
FRISP Report No. 16 (2005)

On iceberg behaviour: observations, model results and satellite data

Michael P. Schodlok, Hartmut H. Hellmer, Jill N. Schwarz and Thomas Busche
Alfred-Wegener-Institute for Polar and Marine Research,

Bremerhaven, Germany

Introduction

Iceberg calving events from the Antarctic ice shelves occur on a regular basis and amount to about
2000 Gt/a (Jacobs et al., 1992). Large tabular icebergs originate in the Weddell and Ross seas from the
Filchner-Ronne and Ross Ice Shelves. Smaller sized icebergs with length of the order of one kilome-
ter or less might contribute an equal amount of freshwater to the Southern Ocean. Gladstone et al.
(2001) suggest a freshwater input of 410 Gt/a for the Weddell Sea. Iceberg motion determines where
the fresh water from the Anatrctic continent is supplied to the ocean. As part of the freshwater budget,
like precipitation minus evaporation or differential freezing and melting of sea ice, the fate of icebergs
might locally effect the stability of the water column with consequences for the formation of deep and
bottom water and the biology of the surface mixed layer.

Some questions are:

• Where do smaller/medium sized icebergs drift?

• What is the influence of sea-ice on iceberg drift pattern?

• Where are the areas of major freshwater contributions?

• What is the quantity of freshwater input from melting? and

• What are the effects of iceberg melting on biological productivity?

This study addresses the questions by combining a) direct observations, i.e. icebergs tagged with
GPS sensors, b) an iceberg drift modell, and c) SeaWiFS data.

Iceberg drift observations

Although the circumpolar tracking of icebergs has indicated the general drift directions (Swithinbank
et al., 1977) only limited information has been obtained in the Weddell Sea to date. Thus, 59 icebergs
have been tagged with buoys in the Weddell Sea by AWI since 1999, mainly off Neumayer Station. For
buoy deployment, details, and first results see Schodlok (2004) and Schodlok et al. (2005).

The GPS position was transmitted daily at noon and battery packs allowed a life-time of about two
years. Icebergs with edges smaller than 2 km were preferred for buoy deployment, however, some ice-
bergs tagged were much larger, among them A-43B with dimensions of 40 km by 7 km. A-43B was
grounded southwest of South Georgia for about a year before it started to break up and move north
again in early 2004. Part of the iceberg, containing the buoy, broke off about half a year earlier. The
buoy survived this calving event and continued to transmit for 6 more months. Whereas the majority
of icebergs transmitted for between one and two years, 27 % of the buoys transmitted for longer than
2 years with the longest record being around 4 years. Roughly the same number of buoys (26 %) trans-
mitted for less than 6 months, which includes those released in the austral summer season 2003/04.
Figure 1 shows the drift trajectories of all 59 iceberg buoys from the day of deployment until June 2004.
Three areas of interest are highlighted (encircled areas):

• The Coastal Current indicating dependence of northward movement towards the inner Weddell
Sea on iceberg size and season (A).
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• The Weddell Scotia Confluence featuring a differing iceberg sea-ice behaviour with large icebergs
moving north into the Scotia Sea before being trapped in ACC fronts and subsequent eastward
drift, and sea-ice following the Weddell Gyre toward the east (B).

• The eastern part of the Weddell Gyre indicating possible recirculations towards the Antarctic con-
tinent (C).

Furthermore, three export scenarios are possible (including areas B and C): (1) complete export of
tagged icebergs from the Weddell Sea (2) partial export to the north with some bergs remaining in the
Weddell Gyre for more than one year and (3) all tagged icebergs stay in the Weddell Gyre.
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Figure 1: Drift trajectories of 59 iceberg buoys deployed in the Weddell Sea since 1999. The encircled areas depict areas of
interest A) the interannual variability of the Coastal Current, B) the escape of icebergs into the Scotia Sea and C) the
possible recirculation of icebergs within the Weddell Gyre

