al., 2020; Benedek and Willis, 2020).

Subglacial lakes are bodies of water that form below ice masses. They can form from
meltwater that is transported to the bedrock from the ice sheet surface through crevasses or
moulins or also by basal melting due to the weight of the overlying ice. These subglacial lakes
are important because they can lead to subglacial ice streams which can cause accelerated mass
loss from lubrication. Over 400 subglacial lakes have been found beneath the AIS ranging from
lengths of 1 km to 250 km using altimetric measurements from satellites (Siegert et al.,

2016). Few subglacial lakes have been discovered below the GrIS until recently when a study

10



found 54 potential subglacial lakes using airborne echo-soundings and ice sheet elevation

changes (Bowling et al., 2019).

1.2.2.4 Meltwater Storage in Firn Aquifers

Firn aquifers are an englacial meltwater storage system where meltwater from the surface

is perennially stored within the firn. These aquifers are important because they can contribute to
sea level rise if connected to the ocean by slowly draining into crevasses or mitigate sea level
rise by storing water (Koenig et al., 2014). Firn aquifers are located where there is enough pore
space to store meltwater and often in regions of high accumulation, which provides insulation
that permits the saturated subsurface layer to remain at or above freezing (Kuipers Munneke et
al., 2014). These conditions occur mainly in the southeast and northwest sectors of the GrIS
where accumulation rates ~1-5 meters water equivalent per year and melt rates are >650 mm
water equivalent per year (Montgomery et al., 2020; Bell et al., 2018; Noél et al., 2018). On the
AIS, regions with similarly high surface melt and snow accumulation rates are scarce, though
recent observational and modelling studies show widespread perennial firn aquifers on the
Antarctic Peninsula (Fig 1.5), and more specifically the Wilkins Ice Shelf (Montgomery et al.,

2020b; van Wessem et al., 2016, 2020).

In Chapter 4, we present the first hydrological observations of a firn aquifer in Antarctica
on the Wilkins Ice Shelf (Montgomery et al., 2020b). We investigated this firn aquifer using slug
tests, a borehole dilution test, and groundwater flow modelling and found that it is highly
permeable and drains into a nearby rift. Scientists have known about the likely presence of a
saturated firn layer on the Wilkins Ice Shelf since the early 1970’s from airborne radar, however
the in-situ validation of this aquifer leads us to believe it has likely influenced past partial ice

shelf breakups through hydrofracture (Braun et al., 2009; Humbert and Braun, 2008; Scambos et
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al., 2000). Meltwater stored in firn aquifers increases the potential for hydrofracture because it
causes saturation of the vertical firn column and increases the hydrostatic head. With a large
hydrostatic head year-round, the aquifer provides enhanced fracturing for whenever stresses
change to favor tensile extensions or loss of compression, even in the winter (Scambos et al.,

2009).

IS
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Figure 1.5 - Modelled IMAU-FDM (left row) and SNOWPACK (right row) annual average
(1979-2016) vertically integrated liquid water content for PFA points. From van Wessem et al.

(2020).

1.3 Summary and Project Overview

The overall goal of this research is to improve our understanding of the components of ice sheet
SMB, i.e. accumulation and meltwater runoff and storage. We aim to fill knowledge gaps by

providing new in-situ and remotely sensed observation datasets. In Chapter 2, we present
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SUMup, a database we created which is the first standardized, publicly available database of
surface mass balance observations over both ice sheets and sea ice to benefit the cryospheric
community. Researchers can now easily access over 2.5 million cryospheric measurements
simultaneously instead of having to source each dataset individually which increases efficiency
and scientific progress. In Chapter 3, we derive a new dataset of accumulation measurements
using airborne radar observations over almost a decade temporally across the snowiest and most
data-sparse regions of Greenland. These large-scale observational datasets provide a foundation
for future measurements to be added onto and to evaluate global, regional, and local models. In
Chapter 4, we present the first hydrological observations from a firn aquifer on the Antarctic Ice
Sheet and explore how it could have led to past ice shelf breakups and future ice shelf
destabilization. Currently, there are only two observed sites of firn aquifers on polar ice sheets
making this observation extremely rare and important for the community. With continued
warming, meltwater will play an increasingly important role in ice sheets and ice shelves and
their stability so it is essential to monitor these meltwater features. Finally, in Chapter 5, I

summarize results from the preceding chapters and present ongoing and future research ideas.
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2 The SUMup Dataset: Compiled measurements of surface mass balance
components over ice sheets and sea ice with analysis over Greenland

This chapter is adapted and reformatted from:

Montgomery, L., Koenig, L., & Alexander, P. (2018). The SUMup dataset: compiled

measurements of surface mass balance components over ice sheets and sea ice with analysis over

Greenland. Earth System Science Data, 10(4), 1959-1985. https://doi.org/10.5194/essd-10-1959-

018

2.1. Introduction and Background

Earth’s polar regions are warming at an accelerated rate. As increased air temperatures, and
associated feedbacks with radiative heating, persist the ice cover is changing particularly at the
ice/atmosphere interface (e.g. Vaughan et al., 2003; Serreze and Francis, 2006; Hall et al., 2013).
This change is evident by declining Arctic sea ice extent (e.g Ritcher-Menge et al., 2016) and the
recent acceleration of total mass loss from the Greenland Ice Sheet (GrIS) and Antarctic ice
sheets (AIS), (e.g. Velicogna et al., 2014; IMBIE Team, 2018), that contributed ~11 mm to
global sea levels between 1992 and 2011 (Shepherd et al., 2012). Surface change is particularly
evident over the GrIS. Surface mass balance is defined as snow accumulation, including snow
fall, water vapor redeposition and positive wind redistribution, minus ablation, including melt
discharge, negative wind redistribution, evaporation and sublimation (van den Broeke et al.,
2017). In this paper, we use the terminology of accumulation and negative accumulation as we
cannot, with our measurements, separate out the components of wind redistribution, sublimation,

evaporation or melt. The GrIS’s surface mass balance is dominated by melt, now accounting for
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more than half of its mass loss (e.g. van Angelen et al., 2013; van den Broeke et al., 2017;
Enderlin et al., 2014; Hofer et al., 2017). To understand this change, and the processes driving
the change, it is vital to compile measurements from the past and present, and continue to collect

them in the future.

In 2012, at the Surface Mass Balance and Snow on Sea Ice Working Group (SUMup)
meeting, the modeling and remote sensing communities clearly stated to observationalists that
the lack of easy to access, standardized, in-situ measurements hindered scientific achievement.
They also emphasized the need for spatially extensive measurements and annual to sub-annual
accumulation measurements to coincide with the spatial and temporal scales covered by
modeling and remote sensing methods. A public, annual to decadal, standardized time-series of
measurements was recommended (Koenig et al., 2013). Modeling and remote sensing studies
require validation measurements (e.g. Fettweis et al., 2017; Arthern et al., 2006; Burgess et al.,
2010; Kuipers Munneke et al. 2015; Koenig et al., 2016), ideally with the model’s same spatial
(typically ten’s of km) and temporal (typically sub-annual) resolutions. These observations are
needed over large polar regions, which are difficult for an individual researcher to compile.
Today, most field measurements for validation are dispersed across multiple data centers/datasets
in differing formats. Some previous Arctic and Antarctic studies have compiled large sets of
measurements, generally accumulation measurements, (e.g2. Mock 1967a; Mock 1967b; Ohmura
and Reeh, 1999; Vaughan and Russell, 1997; Favier et al., 2013; US ITASE, Mayewski et al.,
2013; Wang et al., 2016; Machguth et al., 2016b; Thomas et al., 2017; Matsuoka et al., 2018)
though most cover only a small region of the ice sheet, are not annually resolved and/or are not

publicly available through a data distribution center.
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Here, we present the July 2018 SUMup dataset and its three subdatasets: density,
accumulation, and snow depth on sea ice. This data paper serves to fully describe the dataset and
includes analysis of the data over the GrIS demonstrating how this dataset increases our
knowledge of surface mass balance processes by compiling previously dispersed measurements
into a standardized dataset. Uses of SUMup include model validation, remote sensing validation
and algorithm development, and long-term monitoring efforts. SUMup measurements should not
be used to assess individual measurement errors or establish errors on specific retrieval methods.
This is because (1) the spatial/temporal variability of snow depth on sea ice is naturally large due
atmospheric processes, including accumulation and aeolian processes, further increased by sea
ice characteristics such as age, drift, and ridging (e.g. Warren et al., 1999; Sturm et al., 2002) ,
and (2) the spatial/temporal variability of density and accumulation on land ice is also large due
to atmospheric processes, including accumulation, temperature, solar radiation and aeolian
process, further increased by ice elevation, topography, melt and water flow processes (e.g.
Alley, 1988; Courville et al., 2007; Laepple et al., 2016; Vandercrux et al., 2018). The field
measurements in SUMup were not designed to and cannot control for this naturally occurring

variability.

2.2 The SUMup Dataset

2.2.1 Overview

The SUMup dataset is an expandable, community-based dataset of field measurements of surface
mass balance components that is consistent in format, properly described through metadata, and
publicly available. The July 2018 SUMup dataset contains three subdatasets that consist of
measurements of snow/firn density (doi:10.18739/A2JH3D23R), snow accumulation on land ice
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(doi:10.18739/A2DR2P790), and snow depth on sea ice (doi:10.18739/A2WS8HK6X). The
SUMup dataset is a living document, meant to be expanded as new measurements are taken or
previous measurements discovered. The current release of the July 2018 SUMup dataset
expands and replaces the previous three smaller releases of July 2013, July 2015, and July 2017.
The measurements compiled in SUMup are from the polar regions and most date from 1950 to
present day. Some ice cores and radar data contained both post- and pre-1950 accumulation
measurement and we did not exclude the pre-1950 data in order to keep the records intact. Pre-

1950 accumulation estimates represent ~2% of the accumulation subdataset.

Figure 2.1 shows the locations of density and accumulation measurements represented by
the July 2018 SUMup dataset. Snow depth on sea ice locations are not shown on this map due to
the broad spatial sampling. Density and accumulation measurements are often co-located over

the ice sheets where ice cores were collected (Fig. 2.1).
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Figure 2.1 - a) Measurement locations for accumulation (red), snow density (blue) or both
(purple) for the SUMup dataset on the GrIS. Snow depth on sea ice data for the Arctic are not
shown. b) Same as above but for the AIS. Locations on sea ice, those in the Bellingshausen Sea,
include both snow density and snow depth on sea ice measurements.
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2.2.2 Sources

SUMup measurements were collected, formatted, and compiled primarily through two methods:
1) searching data archives that traditionally host cryospheric data which included Pangaea
(https://www.pangaea.de/), the Arctic Data Center (https://arcticdata.io/), NOAA’s National
Climate Data Center (https://www.ncdc.noaa.gov/) and the National Snow and Ice Data Center
(https://nsidc.org/) and 2) by asking members of the cryospheric community to contribute field
measurements. Keyword searches for the first method includes searching for the words
“density”, “accumulation”, and “snow depth on sea ice”. For point measurements, annually and
sub annually accumulation measurements are included. For data from spatially extensive
methods (e.g. from radar isochrones), near-annually resolution is required. Various data types
are compiled into the SUMup dataset including hand-written notes, technical reports, and digital
files. Each measurement in the SUMup dataset contains a citation to the original source of the
data. Based on keyword searches, data for this release, July 2018, should include most relevant
measurements available in the data archives listed above posted before May 2018. It is possible,
however, that datasets can be missed by keyword searches and the community is encouraged to
contact the authors directly about any missing datasets that should be included in future releases

of SUMup. Specifically, we are working to standardize data from the Japanese Antarctic

Research Expedition (JARE) to add in a future release of SUMup.

New and unique data sources are included in the SUMup dataset. Notably, the snow
density subdataset includes snow pit data from Carl Benson’s Greenland traverses in the early
1950’s and data from 1955 that previously had not been digitally scanned (Benson, 2013;
Benson, 2017). The 1955 notebooks are only archived in the National Snow and Ice Data Center

paper archives. The SUMup dataset also includes snow accumulation measurements from
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Summit Station, Greenland’s stake network called the Bamboo Forest (Dibb et al., 2004) and
corresponding density measurements at monthly temporal resolution (Dibb et al., 2007).
Additionally, more widely used data sources are included, such as, US International Trans-
Antarctic Scientific Expedition (US ITASE, Mayewski et al., 2013) ice cores, the Program for
Arctic Regional Climate Assessment (PARCA, Mosley-Thompson et al., 2001) ice cores and
The Greenland Inland Traverse (GrIT, Hawley et al., 2014) snow pits and ice cores. Section 2.4
provides more details on the specific sources for each of the three subdatasets including the

complete list of all citations.

2.2.3 Contributing to the Dataset

The SUMup dataset will continue to expand on an annual basis as new measurements are taken
and/or old measurements are discovered. Beyond expanding the current subdatasets, we expect
to add additional subdatasets on surface mass balance processes which may include, but are not
limited to, snow/ice albedo, snow temperature, and short-wave/long-wave radiation
measurements. The community is encouraged to contribute data or suggest missing data

sources/types to add to SUMup by contacting the authors directly.

2.2.4 Structure and MetaData

Each measurement contains common variables including the date taken, latitude, longitude,
surface elevation if on land, the measurement itself, error associated with the measurement, the
method in which the measurement was taken, and a citation for which the measurement can be
sourced back to. By convention, negative latitudes represent south and negative longitudes
represent west. For measurements that did not specify a specific month and day for the
measurement, but provided only the year (‘yyyy’), the date was entered as ‘yyyy0000°’. A fill
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value of -9999 was used for unknown or unmeasured parameters. Measurements can be
separated into direct measurements, when the instrument measures the desired parameter
directly, and derived measurements, when the instrument measures a parameter related to the
primary parameter and uses a known relationship equation to derive the desired measurement. In
this paper, we refer to both direct and derived measurements as measurements. Measurement
methods are fully listed in each dataset’s metadata by number. For clarity, in the density dataset,
methods (defined in the readme files) 1-4, 6-9, and 13 are direct measurements (e.g. density
cutters, ice core sections, etc.) while methods 5 and 10-12, and 14-15 are derived measurements
(e.g. neutron density probe, X-ray microfocus computer tomography, Gamma ray attenuation,
etc.). In the accumulation dataset, methods 1 and 3 are direct measurements (e.g. ice core
sections and stake measurements) while method 2 is derived (radar isochrones). All snow depth
on sea ice measurements are direct measurements. Uncertainties of measurements were only
recorded if provided with the original measurement. More detail on general uncertainty for
measurement methods used in SUMup is available for density cutters (Conger and McClung,
2009), neutron density probe (Morris, 2008), density and conductivity mixed permittivity
(DECOMP) (Wilhelms, 2005), and gamma ray attenuation (Wilhelms, 1996). These can be

applied to measurements as appropriate for individual scientific application.

