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Abstract

Airborne-radar and ice-core observations of snosuamlation in West Antarctica

Brooke Medley
Chair of the Supervisory Committee:
Dr. lan R. Joughin
Applied Physics Laboratory

The world’s ice sheets store enough water to gliseal eustatic sea level by several tens
of meters, and therefore, any fluctuations in tk&e will cause sea level to rise or fall. Thé ne
mass exchanged with the ocean — defined as the balasce — determines the glacial
contribution to sea level and is the differencesimow accumulated in the interior and ice
discharged into the ocean at the ice sheet pegiph&thile new techniques in remotely acquired
surface velocities lead to improved discharge nmemsents, snow accumulation remains
unmeasured over much of the of the ice sheet.

This work aims to improve our understanding ofwgra@cumulation over two of the most
rapidly evolving glaciers in Antarctica: Pine Isthand Thwaites. Specifically, we use two
airborne radar systems to image and track the sigdaice internal stratigraphy to measure snow
accumulation rates over both glaciers. This methlémvs for investigation of the spatial and
temporal variations in accumulation at the catchirseale, which is essential for determining
glacier mass balance.

Examination of the radar-derived accumulation saveer Pine Island and Thwaites

glaciers revealed several results including: (1guamulation exhibited no significant trend



between 1980 and 2009, (2) the sea-level contabutiom Pine Island and Thwaites tripled
from +0.09 mm yf' in the mid-1990s to +0.27 mm Yy 2010, (3) a shift towards higher
accumulation occurred between 1944-1984 and 198®;2bserved in both ice core and radar
records, and (4) atmospheric models are an adequepacement for accumulation
measurements in areas with few observations.

These findings indicate that accumulation is rastaurrently compensating the enhanced
ice discharge from the region, and as a results##level contribution from these glaciers is
increasing. Furthermore, a recent shift towardghéri mean accumulation suggests these

glaciers might have been out of balance earliar tragginally thought.
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Chapter 1: An Introduction to I ce-Sheet Snow Accumulation and

M ass Balance

The Antarctic Ice Sheets gain ice mass every yearugh snowfall in the cold
interior and primarily lose mass by ice flow inteetocean along the periphery. If these mass
exchanges do not equal one another, the ice shiégirow or shrink in response. Because
the mass is ultimately exchanged with the oceanjdh mass imbalance — whether negative
or positive — is not only a metric for glacier hbaabut also the determinant of the ice-sheet
contribution to sea-level change. While the cdmition from mountain glaciers is expected
to dominate over the next centuiMgier et al.,2007] , the contribution from the Greenland
and Antarctic ice sheets remains a large souraseoértainty in future sea-level projections
[Alley et al.,2005] . Therefore, measurements of the ice-shassraxchanges will not only
improve our understanding of the current glaciahtdbution to sea-level rise but also
provide insight into the controlling mechanisms ioé loss, which will improve future

projections.

1.1 Themassbalance of the Antar ctic | ce Sheet

At the regional scale, ice-sheet mass exchangée aurface include snowfall and its
redistribution by the wind, meltwater runoff, subétion and vapor depositioWgughan et
al., 1999] . While surface melt is a substantial congmdrof the surface mass balance of the
Greenland Ice Sheet, in Antarctica, where even sermiemperatures do not rise above
freezing [Comiso,2000] , melt is a minor component. Furthermore stmaelt refreezes

nearby and as a result, does not influence therétitamass balancd.iston and Winther,



2005] . Measuring each exchange would prove gdiiiecult, however, the net surface
accumulation, defined as the combination of alfeste¢ exchanges, is more easily measured.
Another component of the glacier mass balanceeddss resulting from ice flow into the
ocean, which is the primary process by which masssit to the ocean from the Antarctic Ice
Sheet Rignot and Thomas2002] . The ice entering the ocean might beconré qlaa
floating ice shelf, but once buoyant, the ice hasticbuted to sea-level rise and is considered
here as mass lost. Therefore, the mass balarnbe dintarctic Ice Sheet is measured by the
difference in mass gain through accumulation in iterior and mass loss through ice
discharge to the ocean. If the ice sheet is oliatdnce, it will grow or shrink accordingly,

resulting in either sea-level fall or rise.

1.2 Measuring ice-sheet mass balance

There are essentially three methods to determieesheet mass balance. Direct
measurements of mass input and output make updks-budget method. The mass balance
can also be inferred indirectly from measuremeftsudface elevation and gravity changes.
The mass-budget method, also known as the flux-gatmput-output method, relies on
measurements of the mass input through snow acationuland the mass output by
discharge into the ocean. Accumulation is derifresn ice-core measurementRi¢not
and Thomas?002] and more recently from climate modé®sgnot et al.2008;Rignot et al.,
2011;Shepherd et al2012] while ice discharge is measured by combisindgace velocity
and ice thickness at or near the grounding lineeadtirements of surface elevation change
reflect volume change once the fluctuations in baswation, mainly resulting from isostatic
rebound, and the accumulation rate are consideYéshgham et al.,2006; Shepherd

and Wingham2007; Pritchard et al.,2009; Shepherd et al.2012] . Finally, ice volume



change has been assessed by evaluating changesitatgonal attraction \felicogna
and Wahr,2006;Ramillien et al.2006;Velicogna,2009;Rignot et al.2011] , however, the
mass change due to crustal rebound must be renfovadthe observed total mass change.
While determining mass change through interpratatid surface elevation or gravity
changes can be done remotely over majority of¢besheet, the only direct method to assess
ice-sheet mass balance is through measurementass mput and output (the mass-budget
method).

One considerable weakness of the mass-budget dhiglibe difficulty in estimating
mass exchanges over the entire ice sheet. Catgukurface velocities using interferometry
[Rignot,2001; Joughin,2002] , however, has greatly improved our abildydetermine ice
loss to the oceanRjgnot et al.,2008] . On the other hand, measuring the totalwsno
accumulation over the entire ice sheet remainscdiff mainly because it is highly variable
in space and time. Accumulation measured fromcare- analysisHaspari et al.,2004;
Thomas et al.2008; Banta et al.,2008] provides an excellent record of the temporal
variability yet only at a single location. Stala#h measurements provide a clearer picture
of the spatial variability in accumulatiofrrlezzotti et al.2005; Kameda et al.2008] , but
they are difficult to recover on a year-to-yearibasd are not a feasible method at the ice-
sheet scale. Radar-derived accumulation measutsrfitotschky et al2004; Spikes et al.,
2004; Urbini et al., 2008] show potential for mass balance studies usec#hey generate
spatially and temporally variable measurements gltme survey tracks with minimal

interpretation.



1.3 Catchment mass balance using the mass-budget method

Using the mass-budget method, we can evaluate th&s rbalance of individual
catchment areas within an ice sheet to investigag®nal contributors to sea-level change.
The catchment delimits the drainage area for angige stream. Thus, the catchment mass
balance is the difference between the total snawraalation within the drainage area and
the ice stream discharge to the ocelu@hin and TulaczyR002;Rignot,2008] . Particular
to this work, we focus on two ice streams: Pinandl and Thwaites. We refer to the ice

streams and their respective catchment areas addPamd and Thwaites glaciers.

1.4 The Amundsen Coast glaciers

The Pine Island and Thwaites glaciers, locatedgatbie Amundsen Coast of West
Antarctica, are experiencing substantial mass dosklikely are the two largest contributors
to sea-level rise from Antarctic&ignot et al.,2008; Shepherd et al.2012] . Here, we
briefly summarize the results from previous studie®stigating mass input and output from

this region.

1.4.1 Ice discharge

Early velocity and surface elevation observatiaosnfthe main trunk of Pine Island
glacier indicated the glacier was retreating anshning during the mid- to late-90s,
increasing the glacier’s total discharge to theaocfRignot, 1998; Shepherd et al2001] .
Subsequently, Joughin et al. [2003] found two weés of glacier acceleration, 1974 to 1987
and 1994 to 2000, separated by an interval of stagm More recently, Wingham et al.
[2009] discovered that the glacier thinning hasstarated and spread further inland between

1995 and 2006. Discharge from Thwaites glacierihagased recently due to a widening,



rather than acceleration, of the fast-slowing tr{Rignot et al.2002] . Thinning rates from
the mid-90s Rignot, 2001] had accelerated by the early 2000komas et al.2004] .
Finally, Rignot [2008] determined that ice dischafgom Pine Island and Thwaites glaciers
has increased by 75% and 36%, respectively, betd@én and 2007. The rapid changes in
glacier dynamics are the consequence of warm ocaaents melting and thus thinning
buttressing ice shelves, an effect observed overthnadi West Antarcticaghepherd et al.,
2004; Joughin et al.,2012; Pritchard et al.,2012] . Based on the observed changes in
dynamics, the contributions to sea-level rise frtmese two glaciers are most likely
increasing; however, to precisely determine thaiacmagnitude, we must first look at

changes in the snow accumulation over the sameititerval.

1.4.2 Snow Accumulation

Snowfall over Pine Island and Thwaites is relagvah for Antarctic glaciers due to
the intrusion of warm marine air onto the contineattributable to winter cyclonic activity
generated by a persistent low-pressure systemtbeeAmundsen Sed@fomwich,1988] .
The gradual coastal slopes of these glaciers altbersnoisture-rich air to penetrate deeper
into the interior than, for example, in East Antea& where steep coastal slopes act as a
barrier Nicolas and Bromwich2011] . Accumulation measurements from this seater
relatively few with most derived from ice-core aysas. Kaspari et al. [2004] presented
thirteen annually resolved accumulation recordsnfidd/est Antarctica and found that the
three records within Pine Island and Thwaites atdibhigher recent accumulation rates
(1970-2000) than the long-term average. Additioicalcore records from the West
Antarctic Ice Sheet (WAIS) divide site, located mele Thwaites divide, indicated no

significant trend in accumulatioBanta et al.,2008] . Five records from nearby shallow



cores both within Thwaites and also beyond itsd#ivinto the Ross drainage, however, all
show statistically significant decreasing accumarattrends between 1975 and 2010.
Therefore, records from the eastern sector of the Rland-Thwaites drainage area show a
recent increase in accumulation, and those frommbstern sector show either no trend or
large negative trends. While this pattern is piddlg the result of a shift in low-pressure
systems within the Amundsen Sea, the limited numblermeasurements makes any
interpretation open to debate.

The spatial pattern of accumulation over theseiglads, perhaps, just as equally
uncertain as the temporal variability and trendis.order to determine the total mass input
over these glaciers for mass balance assessmetdrstending of the spatial variations in
accumulation is crucial for accurate determinatudrthe spatial meanRjichardson et al.,
1997] . Three continent-wide accumulation climagpés, both model-derived and
observation-based, provide varying catchment actatron rates for these glaciers, ranging
between 129 and 182 Gtljfivan de Berg et al2005;Arthern et al.2006;Monaghan et al.,
2006] . Atmospheric model outputs are increasirming used in place of measurements
[Rignot et al.2008; Rignot et al.2011] , however, the skill of these products hashezn
rigorously tested, especially temporally, due tdaek of spatiotemporal accumulation
measurements. Therefore, precise estimation setgaciers’ sea-level contributions is not

possible without additional spatiotemporal accurtioitameasurements.

1.5 Improving accumulation measurements
Because of recent technological advances, our stadwling of Antarctic surface
velocities and ice discharge has improved substiinthowever, difficulty in measuring the

spatiotemporal accumulation rate over an entirehcaént limits our ability to determine



glacier mass balance using the mass-budget mettindertainty in catchment accumulation
translates directly into uncertainty in mass batanc Improved spatial coverage of
measurements is needed in order to accuratelyndigierthe spatial mean, which is crucial
for mass balance studies. At the same time, meamnts of the temporal evolution of
accumulation will improve our understanding of thass balance history of these glaciers.
In addition to improving mass-budget balance meaments, spatiotemporal accumulation
measurements are important for the indirect methodss balance estimates from surface
elevation or gravity changes must account for aedation variability and trends.
Traditional accumulation measurements cannot redmprcover an entire catchment area
because (1) they typically sample one dimensioh Wié near exclusion of the other and (2)
they require field work to recover.

Here, we aim to improve our understanding of gpr@tnporal accumulation over Pine
Island and Thwaites glaciers by combining traddéilomeasurements (i.e., ice cores) with
airborne radar imaging of internal horizons. Tiagkinternal horizons along the radar
survey paths allows us to determine the spatiahtrans in accumulation, while tracking
multiple horizons with depth provides a look at paral variations. The main goal of this
work is to use the radar-derived accumulation reagsrecisely determine the mass balance
of Pine Island and Thwaites glaciers. We also tise radar-derived measurements to
investigate the short- and long-term changes imractation in order to explore the mass
balance evolution. Finally, we use these new measents to test the skill of various
atmospheric models in this region, which will alléev discrimination between models based

on their ability and user need.



16 Summary

In order to assess the glacial contribution to Isgal rise, it is important that we
examine the spatial and temporal variations in saogumulation. Of particular interest are
the Pine Island and Thwaites glaciers in West Atitza, which are the largest contributors
to sea-level rise from Antarctica. While recensetvations indicate the ice discharge from
these glaciers has increased over the past fewddectew accumulation observations make
estimation of the total accumulation input andetsiporal evolution difficult to assess. Here,
we use new radar observations of the near-surfaignial stratigraphy to improve our
understanding of accumulation over these glaciénsChapter 2, we investigate the recent
temporal variability and trend in accumulation aasbess the skill of several atmospheric
models over Thwaites glacier. In Chapter 3, wesg@mé a spatially complete accumulation
map and combine it with measurements of ice diggh&o determine the mass balance of
both Pine Island and Thwaites glaciers over th¢ as decades. In Chapter 4, we use both
ice-core records and radar-derived measurementgx&mine long-term accumulation
changes and determine the spatial extent of thaegdasa Finally, Chapter 5 contains a
summary of the main results from the work preseme@hapters 2-4 and a discussion of the

need for future work.



Chapter 2: Recent Snow Accumulation Variability and Trend

Chapter 2, in full, is a reprint of “Airborne-Radand ice-core observations of annual
snow accumulation over Thwaites Glacier, West Atitea confirm the spatiotemporal
variability of global and regional atmospheric misieuthored by B. Medley, I. Joughin,
S.B. Das, E.J. Steig, H. Conway, S. Gogineni, Afscitiello, J.R. McConnell, B.E. Smith,
M.R. van den Broeke, J.T.M. Lenaerts, D.H. Bromwiahd J.P. Nicolas as it appears in
Geophysical Research Lette2813.  The dissertation author was the primawestigator

and author of this paper.

