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Abstract

It has been suggested that an increased melting of continental ice in the Amundsen Sea (AS)
and Bellingshausen Sea (BS) is a likely source of the observed freshening of Ross Sea (RS) water. To test this
hypothesis, we simulate the spreading of glacial meltwater using the Finite Element Sea Ice/Ice Shelf/Ocean
Model. Based on the spatial distribution of simulated passive tracers, most of the basal meltwater from AS
ice shelves ﬂows toward the RS with more than half of the melt originating from the Getz Ice Shelf. Further,
the model results show that a slight increase of the basal mass loss can substantially intensify the transport
of meltwater into the RS due to a strengthening of the melt-driven shelf circulation and the westward
ﬂowing coastal current. This supports the idea that the basal melting of AS and BS ice shelves is one of the
main sources for the RS freshening.

1. Introduction
The ice shelves and glaciers of the West Antarctic Ice Sheet (WAIS) are thinning rapidly especially in the
Amundsen Sea (AS) and Bellingshausen Sea (BS) [e.g., Pritchard et al., 2012; Shepherd et al., 2012; Rignot et al.,
2013]. This is mainly caused by strong basal melting due to the interaction of deep-drafted ice shelves with
warm Circumpolar Deep Water (CDW, about 3◦ C warmer than the in situ freezing point) ﬂowing onto the
continental shelves through submarine glacial troughs [e.g., Jacobs et al., 2011; Pritchard et al., 2012]. Basal
mass loss of the AS and BS ice shelves is estimated to be ∼500 and 150 Gt yr−1 , respectively, according to
satellite analyses [Rignot et al., 2013]. This is about half of the total basal melting of all Antarctic ice shelves
[Depoorter et al., 2013; Rignot et al., 2013].
In the Ross Sea (RS), shelf water salinity has declined by 0.03 per decade over the past 50 years [Jacobs et al.,
2002; Jacobs and Giulivi, 2010]. Since the freshening may be responsible for a change in the characteristics of
the Antarctic Bottom Water formed in the RS [Jacobs et al., 2002; Rintoul, 2007] and thus may inﬂuence the
global thermohaline circulation, understanding that the possible link between the melting of West Antarctic
ice shelves and the freshening of the RS is crucial for assessing climate change in the Southern Ocean.
Although changes in precipitation, sea ice production, and ocean circulation are considered to be possible reasons for the freshening, increased melting of continental ice upstream in the AS and BS is suggested
to be the likely source of the additional freshwater [Jacobs et al., 2002; Jacobs and Giulivi, 2010]. The salinity of the westward ﬂowing coastal current into the RS has decreased by 0.08 per decade over the past
30 years, and oxygen isotope data of the shelf water show an increasing glacial melt signal, supporting this
hypothesis [Jacobs and Giulivi, 2010].
Although high-resolution circumpolar or global models resolving all the small ice shelves of the WAIS are
required to study this hypothesis, it has been diﬃcult to simulate the CDW intrusions onto the AS and
BS continental shelves in these models [Timmermann et al., 2012; Kusahara and Hasumi, 2013]. However,
Nakayama et al. [2014] successfully reproduced the CDW intrusions onto the continental shelf and basal
mass loss rates of the major AS and BS ice shelves using the global Finite Element Sea Ice/Ice Shelf/Ocean
Model (FESOM) [Timmermann et al., 2012]. In this study, we simulate the spreading of basal meltwater from
the AS and BS ice shelves using FESOM and investigate whether the basal meltwater from these ice shelves
ﬂows into the RS. We also conduct two sensitivity experiments, assessing this hypothesis, and discuss the
sensitivity of basal meltwater transport into the RS to the strength of the basal mass loss of AS and BS
ice shelves.
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2. Model
We use the global FESOM, the details
of which are described in Timmermann
et al. [2009, 2012], Timmermann and
Hellmer [2013], and Nakayama et al.
