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Melting icebergs are a mobile source of fresh water as well as a sink of latent heat. In most global climate
models, the spatio-temporal redistribution of fresh water and latent heat fluxes related to icebergs is
parameterized by an instantaneous more or less arbitrary flux distribution over some parts of the oceans.
It is uncertain if such a parameterization provides a realistic representation of the role of icebergs in the
coupled climate system. However, icebergs could have a significant climate role, in particular during past
abrupt climate change events which have been associated with armada’s of icebergs. We therefore pres-
ent the interactive coupling of a global climate model to a dynamic thermodynamic iceberg model, lead-
ing to a more plausible spatio-temporal redistribution of fresh water and heat fluxes. We show first that
our model is able to reproduce a reasonable iceberg distribution in both hemispheres when compared to
recent data. Second, in a series of sensitivity experiments we explore cooling and freshening effects of
dynamical icebergs on the upper Southern Ocean and we compare these dynamic iceberg results to
the effects of an equivalent parameterized iceberg flux.

In our model without interactive icebergs, the parameterized fluxes are distributed homogeneously
South of 55�S, whereas dynamic icebergs are found to be concentrated closer to shore except for a plume
of icebergs floating North–East from the tip of the Antarctic Peninsula. Compared to homogeneous fluxes,
the dynamic icebergs lead to a 10% greater net production of Antarctic bottom water (AABW). This
increased bottom water production involves open ocean convection, which is enhanced by a less efficient
stratification of the ocean when comparing to a homogeneous flux distribution.

Icebergs facilitate the formation of sea-ice. In the sensitivity experiments, both the fresh water and the
cooling flux lead to a significant increase in sea-ice area of 12% and 6%, respectively, directly affecting the
highly coupled and interactive air/sea/ice system. The consequences are most pronounced along the
sea-ice edge, where this sea-ice facilitation has the greatest potential to affect ocean stratification, for
example by heat insulation and wind shielding, which further amplifies the cooling and freshening of
the surface waters.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Many climate models predict an abrupt climate change follow-
ing a (partial) collapse of the thermohaline circulation under influ-
ence of freshwater perturbations (Petoukhov et al., 2005;
Rahmstorf et al., 2005; Stouffer et al., 2006). In the last glacial cli-
mate, one important source of such freshwater perturbations were
large armadas of icebergs known as Heinrich events (Heinrich,
1988; Bond et al., 1992). In the present climate, iceberg fluxes
are much smaller, but their effect on climate might still be signif-
icant and correlations have been found between iceberg rafting
and Holocene climate variability (Bond et al., 2001). However, as
ll rights reserved.
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presently none of the global coupled three-dimensional climate
models incorporates interactive dynamic icebergs, it has not yet
been possible to study the interaction between icebergs and ocean
circulation in detail. We therefore present a two-way (interactive)
coupling of a global climate model to a dynamic thermodynamic
iceberg model and investigate its performance for the modern
pre-industrial climate.

Melting icebergs can have two direct effects on deep water for-
mation. First, the melting generates a fresh water flux, which low-
ers water density. On the other hand icebergs cool their
surroundings when they melt, increasing water density. These ef-
fects can be expected to alter the vertical density profile, affecting
the character of the pycnocline and the stability of the upper water
column (e.g. Martinson, 1990a,b). Consequently, icebergs are a mo-
bile mediator of deep water formation.
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Furthermore, a freshening and cooling of surface waters
might be expected to facilitate the formation of sea-ice, influenc-
ing the climate through several feedbacks. An extended sea-ice
cover leads to atmospheric cooling through the positive ice-albe-
do (Covey et al., 1991; Manabe et al., 1992) and heat-insulation
feedbacks (e.g. Martinson, 1990a,b). Because of the insulation,
and also by shielding the ocean from strong wind mixing, sea-
ice formation can lead to increased stratification of the upper
water column, inhibiting convection. Negative feedbacks, which
enhance salinity and promote deep water formation, include
the brine rejection associated with sea-ice formation, and the
interception of precipitation by the sea-ice (e.g. Martinson,
1990b; Gordon 1991).

We have coupled a dynamic iceberg module to ECBilt-CLIO, a
global atmosphere–ocean–sea-ice model of intermediate com-
plexity (Opsteegh et al., 1998; Goosse and Fichefet, 1999). The
dynamics and thermodynamics of our iceberg-module are based
on the iceberg-drift model introduced by Smith (Smith, 1993)
and further developed by Bigg et al. (1996, 1997). This model
predicts the path of a melting iceberg. In previous studies, the
resulting iceberg dynamics have been investigated by prescrib-
ing observed modern average climate fields in the Arctic (Bigg
et al., 1996) as well as the Antarctic (Gladstone et al., 2001) re-
gion. For the paleoclimate, iceberg trajectories have been simu-
lated under different LGM states by prescribing climatic output
from a climate modelling under fixed wind conditions (Bigg
et al. 1998). Furthermore, the dynamics of icebergs released
from a Scandinavian ice sheet under glacial conditions have
been investigated (Death et al., 2006), and modelled North
Atlantic iceberg trajectories have been used to investigate the
plausibility of alternative LGM ocean circulation states (Watkins
et al., 2007). These studies with prescribed boundary conditions
have allowed for a detailed high-resolution investigation of ice-
berg dynamics and melting fluxes, but have not yet taken into
the account the effects that the melting icebergs might have on
the climate.