2.1 Abstract

We use an airborne-radar method, verified withdeee accumulation records, to
determine the spatio-temporal variations of snoeuawilation over Thwaites Glacier, West
Antarctica between 1980 and 2009. We also preaerdggional evaluation of modeled
accumulation in Antarctica. Comparisons betweeraragérived measurements and model
outputs show that three global models capturerttezannual variability wellr(> 0.9), but a
high-resolution regional model (RACMO2) has bettdsolute accuracy and captures the
observed spatial variabilityr (= 0.86). Neither the measured nor modeled accatioul
records over Thwaites Glacier show any trend sit®80. Although an increase in
accumulation may potentially accompany the obsewadning in the region, the projected

trend is too small to detect over the 30-year récor

2.2 Introduction

In Antarctica, where snowmelt and runoff are snthak, competing processes of mass

gain through snow accumulation and loss throughdiseharge to the ocean control the ice
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sheet’'s net mass balance and thus its contribtiticsea level. Here we use accumulation
interchangeably with surface mass balance (SMB)chvils defined as snowfall minus
sublimation and meltwater runoff and includes drgt snow processes. Basin-wide
accumulation is a large source of uncertainty giaieal mass loss estimates. For example,
both observation- and model-based basin-wide aclation climatologies Jan de Berg et
al., 2005; Monaghan et al.2006; Arthern et al.,2006] over Pine Island and Thwaites
Glaciers vary from 129 to 182 Gt{jra range that is comparable to the net mass Rigsift

et al., 2008] . The mass balance of the Amundsen Coastrrag of particular interest
because recent accelerated ice discharge fromistarel and Thwaites Glaciers to the ocean
makes the region one of the largest Antarctic doutiors to current sea-level ris8Hepherd

et al.,2012;Rignot et al.2008] .

Under a warming climate, the associated increasgnospheric moisture content is
expected to increase ice-sheet snow accumulaG@Enthon et al.2009] , but modeling
studies Monaghan et al.,2006; Lenaerts et al.2012] do not show this trend, despite
significant warming in West Antarctica over receleicades $teig et al.2009; Orsi et al.,
2012;Bromwich et al.2013] . Although ice cores provide long-term acalation records,
their sparse distribution undersamples the spasighbility. In West Antarctica, only a few
high-elevation (> 1200 m asl) annually resolvedaoes accumulation records exist: several
from ITASE in the early 2000Kpspari et al.,2004] and three cores (P1G2010, DIV2010,
THW2010) recovered in 2010/11 (Figure 2.1). None faom low-elevation coastal sites
where accumulation is the highest. Furthermordystsuntial small-scale accumulation
variability suggests that individual cores do ndeguately represent regional accumulation

[Banta et al.2008] .
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This work uses a newly developed airborne radatesysreferred to as the “snow
radar” [Panzer et al.2010;Panzer et al.2013] , with bandwidth sufficient to resolve near-
surface stratigraphy continuously over hundredsitwfimeters along aircraft flight paths
(Figure 2.2). This radar is a frequency-modulatedtinuous wave system developed by the
Center for Remote Sensing of Ice Sheets (CReSIf) flemvn on NASA’s Operation
IceBridge campaignljeuschen,2010, updated 2011] . During the 2009 campaigsa, th
system operated over the 4-6 GHz frequency rangigal resolution ~10 cm); in 2010 and
2011, it operated over the 2-6.5 GHz frequency eafgrtical resolution ~5 cm). We
stacked traces to a horizontal resolution of ~55 The radar documentation and data are
available at ftp://data.cresis.ku.edu/data/snowhe Tadar reflection horizons (Figure 2.2)
represent contrasts in the material’s dielectriompigivity, attributed to isochronous buried
sequences of hoar layers and associated ice ¢Arstene et al.2004, 2005a, 2005I8pikes
et al.,2004] . The roughly annual occurrence of such seges and the fine vertical radar
resolution indicate that these horizons can beddatdsing these data with a regional firn
depth-density model, we derive annual accumulatmords from 1980 to 2009 along each

radar profile [c.fKanagaratnam et al2004] over most of the Thwaites basin (~182 Mkm

2.3 Methods

Calculating spatio-temporal accumulation rates giitborne radar requires three
data sets: (1) a firn depth-density profile, (Zaaprofiled isochrones, and (3) a depth-age
profile to determine isochrone ages. The wateivadent accumulation rate (m w.e. yr

between two mapped isochrones (i.e., over a destirae period) is

B(x)= ACM (x)/(At- p,,) 2.1)
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wherex is location along the flight pathCM is the cumulative mass per unit area (kg m
between two isochrones that diffet in age, ang,, is the density of water (1000 kg¥n
The mapped horizons are assumed to be annual sehrand thuat is independent of
and equal to 1 year. Although we employ a singimdative mass profile for the entire

region,ACM varies along the flight path because the isocly@aey in depth.

2.3.1 Firn density profile

A firn depth-density profile is needed to conveatlar measurements of two-way
travel time r to depthd and to calculate a cumulative mass profile. Aligio firn
densification varies with temperature and accuniatate, here we use a single profile for
the entire basin. We fit a steady state densitgetidlerron and Langway1980] to the
mean of nine firn-core density profiles from thgion (Figure A.1). We use a mixture
model Looyenga,1965] to calculate the dielectric permittivity of the firn and calculate
depth from the measured two-way travel times 0.5aeq°>, wherec is the wavespeed in a
vacuum (3 x 1dm s%). Thed-r profile is calculated at 1-cm intervals to accofort the
depth variations of density and dielectric permityi. The cumulative mass profile is

calculated by integrating the modeled density jeofi

2.3.2 Snow-radar accumulation rate error estimation

The radar-derived accumulation rate error estimatesunt for the regional variation
in the firn density profile and the uncertaintytie horizon time intervait (see Appendix).
The error resulting from density variation is basedthe model fits to the slvariation in
density profile from the mean (Figure A.1). Wecadssume an error ikt of £1 month, as

the time of creation of the isochrones likely varieA digitization error of 1 radar sample is
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included, equivalent to approximately 3 and 6 cm flee 2010/11 and 2009 flights,

respectively. The typical accumulation rate measent error is less than £10%, except for
the most recent years (i.e., layers near the seirf@ben errors approach £15% (Figure A.2).
Spatial averaging minimizes the impact of thesersrand reduces the annual accumulation

error to less than +5%.

2.3.3 Ice-core analysis

Water isotope ratios and more than 30 elementhenhical species were measured
at high depth resolution (~1 cm w.e.) using a camus ice-core melter systefi¢Connell
et al., 2002; McConnell et al.2007; Maselli et al.,2013] . While nearly all ratios exhibit
pronounced annual cycles in concentration, hereisegl the summer maxima in hydrogen
peroxide concentration, water isotope ratios, aod-sea-salt sulfur to sodium ratio to
identify consistent annual layers. Well-known valica horizons identified by marked
increases in wintertime sulfur concentration wesediuto verify the annual layer counting,

which indicated a dating uncertainty of < 1 year.

2.3.4 Method validation

Snow-radar horizons were dated by counting horizassumed to be annual. To
verify this assumption, we compare the snow-radaumulation record with that from the
nearly co-located (~150-m separation) PIG2010 ice ¢Bigure 2.3). The 30-year averages
(+ 1 standard deviation) of 0.424 + 0.065 m w.€" fyom the core and 0.428 + 0.055 m w.e.
yr! from the radar are indistinguishable. Annual tayécknesses are highly correlated=(
0.85), validating our assumption that the radaolkes horizons with annual resolution and

indicating that the snow-radar accumulation reca@msconsistent with the ice-core records.
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All calculated correlation coefficients are statiglly significant at the 99% confidence level,
accounting for autocorrelation. Comparisons betwieglividual ice-core records and the

radar- and model-derived records are displayedguarés 2.4-2.7.

24 Results

2.4.1 Radar-derived accumulation rates

Using four radar surveys collected between 2009281d. over an area of ~350 km x
~350 km, we generated 30-year accumulation recdrdS@m intervals along track (Figure
2.1). The 30-year average accumulation rates spayially between 0.27 m w.e.’yin the
high-elevation interior and 0.67 m w.e'ymear the coast. The spatial mean is 0.457 + 0.066
m w.e. yi* over elevations sampled ranged from 950 and 1843Im Strong accumulation
variability is associated with the slope-dependsffdct of wind-driven snow redistribution
[Arconeetal., 2005b] , which is clearly visible in our data hase the greatest accumulation
variability corresponds with strongly varying suaslopes, as indicated by tonal variations
in the basemap in Figure 2.1. Missing data aldmg ftight paths indicate the 30-year
accumulation record is incomplete (i.e., one orenairthe thirty annual horizons could not
be digitized). These data gaps could introduceagniude bias in our regional record,
which is acceptable because we are not attempgidgtermine basin-wide accumulation and
instead are interested in its variability and trend

We created a regional accumulation record by dpasaeraging all radar-derived
records (Figure 2.8). Between 1980 and 2009 tkeeage accumulation rate is 0.457 + 0.055
m w.e. yi*. and the record shows no significant trend. Watee two 3-core accumulation

rate ensembles using our 2010/11 ice-core recardstlee ITASE recordsKaspari et al.,
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2004] to produce independent quasi-regional recfwdssomparison with the snow-radar
record (Figure 2.8). The ensembles have sligltiyek mean accumulation rates than the
snow-radar record, yet correlate significantly=(0.80; Table 2.1). This comparison with

ice-core data indicates that the snow radar prevadeurate accumulation estimates.

2.4.2 Atmospheric model validation

Model-derived snow accumulation is increasinglynigeised in place of observations.
Our data provide an opportunity to evaluate th# eksuch models at a regional scale and at
annual resolution. We compared our data with tilglebal reanalysis precipitation-minus-
sublimation P-§ products Bromwich et al.,2011] of varying grid resolutions (see Table
2.1): the European Centre for Medium-Range Weakoeecasts “Interim” (ERA-Interim)
[Dee et al.,2011] , the NASA Modern Era Retrospective Analyfis Research and
Applications (MERRA) Rienecker et al.,2011] , and the National Centers for
Environmental Prediction Climate Forecast Systerarabysis (CFSR)Saha et al.2010] .
We also used SMB from the Regional Atmospheric @tamModel v.2.1 (RACMO?2)
[Lenaerts et al.2012] , which is forced on its lateral boundary hwihe ERA-Interim
reanalysis. The reanalyd$tsSproducts are nearly equivalent to SMB in this oagbecause
runoff is negligible and drifting snow processegitglly amount to less than 6% of the total,
based on analysis of the RACMO2 SMB components. géfeerated regional records of
modeled accumulation (equivalentReS by taking the average of grid cell records wesgght
by the percentage of snow-radar records within emth Figure 2.8 shows the regional
snow radar and model-derived records as anomadbes their respective 1980-2009 means
shown in Table 2.1. The RACMO2 30-year averageiactation rate of 0.434 + 0.080 m

w.e. yft is slightly less than the snow-radar average 46D+ 0.055 m w.e. V. The global
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reanalyses have even lower averages between 0.848F and 0.407 + 0.060 m w.e'yr
The correlation coefficients shown in Table 2.licgate that the global reanalyses are highly
correlated temporallyr (> 0.9) and RACMO2 is moderately correlated=(0.68) with the
snow-radar record. The global reanalyses are ratalgrcorrelated spatially with correlation
coefficients ranging between 0.68 and 0.75, wheRAEMO?2 is highly correlatedr (=
0.86).

The agreement between the models and the snow nadiaates that the models
reasonably capture the magnitude and variabilityacdumulation in this sector of West
Antarctica, but with notable deficiencies. RACMO&eguately reproduces the mean annual
accumulation, while the global reanalyses are bidsg. The interannual accumulation
variability is accurately reproduced by the reasalyproducts, while RACMO2 exhibits
exaggerated variability; its standard deviationasrly 50% greater than that from the snow-

radar observations.

2.4.3 Elevation-dependent accumulation gradients

To investigate spatial accumulation distributionsrtfer, we compared the
relationship between elevation and accumulationefrh data set (Figure 2.9). All models
underestimate accumulation at the highest elevstiorodeled accumulation declines more
rapidly with elevation than is observed. Althoubk models show a slight overestimation of
accumulation below 1000 m, the radar sampling aséhelevations is not sufficient to
confidently interpret the differences. To quantiffiscrepancies, elevation-dependent
accumulation gradients are approximated by a lifiédo the data in Figure 2.9 and are
listed in the inset table. We find RACMO2 capturesich of the spatial variability in

accumulation because of its finer spatial resotubat does not perform as well above 1400
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m in this region as at lower elevations. The globadels adequately capture the regional-
scale variability in accumulation, even with thewarser spatial resolution, but the steep
accumulation gradients below 1400 m indicate thatt mearly enough accumulation is

reaching moderate to high elevations.

2.5 Discussion

The snow-radar record, ice-core ensembles, andspimeoc models do not show any
significant trend in accumulation over Thwaitesibdsetween 1980 and 2009 indicating that
the recent increase in ice discharge from the regas not been simultaneously compensated
by a comparable increase in accumulation. Thelgrém accumulation range between -1.5
and +2.1% per decade and are all statisticall\gm#cant (Table 2.1). The MERRA trend
of +2.1% per decade is likely inflated due to dasaimilation artifactsgromwich et al.,
2011] . The lack of a significant trend does netessarily rule out a relationship between
rising temperatures in West Antarctica and changingw accumulation, considering the
length and interannual variance of the accumulatemord. A recent model simulation of
Antarctic precipitation predicts a ~2% per decadeedase over the Zicentury Genthon et
al., 2009] . The & sampling error associated with the shart(30) snow-radar record with
high annual variability = 12.0%) is +4.4% @ °?), indicating that a 2% per decade
increase would not be detectable and cannot bel rolg. However, trend magnitudes
greater than 5% per decade can be ruled out, whihe@m compared to the ~11% per decade
increase in Thwaites ice dischardeignot et al.,2008] , confirms that the accumulation
trend is not keeping pace with changes in ice dyosm

Our results indicate that the snow radar providesliable annual signal over the

Thwaites basin and provides high-quality accumarfatiate measurements independent of
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ice-core glaciochemical analysis. The high cotiets between the radar- and core-derived
annual accumulation records confirm our interpretatof a snow-radar annual signal,
highlighting the potential of radar profiling forass balance studies. Qualitative analysis of
the radar data suggests that the snow radar issuitable where average accumulation rates
are between 0.3 to 0.6 m w.eyrOutside these bounds, layers can still be resobut not
annually (based on data from systems operatedd@-2D11), making this method useful for
estimating accumulation where independent age-defdhmation is available. The snow-
radar method also serves as a much-needed meamaptove model mass balance
assessments through validation of and discriminasamong the results from different
models.

These radar-derived accumulation rates provided#ta necessary to evaluate the
temporal variability of modeled accumulation raé¢s regional scale. Our results show that
models of accumulation are reasonable substitutionsareas lacking measurements.
Although the global models underestimate the magdeitof accumulation by as much as
24%, these models capture the interannual accuimwlaériability with high fidelity. The
finer resolution regional model underestimatesntigan accumulation by only 5% and more
accurately captures the spatial accumulation vaitialand elevation-dependent gradient.
The differences between the global and regionaletsodre likely related to differences in
observational constraints. The reanalyses arereomsd with global observations, including
observations within Antarctica, which help capttemporal variability in accumulation. By
contrast, RACMO?2 is forced by the observation-dnRA-Interim reanalysis product far
from the continent and is thus not as well consadi by observations from Antarctica,

yielding greater uncertainty in temporal variatio®dditional snow-radar observations in
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Greenland and Antarctica through ongoing IceBridgmpaigns will provide the constraints

necessary for further refinement and improvemerhése atmospheric models.

