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Abstract.

We report annual snow accumulation rates from 1959 to 2004 along a 250 km segment of the Expéditions Glaciologiques
Internationales au Groenland (EGIG) line across central Greenland using Airborne SAR/Interferometric Radar Altimeter
System (ASIRAS) radar layers and detailed—high resolution neutron-probe (NP) density profiles. ASIRAS-NP derived
accumulation rates are not statistically different (95 % confidence interval) from in situ EGIG accumulation measurements
from 1985 to 2004. Below 3000 m elevation, ASIRAS-NP derived accumulation increases by 20 % for the period 1995 to
2004 compared to 1985 to 1994. Above 3000 m elevation, accumulation increases by 13 % for 1995-2004 compared to 1985—
1994. Three Regional Climate Models (PolarMM5, RACMO2.3, MAR) underestimate snow accumulation below 3000 m by
16-20 % compared to ASIRAS-NP from 1985 to 2004. We test radar-derived accumulation rates sensitivity to density using
modelled density profiles in place of detatted-NP-dataNP densities. ASIRAS radar layers combined with Herron and Langway
(1980) model density profiles (ASIRAS-HL) produce accumulation rates within 3.5 % of ASIRAS-NP estimates. We suggest
using Herron and Langway (1980) density profiles to calibrate radar layers detected in dry snow regions of ice sheets lacking

detailed in situ density measurements, such as those observed by the Operation IceBridge campaign.

1 Introduction

An-understanding-of-

1 Introduction

Estimating ice sheet mass balance requires knowledge of the gains and losses to the system. The IPCC estimates a 0.40£0.15m
sea-level rise by the year 2100 (scenario RCP2.6 IPCC, 2014). Assumptions in assessing snow accumulation (the primary
positive input to ice sheets) account for a portion of the uncertainty in potential sea-level rise. Studies using ice cores (Anklin
and Stauffer, 1994; Bales et al., 2001, 2009; Banta and McConnell, 2007; McConnell et al., 2001; Mosley-Thompson et al.,
2001) provide records of past accumulation, while climate models (Box et al., 2004; Bromwich et al., 2001; Burgess et al.,
2010; McConnell et al., 2000) reconstruct accumulation in regions lacking in situ measurements. Regional Climate Models
(RCMs) provide widespread spatial coverage of recent annual snow accumulation (1958-2015), but these estimates interpolate
between ground-truthed point locations (Burgess et al., 2010; Noégl et al., 2015; Tedesco et al., 2015). The simplification of
accumulation rates from point-based measurements may be overcome using ice-penetrating radar. Radar stratigraphy studies
(Arcone et al., 2004, 2005; Eisen et al., 2008; Hawley et al., 2006, 2014; de la Pena et al., 2010; Spikes et al., 2004; Medley
et al., 2013, 2014) measure snow accumulation by combining in situ measurements (snow density, ice core chemistry) with

continuous isochronal layers within the dry-snow zone of ice sheets. The depth of a given radar layer depends on the density of

the snowpack through which the radar signal travels. Aecounting-for-density-totdentify-Using density to calculate the depth and
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age of these layers allows for the estimation of an accumulation rate. Given this density and signal propagation relationship, we
assume that the most accurate snow accumulation rates result from radar surveys collected simultaneously with in situ density
measurements.

The European Space Agency’s 2006 Airborne SAR/Interferometric Radar Altimeter System (ASIRAS) campaign detected
annual accumulation layers along the Expéditions Glaciologiques Internationales au Groenland (EGIG) traverse across central
Greenland (Hawley et al., 2006; de la Pena et al., 2010). Previous accumulation estimates using ASIRAS layers along EGIG
incorporate a maximum of two density profiles to eerreet-calculate ASIRAS travel-time (and thus determine ASIRAS layer
depth) (Hawley et al., 2006; de la Pena et al., 2010). Concurrent to the 2006 radar campaign, Morris and Wingham (2011)
conducted detailed measurements of near-surface density to 13 m depth using aNeutren-Prebe- neutron-probe (NP). Eight
NP sites along a 250 km segment of the EGIG route provide ground-truthed density measurements for eerreeting-calculating
ASIRAS travel-time through the ice sheet’s surface (Figure—2?Fig. 6). We present annual accumulation rates from 1959 to
2004 derived from NP density adjusted ASIRAS layers (ASIRAS-NP accumulation record). We compare our ASIRAS-NP
accumulation record to previous measurements of annual accumulation from shallow cores (Anklin and Stauffer, 1994; Fischer
et al., 1995) and three Regional Climate Models (RCMs). Detailed density, collected in eeneert-conjunction with an airborne
radar survey, offers the opportunity to understand radar-derived accumulation rates’ sensitivity to density. We test the ASIRAS
accumulation rate’s sensitivity to density using simple Herron and Langway modeled density profiles in place of detailed-NP
density measurements (ASIRAS-HL). Modeled density combined with radar layers may offer a-compromise-an alternative for

deriving accumulation rates from radar layers lacking detailed-ground-truthed density.

2 Background
2.1 EGIG Lineline

Major joint European expeditions across central Greenland were conducted in 1958-59 (EGIG1) and 1967-68 (EGIG2)
(Renaud et al., 1963; Merlivat et al., 1973). Shallow cores drilled along the route led to the first isotopic climate curves
produced by Willi Dansgaard (Dansgaard, 2004). Merlivat et al. (1973) report a tritium based mean annual accumulation from
1959-1969 of 0.329 meters water equivalent accumulation per year (m w.e.a™!) at site F-3+-T31 (Station Centrale) and 0.243
(m w.e.a” 1) at site T-43-T43 (Créte). Benson (1962) found mean annual accumulation from 1946-1955 of 0.355 (m w.e.a l)
at F-3+T31.

A 1990-1992 reconstruction of the EGIG line by Technische Universitidt Braunschweig led to glacio-meteorological,
isotopic/chemical, and snow accumulation studies (Anklin and Stauffer, 1994; Fischer et al., 1995). These studies revealed
areund-0-45-0-found accumulation rates between 0.47-0.44 mw.e.a~! at the western portion of EGIG, decreasing to
around-0.25 to 0.20 (mw.e.a™!) along the eastern interior—of-the-ice—sheet—Fischeret-al(1995)found-edge of the EGIG
line. Fischer et al. (1995) report no long-term temporal changes in accumulation rates from 1955 to 1995.

Site t2+-T21 marks the approximate transition to the dry snow zone, with air temperatures upslope from t2+-T21 rarely

exceeding 0°c-°C (Fig. 6) (Morris and Wingham, 2011). Morris and Wingham (2011) observed a_transition in surface
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conditions approximately 10 km uphill from site t3+T31. Elevations upslope from t34+-T31 experience less persistent winds,

leaving a smooth surface with undisturbed summer surface hoar (Morris and Wingham, 2011). Down-slope from 3+-T31 the

upper snow layer appears wind-packed, with sastrugi marking the surface (Morris and Wingham, 2011).

2.2 ASIRAS Radarradar

The European Space Agency originally designed the-Airberne-Synthetic-apertareInterferometric Radar-Altimetry-System
{ASIRASH-ASIRAS to serve as a prototype for the CryoSat Mission (Stenseng et al., 2007). ASIRAS uses a Ku-band radar

altimeter to measure ice sheet surface elevation and detect sub-surfaces layers. Stenseng et al. (2007) described the internal
reflection horizons observed by ASIRAS as corresponding to density interfaces. ASIRAS radar has a carrier frequency of

13-56G#H%-13.5 GHz and instrument bandwidth B=+1GH=B = 1 GHz. The radar transect discussed in this paper was collected

using Low Altitude Mode (LAM). ASIRAS-LAM has No=40696-IV; = 4096 echo samples, an uncompressed pulse length of
Te==30-T,¢ = 80 s, an instrument sampling frequency of F5=375MH=F, = 37.5 MHz, resulting in a range bin resolution

of AR = 0.109 m, using the range-resolution equation from {2)-:-

Cullen, 2010) :

Ty Fse
" 2BN,

AR 6]

where c is the speed of light, ~ 299792458 ms~!.