[2014]. We use a tetrahedral mesh
with a horizontal spacing of 100 km
along non-Antarctic coasts, which is
reﬁned to ∼20 km along the Antarctic
coast, 10–20 km under the large ice
shelves in the RS, ∼5 km in the central AS and BS and ∼2.5 km in the
eastern AS (Figure 1). To allow for an
adequate representation of ice shelf
cavities, we apply a hybrid vertical
coordinate system with 46 layers and
a z level discretization in the middleand low-latitude ocean basins. The
top 21 layers along the Antarctic coast
are terrain-following (sigma coordinate) for depths shallower than 650 m
[Nakayama et al., 2014, Figure 2 ]. In
the z coordinate region (open ocean),
Figure 1. Horizontal grid of the AS, BS, and RS regions of the global
bottom nodes are allowed to deviate
model with the depth of the model bathymetry (color) and simulated
from their nominal layer depth in order
mean barotropic stream function in the CTRL case (thick contours with
contour interval of 10 Sv). The inset (right bottom) shows Antarctica with to allow for a correct representation
regions surrounded by red and black lines denoting the location of the
of bottom topography, similar to the
enlarged portion and the location where temperature and salinity are
shaved-cell approach in ﬁnite diﬀerrestored (black box), respectively. Locations of ice shelves are shown with
ence models. Ice shelf cavity geometry,
acronyms that are summarized in Table S1 in supporting information.
and global ocean bathymetry have
been derived from the RTopo-1 data
set [Timmermann et al., 2010]. Ocean bathymetry of the AS, BS, and RS regions of the global model is shown
in Figure 1. A Gaussian function with a width depending on the model’s horizontal resolution is applied to
smooth ice shelf draft and seaﬂoor topography in the sigma-coordinate region.
Following Timmermann et al. [2012], we assume a steady state for ice shelf thickness and cavity geometry
and compute basal mass loss rate at ice shelf bases as proposed by Hellmer and Olbers [1989] and reﬁned
by Holland and Jenkins [1999]. Turbulent ﬂuxes of heat and salt are computed with coeﬃcients depending
on the friction velocity, following Jenkins [1991]. To trace the basal meltwater, we do not implement geochemical tracers [Rodehacke et al., 2007], but we use virtual passive tracers, which are released at the same
rate as melting occurs at the ice shelf bases. Several independent virtual passive tracers are used to identify
detailed pathways of basal meltwater from the diﬀerent ice shelves in the AS and BS.
For this study, we force the model with 6-hourly atmospheric data from the National Centers for Environmental Prediction Climate Forecast System Reanalysis [Saha et al., 2010] for the period 1979–1988. The
model is spun-up for 5 years by repeating the 1979 forcing, because ice shelf basal mass loss for most ice
shelves approaches a quasi-steady state within the ﬁrst 5 years of integration [Timmermann et al., 2012].
Initial temperature and salinity are derived from the World Ocean Atlas 2001 [Conkright et al., 2002] January
mean data set. In addition, temperature and salinity are restored to the initial values with a time scale of
30 days in the vicinity of Antarctic Peninsula at depths deeper than 150 m (sector indicated by the black line
in the top left of Figure 1), because too coarse vertical and horizontal resolutions there do not allow for the
descent of dense water to great depths.

3. Results
3.1. Model Validation
As shown for slightly diﬀerent conﬁgurations in Timmermann et al. [2012] and Timmermann and Hellmer
[2013], the model reproduces many features of ocean circulation and sea ice distribution in good
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Figure 2. Spatial distributions of vertically integrated meltwater content after 10 years of simulation showing the basal
meltwater from (a) ice shelves in the BS (names in light yellow) and (b) ice shelves in the AS (names in light blue). The
bathymetry contours of 500 and 1000 m are shown (black lines). Locations of ice shelves are indicated by acronyms that
are summarized in Table S1 in the supporting information.