2.6 Conclusion

Comparison of new radar-derived observations ofsleget accumulation, ice-core
records, and model data demonstrate that: (1)-wilaband microwave radars provide
accurate and independent estimates of accumulamah(2) both global and regional models
reasonably account for the variability, while tHelb@l models underestimate the magnitude
of accumulation in this sector of West Antarctic#/e find that Thwaites Glacier has not
experienced a statistically significant change agumulation over the past three decades.
Therefore, the recent increase in ice discharge fitee glacier has not been balanced by a

simultaneous increase in accumulation.
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Figure 2.1 — Thirty-year average accumulation raed select Operation IceBridge flight
paths overlaid on a MODIS mosaikldran et al.,2005, updated 2006] . The inset map
outlines the study area relative to a digital efewamodel of AntarcticaBamber et al.,
2009] . The catchments are outlined in black. véen contours (m) are labeled
accordingly. The ITASE cores collected betweend280d 2001 are shown as triangles and

cores collected in 2010/11 are shown as pentag@es.circles show the major field camps.
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Depth (m)

Horizontal Distance (km)

Figure 2.2 — Sample snow radargram partly ovetgismanual horizon picks. The vertical
orange line shows the location of the PIG2010 ioeec These data were collected 9
November 2011 and show the consistency of horizowes large distances. Inset shows

detail in the upper ~7 m outlined in red.
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Figure 2.3 — The radar- and core-derived accunoriagcords at the PIG2010 core site. The
records are nearly co-located (~150 m separatiod)aae highly correlated. The 30-year
averages are listed in the legend and are stafigtiendistinguishable. Snow radar

measurement uncertainties are shown as well.
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Accumulation Rates (m w.e. / yr)
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Figure 2.4 — Detailed accumulation data at the Pl®2core site. (a

p—

Local map showing
snow radar derived accumulation rates overlaid @EdM. The DEM is shaded in 10 m
intervals. The radar and core-derived accumulatdes are color-coded in 0.01 m w.e. yr-1
intervals. Ice cores are indicated by squareslocitg vectors are placed where data were
available. Black circles are 10 and 20-km buff@msund the core sites. (b) Annual time
series of accumulation rates from the P1G2010 (oleck), the average of the radar-derived
accumulation records within the 10-km buffer (or@hwhere error bars show = 1 standard
deviation of the records, model-derived accumutati&tes from the closest grid cell (blues
and red). The 1980-2001 trends are shown as déiglesd (c) Table of time series statistics
for each dataset plotted, including the annual m@ynstandard deviations}, and trend
slope (m), and correlation coefficients betweenhedataset from 1980-2001 where bold

(italic) indicates significance at the 99% (95%ihfidence level.
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Figure 2.5 — Detailed accumulation data at the IEA&L-3 core site. (a) Local map
showing snow radar derived accumulation rates aiwkdn a DEM. The DEM is shaded in
10 m intervals. The radar and core-derived accatioul rates are color-coded in 0.01 m w.e.
yr-1 intervals. Ice cores are indicated by squaréslocity vectors are placed where data
were available. Black circles are 10 and 20-kmfdyafaround the core sites. (b) Annual
time series of accumulation rates from the ITASE3Gdbre (black), the average of the radar-
derived accumulation records within the 10-km buff@ange) where error bars show + 1
standard deviation of the records, model-derivedianuilation rates from the closest grid cell
(blues and red). The 1980-2001 trends are shovdasised lines. (c) Table of time series
statistics for each dataset plotted, includingaghaual meany(, standard deviatiors§, and
trend slope (m), and correlation coefficients betweach dataset from 1980-2001 where

bold (italic) indicates significance at the 99% ¥&5confidence level.
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Figure 2.6 — Detailed accumulation data at the IEA&L-2 core site. (a) Local map
showing snow radar derived accumulation rates akedn a DEM. The DEM is shaded in
20 m intervals. The radar and core-derived accatioul rates are color-coded in 0.02 m w.e.
yr-1 intervals. Ice cores are indicated by squaréslocity vectors are placed where data
were available. Black circles are 10 and 20-kmfdyafaround the core sites. (b) Annual
time series of accumulation rates from the ITASE2Gdre (black), the average of the radar-
derived accumulation records within the 10-km buff@ange) where error bars show + 1
standard deviation of the records, model-derivexiantilation rates from the closest grid cell
(blues and red). The 1980-2001 trends are shovdasised lines. (c) Table of time series
statistics for each dataset plotted, includingaghaual meany(, standard deviatiors§, and
trend slope (m), and correlation coefficients betweach dataset from 1980-2001 where

bold (italic) indicates significance at the 99% ¥&5confidence level.
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Figure 2.6 — Detailed accumulation data at the IEA&L-1 core site. (a) Local map
showing snow radar derived accumulation rates akedn a DEM. The DEM is shaded in
20 m intervals. The radar and core-derived accatian rates are color-coded in 0.01 m w.e.
yr-1 intervals. Ice cores are indicated by squaréslocity vectors are placed where data
were available. Black circles are 10 and 20-kmfdryafaround the core sites. (b) Annual
time series of accumulation rates from the ITASELGdbre (black), the average of the radar-
derived accumulation records within the 20-km buff@ange) where error bars show + 1
standard deviation of the records, model-derivedialation rates from the closest grid cell
(blues and red). The 1980-2001 trends are shovdasised lines. (c) Table of time series
statistics for each dataset plotted, includingahaual meany(, standard deviatiorsf, and
trend slope (m), and correlation coefficients betweach dataset from 1980-2001 where

bold (italic) indicates significance at the 99% ¥&5confidence level.
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Figure 2.8 — Comparison of the accumulation ratenalies derived from the snow radar
(orange circles), the 2010/11 (green x) and ITABIEg-green +) core ensembles, RACMO2
(red squares), and three global reanalyses (blaegtes). The snow-radar record is the
spatial average of all complete records shown guie 2.1 and includesderror bars. The
2010 core ensemble is the average of the PIG20IMR@O, and THW2010 cores, which
have age uncertainties of < 1 year. The ITASE mb$e is the average of the ITASE 01-1,
01-2, and 01-3 core records, which have age unoges of< 1 year. All anomalies were

estimated by subtracting the long-term (1980-2008an, which are listed in Table 2.1.
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Figure 2.9 — Snow-radar (orange circle)) RACMO2d (i=guare), and reanalysis (blue
triangles) accumulation rates averaged over 50@wadibn bins. Inset table contains the
accumulation gradients (linear) above and belowO1d0for each data set. Accumulation
rates generally decrease with increasing elevdbiorall data sets. RACMO?2 is the most
capable of reproducing the small-scale featureadadn the snow-radar profile. The three
global reanalyses all underestimate accumulatiath potential exceptions at the lowest

elevations where there is insufficient sampling.
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Table 2.1 — Time Series Statistics and SpatialTa@rporal Correlation Coefficients)(

Snow Radar ~ RACMO2° ERA-Int® CFSR® MERRA® 2010 Cores ITASE Cores®
Time Series M £0 (mw.e.yr?) | 0457 +0.055 0.434£0.080 0382+0.056 0.407+0.060 0.346%0.057 0377 +0.049 0.401 £0.053
Statistics” (04 per decade) | -03+£54% +11£82% -15£65% +05+66% +21%73% -0.1£57% -12£95%
Snow Radar - 0.86 0.68 0.75 0.75
RACMO2° 0.68 - 0.78 0.86 0.86
) ERA-Int° 0.93 0.69 - 0.91 0.78
Correlation K
b, CFSR® 0.91 0.64 0.94 - 0.85
Matrix
MERRA® 0.92 0.69 0.91 0.93 =
2010 Cores 0.80 0.64 0.79 0.81 0.77 -
ITASE Cores' 0.80 0.64 0.69 0.73 0.72 0.66 -

*The mean (u), standard deviation(o), and trend slope (m ) with 95% confidence intervals during 1980-2009.
bUpper right italicized (lower left bolded) corner contains the spatial (temporal) correlation coefficients. All » are statistically significant at the 99%

confidence level.

“Model grid resolution approximated over Thwaites Glacier: 27 km (RACMO2), ~80 km (ERA-Int), ~ 38 km (CFSR), ~55 x 20 km (MERRA).
9ITASE Cores 01 -1, 01-2, 01-3; Statistics calculated over the period of record (1980-2001).
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Chapter 3: The Mass Balance of the Amundsen Sea Glaciers

Chapter 3, in full, is currently being prepared fblication as “Constraining the
recent mass balance of Pine Island and Thwaitesegia West Antarctica with airborne
observations of snow accumulation” authored by BdMy, 1. Joughin, B.E. Smith, S.B. Das,
E.J. Steig, H. Conway, S. Gogineni, C. Lewis, ACS8iscitiello, J.R. McConnell, M.R. van
den Broeke, J.T.M. Lenaerts, D.H. Bromwich, J.ReaNis, C. Leuschen. The dissertation

author was the primary investigator and authohif paper.

3.1 Abstract

Uncertainties in mass input and output translatectly into uncertainty in glacier
mass balance. While remotely sensed observatibriseovelocity and thickness have
improved our understanding of ice loss to the ocsanw accumulation over large areas
remains unmeasured. We show that an airborne reygitem, combined with ice-core
glaciochemical analysis, provide the data necesganyeasure accumulation rates at the
catchment-scale in the high accumulation Amundsea sector of West Antarctica. Using
the radar-derived accumulation measurements, wergtsd an accumulation grid capable of
resolving moderate- to large-scale features (>r@% dwver the Pine Island-Thwaites drainage
system to assess catchment-wide accumulation. dedfthat accumulation equivalents
from atmospheric models and gridded climatologies @ften underestimated in the high
elevation, low accumulation interior and are likelyerestimated in the low elevation, high
accumulation coastal zones. Ice discharge is medswer various time intervals between
1994 and 2012, which are combined with our catchmathe accumulation rates, allowing
us to create a recent mass balance history foisdéistor. While Thwaites exhibited the

largest mass loss in the mid-1990s, the mass ftoss Pine Island increased substantially by
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2006, overtaking Thwaites as the largest contribitgea-level rise; however, the increasing

discharge trend appears to have leveled off in 200Both glaciers.

3.2 Introduction

Pine Island (PIG) and Thwaites (THW) glaciers am® tof the largest Antarctic
contributors to recent sea-level rise (SLR)jgnhot et al.,2008; Shepherd et al2012] and
will likely continue contributing substantially ovéhe next centuryJoughin et al.,2010;
Gladstone et al.2012] . Snow accumulation and ice discharge to dbean are the
predominant sources of mass input and ouput inrétita, and their difference defines the
glacier's mass balance. While measuring theseege®s at the catchment-scale was once
difficult, satellite observations at and around th®unding line have vastly improved
estimates of ice discharge. Remotely sensed nezasuts of ice surface velocity over the
past few decades revealed the rate of ice dischinoge Pine Island and Thwaites is
increasing Rignot,2001;Joughin et al.2003;Rignot,2008] , resulting in extensive thinning
near their marginsThomas et al.2004; Pritchard et al.,2009] . This rapid dynamical
change is likely the consequence of warm oceaneptsrmelting and thus thinning
buttressing ice shelves, an effect observed ovarthnodi West Antarcticaghepherd et al.,
2004; Joughin et al.,2012; Pritchard et al.,2012] . While our understanding of the
dynamics of these glaciers has improved substjntiaver the past decade, snow
accumulation over large areas of these glaciersohis been sparsely sampledah den
Broeke et al.2006] .

Determining catchment-wide snow accumulation isfialift because rates vary
considerably in space and time, and as a reseld, fileasurements of accumulation typically

sample one dimension with exclusion of the othdfor example, ice-core records of
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accumulation [e.g.Kaspari et al.,2004] capture the temporal signal but are sparsely
distributed. Stake farm accumulation measuremjengs, Frezzotti et al.2005; Kameda et
al.,, 2008; Agosta et al.,2012] are collected over broader areas to captioee spatial
variability yet typically span only a few years. héSein situ measurements also are
inadequate for mass balance studies because rgdsve&pmetimes impossible over certain
regions such as highly crevassed areas. Accumnlateasurements using ground-based
radar systems overcome some of the disadvantagime afaditionalin situ measurements;
they capture the spatial variability in accumulatiover discrete (i.e., annual to multi-
decadal) and consistent time horizons over hundoédglometers Rotschky et al.2004;
Spikes et al.2004] . These ground-based systems, however, memgifficient for regional
studies because of inaccessibility issues.

Here, we use data from two airborne radar systemsatculate the 1985-2009
average annual accumulation over the Pine Islanvdafths drainage system along the
Amundsen Coast of West Antarctica. The spatialecage limitation that makes situ
accumulation measurements disadvantageous fornagmass balance studies is overcome
by aerial survey. Using two frequency-modulatedticmious-wave (FMCW) radar systems
developed by the Center for Remote Sensing of ez (CReSIS), we tracked a few near-
surface horizons over hundreds of kilometers of fllght surveys. The radar-derived
accumulation survey was spatially extensive, widnhbled us to generate a complete map
of the recent accumulation rate. Combining thes&rbwide accumulation measurements
with flux-gate estimates of ice discharge, we deieed the recent mass balance history of

the Amundsen Coast glaciers and their contributic8LR.
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3.3 Study Area

Located in West Antarctica along the Amundsen CoRste Island and Thwaites
glaciers cover areas of 167 x*10n” and 176 x 1dkm? which together account for nearly
3% of the grounded ice in Antarctica but ~7% of aculation Lenaerts et al.2012] .
While Pine Island and Thwaites are the primaryrgge smaller adjacent catchments are
investigated as well (Figure 3.1). Although theu@rmountains in the Thwaites catchment
reach over 3500 m asl, the great majority of battclaments lie below 2300 m asl (Figure
3.2).

The Amundsen Coast glaciers receive large amafmsnowfall because their low
elevation coastal slopes allow for moisture-ricblogies to penetrate well into their interiors.
Until recently, few reliable measurements of sn@suanulation existed from these glaciers
[van den Broeke et aR006] . Kasparet al.[2004] presented several ice-core accumulation
records produced by the International Trans-Aniar8cientific Expedition (ITASE), but
only four lie within the Pine Island-Thwaites drage system. Based on three of these
records (one is disregarded as it is just overedyy/in length), the authors found that recent
accumulation between 1970 and 2000 increasedvel&ti the long-term average. Radar-
derived annual accumulation shows no significaehdr in accumulation over Thwaites

glacier between 1980 and 20094dley et al.2013] .

3.4 Dataand Methods

Radar imaging of both near-surfacgirfisalo et al.,2003; Rotschky et al.2004;
Spikes et al.2004;Eisen et al.2005; Anschutz et al2007; Frezzotti et al.2007; Anschutz
et al.,2008; Urbini et al., 2008] and deepNereson et al.2000; Siegert and Payn&004;

Waddington et al.2007;Huybrechts et al.2009; MacGregor et al.2009] internal horizons



34

has provided the basis for calculating recent anstotical spatio-temporal snow
accumulation rates over Antarctica. Because rddaxed accumulation measurements
capture the spatial variability better than widspaced point measurements, they provide a
more accurate representation of the spatial meash,tlaus are more appropriate for mass
balance studiesRichardson et al.1997] . For this study, we recovered three inteliate-
depth firn cores, which are connected by an aifamadar survey network designed to
capture the regional variations in snow accumutabeer the entire Pine Island-Thwaites

drainage system (Figure 3.1).