If any of the original measurements/metadata were unclear or non-existent, the original
author of the data was contacted to clarify inconsistencies or questions. Snow density
measurements that exceeded a physically plausible range from <0 kg m? and >1000 kg m® were
rejected. Specific details on measurement methods and citations for each subdataset are included

in the SUMup metadata files hosted at the Arctic Data Center and described below.
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2.2.4.1 Snow Density

The snow/firn density subdataset of SUMup is the largest, containing over 2,100,000 unique
measurements of density at different depths (Fig. 2.1). Table 1 describes the parameters for each
density measurement. The measurement methods include density cutters of different sizes
(generally from 100 - 1000 cm?) used in snow pits, gravitational methods used on ice core
sections, neutron-density methods performed in boreholes, X-ray microfocus computer
tomography performed on snow samples, gamma-ray attenuation in boreholes, pycnometers used
on snow samples, optical televiewer (OPTV) borehole logging, and DECOMP. The majority of
the observations (~76%) come from Greenland ice cores or snow pits (Renaud, 1959; Ohmura,
1991; Ohmura, 1992; Alley, 1999; Bolzan and Strobel, 1999(a-g); Miller and Schwager,
2000(a,b); Wilhelms, 2000(a-d); Bolzan and Strobel, 2001(a,b); Mosley-Thompson et al., 2001;
Bales et al., 2001; Conway, 2003; Dibb and Fahnestock, 2004; Dibb et al., 2007; Harper et al.,
2012; Benson, 2013; Migge et al., 2013; Hawley et al., 2014; Koenig et al., 2014; Baker, 2016;
Chellman, 2016; Machguth et al., 2016a; Mayewski and Whitlow, 2016(a-d); Schaller et al.,
2016; Benson, 2017; Schaller et al., 2017; Cooper et al., 2018; Macferrin et al., in review).
Antarctic measurements comprise ~23% of the snow density subdataset and are predominantly
from ice cores (Graf et al., 1988a-q; Wagenbach et al., 1994b-d; Gerland and Wilhelms, 1999;
Graf et al., 1999n-y; Oerter et al., 1999a-h; Oerter et al., 2000a-j; Graf et al. 2002a-o; Oerter,
2002; Schlosser and Oerter, 2002¢; Graf and Oerter, 2006z-au; Albert, 2007; Oerter, 2008p-ae;
Fernandoy et al., 2010a-c; Kreutz et al., 2011; Lewis et al., 2011; Koenig and Brucker, 2011;
Mayewski et al., 2013; Hubbard et al., 2013; Medley et al., 2013; Schaller et al., 2017). The
depth of the density measurements were recorded using two different methods, either the top and

bottom depth or a midpoint depth. While a midpoint can be determined uniquely from the top
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and bottom depths the top and bottom cannot always be determined from the midpoint and
researchers need to determine how to standardize or interpolate the depths for their specific

applications.

Table 2.1 - The parameters for each snow density measurement in the SUMup dataset with a
brief description and the unit of measurement.

Column Description Unit
Date Taken Date the data was taken yyyymmdd
Latitude Latitude of measurement Decimal degree
Longitude Longitude of measurement Decimal degree
Start Depth Top depth of the measurement in m from the m
snow/air interface (snow surface).
Stop Depth Bottom depth of the measurement in m from the m
snow/air interface (snow surface).
Midpoint Depth ~ Midpoint depth of the measurement in m from the m
snow/air interface (snow surface).
Density Snow density measurement g/cm”™3
Error Uncertainty in density measurement g/cm”™3
Elevation Elevation above sea level m
Method How the measurement was collected (see metadata -
for more details)
Citation Cited source of data (see metadata for more details) -

2.2.4.2 Snow Accumulation on Land Ice

The snow accumulation on land ice subdataset of SUMup contains over 230,000 unique
measurements (Fig. 2.1). Table 2 describes the parameters for each accumulation measurement.
The measurement methods include ice cores and/or boreholes, snow pits, radar isochrones, and
stake measurements. Arctic measurements are predominantly from ice cores and stake

measurements and include one radar near-annual transect in southeast Greenland (Bolzan and
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Strobel, 1999(a-g); Bolzan and Strobel, 2001(a,b); Mosley-Thompson et al., 2001; Dibb and
Fahnestock, 2004; Miege et al., 2013). The Antarctic measurements are predominantly from ice
cores and include two radar transects, one in West Antarctica and one in East Antarctica
(Wagenbach et al., 1994a; Graf et al., 1999a-m; Scholsser and Oerter, 2002a-b; Spikes et al.,
2005; Graf and Oerter, 2006a-y; Anschiitz and Oerter, 2007a-f; Banta et al., 2008; Oerter, 2008a-
o; Fernandoy et al., 2010a-c; Ferris et al., 2011; Verfaillie et al., 2012; Burgener et al., 2013;
Mayewski et al., 2013; Medley et al., 2013; Philippe et al., 2016). In most instances
accumulation (in water equivalent, WE) was provided in the original measurement, however, the
Summit Station, Greenland bamboo forest measurements consist of weekly surface height
change at 100 stakes along with snow density (Dibb and Fahnestock, 2004). We multiplied the
height change by the coincident snow density and averaged across all stakes to get accumulation
measurements for SUMup. Similarly, the Bolzan and Strobel data (1999 a-g; 2001 a,b) provided
a snow pit depth, year, and density that were converted to accumulation. Most of the
accumulation measurements are annually resolved with the major exceptions being the radar
measurements, which are approximately decadal, and bamboo forest data, which is

approximately monthly.

Table 2.2 - The parameters for each snow accumulation measurement on land ice in the SUMup
dataset with a brief description and the unit of measurement.

Column Description Unit
Date Taken Date the data was taken yyyymmdd
Latitude Latitude of measurement Decimal

degree
Longitude Longitude of measurement Decimal

degree
Start Year First year of measurement if accumulation is not annual year
End Year Last year of measurement if accumulation is not annual year
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Year Year of accumulation if accumulation is annual year

Accumulation Accumulation in m of water equivalent per year m WE/a
Error Uncertainty in measurement m WE/a
Elevation Elevation above sea level m
Radar Horizontal resolution of radar data along track m
Horizontal
Resolution
Method How the measurement was collected (see metadata for more -
details)
Name Name of field campaign (see metadata for more details) -
Citation Cited source of data (see metadata for more details) -

2.2.4.3 Snow Depth on Sea Ice

The snow depth on sea ice subdataset is the sparsest within SUMup with ~92,000 unique
measurements. Table 3 describes the parameters for each snow depth measurement. The
measurement methods include rulers, magnaprobes, avalanche probes, and snow corers. The
Arctic measurements span from 1990-2018 and cover areas off the coast of Finland (Eero Rinne,
personal communication), near Kotzebue Sound, and Utqiagvik, Alaska (Turner et al., 2018a-b),
Eureka and Nunavut, Canada from the Enviornment and Climate Change Canada campaign
(ECCC 2014) (King et al., 2015), near Ellesmere Island from the CryoSat-2 Validation
Experiment (CryoVEX) (Haas et al., 2017), Elson Lagoon from the Bromine, Ozones, and
Mercury Experiment (BROMEX) (Webster et al., 2014), and Prudhoe Bay, Alaska from the Ice
and Climate Experiment (ICEX 2011)(Gardner et al., 2012). The Antarctic observations are
from the Sea Ice Mass Balance in the Antarctic (SIMBA) dataset which was collected from the
research vessel/ice breaker N.B. Palmer in September and October 2007 in the Bellingshausen
Sea (Lewis et al., 2011). We note that large, standardized datasets of radar-derived snow depth
on sea ice are available through the IceBridge Sea Ice Freeboard, Snow Depth and Thickness

24



product and similar products derived from the IceBridge Snow Radar (Kreutz et al., 2017; Kwok
etal., 2017). These snow depths from Operation IceBridge are no longer included in the SUMup

dataset as of July 2015, but are included in a separate archive due to their size.

Table 2.3 - The parameters for each snow depth on sea ice measurement in the SUMup dataset

with a brief description and the unit of measurement

Column Description Unit
Date Taken Date the data was taken yyyymm
dd
Latitude Latitude of measurement Decimal
degree
Longitude Longitude of measurement Decimal
degree
Distance Along Distance along a transect of in-situ snow depth measurements over m
Transect sea ice from the initial Lat, Long. Used for snow-depth
measurements where point by point Lat, Long was not recorded.
Snow Depth Snow depth measurement m
Snow Depth Uncertainty in snow depth measurement m
Error
Density Taken If density measurement was taken = 1, if no measurement =0. -
Sea Ice Sea ice thickness measurement m
Thickness
Sea Ice Uncertainty in sea ice thickness measurement m
Thickness Error
Sea Ice Type 1=first year ice, 2=multilayer ice, -9999 = unknown -
Sea Ice Sea Ice freeboard measurement m
Freeboard
Sea Ice Uncertainty in sea ice freeboard m
Freeboard Error
Snow Ice Snow ice thickness measurement m
Thickness
Snow Ice Uncertainty in snow ice thickness measurement m
Thickness Error
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Radar Horizontal resolution of radar data along track m

Horizontal
Resolution
Method How the measurement was collected (see metadata for more -
details)
Citation Cited source of data (see metadata for more details) -

2.3. Spatial and Temporal Data Analysis

The goal of the SUMup dataset is that it can be broadly used by the scientific community for a
variety of research studies. Tables 4 and 5 provide the basic descriptive statistics for each
subdataset for the Arctic and Antarctic, respectively. These tables provide a coarse overview of
the data, however, when using the SUMup datasets subsetting by location, time, depth, etc will
likely be required for specific applications. The minimum value for accumulation in the Arctic is
-0.004 m WE/a which represents an ablation value from monthly Bamboo Forest measurements
at Summit Station, Greenland. In total, there are 5 months, all occurring in separate years, with
small negative accumulation measurements from Summit Station. These negative accumulation
measurements are likely due to the ablation processes of sublimation or negative wind
redistribution; however, a stake measurement alone cannot determine the underlying process of a

surface height change.
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Figure 2.2 - Bar charts showing the measurement methods in the a) density subdataset and b)
accumulation subdataset. The left bar in each plot shows the distribution of all methods and the
right bar shows the distribution of methods excluding the high-resolution spatial (accumulation)
or depth (density) measurements.

Field data collected over the vast polar regions have spatial and temporal sampling bias,
as the time, cost and logistics to systematically sample these regions is unreasonable. We
describe the SUMup dataset here to elucidate possible bias. All the measurements in SUMup,
with the exception of one location, were collected during the spring/summer season for that polar
region, roughly April through August for the Arctic and October through February for the
Antarctic. Summit Station, Greenland, the only GrIS station with year-round operations, is the
one exception in the dataset where temporally-consistent, year-round measurements are taken.
Below, we summarize the spatial and temporal distributions of the SUMup dataset by
subdatasets. For the two largest subdatasets, snow density and accumulation, we present analysis
over the GrIS (Sect. 3.4). This analysis is meant to be an introduction to the dataset and is not
exhaustive. We encourage the community to continue to use and more fully exploit this dataset.
Figure 2.2 provides a bar graph showing the measurements methods that make up each

subdataset showing that measurements techniques with high spatial (e.g. radar isochrones) and
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high depth (e.g. neutron probes) resolution dominate the number of measurements in a

subdataset, however, they often have limited spatial coverage with respect to the entire region.

Table 2.4 - The descriptive statistics for the all of the Arctic measurements in SUMup including
the minimum (min), maximum (max), mean, median, standard deviation (stdev) and number of
measurements (N).

Statistic Snow Density (gcm™)  Accumulation on Land Snow Depth on
Ice (m WE/a) Sea Ice (m)

min 0.0003 -0.004 0.000
max 0.970 2.257 1.2180
mean 0.4717 1.040 0.1852
median 0.3792 1.034 0.1560
stdev 0.2037 0.171 0.1505
N 1642313 144060 89536

Table 2.5 - The descriptive statistics for the all of the Antarctic measurements in SUMup
including the minimum (min), maximum (max), mean, median, standard deviation (stdev) and
number of measurements (N).

Statistic Snow Density(g Accumulation on Snow Depth on
cm 3) Land Ice (m WE/a) Sea Ice (m)

min 0.1008 0.0179 0.000
max 0.9379 1.3980 1.900
mean 0.5568 0.1306 0.479
median 0.4252 0.1327 0.430
stdev 0.2272 0.0585 0.363
N 519069 88020 3176

28



2.3.1 Snow Density

Measurements were compiled of snow/firn density that cover ~306 sites in the Arctic and ~164
sites across Antarctica (Fig. 2.1). The majority of these measurements come from snow pits and
ice cores on the GrIS and AIS, however, there are 7 locations of snow density measurements on

sea ice in the Bellinghausen Sea. Here, we analyse only the ice sheet measurements.

The density subdataset is dominated (98% of data) by high vertical depth resolution
measurements (millimeter scale for ~100 meters) from, X-ray microfocus computer tomography,
neutron density methods, gamma-ray attenuation, OPTV, and DECOMP measurements taken on
cores or in boreholes at 24 locations in Northern Greenland (Wilhelms, 2000a-d; Miller and
Schwager, 2000a-b;, Schaller et al., 2016; Schaller et al., 2017) and 44 locations from Antarctica
(Gerland and Wilhelms, 1999; Oerter et al., 1999a-h; Oerter et al., 2000a-j; Graf et al., 2002a-o;
Kreutz et al., 2011; Hubbard et al., 2013; Schaller et al., 2017) (Fig. 2.2). Because of the high-
depth resolution of these measurements millimeter scale, compared to more typical density
measurements at decimeter to meter scale, these data saturate histogram representations of this
subdataset. For this reason, we do not use these measurements in the following analysis, thus
providing a more realistic overview of the fraction of the density measurements taken throughout

time and space.
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Figure 2.3 - Histograms showing the date taken and associated fraction of the density dataset for
A) Antarctica, B) Greenland excluding Summit Station, and C) Summit Station. Please note
different time scales on x-axis.

