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Abstract

In order to better understand the spatial distribution of subglacial environments,
ground-based radar sounding data for a total distance of ∼ 3300km across Dronning
Maud Land, East Antarctica, were analyzed. The relationship between geometrically
corrected bed returned power [P c

bed]dB in decibels and ice thickness H was examined.5

When H is smaller, [P c
bed]dB was found to decrease simply with increasing H , which

is explicable by the thickness variation of dielectric attenuation. However, an anoma-
lous increase in [P c

bed] dB at larger H occurred, which was independent of the choice of
radar frequencies or radar-pulse widths. We suggest that the existence of water at the
ice/substrate interfaces at larger H caused this anomalous increase. We herein pro-10

pose a new analytical method using these features to delineate frozen and temperate
bed areas. Approximately two-thirds of the investigated area was found to have a tem-
perate bed. Basal melting tends to occur when H is larger and the surface elevation
is lower. In other words, beds inland of the ice sheet tend to be temperate, with the
exception of subglacial high mountains. In contrast, beds of coastal areas tend to be15

frozen, with the exception of fast-flowing ice at subglacial lowland or troughs. These
observations suggest that subglacial water is dominantly produced at the bed of wide
inland plateau and that the water is discharged to the sea dominantly through a bed of
fast-flowing ice. We also found that a 20-km-wide bed in the subglacial high mountains
of an inland plateau near Dome Fuji is frozen, suggesting the existence of very old ice20

above the bed.

1 Introduction

Subglacial environments of polar ice sheets are characterized by mass and energy
transfers between the ice and its substrate of water, bedrock, air, or sediment. De-
termining the distribution of water at the ice-sheet bed is important in many fields of25

polar science (e.g., Priscu et al., 2008; Rémy et al., 2003; Siegert et al., 2011). For
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example, subglacial melting is an important component of mass loss in the mass bal-
ance of the ice sheet. In addition, the existence of subglacial water can influence the
ice/substrate interfaces and hence modulate the dynamic behaviour of ice sheets. It
has been suggested that as much as 90 % of the discharge from the Antarctic ice
sheet is drained through a small number of fast-moving ice streams and outlet glaciers5

fed by catchment areas (e.g., Bamber et al., 2006, 2000; Bennett, 2011; Pattyn et al.,
2005; Rignot et al., 2011). These studies have shown that the major ice stream sys-
tems have complex systems of tributaries that extend far inland. Rignot et al. (2011)
reported nearly complete measurements and maps of ice flows for the entire Antarctic
continent. They demonstrated that these features correspond neither to topographical10

features nor to the magnitude of the gravitational force and the expected rate of vis-
cous flow. Instead, the features revealed that the controlling factor is the variation of
slipperiness of the substrate. In this context, better understanding the slipperiness of
the ice/substrate boundaries is a major step to understanding the Antarctic ice flow.
Moreover, from the viewpoint of microbiology, the existence and distribution of melt wa-15

ter is key to understanding the habitats of microbes. Furthermore, the international ice
core community assessed that ice core records for up to 1.5 Ma ago would be a major
step forward (Wolff et al., 2006; Jouzel and Masson-Delmotte, 2010). For future site
selection, significant preliminary information of subglacial environments from a broad
area of Antarctica is expected.20

Several approaches have been developed in an attempt to better understand the
subglacial conditions of the ice sheet. One of these approaches is numerical mod-
elling of the ice sheet thermodynamics with a priori information of the ice sheet (Pat-
tyn, 2010). Based on sensitivity experiments, Pattyn (2010) estimated that 55 % of
the grounded part of the Antarctic ice sheet is at the pressure melting point. Clearly,25

our knowledge can be increased by a combination of modelling and observational
approaches. At present, major uncertainties concerning the subglacial environments
are related to the temperature field, due to an insufficient knowledge of geothermal
heat flow (Pattyn, 2010). This uncertainty of the temperature field affects accurate
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determination of the basal reflectivity of the radio waves and basal melting. Pattyn
(2010) reported that information on observed zones of melt water production is neces-
sary for improved basal temperature estimates.

One observational approach is to detect features of subglacial lakes from remote
sensing data and compile inventories of these features (Carter, 2007; Popov and Ma-5

solov, 2007; Siegert et al., 2005; Smith et al., 2009). In addition, several studies have
analyzed the reflectivity of radio waves at the base. This reflectivity approach has been
applied to several areas of Antarctica, including Dome C, Lake Vostok, Recovery Lake
area, and the South Pole (e.g., Carter et al., 2009; Langley et al., 2010; Peters et al.,
2005; Zirizzotti et al., 2010, 2012) and areas near ice streams, mostly in West Antarc-10

tica (e.g., Bentley et al., 1998; Jacobel, 2009). As for methodology, accurate estimation
of basal reflectivity requires calibrated radar sounding data for power detection and
reliable estimates of radio wave attenuation within ice by modelling of the vertical tem-
perature field considering chemical constituents within ice (MacGregor et al., 2007).
These requirements mean that any errors in any step of the estimations will introduce15

errors to the final estimate of the reflectivity and thus will affect the diagnosis of the bed
conditions. Recently, Matsuoka et al. (2011) argued that, based on a one-dimensional
ice flow model, in most cases, variations in bed returned power are dominated by
variations in englacial attenuation rather than bed reflectivity. He argued that both ac-
cumulation rate and geothermal flux anomalies can interfere with the interpretation.20

Consequently, analytical radar algorithms that have been widely accepted are likely to
yield false delineations of temperate/frozen beds. Furthermore, he argued that careful
consideration is needed in diagnosing bed conditions and that, in order to improve bed
diagnosis, it is necessary to simultaneously interpret the returned power and englacial
reflector patterns.25

In the present paper, we present analyses of radar returned power from the bed
in order to determine whether bed conditions are temperate or frozen for wide area
of Dronning Maud Land (DML) of East Antarctica (Fig. 1). We observe that the re-
turned power decreases relatively simply with increasing ice thickness when the ice
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is thinner. However, the returned power is anomalously high at greater depths. Since
this feature has regional characteristics, we attributed this feature to the difference in
bed reflectivity. Using this feature of the data, rather than attempting to estimate the
attenuation rates very accurately, we attempted to diagnose relative spatial changes
in bed reflectivity (i.e., water existence at the bed) using the regional characteristics of5

the anomalously high returned power. Ground-based radar sounding data across DML
were used for the analysis. The data are primary from a 2800-km-long traverse from
the Japanese Swedish IPY 2007/2008 Antarctic Expedition (referred to hereinafter as
the JASE traverse) (Holmlund and Fujita, 2009; Fujita et al., 2011) (Fig. 1) in addi-
tion to earlier ground-based radar sounding data acquired in the vicinity of Dome Fuji10

in 1996 and 1997 (Fujita et al., 2002, 1999). The total length of the survey route is
approximately 3300 km. The survey routes include two deep ice coring sites at Dome
Fuji (Watanabe et al., 1999; Motoyama et al., 2007) and at EPICA DML (Oerter et al.,
2004), where the existence of water at the base of the ice sheet is known from ice
coring (Motoyama, 2007; Murshed et al., 2007). The survey routes also include sev-15

eral reported locations of subglacial lakes detected by inspections of earlier airborne
radar sounding data (Popov and Masolov, 2007). For the majority of the investigated
locations, we were able to infer bed conditions. The possible error was estimated to be
within several percent. Through these analyses, we determined how subglacial tem-
perate/frozen environments are likely to be distributed in DML. We then show how they20

are correlated to surface elevation, ice thickness, and locations of ice divides or active
ice flows. Based on analyses of subglacial environments and internal layers, we sug-
gest a candidate area for future deep ice coring, where very old ice strata in DML can
be preserved near the bottom of the ice sheet.

1785

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2 Methods and study area

2.1 Instruments

In order to make observations deep inside the ice sheet, three radar sounders were
used, as listed in Table 1. Two of the radar sounders were 179-MHz pulse-modulated
radars (referred to hereinafter as 179-1 radar and 179-2 radar), and the other radar5

sounder was a pulse-modulated 60-MHz radar (referred to hereinafter as 60 radar). The
179-2 radar and the 60 radar were described previously (Fujita et al., 1999; Matsuoka
et al., 2002). These three radars commonly use a peak power of 1 kW and three-
element Yagi antennae. The 179-1 radar used a pulse of 500 ns to detect reflections
from the bed of the ice sheet and a pulse of 60 ns to detect shallow (ice thickness,10

H <∼ 1500m) internal layers. The 179-2 radar and the 60 radar used longer pulses of
1000 ns, 350 ns, and 250 ns to measure the ice thickness. The settings of the radars for
the present measurement are listed in Table 2 and are discussed later herein. Different
pulse widths were chosen depending on the field season (1996/1997 or 2007/2008) or
on the initial scientific target of the measurements (internal layers or ice thickness). In15

order to measure the ice thickness of thick ice, longer pulses (1000 ns or 500 ns) were
chosen. When shorter pulses were sufficient to detect ice thickness, shorter pulses
(250 ns or 350 ns) were used. Data with more than two settings were also used to
crosscheck ice thicknesses and to diagnosis bed conditions. The ice thickness along
the JASE traverse route was reported previously by Fujita et al. (2011). Continental20

DEM (Bamber et al., 2009) was used to calculate surface and bed elevations along the
route.