3.4.1 Accumulation radar

The first CReSIS radar — referred to as the “acdatimn radar” — is an ultra-
wideband FMCW system that operated between 5509@0dMHz and was designed to
image horizons in the upper 100-150 m of the i@eshewis,2010;Rodriguez-Morales et
al., 2013] . These near-surface horizons representragiatin the material's dielectric
permittivity, which are likely the result of seasbwariations in firn densityArcone et al.,
2005] . The theoretical vertical range resoluiioice is 40 cm and in firn (density of 550 kg
m?3 is 50 cm. The vertical resolution of this systésntoo coarse to image annual
stratigraphy, and consequently, an independentcare depth-age scale is necessary to
determine horizon ages. The radar data and fubuch@ntation are available at
ftp://data.cresis.ku.edu/data/accum. We processedchograms by (1) zeroing the ice-sheet
surface under the assumption that it is represdmtdte strongest return from each trace; (2)
stacking every 12 traces to reduce noise; (3) nlizing the range bin return relative to the
average bin return from all traces in order to lweg deeper horizons; and (4) applying a

horizontal Sobel edge-detection filter to enhanoezon contrast. The 2009/2010 Twin
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Otter flight survey was designed to maximize spaterage over the Pine Island-Thwaites
catchment area (Figure 3.1) with nearly 10,000 Knflight surveys covering an area of
nearly 300 x 1dkm?

We used the formulaj = 0.5a¢°>, for conversion between two-way travel time
and depthd wherec is the wavespeed in a vacuum (3 ¥ 10 s%) and the dielectric
permittivity ¢ is calculated using a mixture modebpyenga,1965] . We fit a steady-state
density modelflerron and Langway]1980] to the average of nine firn core density eef
from the region for input into the mixture modeldiire 3.3a). Becauseas depth dependent,
the d-r profile is generated incrementally at 1-cm intésuarough the firn column (Figure
3.3b). We integrated the regional density modegjeaoerate a cumulative mass profile (kg m
% Figure 3.3c). Use of a regional density profileans thel-r and cumulative mass profiles
do not vary spatially, and is thus a potential sewf error that is discussed further below.

Because we focused on generating a spatially cdaenplled temporally consistent
map of snow accumulation, we tracked a single gteomd continuous reflector (H1) over as
much of the radar survey as possible (Figure 3H4je depth of H1 ranged from 4.3 to 19.6
m. Tracking a relatively shallow, and thus youngiz@n means any undulations in the
stratigraphy have not substantially steepened, mgakihne horizon reasonably trackable.
Using a consistent horizon over multiple flight \ys is important so that the resulting
accumulation rates will cover the same time interva the limited areas where H1 was not
traceable with confidence, we mapped other brighidible horizons (H2-H3). All horizon

tracking began at the PIG2010 site where the hosizeere dated.
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3.4.2 Firn cores

We collected three intermediate-depth firn coresybar following the accumulation
radar survey, which allowed us to use the radaa tatore site selection. The cores were
collected in approximately 1-m segments (diame&@&rmm) using the Badger-Eclipse drill
provided by the U.S. Ice Drilling Program. The R3O0 and THW2010 cores reached
depths of ~60 m, while the DIV2010 core reached ~MO(Table 3.1). Density
measurements of the core segments were completedeirfield for the DIV2010 and
THW2010 cores and at the U.S. National Ice Coreotatiory in Denver, CO for PIG2010.
Water isotope ratios and concentrations of mora 8taelements and chemical species were
measured at high depth resolution (~1 cm water afgm) using a continuous ice core
melter systemNlcConnell et al.2002;McConnell et al.2007;Maselli et al.,2013] . While
nearly all ratios exhibit pronounced annual cyatesoncentration, here we used the summer
maxima in hydrogen-peroxide concentration, wateteige ratios, and non-sea-salt sulfur to
sodium ratio to identify consistently annual layek&ell known volcanic horizons identified
by marked increases in wintertime sulfur concerratvere used to verify the annual layer
counting, which indicated a dating uncertainty of year. The PIG2010 core was selected
to date horizons because of its optimal locatitwe: ¢core was drilled at the intersection of
several radar surveys (Figure 3.1).

While all horizons were dated using the PIG201fecwe evaluated the isochronal
accuracy by dating H1 at the DIV2010 and THW201fecsites. The depths of H1 at the
P1G2010, DIV2010, and THW2010 cores were 19.75380n, 18.95 + 0.35 m, and 14.15 +
0.34 m (error calculations described below), respely, which correspond to ages of 25.4 +

0.4 yr, 25.7 + 0.4 yr, and 25.2 + 0.6 yr. Althougte depth errors at each core are
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comparable in magnitude, the age uncertainty aTHi/2010 core is larger because the site
has a lower accumulation rate than the other sitgs.a result, the THW2010 depth-age
curve is shallower (Figure 3.4d), which translates a larger age uncertainty. Nonetheless,
the H1 ages differ by 0.5 yr, which is remarkabéeduse THW2010 is separated from the
other cores along the survey paths by more tharki#b0 This comparison confirms that the
horizons observed in the accumulation radar eclmograre isochronous over very large

distances.

3.4.3 Accumulation rate calculations

For each of the three mapped horizons, the spatr&tion in the accumulation rate
is solely the result of variable horizon depth.eTbng-term accumulation rate (between the
horizon and surface) is determined by dividing¢bheulative firn mass per unit area (Figure
3.3c) above the horizon by the time since horizanab (i.e., the horizon age in years).
While the horizon age does not vary spatially, tiogizon depth does vary substantially,
which results in variable firn mass above the hmriz Over the survey portions where we
were unable to map H1, we measure accumulatiory @siralternate horizon (H2 or H3) and
correct for the temporal bias. The bias correstionere based on accumulation
measurements where both H1 and the alternate mommye coincidently mapped. We
completed a total of five robust regressions (Feg8uU5), one for each flight survey segment
where an alternate horizon was used to measurenadation (see Figure 3.1). The different
relationships are the potential result of (1) déf& temporal biases from using two alternate
horizons and (2) spatial variations in the biasieSe corrected data make up only 8% of the
total accumulation measurements and are entiretlgardrated in the northern Pine Island

catchment.
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3.4.4 Radar-derived accumulation rate errors

The uncertainty in radar-derived accumulation ratiesns from the uncertainties in
the regional density profile and horizon age. Ay &cation, the deviation of actual density
profile from the regional mean translates into eyiio the cumulative mass ader profiles
and ultimately the measured accumulation rate. atoount for this error, we fit the
aforementioned density model to theatdeviation of the measured density profiles from th
mean (Figure 3.3a). We then calculate the errathéd-r and cumulative mass profiles
(Figure 3.3b-c) assuming the density uncertaintylccdias our results, which means errors
accumulate with depth. This assumption is consee/and reasonable based on evaluation
of the individual core profiles relative to the i@gal mean. Digitization error of + 1 range
bin is included in the depth error, which is equwat 30 cm in firn.

Uncertainty in the age of the horizon also introgki error into our accumulation
measurements. Using the regional mean densitylemnid its uncertainty, we determined
H1 depth and error at each of the three core sit@®y their measured depth-age profiles
shown in Figure 3.4d (see above). While the meakage at each site falls within the error
bounds of the other two sites, the range of valsidarge enough that we must consider its
impact. We assign the error in the age of H1 atyear, which based on the evaluation of
the isochronal accuracy above is likely an ovenestion.

Finally, we must consider error in the bias cdicecfor measurements based on the
alternate horizons (H2-H3). These measurementassigned errors equal to the root mean
square error of the robust regression fits showrigare 3.5, which vary from 0.018 to 0.069

m water equivalent (w.e.) yrdepending on survey leg.
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3.4.5 Snow radar

The second CReSIS radar — referred to as the “smolar” — is another ultra-
wideband FCMW system that operated over a higheguincy range (2009: 4-6 GHz;
2010/11: 2-6.5 GHz) than the accumulation radalis Bystem images the stratigraphy in
the upper 20-30 m of the ice sheet at very highiocatrresolution. Specifically, the
theoretical vertical range resolution for the 2@2010/11) survey is 8 cm (4 cm) in ice and
10 cm (5 cm) in firn. The snow radar was flownpast of NASA’s Operation IceBridge, a
mission focused on areas of rapidly changing icand around the major outlet glaciers.
While the survey was not designed with catchmente@ge in mind, the data set provides
additional measurements over ~2,000 km of the suinaeks primarily within the Thwaites
catchment. To be temporally consistent with theuawulation radar measurements, we take
the 1985-2009 mean annual accumulation derived ftemsnow radar and presented in

[Medley et al.2013] .

3.4.6 Interpolation

While the along-track measurement interval (500isndelatively small, large data
gaps remain between flight paths (up to 150 kmuifeg3.6a). The presence of large data
gaps means the spatial resolution of any interpdlatap will be substantially coarser than
the along-track resolution: accumulation was ngidrapriately sampled to recover the high-
frequency variations. To minimize the high-freqoenvariability in the accumulation
measurements, we applied a 25-km running aver#ge tdo the profile data (Figure 3.6b).
Approaching the ends of the surveys, the filterieggth was tapered down to 5 km to
maximize the spatial coverage for interpolation. sing the smoothed accumulation

measurements, we generated a gridded map of acatiomulusing the geostatistical
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interpolation technique of kriging_guangthong et al.2011] . Prior to interpolation, we
used an ordinary least squares (OLS) linear reigressodel with northing, easting, and
elevation as explanatory variables to create anraatation rate surface (Figure 3.7a). The
interpolation was then performed on the OLS modsiduals. We found the best fit to the
measured semivariogram was an isotropic sphericaleinwith a range of 175 km. Sharp
lines and edges in the radar survey result in distigaartifacts in the interpolated map.
Therefore, we smoothed the 3-km grid with a 9 >eB mean filter to minimize these high-
frequency interpolation artifacts. Finally, the ®kurface is added to the kriged residuals to
generate the final accumulation map, which is showfigure 3.7b.

We created an accumulation error grid that acsouior measurement and
interpolation uncertainties (Figure 3.7c). Thegkrg standard prediction error is based on
the distances to the nearest measurements (ilés, fagher from measurements have a
greater error) and the spatial structure of the @at described by the semivariogram. We
also investigate the impact of measurement errotherfinal accumulation map. Random
error is added to each accumulation measurementtla@sk perturbed values are then
interpolated to a grid using the same parametessritbed above. The error added to each
measurement point is randomly selected from a nlodist&ribution with a mean of zero and
standard deviation equal to the measurement eorothfat data point. This process was
repeated 200 times, and the measurement erroatdr grid cell was taken as the standard
deviation of these 200 realizations. The finalumsalation error grid was generated by root-
sum-square (RSS) of the interpolation and measuregrels and was smoothed using a 9 x

9 cell mean filter.
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3.4.7 Surface velocities and catchment discharge

We derived surface velocities using a combinatidninderferometric synthetic
aperture radar (INSAR) and speckle-tracking teamsgloughin,2002] . Velocities from
2000 and before were determined using data fronEthepean Space Agency’'s ERS-1/2
mission and later velocities were derived from anbmation of data from the Japanese
ALOS and German TerraSAR-X missiodojghin et al.,2003; Joughin et al.,2010] .
System noise produces errors of ~10 it gnd there are additional velocity and slope-
dependent errors of ~3%dughin,2002] .

Catchment discharge was estimated using ice-®irfatocities and a time-varying
estimate of ice thickness along a transect thaghlyufollows the grounding line. Because
ice-thickness estimates are sometimes confused hby presence of basal crevasses
downstream of the grounding line, and because ghiagnlines have retreated during the
decade considered in this study, the transect wsgdaded 5-10 km inland to ensure that
high-quality ice-thickness data were available.

We constructed a high-resolution model of the tiragying ice-surface height using
ICESat satellite altimetry data\vally et al.,2012] , and airborne scanning laser altimetry
data supplied by NASA'’s IceBridge prograkrgbill, 2010, updated 2018lair and Hofton,
2010, updated 2012] . These give irregular spatia temporal coverage between the late
fall of 2002 and 2012, which we integrated into estimate of surface elevation and
elevation change by fitting a DEM surface for 2@t@l a series of correction surfaces giving
height differences between 2002 and 2010. Thdisalwas selected to minimize, in a least-
squares sense, the difference between the modaksuand the observed surface heights,

while also minimizing the second derivative of bEM surface and the second derivative of
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the ice-surface change rate between any pair agyekhis technique lets us estimate surface
heights at any time and at any position on the mgled ice, although the accuracy of any
estimate likely depends strongly on the temporal apatial sampling of the input data.
Typically surface-elevation error estimates forrgeiwithin 2—4 km of a flight line are less
than 10 m. Ice-surface elevations for flux estesabefore 2003 are calculated by linear
extrapolation of the 2003-07 elevation rate of geanThis extrapolated elevation difference
is assigned an error of 100%.
We combined our ice-surface height estimates wihthickness estimates derived from ice-
penetrating radaHolt et al.,2006;Vaughan et al.2006;Allen, 2010, updated 2013] to form
a set of bed-elevation estimates. We applied anmim-curvature gridding technique that
minimized, in a least-squares sense, the secorilsperivative of the bed elevation, while
also miminizing the data misfit. The cost functiom the derivatives was selected based on
ice-velocity maps so that curvature in the alorggflow direction was penalized more
heavily than the curvature in the across-flow dimet giving bed-elevation estimates that
preserve channel structures while suppressing suoalé noise in the data. The RMS misfits
between data and the fit surface were better thano¥er the smooth basal topography near
the grounding line. This small misfit suggestst ttiee fit surface adequately resolves the
details of the bed topography; uncertainties indh&a picking and in the location of radar
footprints contribute substantially larger erravsthe ice thickness, which we conservatively
estimate at 50 m.

We derived ice-discharge estimates using surfaoghh surface-velocity, and ice-

thickness estimates assuming that ice flow is amosrely due to sliding at the bed:

D(t) = picef l_i(x')’: t) ) 7_{ [Zs(x: Y t) - b(xr)’) - hair]ds- (3-1)
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Hereu - 71 is the component of the ice-surface velocity pedieular to the transect; is the
surface height at the time the velocity was meakusels the bed elevation, anghs the
depth-integrated thickness of air contained in fihg as estimated from a published map
[van den Broeke, M. R2008] . We evaluate the flux integral on pointacgd every 50 m
along the transect.

When the velocity maps contain gaps, we interpadgttially within the same map to
close gaps smaller than 4 km, and interpolatenre tbetween temporally adjacent maps to
fill larger gaps. Velocity values so interpolata assigned an additional error component
of 100 m yt* in each direction. If temporally adjacent mapsndo supply a valid velocity
estimate, the velocity is estimated from the mdaall@vailable velocities for that point, and
the error estimate is set to 250 it ywhich happens only for a few points at the nexdige
of PIG and a few points along the Wedge.

We estimate errors in our flux estimate by propiagathe measurement errors in
equation 1, as if each component were independsntelen 50-meter grid points. We then

account for spatial correlation in the errors, whige conservatively assume to be spatially

1/2
correlated on 10-km scale, by multiplying thesdiahierror estimates b{/10 km/SO m) ,

or about a factor of 14. Other reasonable choides correlation scale could cut our error

estimates roughly in half, but we feel that sigrafitly larger errors are unlikely.

