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Abstract. In order to better understand the spatial distribu-1 Introduction

tion of subglacial environments, ground-based radar profiling

data were analyzed for a total distance~08300 km across

Dronning Maud Land, East Antarctica. The relationship pe-Subglacial environments of polar ice sheets are characterized
tween geometrically corrected bed returned powg [las by mass and energy _transfers between the _ic_e and its_ sqb-
in decibels and ice thicknes# was examined. Whe# is strate of bedrock, sediment or water. Determining the distri-
smaller than a critical value that varies according to loca-Pution of water at the ice-sheet bed is crucial in many dis-
tion, [PS, Jds tends to decrease relatively smoothly with in- CiPlines of polar science, such as the study of ice motion
creasingH , which is explicable primarily by the cumulative 8Cross tributaries of fast-flowing glaciers towards the inland
effect of dielectric attenuation within the ice. However, at lo- (€-9-Bamber et al.200Q 2006 Bell, 2008 Bennetf 2003
cations whered is larger than the criticalf values, anoma-  Pattyn et al. 2005 Rignot et al, 2011), the possible con-
lous increases and fluctuations iRJ,Jas Were observed, ~(ribution of subglacial melting to the mass balance of the
regardless of the choice of radar frequency or radar-pulséce sheet (e.gPattyn 2010, and locating ice-coring sites to
width. In addition, the amplitude of the fluctuations often reconstruct ancient climaté\plff et al., 2006 Jouzel and
range 10~ 20 dB. We argue that the anomalous increases arélasson-Delmotte2010.

caused by higher bed reflectivity associated with the exis- A recent numerical modelling experiment of the ice-
tence of subglacial water. We used these features to delinsheet thermodynamics showed that 55 % of the grounded
eate frozen and temperate beds. Approximately two-thirds oPart of the Antarctic ice sheet is at pressure melting point,
the investigated area was found to have a temperate bed. THBough this estimate is hampered by insufficient knowledge
beds of the inland part of the ice sheet tend to be temperate®f geothermal heat flowRattyn 2010. Satellite observa-
with the exception of subglacial high mountains. In contrast,fions of ice-sheet surface elevation changes strongly suggest
the beds of coastal areas tend to be frozen, with the exceptiofiovement of subglacial water over timescales of years or
of fast-flowing ice on the subglacial lowland or troughs. We less Smith et al, 2009 Fricker et al, 2007).

argue that this new analytical method can be applied to other More direct approaches to assess the subglacial environ-
regions. ment are airborne and ground-based radar remote sensing

(Carter 2007 Popov and Masolqv2007 Siegert et al.
2005. In addition, several studies have analyzed the re-
flectivity of radio waves at the ice base. This reflectivity
approach has been applied to several areas of Antarctica
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(e.g. Bentley et al. 1998 Carter et al.2009 Christianson 2.2 Factors controlling the bed returned power

etal, 2012 Gades et al200Q Jacobel201Q Langley et al.

201Q Peters et a]2005 Wright et al, 2012 Zirizzottietal, ~ We investigate the bed returned powsddds in decibels as
2012. As for methodology, accurate estimation of basal re-a function of ice thicknes#/ and lateral location. Here, the
f|ectivity requires calibrated radar Sounding data for powerbraCketS indicate values that are expressed in decibels. Af-
detection and reliable estimates of radio-wave attenuationter the two-way travel of the electromagnetic waves between
Attenuation uncertainty introduces uncertainty into the bedthe radar and the ice/bed interfaces, the bed-returned power
reflectivity and thus affects diagnosis of the bed conditions.[ Poedds is expressed as

Recently,Matsuoka et al(2011) argued that in most cases,

based o)r/1 a one-dimensiénal ijc):e fl%w model, variations in bed ’bedds = [Slag + [Rbedlds — [Gslag — [L]as — [Blas. (1)

returned power are dominated by variations in englacial at'where[S]dB is the sum of the instrumental factors related
tenuation rather than bed reflectivity. He argued that both the e.g. transmission power, gains by amplifiers, cable loss
accumulation rate and geothermal heat flux anomalies can inér;tenna gain, antenna areé and refraction |dﬁ§;§dIdB is '
terfer.e with the interpretatioq. Consequently, anglytical rgdarthe reflectivity at the bed:(]qg is loss due to geometric
algorithms thgt havg been widely accepted are Ilkely to y'eldspreading of the electromagnetic waves]d is the loss
large uncertainties in the temperate-frozen diagnosis. due to englacial dielectric attenuation; arkl{g is the loss

In the present paper, we analyse radar returned power Qe to birefringence effects. The terG s is given by
characterize the subglacial environments for a total diSta”C‘f(ZH/ﬁ)z]dB wheres is the dielectric permittivity of ice.
of ~ 3300 km in Dronning Maud Land (DML), East Antarc- e magnitude of§]qs depends on the radar frequency, the
tica (Fig. 1). We observe that the returned power decreasegyength of birefringence in the ice, and the orientation of
as ice becomes thicker, but this relationship is not present 8§, antenna. Even if this effect appears in the real data, the

depths greater than a critical thickness value that varies acg,¢a will simply yield accidental (random) minima iR,
cording to location. We attribute this finding primarily to the which will not cause a systematic biaBuita et al, 2006
difference in bed reflectivity: higher reflectivity is caused by \1atsuoka et a)2009. '

subglacial water. Using this feature, we attempt to delineate 1pq term Roedds depends on the dielectric contrasts and

temperate and frozen beds, and discuss the location of thg, ,ghness between ice and its substrate. Because the dielec-

temperat_e beds in te_rn_ws of surface elgvapon, ice thlcknes%iC permittivity and conductivity of water (e.dRay, 1972

and locations of ice divides or fast-flowing ice. are much higher than those of ice and rocks, Fresnel reflec-

tivity of an ice/water interface is larger than an ice/bedrock

interface by 10-15dB (e.dReters et a].2005. The rough-

ness of the ice/bed interfaces also affe@®gf]qs: interfaces

2.1 Instruments yield larger or smaller values oRped gs if the reflectors are
smoother or rougher, respectively. Since the reflectivity is af-

Three ground-based, pulse-modulated radar sounders wefected by roughness relative to the radio-wave wavelength,

used to gather the data used in this study, as listed in TafRpedgs Can be radar frequency dependent. The transition

ble 1. Two of the radar sounders have a centre frequencgan occur over a short lateral distance because the phase tran-

of 179 MHz (referred to hereinafter as the 179-1 and 179-sition between solid ice and liquid water should be distinct.