2.2 Factors controlling the bed returned power

In order to diagnose the conditions of ice/substrate interfaces, we investigate the be-
haviour of the bed returned power [Pbed]dB in decibels as a function of ice thickness25

H . Here, the brackets indicate numbers that are expressed in decibels. We describe
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the physical background using a radar equation. After the two-way travel of the electro-
magnetic waves between the radar and the ice/substrate interfaces, the bed returned
power [Pbed]dB is expressed as

[Pbed]dB = [S]dB + [Rbed]dB − [Gs]dB − [L]dB − [B]dB (1)

where [S]dB is the sum of the instrumental factors related to, e.g., transmission power,5

gains by amplifiers, cable loss, antenna gain, antenna area, and refraction loss, [Rbed]dB
is the reflectivity at the bed, [Gs]dB is the loss of power due to geometric spreading of
the electromagnetic waves along the propagation paths, [L]dB is the loss of power due
to englacial dielectric attenuation along the propagation paths, and [B]dB is the loss
due to birefringence effects. The term [S]dB is determined by the radar instruments. If10

the radars are stable during field use, we can take [S]dB as constant. The term [Rbed]dB
is determined indirectly from [Pbed]dB. [Rbed]dB depends on the dielectric contrasts be-
tween ice and its substrate, such as bedrock, water, or sediments. Note that, because
of the much larger dielectric properties of water (e.g., Ray, 1972) compared to those
of ice rock, an ice/water boundary has a by 10 to 15 dB larger Fresnel reflectivity than15

an ice/bedrock boundary in a simple geometric condition (e.g., Peters et al., 2005).
Thus, any changes in [Rbed]dB along the survey route will be reflected as changes in
[Pbed]dB. The gradient of changes can be either gradual or exhibit steps/jumps in ex-
treme cases. The roughness of the ice/substrate interfaces also affects [Rbed]dB. For
example, interfaces yield larger or smaller values of [Rbed]dB if the reflectors are flat20

(smooth) or inclined (rough). The term [Gs]dB is proportional to the square of the prop-
agation length. Thus, [Gs]dB is [(2H/

√
ε)2]dB in case of the present ground-based radar

sounding, where ε is the dielectric permittivity of ice. The term [L]dB is a function of the
temperature of ice, the amount of impurities within ice, and the propagation length 2H .
When the attenuation coefficient α dBm−1 is a function of temperature T , [L]dB can be25
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written as follows:

[L]dB = 2

0∫
H

α(T )dz (2)

where z is the depth axis (positive downward). At radar frequencies below approxi-
mately 600 MHz, [L]dB is practically independent of frequency in the temperature range
of the polar ice sheets (Fujita et al., 2000). In addition, if the temperature field does not5

vary dramatically from one location to another within the ice sheet, we can expect that
[L]dB will have a smooth distribution that is approximately proportional to H . However,
as Matsuoka et al. (2011) suggested based on the results of modelling estimation,
this will not be always the case. Thus, [L]dB is a factor that varies depending on the
boundary conditions and the internal conditions. In the case of a fast ice flow above10

undulating bedrock topography, the dynamic conditions also fluctuate with temperature
field. The term [B]dB can appear depending on the radio frequency, the strength of
birefringence in the ice, and the orientation of the antenna. The probabilities of signal
extinction of returned powers of 3, 5, and 10 dB are 20 %, 12 %, and 3 %, respectively,
for accidental (random) occurrence (Fujita et al., 2006). This effect can be mitigated if15

radar polarization is chosen properly, i.e., along ice divides, elevation contour lines, or
flow lines (Fujita et al., 2006; Matsuoka et al., 2009). In such cases, the orientations
of the radar polarization are close to the principal axes of the strain, where the bire-
fringence effect is minimized. Even if the effect appears in the real data, the data will
simply yield accidental (random) minima in [B]dB, which will not cause a systematic20

bias in [B]dB.
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Considering the nature of each of the above terms, we modify Eq. (1) using geomet-
rically corrected bed returned power [P c

bed]dB, as follows:

[P c
bed]dB = [Pbed]dB + [Gs]dB

= [Rbed]dB −2

0∫
H

α(T )dz+ ([S]dB − [B]dB) (3)

5

where the last two terms in brackets are either constant or are ignored. This equa-
tion implies that we can indirectly determine the relative variation of [Rbed]dB along
the traverse route if the lateral variation of the depth-averaged attenuation is minimal.
Again, note that accurate determination of α(T ) requires reliable estimation of the depth
profiles of both temperature and concentration of chemical impurities. Since the con-10

centration of chemical impurities is determined by the deposition of aerosols, we can
assume that the concentration can only change smoothly in the horizontal direction. If
the lateral variation of temperature disturbs the smoothness of α(T ) in the horizontal di-
rection, as reported by Matsuoka et al. (2011), then the lateral variation of temperature
will affect the inference of the variation of [Rbed]dB in the lateral direction. Considering15

this potential risk, we herein examine the lateral variation of [P c
bed]dB in order to infer

[Rbed]dB using real data.

2.3 Initial data processing

The procedures for the initial data processing were as follows. First, the data sets for
the two-way travel time (TWT) from the surface to the bottom of the ice sheet were20

established. Then, ice thicknesses H were determined based on the speed of radio
waves within ice and calibration data obtained using an ice coring hole. Second, the
returned peak- power from the bed [Pbed]dB in decibels was extracted. Then, the effects
of geometric spreading were corrected using the value of H at each site, and the geo-
metrically corrected bed returned power [P c

bed]dB in decibels was derived. Finally, data25
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sets of the relationship between H and [P c
bed]dB were established for all of the routes.

The data were averaged using a moving average over a horizontal distance of ∼ 0.3km
in order to remove local fluctuations and to reduce the noise level. For the analysis of
the present paper, data within 3 dB of the noise floor of the radars were rejected from
the analysis of [Pbed]dB in order to avoid potential errors due to the possible non-linearity5

of the calibration curves near the noise floor.

2.4 Study area

Figure 1 shows the routes of the inland traverse at which ground-based radar sounding
was performed. Most of the data are from the JASE traverse. The settings of the radars
for each leg are listed in Table 1, and names and coordinates of the selected sites are10

listed in Table 2. For convenience with respect to the data analysis and discussion, 14
legs of a few-hundred-kilometres in length were defined, depending on the dynamic
conditions of the ice sheet. These legs are labelled from A1 to F2 on the map in Fig. 1
and the cross section of the ice sheet in Fig. 2. Additional information is given in Table 3.
A 150-km-long leg (A2) SSW of Dome Fuji and a 130-km long leg (A3) to the east of15

Dome Fuji were investigated in 1996 (Fujita et al., 1999, 2002). The distribution of the
routes is characterized by several contrasting dynamic conditions of the ice sheet as
explained below. For many legs, data with more than two settings were available. Such
data were used to investigate the effects of different radio frequencies or different pulse
widths.20

(i) Vicinity of the Dome Fuji summit

Legs A1, A2, and A3 are within approximately 150 km from the Dome Fuji summit.
Although these legs contain locations in the vicinity of ice divides, most of these
locations are somewhat distant from the exact (within the length of the ice thick-
ness) ice divide. An exception is the Dome Fuji summit at the centre of these three25

legs. Ice flows with velocities of less than approximately 2 myr−1 along these legs
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(Huybrechts et al., 2009; Motoyama et al., 2008; Seddik et al., 2011). Ice thick-
ness ranges between approximately 2040 m and 3450 m.

(ii) Vicinity of the ice divide between Dome Fuji and EPICA DML core site

Legs B1, B2, and B3 are located to the south of the ice divide connecting Dome
Fuji and the meeting point (MP) of the Japanese team and Swedish team in the5

2007/2008 field season. These legs are located within approximately 130 km from
the ice divide. Two exceptions are the Dome Fuji summit and the MP, which are
located on the exact ice divide. The ice thickness ranges between approximately
1850 m and 3460 m. Leg B3 runs between the MP and NCR62, approximately
60 km from the ice divide.10

(iii) Sites along the exact ice divide

Legs C1 and C2 connect Dome Fuji, the MP, and S28 almost exactly along the
main ice divide of DML. These legs are characterized by very slow ice flow veloc-
ities that are well below approximately 0.2 myr−1 (Huybrechts et al., 2009) along
the ice divide. This area is probably subject to the Raymond effect localized in15

the vicinity of the flow divide (Hvidberg, 1996; Raymond, 1983). The ice thick-
ness ranges between approximately 2050 m and 3300 m. Leg C3 is an ice divide
branch that originated from A28. For some reason, the radar system settings for
179-2 (500 ns) were often insufficient to detect echoes from the bed (see Fig. 2d).
As a result of the insufficient information of bed echoes in this leg, we will not in-20

clude this leg in the diagnosis of the bed condition in the present paper. However,
prominent internal layers were detected, as shown in Fig. 2d.

(iv) Upstream of inland mountains impeding ice flow

Leg D is located between EPICA DML and Site 1 and is characterized by large
changes in ice thickness from approximately 2900 m to 400 m (see Fig. 2) and25

slow ice flows (approximately 1 myr−1) (Wesche et al., 2007; Rybak et al., 2007).
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(v) Legs E1 and E2: the coastal areas of the ice sheet

Leg E1 is located near the coast of the ice sheet in Western DML. The leg con-
nects an area of Heimefrontfjella (Heimefront Range) and the Swedish Wasa Sta-
tion. Leg E2 is located near the coast of the ice sheet in Eastern DML. These legs
connect S16, Mizuho, and MD170. These legs are also characterized by large5

changes in ice thickness (from approximately 2500 m to < 100 m) and surface el-
evation (from approximately 2800 m to 200 m). In addition, there are local areas
in which the ice flow velocity is high compared to the surroundings (Motoyama
et al., 1995; Näslund et al., 2000). An apparent ice stream is known to exist at the
Veststraumen ice stream, near the Swedish Svea Station (Fig. 1) (Näslund et al.,10

2000).