agreement with observations. In the conﬁguration used here, e.g., the transport of the Ross Gyre is ∼26 Sv
and the Antarctic Circumpolar Current (ACC) carries ∼140 Sv through Drake Passage (Figure 1). For the AS,
BS, and RS regions (160◦ E–70◦ W), the modeled winter (September) sea ice extent is similar to observations
[Cavalieri et al., 2006], while summer (March) sea ice extent is overestimated by ∼24%. However, the spatial
distribution of summer sea ice is now closer to reality with more sea ice remaining in the AS and BS compared to Timmermann et al. [2012] (not shown). The model results show CDW intrusions through submarine
glacial troughs into the ice shelf cavities, consistent with observations and regional model studies [Jacobs
and Giulivi, 2010; Schodlok et al., 2012; Assmann et al., 2013; Nakayama et al., 2013; Walker et al., 2013],
and simulated mean bottom temperature and salinity in the AS and BS are mostly close to near-bottom
conductivity-temperature-depth observations [Nakayama et al., 2014, Figure 4]. Modeled meltwater fractions are about 1–2 % at the southern George VI and Pine Island Ice Shelf fronts at a depth of ∼200 m, which
is also consistent with observations [Jenkins and Jacobs, 2008; Jacobs et al., 2011; Nakayama et al., 2013].
There are several studies estimating the basal mass loss of West Antarctic ice shelves based on satellite,
glaciological, and oceanographic observations [e.g., Jacobs et al., 2011; Depoorter et al., 2013; Rignot et al.,
2013]. After the spin-up phase, modeled basal mass loss is nearly stable throughout the integration
[Nakayama et al., 2014]. For the ice shelves in the AS and BS, the rates of total basal mass loss are 262 Gt yr−1
and 162 Gt yr−1 , respectively, which are consistent with the observation-based estimates (Table S1 in the
supporting information). For the individual ice shelves in the AS and BS, modeled basal mass loss rates are
mostly within or close to the ranges of observation-based estimates [e.g., Potter et al., 1984; Corr et al., 2002;
Jacobs et al., 2011; Depoorter et al., 2013; Rignot et al., 2013] (Tables S1 and S2 in the supporting information).
The diﬀerences are large, however, for the Thwaites, Crosson, and Doston Ice Shelves, where the modeled
(observed) basal mass loss is 27 (91–105), 3.3 (35–43), and 20 (41–49) Gt yr−1 , respectively. The modeled
basal mass loss of Pine Island Ice Shelf is slightly lower than the lower bound of the observation-based estimates, and it is highly underestimated when compared to the estimates from Jacobs et al. [2011], Depoorter
et al. [2013], and Rignot et al. [2013]. These discrepancies may be caused by modeled CDW intrusions
still being too weak [Nakayama et al., 2014] and ice front temperatures still being lower than observed
(e.g., ∼0.5◦ C lower at the Pine Island Ice Shelf front). It is also possible that the Rignot et al. [2013] estimates,
using the volume ﬂux divergence of ice shelves in 2007 and 2008, are biased toward higher values. For Pine
Island Ice Shelf, Rignot et al. [2013] estimate is close to the upper bound of the observation-based estimates
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Figure 3. Same as Figure 2 but showing the spatial distributions of the basal meltwater from (a) Abbot Ice Shelf, (b) Pine
Island Ice Shelf, and (c) Getz Ice Shelf after 10 years of simulation.

(Table S2 in the supporting information). It is also known that the basal mass loss of Pine Island Ice Shelf
decreased to less than half of the estimate from Rignot et al. [2013] in summer 2012 [Dutrieux et al., 2014]. For
ice shelves in the RS (Land, Nickerson, Sulzberger, Swinburne, and Ross Ice Shelves), the total basal mass loss
is 159 Gt yr−1 , which is overestimated by ∼25–50% compared to the observation-based estimate. However,
our results are closer to reality compared to the results from Timmermann et al. [2012].
Although there are some diﬀerences between our model results and observations, we are able to reproduce warm CDW intrusions and basal melting of ice shelves in the AS and BS. Thus, we refer to this as the
CTRL case.