Figure 2.3 provides histograms showing the fraction of density measurements taken by
year for Antarctica, Greenland excluding Summit Station, and for Summit Station. (Summit
Station was defined as a bounding box of 72N to 73N and 38W to 39W.) Summit Station
measurements are plotted separately because this unique site provides the only location on the
GrIS with year-round measurements over multiple years. The histograms for Antarctica and
Greenland show spikes through time related to major collection campaigns. Antarctic density
measurements peak from 1990 to 2000 related to a large amount of ice cores taken in Dronning
Maud Land and the Filchner Ronne Ice Shelf (Oerter et al., 1999a-g; Oerter et al., 2000a-1; Graf
et al., 2002a-0). Greenland measurements first peak in the early 1950’s with measurements from
Benson’s traverses. They peak again in the late 1980°s through the 1990’s related to the
activities surrounding GISP2 and PARCA ice cores (Alley, 1999; Bolzan and Strobel, 1999(a-
g); Mosley-Thompson et al., 2001) and peak for third time in the early 2010’s with the
Greenland Inland Traverse and the Arctic Circle Traverse cores (Micge et al., 2013; Hawley et
al., 2014). Measurements from Summit station steadily increase in time from 1987 to 2014 with
a slight peak in the late 1990’s and early 2000’s related to additional measurements surrounding

PARCA and GISP2 projects (Dibb and Fahnestock, 2004; Alley, 1999.
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Figure 2.4 - Histograms showing the fraction of the density dataset by mid-point sampling
depths for A) Antarctica, B) Greenland excluding Summit Station and C) Summit Station.

Figure 2.4 provides an overview of the distributions of depths sampled by the density
subdataset. Overall, the number of measurements decreases with depth. The Antarctic
measurements decrease less uniformly with depth which is related to the larger number of deeper
ice cores. The majority of Greenland measurements are above 5 meters and there are very few
measurements below 20 m demonstrating the large number of shallow cores collected across
Greenland. At Summit Station, the majority of the measurements are taken above 1 meter as a
result of systematic tasking to dig ~1 m snow pits at approximately monthly intervals since 2003.

The deep 100 m plus measurements at Summit come from the GISP2 ice core (Alley, 1999).

2.3.2 Accumulation

Measurements of accumulation over land ice were taken at ~91 locations in Antarctica, and ~36
locations in Greenland. These include two radar traverses that span several hundreds of km in

Antarctica, and a 75-km radar traverse in Southeast Greenland. (Fig. 2.1).

62% of the accumulation measurements are from the Arctic, all within Greenland, with
<1% of the overall measurements coming from Summit Station. The Antarctic contributes the
remaining 38% of the measurements. The accumulation subdataset is dominated (96% of data,
Fig. 2.2) by high horizontal spatial resolution (10’s of m) radar accumulation measurements
taken from 3 ice sheet transects (Fig. 2.1). These data saturate histogram representations of this
subdataset and are not used in the following analysis to provide a more realistic overview of the

fraction of accumulation measurements taken throughout time and space.

Figure 2.5 provides histograms showing the fraction of accumulation measurements
taken by year for Antarctica, Greenland excluding Summit Station, and for Summit Station.
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Year, in this case, is defined as the year in which the ice core, snow pit, etc was collected/dug.
The histograms for the Antarctic and Greenland show sporadic spikes through time
corresponding to major collection campaigns, similar to, yet more exaggerated than in the
density subdataset. Antarctic measurements peak in the early 2000’s when US ITASE ice cores
were collected in West Antarctica (Mayewski et al., 2013). Greenland accumulation
measurements peak in the late 1980°s with ice cores preparing for the GISP2 core and in the late
1990’s when the PARCA ice cores (Mosley-Thompson et al., 2001) were collected. Summit
Station has a constant monthly collection of accumulation measurements from August 2003 to
August 2016 from the Bamboo Forest measurements (Dibb and Fahnestock, 2004) and represent

the only year-round collection of accumulation measurements in the SUMup dataset.

a) b) q)
. [ I - 02

03 05/ 016

0.4
02 0.12

Fraction of Dataset

0.08
0.1
0.04

. ]
1987 1993 1999 2005 2011 2017 ?987 1993 1999 2005 2011 2017 ?937 1993 1999 2005 2011 2017
Year Year Year

Figure 2.5 - Histograms showing the date taken and associated fraction of the accumulation

dataset for each area examined: A) Antarctica, B) Greenland excluding Summit Station, and C)
Summit Station.

While understanding the date when accumulation measurements are taken is important, it
is also important to understand the year represented by a sample, corresponding to the depth.
Figure 2.6 provides the distribution of years when annual accumulation was measured from 1950
to present. Antarctica has a relatively even distribution of accumulation measurements until
2000 when the number of samples decreases. This decrease is due to the fact that many of the

cores collected by US ITASE from 2006-2008 in East Antarctica could not be dated to determine
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accumulation and also shows that most of the firn cores collected date back to 1950 or later. The
Greenland accumulation measurements peak between 1980 and 2000. The mostly shallow ice
cores in Greenland, and relatively higher accumulation rates compared to Antarctica, result in
less data from 1950 to 1980 in the ice cores. The sharp decline in the 2000’s is due to a lack of
coring efforts that occurred during that decade in Greenland. Summit Station has a consistent
year-round sampling of accumulation from the 2003 to 2016. These systematic measurements
significantly outnumber the single measurements per year collected from ice cores at Summit

Station that sample the decades before 2000.
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Figure 2.6 - Histograms showing the fraction of accumulation measurements by year for A)
Antarctica, B) Greenland excluding Summit Station and for C) Summit Station. Dates are only
shown from 1950 forward.

2.3.3 Snow Depth on Sea Ice

The ~92,000 measurements of snow depth on sea ice are mostly from the Arctic representing
97% of the measurements and the Antarctic represents the remaining 3%. The Arctic
measurements span from 1990-2018 (Fig. 2.7) while the Antarctic measurements are from 2007.
The majority of the observations are from 2010 to 2018, including the CryoVEX 2017, ICEX
2011, BROMEX, and Environment and Climate Change Canada (ECCC) 2014 Snow on Sea Ice

campaigns.
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Figure 2.7 - Histogram showing the fraction of snow depth on sea ice measurements by year.

2.3.4 Analysis over the Greenland Ice Sheet

Recent warming over the GrlS, including a melt event in 2012 that covered nearly the entire
surface (Nghiem et al., 2012), has increased both snow density and snow accumulation in recent
decades (e.g. Morris and Wingham, 2014; Machguth et al., 2016a; Overly et al., 2016).
Improved measurements, or models, of density and its evolution with time are needed to reduce
uncertainties when converting altimetry measurements into total ice sheet mass balance using
altimetry (e.g. Zwally and Li, 2002; Shepherd et al., 2012) and for converting radar isochrones
into measurements of accumulation (e.g. Koenig et al., 2016). Many models use mean annual
temperature and accumulation to model the spatial and temporal evolution of density (e.g.
Herron and Langway, 1980; Reeh et al., 2005; Kuipers Munneke et al. 2015). Some studies,

however, show that density models generally underestimate surface (<1 m depth) density
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measurements (Koenig et al.., 2016) while other studies point to the importance of the surface
boundary condition for density models when comparing to measurements (Kuipers Munneke et
al., 2015; Bellaire et al., 2017). Fausto et al. (2018) find mean annual temperature is a poor
predictor of snow density from 0-10 cm depth. Here, we look more closely at the density and
accumulation measurements within the SUMup dataset over the GrIS and their sampling

distributions with respect to temperature, elevation and latitude.

2.3.4.1 Greenland Density distributions with Elevation, Latitude and Temperature
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Figure 2.8 - A) Histogram showing the fraction of density subdataset by elevation. Red line is
the fraction of elevations for the entire GrIS from CryoSat-2 DEM. B) Histogram showing the
fraction of density dataset by latitude. Red line is the fraction of latitudes for the entire GrIS.

Figure 2.8 shows the distribution of density measurements with elevation and latitude compared
to the total distribution of elevations and latitudes for the entire GrIS. The fraction of the
elevation at 250 m bins (red line of Fig. 2.8) for the Greenland ice sheet is derived from the
CryoSat-2 Greenland digital elevation model (DEM; Helm et al., 2014). Figure 2.8 uses similar
graphing techniques to those of Fausto et al. (2018) to clearly show sampling bias in the

observation dataset. If there were no sampling bias, the fraction of measurements would be
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similar to the fraction of values from the DEM. This is not the case. For elevation (Fig. 2.8a) we
see that elevations below 3000 m are undersampled, with the exception of the 1750-2000 m bin,
and elevations above 3000 m are largely oversampled. The measurements are therefore biased to
higher, inland elevations which, if averaged, would likely cause a low bias in sampled densities.
Figure 2.8b shows that our dataset is sampled best over central Greenland. More measurements
are required from lower elevations and southern (< 70N) and northern (> 78N) latitudes to fill

the gaps in the current dataset and reduce spatial bias.
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Figure 2.9 - Histogram showing the fraction of the density subdataset by modeled 3m annual air
temperature. Red line shows 1990-2015 annual average MAR3.5 model 3m air temperature
distribution for each grid cell across the ice sheet.

Because mean annual air temperature is a parameter often used to model density (e.g.
Herron and Langway, 1980; Reeh et al.; 2005), Figure 2.9 shows the distribution of density
measurements in Greenland in relation to 3 m mean annual air temperature estimated by the

Modéle Atmosphérique Régional (MAR) model version 3.5 (Fettweis et al., 2013) with a
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horizontal resolution of 25 km. We used the National Centers for Environmental Prediction—
National Center for Atmospheric Research Reanalysis version 1 (NCEP-NCARv1) forced MAR
3.5 simulation (run from 1948-2015) to find the mean annual 3 m air temperature for the year
the corresponding to when the density measurement was taken. The NCEP-NCAR forcing was
chosen because it is more reliable than ERA forcings (Fettweis et al., 2017). The red line in Fig.
2.9 shows the distribution of annual average temperatures (derived from 1990-2015) for the
entire GrIS. Figure 2.9 clearly shows a preferential sampling of GrIS regions with lower
temperatures. Cold temperatures (-20 deg C and below) are oversampled in the density dataset
while temperatures above -14 deg C, which make up ~30% of the GrIS, make up less than 6% of
the sampled densities. As with elevation, the density sampling distribution by mean annual
temperatures likely results in a low-density bias when trying to characterize the entire GrIS. In
general, the density measurements in SUMup across the GrIS oversample cooler, inland regions

and undersample coastal, warmer regions.
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Figure 2.10 - Scatterplot showing the MAR 3.5 modeled mean annual 3 m air temperature in the
year the density was measured compared to the mean density in top A) 10 cm, B) 25 cm, C) 50
cm, and D) 100 cm.

Figure 2.10 plots all sites in Greenland with density measurements coincidently sampled
to depths of 10, 25, 50 and 100 cm compared to the mean annual temperature. No clear
relationship (Pearson Correlation coefficient, R?> = 0 to 0.137) between mean annual temperature
and density is seen in our data until ~1 m depth (R?>=0.272) where higher temperatures
correspond to higher density. This result suggests that in the top 1 m of snow/firn on the GrIS, in
the colder, more inland areas, temperature may not be the primary variable leading to
densification. Solar radiation, layering in firn, and wind processes (e.g. Liston et al., 2007;
Horhold et al., 2011) are likely important in these regions and require snow density models that

account for these processes. Due to the spatial sampling bias in this dataset, melt processes are
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likely not a primary process in determining snow density for these measurements, however, melt

processes will contribute more in the future (Nghiem et al., 2012; McGrath et al., 2015)

2.3.4.2 Accumulation distributions with Elevation and Latitude

Snowfall over the GrIS can also be parameterized by elevation and latitude. Figure 2.11 shows
the distributions of the accumulation measurements over the GrIS by elevation and latitude. As
with the density measurements the accumulation measurements all come from high elevations on
the GrIS (>1750 m) with the highest elevations (>3000 m) being largely oversampled. The
sampling across latitudes is the most evenly distributed, however, latitudes above 78 N represent
a gap in the dataset. We do not compare the accumulation subdataset with mean annual
temperatures here because each year of accumulation has a different mean annual temperature
associated with it. We deem it beyond the scope of this analysis and suggest this as a future

study that could be researched using the SUMup dataset.
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Figure 2.11 - A) Histogram showing the fraction of accumulation subdataset by elevation. Red
line is the fraction of elevations for the entire GrIS from CryoSat-2 DEM. B) Histogram
showing the fraction of accumulation dataset by latitude. Red line is the fraction of latitudes for
the entire GrlS.
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2.3.4.3 Year-round density and accumulation measurements from Summit Station.

Summit Station is the only site in the dataset, and on the GrIS, that has been systematically
sampled for density and accumulation on a nearly monthly basis. Hence, it is the only location on
the GrIS to watch the long-term, decadal, seasonal evolution of snow surface density. Figure
2.12 shows the monthly mean surface density to depths of 10 cm, 25 cm 50 cm and 100 cm. A
seasonal cycle is evident in the 10 cm and 25 cm depth mean densities with a decrease (trough)
in density in late summer (August/September) and an increase (peak) in April. The decrease in
summer density is likely due to surface hoar, a low-density snow crystal formation that is well
known to form at Summit Station in the summer when wind speeds are low and humidity
relatively high (e.g. Alley and other, 1990; Albert and Schultz, 2002; Dibb and Fahnestock,
2004). As wind speeds increase and water vapor decreases in the winter the surface snow
increases in density. The seasonal signal in density is damped out by 1 m depth at Summit
Station. Figure 2.12 also shows larger natural variability in average density measurements in the
top 50 cm compared to the top 100 cm. This is expected as the deeper snow is more insulated

from atmospheric and radiative processes in this dry-snow-zone location.
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Figure 2.12 - Plot of mean density (circle) and +/- 1 standard deviation (whiskers) for each
month at Summit Station, Greenland for a) 10 cm b) 25 cm ¢) 50 cm d) 100 cm

Figure 2.13 show the monthly mean accumulation at Summit Station. Accumulation is
highly variable with slightly lower values in the early Summer months (May/June/July). Dibb
and Fahnestock (2004) also showed a similar trend in stake measurements and Summit Station
from just 2 years of data and explained that the summer season may not actually be seeing a
decrease in accumulation but that thinning layers, densification, may be causing the stake
measurements to not rise as much in the summertime compared to the wintertime when a
snowfall event occurs. Determining if there is a true decrease in summer accumulation or

increase in snow/firn compaction rate at Summit Station requires additional research.
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Figure 2.13 - Plot of mean accumulation (circle) and +/- 1 standard deviation (whiskers) for each
month at Summit Station, Greenland.

2.4 Data Availability

The SUMup dataset is currently available through the Arctic Data Center. It hosts our three
subdatasets in both csv and netcdf formats along with metadata files to further explain the

methods and citations. The dataset will be updated annually.
2.5 Discussion and Conclusion

We present and describe the SUMup dataset, an expandable, community-based dataset of field
measurements of surface mass balance components that is consistent in format, has clearly
defined metadata, and is publicly available. The subdatasets include compiled measurements of

snow/firn density (doi:10.18739/A2JH3D23R), accumulation on land ice
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(doi:10.18739/A2DR2P790), and snow depth on sea ice (doi:10.18739/A2WS8HK6X) from the

Arctic and Antarctica.