(vi) Legs F1 and F2: mid-stream area

Legs F1 and F2 are characterized by large fluctuations in ice thickness (Fig. 2,
with an amplitude of approximately 1000 m and a periodicity of approximately
20 km) and relatively high ice flow velocities of up to approximately 18 myr−1 (Mo-15

toyama et al., 1995). These conditions are quite different from the other legs in
the polar plateau, for which the ice flow velocity is well below a few meters per
year (Huybrechts et al., 2009).

In addition to the distribution of ice thickness, we present one of the isochrones
(englacial radar reflectors) that was detected by radar in Fig. 2. The reflector appeared20

continuously along almost all of the radar profiles across DML. The depth at the Dome
Fuji ice coring site is 1171 (±10) m, which is dated to be 73.3 (±4) kyr BP based on the
dating of the Dome Fuji ice core (Parrenin et al., 2007). Using the 179-2 radar, we also
identified that the same layer is located at a depth of 1882 (±10) m at EPICA DML. The
depth is dated to be 73.6 (±4) kyr BP based on the dating of the EPICA DML ice core25

(Ruth et al., 2007). This englacial reflection layer is likely caused by the Toba super-
eruption that occurred sometime between 69 ka and 77 ka ago at Lake Toba (Sumatra,
Indonesia) (Chesner et al., 1991; Ninkovich et al., 1978).
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3 Results

3.1 Vicinity of the Dome Fuji summit

Figure 3a, c show the relationships between [P c
bed]dB and H along the “A” legs. We

hereinafter refer to this type of graph as a H-P plot. The results for two different fre-
quencies are shown in Fig. 3a, c. The distribution of the data reveals that [P c

bed]dB5

tends to decrease with increasing H . At H greater than approximately 2800 m, [P c
bed]dB

tends to increase or to become independent of ice thickness, despite increasing H .
Here, we discuss only signals that are well above the noise floor. Thus, the features
of the data here are not caused by the noise floor, as indicated by blue lines in the
graphs of Fig. 3a, c. Figure 3b, d show the spatial distributions of H and [P c

bed]dB with10

respect to horizontal distance x for two different frequencies. We hereinafter refer to
this type of graph as an X-PH plot. An important feature of Fig. 3b, d is that we ad-
justed the scales of the left-hand and right-hand axes using the gradient of a regres-
sion line found in the region of thinner ice (<∼ 2800m) of the H-P plot, as indicated
by the red lines in Fig. 3a, c. The range of H for the regression line was determined15

such that the analysis is virtually unaffected by the values of [P c
bed]dB, which increased

near H of approximately 2,800 m. For this purpose, the range of H was chosen to be
between approximately 2000 m and 2600 m. This method of scaling in X-PH plots high-
lighted locations at which [P c

bed]dB increases with increasing H in the region of thicker
ice (>∼ 2800m), which enables us to examine the characteristics of the data in a point-20

by-point manner. We find that the data for the two different frequencies are very similar
in Fig. 3b, d, even with respect to some of the minute details of the fluctuations. In order
to determine whether there are systematic frequency dependences, a scatter plot of
[P c

bed]dB (60 MHz, 250 ns) versus [P c
bed]dB (179 MHz, 350 ns) is presented in Fig. 4a. All

of the data points in Fig. 3 are plotted in Fig. 4a. The data distribution is found to be25

linear and the data are scattered from the linear trend by a few dB at most. In other
words, as shown in the panels, the distribution having increases at large H is fairly com-
mon at two different radio frequencies. As an observational fact, the variations of the
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[P c
bed]dB are independent of the choice of radio frequency. This supports the argument

that the effect of birefringence [B]dB is negligible along the series A legs. In addition, at
each of the two frequencies, 60 MHz and 179 MHz, the variations (the increase for H
larger than approximately 2800 m) of [P c

bed]dB are independent of the radar pulse width.
Two examples are shown in Fig. 4b, c. Figure 4b is a scatter plot of [P c

bed]dB (60 MHz,5

1000 ns) versus [P c
bed]dB (60 MHz, 250 ns) for leg A3, and Fig. 4c is a scatter plot of

[P c
bed]dB (179 MHz, 350 ns) versus [P c

bed]dB (179 MHz, 250 ns) for leg A1. Once again,
the data distribution is fairly linear, and the data are scattered from the linear trend by
a few dB at most. Therefore, the increase that occurs for H larger than approximately
2800 m is also independent of the choice of radar pulse width.10

Remarkably large [P c
bed]dB values are found in the approximate range of x = 850km

to 1000 km and at x greater than 1120 km in Fig. 3b, d. The deviation from the regres-
sion line sometimes exceeds approximately 20 dB in the scale of the [P c

bed]dB. Another
example of remarkably large [P c

bed]dB is the location indicated as East 95. Note that
a location in the vicinity of the site East 95 was reported by Popov and Masolov (2007)15

as a site of a subglacial lake (Lake ID 97 in their paper) detected using their airborne
radar sounding data. This location is shown on the map in Fig. 11.

3.2 Vicinity of the ice divide

Figure 5a is a H-P plot along the series B legs. Again, two different frequencies were
used. Since we also confirmed the linearity and similarity between the data for the20

different frequencies, we will present the data for only one of the frequencies through-
out the remainder of the present paper. The distribution of the data again exhibits an
increase in [P c

bed]dB at large H . Compared with Fig. 3a, there are fewer data points
for smaller H and more data points for larger H . Figure 5b is the X-PH plot along the
same legs. Again, the regression line in the H-P plot (Fig. 5a) shows the left-hand and25

right-hand scales of the X-PH plot. The range of H for the regression analysis was
again less than 2600 m. In Fig. 5a, remarkably high peaks of [P c

bed]dB were observed
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at H =∼ 3300m. In Fig. 5b, these peaks occur over an area approximately 25 km wide
near RT411 (see Table 2 for the exact location). Again, this location was reported by
Popov and Masolov (2007) as the site of a subglacial lake (Lake ID 89 in their paper.
See Fig. 11 of the present paper). As shown in Fig. 5b, the profiles of [P c

bed]dB exhibit
large deviations from the profiles of H when H is large. Remarkable examples are found5

in the approximate ranges of x = 190 km to 350 km and 410 km to DF, and along leg
E3 from the MP to NCR62. The deviation from the regression line sometimes exceeds
approximately 20 dB in the scale of [P c

bed]dB. Site RT313 and NCR62 are the locations
of subglacial lakes, which were reported by Popov and Masolov (2007) as Lake ID 93
and Lake ID 91.10

3.3 Sites along the exact ice divide

Figure 5c shows a H-P plot along legs C1 and C2. The distribution of the data is
markedly different from the distribution in the series A and B neighbouring legs. One of
the difference is that, for given values of H , the data points tend to have [P c

bed]dB values
that are higher than those of the neighbouring legs by approximately 10 to 15 dB. In15

addition, we do not find any inflection, i.e., sudden increase at H = 2800m. Moreover,
for given values of H , the variability of [P c

bed]dB is greater than in the neighbouring
legs. In contrast, at H >∼ 2800m, values of [P c

bed]dB are as high as in the data for
the series A and B neighbouring legs. Considering all of these features, we assume
that the major source of the difference between legs C1 and C2 and the neighbouring20

legs is [Rbed]dB and not the conditions of the attenuation term in Eq. (3). If the major
cause is the attenuation term, the influence should also appear in the [P c

bed]dB values
for H >∼ 2800m. Therefore, we assume that the [Rbed]dB values for H <∼ 2800m are
not the same as those in the neighbouring legs. Based on this assumption, we use
the regression line of the series B legs to make the X-PH plot for legs C1 and C225

comparable with the X-PH plot for the neighbouring legs. We will discuss the meaning
of the data features in the discussion section later herein.
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3.4 Upstream of inland mountains

Figure 6a, b shows the H-P and X-PH plots along leg D. The results from radar 179-2
obtained using a 1000-ns pulse are shown. The distribution shown in Fig. 6a increases
at a H of approximately 2600 m. In order to extract the distribution of the data well
above the increase depth, we explored the range of H for the regression line and found5

that the range of H = 1500 to 2500 m is virtually unaffected by the increase and rep-
resents well the data distribution. Using the regression line, we scaled the axes of the
X-PH plot in Fig. 6b. The profiles of [P c

bed]dB and H agree well at x locations of smaller
H . However, the [P c

bed]dB values deviate from the regression line by 10 to 15 dB at x
locations at which H is greater than approximately 2500 m as well as above a few10

subglacial mountains in the range of x = 2350 m to 2450 m. The EPICA DML site is
located in such a region, in which the [P c

bed] dB values deviated by approximately 15 dB
from the regression line.

3.5 Coastal area

Figure 6c, e shows the H-P plots along legs E1 and E2, respectively. In these figures,15

the distribution increases at H of approximately 1000 m and approximately 1500 m,
respectively. The regression lines were again investigated in order to ensure that the
gradient was virtually unaffected by the increases and represents the data distribu-
tions for smaller H . The ranges for the regression lines were chosen as the red lines
in Fig. 6c, e. Figure 6d, f show the X-PH plots for these regression lines, which clearly20

indicate the x locations at which the profiles of [P c
bed]dB and H agree or disagree. In leg

E1, disagreement occurred at locations at which the traverse route crossed the Vest-
straumen ice stream (Näslund et al., 2000) (2625km < x < 2725km) and another ice
stream at x =∼ 2560km. In leg E2, on the marginal side of the ice sheet (x < 100km),
the profiles of [P c

bed]dB and H agree. However, these profiles disagree at some loca-25

tions (100km < x < 160km and x > 190km), where the ice flow velocities are known
to be faster (see the flow velocities in Fig. 6f). Geographically, this area is located

1796



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

directly upstream of the Soya Coast, where Sawagaki and Hirakawa (1997, 2002) ob-
served a landform of bedrock that appears to have been eroded by subglacial melt
water sometime in the past. For x >∼ 250km, we observed no features indicating syn-
chronization between the variations of [P c

bed]dB and H . This area is located upstream
of the Shirase Glacier (Fig. 1), where most of the ice flows across this drainage basin5

(drainage basins are delineated by thin blue lines in Fig. 1) to the sea.