Hawley et al. (2006) measured annual accumulation from 1995 to 2002 at site 24—T21 using ASIRAS radar.
The study used a single NP density profile, t2+T21, to calculate radar travel-time through snowpack and depth to
the sub-surface layers. Hawley et al. (2006) establishes—ASIRAS—s—establish ASIRAS internal reflection horizons as
annual accumulation layers, correlating high density winter peaks with local peaks in radar power return. ASIRAS
accumulation layers, examined down to +9m—10m depth, produced a_mean annual accumulation of 0.47m—w.e—a—1
mw.e.a”! (similar to Anklin-and Stauffer(1994)-and Fischeret-al-1995)-Anklin and Stauffer, 1994; Fischer et al., 1995).
Hawley et al. (2006) found decreasing accumulation with increasing elevation and short-scale variability in line with
Fiseheret-al(1995); Box-etal+(2004) Fischer et al. (1995) and Box et al. (2004) . Hawley et al. (2006) observe upward
curved reflectors in areas of steep slope and accumulation-driven layering, in agreement with Black and Budd (1964).

Helm et al. (2007) collected simultaneous ground-based density measurements and ASIRAS overflights in the percolation
zone along EGIG (downslope from this study). The dominant second peak observed in the ASIRAS waveform results from a

heterogeneous zone of metamorphosed snow and ice lenses below the winter snowpack (Helm et al., 2007). From this finding,

Helm et al. (2007) demonstrate ASIRAS’s ability to derive winter accumulation rates. Similar to Black and Budd (1964);
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Hawley et al. (2006), Helm et al. (2007) found a strong correlation between surface gradient and accumulation rate, with
higher accumulation rate in the plateau areas and lower accumulation rate on slopes.

de la Pena et al. (2010) presented mean accumulation rates for the period 1998-2003, calculated from six ASIRAS
internal-—refleetion—herizens—layers_along 200km of the EGIG route. de la Pena et al. (2010) used the—published—2+
published T21 NP density values from Hawley et al. (2006) and a_Summit density profile (located 150km north of
the EGIG line) to linearly interpolate density values, calculate radar travel-time through snow/firn layers, calculate layer
depth and accumulation rates along the EGIG routeline. de la Pena et al. (2010) report an average accumulation of

0.36m—w.e—a—_—mw.e.a~! with high spatial and temporal variability, and aelear— decreasing accumulation gradient

from west to east along the-EGIG-tine—The-observed—accumulation—gradientis-EGIG consistent with previous studies

of Ankdin-and- Stauffer (1994): Fischer-et-a}(1995)—Anklin and Stauffer (1994) , Fischer et al. (1995) , Burgess et al. (2010) ,
and the interannual variability observed by (Fischeret-al-1995)Fischer et al. (1995) . de la Pena et al. (2010) presented a 15—
20 % increase in accumulation above 3006m-3000 m over the past 26-25yrs-20-25 yrs compared to Anklin and Stauffer (1994).

Simonsen et al. (2013) use ASIRAS layers down to approximately 15 m depth along EGIG to assess firn compaction. They
use an automatic method to identify ASIRAS layers and confirm the layers represent isochrones spaced 1 year apart (Simonsen

et al., 2013). Accumulation rates are not reported, as the study focused on firn compaction.
2.3 EGIG-Ground In-Situ-Measurementsin situ measurements
2.3.1 Shallow Core-Aecumulationcore accumulation

Anklin and Stauffer (1994) drilled eleven shallow firn cores (referred to as t-sitesT-sites, Fig. 226), 8 to 10m depth, abeut
every-spaced 50 km apart along the EGIG line. Using hydrogen peroxide (Hz6zH203) analysis and snow density to identify
the seasonal signal, Anklin and Stauffer (1994) report annual accumulation from 1969 to 1989 for tsites-T-sites along the

EGIG line(B-44—'-along-the-western-portion;0-25——at-the-eastera—margin). Their accumulation rates fit with the general

understanding of water vapor transport and snow accumulation across the Greenland Ice Sheet;higher-aceumulations-alongthe

eoast; higher accumulations near the coast (0.44 m w.ea” ') gradually decreasing with increasing elevation (0.25 m w.ea” !

at the east end of EGIG). Anklin and Stauffer (1994) found large variations of local annual accumulation rates from 1979 to
1989, with typical standard deviations of 10 to 25 %. Changes in annual accumulation correlated from site to site. Temporally,
annual accumulation increased slightly in central Greenland and decreased slightly at middle and low elevations.

Fischer et al. (1995) drilled eighteen shallow firn cores along the EGIG line during field campaigns in 1990 and 1992.
Annual accumulation rates from 1984-1989 were determined by counting seasonally varying tracers ¢:26-§'¥Q and major
ions. Measurements were collected at approximately eight samples per year. The 1990 campaign used seasonally varying
hydrogen peroxide (Hz&<H203) analysis (in collaboration with Anklin-and-Stauffer(1994)-Anklin and Stauffer, 1994 ) to
determine summer maxima of flourimetric profiles. Fischer et al. (1995) observed distinct winter/summer pairings in the
upper snow. Fischer et al. (1995) found layer thickness and accumulations similar to Anklin and Stauffer (1994) --with-highest
(0.47-0.43 m w.e. a™ 1), along the western portion of EGIG (0:47-t0-0-43—L), decreasing to the east (0.25 t0 0.20-L mw.e.a™?,
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though fewer measurements exist to support the eastern accumulation rates). Fischer et al. (1995) argues for accumulation
variations along EGIG due to large scale topographic valleys and ridges. The short timespan of the study, 1984 to 1989, limited
the identifiable temporal trend (Fischer et al., 1995).

2.3.2 NeutronProbe Densities Neutron-probe densities and Aecewmulationaccumulation

Morris and Wingham (2011) collected near-surface in-situ—neutron-probe-in_situ neutron-probe (NP) density measurements
along a 365 km section of the EGIG line in the Spring and Autumn of 2004 and Spring and Summer of 2006 (Morris and
Wingham, 2014). The 2006 traverse coincided with airborne observations of sub-surface layers using ASIRAS. The probe used
by Morris and Wingham (2011) consists of an annular radioactive americium-241/beryllium source of fast neutrons around
a_cylindrical detector of slow (thermal) neutrons (Morris and Cooper, 2003). The fast neutrons lose energy by scattering
as they move through the snow. The count rate of slow neutrons arriving back at the detector per unit time relates to the
density of the snow (Morris and Wingham, 2011). Morris (2008) derived theoretical calibration equations for count rate

and snow density.

Morris and Wingham (2011) , Morris and Wingham (2014) for descriptions of NP data collection.

See

etevation—Morris and Wingham (2011) collected seventeen “t-siteT-site” NP density profiles and accumulation rates
spanning ice-sheet elevations of 1940 to 3201 m, (eight NP t-sites—T-sites of this study mapped on Figure—??Fig. 6).
The NP measured snow density from the surface down to approximately 43m—13m depth at the tsites—T-sites
along the EGIG traverse. i i i

Hawleyetal;2008)—Morris-and-Wingham-(2041)-Morris and Wingham (2011) observe that the density peaks lie in winter

snow and are formed during the following summer when warm temperatures promote densification in the near surface layers.

This transition in snow density marks the annual seasonal change detected by ASIRAS (Hawley et al., 2006; de la Pena et al.,
2010). The snow thickness between density peaks, adjusted to mean water-equivalent using density measurements, provides

an-defines the NP estimate of annual accumulation (Hawley et al., 2008; Morris and Wingham, 2011).