2 radars), and the other has 60 MHz (referred to hereinafter as The term [L]ggs is a function of the temperature of ice, the

the 60 radar). Use of these radar systems allows us to invessmount of impurities within the ice, and the propagation path

tigate frequency and pulse-width (vertical resolution) depen-length 2H. The attenuation coefficientdB m~1 is primarily

dences of the bed-returned power. The 179-2 radar and tha function of ice temperaturg, so [L]qs can be written as

60 radar were used previouslyyjita et al, 1999 Matsuoka

et al, 2002. Different pulse widths were chosen depending

on the field season (1996/1997 or 2007/2008) or on the ini{Llds = Zfa(T)dz, (2

tial scientific target of the measurements (internal layers or H

ice thickness). In order to measure the thickness of thick ice,

longer pulses (1000 ns or 500 ns) were chosen. When shortd¢Nerez is the depth axis (positive downward). At radar fre-
pulses were sufficient to detect ice thickness, shorter pulse§Uencies below approximately 600 MHZ]ig is practically
(250 ns or 350 ns) were used. Data with more than two setiNdependent of frequency in the temperature range of the

tings were used to cross-check ice thicknesses and to diad®lar ice sheetsHujita et al, 2000. The temperature field
nose bed conditions. within the ice depends on the boundary conditions and the

internal conditionsMatsuoka et al(2011) suggested that,
based on the results of modelling estimation, spatial varia-
tion of the temperature field should be carefully considered
to estimate L]gs. Only if the boundary conditions such as

2 Methods and study area

0
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Fig. 1. Dronning Maud Land, East Antarctica. Contours show the surface elevation in metres relative to the WGS84 ellipsoid. The background
satellite image is a MODIS mosaic of Antarctiddaran et al.2005. The red lines show the survey routes for the ground-based radar
sounding discussed herein. The traces include the route of the JASE travelrséufid and Fujita2009 Fujita et al, 2011) connecting two

deep ice coring sites, namely, Dome Fuji and EPICA DML. The dotted black lines are radar survey routes not used for radar diagnosis in
this paper. The locations of major sites along the routes are listed in the Supplementary information as Table A. Labelled legs are listed in
Table 2. The thin blue traces represent ice divides that separate drainage basins.

Table 1. Settings of VHF radar systems used to detect bed returned power signals.

Name of radar 179-1 179-2 60
Carrier frequency 179 MHz 179 MHz 60 MHz
Transmitter pulse width 500 ns 350 ns/1000 ns 250ns/1000 ns
Noise floor —115dBnf —115dBm —115dBm
Antenna type 3-element Yagi 3 element Yagi 3-element Yagi
Antenna gain 8.2 di 8.15dBi 7.2dBi
Vertical resolution in icé 42m 30m/89m 21m/85m
Wavelength in ice 0.94m 0.94m 2.8m
Observed legs and used pulse witith P1 (500 ns) P1, P2, P3(350ns) P1, P3 (250 ns), P2 (250 and 1000 ns)
P4, P6, P7 (500ns) P7 (500ns) P4, P6 (1000 ns)
P5 (500 ns) P8 (1000 ns), MW1 (500ns) P8 (1000 ns)
- MW2 (1000 ns) -

- CW (1000 ns) CE (250ns)
- - ME, P9 (250 ns)

2 dBm is a unit of power level in decibels with reference to a power of 1 mW. Receiver sensitivity assumes averaging to reduce the noise level.
b dBiis a unit of antenna gain in decibels with reference to the power of an ideal isotropic antenna.

¢ Vertical resolutions are the wave travel distances for half of the pulse width.

d Numbers in brackets show pulse width used along each leg. See text.

www.the-cryosphere.net/6/1203/2012/ The Cryosphere, 6, 120249 2012
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surface mass balance and geothermal heat flux vary smoothlgre about 2800 km long in total, and the other profiles are

from one location to another, will]gg also vary smoothly 500 km long in total. The continental DEMB&mber et al.

in lateral directions. 2009 was used to calculate surface and bed elevations from
Considering the nature of each of the above terms, wehe radar-derived ice thickness data along the route. The sur-

modify Eq. (1) using geometrically corrected returned powervey routes include two deep ice coring sites: Dome Fuji and

[Pged]dB as follows: EPICA DML. Ice drilling found temperate beds at these sites

(Motoyama 2007 Murshed et a].2007). The survey routes

c —
[Ppeglds = [Poedlas + [Gslas (3 also include four subglacial lakes previously detected using
0 radar dataRopov and Masolg2007). For coordinates of the
= [RpedldB — 2/ a(T)dz 4+ ([S]lds — [BldB)- selected sites along these profiles, see Table A in the Supple-
ment.

H
We defined multiple legs of a few hundred kilometres in

This equation implies that we can indirectly determine thelength, depending on the dynamic conditions of the ice sheet
lateral variation of Rpedgs if the lateral variation of the (Figs. 1 and 2; Table 2), and categorised as plateau (P), mid-
depth-averaged attenuation is minimal. Here, we assume th&eam (M), and coastal (C) legs. P legs have surface eleva-
attenuation varies minimally and smoothly in space. Thisjons higher than~ 3400 m, M legs between 2500 m and
assumption is likely valid, since both ice temperature and,_ 3400m, and C legs below 2500 m. C legs are within
chemistry presumably vary smoothly in space. a few hundred kilometres of the coast. For many legs, data
In this study, we search for locations wherBpiddas  \ith more than two settings were available. Such data were
varies by 10-15dB, which can be associated with the temy,ge 0 investigate the effects of different radio frequencies
perate/frozen boundary of the bed, and radar-frequency deg; gifterent pulse widths. For convenience of discussions in

pendence of the locations and magnitudes of the local variagis paper, we tentatively classify regions of Antarctica into
tions of the returned power. Local variations of bed-returnedy,q following three groups.

power are more likely caused by bed reflectivity than attenu-

ation. (i) Plateau region in the vicinity of the ice divide: There
are nine P legs (P1-P9). Along these legs, the ice thick-
nessH ranges between 1780 m and 3460 m. Except for
P9, the legs lie within approximately 150 km of either
the Dome Fuji summit or the most distinct ice-flow di-
vide of DML (Fig. 1). P9 is located up to 350 km away
from the ice divide. Ice flow speeds are slower than
~2myr! along P1-P8 legsHuybrechts et a).2009
Motoyama et a].2008 Seddik et al.2011) and less than
4myr-1 along the P9 leg\lotoyama et a.2008.