3.6 Mid-stream areas

Figure 7a, c shows the H-P plots of legs F1 and F2, respectively. For these legs, we
can find neither a clear decrease in [P c

bed]dB with increasing H nor a clear increase in
[P c

bed]dB at large H . As for leg F1, Fig. 7a shows a distribution of data that is similar10

to the distributions in the series A neighbouring legs in Fig. 3. In other words, there is
a slope at H <∼ 2400m. At H >∼ 2400m, [P c

bed]dB fluctuates or increases slightly with
increasing H . As for leg F2, Fig. 7c shows the fluctuation of [P c

bed]dB with respect to
H with slightly increased [P c

bed]dB on the left. The amplitude of fluctuation in [P c
bed]dB is

approximately 15 dB, which is greater than that in leg F1, which is approximately 10 dB.15

Along leg F1, the X-PH plot is given in Fig. 7b using the regression line determined
in Fig. 7a, so that the gradient is as large as that for the series A neighbouring legs.
In Fig. 7b, agreement is found at the most inland part at x >∼ 820km. At x <∼ 820km,
good correlation is not found between the fluctuations of H and [P c

bed]dB. Within the
given scale of the axes, [P c

bed]dB fluctuates more than H . This feature is similar to that20

observed for the series A neighbouring legs (Fig. 3).
As for leg F2, it is not possible to identify ranges of H that are suitable for producing

a linear regression line. However, we attempted to produce an X-PH plot in order to
compare the fluctuations of H and [P c

bed]dB with respect to x. Figure 7d shows the
X-PH plot for leg F2. We simply adjusted the scales of the left and right axes using25

the same gradient as in leg F1. Along the leg, fluctuations of both H and [P c
bed]dB are

similar in scale, approximately 10 to 20 km. However, within the given scale of the axes,
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the fluctuation of [P c
bed]dB is greater than that of H . Small scale features do not agree

between the fluctuations of H and [P c
bed]dB along leg F2. [P c

bed]dB fluctuates by 10 to
20 dB. Sharp peaks of [P c

bed]dB with widths of approximately 1 km to several kilometres
often appear at locations of subglacial mountains.

3.7 Results summary5

In summary, the general data properties are as follows.

(i) The H-P plots show that [P c
bed]dB decreases as the ice becomes thicker. This trend

is observed only when the ice is thinner than a certain value, H0, which ranges
between 2600 m and 2800 m in the inland region (series A, B, and C legs) and is
approximately 2400 to 2500 m in the midstream areas (series D and F legs) and10

approximately 1000 to 1500 m in the coastal area (series E legs).

(ii) In these areas, [P c
bed]dB has a different depth dependence at depths greater than

H0. If the depth dependence in the shallower ice continues beyond H0, it is very
likely that the bed will not be detected by the radars used in the present study.

(iii) We analyze these features only if the bed returned power is 3 dB greater than the15

noise level in the geometrically corrected returned power, which increases slightly
with ice thickness. Therefore, the observed data features are robust.

(iv) These features are nearly independent of the radar frequency and radar pulse
width.

(v) In the mid-stream areas, it was difficult to find clear features of (i) and (ii).20

(vi) We linearly approximate the depth variation of [P c
bed]dB at depths of less than H0.

The gradient of this linear approximation is used to scale the relationship between
ice thickness and returned power in the X-PH plots.
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(vii) The gradient can be different if data for a different depth range are used for the ap-
proximation. However, the ambiguity of the analysis does not change the regional
pattern of the X-PH plot.

(viii) A large difference between the measured [P c
bed]dB and the value predicted by ex-

trapolation of the linear approximation above is found over continuous distances5

of more than 100 to 200 km in most areas, which indicates that this feature is
related more to the regional glaciological conditions.

4 Discussion

4.1 Empirical methods to diagnose bed conditions

Based on the observations described in Sect. 3, we assess the subglacial environ-10

ments along the radar profiles. Concretely, we attempt to identify both temperate and
frozen beds by analyzing various features of [P c

bed]dB fluctuations as functions of H and
x. In the following, we discuss the types of behaviours expected for the radar returned
power and basal reflectivity in order to develop analytical procedures for assessing bed
conditions (temperate or frozen). Although more complicated situations can occur, the15

goal is to develop an analytical method for distinct cases.
When the depth-averaged attenuation rate is uniform over a surveyed leg, the total

attenuation associated with the reflection from the bed is proportional to the ice thick-
ness H . When the bed reflectivity is also approximately uniform (either temperate or
frozen), the geometrically corrected returned power [P c

bed]dB decreases linearly with ice20

thickness H . Continental ice-flow modelling predicts that the base of the ice sheet is
melting in the majority of the inland area (Pattyn, 2010). Smaller surface accumulation
and thicker inland ice cause the effects of cold-ice advection from the surface to be less
significant than those in the coastal area. Although the geothermal flux remains largely
unknown in Antarctica, ensemble experiments reveal that the above view is consistent,25

regardless of the uncertainty in the geothermal flux.
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Radar data from the inland area (series A and B legs) reveal that the linear decrease
in [P c

bed]dB appears only to a certain ice thickness H0. We derived the least-squares-fit
slope of this portion of the data. If bed reflectivity is uniform, half of this slope gives
the one-way depth-averaged attenuation rate < N > (Table 4). For series A legs, < N >
can be calculated as 12 dB km−1 when the ice thickness ranges between 2050 m and5

2600 m. Provided that < N > is uniform regardless of the ice thickness over the se-
ries A legs, the expected bed returned power is −45 dB when the ice is 3200 m thick
(see Fig. 3a). When the ice is 800 m thicker, from 2600 m to 3200 m, with all other fac-
tors remaining unchanged, the depth-averaged attenuation rate can be larger, but only
slightly (Matsuoka et al., 2011). For instance, when < N > differs by 2 dBkm−1 one10

way, an 800-m increase in the ice thickness gives a 3.2 dB larger attenuation, which
cannot explain the observed bed returned power. Therefore, we believe that the larger
bed returned power at greater depths are caused primarily by the larger bed reflec-
tivity, rather than regional variations in other factors. The bed reflectivity can change
with the bed roughness in the scale of radio-wave wavelengths and the substance at15

the base. Although the effect of the bed roughness is radar-frequency dependent, our
data show that the features mentioned above are in essence radar-frequency indepen-
dent. Therefore, we argue that the larger bed returned power from greater depths is
caused by the presence of water, rather than variations in englacial attenuation or bed
roughness.20

Depth-averaged attenuation rates derived from the slope of the H-P plot depend
weakly on the range of the ice thickness. We examined the sensitivity of the bed diag-
nosis in terms of the choice of the depth range for attenuation-rate estimates and found
that the regional pattern of the temperate/frozen beds remains unchanged regardless
of the choice of the thickness range.25

Based on the behaviours expected for the radar returned power and basal reflectivity,
we propose the analytical procedure shown in Fig. 8 for assessing bed conditions. The
basic steps are as follows, and the details are provided in Fig. 8. Step 1: preliminary
observation of the data using the H-P plot. Step 2: check whether the gradient of the
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regression lines are explicable by dielectric attenuation within ice. Step 3: diagnose the
temperate and frozen conditions using the X-PH plot point by point for each location
x. Step 4: if ambiguity remains or further information is necessary, we perform cross
checks and collect more information of circumstantial evidence. Step 5: check for the
features caused by possible sources of errors. We check from one leg to another how5

well the proposed procedure works.

4.2 Diagnosis of the subglacial environment

4.2.1 Vicinity of Dome Fuji summit

As described in Sect. 3.1, these legs were characterized by a linear decrease in [P c
bed]dB

with increasing H in the range of H <∼ 2800m. The gradient of the linear distribution10

was reasonably explained by the attenuation coefficient within ice, as shown in Table 4.
Based on these conditions, we distinguished between a temperate bed and a frozen
bed using the X-PH plot of Fig. 3b, d. We diagnosed point by point whether the data
point belongs within a shallower linear distribution or to deviated points that are often
found at deeper depths. The results of the diagnosis are shown in a few different types15

of data plot. In Fig. 9a, the results of the diagnosis are shown in the H-P plot by blue
dots for the frozen bed and red dots for the temperate bed. On the cross-sectional
map of the ice sheet in Fig. 10 and the bed topography map of DML in Fig. 11, we
expressed the bed conditions using the blue and red dots again. Note that the series
A legs were investigated by several different radar settings, as listed in Table 1. These20

different settings yielded consistent diagnosis results. As for the error probability, we
estimate that the error could occur only near the temperate/frozen boundaries. We
estimate the error rate at approximately 3 %. The statistics for the diagnosis results are
listed in Table 5.

