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Understanding processes in the snow and firn are important for studies of ice dynamics,

ice-sheet mass balance, glacial hydrology, and ice-core interpretation. In this dissertation, I

use a combination of modeling, geophysical methods, and analyses of regional climate model

output and reanalysis to study the evolution of firn compaction, firn hydrology, and snow

accumulation on alpine glaciers and ice sheets in response to changes in ice dynamics and

climate.

The first study is devoted to investigating one process that is neglected in firn-air content

estimates derived from firn-compaction models: enhanced layer thinning due to horizontal

divergence. In this study, I implemented a new scheme into the Community Firn Model, a

modular model framework that can simulate numerous physical processes in firn. Modeling

results showed that horizontal divergence can reduce local firn-air content by up to 41%

and may contribute to 16% of surface lowering for some dynamic fast-flowing regions in

West Antarctica. I find that omitting transient horizontal divergence in estimates of firn-air

content leads to an overestimation of ice loss via satellite-altimetry methods in regions of

dynamic ice flow.

The second study characterizes the extent of four firn aquifers in the Helheim, Ikertivaq,

and Køge Bugt glacier basins of southeast Greenland using airborne ice-penetrating radar

data from 1993 to 2018. All four firn aquifers first appear and/or show decadal-scale inland



expansion during this time period. A relative energy budget calculation using regional cli-

mate model output shows that these aquifer expansions are driven by decreasing cold content

in the firn since the late 1990s and a recently increasing number of high-melt years. High-

melt years are projected to increase on the Greenland Ice Sheet and may contribute to the

continued inland expansion of firn aquifers, impacting the ice sheet’s surface mass balance

and hydrological controls on ice dynamics.

The third study is devoted to examining the recent snow-accumulation rates at Hercules

Dome, Antarctica, a prospective ice-core site. Only one observation of the snow-accumulation

rate exists and accuracy of climate models remains limited there, meriting further study. I use

ground-based very high frequency ground-penetrating radar collected during the 2019-2020

and 2022-2023 austral summers to construct the first spatially resolved snow-accumulation

dataset over Hercules Dome. The 420-year, 326-year, and 225-year time-averaged accumu-

lation rates are similar and range from 0.10 to 0.15 m a−1 ice equivalent across the divide,

with greater accumulation to the grid north (EPSG:3031) toward the Filchner-Ronne sec-

tor. Analyses of regional climate-model output and climate reanalysis show that the snow-

accumulation pattern is likely a result of an orographic effect on the regional scale and wind

redistribution on the local scale. The snow-accumulation variability across the divide will be

important to consider for future ice-core science at Hercules Dome.

This dissertation improves our understanding of a variety of polar near-surface processes

that are integral in assessing ice-sheet mass balance in the past, present, and the future.
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Chapter 1

INTRODUCTION

My journey as an earth scientist informally began during the early years of my youth. On

many family hikes into the Cascade Range of the U.S. Pacific Northwest, I often would sit for

hours in awe of the glaciers and surrounding geology. “The mountains are calling and I must

go and I will work on while I can, studying incessantly.” I often recalled and was inspired

by these famous words by naturalist and conservationalist John Muir. They evoked the lure

of the mountains and natural world, and reminded me of our responsibility to understand

our interconnectedness with nature. Aptly, many years later, I ended up formally studying

glaciers at the University of Washington, with a specific focus on the part of them that is

perhaps most obviously interconnected with the changing climate: the snow and firn.

In this dissertation, I investigate polar near-surface processes that are important in as-

sessing ice-sheet mass change through an integration of modeling, geophysical observations,

and analysis of regional climate model output and reanalysis. In this first chapter, I will pro-

vide motivation for and an outline of the dissertation. I start by providing an introduction

of near-surface processes of glaciers and ice sheets; the ice and climate dynamics that can

affect these; and why we care to study these processes. I then outline the structure of the

dissertation and topics that are discussed in Chapters 2-4, which are written as stand-alone

manuscripts. Finally, I provide some concluding remarks derived from this dissertation. It

is my hope that this body of work provides a little more insight into the interconnectedness

of the snow and firn and climate, which are evermore important to understand amidst our

currently evolving and greatly complex world.
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1.1 Motivation

The world’s ice sheets and alpine glaciers are integral parts of Earth’s hydrologic cycle and are

inextricably connected to the oceans and atmosphere. Due to anthropogenic climate change,

the ice sheets and many of the world’s alpine glaciers are declining primarily due to surface

melting and dynamic thinning (Fox-Kemper et al., 2021). The most wide-reaching affect of

these changes is global mean sea-level rise, with impacts on the world’s coastal populations

and infrastructure, coastal populations’ ability to respond to extreme events, global economy,

and ecological systems. Glacier decline also has a multitude of other significant regional

impacts on water resources, hydroelectric power generation, agriculture, forestry, tourism

and downstream ecosystems. It is therefore imperative that we understand the changes that

are occurring in the cryosphere.

Currently, the world’s ice sheets and glaciers are overall losing mass, but sometimes

the processes contributing to mass loss and the regional differences in these processes are

complex. The Greenland Ice Sheet is losing mass at an overall accelerating rate and while

there is strong interannual variability, the principal processes governing the mass loss are

surface melt (which is increasing in dominance) and dynamic thinning (which is decreasing

in dominance) (Fox-Kemper et al., 2021). Although recent studies suggest that net mass loss

of the Antarctic Ice Sheet has not increased since 2016 because of some regional mass gains

in Dronning Maud Land, mass loss in West Antarctica has otherwise dominated the entire

ice sheet’s mass balance since the 1970s (Fox-Kemper et al., 2021). The decadal-scale mass

loss of the Antarctic Ice Sheet has generally increased since the 1990s, and is primarily driven

by dynamic thinning of outlet glaciers (Fox-Kemper et al., 2021). Finally, during 2010-2019,

the world’s alpine glaciers lost more mass than any other decade since the beginning of the

observational record (Fox-Kemper et al., 2021).

The future is unclear; however, with continued observations, analysis, and modeling,

the outlook of the world’s ice sheets and glaciers can be increasingly understood. For the

Greenland Ice Sheet, it is virtually certain that continued mass loss through 2100 will oc-
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cur under all greenhouse-gas emissions scenarios (Fox-Kemper et al., 2021). There is also

high confidence that mass loss from the Greenland Ice Sheet will become increasingly dom-

inated by surface melt since the response of outlet glaciers from warm ocean waters will

diminish as the outlet glaciers retreat to higher ground (Fox-Kemper et al., 2021). For the

Antarctic Ice Sheet, it is likely that mass loss will continue through 2100 as well under

all greenhouse-gas emissions scenarios, where dynamic losses driven by ocean warming and

ice-shelf disintegration will exceed some regionally increasing snowfall rates (Fox-Kemper

et al., 2021). However, the upper end of projections is not well constrained, due to different

assumptions about the future sensitivity of ice-shelf basal melting to ocean warming and

recently proposed concepts of mass loss such as marine ice-cliff instability triggered by ice-

shelf disintegration (Fox-Kemper et al., 2021). For the world’s alpine glaciers, mass loss will

continue, with as much as a 18-36% decline from 2015 to 2100 (Fox-Kemper et al., 2021).

1.2 Mass Balance of Glaciers and Ice Sheets

The connection between climate change and the ice sheets can be understood via the con-

cept of mass balance, where the net balance of inputs and outputs determines the ice sheet’s

net change in mass. The total mass of a glacier changes only through processes that trans-

fer mass between the glacier and its environment, including the atmosphere, ocean, land,

and groundwater (Cuffey and Paterson, 2010). In addition, redistribution of mass within

the glacier can occur via compaction, ice flow, or hydrological processes. Another impor-

tant component of the glacier-climate connection is the relation between mass balance and

glacier dynamics. For example, thickening and steepening of the glacier due to increased

accumulation will increase flow. In addition, the elevation of the glacier surface may rise or

fall through time depending on the ice flow, which may change the surface climate (Cuffey

and Paterson, 2010).

The mass balance can generally be subdivided based on where the mass exchange occurs

within the glacier, along the vertical axis (Cuffey and Paterson, 2010):
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dM

dt
=

∫
A

[ḃs + ḃe + ḃb]dA− Ḃc, (1.1)

where dM
dt

is the derivative of the mass with respect to time, ḃs is the surface mass balance,

ḃe is the englacial mass balance, ḃb is the basal mass balance, A is the plan-view area, M

is the mass of the ice sheet, and Ḃc is the mass lost through calving per unit time. This

equation can be integrated over a given time interval to give the glacier’s mass balance ∆M .

To consider ice flow into and out of a zone or sector of a glacier or ice sheet within the

mass-balance equation, Equation 1.1 is then equivalent to the Equation 1.2, where S is the

elevation of the surface, Qin is the flux entering the zone, and Qout is the flux exiting the

zone, which is equivalent to Ḃc if the region includes the glacier’s margin:

∫
A

[ḃs + ḃe + ḃb]dS +Qin −Qout. (1.2)

The mass at any coordinate within the glacial system is the product of the vertically

averaged density (ρ̄) and the ice thickness. Therefore, the density of firn (the material

transitioning from freshly fallen snow to glacial ice) must be considered when estimating the

balance (see Chapter 2).

The surface mass balance ḃs dominates the net mass balance for many glaciers and

ice sheets, though calving and dynamic thinning are critical for some that are marine-

terminating. The surface mass balance ḃs can be expressed as:

ḃs = ȧs + ȧa − ṁs + ȧr − ṡ+ ȧw (1.3)

where ȧs is the snowfall rate, ȧa is deposition via avalanches, ṁs is surface melt, ȧr is

refreezing of water, ṡ is sublimation, and ȧw is deposition of snow via the wind (Cuffey and

Paterson, 2010). The surface mass balance rate ḃs is integral in mass balance studies as well

as ice-core interpretation and context (see Chapter 4).

The englacial mass balance in temperate alpine glaciers and some regions of the ice sheets

is largely determined by the redistribution of liquid water from the surface of the glacier to the
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interior of the glacier (Cuffey and Paterson, 2010). Internal accumulation can occur through

refreezing of surface melwater that has percolated into the firn, in crevasses or moulins, or

fractures at the base of the glacier; in addition to liquid water persisting as firn aquifers (see

Chapter 3). Internal ablation can also be due to melting caused by flowing water, deforming

ice, or solar radiation near the surface. All of these englacial processes remain a large source

of uncertainty in mass-balance measurements and models due to the heterogeneity of most

of these hydrological processes.

1.3 Organization of This Thesis

Chapter 2 investigates one process that is neglected in firn-air content estimates derived

from firn-compaction models: enhanced layer thinning due to horizontal divergence. This

chapter was published in the Journal of Glaciology as Effect of horizontal divergence

on estimates of firn-air content (Horlings et al., 2021). I incorporated a layer-thinning

scheme into the Community Firn Model where, at every time step, the firn layers first densify

according to a firn-compaction model and then thin further due to an imposed horizontal

diverence rate without additional density changes. I assess the effects of spatial and temporal

variability of changing horizontal divergence on firn-air content on the rapidly changing

Thwaites and Pine Island Glaciers, Antarctica.

Chapter 3 characterizes the evolution of firn aquifers in southeast Greenland using air-

borne ice-penetrating radar data and uses climate reanalysis to link this to changing climate

conditions. This chapter was published in Journal of Geophysical Research: Earth Surface

as Expansion of firn aquifers in southast Greenland (Horlings et al., 2022). I used air-

borne ice-penetrating radar data from the Center for Remote Sensing of Ice Sheets (CReSIS)

to document the extent of four firn aquifers in the Helheim, Ikertivaq, and Køge Bugt glacier

basins with more than six repeat radar flight lines from 1993 to 2018. Then, through an

idealized energy-balance calculation utilizing reanalysis data from the Modèle Atmosphéique

Régionale (MAR) regional climate model, I link the observed firn-aquifer changes to changes

in the cold content of the firn and comment on the future of firn aquifers.
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Chapter 4 presents recent snow-accumulation rates derived from a ground-based shal-

low radar survey at Hercules Dome, Antarctica, a prospective ice-core site, where only one

observation of the snow-accumulation rate exists and accuracy of climate models remains

limited there. I use ground-based very high frequency ground-penetrating radar data col-

lected during the 2019-2020 and 2022-2023 austral summers to construct the first spatially

resolved snow-accumulation dataset over Hercules Dome and characterize the accumulation-

rate pattern in terms of spatial distribution, temporal variations, and related accumulation

processes. This chapter will soon be submitted to Geophysical Research Letters.

Chapter 5 contains a summary and general conclusions from this work.
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Chapter 2

EFFECT OF HORIZONTAL DIVERGENCE
ON ESTIMATES OF FIRN-AIR CONTENT

Chapter 2, in full, is a reprint of “Effect of horizontal divergence on estimates of firn-air

content" authored by A.N. Horlings, K. Christianson, N. Holschuh, C.M. Stevens, and E.D.

Waddington, as it appears in Journal of Glaciology 2020. The supplement for this paper can

be found in Appendix A. The dissertation author was the primariy investigator and author

of this paper.

2.1 Abstract

Ice-sheet mass-balance estimates derived from repeat satellite-altimetry observations require

accurate calculation of spatiotemporal variability in firn-air content (FAC). However, firn-

compaction models remain a large source of uncertainty within mass-balance estimates. In

this study, we investigate one process that is neglected in FAC estimates derived from firn-

compaction models: enhanced layer thinning due to horizontal divergence. We incorporate

a layer-thinning scheme into the Community Firn Model. At every time step, firn layers

first densify according to a firn-compaction model and then thin further due to an imposed

horizontal divergence rate without additional density changes. We find that horizontal di-

vergence on Thwaites (THW) and Pine Island Glaciers can reduce local FAC by up to 41%

and 18%, respectively. We also assess the impact of temporal variability of horizontal di-

vergence on FAC. We find a 15% decrease in FAC between 2007 and 2016 due to horizontal

divergence at a location that is characteristic of lower THW. This decrease accounts for 16%

of the observed surface lowering, whereas climate variability alone causes negligible changes

in FAC at this location. Omitting transient horizontal divergence in estimates of FAC leads
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to an overestimation of ice loss via satellite-altimetry methods in regions of dynamic ice flow.

2.2 Introduction

Many outlet glaciers of the polar ice sheets have accelerated and thinned markedly in the last

25 years (Joughin et al., 2012; Mouginot et al., 2014; Smith et al., 2020). While horizontal

divergence is low in the ice-sheet interior, outlet glaciers often have substantial spatially and

temporally evolving horizontal divergence rates. Investigating many fundamental glaciologi-

cal problems depends on accurately estimating changes in firn-air content (FAC; the volume

of air in a firn column of unit cross-sectional area), including the determination of mass loss

from thinning due to marine ice-sheet instability, an important component of the land-ice

contribution to sea-level rise (Depoorter et al., 2013; Shepherd et al., 2012, 2019; Smith et al.,

2020). Despite its importance, most firn-compaction models lack a method to account for

horizontal divergence in estimates of FAC in regions of fast flow. Here, we formulate a simple

model scheme - an accessible and easily applicable alternative to a material-specific consti-

tutive relation (Gagliardini and Meyssonnier, 1997; Lüthi and Funk, 2000) - that accounts

for horizontal divergence within the firn to show the importance of the effect of horizontal

divergence on FAC estimates in regions of the ice sheet with high and rapidly changing

horizontal divergence rates.

2.2.1 Background

Firn compaction occurs through a variety of microphysical mechanisms, such as grain-

boundary sliding, sintering, and bubble compression. These mechanisms respond to overbur-

den stresses and temperature gradients (Burr et al., 2019; Maeno and Ebinuma, 1983), to

processes related to melting and refreezing (Reeh et al., 2005), and to ice-flow stresses (Al-

ley and Bentley, 1988). These processes vary spatially and temporally, resulting in variable

firn-density profiles. Model estimates of firn-column thickness, FAC, and the rate at which

these evolve often have substantial uncertainty, partly because not all physical processes are

included or accurately captured within the current generation of firn-compaction models.
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For example, thinning in the firn column due to horizontal divergence in the underlying

ice is often assumed to be negligible even in regions with high horizontal divergence rates

(Kuipers Munneke et al., 2015), despite observational evidence of its impact on firn-density

structure (Christianson et al., 2014; Morris et al., 2017; Riverman et al., 2019).

2.2.2 Firn-air content

Estimating mass change of the ice sheets with repeat satellite-altimetry observations requires

model-derived estimates of changes in FAC (Depoorter et al., 2013; Shepherd et al., 2012,

2019). FAC, also known as depth-integrated porosity or DIP, is defined as the porosity

integrated over depth z, from the surface to the depth zi where ice density ρi is attained:

FAC =

∫ zi

0

(
ρi − ρ(z)

ρi

)
dz. (2.1)

The change in mass of the ice sheet ∆m can be calculated in terms of the observed surface

height change ∆h, the change in FAC ∆FAC, ice density ρi, and area A:

∆m = (∆h−∆FAC) ρiA. (2.2)

Improving firn-compaction models, and specifically producing more accurate estimates of

FAC, is an essential step in reducing uncertainty in altimetry-derived mass-balance products.

Currently, model estimates of FAC can have large uncertainty partly because firn-compaction

models have been calibrated only to, and therefore are appropriate only for, a limited range

of climate and ice-dynamic settings (Lundin et al., 2017). Most firn-compaction models also

are compatible with the suggestions by Robin (1958) under steady-state conditions. Robin

(1958) suggested that, in steady-state conditions, the change in density with depth dρ(z)
dz

(and thus FAC) is proportional to the change in overburden stress. This requires that no

horizontal divergence occurs within the firn column (Morris et al., 2017):

dρ(z)

dz
= ρ(z) (ρi − ρ(z)) . (2.3)

However, observations collected over the last 60 years indicate that large deviatoric stresses

in the underlying solid ice affect the firn by increasing the rate of firn-density change with
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depth (Alley and Bentley, 1988; Christianson et al., 2014; Crary and Charles, 1961; Gow,

1968; Kirchner et al., 1979; Morris et al., 2017; Riverman et al., 2019; Vallelonga et al., 2014;

Zumberge, 1960).

2.2.3 Previous observations and modeling work

Active-source seismic and radar surveys across the Northeast Greenland Ice Stream show that

the firn column is 30 m thinner in the shear margins than outside the margins (Christianson

et al., 2014; Riverman et al., 2019; Vallelonga et al., 2014). Riverman et al. (2019) inferred

that this spatial variability of firn density is due to both horizontal divergence and strain

softening (i.e., an increased firn-compaction rate due to the acceleration of time-dependent

microphysical processes from increased ice-flow stresses). Morris et al. (2017) accounted

for horizontal divergence in the firn along the iSTAR traverse on Pine Island Glacier by

using a layer-thinning scheme similar to the one we propose here (see Section 2 of the

Supplementary Material). Morris et al. (2017) showed that the negative ratio of the vertical

densification rate to the density-corrected volumetric strain rate is not equal to the mean-

annual accumulation rate in some cases; they attributed this to a non-negligible horizontal

divergence, and illustrated that the steady-state suggestion by Robin (1958) does not hold

in those cases.