3 Methods
3.1 ASIRAS traced layers

We focus on a 250 km segment of the EGIG line spanning eight NP t-sites(Figure-2?T-sites (Fig. 6). We trace thirty48 layers
down to 20m-20 m depth from a 29 April 2006 ASIRAS flight radargram (Figure-2?Fig. 2). Our radar profile starts with-at
T21a (0 km distanceat-the-site-of2+a-at-2760m) 2700 m elevation and ends 250 km to the east beyond the ice divide below
3200m—The radargram-has-beenprocessed-from-(3200 m elevation). Using SAR processed level

SUBSCRIPTNB1b-ASIRAS-datausing-1b_ ASIRAS data, we apply the following signal processing techniques: waveform
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alignment, stacking, and gain. Each column of the radargram represents the centered mean of the surrounding 100 columns
(hence 100 columns “stacked” into one record, representing approximately three horizontal meters). The ASIRAS signal
weakens with increasing depth through the snowpack, thus we apply a ramped gain to the signal to enhance the visual contrast

of the radargram. The ramped gain resembles an exponential gain, resulting in a 3x_enhancement of layer intensity at +5m

15m depth and an 8enhancement

al-x_enhancement at 20 m depth.

We trace layers by tracking the maximum reflected power. The trace progresses by searching the adjacent column for
a maximum power reflected within the vertical range of a moving window. Automated layer tracing occurs one layer at a time
with visual inspection and user approval of the final traced layer. The shallowest (1st) layer represents the 2005 accumulation
surface and the deepest (48th) traced layer represents the 1959 accumulation year (Autumn-October 1958 to Autumn-September

1959) —TFhe-deepertayers<(Fig. Al). Layers fade in intensity around 16 m depth along the western section of the-tine<(6-75

EGIG (0-75 km) and alse-with-inereasing-at 14 m depth along the rest of the line (75-250-75-250 km). The exact depth depends
on the ASIRAS electromagnetic wave speed v (m-s=_ms~!) through the snowpack. Electromagnetic wave speed + v relates
to the real part of the dielectric permittivity €=, (dimensionless) which in the near-surface can be related to density p (kg
m—3kg m~3) by (Kevaesetat-(1995)):

Kovacs et al., 1995 ):

Cc

T Ve 2)
e = (14845 x 107%p)? 3)

where c is the speed of light in a vacuum (~ 299792458 ms™1).

Signal travel-time will change based on the density of the snowpack. Dense coastal snowpack slows the signal speed
compared to a less dense interior snowpack. Near the coast 45 nanoseconds (ns) of travel-time equals 5.10m-m depth while
the same travel-time in the interior would equal 5.15 m depth. ASIRAS corrected with a coastal density profile gives a depth of
20.03mat+96asm at 190 ns. The same +96ns5-190 ns travel-time reaches 20.24m-m depth using the interior NP profile. The
near-surface difference in travel-time being unresolvable given ASIRAS’s 0.109 m range-bin resolution (Section 2.2).

All ASIRAS-derived accumulation rates have the same radar-time pesitions-of-layerslayer positions. The density used to
adjust the radar signal propagation determines the depth, and therefore thickness of an annual accumulation layer. ASIRAS-
NPaceumulationrate-discussedin-Seetion2?-, discussed in Sect. 3.3.1, interpolates densities between eight NP density profiles
(Seetion-Sect. 3.2) to calculate layer depths. ASIRAS-HLdiseussed-in-Seetion—2?-, discussed in Sect. 3.2.2, uses ASIRAS

layers with HL density profiles to calculate layer depths.
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3.2 Density profiles

3.2.1 NeutronProbeDensity

3.2.1 Neutron-probe densit

Detailed density profiles allow for more accurate calculations of ASIRAS radar-travel-time through the snowpack. Previous
studies along EGIG (de la Pena et al., 2010; Hawley et al., 2006) rely on a maximum of two density profiles to constrain radar
travel-time for determination of layer depth. We expand the range of ground-truthed NP density measurements by combining

sixteen previously published density-profiles-Merris-and-Wingham;264-(Morris and Wingham, 2011) density profiles from
eight T-sites (24a;423-2734435-439+44T21a, T23, T27, T31, T35, T39, T41) in the dry-snow zone above 2700m-(Figure

ARAARAIARRAAL LR AR AR AAAAA

222700m (Fig. 2). The deepest NP measurements are Hml1 m, while our deepest ASIRAS layer reaches 24m-depth-Below
Hm-depth;-we-estimate-densities-30 m depth. We calculate densities below 11 m using the centimeter resolution density 50m
GISP2 B-core (NSIDC, 1997) at Summit. The easternmost NP density measurement (t4-H-at-+0m-T41) at 10m depth (0.538¢
m—2gm™?) is similar to the GISP2 B-core density value at +0m-10m core depth (0.529g-m—2)—We-use-GISP2 B-core
“Shifted”-densitie e vel-tim m-the-deepest INP-me eepe —gm™?). The
western edge of EGIG, at 2700m-2700 m elevation, has at0m- 10 m density of 0.559¢-m=2 g m~3. We assume therate-similar

rates of densification below 10m-depth-is-similar-att2ta;t4110 m depth at T21a, T41, and GISP2. We shift-append the GISP2
profile at +0m-10 m depth to start where {2+a-T21a NP density profile ends.

3.2.2 Herron and Langway model densit

3.2.3 HerronandLangwayMedel Density

Logistical challenges for both ice coring and NP logging spatiatiy-timitlimit spatially detailed density measurements. Herron
and Langway (1980)’s simple empirical model of polar snow densification provides an alternative for estimating ice sheet
density in the absence of in-situ-in situ measurements. The model allows us to generate a density profile at any point along
EGIG with three input parameters: mean annual accumulation 4A, mean annual temperature 71, and initial surface snow
density pupg. The model has two stages of densification for depths above and below the “critical density” p = 0.55 Mgm™3.
The “critical density” marks the transition from first-stage rapid densification due to grain settling and packing to second-stage

slowed densification with depth (Herron and Langway, 1980). The model equations used for density p at depth #-/ for the two
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stages of densification:

Pre-critical: Post-critical:
Ph = Pico Ph = picy
14 ¢ 1+¢G
- £o _ (h - h0.55) 055
Co—exp |:pik0h+h’l <pi—p0>:| Cl = exp |:pik1140_5 +In m
—10160 —21400
k011~exp< BT ) k1575.exp< RT >

_ 1 0.55
- piko pi—0.55 pPi—pPo

—P0_1 ko and ky are Arrhenius-t

e rate constants, and gas constant R = 8.314J K~ mol 1,

We calculate densities along EGIG using mean annual accumulation from Burgess et al. (2010), temperatures from Steffen
and Box (2001), and Morris and Wingham (2011)’s t-site-T-site surface densities as inputs to Herron and Langway (1980)’s
model. We use densities generated from Herron and Langway (1980)’s model to adjust radar travel-time and derive the

ASIRAS-HL accumulation rate as a comparison to the NP derived ASIRAS-NP accumulation rates.
3.3 Accumulation Ratesrates from ASIRAS

3.3.1 ASIRAS-NP: Acenmulation-accumulation rate using Neutron-Probe Densitiesneutron-probe densities

The sixteen NP density profiles at eight t-sites(t24a;23;-27-31-435-139-t4H T-sites (T21a, T23, T27, T31, T35, T39, T41)
bound by the combined t2+a-T21a and GISP2 b-core densities on the west and the t4+-T41 and GISP2 b-core on the east,

provide the anchor points for interpolating depth-density values at every point along the EGIG line. We calculate annual

accumulation rates from 1959 to 2004 at the t-sites{(Appendix—TFableA122T-sites (Table Al). We refrain from calculating

a 2005 annual accumulation due to its proximity to the April 2006 ice sheet surface at time of radar and NP collection. The
NP based densities represent the most detailed density measurements along EGIGand-correet, correcting ASIRAS travel-time
through the snowpack to create the ASIRAS-NP accumulation rates.