The results of the diagnosis for the series A legs suggest that these legs are charac-25

terized by a mixture of temperate and frozen beds, depending primarily on the values
of H . The diagnosis results are in agreement with the reported distribution of subglacial
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lakes and bed conditions of the deep ice coring hole. Data suggest that the bed is sat-
urated with liquid water in wide zones when H >∼ 2800m. There are frozen conditions
only when H <∼ 2800m in this area. At some locations above subglacial mountains,
the bed is temperate, even if H is as small as approximately 2400 m. We believe that
this temperate bed in shallow conditions occurred due to a special ice flow condition5

at ice divides known as the Raymond effect (Hvidberg, 1996; Raymond, 1983). Our
interpretation of this phenomenon is as follows. The deformation in ice in the vicinity
of ice divides is different from that in the vicinity of sheet flow. In the ice-divide zone,
the surface slope drops to zero and the flow solution changes. The longitudinal strain
rate is high, especially in the upper layers, and the vertical velocity is smaller than away10

from the divide. The horizontal shear strain increases gradually down to the bed and
is less concentrated at the centre of the ice divide in comparison to the flanks. The
vertical velocity smaller than away from the divide make advection of cold ice mass
from the surface smaller. Then, at some locations directly above subglacial mountains,
the thermal-insulation effect of the ice sheet appears more strongly than in flank areas,15

in which the vertical flow velocity is larger. The ice/bed interface can then reach the
pressure melting point due to the accumulation of geothermal heat flux. Therefore, the
basal temperature appears to depend on how each site is affected by the Raymond
effect. The Raymond effect will be discussed further for the series B and C legs be-
cause ice divides are included in these legs. Note that the Raymond effect makes the20

bed temperate at the melting point but will not affect the temperature gradient within
ice strongly. This is because, in any case, the bed temperature can never be higher
than the pressure melting point. Geothermal heat flux will be consumed by the heat of
fusion, and the Raymond effect should appear primarily in the melting rate at the base.

4.2.2 Vicinity of the ice divide25

The diagnosis procedure and the presentation methods are the same as in the series
A legs (see Figs. 9b, 10, and 11 and Table 5). The series B legs are the neighbour-
ing and continuous legs of series A. Thus, the diagnosed results should be similar.

1802


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Highlight


Highlight


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Highlight


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Highlight


Highlight


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Compared to the series A legs, the series B legs have a greater proportion of temper-
ate bed because H tends to be large. According to Fig. 5b, an approximately 300-km
zone from DF to RT188 is nearly saturated with basal water. Both DF and RT411 (Lake
ID 89 in Popov and Masolov, 2007) are located in a common and connected sub-
glacial water environment. Near MP, where H ranges between approximately 2800 m5

and 2400 m, the bed was diagnosed as temperate, although H is small. We believe that
this temperate bed at the ice divide is due to the Raymond effect.

4.2.3 Sites along the exact ice divide

For the diagnosis of the series C legs, Step 4 in the diagnosis procedure was neces-
sary. In other words, the regression analysis for the frozen part of the bed could not be10

performed using the data within C1 and C2 alone. Diagnosis could be performed only
by comparing the data with the series A and B neighbouring legs. The entirety of legs
C1 and C2 should be under the Raymond effect. We diagnosed almost all points as
temperate (see Figs. 9c, 10, and 11 and Table 5). The features of the data described
in Sect. 3.3 are explicable by the existence of water, even when H is as small as ap-15

proximately 2200 m. The data are explicable only by systematically high reflectivity at
the bed.

4.2.4 Upstream of the inland mountains

Based on the standard procedures described in Fig. 8, we distinguished between the
temperate bed and the frozen bed using the X-PH plot of Fig. 6b in a point-by-point20

manner. We diagnosed the bed condition, as shown in Figs. 9d, 10, and 11 and Table 5.
The bed of the EPICA DML ice coring site (2774-m-thick ice) was diagnosed to be
well within the temperate condition (see Fig. 9d). This is in agreement with earlier
drilling experience indicating that melted water was detected at the borehole (Murshed
et al., 2007). When we move from the EPICA DML to the direction of Heimefrontfjella25

(Fig. 1), the bed is temperate at some subglacial trough locations. Exceptionally high
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[P c
bed]dB values are found at locations at which H is as small as approximately 1500 m.

This situation is clarified by the dynamic condition of leg D, which is characterized by
transition from the ice divide near EPICA DML to the area influence by the damming
effect of the subglacial mountains near Heimefrontfjella. As a result of the damming
effect, the vertical component of the ice flow is generally small, which is similar to the5

condition at the ice-divide flow (e.g., Nishio and Mae, 1979; Cuffey et al., 2010). Thus,
geothermal heat is more easily accumulated at the bed.

4.2.5 Coastal regions

In legs E1 and E2, based on the standard procedures, we diagnosed the bed condition
as shown in Figs. 9e, 10, and 11 and Table 5. In contrast to the situations of the inland10

plateau, H ranges down to approximately 400 m. In this thinner ice near the coast of
the ice sheet, the majority of the bed is frozen, except at locations of active ice flow
in subglacial troughs. In leg E1, temperate bed is identified at locations where the
route crosses a few ice streams. One such location is the Veststraumen ice stream.
This also agrees with the location of an outlet glacier from Heimefrontfjella (figure not15

shown). In leg E2, we predicted that the bed at x > 100km is temperate. Figure 6e, f
suggest a very large increase in [P c

bed]dB as we move inland from the coast, particularly
at locations near Mizuho. The characteristics of the data in the H-P plot (Fig. 6f) are very
similar to those of legs containing subglacial lakes (Figs. 3a and 5a). We hypothesize
that subglacial water flow is active near Mizuho, where active ice flow and thinning20

of the ice-sheet has been observed (Mae and Naruse, 1978; Motoyama et al., 1995).
Considering the ice sheet topography and the bed topography, as shown in Fig. 11,
the subglacial water is flowing toward the Shirase Glacier. The area near Mizuho and
MD12 constitute a trough zone. Subglacial water from a zone on the Southeast side
can only drain toward Shirase Glacier through an area in the vicinity of Mizuho and25

MD12. Further inland, between Mizuho and MD170, the bed was diagnosed as entirely
temperate based on a number of features. (i) In the H-P plot (Fig. 6e) there are no
features indicating basal freezing. In addition, [P c

bed]dB and H do not show any particular
1804


Highlight


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Pencil


Highlight



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

correlation. This indicates that bed conditions dominate the fluctuation of [P c
bed]dB. (ii)

The leg has larger H than the area near Mizuho, where the bed is diagnosed to be
temperate. The larger H suggests that the bed in this area cannot be colder than the
neighbouring area near Mizuho.

4.2.6 Mid-stream areas5

Legs F1 and F2 are characterized by little features of decrease in [P c
bed]dB with increas-

ing H . Thus, it is not possible to diagnose the bed conditions using the procedures used
for the other legs. We need to examine these legs primarily by Step 4 in Fig. 8, i.e., by
the collection of additional information. First, leg F1 is next to leg A1, where the bed is
temperate in the majority of the leg. The H-P plot shown in Fig. 7a has characteristics10

indicating a decrease in [P c
bed]dB with increasing H at depths shallower than approxi-

mately 2400 m. We apply the gradient of neighbouring leg A1 to the shallow portion of
leg F1. As shown in Fig. 7b, the bed of leg F1 is generally temperate. In Fig. 7a, b, no
clear correlations between [P c

bed]dB and H appear when H is more than approximately
2500 m, implying that the [Rbed]dB has a high variability of approximately 15 dB in spa-15

tial distribution. This situation is explicable by the heterogeneous distribution of basal
water.

In leg F2, it is not possible to specify any features indicating boundaries between tem-
perate/frozen conditions. Fluctuating dynamic/thermal fields appear to affect [P c

bed]dB.
There are some examples of modelling the ice flow of this area, including the tem-20

perature field (Pattyn and Decleir, 1995; Saito and Abe-Ouchi, 2004). Although these
studies used a smooth bed topography for modelling, the temperature field fluctuates
when the bed topography undulates. A problem in diagnosing the bed is the large gradi-
ent of the attenuation term in Eq. (3). In addition, the attenuation term should fluctuate
highly. Moreover, the accumulation rate in this zone also fluctuates highly due to the un-25

dulating surface slope. This appears to be the most difficult region for diagnosis based
on the temperature field (e.g., Matsuoka et al., 2011). The conditions of leg F2 are as
follows:
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(i) Neighbouring legs E2 and F1 are almost entirely temperate. Thus, temperate bed
conditions are most likely dominant.

(ii) In neighbouring legs E2 and F1, locations with H greater than approximately 1500
m and greater than approximately 2400 m, respectively, are temperate. There-
fore, in leg F1, the temperate/frozen boundary H ranges most probably between5

1500 m and 2400 m. Based on a conservative estimation, we believe that locations
with H > 2400m are temperate. In this leg, approximately 60 % of locations have
H > 2400m. In the remaining approximately 40 % locations, H ranges between
1780 m and 2400 m. For these locations, we are not able to delineate a clear
boundary separating temperate bed from frozen bed. At some locations, the bed10

may remain frozen.

(iii) The surface slope in leg F2 is 0.25◦ to 0.30◦ steeper than the surface slope in
leg F1, which ranges from 0.10◦ to 0.25◦ (e.g., Fujita et al., 2002). In addition, the
flow speed in this leg ranges from 4 to 17 myr−1 (Motoyama et al., 1995). These
conditions imply that the driving force for the ice flow is much stronger than in leg15

F1. Then, internal deformation and/or basal slippage are conditions favourable to
heat production and thus make the bed temperate.