To investigate the complex effects that icebergs might have
on climate, we have coupled the iceberg module interactively
with an intermediate complexity climate model, by adding
the fresh water and latent heat fluxes associated with the ice-
berg melt to the surface ocean layer of the local grid cell.
Using a series of sensitivity experiments, we have delineated
the three main effects of icebergs (distribution, freshening
and cooling) on the modelled dynamics of the Southern Ocean.
We focus on the Antarctic surface ocean response on a multi-
decadal time-scale because iceberg fluxes are highest in the
South and because we aim to avoid the three-dimensionally
complex North Atlantic, which can for example exhibit mem-
ory effects on a multi-centennial time-scale (Jongma et al.,
2007), from interfering with our interpretation of the sensitiv-
ity experiments. The performance of our ocean model in the
Southern Ocean has been analysed in detail in previous publi-
cations (Goosse and Fichefet, 2001; Beckmann and Goosse
2003). It should be noted that it is not our primary intention
here to analyse how the introduction of an interactive iceberg
model could improve the quality of model results. Our goal is
rather to analyse the feedbacks that are associated with
icebergs.

First we will show that this coupled iceberg model gives
acceptable predictions of iceberg tracks in the modern (i.e.
pre-industrial) climate. Then we will study the averaged impact
of dynamic–thermodynamic icebergs on the Southern Ocean.
The spatial effects of the icebergs’ fresh water fluxes and latent
heat fluxes on the surface ocean, sea-ice formation and Antarctic
convection are presented, after which the net effects are
discussed.
2. Methods

2.1. ECBilt-CLIO

ECBilt-CLIO (version 3) is a three-dimensional global coupled
atmosphere–ocean–sea-ice model. Although ECBilt-CLIO has a rea-
sonably elaborate ocean, it is comparatively fast thanks to its
atmosphere, which combines a relatively coarse resolution and
simplified radiation scheme with the quasi-geostrophic approxi-
mation that allows for a larger time-step. Therefore, ECBilt-CLIO
is also known as an Earth system model of intermediate complex-
ity (Claussen et al., 2002).

The oceanic module CLIO is a 3� � 3�-resolution, 20-level,
primitive equation, free-surface ocean general circulation model
(Deleersnijder and Campin, 1995; Campin and Goosse, 1999)
coupled to a thermodynamic–dynamic sea-ice model (Goosse
and Fichefet, 1999). It includes a detailed formulation of bound-
ary layer mixing based on Mellor and Yamada’s (1982) level-2.5
turbulence closure scheme (Goosse and Fichefet, 1999), a param-
eterization of density-driven down-slope flows (Campin and
Goosse 1999), and a discretised bathymetry. The ocean has a
1-day time-step, which is also used for the iceberg model. The
atmospheric module ECBilt is a T21, three level quasi-geo-
strophic atmospheric model with a 4-h time step (Opsteegh
et al., 1998). Its purpose is to provide the ocean with appropriate
atmospheric feedbacks. A simple moisture-budget water-bucket
model is used for the land area, with all run-off instantly distrib-
uted over a designated ocean area, corresponding to associated
river catchments. When temperatures are below freezing point,
precipitation is presumed to be in the form of snow. For a more
extensive description of ECBilt-CLIO see: http://www.knmi.nl/
onderzk/CKO/ecbiltdescription.html.

In ECBilt-CLIO, like in many climate-models, the global pre-
cipitation and heat budget is kept closed by redistributing all
snow above a certain threshold over a designated ocean area,
which is a way to parameterize iceberg-calving. For example,
Antarctic icebergs are parameterized by removing all snow-accu-
mulations above 10 m and distributing the amount of fresh
water and melting-heat this snow represents evenly over the
Southern Ocean south of 55�S, while in the Arctic the excess
snow is redistributed through the corresponding river run-off
scheme.

In all experiments described below this redistribution of excess
snow is disabled. Instead, iceberg fluxes are prescribed based on
observations as opposed to modelled precipitation. To close the
mass balance, the prescribed fresh water flux is globally compen-
sated. The resulting correction for the global surface ocean is of
the order of 3 � 10�4 m of water per year, which should be kept
in mind when interpreting the results.

2.2. Iceberg model

2.2.1. Iceberg dynamics
The dynamics and thermodynamics of our iceberg-module are

based on the iceberg-drift model introduced by Smith (Smith and
Banke, 1983; Loset, 1993; Smith, 1993) and further developed by
Bigg et al. (1996, 1997). Empirical parameters include drag coeffi-
cients, reflecting the exchange of momentum between the iceberg
and the ocean, the atmosphere and the sea-ice, and melting coeffi-
cients, which determine the relative importance of basal melt, side
melt and wave erosion and ultimately dictate the melting speed of
the icebergs. In this study we have adopted all parameter choices
of Bigg et al. (Bigg et al. 1996, 1997; Gladstone et al. 2001). Accord-
ingly, our analysis of the iceberg distribution will evolve around a
comparison with the iceberg limits suggested by Gladstone et al.
(2001) (see Fig. 1).

http://www.knmi.nl/onderzk/CKO/ecbiltdescription.html
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The iceberg model predicts the path of an iceberg subject to
Coriolis force (Mf~k�~k), air drag (~Fa), water drag (~Fw), sea-ice drag
(~Fs), horizontal pressure gradient force (~Fp) and wave radiation
force (~Fr).

