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Abstract :
Recent increase in Antarctic freshwater release to the Southern Ocean is suggested to contribute to
change in water masses and sea ice. However, climate models differ in their representation of the
freshwater sources. Recent improvements in altimetry-based detection of small icebergs and in
estimates of the mass loss of Antarctica may help better constrain the values of Antarctic freshwater
releases. We propose a model-based seasonal climatology of iceberg melt over the Southern Ocean
using state-of-the-art observed glaciological estimates of the Antarctic mass loss. An improved version
of a Lagrangian iceberg model is coupled with a global, eddy-permitting ocean/sea ice model and
compared to small icebergs observations. Iceberg melt increases sea ice cover, about 10% in annual
mean sea ice volume, and decreases sea surface temperature over most of the Southern Ocean, but
with distinctive regional patterns. Our results underline the importance of improving the representation
of Antarctic freshwater sources. This can be achieved by forcing ocean/sea ice models with a
climatological iceberg fresh-water flux.

Highlights
► H1: The Antarctic iceberg freshwater flux is estimated with a sea ice/ocean/iceberg model ► H2:
Including vertical profiles of ocean currents improves modelled iceberg trajectories ► H3: The iceberg
model overall reproduces the observed probability of iceberg presence. ► H4: Iceberg meltwater
increases sea ice formation with few local deviations. ► H5: A climatology of iceberg freshwater flux is
offered to be used in climate models
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List of figures and supplementary files captions
Figure1: Modelled ocean temperatures of the last year of a 20-years ORCA025 simulation coupled with
the NEMO-ICB module. (a) Sea Surface Temperature. (b) Averaged temperature over the first 150 m
from the surface.
Figure2: 5 Examples of trajectories of modelled icebergs. (a) Trajectories of 73m-thick icebergs of class
number 2 with their corresponding sources points (see Supplementary Material); (b) Trajectories of
133m-thick icebergs of class
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number 3 and the name of relevant sectors. Red dots correspond to trajectories
only considering the drag exerted by the ocean surface, and blue dots correspond
to icebergs considering the vertical integrated ocean drag.
Figure3: Sea ice concentration means for: (a) Summer in model results, (b)
summer from observations, (c) winter in model results, and (d) winter from
observations. Summer means include months from October to March. Winter
means includes months from April to September. Model results correspond to
ICBT (simulation with explicit icebergs) monthly means of the first 5 years
after the 9-year spin up. Observations correspond to the National Snow and Ice
Data Center (NSDIC) (Peng et al., 2013) sea ice concentration climatology of
the period 1979-2010. Concentrations lower than 10% are not show.
Figure4: Standard deviation of the yearly mean sea ice concentration for the
first 5 years after the 9-year spin up of ICBT (simulation with explicit icebergs).
Figure5: Probability of iceberg detection in a 100 km x 100 km grid cell during a year. (a) Observations from ALTIBERG database (Tournadre J., 2015),
(b) Model results. Points where annual mean sea ice cover is larger than 40%
are shaded.
Figure6: Climatology of iceberg freshwater flux over the Southern Ocean in
mm/day for (a) summer, (b) autumn, (c) winter and (d) spring seasons. The
flux is computed from 11 years of ICBT (simulation with explicit icebergs) after
9 years of spin-up.
Figure7: Spatial and monthly Integration of the iceberg freshwater fluxes
per Southern Ocean sector. Dashed lines correspond to annual means. Red,
green, blue and black lines correspond to Atlantic, Indian, Pacific and global
sectors respectively
Figure8: (a) Anomalous sea ice concentration in ICBT (simulation with explicit icebergs) versus CTR (simulation without icebergs fluxes).. (b) Anomalous sea ice thickness in ICBT versus CTR.. Results are computed from sea
ice monthly means obtained for the first 5 years of simulations after the 9-years
spin-up
Figure9: Climatological seasonal cycles of sea ice volume in ICBT (simulation with explicit icebergs) (solid line) and CTR (simulation without icebergs
fluxes) (dashed line), for all the Southern Ocean, Atlantic, Pacific, Indian and
Bellingshausen Sea sectors respectively.
Figure10: (a) Anomalous sea ice concentration in ICBT (simulation with
explicit icebergs) versus CLIM (simulation forced with icebergs fluxes) . (b)
Anomalous sea ice thickness in ICBT versus CLIM. Results are computed from
sea ice monthly means obtained for the first 5 years of simulations after the
9-years spin-up
Figure11: Mean sea surface temperature difference between ICBT (simulation with explicit icebergs) and CTR (simulation without icebergs fluxes) simulations averaged over January, February and March of the first five years of
the simulation after spin-up. This plot shows the cold temperature anomaly in
the seasonal ice zone in the Weddell and the warm temperature anomaly west
of the Antarctic Peninsula.
Supplementary file Iceberg-Source-Points-Merino.xls: Distribution of iceberg
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source points along the model coastline. The table provides the longitude,
latitude and calving rate (in Gt/year) corresponding to each iceberg source
point of the iceberg model. Calving rates for each ice-shelf and oceanic sector are
extracted from Depoorter et al. (2013) and distributed along the corresponding
ice-shelf and sector coastline on NEMO ORCA025 grid.
Supplementary file Iceberg-Climatology-Merino.nc : Monthly climatology of
iceberg meltwater flux. Monthly means are computed using the last 11 years
of ICBT (simulation without icebergs fluxes) after the spin-up period. The
NetCDF file contains the longitude, the latitude and the freshwater flux for
each grid cell and month.
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1. Introduction