Some modeling studies have attempted to incorporate the impact of horizontal ice-flow

stresses on firn within a constitutive formulation using a generalized form of Glen’s Law

(Gagliardini and Meyssonnier, 1997; Lüthi and Funk, 2000). This approach has not been

widely adopted by the firn community, because it is difficult to integrate into commonly

used firn-compaction models. To our knowledge, no current firn-compaction model used

for inferring ice-sheet mass balance from repeat-altimetry observations (e.g., Li and Zwally,

2015; Ligtenberg et al., 2011, etc.) accounts for horizontal divergence.

In this study, we incorporate a layer-thinning scheme to account for horizontal divergence

in the Community Firn Model (CFM) (Stevens et al., 2020), and systematically investigate

the effects of horizontal divergence on FAC. We first describe the specifics of our imple-
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mentation of the layer-thinning scheme in the CFM. Then, we test the scheme through a

series of idealized conceptual runs for climate conditions representative of West Antarctica.

We subsequently apply the layer-thinning scheme to a firn column along two flowlines on

Thwaites Glacier and Pine Island Glacier, Antarctica, where dynamic ice-sheet thinning due

to accelerating ice flow from marine ice-sheet instability is occurring (Joughin et al., 2014;

Rignot et al., 2014). We then quantify how much of recent observed thinning results from

FAC changes due to horizontal divergence for lower Thwaites Glacier. Finally, we map where

horizontal divergence should be considered in FAC estimates across the entire Antarctic Ice

Sheet

2.3 Methods

2.3.1 Horizontal divergence in the Community Firn Model

The Community Firn Model (CFM) is an open-source, modular model framework that is

designed to simulate evolution of firn properties, including density, compaction rate, and

temperature (Stevens et al., 2020). It utilizes a suite of thirteen published snow- and firn-

compaction models. The CFM uses a one-dimensional Lagrangian framework to track the

properties of firn parcels as they advect from the surface into the underlying ice sheet. Users

stipulate the surface-boundary conditions, including accumulation rate, surface temperature,

surface-snow density, and other parameters necessary for the chosen firn- or snow-compaction

model.

To simulate layer-thickness changes within the CFM due to horizontal divergence, we

adopt a kinematic two-part layer-thinning scheme for firn compaction (Figure 2.1). During

each time step, the firn first densifies via the equations of the user-specified firn-compaction

model:

λpart1 = λold(1 + ϵ̇zz∆t). (2.4)

where λold is the firn-parcel thickness at the previous time step, λpart1 is the firn-parcel

thickness after densification from the firn-compaction model, λpart2 is the firn-parcel thickness
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after thinning from horizontal divergence, and ∆t is the time step. ϵ̇zz is the vertical strain

rate due to densification of the firn, provided by the chosen model physics, and commonly

implemented in models as:

ϵ̇zz =
1

ρ(z)

dρ(z)

dt
. (2.5)

Equation 2.4 (part one) is identical to the procedure in a conventional firn-compaction model

that neglects horizontal divergence.

When the firn parcels thin due to horizontal divergence (Equation 2.6; part two), during

the same time step as densification due to Equation 2.4, the firn is horizontally stretched

using a prescribed horizontal divergence rate ϵ̇h:

λpart2 = λpart1(1− ϵ̇h∆t). (2.6)

Individual firn parcels stretch horizontally as a result of thinning due to horizontal divergence.

Density and FAC calculations of the individual firn parcels in the CFM are produced per

unit cross-sectional area of the firn parcels. Equation 2.6 does not consider density changes

of individual firn parcels. This is because the scheme is solely kinematic, and it is assumed

that the material properties of a given parcel of firn do not change with horizontal stretching.

However, Equation 2.6 reduces the depth at which any density appears in the firn column.

2.3.2 Choice of firn-compaction models

In this study, we run the CFM using the firn-compaction equations from the Herron and

Langway (1980) model (HL) and the Ligtenberg et al. (2011) model (LIG). Multiple firn-

compaction models have been developed in the last 40 years. We use HL because it is still

seen as a benchmark firn-compaction model, and most models of polar firn compaction are

based on its general framework and assumptions (Li and Zwally, 2011; Ligtenberg et al.,

2011; Morris and Wingham, 2014). HL used Antarctic and Greenlandic firn depth-density

profiles to derive empirical equations describing the firn-compaction rate in stage one and

stage two of the firn column. Stage one is where density ρ < 550 kg m−3, and represents the
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shallowest portion of the firn column. Stage two occurs deeper and extends to bubble close-

off, where densities range from 550 kg m−3 < ρ < 830 kg m−3. Robin (1958) assumed that

the change in firn-pore volume is proportional to the change in the overburden pressure, a

steady-state assumption. This assumption allows HL to parametrize the overburden pressure

using mean annual snow accumulation. In addition, the HL densification rate includes an

Arrhenius-type temperature dependence, which represents densification via temperature-

dependent microphysical mechanisms, such as grain growth (Gow, 1969).

We also use LIG because it is the firn-compaction model included in subsurface processes

of the regional climate model RACMO (Van Wessem et al., 2018), one of the most common

reanalysis products used in Antarctic mass-balance calculations. In addition, LIG has been

used to estimate FAC changes in multiple ice-sheet mass-balance studies (Gardner et al.,

2013; McMillan et al., 2016; Shepherd et al., 2012, 2019). LIG used forty-eight depth-

density profiles from Antarctica to tune the firn-compaction model by Arthern et al. (2010)

for general applicability in Antarctica. Arthern et al. (2010) measured vertical strain rates in

the firn at four sites in Antarctica and used those data to derive a semi-empirical compaction

model based on rate equations of Nabarro-Herring creep and grain growth (Coble, 1970; Gow,

1969), with a form similar to that of HL.

2.3.3 Model Inputs

Total horizontal divergence rates from ice velocities

We use the Mouginot et al. (2019a) Antarctic ice-velocity map to compute mean horizon-

tal divergence rates from 1996 to 2018 at a spatial resolution of 450 m. We also use the

Mouginot et al. (2017) ice-velocity time series to compute the annual horizontal divergence

rates from 2007 to 2016 in the Amundsen Sea Embayment with a spatial resolution of 1 km.

To compute the total horizontal divergence rate from the ice velocities, we implement the

logarithmic strain-rate formulation from Alley et al. (2018) to produce continent-wide hori-

zontal divergence rates. Designating u and v as the x and y components of the velocity field,
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respectively, in a polar stereographic coordinate system (EPSG: 3031), the two-dimensional

strain-rate tensor is:

ϵ̇ =

 ∂u
∂x

1
2
( ∂v
∂x

+ ∂u
∂y
)

1
2
( ∂v
∂x

+ ∂u
∂y
) ∂v

∂y

 . (2.7)

If the strain-rate tensor is rotated with the local ice-flow direction, the total horizontal

divergence rate, ϵ̇h, can be computed as the trace of ϵ̇, or the sum of the longitudinal and

transverse strain rates, respectively:

ϵ̇h =
∂u

∂x
+

∂v

∂y
. (2.8)

If the strain-rate tensor is not with the local ice-flow direction, the longitudinal and transverse

strain rates can be reoriented to calculate the horizontal divergence rate ϵ̇h (see Alley et al.,

2018). Errors can arise when generating the strain-rate tensor from a satellite-derived velocity

field in areas of high strain when a nominal strain formulation is used (Alley et al., 2018).

Therefore, we apply the logarithmic formulation from Alley et al. (2018), which compares

the change in length with the previous length, and not the original length, to account for

the history of strain that is experienced by that region of the ice sheet.

We specify the accumulation rate, surface temperature, and surface-snow density as the

boundary conditions of the CFM. We force the CFM with a modified MERRA-2 climate

reanalysis product (Smith et al., 2020, Brooke Medley, personal communication, 3 March

2020) at 5-day temporal resolution and 12.5 km spatial resolution. All accumulation rates

we use in the model runs are in ice-equivalent units. Additionally, for all runs, we prescribe a

constant surface-snow density of 400 kg m−3. Fausto et al. (2018) discuss uncertainty arising

from surface-snow density for firn-density calculations. While variable surface-snow density

affects FAC estimates, we suspect it does not affect the relative change in FAC estimates

from different horizontal divergence rates enough to alter our conclusions.
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Table 2.1: Steps in horizontal divergence rates used in the layer-thinning scheme. These
encompass the range of horizontal divergence rates commonly observed on the ice sheets.
The model was forced with an accumulation rate of 0.30 m ice eq. yr−1, surface temperature
of -20◦C, and surface-snow density of 400 kg m−3. Percent decrease values are shown using
LIG; values from HL are shown in parentheses.

Run Step in horizontal divergence

(yr−1)

% decrease in FAC

1 0 to 1×10−4 0.4 (0.5)

2 0 to 1×10−3 4.0 (6.1)

3 0 to 2.5×10−3 9.6 (12.8)

4 0 to 5×10−3 17.9 (22.3)

5 0 to 7.5×10−3 25.0 (30.0)

6 0 to 1×10−2 31.1 (36.3)

2.4 Results

2.4.1 Idealized Runs

To provide quantitative insight into the impact of horizontal divergence on FAC, we conduct

idealized simulations using the HL and LIG models with constant climate forcing under

six horizontal-divergence-rate scenarios that span the range of horizontal divergence rates

observed on the ice sheets (Experiment 1; Table 2.1 and Figure 2.2). We choose surface-

boundary conditions representative of central West Antarctica: a constant accumulation rate

of 0.30 m yr−1, and a constant temperature of -20◦ C (Fudge et al., 2016; Kaspari et al.,

2004; Medley et al., 2013; Steig et al., 2005).

We spin the model up for 600 years to steady state under this constant climate with no

horizontal divergence rate. Then, we run the model for 600 additional years, starting at

time t = 0 years, using the same constant climate. We apply a step-change in horizontal

divergence rate to the steady-state firn column at t = 100 years and track how the simulated
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FAC evolves for the next 500 years. We run this routine using HL and LIG for six horizontal-

divergence-rate scenarios (Table 2.1 and Figure 2.2).

Figure 2.2 shows the evolution of FAC through time predicted by LIG, including the

evolution of the depth-density profile and bubble close-off (BCO) depth (i.e., density horizon

of 830 kg m−3). After an initial adjustment period, the simulated firn column reaches a

new steady state approximately 500 years following the onset of the horizontal divergence

rate for all runs. In this new steady state, the firn parcels have thinned, and the FAC has

correspondingly decreased (Figure 2.3 and Table 2.1).

Adding a horizontal divergence rate of 10−3 yr−1 with the LIG (HL) model results in a

FAC that is 4% (6%) less than for a model with no horizontal divergence (Experiment 1;

Table 2.1 and Figure 2.3). Imposing a horizontal divergence rate of 10−2 yr−1 reduces the

FAC by 31% (36%) compared to the no-horizontal-divergence scenario. HL estimates larger

decreases in FAC than LIG for all idealized runs, and the difference between the models is

larger for higher horizontal divergence rates (Figure 2.3).

2.4.2 Spatial Variability: Flowline Runs

To determine the impact of horizontal divergence on FAC in realistic climate and ice-flow

conditions, we apply the layer-thinning scheme to two flowlines on Thwaites (THW - Exper-

iment 2) and Pine Island (PIG - Experiment 3) Glaciers, West Antarctica (Figure 2.4). We

choose these flowlines because ice-surface speeds have been monotonically increasing in this

area during the satellite record (since 1992; Mouginot et al., 2014; Wingham et al., 1998),

and the region is thinning rapidly (Schröder et al., 2019). This makes mass-balance esti-

mates from the region sensitive to the treatment of horizontal divergence in firn-compaction

models. The surface temperature and accumulation rate increase non-linearly along both

flowlines, as they approach the lower-elevation coast. Along the THW flowline, the surface

temperature increases from -27 ◦C to -18 ◦C, and the accumulation rate increases from 0.5 m

i.e. yr−1 to 0.9 m i.e. yr−1. Along the PIG flowline, the surface temperature increases from

-26 ◦C to -17 ◦C, and the accumulation rate increases from 0.4 m yr−1 to 0.9 m yr−1. The
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ice speed along each flowline increases as the ice enters streaming flow, from speeds less than

10 m yr−1 to speeds greater than 1000 m yr−1, with corresponding increases in along-flow

horizontal divergence rates (from 0 to > 10−3 yr−1).

The starting points of the flowlines were chosen so that the flowlines would extend through

the main trunks of the glaciers. We again spin up the CFM for 600 years with the mean 1980

to 2019 climate (accumulation rate and temperature) for the head of the flowline, and no

horizontal divergence rate. We run the model twice for each flowline, with and without an

imposed horizontal divergence rate. The firn column advects through the flowline based on

the temporally static, but spatially variable 1996 to 2018 mean ice velocities from Mouginot

et al. (2019a). We map the temporally evolving firn column to its position along-flow, and

plot the associated FAC for each position along the flowline in Figure 2.5 and Figure 2.6.

Figure 2.5 shows model results with and without including horizontal divergence using

LIG for the THW flowline. Horizontal divergence along the THW flowline results in a mean

3.7 % (4.0%) difference for the entire flowline between the no-divergence and divergence

runs using LIG (HL). However, the effect of horizontal divergence on modeled FAC increases

towards the terminus of the glacier and influences FAC most within the last 150 to 200 km.

At the end of the flowline, horizontal divergence causes the FAC to be up to 9.6 m (9.2

m) less than with a method that does not account for horizontal divergence (41% (40%)

difference). For the PIG flowline (Figure 2.6), horizontal divergence results in an average

0.68% (0.81%) percent difference over the entire flowline. Like THW, horizontal divergence

has the greatest impact on FAC estimates for the last 150 to 200 km of the flowline, where

the FAC is 4.4 m (4.8 m) less while using a model with horizontal divergence compared to a

conventional firn-compaction model (18% (19%) difference).

Experiments 2 and 3 indicate that horizontal divergence becomes most important to con-

sider in estimating the FAC in the most coastal 150 to 200 km of THW and PIG. Horizontal

divergence rates increase at approximately 150 to 200 km before the end of the THW and

PIG flowlines, and the firn column begins to thin there (Experiments 2 and 3; Figures 2.5

and 2.6). The thickness of the entire firn layer along the flowline can be seen in Figures 2.5B
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and 2.6B, where the black line shows the 830 kg m−3 density horizon (BCO depth). The

firn thins non-uniformly along the flowline as a result of the variability of the horizontal

divergence rates, and thinning or thickening induced by the spatially variable accumulation

rate and temperature. Note that higher accumulation rates increase the FAC, whereas higher

temperatures decrease the FAC. Thus, higher accumulation rates will offset the effect of hor-

izontal divergence on the FAC, whereas higher temperatures will reinforce the net thinning

effect. Results from using HL for both flowlines on THW and PIG show qualitatively similar

results and therefore are shown in Section 5 of the Supplementary Material.

2.4.3 Temporal Variability: Static Location on Lower Thwaites Glacier

To investigate the effect of temporal variability of horizontal divergence on FAC estimates

during the satellite record, we next consider the time evolution of FAC (∆FAC) from 2007 to

2016 for a fixed location on lower THW (Experiment 4; black star in Figure 2.4). We choose

this location because the time series of ice speed is annually continuous, and mean thinning

rates here are characteristic of a large portion of lower THW and of PIG. For spin up of the

CFM, we use a constant horizontal divergence rate of 0.015 yr−1, based on observations from

the beginning of the time series. We spin up the CFM for 600 years using a climate forcing

randomly generated from the normal distribution of the 1980 to 2007 mean climate.

We perform four model runs, all of which use the 2007 to 2016 temperature and accumulation-

rate fields from MERRA-2, with annual time steps (Smith et al., 2020, Medley, personal

communication, 3 March 2020). The accumulation rate, temperature, and divergence-rate

boundary conditions are shown in Figure 2.7. Descriptions of each run are as follows:

(1) A baseline conventional firn-compaction-model run, which entails running the CFM

with the evolving temperature and surface-accumulation rate but no horizontal divergence

rate.

(2) A run with climate from (1), and a constant horizontal divergence rate of 0.015 yr−1

through the entire spin up and model run.

(3) A run with climate from (1); constant horizontal divergence rate of 0.015 yr−1 through
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Table 2.2: Summary of results from temporally varying the horizontal divergence rate for
the location on Thwaites Glacier from 2007 to 2016. Results using the LIG firn-compaction
model in the layer-thinning scheme are shown, with results using the HL firn-compaction
model in parentheses.

Run ∆FAC (m) % decrease in FAC % of observed thinning

1 0.20 (0.17) 0.77 (0.66) -1.18 (-1.04)

2 0.08 (0.12) 0.42 (0.68) -0.46 (-0.73)

3 -2.66 (-2.71) -15.30 (-15.55) 16.12 (16.50)

4 -1.83 (-1.91) -11.66 (-12.08) 11.12 (11.57)

the spin up until 2007; then the horizontal divergence rate evolves based on the 2007 to 2016

ice-velocity time series.

(4) Run with climate from (1); constant horizontal divergence rate of 0.015 yr−1 through

the spin up until 1997; linear ramp up to a horizontal divergence rate of 0.04 yr−1 at 2007;

then the horizontal divergence rate evolves based on the 2007 to 2016 ice-velocity time series.

We choose these runs to demonstrate (a) the impact of horizontal divergence on FAC

estimates through time, and (b) the effects of initializing the runs using firn columns with

different initial conditions, which will result in different FACs due to the initial-state de-

pendence of the firn-compaction rate (Figure 2.7). The lower panel in Figure 2.7 shows the

model-predicted FAC for the four runs. Horizontal divergence applied over longer histories

has higher influence on the FAC. Run 1 (no imposed horizontal divergence rate) consistently

predicts a FAC that is 7 to 8 m greater than the other runs. Runs 3 and 4 address the influ-

ence of temporal variability of horizontal divergence on FAC estimates, which is important

for assessing ice-sheet mass balance from repeat satellite-altimetry observations. These runs

indicate a marked decrease in FAC associated with greater horizontal divergence rates.