M
d~Vi

dt
¼ �Mf~k� ~Vi þ~Fa þ~Fw þ~Fs þ~Fp þ~Fr ð1Þ

where ~Vi is the velocity (m/s) of the iceberg with mass M (kg). The
general drag relationship is (Smith, 1993):

~Fx ¼
1
2
qxCxAx

~Vx

��� � ~Vi

��� ~Vx�
�

~Vi

�
ð2Þ

where x refers to air (a), water (w) or sea-ice (s), qx is the density
(kg/m3) of the appropriate medium, Cx is the drag coefficient
(Ca = 1.3, Cw = 0.9 (Smith, 1993) and Cs = Cw (Bigg et al., 1997; Glad-
stone et al., 2001) and Ax is the cross-sectional area of the iceberg
perpendicular to the stressing medium, which has velocity ~Vx (m/
s), where the iceberg is assumed to be travelling with its long
axis parallel to the surrounding water and sea-ice flow and at an
angle of 45� to the wind flow, in accordance with Ekman
theory (Bigg et al., 1997). Thus Aw = As = 1 and Aa = |1.5
sin(45)| + |cos(45)| � 1.77. In practice, many icebergs undergo an
inertial rotation so this approach can only be approximate. It has gi-
ven good descriptions of the general behaviour of icebergs but can-
not be expected to work well for individual bergs (G.R. Bigg,
personal communication). Water stress acting along the lower sur-
face of the iceberg and atmospheric wind stress acting along the top
surface are deemed negligible, since the corresponding drag coeffi-
cients are relatively small (0.0055 instead of 0.9 for water and
0.0012 instead of 1.3 for air (G.R. Bigg, personal communication).
Note that the drag coefficients of an individual iceberg would de-
pend on its shape. We use mean estimates because of the smooth-
ness of the forcing fields and because our goal is to simulate general
iceberg distribution rather then exact trajectories of individual ice-
bergs. The wave radiation force is (Smith, 1993):

~Fr ¼
1
4
qwga2L

~Va

j~Vaj
ð3Þ

where L is the length of the iceberg perpendicular to incident waves
with amplitude a which are assumed to have the same direction as
wind velocity ~Va (g is the gravitational constant).

In this dynamical model, added mass due to entrained melt
water is neglected. A difference with iceberg dynamics imple-
mented by Bigg et al. (1997) is the treatment of the horizontal
pressure gradient force exerted on the water volume that the ice-
berg displaces (~Fp). Since the icebergs are forced with a free-surface
ocean, we don’t need to resort to a principal factor approximation
of this pressure, but can take it directly from the ocean model’s dy-
namic variable at the iceberg’s location (Deleersnijder and Campin,
1995).

The strength of the climate models forcing fields at the iceberg’s
location is interpolated linearly from the four surrounding grid cor-
ners. There is no direct interaction, such as collisions, between ice-
bergs. Keel shape or other turbulence related effects are not
accounted for.

2.2.2. Iceberg thermodynamics
The mass and the shape of an iceberg constantly change due to

melting, which means an iceberg’s thermodynamics must be ac-
counted for in any long term simulation of its trajectory. Following
an empirical approach (Bigg et al., 1997), the iceberg melt is sim-
plified to basal melt, lateral melt and wave erosion. The parameter-
ization for basal turbulent melting rate (Weeks and Campbell,
1973)
Mbasal ¼ 0:58 ~VW

��� � ~Vi

���0:8 Ts � Ti

L0:2 ð4Þ

involves a difference between iceberg (Ti = �4 �C) and sea surface
temperature (Ts). An empirical relationship (Eltahan et al., 1983)

Mlateral ¼ 7:62� 10�3TW þ 1:29� 10�3T2
W ð5Þ

describes the lateral melt due to buoyant convection along the sides
of the iceberg as a function of water temperature Tw (�C) of the cor-
responding ocean layer in the local grid cell. Wave erosion (Bigg
et al., 1997)

Mwaves ¼ 0:5 SS ð6Þ

is taken as a function of sea state SS

SS ¼ �5þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32þ 2j~Vaj

q
ð7Þ

which is based on the definition of the Beaufort scale, and involves
the magnitude of air velocity ~Va (km/h).

Due to the large heat capacity of water, iceberg deterioration by
atmospheric and radiation effects is marginal (Loset, 1993) and
considered to be negligible. The icebergs are assumed to remain
tabular and maintain a constant length to width ratio of 1:1.5,
which is in reasonable agreement with observations (see Bigg
et al., 1997). They are allowed to roll over when the ratio between
iceberg length L and height H exceeds a criterion of stability (Bigg
et al., 1997)

L
H
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:92þ 58:32

H

r
ð8Þ

but break-up of icebergs is not modelled. When hitting the coast,
the icebergs are weakly repelled using a velocity of 0.003 m/s in a
direction orthogonal to the land–sea boundary. Following Glad-
stone et al. (2001), the icebergs become grounded when their keel
exceeds water depth, remaining stationary until they have melted
sufficiently.

To achieve climatic coupling, the fresh water and latent heat
fluxes associated with the iceberg melt are added to the surface
ocean layer of the local grid cell, which in turn affects the atmo-
sphere. Possible direct feedbacks from the icebergs to the atmo-
sphere, are relatively small (e.g. Loset, 1993) and are not
accounted for.

2.2.3. Iceberg generation
Involving topographic details of the sub-glacial rock-bed, ice-

berg calving remains one of the most poorly understood ice sheet
mechanisms. However, the accurateness of the iceberg budget is
considered to be of minor importance for our results, since we take
a sensitivity approach, focusing our analysis on a comparison be-
tween experiments with identical flux-budgets.