Two ensembles of drift buoys have been studied to investigate the behaviour of icebergs in sea-ice
cover which is derived from satellite SSM/I data (Kaleschke et al., 2001; Kern and Kaleschke, 2002).
The first buoy array ensemble (deployed in the southern Weddell Sea in January 2002) contained three
sea-ice and one iceberg buoy whilst the second ensemble (deployed in the eastern Weddell Sea off
Neumayer in December 2000) contained only iceberg buoys. Preliminary results were presented at
the FRISP 2003 workshop (Schodlok, 2004). Additional analyses using the change of area method (see
Wadhams et al. (1989); Massom (1992)) allowed the calculation of differential kinematic parameters
(DKP) which present a means to quantify the buoy array behaviour (Fig. 2).

Fig. 2(top) shows the time series of sea-ice concentrations at the individual buoys during their pro-
gression north. At the beginning of the track the 2002 buoys advanced more slowly towards the north
compared to the ice edge due to the thermodynamic behaviour of the sea-ice growth and thus were
soon enveloped in sea-ice concentrations above 90 %. From the beginning of April through mid-June
the sea-ice concentration at the buoys is around 97 %. The DKPs are rather small for the period consid-
ered. Two anticyclonic movements at days 120 and∼150 are seen in shear deformation, and rotational
movement and shear deformation, respectively. The small DKPs and high sea-ice concentrations sug-
gest a mechanical link between sea-ice and iceberg. A correlation between sea-ice concentration at the
buoy and the correlation coefficient, r2, of the berg sea-ice buoy velocities revealed that a 95 % sea-ice
cover is required to obtain a coherent sea-ice iceberg movement within 150 km of each other.

The 2000 iceberg buoys were released off Neumayer and drifted within the Coastal Current south-
eastwards before turning north. Soon afterwards, a coherent pattern was established in high sea-ice
concentration which manifests itself in similar deviations from the mean northward course, e.g., a
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Figure 2: Sea-ice concentration at buoy arrays 2002 (top left) and 2000 (top right) and associated differential kinematic param-
eters divergence, vorticity, shear and stretch deformation.

∼150 km (for 20 days) northeastward drift due to a shift in wind direction from southeast to south-
west and northeast. At the beginning of the drift the sea-ice concentration was rather low increasing
to around 95 % at which the coherent drift track starts. The DKPs show very low divergence, vorticity,
shear, and stretch during the rather coherent movement of the buoys, except for a few excursions as-
sociated with cyclonic and anticyclonic diversions from the mean progression. As the wind acts on the
sea-ice cover it is determining the drift of icebergs now linked to the sea-ice. The distance between the
buoys ranged from 40 to 120 km. At the end of the coherent movement, which can be seen as irratic
DKP values at around day 660, this distance had increased to 250 km. Correlating sea-ice concentra-
tion with the r2 values of iceberg velocities revealed a threshold of 86 % necessary for a coherent iceberg
sea-ice motion. This is a little less than the assumed sea-ice concentration threshold of 90 % in Lichey
and Hellmer (2001).

