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Intro: Iceberg basics
• Icebergs are blocks of freshwater ice that calve off a glacier or ice shelf 
(mainly in Greenland and Antarctica).

• Typical size: 100s by 10s of m in Greenland, larger (~15km) in Antarctica.

USCG / International Ice Patrol



Intro: Iceberg basics
• Icebergs are blocks of freshwater ice that calve off a glacier or ice shelf 
(mainly in Greenland and Antarc4ca).

• Typical size: 100s by 10s of m in Greenland, larger (~15km) in AntarcEca.

•Mass loss primarily from wave erosion of the sidewall (~1 m/day).

• DriI 1,000s of km during lifeEme of ~1 yr: found in western North AtlanEc and 
Southern Ocean.

Satellite-derived trajectories from Ballantyne and Long (2002)
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Normal range of icebergs from International Ice Patrol (2010)
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Intro: Iceberg meltwater

• Iceberg freshwater flux influences ocean circula4on through effect on seawater density.

• Empirical rule-of-thumb: icebergs dri= at 

2% of wind velocity rela>ve to ocean current.

• This has been observed in many empirical 

studies (GarreC et al. 1985, Smith and 

Donaldson 1987, Smith 1993, etc) and 

reproduced in numerical models (e.g., Bigg

et al. 1997), but it has never previously 

been physically derived or jus4fied.

•Why 2%? Where does this approxima4on break down?

• Goal #1: Analy4cally derive 2% rule.
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Intro: Observed changes

Velicogna and Wahr, 2013

• Increasing discharge during recent years (e.g., Rignot et al. 2011, Velicogna & Wahr 2013).

Greenland Antarctica



Intro: Projected changes
• Projections suggest massive increases during the coming century (e.g., Nick et al. 2013, 
Joughin et al. 2014, DeConto & Pollard 2016).

• Huge iceberg discharges, called Heinrich Events, are believed to have occurred during 
the last glacial period, disrupting the global climate (e.g., Broecker 1994, Hemming 2004, 
Stokes et al. 2015).
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Intro: Heinrich Events

Data from Spratt & Lisiecki (2016)

Pel2er 1994

• During the last glacial period (about 100 ka until 20 ka), 
the Laurentide Ice Sheet covered much of North America.



Intro: Heinrich Events
• During the last glacial period (about 100 ka until 20 ka), 
the Laurentide Ice Sheet covered much of North America.
• During the last glacial period (about 100 ka until 20 ka), 
the Laurentide Ice Sheet covered much of North America.

• Sediment cores in the North Atlantic (40°N-55°N) 
contain layers of “ice rafted debris” (IRD), 
indicating vast armadas of icebergs (Heinrich 1988).

Data from SpraN & Lisiecki (2016)



Intro: Map of Heinrich IRD layers
• IRD layers in sediment cores provide a record of iceberg drift and decay.

• Layer thickness is far more zonally uniform than would be expected, implying 
trajectories strikingly different than today.

• Goal #2: Address enigma of how icebergs traveled so far.



Roadmap
• Construct Lagrangian model of iceberg drift and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state estimate and iceberg observations.

• Simulate Heinrich Event IRD deposition in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.

~vi =~vw +2%~va



Roadmap
• Construct Lagrangian model of iceberg dri0 and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state es:mate and iceberg observa:ons.

• Simulate Heinrich Event IRD deposi:on in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.

~vi =~vw +2%~va



Iceberg model: Ingredients

• Drift: Iceberg velocity as function of ocean currents and winds.

• Decay: Primarily wave erosion; also side melt and basal melt.
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Roadmap
• Construct Lagrangian model of iceberg drift and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state estimate and iceberg observations.

• Simulate Heinrich Event IRD deposition in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.

~vi =~vw +2%~va



Approxima)ons

1. iceberg acceleration is small

2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity 
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)
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4.   iceberg velocity is much smaller than air velocity



M
d~vi

dt
=�M f k̂⇥~vi +~Fw +~Fa +~Fp +~Fr +~Fi

Coriolis water
drag

air 
drag

pressure 
gradient force

wave
radiation

sea iceinertia

Approximations

1. iceberg accelera4on is small

2. drag from sea ice and wave radia2on are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity 
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)
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4.   iceberg velocity is much smaller than air velocity
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1. iceberg acceleration is small

2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)
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Approxima)ons

1. iceberg acceleration is small

2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

4.   iceberg velocity is much smaller than air velocity
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Approximations
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Approximations

Coriolis & PGF water drag air drag

0 = M f k̂⇥ (~vw �~vi)+ 1
2 rwCwAw |~vw �~vi|(~vw �~vi)+ 1

2 raCaAa |~va �~vi|(~va �~vi)



Approximations

Coriolis & PGF water drag air drag

0 = M f k̂⇥ (~vw �~vi)+ 1
2 rwCwAw |~vw �~vi|(~vw �~vi)+ 1

2 raCaAa |~va �~vi|(~va �~vi)
0 0

1. iceberg accelera,on is small

2. drag from sea ice and wave radia,on are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity 
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

4.   iceberg velocity is much smaller than air velocity
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Analytical solution
Coriolis & PGF water drag air drag
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Asymptotic limits
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Explanation of 2% rule

L2 H L H L H

Coriolis & PGF water drag air drag
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Roadmap
• Construct Lagrangian model of iceberg drift and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state estimate and iceberg observations.