3.3.2 ASIRAS-HL: accumulation rate using Herron and Langway densities

3.3.3

Taking detailed NP density measurements remains beyond the scope of most radar surveys. We explore using simple Herron and
Langway (1980) model densities (HL) to produce accumulation rates from ASIRAS radar layers (ASIRAS-HL). We examine
the accumulation rate difference when using modeled density data (ASIRAS-HL) and using detailed-INP_density (ASIRAS-

NP). Using spatially continuous input parameters of accumulation, temperature, and surface density, we generate HL density

T = temperature
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profiles for the-74038radar-tracelocations-along-the 250km-each radar trace (one approximately every 3 m horizontally, Sect.
3.1) along the 250 km segment of EGIG.

We examine accumulation rate sensitivity to density by reducing the number of HL density profiles used to correct layer
depth along the 256km-250 km EGIG segment. Distance intervals and their corresponding number of density profiles per the
250 km EGIG segment are: 250 km (HL250, 1 profile), 125 km (HL125, 2 profiles), 50km (HL50, 5 profiles), 30 km (HL30,
8 profiles), and 15km (HL135, 17 profiles). We interpolate between the HL profiles to obtain a density profile at every point
along EGIG.

3.4 EGIG-Ground Acenmulation-Measurementsaccumulation measurements

We combine shallow firn core records from Anklin and Stauffer (1994) and NP based accumulation rates calculated by Morris
and Wingham (2011) to establish EGIG-Ground records spanning 1978-t0-2004-at-t21-27,-t3+-14+-Sitet43-1978-2004 at T21,
T27,T31, T41. Site T43 has twelve annual accumulations from 1976 to 1988 but no NP measurements (Anklin and Stauffer,
1994). Anklin and Stauffer (1994) cores generally span 1978 to 1988 while the Morris and Wingham (2011) accumulation
rates span the mid-1980’s to 2004. We use the mean of the two records at site t41-where-the-two-recordsT41 where the studies
overlap. Sites t2h-+27-and+31-T21, T27, and T31 do not have overlapping records, with no accumulation rates for years 1989

and 1990 at £2+-anrd-+27-T21 and T27 and 1989 for £3+T31. These EGIG-Ground records serve as a basis for comparison of
accumulation rates derived from ASIRAS layers (Figure-2?Fig. 3).

3.5 ASIRAS-NP comparison to Regional Climate Models

We __ validate ASIRAS-NP _ accumulation _ rates  using  EGIG-Ground _ point __ accumulation _records
(Anklin and Stauffer, 1994; Morris and Wingham, 2011),_then compare_our_results to accumulation rates from three
Regional Climate Models (RCMs): Modele Atmosphérique Régional (MAR)(Tedesco etal., 2015) , the polar version of the
Regional Atmospheric Climate Model (RACMO2.3) (No&l et al., 2015) , and the calibrated Fifth Generation Mesoscale Model
modified for polar climates (Polar MMS) (Burgess et al., 2010) ..

As discussed in Sect 2.3 and Sect. 3.1, ASIRAS waveform results from a heterogeneous zone of metamorphosed snow and
ice lenses below the winter snowpack (Helm et al., 2007; Morris and Wingham, 2011) . Therefore we define the ASTRAS-NP.
accumulation year as representing October to September. Comparisons between ASTRAS-NP and the RCMs occur by sampling.
ASIRAS-NP at the RCM grid points along the 250 km EGIG segment (Fig. 4). MAR annual snow accumulation spans 1958
10 2013 (Tedesco et al., 2013) . Data obtained for this study defines the accumulation year as January to December. MAR has
a 25 ki spatial resolution, resulting in approximately eleven MAR accumulation estimates along the 250 km EGIG line.

RACMO2.3 estimates monthly cumulated total surface mass balance (SMB) (with SMB defined as precipitation minus

sublimation, snow erosion, and runoff) for the period 1958-2013 ((Noél et al., 2015) ). We sum RACMO2.3 monthl

accumulation values from October to September to align annual accumulation with the ASIRAS-NP defined accumulation
ear of (Sect. 3.1). The RACMOZ2.3 spatial resolution of “11 km results in twenty-four modeled accumulations along EGIG.

10
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4 Results

4.1 ASIRAS-NP AceunmulationRateaccumulation rate

The layers detected by ASIRAS and-adjusted-with-the-detailed- NP-profilesprovide-a-with depths calculated using NP profiles
provide a spatially continuous record of accumulation across 250 km of the EGIG route. We trace layers to thirty-four-thirty

meters depth and report accumulation rates for forty-six layers spanning +959-te—2604—(AppendixFigure—221959-2004
(Fig. Al). The mean accumulation rate for the entire 256km—250km EGIG segment is 0.337mw.e.a~! from 1959 to
2004—2004. We focus our reported results on the period 1985 to 2004, during which EGIG-Ground measurements exist
for comparison. Figure??- 2 displays spatial and temporal variations in layers across the EGIG segment.

Temporally, accumulation rates increase over time, with the onset of increase occurring in the mid-1970s. From 1959 to
1964, mean accumulation was 0.277 m w.e. a~ L. From 1965 to 1974, mean accumulation was 0.270 m w.e. a~ 1. From 1975 to
1984, mean accumulation was 0.327 m w.e. a~!. Mean ASIRAS-NP accumulation from 1985 to 1994 was 0.329 m w.e. a L.
Accumulation for the period 1995 to 2004 (0.382m w.e.a™') increases by 16 % compared to the previous +0-year-10 year
period. Table 1 summarizes the +6-year-10 year mean accumulation results. Please-see-the-Appendix-Table??-See Table Al for
detailed accumulations from 1959 to 19842004,

Spatially, accumulation decreases with increasing elevation and distance from the coast. Mean annual accumulation for
1985 to 2004 at T21a (Okm) is 0.462mw.e.a~ "', gradually decreasing to 0.380mw.e.a~! at T31, 0.297mw.e.a~! at
T41, and 0.254 mw.e.a~* at the 250 km mark (Table Al). Using the transition in surface conditions occurring near T31
to divide EGIG, we examine accumulation rate changes over time above and below T31. Below T31, mean accumulation
increased by 20% over the 10year period 1995 to 2004 (0.465mw.e.a~') compared to the 1985 to 1994 period
(0.387mw.e.a~1). Above T31 —wi s ss—persi i
by 13% over the 10year period 1995 to 2004 (0.335ma~') compared to the 1985 to 1994 period (0.296ma~1). In

s;-accumulation increased

A RAS NP ulation—ratesbyv—comparicon—to—E ound
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4.2 ASIRAS-NP-vs-EGIG-Ground
4.2 ASIRAS-NP and RCMs vs. EGIG-Ground

The published EGIG-Ground ia-situ-in_situ accumulation records discussed in Seetion—22-Sect. 3.4 serve as the “known”
accumulation rate to which we compare our ASIRAS-NP record and the RCMs. We focus on four sites (1242743444121,
M) that have accumulation records from both Anklin and Stauffer (1994) and Morris and ngham (2011). We-also

*Figure 3

presents these comparisons at the fiv

Pe%a%M{Mé—&ppeaﬁmhe%ewef—paﬂe}ﬂf—thﬂfe—vafgm We compare the full records year by year using a nonparametric
Wilcoxon sign-rank test demgned for two populations with paired observations. The feuserfermed»e&ﬂaeﬁ#efeﬁeeﬁf

are-zero-at-sttes-2-27 3 and-t41differences of the paired observations will have a distribution whose median is zero at the
5 % significance level if the two populations are not statistically different. The zero median of the paired and differenced records

indicate the ASIRAS-NP and EGIG-Ground accumulations come from identical populations. The paired recoerds-atsitest21;

P-yearly accumulations for RCMs and EGIG-Ground at

the four T-sites are significantly different based on a Wilcoxon signed-rank test. In addition to the year by year comparisons,
we-found-that-1985-t0-2004-no statistical difference exists between EGIG-Ground and ASIRAS-NP aceumulationrates-are-not

accumulation from 1985 to 2004 at sites T21, T27, T31, T41 (Table 2). We conducted an analy51s of variance test to
compare means of the 20-year<(1985-200420 year (1985-2004) annual snow accumulation for ASIRAS-NP and EGIG-

Ground, and the PolarMMS5-RCMs and ASIRAS-NP accumulation for 1978 to 2004. Slgmﬁcance differences were determined
for alpha i i i i i i
yeatly-aceumulations—for-the-entirerecord;— < 0.05. Pearson’s correlation coefficients for ASIRAS-NP and EGIG-Ground
and ASIRAS-aceumulationsrangefrom-0-75-0-+6-(AppendixFable??RCM accumulations for the entire record (1959-2004)
range from 0.56 to 0.19 (Table ©6).