As seen in SUMup, the measurements over the GrIS and AIS are sporadic in time and
space, peaking during specific field campaigns and lapsing in between which makes monitoring
change with and understanding processes from field measurements difficult. This is especially
prevalent for parameters like density and accumulation that change with both seasonal and
climatic atmospheric conditions. Overall, there are gaps in density and accumulation data from
~2000 forward and from locations on the periphery of the ice sheets. While there currently is a
temporal gap in the most recent decades, we note that the GreenTRaCs traverses have collected
cores across the GrIS in 2016 and 2017, including at previous PARCA sites. Once these cores
are processed, they will be able to help fill some of the time gaps for the GrIS (R. Hawley,

personal communication).

Density and accumulation measurements of the GrIS oversample cooler, inland regions
and undersample coastal, warmer regions. Oversampling these regions may lead to an
underestimation of the total average surface density, especially in the summer season, when the
measurements are undersampling regions with significant melt processes that increase density.
No clear relationship between mean annual temperature and density is seen in the data until a
depth of 1 m where a relationship between higher temperatures and increased density is
observed. This suggests that additional parameters, such as wind speed and radiative balance,
should be considered when modeling density for the GrIS at SUMup density locations and
depths above 1 m. Summit Station, Greenland is the only location with year-round density and
accumulation measurements in the dataset, and on the GrlIS, and seasonal cycles are evident in

accumulation rate and density for depths above 50 cm.
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Our analysis of the SUMup dataset shows gaps in ice sheet measurements in the recent
decades and in low elevation regions on the periphery of the ice sheets. These are the exact
regions where climate change will and has had the largest effects on the Greenland and Antarctic
ice sheets (eg. Shepherd et al., 2012; IMBIE Team, 2018; Enderlin et al., 2014) and where

additional future measurements are warranted.

We encourage the cryospheric community to contribute additional field data to the
SUMup dataset. We also encourage the cryospheric community, including modelers and
scientists working in the field of remote sensing to use this dataset for model validation for
surface mass balance and satellite- or airborne-sensor algorithm development. SUMup is a

dynamic, living dataset and is expected to be expanded and released annually.
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3 Accumulation rates (2009-2017) in Southeast Greenland derived from

airborne snow radar and comparison with regional climate models

This chapter is adapted and reformatted from:

Montgomery, L., Koenig, L., Lenaerts, J. T. M., & Kuipers Munneke, P. (2020). Accumulation
rates (2009-2017) in Southeast Greenland derived from airborne snow radar and comparison

with regional climate models. Annals of Glaciology, 1-9. https://doi.org/10.1017/a0g.2020.8

3.1 Introduction

Driven by rising atmospheric temperatures, the Greenland Ice Sheet (GrIS) is losing mass at an
accelerated rate (Bevis et al., 2019; Kjeldsen et al., 2016; Hanna et al., 2013, Shepherd et al.,
2012; van Angelen et al., 2013; van den Broeke et al., 2009). The total mass loss of the GrIS
over the 2010-2018 period is estimated to be 286 + 20 Gt yr !, with 49 + 3 Gt yr'!, coming from
Southeast Greenland (Mouginot et al., 2019). In the remainder of the 21st century, it is expected
that increased meltwater runoff, and the associated decrease in surface mass balance (SMB), will
dominate solid ice discharge as the GrIS’s largest contribution to sea level rise (e.g. Enderlin et
al., 2014). SMB is defined as snow accumulation and wind-driven snow redistribution (through
erosion or redeposition), minus runoff, where accumulation is the difference between snowfall
and evaporation/sublimation (Lenaerts et al., 2019). In this study, we ignore redistribution, as it
is two orders of magnitude smaller than snowfall integrated across Southeast Greenland
(Lenaerts et al., 2012). Although it is not the focus of this study, redistribution likely explains a
large portion of the small-scale (<1 km) variability in accumulation (Dattler et al., 2019).
Additionally, there is little-to-no runoff expected in the period we observe between the last peak
melt and mid-spring. Therefore, we assume SMB to be equal to accumulation in this study.
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Southeast Greenland, which we define as the region between 45°W to 33°W and 60°N to
67°N (Fig. 3.1), encompasses the area with the highest accumulation rates on the GrIS (Shepherd
et al., 2019; Berdhal et al., 2018). Regional climate models (RCM) suggest that Southeast GrIS
receives ~30% of the total GrIS snowfall (Miege et al., 2013). Therefore, interannual variations
in this region strongly influence the total GrIS mass balance, even determining the sign of the
total mass balance during some years (Burgess et al., 2010). However, evaluating the rate and
pattern of accumulation in climate models is challenging, as there are very few in-situ
observations available on the Southeast GrIS (e.g. Ettema et al., 2009; Hanna et al., 2011; Lucas-
Picher et al., 2012; van den Broeke, 2016; Fettweis et al., 2017; Montgomery et al., 2018).

Using airborne observations, we can address the lack of in-situ accumulation
observations in Southeast Greenland. A first compilation of GrIS accumulation rates derived
from NASA Operation IceBridge (OIB) airborne snow radar was presented by Koenig et al.
(2016) for the period of 2009 to 2012. Here, we extend the time series of radar-derived
accumulation rates to 2017 focusing on Southeast Greenland, using observationally constrained,
gridded firn density products to convert radar-derived depth to accumulation. In addition, we
compare these radar-derived accumulations to two RCMs, the Mod¢le Atmosphérique Régional
version 3.9 (MAR) and the Regional Atmospheric Climate Model version 2.3p2 (RACMO2).
The goal of this work is to understand the magnitude, spatiotemporal variability, and uncertainty
of radar-derived accumulation in Southeast Greenland, and to provide an initial assessment of

RCM performance in simulating Southeast Greenland SMB.
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Figure 3.1 — Overview of our bounded study region in Southeast Greenland (red) and flight-line
case study region (blue). Inlaid box is a map of Greenland with a box around the zoomed area
(dashed red).

3.2 Observations, Instruments, and Models

3.2.1 Operation IceBridge Airborne Snow Radar Data

From 2009-2019, the Center for Remote Sensing of Ice Sheets (CReSIS) at the University of
Kansas operated the snow radar onboard the NASA P3-B and DCS aircraft during OIB missions.
We use the radar data from 2009-2017 due to data and model output availability at the time of
the study. This radar maps internal annual accumulation layers ranging from 10 cm to >1 m
(Panzer et al., 2013). These data, IceBridge snow radar L1B Geolocated Radar Echo Strength
Profiles, Version 2, are available from the National Snow and Ice Data Center (NSIDC; Paden et

al., 2014). The snow radar detects isochronal layers in the firn and are dated by assuming annual
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stratigraphy and counting each layer down from the surface (Medley et al., 2013; Koenig et al.,
2016). Annual layering of accumulation can be detected because radar reflection horizons
represent contrasts in the material's dielectric permittivity, attributed to isochronous buried
sequences, ice crusts, and snow layers (Medley et al., 2013). The radar uses a frequency-
modulated continuous wave (FMCW) architecture that operates in the 2—-6.5 GHz frequency
range with a vertical resolution of ~5 cm (Medley et al., 2013; Panzer et al., 2013). We chose
this radar over the other radars aboard OIB because of its high vertical resolution and shallower
penetration depth that allow the radar to measure recent accumulation rates (past ~1 to 20

years).

3.2.2 In-Situ Density Observations

The SUMup (SUrface Mass balance and snow depth on sea ice working group) dataset provides
snow and firn density profiles and accumulation measurements across the entire GrIS
(Montgomery et al., 2018). Density profiles from 306 locations on the GrIS are used to compare
modeled to observed densities in the top meter of firn (Fig. 3.2a/b; Renaud, 1959; Ohmura, 1991,
1992; Alley, 1999; Bolzan and Strobel, 1999a—g, 2001a, b; Miller and Schwager, 2000a, b;
Wilhelms, 2000a—d; Mosley-Thompson et al., 2001; Bales et al., 2001; Conway, 2003; Dibb and
Fahnestock, 2004; Dibb et al., 2007; Harper et al., 2012; Benson, 2013, 2017; Migge et al., 2013;
Hawley et al., 2014; Koenig et al., 2014; Baker, 2016; Chellman, 2016; Machguth et al., 2016;
Mayewski and Whitlow, 2009a—d; Schaller et al., 2016, 2017; Cooper et al., 2018; MacFerrin et
al., 2018a,b). We use thirty-five density profiles from Southeast Greenland to compare with
RCM density in the top five meters. Most density profiles were retrieved from firn cores (98%)
with average core depths greater than 10 meters while a small fraction were taken from snow pits

(2%) with depths less than 2 meters.
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3.2.3 MAR and RACMO?2 simulated SMB

We use our radar-derived observations to evaluate the accumulation simulated by two RCMs
(MAR and RACMO?2) over Southeast Greenland. MAR and RACMO?2 are forced at their lateral
boundaries by a reanalysis data set (ERA-Interim 1979-2018) (No€l et al., 2016; Fettweis et al.,
2017; Delhasse et al., 2018). Monthly gridded SMB from MAR (originally 15 km) and
RACMO?2 (originally 5.5 km) is downscaled to a 1-km spatial resolution, and provide the
atmospheric input used to derive density profiles (see Crocus and FDM modelled density
section). The RCM SMB products used here are downscaled based on the local regression to
elevation from higher resolution digital elevation models (Noé€l et al., 2016; Fettweis, personal
communication, 2019). These downscaled accumulation model products are used to compare
with our radar-derived accumulation. Previous studies have shown that both MAR and
RACMO2 SMB products compare well to available in-situ observations on the GrIS (Fettweis et
al., 2017; Noél et al., 2018), although an evaluation of Southeast GrIS has so far been hampered
by the paucity of observations in that region.

3.2.4 Crocus and FDM modelled density

Spatially gridded density profiles are taken from two firn models, Crocus and the Firn
Densification Model of the Institute for Marine and Atmospheric research Utrecht (IMAU-
FDM v2.3p2), (referred to hereafter as Crocus and FDM, respectively). Crocus model output,
available at a horizontal resolution of 15 km, is forced with atmospheric data and mass fluxes
from MAR (Fettweis et al., 2017). Crocus is a snow model that simulates energy and mass
evolution of a snow cover at a given location and provides vertical density profiles (Brun et al.,
1989; Brun et al., 1992). The FDM model output, available at a 5.5 km spatial and 10-daily

(instantaneous) temporal resolution, is a time-dependent, one-dimensional model that keeps track
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of the density and temperature in a vertical firn column, and is driven by atmospheric input
originating from another regional climate model, RACMO?2 (Kuipers Munneke et al., 2015;
Ligtenberg et al., 2018). Model output prior to our study period is used to understand density
differences across the GrIS since the majority of observations from SUMup are not from 2009-
2017 (Fig. 3.2). Both densification models can simulate liquid water content, percolation, layer
saturation, and refreezing in firn. The FDM can store liquid water through capillary forces,
which best simulates the processes occurring in the percolation zone in Southeast Greenland
(Ligtenberg et al., 2011). The FDM densification rate in Southeast Greenland is tuned to density
observations from 22 dry firn cores (Kuipers Munneke et al., 2015).

3.3 Methods

To derive accumulation rates (5) from radar observed firn layers we use a combination of two
equations following standard methods (Medley et al., 2013; Das et al., 2015; Koenig et al.,
2016). Equation 1 shows the water-equivalent accumulation rate, 5, in m w.e. a_' at along-track
location, x, using a snow density profile, p(x), in kg m, with a as the age of the layer in years

from the date of radar data collection, and p., as the density of water in kg m™>.

Equation 1: b(x) = %

The two way travel time of the radar (TWTT) in seconds is converted to depth, z, using a

dielectric mixing model for ice-air mixture from Looyenga (1965) in Equation 2, where c is the

1

speed of light in m s, p; is ice density in kg m, and ¢ is the dielectric permittivity of pure ice.

TWTT(x)p(x)c
2(ﬁ<£'i%_1>+1) 3/2

Equation 2: z=

Equations 1 and 2 are combined to Equation 3.
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TWTT(x)p(x)c

Equation 3: b(x) = .
2a(0)pw(L; ( s'i§—1>+1) 3/2

3.3.1 Selecting Flight Tracks

Any flight tracks that were included our study area, 45°W to 33°W and 60°N to 67°N, were
downloaded from NSIDC and run through a semi-automated layer picker software (detailed in
Koenig et al., 2016). The flight track missions that were most often used included “Southeast
Coastal”, “Southeast Glaciers”, “Helheim-Kangerdlugssuaq”, but vary depending on the year.
Often, accumulation rates could not be derived because the layers were not clearly identifiable
due to topography, flight maneuvers, or meltwater percolation disrupting firn stratigraphy. There
are no annual accumulation measurements available in SUMup coincident in space and time to
compare with our new OIB-derived accumulation. Instead, radar-derived accumulation rates are
directly compared to modelled accumulation, because our observations reflect all of the
individual components of SMB throughout the winter season (when melt and runoff are absent),
i.e. snowfall and sublimation/evaporation.

3.3.2 Density profiles and associated uncertainties

In Southeast Greenland, only 35 observed density profiles, p(x), are available from

SUMup. Therefore, we seek to increase the coverage of this region using the FDM and Crocus
firn models that have gridded density products available. A simple model, such as a semi-
empirical firn densification model that assumes a dry firn column, as described by Herron and
Langway in 1980, cannot be used to approximate density profiles in Southeast Greenland,
because it is a region where liquid water is commonly found in the firn. To assess how these
models perform and which to use for our study, we compare their output against observations at
corresponding times and locations. The FDM density profiles were linearly interpolated in time
to find daily values, since the original data is only output every ten days. There is no FDM model
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output available beyond 2016, so an average 2009-2016 density profile was used to derive
accumulation for 2017, which provides a conservative estimate. If no day was associated with
the measurement in the SUMup dataset, we assigned the date to be May 1st, as in Koenig et al.
(2016).