In contrast with the rapid sea ice loss observed in the Arctic, satellite observations show a slight overall increase in sea ice extent (SIE) around Antarctica in
recent decades (Comiso and Nishio, 2008; Parkinson and Cavalieri, 2012). The
overall increase in SIE results from the integration of large regional increases
and decreases in sea ice concentration (SIC) around Antarctica (Turner et al.,
2009). While the amplitude of overall trend is open to debate, the geographical pattern of regional changes in SIC has been clearly detected in satellite
observations (Eisenman et al., 2014). The mechanisms driving overall change in
Antarctic sea ice and its regional pattern are also not fully understood as climate
models generally fail to simulate these trends in a rigorous manner (Polvani and
Smith, 2013; Gagne et al., 2015; Turner et al., 2015). Whether this is indicative
of a poor representation of physical processes in climate models, for instance
the modelled ice drift (Uotila et al., 2014), or reflects the fact that the observed
trend in SIE results from natural variability is still unclear.
Several model and observational studies have investigated the causes of
the increase in Antarctic SIE observed over recent decades. Proposed external drivers for such change include winds, air-temperature, precipitation and
freshwater forcing (FWF) from Antarctica. Model experiments show that the
changes in surface winds and air temperature associated with a positive trend
in the Southern Annular Mode contribute to regional changes in Antarctic SIC
with a spatial pattern similar to the observed trends (Lefebvre et al., 2004).
The role of changing winds appears to be dominant in the regional response
to changing atmospheric conditions around Antarctica, through a combination
of changes in wind-driven advection of sea ice and wind-driven thermodynamic
changes (Holland and Kwok, 2012; Fan et al., 2014; Holland et al., 2014). However, changes in winds do not appear to quantitatively account for all the changes
observed in SIE (Liu et al., 2004; Fan et al., 2014). Changes in Antarctic SIE
may also involve ice-ocean feedback (Zhang, 2007; Goosse and Zunz, 2014) and
ice-atmosphere feedback (Stammerjohn et al., 2008).
It has also been suggested that the increase in Antarctic SIE may be due in
part to changes in freshwater release from the Antarctic Ice sheet (AIS) (Bintanja et al., 2013; Swart and Fyfe, 2013). This hypothesis is consistent with the
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observed acceleration of the mass loss from the AIS (Shepherd et al., 2012; Rignot et al., 2008). The oceanic response mechanism involves freshwater-induced
changes in ocean surface stratification and convection regimes (Marsland and
Wolff, 2001). However, to date, there is no quantitative agreement among existing model studies regarding the impact of the accelerated mass loss from the
AIS on Antarctic sea ice. This discrepancy is arguably due to the different and
crude representations of freshwater forcing from AIS in ocean models.
The oceanic freshwater forcing from AIS combines the contributions of basal
melt in ice-shelf cavities around Antarctica and freshwater fluxes due to melting
icebergs over the Southern Ocean. While the input of freshwater due to basal
melt occurs at the base of each ice-shelf, icebergs are calved at ice-shelf fronts
and melt progressively as they are transported northwards over the Southern
Ocean. Reliable estimates of present-day sub ice-shelf melt and calving rates
are now available for each ice-shelf (Depoorter et al., 2013; Rignot et al., 2013).
However, the redistribution of iceberg mass over the Southern Ocean remains
imperfectly constrained, so that ocean model studies differ in their representation of iceberg melt over the Southern Ocean (Bintanja et al., 2013; Swart and
Fyfe, 2013; van den Berk and Drijfhout, 2014).
Over the last decade, observations of iceberg distribution and melt rate have
mostly been limited to the tracking of large tabular icebergs (i.e. longer than
18km) (Silva et al., 2006). Recent methods based on radar altimetry make it
possible to estimate the distribution of the annual mean volume of icebergs and
the annual mean melt rates associated with smaller icebergs (up to about 3 km
in length) (Tournadre J., 2015). However, accurate estimates of the seasonal and
spatial distribution of iceberg melt rates are still not possible because it would
require tracking individual icebergs to determine where freshwater release actually occurs. In addition, the altimeter detection of icebergs is limited to sea
ice free water and by constraints due to satellite orbits over the southernmost
latitudes. Alternatively, explicit iceberg models based on a Lagrangian representation of collections of icebergs have also been proposed as an alternative
for estimating freshwater releases from icebergs over the Southern Ocean (Bigg
et al., 1997; Gladstone et al., 2001). A widely used climatology of Antarctic
iceberg freshwater fluxes, proposed by Silva et al. (2006), combines observations
of large tabular icebergs and modelling of small icebergs.
Several Lagrangian iceberg models have recently been coupled with ocean
circulation models at various grid resolutions (Martin and Adcroft, 2010; Jongma
et al., 2009; Marsh et al., 2015). These models, however, do not yet use the most
up-to-date estimates of calving rates (Depoorter et al., 2013; Rignot et al., 2013).
Moreover, modelled iceberg distributions have not yet been systematically compared with observations from radar altimetry. Tournadre et al. (2012) also
suggest that existing models might not be able to adequately represent iceberg
trajectories across Southern Ocean subpolar gyres (especially in the Weddell
Gyre). This may be due to biases in current Lagrangian iceberg models, which
are driven by ocean surface fields, or to the coarse resolution of most ocean
circulation models coupled with iceberg models.
In this paper, we propose a model-based estimate of iceberg melt over the
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Southern Ocean and study the impact of iceberg melt on ocean surface properties and sea ice. The estimate is obtained with an improved version of a Lagrangian iceberg model coupled with an eddy-permitting ocean-sea ice model,
using the most recent input calving rates based on glaciological studies. The
modelled iceberg distribution is shown to compare favourably with observations
in most of the Southern Ocean sectors. We show the strong seasonality of iceberg freshwater releases over the Southern Ocean and discuss its impact on
Antarctic sea ice. We further show that the impact of icebergs on Antarctic sea
ice can be reproduced, to a large extent, by forcing the ocean-sea ice model with
a climatological iceberg freshwater flux (provided as Supplementary Material).
The methods are described in section 2. The modelled distribution of icebergs is
presented and compared with observations in section 3. The impact of iceberg
freshwater release on sea ice is discussed in section 4. Finally, section 5 draws
conclusions and discusses the proposed climatology of iceberg freshwater fluxes.
2. Material and methods