4.3 ASIRAS-NP vs. Regional Climate Models

ASIRAS-NP-Regional Climate Models RACMO2.3, MAR, and Polar MM5aceumulation—, generally underestimate mean

annual snow accumulation along EGIG compared to ASIRAS-NP (Fig. 4). ASIRAS-NP and the RCM accumulation rates
from 1978 to 2004 positively correlate at t-sites+-2+-+-23--27-41+43(Appendix-Table??T-sites T21, T23, T27, and T41
for MAR, MMS5, and RACMO2.3 (Table 6). An ANOVA comparison of means for +1978-1959 to 2004 between Potar MMS5

shows RCM and ASIRAS-NP shews-mean accumulations are statlstlcally different at t-sites24-127-31-and-t41-Polar- MMS
i isti i i i estT-sites T21, T27, T31

FARARAACEIRAAR AR
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and T41. Using a Wilcoxon signed-rank test, year to year comparisons show 51gn1ﬁcant statistical differences between Pelar
MM5-all three RCMs and ASIRAS-NP at t-si i i
measturements—Potar MMS5-mean-the T-sites. RCM mean accumulations along EGIG are significantly lower for the time period
coincident with EGIG-Ground measurements, 1985 to 2004 (Figure-22?Fig. 4). We focus on the period 1985 to 2004 to derive

calculate standard uncertainty (%, where o =standard deviation and a=26n = 20).

Mean Potar MM5-aceumutation(0:293-RACMO accumulation (0.297 mw.e.a™!) from 1985 to 2004 across the entire
250 km EGIG segment is +718 % lower than ASIRAS-NP (6:3553-0.356 m w.e. a~ ') (Table 3). Mean ASIRAS-NP and Potar
MMS5-RACMO accumulations rates from 1985 to 2004 differ spatially along EGIG —(Fig. ??). Using the transition in surface
conditions occurring near +-3+T31 (3000 m elevation) to divide EGIG, PolarMMS5-RACMO underestimates accumulation by
28dewnslopefrom-+-31-16 % downslope from T31 compared to ASIRAS-NP. Above -3+-with-undisturbed-summersurface

hoar-from-less-persistent-winds;-meanPolar MMS-aceumulations20T31, mean RACMO accumulation is 18 % lower than
ASIRAS-NP. Accumulation rates change over time with differing rates above and below +34-T31. RACMO underestimates

accumulation down-slope of T31 by 17 % compared to ASIRAS-NP from 1995 to 2004, Below T31 from 1985 to 1994

RACMO accumulation estimates are 9 % lower than ASIRAS-NP. Above T31, RACMO underestimates accumulation by 16 %
for the 1985-1994 period and 17 % for 1995-2004, relative to ASIRAS-NP.

Mean MAR accumulation (0.336 m w.e. a~ ') from 1985 to 2004 across the entire 250 km EGIG segment is 3 % lower than
ASIRAS-NP (0.355m w.e.a™ "), Spatially, MAR both underestimates and overestimates accumulation along EGIG, MAR
underestimates accumulation by 16 % downslope from T31 compared to ASIRAS-NP. Above T31, mean MAR accumulation
rates are 4 % higher than ASIRAS-NP. Accumulation rates vary over time with differing rates above and below T31. MAR
accumulations from 1995 to 2005 are 35higher-thanPetarMM5-17 % lower than ASIRAS-NP accumulations down-slope

of +-31-—Below—+31-T31. Below T31 from 1985 to 1994 ASIRAS-NP-accumulations—are2thigherthanPelar- MMSMAR
accumulations are 8 % IQ\M East of £3+;-where-surface-conditions—stabilize; ASIRAS-NP-accumulationis

Mean Polar MMS accumulation (0.293 m w.e.a™") from 1985 to +994-and-2004 across the entire 250 km EGIG segment is
17% lower than ASIRAS-NP (0356 m w.c. a~"). Mean ASIRAS-NP and Polar MMS accumulations rates from 1985 to 2004

differ spatially along EGIG. Using the transition in surface conditions occurring near T31 (3000 m elevation) to divide EGIG,
Polar MMS underestimates accumulation by 20 % downslope from T31 compared to ASIRAS-NP. Above T31, mean Polar
MM accumulation is 15 % lower than ASIRAS-NP. Accumulation rates change over time with differing rates above and below.
T31. Polar MM underestimates accumulation down-slope of T31 by 16higherfor-% compared to ASIRAS-NP from 1995
to 2664, refative-2004. Below T31 from 1985 to 1994 Polar MM accumulation estimates are 25 % lower than ASIRAS-NP.

Above T31, Polar MMS5 underestimates accumulation by 12 % for the 1985-1994 period and 19 % for 1995-2004, relative to
ASIRAS-NP.
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4.4 ASIRAS-NP vs. ASIRAS-HL: Acenmulation-accumulation rate sensitivity to density

Mean percentage accumulation differences between ASIRAS-NP and ASIRAS-HL decrease with increasing age/depth of the
layers (Figure-Fig. 5). Figure 5 plots the mean difference between ASIRAS-NP and ASIRAS-HL for the upper five (2000-to

2004 Jewerfive(1985-19892000-2004), period (1985-1989), and +985-+te-2004-the 20 year period 1985-2004 layers. On
average the deeper the layer, the lower the difference between ASIRAS-NP and ASIRAS-HL accumulation rates. The upper

five layers differ by 4 % on average. The lowerfive-layers-differ-1985-1989 period differs by 3.2 %. Overall, for the period
1985-t0-20041985-2004, mean ASIRAS-HL accumulation is 4.5 % lower than ASIRAS-NP accumulation.

We test sensitivity to density by limiting the number of HL density profiles along EGIG and interpolating density values
between the profiles. Using one density profile (HE256kmHL250 km) for the entire 250 km EGIG segment results in a 10 %
difference in ASIRAS-NP and ASIRAS-HL. Incorporating two density profiles (H=425kmHL 125 km) halves the accumulation
difference from 10 to 5 %. The ASIRAS-NP and ASIRAS-HL accumulation difference reduces to 3fer-HESOkm— % for
HL50 km (5 profiles), HE=30km-HL30 km (8 profiles), and HE=45km-HL15 km (17 profiles).

5 Discussion
5.1 ASIRAS-NP Aceumulation-Rateaccumulation rate

The ASIRAS layers combined with NP density data improve understanding of accumulation between

t-sitesT-sites, showing detailed peaks and valleys in accumulation as seen and attributed to topography by
ne ~Hawley-etak: ; kB Miége-and-et—ak: Arcone et al. (2005) ,

Hawley et al. (2006) , Black and Budd (1964) , Miége and et. al. (2013) . The undulating layers observed in Figure—2?