Iceberg drift modell

The AWI iceberg drift model (Lichey and Hellmer, 2001) was improved through implementing the
wave radiation force as a supplemental driving force as well as melt and decay processes, and pre-
scribing a constant dust concentration in the ice. Along with ocean currents, wind and sea ice, wave
action as a function of sea state is a driving force (see Smith (1993)). Iceberg decay was parameterised
through various mechanisms; basal and lateral melt under the sea surface as well as decay through
wave interaction. Influences of solar radiation are assumened to be less than 0.2 m d−1 (Smith, 1993)
and are neglected. Wave erosion is a function of water temperature and sea state and is implemented
as a reduction in iceberg length (see Gladstone et al. (2001)). The dust concentration is based on mi-
croparticles (Al, Fe, Mn, Ba etc.) in aerosol samples collected at Neumayer station with a sample error
of 10 - 20 %. At the station, an annual mean of 0.10 ng mineral dust per kilogram air (Wagenbach,
pers comm, 2003) is representative for the Antarctic near bottom atmosphere. Comparable observa-
tions are available from South Pole Station (Wagenbach, 1996). The dust concentration in the air is
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converted to a dust concentration in snow of 10 ng g−1 snow. As precipitation and accumulation rates
are unknown, the dust concentration in snow is assumed to be between 4 ng g−1 and 20 ng g−1 (Suttie
and Wolff, 1992; Planchon et al., 2002). The model uses as a first approximation a depth independent
concentration of 10 ng/g snow. The input into the water column is a function of the melt water injected
into the upper water column.
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Figure 3: Modelled (4 years) and observed iceberg drift (C-7, from 1990 through 1992) (a). Related model drift features are:
Volume loss due to iceberg decay, including basal and lateral melting and wave decay (b), mineral dust input into the
upper ocean (c), and sea-ice concentration [%] along the drift trajectory of the iceberg (d).

BRIOS1.0 ocean and ice velocities (Beckmann et al., 1999) as well as wind fields from NCEP reanal-
ysis are used as forcing data (details of model forcing can be found in (Lichey and Hellmer, 2001)).
The 4 year icedrift (Fig. 3) compares reasonably well with the observed trajectory of iceberg C7 which
was tracked by NIC from 1990 to 1992. However, probably due to deficiencies in the forcing data the
observed iceberg is faster compared to the modelled iceberg and thus reaches the tip of the Antarctic
Peninsula earlier. At the beginning of the track in the eastern Weddell Sea there is little sea-ice cover,
growing to more than 90 % for most of the drift with the perennial sea-ice of the western Weddell Sea
until the iceberg is south of the South Orkney Islands (Fig. 3d). The sea-ice cover and freshwater flux
are highly correlated as erosion due to wave decay is the most important mechanism (Løset, 1993). In
the south-western Weddell Sea, with low temperatures and high sea-ice concentrations, melting is at
its lowest increasing towards the north with increasing temperatures and decreasing sea-ice concen-
trations. The dust input into the upper water column which is a function of freshwater flux shows the
same behaviour; high dust input in the eastern and northern Weddell Sea and little in the area of the
perennial sea-ice cover. In the vicinity of the South Orkney Islands, the dust input amounts to 8.5 kg
m−2 and taking the larger concentration of 20 ng g−1 to 17 kg m−2. If one assumes that all of the dust in
the meltwater is iron, then the 17 kg m−2 are of similar order to the amount used for fertilisation of the
mixed layer during Eisenex (Volker Strass, pers. Comm, 2004) which induced a phytoplankton bloom.

However, are there enough micro-nutrients, including iron, in this dust to induce a similar biomass
increase? Another unknown is the quantity of iron in the dust.
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Biomass in SeaWiFS satellite data

In order to asses if and how icebergs contribute to biomass changes, we studied several years of Sea-
WiFS data which are available from August 1997, providing a reliable estimate of chlorophyll-a con-
centration. The Atlantic Sector of the Southern Ocean shows relatively high biomass in the western
Weddell Sea and Scotia Sea but low biomass concentrations in the eastern Weddell Sea. However, there
is no data for pixels containing clouds or ice, and as it is an optical sensor, there is no data in austral
winter. Although we get an estimate of biomass along known iceberg tracks, there are many untracked
icebergs and other environmental factors whose influence on the biomass we can not assess simply
using SeaWiFS data. Thus, it may not be possible to distinguish the influence of icebergs from other
factors.

Chlorophyll concentrations before and after the passage of an iceberg were taken from mapped level
2 chlorophyll data provided by NASA at 2 km resolution. A 6 day window before and after the iceberg
passes the known position was applied and the changes in biomass computed. 4.5 years of SeaW-
iFS data, from 1999 to mid 2003, have been analysed so far. Incidences where the imagery was cloud
and/or ice free both before and after the iceberg passes were rather rare, hence, data are sparse. Only
96 points from 17 icebergs are available with 44 instances of increased chla concentration after the
bergs passage and 52 events of decreased chla concentration (Fig. 4 right).
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Figure 4: Change in chlorophyll concentration (mg m−3) after iceberg passage. Positive values indicate more, negative values
less chlorophyll concentration after iceberg passage (left). Spatial distribution of negative (circle) and positive (cross)
events (right).