3.2. Spreading of the Basal Meltwater From West Antarctic Ice Shelves
After 10 years of simulation, about 70% of the basal meltwater from the BS ﬂows westward, while the rest
ﬂows northeastward (east of 70◦ W) along the path of the ACC (Figure 2a). For the basal meltwater from the
BS, 16% reaches the AS (west of 100◦ W), and only 2% reaches the RS (west of 134◦ W). On the other hand,
basal meltwater from the AS mostly ﬂows westward with 36% reaching the RS (Figure 2b). Investigating the
four largest sources, the basal meltwater from the George VI Ice Shelf spreads both eastward and westward
(not shown) but is very similar to Figure 2a. The meltwater from the Abbot and Pine Island Ice Shelves ﬂows
westward, but only 20% and 25% reaches the RS, respectively (Figures 3a and 3b). The meltwater from the
Getz Ice Shelf ﬂows westward and more than 50% inﬂuences the RS (Figure 3c). For the amount of basal
meltwater from the AS and BS in the RS (160◦ E–134◦ W), 95% (5%) originates from the AS (BS). The basal
meltwater in the RS originating from the AS consists of 58% from the Getz, 8% from the Pine Island, and 11%
from the Abbot Ice Shelves, respectively. This conﬁrms the importance of the Getz Ice Shelf for the meltwater transport into the RS, as also suggested by Jacobs et al. [2013]. However, we note that the contributions
of Pine Island Ice Shelf and Thwaites Glacier may be underestimated in our model, because the simulated
basal mass losses are too small for these ice shelves.
In contrast, Kusahara and Hasumi [2014], who investigated the spreading of meltwater from all Antarctic
ice shelves, show that most of the basal meltwater originating from the AS and BS ﬂows eastward along
the path of the ACC. However, since their focus was rather on East Antarctica with coarser resolution in the
AS and BS (∼20 km), CDW intrusions and ice shelf basal melting in these regions are not well reproduced
[Kusahara and Hasumi, 2013]. This might explain the diﬀerent pathways of meltwater.
3.3. Sensitivity of Meltwater Transport Into the Ross Sea
We also investigate the sensitivity of basal meltwater transport into the RS associated with the strength of
the basal mass loss. In these sensitivity experiments, we increase the basal meltwater ﬂux by a factor km ,
so that
Fw = km Mmelt ,
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Figure 4. Same as Figure 2 but showing the spatial distributions of the basal meltwater from ice shelves in the AS only
for the (a) CTRL (diﬀerent scale from Figure 2), (b) 1.3 × MELT, and (c) 2.0×MELT cases. The bottom right panels show the
bottom potential temperature of the region enclosed by the red line in Figure 4a.

where Mmelt is the melt rate obtained from the ﬂuxes of heat and salt at the ice shelf base and Fw is the meltwater ﬂux applied to the model ocean at the ice-ocean interface. For the CTRL case, obviously, km = 1.
For the two sensitivity experiments 1.3 × Melt and 2.0 × Melt, we set km = 1.3 and km = 2.0, respectively,
for all ice shelves in West Antarctica (in the region 140–65◦ W). In our simulation, we assume that Mmelt is
proportional to (Tin − Tf ), where Tin and Tf are in situ temperature and in situ freezing point temperature,
respectively. Thus, one can associate the increase of km with an increase of CDW temperature reaching the
ice shelf base. For instance, the case km = 1.3(2.0) mimics the situation with CDW temperature 30% (100%)
warmer than simulated in the CTRL case. The CDW temperature is ∼0.5◦ C at the Pine Island Ice Shelf front
for the CTRL case, and the 1.3 × MELT (2.0 × MELT) case mimics the situation with a CDW temperature of
1.2 (2.8)◦ C. We note that inﬂowing CDW temperatures are simulated lower than observations at some of
the ice shelf fronts (e.g., observed CDW temperature is ∼1.1◦ C at the Pine Island Ice Shelf front). Therefore,
the 1.3 × MELT case may reproduce the situation closer to reality for some AS ice shelves. The total basal
mass loss of the AS and BS ice shelves for the 1.3 × MELT case are comparable to the maximum of the
observation-based estimates (Table S1 in the supporting information).