2.3 Initial data processing

The procedures for the initial data processing were as fol-
lows. First, echoes from the bed are tracked so that ice thick-
nessesH is determined based on the two-way travel time
(TWT) from the surface to the ice-sheet bed and the speed
of radio waves within ice. Second, the maximum power as-
sociated with the bed echo is defined @&eljqs. We ex-
tracted peak power of the time-series of echoes from the bed.
Then, the effects of geometric spreading were corrected sd(ii) Midstream regions: The midstream M legs are sub-

that the geometrically corrected bed returned povst Jlas
could be derived. Our instrumental calibration data show that
variations in []gg are less than 2 dB, so that variations in
[Pged]dB arise from variations inRpedgs and [L]gs (EQ. 3).

The data of bottH and [P, Jds Were averaged using a mov-
ing average over a horizontal distance~0®.3 km in order to
increase the signal-to-noise ratio. We rejected data from the
present analysis wherPf, Jqs is within 3dB of the noise
floor, since our instrumental calibration data show that the
returned power uncertainty is larger near the noise floor.

2.4 Study area

Ground-based radar sounding data were collected for a to-
tal distance of~ 3300km across Dronning Maud Land
(Fig. 1). The primary data were collected during the Japanese

Swedish IPY 2007/2008 Antarctic Expedition (JASE tra- (iii)

verse) Holmlund and Fujita2009 Fujita et al, 2011). The
secondary data were collected in the vicinity of Dome Fujiin
1996 and 1997Kuijita et al, 2002 1999. The JASE profiles

The Cryosphere, 6, 12033219 2012

grouped into the western side of the traverse near
EPICA DML (MW1 and MW?2 legs) and the eastern
side of the traverse in the Shirase Glacier drainage basin
(ME legs). Bed echoes were not continuously recorded
along the MW!1 leg so it was excluded from further anal-
ysis. Leg MW?2 is located between EPICA DML and
Site-1 adjacent to the inland mountains. Towards Site-
1, the ice becomes thinner from2900 m to~400m
(Fig. 2) and the ice-flow speed decreases-fiomyr!
(Wesche et al.2007 Rybak et al. 2007). Along the

ME leg, ice thickness varies by 1000 m with a dom-
inant periodicity of~20km and ice flow speeds are
relatively high (up to~18myr1) (Motoyama et al.
1995. These conditions are quite different from the P
and MW?2 legs.

Coastal area: The C legs are also subdivided to eastern
CE and western CW legs. The CW leg is in the vicinity
of nunataks, so ice thickness varies greathy?600 m to

< 100m), and across Veststraumen ice stream (Fig. 1)

www.the-cryosphere.net/6/1203/2012/
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Fig. 2. Cross-sectional plot of the ice sheet. Labelled legs are discussed herein. The abscissa indicates the horizontal distance along the
profiles, and the ordinate indicates the elevation above the WGS84 ellipsoid. The vertical exaggeration is approximately 500 times. The
locations of major sites are shown as vertical dashed lines. The bed elevation (red, blue, and green) was calculated from the surface elevatio
data and ice thickness data extracted from the radar soundingFdgita et al, 1999 2011), and where this dataset does not show the bed
reflection, the data with thick black dashed lines are fidnybrechts et al(2009. The red, blue, and green traces are predicted temperate

bed, frozen bed, and uncertain (or intermediate) bed conditions, respectively, as the diagnosis result of the present work.

Table 2. Segments analyzed in this study.

ID Both ends of Distance (km) Range Bf(m) Range of surface Range of annual
segments elevation (m)  accumulation fate
(kgm~2yr=1)
P1 MD585-DF 151 2040-3450 3680-3800 20-40
P2 DF80—East135 130 2200-3220 3800-3670 20-30
P3 DF-SSW150 156 2050-3430 3800-3650 20-30
P4 DF-RT313 205 2270-3400 3800-3620 20-30
P5 DF-DK261 403 2200-3300 3800-3710 20-40
P6 RT313-MP 312 1780-3450 3620-3660 20-40
P7 MP-NCR62 62 2250-3020 3660-3590 30-40
P8 MP-A38 333 2220-2970 3660-3540 30-40
P9 MD585-MD384 205 2040-3350 3680-3390 40-60
MW2 EPICA DML-Site 1 310 800-2900 2890-2530 40-100
ME MD384-MD170 214 1780-2860 3390-2750 0-80
CW Site 1-Wasa 353 < 100-1900 2100-290 100-370
CE S16-MD170 437 300-2650 590-2750 80-140

2The accumulation data were obtained using stake measurements for the section between S16 and Dome F (Motoyama et al., 2008), ice and
snow radar surveys between Dome F and EPICA DML (Fuijita et al., 2011), and firn-core studies between EPICA DML and Wasa (Rotschky

etal., 2007).

www.the-cryosphere.net/6/1203/2012/
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(Naslund et al.2000. The CE leg crosses a tributary of the hockey sticks: large anomalies in the bed returned power

Shirase Glacier. are found in thicker ice. Data locality represented by lines
between data points in the H-P plot show distinct features:
data in the vicinity of the stick handle show that, as ice thick-

3 Results ness varies locally, the returned power varies as the regional
trend (handle) predicts. In contrast, for thicker ice, data in
3.1 Plateau region legs P1, P2, and P3 the vicinity of the stick heel and toe show that either returned