To determine which gridded density product to use to derive accumulation and its
associated uncertainty, we examine densities from models compared to observations in the top
meter and five meters of snow across Greenland spatially. The comparison of observed and
modelled density in the top meter of snow shows us how well surface processes are being
represented. In the top meter across all of Greenland for 306 unique locations from the SUMup
dataset (Fig. 3.2a), Crocus underestimates densities by 50 kg m™, similar to the results of a 60 kg
m™ underestimation from Alexander et al. (2019). In Southeast Greenland specifically, densities
are being underestimated by an average of 80 kg m™ in the top meter of firn, with an average
observed value of 362 + 45 kg m™ and an average Crocus output value 294 + 29 kg m~. The
FDM shows only a slight overestimation of densities within the top meter by 20 kg m™ across all
of Greenland (Fig. 3.2b). In Southeast Greenland, the FDM agrees well with observations, with
densities overestimated by 30 kg m™ and an average density value of 343 = 24 kg m~. The FDM
has less variability than Crocus as well as a lower root mean squared error (RMSE) (0.06 for
FDM vs. 0.11 for Crocus, Fig. 3.2¢) showing that it better represents densities in the top meter of
the GrIS. However, neither model is capturing small scale variation in observed densities likely
due to grid resolution (Fig. 3.2¢). Our uncertainty is defined as the absolute difference between
the modeled density and observed density in the top meter, which is determined to be 19% and
5% for Crocus and FDM, respectively. We use these errors as a measure for the final radar-

derived accumulation uncertainty, because this layer comprises most (if not all) of the winter
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accumulation.
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Figure 3.2 - Difference of average density (kg m™) in the top meter between a) Crocus or b)
FDM and SUMup observations across Greenland. ¢) Scatterplot of Crocus and FDM densities
vs. observations.

Further, we analyze the density profiles of both observations and models to the depth of
the highest radar-derived accumulation rates we have observed, ~5 meters snow water
equivalent. The average density of the top 5 meters of snow/firn from SUMup observations in
Southeast Greenland (representing 35 unique cores) is 437 = 59 kgm™ (Fig. 3.3). Below the top
meter in Crocus, the densification rate slows because there is less pore space available to
compact and it is compensating for the excessive densification rate above. This compensation of
density values allows Crocus to have a low bias for the top 5 meters with an average value of
432 + 90 kg m~. The FDM density profile agrees better with the observations overall, showing a
similar densification rate, although it still slightly underestimates the average density values (404
+ 50 kg m™). We use the FDM density profiles to derive accumulations and in our analysis
because they are within the uncertainty range of the observations, i.e. = 1 standard deviation,
though we also derive accumulations using the Crocus profiles only to quantify the total

uncertainty.
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Figure 3.3 - Average density profile of the top 5 meters of all observed SUMup (N=35) cores
(black) in Southeast Greenland and co-located FDM (blue), and Crocus (red) in space and
time. The standard deviation is shown in the dashed line of the same color.
3.3.3 Determining layer age and total accumulation uncertainty

Depth or layer ages, a, are determined by assuming that spatially continuous isochronal
layers are annually resolved. An automated layer picker (Koenig et al., 2016) was used to find
the peak density gradients to determine layers ages that were verified and adjusted manually as
necessary using a graphical user interface. The first layer would represent 10 months instead of
the full year in our study. This is because it encompasses the springtime measurement from the
snow radar aboard OIB (often taken in April/May) back to the previous years melt, causing a

peak in the density gradient in July +£1 month (Koenig et al., 2016). The second source of error
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occurs during manual adjustment of the picked layers and is estimated to be a maximum of £3
range bins, or ~ 8 cm (Koenig et al., 2016). In our study, this accounts for a range of 7 to 13%
errors (10% on average) depending on accumulation rates, which is similar to the mean error of
7% found in Koenig et al. (2016). Combining this with the errors from the density models we get
a total error range on the radar-derived accumulation of 11% (FDM) to 21% (Crocus) depending
on the firn model used. The results we show are only representative of the radar-derived
accumulations using the FDM density profiles.
3.4 Results
3.4.1 Radar derived accumulation rates

A time series of accumulation rates and their uncertainties were derived from OIB snow
radar from 2009 to 2017 (Fig. 3.4). Average radar-derived accumulation across all of Southeast
Greenland for each year ranges from 0.5 to 1.2 m w.e. with higher values near the coast and
decreasing values as you move inland. The year-to-year variable acquisition of observations, is
due to the variations in flight lines and data quality. An increase in spatial coverage from 2009 to
2011 can be explained by a greater number of flights and adjustments to the radar antenna
leading to better data quality (Koenig et al., 2016). Resulting from the improved data quality, the
percentage of measurements that were able to be derived from all flight lines increased from
~40% to 70% in those years. From 2012 to 2014, there was less coverage, with only one flight
line obtained in 2013 and three in 2014, likely due to unfavorable flying conditions in those
seasons, along with only ~22-46% of the data of sufficient quality. 2015 and 2017 provide more
complete spatial coverage, with more consistent flight paths as well as ~58% to 65% of the radar

data containing discernable layers. In 2016, there was reduced radar performance on many
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flights leading to a lack of quality data (36%). The number of flights and area covered varies by

year (Supplementary Table 1, Fig. 3.4), with peak coverage in 2011 (70%) and 2015 (65%).
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Figure 3.4 - Annual Accumulation (m w.e.), derived from OIB Snow Radar, from 2009 to 2017.
Flight tracks that were not discernable for accumulation layers are in grey.
3.4.2 Comparison with RCMs: interannual variability

With a data set of radar-derived accumulation rates spanning almost 10 years, we can
analyze the interannual variability and compare that with RCMs (Fig. 3.5). Since there is no

single OIB flight line that is consistently flown every year from 2009-2017, we focus our
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analysis to an area (45°W to 41°W and 66.3°N 66.55°N, Fig. 3.1) that contains a partial set of
flight lines each year (except 2009), and match these observations in space and time with the
closest MAR and RACMO?2 grid points. Accumulation from RACMO?2 follows a similar pattern
of interannual variations, although it had a relatively large bias of -0.18 m w.e (44%). In contrast,
MAR shows a more constant accumulation rate from 2010 to 2017. However, its multi-annual
mean is closer to the observations, with an average bias of -0.13 m w.e. (29%). Over this time
period, RACMO2 captures the interannual trends (1> = 0.86) while MAR does not (r* = 0.08),
showing very little interannual variability. To assess how representative the 2010-2017 period is
for the longer-term accumulation record (1979-2017), and considering the above model biases,
we analyze the 30-year mean and variability in accumulation across the same area from RCMs
(Fig. 3.5b). For both RACMO2 and MAR, the standard deviations of the 2010-2017
accumulation (RACMO2: 0.408 = 0.039; MAR: 0.45 £ 0.024) fall within the 1979-2017
variability (RACMO2: 0.43 + 0.063; MAR: 0.47 &+ 0.068). This implies that the RCM analysis in

this study area is consistent with interannual patterns spanning multiple decades.
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Figure 3.5 — a) Inter-annual variability of radar-derived accumulation rates (black) from 2010-

2017 of area overflown each year compared with MAR (red) and RACMO?2 (blue). Uncertainty
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of observations (11%) shown in dashed lines of the same color. b) Box plot of RACMO?2 and
MAR accumulations from 1979-2017 showing the middle 50% of data (2nd and 3rd quartiles),
the line inside the box represents the median values, and the whiskers show the greatest/least
values within 1.5 times the interquartile range of the upper and lower quartile.

3.4.3 Comparison with RCMs: spatial variability

Radar-derived accumulation rates from each 10-month period were compared to downscaled 1
km MAR and RACMO?2 accumulation covering the same period. The years of 2011 and 2015
had the best spatial coverage and are shown in Fig. 3.61.. RACMO2 underestimates accumulation
rates in Southeast Greenland with a mean bias of -0.51 m w.e. across the entire region in 2011
and -0.41 m w.e. in 2015. In 2011, accumulation is overestimated towards the lower elevations
(< 1500 m) but this is dominated by accumulation underestimation everywhere else. MAR
closely matches accumulation rates in 2011 with a mean bias of -0.09 m w.e. and in 2015 the
mean bias is -0.22 m w.e. averaged across Southeast Greenland. This good agreement in 2011
reflects the low spatial heterogeneity compared to observations. Scatterplots show a similar
pattern as the difference plots, showing that both MAR and RACMO2 underestimate
accumulation in Southeast Greenland (Fig. 3.6i1). The root mean square errors (RMSE) for
RACMO?2 during 2011 (0.26) and 2015 (0.29) are greater than those from MAR for the same
years (0.17 and 0.23). When considering the 11% uncertainty of the radar-derived accumulation,
the RMSE of each year decreases, except for MAR in 2011 where the RMSE is the same
(RACMO2 2011: 0.18, RACMO?2 2015: 0.12, MAR 2011: 0.17, MAR 2015: 0.08). However,
the uncertainty does not fully account for the difference in radar-derived vs. modelled

accumulation and therefore it must be attributed to a physical process in the models.
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Shows the same analysis except with MAR.

3.5 Discussion
Annual accumulation can be derived from OIB airborne radar in Southeast Greenland. However,

in general, only the most recent layer or ~10 months can be detected in the percolation zone
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where melt and refreezing obscures the stratigraphy below the last year’s snowfall. A future
increase and inland progression of surface melt on the GrIS implies that this technique’s
potential to yield reliable long-term accumulation records will be progressively more challenging
in the future. We can reduce the spatial uncertainty of these derived measurements by attaining

more in-situ observations along OIB flightline tracks.

This study provides a record of OIB radar-derived accumulation in Southeast Greenland
that has been extended from Koenig et al., (2016) to include 2009 to 2017. Compared to that
earlier study, we have also updated some of the methods and data sets. Firstly, we use an updated
version of MAR (v3.9.2) as well as RACMO2 to compare RCM accumulation with OIB radar-
derived accumulation. Secondly, we use FDM density profiles to derive accumulation, which
best represent Southeast Greenland. The resulting differences between our results and Koenig et
al. (2016) illustrate that realistic density profiles are essential to convert radar-derived depth to
accumulation. This is highlighted by our comparison of Crocus and FDM with observations,
yielding a total uncertainty associated only to density choice of 5% (FDM) to 19% (Crocus). The
FDM density profiles show better agreement with observations, likely because the FDM physics
are designed for use over ice sheets, while the Crocus model is developed for Alpine snow
conditions. FDM profiles are also tuned to measurements from the GrIS ice sheet (Kuipers
Munneke et al., 2015). Along with the density estimate, the layer picking software is a source of
uncertainty in deriving accumulation rates and has been quantified by Koenig et al. (2016) to be
~8 cm from manual adjustment of layers or an average of 10% uncertainty in our study. Our
overall uncertainty of 11% on radar-derived accumulation is reasonable compared to other
studies, which yield uncertainties of 14-15% (Koenig et al. (2016); Medley et al. (2013)). The

biases between models and observations as well as the uncertainties can be constrained by
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collecting additional coincident observations of accumulation and density in Southeast
Greenland. These observations are also necessary to provide an independent estimate of
Southeast Greenland accumulation, as RCMs are currently the only tool available to provide
GrIS SMB at this spatial resolution.

To assess future changes in accumulation and SMB, we must be able to differentiate
between interannual variability and longer-term trends in RCMs. Interannual variability of
accumulation in Southeast Greenland is driven by synoptic patterns associated to the strength
and location of the Icelandic Low situated to the east of Greenland (Berdahl et al., 2018). On
average, the large-scale southwesterly atmospheric circulation brings moisture to the southern
coast of Greenland, where the steep slopes of the ice sheet act as efficient barriers to the flow,
and orographic precipitation is abundant. Over the 2010-2017 time period (2009 is excluded
because no flightlines overlap our case study region in that year), our case study shows that
RACMO?2 captures the interannual trends better than MAR, while MAR better represents the
absolute magnitude of radar-derived accumulation. Over a 30 year period from 1979-2017,
accumulation is examined from MAR and RACMO?2 to show that variability of the study period
(2010-2017) is within that of the longer-term from both RCMs (Fig. 3.5b). On the other hand,
the 8-year time period we observe is too short to discern a significant long-term trend. We would
need OIB data from a longer time period, similar to that of the RCMs (>30 years), to attempt to
isolate long-term trends from interannual variability.

In order to quantify how much accumulation Southeast Greenland contributes to the
GrIS’s total SMB, and how it may impact changes in SMB in the future, spatial variability of
accumulation in RCM’s is vital to understand. When comparing modelled mean bias to

observations in our flightline case study (Fig. 3.5a), accumulation is underestimated by both
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MAR and RACMO?2. This result could be due to the specific to this study area chosen, and
unfortunately we are unable to expand this assessment to other regions, since this is the only
region that has coverage in most years. However, our comparison of the spatial variability in
models and observations (Fig. 3.61) suggests that this result is valid for the larger Southeast
Greenland region. As other SMB components (including melt, sublimation, and blowing snow
redistribution) are at least two orders of magnitudes smaller than snowfall (mm vs. m) in
Southeast Greenland (Box and Steffen, 2001; Lenaerts et al., 2012), the biases in the RCMs must
be attributed to biases in snowfall.

RACMO2 has a high snowfall bias near the coast, while MAR has a larger bias in the
interior (Fig. 3.7). These patterns are consistent with the relative differences shown in Figure 3.6,
where RACMO2 shows underestimation inland and MAR shows an overestimation. Our MAR
results contrast with those of Koenig et al. (2016), who found that an earlier verison of MAR
(MAR3.5.2) overestimated accumulation in all of Southeast Greenland. With updated physics
(increase in the cloud life time (Fettweis et al., 2017; Delhasse et al., 2018) and employed at
higher resolution (15 km vs. 25 km), MARV3.9 shows good agreement across most of the region,
though still slightly underestimates accumulation. The majority of the radar-derived
accumulations are taken closer inland than where RACMO2 has dominant snowfall events,
closer to the coast (Fig. 3.7). These biases are due to the fact that we are working with model
accumulation downscaled to 1 km, which better resolves accumulation than the original grids,
but still cannot take into account the mountainous topography in Southeast Greenland. The bias
towards higher snowfall on the coast in RACMO?2 is likely due to the representation of
orographic precipitation in the model, i.e. when moist easterly air masses collides with coastal

mountains and precipitate as they are lifted, resulting in high coastal precipitation and drier
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conditions further inland. RACMO?2 resolves topographical features that have to do with
orographic precipitation, while MAR cannot, because downscaled 1km RACMO?2 has a higher

original horizontal resolution (5.5km) than downscaled 1km MAR (15 km).
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Figure 3.7 — Average annual snowfall (m w.e.) from 2009-2017 in a) RACMO2, b) MAR, c)
RACMO2-MAR.

Our results corroborate previous work, which has shown that of RACMO?2 overestimates
accumulation at lower elevations and MAR overestimates accumulation at higher elevations. On
the Q-transect on the Qagssimiut ice lobe in South Greenland, RACMO2 shows a wet bias
towards the coast that is likely the dominant source of error (Hermann et al., 2018). Similarly, in
RACMO2, Antarctica has a bias of orographic precipitation in coastal areas, likely because it
does not compute precipitation prognostically (i.e. snow falls in the same grid cell that it is
created) (Lenaerts et al., 2017). Schmitt et al., 2018 emphasized the same concern about
overestimation of accumulation due to high orographic forcing in RCMs and attributes some of
the error to the precipitation scheme in hydrostatic models, recommending use of WRF or
HARMONIE as a non-hydrostatic alternative. Our results further verify these model biases,
leading to the conclusion that RCMs must be improved to be better representative of the current
climatological conditions since observations will continue to be sparse across the majority of the

ice sheet. We propose future work of comparing radar-derived accumulations using a diagnostic,
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non-hydrostatic, high resolution model to diagnose the different precipitation schemes and see if
we can reduce the error in accumulation. Additionally, we recommend that model development
target orographically forced precipitation at the coast, as it a large source of error in SMB
calculations that could influence total SMB of the GrIS.