Temporally increasing horizontal divergence rates reduce the FAC substantially (Table 2.2

and Figure 2.7). In Run 1, the FAC slightly increases by 0.20 m (0.17 m), or 0.77% (0.66%),

almost a negligible change, from 2007 to 2016. In Run 2, the FAC also slightly increases by
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0.08 m (0.12 m) or 0.42% (0.68%). In contrast, in Run 3, the FAC is reduced by 2.66 m

(2.71 m), or 15.30% (15.55%). In Run 4, the FAC is reduced by 1.83 m (1.91 m), or 11.66%

(12.08%). Even the short-term application of greater and time-variable horizontal divergence

rates initialized in 2007 (Runs 3 and 4) produces a substantial difference in predicted FAC

compared to the constant horizontal-divergence case (Run 2). FAC in 2016 is estimated to

be 3.04 m (3.14 m) less in Run 3 than in Run 2 (18.75% (19.29%) difference) and is 3.86

m (4.00 m) less in Run 4 than in Run 2 (24.38% (25.21%) difference). FAC estimated in

Run 3 and Run 4 begin to differ when the Run-4 horizontal divergence rate ramps up in

1997, ultimately resulting in a slightly lower FAC in 2016 (0.81 m (0.86 m); 5.70% (6.0%)

difference) because the FAC in 1997 is already less in Run 4 than Run 3.

2.5 Discussion

In the following sections, we address the central questions motivating this study:

1) What is the importance of horizontal divergence in controlling FAC?

2) How do estimates of the time-evolution of FAC (∆FAC) estimates change by including

horizontal divergence in the calculations?

3) Where does horizontal divergence matter for estimating FAC on the Antarctic Ice

Sheet?

Through investigating these questions, we find that, firstly, neglecting horizontal diver-

gence where divergence rates exceed 10−4 yr−1 will lead to an overestimate in FAC. This is

because a firn column in regions with horizontal divergence is stretched horizontally and is

thinner, and thus has less air content per unit volume than a firn column in regions without

horizontal divergence. Secondly, accounting for horizontal divergence in FAC estimates re-

sults in a smaller calculated mass loss for regions of increasing horizontal divergence through

time. This is because, for a given change in surface elevation ∆h, the time-evolution of FAC

(∆FAC) is greater for regions with increasing horizontal divergence through time, which

implies that the interpreted ∆m is less than estimates that neglect horizontal divergence

(Equation 2.2). Lastly, we find that horizontal divergence should be included in FAC esti-
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mates in regions entering and within the outlet glaciers and ice shelves of the Antarctic Ice

Sheet. Horizontal divergence should be accounted for in estimates of the time-evolution of

FAC in these regions, as speeds and thinning rates are currently increasing (Joughin et al.,

2012; Mouginot et al., 2014; Smith et al., 2020).

2.5.1 How do FAC estimates needed for altimetry studies change by including time-evolving

horizontal divergence?

Results from our transient runs suggest that including horizontal divergence makes a sub-

stantial difference in the calculated ∆FAC. Decadal-scale climate variability (run 1) from

2007 to 2016 results in 0.20 m (0.17 m), a 0.77% (0.66%) increase. By comparison, ∆FAC

for Run 2 is 0.08 m (0.12 m), a 0.42% (0.68%) increase. The only difference between Runs 1

and 2 is that Run 2 includes a constant horizontal divergence rate, which (1) makes the total

FAC of Run 2 lower than that of Run 1; and (2) means that FAC changes for these two runs

are solely a result of the variable climate. Runs 1 and 2 contrast Runs 3 and 4, which include

the time-variable horizontal divergence and show substantial decreases in FAC through time

(Table 2.2). These changes in FAC for Runs 3 and 4 constitute 16% and 11% of the observed

thinning (27 m; Schröder et al., 2019), respectively, for this location on lower THW from

2007 to 2016. Surface lowering on a glacier is due to both mass loss and firn thinning or

thickening; for a given observed elevation change ∆h, if there is more firn thinning and thus

higher ∆FAC, then there is less mass loss ∆m.

2.5.2 Where do horizontal divergence rates matter for estimates of firn-air content on the

Antarctic Ice Sheet?

To identify where horizontal divergence is important to consider in estimates of FAC, we

first determine where the horizontal divergence-rate magnitude is comparable to the vertical

strain-rate magnitude. We consider horizontal divergence negligible when the ratio of the

magnitude of horizontal divergence rate to vertical strain rate is less than 0.1.
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Figure 2.8 shows the Antarctic-wide ratio R of the depth-averaged vertical strain rate

ϵ̇zz, within the firn column as calculated by the analytic model from Herron and Langway

(1980), and the total horizontal divergence rate ϵ̇h, as calculated from velocity data from

Rignot and others (2017) following Alley et al. (2018):

R =
ϵ̇h
˙ϵzz
. (2.9)

Not unexpectedly, R ≥ 0.1 occurs dominantly (1) in regions where ice enters the outlet

glaciers along the margins of the Antarctic Ice Sheet, such as Pine Island Glacier, Thwaites

Glacier, and other glaciers in the Amundsen Sea sector, and (2) in regions entering the ice

shelves. Regions in the interior of the ice sheet have relatively low values of R. Based on this

analysis, horizontal divergence can be neglected in broad interior regions of the ice sheet.

Some high horizontal divergence rates on ice shelves are associated with ongoing rifting, and

may not reflect changes in horizontal divergence rates that are of interest in this study.

2.5.3 Future work

We show, with a simple kinematic layer-thinning scheme in the CFM, that horizontal di-

vergence must be accounted for in estimates of firn-air content in regions of dynamic ice

flow. However, the effects of several additional processes not included in our model require

further study: (1) the role of compressive strain in firn-thickness change, (2) densification

during horizontal stretching, and (3) the role of brittle failure in reducing the effect of duc-

tile thinning. To include compressive strain rates in our treatment of layer thinning, either

better theoretical treatment of effects of compressional ice-flow stresses on firn compaction

or intentional model calibration including high ice-flow-stress sites is needed. Most of the

horizontal divergence rates in Experiment 2 and 3 are not compressive because these glaciers

are not confined outlet glaciers and do not experience significant lateral compression asso-

ciated with downstream narrowing of glacier extent. For these reasons, we chose to set any

compressional strain rates in our runs to zero. We suspect that compressional stresses would

not offset reduction in the FAC due to horizontal divergence, but would have an additive
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effect to increase firn density and lower FAC, because some microphysical mechanisms (e.g.,

power-law creep) are dependent on the square of the effective stress (Alley and Bentley, 1988;

Maeno and Ebinuma, 1983). A dynamic treatment of horizontal extensional stresses in the

firn would also contribute to densification during thinning and result in a further decrease in

firn-air content for similar reasons. Previous studies refer to this effect as strain softening,

and identify this process as having a greater impact on the firn-density profile than hori-

zontal divergence in some locations (Riverman et al., 2019). Additionally, theoretical and

observational evidence suggests that a decrease in the porosity will occur with an increase in

the stress state due to increased damage and strain around bubbles (Alley and Fitzpatrick,

1999; Chawla and Deng, 2005). Finally, we ignore the effects of brittle failure in near-surface

crevassing, which must accommodate some of the horizontal divergence in especially high

strain-rate areas (Duddu and Waisman, 2012). Including a constitutive relation for density

changes in response to horizontal stresses is an obvious next development. However, a dy-

namic treatment of horizontal stresses should be created along with a dynamic treatment of

the vertical forces and vertical compression in firn. Additional experimental and field data

is necessary for formulating such a model, and therefore is clearly beyond the scope of this

paper.

Future work should therefore 1) collect more field measurements in regions of high hor-

izontal ice-flow stresses; 2) intentionally calibrate models to high ice-flow-stress sites in an

empirical framework; and/or 3) perform lab work investigating how density, viscosity, and

microstructures change under horizontal ice-flow stresses. Firn-compaction models have been

developed using depth-density profiles that are assumed to have negligible thinning due to

horizontal ice-flow stresses. This is true for many of those profiles, but the model develop-

ment processes have not necessarily checked the validity of this assumption for each core;

nor have data from high-stress regions been sought out. As a result, firn-compaction models

assume there is no dependence on ice-flow stresses due to their functional form. In regions

that may indeed have ice-flow stresses, calibrating the models using data from firn density

there could lead to error in the calibrated coefficient estimates. However, calibrating addi-
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tional coefficients in existing models using firn data from identified high ice-flow-stress regions

could accommodate some of the impacts of horizontal ice-flow stresses on FAC. Also, new

geophysical techniques for measuring time series of firn thickness and density, such as GNSS

interferometric reflectometry (Gutmann et al., 2012; Larson et al., 2009) and autonomous

phase sensitive radio echo sounding (Corr et al., 2002; Jenkins et al., 2006; Nicholls et al.,

2015) are promising low-cost methods for gathering additional firn depth-density data in

regions of dynamic ice flow. Work is ongoing to formulate a dynamic, time-dependent ex-

pression encompassing the effects of horizontal ice-flow stresses on firn-compaction processes,

and new measurements (e.g., micro-CT scans) may provide the necessary data on firn-grain

evolution to construct a model based on microstructure evolution. Micro-CT technology is

starting to be applied to measure firn properties (Adolph and Albert, 2014; Gregory et al.,

2014; Keegan et al., 2019). Further work to characterize the relative roles of ductile and

brittle behavior of the firn will also allow for better characterization of firn in high-stress

environments.

2.6 Conclusions

Estimates of spatially and temporally variable firn-air content (FAC) are needed in cal-

culations of ice-sheet mass balance derived from repeat-altimetry observations. Here, we

introduced a method that accounts for firn-layer thinning from horizontal divergence into

the Community Firn Model (Stevens et al., 2020). This scheme consists of 1) densification

via an existing firn-compaction model, and 2) thinning of the firn via horizontal stretching

due to horizontal divergence.

We assessed the spatial and temporal variability of changes in FAC due to horizontal

divergence separately. Horizontal divergence becomes most impactful on FAC estimates in

the last 100 to 150 km of the flowlines on Thwaites and Pine Island Glaciers, where horizon-

tal divergence rates can reach 10−2 yr−1 and higher. At the end of the Thwaites flowline,

horizontal divergence causes the FAC to be 41% less than FAC estimates from a conven-

tional firn-compaction model with no horizontal divergence. At the end of the PIG flowline,
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horizontal divergence leads to a 18% less FAC compared to results from a conventional firn-

compaction model. For a representative location on lower Thwaites Glacier, a 15% decrease

in FAC occurs from 2007 to 2016 due to horizontal divergence, which corresponds to 16%

of the observed surface-elevation change. This contrasts output from a conventional firn-

compaction model with no horizontal divergence, which estimates a 0.77% increase in FAC,

due to climate variability alone. Horizontal divergence is most important to include in FAC

estimates in outlet glaciers in the Amundsen Sea Embayment, and in regions entering and

within the ice shelves of Antarctica.

We find that horizontal divergence is important for both (1) estimates of the steady-state

FAC and (2) estimates of FAC variability in time. Neglecting horizontal divergence in FAC

estimates where horizontal divergence rates exceed 10−4 yr−1 will lead to an overestimate

in the steady-state and time-evolving FAC. Improved FAC estimates will produce better

estimates of mass-change from repeat surface-elevation observations, as well as more accurate

estimates of basal-melt rates that depend on a hydrostatic assumption. Including horizontal

divergence in FAC estimates will become more important as regions of the Antarctic Ice

Sheet, such as the Amundsen Sea Embayment, continue to experience substantial increases

in ice speed (Mouginot et al., 2014). Neglecting horizontal divergence within FAC estimates

used in altimetry-derived mass-change calculations in these areas will lead to an overestimate

in mass loss. Our work highlights the importance of accounting for horizontal divergence

in estimates of FAC, and is a first step towards improving firn products that may consider

adding the effects of strain thinning to produce better FAC outputs.

2.7 Code and data availability

The CFM code is publicly available at https://github.com/UWGlaciology/CommunityFirnModel.

Documentation for the CFM is online at https://communityfirnmodel.readthedocs.io/TS5.

Model output and scripts used to make the figures will be available on the University of

Washington ResearchWorks Archive.
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Figure 2.1: Our layer-thinning scheme that accounts for horizontal divergence in the CFM.
At each time step, the firn first compresses vertically and densifies (Equation 2.4) following
the equations of the user-specified firn-compaction model (part one). Then the firn stretches
horizontally without further density change, as determined by the prescribed horizontal
divergence rate ϵ̇h in Equation 2.6 (part two).
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Figure 2.2: Model response of FAC (B) to a step change in the horizontal divergence rate
(A) from 0 to 1×10−4 yr−1 (solid light gray line), to 0 to 1×10−2 yr−1 (dotted black line),
using the LIG firn-compaction model. The model was forced with an accumulation rate
of 0.30 m ice eq. yr−1, surface temperature of -20◦C, and surface-snow density of 400 kg
m−3. Evolution of the depth-density profile for a step-change in horizontal divergence rate
of 5×10−3 is shown in (C) as an example. Black line indicates the BCO depth. Contour
interval is 50 kg m−3.
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Figure 2.3: Estimated firn-air content (FAC) using the layer-thinning scheme to account
for horizontal divergence with the HL and LIG firn-compaction models. The greater the
step-change in horizontal divergence rate, the greater the decrease in the FAC after the step
change.
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Figure 2.4: Location of Experiment 2 (THW) and Experiment 3 (PIG) on a map of mean
thinning rate for 1978 to 2018 (Schröder et al., 2019). The black star represents the location
on lower Thwaites used in Experiment 4. Map is superimposed on Reference Elevation Model
of Antarctica (REMA) ice-sheet surface elevation (Howat et al., 2019). Inset shows location
of figure domain in Antarctica. The projection is polar stereographic (EPSG: 3031).
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Figure 2.5: Results from the layer-thinning scheme for the flowline on Thwaites Glacier
using the LIG firn-compaction model (Experiment 2). (A) Horizontal divergence rates for
the flowline. Horizontal divergence rates were derived from Mouginot et al. (2019a) following
the approach of Alley et al. (2018), and exclude compression. (B) The firn depth-density
profiles along the flowline for the model that accounts for horizontal divergence. Black line
indicates the BCO depth. Contour interval is 50 kg m−3. (C) FAC results from model
runs including the horizontal divergence rates shown in (A) (dotted line) and from a model
without the horizontal divergence rates (dashed line).
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Figure 2.6: Results from the layer-thinning scheme for a flowline on Pine Island Glacier
using the Ligtenberg et al. (2011) firn-compaction model (Experiment 3). (A) Horizontal
divergence rates for the flowline. Horizontal divergence rates were derived from Mouginot
et al. (2019a) following the approach of Alley et al. (2018), and exclude compression. (B)
The firn depth-density profiles along the flowline for the model that accounts for horizontal
divergence. Black line indicates the BCO depth. Contour interval is 50 kg m−3. (C) FAC
results from model runs with the horizontal divergence rates shown in (A) (dotted line) and
from a model without horizontal divergence rates (dashed line).
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Figure 2.7: Surface boundary conditions, horizontal divergence rates, and estimated FAC
using the layer-thinning scheme with the LIG firn-compaction model for a location on lower
Thwaites Glacier (Experiment 4). The model spin up from 1980-2007 is shown. Run 1 rep-
resents a conventional firn-compaction model run with no horizontal divergence. A constant
horizontal divergence rate of 0.015 yr−1 is used in run 2. For runs 3 and 4, after spin up with
a constant divergence rate of 0.015 yr−1, the model is run from 2007 to 2016 with temporally
variable horizontal divergence rates derived from the Mouginot et al., 2017 velocity time
series. Run 4 also includes a linear ramp between horizontal divergence rates from the 1997
to 2007 values.
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Figure 2.8: Ratio (R) of the vertical and horizontal divergence rates across the Antarctic
Ice Sheet. Higher values of R show where horizontal divergence rates are more important to
consider in calculations of firn-air content.
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Chapter 3

EXPANSION OF FIRN AQUIFERS IN SOUTHEAST
GREENLAND

Chapter 3, in full, is a reprint of “Expansion of Firn Aquifers in Southeast Greenland"

authored by A.N. Horlings, K. Christianson, and C. Miège, as it appears in Journal of

Geophysical Research 2022. The supplement for this paper can be found in Appendix B.

The dissertation author was the primary investigator and author of this paper.

3.1 Abstract

Surface melt produces more mass loss than any other process on the Greenland Ice Sheet.

In some regions of Greenland with high summer surface melt and high winter snow accumu-

lation, the warm porous firn of the percolation zone can retain liquid meltwater through the

winter. These regions of water-saturated firn, which may persist for longer than one year, are

known as firn aquifers, commonly referred to as perennial firn aquifers. Here, we use airborne

ice-penetrating radar data from the Center for Remote Sensing of Ice Sheets (CReSIS) to

document the extent of four firn aquifers in the Helheim, Ikertivaq, and Køge Bugt glacier

basins with more than six repeat radar flight lines from 1993 to 2018. All four firn aquifers

first appear and/or show decadal-scale inland expansion during this time period. Through

an idealized energy-balance calculation utilizing reanalysis data from Modèle Atmosphérique

Régionale (MAR) regional climate model, we find that these aquifer expansions are driven

by decreasing cold content in the firn since the late 1990s and recently increasing high-melt

years, which has reduced the firn’s ability for refreezing local meltwater. High-melt years are

projected to increase on the Greenland Ice Sheet and may contribute to the continued inland

expansion of firn aquifers, impacting the ice sheet’s surface mass balance and hydrological
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controls on ice dynamics.

3.2 Plain Language Summary

Warm atmospheric temperatures over the Greenland Ice Sheet can melt snow at the surface,

producing liquid meltwater that can infiltrate downward into denser and older snow known as

firn. The firn can retain this liquid meltwater continuously for more than one year in certain

regions of the ice sheet that have high snow accumulation and high surface melt. These water-

saturated regions of firn are called firn aquifers, which are important in understanding the

ice sheet’s mass loss to the oceans. To determine the evolution of firn aquifers in Greenland

and what factors primarily influence their behavior, we examine airborne ice-penetrating

radar data that were collected from 1993 to 2018. From the repeat detections of four firn

aquifers in southeast Greenland, we find that the aquifers first appear and/or expand inland

during this time period. Regional historical climate data and an idealized energy budget

calculation suggest that aquifer expansions are driven by warming firn since the 1990s: the

firn is not cold enough to refreeze increasingly large amounts of surface melt, and therefore

the meltwater remains in a liquid state. More extreme warm summers are expected for

Greenland, which may contribute to the formation and continued expansion of firn aquifers.