(iv) Many of the observed features appear to suggest that the entire leg is temper-
ate at the bed. In particular, sharp peaks in [P c

bed]dB with widths of approximately
1 km to several kilometres often appear at locations of subglacial mountains. This20

appears to suggest that the bed is temperate even at the peaks of subglacial
mountains. Although many features are favourable for basal melting, it is not pos-
sible to conclusively diagnose the remaining approximately 40 % of locations. Like
the other legs, the results of diagnosis are presented in Figs. 9, 10, and 11 and
Table 5.25
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4.3 Spatial distribution of the subglacial environments

The distances of the temperate bed and frozen bed along the legs investigated in the
present paper are listed in Table 5. We estimated that 62 % of the surveyed profile has
a temperate bed, while 23 % has a frozen bed. The proposed method cannot diagnose
the bed condition for 15 % of the surveyed profile. We estimate that the uncertainty of5

these values is roughly several percent, based on uncertainty in order to determine the
boundaries between temperate bed and frozen bed. We did not include leg C3. The
fraction of the temperate bed to the dry bed estimated here is similar to that predicted
by the ice-flow model (55 % temperate, 45 % cold) (Pattyn, 2010). The discrepancy be-
tween these estimates is partly due to the fact that the radar data do not equally sample10

the region. Nevertheless, the present analysis provides a useful validation measure of
ice-flow models. The observation and the model-based estimation of the present study
appear to agree. We believe that the numerical modelling should be based on the di-
agnosis results of the present study in order to improve the estimates of geothermal
heat flux. Moreover, note that actual zones for melt water production are far wider than15

known local areas of subglacial lakes. The existence of the lakes indicates the exis-
tence of topographic troughs that are capable of preserving water within the vast zone
of water production at the temperature of the pressure melting point.

Figure 12a, b show the subglacial conditions in the plot of H (ordinate) versus surface
elevation (abscissa) for the legs in the Shirase Glacier drainage basin, including the20

Dome Fuji area, and for the legs between Wasa and Dome Fuji, respectively. Again, the
colours of the trace represent the subglacial conditions. The purpose of this plot was to
visualize how the temperate/frozen boundaries are distributed as a function of surface
elevation and H . One important feature is that lower surface elevation and thicker ice
are favourable conditions for the temperate bed. Qualitatively, this is explainable by the25

advection of cold ice from the ice sheet surface and the geothermal heat flux from the
bottom of the ice sheet. An ice sheet can act as a more efficient insulator when the ice
is thicker. This has a very important effect on the dynamics of the ice sheet. (i) In DML,

1807

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the bed inland of the ice sheet tends to be temperate. Frozen areas of subglacial high
mountains where ice thickness is less than approximately 2800 m are an exception. (ii)
In contrast, the bed of the coastal areas tends to be frozen. Areas of fast-flowing ice of
subglacial lowland or troughs are an exception. These observations suggest a general
picture of the ice sheet in DML in which subglacial water is dominantly produced at the5

bed of the wide inland plateau and that the water is discharged to the sea primarily
through the bed of fast-flowing ice. Figure 12a, b demonstrate that conditions (i) and
(ii) are common in two contrasting dynamic conditions.

It has been suggested that as much as 90 % of the discharge from the Antarctic ice
sheet drains through a small number of fast-moving ice streams and outlet glaciers10

fed by catchment areas. Previous studies have shown that the major ice stream sys-
tems have complex systems of tributaries that extend far inland (e.g., Bamber et al.,
2006, 2000; Bennett, 2011; Pattyn et al., 2005; Rignot et al., 2011). Rignot et al. (2011)
demonstrated that ice stream systems with complex systems of tributaries are con-
trolled by the variations of the slipperiness of the substrate. Based on our observation15

of the ice sheet bed, we suggest that the distribution of the temperature of bed condi-
tions (i) and (ii) are closely associated with both the slipperiness of the substrate and
the distributions of ice stream systems with complex systems of tributaries that extend
far inland.

4.4 Implications for age of very deep ice in DML and other regions of Antarctica20

Our analysis revealed that both Dome Fuji and EPICA DML ice core sites have tem-
perate beds, which is consistent with the borehole observations (Motoyama, 2007;
Murshed et al., 2007). The age of the deepest ice with basal melting remains younger
than that in areas in which basal melting does not occur, provided that everything else
is kept equal. Drilling into the million-years-old ice is highly prioritized by IPICS (Wolff25

et al., 2006; Jouzel and Masson-Delmotte, 2010). Here, we discuss candidate sites of
the drilling to the million-old ice. The relative depths of the 73.3 (±4) kyr prominent time
marker to the local ice thickness is largest in the vicinity of Dome Fuji, implying that
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very old ice might be preserved in the ice sheet near Dome Fuji. Near MD12 and near
EPICA DML, the 73.3 (±4) kyr layer is very close to the ice sheet bed, which appears
to be associated with active subglacial melting and active ice flow. In areas surround-
ing Dome Fuji, at locations at which the surface elevation is lower than 3700 m, the
subglacial condition is mostly temperate (Fig. 11). Therefore, ice older than the oldest5

age of the Dome Fuji ice core (∼ 720kyrBP at a depth of 3035 m) (Motoyama, 2007;
Motoyama et al., 2007) is not expected to remain near the bottom of the ice sheet.
Therefore, the vicinity of the Dome Fuji summit (surface elevation > 3700m) appears
to be the only candidate for finding ice older than ∼ 720kyr. Recent studies of ice sheet
modelling (Pattyn, 2010; Seddik et al., 2011) commonly indicate that older ice strata10

are preserved above the mountainous area with frozen bed near the dome as highly
compressed strata in the vertical direction. Based on the radar diagnosis in the present
study, we believe that the subglacial frozen zone in the vicinity of Dome Fuji is a candi-
date area for the oldest ice strata obtainable in DML.

We examined data for radio wave internal reflections and the distribution of15

isochrones (englacial radar reflectors) near Dome Fuji. A candidate area for future
ice coring was found. Fig. 13 shows a cross-section of the ice sheet along legs A1 and
A2 near Dome Fuji. The figure shows the surface elevation, the elevation of several
dated isochrones and isochrones of unknown age, and the bed elevation with the di-
agnosed subglacial conditions. Scattering of radio waves from within ice is presented20

in grey scale ranging between −105 and −115 dBm in order to show very deep strata.
There are subglacial mountains SSW of DF (Fig. 10 and 11). The ice/bed interface
at the mountains is diagnosed as frozen. Above the mountains, radio wave scattering
was observed from very deep ice, which has the shape of a dome having a width of
approximately 20 km at a site SSW47 (Fig. 13). In both sides of the dome-shaped ice,25

internal layers drop steeply toward the temperate bed. This image implies that ice of
the same age exists at depths much closer to the bed, which is presumably caused by
the local alternations of wet and dry beds. Another interesting feature is that when we
move SSW from SSW47, the same scattering zone appears with a higher scattering
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strength (Fig. 13). Fujita et al. (1999) suggested that the increase in the scattering
strength at this location is due to the contrast of crystal orientation fabrics caused by
high shearing between the ice flow and the bed. Thus, the shearing zone near SSW90
(Fig. 13) is less preferable for ice coring for the purpose of the paleoclimatic studies.
The ice dome zone at SSW47 is the preferable site. The dome-shaped ice can contain5

very old ice, although we are unable to date this ice. The area near SSW47 should be
investigated for future ice coring.

Comparison of the DF area and the Dome A and Dome C areas shows regional
characteristics of subglacial conditions near the dome summits in East Antarctica. Bell
et al. (2011) found that in the vicinity of Dome A the base of the ice sheet has refrozen10

ice in the 24 % of the surveyed area. The freeze-on results from conductive cooling
of water that pounded near the Gamburtsev Subglacial Mountain ridges and the su-
percooling of water that was forced up steep valley walls. The radar sounding data for
Dome A (Figs. 2 and 3 in Bell et al., 2011) indicates that the production of subglacial
water occurs at an H of approximately 2900 m, which is slightly thicker than the case of15

the present study at DF (approximately 2800 m). Thus, for locations with H >∼ 2900m,
the bed is presumably temperate and very old ice strata at the bottom of the ice sheet
are melted, causing refreezing in the surrounding area with thinner H . A contrasting as-
pect between Dome Fuji and Dome A is that, beneath Dome A, widespread Gamburt-
sev subglacial mountains have smaller H (>∼ 1500m) and thus any water produced20

has a limited number of paths within the subglacial mountain ranges through which to
drain. Near DF, the area of the subglacial mountains is smaller and the elevation of
the subglacial mountains is lower (with H >∼ 2000m). Melted water refreezes beneath
Dome A while melted water is drained at DF, considering the bed topography (Fig. 11).
We examine the possibility of the existence/absence of refrozen ice near Dome Fuji.25

We argue that this dome-shaped deep ice is frozen to bed. However, it is not ice that
once melted at the bottom of the ice sheet and refroze to lift up upper ice masses.
It is because the deepest isochronous layer (yellow layer L4 near the bed in Fig. 13)
has high integrity with respect to the upper isochronous layers. Layers L1 through L4
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have quite good integrity. In addition, refrozen ice is thin (<∼ 50m) above subglacial
mountains at Dome A (Figs. 2 and 3 in Bell et al., 2011). We find no such features
in ice near DF. In the case of Dome C, based on Fig. 4 in Zirizzotti et al. (2012), the
surface elevation is approximately 3230 m and the critical H is approximately 2950 m.
The boundary between the temperate bed and the frozen bed is deeper than that of5

both DF and Dome A. This may indicate that the geothermal heat flux near Dome C is
smaller than that near DF, as suggested by the models of geothermal heat flux (Pollard
et al., 2005; Shapiro and Ritzwoller, 2004).