Fig. 2 reinforce ice core observations of high spatial variability (Spikes et al., 2004). Spatial variability decreases with

increasing depth, as layers undergo compaction. The fluctuations of layer depth and vertically aligned dips and peaks may
indicate surface accumulation anomalies (Arcone et al., 2005). A gradual horizontal migration of undulations over time could
produce spatially periodic accumulation rates, as described by Arcone et al. (2005). Undulations preserved from year to
year are visible east of £27-T27 at 60 km and from 125 to 175 km along the EGIG line (Figure-2?Fig. 2 and Fig. Al). The
oscillations are visible along the 250km EGIG segment in the long term mean temporal accumulation rate in Figure-22-Fig. 4.
Visual inspection of layer thickness for a given year (Figure-2?Fig. 2 and Fig. Al) allows us to argue for high confidence in
the extreme values measured by ASIRAS-NP.

In comparison to historical records, de la Pena et al. (2010) and Hawley et al. (2014) observed accumulation increases
of 19 and 10 % over the last 30 and 52years years, respectively, in high-elevation interior Greenland. We report an-a 16 %
increase in accumulation for the period +995-t0-2004-compared-to1985-t0-+994-1995-2004 compared to 1985-1994 and a
41 % increase in accumulation for the period 1965-1974 (Table 1. We observe an east-west gradient along EGIG of increasing

accumulation, with lower accumulation increases in the east and higher increases to the west. The east-west gradient strengthens
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from +995-20041995 to 2004, when ASIRAS-NP is 20 % higher than ASIRAS-NP below +3+-T31 and 13higher-abovet-31-
% higher above T31,

5.2 ASIRAS-NP vs. EGIG-Ground

The patterns observed by

Anklin and Stauffer (1994) , Fischer et al. (1995) , Morris and Wingham (2011) at the T-sites align with the overall trend

observed by de la Pena et al. (2010) along EGIG of decreasing accumulation from the coast to the interior. The year-to-year

comparisons from Fig??-, 3 using Paired Wilcoxon rank-siga-signed-rank span every year with observations for both ASIRAS-
NP and EGIG-Ground. Year to year comparisons show that ASIRAS-NP tracks the EGIG-Ground measurements consistently.
EGIG-Ground accumulation minima and maxima are not always consistent across the EGIG route for a given year (e.g. the 3+
T31 record’s maxima occurs in 1995, while 27-and-+41+-T27 and T41 records have near minimum values for 1995). Fluetaation
from-We attribute site to site_accumulation fluctuation in the EGIG-Ground record is-due-to the limited spatially extent of
a given shallow core or snowpit. Accumulation extremes seen in the ASIRAS-NP record are consistent across the t-sites-low

acenmulationT-sites (low in 1998, ¢ ation high in 1996). A Wilcoxon sign rank test at site 143 shows EGIG-Ground

nd-A [R_A o nMheanth~d aran e he O O O O 4 ORS

5.3 ASIRAS-NP vs. Polar-MM5Regional Climate Models

Polar MMS5 underestimates accumulation relative to ASIRAS-NP and EGIG-Ground (Figure-2?Fig. 4). Mean Polar MM5
accumulation from 1985 to 2004 along EGIG is 0.06m-m (17 %) lower than ASIRAS-NP measurements. The mean 0.06m
m difference falls within Polar MM35’s standard deviation of accumulation along EGIG (0.025t6-6:675-0.075) (Burgess et al.,
2010). Fhe-Polar MMS5’s consistent underestimate of Pelar-MMS-accumulation relative to ASIRAS-NP and EGIG-Ground
may be explained by the measurements used to tune Polar MMS. Burgess et al. (2010) added spatial and temporal resolution
to Greenland ice sheet accumulation by calibrating the Polar MMS5 using firn cores and meteorological stations data. Burgess
et al. (2010) re-sample the Polar MM5’s 24 km horizontal grid output to a 1.25 km equal-area grid using bilinear interpolation
(Burgess et al., 2010; Rignot et al., 2008). The 24 km original spacing results in approximately eight Polar MM5 data points
along the 250 km EGIG line. These eight Polar MMS points were tuned from a network of cores and automatic weather stations
and thus were not forced to correspond exactly with cores along EGIG. Burgess et al. (2010) omit the majority of the ¢site
T-site accumulation rates along EGIG, including only sites t3+-+4+-and-+43T31, T41, and T43. ASIRAS-NP provides detailed
accumulation measurements every 3m3 m, nearly continuous tracking along EGIG relative to Polar MMS5. The increased detail

spatial resolution may contribute to the majority-ef-the-difference in accumulation rates.
Yearly comparisons of the entire record of ASIRAS-NP and Polar MMS5 snow accumulations (Figure-22Fig. 3) show positive

correlations for 24a;423,27-t4t43-(Appendix-Table??T21a, T23, T27, T41, T43 (Table ??). Correlations between ASIRAS-

NP and Polar MM5 demonstrate the model’s utility for predicting the relative year-to-year accumulation trend. ASIRAS-NP
and Polar MMS both track the general aceumulation-trend-of-highe dmtlation-near-the-coast-deereastngtotowerinterio
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aceumulation—rates—coast to interior accumulation gradient as elevation increases (Figure—2?7)—The-observed-aceumulation
gradient-experiences-alFig, 4). Morris and Wingham (2011) describe a noticeable change in surface conditions near site 3+

Above T31with undisturbed summer surface hoar from less persistent winds

Down-slope from t31-T31 katabatic winds pack the upper snow layer and form sastrugi, which may influence spatial
variability and preservation of accumulation layers. Signal preserved in the upper ASIRAS-NP accumulation layers would
be absent in the Polar MM5 record, possibly explaining Polar MM5’s 2825 % accumulation underestimate compared to
ASIRAS-NP below +3+T31. Elevations upslope from t3+-T31 experience less persistent winds, leaving a smooth surface
with undisturbed summer surface hoar, with a mean Polar MMS5 accumulation 2418 % lower than ASIRAS-NP. The spatial

gradient has a noticeable temporal component when comparing ASIRAS-NP and Polar MMS5. From 1985 to 1994, ASIRAS-NP

Polar MM5 accumulation is 28higherthanPolar MMS5-on-beth-sides-of+3+ % lower below T31 and 21 % lower above T31

compared to ASIRAS-NP. The east-west gradient along EGIG strengthens from 1995-2004—whenASIRAS-NP-is24higher
than-1995 to 2004, when Polar MM below-t-31+is 23 % lower than ASIRAS-NP below T31 and 16higherabove -3+ % lower

above T31. Polar MM35’s recent accumulation rates near EGIG rely on firn cores drilled prior to 1995 and limited automatic
weather stations at high elevation. Thus recent observed increases in accumulation at high elevation due to increased moisture

availability from warming (de la Pena et al., 2010; Hawley et al., 2014) may not appear in the Polar MMS5 record.

5.4 ASIRAS-NP vs. ASIRAS-HL: AceumulationRate Sensitivity-accumulation rate sensitivity to Densitydensity

Subtracting the ASIRAS-HL and ASIRAS-NP accumulation rates tests the radar-derived accumulation rate’s sensitivity to
density. The ASIRAS layers’ position in radar time remains constant between the ASIRAS-NP and ASIRAS-HL. Density,
which determines radar velocity and therefore water-equivalent depth, is the lone variable between ASIRAS-NP and ASIRAS-
HL accumulation records. The largest differences in accumulation occur where NP and HL densities differ most. NP density
profiles provide detailed vertical resolution of seasonal density fluctuation. Seasonal density fluctuations are most prominent
in the near surface layers and in areas with large variability in temperature and accumulation (e-g- e.g. coastal, lower
elevations). Though the simple three parameter Herron and Langway (1980) model cannot capture the detailed seasonal
density variations, the model’s general-trend-generalized density in the near-surface generates ASIRAS-HL accumulation
rates within 4.5 % of ASIRAS-NP. NP and HL densities resemble each other most at deeper depths as compaction smooths
seasonal fluctuations in density. Thus the deeper layers have the smallest mean percentage accumulation difference (3)Figure
%) (Fig. 5). The low (4.5 %) mean accumulation differences along EGIG indicate that modeled density values provide

reasonable accumulation estimates in areas with low variability in density and where detailed density profiles are unavailable.