power varies greatly even if ice thickness varies little along
The relationships between 179-MHRJ, Jas and H along  the radar transect or that the retuned power does not vary lo-
the P1, P2, and P3 legs are shown in Fig. 3a. We hereinafterally even if ice thickness varies significantly along the radar
refer to this type of graph as an H-P plot. The distribution of transect.
the data reveals thaPEed]dB tends to decrease with increas- The anomalous bed returned power is also shown in
ing H. At H >~ 2800 m, Pbceoﬂdgtends to either increase or a more conventional waygS[PgecﬂdB versus locationx,
become independent of ice thickness. Here, we refer to thisrvherea[Pged]dB is defined as the difference between radar-
large-scale tendency of the data distribution as similar to aobserved PS, Jas and the predicted value using the lin-
hockey-stick. The noise floor inP[, Jqs is independent of ear trend in thinner ice (Fig. 3e). We refer to this type of
the two-way travel time, but with geometric correction the plot as an XsP plot. Along P1-3 legsi[ PS.JdB values are
noise floor apparently increases with ice thickness in the H-Reontinuously 10dB over a distance of more than 150 km
plot; the hockey-stick shape is observed 5-10dB above thén the rangex =850-1000 km, and over more than 30 km
noise floor. Ice thickness dependence of 60-MAZ []4s for fromx =1120 km[ PS5, JaB often have anomalous increases
the same legs show a similar hockey-stick shape in Fig. 3c. (transitions) of about 10-15dB at locations near the in-
The spatial distributions aff and [PS,Jds With respectto  creasing point of the H-P plot.
horizontal distance for two different frequencies are given Anomalously high values of[ P, Jas show similar re-
in Fig. 3b for the 179-MHz data and in Fig. 3d for the 60- gional patterns at both 60 MHz and 179 MHz (Fig. 3b and d).
MHz data. We hereinafter refer to this type of graph as anFigure 4 shows relationships betwedff[]qs measured at
X-PH plot. In the X-PH plot, the scales of the left axis for different radar frequencies and different radar pulse widths.
ice thickness and the right axis for the returned power are adThese relationships are nearly linear and the data are scat-
justed using the gradient of the linear least-squares fit in theéered from the linear trend by a few dB at most. This result
H-P plot for the handle of the hockey stick. When ice thick- shows that the hockey-stick feature is fairly common at two
ness and returned power curves fall one over the other in thdifferent radio frequencies and pulse widths.
X-PH plot, the returned power follows the regional trend that
[ PS.Jd decreases linearly with ice thickness (i.e. the handle3.2  Plateau legs P4—P9
of the hockey stick). When these two curves are not close,
the returned power is anomalously high for the ice thicknessThe other inland legs P4, P6, and P7 show similar proper-
corresponding to the toe-heel (plate) of the hockey stick. Thdies to legs P1 to P3 (Fig. 5a—c). The data show a large-scale
ice-thickness range used for the linear approximation in thehockey-stick-like distribution in the H-P plot and anoma-
H-P plots is somewhat arbitrary; for these legs, we fit the datdously highs[ PS, Jds values occur over a distance of more
shallower than 2600 m and the uncertainty related to this arthan 90 km in the range=240-330 km, and over more than
bitrary value is discussed later. 150 km from x =370km. However, there are much fewer
Scaling the two ordinates in the X-PH plot is equivalent data points that constitute the handle of the hockey sticks
to very rough corrections for englacial attenuation and al-compared to the P1-P3 legs (Fig. 3).
lows visualisation of possible anomalies of bed reflectivity Legs P5 and P8, which exactly follow the ice-flow di-
and their location along the radar transects, highlighting vide, show distinctly different features from the other P legs
locations andd values where subglacial conditions alter. (Fig. 5d-f). At a given ice thickness, the§, Jqs values vary
Linear approximation in the H-P plot implicitly assumes more than the other P legs and their mean values are roughly
that the attenuation rates vary minimally and have no depthl0-15 dB larger than the other P legs. In addition, no appar-
dependenceVlatsuoka et a).2017). In reality, the validity of  ent hockey-stick feature is identified and the associated least-
this assumption largely depends on how the data ensemblesquares gradient is poorly defined. To express the X-PH plot
are made. We also used data ensembles for a fixed distander legs P5 and P8, we use the least-squares gradient of the
and for certain glaciological conditions (e.g. ice flow speed).neighbouring legs P4, P6, and P7, which are within 130 km
However, none of these show a significant improvement fromof the P5 and P8 legs. We will discuss the meaning of the
the method presented above. In reality, the H-P plot for a sin-data features in the discussion section.
gle leg can include multiple hockey sticks distributions as- Figure 5g—-i shows plots for the P9 leg. The data have
sociated with the attenuation variations within a leg. Never-a weak hockey-stick-like shape. Although the handle of
theless, Fig. 3a—d clearly demonstrates the bulk feature ofhe hockey stick is short, we tentatively determined the

The Cryosphere, 6, 12033219 2012 www.the-cryosphere.net/6/1203/2012/
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Fig. 3. Variation of the geometrically corrected return power from the ti?&(ﬂdg (dB) in terms of ice thicknes# (a), (c) and location

x (b), (d), along legs P1, P2, and P3 in the vicinity of Dome Fuji. The upper and middle rows show the data collected at radar frequencies
of 60 MHz and 179 MHz, respectively. Ice thicknelsis positive downward. “p.w.” is pulse width. See the text of Section 3 for details.

(e) 5[P§ed]dB (dB) is [Pt?ed]dB — extrapolation of regression line OPtfed]dB (dB) for ice thicknessH. The red, blue, and green traces are
predicted temperate bed, frozen bed, and uncertain (or intermediate) bed conditions, respectively. See discussions in Section 4 for details.
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least-squares gradient féf < 2400 m. The H-P plot shows 3.3 Midstream regions
that, at ice thicknesses greater than 2400 m, local variations
of the returned power are significant although the ice thick-The H-P plot along the MW2 leg has a well-defined hockey-
ness does not vary in the vicinity. This feature correspondsstick shape. Anomalously highPf, Jas values constituting
to remarkably largé[ PS, Jds values over a distance of more the toe to heel of the stick appear at2500 m (Fig. 6a).
than 90 km in the range= 660-810 km. PS, Jds often fluc-  In shallower ice, the depth dependencies of the returned
tuates with an amplitude of 10 dB and within a few kilome- power is different for ice thickness ranges af- 1500 m
tres or less. These features are similar to those observed fand 1500 to~ 2500 m. Since we aim to examine anoma-
the neighbouring P1-P3 legs (Fig. 3). lously high bed returned power at greater depths, we fitted
the data only for the thicker ice ranging betwee500 and
~ 2500 m. The X-PH plot shows virtually identical patterns
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of anomalous returned power if other ice thickness ranges8.4 Coastal area
are used for the fitting; however, alternate fittings give dif-
ferent magnitudes of the anomalous power. Figure 6b show
that the [PS,Jas and H profiles lie one over the other. The
8[ PS.dds is anomalously higher by 10-15 dB afocations
whereH >~ 2500 m, and above a few subglacial mountains:
(Fig. 6¢). An anomalously higB[ S, Jqds value is found at
the EPICA DML ice core site, where ice drilling found a tem-
perate bedNlurshed et al.2007).