5 Concluding remarks

Based on observations of the radar signal, we discussed the zones of water production10

at the ice/substrate interfaces in DML over distances of more than ∼ 3300km. Both
methods of diagnosis and data are useful for clarifying subglacial environments, in
particular, as one of the boundary conditions in the ice sheet modelling to analyze
temperature field and geothermal heat flux (e.g., Pattyn, 2010). Future efforts should
include the compilation of a map for subglacial conditions, similar to the BEDMAP bed15

elevation map (Lythe et al., 2001).
The proposed method has an advantage compared to other methods for obtaining

accurate reflectivity at the bottom of the ice sheet. Since the proposed method does
not require accurate estimation of the temperature field within the ice or the impurity
content within the ice, the diagnosis method is free from the errors related to these esti-20

mations. Although there are still unavoidable sources of error, such as the accumulation
rate and geothermal flux anomalies (Matsuoka et al., 2011), the effect of birefringence,
and interface roughness, these potential sources of errors are a more serious problem
for the derivation of accurate reflectivity. The proposed method has fewer sources of
errors, and is thus practical, with a small uncertainty estimated as several percent.25

Based on the new data, we believe that the actual zones for melt water production
are far wider than the known local areas of subglacial lakes. The empirical relations
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of surface elevation and ice thickness (Fig. 12) provide a hint for estimating the actual
zones for melt water production. Ice sheet modelling using the results of the present
study as the boundary conditions will be useful for improving our understanding of
subglacial conditions. The existence of subglacial lakes indicates the existence of to-
pographic troughs that are capable of preserving water within the vast zone of water5

production below the temperature of the pressure melting point. Bed topography map
in DML (Fig. 11) indicates that vast areas have bed rock elevations lower than our
routes. Therefore, except for coastal areas and high subglacial mountains, temperate
subglacial conditions are dominant in DML.

We believe that the distribution of frozen bed near the coast has a strong impact10

on the ice discharge regime near the coast. Local basal melting above former rivers
appears to be continuing because of water production from upstream inland. Except
for such water discharge paths, the remaining areas near the coast are basically frozen
to bedrock.

We found that two deep ice coring sites at Dome Fuji and EPICA-DML were within15

the zones of subglacial water production. Thicker ice inland of the ice sheet indicates
that the base is at the pressure melting point, which means that, in order to access
older ice, we should carefully avoid sites with thicker ice that may melt at the base.
Near DF, Dome A, and Dome C, ice thickness H of approximately 2800 m, 2900 m,
and 2950 m is the critical thickness to reach the pressure melting point, respectively.20

Differences in the critical thickness may result from differences in geothermal heat flux.
We proposed a candidate area for future ice coring on large subglacial mountains near
DF. The ice in this area may contain very old ice strata in DML. Identifying the date of
very deep ice is a challenge in paleoclimatic studies.

Temperate conditions at the bed are favourable for ice thickness detection by radar25

because the bed reflectivity increases by up to approximately 20 dB. Without basal
melting, our ability to measure ice thickness is dramatically reduced.

The proposed diagnosis procedures should be useful for examining other areas
of polar ice sheets. The possible errors by several percent are quite acceptable
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considering the scientific benefit of the diagnosis. In addition, we believe that the error
rate cannot be reduced easily, even if the ice temperature field is modelled. The very
long traceable 73.3 (±4) kyr BP isochrone, which is presumably associated with acidic
layers due to the Toba supereruption, should also be useful for assessing ice flow con-
ditions over the entire Antarctic continent. Using these layers, we will be able to better5

understand the subglacial conditions and identify more candidate locations for future
ice coring.
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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 250 ns/1000 ns
Noise floor −115 dBma −115 dBm −115 dBm
Antenna type 3-element Yagi 3 element Yagi 3-element Yagi
Antenna gain 8.2 dBib 8.15 dBi 7.2 dBi
Vertical resolution in
icec

42 m 30 m/89 m 21 m/85 m

Wavelength in ice 0.94 m 0.94 m 2.8 m
Observed legs and
used pulse widthd

A1 (500 ns) A1, A2, A3 (350 ns) A1, A2 (250 ns), A3
(250 and 1000 ns)

B1, B2 (500 ns) – B1, B2 (1000 ns)
C1 (500 ns) C2 (1000 ns), C3

(500 ns)
C2 (1000 ns)

– D (1000 ns) –
– E1 (1000 ns) E2 (250 ns)
– – F1, F2 (250 ns)

a 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 dBi is a unit of antenna gain in decibels with reference to the power of an ideal isotropic antenna.
c Vertical resolutions are the wave travel distances for half of the pulse width.
d Numbers in brackets show pulse width used in each leg. See text.
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Table 2. Major sites along the inland traverse.

Site Name Lat. ◦ S Long. ◦a Elevation (m) H (m)b Legsc Note

S16 69.030 40.052 589 350 E2 Base of the Japanese team near the
coast

H176 69.575 41.961 1543 1510 E2 Northern side of the temperate bed
upstream of the Soya Coast

H270 69.909 42.781 1794 1450 E2 Southern side of the temperate bed
upstream of the Soya Coast

Mizuho 70.697 44.274 2250 2060 E2
MD170 72.273 43.728 2749 2335 E2, F2
MD384 74.185 42.886 3381 2381 F1, F2
MD585 75.983 41.194 3679 2078 A1, F1
DF 77.317 39.703 3800 3028 A1, A2, B1, C1 Dome Fuji Station. 3035-m long ice

coring site
SSW47 77.801 39.04 3761 2157 A2 Site above subglacial mountains
SSW90 78.164 38.538 3709 2661 A2 Site above high-shearing above sub-

glacial mountains
SSW150 78.683 37.795 3656 3124 A2 Southernmost point of the survey in

1996/1997 season
DF80 77.373 39.617 3798 2790 A2, A3 End point of the leg A3
East95 77.363 43.568 3714 3027 A3 Subglacial Lake Point
East130 77.361 45.01 3669 2274 A3 Easternmost point of the survey in

1996/1997 season
RT441 77.498 37.428 3770 3154 B1 Subglacial Lake Point
RT313 77.961 32.624 3620 3249 B1, B2 Subglacial Lake Point
RT188 77.161 29.426 3678 2473 B2 One of the corners of the leg
RT155 76.869 29.270 3701 2601 B2 One of the corners of the leg
MP: meeting point 75.888 25.834 3661 2792 B2, B3, C1, C2 Meeting point of the two national

teams
NCR62 75.428 27.153 3589 2772 B3 Northernmost point of the cross-

ridge traverse at the meeting point
A38 75.287 18.421 3543 2706 C2
A28 74.862 14.742 3466 – C2, C3 End point of the leg C2
EPICA DML (Kohnen) 75.004 −0.006 2890 2774 C3, D 2774-m deep ice coring site
IPY Site1 75.001 −10.121 2528 1603 D, E1 Science stopping point
– 74.454 −11.572 1078 1689 E1 Southern side of the Veststraumen

Ice Stream
– 74.046 −12.006 998 1591 E1 Northern side of the Veststraumen

Ice Stream
Wasa Station 73.053 −13.374 292 383 E1 Base of the Swedish Team

a Positive and negative longitudes indicate east and west, respectively.
b H : ice thickness (m).
c Legs including the site.
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Table 3. Segments analyzed in this study.

ID Sites at both Distance (km) Range of H (m) Range of surface Range of annual
both ends elevation (m) accumulation rate
of segments (kgm−2 yr−1)

A1 MD585–DF 151 2040–3450 3680–3800 20–40
A2 DF–SSW150 156 2050–3430 3800–3650 20–30
A3 DF80–East135 130 2200–3220 3800–3670 20–30
B1 DF–RT313 205 2270–3400 3800–3620 20–30
B2 RT313–MP 312 1780–3450 3620–3660 20–40
B3 MP–NCR62 62 2250–3020 3660–3590 30–40
C1 DF–DK261 403 2200–3300 3800–3710 20–40
C2 MP–A38 333 2220–2970 3660–3540 30–40
D EPICA DML–Site 1 310 800–2900 2890–2530 40–100
E1 Site 1–Wasa 353 < 100–1900 2100–290 100–370
E2 S16–MD170 437 300–2650 590–2750 80–140
F1 MD585–MD384 205 2040–3350 3680–3390 40–60
F2 MD384–MD170 214 1780–2860 3390–2750 0–80
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Table 4. Gradients obtained from linear regression analyses.

Leg ID Range and < N >: Half of gradient Corresponding ice
span of H (m) of regression line (dBkm−1)a temperature (◦C)b

A 2050–2600 (550) −12 (±1) −20
B 1900–2600 (700) −15 (±1) −18
D 1500–2500 (900) −19 (±1) −15
E1 700–1150 (550) −22 (±1) −12
E2 750–1250 (500) −21 (±1) −13
F1 2050–2370 (320) −12 (±3) −20

a These values are for one-way wave propagation, assuming they are approximate values of the
attenuation coefficient (dBkm−1). These values cannot be accurate values of the attenuation
coefficient if spatial variations of the bed reflectivity exist.
b The estimated attenuation coefficients were converted to corresponding ice temperature assuming
that the ice contain a small amount (∼ 2µM) of acidity. See Fig. 9c in Fujita et al. (2000).
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Table 5. Methods of diagnosis and results for each leg.