Icebergs of various size classes are produced at appropriate
calving sites, with a fixed yearly production rate. The calving sites
are based on observations of glacier and ice sheet calving, compli-
mented with ad hoc iceberg sources where observations are scarce.
The total yearly budget of Antarctic iceberg calving of
1.98 � 1014 kg/yr is based on a mass balance estimate (Zotikov
et al., 1974) and can be considered to be in the high end of calving
estimates. The size-distribution of the icebergs follows a log nor-
mal distribution (Wadhams, 1988; Bigg et al., 1996) with no sea-
sonal dependence. There are 14 size classes, with 76% in size
classes 3–6. Effectively there is a sharp decline in icebergs larger
then 1 km and a relatively large number of icebergs measure less
then 500 m in length (Weeks and Mellor, 1978; Wadhams, 1988;
Dowdeswell et al., 1992). A detailed overview of the iceberg pro-



Table 2
Interpretation of anomalies mapped in Fig. 3. See Section 2.3 for details (see also
Tables 1 and 3).

Anomaly Interpretation Figure

FRESH–DUMMY Freshening effect Fig. 3B
COOL–DUMMY Cooling effect Fig. 3C
ICB–DUMMY FRESH and COOL combined Fig. 3D
ICB–CTL Distribution effect Fig. 3E
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duction, including coordinates of the production sites, yearly bud-
get and maximum iceberg height, can be found online on pages
30–33 of (Driesschaert, 2001) (link is available at: http://www.as-
tr.ucl.ac.be/index.php?page=LOVECLIM%40Description).

2.3. Experimental set up

Since this is the first time that the coupled model is described
we will start with a distribution map of iceberg fluxes in both
hemispheres (see Section 3.1). The uncertainty in the modelled ice-
berg distribution as well as in modern day observations can be ex-
pected to be quite large. To evaluate the effect that dynamic
icebergs have on climate, we therefore adopt a sensitivity approach
(Sections 3.2 and 3.3) where we base our analysis on a comparison
between different model set-ups, with a constant yearly budget of
iceberg production. Focusing on the Southern Ocean, this sensitiv-
ity study explores the following effects of the melting icebergs: (i)
freshening effect (ii) cooling effect and (iii) dynamic distribution
effect. An overview of the sensitivity experiments is given in Table
1. For each experiment listed, (X) marks whether the interactive
iceberg’s fresh water flux (FWF) and/or latent heat flux (LHF) is
activated.

As equilibrium baseline, the model with fully active icebergs
(i.e. including cooling and freshening effect, hereafter ICB) was
run 900 years under pre-industrial (1750 AD) boundary conditions.
For each of the sensitivity experiments, 13 ensemble-member runs
were performed, each started with initial conditions derived from
this ICB equilibrium at 100-year intervals. We have chosen this
experimental design because we are mostly interested in the direct
effect of icebergs on decadal timescales, and specifically in the
interaction with sea-ice in the Southern Hemisphere. On a longer
time-scale, feedbacks from the deep ocean and the Northern Hemi-
sphere could have gotten involved (e.g. Stocker et al., 1992; Seidov
et al., 2001; Stouffer et al., 2007), which would have hampered the
interpretation of the direct response in the Southern Ocean. In our
100-year experiments, the surface ocean is reasonably stabilized
after about 50 years (for example, see Fig. 4). Accordingly, for our
analysis of the mean response of the Southern Ocean on a multi-
decadal time-scale, the first 50 years of each 100-year experiment
are discarded to reduce the error associated with decadal scale re-
sponse delay.

To separate the cooling effect from the freshening effect, two
experiments were run with partly inactive icebergs (hereafter
COOL and FRESH). These two sensitivity experiments are compared
with an experiment with inactive icebergs (hereafter DUMMY). In
short, the FRESH minus DUMMY anomaly provides an estimate of
the freshening effect, whereas the COOL minus DUMMY anomaly is
used to quantify the cooling effect (Table 2).

The interactive icebergs (ICB) will result in a spatial and tempo-
ral redistribution of the fluxes. To investigate this distribution ef-
fect (Table 2), we compare the results of ICB with a control
experiment (hereafter CTL) that was conducted with a classical dis-
tribution (see Section 2.1) of the melt water and heat fluxes that
Table 1
Overview of activated (X) fluxes in the sensitivity experiments discussed in this study.
See Section 2.3 for details.

Flux Iceberg Iceberg Homog.
Exp. FWF LHF fluxes

ICB X X –
COOL – X –
FRESH X – –
CTL – – X
DUMMY – – –
are associated with the prescribed Southern Hemisphere iceberg
production. The CTL experiment has homogeneously distributed
fluxes as opposed to interactive icebergs, but the same prescribed
total Southern Hemisphere iceberg-flux budget as the other exper-
iments. The DUMMY experiment has zero fluxes.

3. Results and discussion

3.1. Distribution of the interactive icebergs

The simulated distribution of the interactive icebergs compares
reasonably well with observations. The iceberg distribution is visu-
alized by plotting the melting fluxes in the North Atlantic (Fig. 1)
and in the Southern Ocean (Fig. 2). Due to the sporadic nature of
iceberg observations, validation of the iceberg distribution is more
qualitative than quantitative.

In the North Atlantic, iceberg observations mostly consist of his-
toric logs of hazards along the main shipping routes, from which
extreme sightings can be reconstructed (dots in Fig. 1). Near New-
foundland, long term observations by the international ice patrol
have allowed for a well-documented modern iceberg limit in that
area (solid line in Fig. 1).