3.6 Conclusions

A dataset of annual accumulation was derived from OIB snow radar for 2009-2017 in Southeast
Greenland where there were very few in-situ measurements available. Our estimated uncertainty
of this new dataset is 11%, which results from the uncertainty associated with the semi-
automated layer picking software, and uncertainty in the FDM density profiles used to derive the
accumulation. We find that density profiles vary widely in the top meter of firn and can widely
affect accumulation rates, especially in the high-accumulation area of Southeast Greenland. This
data set can be used to validate RCMs in Southeast Greenland, an area of high variability and
uncertainty. RACMO2 consistently underestimates accumulation rates across the entire region
in 2011 and 2015 (the years with the best spatial coverage), but was able to capture interannual
variability in a case study region. MAR shows better agreement with accumulation rates in 2011
and 2015 across Southeast Greenland, though shows little interannual variability. The pattern
observed in the relative differences can be explained by the snowfall component of each model
which is biased higher towards the coast in RACMO?2 and inland in MAR. In-situ observations
in this region will always be sparse, so we must rely on RCMs in the future to assess changing
SMB. This study points to the need of focused model development of precipitation schemes to
more accurately portray high accumulation regions on the GrIS.

3.7 Data Availability

This new accumulation dataset is available at the Arctic Data Center (doi:10.18739/A2J960957).
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4 Hydrologic properties of a highly permeable firn aquifer in the Wilkins

Ice Shelf, Antarctica

This chapter is adapted and reformatted from:

Montgomery, L., Miege, C., Miller, J., Scambos, T. A., Wallin, B., Miller, O., et al. (2020).
Hydrologic properties of a highly permeable firn aquifer in the Wilkins Ice Shelf, Antarctica.

Geophysical Research Letters. https://doi.org/10.1029/2020GL089552

4.1 Introduction

Ice shelves, extensions of ice sheets and glaciers that have thinned sufficiently to become afloat
on the ocean, are prevalent around the Antarctic Ice Sheet (AIS) and play a role in restraining
ice-sheet discharge into the ocean (Siegert et al., 2019). More than 80% of Antarctica’s ice
discharge is released through ice shelf outflow and basal melting making them an integral control
on the mass balance of the AIS (Rignot et al., 2013; Pritchard et al., 2012). Observations show
that there are extensive surface hydrologic systems and meltwater storage on ice shelves in
Antarctica (Bell et al., 2017; Kingslake et al., 2017; Lenaerts et al., 2017; Phillips et al., 1998)
that can potentially accelerate their disintegration (Banwell et al., 2013; Scambos et al., 2004;
Scambos et al., 2000). However, the meltwater volume, residence time, storage characterics and
lateral/vertical movement remain not well understood despite being critical to estimate impacts
on mass balance, ice dynamics and sea-level changes (e.g., Smith et al., 2020; Lenaerts et al.,

2019; Bell et al., 2018).

Firn aquifers, well documented in mountain glaciers (e.g., Fountain and Walder, 1998)

and more recently discovered in Greenland and Svalbard (Forster et al., 2014; Christianson et al.,
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2015), form when meltwater produced at the surface percolates into the firn and fills the
available pore space above the firn-ice transition without refreezing during winter. Firn aquifers
are located where there is sufficient pore space volume in the firn column for meltwater to be
stored and high accumulation which provides insulation that permits the saturated subsurface
layer to remain at 0°C (Kuipers Munneke et al., 2014; Forster et al., 2014). In Greenland these
conditions occur in the southeast, south, and northwest sectors where accumulation rates are ~1-
5 meters water equivalent (m w.e.) per year and melt rates are >650 mm WEyr"! (Montgomery et
al., 2020a; Bell et al., 2018; Noél et al., 2018). For the AIS, areas with similar surface melt and
snow accumulation signatures are rare, though recent modelling studies show widespread
perennial firn aquifers on the Wilkins Ice Shelf (WIS) and elsewhere on the Antarctic Peninsula
(van Wessem et al., 2020; van Wessem et al., 2016). These aquifers can contribute to sea level
rise if connected to the ocean by slowly draining into crevasses (Koenig et al., 2014) and are
especially important to understand on ice shelves where meltwater storage is likely a precursor to

hydrofracture and ice shelf breakups (Bell et al., 2018; Scambos et al., 2000).

In December 2018, we conducted fieldwork on the WIS using a combination of borehole
drilling, hydrological tests, and ground-penetrating radar profiles. We used hydrological and
geophysical measurements combined with a groundwater flow model to quantify lateral water
flow and assess the hydrologic balance of the aquifer. Further, these results can be used in future

studies to examine the impact of firn aquifers on ice shelf stability.

4.2 Study Site

Our field site is located on the southwestern portion of the Wilkins Ice Shelf on the Antarctic
Peninsula (Fig. 1a). Measurements were taken ~50 km from the edge of the ice shelf (-70.80S, -

71.71W) from 3-12 December 2018. Average (2010-2017) annual accumulation and melt rates
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simulated from two regional climate models (MAR and RACMO?2) at the field site are 590-800
mm WEyr! and 250-425 mm WEyr! (Fig. 1c; Table S1) (Noél et al., 2018; Agosta et al., 2019;
Datta et al., 2019; Datta et al., 2018). A 17 km long rift in the ice shelf was observed ~5 km from

our field site (Fig. 1b).

Analysis of NASA Operation IceBridge 2014 radio-echo-sounding profiles collected over
the WIS using the Multichannel Coherent Radar Depth Sounder (MCoRDS; CReSIS., 2020),
indicated a bright reflector in the upper firn similar to high-amplitude reflections associated to
firn aquifers for the Greenland ice sheet (Forster et al., 2014; Migge et al., 2016). Based on the
separation of the snow surface reflection and the bright sub-surface return, we anticipated the top
of the firn aquifer to be ~13 m below the surface (Fig. S1; Studinger et al., 2014). MCoRDS

processing steps to retrieve aquifer extent and depth to water are discussed in detail in Micge et

al., (2016) and Brangers et al., (2020).
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Figure 4.1 - a) Field site location (black star in red square) on the Wilkins Ice Shelf. The depths

to the water table (blue-orange color bar) are derived from the MCoRDS radar system (CReSIS,
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2020), a part of NASA’s Operation IceBridge flight on 16 November 2014 (Fig. S1).
Background is a hillshaded DEM (REMA; Howat et al., 2019). b) Close-up of our fieldsite
(black star; image is from Landsat 8, 24 February 2020) with Operation IceBridge (OIB) aquifer
detections (large circles) along with water-table estimates from our GPR surveys (small circles)
around camp and across an adjacent ice shelf rift. Black lines show areas with GPS data only.
The magenta arrow represents the direction of surface velocity based on an 8-day continuous
GPS record. ¢) Time-series of annual snowfall (SF) and melt (ME) for 2010-2017 as simulated

by both RACMO2 and MAR at the field site.

4.3 Methods

4.3.1. Borehole drilling and firn/ice cores

We used a custom-built lightweight electrothermal drill to drill three boreholes located ~1 m
apart reaching depths of 14 m, 20 m and 35 m to estimate density, stratigraphy, and use for other
hydrological tests. Drill specifications are in the supplemental material of Miller et al. (2018). To
determine gravimetric density, core sections (average diameter of 55 mm) were weighed and
measured immediately after collection. The average uncertainties of these density measurements
ranged from 9-11% similar to previous studies (Text S5; Conger and McClung, 2009; Fornasini,
2008). We anticipate some meltwater to have drained during extraction and prior to weighing but
cannot quantify the added uncertainty to the density measurements. The stratigraphy was
recorded and two main facies were identified: firn and ice lenses (Figs. 2a, S2). No section of the
retrieved core had temperatures substantially different from 0°C within the aquifer (accuracy

~£0.5°C).
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4.3.2 Hydraulic conductivity estimate

Slug tests are used to measure the hydraulic conductivity in the saturated zone of an

aquifer. Before the slug tests, we placed a pressure transducer (HOBO Onset© U20-001-02) with
an operational range between 0 and 400 kPa and a maximum error of 3 cm of water, at the
bottom of the borehole which allowed us to record the water-level changes (Fig. S3a). To
perform a slug test we measured the time it took to displace a small volume of water by
inserting/removing a solid cylinder (1187.7 cm?) into the water-filled part of the borehole and
measuring the response time for the water level to return to its initial level (Fig. S3c). We use
present measurements from six slug tests (with the least noise) from December 9-11, 2018 in the

20 m borehole.

4.3.3. Borehole Dilution Test

We used a saline dilution method in the 35 m borehole to estimate discharge through the aquifer
and locate the base of the flow zone. This method is established for traditional groundwater
studies (Pitrak et al., 2007) and was recently adapted for estimating water discharge within firn
aquifers in the Greenland Ice Sheet (Miller et al., 2018). The method consists of injecting a
saline solution of a known conductivity into the borehole and monitoring the conductivity
variation over time throughout the borehole to estimate horizontal flow through permeable firn.
A description of the method is in the Supplementary Material (Text S1; Fig. S4). After injecting
and homogenizing the salt solution in the borehole, vertical conductivity profiles were recorded
with a vertical spacing of 30 cm in the water-filled part of the borehole: every 30 minutes for the
first four profiles, followed by two profiles taken an hour apart, then two more profiles taken 2

hours apart (Fig. 2b). One additional profile was taken the following morning. The total duration
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of the experiment was ~17 hours. This borehole dilution test also allows us to estimate specific

discharge and linear velocity with depth (Figs. 2b,c).

4.3.4. Geophysical surveys and water-table elevation estimates

We used ground-penetrating radar (GPR) to survey the top ~50 m of the firn/ice column and
identify the water-table depth around the drilling site and rift. We also surveyed ~35 km of
surface topography using a GPS receiver. Limited post-processing was required because the
water table was easily identified as a high-reflective high-amplitude signal. Post-processing
included shifting the traces vertically to align the surface with the first break position of the
signal, geolocation, adjustment for surface elevation, and removing the mean trace for the
profiles from each trace within the profiles to enhance layering details. We converted from two-
way-travel time to depth using mean density from the cores above the water table and a
relationship linking permittivity and density (Kovacs et al., 1995). Details of the GPR method

are in the Supplemental Material (Text S2).

We also conducted an 8-day continuous GPS survey (1-second epochs) at the drill site (3-
11 December 2018) to determine the short-term ice flow vector and tidal range (Fig. S5). Ice
flow speed was 92.8 m d”! with near-zero diurnal variation. The daily range of vertical ice

motion, roughly equal to tidal motion, was 0.8 to 1.3 m.

Both GPS-receiver signals were processed using the precise point positioning (PPP) web-
based processor hosted by the Canadian Spatial Reference Service (CSRS -

https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php).
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4.3.5. Flow-rate modeling

We use SEEP2D (Jones, 1999), a 2-D finite element flow model within the Groundwater
Modelling System package, to simulate water flow within the aquifer, based on the results of the
slug tests, GPR, and firn core measurements to determine if the aquifer is in steady state and
constrain recharge estimates. SEEP2D solves the steady-state (i.e. all recharge that reaches the
aquifer is discharged into the rift) groundwater flow equation (Freeze and Cherry, 1979) that is

based on mass balance, and utilizes Darcy’s Law calculated as

Q 0H
A —K dx

where Q is groundwater flow (m> s™!), A is cross-sectional area (m?), K is the hydraulic
conductivity (m s!), and 0H/ox is the slope of the water table. Details of SEEP2D model setup

and assumptions are in the Supplemental Material (Text S3).
We ran SEEP2D simulations with the following recharge scenarios:

1. High Recharge (MAR and RACMO2): 100% of surface meltwater (425 mmWE yr'!),
MAR; and (250 mmWE yr!), RACMO2 recharges the aquifer, with no refrozen melt in
the firn.

2. Medium Recharge (RACMO?2): 50% of surface meltwater (125 mmWE yr'!') recharges
the aquifer, 50% of meltwater is refrozen.

3. Low Recharge (RACMO2): 25% of surface meltwater (62.5 mmWE yr'!) recharges the
aquifer, 75% of meltwater is refrozen.

4. Low Recharge (MAR): 10% of surface meltwater (42.5 mmWE yr'!) recharges the

aquifer, 90% of meltwater is refrozen.
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Recharge scenarios were chosen to represent a wide range of possible climactic conditions on the
ice shelf. We compare these steady state output conditions (water table slope and aquifer
thickness) to our observations to determine if these scenarios are plausible. One test of
plausibility is to compare the amount of refrozen meltwater in the simulation to the column

fraction of ice lenses in the firn core density profile.

4.4 Results
4.4.1 Firn Core Characteristics

The deepest firn core was collected at 35 m, below the estimated firn-ice transition of ~29.6 m
(when the specific discharge reaches 0 — Fig. 2c). The average firn density above the aquifer was
650 kg m™ and within the aquifer was 850 kg m™ (Fig. 2a). Two shallower firn cores were
collected one meter away from the deepest firn core and show small-scale spatial variability in
density above the aquifer with an average densities of 627 and 669 kg m™ (Fig. S2), which agree
within 9-11% uncertainty. The three firn cores also show variability in ice lenses, with an ice
fraction above the aquifer varying from 17.9% to 20.3%, and an average of 18.1%. We measured
the depth to water table which ranged from 13.39-13.46 m, averaging 13.43 m, proving a
homogeneous water table depth at the site. We compare this measured depth with the GPR depth

converted from two-way-travel time and find a good agreement (+ 20 cm).

4.4.2 Hydraulic Conductivity

We derived values of hydraulic conductivity from slug tests ranging from 1.0x10 to 1.7x10
with a geometric mean of 1.4 + 1.2 x10* m s!. These correspond to permeabilities ranging from
1.8 x 10" m?to 3.1 x 10! m?, and averaging 2.6 = 2.2 x 10'! m?>. Water level change values

ranged from 10 to 15 cm (Fig. S3). The slug tests indicate a highly permeable aquifer (similar to
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unconsolidated sand) with similar hydraulic conductivity values to that of the firn aquifer found

in Southeast Greenland (Miller et al., 2017).