AN

2.1. Ocean/sea ice model configuration
The ocean simulation is based on NEMO v 3.5 (Madec, 2014). The model
configuration uses a 0.25-degree resolution grid (ORCA025) with 75 vertical levels developed and maintained by the DRAKKAR group. Ice-shelf cavities are
not explicitly represented in the model, but ice-shelf meltwater is prescribed
(see section 2.3). The ocean component is coupled with the LIM2 sea ice
model (Fichefet and Morales Maqueda, 1997) and the NEMO iceberg module
(Marsh et al., 2015) (see section 2.2 ). The ocean model is forced by using core
bulk formulae with a climatological repeated-year atmospheric forcing based on
ERA-Interim (Dee et al., 2011). The climatological repeated-year forcing is constructed following the same approach as Grégorio et al. (2015) itself based on
Penduff et al. (2011). This forcing is built by computing 365 ERA-Interim daily
averages for the period 1979-2011. The resulting atmospherical forcing is composed of the daily averages of precipitations, runoff, cloud cover, long and short
wave radiation, 10 meters winds, temperature and air humidity. In addition
quadratic contributions are added to air-sea fluxes in order to account for the
contribution of non-linear high frequency correlations in bulk formulae. A sea
surface salinity restoring towards NODC WOA94 data, with a piston velocity
(Griffies et al., 2009) of 50 m/300 days, is applied, except at the first coastal grid
points. This is commonly practised in stand-alone ocean/sea ice DRAKKAR
simulations in order to not affect the total coastal runoff in the simulations.
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The distribution of freshwater fluxes due to icebergs is estimated here with an
interactive ocean/sea ice/iceberg model forced with recent estimates of Antarctic freshwater forcing. In this section we describe the details of the model set
up and the different datasets used to perform this work.
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2.2.1. NEMO-ICB module modifications
Unlike previous versions of Lagrangian iceberg models (Bigg et al., 1997;
Gladstone et al., 2001; Martin and Adcroft, 2010), the model used here (NEMOICB module, including the modifications described in section 4 of Marsh et al.,
2015) takes into account the influence of the vertical profiles of ocean currents
and temperatures instead of only considering the SST and surface ocean velocities, and considers a parametrised interaction with shallow bathymetry. Those
modifications (firstly implemented for this work) are described in this section
and are found to significantly improve the representation of iceberg trajectories
across Southern Ocean subpolar gyres (see section 2.2.2).
The first modification introduced in NEMO-ICB is the vertical integration
of ocean currents that takes into account the drag exerted by the entire ocean
column in contact with the iceberg, instead of the drag exerted by the ocean
surface. This modification allows in particular to take into account the change in
the orientation of wind driven currents with depth in the Ekman layer, which is
approximately 100 m deep in the Southern Ocean (Lenn and Chereskin, 2009).
The second modification is the computation of melt rates using ocean temperatures at varying depths, thus taking into account the strong vertical temperature gradients in summer in the upper Southern Ocean. Modelled icebergs,
according to observations, can be up to 250 m thick (Gladstone et al., 2001) and
the ocean temperature profiles across the pycnocline in summer can be remark-
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2.2. Standard NEMO-ICB and new features in NEMO-ICB
The ocean component is coupled with the NEMO-ICB iceberg module (Marsh
et al., 2015). It describes the evolution of an ensemble of Lagrangian particles.
Each Lagrangian particle is meant to represent a collection of one or several
icebergs. Each collection of icebergs belongs to one of the ten different size
categories of the statistical distribution based on ship observations proposed by
Gladstone et al. (2001). By simplicity, a constant upper bound of 250 m is considered for all the ice shelves in this study, consistently with Martin and Adcroft
(2010) and Marsh et al. (2015). This upper bound corresponds to the typical
thickness of ice-shelves at their calving front. NEMO-ICB considers a fixed
number of source points with constant in time iceberg production rate for each
individual source location. The dynamics and thermodynamics of each collection of icebergs are prescribed according to the procedure used by Marsh et al.
(2015), which mostly follows Martin and Adcroft (2010). Freshwater fluxes to
the ocean model are calculated at each time-step from the iceberg melt rate and
injected at the ocean surface. However, in the present version of NEMO-ICB,
heat fluxes from icebergs are not applied to the ocean model: neither sensible
heat fluxes due to iceberg-ocean temperature difference, nor latent heat of fusion
when melting are taken into account.
As is common in iceberg models, the model only describes the evolution of
small icebergs (up to 2.2km in length). This choice is supported by the findings
of Tournadre et al. (2015) indicating that the melting of large icebergs provides
only a marginal contribution to total iceberg freshwater fluxes.
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2.2.2. Impact of vertical shear on simulated iceberg trajectories
As described in section 2.2.1 the iceberg model used in this study considers
ocean currents averaged over the thickness of each iceberg in the drag formulation, instead of the ocean surface currents as commonly applied in previous
iceberg modelling studies.
Figure 2 shows the sensitivity to this modification for individual iceberg
trajectories departing from different locations and for two different size classes.
Icebergs of category #1 and #2 (40m and 67m thickness respectively, Gladstone
et al. (2001)) are thinner than the typical thickness of the Ekman layer and are
therefore not significantly affected by the modification in NEMO-ICB (Figure
2a). By contrast, larger and thicker icebergs can only cross the Weddell, Ross,
and Amery Seas if the vertical integration of ocean velocities is included in
NEMO-ICB (Figure 2b). Icebergs following the Antarctic Coastal Current are
more likely to escape before reaching the Antarctic Peninsula and to the north
of the Weddell Sea. Consequently, our modification leads to a reduced presence
of modelled icebergs in the Atlantic sector, and contributes to better distribute
the iceberg mass between Atlantic, Indian and Pacific sectors.
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ably abrupt in shallow mixed layers. As shown in Figure 1, surface temperatures and first depth averaged temperatures over 0-150m can differ significantly
in some regions.
The last modification introduced in this work is the parametrization of iceberg interaction with bathymetry. With the inclusion of the vertical integration
of the ocean currents, the interaction of thick icebergs with shallow bathymetry
needs to be explicitly taken into account. This is because, accounting for the
ocean drag is needed when a thick iceberg crosses a shallow bathymetry grid
cell. We choose not to stop icebergs in shallow regions because the subgrid
scale bathymetry probably matters more than the model bathymetry. Nonetheless, we calculate the vertically-averaged velocity over the entire iceberg thickness, with zero velocities at depth where the iceberg is deeper than the model
bathymetry, so icebergs are slowed in shallow regions (see equation 1 in Appendix). By including this interaction in the model, thick icebergs tend to stay
longer in specific coastal regions instead of escaping northwards as it happened
in previous versions of the iceberg model. This overall behaviour is in better
agreement with observations which indicate the existence of regions with high
iceberg presence due to the grounding of thick ones (Jacka and Giles, 2007).