3.5 Reaults

3.5.1 Radar-derived accumulation measurements

The 1985-2009 mean annual accumulation derived fh@raccumulation and snow

radars are shown in Figure 3.6a, which includesbihe corrected rates. The nearly 20,000
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accumulation measurements span an entire ordelaghitude ranging from 0.132 to 1.374
m w.e. yi and have a mean (+ standard deviation) of 0.409146 m w.e. yt. The more
than 6,300 measurements within Pine Island vargn 177 to 1.374 m w.e. yrwith a
mean of 0.431 + 0.145 m w.e.yrand the 11,400 within Thwaites vary from 0.2091841

m w.e. yi* with a mean of 0.421 + 0.080 m w.e'yrRates exceeding 1.0 m w.e’yare
found along coastal Pine Island glacier and inaieal depressions. Rates below 0.2 m w.e.
yr'! are found on bumps alongside the depressions hssvacross the Thwaites southern
divide toward WAIS and Byrd camps. The severalsneamentsrn =1568) outside the Pine
Island-Thwaites catchment area are used in the @igbession and interpolation. The
average & measurement errors for Pine Island and Thwaite®&25 and 0.017 m w.e. yr
respectively. While the minimum error in each batent is the same (0.007 m w.e )yrthe
maximum is much greater over Pine Island (0.171.m; w) than over Thwaites (0.035 m
w.e. yrY), which is due to the larger accumulation rates g bias correction within Pine
Island.

The radar-derived accumulation rates (@ drror) at the P1G2010, DIV2010, and
THW2010 sites are 0.425 + 0.019, 0.406 + 0.019,@A62 + 0.014 m w.e. t respectively,
which match those derived from the core recordsvshm Table 3.1 (0.424, 0.412, and
0.286 m w.e. y). The nearly identical measurements at the PIGZE is not surprising
as the core’s depth-age scale was used to detetmaimmn ages and its density profile was
one of nine used to determine a regional profifehe only information used from the
DIV2010 and THW2010 cores was their density prgfileneaning the radar-derived
measurements at these cores are largely indepeotidre core-derived accumulation rates.

At both sites, the core measurements fall withearddar-derived error interval.
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3.5.2 Gridded accumulation rates

Not surprisingly, the OLS accumulation rate surfdEgyure 3.7a) shows elevated
accumulation at low elevations that diminish moviniand towards high elevations. While
the general structure is correct, there are seveoalerate-scale (25 to 50 km) features that
cannot be reproduced with the simple OLS modelcivis clearly apparent when comparing
the OLS model (Figure 3.7a) with the smoothed messants (Figure 3.6b). The final
gridded accumulation map (Figure 3.7b reproducds tlwe regional and moderate-scale
features observed in the measurements and williggahe snow input values for our mass
balance estimates.

The average (+ standard deviation) gridded accation rates over Pine Island and
Thwaites glaciers are 0.40 + 0.13 and 0.43 + 0.08.en yf', values similar to those from
the radar-derived measurements (Table 3.2). Toenawlation grid errors range from 2.6 to
32.7% with an average of 8.6%. Nearly 90% of thkélschave errors less than 15% (Figure
3.7¢c). Maximum errors are found over the southeme Island catchment where the
accumulation rates are very low and the radar emeers sparse. The lowest errors are in
central Thwaites where multiple overlapping fliglaiths provide better spatial coverage.

We compared several core-derived accumulationaateages from within the Pine
Island-Thwaites drainage system to their coincidgitded estimate. Specifically, we used
the ITASE 01-1, 01-2, 01-3, and 01-6 average ragdween 1985 and 2001 and the P1G2010,
DIV2010, and THW2010 average rates between 19832808. At five of the seven sites,
the average rate falls within ther Irid error. The other two sites (ITASE 01-3 and
P1G2010), which interestingly are separated by @tlykm, fall within the 2 error. Even

though the grid has been smoothed removing smalésaccumulation features, it still
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matches isolated core measurements very well. eftrer, we are confident that our gridded

accumulation rates and errors are reasonable.

3.5.3 Accumulation distribution by elevation

We next investigate the elevation-dependent accatmoul distribution for Pine Island
(Figure 3.8) and Thwaites (Figure 3.9) by binnihgit accumulation grids over 100 m
intervals. The average accumulation rates ovehn lptaciers decrease rather consistently
with increasing elevation, but the average rater avggiven elevation bin is larger for
Thwaites than for Pine Island. Due hypsometri¢edénces, the elevations that contribute
the most total snow accumulation fall between 768 4500 m within Pine Island and
between 1200 and 1900 m within Thwaites. Total§%8 + 6.1 and 75.9 + 5.2 Gtfell
on average between 1985 and 2009 over Pine Islaohdlawaites, respectively, and 158.5 +
12.5 Gt yt* fell over the entire region (Table 3.3). We asedrthe gridded errors were not
independent, and as a result, the errors werelagcuby cell-by-cell summation (not RSS)

of the grid errors. Therefore, the error boundslikely a conservative estimate.

3.5.4 Comparison with climatologies and atmospheric medel

The elevation-dependent accumulation distributicies various accumulation
climatologies, reanalysis products, and a regiatialate model output were also analyzed
and compared. The three climatologies are vanetg Bt al. [2005] , Arthern et al. [2006] ,
and Monaghan et al. [2006] , which are hencefoetferred to as VDB05, ART06, and
MONO6 and are representative of the long-term actation rate in this region. The three
global reanalysis precipitation-minus-sublimatioR-§ products include the European

Centre for Medium-Range Weather Forecasts “InterffERA-Interim) Dee et al.,2011] ,
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the NASA Modern Era Retrospective Analysis for Resk and Applications (MERRA)
[Rienecker et al.2011] , and the National Centers for Environmemeddiction Climate
Forecast System Reanalysis (CFSRaHa et al.2010] . Finally, we use surface mass
balance from the Regional Atmospheric Climate Mod2ll (RACMO2) that is forced
laterally with ERA-Interim (Figure 3.7d)LEnaerts et al.,2012] . Even though these
products do not all estimate precisely the sameabiar (i.e., accumulation, SMB, &-9,
they are all nearly equivalent to snow accumulatiothis region Medley et al.2013] . To
ensure consistency, all grids were bilinearly rgdaoh to the same 3 km grid and were
binned as explained above (Figures 3.8 & 3.9). Mdh elevations nearly all the
accumulation products underestimate the averagaradation rate over both glaciers. For
Thwaites, with the exception of ARTO6 all prodults/e higher accumulation rates than our
grid at low elevations. Because our grid is noteblasn measurements below 800 m from
Thwaites, we cannot confidently determine whether ggroducts are indeed overestimating
accumulation; however, they appear to overestimatemulation between 800 and 1200 m.
For Pine Island, a range of differences does oattine low elevations: some overestimate,
some underestimate, and others fall within our gatlies. In general, these accumulation
products (except ART06) have steeper elevationsugrd accumulation gradients than our
grid.

The largest spread in average accumulation betwleese products occurs at the
lowest elevations (below ~ 600m), but these elewmatioccupy a relatively small area and
thus do not contribute substantially to the spreadhe cumulative accumulation rates
(Figures 3.8b & 3.9b). With the exception of MON&& MERRA, the products fall within

the error range of the total cumulative accumutatiate for Pine Island, albeit towards the
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low end (Figure 3.8c). Only CFSR, RACMOZ2, and VDBBfall within this range for

Thwaites where the spread is much larger (Figue)3.Although several of these products
generate values similar to our grid (Table 3.3)s ibften the result of low-elevation regions
of overestimation balancing high-elevation regioofs underestimation, which is most

apparent in Figures 3.8b and 3.9b.

3.5.5 Ice discharge

The total flux of ice lost to the ocean from thégjion increased from 192.7 + 5.3 Gt
yrtin the mid-1990s to 254.1 + 4.3 GtYyin 2010, which is a more than 30% increase over
~15 years and is consistent with earlier estim&Régnot,2008] . Over the same interval, the
discharge from Pine Island alone increased mone 5886 whereas Thwaites increased just
under 20%. Although between the mid-90s and mgldily a few data points exist, this is
likely the period over which the discharge increhsebstantially and was followed by a
period of relatively steady flow between 2008 afd@for Thwaites and between 2008 and
2012 for Pine Island (Table 3.4). From the midQd®9% 2010, the Wedge only increased

discharge by 9%, but Haynes increased by more2@8mand Thwaites East by 50%.

3.5.6 Mass balance

The mass imbalance of Pine Island-Thwaites draisggiem nearly tripled between
the mid-1990s and 2010, changing from -34.1 + 18.806.1 + 13.2 Gt yr-1, values which
correspond to +0.09 £ 0.04 and +0.27 £ 0.04 mm $tR (Table 3.5). During the mid-
1990s, Pine Island was slightly negative (-5.7 3 6t yr-1) with errors large enough to
suggest these values were likely not different froemo (i.e., Pine Island was at or near

balance). Thwaites, Thwaites East, and Haynes athownbalances that were all
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substantially less than zero. Thwaites glacier fuethest out of balance at -17.3 £ 6.9 Gt yr-
1 followed by Haynes at -8.3 £ 1.3 Gt yr-1. By BQPine Island had become significantly
out of balance, losing 43.0 £ 6.9 Gt yr-1 and oaddrtg Thwaites (-35.7 £ 5.6 Gt yr-1) as the
largest contributor to SLR. Thwaites East and Hagymass balances decreased as well, but

the Wedge remained essentially in balance.

3.6 Discussion

The more than 20,000 radar-derived accumulatiorsoreaents reveal both regional
and local features that were not uncovered usiageisting ice-core measurements alone.
The ice cores remain instrumental to our work, havebecause they provide the depth-age
scale necessary to date the radar horizons fromatisemulation radar. Tracking the
horizons over 100s of kilometers proved successkdept over a few areas. Notably,
horizons disappeared travelling from the PIG201@ sorthward while entering the area of
enhanced ice flow and rougher surface undulatiorsur@ the Pine Island trunk.
Additionally, we were unable to differentiate witonfidence between horizons moving
westward from WAIS to Byrd because the accumulatair is substantially lower at Byrd,
resulting in the merging of horizons. The areasnofre extreme surface undulations, as
indicated by the tonal differences in the basemdgigure 3.1, often coincide with data gaps
where the horizons could not be tracked. Nonesiselee were able to track horizons over
the majority of the Pine Island-Thwaites drainag&esm and over a wide range of elevations
and accumulation rates. Outside of regions witlgdaaccumulation gradients, the
accumulation radar likely should image continuous aiscretely trackable horizons that
when combined with ice cores and a well-definedvesyyr will provide catchment-wide

accumulation measurements elsewhere in Antarctica.
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Because of the smoothing of the raw accumulatieasurements and grid filtering,
our map contains moderate- to large-scale accuionlé&atures with scales on the order of
25 km or greater. Smaller-scale (< 25 km) featuregainly exist as evidenced in the
echograms and raw accumulation measurements, lognser survey network would be
required to capture these features over the laagghment areas and was not feasible. If we
consider the small-scale features as high-frequencse, our catchment-wide accumulation
measurements are not negatively impacted. Beaafude moderate-scale data resolution
(=25 km), we do not expect ice core accumulationsmesments to match the coincident grid
accumulation with high fidelity. For example, tR&2010 core site is clearly located in a
minor depression where accumulation rates are eeldarelative to the background (Figure
3.4) and is one of the cores with the greatest isimfrom our grid. At same time, majority
of the cores fall within the =L grid error; thus, our final accumulation grid isgaod
representation of the moderate-scale accumulatete with errors suitably large to
encompass any smaller-scale features not resolved.

Beyond determining catchment-wide accumulation,grid provides the means with
which to test various climatologies, reanalyses, @imate models abilities to reproduce the
accumulation rate over a large area. Rather tlommparing the models to isolated point
measurements of accumulation, which do not makedoal comparison with large grid cell
values, our grid is of comparable data resolutiom,(is more representative of the scales
resolved by the models). A consistent feature gysibthe reanalysis and climate models is
the underestimation of accumulation in the highvatien, low accumulation interior. Our
measurements suggest overestimation in the lovagdey high accumulation coastal areas

even though we lack radar measurements below 50bwever, for mass balance purposes
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the discrepancy is not nearly as important as eniniterior because the low elevations cover
relatively small areas in our study area. Addigiloaccumulation measurements from lower
elevations are necessary before we can confidenipntify the models’ discrepancies.
Nevertheless, RACMO2 and CFSR are able to geneasthment-scale accumulation rates
that fall within our grid error bounds for both Bitsland and Thwaites.

When considering the ability of the climatologiess important to understand how
each was created. ART06 was generated using beddd measurements of snow
accumulation, which were gridded using remotelyssednmicrowave emission data to guide
the interpolation. Therefore, it is not surprisihgt it performs poorly at the low-elevation,
high-accumulation areas where few measurements ekie fact that ART06’s performance
is worse over Thwaites is likely due to the pregent fewerin situ measurements over
Thwaites than over Pine Island. The MONO06 meanuahr(1979-2002) simulated
precipitation-minus-sublimation estimate is deriven the Polar MM5 atmospheric model.
While the model long-term averages matched continghe ice core observations
satisfactorily, the model shows overestimation tredato cores from West Antarctica
[Monaghan et al.2006] , which might explain the very high accumiglatrates shown here.
Finally, VDBO5 is the 1958-2002 mean annual simadasurface mass balance from
RACMO?2 forced laterally by ERA-40 with a horizontalsolution of ~55 km. Although van
de Berget al.[2005] explained that the model appeared to urstienate accumulation in the
interior and overestimate it on the coastal slopes.find that at least in these basins the
picture is not as clear: VDBO06 performs better cv@astal Pine Island rather than Thwaites
and over inland Thwaites rather than Pine Islavwthen both glaciers are combined, VDB06

performs well at all elevations.
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From a catchment-wide perspective, RACMO2, CFSH \ADB05 perform well, but
this might not directly translate to other areastlué ice sheet. For example, ART06
performs well over Pine Island but poorly over Tite® Consideration of the catchment
hypsometry could potentially aid accumulation pratdeelection: RACMO2, CFSR, and
VDBO05 might perform well over catchments with sianihyspometries as Pine Island and
Thwaites. Obviously, the atmospheric models mggrform better or worse in areas with
different atmospheric dynamics regardless of togokgy. The performance of the
measurement-based ARTO06 should depend on the decsity ofin situ measurements as
well.