Data along the leg ME show different properties (Fig. 6d—
f). For this leg, the hockey-stick shape is ill defined, and
[Pt‘)’ed]dg does not correlate well with increasiitf). The tra-
jectory of the data points in Fig. 6d shows that the bed re-
turned power varies 10-15dB locally even if the ice thick-
ness remains nearly constant, and that the bed returned pow
varies little locally even if ice thickness varies significantly.

ﬁ'he H-P plot for the CE leg shows a well-defined hockey
stick shape (Fig. 7a). The linear least-squares approximation
gives X-PH and X$P plots showing increase Q[Pbed]dg

in inland (Fig. 7b). In leg CE, remarkable increases in
[Pbed]dB occur at some locations (70 kenx < 160 km and

x > 190 km), where the ice flow velocities are faster (see the
flow velocities in Fig. 7b and Supplement Sect. B). Geo-
graphically, this area is located directly upstream of the Soya
Coast, wher&awagaki and Hirakaw@ 997, 2002 observed

a landform of bedrock that has been eroded by subglacial
melt water some time in the past. Foe=~ 250 km, we ob-

g rved no features indicating synchronization between the
variations of [P, Jds and H. This area is located upstream

Such features were typically found not in the handle but |nOf the Shirase Glacier (Fig. 1), through which most of the ice
n this drainage basin flows to the sea. Again, in the lower

the toe and heel of the hockey stick for the P legs. As doné.th hand side of the H-P plot, tracks appear as either near-

for the legs P5 and P8, we used the least-squares gradient oB
vertical or near-horizontal fluctuations.

':ﬁg;dpa;oggtt.he immediate neighbouring P9 leg to develop The CW leg shows anomalously high bed returned power
for ice thicknesses of 1300-1600 m, but not a single hockey
stick can be defined (Fig. 7d). We interpret that this fea-
ture is made of multiple hockey sticks that have heels at
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different ice thicknesses. In leg CW, remarkable increasesemperature in the P legs are taken freox-Maule(2005,

in [PS.Jas occurred along: locations across the Veststrau- Shapiro and Ritzwolle(2004), andComiso(2000.

men ice streamx(=2625-2725km) and another ice stream Integrating the attenuation coefficiengives the two-way
atx =~ 2560 km. In the lower right-hand domain of the H-P attenuation L]qg (2), which is shown in Fig. 8 as a func-
plot, tracks appear as either near-vertical or near-horizontation of ice thickness, and is similar to a H-P plot but not ac-

fluctuations. counting for the bed reflectivity. Since attenuation rates are
. ice-thickness dependent, two-way attenuation does not vary
3.5 General data properties linearly with ice thickness even if the boundary conditions

. . . . ) remain the same. Smaller ice thickness dependencies corre-
This analysis has identified several features in the data Coms'pond to a temperate bed. In the data analysis above, we lin-
mon from the inland to the coast. In most H-P plots, & rep-g4jy approximated the ice thickness dependenc@filus
resentative hockey-stick-like distribution offJds is de- o1 ice thicknesses ranging between 1700 and 2400 m; an

fined. The heel of the stick is located at an ice thicknessgngemple-mean depth-averaged attenuation rate for this ice

ranging between 2600 and 2800m in the inland region (Pyickness range is 4.5 dB krb. Figure 8 also shows power
legs), 2400-2500 m in the midstream areas (leg MW?2), anqgq estimated with this ensemble-mean attenuation rate and
1000-1500m in the coastal area (legs CW and CE). HOWyjith the Jinear least-squares approximation of all ensembles
ever, no exact singlé/ value represents each of the parti- 4 ihe returned power for ice thinner than 2600 m.
tl_(:_ned Iegfs. k[)) ge?]dfooztgr:jga;tel anot_malous mctLea_ses (ran- Figure 8 demonstrates that these two linear approxima-
P pon oo et oo ot o el e T2 ol sl o
frequency or radar pulse width. Local variability ot Jas venations, suggesing el Pocdas cannor pe Immedately
- i interpreted as a proxy of bed reflectivity. However, the heel-
show two distinct phases. One is th&f] Jas tends to be the 46 features of the hockey stick cannot be replicated if the
value predicted with the linear approximation, so the atten-y,,ngary conditions remain unchanged. A considered pos-
uation rate is regionally uniform. The other is that the datagjyjjity is that boundary conditions alter in such a way that
within a given vicinity do not follow this linear prediction: geothermal flux is low (40 mW rr?) for thin ice but high for
[ PoeddB Varies greatly even if the ice thickness varies little (i i ice (60mW nT2) along a 500 km-long radar transect
in the vicinity or vice versa. The latter phase is apparent inj, e yicinity of the flow divide so that the heel-toe features
the vertical and horizontal data trajectories in the H-P plots.c4 pe replicated solely with the attenuation variations due to
The amplitude of the near-vertical fluctuations are often iNgeothermal flux, which we think unlikely. A more likely sce-
the range 10-20dB. nario is that the boundary conditions remain similar but the
ice thickness varies. In this case, the heel-toe features can-
not be predicted by accounting for the two-way attenuation.
Therefore, we argue that the hockey-stick shape is caused
4.1 Primary cause of the anoma|ous|y h|gh returned by alternation of the bed conditions from frozen underlain
power under thicker ice thinner ice to temperate underlain thicker ice. However, the
possible range aff P, Jds that can be caused by attenuation
Our analysis found anomalously larggJ Jqs for thicker  variations largely depends on the variations of geothermal
ice. Such anomalous features can be caused by anomd#lux and surface accumulation rates, so it is impossible to ac-
lous bed reflectivity, englacial attenuation, or both (Eq. 3). curately locate the boundary between frozen and temperate
Here, we model englacial attenuation in the inland regionbeds.
where horizontal advection of heat is minimal so that a one- The bed reflectivity can change with the bed roughness
dimensional heat-flow model can be used to realisticallyin the scale of radio-wave wavelengths and the substance
replicate the depth profiles of ice temperature. These can theat the base. Although the effect of the target (bed) rough-
be used to model englacial attenuation. We do not attempt tmess is radar-frequency dependent (Egng 1994 Ulaby
estimate the attenuation rates accurately, since the boundast al, 1986, our data show that the primary properties of the
conditions, evolution of the ice sheet, and englacial chem-data are independent of radar frequency (Fig. 4a). In terms
istry are not well known. Rather, we examine its qualitative of wavelengths in ice, we used both 0.94m and 2.8 m, be-
behaviour. ing different by a factor of 3. This difference in wavelength
Following Matsuoka et al(2011), we modelled depth pro- gave no detectable effects. Based on this fact, we exclude
files of ice temperature and then the attenuation coefficienbed roughness as a possible major cause of the larger bed
«a for ice thicknesses ranging between 1700 and 3500 m (Tareturned power at great depths.
ble 2), surface accumulation ranging between 20 mm' yr
(ice equivalent) and 60 mm yt (Table 2), geothermal fluxes
of 40, 50, and 60mW ¢, and a surface temperature of
—50° C. Typical values of geothermal fluxes and a surface