265

270

2.3. Observation-based calving and meltwater input fluxes
The recent estimate of Antarctic freshwater forcing from Depoorter et al.
(2013) is used in our simulations. Depoorter et al. (2013) provide calving rates
and basal melt fluxes for 31 ice-shelves around Antarctica. The total observed
mass loss from Antarctica is completed with an additional residual flux for each
Southern Ocean sector. Both the calving rates and the basal melt rates are in
good agreement with another recent observational study (Rignot et al., 2013).
These recent estimates provide a major improvement over the Antarctic
freshwater forcings used in previous studies (eg. van den Berk and Drijfhout,
8
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2.4. Model experiments
Three experiments based on the described model set up have been run in this
work. The iceberg test run (hereafter referred to as ICBT) uses the ocean/sea ice
model configuration coupled with the iceberg model described above in section
2.2 in a 20-year simulation. The ICBT simulation initial state is free of icebergs.
The first 9 years of ICBT simulation correspond to the spin-up required for the
iceberg model. In steady state after the spin-up, the calving mass input matches
the melted iceberg mass. In contrast, in the control run (hereafter CTR), the
iceberg model is switched off, and consequently, the ocean/sea ice model does
not include any flux from icebergs. CTR is computed for 14 years, that correspond to 9 years of spin-up and 5 years for results comparison with ICBT
results. Considering the constant climatological atmospheric forcing applied,
the reduced ocean/sea ice model variability allows 5-years means comparisons
between both simulations. An extra simulation of 14 years (hereafter CLIM)
was performed without the iceberg model but including, as an external forcing,
a monthly climatology of iceberg freshwater flux. This climatology (available
in Supplementary Material) has been computed from the monthly means of the
ICBT simulation (see section 4.1)
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2014). Indeed, the most recent estimates (Depoorter et al., 2013; Rignot et al.,
2013) account for the observed changes in ice-shelf thickness and surface mass
balance, in contrast with earlier studies (eg. Rignot and Jacobs, 2002). In addition, improved techniques for grounding line detection, thickness measurements
and firn model corrections have been applied to the treatment of the most recent
data (between 1994 and 2009) (Depoorter et al., 2013).
Basal melt underneath ice-shelves is prescribed as coastal run-off in our
simulation set-up. Following Depoorter et al. (2013), it accounts for 1454 Gt/yr
and is distributed at the ice-shelf fronts. The corresponding freshwater flux
is applied at ocean grid points lying at the front of each ice-shelf and spread
vertically between the base of the calving front and the minimum between the
grounding line depth and the bathymetry at the calving front. The 1350 Gt/yr
of calving fluxes estimated in Depoorter et al. (2013) are used as input for
the NEMO-ICB module. The iceberg model then generates icebergs, which
eventually distribute freshwater at the ocean surface when they melt. Calving
rates are kept constant over time and their spatial distribution follows Depoorter
et al. (2013). The distribution of source points for iceberg calving is provided
in Supplementary Material.