For Antarctica, a rough estimate of the modern iceberg limit
(dashed line in Fig. 2) comes from a Russian exploration in
1964.The solid line gives the maximum Northern extent of iceberg
sightings according to data combined from numerous sources by
Robe (1980). However, incidental icebergs have been observed
far beyond this limit, for example the northern-most recorded
Fig. 1. Distribution of simulated iceberg melt in the North Atlantic Ocean. The
average volume flux of fresh melt water per day (m3/day) provides a combined
insight in the distribution of the dynamic icebergs and their melting speed. Note
logarithmic scale. Dotted line represents iceberg limit simulated by Gladstone et al.
(2001). Dots are historic iceberg and growler sightings from ships logs going back
ca. 150 years (adapted from Bond et al., 1999). The solid line is the May 30 extreme
based on sightings by the International Ice Patrol between 1945 and 1974 near
Newfoundland (http://www.uscg.mil/lantarea/iip/General/45_74BergClim-
o_Images/May30_1945-). The iceberg melting flux distributions in Figs. 1 and 2
are based on a 100-year average of ensemble member 3 of the ICB run.

http://www.astr.ucl.ac.be/index.php?page=LOVECLIM%40Description
http://www.astr.ucl.ac.be/index.php?page=LOVECLIM%40Description
http://www.uscg.mil/lantarea/iip/General/45_74BergClimo_Images/May30_1945-
http://www.uscg.mil/lantarea/iip/General/45_74BergClimo_Images/May30_1945-
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sighting in the Southern Hemisphere was at 26�300S, off Brazil,
while another low-latitude sighting was in 1828, at 35�500S,
18�050E, where clusters of icebergs of 30 m freeboard were ob-
served. (Wadhams, 2007).

Compared to the parameterized (CTL) homogeneous flux distri-
bution around Antarctica, the fluxes from the dynamic icebergs are
more concentrated near shore (Fig. 2). Please note that the volume
flux from the melting icebergs is given on a logarithmic scale. This
means that e.g. the flux in the yellow area is 100.000 times greater
than the dark blue flux. Of course, the latent heat flux associated
with the iceberg-melt mimics this distribution.

At first glance Fig. 2 might appear to indicate that the icebergs
in our study get much further than the modelled iceberg limit sug-
gested by Gladstone et al. (2001). However, the bulk (yellow/green
limit) of our distribution agrees reasonably well with the iceberg
limit modelled by Gladstone et al. (2001). A larger variance can
be expected in our results due to a different experimental set-up,
since Gladstone et al. (2001) forced the iceberg movement by pre-
scribing fixed wind fields and ocean currents, whereas in our set-
up the icebergs interact with a climate model that simulates vari-
ability in the ocean and atmosphere on various timescales. Fur-
thermore, the total number of simulated ICB icebergs in our
study is orders of magnitude higher. The coarser resolution of
our model might also be responsible for some of the differences.

Interestingly, our results confirm the ‘tongue’ of icebergs com-
ing off the Antarctic Peninsula, which might be interpreted as an
illustration of the limited resolution of the observed limit, where
this shape is absent. It seems our icebergs stay closer to shore in
the Pacific sector of Antarctic, near the Ross Sea, which might be
partly due to the limited resolution of the ocean model. In reality,
and in the Gladstone et al. (2001) results that were obtained with
Fig. 2. Distribution of simulated iceberg melt in the Southern Ocean. The average
volume flux of fresh melt water per day (m3/day) provides a combined insight in
the distribution of the dynamic icebergs and their melting speed. Note logarithmic
scale. Dotted line is the iceberg limit in the Southern Ocean as simulated by
Gladstone et al. (2001). Dashed line is an estimate from Russian exploration in 1964
(adapted from Gladstone et al., 2001). The solid line is an estimate of maximum
iceberg extent based on a large collection of observational data (adapted from Robe,
1980).
higher resolution ocean forcing, icebergs from the Ross Ice Shelf,
tend to get entrained in a jet-like current that flows out from the
coast in the western Ross Sea area. There are similar, although less
effective, offshore currents in the Kerguelen area and the eastern
end of the Weddell Sea which a 3 � 3 degree model might also
struggle to resolve.

In the North Atlantic, apparently the bulk of our icebergs drift
slightly less to the South. It is not unlikely that a high-resolution
ocean model might capture iceberg drift in the southward flowing
coastal current along North Eastern America more effectively. The
icebergs also drift further to the East than the modelled limit sug-
gested by Bigg et al. (1996) (dotted line in Fig. 1). However, the
uncertainties both in the observations and in the models could
very well be larger than this discrepancy, especially when we
recall that we can expect a larger variance in our dynamic iceberg
trajectories due to the different experimental set-up. This is illus-
trated by the fact that there are numerous iceberg observations
beyond the Gladstone et al. (2001) limit, many of which are quite
consistent with our results (dots in Fig 1). The coarser resolution
of our model might also be responsible for some of the
differences.

Recalling that we prescribed pre-industrial as opposed to pres-
ent day boundary conditions, we tentatively conclude that the dis-
tribution of interactive icebergs is not inconsistent with other
iceberg modelling studies nor with observations. More quantita-
tive observations might allow for further constraints on the iceberg
dynamics and/or thermodynamics in the future.

3.2. Sensitivity study in the Southern Ocean: salinity, temperature,
sea-ice and convection anomalies

In a series of sensitivity experiments, we explored the effect of
the icebergs on the Southern Ocean. In Fig. 3A, sea surface salinity
(SSS) and temperature (SST) as well as sea-ice fraction (SICE) and
convective layer depth (CLD) are given for the ICB experiment.
These maps of the Southern Hemisphere are given as reference
for the anomalies mapped in Fig. 3B–E (see also Table 2).

The SSS is most affected by the FRESH icebergs melt water
fluxes (Fig. 3B–I). Where the melting fluxes are strongest (see
Fig. 2), a salinity reduction in the order of 0.3 psu can be observed.
While the Weddell Sea and, to a lesser extent, the outer Ross Sea
show an increase in salinity, there is a band of �0.1 psu freshening
around 60�S. Interestingly, a similar freshening can be observed for
the COOL icebergs (Fig. 3C–I) near the Antarctic Peninsula (be-
tween 120�W and 30�E). The combined cooling and freshening ef-
fect (Fig. 3D–I) looks like a simple sum of these two effects. The
distribution effect (Fig. 3E–I) is more complex: a freshening that
mimics the FRESH effect in the Indian and Pacific sector is comple-
mented by a saltier Atlantic section.