Below 11 m depth, differences are related to Summit GISP2b-Shifted and Summit GISP2b shallow density core bounding
the west (Okm) and east (250 km) margins, respectively, of the EGIG line. No dominant spatial pattern of accumulation
differences emerges from west to east. The mean of the lower five accumulation years (+985-t0-19891985-1989) account for

the smallest accumulation differences from 60 to 250 km. The largest differences along EGIG occur on the east end (225-to
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256-225-250 km) where ASIRAS-NP is constrained by a Summit density core. Abrupt jumps in mean percent accumulation
difference occur where the number of layers included in the average change.

Recall the spatially continuous nature of the density inputs for the ASIRAS-HL accumulation record (74638-untque-HL
density profiles spaced 3-3 m apart). These density inputs were driven by highly resolved HL model inputs of accumulation,
temperature and surface density. ASIRAS-HL accumulation accuracy relative to ASIRAS-NP may be due to these model
inputs. We test this possibility with the HI=250km;-HIEA425kmHL250 km, HL125 km, etc., accumulation records, which rely
on a limited number of density profiles and interpolation. The moderate reduction from 7 to 4.5 % accumulation difference
for HL250 km and HL125 km is likely due to the linear gradients (increasing accumulation downslope, decreasing elevation,
increasing temperature) of the HL. model input parameters along the 250 km EGIG segment. The two density profiles of
HL125 km cover both the lower and upper range of the gradients. The interpolation between these two HIEA25-prefiles-contains
contain the majority of density variation seen in the ASIRAS-NP, thus accounting for the 4 % mean accumulation difference
between ASIRAS-HEF25km-ASIRAS-HL 125 km and ASIRAS-NP. An average 3.2 % percent accumulation difference can be
obtained using 5 HL profiles at 50 km spacing. This finding stands to improve accuracy for radar-derived accumulation rates

and serve as a guideline for correcting the wealth of IceBridge radar data.

6 Coneclusiens
6 Conclusions

Point-based measurements such as ice cores and weather stations provide the basis for current accumulation estimates.
Models and interpolation between these points provide spatially continuous estimates of accumulation. Radar-detected annual
accumulation layers offer a physical observation connecting point-based measurements. Detailed NP density measurements
provide accurate radar travel-time velocities and exact densities for water-equivalent conversion, improving accuracy of annual
accumulation rates from ASIRAS. We report spatially continuous annual accumulation rates from 1959 to 2004 along a 250 km
segment of EGIG. Our ASIRAS-NP rates are not statistically different from EGIG-Ground point measurements spanning
-1985-2004. Polar MM meodel-estimate:

g g r-and RACMO?2.3 consistently
underestimate accumulation by 17 % along EGIG compared to ASIRAS-NPis35higher than. MAR underestimates by as much
as 16 % and overestimates by 10 %. Overall, Regional Climate Models Polar MM5dowsnslope from-t-31-and-23higher upsiope
fromt-3+, MAR, and RACMO2.3 succeed in capturing the general trend of accumulation seen by ASIRAS-NP, but they

underestimate the total amount of snow. The ASIRAS-NP observed increases in mean accumulation may relate to increased

warming and availability of moisture at higher elevations.

The similarity between ASIRAS and EGIG-Ground demonstrates that the ASIRAS layers, adjusted with NP density,
produce accurate estimates of accumulation along acentintous—250km— continuous 250 km segment of the EGIG line. We
acknowledgerecognize the challenge of obtaining detailed density measurements and demonstrate the use of simple HL. models

to derive adequate accumulation estimates. Using Herron and Langway (1980) profiles at 50 km intervals produces ASIRAS-
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HL accumulation rates within 3 % of ASIRAS-NP estimates. High resolution airborne radar systems operated in dry snow
regions of ice sheets, such as those onboard Operation IceBridge, calibrated with a minimal number of Herron and Langway
(1980) modeled density profiles, may produce accumulation rates within the uncertainty of accumulation best-estimates using

detailed density profiles.
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Summary-table-of Mean-Aceumulation-Rates; 1985—2004,-Summit Station for Figure-2?reference. Pereentage-changerelative-to-previous
ten-year-period100 m contour intervals above 2000 m elevation are displayed. Scale bar accurate at 71° N latitude.
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relative-to-previous-ten-year-period100 m contour intervals above 2000 m elevation are displayed. Scale bar accurate at 71° N
latitude.

Figure 1. ASIRASradargram-Field locations along a portion of the forty-seven-traced-internal-refleetion-horizons-Expédition Glaciologique
lt%u(}roenland(%sEGlG) ﬂﬁlﬂyef&«iewﬁe—%&depfhtraverse The trppemest—layeﬁepfeseﬁs—ﬂie—%@é—deemﬁu{aaeﬂ—yeaf

ith-0-250 km starting-at-2700-segment of
ASIRAS radar data discussed in this paper spans 2600 to 3200 m en-elevation. Black crosses # show neutron-probe density Tsites from

Morris and Wingham (2011) . White squares [ ] show Anklin and Sgauffer 1994) shallow cores. The filled triangle A shows the western
e-location of the-Greenland-lee-Sheet:




Table 2. Summary table of Mean Accumulation Rates, 1985-2004, for Fig. 4.

Study_ T21 127, T31 T41

EGIG-Ground  0.488+0.03  0.405+0.02 0.385£0.02  0.294+0.01

AAAAASTTARAAL AAAA AR AAAAATAARAR ARSI

continued from previous page ASIRAS 04554002 04092002 0378£001 0297 £0.01
MM5 0370£001  0333£001 03112006  0.257£0.06
MAR 0373£002 03574002 034001 03224001

RACMO23  0390+0.02 03484£0.02 0318£0.01 0.233:£0.01

AAARGARTAAAN ARG ARSI ARSI

Table 3. Mean percentage difference between ASIRAS-NP and RCMs for periods 1985-1994, 1995-2004, 1985-2004

Period RACMO  MAR  MMS_
EGIG_

19852004 18% 3% 11%

19952004 17% 4% 13%

19851994 13% A% 2%
Below T31_

19852004 16%  16% 20%

19952004 179%  11% 16%

19851994 9% 8% 25%
Above T31_

19852004 18% A% 15%

19952004 179% 3% 12%

19851994 16% 0% 19.%
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Table Al. Mean annual ASIRAS-NP accumulation (m w.e.) at T-sites along EGIG.

Year 21 T2la 23 127 31 35 39 T4
Lat 70.54 70.59 70.62 70.78 7091 70.98 71.04 71.08
Lon  -4303—4303  -4279-4279  -4258—4258  -41:54—4154  -40:64—40.64  -39:55-39.55  -3846—3846  -37.92—37.
2002 0390394001 040414001 0390394001 038038001  038038£001 0340342001  036030£001 032032
2001 056056001 0580581001 048048001 O04-041£001 0360302001 036030£001 0320324001 029020
2000 056056001 0540542001 0520524001 0420424001 0350352001 028028001 0290204001 025025k
1999 0490494003 0410414003 0520524001 0540544001 0470474001 0460464001  0390.39 4001 0380384 (
1998 0400404001 0420424001 0400404001  03-0.314001  03-0.31 4001  0250.254001  0230.234001  0240.24 4 (
1996 0500.504£001  O05HQ.51£001  0500.504£001 0460464001 0470474004  04704TH00L 0440444001 0390394 (
1995 06-0.614£002  0550.3554£002 0590594001  0530.534002 0430434003 04041001 0340344001 0330334 (
1991 6580.384£001 6530534001 6500.50£003 6400404001  6390.394002  6390.394001  6340.34£001  6350.354(
1980 6400.404001 6400404001 64H-0A1H00L 6400404001  6380.384001  6300.30£001  6300.30£001  6280.284(
1986 - - 0330332005 0430432002 040040001 034034£001 0320324001 034034
1985 - - 0660.66£0.08 0490495002 0440445001 0430435001 031031H£001 026026k
1984 - - 047047£001 0420422004 0320322001 026026002 027027£001 027027k
1983 - - 047047£001  05-051E£001 0450435002 0350355001 034034001 035035
1982 - - 0320324001 0290204003 027027£002 027027£001 0280284001 025025
1981 - - 0410412001 0330332002 0290204002 027027£001 024021002 0220225
1980 - - 027027£001 038038002 033033L001 0290204001 0290204002 026026
1979 - - 03203242001 0230234002 029020%001 026026001 0280284002 026026
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Table Al. Continued.