Looking at random data points in the 4-year SeaWiFS data set a gaussian distribution centred at zero
would be expected. In this analysis, a shift of∼0.1 mg m−3 towards lower values was found (Fig. 4(left)),
although the mean increase in biomass was 0.4 mg m−3, whilst the mean decrease 0.3 mg m−3. Thus,
if there is a positive effect after the iceberg’s passage it is slightly larger, but there are more negative
events. The spatial distribution of positive (cross) and negative (circles) events of icebergs on biomass
(Fig. 4, right) indicates that the negative events dominate in the Coastal Current region of the eastern
Weddell Sea.

Conclusion

With an iceberg calving rate of ∼400 Gt a−1in the Weddell Sea (Gladstone et al., 2001) the tagged
icebergs are equivalent to less than 3% of this flux (except in 2002 with 88% due to buoy deployment
on A43b). However, one has to consider that only a minor portion of icebergs entering the Weddell Sea
from the east has been tagged with buoys and that a significant number of bergs calving from Weddell
Sea ice fronts move out of the region, i.e. iceberg volume in the Weddell Sea is a balance of the calving
rate, plus import from the east, minus export to the north. If we assume that export to the north in
the western Weddell Sea is compensated by the import from the east, then the 400 Gt amounts to a
freshwater flux of ∼14 mSv. This corresponds to about 40% of the NCEP reanalysis P-E input into the
Weddell Sea and is comparable to ice shelf basal melting (Hellmer, 2004). If, as in export scenario 3,
the mean residence time for icebergs in the Weddell Sea is at least 1.5 years, this value increases to≥ 21
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mSv. In years of enhanced iceberg export across the northern boundary of the Weddell Sea (scenarios
1 and 2), the residence time is lower and the freshwater flux decreases. In addition, our study suggests
that this freshwater is released not only in the Coastal Current as suggested by Gladstone et al. (2001)
but across a large area of the inner Weddell Sea. However, model data and observations need to be
combined to evaluate the interannual variability of the freshwater input.

Coherent sea-ice/iceberg motion was found to occur at sea-ice concentrations above 86 % which
is slightly lower than the suggested value of 90 % for the iceberg drift model. Whether the difference
between the 2002 (95 %) and 2000 (86 %) values is due to regional differences, i.e. the former is closer
to the Antarctic Peninsula and thus at closer proximity to more compact, land-fast ice with higher
viscosity, or due to uncertainties in SSM/I data has to be investigated. The length scale for coherent
movement was estimated to be about 250 km which is less than determined for the Arctic. The lower
mean sea-ice thickness in the Southern Ocean and thus weaker mechanical links might be the reason
for this lower value.

Analysis of the available SeaWiFS biomass data record indicated that the passage of an iceberg through
the water may have a slight negative effect (most frequently in the Coastal Current), or occasionally a
significant positive effect (off the Antarctic Peninsula). This may be interpreted as a swift motion with
correspondingly lower meltwater and, thus, dust input in the Coastal Current, where the iceberg’s pas-
sage deepens the mixed layer beyond the compensation depth of the phytoplankton, so that the cells
receive too little light. For a slower iceberg drift, and higher meltwater input, the dominant effect may
be the formation of a stable lens of meltwater, i.e., decreasing the mixed layer depth to allow phyto-
plankton greater access to sunlight, or providing a significant input of the limiting trace metal iron.
Other effects certainly play a role over these small length scales: the passage of the iceberg through a
relatively high biomass region may at first deepen the mixed layer, leading to loss of biomass, but may
also serve to bring nutrients into the surface waters by upwelling of nutrient-rich deep water, which can
then be utilised once the mixed layer has restabilised. Further study via high spatial resolution physi-
cal models, coupled ecological models, and, most demanding, in situ data collected around icebergs, is
required to improve our understanding of the influence of icebergs on the phytoplankton community.