4.4.3 Borehole Dilution Test

A time-series of conductivity profiles from the 35 m borehole after the saline solution was
injected is shown in Fig. 2b. We note that this conductivity represents a vertical profile of
salinity and not hydraulic conductivity. The background conductivity is below detection, until
~30 m where it increased to 75 uS cm™'. After the conductivity reached 200 pS cm™! in the water-
filled borehole (Text S1), we observed a gradual decrease of the conductivity above 20 m until
background levels were reached. Below 20 m, the conductivity did not reach background levels
during our experiment time. The decrease in conductivity over time in the profiles indicates
lateral water flow which dominates the freshening process in the borehole. We consider diffusion
rates to be negligible in this process as they are ~30 times smaller than the inferred advection of
water. The decrease in dilution rate with depth (and therefore lateral flow) is primarily due to
decreasing porosity. The profile reaches pore close-off at ~30 m, eliminating any dilution or

lateral flow (Fig. 2a).

The vertical specific discharge (Text S4) profile derived from the salt dilution indicates
where and the rate at which water flows laterally in the borehole profile into connected pores in
the surrounding aquifer (Fig. 2¢). The bottom depth of the specific discharge profile where flow
ceases (29.6 m) agrees with the bottom depth of the aquifer we found through coring (~29 m).
The average specific discharge is 1.9x10°° m s with a maximum value of 1.6x10°> m s™! at the

top of the aquifer due to high porosity values which results in a standard deviation (o) of 2.8x10"
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We also calculated the average linear velocity profiles using uniform porosities ranging
from 0.1 to 0.3 (Fig. 2d; Text S4; Koenig et al., 2014). The density measurements in the region
just above the aquifer suggest that the porosity is near the high end of this range at the top of the
aquifer (Fig. 2a). The average linear water velocity ranged from 0.6-1.7 m d”' depending on the
porosity. Our maximum linear velocity value was 14.1 m d™! assuming a porosity of 0.1. The

calculated values of linear water velocity are substantially larger than the measured ice motion

m s'. However if we omit the maximum outliers, specific discharge ¢ decreases to 1.1x10° m

(0.25 m d!), therefore, the water flow is faster than the surrounding ice flow.
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Figure 4.2: Firn characteristics and dilution test results. a) Core properties (density and
stratigraphy) through the firn aquifer. Blue bands indicate ice layers, white indicates porous firn;
grey line corresponds to the water table. The base of the aquifer is indicated by the lowest ice-
dominated ~29-35m. b) Salt dilution time series. Black line shows the background characteristics
of the aquifer, including a non-zero salinity within the basal ice layer. Color lines and their start
times (UTC -3) represent successive conductivity vertical profiles after salt added to the borehole
(Dec 10-11, 2018). ¢) Resulting specific discharge estimated from the dilution rate. d) Average

linear velocity interpreted from the dilution rate assuming different porosities.

4.4.4 GPR Survey of the Rift

The combined GPR-GPS radar profile from the field site across the southern terminus of the ice
shelf rift (~ 5 km) indicates the surface of the ice shelf is initially ~17 m above the WGS84
ellipsoid height and rises to ~20 m within a few hundred meters of the rift location (3.8 km along
the profile) before tipping downward towards the rift (Figs. 1b, 3a). This profile shape is typical

of rifts in ice shelves (.e.g., Fricker et al., 2005). A survey of Landsat imagery

(www.earthexplorer.usgs.gov) showed that the rift appeared in late 2009, shortly after a series of
major disintegration events on the Wilkins Ice Shelf (Humbert et al., 2010). Rifts (breaks
through the entire ice shelf) generally occur when tensile stresses exceed the tensile strength of
the ice plate (Braun et al., 2009; Scambos et al., 2009). The rift was filled with snow at the

southern end.

The profile reveals firn and ice lenses parallel to the ice shelf surface (Fig. 3a), and a
continuous strong reflector at the same depth (=1 m) as the aquifer’s upper surface at the core

site. No layering is observed below the bright layer, consistent with the radar attenuation
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expected for an aquifer layer. As the profile approaches the rift, it shows the inferred aquifer
surface deepening, and crossing the firn ice layering. The inferred aquifer surface intersects the
rift at an ellipsoidal height of about 0 m, close to local sea level (Fig. 3b). Decreasing aquifer
height and consequently decreasing hydraulic head towards the rift strongly implies lateral

movement of water towards the rift and drainage through its side walls.

4.4.5 Groundwater Flow Modelling

To quantitatively evaluate that water is flowing into the rift (thereby removing some of the
annual recharge to the aquifer) and constrain the parameters in which the aquifer system would
be in steady state, we use the SEEP2D groundwater flow model. Table S2 shows the results of

the SEEP2D modelling.

First, we present two extreme scenarios of a steady state aquifer where all surface melt,
ranging from 250 mm WEyr! to 425 mmWE yr!' depending on the RCM used, recharges the
aquifer. The OH/0x (gradient) and A4 (thickness) parameters required for the high recharge
scenario contribution would be physically impossible compared to our observations because the
water table of the aquifer is not 26-46 m (Table S2) above the firn-ice transition (i.e., we see no
ponding). Further, the presence of refrozen melt layers in the upper firn suggests that the aquifer

is not being recharged by all surface meltwater.

We also examine a recharge scenario where 125 mm WEyr™! (50%) of surface melt
recharges the aquifer, using RACMO2 melt input. The other half of the melt input refreezes or
densifies the snowpack, which could explain the ice layers in the stratigraphy above the aquifer.

However, steady state is only reached if the hydraulic conductivity is twice the observed value,
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the OH/0x has a 13 m gradient over 3800 m distance, or if the aquifer is twice as thick. Major
dynamical or structural changes would have to occur in a short distance for this scenario to be

plausible.

Our final scenarios present low meltwater recharge values ranging from 42.5 to 62.5
mmWE yr'!, consequently leading to 75-90% of the melt input refreezing in the firn above. With
this small amount of melt recharging to the aquifer, our model output matches closely with field
measurements (Fig. 3b). However, the ice fraction above the aquifer measured at our study site is

too small to represent this amount of refrozen meltwater per year (i.e., no thick ice layers).
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Figure 4.3. GPR profile across the rift and analysis of water flow and drainage of the firn aquifer
layer a) GPR profile taken across a 5 km transect of the WIS. The high-reflective high-amplitude
internal reflector ranging between 12-17 m below the surface is inferred to be the top of the firn
aquifer. This begins to slope downward into an ice shelf rift 3.8 km from the start of the

profile. Layering above the aquifer reflector represents ice layers within porous firn. b)
Schematic showing structure of aquifer and processes occurring in the snowpack. Solid black
lines within the aquifer show flowlines resulting from meltwater input. Teal line shows the water

table from the RACMO2 Low Recharge Scenario.

4.5 Discussion and Conclusions

We provide the first measurements of hydraulic conductivity, density, and specific discharge of a
firn aquifer on an ice shelf in Antarctica. We also show that the water in this firn aquifer at this
field site likely is discharging into a nearby rift. These measurements were performed at only one
location, but allow us some insight into the meltwater storage in the WIS. Further field
experiments spatially distributed (i.e., seismic refraction, magnetic resonance, hydrological tests,
and firn stratigraphy and density profiles) would be necessary to fully quantify the overall
structure and age of the aquifer, various drainage divides, and the magnitude of the total

discharge into the rift.

The average hydraulic conductivity value for the WIS aquifer (from slug tests, 1.4 x 10
+ 1.2 m s™) is of the same magnitude but potentially below what was measured in Greenland (2.7
x10* + 1.6 m s!). In turn, the specific discharge from dilution tests, (1.9x10% ms™, 6 =2.8 x
10° m s!) is also less than the value (4.3 x 10°® m s}, 6=2.5 x 10° m s7!) from Greenland. This

results from the smaller surface slope relative to the Helheim study area (~0 versus 0.8 degrees;
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Forster et al., 2014) and also suggests that there is less recharge on the ice shelf. The lower
recharge rates can be explained by the lower melt rates compared to the Helheim Glacier region.
In fact, both the modelled WIS accumulation and melt rates are less than half of the values in the
southeastern Greenland region (590-800 and 250-425 (Fig. 1¢) vs. 1400-1650 and 730 mm
WEyr!; Miege et al., 2016). Miller et al. (2017, 2018) found that the Greenland firn aquifer was
highly permeable and had evidence of direct meltwater flow. This meltwater likely flowed into
nearby crevasses and possibly down to the bed of the ice sheet into the ocean (Poinar et al.,
2017). Similarly, we find that the WIS firn aquifer is highly permeable and is likely discharging

into the nearby rift.

Our hydrological modelling results indicate that while plausible, it is unlikely that the
WIS aquifer is in steady state with all meltwater discharged to a nearby rift. The high recharge
scenario was deemed implausible because hydraulic gradients rose above the ice shelf surface.
The medium recharge scenario provided a more plausible ratio of recharge to refreeze and
approximately accounts for the ice fraction of 18% observed in the core above the aquifer. To
achieve steady state, this scenario either requires a water table slope or hydraulic conductivity
that is two times greater than our observed values. Since we had to extrapolate our single
hydraulic conductivity measurement value throughout the entire system, variability of K in the
system could explain the discrepancy. It is also possible that refreezing at the base of the aquifer
accounts for some of the unexplained water mass. The low recharge scenarios both match the
observed water table (Fig. 3b), though this implies that 75-90% of the meltwater input densifies
or is refrozen in the firn column above the aquifer, which does not agree with the observed ice
fraction above the aquifer (Fig. 2a). However, meltwater is required to bring the firn to an

isothermal state above the aquifer to allow recharge after the winter season, which varies
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annually based on seasonal snow thickness and temperature, and could explain some excess

meltwater (Miller et al., 2020).

We assume that our study site on the WIS firn aquifer is slowly draining into a large rift
that was formed in 2009. Earlier observations using airborne radar show a highly reflective high-
amplitude internal reflector near the surface (1966 and 1975 surveys; OIB surveys in 2014
shown in Fig. 1) absent of any observed widespread surface flooding, even in the highest-melt
years (Braun et al., 2009; Scambos et al., 2000; Vaughan et al., 1993). The presence and
thickness of an aquifer is controlled primarily by the summer meltwater flux and the annual net
snowfall and rainfall, and to a lesser extent by freezing at the base of the aquifer column
(Montgomery et al., 2017). Without surface flooding or complete re-freeze seen from satellite
imagery for several decades (Barrand, 2013; Braun et al., 2009; Scambos et al., 2000; Vaughan
et al., 1993), the WIS has apparently maintained a near-balanced system with respect to water
table height and therefore snowfall and recharge conditions. However, the specific dynamics of
the past WIS aquifer are unknown, including if it was in steady state and has always had cracks

in the ice shelf with which to evacuate water.

Firn aquifers offer sufficient water storage capacity to contribute to ice shelf
disintegration events, as evidenced by the partial break-ups of the northern and northwestern
WIS in 1993, 1998, and 2008-2009 where the bright reflector from airborne radar was present
(Braun et al., 2009; Humbert and Braun, 2008; Scambos et al., 2000). Our study supports this
conclusion, identifying the WIS aquifer as having high permeability and the drainage of the
aquifer into the adjacent rift. However, the stability of an aquifer-bearing ice shelf will be
dependent on the volume of the aquifer and relationship to lateral flow of water within the

aquifer. Discharge from firn aquifers has been modelled to be able to cause hydrofracturing to
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the bed of ice sheets with enough inflow of meltwater (Poinar et al., 2017). If a series of low melt
years or high snowfall years decreased the relative height of the top of the aquifer column, the
potential for hydrofracture is greatly reduced. The year-round availability of water at depth
allows for enhanced fracturing whenever stresses change to favor tensile extensions or loss of
compression, even in the winter (Scambos et al., 2009). With complete saturation of the vertical
firn column, the hydrostatic head for hydrofracture is at a maximum value and has the potential
to cause destabilization of ice shelves and iceberg calving through hydrofracturing (Bell et al.,
2017; Pollard et al., 2015; Scambos et al., 2009; Scambos et al., 2003). Continued and improved
monitoring of firn aquifers would lead to better understanding of the role these aquifers play in

ice-shelf disintegration.
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4.7 Supplemental Material

4.7.1 Supplemental Material Texts

Text S1. Details of Borehole Dilution test

We prepared a solution of 11500 uS/cm by adding 20 g of salt to 1 L of water (melted snow)
targeting a resulting conductivity of 200 uS/cm once mixed in the water filled borehole (Figure
S4a). Prior to injecting the solution, we ran an initial conductivity vertical profile to record the
background specific conductivity with depth in the water-filled part of the borehole. We then
placed a conductivity probe (HOBO Onset© U24-002-C) operating in its low range between 100
and 10000 uS/cm at the mid-point of the water-filled borehole and monitored the water
conductivity for an hour as the water and salt were being mixed in the borehole (Figure S4). Any
use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government. For mixing the saline solution within the water-filled
borehole, we lowered a small submersible pump (Proactive 12-V Tornado pump) and positioned

it about one meter above the borehole base. The water pumped at the base of the borehole was
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released just above the water table via a 1.27-cm diameter plastic tubing to create a vertical water
movement. We injected the saline solution from the surface using a 0.635-cm diameter plastic
tube and flushed the solution using fresh water to make sure all saline water was injected. After
injection, we turned the pump on and mixed the saline solution in the borehole for an hour until

the column had a homogeneous conductivity of 200 uS/cm (Figure S4b).
Text S2. GPR Methods

The control unit, manufactured by Mald (a RAMAC system), is operated with a 250-MHz
antenna. The antenna was towed on a sled behind the snowmobile (Figure S5). The average
travel speed was 1.5 - 2.5 ms™ with a scanning rate of 1 second and a depth range set around 500
ns. This resulted in a stacked, or averaged, GPR trace being collected every 2 m on average. For
simultaneous geolocation of the GPR traces, we used a dual-frequency Trimble© R7 GPS
receiver in kinematic mode with a sampling interval of 1 seconds (~1.5-2.5 m). A GPS Zephyr
GeodeticTM antenna was installed on a metal mast located at the back of the snowmobile, 1 m
above the snow surface. For gaining positioning accuracy, we processed the GPS data using the
precise point positioning (PPP) web-based processor hosted by the Canadian Spatial Reference
Service (CSRS - https://webapp.geod.nrcan.ge.ca/geod/tools-outils/ppp.php). The travel time to
depth conversion was done using a permittivity value of 2.32 which corresponds to an average
density of 620 kg/m3 observed above the water table (upper 13.4 meters) using an empirical
relationship from Kovacs et al., 1995. Using the nearest GPR trace to the three core sites, the
depth of the high-reflective layer in the GPR profile was in good agreement ( +/- 20 cm) with the

water table measured directly at the borehole site.