Yew T2 T2 123 127 31 35 39 41 4
Lon. —4303 4279 4258 4154 4064 3955 3846 3792 373
1978 - ~ 046046001 6430432001 0350354001 0340344001 0280284001  628028+0.01 024024
1977 - - 0570572001 65051001 0380.38£001 0350354001 0340314001  627027£0.02 0280284
1976 - ~ 0400404001 6390394001 0380384001 0370374001 0280284002 63HQ31L£0.01 6240242
1975 - - 0420423001 6540542001 0420424002 0270274002 0300304001  63+031L£0.01 0340341
1974 - - 0310312001 030030£001 0430434001 0370372001 034034001 0280284001 0250254
1973 - - 033033001 6310314001 0290294001 0260264001 6240244001  623023£0.01 6260204
1972 - - - - 0320324002 0330334002 028028+001 63+031£001 031031+
1971 - - - - 0320.324£0.01  03+0.31+£0.01  0260.26+0.01 0250254001 0.250.25+
1970 - - - - 0280284001 0:280.28+001 028028+0.01 627027£001 025025+
1969 - - - - 0410.4140.01 0320324001  0230.23+0.01 0240244001 022022+
1968 - - - - 030030001  0:280.28+0.01 0280284001 6260264001  0:250.25
1967 - - - - 0290.29+0.01  0280.28+0.01 0280.28+0.01  0280.28+0.01  0.260.26 +
1966 - - - - 0270274001 0310315002 0220224001 0230234001 0490194
1965 - - - - 024024 +0.01  0220.22+0.01 023023+0.01 0220224001 023023+
1964 - - - - 0340344001 6350352001 0340344001 0340341001 6280284
1963 - - - - 0310314001  031031£001  ©6:290.29+001 6290.29+0.01 629029+
962 - - - - 0240244001 6240242001 6200204001 023023 £001 6230234
1961 - - - - 0230234001 0240244001  024024+001 0625025+0.01 023023+
1960 - - - - 02802840.01 6280281001 0270274001 0270274001 6240244
1959 - - - - 0340344001  635035+0.01  0320.32+001 0330334001  0:300.30

Table A2. Pearson’s Correlation Coefficients for Accumulation thufe—‘mlig fPhe—Wr}eexews}gﬂeekfdﬂlﬁest-ﬁ—&ﬂeﬁpafdmemﬁes%fef
%w&pepu%a&eﬁs—whe&ﬂaeﬂbsefva&eﬂ&afeﬁaﬁed 3.pi

Paired

ASIRAS-NP and EGIG-Ground ASIRAS-
EGIG-Ground ASIRAS-NP and Polar MM5

ASIRAS-NP Polar MM5-and RACMO2.3
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Figure 2. ASIRAS radargram of a portion of the forty-seven traced internal reflection horizonstiRHs), or layers, down to 25-20 m depth.
The uppermost layer represents the 2005 accumulation year. The-deepestiayerrepresent1+978-Distance along EGIG corresponds with gray
line in Figare-22?Fig. 6, with 0 km starting at 2700 m on the western slope and 250 km ending below 3200 m on the eastern slope of the
Greenland Ice Sheet. Near-surface-layers-appear-down-to—+0-depth—The left axis shows depth for NP and Internal Reflection Horizons. The

right axis shows two-way travel time of an ASIRAS radar pulse. High-coastal-accumulationrates;evidentfrom-thicker-westernlaye e

Appendix Fig. ' ' -
Vertieal-gray-tinesindicate-the-pesition-and-depth-A 1 for full extend of 15+ tght i as layers across.
EGIG
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Figure 3. Mean annual accumulation rates at 24T21, 27127, 34131, +4—and 43;—T41 from ASIRAS-
NP, RACMO23, MAR, Polar MMS5 Model{Burgessetal;2646), and combined EGIG-Ground measurements from

Anklin-and-Stautfer- (1994 Meorris-and-Wingham-204H-Anklin and Stauffer (1994) and ~ Morris and Wingham (2011) . ASIRAS-NP
and EGIG-Ground accumulation rates from 1985 to 2004 are not statistically different at the four sitest2+—27-3+-and-t4+. Polar MMS5

fluetnation—of-The RCMs underestimate accumulation deereases—from—t2+-compared to t43-as—site-elevationinereases-and-accumulation
rates-stabilize-aeross-ASIRAS-NP, but succeed in tracking the interior-of-the—iee-sheet—The-general agreement-of-the-three-accumulation

rates-demonstrates ASIRAS s-ability to-track-aceumulation-trend across the 250 km EGIG routesegment. Fhetower panels-display-the-mean
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Figure 4. Mean water-equivalent accumulations rates from 1985 to 2004 along EGIG line. Solid dark blue line shows this study’s
ASIRAS-NP accumulation derived from ASIRAS layers and NP densities. Black squares depict mean accumulation from t-sites-T-sites
with NP/Core EGIG-Ground measurements from Anklin-and-Stauffer (1994); Morris-and-Wingham-(20++H)-Anklin and Stauffer (1994) and
Morris and Wingham (2011) spanning +985-t6-2604-1985-2004 (+2+T21, +27T27, +3+T31, F4+T41). Snow accumulation from three
Regional Climate Models, Polar MMS5, MAR, and RACMO2.3 is plotted for comparison. The models generally underestimate accumulation
compared to ASIRAS-ASIRAS-NP and EGIG-Ground ia-site-in situ estimates. Radar-derived accumulation rates are highest near the coast

where density values have the largest range. Standard uncertainties displayed are for accumulation values from 1985 to 2004.
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Figure 5. Mean percentage accumulation difference between ASIRAS-NP and ASIRAS-HL for the upper five (2006-t0-26042000-2004),
lower five (1985-19891985-1989), and +985-t6-2064-1985-2004 layers. In general, differences in accumulation decrease with increasing
depth/age of the layers. ASIRAS-HL accumulation differs from ASIRAS-NP accumulation by 4.5 % for the 1985-t6-2004-1985-2004 period.

The low mean differences across the 250 km EGIG segment indicate that modeled densities provide accurate accumulation estimates in radar

survey regions lacking in-sitt-in situ density measurements.
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Figure Al. ASIRAS radargram of the forty-seven traced internal reflection horizons (IRHs), or layers, down to 30 m depth, The uppermost
layer represents the 2005 accumulation year. The deepest layer represent 1959 Distance along EGIG corresponds with T21 in Fig. 6, with
Okm starting at 2700 m on the western slope and extending beyond 350 km where layer visibility decreases on the eastern slope of the
clevation and orographic deposition of accumulation approaching the ice divide at 210m distance. Topographic effects related to local
surface features (described by Black and Budd, 1964 ) may explain layer undulations. Vertical gray lines indicate the position and depth of
Morris and Wingham (201 1) NP density measurements.
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