3.3 Introduction

Currently, the Greenland Ice Sheet is the single largest cryospheric contributor to sea-level

rise and, in recent decades, has lost mass at an increasing rate (Broeke et al., 2016; Mouginot

et al., 2019b; Shepherd et al., 2020). Of the Greenland Ice Sheet’s mass loss since 2000,

surface melt constitutes approximately 55% (Shepherd et al., 2020). However, processes

involved in meltwater transit through the supraglacial, englacial, and subglacial hydrological

systems of the ice sheet are not well understood, especially within the context of a warming

climate. In some regions of the ice sheet with high summer surface melt combined with high

winter snow accumulation, the warm porous firn of the percolation zone can retain surface

meltwater without refreezing during winter; these water-saturated regions of firn are known
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as firn aquifers (Forster et al., 2014). Firn aquifers can influence ice-sheet flow and surface

mass balance (Montgomery et al., 2020; Poinar et al., 2019, 2017), yet remain a relatively

understudied piece of the ice sheet’s hydrological system.

In this study, we focus on firn aquifers which retain liquid meltwater for more than

one year (commonly known as perennial firn aquifers; we shorten this terminology to firn

aquifers). While recent studies found that firn aquifers do not contribute to long-term water

storage that could substantially buffer sea level (Miller et al., 2020), quantifying the evolution

of firn aquifers in the present and future is important because they affect ice-sheet dynamics

and thermodynamics by: (1) changing the seasonal behavior of the hydrological system

and potentially moderating seasonal downstream ice velocities, through creation of englacial

and subglacial channels that persist over the winter (Poinar et al., 2019); (2) influencing

firn-compaction processes, meltwater flow and meltwater retention in the firn (Miller et al.,

2020; Munneke et al., 2014; Munneke et al., 2015); (3) impacting the thermal regime of the

ice sheet, as they represent large reservoirs of latent heat (Munneke et al., 2015); and (4)

contributing to structural loading of ice shelves, especially on the Antarctic Peninsula, which

may enhance hydrofracturing and lead to their eventual breakup (Montgomery et al., 2020).

The first well-studied seasonal firn aquifers were documented beginning in the 1980s in

the high-accumulation and high-melt regions of temperate alpine glaciers; for example, the

late summer/early autumn aquifers of the Oetztal Alps in Austria, Storglaciären in Sweden,

and South Cascade Glacier in the United States (Fountain, 1989; Fountain and Walder, 1998;

Jansson et al., 2003; Oerter and Rauert, 1982; Schneider, 1999). During the Arctic Circle

Traverse expedition in 2011, firn aquifers were first observed in southeast Greenland from

firn cores (Forster et al., 2014). Subsequently, several field studies conducted extensive in-

situ and geophysical measurements at a firn aquifer located in upstream Helheim Glacier in

southeast Greenland (summarized in Miller et al. (2020)). Other recent studies have further

assessed firn aquifers there and elsewhere, including along the perimeter of the Greenland

Ice Sheet, on the Holtedahlfonna Ice Field in Svalbard, in the St. Elias Mountains of Canada

and Alaska, and on the Wilkins Ice Shelf in Antarctica, and have focused on characterizing
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aquifer extent, monitoring aquifer changes, and understanding the physical principles guiding

aquifer formation and behavior (Christianson et al., 2015; Chu et al., 2018; Forster et al.,

2014; Humphrey et al., 2021; Koenig et al., 2014; Miège et al., 2016; Miller et al., 2020;

Montgomery et al., 2020; Ochwat et al., 2021; Shang et al., 2022).

Despite this, little is known about how changes in atmospheric forcing influence firn-

aquifer extent, water flow, timescale of formation, evolution, and the role of firn aquifers in

ice-sheet hydrology (Miller et al., 2021), motivating further study. It is generally accepted

that the formation of firn aquifers requires high summer surface melt (approximately >0.24-

0.65 m yr−1 w.e.) and high snow accumulation (approximately >0.8 m w.e. yr−1) (Forster

et al., 2014; Miller et al., 2020). These conditions are pervasive especially in the percolation

zone of the southeastern periphery of the Greenland Ice Sheet. There, firn aquifers may

occupy roughly 54,800 km2, as estimated through Sentinel-1 radar data (Brangers et al.,

2020).

For the southeast Greenland Ice Sheet, Miége et al. (2016) documented the widespread

existence of firn aquifers using ice-penetrating radar data and showed that the firn aquifer

detected at Helheim Glacier expanded toward the ice-sheet interior from 2010 to 2014. Miller

et al. (2020) highlighted continued expansion of the Helheim firn aquifer until 2017 and hy-

pothesized its formation between 1963 and 2006. Firn aquifers have likely existed undetected

for over 40 years in the deep firn of the Greenland Ice Sheet’s percolation zone, as suggested

by the congruence of recent mapped extent of firn aquifers (Forster et al., 2014) and observa-

tions from historical 1978 Ku-band radar backscatter imagery (Miller et al., 2020). Longer

and more continuous time-series analysis of firn aquifers using ice-penetrating radar data

(the most direct remote-sensing method for imaging firn aquifers) has, however, not yet been

conducted. In addition, the recent expansion of the Helheim firn aquifer (Miège et al., 2016;

Miller et al., 2020) has been attributed to increased surface melt rates from warming at-

mospheric temperatures (Miller et al., 2020). While aquifer recharge has been observed in

response to high melt (Christianson et al., 2015), the link between changes in atmospheric

forcing, especially more frequent and more intense melt seasons, and multi-decadal aquifer
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response has not been thoroughly investigated. Modeling studies (Ochwat et al., 2021; Steger

et al., 2017; Vandecrux et al., 2020) have begun to evaluate or apply firn model simulations at

aquifer sites; however, firn meltwater models in general still misrepresent firn aquifers due to,

for example, the difficulty in simulating lateral subsurface water flow, saturated conditions,

and aquifer drainage (Vandecrux et al., 2020).

We motivate our study through the following questions: Has the spatial extent of firn

aquifers across southeast Greenland changed in recent decades? Are years with high meltwa-

ter production impacting the expansion of these firn aquifers? We hypothesize that upstream

expansion of firn aquifers (toward the ice-sheet interior) in southeast Greenland will occur

in response to high-melt years if the firn has insufficient cold content for refreezing. Alterna-

tively, firn aquifers may intermittently drain into downstream crevasses and the aquifer water

table may deepen, hindering expansion (if lateral discharge exceeds surface-melt recharge).

We use a subset of mapped firn aquifers to test our hypothesis: four locations in southeast

Greenland with more than six usable repeat radar flight lines. We extend the firn aquifer

time series to as far back as 1993 by identifying the presence of the aquifers in airborne

ice-penetrating radar data.

Our study is the first to extend the firn aquifer time series to earlier than 2010. It is

also the first to consider regions beyond Helheim Glacier to evaluate trends in expansion of

firn aquifers on regional scales across southeast Greenland. Finally, it is also the first to use

regional climate reanalysis data to evaluate climate controls on the expansion of firn aquifers

in Greenland.

3.4 Materials and Methods

3.4.1 Sites

We assess four firn aquifers in southeast Greenland (Figure 3.1). H1 is located in upper

Helheim Glacier, approximately between 1450 m and 1800 m elevation; H4 is located south

of H1, approximately between 1400 and 1800 m elevation; IN1 is located in upper Ikertivaq
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Glacier approximately between 1300 and 1750 m elevation; and KBS1 is located inland of

Køge Bay, and lies approximately between 1300 and 1700 m elevation. We focus on these

sites because they have multiple repeat Center for the Remote Sensing of Ice Sheets (CReSIS)

radar flight lines equal to or exceeding six individual years that are roughly oriented interior-

seaward (i.e., along the surface-elevation gradient of the ice sheet).

3.4.2 CReSIS Airborne Radar Sounding Observations

We use data from two airborne ice-penetrating radar systems designed and operated by

CReSIS at the University of Kansas: the Accumulation Radar (AR) and the Multichannel

Coherent Radar Depth Sounder (RDS) systems (Leuschen et al., 2014; Rodriguez-Morales

et al., 2013). Both the AR and RDS radar systems were operated by NASA’s Operation Ice-

Bridge (OIB) aerogeophysical surveying campaigns aboard P-3 aircrafts (2010 - 2018). The

RDS system was also operated on a C-130 Hercules aircraft in 2015; however, the AR system

was omitted due to non-optimal wing configuration for mounting antennas. Earlier versions

of the RDS system were operated by the Radar Systems and Remote Sensing Laboratory

at the University of Kansas on earlier aerogeophysical missions dating back to 1993 aboard

P-3, DC8, C-130, TO, and Basler (DC3) aircrafts.

The AR system is an ultra-high-frequency radar generally operated with a center fre-

quency of 750 MHz and bandwidth of 300 MHz. It images the upper portion of the ice

sheet, penetrating up to 500 m in depth for smooth, spectral targets (Leuschen et al., 2014;

Miège et al., 2016). AR radar profiles are generally available Greenland-wide from 2010 -

2014 and 2017 - 2019. The AR system directly images the water table of a firn aquifer as a

high-amplitude reflector, due to the high dielectric contrast between dry and water-saturated

firn (Chu et al., 2018; Miège et al., 2016).

The RDS system operated at many different bandwidths over time during different sur-

veys, primarily between 140 and 210 MHz for the data used in this study, and is designed

to image the ice-sheet bed. RDS data are available Greenland-wide from 1993, 1995 - 1999,

and 2001- 2019. We use a novel technique to determine the presence of a firn aquifer from
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RDS data, first pioneered by Miége et al. (2016): within the RDS radar profiles, the firn

aquifer can be identified via its interference with subsequent reflections. The disappearance

of the reflection from the ice-sheet bed (and disappearance of internal layers) indicates the

presence of water, as water within the firn increases the attenuation and scattering of the

radar wave. Comparison of AR and RDS datasets during overlapping years corroborates this

interpretation (Figure 3.2; Supporting Information).

3.4.3 Radar Interpretation

We use ImpDAR, an open-source radar processing and interpretation toolbox (Lilien et

al., 2020), to interpret radar signals and map the firn aquifers from the CReSIS radar-

sounding data. Through visual interpretation with some user input for control, we use a

semi-automatic picking routine in ImpDAR to digitize the bright firn water-table reflector

in the AR radar profiles and to map the inferred extent of a firn aquifer by the absence

of internal layers and bed reflector in the RDS radar profiles, as suggested in Miége et al.

(2016). We categorize extent as the interior-seaward linear distance spanned by the aquifer

along chosen flight lines. We project extents from flight lines that are slightly oblique to the

coast onto an interior-seaward direction so that different radar profiles can be compared.

The firn aquifers appear in both AR and RDS radar profiles when the data are contem-

poraneous. Agreement between AR and RDS firn-aquifer detections for each basin is high

(Figure 3.2; Supporting Information), where the bright reflector in the AR radar profiles

of the water table (illustrating water-saturated firn) correlates with the disappearance of

the bed reflector in contemporaneous RDS radar profiles at the same location. Miége et al.

(2016) also noticed good agreement when identifying the firn-aquifer locations on the two

airborne radar systems. Additionally, water-volume data from magnetic resonance sound-

ings (Legchenko et al., 2018) has shown good agreement between high water volumes at a

firn-aquifer site and disappearance of the bed reflector in the RDS data (Supporting Infor-

mation). These results allow us to confidently extend the time series of firn-aquifer extent

before 2010 (the beginning of the AR data) to the start of the RDS observations in 1993,
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when only RDS data are available.

The RDS and AR systems differ through time due to system improvements, including

hardware, which result in changing transmit power, bandwidth, range resolution, and dy-

namic range. These variables are documented in detail in the Supporting Information. The

range resolution varies from 2.5 m in recent RDS systems to 4.2 m in earlier systems, while

the AR systems vary from 0.58 m to 0.62 m. Along-track resolution is dependent on process-

ing, as well as along-track, cross-track, and aircraft height characteristics. The differences

in the systems do not substantially impact the results of this study, as we are interpreting

relative changes in the bedrock reflector and water-table reflector within individual years to

infer the horizontal extent of the aquifer. While earlier RDS systems were operated with

less power (e.g., in 1993) than more recent years (e.g., 2006), the bed reflector appears more

continuous in earlier years (e.g., 1993) and disappears in recent years (e.g., 2001 onward) in

correlation with the appearance of the water table of the firn aquifer in the AR data.

In addition, because picking the aquifer extent in the radar profiles was not a fully auto-

mated process and is subject to human bias, there is some uncertainty in the identified aquifer

extent. These uncertainties are described further in Miège et al. (2016). Disagreement in

aquifer detections between the two radar systems occurs primarily where the intensity of

internal reflectors weaken at the edges of the water table or at the edges of the disappearing

bed reflector.

We define aquifer “expansion” as the progression of aquifer detections toward the ice-sheet

interior as determined by changes in linear extent. In contrast, we use the concept of aquifer

“migration” as the progression of both upstream and downstream linear extent of the aquifer

toward the ice-sheet interior. Also, we define a single “firn aquifer” as a near-continuous

detection (no detection gaps >10 km) of the water table and/or associated disappearance of

the bed along the chosen repeat flight lines, following Miège et al. (2016). We acknowledge

that the aquifers that we identify may be interconnected in a larger aquifer system; however,

with the limited flight extent, we cannot verify that they are connected and therefore assume

that the identified aquifers in this study operate largely independently from each other.
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3.4.4 Regional Climate Model

To assess the climatic factors contributing to aquifer evolution, we use reanalysis data from

the Modèle Atmosphérique Régional MAR 3.5.2 (Fettweis and Rennermalm, 2020a), a re-

gional atmospheric model designed to simulate kilometer-scale to continental-scale processes

over multi-decadal timescales in the polar regions. Firn-aquifer formation is governed by the

balance of generated surface meltwater infiltrating downward into the firn and the ability of

the firn to refreeze this meltwater. We therefore analyze the annual melt, snow accumula-

tion, the melt-to-surface-mass-balance ratio, wintertime (December to February) tempera-

ture, number of days above a defined melt threshold (0.5 mm per day), and annual rainfall.

We take the mean of these climate parameters for the closest cell to the aquifer locations

because MAR’s resolution is relatively coarse (20 km) for application to a single aquifer. In

addition, we determine the long-term trend, decadal mean and standard deviation. We also

calculate the change points of the time series for each climate parameter, defined as the time

instant at which the mean of the time series changes abruptly, through a parametric global

method (Killick et al., 2012; Lavielle, 2005) (Supporting Information).

3.5 Results

3.5.1 Multidecadal Airborne Radar Sounding Observations

We present evidence of multidecadal firn-aquifer expansion from ice-penetrating radar profiles

in southeast Greenland from 1993-2018. The firn aquifers are first detected on all four repeat

flight lines between 1998 and 2013 and three with recent data show subsequent expansion

toward the ice-sheet interior (Figure 3.3). Other sites are not investigated as few repeat

flight lines exist there. We describe each of the four sites in this study in further detail.

Helheim Firn Aquifer (H1)

The most repeat flight-line coverage is over H1 with a combination of RDS and AR data

available in 1993, 1998, 2001, 2003, 2005, 2006, 2010-2014 and 2017-2018. Both AR and
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RDS radar imagery individually and collectively show the expansion upstream toward the

ice-sheet interior (Figure 3.3). The aquifer is first detected within our data at this site

in 1998; it subsequently expanded 0.3 km from 1998-2001; 1.8 km from 2001-2003; did

not expand from 2003-2005; then an upstream, more isolated extension of the aquifer (5.9

km upstream) appears between 2005 and 2006. Following this, a substantial expansion of

the main firn aquifer occurred between 2006 and 2010, where the firn aquifer expanded

upstream by 8.1 km inland. This was followed by a further 3.3-km expansion until 2012.

An upstream, more isolated extension of the aquifer (3.6 km upstream) appears to persist

in 2017 and disappears in 2018, while the upstream extent of the main aquifer appears to

remain approximately similar from 2012-2018 (Figure 3.3).

Increases in the depth of the water table (i.e., water discharge) of the Helheim aquifer

in 2012 have been attributed to drainage through downstream crevasses (Miège et al., 2016;

Miller et al., 2020). This drainage may have a delayed effect on suppressing inland expansion,

as the inland portion of the water table is slower to respond to the drainage compared to the

downstream end nearest to the crevasses. However, observations show recharge (decrease

of water-table depth) from 2013-2016, which is also associated with the appearance of the

upstream extension of the firn aquifer in 2017.

Helheim 4 Firn Aquifer (H4)

A combination of RDS and AR data are available for H4 in 1993, 1998, 2001, 2002, 2006,

2010, 2014, 2017, and 2018. The first detection of H4 is in 2001. While the aquifer decreased

in upstream extent by 1.2 km from 2001 and 2002, the aquifer subsequently expanded by

0.5 km from 2002 to 2006. Then, between 2006 and 2010, the aquifer expanded by 25.9 km

upstream; between 2010 and 2014, the aquifer expanded by 6.3 km; and between 2014 and

2017, the aquifer expanded by 8.2 km upstream. Finally, the aquifer decreased in extent by

7.35 km between 2017 and 2018.
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Ikertivaq North Firn Aquifer (IN1)

For IN1, a combination of RDS and AR data are available for 1993, 1998, 2001, 2002, 2006,

2011, 2012, 2014, and 2017. The first detection of the aquifer at IN1 is in 1998. From 1998

to 2001, the aquifer slightly decreased in upstream extent by 0.6 km. From 2001 to 2002,

the aquifer expanded upstream 2.9 km and subsequently expanded 3.2 km upstream from

2002 to 2006. From 2006 to 2011, the aquifer expanded 5.5 km upstream; from 2011-2012, it

expanded 2 km; and between 2012-2014, the aquifer expanded 4.7 km, and finally decreased

in upstream extent from 2014 to 2017 by 4.8 km.

Koge Bugt South Firn Aquifer (KBS1)

RDS data are available for KGBS1 for 1993, 1998, 2001, 2002, 2005, and 2013. AR data

are available in 2013. The main aquifer is first detected in 2013; however, we do not have

any subsequent data along the repeat flight line, so cannot present any results on its further

evolution.

Altogether, our analysis of repeat ice-penetrating radar profiles at the four sites suggests

that firn aquifers in southeast Greenland are forming in regions at higher elevations and are

expanding upstream toward the ice-sheet interior during most years. However, we do not

observe that the downstream extents of the firn aquifers are migrating toward the ice-sheet

interior.

3.5.2 Climate Forcing on Firn Aquifers in Southeast Greenland

Cumulative annual melt generally increases from 1948 to 2017, though the trend is not sta-

tistically significant (R = 0.337). Cumulative annual melt exceeding one standard deviation

from the long-term mean occurs during the years 1957, 1998, 2004, 2005, 2007, 2010, 2012,

2014, and 2016. The most substantial high-melt year over the aquifer sites was in 2012,

which is also known to be a significant melt year Greenland-wide (Nghiem et al., 2012).