References

Beckmann, A., Hellmer, H. H., and Timmermann, R. (1999). A numerical model of the Weddell Sea:
large scale circulation and water mass distribution. J. Geophys. Res., 104, 23375–23391.

Gladstone, R., Bigg, G. R., and Nicholls, K. (2001). Icebergs and fresh water fluxes in the Southern
Ocean. J. Geophys. Res., 106, 1903–1915.

Hellmer, H. H. (2004). Impact of Antarctic ice shelf melting on sea ice and deep ocean properties.
Geophys. Res. Let., 31(10), L10307, DOI: 10.1029/2004GL19506.

Jacobs, S. S., Hellmer, H. H., Doake, C. S. M., Jenkins, A., and Frolich, R. M. (1992). Melting of ice shelves
and the mass balance of Antarctica. J. Glaciol., 38, 375–387.

Kaleschke, L., Lüpkes, C., Vihma, T., Haarpainter, J., Borchert, A., Hartmann, J., and Heygster, G. (2001).
SSM/I sea ice remote sensing for mesoscale Ocean-Atmosphere interaction analysis. Can. J. Rem.
Sens., 27(5), 526–537.

Kern, A. and Kaleschke, L. (2002). Two ice concentration algorithms benefitting from 85Ghz Special
Sensor Microwave/Imager data: A comparison. submitted to IGARSS02.

Lichey, C. and Hellmer, H. H. (2001). Modeling giant iceberg drift under the influence of sea ice in the
Weddell Sea. J. Glaciol., 47, 452–460.

Løset, S. (1993). Numerical modelling of the temperature distribution in tabular icebergs. Cold Reg.
Sci. Technol., 21, 103–115.

Massom, R. (1992). Observing the advection of sea ice in the Weddell Sea using buoy and satellite
passive microwave data. J. Geophys. Res., 97(10), 15559–15572.



FRISP Report No. 16 (2005)

Planchon, F. A. M., Boutrin, C. F., Barbante, C., Cozzi, G., Gaspari, V., Wolff, E. W., Ferrari, C. P., and
Cescon, P. (2002). Changes in heavy metals in ANtarctic snow from Coats Land since the mid-19th to
the late-20th century. Earth and Planetary Science Letters, 200, 207–222.

Schodlok, M. P. (2004). Iceberg drift related to Weddell Sea ice cover. FRISP Report No. 15, Bjerknes
Centre for Climate Research, Bergen, Norway. 49–54.

Schodlok, M. P., Hellmer, H. H., Rohardt, G., and Fahrbach, E. (2005). Weddell sea-iceberg drift: 5 years
of observations. J. Geophys. Res., page 2004JC002661. under review.

Smith, S. D. (1993). Hindcast iceberg drift using current profiles and winds. Cold Reg. Sci. Technol., 22,
33–45.

Suttie, E. D. and Wolff, E. W. (1992). Seasonal input of heavy metals to Antarctic snow. Tellus, 44B,
351–357.

Swithinbank, C., McClain, P., and Little, P. (1977). Drift tracks of Antarctic icebergs. Polar Rec., 18(116),
495–501.

Wadhams, P., Sear, C., Crane, D., Rowe, M., Morrison, S., and Limbert, D. (1989). Basin-scale ice motion
and deformation in the Weddell Sea during winter. Annals of Glaciology, 12, 178–186.

Wagenbach, D. (1996). Coastal Antarctica: Atmospheric chemical composition and atmospheric trans-
port. In E. W. Wolff and R. Bates, editor, Chemical exchange between the atmosphere and polar snow,
volume 43 of NATO ASI Series I: Global environmental change, pages 173–199. Springer, Berlin.