ID Methodsa Distance (km) Distance (km) Estimated maximum Distance (km)
diagnozed as diagnozed as distance (km) of for undetected

temperate bed frozen bed possible misjudgment ice thickness

A1 1–3 133.3 17.3 3.8 0.0
A2 1–3 67.7 88.3 3.9 0.0
A3 1–3 98.7 31.3 3.3 0.0
B1 1–3 168.5 19.8 4.7 16.7
B2 1–3 164.6 53.3 5.4 94.1
B3 1–3 34.0 10.7 1.1 17.4
C1 1–4 208.3 27.9 5.9 172.5
C2 1–4 190 0.0 4.7 144
D 1–3 138.8 154.1 7.3 17.4
E1 1–3 109.7 232.1 10.7 11.1
E2 1–3 321.9 91.9 10.2 22.7
F1 1–4 186.3 18.3 8.2 0.0
F2 only 4 214.1 0.0 13.3b 0.0

Total (km) 2035.6 745.0 82.6 495.6
Total (%) 62 23 3 15

a Major steps used for the diagnosis. For legs C1, C2 and F1, step 4 was necessary, in addition to the steps 1–3. For
leg F2, steps 1–3 were unavailable.
b This number reflects estimated ambiguity of the diagnosis in this leg.
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Fig. 1. Dronning Maud Land, East Antarctica. Contours show the surface elevation in meters
relative to the WGS84 ellipsoid. The background satellite image is a MODIS mosaic of Antarc-
tica (Haran et al., 2005). The red lines show the survey routes for the ground-based radar
sounding discussed herein. The traces include a route of the JASE traverse (Holmlund and
Fujita, 2009; Fujita et al., 2011) connecting two deep ice coring sites, namely, Dome Fuji and
EPICA DML. The locations of major sites along the routes are listed in Table 2. Fourteen legs,
labelled from A1 to F2, are listed in Table 3. The thin blue traces represent ice divides that
separate drainage basins.
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Fig. 2. Cross-sectional plot of the ice sheet. Fourteen legs, labelled, e.g., A1, are discussed
herein. The abscissa indicates the horizontal distance along the profiles, and the ordinate in-
dicates the elevation above the WGS84 ellipsoid. The vertical exaggeration is approximately
500 times. The locations of major sites reported in Table 2 are shown as vertical dashed lines.
The bed elevation (black) was calculated from the surface elevation data and ice thickness
data extracted from the radar sounding data (Fujita et al., 1999, 2011), and when this dataset
does not show the bed reflection, the data are from Huybrechts et al. (2009) (brown). One of
many traceable isochrones (englacial radar reflectors) in the radar sounding data is shown. The
details of this isochrone are discussed in the text.
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Fig. 3. Variation of the geometrically corrected return power from the bed [P c
bed]dB (dB) in terms

of ice thickness (a, c) and location (b, d), along the series A legs in the vicinity of Dome Fuji. The
upper and lower rows show the data collected at radar frequencies of 60 MHz and 179 MHz,
respectively. See the text for details.
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Fig. 4. Variations of [P c
bed]dB versus ice thickness H and location x are virtually independent of

the radar frequencies and radar pulse widths used in the present study. Three examples are
shown. (a) For all of the data in Fig. 3 (legs A1 through A3), a scatter plot of the results for two
different frequencies was produced. (b) Scatter plot of the results for two different radar pulse
widths (1000 ns and 250 ns) for a radar frequency of 60 MHz for leg A3. (c) Scatter plot of the
results for two different radar pulse widths (500 ns and 350 ns) for a radar frequency of 179 MHz
for leg A1. A linear distribution was found for each of these scatter plots.
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Fig. 5. Results for series B and C legs. (a) H-P plot along the series B legs for data using
the 179-MHz radar. The red line is the regression line for H of less than 2600 m. (b) X-PH
plot for the same data. The regression line in (a) was used to obtain the scales of the left-
and right-hand axes. (c) H-P plot along the series C legs for data using the 179-MHz radar. The
black dots indicate the results along the series C legs. The grey dots in the background indicate
the results for the series B neighbouring legs for comparison. The regression analysis is not
appropriate for the series C legs because the legs are subject to a special ice flow condition
along the exact ice divide known as the Raymond effect (see text). Smaller vertical advection
makes the ice warmer locally. The regression line of (a) is shown as a reference. Based on
a comparison of the series C and B legs, the temperature conditions in the series C legs are
warmer than the temperature conditions in the series B legs. (d) X-PH plot along the series C
legs.
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Fig. 6. Results along the series D and E legs. (a) H-P plot for leg D. The red line is the regression
line to a depth of 2500 m. (b) X-PH plot for leg D, with scaling using the regression line in (a).
(c) H-P plot along leg E1. (d) X-PH plot along leg E1, with scaling using the regression line in
(c). The locations of the major ice streams are indicated. (e) H-P plot along leg E2. (f) X-PH
plot along leg E2, with scaling using the regression line in (e). The upstream area of the Soya
Coast and the upstream area of the Shirase Glacier are indicated. Numbers with green letters
indicates ice flow speeds (myr−1) (Motoyama et al., 1995).
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Fig. 7. Results along the series F legs. (a) H-P plot for leg F1. The red line is the regression line
to a depth of 2360 m. (b) X-PH plot for leg F1, with scaling using the regression line in (a). (c)
H-P plot for leg F2. The regression line was not derived because it was not possible to define
an appropriate range for this line. (d) X-PH plot for leg F1. The left- and right-hand axes were
scaled and adjusted using the gradient of the regression line of F1.
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STEP 1: H-P Plot diagnosis

Frozen and temperate conditions co-exist 
within a data set covering an area.

Only temperate conditions exist within 
a data set covering an area.

Only frozen conditions exist within a 
data set covering an area.

[Pc
bed

]
dB

 decreases with increasing H. [Pc
bed

]
dB

 decreases with increasing H. 
However, systematic increases of 
[Pc

bed
]

dB
 appear at H larger than the 

critical value. 

STEP 3: X-HP Plot diagnosis

[Pc
bed

]
dB

 and H are inversely correlated. Breaks of the inverse correlation 
between [Pc

bed
]

dB
 and H are found at H 

larger than the critical H. 

We detemine the [Pc
bed

]
dB

/H gradient at H ranges smaller than the critical H values. We 
must determine whether the [Pc

bed
]

dB
/H gradient is within a range that is explicable by the 

attenuation coefficient of radiowaves within ice in an expected temperature range.

(i) Compare the results of diagnosis between neighboring areas.
(ii) Check the elevation of the ice sheet surface and the range of H to determine 
whether the results of diagnosis appear to be reasonable.
(iii) Check the fluctuation of [Pc

bed
]

dB
  along X.  Irregular rapid fluctuations imply

heterogeneously distributed water at the bed.

If the diagnosis procedures above do not provide convincing results, this step is important.

Possible sources of error
(i) Rapid spatial changes in radiowave attenuation due to spatial changes in the temperature field.
(ii) Rapid spatial changes in radiowave birefringence due to spatial changes in the crystal orientation fabric. 
(iii) Fluctuation of  [Pc

bed
]

dB
 due to the roughness of bed/substrate interfaces.

Possible conditions and expected features of data are as follows.

Only frozen conditions exists within 
a data set covering an area.

STEP 4: Crosschecking and collection of additional information

STEP 5: Check for features caused by possible error sources

These error sources would result in errors in diagnosis with some probability. See text.

[Pc
bed

]
dB

 decreases with increasing H. 
However, this correlation can be highly 
obscured or erased  by heterongeneously 
distributed water at the bed. 

STEP 2: Radiowave attenuation range diagnosis

Possible conditions and expected features of data are as follows.

Frozon and temperate conditions co-exist 
within a data set covering an area.

Only temperate conditions exist within 
a data set covering an area.

[Pc
bed

]
dB

 and H have a weak inverse 
correlation. However, this correlation 
can be highly obscured or eliminated by 
heterongeneously distributed water at 
the bed. In some cases, [Pc

bed
]

dB 
exhibits 

large fluctuations and sharp peaks with 
widths of from 1 km to several km. 

Fig. 8. Overview of the approach used to diagnose the subglacial conditions using the H-P plot,
the X-PH plot, and other information.
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Fig. 9. On all data points for the graphs of the H-P plot, the predicted bed condition, i.e., tem-
perate bed or frozen bed, is given. The ID of the leg(s) and the radar settings are indicated on
each panel. The panel labels correspond to the names of the legs. The red and blue dots indi-
cate temperate bed and frozen bed, respectively. For leg F2, we were not able to conclusively
diagnose some of the data, which are presented in grey. See the text for details.
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Fig. 10. Prediction of temperate bed and frozen bed are shown on the cross-section graph of
Fig. 2. The red and blue traces are predicted temperate bed and frozen bed, respectively. The
grey areas in legs F2 and C3 indicate that the thickness of the ice was detected although the
bed condition remains unknown.
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Fig. 11. Predicted bed conditions are shown on a bed topography map of DML for the same
area shown in Fig. 1. The red and blue dots indicate sites of temperate and frozen bed condi-
tions, respectively. The grey dots were used in legs F2 and C3 for points at which bed condition
was unknown. The bed topography map is from the BEDMAP compilation (Lythe et al., 2001),
which does not reflect the new data. The bed elevation is shown by the colour scale. Surface el-
evation is shown by thin black contours. The known information related to subglacial conditions
is given in the figure.
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Fig. 12. Suggested bed conditions are plotted on graphs of ice thickness H (ordinate) versus
surface elevation (abscissa). Panels (a) and (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 bed are
indicated as blue and red traces, respectively. Grey traces indicate unidentified bed conditions.
The thin black lines represent published data (Huybrechts et al., 2009). Approximate bound-
aries between two conditions are indicated by black dotted lines. The locations of two ice coring
sites, i.e., Dome Fuji and EPICA DML, are indicated by green symbols. In addition, a candidate
location for future ice coring, SSW47, (see Sect. 4.4 of the text) is also indicated.
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Fig. 13. Cross-section of the ice sheet along legs A1 and A2 across DF. The surface elevation,
the elevation of four isochrones (englacial reflection layers), and the bed elevation with diag-
nosed subglacial conditions are shown. Again, blue and red profiles represent inferred frozen
dry and temperate wet conditions, respectively. The scattering of radio wave from within ice is
also shown in grey scale ranging from −105 dBm to −115 dBm, indicating the scattering of radio
waves very deep in the ice sheet. Above subglacial mountains SSW of DF, we find scattering
from within very deep ice, which has a dome shape with a width of approximately 20 km. See
the text for more details.
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