Winter snow accumulation (defined here as cumulative snow accumulation from December
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to February) is highly variable and shows a slight increase over the time period that is not

statistically significant (R = 0.130). The melt-to-surface mass balance ratio is dominated

by the annual melt signal. Annual winter surface temperatures show a slight long-term

warming trend (R = 0.120). Extreme annual rainfall occurred in 2010, while the number

of days above the defined melt threshold (> 0.5 mm per year) increases slightly beginning

in the mid 1990s. However, for some high-melt years such as 2007 and 2012, the number

of days occurring above this melt threshold are below or within one standard deviation of

the long-term mean despite a high total annual melt, respectively. This suggests that a few

very intense melt events dominated those summer seasons, which is in line with satellite

observations showing that the 2012 summer season was governed by intense short-lived melt

events (Nghiem et al., 2012).

Of the climate parameters analyzed from 1948 to 2016, we find most substantial recent

changes in the surface melt and winter temperature (Figure 3.4). We calculated decadal

averages and determined change points, which determine the time at which the mean of the

time series changes abruptly. These analyses show that the surface melt increase is most

marked beginning in 2004 (increase in the mean by 0.19 mWE) and the winter temperature

increased substantially after 1997 (increase in the mean by 2.54 ◦C). In addition, we find a

relation between upstream firn-aquifer extent and high-melt years (Figure 3.3e); maximum

extent for H1, H4, and IN1 and the first detection of KBS1 follows 2012 high-melt year, while

H1, H4, and IN1 appear to increase in extent following other high-melt years (e.g., 2007 and

2010). All other analyses of melt, snowfall, temperature, and rainfall variables from MAR

for 1948-2016 are presented in the Supporting Information.

3.5.3 Linking Aquifer Expansion to Climate through Firn Cold Content

To link the observed firn-aquifer expansion to changes in climate, we investigate the energy

balance that permits aquifer formation. Following Culberg et al. (2021) and Humphrey et

al. (2021), we relate the cold content (CC) of the firn with the latent heat content from

surface melt (LHmelt). While firn models can calculate cold content, meltwater schemes and
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their ability to simulate firn aquifers are not consistent across models (Vandecrux et al.,

2020). Therefore, we use idealized calculations to characterize this complex thermodynamic

system. We define the cold content and latent heat for the upper 20 m of the firn column

following Culberg et al. (2021) as:

CC = 20cρfTf . (3.1)

LHmelt = LhMρw. (3.2)

Here, c is the heat capacity of ice, ρf is the volume-weighted mean annual density of the

firn, Tf is the absolute value of the mass-weighted mean annual firn temperature in degrees

Celsius, Lh is the latent heat of fusion for water, M is the total annual melt in m w.e.q.,

and ρw is the density of water. Firn density and temperature values are derived from the

MAR model output. We apply the calculations to 20 m in depth because this is the depth to

which MAR defines its domain (Fettweis and Rennermalm, 2020a). The shallow firn is also

most relevant to the energy redistribution in the firn column due to heat conduction and

meltwater refreezing (Vandecrux et al., 2020). We can then quantify the relative capacity

of the upper firn column to refreeze surface meltwater as the ratio between latent heat and

cold content (γ).

γ =
LhMρw
20cρfTf

. (3.3)

When γ increases, the firn loses some of its ability to refreeze meltwater and when γ is small,

the firn has sufficient cold content for refreezing. We choose to not define the specific quantity

of meltwater that infiltrates into the firn, as this depends on a number of variables that firn

models still struggle to properly simulate (Vandecrux et al., 2020); therefore, γ remains a

relative assessment of the energy balance in the firn, which we use to monitor relative values

between regions and to measure temporal trends. Further, we define potential firn-aquifer

conditions as regions with warm firn and a plentiful meltwater supply. These conditions are

necessary but may be insufficient for firn-aquifer formation, as surface topography, crevasse
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proximity, and the hydraulic gradient also influence location and evolution of firn aquifers.

We calculate the CC, LHmelt, and γ at six different sites in southeast Greenland repre-

senting different regions (Figure 3.5). We delineate these six regions to generally exemplify

the state of the firn at and adjacent to the firn-aquifer sites that are a focus of this study

(regions 1-4) and at higher and lower latitude sites at the upstream extent of other detected

aquifers (regions 5-6, respectively). For each of these general regions, we take the climate

conditions described by the MAR cells that are closest to: (1) low-elevation aquifer sites,

at the downstream edges of the aquifers of this study; (2) upstream aquifer sites, at the

most upstream edges of the aquifers of this study; (3) site adjacent to the upstream aquifer

edge and the ice-layer region, where the aquifers are expanding; (4) interior sites, inland

and at higher elevations to the aquifers of this study and within the ice-layer region; (5)

higher-latitude upstream aquifer sites, at the most upstream edges of detected aquifers in

eastern Greenland; and (6) lower-latitude upstream aquifer sites, at the most upstream edges

of detected aquifers in southern Greenland.

Our calculations show that the firn cold content is decreasing at and to the interior of the

upstream edges of the aquifers of this study (2, 3 and 4) starting in the late 1990s and early

2000s, as well as other aquifers farther north (5) and south (6) in latitude. The latent heat

to cold content ratios (γ) at the northern-latitude sites (5) and adjacent to the upstream

edge of the aquifers of this study (3) increase during this time but are generally lower than

at the upstream site (2) and and southern site (6). The value of γ at the interior site (4)

generally remains lowest of all sites at less than one, though reached this value in 2012. The

firn cold content at the higher-elevation sites directly upstream of the four aquifers (3 and

4) have higher cold content than within the aquifer sites (1 and 2). The lowest-elevation site

at the downstream portion of the aquifers (1) shows the lowest cold content that does not

show a trend, and also has the highest value of γ.
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3.6 Discussion

All four firn aquifers that we assessed through ice-penetrating radar develop during the

analysis period. Three of the firn aquifers with recent data (H1, H4, and IN1) appear to

non-monotonically expand toward the ice-sheet interior and reach maximum upstream extent

following the high-melt year in 2012 (Figure 3.3e). We also observe substantial interannual

variability in aquifer extent that may be due to drainages or changes in local meltwater

availability.

The generally accepted paradigm is that firn-aquifer formation occurs under high-melt

conditions, which allow surface meltwater to infiltrate deep within the firn, and under high-

accumulation conditions, which insulate the liquid meltwater from the winter cold (Munneke

et al., 2014). Liquid meltwater exists within the firn when top-down refreezing (from the

winter cold) and bottom-boundary refreezing (from the cold deep firn, as a result of loss of

heat from diffusion ahead of the infiltrating water front) are unable to refreeze the infiltrating

meltwater (Humphrey et al., 2021). The downward percolation of water will be halted if the

cold content of the firn is greater than the latent heat of the infiltrating meltwater. While

diffusion ahead of the water front can be theoretically large and prevent meltwater from

accessing the full firn pore space, aquifers at locations with high meltwater availability will

more likely be influenced by top-down refreezing (Humphrey et al., 2021). The relative

energy balance of firn in high-melt regions illustrated in Equation 3.3 shows that the link

between firn-aquifer conditions and atmospheric forcing is mainly through the availability of

snow melt (supply of liquid water and latent heat), the snow accumulation (for the pore space

and for the buffer from winter temperatures), and surface-air temperature (which controls

the cold content of the firn).

Our observations indicate a decrease in the firn’s capacity for refreezing meltwater in

southeastern Greenland beginning in the late 1990s and early 2000s. Specifically, the firn

cold content adjacent to the upstream edge of H1, H4, IN1, and KBS1 aquifers (regions 2 and

3) began consistently losing some capacity to refreeze the increasing volume of meltwater
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beginning in 1997. We observe the highest γ value is attained in 2007, 2010, and 2012,

which correspond to notable high-melt years. Our radar detections of the firn aquifers show

formation during the late 1990s, followed by a non-monotonic expansion that continues until

the most recent detections documented in this study in 2018 (excluding KBS1, where the

last usable radar profile is in 2013). While drainages and connections to other aquifers

may add complexity, which can be difficult to assess with existing radar profiles, our results

suggest that the firn aquifers in southeast Greenland are expanding inland in response to the

firn’s decreased capacity for refreezing and an increase in surface meltwater availability. This

confirms our hypothesis: that upstream expansion of firn aquifers in southeast Greenland

will occur in response to high-melt years if the firn warms and the cold content is insufficient

for refreezing. Recent coupled firn-thermodynamic and hydrology modeling of meltwater

infiltration at DYE-2 show that the firn is strongly impacted by high-melt years such as

those in 2012 and 2019 through the increase of firn temperature, ice content, and firn density

(Samimi et al., 2021), which supports our results.

Ice layers, which occur when percolating meltwater is refrozen following high-melt years,

occur directly upstream of firn-aquifer locations on the ice sheet (Figure 3.5) (Culberg et

al., 2021). The change in the energy balance at higher elevations above the firn aquifers is

reflected in our calculations of the ratio of cold content and latent heat from meltwater. This

switch in firn characteristics is important to understand because the presence of extensive

ice layers complicates water percolation (Miège et al., 2016). Ice layers can isolate deep firn

pore space to force meltwater to discharge into efficient surface runoff systems (“firn runoff

regime”; Machguth et al., 2016), or to create perched water tables (Christianson et al., 2015;

Miège et al., 2016). While we do not observe any melt layers in the ice-penetrating radar

datasets for the chosen flight-line segments, it is suspected that melt-layer formation may

promote firn-aquifer expansion by “priming” the firn through the release of latent heat into the

surrounding cold firn during refreezing, by amplifying meltwater input downstream through

migration of the meltwater laterally along the low-permeability ice layers under low hydraulic

gradients, and/or by reducing vertical percolation (Culberg et al., 2021; Killingbeck et al.,
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2020; Miège et al., 2016). Thus, melt layers may introduce an additional local hydrological

process that influences aquifer formation and behavior. For example, the intense melt year

in 2012 initiated ice-layer formation upstream of the firn aquifer at Helheim Glacier, which

may have formed a perched firn aquifer and may have increased meltwater input into the

aquifer region (Culberg et al., 2021; Miège et al., 2016).

We also observe that there are multiple timescales of firn-aquifer behavior. Decadal-scale

aquifer behavior is driven by a decrease in cold content, increase in atmospheric warming,

and increase in frequency of high-melt years. In contrast, lower amplitude interannual vari-

ability may be controlled by aquifer drainages, while seasonal expansion and retreat of the

aquifer is due to fluctuating meltwater availability through the year. While there is temporal

variability between firn aquifers, our results suggest that warming firn conditions generally

facilitate inland expansion in tandem with increasingly high meltwater availability. Ulti-

mately, upstream and inland migration of glaciological facies (e.g., superimposed-ice zone,

wet-snow zone, and the percolation zone), as seen in similar climate regimes to the Green-

land Ice Sheet, such as the Devon Ice Cap (Gascon et al., 2013), will likely influence future

firn-aquifer and ice-layer formation on the Greenland Ice Sheet; however, we did not detect

the migration of the lower limit of firn aquifers in this study.

With the projected increase in the frequency and duration of high summer surface melt

due to warming conditions over the Greenland Ice Sheet during the 21st century (Field et al.,

2012), firn aquifers likely will expand to higher elevations and affect ice-sheet hydrology and

mass balance over larger areas. It remains unknown whether firn aquifers drain continuously

or episodically. However, drainage of firn-aquifer water overall has the potential to create

persistent subglacial channels through the winter due to continued high-water pressure and to

facilitate fast downstream channel growth during the summer melt season; this can ultimately

dampen downglacier seasonal ice-velocity fluctuations (Poinar et al., 2019). In addition, firn

aquifers have been predicted near the grounding lines of many ice shelves of the rapidly

changing Antarctic Peninsula (AP), including the former Prince Gustav, Wilkins and Wordie

ice shelves (Wessem et al., 2021) and have been directly observed on the Wilkins ice shelf
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(Montgomery et al., 2020). Climate on the AP is similar to southeast Greenland, with high

snow accumulation and high surface melt during the summer (Van Wessem et al., 2016;

Wessem et al., 2021) and even föhn-induced melt in the winter season (Munneke et al.,

2014). With increasing precipitation rates (Thomas et al., 2008) and increasing atmospheric

warming and surface melt (Abram et al., 2013; Turner et al., 2014), firn aquifers will be

increasingly important to understand on the AP, as they may potentially accelerate the

disintegration of ice shelves that buttress outlet glacier discharge to the oceans.

3.7 Conclusion

We assessed the extent of four firn aquifers in southeast Greenland through the last three

decades using airborne ice-penetrating radar products. The accumulation radar (AR) data

can detect the firn-aquifer water table and the radar depth-sounder (RDS) data can detect

disappearance of the bed reflector due to the presence of the firn aquifer. We find that all

four firn aquifers were initially identified along the flight lines and/or show inland expansion

during the observational period of 1993 to 2018. We find that this multi-decadal firn-aquifer

expansion is mainly driven by decreasing cold content and increasing surface melt, which has

decreased the firn’s capacity for refreezing since the late 1990s. Specifically, recent warm,

high-melt years such as 2007, 2010, and 2012 have decreased the firn’s ability for refreezing

adjacent to the upstream edge and at higher elevations to the firn-aquifer sites. Continued

warming over the Greenland Ice Sheet (e.g., 2010 and 2012; Nghiem et al., 2012), increasing

melt, and more frequent and intense high-melt years will likely contribute to a continued

reduction in the firn’s ability to refreeze meltwater through reducing the firn cold content

and hindering top-down and lower-boundary refreezing of infiltrating meltwater, as well as

introducing increased availability of meltwater. We may expect firn aquifers to continue to

form and expand upstream in these regions of warming firn and to occupy greater areas of

the Greenland Ice Sheet. Because of this, our understanding of how firn aquifers contribute

to the Greenland Ice Sheet’s mass balance, hydrology, and ice dynamics is vital. Future

work should investigate broader-scale trends in aquifer behavior across Greenland and the
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Antarctic Peninsula; constrain in-situ meltwater flow and discharge measurements to refine

firn physics and to improve self-consistency of meltwater firn models; and downsize climate

reanalysis data to finer grids to capture climate forcing on smaller scales at which firn-aquifer

evolution occurs.

3.8 Code and Data Availability

All ice-penetrating radar data used in this study are available from the CReSIS public

FTP pages: ftp://data.cresis.ku.edu/data/accum/ (CRESIS, 2021a) and https://

data.cresis.ku.edu/data/rds/ (CRESIS, 2021b). Aquifer detections from the accumu-

lation radar (Miège, 2018) are also available at the NSF Arctic Data Center at: https://

arcticdata.io/catalog/view/doi\%3A10.18739\%2FA2TM72225. MARv3.5.2 climate model

simulation outputs and metadata are available from the NSF Arctic Data Center at: https:

//arcticdata.io/catalog/view/doi\%3A10.18739\%2FA2H12V80V (Fettweis and Renner-

malm, 2020b). The DEM for Greenland is available on the NSIDC website at: https:

//nsidc.org/data/NSIDC-0645/versions/1 (Howat and Smith, 2015). Outputs from this

study are also available from the authors without conditions.
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Figure 3.1: a) Map of southeast Greenland showing aquifer detections from Miège et al.
(2016). The dashed box shows our focus region. b) The four firn-aquifer sites that are the
focus of this study, as shown in reference to the aquifer detections from Miège et al. (2016).
The aquifer sites are labeled: Helheim 1 (H1), Helheim 4 (H4), Ikertivaq N1 (IN1), and Køge
Bugt S1 (KBS1). Dashed lines show the location of the reference coordinates on which our
aquifer detections along the four repeat flight line segments (brown) were projected onto,
roughly in the direction of the surface-elevation gradient. Blue boxes denote the MAR cells
used for Section 4.2. Elevation contours (relative to the WGS84 Ellipsoid) are derived from
MEaSUREs Greenland Ice Mapping Project (GIMP) Digital Elevation Model, Version 1,
gridded to a polar stereographic projection (EPSG:3413).
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Figure 3.2: a) Accumulation radar (AR) and b) MCoRDS (RDS) profiles showing the firn
aquifer at upper Helheim Glacier (H1 in Figure 1), which were collected on April 17, 2012.
The firn water table is the bright continuous reflector in the upper firn in the AR profiles.
The absence of the bed reflector in the RDS data correlates with the presence of the water
table reflector in the accumulation radar profile. Left-hand side of the figure is toward the
ice-sheet interior.
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Figure 3.3: Firn-aquifer detections (black markers) along each repeat flight line using both
the AR and RDS radar profiles: a) H1, b) H4, c) IN1, and d) KBS1. Blue dotted lines
indicate years that data is present. We assume that each aquifer incorporates the detections
along the repeated flight line as long as there are no gaps greater than 10 km. e) shows the
maximum inland extent for all of the aquifer and the annual melt.
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Figure 3.4: MAR reanalysis for the upstream portion of the aquifers. We choose to show
these variables because firn-aquifer formation is governed by the balance of generated surface
meltwater infiltrating downward into the firn and the ability of the firn to refreeze this
meltwater. (a) Map showing aquifer detections from Miège et al. (2016) (blue) and from
this study (brown). MAR cells closest to the aquifer sites (brown diamonds) have a resolution
of 20 km. (b) Total annual melt. (c) Previous winter’s surface mass balance. (d) Ratio of
melt and the previous winter’s surface mass balance. (e) Mean winter temperature. Decadal
mean with decadal standard deviation is represented in gray. Blue vertical lines denote the
change point for the time series mean. Brown horizontal lines denote the mean for the time
period before and after the detected change point. The location of MAR cell extent nearest
to the aquifers over which the climate output was averaged shown in map.
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Figure 3.5: (a-d) Maps showing the subset of regions over which the MAR output was
averaged, queried as approximately 15 km from the center of target region 1-6, denoted
as diamonds. Aquifer detections from Miege et al. (2016) in royal blue are shown. The
ice layers from Culberg et al. (2016) in light blue are inland and adjacent to the aquifers.
Aquifer detections from this study are shown in brown. (e) Cold content averaged over each
region, colors corresponding locations of cells shown on the map. (f) Latent heat content
from meltwater. (g) The ratio of latent heat to cold content.
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Chapter 4

SNOW ACCUMULATION AT HERCULES DOME,
ANTARCTICA

Chapter 4, in full, will be submitted to Geophysical Research Letters authored by A.N.

Horlings et al. The supplement for this paper can be found in Appendix C. The dissertation

author was the primary investigator and author of this paper.