305

3. Model evaluation

310

3.1. Ocean/sea ice model
Figure 3 shows the comparison of the modelled sea ice with observations.
Modelled SIC is computed from monthly means of ICBT simulation after spinup. Observations of sea ice concentration come from NSDIC monthly means
for the period 1979-2010. Summer means includes the months from October
9
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3.2. Iceberg model
3.2.1. On the model-observations comparison of iceberg presence
Iceberg model results are compared to ALTIBERG database (Tournadre J.,
2015). This database uses the method described in Tournadre et al. (2012)
applied to Jason-I and 9 other satellites covering various time periods from
1992 to 2014. The database provides a single estimate of iceberg volume per
grid cell for icebergs of 0.1 to 3 km in length. It is based on the assumption
of a constant iceberg thickness of 247 m. Our study divides this volume by
the thickness (247 m) to obtain the area covered by icebergs in each grid cell.
Taking into account grid cell area, we can compute the ratio between the surface
covered by icebergs and the ocean surface. This can also be understood as the
probability of detecting an iceberg of 0.1 to 3 km in length in a grid cell. A
similar estimation can be made from model results. The total area covered
by modelled icebergs is integrated over the same grid as the observations and
averaged over a year.
Satellite detection of icebergs with radar altimetry is limited by the presence
of sea ice. Icebergs can only be detected in sea ice free water and the comparison
in regions with high annual sea ice concentration needs to be carefully considered. In order to highlight those sectors, we decided to mask in Figure 5 the
regions with sea ice concentration greater than 40%, consistently with the ALTIBERG data treatment. We use observations of mean sea ice cover provided
by the NSIDC (Peng et al., 2013) instead of our modelled sea ice concentrations,
so as to be more consistent with ALTIBERG detections.
The quantitative comparison of modelled and observed icebergs should be
considered with caution because of the specificities of iceberg detections and
model settings. On the observation side, the method of Tournadre et al. (2012)
only detects small icebergs of up to 3 km in length. Therefore a significant
fraction of the total volume of icebergs, corresponding to icebergs longer than
3 km, is not directly observed with radar altimetry. On the model side, the
distribution of iceberg class sizes, which follows Gladstone et al. (2001), assumes
that the total annual volume of icebergs is distributed in iceberg classes of up to
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to March, and winter means include months from April to September. ICBT
simulation presents more sea ice concentration than observations in the Bellingshausen Sea in both summer and winter seasons. In summer, sea ice concentration gradients are overall stronger in the model. Besides, simulated summer
sea ice is more concentrated in coastal regions of the Atlantic and East Indian
sectors and less concentrated in Ross Sea.
The choice of comparing 5-years sea ice means between the different simulations (see section 2.4) is supported by the Figure 4. It shows the standard
deviation of the sea ice concentration for the 5-year period after the 9-years
spin-up of the ICBT simulation. As shown in Figure 4, the inter annual variability of the sea ice for ICBT simulation is mostly negligible. Large standard
deviations are obtained near sea ice margins where year to year variability in
SIC is expected to be large.
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2.2km in length. Given that the thickness of icebergs depends on the category,
the model probably overestimates the area covered by small icebergs.
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3.2.2. Qualitative model-observations comparison
Figure 5 compares the iceberg distribution in the model with observations
from the ALTIBERG database (Tournadre J., 2015). It shows the probability of
detecting an iceberg in a grid cell of 100 km x 100 km over a year following the
method described in section 3.2.1. To our knowledge, this is the first qualitative
comparison between an iceberg model and the distribution of small icebergs
estimated from radar altimetry observations. Patterns of the probability of
iceberg presence is overall well reproduced by the model. Indeed, the model
correctly computes highly probability of finding icebergs in offshore branches
of Antarctic subpolar gyres. The model also reproduces the observed pattern
of iceberg presence in the eastward flowing branch of the Weddell Gyre. This
pattern is consistent with the observations of Tournadre et al. (2012) (see their
Figure 16), whereas most existing iceberg models show major discrepancies in
this region (Tournadre et al., 2012). As shown in Figure 6, the presence of
icebergs in this region significantly increases the freshwater flux in the Atlantic
sector of the Southern Ocean. The improved distribution of icebergs in this
region compared with previous studies is likely due to the depth integration of
ocean currents as discussed in section 2.2.2
Several differences between the model and observations can also be identified. First, the model suggests a higher probability of iceberg presence in coastal
regions compared with observations. It should be noted that most of the iceberg detections in those coastal sectors have been dismissed from ALTIBERG
database based on their sea ice criteria (Tournadre J., 2015). However, synthetic
aperture radar images (Wesche and Dierking, 2015) confirm the high presence
of small and medium size icebergs trapped in the Antarctic Coastal Current in
the Indian and Atlantic sectors. Second, in the model, the Weddell Sea sector
presents a relatively larger iceberg-covered area than that found in the Amery or
Ross sectors, whereas observations indicate roughly similar probabilities of iceberg presence in all three Antarctic subpolar gyres. This might indicate that the
modelled icebergs are too often trapped within the Antarctic Coastal Current.
Indeed, the Antarctic Peninsula is the last escape route for icebergs transiting
along the Antarctic Coastal Current. Model misrepresentation of the ability of
icebergs to escape coastal regions would therefore result in an increase in iceberg presence north of Weddell Sea. This happens even if, as shown in section
2.2.2, modifications of the iceberg model used in this study tend to decrease
the number of icebergs that eventually reach the Antarctic Peninsula. A further misrepresentation of escape routes from coastal regions in the model could
also be associated with the representation of iceberg interaction with sea ice,
firstly suggested by Lichey and Hellmer (2001), proposed by Hunke and Comeau
(2011) and observed by Schodlok et al. (2006). In addition, mesoscale variability
in the Antarctic Coastal Current is significant (Stewart and Thompson, 2015),
but probably too weak in the model, which may contribute to limit the escape of
modelled icebergs from coastal regions. The model also shows a lack of icebergs
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in open ocean waters of the South-East Pacific sector. This could be related
to the fact that the model only considers coastal sources of icebergs, whereas
observations suggest that large icebergs, which are not represented in the model,
break into small icebergs in open ocean waters (Tournadre et al., 2015). These
resulting smaller icebergs are then transported by the ACC and reach the west
Antarctic Peninsula and the South Atlantic sectors before melting. Neglecting
the formation of small icebergs associated with the breaking of large ones is
therefore likely to contribute to discrepancies in the South-East Pacific and in
the South Atlantic.
4. Results