4 Discussion
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0 (i) Step 1: the H-P plot diagnosis. The H-P plot diag-
nosis must be performed for each partitioned region
with nearly uniform surface mass balance and ice-flow
speeds. We first check if we can find a large-scale
hockey-stick-like distribution in the H-P plot. Second,

we observe in which of the two distinct phases the local
variability of [Pged]dg can be classified.

-20

-40

-IL bed ] dB

(i) Step 2: the X-PH plot diagnosis and thesR-plot diag-
nosis. Anomalous increases &ffPS, Jds by more than
~5 dB are taken as an indicator of the existence of liquid
water at the bed. As a tentative indicator, if the anoma-
lous increases offfbced]dg are more than 5dB, we di-

1600 2000 2400 2800 3200 3600 agnose that the bed is likely temperate. If the anoma-

H(m) lous increases are 0-5dB, we tentatively diagnose that

: . - the bed is in an uncertain condition or in an interme-
Fig. 8. Ice-thickness variations of power loss caused by two-way . - c
attenuation, which is estimated by NV > H. < N > is the depth- diate condition. It must be ”Ote‘?' th‘wpbed]dB values )
averaged attenuation rate (see Supplement Sect. C). Green, red, Cannot be used as a strongly reliable threshold to delin-
and blue curves show cases for geothermal fluxes of 40, 50, and  €ate frozen or temperate beds because of variability in

-60

60 mW ni 2, respectively. For each geothermal flux, five curves the attenuation term. The anomalous increases (transi-
show the cases for surface mass balance (ice equivalent) of 20mm  tions) of [PS,Jas in the X-PH plot and the XP plot
yr~1 (bottom), 30 mm yr1, 40 mm yr1, 50 mmyr1, and 60 mm are checked again in the H-P plot as the heel positions

yr—1 (top). The gray dotted line shows the power loss estimated of the sticks. This procedure can locate the most likely

with the ensemble-mean attenuation rate derived using model esti-  poundary between the frozen and temperate beds.
mates for ice thicknesses less than 2400 m. The black dotted line

shows the power loss estimated with the attenuation rate derivediii) Step 3: cross-check and collect more circumstantial ev-
with the linear least-square method applied to the modelled results idence. If hockey-stick-like distribution is not identified

for an ice thickness less than 2400 m. in Step 1, comparison of the data with neighbouring legs
may help.
4.2 Empirical methods to diagnose bed conditions (iv) If the procedures above do not provide convincing diag-

nosis, we diagnose that the bed is in an uncertain condi-

Our interpretations of the general data properties described in  tion or in an intermediate condition.

Sect. 3.5 are as follows. In the H-P plots, the representative

hockey-stick-like distribution of PS,Jas is due to superpo- Practically, our procedure delineates temperate/frozen
sition of many hockey-stick-like distributions with different conditions without modelling attenuation of radio waves
thresholdH and [P$,Jds values for onset of the anomalous within ice. Partitioning of the data analysis by leg is equiva-
increases. The variability of the heel position of the stick lent to grouping data that may have similar boundary condi-
is explicable naturally by the variable conditions of the ice tions. We diagnose bed conditions in each leg separately.
sheet. According to the analysis in Sect. 4.1, the gradients

of the regression lines do not indicate the attenuation ratet.3 Delineation of temperate and frozen beds

within ice. Thus, the regression lines in the H-P plots pro- . ) )

vide only tentative baselines to highlight the anomalous in-"e apply the empirical method discussed above to delineate
creases in PC.Jas. The presence of water at the bed is the the Iocatlgn of temperate and frozen beds. Since data proper-
most plausible explanation for the anomalous increases (trarfies are different for each leg, we take slightly different steps
sitions) of [PS, Jds by about 10-15dB at the heel positions fpr ea_ch; the diagnostic steps taken fqr each_ leg are summa-
of the sticks (H-P plot) and atlocations near the increasing rized in Table 3._ The results of the d|agnOS|s. are shown in
point (X-PH plot and XsP plot). Thus, to delineate temper- Several figures: in an %P plot for each leg (Figs. 3, 5, 6,
ate/frozen bed conditions, we need to identify each point in-2nd 7), in H-P plots (Fig. 9), and on the cross-sectional map
dicating an anomalous increase ] Jas in the real data. of t_he ice sheet (Fig. 2). The assessment of each leg is de-
In addition, we interpret that the two distinct phases of the lo-Scribed as follows.

cal variability of [P{, ] ds are indicators of temperate bed and
frozen bed conditions. Based on the interpretations above, wi
propose analytical procedures for delineating bed conditionsT
The overview of the approach is as follows. More details are
given in the Supplement Sect. D.

zel.3.1 Plateau region in the vicinity of the ice divide

he legs P1-P4, P6, and P7 are diagnosed as a mixture
of temperate and frozen beds, depending primarily on the
values of H. The bed is temperate in wide zones where
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Table 3. Methods of diagnosis and results for each leg.

ID Ste? Fraction (%) Fraction (%) Fraction (%) Fraction (%)
diagnosed as diagnosed as diagnosed as  for undetected
temperate bed frozenbed  uncertain or ice thickness
intermediate
conditions

P1 1-2 87 9 4 0
P2 1-2 69 18 13 0
P3 1-2 56 26 18 0
P4 1-2 81 4 7 8
P5 1-3 52 0 7 41
P6 1-2 43 17 10 30
pP7 1-2 55 0 18 27
P8 1-3 57 0 0 43
P9 1-3 64 0 36 0
MW2 1-2 37 27 10 15
ME 1-3 64 0 36 0
Ccw 1-2 19 52 26 3
CE 1-2 76 16 3 5

Total (km) 1819 477 454 516

Total (%) 56 14 14 16

2 Major steps used for the diagnosis.
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Fig. 9. The graphs of the H-P plot are expressed as trajectories of the data from one location to another. The predicted bed condition,
i.e. temperate bed, frozen bed, or uncertain condition, is given. The ID of the leg(s) and the radar settings are indicated on each panel. The
red, blue, and green traces indicate temperate bed, frozen bed, and uncertain conditions, respectively. See text for details.