4.1 Abstract

Observed and modeled snow-accumulation patterns in the interior of the Antarctic Ice Sheet

remain limited in spatial resolution. At Hercules Dome, Antarctica, a prospective ice-core

site, only one observation of the snow-accumulation rate exists and the accuracy of climate

models remains limited there. We use ground-based very high frequency ground-penetrating

radar data collected during the 2019-2020 and 2022-2023 austral summers to construct the

first spatially resolved snow-accumulation dataset over Hercules Dome. The radar data

reveal three promininent reflectors, which we assume are isochronal. The three isochrones

can be assigned dates of 225, 326, and 420 years from a 70-m firn-core record obtained

during the International TransAntarctic Scientific Expedition traverse in 2002. We find

that the 420-year, 326-year, and 225-year time-averaged accumulation rates are similar and

range from 0.10 to 0.15 m a−1 ice equivalent across the divide, with greater accumulation

to the grid north (EPSG:3031) toward the Filchner-Ronne sector. The grid south to grid

north snow-accumulation rates increase as much as 35% in as little as a 20-km profile across

the divide. We suggest that the snow-accumulation pattern results from a combination of

regional orographic precipitation and local snow redistribution from prevailing storms and

winds originating from the grid north.
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4.2 Plain Language Summary

Hercules Dome is the site of a prospective ice core designed to capture the state of the West

Antarctic Ice Sheet during Earth’s previous warm period. Characterizing the distribution of

snow accumulation is key for ice-core site selection and, eventually, ice-core interpretation.

Here, we use spatial patterns in firn thickness (where firn is simply compacted snow) together

with firn ages measured from a shallow core to map the snow-accumulation variability across

Hercules Dome, Antarctica. We find a 35% increase in the snow-accumulation rates across

Hercules Dome toward the Filchner-Ronne sector in as little as a 20-km transect, and also

find that the snow-accumulation rates and spatial pattern have been relatively stable over

the last 420 years. We suggest that the spatial variability is linked to the prevailing wind

direction of storms and to local snow redistribution.

4.3 Introduction

On the Antarctic Ice Sheet, snow-accumulation rates vary spatially due to moisture-source

proximity, synoptic conditions in coastal areas, orography, wind scour and redeposition, sub-

limation, and clear-sky precipitation (Bromwich et al., 2004; Das et al., 2013; Roe, 2005).

Further, variations in temperature and atmospheric circulation (due to both multi-millenial

global climate change and internal variability) can drive changes in both the magnitude

and spatial pattern of snow accumulation through time. However, knowledge of snow ac-

cumulation in the interior of the Antarctic Ice Sheet remains limited by the spatiotemporal

resolution of observations. Here, we characterize the snow-accumulation rates in detail at

Hercules Dome, Antarctica from a ground-based very high frequency ground-penetrating

radar survey conducted in the 2019-2020 and 2022-2023 austral summers.

Hercules Dome (86° S, 105° W) is a prospective ice-core site located in East Antarctica

between the Horlick and Thiel ranges of the Transantarctic Mountains and approximately

400 km from the South Pole. The region is a triple divide characterized by two local surface

rises and two ridges (Figure 4.1). Atmospheric circulation at Hercules Dome is sensitive to
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thinning of the West Antarctic Ice Sheet (WAIS) during the last interglacial period (∼130

ka) (Dütsch et al., 2023; Steig et al., 2015), yet ice flow and surface elevation at the dome

likely changed very little (Fudge et al., 2022; Jacobel et al., 2005). The dome summit at

the grid-westernmost part of Hercules Dome, called “Summit" (previously known as “West

Dome") has been identified as a promising location for a prospective deep ice core with a

climate record that would reflect the extent of the WAIS during the last interglacial (Fudge

et al., 2022).

While satellite observations and regional and global climate models may determine snow

accumulation with a horizontal resolution of tens to several kilometers, they struggle to

capture local features and variability even in topographically smooth locations in interior

Antarctica (Das et al., 2013). More highly resolved characterization of the surface accu-

mulation is integral for the Hercules Dome Ice Core Project for a number of reasons: (1)

providing regional context for the prospective ice core and determining how representative

the ice core is spatially; (2) potentially explaining high-frequency variability in the highly

temporally resolved ice-core record induced, as changes in the small-scale snow-accumulation

pattern may produce variability in the snow-isotope composition at a single point; (3) pro-

viding necessary input to modeling the gas age-ice age difference because the accumulation

rate is the primary control on the vertical velocity of the firn/ice column in regions of slow

flow.

Ground-penetrating radar data is an effective tool for characterizing past and present

spatial variability in snow-accumulation rates, which cannot be inferred from ice-core records

alone. Radar images capture the englacial stratigraphy and can be used to map internal

layer depths. Spatial variability in layer thickness can be related to the patterns of snow-

accumulation, firn-densification, and longitudinal strain (Dahl-Jensen et al., 1997; Karlsson

et al., 2020; Medley et al., 2013; Miege et al., 2013; Richardson et al., 1997). In slow-flowing

regions such as Hercules Dome, an ice divide, divergence plays a small role in the layer depth

and affects all layers nearly equally; thus, our data primarily capture snow accumulation and

densification processes carried out in the near surface.
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Here, we present the first spatially resolved measurements of snow-accumulation rates

at Hercules Dome and evaluate their temporal variability over the last 420 years. Many

studies have shown that the surface slope strongly influences snow deposition and the spatial

distribution of the accumulation rate at other Antarctic ice domes and ice rises (e.g., at

Siple Dome: Hamilton, 2002; at Talos Dome and Dome C: Urbini et al., 2008 at ice rises

in the Princess Ranhild Coast: Cavitte et al., 2022) and along longer traverses (e.g., the

Syowa-South Pole traverse: Yasoichi et al., 1973; the Dome Fuji-Syowa route: Fujita et al.,

2002; the DML-South Pole traverse: Anschütz et al., 2011; Müller et al., 2010). Following

these studies, we motivate our work through the following questions: (1) What is the spatial

accumulation pattern over Hercules Dome? (2) Has the pattern changed over the past 420

years? (3) What processes influence snow deposition at Hercules Dome? We discuss the main

results in terms of spatial distribution of and temporal variations in the snow-accumulation

rates, and related local and regional snow-accumulation processes.

4.4 Data and Methodology

We conducted a ground-based very high frequency ground-penetrating radar survey at Her-

cules Dome in the 2019-2020 and 2022-2023 austral summers. We used a commercial

PulseEkko ground-penetrating radar system with 100 MHz antennas at a fixed separation

(∼1 m) on a Nansen sled and towed by a snowmobile moving at a speed of ∼5-10 km hr−1.

Processing of the data included bandpass filtering, correction for antenna separation, ge-

olocation from contemporaneous kinematic precision GNSS data, interpolation to standard

trace spacing, and an exponential range gain to increase the relative amplitude of deeper

reflections.

Radar profiles were collected roughly parallel (grid west to grid east) and orthogonal

(grid north to grid south) to the primary ice-divide ridge (Figure 4.1). Grid directions refer

to polar stereographic coordinates (EPSG: 3031), where grid north is toward the Filchner-

Ronne sector and grid south is toward the Ross Sea sector. The main concentration of

profiles is near the grid eastern portion of the dome (“East Dome”), where the 2019-2020
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camp was located. A short shallow-radar survey was conducted at Hercules Dome Summit

in the 2019-2020 season, and a more extensive radial survey was completed during the 2022-

2023 season. A total of 320-line kilometers of shallow radar profiles were collected across

both field seasons. We track the surface and three distinct internal layers within the data,

which were selected for their relatively high continuity across all radar profiles. We traced

the internal layers using a semi-automatic layer digitization routine available in ImpDAR,

an open-source impulse radar processing and interpretation toolbox (Lilien et al., 2020).

To calculate snow-accumulation rates, we must first calculate the depth and age of the

internal layers. The two-way travel time (TWTT) recorded by the radar receiver must first

be converted to depth. Because the velocity of radar waves is dependent on the firn density,

we use the Looyenga dielectric mixing relation (Looyenga, 1965) with a modeled firn-density

profile (Herron and Langway, 1980) to calculate the depth of the internal layers. In reality,

the depth-density profiles will spatially vary; however, we calculate that the error caused

by this is a few % at most here (Supporting Information). For the depth-age relation, we

use the depth-age scale from the 70-m ITASE-2002-03 core (Dixon et al., 2004; Steig et al.,

2005), which was collected during the ITASE traverse at 86.5025◦S, 107.99◦E and extends

from 1592 to 2003. The easternmost part of the 2019-2020 VHF radar survey is located

about 1 km grid west of the firn-core site. The internal layers are then dated by transferring

the established depth-age relationship from the firn core to the closest radar profile (Figure

4.2), as layer slopes are low. We assume a steady-state depth-age profile over the period from

2003 to 2019 and correct for the 17-year difference between the radar and firn-core collection.

Using the calculated depth and age, the time-averaged snow-accumulation rate is then

derived as the integrated mass from the surface to the three reflectors divided by their ages;

we hereafter refer to these resulting time periods as T1 (1599-2019; 420 years old), T2 (1693-

2019; 326 years old), and T3 (1794-2019; 225 years old). T1 is based on a distinctly bright

reflector that is present in all radargrams. We note that due to the lack of a direct radar

link between East Dome and Summit, the continuity of other reflectors between East and

West Dome cannot be verified; thus, we only report T1 for Summit. Ice thicknesses range



64

from 1500 to 2800 m in the region, which suggests that all englacial reflectors tracked in this

study are less than 3-5% of the ice thickness from the surface and that these internal layers

are therefore primarily dependent on the surface snow-accumulation rate.

We use surface slopes, bed topography, and climate-model output to analyze conditions

that influence the variability of the snow-accumulation rates. Surface slopes are calculated

as the derivative of along-track surface elevations from the GNSS measurements recorded

contemporaneous to the radar profiling. GNSS measurements provide higher resolution in-

formation on surface topography than gridded regional digital elevation models, so we choose

to rely on these to calculate local slopes despite only capturing information along-track. Bed

topography is derived through digitization of the bed reflector from the deep high-frequency

ground-penetrating radar data collected at Hercules Dome during the 2018-2019, 2019-2020,

and 2022-2023 field seasons (Fudge et al., 2022; Hoffman et al., in review). Daily snowfall

rates, sublimation rates, 10-m wind direction, and 10-m wind speed are derived from ERA5

land daily reanalysis product for 2018-2020 (Muñoz-Sabater, 2019a), ERA5 land monthly re-

analysis product for 1950-2023 (Muñoz-Sabater, 2019b), and CMIP6 GFDL-ESM4 historical

product for 1850-2014 (Zhang et al., 2019).

4.5 Results

4.5.1 Accumulation rates derived from ground-penetrating radar

Both the observed spatial pattern for snow-accumulation rates and the spatially averaged

snow-accumulation rates for the three time periods T1 (1599-2019), T2 (1693-2019), and T3

(1794-2019) demonstrate low time-variability with mean values of 12.1, 11.8, and 11.8 cm

a−1 (Supporting Information); this is supported by snow-accumulation rates derived from

the firn core for each time period (12 cm a−1, +/- 0.05 cm a−1). We subsequently report

values solely from the T1 period. Accumulation rates range from 10 to 15 cm a−1, with a

mean of 12.1 cm a−1 and a standard deviation of 1.3 cm a−1. The snow-accumulation rates

show two distinct spatial trends: (1) a regionally increasing grid north gradient, especially
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evident at Summit; and (2) significant variability on the kilometer-scale, especially evident

at at East Dome. Snow-accumulation rates increase up to nearly 35% grid northward across

the divide in as little as a 20-km profile. The total mean snow-accumulation rate for the

region is in agreement with the total mean snow-accumulation rate of 12 cm a−1 derived

from the ITASE-2002-04 firn core (Dixon et al., 2004; Jacobel et al., 2005)

Our accumulation results and those derived from the firn core differ in magnitude and

variability from model-derived accumulation products at Hercules Dome. For example, out-

put from ERA5 and the Antarctic Mesoscale Prediction System (AMPS) (which utilizes

the Weather Research and Forecasting (WRF) and the Model for Prediction Across Scales

(MPAS)) captures the grid north to grid south gradient, yet even the fine resolution (spatial

resolution of 9 km and 2.67 km, respectively) does not capture the kilometer-scale variabil-

ity recorded in the radar-derived accumulation rates. Accumulation rates from AMPS are

particularly higher than observations in the Summit region (> 25 cm a−1) and show a wider

range of magnitudes, while ERA5 generally overestimates snow-accumulation rates by 3-4

cm a−1. We suspect that our model/data disagreement arises from the coarse model reso-

lution, which cannot capture the small-scale effects of surface topography on precipitation

and snow redistribution.

Figure 4.3 shows snow-accumulation rates and surface slope along four shallow radar

profiles. At East Dome, surface slopes are generally low over the dome, while reaching a

maximum of 0.8 degrees, and show the highest variability. Topographic profiles at East

Dome indicate that the largest surface slopes occur along the grid northwest of the shallow

radar survey near a distinct surface depression. At Summit, surface slopes are generally less

than 0.4 degrees, with a slight depression on the grid-northwest side. The snow-accumulation

rate has a notable correlation with the along-track slope, with a cross-correlation coefficient

of 0.78. Orientation of the profiles does not have an impact on the significance of the cross-

correlation. Some grid north to grid south profiles show increased accumulation on the grid

south side of topographic highs in topographic depressions, whereas some grid west-east

profiles show increased accumulation on the western side of topographic highs (Figure 4.3).
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4.5.2 Accumulation rates from climate data

We examine the 10-m wind fields to evaluate the influence of storm direction and wind

redistribution on the snow-accumulation rate pattern. Analysis of the 10-m wind fields

from ERA5 and CMIP6 across Hercules Dome shows that the region is characterized by a

prevailing wind flow from the grid north-northeast, typically with speeds ranging from < 5

to 17 m a−1. Wind speed and direction of the 10-m wind field, and the snow-accumulation

rate is plotted in Figure 4.4. Daily averaged values are shown from ERA5 from 2018-2020

in the upper panels of Figure 4.4. Monthly averaged values are shown from CMIP6 from

1850-2014 in the lower panels of Figure 4.4. Wind directions are described as the direction

the wind is moving toward, in degrees east of true north. If we define a "storm" as an event

with non-zero precipitation, then the mean storm wind direction is from -30◦ east of true

north with a standard deviation of 54◦, and a mean magnitude of 7 km hr−1 with a standard

deviation of 3 km hr−1. More generally, wind speeds above 10 km hr−1 were observed for

13% of all cases (storm or no storm), with an average direction of -60◦ east of true north

(with standard deviation of 35◦) for daily observations in 2019 and 2020. Wind speeds from

5-10 km hr−1 were observed in 63% of cases with an average wind direction of -32◦ east

of true north (with a standard deviation of 54◦) for daily observations between 2018-2020;

and 28% of cases, with an average direction of -46◦ for monthly averaged observations from

1850-2014. The total mean wind direction calculated from 1850-2014 from CMIP6 was -45◦

east of true north. Wind direction does not appear to change with time, at least since 1850

(Supporting Information).

4.6 Discussion

Our study determines the geospatial pattern of snow-accumulation rates across Hercules

Dome, with values increasing from grid south to grid north and ranging from 10 to 15 cm

a−1. We also observe kilometer-scale variability, most evident at East Dome. The highest

detected snow-accumulation rates appear linked to surface depressions on the grid-northwest
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of the Summit region.

Snow deposition on the Antarctic plateau is strongly influenced by surface topograph-

ical slope and curvature, where small changes can lead to high spatial variability of snow

accumulation over distances as short as a few kilometers. At large, air masses lose water

vapor to precipitation by orographic effects as they travel over the continent (Fujita et al.,

2011). On a regional scale, ice divides, domes, and rises tend to cause regional orographic

effects: uplift of atmospheric water vapor leads to precipitation on the windward side of

the regional surface topographical high, where the high acts as a topographic barrier for

transport of moisture and the leeward side essentially becomes a rain shadow. On a local

scale, a combination of differences in water-vapor flux and snow redistribution by wind can

lead to high spatial variability in the snow-accumulation rate, where snow accumulation is

higher on relatively flat surfaces and in relative topographic depressions (Fujita et al., 2011;

Miege et al., 2013).

We suggest that snow accumulation at Hercules Dome is dependent on the prevailing

storms and winds originating from the Filchner-Ronne side of the divide. On a regional

scale, Hercules Dome appears to be influenced by an orographic effect due to the surface to-

pography of the divide: storm directions are primarily -30◦ from true north (with a standard

deviation of 54◦) (Figure 4.4), which is in line with the higher snow-accumulation rates on

the Filchner-Ronne side of the divide, revealed by the results of this study. On a local scale,

snow-accumulation rates are likely impacted by snow redistribution resulting from wind in-

teractions with the local surface topographic variations. The region at East Dome appears to

have high kilometer-scale variability compared to Summit and maps of along-track slope and

accumulation for profiles in the grid north to grid south direction show increased accumula-

tion in relative topographic depressions. Specifically, across all radar profiles, we observe the

highest snow-accumulation rates (1) in a surface depression in the grid-northwest region of

East Dome, a multi-kilometer wide feature, and (2) in the grid-northwest region of Summit

at a local depression that is likely associated with a trough in the bed topography which

originates at Summit and extends grid northwestward.
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Local snow-accumulation patterns can be naturally maintained over time because sur-

face slope is correlated with bedrock topography (e.g., Fujita et al., 2011), especially when

the prevailing winds remain unchanged. At Hercules Dome, the result of this effect on a

centuries-scale is confirmed by the similarity in local variability shown in all time-averaged

accumulation rates (T1, T2, T3) at Summit, East Dome and South Ridge, while the mean

prevailing wind direction remained steady since 1850 (Supporting Information). The divide

at Summit overlies a bedrock high, but overall shows little bedrock and surface topographi-

cal variations and less spatial variability in snow accumulation. Surface morphology at East

Dome is irregular and appears to be a result of the interplay between flow over a distinct

bedrock trough and peaks that were formed by ice flow hundreds of thousands to millions of

years ago (Hoffman et al., in review). The steadiness in recent snow-accumulation rates at

Hercules Dome is consistent with other Antarctic sites during recent decades to the last few

centuries (e.g., northern Victoria Land: Stenni et al., 1999; Dome Fuji: Van Liefferinge et al.,

2021), while some other regions in East Antarctica have experienced an increase in accumula-

tion rates (e.g., Talos Dome: Stenni et al., 2002; Dronning Maud Land: Fujita et al., 2011).

Based on our study and available data, we cannot state whether the snow-accumulation

pattern at Hercules Dome has remained steady beyond 420 years ago.