In the 1.3 × MELT and 2.0 × MELT cases, more basal meltwater is transported into the RS (Figure 4), and vertically integrated meltwater content is 4–5 times larger in the 2.0 × MELT case than in the CTRL case at the
Ross Ice Shelf front, increasing nonlinearly (Figure 4). For the 1.3 × MELT and 2.0 × MELT cases, the meltwater transport quickly increases after the basal mass loss increases. The total amount of basal meltwater
transported into the RS is 1.8 (4.9) times more than in the CTRL case by volume after 10 years of simulation
(Table S3 in the supporting information), although km is set to only 1.3 (2.0) in the 1.3 × MELT (2.0 × MELT)
case. This leads to a freshening of 0.1 and 0.4, respectively, at the eastern side of the Ross Ice Shelf front after
10 years of simulation. This indicates that basal meltwater release signiﬁcantly inﬂuences the dynamics of
shelf circulation and the transport of basal meltwater into the RS.
If CDW properties intruding into the ice shelf cavities would remain similar to the CTRL case, the basal
mass loss of the 1.3 × MELT and 2.0 × MELT cases should be ∼1.3 and 2.0 times larger than in the CTRL
case, respectively. However, the total combined basal mass loss of AS and BS ice shelves becomes 1.6 and
4.0 times larger for the 1.3 × MELT and 2.0 × MELT cases than for the CTRL case, correspondingly (Table S1
in the supporting information). When bottom potential temperatures of the three cases are compared,
ice front bottom temperatures are increasing in most of the regions of the AS (the bottom right panels
of Figure 4) and BS (not shown), and the Pine Island Ice Shelf front temperature increases by nearly 0.3◦ C
for the 2.0 × MELT case. This is most likely caused by a strengthening of the shelf circulation and a freshening of the surface waters. The strengthening of the shelf circulation makes CDW intrusions stronger.
NAKAYAMA ET AL.
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For example, annual mean velocities at a depth of 500 m along the pathway of the CDW intrusion from the
eastern and central submarine glacial troughs [see Nakayama et al., 2014, Figure 6] both become ∼1.5 times
and more than 2 times faster for the 1.3 × MELT and 2.0 × MELT cases, respectively. In addition, the freshening of the surface waters weakens the strength of vertical mixing, allowing for a warmer CDW to reach
the sub-ice shelf cavities. At the Pine Island Ice Shelf front, mixed layer depth becomes ∼50 m and 150 m
shallower in winter for the 1.3 × MELT and 2.0 × MELT cases, respectively.
As already mentioned, the total basal meltwater transport into the RS becomes 1.8 and 4.9 times larger for
the 1.3 × MELT and 2.0 × MELT cases than in the CTRL case, respectively. This cannot be simply explained
by the increase of the basal mass loss alone. Instead, we consider this to be a result of the strengthening of
the westward ﬂowing coastal current due to a stronger density gradient (caused by lower shelf salinity) produced by stronger basal melting. For the coastal current crossing 155◦ W, the mean (averaged for the last
5 years of model simulation) potential densities at a depth of 100 m are 27.3, 27.2, and 27.0 kg m−3 ,
and mean westward velocities are 0.03, 0.04, 0.08 m s−1 for the CTRL, 1.3 × MELT, and 2.0 × MELT cases,
respectively, conﬁrming the strengthening of coastal current.
Our sensitivity experiments, thus, reveal that a slight increase of the basal mass loss (by warming of inﬂowing CDW temperature) rapidly intensiﬁes the basal meltwater transport into the RS. The mechanism, which
represents a positive feedback, can be summarized as follows. In response to an increase of basal mass loss,
the shelf circulation becomes stronger and mixed layer depth becomes shallower due to the surface freshening, leading to the strengthening and warming of CDW intrusions, which again increases the basal mass
loss. Further, the larger input of basal meltwater increases the density contrast at the continental shelf break
and thus intensiﬁes the coastal current, leading to a more eﬃcient transport of basal meltwater into the RS.