H >~2800m. Frozen bed conditions only occur where perate bed is qualitatively explicable by the lower surface ac-
H <~2800m in this area. At some locations above sub-cumulation rate above subglacial mountains in this area (
glacial mountains, the bed is diagnosed as temperate evejita et al, 2011 and special ice flow conditions near the ice
whereH is as small as- 2400 m. The presence of this tem- divide (see below in this section). These conditions decrease
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advection of cold ice from the surface. As a result, the bedet al, 1995. Considering the ice sheet topography and the
can be warmer than surrounding areas. bed topography, as shown in Fig. 10, the subglacial water

Along the exact ice divide, the legs P5 and P8 were diag-can flow toward the Shirase Glacier mainly through a trough
nosed only by comparing the’f, J¢s data with the other P zone between Mizuho and MD170. In this trough zone, the
legs. Judging from theHS, Jqds values that were generally bed was diagnosed as entirely temperate based on features of
larger than the frozen beds in the neighbouring legs by up tdhe tracks (Fig. 7a) in which the data have numerous near-
15dB, in addition to the features of the trajectories in the H-Pvertical fluctuations in the toe-heel part of the hockey-stick-
plots, we diagnosed almost all points as temperate. like distribution.

This generally temperate bed along the exact ice divide is In leg CW, we found temperate beds at some trough loca-
explicable by a special ice flow condition known as the Ray-tions underneath active ice flows, as indicated in Fig. 3e and
mond effect Hvidberg 1996 Martin et al, 2009 Raymond f. However, at some neighbouring troughs at2590 km and
1983. In the ice-divide zone, the flow solution changes com- 2740 km, the bed was diagnosed as frozen. This contrasting
pared to the flank flows. The vertical velocity is smaller than situation implies that is not a factor determining the bed
away from the divide, which makes advection of cold ice condition in this leg. We speculate that water supply from
mass from the surface smaller. Consequently, the thermalupstream determines the presence of water at the bed.
insulation effect of the ice sheet occurs more strongly in the
ice divide zone than in flank areas. Therefore, the bed ca@.3.4 Agreement with known information of subglacial
easily reach the pressure melting point. Note that the Ray- conditions
mond effect makes the bed temperate at melting point but
will not strongly affect the temperature gradient within ice. In Fig. 10, we compare the results of the diagnosis with
Geothermal heat flux will be consumed by the heat of fusion,known information related to subglacial conditions, such as
and the Raymond effect should appear primarily in the melt-reported subglacial lake$?¢pov and Masolgv2007) and
ing rate at the baséMartin et al. (2009 demonstrated that boreholes at DF and EPICA DML known to have water at
the strength and spatial distribution of the Raymond effecttheir base {lotoyama 2007 Murshed et a].2007). The re-
depend on the strength of flank flows, the migration historyported locations of subglacial lakes (Lake ID 89, 91, 93, and
of the ice divide, basal sliding, and so on. Further examina-97) and two boreholes all agreed with the results of our diag-
tion of the Raymond effect is provided in the Supplementnosis as temperate. See Table A in the Supplement for exact

Sect. E. locations.
Likewise, for leg P9 the bed was diagnosed as temperate
at locations wheréf >~ 2500 m. 4.4 Spatial distribution of the subglacial environments

4.3.2 Midstream regions

The subglacial conditions were examined in the plotrbf
Along leg MW?2, beds in the subglacial trenches including (ordinate) versus surface elevation (abscissa) for the legs in
the EPICA DML core site are diagnosed as temperate. Temthe Shirase Glacier drainage basin, including the Dome Fuji
perate bed are found at variablé ranges of~ 1500 to  area, and for the legs between Wasa and Dome Fuiji, re-
~ 2400 m. This situation is explained by the transitional dy- spectively, in Fig. 11a and b. We confirm that relatively low
namic conditions from the ice divide near EPICA DML to surface elevation and relatively thick ice are favourable for
the area influenced by the damming effect of the subglaciah temperate bed. Qualitatively, this is explainable by the heat
mountains. balance between advection of a cold ice mass from the ice

The conditions along leg ME are as follows. In neigh- sheet surface and the geothermal heat flux from the bed. A

bouring legs P9 and CE, locations with >~ 2400m and thicker ice sheet acts as a more efficient thermal insulator. In
>~ 1500 m, respectively, are temperate. Therefore, in legDML, the bed inland of the ice sheet tends to be temperate.
ME, locations withH >~ 2400 m are most likely temper- Frozen areas of subglacial high mountains are an exception.
ate. The majority of the data in Fig. 6d show features oftenin contrast, the bed of the coastal areas tends to be frozen. Ar-
observed for a likely-temperate bed condition. For some lo-eas of fast-flowing ice in subglacial lowlands or troughs are
cations wherég? <~ 2000 m, we cannot find clear features to an exception. Thus, we propose a general picture that sub-
diagnose the bed condition, and thus classify it as uncertainglacial water is dominantly produced at the bed of the wide

inland plateau and that the water is discharged to the sea pri-
4.3.3 Coastal regions marily through the bed of the subglacial lowlands or troughs.