A very similar picture emerges for the SST. While the COOL ice-
bergs (Fig. 3C-II) induce a significant cooling (especially in the Pa-
cific and Atlantic sectors between 150�W and 60�E), the FRESH
icebergs (Fig. 3B-II) have the strongest impact, especially between
50�S and 60�S. Although this cooling seems absent in the eastern
part of the Indian sector, the combined effect (Fig. 3D-II) is a 0.5–
2 �C cooling between 50�S and 60�S all around Antarctica, which
is only interrupted off the tip of the Antarctic Peninsula and South
of New-Zealand, where a warm anomaly is present in the FRESH,
respectively, COOL experiment. Presumably these warm anomalies
are related to small (grid-size scale) changes in the sea-ice cover
and/or the ACC path. The absence of strong cooling south of
�68�S is most likely due to the year round 100% sea-ice cover in
that area (Fig. 3A-III), which maintains the SST close to melting
temperature. The dynamically distributed icebergs result in a cool-
er Pacific but warmer Atlantic and Indian sector than the homoge-
neous flux distribution (ICB–CTL; Fig. 3E-II), although there is some



Fig. 3. (I-A to IV-E) Anomalies in average Southern Hemisphere (from left to right) I: sea surface salinity (SSS), II: sea surface temperature (SST), III: sea-ice fraction and IV:
convection layer depth. Top to bottom: (A) ICB ensemble average; (B) freshening effect (FRESH–DUMMY); (C) cooling effect (COOL–DUMMY); (D) combined effect (ICB–
DUMMY); and (E) distribution effect (ICB–CTL). These are 13-member ensemble averages over the second 50 yearly averages of each member. Hence these patterns are robust
but smoothed, meaning the magnitude of the anomalies might be underestimated. To provide a more informative map of the by nature episodical CLD, (ensemble averages of)
the maxima (for each gridcell the maximum CLD in 50 * 12 months) were used. However, the scale was adjusted to enhance detail and comparability. Actual scale-ranges
were (in meters): (A-IV) 0–2700; (B-IV) �1000 to 200; (C-IV) �700 to 100; (D-IV) �600 to 800; (EIV) �400 to 1000. See also Table 2 and Table 3.
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near shore cooling in the eastern Indian section where iceberg melt
is high.

The anomalous sea-ice fraction displays strong spatial similarity
with the SSS and SST. The FRESH (Fig. 3B-III) icebergs cause a
strong increase around 60�S, that peaks near the shore of the In-
dian sector, and combines (Fig. 3D-III) with a COOL effect
(Fig. 3C-III) that is strongest in the Pacific and Atlantic sector. A
sea-ice decrease in the Atlantic sector is complemented by increase
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elsewhere when comparing the icebergs with homogeneous fluxes
(Fig. 3E-III).

The anomalies in the convective layer depth look more com-
plex. As might be expected, convection anomalies are greatest
where convection is strongest (Fig. 3A-IV). Most of the positive
anomalies in the FRESH and COOL experiments (Fig. 3B-IV–D-IV)
appear alongside negative anomalies in dipole-patterns, which
could indicate spatial shifts in the major convection sites (see also
Fig. 3A-IV). The inhibitive (negative) FRESH effects (Fig. 3B-IV) are
strongest in the eastern Indian Ocean sector, but also occur else-
where along the 60�S as well as in the Pacific sector. As might be
expected, the COOL icebergs (Fig. 3C-IV) lead to an increased con-
vection depth, and greater overturning (Antarctic bottom water
production, represented by the maximum of the global stream
function in the Southern Ocean, is 4.5% stronger on average, see Ta-
ble 3). Again the COOL and FRESH effects more or less add up for
the fully active icebergs (ICB minus DUMMY, Fig. 3D-IV). Compar-
ing these combined iceberg effects with the classical parameterisa-
tion results (ICB minus CTL; Fig. 3E-IV), the interactive dynamical
icebergs lead to a greater convection depth in the Atlantic and east-
ern Pacific sectors and weaker convection east of 60�E. The in-
crease in the Eastern Weddell Sea occurs in an area where
iceberg flux is relatively weak. It results in stronger mixing with
deep water in this area and finally contributes significantly to
the higher salinity, higher SST and lower ice concentration in this
region in ICB compared to the CTL experiment with homogeneous
flux distribution.

3.3. Impact of icebergs on sea-ice formation and stratification

The spatial similarities between the SSS, SST and sea-ice anom-
alies demonstrate that both the freshening and the cooling effect
facilitate the formation of sea-ice. This is confirmed by the time-
series of the total sea-ice area in the Southern Hemisphere
(Fig. 4), showing that both the FRESH icebergs (red curve) and
the COOL icebergs (yellow) lead to considerably more sea-ice com-
pared to the DUMMY experiment (purple).

We can quantify this sea-ice facilitation by taking an average
over the second 50 years of these 100-year time-series (see Table
3), which reveals that the FRESH icebergs lead to an 11.6% greater
sea-ice area than DUMMY. This is about twice as much as the 6.2%
sea-ice facilitation effect in the experiment with COOL icebergs,
which is reflected in the FRESH/COOL ratio given in the far right
column of Table 3. The net distribution effect (ICB–CTRL) on the
sea-ice area is small (�1.4%) but significant.