• Simulate Heinrich Event IRD deposition in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.
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Iceberg decay model



Iceberg decay model

wave 
erosion

side 
melt

basal 
melt

(Bigg et al. 1997)
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Model valida*on
• Simulate non-interactive individual icebergs using observational estimate of va, vw, & Tw
(from ECCO2), with empirically-based seeding locations and initial iceberg size distributions 

(L is 100-1500m in NH and 15km-20km in SH).

• Qualitative agreement with region of observed icebergs in NH and

distribution of satellite-derived trajectories in SH.

satellite-derived trajectories 

(Ballantyne & Long 2002)



Roadmap
• Construct Lagrangian model of iceberg drift and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state estimate and iceberg observations.

• Simulate Heinrich Event IRD deposition in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.

~vi =~vw +2%~va



Simulated modern vs glacial icebergs
• Use CCSM4 coupled GCM simulation of LGM climate (Brady et al. 2013) for va, vw, & Tw.



Simulated modern vs glacial icebergs



Roadmap
• Construct Lagrangian model of iceberg drift and decay, building on previous studies.

• Physically derive the empirical rule of thumb that                                     .

• Validate the model using an ocean state estimate and iceberg observations.

• Simulate Heinrich Event IRD deposition in glacial climate.

• Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.

~vi =~vw +2%~va



Inhibi&on of wave erosion by sea ice
• Iceberg meltwater normally spreads horizontally over 10s of km.

Observed small iceberg cluster far from sea ice edge in Southern Ocean



Inhibi&on of wave erosion by sea ice
• Iceberg meltwater normally spreads horizontally over 10s of km.

•With icebergs concentrated over scales larger than this, sfc freshwater accumulates.

• Surface waters cool in fall but do not sink below this halocline: sea ice forms.

•Wintertime sea ice cover inhibits wave erosion, nearly turning off iceberg decay.
T.J.W. Wagner et al. / Earth and Planetary Science Letters 495 (2018) 157–163 161

Fig. 4. Proposed mechanism for prolonged iceberg lifetimes. Left: summer melt of icebergs creates a shallow fresh surface layer. Middle: As temperatures drop during fall, the 
fresh surface layer remains lighter than the saltier waters below. Right: This allows for sea ice to grow as the temperature of the surface layer drops below freezing, which 
in turn protects the icebergs from wave-induced sidewall erosion and prolongs their lifetimes.

around the iceberg fields. Some indirect evidence that this could 
occur was gathered serendipitously during previous field work in 
the Southern Ocean, with observations showing a significant dip 
in surface salinity and temperature surrounding a small cluster of 
icebergs that was encountered 500 miles equatorward of the sea 
ice edge (see Fig S1). In this scenario, as temperatures drop at the 
end of summer, the surface waters cool without sinking below the 
shallow halocline created by the meltwater lens. This can allow 
the surface waters to cool to the freezing point each winter while 
the saltier waters below remain relatively warm, allowing sea ice 
to form in relatively low latitudes that would not otherwise have 
sea ice. This mechanism is summarized in the schematic shown in 
Fig. 4.

In this scenario, armadas of icebergs in the Atlantic Ocean dur-
ing Heinrich events would bear some resemblance to the mélanges 
that form in Greenland’s fjords where sea ice sometimes surrounds 
small clusters of icebergs as they travel through the fjords (e.g., 
Fig. 1a of Sulak et al., 2017 ). In the proposed mechanism, substan-
tial concentrations of icebergs over large regions would lead to a 
similar picture occurring over a far larger scale during winter in 
the Atlantic Ocean. The clustering of large numbers of icebergs 
during Heinrich events may have further acted to mechanically 
confine and protect the sea ice, analogous to the mélanges in 
present-day fjords.

Note that most state-of-the-art GCMs, including CCSM4, do not 
include interactive icebergs and hence cannot account for these 
processes. Furthermore, modeling a realistic halocline in the ocean 
remains a challenge in current GCMs. In the Arctic Ocean Model 
Intercomparison Project (AOMIP), ten state-of-the-art Arctic Ocean 
and sea ice models were analyzed. All ten models failed to accu-
rately reproduce the observed Arctic Ocean halocline, which was 
attributed in part to inaccurate vertical mixing and shelf-basin ex-
change processes (see Holloway et al., 2007 , their Fig. 1).

A coarser resolution and more idealized Earth System Model 
of Intermediate Complexity (EMIC) has been used to study Hein-
rich events with interactive icebergs (Jongma et al., 2013 ), but the 
coarse resolution of the EMIC is expected to preclude the simula-
tion of a shallow halocline as pictured in this mechanism.