Fig. 11a and b demonstrate that such conditions are common
In leg CE, we diagnose that the bedxat- 100 km is tem-  in two contrasting dynamic conditions on both the western
perate. We hypothesize that subglacial water flow is activeand the eastern side of DML.
near Mizuho, where active ice flow and thinning of the ice- The estimated fractions of the temperate and frozen bed
sheet has been reportddde and Naruse€l978 Motoyama  conditions along the legs are listed in Table 3. The temperate
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Fig. 10.Predicted bed conditions are shown on a bed topography map of DML for the same area shown in Fig. 1. The red, blue, and green dots
indicate sites of temperate, frozen, and uncertain bed conditions, respectively. The bed topography map is from the BEDMAP compilation
(Lythe et al, 2007), which does not reflect the new data. The bed elevation is shown by the colour scale. Surface elevation is shown by thin
black contours. Known information related to subglacial conditions is given in the figure.
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Fig. 11. Suggested bed conditions are plotted on graphs of ice thickie@sdinate) versus surface elevation (abscissa). Pdagsnd

(b) are for legs between S16 and the DF area and for legs from Wasa to the DF area, respectively. Frozen dry bed and temperate wet be
conditions are indicated as blue and red traces, respectively. Green traces indicate uncertain bed conditions. The thin black lines represer
published dataHuybrechts et al.2009. The locations of two ice coring sites, i.e. Dome Fuji and EPICA DML, are indicated by yellow
symbols.

bed, frozen beds and beds with uncertain condition comprisérozen bed estimated here is similar to that predicted by the
56 %, 14 % and 14 % of the total leg distance, respectivelyjce-flow model (55 % temperate, 45 % cold over the whole
not including leg MWL1. For the remaining 16 %, ice thick- of Antarctica) Pattyn 2010. We provide a direct compar-
ness was undetected with our radar systems. In such caseaspn between the modelling and our diagnosis in the Sup-
we speculate two conditions: either the ice was too thick forplement Sect. F, which provides good qualitative agreement.
the thickness to be detected or bed reflectivity was small du&Ve argue that the present analysis/diagnosis provides useful
to a frozen bed. The fraction of the temperate bed to theboundary conditions of temperature to ice-flow models.
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Previous studies have shown that the major ice stream sysand surface mass balance. Despite its simplicity, we argue
tems have complex systems of tributaries that extend far inthat this new method presents plausible results. Our analysis
land (e.g.Bamber et al.2006 200Q Bennett 2003 Pat-  shows that at least 56 % and 14 % of the total leg distance
tyn et al, 2005 Rignot et al, 2011). These studies sug- have a temperate and a frozen bed, respectively. The beds
gested that as much as 90% of the discharge from thevith uncertain condition comprise 14 % of the total leg dis-
Antarctic ice sheet drains through a small number of fast-tance (Table 3).
moving ice streams and outlet glaciers fed by catchment Localized water flow in subglacial troughs and lowlands
areas.Rignot et al.(201) presented a digital mosaic of appears to occur due to water production and supply from
ice motion over Antarctica assembled from satellite inter-upstream. Except for such water discharge paths, the remain-
ferometric synthetic-aperture radar data. They emphasizethg areas near the coast are mainly frozen to bedrock.
the importance of basal-slip-dominated tributary flow over Future research efforts should include the compilation of
deformation-dominated ice sheet flow. In the Supplementa subglacial temperate/frozen condition map, similar to the
Sect. B, we compare the results of our radar diagnosis wittBEDMAP bed elevation mag_ythe et al, 2001). Ice sheet
the digital mosaic of ice motion in Antarctica compiled by modelling using the results of the radar diagnosis as the
Rignot et al.(2011). We observe that relatively high/low ve- boundary conditions will be useful for improving the under-
locities are often correlated with diagnosed temperate/frozerstanding of geothermal heat flux. We note that temperate con-
bed, respectively, which supports the argument madeipy  ditions at the bed are favourable for ice thickness detection
not et al.(2011). by radars because the bed reflectivity increases by up to ap-

Bell et al. (2011 found that, in the vicinity of Dome A, proximately 20 dB. This advantage needs to be recognised in
the base of the ice sheet has refrozen ice over 24 % of thelanning future radar surveys of Antarctica.
surveyed area. The subglacial melting likely occurs at an ice
thickness of~ 2900 m (Figs. 2 and 3 iBell et al. (2011)).

Their estimate is comparable with our analysis along the P1Supplementary material related to this article is

P2, and P3 legs. In the vicinity of Dome Fuji, 900 km away available online at: http://www.the-cryosphere.net/6/
from Dome A region, the bed is temperate where the ice1203/2012/tc-6-1203-2012-supplement.pdf
thickness is more thary 2800 m. We found no features that

can be immediately interpreted as the evidence of the sub-

glacial refreezing-like plume described in Bell’'s paper. This

Sprob'aAbly becaus%larﬁe varllatlonj_m the lcefthlcl;nfessbln thchknowledgementsThe JASE traverse was organized by several
ome A area provide thermal conditions preferred for asaorganiza’[ions in Sweden and Japan. The National Institute of

melting and freezing over a short distance, whereas the Domgo|ar Research (NIPR), Tokyo and the Swedish Polar Research
Fuji area has much smoother ice thickness variations, so thgecretariat (SPRS) managed the logistics in Antarctica. The
basal melt water drains to downstream areas rather than bgASE traverse is a research project of the Japanese Antarctic
ing kept locally as refreezing ice. Discharge of subglacial wa-Research Expedition “Studies on systems for climate change and
ter from the inland to the coast is found in the Aurora basinice sheet change, by introducing new observational methods and
(Wright et al, 2012, and we speculate that the subglacial set-technologies. The present §tqdy has been carried out un.der the
ting in the Dome Fuji/Shirase basin is more similar to the Au- Umbrella of TASTE-IDEA within the framework of IPY project
rora basin than Dome A. The threshold ice thickness betweeﬂiz- The present ?tlljldy is also chntﬁbutlon to Il:lf]:s anﬂ ITAdSIE.

; e traverse was fully supported by the teams of the 48th and the
fl'rl‘_r}pera.lte an.d frozgn beds is larger at Dome A than Domérl—gth Japanese Antarctic Research Expeditions led by H. Miyaoka

ji. This regional difference may be caused by geotherma

and S. Imura, respectively. Special thanks to all the traverse
heat flux underneath the Dome A aréeox-Maulg 2005 members for their very generous support during the traverse. The

Shapiro and Ritzwoller2004). paper was much improved by thoughtful comments provided by
A. Wright, O. Eisen, R. Bingham, and J. Bamber. The production
of the present paper was supported by an NIPR publication subsidy.

5 Conclusions The present research was supported by Grant-in-Aid for Scientific
Research (A) 20241007 from the Japan Society for the Promotion

In this study, we have developed an empirical method to deof Science (JSPS).

lineate temperate and frozen beds in Antarctica. This method

examines relationships between ice thickness and bed re=dited by: J. L. Bamber

turned power, spatial patterns of the bed-returned power

anomalously higher than the predicted value using a linear

approximation of the ice thickness dependence of the re-

turned power, and also fluctuation behaviours of the data. We

applied this method to legs roughly 100—400 km in length

with similar glaciological conditions such as ice flow speeds
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