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4.1. Iceberg freshwater flux climatology
Starting from an initial state free of icebergs, the iceberg model takes about
9 years to reach equilibrium, when iceberg melt water balances the calving flux.
At model equilibrium in ICBT run, the Southern Ocean presents a yearly mean
iceberg mass close to 3000 Gt, more than twice the iceberg mass input and
the melted mass released over one year. This indicates that, on average, model
icebergs are transported for more than one year before melting. We find in
particular that icebergs usually follow the Antarctic Coastal Current for more
than one year before reaching the open ocean. This is also consistent with recent
estimates of the volume of icebergs near the coast of Antarctica (Wesche and
Dierking, 2015). Icebergs eventually leave coastal regions carried by offshore
flows associated with the three Antarctic subpolar gyres in the Weddell, Ross
and Amery sectors (see Figure 5). Such iceberg behaviour in the model is
consistent with satellite observations (Tournadre et al., 2012) and was previously
reported in the eastern Weddell Sea by Schodlok et al. (2006).
The 11-years climatological estimate of iceberg freshwater release over the
Southern Ocean are shown in Figures 6 and 7. This estimate confirms that
iceberg melt over the Southern Ocean is very heterogeneous. For instance, since
most of the iceberg mass is concentrated in the Weddell Sea sector, this is where
most of the freshwater release occurs. In contrast, iceberg freshwater release appears to be relatively limited in the Bellingshausen Sea, west of the Antarctic
Peninsula, most probably because this region is not fed by icebergs flowing from
upstream sources along the Antarctic Coastal Current. Our estimate also confirms that iceberg melt exhibits strong seasonality over the Southern Ocean, as
suggested by Tournadre et al. (2012) and shown in Figure 7. The freshwater flux
is indeed usually below the annual mean value for more than two thirds of the
year, with about 43% of annual fresh-water release occurring from December to
February. The strongest seasonality is observed in the Ross Sea and Amundsen
Sea sectors in the Pacific, where January and February account for almost half
of the net annual freshwater flux. Surprisingly, the seasonality of the freshwater
flux in the Indian sector is slightly delayed as compared to other regions, with
a maximum flux occurring in February and relatively weak fluxes in December
and January.
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4.2. Sensitivity of sea ice to icebergs
Figure 8 shows the differences in annual mean sea ice concentration and
thickness for ICBT and CTR simulations. It considers the first 5 years after the
9 years of spin up. It reveals that the freshwater release due to icebergs increases
sea ice concentration and thickness over most of the Southern Ocean with the
exception of the Bellingshausen Sea. Those results are discussed in section
5. The sea ice volume seasonal cycles of both ICBT and CTR simulations
are compared in Figure 9. As shown in Figure 9, both simulations present a
very similar minimum of sea ice volume with remarkable differences in their
maximum in most of the Southern Ocean sectors. In addition, there is no shift
between the sea ice cycle of both simulations, so the maximum and the minimum
happen at the same time of the year for all the analysed sectors. Overall, iceberg
freshwater release therefore increases the amplitude of the seasonal cycle of sea
ice with larger net production and sea ice melting. These changes lead to an
increase of 10% in the annual mean sea ice volume. However, in terms of relative
quantities, the largest relative global difference between ICBT and CTR occurs
in mid-April, at the beginning of the sea ice production period, with a 14.3%
larger sea ice volume with icebergs (ICBT). In summer, when sea ice volume is
at a minimum, it is 10% larger with icebergs (sea ice extent is 13.5% larger). In
winter, when sea ice volume reaches a maximum, it is 8.3% larger with icebergs
(sea ice extent is only 2.5% larger). Overall, iceberg freshwater release therefore
increases the amplitude of the seasonal cycle of sea ice volume with larger net
production and the melting of sea ice.
The CLIM experiment (see section 2.4) was performed to study the ability
of the ocean model to account for the iceberg freshwater fluxes with a reduced
CPU cost as compared to ICBT simulation. For instance, the first year after
spin-up takes 47% less CPU time for CLIM than for ICBT. Figure 10 shows
the difference in annual mean sea ice concentration and thickness for ICBT
and CLIM simulations. It considers the first 5 years after 9 years of spin up.
This result reveals strong similarities in the solution obtained when an external
forcing is applied at the ocean surface instead of explicitly solving the icebergs
dynamics and thermodynamics. This result shows that most of the impact on
the sea ice can be captured with the inexpensive approach applied for the CLIM
simulation. Differences obtained in most of the Southern Ocean are indeed
negligible compared to the differences between ICBT and CTR simulations (see
Figure 8 ).
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Freshwater fluxes at the ocean surface directly affect surface salinity, ocean
stratification and mixed layer depth through changes in bouyancy fluxes at the
ocean surface. These changes in surface properties can also indirectly affect
sea surface temperature (SST) and sea ice cover (as it is shown in section 4.2).
Two important mechanisms can be expected to play a role in the response of
Antarctic sea ice to iceberg freshwater release. Firstly, during fall and winter months, when the atmosphere extracts heat from the ocean, a freshening
13
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of ocean surfaces enhances thermohaline stratification, thereby weakening the
rate of convective overturning and therefore the supply of heat to the surface
layers from deeper layers. This leads to an increase in net sea ice production
because the heat supply from the deep ocean no longer limits sea ice production
(Marsland and Wolff, 2001). Secondly, a freshening of the ocean surface also
contributes to create shallower mixed layers, thus decreasing the effective heat
capacity of ocean surface layers. Ocean surface layers are then more sensitive
to air-sea heat fluxes. Under a positive air-sea downward heat flux (e.g. during
the melting season), the ocean surface receives more heat, thereby accelerating sea ice melt. Increased sea ice production with icebergs over most of the
Southern Ocean is consistent with the mechanism involving the reduction of
convective overturning in winter described by Marsland and Wolff (2001). For
instance, iceberg freshwater release significantly reduces convective overturning
in the Weddell Sea, delaying the seasonal opening of Maud Rise Polynia and
increasing annual mean sea ice cover in this region. In addition, the model
indicates that summer mixed layers (not shown) are shallower with icebergs,
consistently with a reduction in the effective heat capacity of ocean surface layers. One could expect that the reduction in heat capacity in ICBT simulation
would drive a surface warming during summer as compared to CTR simulation.
On the contrary, model SST in the seasonal ice zone are usually considerably
colder (0.5-1◦ C) with icebergs (see Figure 11). This is probably related to the
difference in winter sea ice concentration and thickness between ICBT and CTR,
Changes in winter sea ice concentration and thickness may cool the SST by two
mechanisms: Firstly, the extra insulation exerted by the thicker or more concentrated sea ice layer may reduce the net heat flux received by the ocean surface
layer in spring and summer. Secondly, larger latent heat fluxes are required to