The relatively strong impact of the freshening effect on the sur-
face ocean (e.g. twice as large an increase in sea-ice area compared
to the cooling effect) is related to its stratifying influence on the
water column. The FRESH icebergs dilute the surface ocean by
0.05 psu. Fresher surface waters are more easily frozen, resulting
in more wind shielding and heat insulation, and lighter. The result
is a more stratified water column, which acts as a positive feedback
since less sensible heat is being entrained.
Table 3
Overview of the results of the sensitivity experiments. Averaged freshening, cooling, combi
area in the Southern Hemisphere and AABW production (yearly maximum of the overt
ensemble averages over the second 50 yearly averages of each member. With variances (SD
to their grand mean, all of the differences presented in this table are significant (z-test; P < 5
for the ICB experiment. See also Fig. 3 and Table 2.

Southern Ocean avg. Reference value
(SD)

Freshening effect
(%)

Cooling effect (%

SSS (psu) 34.240 (0.01) �0.055 �0.017
SST (�C) 2.04 (0.08) �0.38 �0.19
Sea-ice (1012 m2) 12.59 (0.37) 1.46 (11.6) 0.78 (6.2)
AABW Prod. (Sv) �21.60 (1.60) 1.96 (�9.1) �0.97 (4.5)
Furthermore, the freshening would affect the strength of the
pycnocline as well as the ratio between the heat and salt differ-
ences in the pycnocline, both of which can affect the stability of
the water column (Martinson, 1990b). The increased stratification
results in a 9.1% net reduction in AABW formation relative to
DUMMY.

The impact of the COOL icebergs, on the other hand, is less
straightforward. The latent heat flux results also in more sea-ice
than in DUMMY (+6.2% in sea-ice area, Table 3), either through di-
rectly cooling the surface ocean or by compensating for entrained
heat. However, combined with the extra brine rejection this cool-
ing destabilizes the water column by increasing the density of
the surface waters. This leads to a 4.5% net increase in AABW pro-
duction compared to DUMMY (Table 3). When the icebergs are
both fresh and cool (ICB) the effects more or less add up (Table
3: FRESH and COOL combined).

Interestingly the COOL icebergs lead to a net freshening of the
surface ocean, despite the stronger mixing with warmer and saltier
intermediate waters. This freshening mostly takes place where the
sea-ice anomaly is largest and peaks in summer (Fig. 5). Apparently
the increased sea-ice cover not only reduces evaporation (through
limiting the area that interacts with the atmosphere) but also acts
as a large fresh water buffer that is not released until it melts, along
with the snow that fell on top of the ice. This net freshening pro-
vides a negative feedback on the destabilizing effect of the cooling
latent heat and a positive feedback on sea-ice formation.

So it is clear that in our results sea-ice facilitation and ocean
stratification are the dominant feedback mechanisms, which are
triggered to a smaller or greater extent by the fresh water and
latent heat fluxes from icebergs. From this point of view we
can understand the distribution effect, which is spatially com-
plex (Figs. 3E). The discussed feedbacks can be expected to be
strongest near the edge of the sea-ice, where slight shifts in sur-
face temperature and/or salinity (that can be caused by the
melting icebergs) can significantly affect the sea-ice fraction
(Figs. 3-III). Compared to the homogeneous fluxes (ICB–CTL),
the dynamic icebergs lead to a 0.08 �C higher SST and 0.015
psu saltier SSS, accompanied by a �10% stronger deep water
production. However, as shown in Fig. 3, the impact of including
dynamic icebergs is spatially highly variable, and results locally
in deeper mixing than the classical homogeneous fluxes. One
might say that at key locations of deep water formation in the
model (in particular in the Eastern Weddell Sea) the dynamically
distributed icebergs, which tend to either stick near the coast or
take off towards the North–East from the Antarctic Peninsula,
are ‘less efficient’ at stratifying the ocean than the homogeneous
fluxes. The net result is slightly (1.4%) less sea-ice area, and 9.7%
stronger open ocean convection.

3.4. Discussion of limitations and future outlook

The air/sea/ice system is highly coupled and interactive, and
is sensitive to the strength and character of the pycnocline
ned (FRESH and COOL) and distribution effects on: SSS and SST (south of 50�S); sea-ice
urning stream function in the Southern Ocean). Each value represents 13-member

2) calculated as a sum of squared differences of the resulting 650 data points compared
%). As a reference, on the left the values and their standard deviation (SD) are provided

) FRESH and COOL combined
(%)

Distribution effect
(%)

FRESH/COOL ratio
(%)

�0.061 0.015 3.1
�0.54 0.08 2.0
1.93 (15.3) �0.17 (�1.4) 1.9
1.13 (�5.2) �2.08 (9.7) �2.0



Sea ice area in the Southern Hemisphere (10^12 km2)

Fig. 4. Time series of averaged sea-ice area (1012 m2) in the Southern Hemisphere for the respective experiments. Top to bottom: green, ICB; black, CTL; red, FRESH; yellow,
COOL; purple, DUMMY. The thick lines represent 13-member ensemble means of the yearly averages, while the thin lines mark 1 SD (ensemble standard deviation for that
point in time).