Although accumulation varies on a year-to-yeardydecause no recent (1980-2009)
trend in accumulation was found edley et al.[2013] over Thwaites, our 1985-2009
mean annual accumulation should adequately redrédsemet snowfall input for our mass
balance estimates. Ice discharge, on the otheat, I&rows a strong negative trend and was
thus measured over multiple years. The ice digghareasurements presented here are in
excellent agreement with those frdRignot [2008], showing a strong increase from Pine
Island and a moderate increase from Thwaites betvwiee mid-1990s and 2007. The
additional values presented in this study from 2@08012 indicate that the increasing trends
have not continued for both glaciers and that iseldrge has, for the time being, leveled off.
While Thwaites had the largest mass imbalance Btv#©94 and 1998, the mass loss from
Pine Island overtook that from Thwaites by 2006kimg Pine Island the largest contributor
to SLR from the region. Haynes, a relatively snggdicier, shows large mass losses, which
are likely an upper bound because the accumulatites from this sector could be biased

low. Nevertheless, Haynes would still show massds over the entire period even if we
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doubled our accumulation rates over the entireigdac The same is true of Thwaites East
but due to its small size, the imbalance is ndaege. The Wedge between Pine Island and
Thwaites is relatively stable and in balance, nangisome of the highest accumulation rates
in the region. While Thwaites East and Haynes nasses are dwarfed by those from Pine
Island and Thwaites, their ice discharges haveeas®d substantially since the mid-1990s
(50% and 22%, respectively). If the increasesinartinto the future, these small glaciers
are likely to have a relatively large impact on SLR

In total, the region receives on average 158.5.5 Gt yr' of snow accumulation at
an average accumulation rate of 0.43 m w.&. yBetween 1994 and 1998, total ice
discharge was 192.7 + 5.3 Gt'yresulting in a mass change of -34.1 + 13.6 Gt yBy 2010,
ice discharge increased substantially to 254.13:@t yr* yielding a much larger mass
change of -96.1 + 13.2 Gt yr These mass imbalances translate into rates Rf@10.09 +
0.04 and 0.27 + 0.04 mm Yr To compare with the recent ice-sheet mass balarter-
comparison exercise (IMBIEShepherd et al2012] , which assessed the mass balance of
Greenland and Antarctica from 1992 to 2011, we nthkefollowing assumptions about our
discharge history: (1) the ice discharge from 19921998 is constant and equal to our
1994-1998 measurement; and (2) in subsequent yhardjscharge steps up or down at the
beginning of the next measurement interval. FangXe, the Thwaites discharge is set to
93.2 + 4.6 Gt yff from 1992 to 2005 and jumps to 104.3 + 2.4 Gt yr 2006. These
assumptions result in a conservatively low estinuditdhe 1992-2011 ice discharge because
we assume all changes occur instantaneously. &by the mean ice discharge over the
entire record from our catchment-wide accumulatiates provides the 1992-2011 mean

mass balances, which are -19.4 + 6.1 Gt gnd -22.0 + 5.3 Gt ¥rfor Pine Island and
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Thwaites respectively. These measurements magchtMBIE estimates well for Pine Island,
but our estimate for Thwaites is on the more nega¢nd of the IMBIE range. As a result,
we have Thwaites more negative on average than|Blexed, which is reversed relative to
the IMBIE measurements. This discrepancy couldHhaeresult of difference catchment
boundaries. Our results indicate the region as@ewhas contributed 3 mm to SLR over the
1992-2011 period, which amounts to 25% of the todaltribution to SLR of 11.2 mm from

both Greenland and Antarctica as determined by BBI

3.7 Conclusions

We find that an appropriately designed accumulataaar survey combined with
glaciochemical analysis of one or more ice coregvides ample means to generate
catchment-wide accumulation map that resolves nabelerto large-scale features. Our
results indicate that various climatologies anchadysis and climate models underestimate
accumulation in the high elevation interior whiletgntially overestimating it in the low
elevation coastal areas. These discrepancies lodlance each other, resulting in catchment-
wide accumulation values similar to our grid. Beémn the mid-1990s and 2010, the mass
balance of the region decreased from -34.1 + 13.§rGto -96.1 + 13.2 Gt I, a near
tripling of its imbalance and associated contributio SLR. While Pine Island overtook
Thwaites as the largest contributor to SLR in 20D®yaites showed greater mass loss on
average between 1992 and 2011. Although the gtaeigperienced a substantial increase in
ice discharge between the mid-1990s and 2008, qubee measurements indicate discharge

from these glaciers has leveled off for the timimbe
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Figure 3.1 — The Amundsen Coast glaciers and lmesitof the radar flight surveys. Here,
the MODIS mosaic is overlaid transparently by meaguce velocities from Joughet al.
[2010] and elevation contours (200 m intervalshe Tatchments are outlined and labeled.
The complete accumulation radar survey consisthefwhite and grey lines. A dashed
white line indicates no horizon was mapped, a sehde line indicates H1 was mapped, and
light (dark) grey indicates that H2 (H3) was mappethe solid black lines show where
accumulation measurements were taken from Meelley}.[2013]. The three 2010 ice cores
are labeled and indicated by a grey circle. Th&SE cores are displayed as grey triangles,
and the WAIS divide and Byrd camps are labelediadttated by light grey squares. The

inset map shows the location of our study area.
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Figure 3.2 — The hypsometric distributions of theeRsland and Thwaites catchments. The
sub-basins included in PIG are Pine Island and\Whezlge and in THW are Thwaites,

Thwaites East, and Haynes. The median elevatiahénvthe PIG and THW are 1210 m asl

and 1540 m asl, respectively.
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Figure 3.3 — Profiles of (a) density, (b) two-wagmvel time, (¢) cumulative mass, and (d) age
with depth. a) The density profiles from nine feares from the region are plotted in light
grey and the model fit to their mean is shown aslal black line. The dashed black lines
show = 1 standard deviation from the mean. b) S$bkd line was produced using the
formula, d = 0.5¢-0.5, for conversion between two-way travel timel alepth using the
density model in (a), and the dashed lines werermgéed from the deviations in (a). c¢) The
cumulative mass profiles were created by integgatire mean (solid) density profile with
depth as well as the deviations (dashed) from (). The depth-age profiles for the three

2010 cores determined from glaciochemical analysis.



59

PIG2010 DIV2010 THW2010
A4 A4

b e R T

e

(m)

Depth

s e
e T e

Horizontal Distance (km)

Figure 3.4 — Echograms at each 2010 core siterenttacked H1 horizon. From left to right,
we display the echograms from the PIG2010, DIV2@@ THW2010 sites along with H1

mapped in red. The vertical white line shows theation closest to the each core, which

extends from the surface to the actual recoveryidep
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Figure 3.5 — Bias correction regression modelsfioe survey legs where an alternate
horizon was used to measure accumulation. Usingpast regression model, we correct
accumulation measurements derived from the alterhatizon (either H2 or H3) to more

appropriately represent its H1 measurement whetle lharizons were coincidently tracked.

The relationship was then applied to the measurtsmagrived from the alternate horizons
where H1 was not tracked. Four of the correctioee the same alternate horizon H3,
whereas one leg uses H2. Interestingly, H2 datesOB89 and the resulting accumulation
rates are found to be much lower than those from(it¢l, the regression model lies well

above the 1:1 line). This result is consistenthwite core observations that recent
accumulation has increased relative to the longrterean. Corrections for measurements
derived from H3 (2002) are much hover around tHelite, especially in the areas of the

majority of the measurements (0.3-0.5 m w.&).yr
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Figure 3.6 — The (a) raw and (b) smoothed radarel@raccumulation rates. a) The raw
accumulation rates derived from the accumulati@araincluding the bias corrected rates as
well as the 1985-2009 mean annual accumulation fr@rsnow radar. b) Same as from (a)

except a 25-km (tapered to 5-km approaching the)emuhning average has been applied.
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Figure 3.7 — The (a) OLS linear regression modetuamilation surface, (b) final
accumulation grid, (c) accumulation error grid, gdj 1985-2009 average surface mass
balance from RACMOZ2. a) The accumulation surfaeéved from an OLS linear regression
model with northing, easting, and elevation as ddpat variables. b) Our final
accumulation surface derived by adding the krigedSQnodel residuals to the OLS
regression surface from (a). c) The combined sonesnent and interpolation errors
displayed as a percentage of our gridded accuroalatap shown in (b). d) The 1985-2009
average surface mass balance from RACMO2, widedy irs mass balance studies, is shown

for comparison to our gridded map in (b).
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Figure 3.8 — The elevation-dependent accumulatistrilbution for Pine Island glacier
(including the Wedge) and comparison with climagids and reanalysis and climate models.
For each part, the grey shaded area shows theityuainnterest from our final accumulation
grid including its +¥ deviation. The climatologies and reanalysis dimdate models do not
have errors because the products do not provide grids. The three part figure shows: a)
the average accumulation rates over 100 m elevaiim) b) the bin-summed accumulation
rates scaled by the cell size of 9 %mith bars representing the bin size, and c) the
cumulative bin-summed accumulation rates from (bhe solid vertical black lines on each
plot display the elevation limits of our radar-dexd accumulation measurements, and thus

bound the area with high data integrity.
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Figure 3.10 — Mass balance history from 1994 ta220t each catchment. The mass balance
was measured by subtracting the ice discharge mezasuts from various time intervals
from Table 3.4 from the 1985-2009 mean catchmedevgnowfall from Table 3.3. The
actual mass balance values are listed in Table Bite points are offset slightly for clarity

and do not represent actual differences in the ctataction period.
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Table 3.1 — Summary of ice-core accumulation rexord

Name Latitude (°) Longitude Elevation Velocity  Bottom Time Interval Accumulation Rate (m w.e. / yr)°

) (m) (m/yr) Depth (m) 1920-2000 1970-2000 1985-2009
PIG2010 -77.96 -95.96 1590 275 594 1917-2010 0.40+0.06 043 +£0.06 042+0.07
DIV2010 -76.77 -101.74 1330 4.6 111.7 1786-2010 0.39+0.07 0.41+0.07 0.41+0.07
THW2010 -76.95 -121.22 2020 55 61.8 1867-2010 0.28 +£0.04 0.28 £0.05 0.29 £ 0.05
*Values represent the u + 1 &
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Table 3.2 — Catchment averagg, (standard deviatiors), minimum, and maximum gridded

accumulation rates and errors

Accumulation Rate (m w.e. yr™h) Error (%)
Glacier u o min max u o min max
Pine Island 0.40 0.13 0.21 0.84 10.4 6.1 2.6 30.0
Wedge 0.59 0.16 0.33 0.84 6.3 1.8 2.9 10.8
Thwaites 0.43 0.09 0.17 0.72 71 39 2.6 32.7
Thwaites East 0.67 0.02 0.64 0.71 9.4 0.6 7.5 10.0
Haynes 0.63 0.06 0.21 0.74 10.6 1.0 8.6 32.7

Total 0.43 0.12 0.17 0.84 8.6 5.2 2.6 32.7
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Table 3.3 — Catchment-wide accumulation from thigrky compared to climatologies,

reanalysis products, and a regional climate model

Table 3. Catchment-wide snowfall from climatologies, reanalysis products, and a climate model compared to this study

Snowfall (Gt yr™)

Glacier Area (10°km®)  This Study RACMO02 ERA-Interim CFSR MERRA ARTO6 MONO6 VDBOS
Pine Island 166.8 67.3+6.1 63.3 60.4 65.8 55.4 65.8 79.4 66.6
Wedge 186 11.0+0.7 11.1 124 11.7 11.0 8.2 13.4 114
Thwaites 175.9 75952 74.6 66.9 718 61.0 54.5 89.0 78.6
Thwaites East 1.4 1.0+0.1 1.3 1.1 1.1 1.1 0.6 13 1.1
Haynes 55 3.4+04 6.3 4.4 4.6 49 2.2 4.6 4.7

Total 368.2 158.5+12.5 156.6 145.2 155.0 133.4 1313 187.7 162.4
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Table 3.4 — Flux-gate discharge measurements aosdrom 1994 to 2012

Ice Discharge (Gt yr™")

Glacier Jan 94 — Jan 98 Jun 99 — Jun 00 May 06 —Nov 06 Sep 07 —Dec 07 Sep 08 — Dec 08 Sep 09 —Dec 09 Sep 10 —Dec 10 Oct 11 -Nov 11 Jul 12— Aug 12
Pinc Island 730+15 84.4+3.1 100.7 + 4.6 1042+31 109331 109.6 £3.8 1103+3.2 1103=+29 1093 +£28
Wedge 106+ 1.8 102+ 2.1 113+13 119+£18 119+ 1.6 11.6+18

Thwaites 932+ 4.6 1043+ 2.4 1052+19 108.0+ 2.0 1124+21 1116 +2.1

Thwaites East 4204 62=03 6103 65+03 63=03

Haynes 11712 140+0.5 14405 145+0.5 143+05

Total 192.7+:53 240.9+39 2497141 2549147 2541143
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Table 3.5 — Mass balance measurements and eroonslf®94 to 2012.

‘Table 5. Mass balance measurements and crrors from 1994 to 2012

Mass Balance (Gt yr™)
Jan 94 — Jan 98 Jun 99 — Jun 00 May 06 —Nov 06 Sep 07 — Dec 07 Sep 08 — Dec 08 Sep 09 — Dec 09 Sep 10 — Dec 10 Oct 11 —Nov 11

Jul 12 - Aug 12

Glacier

Pine Island -57+63 -17.1+6.8 33.4+7.6 -36.9+6.8 -420+6.8 423472 -43.0+6.9 -43.0+6.8 -42.0+6.7
Wedge 04+19 0.8+22 03+1.5 -09+19 09+1.7 06+19

Thwaites -173+69 -28.4+57 2293 L4575 -321+5.6 36.5+£5.6 -357+5.6

Thwaites East 32404 -5.2+03 -5.14+03 -55403 -53+03

Haynes -83+13 -10.6 £ 0.6 -11.0+0.6 -11.1+0.6 -10.9+0.6

Total -341+13.6 -823+13.1 91.1+13.2 963 +13.4 -96.1+13.2
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Chapter 4. Long-term Accumulation Changes

4.1 Introduction

Ice-core accumulation records provide insight ip&st climate conditions and the
regional mass balance history over decades to nmikke The climate and mass balance
history of West Antarctica are of particular intgrén part because of the recent observed
thinning and acceleration of the Amundsen Coastigls, especially Pine Island and
Thwaites Bhepherd et al.2001; Rignot et al.,2002; Joughin et al.,2003; Rignot, 2008;
Pritchard et al.,2009] , where the infiltration of warm ocean watas substantially thinned
their buttressing ice shelveSHepherd et al2004; Pritchard et al.,2012] . These glaciers
are located in one of the most rapidly warming @agi on Earth $teig et al.,2009;
Bromwich et al.2013] , which could potentially affect snow accuatidn rates. Warmer air
temperatures increase the atmospheric moisturedgpldapacity and are expected to
increase snowfall; however, the majority of snowcusmulation occurs in non-summer
months in West AntarcticdBBfomwich,1988] , indicating air temperature might not be th
dominant control on snowfall. Instead, non-summslonic activity, combined with the
relatively low-elevation terrain, allows warm maginir to penetrate deep into the interior to
act as a major control on accumulation rates mrgion Nicolas and Bromwic2011] .

Previous ice-core analysis from Kaspatial. [2004] showed that the 1970-2000
average accumulation rate within the Pine Islanddites drainage system had increased
relative to the long-term average, but that recénais beyond its divide in the Ross drainage
had decreased. Bargaal.[2008] found no significant trend in accumulatiasing an array
of three ice cores from the West Antarctic Ice $I{g@AIS) Divide project. At the same

time, Burgeneet al. [2013] found more recent negative accumulationdsebetween 1975
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and 2010 from a series of shallow cores near WAI® lvithin Thwaites and across the

divide into the Ross drainage system. A regioadhr-derived annual accumulation record
for Thwaites glacier, however, indicates the regexperienced no significant change in
accumulation between 1980 and 200%flley et al.2013] . While these records reveal

potential zones of accumulation increases and dsesg without additional accumulation

measurements over larger areas, we cannot detemtimeonfidence the total spatial extent
of these accumulation changes. Therefore, impgovine spatial coverage of the

accumulation changes will aid in our understandihthe spatial extent of changes and also
improve our confidence in those changes.