melt the extra sea ice volume of the ICBT simulation. Both mechanisms seem
to notably compensate the effect of changes in heat capacity.
As noted above, modelled iceberg melt is relatively limited in the Bellingshausen Sea west of the Antarctic Peninsula, but the response of the modelled
sea ice to this extra freshwater is significant and somewhat unexpected. In contrast with most of the Southern Ocean, sea ice tends to be thinner with icebergs
in this region while sea ice concentration is essentially unchanged (see Figure
8). In addition, SSTs are found to be significantly warmer in summer upstream
of the Bellingshausen Sea along the Antarctic Peninsula (see Figure 11). This
suggests that the equilibrium state reached after spin-up in the Bellingshausen
Sea may be affected by changes in heat transport by the Antarctic Coastal Current. In the model, the lateral supply of warmer water may affect the formation
of sea ice in the Bellingshausen Sea so that the ocean/sea ice system eventually
reaches an equilibrium state with thinner sea ice over the entire annual cycle.
What drives the warming of surface layers upstream is not clear yet, but this
warming could be associated with changes in effective heat capacity of ocean
surface layers in coastal regions along the Antarctic Peninsula. Other processes
in the model, as for instance changes in the convective supply of heat to the
surface could also contribute to the unexpected response of simulated sea ice
properties in the Bellingshausen Sea. But further analysis would be needed to
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disentangle the mechanisms involved. In conclusion, the response in terms of
modelled sea ice volume in the Bellingshausen Sea illustrates how icebergs can
affect ocean surface properties through a range of physical processes. Indeed,
the Bellingshausen sector presents the only discrepancies between ICBT and
CLIM simulations (see Figure 10). The forced simulation (CLIM) produces
even thinner sea ice than ICBT and CTR. The three simulations notably differ
in their sea ice thickness solution in the Bellingshausen sector. However, the
icebergs fluxes in the sector seems to be weaker than what the observations suggests (see Figure 5), and the discussed mechanism producing sea ice thinning
should not be considered as a realistic climate feature in the sector. Instead,
the Bellingshausen Sea in the model is an example which illustrates how, under
specific conditions, the way icebergs fluxes are represented in the ocean models
may be crucial to model sea ice.
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In this paper, we have studied the climatological distribution of iceberg melt
over the Southern Ocean and its impact on Antarctic sea ice and ocean surface
properties. To do this, we have used a Lagrangian iceberg model (Marsh et al.,
2015) coupled with a global, eddy-permitting ocean sea ice model configuration
(NEMO-ORCA025). The Lagrangian iceberg model has been modified in order
to explicitly take into account the influence of ocean current and temperature
vertical profiles. Ocean currents integrated along the iceberg vertical profile are
shown to notably impact the trajectories of icebergs crossing the subpolar gyres
in the Ross, Amery and Weddell Seas. The model is forced with recent estimates
of calving rates and melt rates for the Antarctica Ice Sheet (Depoorter et al.,
2013).
The distribution of Antarctic icebergs in the model is shown to be broadly
consistent with satellite observations of small icebergs from radar altimetry. We
have presented the first comparison of the probability of iceberg detection obtained from radar altimetry with that from an iceberg model. This comparison
makes it possible to identify limitations of current Lagrangian iceberg models
For instance, modelled icebergs seem to be too confined in the Antarctic
Counter Current, which impacts the equatorward transport of icebergs through
the Ross and Amery subpolar gyres. In addition, modelled iceberg trajectories
seem too short in the model, especially in the Pacific sector where observations
suggest that iceberg are transported further east. Improving the representation
of icebergs/sea ice interaction may also improve simulation results, either by
producing more export of icebergs out of the Antarctic Counter Current following the drift of the sea ice pack, or by fastening iceberg close to coast within
fast sea ice. Additionally, a higher ocean model resolution and the representation of the synoptic component of the wind forcing could help icebergs escaping
the Antarctic Counter Current. Finally, accounting for small icebergs associated with the fracturing of large tabular, could result in trajectories extending
further east and might lead to a better agreement between the model and the
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altimetry observations. This could be reproduced in the model by adding offshore calving sources in the model according to a probabilistic estimation of the
tabular iceberg fracturing.
Iceberg melt over the Southern Ocean is found to show a significant seasonality and to be mostly concentrated in offshore flowing branches of Antarctic
subpolar gyres. A large fraction of the total iceberg melt is found to occur in the
South Atlantic sector of the Southern Ocean. The freshwater release is found to
be strongly seasonal in the Ross Sea and the Amundsen Sea where almost half
of the freshwater release occurs in January and February. The monthly climatology of iceberg melt over the Southern Ocean is provided as Supplementary
Material.
Iceberg melt is shown to substantially increase sea ice concentration and
thickness over most of the Southern Ocean, except in the Bellingshausen Sea
where iceberg melt decreases sea ice thickness in the model. As suggested by
previous studies, in most of the Southern Ocean, iceberg melt increases sea ice
production in autumn and winter because it reduces convective overturning, thus
limiting the heat supply from the deep ocean to the surface. In contrast, iceberg
melt results in thinner sea ice in the Bellingshausen Sea, probably because of
the advection of warmer waters flowing along the Antarctic Coastal Current.
The extra computational cost of running an explicit iceberg model can be
drastically reduced by forcing the ocean model with a monthly climatology of
iceberg melt. Figure 10 shows that this inexpensive simulation strategy succeeds
in capturing the essential aspects of the response of sea ice to freshwater release
in a climatological forced ocean simulation. Whether this result still holds with
an inter-annually varying atmospheric forcing needs to be further investigated.
Such a forcing strategy could arguably be adopted for forced ocean simulations
and possibly adapted to climate models. For climate simulations, latent heat
exchanges due to iceberg melt would need to be recalculated from the freshwater
fluxes in order for the model to conserve energy.
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Appendix: Modified equations of the NEMO-ICB Lagrangian iceberg
model
Interested reader may refer to Martin and Adcroft (2010) for a thorough
description of the dynamics and thermodynamics of the iceberg model. We only
describe here our modifications and the corresponding changes in the original
model equations.
The parametrized dynamics of the iceberg model from Martin and Adcroft
(2010) which are based on Bigg et al. (1997), depend on the sea surface velocity.
In this work we consider the following depth-integrated ocean velocity:
R0
v~ (h)dh
−min(Hbat ,Hicb ) o
(1)
v~m =
Hicb
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where Hbat is the bathymetry depth at the grid point, Hicb is the submerged
part of the iceberg thickness, dh is the differential of depth, v~o (h) is the ocean
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Mb = 0.58|~v − v~b |0.8