Text S3. SEEP2D Model Setup and Assumptions
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We simulated flow along a 2D vertical cross section 3800 meters long with nodal spacing of
approximately 6 meters horizontally and 4 meters vertically. The thickness (A) of the aquifer
varied in space and was delineated by our GPR measurements of the water table, and
observations of the firn-ice transition for core samples (Figure 3b). We derived specified
recharge fluxes (Table S2) from melt estimates from MAR3.9 (7.5 km resolution) or
RACMO2.3p2 (5.5km resolution) 2010-2017 averaged surface melt at our field site. No flow
boundaries were used for the bottom and upstream side of the domain. Along the downstream
boundary, where discharge occurs, we used a no flow boundary below sea level to approximate
the presumed occurrence of a freshwater-salt water interface. A specified head (-0.28 meters
ellipsoid height, Figure 3b) was used based on the water table height on the downstream
boundary above sea level. Although aquifer properties may vary along the cross section, a

heterogeneous simulation is not justified given the limited available field data.

Our simulations utilized the following assumptions:

1) the hydraulic conductivity is uniform throughout our study region

2) the bottom elevation of the aquifer is homogeneous,

3) any melt water that is not recharged to the aquifer is refrozen in the unsaturated zone
overlying the aquifer. (i.e. we assume sublimation and evaporation of the melt water to be

negligible).

4) The rift is partially filled with seawater (to the geoid height) and the density gradient between
the freshwater of the aquifer and seawater in the rift causes a hydraulic barrier where no

discharge can occur.

85



Assumption 1 is justified based on homogeneous hydraulic conductivity in a firn aquifer in

Greenland (Miller et al., 2017).

Note: Assumption 4) is implemented in SEEP2D by only allowing for water to discharge above
the geoid height (Figure 3b). In reality, there may be diffuse flow into seawater, however a more

complex boundary is not currently warranted due to a lack of direct observations.
Text S4. Definition of Specific Discharge and Linear Velocity

The specific discharge, representing the flow of water per unit area of porous media (m*/m? s), is
calculated at each depth using the specific conductivity measurements from the borehole dilution

test (derived from Darcy’s Law)

where q is the specific discharge (length/time), r is the borehole radius (length), t is time, o is a
formation factor accounting for the amplification of the velocity field by the borehole, commonly

taken to be equal to 2 (Pitrak et al., 2007), and C/Cj is the relative concentration at a given time.

Additionally, the linear velocity (V, the velocity through connected pores), is calculated by
v=1
n

using three porosity estimates from Koenig et al (2014), where q is the specific discharge and n

is the porosity (Cherry and Freeze, 1979).

Text S5. Uncertainty of Density Measurements
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Average uncertainty of density measurements for all three cores was calculated using an error
propagation formula for products and division based on Fornasini (2008) using an uncertainty of
+ 0.002 m for length measurements, + 0.003 g for weight measurements, + 0.002 m for diameter
measurements, and an error of = 1% for intactness. There is additional uncertainty in the water-
saturated aquifer layer (~13-29 m) from water drainage from cores on the way up the borehole or
while taking the measurements of length, diameter, weight, and intactness, however we are

unable to quantify the mass loss.

4.7.2 Supplemental Figures
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Figure 4.S1. Inset a. shows the elevation profile (Ellipsoid height) for the OIB flight trajectory in
the vicinity of our field site, using the Airborne Topographic Mapper data (Studinger, 2014).
Inset b. represents the MCoRDS radar data collected simultaneously to the ATM data. We

interpret the bright reflector, (dash red line) found between 10 and 25 meters, to be the water

table. The purple vertical bar represents the closest location to our field site (1.8 km apart). The
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vertical precision of depth is limited to the vertical sample interval (also referred to as bin size)
of ~1.9 m for a bandwith of 180-230 MHz, when converting from two-way travel time to depth
using a permittivity value of 2.4 (corresponding to an average density of ~650 kg m™). The
MCoRDS and GPR trajectories intersect at two locations: 71.7543°W&70.8162°S and

71.7701°W&70.7944°S (see Figure 1b) with absolute depth-to-water differences of 0.6 and 1.2

meters, respectively.
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Figure 4.S2. Density (blue line from coring, red line from pit) and stratigraphy (blue = ice lens,
white = firn) for the three cores collected at our field site, the horizontal spacing between each

core location is about 1 meter. The water table is represented by a green horizontal line. The light
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gray rectangle at W1 indicates that only the density was recorded. The dark gray rectangles at

W1 and W2 indicate no measurements were taken.
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Figure 4.S3. a) Slug test set-up (not at scale). b) Illustration of the water-level changes over time
as the slug is inserted and removed from the borehole. c) Close up within the water-level time-

series showing one the drawdown and recovery of the water table when removing the slug.
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Figure 4.S4. a) Dilution test setup (not at scale). b) Homogenization of salt concentration in the
borehole water column after injection at the surface, using a pump placed at the bottom. This

step happened prior to logging the evolution of the salt concentration of the water column.
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Figure 4.S5. An 8-day continuous stationary GPS survey at the drill site to determine a short-
term ice flow vector and the tidal range for part of the tidal cycle after processing the GPS data

using with PPP online processor hosted by the Canadian Spatial Reference Service.
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4.7.3 Supplemental Tables

Table 4.S1.
MAR SF MAR ME RACMO2 SF | RACMO2 ME

2010 559.74 42435 563.79 230.49

2011 432.88 440.23 822.64 195.90

2012 503.48 228.02 590.23 222.07

5013 502.34 417.50 678.66 264.36

2014 597.04 215.68 755.65 105.64

2015 699.45 356.39 850.20 23127

2016 912.56 495.76 1375.38 271.88

2017 529.57 836.10 716.75 396.34

Table 4.S1. Values of snowfall (SF) and melt (ME) shown in Figure lc in the manuscript from

MAR and RACMO?2 at the closest grid point to our field site at -70.80S, -71.71W.
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Table 4.S2.

Q K 0H Deviation
0x
from
Observed
Slope
Observed ? 1.38x10™* 5 -
3800
High Recharge (MAR) 425 | 1.38x10* _ 46 9x
3800
High Recharge (RACMO2) | 250 | 1.38x10* 26 5x
3800
Medium Recharge (RACMO2) | 125 | 1.38x10* 13 2x
3800
Low Recharge (RACMO2) 62.5 | 1.38x10* _ 6 Ix
3800
Low Recharge (MAR) 425 | 1.38x10* B 5 Ix
3800

Table 4.S2. SEEP2D modelling of recharge scenarios using different amounts of recharge
input/discharge output (Q, mmWE yr!) to determine if the steady state slope of the water table

(OH/0x, m/m) outcome is plausible. Hydraulic conductivity (K) is in units of m s™). The final
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column shows the multiplicative factor by which the scenario deviates from the observed slope

value.
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5 Conclusions

5.1 Synopsis and Chapter Summaries

In this dissertation, I use in-situ and remotely sensed observations to improve our understanding
of accumulation and melt processes, or surface mass balance, of ice sheets. One major issue I
identify, is that accumulation observations, which are essential to quantify SMB, are lacking on
both ice sheets. I address this by (1) compiling the SUMup database (Chapter 2) and (2) deriving
8 years of new accumulation measurements from airborne radar over an extremely data-sparse
region in Southeast Greenland (Chapter 3). Another issue I identify is the growing impact of
meltwater features in coastal areas and ice shelves in Antarctica. We enhance the understanding
of these meltwater processes by presenting the first in-situ geophysical and hydrological
observations from a firn aquifer on the Wilkins Ice Shelf in Antarctica (Chapter 4). Overall, my
research has provided ample new observations and analysis to benefit the cryospheric
community in better understanding the past, present, and future conditions of both the Greenland
and Antarctic Ice Sheets.

5.1.1 The SUMup Database

In Chapter 2, I describe how we compiled and analyzed the Surface Mass Balance and Snow on
Sea Ice Group (SUMup) database; a standardized, formatted, community-based dataset with
subdatasets of density, accumulation, 10 m borehole temperatures, and snow depth on sea ice
measurements. Uses of SUMup include model evaluation, remote sensing validation and
algorithm development, and long-term monitoring efforts. We analyze the 2017 SUMup
subsatasets and determine temporal and spatial gaps in measurements on the GrIS. Density and
accumulation measurements on the GrIS were relatively oversampled in cooler, inland regions

and undersampled in coastal, warmer regions. In addition, we found a lack of observations after
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2000 compared to previous decades. Later analysis outside of this paper showed that on the AIS
the majority of the measurements are taken in western Antarctica. As more data has been added
to SUMup over the last few years, some of these spatial and temporal gaps have been reconciled
and we are currently working to compile the 2020 SUMup database for release later this year.
5.1.2 Radar Derived Accumulation Observations in Southeast Greenland

In Chapter 3, I address the issue of the paucity of in-situ accumulation observations by using
airborne radar to derive annual accumulation over 8 consecutive years (2009-2017) in Southeast
Greenland, a region whose high snowfall heavily influences the sign of the Greenland Ice Sheet
total mass balance. In order to derive this dataset of accumulation observations, we use gridded
density profiles from two firn densification models, Crocus and the Firn Densification Model of
the Institute for Marine and Atmospheric research Utrecht, due to a lack of in-situ density
observations. We find that density varies widely in the top meter of firn, which can greatly affect
resulting accumulation rates, especially in high-accumulation areas. Our accumulation dataset
can be used to evaluate regional climate models and understand model biases. We compare our
derived accumulations to model output from two regional climate models, the Mod¢le
Atmosphérique Régional version 3.9 (MAR) and the Regional Atmospheric Climate Model
version 2.3p2 (RACMO2). We also find that RACMO2 consistently underestimates
accumulation rates across the region, but is able to capture interannual variability, while MAR
shows better agreement with mean accumulation rates albeit with underestimated interannual
variability. Our study broadly highlights the need for more focused model development and
improvement on precipitation schemes in high accumulation areas, in order to better understand

and quantify SMB on the Greenland Ice Sheet.
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5.1.3 Hydrological Observations from a Firn Aquifer in the Wilkins Ice Shelf, Antarctica
In Chapter 4, 1 examine meltwater storage and flow in a firn aquifer on the Wilkins Ice Sheet in
Antarctica and its impact on ice shelf stability. This meltwater is being stored perennially within
the snowpack and the saturated layer is being recharged each summer with meltwater from the
surface. Through slug tests, we determine that the aquifer was highly permeable, measuring a
hydraulic conductivity ranging from 1.0x10™* to 1.7x10* m s with a geometric mean of 1.4 +
1.2 x10* m s™!. We also found that the aquifer is slowly draining into a nearby rift through
hydrological tests, ground penetrating radar, and groundwater flow modelling. From the
groundwater flow modeling, we constrained meltwater recharge estimates and determined that
the aquifer is likely not in steady state, which means that the amount of meltwater recharging the
aquifer is not draining out. From previous satellite and airborne imagery we assume that the
aquifer has been present since the 1970’s. We speculate that the presence of this aquifer could
have influenced past ice shelf breakups through hydrofracture and influence future ice shelf
stability in the region.
5.2 Outlook
From this research, multiple new questions arise about surface mass balance processes, three of
which I highlight in this section:

1. Where can we expand our knowledge of accumulation using OIB snow radar?,

2. What measurements do we need to take in order to better understand the age, structure,

and flow of meltwater in the Wilkins Ice Shelf firn aquifer?
3. Can we use snow models to simulate firn aquifer formation and predict where they will

appear in the future?
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Firstly, we want to further explore where we can expand our knowledge of accumulation
using OIB snow radar. In Chapter 3, we derived a novel dataset of accumulation methods from
OIB airborne radar in Southeast Greenland. This method of deriving accumulation has also been
recently implemented in regions of northern Greenland (e.g. Ryan et al., 2020) to compare with
mapping snowfall rates from Cloud-Sat. In the future, it could be used to derive accumulation
across all OIB flightlines on both ice sheets. These datasets would be extremely useful to
compare with regional climate models with few in-situ observations and to determine any biases
that may be in models.

Secondly, in Chapter 4, we presented the first hydrological measurements from a firn
aquifer found in the Wilkins Ice Shelf, Antarctica. The majority of these measurements were
taken at one location limiting the conclusions we could draw from the data. To better understand
the structure of the aquifer and lateral meltwater motion through it, multi-year observations of
local conditions are needed including a full geophysical suite of experiments including seismic
refraction, magnetic resonance, hydrological tests, and firn stratigraphy and density profiles. In
addition, further observations closer to and into the rift are required to determine the magnitude
of drainage from the aquifer. However, in-situ measurements are difficult to obtain as it is
challenging to go into the field. To supplement these measurements and provide a higher
temporal scale of data, data can be used from Sentinel-1 to determine the extent of the aquifer
over time (Brangers et al., 2020).

A third and final direction for future work is to model firn aquifer formation and life
cycles using snow models. Firn aquifers provide a unique storage method for meltwater retention
which reduces meltwater runoff from mass loss of the GrIS. Observations of these stored

systems are sparse and therefore it is essential that we are able to simulate them using snowpack
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models which can assist in quantifying current and future mass balance estimates. Previous
studies have used various snow/firn models (such as SNOWPACK) to simulate meltwater
percolation, refreezing, and retention processes (Steger et al., 2017; Verjans et al., 2019) such as
aquifers. We plan to build on this work to better understand how different percolation schemes
influence water retention in firn and evaluate how to better simulate firn aquifers in ice sheet
snowpacks.

In our future simulations, we plan to implement a bucket scheme and a new meltwater
percolation scheme based on Richard’s Equations which allows for more saturation and should
improve the accuracy of the density profiles and liquid water content quantities (Wever et al.,
2014). Once our method is validated with all sites of known aquifers in Greenland based on
observations, we can expand our method to a recent aquifer found on the Wilkins Ice Shelf in
Antarctica. With limited observations there, uncertainties will be high, though with a proven
method we may be able to identify more about the structure, extent, and volume of the aquifer.
We can also run SNOWPACK for the entire GrIS and see where aquifers may be at present,
especially in regions where we have not discovered them due to lack of observations.
Additionally, we can run SNOWPACK with forcings from different climate scenarios to
determine where firn aquifers are likely to form in the future and how much liquid water will be
able to be retained in the firn.

Beyond the goal of understanding surface mass balance processes, there is a need to
expand our niche knowledge of ice sheets in the scope of the broad Earth-atmosphere system. In
order to advance scientific progress in geosciences, we must look to larger interdisciplinary
research combining many sub disciplines of geology, atmospheric science, oceanography, as

well as social sciences, health, and communication. In the end, the Earth system is dynamic and
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chaotic, and scientists must work collaboratively to inform current and future generations of

climatic change.
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