Here, we analyze three new ice cores recoveret ftte Pine Island—Thwaites
catchment for recent changes in snow accumulatrwhpdace the cores in context of the
previously recovered cores from the region. T@ueine the spatial extent of accumulation
changes, we investigate the change in radar-deagedmulation rates between 1944-1984
and 1985-2009 over most of the Thwaites and a asutst portion of the Pine Island
catchments. Finally, we examine several scendnaiscould falsely generate an increase in

the radar-derived accumulation rates to assesstlbty of the changes observed.

42 Methods

4.2.1 Ice-core accumulation records

We recovered three intermediate-depth ice corésiresl to as P1G2010, DIV2010,
and THW2010, in the austral summer of 2010-201dguie Badger-Eclipse drill provided
by the U.S. Ice Drilling Program (Figure 4.1M¢dley et al.,2013] . The cores were

collected in approximately 1-m long segments witthameter of 81 mm. The core density
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measurements were completed in the field for DIM2@hd THW2010 and at the U.S.
National Ice Core Laboratory (NICL) in Denver, Cor fPIG2010. All cores were cut at
NICL and shipped to the Desert Research Institteliemical and isotopic analysis. Water
isotope ratios and more than 30 elements and claéspecies were measured at high depth
resolution (~1 cm water equivalent) using a contusui@e-core melter systeriiEConnell et
al., 2002; McConnell et al.,2007; Maselli et al.,2013] . While nearly all ratios exhibit
pronounced annual cycles in concentration, hereisggl the summer maxima in hydrogen
peroxide concentration, water isotope ratios, and-sea-salt sulfur to sodium ratio to
identify annual layers. Well known volcanic homzoidentified by marked increases in
wintertime sulfur concentration were used to verthe annual layer counting, which
indicated a dating uncertainty of < 1 year.

The PIG2010 core site lies within the Pine Islaratckment and is located
approximately 20 km from the earlier ITASE coreeditl-3 (Figure 4.1). The DIV2010 core
site is located between the Pine Island and Thwa#échments and is only 200 km from the
coast. Finally, THW2010 is a high-elevation coredi®d within Thwaites catchment close to
the divide and yet relatively close to the coa3the P1G2010, DIV2010, and THW2010
cores reach depths of 60 m, 112 m, and 62 m, regpelc which date to 1917, 1786, and
1867 (Table 4.1). We calculated annual water-exjent (w.e.) accumulation rates by

combining the annual layer thickness with the messdensity profiles.

4.2.2 Radar-derived accumulation rates

We mapped near-surface internal horizons imageayusmn airborne ultra-wideband
frequency-modulated continuous waveform (FMCW) raglstem developed by the Center

for Remote Sensing of Ice Sheets (CReSIS) to clewdccumulation ratesdwis, 2010;
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Rodriguez-Morales et al.2013; Medley et al.,2013] . The horizons are dated at the
intersection of the radar survey with the PIG20b@ecsite. A regional density profile,
generated from the average of several profiles ftoenregion, is used to convert two-way
travel time to depth and radar-derived thicknessegater equivalence. We use two internal
reflectors to calculate accumulation rates over tiwee intervals from which we estimate
accumulation change. Specifically, we use a shaifdernal reflector from Chapter 3 and a
newly mapped deeper reflector, which were dated385 and 1944, respectively. We
follow the methodology presented in Chapter 3 toegate accumulation rate maps from
each mapped horizon. To ensure consistency, we us#d accumulation measurements
where both layers were mapped. Therefore, gafisimeasurements means one or both of
the layers could not be tracked with confidencaalfy, we calculated the percent change in
accumulation from 1944-1984 to 1985-2009 to asHesspatial pattern of accumulation

changes.

43 Resaults

4.3.1 lIce-core accumulation records

When analyzing the ice core accumulation recordgu(E 4.2), we consider three
different time periods: the entire length of eaebard, 1944-1984, and 1985-2010. The
latter two periods correspond to the time interdafsthe radar-derived accumulation rates,
which we present later. The average accumulatesr(+ 1 standard deviation) over the
entire record length for PIG2010, DIV2010, and THWR are 0.403 £ 0.062, 0.372 + 0.075,
and 0.274 + 0.045 m w.e. yr(Table 4.1). To determine whether the recentoperi

(1985-2010) has a higher average accumulationthate the prior period (1944-1984), we
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used a one-tailed two-sample student’s t-testabthe null hypothesis that the distributions
from each interval have equal means and the attedmgpothesis that the recent mean is
greater than the prior. At the 90% confidence llewe find that the mean from the recent
period is higher than the mean from the prior pefar all three records.

Both the DIV2010 and P1G2010 records have sta#iiyi significant positive trends
over the entire length of their records, while idW2010 record exhibits a positive, yet
statistically insignificant trend. All significaectests take into account autocorrelation.
From 1786 to 2010, the DIV2010 site shows a pasiigcumulation trend of 0.020 + 0.015
m w.e. yi' per century, approximately equivalent to a 5%eéase per century. Between
1918 and 2010, the PIG2010 record exhibited a targad of 0.072 + 0.045 m w.e. yper
century, an approximate 18% increase per centlihe THW2010 record between 1867 and
2010 has a 0.003 + 0.018 m w.e*yper century trend, which is insignificant. For
comparison, the DIV2010 record has a larger, y&agmficant, trend between 1918 and 2010
of 0.042 + 0.057 m w.e. yrper century, equivalent to ~11% per century, wherte
THW2010 trend remained essentially zero.

We next explore the temporal variability of theecoecords and their correspondence
with one another. The coefficients of variatiorM(€ o / 1) over the entire record, which in
this case represents the interannual accumulaaaahility, are 0.20, 0.15, and 0.17 for the
DIV2010, PIG2010, THW2010 cores, respectively. Sghealues do not change substantially
when considering the prior and recent time intexvalhe records are highly correlated with
one another when considering the time interval comrno all three records (1918-2010).
Specifically, the DIV2010 record is significantlyrcelated with P1G2010r (= 0.39,p =

0.01) and THW2010r(= 0.48,p = 0.01), and the P1G2010 record is moderatelyetated
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with THW2010 ¢ = 0.30,p = 0.01). We find these coefficients vary betwela time
intervals of interest. Between 1944 and 1984, MM 2and THW2010 are highly correlated
(r =0.63,p = 0.01), while PIG2010 is somewhat correlated Wibth the formerr(= 0.34,p

= 0.05) and the latter & 0.34,p = 0.01). From 1985 to 2010, DIV2010 and PIG206&® a
highly correlatedr(= 0.53,p = 0.01) and THW2010 is no longer significantly retated with
either ¢ =0.26 and = 0.30,p>0.1).

To determine the representative footprint of eaotumulation record, we correlate
the records with global reanalysis precipitatiomus-sublimation B-S) products, which
accurately reproduce the temporal variability ircuaaulation in this areaMedley et al.,
2013] . The thred>-S products include the European Centre for MediumgeaWweather
Forecasts “Interim” (ERA-Interim)Qee et al.2011] , the NASA Modern Era Retrospective
Analysis for Research and Applications (MERRRJjdnecker et al2011] and the National
Centers for Environmental Prediction Climate Fosé@ystem Reanalysis (CFSRaha et
al., 2010] . We only display correlations with ERA-Inte (Figure 4.3); however, the
spatial patterns are essentially identical whenpamed to MERRA or CFSR. The DIV2010
record is moderately correlated £ 0.4-0.6,p < 0.1) with nearly the entire Pine Island-
Thwaites drainage area with the exception of a Issliaker in northeast Pine Island. The
record is highly correlated & 0.6,p < 0.1) closer to the coast. The spatial pattesmfthe
P1G2010 record is very similar to the DIV2010 rednowever, the correlation coefficients
within in the Pine Island-Thwaites drainage arealarger for PIG2010 than DIV2010. The
THW2010 record is only moderately correlated witle Thwaites drainage area and is not
correlated with the Pine Island catchment. Allretation patterns show infiltration of

moderate-to-high correlation coefficients towartie tSouth Pole and curving northward
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towards the Ross Sea. This pattern is similarh® regions of higher cloudiness and

accumulation associated with frequent marine aiugions Nicolas and Bromwic2011] .

4.3.2 Radar-derived accumulation rates

We calculated the 1944-1984 and 1985-2009 avereg@railation rates for more
than 13,000 points spaced 500 m apart over mudheofThwaites and some of the Pine
Island catchment areas. The average accumulattes (+ standard deviation) for all points
are 0.368 + 0.106 and 0.392 + 0.109 m w.&" for the prior (1944-1984) and recent
(1985-2009) periods, respectively. Out of all goénts, 90% show a positive change from
the prior to recent period (i.e., the recent acdatian rate is greater than the prior), leaving
only 10% with a negative change. The differencth@accumulation rate at a given point is
considered significant if it is larger in magnitudban the root-sum-square of the
accumulation rate errors for the prior and recemiogls. Nearly 60% (40%) of all the points
showing a positive (negative) change are significamich means the significant positive
changes outnumber the negative 14:1.

The map of accumulation change (Figure 4.4) waated by subtracting the gridded
recent accumulation rates from the gridded pricgesaand the change is presented as a
percentage of the prior rate. The map shows a bema of larger increases up the eastern
side of Thwaites catchment area. To the west@btnd is a region of insignificant change
followed by another band of larger increases towaing western tip of Thwaites. The more
coastal areas show a larger increase (> 14%) innagation, while a zone of significant
accumulation decreases exists just to the eastvefify this spatial pattern, we overlaid the
1944-1984 to 1985-2009 percent change from vaimaisore records. For the records that

do not extend through 2009, the recent period 3¢ifins in 1985 yet extends only through
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the most recent year of the record, which is 200042and 2004 for the ITASE and WAIS
divide cores, respectively. Although the core sppatampling is poor, we find that the
accumulation changes found in the ice core recoaisborate the changes found in the
radar survey. Additionally, all of the ice-corecoeds within the Pine Island-Thwaites

drainage area showed a recent increase in accuamu{dable 4.2).

4.4 Discussion

Both the ice core and radar-derived accumulatieesrandicate snow accumulation
over much of Thwaites and parts of Pine Islandroaents has increased from 1944-1984 to
1985-2009. A somewhat abrupt increase in accumualétetween the two periods is more
likely than a gradual upward trend: a transitioonirlower to higher accumulation occurs
around 1980 in all three records (Figure 4.2). Taaar data show a band of statistically
significant increases up the eastern half of Thegaivith majority of the points showing
increases of 6 to 10%. The pattern is clear ired\different flight paths, confirming the
pattern is real. The western half of Thwaiteshwiiie exception of the westernmost tip, has
experienced no significant change in snow accunomatThe portion of Pine Island, closest
to Thwaites, has experienced minor to large in@eas well, while the area further to the
east is experiencing an accumulation decrease.s dt@a exhibits large fluctuations in
accumulation over relatively short distances, tasgilfrom undulating topography. Any
translation of the accumulation undulations wilsukt in changes not representative of
climate, but rather topography. One flight, howew®es appear to show a clear decreasing
signal approaching the main trunk of Pine Islaratigir.

The ice-core records are significantly correlatethwach other over their coincident

time interval (1918-2010), but when considered awar periods of interest, an interesting
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pattern emerges. During the earlier period (19484}, the DIV2010 record showed greater
correlation with THW2010 than P1G2010. This redaship flipped in the recent period
(1985-2010) when the DIV2010 and PIG2010 recordsetation increasedr (= 0.53,
p=0.05) and THW2010 no longer was significantly etated ( = 0.26,p > 0.1). This
change could indicate changes in the common meigtathways between the two intervals.
While the accumulation increase is spatially pemeswe evaluate the potential
impact of various assumptions made concerning ocuraulation measurements to ensure
that we are not falsely generating the increasiest, Fnisinterpretation of the radar surface
return could potentially bias the recent accumatatmeasurements. The range error,
however, would have to be quite large to introdsigestantial bias: thickness errors near the
surface are minimized due to the low firn densiBurthermore, consistent misinterpretation
of the surface return over the entire domain isikehl. Another potential source of
accumulation bias stems from errors in the horages, which are determined from ice-core
glaciochemical analysis. For instance, if the lsiwgl more recent horizon was dated too
young or the deep, older horizon was dated too aldalse increase in accumulation is
possible. Because the horizon ages, however, mvaighwell at all three 2010 core sites,
unless the chemical markers were consistently meigreted in each record, the horizons
were likely correctly dated. Incorporation of ailzon age error of + 1 year should suffice in
consideration of this error. Therefore, we findattraccumulation bias resulting from
misinterpretation of the radar surface return dmal dore depth-age scale are not likely to
generate a false increase in accumulation.
We also considered the potential underestimatioacotimulation during the earlier period

from not accounting for the thinning due to londital stretching. To approximate the
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thinning at depth outside of densification, we assimple model of the vertical strain rate
[Dansgaard and Johnseh969] . Using Bedmap?2 ice thicknesseeefwell et al.,2013] and
the 1944-2009 average accumulation rate, we egdhnsie thinning of the radar-derived
thicknesses due to lateral stretching as every unea®ent point. The largest additional
thinning experienced by the prior thickness was B&yever, it was less than one percent
for nearly 95% of all the measurements. Therefti@ning outside of densification likely
accounts for no more than 1% of the observed isergathe accumulation rate, which is not
significant when compared to majority of the obserincreases (Figure 4.4).