The representation of wave erosion in Equation (2) includes the 
sea ice concentration, with wave erosion not occurring (Me = 0) 
when there is complete sea ice cover (Ai = 1). This implies that the 
sea ice surrounding an armada of icebergs during part of the win-
ter would inhibit wave erosion, nearly eliminating iceberg decay 
and thereby causing longer iceberg lifetimes and enhanced spatial 
distribution of meltwater and IRD.

We further assume here that mechanical stirring of the upper 
ocean due to the iceberg velocity relative to the water is small. 

Finally, we do not consider the effect of storm events that may 
temporarily mix the upper ocean, since a detailed investigation of 
the strength and reemergence timescale of the halocline in this 
context is beyond the scope of this study.

We explore the plausibility of the proposed mechanism using 
back-of-the-envelope-style calculations involving the CCSM4 LGM 
simulation output and additional simulations of the Lagrangian 
iceberg model. The results are summarized here and described in 
more detail in the SI. Iceberg discharge associated with each Hein-
rich event is estimated to be approximately 60 × 104 km3 (Roberts 
et al., 2014). We assume a typical duration of 500 yrs for a Hein-
rich event (Hemming, 2004) and consider the case where icebergs 
meltwater is concentrated within 25% of the area in 40◦N–55◦N in 
the Atlantic Ocean. Using these numbers we find that if approxi-
mately 2 months’ worth of the freshwater from iceberg discharge 
became concentrated in the upper 10 m of the ocean column 
within this region, it would create a halocline that is strong enough 
to stabilize the water column, even if the temperature of the up-
per 10 m reached the freezing point in December. That is to say, 
the water in the upper 10 m could freeze into sea ice rather than 
sink in a convective plume. Alternatively, in the case where iceberg 
meltwater is concentrated within 10% of the IRD belt, 2 months’ 
worth of freshwater discharge would stabilize the water column 
with a 25 m deep surface layer, and in the case where iceberg 
meltwater is concentrated within 50% of the IRD belt, 2 months’ 
worth of freshwater discharge would stabilize the water column 
with a 5 m deep surface layer. The sea ice that formed would then 
insulate the ocean from the atmosphere and thereby substantially 
reduce the effective surface heat capacity (e.g., Wagner and Eisen-
man, 2015). We make the somewhat extreme approximation that 
this stabilization would cause seasonal temperature variations to 
be as large as they are over land. We find that if the IRD belt had 
a heat capacity as small as land during the LGM, then it could be 
expected to be covered by sea ice during 4 months of the year (De-
cember through March, Fig. S4). We emphasize, however, that this 
analysis relies on a number of crude assumptions, and that the fi-
nal result is dependent on several fairly subjective approximations 
(see SI for details).

In addition to this freshening, the decaying icebergs further 
have a cooling effect on the surface layer, due to the latent heat 
required to melt the ice (cf. Jongma et al., 2013 ; Bügelmayer et al., 
2015). This cooling counteracts the freshening, since cooling in-
creases the density of the surface waters. Here we estimate the 
magnitude of this effect. We use the linearized state equation for 
sea water, !ρ = ρ0 (− α!T + β!S), where ρ0 = 1000 kg m− 3 and 
!ρ is the change in water density due to a cooling !T and 
a freshening !S , with α and β being the thermal and salin-



Inhibition of wave erosion by sea ice
• Iceberg meltwater normally spreads horizontally over 10s of km.

•With icebergs concentrated over scales larger than this, sfc freshwater accumulates.

• Surface waters cool in fall but do not sink below this halocline: sea ice forms.

•Winter@me sea ice cover inhibits wave erosion, nearly turning off iceberg decay.

⇒ The icebergs would create their own 
microclimate, analogous to the mélanges that 
form in Greenland Fjords (cf. Sulak et al. 2017).

Mélange in Greenland fjord



Plausibility of sea ice formation
• Use es%mated iceberg discharge plus T & S profiles in GCM-simulated glacial IRD belt.

• If 2 months of freshwater flux is concentrated in 25% of 40°N-55°N Atlan%c Ocean 
& in upper 10m of column: halocline is sufficient to allow sea ice growth.

• This shallow halocline would substan%ally reduce the effec>ve surface heat capacity.

•We make the crude approxima%on that this would allow winter air temperatures to 
become as cold as average over land in 40°N-55°N.

• Assume sea ice coincides with air temperatures below –8°C, as in GCM.

⇒ This effect would allow ~4 months of sea ice (Dec-Mar).



Influence of sea ice on icebergs

LGM LGM with 4 months sea ice



Summary

• Constructed an idealized analytical model of iceberg drift, and derived from 
physical principles the empirical rule-of-thumb that                                  .
Showed that this applies only for icebergs smaller than about 800m.

Wagner, Dell, Eisenman (J. Phys. Oceanogr., 2017)

• Proposed a mechanism for the trans-Atlantic ice rafting of debris during 
Heinrich Events: meltwater from icebergs during summer ⇒ halocline ⇒
winter sea ice ⇒ reduced wave erosion of icebergs during winter (only works 
when icebergs are densely packed over 10s of km).

Wagner, Dell, Eisenman, Keeling, Severinghaus (Earth Planet. Sci. Lett., in press)

(Model code at http://eisenman.ucsd.edu)

~vi =~vw +2%~va