SSS winter - summer COOL

(psu) -0.1    0.1     0.3    0.5     0.7

SEA-ICE winter - summer COOL

(δ%) 10      30     50      70     90

Fig. 5. Sea-ice as a fresh water buffer. Seasonal differences in sea-ice area (left) and
sea surface salinity (right) for the icebergs with latent heat flux only (COOL). The
reduced salinity pattern in summer (January, February and March) mimics the sea-
ice expansion in winter (July, August and September), which apparently acts as a
fresh water buffer. Thus sea-ice facilitation by COOL icebergs can lead to reduced
surface salinity. Based on monthly averages over the second 50 years of 13
ensemble members.
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(Martinson, 1990a,b). According to our results, a more plausible
distribution of iceberg-related fluxes can have a significant impact
on local convection layer depth as well as overall overturning in
the Southern Ocean. It should be noted that the simulated 1–2 Sv
change in the AABW production due to the icebergs (Table 3) is
smaller than the available estimates for the uncertainty of AABW
production (e.g. (Garabato et al., 2002)). However, from a sensitiv-
ity-study perspective, what matters is that the anomalies pre-
sented are statistically significant within the experimental
framework.

However, our results should be confirmed by independent mod-
elling studies, as our coupled model has its limitations. Generally
speaking, ECBilt-CLIO overestimates the importance of open ocean
convection (Goosse and Fichefet, 2001). Presumably, in the real
world shelf convection is more important, involving strong brine
rejection associated with continuous sea-ice production in coastal
polynyas, which are not captured in our model. Furthermore the
grid-size of our ocean is of the same order of magnitude as the crit-
ical size of open ocean polynyas. This might affect the persistence
of these features, although it has been shown that the model per-
forms reasonably well regarding the location and behaviour of the
polynyas (Fichefet and Goosse, 1999; Goosse and Fichefet, 2001).

The iceberg model includes also some simplification (e.g. ice-
bergs are box-shaped and get ‘glued’ when stranding until their keel
is shallower than local grid depth) and so does the coupling (feed-
back to the atmosphere is neglected; all fluxes are piped to the sur-
face layer of the ocean). One might want to further develop these
aspects of the model when studying local (e.g. Pycnocline penetrat-
ing) effects or when large amounts of icebergs are involved (e.g. Ice-
berg armada’s in glacial times (Bond et al., 1992; Bond et al., 1999)).
An alternative approach could be to simulate the iceberg distribu-
tion in a more statistical manner (Clarke and La Prairie, 2001).

We have highlighted differences in effects between a classical
homogeneous distribution of fresh water and latent heat fluxes
and their spatio-temporal redistribution by dynamic thermody-
namic icebergs. It is important to note that we focused on multi-
decadal to century scale surface effects in the Southern Ocean,
using ensemble-experiments with a duration of 100 years. We note
that deep and bottom ocean processes might well take centuries to
react and adapt to the kinds of changes we imposed. Both the salt
and heat exchanges are crucial for the properties, production and
export of Antarctic Bottom water (Goosse and Fichefet, 1999),
which in turn can affect North Atlantic deep water formation in a
see–saw mechanism (Stocker et al., 1992; Seidov et al., 2001;
Stouffer et al., 2007).
4. Concluding remarks

We have studied the role of icebergs in our climate system by
performing experiments with the global, coupled atmosphere–
ocean model ECBilt-CLIO that includes an interactive iceberg mod-
ule. The results were compared with results obtained with a ver-
sion in which ‘‘classical” parameterized iceberg fluxes were
distributed homogeneously south of 55�S. We focused on the mul-
ti-decadal response of the surface climate in the Southern Ocean.
The comparison reveals that the heat and fresh water fluxes from
the dynamic icebergs are found to be concentrated closer to shore
compared to the traditional parameterized flux distribution, except
for a greater extent near the Australian continent and a plume of
icebergs floating North–East from the tip of the Antarctic Penin-
sula. As expected, the redistribution of the fluxes by dynamic ice-
bergs leads to spatially variable responses in the Southern Ocean.
On the one hand, the dynamical icebergs facilitate sea-ice forma-
tion in the Indian and Pacific sector of the Southern Ocean, whereas
in key deep water formation sites in the Eastern Weddell Sea, the
sea-ice fraction is larger under homogeneous flux conditions. Both
heat-entrainment and wind-driven ice-divergence play an impor-
tant role in such areas (Fichefet and Goosse, 1999; Goosse and
Fichefet, 2001), and susceptibility to the wind is a fundamental dif-
ference between the dynamical interactive icebergs and the
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parameterized fluxes. Overall the dynamical icebergs lead to a 10%
greater net AABW production relative to homogeneous fluxes.

To quantify separately the two main effects of dynamical ice-
bergs, i.e. freshening and cooling, we performed additional sensitiv-
ity experiments in which one of the two effects was switched off.
These sensitivity experiments are compared to a simulation with
dummy icebergs (i.e. with both effects switched off). The compari-
son indicates that both the freshening and cooling effects lead to a
significant increase in sea-ice area in the Southern Ocean of 12%
and 6%, respectively. The consequences are most pronounced along
the sea-ice margin, where this sea-ice facilitation leads to increased
surface albedo, as well as enhanced ocean stratification by wind
shielding and heat insulation, which further amplify the cooling
and freshening of the surface waters. However, the net impacts on
deep convection are different for the freshening and cooling by ice-
bergs. The net effect of freshening is reduced AABW formation as the
enhanced stratification dominates, whilst the cooling by icebergs re-
sults in an overall increase in AABW formation.

Including dynamical icebergs in global coupled climate models
can be important because of the sensitive nature of the Southern
Ocean stratification. Dynamical icebergs give a more plausible spa-
tiotemporal flux distribution than ad hoc parameterized fluxes
(Death et al., 2006). We show that both the fresh water and the la-
tent heat fluxes from dynamic icebergs can have a significant im-
pact on sea-ice formation and the interconnected stability of the
surface ocean. Our results illustrate that these local effects of ice-
bergs can affect the overall net deep water production. The signif-
icance of these differences can be expected to increase with the
amount of icebergs involved, for example for the paleoclimate un-
der ‘‘iceberg armada” conditions.
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