Snow accumulation from the prior interval origirétirther upglacier, likely at a
higher elevation with a lower accumulation raté.the accumulation gradient and surface
velocity are large enough, displacement into aoregif higher accumulation could result in a
false increase in accumulation. Less than 5% a thdar-derived accumulation
measurements are located where surface velociizsed 100 m yf, and are mainly found
along coastal trunk of Thwaites. To determine #pproximate accumulation increase
resulting from displacement towards the coast, aleutated the local accumulation slope
from the radar-derived measurements and the disttmaveled over the 34-year interval.
Because the accumulation rates are time-averagedgonsider the interval between the
middle of each time period (i.e., 1964 to 1997)t 180 m yi', the displacement between
intervals is ~ 3.5 km, which results in a ~0.002 re.wr* (< 1%) accumulation rate increase.
At an excessive 500 m yr we would expect an increase of 0.011 m w.&. (s 2.5 %).
Because of the relatively short span between iaterand the fact that velocities are very
low for majority of the points, displacement liketloes not contribute to the observed

increases. The recent accumulation measurememts doastal Thwaites could be elevated



83

by a few percent, however, that contribution isatigely small considering this region
experienced a large increase (> 14%) in accumulatio

Finally, we consider the impact of spatial biaour regional density profile, which
could potentially generate a false increase in mctation if the density is too high (low)
near the surface (at depth). Spatial variatiothe density profile is the result of variable
climate conditions, including air temperature ahd accumulation rate. Here, we consider
the climate scenarios necessary to decrease ndacesulensities and increase densities at
depth, which would act to minimize the measureduaundation increases. Colder
temperatures result in lower densities near théasey however, the densities at depth are
reduced as well. An empirical model of densificatfHerron and Langway1980] found
near-surface densities are not dependent on thenadation rate while densities at depth are
inversely related. Therefore, decreased accuroulagione or combined with decreased
temperatures would increase the densities at defdhive to the near-surface density. Our
regional density profile was generated from theaye of several core-measured profiles, all
of which are located at moderate-to-high elevatwite moderate-to-low accumulation rates.
Therefore, the regional density profile is likelyora representative of relatively low
temperatures and accumulation rates, which indcate profile is likely preferentially
biased towards lower near-surface densities anldehidensities at depth. As a result, the
density bias in warmer areas off the divides andiigher accumulation zones potentially
results in recent accumulation rates that are daodnd prior rates that are too high. Based
on the climate conditions at the core sites, welelthat the density bias favors a decrease
in accumulation in the areas of warmer temperataneshigher accumulation rates and does

not generate a false increase in accumulation.
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Based on these considerations, we find that thenaglation increases observed over
much of Thwaites and parts of Pine Island catchmarga likely climatic in origin. The
increase, however, cannot be definitively assodiatgh the observed rapid increase in air
temperature. While the PIG2010 and DIV2010 coreth lshow statistically significant
increasing trends over the length of their recortle THW2010 record contains past
intervals of above average accumulation of the saragnitude as the most recent increase.
The increasing trend could vary spatially, howewlditional records are needed to verify
the pattern in long-term accumulation changes. elbeless, the spatial pattern of change
from 1944-1984 to 1985—-2009 shows regions of damt increases in accumulation, which
are confirmed with several ice-core records.

This recent increase in accumulation has impoitaptications for the mass balance
history of these glaciers, glacier dynamics, artdrpretation of observed surface elevation
change. When estimating past glacier mass balasggy accumulation values from current
climate state would erroneously minimize mass lo$%r example, Rignot [2008] used
recent accumulation rates to determine Thwaitessrzlance in the 1970s and found the
glacier was losing an insignificant amount of mé&St yr'). Assuming a 5-10% decrease
in accumulation, however, translates directly iatlditional mass loss, which increases to
~9-12 Gt yi*. An increase in the mean accumulation rate waifiect glacier dynamics as
well, increasing the total mass in the catchmerticlwv results in higher driving stresses,
velocities, and total ice discharge. Finally, empuin the accumulation rate should increase
firn column thickness, which occurs rapidly at ffilgit can continue for decades after the

initial change Arthern and Winghanl998] . Therefore, it is possible that the firducon
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over much of Thwaites has been thickening sinceetmdy 1980s, which if not properly

considered could mask any underlying dynamic tmgni

45 Conclusions

Ice-core and radar-derived measurements indicatd oiiThwaites and parts of Pine
Island catchments have experienced a significarrease snow accumulation, which is in
line with the findings from Kaspaasat al.[2004]. After discounting the several scenarios i
which a false increase in accumulation could besgerd (e.g., substantial thinning of layers
due to lateral stretching, a biased density prpfiee find that the accumulation increase is
most likely climatic in origin. Because the icereorecords show periods of high
accumulation in the past that are similar to thestmecent values, it is unclear whether the
increase is associated with the observed warminghénregion. Consideration of this
accumulation increase is necessary to fully undedsthe recent mass balance history and
dynamic evolution of the glacier as well as to @iy interpret surface elevations changes

from this region.
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Figure 4.1 — The locations of the 2010 cores (eg)! ITASE cores (+), and deep cores
(stars) in and around the Pine Island-Thwaitesndge system overlaid on the MODIS
mosaic and surface velocities. Elevation is comdwevery 200 m with bolded contours

every 1000 m.
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Figure 4.2 — The annual accumulation records ferRlG2010 (top), DIV2010 (middle), and
THW2010 (bottom) records. Areas shaded red (bhditate years when the accumulation
rate was greater (less) than the 1918-2010 meamadation rate, which is the time interval

common to all three records.
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that are statistically significant at the 90% cdgfice level.
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(negative) accumulation increases. The grey Istesv the accumulation measurements
used to generate the gridded accumulation raté® filled circles show the 1944-1984 to

1985-2009 percent change from various ice-corerdsco
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Table 4.1 — Summary of ice-core accumulation rexord

Name Latitude (°) Longitude Elevation Velocity  Bottom Time Interval _ Accumulation Rate (m w.e. / yr)°

) (m) (m/yr) Depth (m) Entire Record 1944-1984 1985-2009
PIG2010 -77.96 -95.96 1590 275 594 1917-2010  0.403 £0.062 0.402 +0.061 0.424 + 0.066
DIV2010 -76.77 -101.74 1330 4.6 111.7 1786-2010 0372+ 0.075 0.383 +£0.075 0.412+0.072
THW2010 -76.95 -121.22 2020 55 61.8 1867-2010  0.274 +0.045 0.265 +0.041 0.286 + 0.045

*Values represent the 4 = 1 o
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Table 4.2 — Change in accumulation between 194418l 1985-2009, cores sorted by

longitude

Acc. Rate (m w.e. yr'l)

Core” 1944-1984  1985-2009" % Change
ITASE 01-5 0.321 0.382 18.9
ITASE 01-4 0.324 0.346 6.8
ITASE 01-3 0.338 0.346 2.4
PIG2010 0.402 0.424 5.5
DIV2010 0.383 0.412 7.7
ITASE 01-2 0.425 0.488 14.9
ITASE 01-1 0.333 0.361 8.6
ITASE 00-1 0.224 0.244 9.2
WDC050Q 0.200 0.199 -0.2
WDC05A4 0.200 0.202 1.2
ITASE 00-4 0.194 0.189 -2.5
THW2010 0.265 0.286 8.2
ITASE 00-5 0.137 0.123 -10.4

*Italicized cores are located outside of the Pine Island-

Thwaites drainage system
°The interval for the ITASE cores is 1985—2000/1 and
for the WDC cores is 1985—2004



93

Chapter 5: Insights from Radar-Derived Accumulation

Airborne radar mapping of near-surface internalizums has revealed spatial and
temporal variations in accumulation previously uaseed over Pine Island and Thwaites
glaciers. Deriving accumulation rates using radacked horizons is a more appropriate
method of calculating catchment-wide accumulatiamnttraditional methods (i.e., ice cores,
stake farms) because it requires minimal field warkl the data are easily collected over
large areas. From the radar-derived measuremeggenged, we determined the recent mass
balance history of Pine Island and Thwaites glaciand also investigated long-term
accumulation changes. Because few spatiotempaasonements at the regional scale exist,
our measurements provide a unique means with vibitést the skill of various atmospheric
models, which is essential considering many studies using model output in place of

measurements.

5.1 Futureaccumulation radar studies

Because airborne radar systems provide excellattasgoverage, they will likely
provide the accumulation measurements for futuressmialance studies elsewhere in
Antarctica and Greenland. Additionally, flying rtiple systems that operate over different
frequency ranges (i.e., the accumulation and sremars) at the same time will provide
accumulation rates at varied temporal resolutiod eoverage, which is important when
considering both recent and long-term changes.ystem with coarser vertical resolution
(such as the accumulation radar) will require iredefent depth-age information, yet will
provide a longer record of accumulation. We fotimat the finer vertical resolution system
(the snow radar) imaged annual horizons, elimigatthe need for independent age

information. While several factors influence wrexthhe radar will find annual horizons
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elsewhere, because the system is flown as partAGA% Operation IceBridge mission, |
hope to investigate the use of this radar systeboth Greenland and Antarctica. The finer
vertical resolution means the accumulation recatdbe relatively short but possibly annual.
There is also potential to use the depth-age st=iged from the snow radar system to date
horizons imaged by the accumulation radar, furth@rimizing the need for independent
field data collection. At the same time, the acualation calculations still rely on density
measurements, which could potentially limit ourlipito use this radar method elsewhere
where field measurements are few. Therefore, methat although ice-core records are still
valuable because they provide the age tiepointstier radar horizons and the density
information, future mass balance studies will dseabenefit from radar-derived

accumulation measurements, especially from airbsyseems.

5.2 Therecent mass balance of Pineldand and Thwaites glaciers

We found that while ice discharge from Pine Islaml Thwaites has increased
substantially over the past two decades, snow aglaiion has not experienced a significant
trend. This result confirms that snow accumulatias not been compensating the increased
ice discharge from this region, which indicatesirreasing contribution to sea-level rise.
Because accumulation showed no trend over the fpastdecades, using the 1985-2009
mean accumulation rate map should provide a gopthapnation of annual catchment-wide
accumulation, especially when integrated. Comlgiritre radar-derived accumulation map
and flux-gate discharge estimates, we find thagelgdaciers have contributed ~3 mm to sea
level over the past two decades. The rate of itnriton tripled from 0.09 + 0.04 mm Vrin
the mid-90s to 0.27 + 0.04 mm™yby 2010. These values match well with prior stsdi

[Rignot,2008] , however, the uncertainty has been greatlyced.
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5.3 Implications of long-term accumulation change

While no recent trend in accumulation exists, agrerm increase was found in
both the ice-core and radar-derived accumulatiooros. Specifically, an increase of 6% to
10% was found over much of Thwaites and part okeRsland between 1944-1984 and
1985-2009. Based on the ice-core records, werdeted that accumulation likely jumped
(rather than trended) towards a higher mean ar@980. This accumulation jump suggests:
(1) these glaciers might have been out of balarmsbee than originally thought, (2) an
increase in driving stress, resulting in increageldcities and discharge, and (3) a potential
thickening of the firn column. The latter effeciutd mean that firn column thickening might
hide any underlying dynamic thinning from this i@giand therefore, should be considered in

interpretations of surface elevation change.

54 Assessment of atmospheric model skill

The accumulation measurements presented providedélaes with which to test the
ability of various atmospheric models in reprodgcthe spatial and temporal variability in
snow accumulation. The observation-constrainetajloeanalyses reproduce the temporal
variability with high fidelity, whereas the highs@ution regional climate model (RACMO2)
more accurately reproduces the spatial variabiltye also found that the catchment-wide
accumulation rates from RACMOZ2 show little bias,endas the reanalyses underestimate the
total magnitude to varying degrees. Based on thedangs, interpretations of glacier mass
balance from surface elevation change would magstogpiately account for fluctuations due
to accumulation variability from the reanalysis guots. When using the mass-budget

method to determine mass balance, RACMO2 provitesntost accurate spatial mean.



96

Additional regional studies of radar-derived acclahan rates elsewhere will provide more

insight into these model’'s strengths and weaknesses

5.5 Summary

Studies of the spatiotemporal accumulation ratevigeo important information
needed to precisely determine glacier mass balasiog the mass-budget method as well as
from interpretation of surface elevation and gnawhanges. Accumulation measurements
derived from airborne radar provide the spatial tamdporal coverage necessary to generate
an accurate spatial mean and to also investigatenteand long-term accumulation
variability and trends. Based on the measuremgrgsented here, we found that: (1) the
accumulation rate is not keeping pace with the lacated ice discharge from Pine Island and
Thwaites as no accumulation increase was found tinepast three decades; (2) the 1985-
2009 mean accumulation is larger than the 1944-1884n, which might indicate these
glaciers were out of balance earlier than previptisbught; (3) the mass loss from these
glaciers has tripled over ~15 years, resulting cuaent sea-level contribution of 0.27 mm
yr’: and (4) atmospheric models are decent replacemémt actual accumulation
measurements in areas where few measurements d@esiause of the copious amount of
radar data collected using both the snow and aclationi radars, the methodologies here

should be easily applied elsewhere to further cuttenstanding of ice-sheet accumulation

rates and mass balance in both Antarctica and Giegn
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Appendix A

A.l1 Error Analysis

Radar-derived accumulation rate measurement esters from the error in the time
separation between each horizon and the variatidhe depth-density profile. Horizons are
assumed to be annually spacatl= 1 year, but in realityt likely varies between horizons.
The radar signal is reflecting off dielectric cadts generated by low density hoar layers and
ice crusts that typically form in the summer/autuniio account for variability in the time of
horizon creation, we use an errorAh of £ 1 month that is assumed constant with depth.
This error is independent of the error in the dignprofile and translates directly into an
~8.3% error in the accumulation rate. This is Hrgeést source of error in our accumulation
estimates.

We account for the impact of spatial variationhe tlensity profile on the conversion
between twtt and depth as well as the cumulativesnpaofile, which is dependent on the
former. We take the mean of several depth-densibjiles in the region and fit a simple
densification model to the mean (Figure A.1l). Thmedel-fit profile is used for all
accumulation calculations. It is clear from Figérd that there is some spatial variation in
the depth-density profile, which must be accouritegdn our accumulation rate errors. The
maximum variation (x 12%) in the density profilecacs near the surface and rapidly
declines to +4% at just over 7 m depth. The smatlation in density profiles at greater
depths indicates that this component of our erstimates will be less significant than the
horizon time interval at depth. We determine tleeuanulation rate error resulting from
regional density variation by accounting for vaaatin the conversion between twtt and

depth, the variation in the cumulative mass profled digitization error. Unlike the error in
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At, these errors are depth-dependent and thus demead location because horizon depth
varies spatially. Therefore, we use radar-deriaedumulation rate calculations at the
P1G2010 site as an example.

Figure A.2 shows the relative errors resulting fribra error in time horizon interval
and propagating the variation in density through ocadar-derived accumulation rate
estimates at the PIG2010 core site. Beginning thi¢herror inAt, we see that the 8.3% error
is constant with depth. Large regional densityiatean dominates the accumulation rate
error near the surface. The density variation dishies quickly with depth, and the variation
in the time horizon interval dominates at just abev m depth. Most accumulation rate

errors are less than 10% at a site, and are midealfunction of the error int.
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Figure A.1 — Model fit to nine depth-density prefilin the region. The grey lines are the
actual raw (no smoothing applied) observationsesfsity. The solid black line is the model
fit to the mean of the profiles. The dashed blia&s show the model fit to +clfrom the
mean profile, which are used to estimate the efromir accumulation measurements. The
cores used include the P1G2010, DIV2010, and THV@2@Ensity samples typically spaced
just under 1 m apart), and the WDCO5A and ITASEesd@0-2, 00-3, 01-1, 01-2, and 01-4
(density samples typically spaced about 1 m apd&tres were selected based on length (>

50m) and spatial distribution.
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Figure A.2 — Components of the accumulation raterebased on horizon depth at the
P1G2010 site. The accumulation error resultingrfreariation in the time interval between
horizons is shown by a pale blue line and is conistath depth. The accumulation error
resulting from the variation in the density profiseshown by a dark blue line with x markers
at each of the horizons at the P1G2010 site. Tymact of density variation declines rapidly
with depth and is greater than 5% for only the miesent 7 years of the record (or above 7
m depth). The green line with asterisks is thaltetror combining the independent errors
resulting from density variations and variationhiorizon time intervals. Above 4 m depth,
density variability is large enough to make it tdeminant source of error in the
accumulation rate estimates. Below, the variatiothe horizon time interval dominates.

Total accumulation errors are less than 10% formmafdhe record.