Ice-divide stability is a primary concern for drilling an ice core at Hercules Dome. Ice-

divide position is dependent on the snow-accumulation distribution, as well as ice dynamics,

such as draw-down away from the divide/spatial conditions at the ice-sheet boundary, and

bedrock topography, which routes ice flow from the divide to the ocean (e.g., Hindmarsh,

1996). While internal layers at Summit suggest some instability preceding the mid-Holocene

(Fudge et al., 2022), the question of divide stability still remains. Previous studies on ice-

divide sensitivity (e.g., Hindmarsh, 1996) show that steady divide position is most sensitive

to anti-symmetric accumulation-rate patterns near the divide. While margin draw-down can

impact the divide position much greater than any other factor, short-term reversals in divide-

migration direction due to high-frequency forcing from accumulation-rate variations may be

more disruptive to the climate record of an ice core, where even small standard deviations
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with time in the accumulation pattern can produce stochastic divide variation (Hindmarsh,

1996).

The snow-accumulation dataset presented here should be useful for determining possible

influence of climate changes on the ice core, inform recent variations in the ice-divide position,

and provide a basis of comparison to long-term variations in ice-divide position. At Hercules

Dome, the snow-accumulation pattern over the region is asymmetrical in relation to the

dome morphology, and has not appeared to change over the last 420 years. Little change

of accumulation rates during the recent past suggests that the dynamics of the dome have

not changed much during this time period. Models of the depth-age scale for deep ice cores

are sensitive to ice-divide migration (Anandakrishnan et al., 1994) and determining whether

high-frequency variability in the core’s climate record results from actual temporal variations

in the climate history or spatial variations in the accumulation pattern and divide position

is important. Further, the gas-age ice-age difference (i.e., the lock-in age at the bubble close-

off depth minus the age of the enclosed gas; where the gas age is usually small, generally

tens of years) is sensitive to changes in snow-accumulation rate (e.g., Lundin et al., 2016).

Therefore, interpretation of the prospective deep ice core at Hercules Dome should consider

the impacts of local spatial variability of the snow-accumulation rates on isotope diffusion

and firn-densification processes.

4.7 Conclusions

Snow accumulation over the past 420 years was mapped with shallow ice-penetrating radar

at Hercules Dome, Antarctica. Our dense survey grid enabled us to derive the first spatially

distributed accumulation-rate dataset at the site and to document small-scale variations in

snow-accumulation rates. We find that the 420-year, 330-year, and 225-year time-averaged

accumulation rates are similar and spatially range from 0.10 m a−1 to 0.15 m a−1 ice equiv-

alent. Greater accumulation rates exist to the grid north with as high as a 35% difference

in as short as a 20-km profile. The regional mean radar-derived snow-accumulation rate

agrees with mean snow-accumulation rates from the ITASE-02-04 firn core. We suggest
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that the snow accumulation results from an interaction of the grid north originating storms,

orography from the regional surface topography of the divide, and variations in local sur-

face topography that is likely linked to variability in the bed topography. Interpretation of

the prospective deep ice core at Hercules Dome should consider the impacts of local spatial

variability of snow accumulation on isotope diffusion and firn-densification processes.

4.8 Data Availability Statement

Radar data are archived at https://www.usap-dc.org/view/project/p0010359. The snow-

accumulation dataset, slopes, and associated climate output will also be archived.
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Figure 4.1: Profiles of snow-accumulation rates from T1 time period. a) Map showing the
shallow radar survey at Hercules Dome, Antarctica. Dark blue designates data collected
in the 2019-2020 field season. Light blue designates data collected in the 2022-2023 field
season. Star is the location of the ITASE-02-04 firn core. Elevation contours are from
Reference Elevation Model of Antarctica (REMA) ice-sheet surface elevation (Howat et al.,
2019). The projection is EPSG: 3031. Inset shows location of figure domain in Antarctica.
b) The Summit snow-accumulation rates derived from both the 2019-2020 and 2022-23 radar
data. c) Hydra Rise snow-accumulation rates derived from the 2019-2020 radar data. Star
represents the location of the ITASE-02-04 firn core.
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Figure 4.2: a) Bulk density data from the ITASE-2002-04 firn core, which was drilled to 72
m (Dixon et al., 2004; Steig et al., 2005). Black line denotes the Herron and Langway (1980)
steady-state density profile used in the calculation of the accumulation rates. Only minor
differences exist between the data and the model. b) Depth-age scale from the firn core.
Note that dashed line indicates extrapolation for the deepest tracked englacial reflector. c)
Inferred snow-accumulation rates inferred from the firn core. d) Radargram closest to the
firn core with the three tracked reflectors highlighted. The depth-age scale was used to infer
layer ages using the depths associated with the white points in panel d.
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a b

c d

Figure 4.3: Snow accumulation rates and surface slopes along some of the shallow radar
profiles. a) and b) are oriented grid north to grid south. c) and d) are oriented grid west to
grid east.
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Figure 4.4: Relation between snow-accumulation, 10-m wind magnitude, and 10-m wind
direction. The angle is the direction the wind is moving toward, measured in degrees East
of North. For example, -50◦ therefore represents winds coming from the east of true north.
Rose diagrams show direction of the 10-m winds relative to the orientation of Hercules Dome
(map). Upper panels are from ERA5 at daily intervals from 2018-2020. Lower panels are
from CMIP6 at monthly intervals from 1850-2014.
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Chapter 5

SYNTHESIS AND CONCLUSIONS

5.1 Summary

The work presented in this thesis has addressed several topics regarding polar near-surface

processes, including firn compaction, firn aquifers, and snow accumulation. This collection

of works has important conclusions relevant to the field of glaciology, including the ice-core

and ice-sheet mass balance communities.

In Chapter 2, I introduced a novel method into the Community Firn Model. Specifi-

cally, I incorporated a layer-thinning scheme into the Community Firn Model to account for

horizontal divergence, the first study to account for this process in firn models. I showed

that horizontal divergence can reduce air content in the firn (a metric used in ice-sheet mass

balance estimates) significantly and account for as much as 16% of the observed surface low-

ering in some fast-flowing region in West Antarctica. My results show that omitting transient

horizontal divergence in estimates of the air content in the firn leads to an overestimation of

ice loss in regions of dynamic ice flow, as calculated via altimetry-based methods.

In Chapter 3, I continue research originally began in 2011 on Greenland’s perennial firn

aquifers. My study was the first to utilize a relatively new method using deep-sounding radar

to identify firn aquifers; was the first study to evaluate trends in firn-aquifer extent beyond

Helheim Glacier, Greenland; was the first to extend the perennial firn aquifer time series to

earlier than 2010; and was the first to assess regional climate model output to quantitatively

evaluate climatic effects on the expansion of perennial firn aquifers. My results show that firn

aquifers in southeast Greenland show decadal-scale expansion and are driven by decreasing

cold content in the firn since the late 1990s and recently increasing high-melt years, which

has reduced the firn’s ability for refreezing local meltwater. This research informs more
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understanding of the hydrology and mass balance of the Greenland Ice Sheet, which is

integral for assessing the ice sheet’s contribution to sea-level rise.

In Chapter 4, I constructed the first spatially resolved snow-accumulation dataset over

Hercules Dome using ground-based shallow ice-penetrating radar data collected in the 2019-

2020 and 2022-2023 Antarctic field seasons. My main results show significant spatial vari-

ability in the snow-accumulation rates across the ice divide at Hercules Dome and show

low recent temporal variability. My results suggest that snow-accumulation rates at Her-

cules Dome are influenced by regional orography and local snow redistribution, and indicate

ice-divide stability over the last 420 years.

5.2 Contributions

The work presented in this dissertation provides several contributions to the glaciological

community, as I will outline in the follow section.

5.2.1 Layer-thinning in firn-compaction models

I added a layer-thinning scheme to the Community Firn Model (CFM) as part of Chapter

2. My results show that omitting transient horizontal divergence in estimates of the air

content in the firn leads to an overestimation of ice loss in regions of dynamic ice flow, as

calculated via altimetry-based methods. This has implications for the altimetry community

when assessing mass changes in areas of dynamic ice flow, such as at Thwaites and Pine

Island Glaciers in West Antarctica. In addition, the CFM has been applied in numerous

research groups worldwide, and the layer-thinning component of the model can be useful

especially to groups investigating firn compaction in regions of dynamic ice flow.

5.2.2 Decadal-scale firn-aquifer expansion

Chapter 3 is the first study to characterize decadal-scale firn-aquifer expansion, to use depth-

sounder data to analyze firn-aquifer extent, and to extend the firn-aquifer time series further
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back from 2010. My results indicate that firn aquifers in southeast Greenland show decadal-

scale expansion and are driven by decreasing cold content in the firn since the late 1990s

and recently increasing high-melt years, which has reduced the firn’s ability for refreezing

local meltwater. As atmospheric warming over Greenland continues, my study suggests that

firn-aquifer expansion may continue and that firn aquifers may play an increasing role in the

hydrology of the Greenland Ice Sheet.

5.2.3 Snow accumulation variability at Hercules Dome

I derived variability of the snow-accumulation rates at Hercules Dome, Antarctica, the site

of a prospective deep ice core that would provide a climate record that would reflect the

extent of the West Antarctic Ice Sheet during the last interglacial period 130,000 years ago.

My results show significant spatial variability in the snow-accumulation rates across the

divide and that snow accumulation is impacted by regional orographic effects and local wind

redistribution from storms and prevailing winds that come from the Filchner-Ronne toward

the Ross side of Hercules Dome. My results suggest that interpretation of the prospective

deep ice core at Hercules Dome should consider the impacts of local spatial variability of

snow accumulation on isotope diffusion and firn-densification processes in the region.
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APPENDIX A. SUPPLEMENTARY MATERIALS TO 

CHAPTER 2 
A.1  The Community Firn Model and the layer-thinning scheme in detail  

The Community Firn Model (CFM; Stevens and others, 2020) simulates the evolution of firn 

properties in a modular one-dimensional Lagrangian framework. Users specify the surface-

boundary conditions (accumulation rate, temperature, and/or surface-snow density), firn-

densification physics, time step, and thickness of the model domain to use. The CFM runs by 

first spinning up the specified model to steady state to create an initial condition for the primary 

model run. The spin-up must have sufficient duration to evolve the firn-column properties to 

reset the entire domain. The Lagrangian domain consists of a fixed number of parcels 

representing layers of firn. Parcels are added at the ice-sheet surface and removed at depth once 

the parcels reach ice density. After spinning up, the CFM evolves the firn column in response to 

the varying boundary conditions.  

The Lagrangian vertical strain rate 𝜀𝑧̇𝑧 in the firn is generally related to the Lagrangian 

densification rate through: 

𝜀𝑧̇𝑧 =  −
1

𝜌

𝐷𝜌

𝐷𝑡
      (S1) 

where 𝜌 is the firn density, 𝑡 is time, and 𝑧 is the depth. Most firn-compaction models employ a 

form of the compaction equation that solves for the Lagrangian rate of change of density 
𝐷𝜌

𝐷𝑡
:  

𝐷𝜌

𝐷𝑡
= 𝑐(𝜌𝑖 − 𝜌)     (S2) 

where 𝑡 is time and 𝑐 is a coefficient that is usually calibrated to fit the model results to depth-

density profiles, which are assumed to be in steady-state. These coefficients are broadly speaking 

representative of physical firn-densification mechanisms (Lundin and others, 2017; Stevens and 

others, 2020). In a steady-state firn column, the model form of Equation S2 is compatible with 

the suggestion by Robin (1958) that the fractional change in porosity with depth, and therefore 

change of density with depth, is proportional to the increment of additional overburden load. 

This was originally expressed as: 

𝐷𝜌

𝐷𝑧
= 𝛽𝑔𝜌(𝜌𝑖 − 𝜌)      (S3)  

where 𝛽 is a constant and 𝑔 is gravity. The CFM solves density evolution 
𝑑𝜌

𝑑𝑡
 explicitly (Equation 

2 in Stevens and others (2020)) through: 

𝜌𝑛𝑒𝑤 = 𝜌𝑜𝑙𝑑 + (
𝑑𝜌

𝑑𝑡
) 𝑑𝑡.    (S4) 

We next show how firn-parcel thickness  relates to firn density 𝜌. We can express changes in  

due to the vertical strain rate (i.e., due to a traditional firn-compaction model) as: 
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𝜆𝑝𝑎𝑟𝑡1 = 𝜆𝑜𝑙𝑑(1 + 𝜀𝑧̇𝑧∆𝑡).     (S4) 

Alternatively, this can be expressed in terms of density changes and the derivative 
𝐷𝜌

𝐷𝑡
 that most 

firn-compaction models solve for: 

𝜆𝑝𝑎𝑟𝑡1 = 𝜆𝑜𝑙𝑑 (1 − (
1

𝜌

𝐷𝜌

𝐷𝑡
) ∆𝑡)    (S5) 

which can then be expressed using Equation S2: 

𝜆𝑝𝑎𝑟𝑡1 = 𝜆𝑜𝑙𝑑 − 𝜆𝑜𝑙𝑑𝑐∆𝑡(𝜌𝑖 − 𝜌).     (S6) 

In the layer-thinning scheme, the firn parcels are further thinned due to stretching from a 

prescribed rate of horizontal divergence 𝜀ℎ̇: 

𝜆𝑝𝑎𝑟𝑡2 =  𝜆𝑝𝑎𝑟𝑡1(1 + 𝜀ℎ̇∆𝑡).     (S7) 

The resulting thinned parcel thickness 𝜆𝑡𝑜𝑡𝑎𝑙 of the firn parcels during a single time step using 

the layer-thinning scheme can be expressed as: 

𝜆𝑡𝑜𝑡𝑎𝑙 =  𝜆𝑜𝑙𝑑 − 𝜆𝑜𝑙𝑑𝑐∆𝑡(𝜌𝑖 − 𝜌)(1 + 𝜀ℎ̇∆𝑡) =  𝜆𝑜𝑙𝑑 − (𝜆𝑜𝑙𝑑𝑐(𝜌𝑖 − 𝜌) +  𝜆𝑜𝑙𝑑𝑐𝜀ℎ̇∆𝑡)∆𝑡  (S8) 

where the selected firn-compaction model (e.g., Herron and Langway (1980); Ligtenberg and 

others, 2011) solves for the vertical strain rate given by the general form 𝑐 (
𝜌𝑖−𝜌

𝜌
), and the rate of 

horizontal divergence 𝜀ℎ̇is a specified condition in the CFM. Equation S8 implements a 

continuity assumption, i.e., 𝜀ℎ̇ =  𝜀𝑧̇𝑧. 

A.2  Notes on Morris and others (2017) approach to thinning 

Morris and others (2017) consider horizontal divergence in their estimation of the density-

corrected vertical strain rate 𝐹𝑍, by subtracting a correction to the density-corrected volumetric 

strain rate without horizontal divergence 𝐹(𝜌) in terms of the mean density 𝜌𝑚 over time t, ice 

density 𝜌𝑖 , and horizontal divergence 𝜀ℎ̇ (Equation 19 of Morris and others (2017)): 

𝐹𝑍(𝜌) ≈ 𝐹(𝜌) − (
𝜌𝑚

𝜌𝑖−𝜌𝑚
) 𝜀ℎ̇      (S9) 

where horizontal divergence is estimated from neutron probe firn data determined through 

(Equation 18 of Morris and others (2017)): 

𝑞𝑖(𝑖) ≈ (1 + 𝜀𝐻̇Δ𝑡)𝑞2(𝑖)          (S10) 

where 𝑞𝑖(𝑖) is the initial water-equivalent height in the firn column, which moves to water-

equivalent height 𝑞2(𝑖) after time step ∆𝑡. Equation S10 is equivalent to Equation S7, where 

𝑞 represents water-equivalent height instead of thickness  of the firn parcel. 

A.3  Differences between the Herron and Langway (1980) and Ligtenberg and others 

(2011) firn-compaction models 

The Herron and Langway (1980) firn-compaction model (HL) assumes that firn compaction is 

dependent on two commonly measured variables: mean annual accumulation rate, and mean 

annual surface temperature. HL used Sorge’s Law (Bader, 1954) and depth-density profiles from 

seven sites in Greenland and ten sites in Antarctica to derive their model. Sorge’s Law is the 

steady-state relation: 
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𝑣(𝑧) =
𝑏̇

𝜌(𝑧)
       (S11) 

where 𝑣(𝑧) is the vertical velocity of a parcel of firn and 𝑏̇ is the accumulation rate. Equation 

S11 can be differentiated with respect to depth to allow the vertical strain rate to be estimated 

from a depth-density profile: 

𝜀𝑧̇𝑧 =
𝜕𝑣

𝜕𝑧
≈

𝜕𝜌

𝜕𝑧

𝑏̇

𝜌2     (S12) 

 HL empirical solution for stages 1 and 2 of the firn column, respectively, is: 

𝐷𝜌

𝐷𝑡
= 𝑘0𝐴𝑎(𝜌𝑖 − 𝜌),       𝜌 < 550 𝑘𝑔 𝑚−3                 (S13) 

𝐷𝜌

𝐷𝑡
= 𝑘1𝐴𝑏 (𝜌𝑖 − 𝜌),      550 𝑘𝑔 𝑚−3 < 𝜌 < 800 𝑘𝑔 𝑚−3                   (S14) 

where A is the accumulation rate; the accumulation constants 𝑎 = 1.1 ± 0.2 and 𝑏 = 0.5 ± 0.2; 

and the Arrhenius-type rate constants are: 

𝑘0 = 11𝑒𝑥𝑝 [−
10160

𝑅𝑇
]     (S15) 

𝑘1 = 575𝑒𝑥𝑝 [−
21400

𝑅𝑇
].    (S16) 

The Ligtenberg and others (2011) firn-compaction model (LIG) is based on the steady-state 

version of the Arthern and others (2010) model (ART-S). ART-S is based on the form of HL, but 

uses vertical strain rate data from three sites in Antarctica, instead of depth-density data and 

Sorge’s Law, to derive its coefficients. LIG added a tuning coefficient to adjust the accumulation 

dependence in ART-S to expand applicability to more sites on the ice sheets. LIG solves the 

equations: 

𝐷𝜌

𝐷𝑡
= 𝑀0𝐶0𝐹𝑏̇𝑔(𝜌𝑖 − 𝜌),       𝜌 < 550 𝑘𝑔 𝑚−3    (S17) 

𝐷𝜌

𝐷𝑡
= 𝑀1𝐶1𝐹𝑏̇𝑔(𝜌𝑖 − 𝜌),       550 𝑘𝑔 𝑚−3 < 𝜌 < 800 𝑘𝑔 𝑚−3  (S18) 

where g is gravitation acceleration, 𝑏̇ is the average annual accumulation rate, 𝑀0 = 1.435 −

0.151𝑙𝑛(𝑏̇) and 𝑀1 = 2.366 − 0.293𝑙𝑛(𝑏̇); the constants are 𝐶0 = 0.03 and 𝐶1 = 0.07; and the 

Arrhenius-type rate constants are: 

𝐹 = 𝑒𝑥𝑝 [−
𝐸𝐶

𝑅𝑇
+

𝐸𝑔

𝑅𝑇
]     (S19) 

where 𝑅 is the ideal gas constant, 𝑇 is temperature, 𝐸𝐶 = 60 𝑘𝐽 𝑚𝑜𝑙−1, and 𝐸𝑔 = 42.4 𝑘𝐽 𝑚𝑜𝑙−1. 