4. Discussion
Based on the time series of averaged shelf water salinity observed in McMurdo Sound and north of Ross
Island [Jacobs and Giulivi, 2010, Figure 3], salinity remains at ∼34.85 between 1958 and 1968 but decreases
to ∼34.80 for the period 1977–1984. The salinity decreases at a rate of ∼0.03 decade −1 for 1958–2008
[Jacobs and Giulivi, 2010]. A freshening of the 600 m deep RS continental shelf by 0.05, assuming a mean
salinity of 34.8, corresponds to a vertically integrated meltwater content increase of ∼1 m. Based on our
sensitivity experiments, the change of the vertically integrated meltwater content between the CTRL and
1.3 × MELT cases is ∼1 m, which is comparable to the magnitude of the freshening observed on the RS continental shelf. In addition, the integrated meltwater contents in the Ross Sea originating from ice shelves in
the AS and BS are 1.1×103 km3 and 2.0×103 km3 for the CTRL and 1.3 × MELT cases, respectively, after
10 years of simulation (Table S3 in the supporting information). Thus, the change of the integrated meltwater content in the Ross Sea between the CTRL and 1.3 × MELT cases is 900 km3 . On the other hand, Comiso
et al. [2011] estimate about 20 km3 of increased sea ice volume transport out of the Ross Sea every year,
leading to a freshwater decrease of 200 km3 in 10 years. Thus, the increment of freshwater due to basal melting between the CTRL and 1.3 × MELT cases is about 5 times larger than the estimate of increased freshwater
export from Comiso et al. [2011].
We note that the transport of basal meltwater rapidly increases (in less than 10 years) in response to an
increased basal melting in the AS and BS. Thus, considering that mass loss rates of AS and BS ice shelves
increased by about 60% between 1996 and 2006 [Rignot et al., 2008], the recent freshening observed on
the RS continental shelf may be explained by the positive feedback mechanism proposed in this study.
Although no data is available for basal mass loss of AS and BS ice shelves from the 1960s to the 1980s, it is
plausible to assume that the earlier RS freshening may go back to the same mechanism. This, in turn, implies
that the basal mass loss of the AS ice shelves would have already increased from the 1960s.

5. Summary
It has been suggested that an increased melting of continental ice in the AS and BS is the likely source of
the RS freshening [Jacobs et al., 2002; Jacobs and Giulivi, 2010]. So far, this hypothesis could not be assessed
using numerical models, because it has been diﬃcult to reproduce warm CDW intrusions onto the AS and BS
continental shelves in circumpolar or global models. In this study, we reproduce the warm CDW intrusions
onto the AS and BS continental shelves and, thus, are able to investigate the spreading of the meltwater of
AS and BS ice shelves in the Southern Ocean.
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Using virtual passive tracers indicating the ice shelf meltwater fraction per unit ocean volume, we ﬁnd that
basal meltwater from the BS mostly ﬂows westward, toward the AS, but only a small fraction reaches the
RS after 10 years of simulation. On the other hand, more than one third of basal meltwater from the AS ice
shelves reaches the RS with more than half of the meltwater originating from the Getz Ice Shelf in our simulation. Our results conﬁrm that the basal melting of the ice shelves in the AS could be the reason for the
observed RS freshening. Further, our results reveal that a slight increase of the basal mass loss (by warming of the inﬂowing CDW) can substantially intensify the transport of basal meltwater into the RS as a result
of the strengthening of the shelf circulation, the weakening of deep convection due to a freshening of the
surface waters, and the acceleration of buoyancy driven coastal current.
Although this study provides one possible explanation for the RS freshening, basal melting of ice shelves
is strongly inﬂuenced by many factors such as large-scale atmospheric and ocean circulation (which determine the strength and pathway of CDW intrusions), cavity shape, local sea ice formation, issues remaining
with continental shelf CDW properties, and basal melting parametrization. Due to the complexity of these
processes, our sensitivity experiments, using a uniform increase of the basal mass loss for all the West
Antarctic ice shelves, could be too simple. Therefore, further investigation into the reasons for the RS
freshening and of the interaction between the diﬀerent sectors of the Southern Ocean seems necessary.
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