(2)

US

with v~b = v~bat and T̃b = T̃bat whenever Hicb > Hbat , where ~v is the iceberg
velocity, v~b is the velocity of the ocean at the base of the iceberg, v~bat is the
bottom ocean velocity (i.e. at sea floor depth), T̃b is the ocean temperature at
the base of the iceberg, T̃bat is the bottom ocean temperature, L is the iceberg
horizontal length, and Mb is the resulting basal turbulence melt rate.
Finally, the buoyant convection melt rate is integrated over the depth of the
iceberg as follows:
Z 0
Mv =
(7.62 × 10−3 T̃o (h) + 1.29 × 10−3 T̃o2 (h))dh
(3)
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velocity depending on the depth and v~m (h) is the resulting depth-integrated
ocean velocity.
Our version of NEMO-ICB model uses the equations A.2a A.2b and A.2c
from Martin and Adcroft (2010) applying v~m (h) instead of the sea surface velocity.
We also modify the equations of the parametrization of basal turbulence
and buoyant convection melt rates (see equations A.7 and A.9 from Martin and
Adcroft (2010)) as follows:

−Hicb

M

with T̃o (h) = T̃bat whenever h > Hbat , where T̃o (h) is the ocean temperature at
depth h and Mv is the resulting buoyant convection melt rate.
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