A.4  Estimates of firn-air content in mass-change estimates 

FAC changes in time (𝐹𝐴𝐶) are important for altimetry studies of ice-sheet mass balance in 

order to determine changes in mass 𝑚 from observed changes ice-sheet surface elevation 

ℎ𝑜𝑏𝑠 . Model estimates of 𝐹𝐴𝐶 can be subtracted from the time series of total surface-elevation 

change ℎ to produce a time series of ice-equivalent thickness change (Shepherd and others, 2012; 

Depoorter and others, 2013; Shepherd and others, 2019). The mass of the ice column can be 

described in terms of observed column volume (thickness ℎ𝑜𝑏𝑠, area 𝐴, 𝐹𝐴𝐶, and density 
𝑖
): 
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𝑚 =  ℎ𝑜𝑏𝑠 − (𝐹𝐴𝐶)𝜌𝑖𝐴.    (S20) 

We are interested in 𝑚, which is defined as the difference between the mass evaluated at the 

current time 𝑚𝑘 and the mass evaluated at a previous time 𝑚𝑘−1: 

∆𝑚 =  𝑚𝑘 − 𝑚𝑘−1.    (S21) 

Similarly, 𝐹𝐴𝐶 is the difference between the FAC evaluated at a more current time 𝐹𝐴𝐶 𝑘and 

the FAC evaluated at a previous time 𝐹𝐴𝐶𝑘−1. Then, the change in mass can be expressed in 

terms of the 𝐹𝐴𝐶: 

𝑚𝑘 − 𝑚𝑘−1 = (ℎ𝑜𝑏𝑠
𝑘 − (𝐹𝐴𝐶𝑘)) 𝜌𝑖𝐴 − (ℎ𝑜𝑏𝑠

𝑘−1 − (𝐹𝐴𝐶𝑘−1)) 𝜌𝑖𝐴  (S22) 

∆𝑚 =  (∆ℎ −  ∆𝐹𝐴𝐶)𝜌𝑖𝐴.     (S23) 

As we determine the impact of horizontal divergence on FAC, Equation S23 allows us to assess 

its impact on the calculated change in mass from a change in elevation. 

A.5  Herron and Langway (1980) results 

Figures 5-7 in the main text show the results of LIG. Below, we show the results from the same 

runs using HL.  
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Figure A1. Results from the layer-thinning scheme for the flowline on Thwaites Glacier using 

the Herron and Langway (1980) firn-compaction model (Experiment 2). (A) Horizontal 

divergence rates for the flowline. Horizontal divergence rates were derived from Mouginot and 

others (2019) following the approach of Alley and others (2018), and exclude compression. (B) 

The firn depth-density profiles along the flowline for the model that accounts for horizontal 

divergence. Black line indicates bubble close-off (BCO) depth (i.e., density of 830 kg m-3). 

Contour interval is 50 kg m-3. (C) FAC results from model runs including the horizontal 

divergence rates shown in (A) (dotted line) and from a model without the horizontal divergence 

rates (dashed line).   
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Figure A2. Results from the layer-thinning scheme for a flowline on Pine Island Glacier using 

the Herron and Langway (1980) firn-compaction model (Experiment 3). (A) Horizontal 

divergence rates for the flowline. Horizontal divergence rates were derived from Mouginot and 

others (2019) following the approach of Alley and others (2018), and exclude compression. (B) 

The firn depth-density profiles along the flowline for the model that accounts for horizontal 

divergence. Black line indicates bubble close-off (BCO) depth (i.e., density of 830 kg m-3). 

Contour interval is 50 kg m-3. (C) FAC results from model runs with the horizontal divergence 

rates shown in (A) (dotted line) and from a model without horizontal divergence rates (dashed 

line). 
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Figure A3. Surface boundary conditions, horizontal divergence rates, and estimated FAC using 

the layer-thinning scheme with the Herron and Langway (1980) firn-compaction model for a 

location on lower Thwaites Glacier (Experiment 4). A portion of the model spin up is shown 

from 1980 to 2007. Run 1 represents a conventional firn-compaction model run with no 

horizontal divergence. A constant horizontal divergence rate of 0.015 a-1 is used in run 2. For 

runs 3 and 4, after spin up with a constant divergence rate of 0.015 a-1, the model is run from 

2007 to 2016 with temporally variable horizontal divergence rates derived from the Mouginot 

and others (2017) velocity time series. Run 4 includes a linear ramp between horizontal 

divergence rates from the 1997 to 2007 values. 
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APPENDIX B. SUPPLEMENTARY 
MATERIALS TO CHAPTER 3

Contents of This File

(1) Text S1 to S7

(2) Figures B1 to 
B9

B1. Introduction

This supporting information provides additional details on the radar methods and on the 

climate reanalysis time series analyzed for the four firn aquifer sites presented in the main 

manuscript. Sections B1-B4 provide more details on the radar methods and analysis of the 

firn aquifers via the CReSIS radar depth sounder data. Section B5 shows the repeat flight lines 

at each firn aquifer. Section B6 provides details on the change point calculation used on the 

climate reanalysis data. Section B7 shows analysis of parameters from MAR reanalysis data that 

are not shown in the main manuscript.

B2. Examples of RDS profiles with a contemporaneous AR profile

We first s how t wo e xamples o f c ontemporaneous C ReSIS r adar d epth s ounder ( RDS) and 

accumulation radar (AR) profiles a long a  r epeat fl ight li ne to  il lustrate th e ap pearance of  the



:

firn aquifer in both data (Figures B1 and B2). The water table of the firn aquifer is the bright 

continuous reflector in the AR profiles which correlates with the disappearance of the bed reflector 

in the RDS profiles.

Figure B1. (A) AR data for Helheim 1 in 2013. (B) RDS data for Helheim 1 in 2013. (C) 

Power along the bed in the RDS data. (D) Traces selected within and outside of the aquifer 

region showing the lack of bed return in the aquifer in the RDS data. We choose to show this 

example to show the generally excellent agreement between the identification o f t he a quifer in 

the AR and RDS data.

100



: 101

Figure B2. (A) AR data for Helheim 1 in 2012. (B) RDS data for Helheim 1 in 2012. (C) 

Power along the bed in the RDS data. (D) Traces selected within and outside of the aquifer 

region showing the lack of bed return in the aquifer in the RDS data. We choose this example 

to show that some slight disagreement between identification of the aquifer in the RDS and AR 

radar data is possible at the edges of the aquifer.



:

The power at the bed drops considerably (up to approximately 10 to 20 dB) at the main portion 

of the aquifer for a sustained distance (Figures B1C-D, B2C-D). There is not a distinct transition 

in and out of the main aquifer because, in reality, the distinction between the firn aquifer itself 

and surrounding dry firn is likely to be gradual and not spatially instantaneous (see section B4). 

Most disagreement between the different radar data occurs at the edges of the aquifer for this 

reason. We analyze individual traces (e.g., Figures B3-B6) to determine the location of the bed 

disappearance in the RDS profiles. While this d isagreement i s r elatively l ow i n a ll p rofiles, the 

aquifer identification within RDS data appears to underestimate the firn aquifer extent relative 

to the AR data when there is disagreement.

B3. Examples RDS profiles without a contemporaneous AR profile

Here, we show selected RDS profiles and highlight several repeat flight lines that do not have 

contemporaneous AR profiles (Figures B3-B6). We show two sets of profiles that illustrate the first 

appearance of the firn aquifers:(1) from H1, which distinctly shows a continuous bed reflector in 

1993 and the appearance of the aquifer in 1998 (Figures B3-B4); and (2) from H4, which distinctly 

shows a continuous bed reflector in 1998 and shows the appearance of the firn aquifer in 2001 

(Figures B5-B6).
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Figure B3. RDS profile at H1 in 1993. While the bed power can vary, the bed reflector is

present through the entire profile, as distinctly shown by the single traces.

Figure B4. RDS profile at H1 in 1998. The bed reflector vanishes just after trace number 760 

and corresponds to the aquifer pick shown.



:

Figure B5. RDS profile at H4 in 1998. The single traces are plotted at small interval to show 

the features more clearly. While the bed power can vary, the bed reflector is present through the 

entire profile, as distinctly shown by the s ingle traces.

Figure B6. RDS profile at H4 in 2001. The bed reflector vanishes just after trace number 1000 

and corresponds to the aquifer pick shown. 
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B4. Magnetic Resonance Data

Low water volumes from magnetic resonance soundings at H1 (Legchenko et al., 2018) correlate 

well with the bed reflector observed in the RDS data (Figure S 8). Previous analysis also showed 

agreement between the water volumes and ground-penetrating radar data (Legchenko et al., 

2018). Relatively low water volumes (<500 kg m−2) from 25-27 km and 29-30 km along the 

flight l ine c orrelate w ith t he r eappearance o f t he b ed r eflector, wh ereas re latively hi gh water 

volumes (>500 kg m−2) correlate well with the aquifer.

Figure B7. a) RDS profile at H1 in 2014 showing the extent of the firn aquifer (blue) and 

the location of the magnetic resonance measurements (red). b) Water volumes derived from the 

magnetic resonance measurements, taken in 2015 and 2016. Note that the nearest RDS profile 

in time is in 2014.
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B5. Repeat Flight Lines at Each Aquifer Site

The repeat flight l ines extend approximately over the same location each year, however, there 

are minor deviations. As such, we project the aquifer extent along the flight l ine to a  common 

linear trajectory (Figure S8).

Figure B8. Repeat flight lines and aquifer detections for a) Helheim 1, b) Ikertivaq N1, c)

Køge Bugt S1, and d) Helheim 4.

B6. Change Point Calculation of a Time Series

By definition, a  change point i s a  t ime instant at which a  defined statistical property, usually 

the mean, of a time series changes abruptly. We employ a parametric global method which selects 

a point to divide the time series into two sections, calculates an empiricial estimate of the mean 

for each section, computes the deviation of the time series from the empirical estimate of the 

mean, finds the total residual error, and varies the location of the point for which to divide the 

time series until the total residual error reaches a minimum. Given a time series x1, x2, ..., xn,
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the method finds the point k such that the residual error r is the smallest:

r =
k−1∑
i=1

(xi − µk−1)
2 +

N∑
i=k

(xi − µN)
2 − (k − 1)Vk−1 − (N − k + 1)VN . (1)

where the mean for each section is defined as:

µk−1 =
1

k − 1

k−1∑
i=1

xi and µN =
1

N − k + 1

N∑
i=k

xi. (2)

and the variance for each section is defined as:

Vk−1 =
1

N − 1

k−1∑
i=1

xi|Ai − µk−1|2 and VN =
1

N − 1

N∑
i=k

|Ai − µN |2. (3)

B7. Additional Analysis of MAR Climate Reanalysis at Aquifer Sites

From the MAR Modèle Atmosphérique Régional MAR 3.5.2 (Fettweis and others, 2017) re-

analysis, we analyze long-term trends in the climate variables noted in the main text. We take 

the average of these climate parameters for the closest MAR cells to the upstream edge of the 

aquifer sites because MAR’s resolution is relatively coarse (20 km) for application to a single 

aquifer.



:

Figure B9. MAR output at the aquifer sites. (a) annual melt, (b) winter surface-mass-balance,

(c) melt-to-surface-mass-balance ratio, (d) winter temperature, (e) number of days above the melt

threshold, and (f) annual rainfall.
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Brangers, I., Lievens, H., Miège, C., Demuzere, M., Brucker, L., & De Lannoy, G. (2020).

Sentinel-1 detects firn aquifers in the greenland ice sheet. Geophysical Research Letters ,

47 (3), e2019GL085192.

Bromwich, D. H., Nicolas, J. P., Hines, K. M., Kay, J. E., Key, E. L., Lazzara, M. A., . . . others

(2012). Tropospheric clouds in antarctica. Reviews of Geophysics , 50 (1).

Christianson, K., Kohler, J., Alley, R. B., Nuth, C., & Van Pelt, W. J. (2015). Dynamic

perennial firn aquifer on an arctic glacier. Geophysical Research Letters , 42 (5), 1418–1426.

Chu, W., Schroeder, D. M., & Siegfried, M. (2018). Retrieval of englacial firn aquifer thick-

ness from ice-penetrating radar sounding in southeastern greenland. Geophysical Research

Letters , 45 (21), 11–770.

Culberg, R., Schroeder, D. M., & Chu, W. (2021). Extreme melt season ice layers reduce firn

permeability across greenland. Nature communications , 12 (1), 1–9.

Fettweis, X., & Rennermalm, A. (2020). Model simulations from modèle atmosphérique regionale
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APPENDIX C. SUPPORTING INFORMATION FOR 

CHAPTER 4 
 

Contents of this file 

 Text C1  

 Figures C1 to C6 

 

Introduction 

This supporting information provides additional details on the snow-accumulation rates derived 

from the ground-penetrating radar and on the climate products used to determine the storms and 

wind directions in the main manuscript. Text C1 provide a summary of the climate products used 

for this study. Figures C1and C2 show additional climate analysis, Figures C3 and C4 show 

snow-accumulation results for time periods T2 and T3, and Figures C5 and C6 show firn depth-

density profiles and influence of varying depth-density calculations on calculations of internal 

layer depth. 

 

Text C1. Climate Analysis 

We choose ERA5 land daily reanalysis product for 1950-2023 (Muñoz-Sabater, 2019a), ERA5 

land monthly reanalysis product for 1950-2023 (Muñoz-Sabater, 2019b), and CMIP6 GFDL-

ESM4 historical product for 1850-2014 (Zhang et al., 2019) to calculate snow accumulation and 

wind speed, direction, and magnitude over Hercules Dome. We also compare our results to 

AMPS daily precipitation dataset. Below, we describe each product briefly and include some 

figures illustrating results referred to in the main text. 

 

ERA5 is the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) 

reanalysis used for global climate and weather from 1940 onwards available at daily intervals. 

ERA5 provides hourly output for a variety of quantities related to atmospheric, ocean-wave, and 

land-surface variables; an uncertainty estimate at three-hour intervals through an underlying ten-

member ensemble; and pre-calculated monthly-mean averages to facilitate a variety of climate 

applications. ERA5 is updated daily and has a latency of five days. The ERA5 land daily and 

monthly reanalysis products used in this study are regridded subsets of the full ERA5 dataset to a 

regular latitude-longitude grid at a resolution of 0.25° x 0.25°, with uncertainty estimates at 0.5° 

x 0.5°. We choose ERA5 because it is one of the most widely used climate products by the 

cryosphere community and has a relatively fine resolution over Hercules Dome. 

 

CMIP6 is a collection of daily and monthly global climate projection and historical data from a 

large number of experiments, models, and time periods within the framework of the sixth phase 

of Coupled Model Intercomparison Project (CMIP) and is used for the IPCC 6th Assessment 

Report. CMIP was established by the World Climate Research Program in 1995 with the intent 

to provide a database of coupled global circulation model simulations; and it involves institutions 

from around the world running their models with specified input forcings that produce a 

standardized output. CMIP6 consists of 134 models from 53 modeling centers, and involves 

several novel aspects from its predecessor CMIP5, including several common experiments and 

historical simulations; common standards, infrastructure, and documentation that facilitates the 

distribution of output across different CMIP phases; and an ensemble of CMIP-endorsed Model 
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Intercomparison Projects to address many specific questions that were not addressed in previous 

CMIP phases. In this study, we choose the CMIP6 GFDL-ESM4 historical product from the U.S. 

NOAA Geophysical Fluid Dynamics Laboratory. The GFDL-ESM4 Model consists of AM4.0 

atmosphere at approximately 1° resolution and 49 levels of interactive chemistry and aerosols; 

OM4 MOM6-based ocean at 0.5° resolution with 75 levels using hybrid pressure and isopycnal 

vertical coordinates; SIS2 sea ice with radiative transfer; LM4.1 land model; COBALTv2 ocean 

biogeochemical component; and fully interactive dust and iron cycling between land, 

atmosphere, and ocean. 

 

The AMPS daily precipitation dataset was created by concatenating daily values for each day in 

the series. For the domain used here (d03), AMPS archives model variables hourly for 39 hours 

with forecast runs starting for each day at 00z and 12z. By default, AMPS archives precipitation 

as an accumulating value from the start of the forecasting run. Post-processing for the AMPS 

archive converts this data to the amount accumulated between archived files, i.e., hourly 

accumulated precipitation. This was our starting point. Standard practice when working with 

WRF is to allow 24 hours for model spinup before using any model variables. In theory, a daily 

value is then the sum of precipitation between forecast hours 25 and 48. In practice, because 48 

hours of d03 data are not available in one forecast run, the daily value comes from both the 00z 

and 12z runs. Daily values were then summed to produce spatially resolved annual values. The 

average precipitation presented here is the average of these values for calendar years 2018-2022. 

 

While the AMPS archive is indisputably valuable, there are shortcomings to the current WRF 

implementation. One specific to Hercules Dome is that the underlying topographic dataset (from 

RAMP2) does not reflect the actual topography as seen in the newer REMA DEM. Thus while 

AMPS domains begin to approach a spatial resolution relevant to the scale of meteorological 

processes in the region, the surface elevation remains in error. More generally, WRF, as 

configured for AMPS, shows a distinct cold bias in near-surface temperature as seen, for 

example, when compared to the Wisconsin AWS Theresa (84.6 °S, 115.85 °W, 184 km from 

West Dome) as well as at other West Antarctic sites (Hines et al 2019). 
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Figure C1. CMIP6 values averaged over monthly intervals between 1850-2014 for Hercules 

Dome.  
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Figure C2. Interpolated AMPS output over Hercules Dome. Resolution is 2.76 km. Solid 

contours represent surface topography from REMA (bolded represents the 2550-m contour). 

Dashed contours represent the topography used in AMPS. Radar-derived snow-accumulation 

rates are shown from this study in the pale highlighted transects.  

 

 

 

 
Figure C3. The 326-year time-averaged snow-accumulation rates across Hercules Dome. 
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Figure C4. The 225-year time-averaged snow-accumulation rates across Hercules Dome. 

 

 

 
Figure C5. Firn depth-density profiles from Herron and Langway (1980) used in calculating the 

time-averaged snow-accumulation rates, compared to the ITASE-02-4 firn core depth-density 

profile. 
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Figure C6. Calculated layer depths for the T1 time period for different surface accumulation 

boundary conditions to the firn model. 
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