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Abstract During the last glacial period (120–12 ka), the Laurentide ice sheet discharged large numbers of
icebergs into the North Atlantic. These icebergs carried sediments that were dropped as the icebergs melted,
leaving a record of past iceberg activity on the floor of the subpolar North Atlantic. Periods of significant
iceberg discharge and increased ice-rafted debris (IRD) deposition, are known as Heinrich Events. These events
coincide with global climate change, and the melt from the icebergs involved is frequently hypothesized to
have contributed to these changes in climate by adding a significant volume of cold, fresh water to the North
Atlantic. Using an iceberg model coupled with the Massachusetts Institute of Technology Global Circulation
Model numerical circulation model, we explore the various factors controlling iceberg drift and rates of melt
that influence the spatial patterns of IRD deposition during Heinrich Events. In addition to clarifying the
influence of sea surface temperature and wind on the path of an armada of icebergs, we demonstrate that the
same volume of ice can produce very different patterns of iceberg drift simply by altering the size of icebergs
involved. We note also a significant difference in the seasonal locations of icebergs, influenced primarily by
the changing winds, and show that the spatial patterns of IRD for Heinrich Event 1 most closely corresponds
to where icebergs are located during the summer months. Consistent with proxy evidence, the ocean must be
several degrees colder than temperatures estimated for the Last Glacial Maximum in order for icebergs to travel
the distance implied by Heinrich Layers.
1. Introduction
The former Laurentide Ice Sheet (LIS) was an extensive ice sheet that covered the North American continent
for a significant portion of the Quaternary period (2.58 Ma-present). During its history, the LIS had many
intervals of advance and retreat, corresponding to glacial maxima. During maxima, the LIS was more than
4 km thick at its center in Northeast Canada, and had several large ice streams discharging icebergs into the
western subpolar North Atlantic, especially through Hudson Bay (Dyke & Prest, 1987; Margold et al., 2018).
Sediment cores from the North Atlantic present evidence of episodic discharge from the LIS in the form of ice
rafted debris (IRD), which can be found from the Labrador Sea across the basin to Portugal (Hemming, 2004,
Figure 1). The spatial extent and thickness of Heinrich Layers varies between events, variability that has been
attributed to changes in the volume of ice involved as well as to shifting climate (J. Dowdeswell et al., 1995;
Ruddiman, 1977).
While it is clear that these sediments were transported by icebergs, the exact mechanism of these events is not
clear. It has been suggested that the observed periodicity of Heinrich Events is due to instabilities inherent to
a growing LIS (Alley & MacAyeal, 1994; MacAyeal, 1993a, 1993b). In this scenario as the LIS grows it periodically reaches a size that is unstable and requires the purging of mass in the form of armadas of icebergs.
An alternative suggestion involves an ice shelf on the Labrador Sea possibly transporting icebergs, particularly
sediment-laden icebergs, farther than could persist in open water (Hulbe, 1997). It has additionally been noted
that subsurface warming in advance of a Heinrich Event could promote the collapse of such an ice shelf, releasing the fresh water necessary to produce the climate signal found in association with a Heinrich Event (Marcott
et al., 2011). It has therefore been proposed that the removal of the “buttressing effect” of a large ice shelf led to
the acceleration of the Hudson Strait Ice Stream and the production of large numbers of sediment-laden icebergs
(e.g., Alvarez-Solas et al., 2013). Each of these scenarios would result in a different estimate of the volume of
fresh water involved and thus a different climate forcing. Disentangling this mechanism will require a fine scale
understanding of the mechanics of a Heinrich Event.
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While Heinrich Events were localized to the North Atlantic, they coincide with global climate change (Broecker, 1994). For example, stalagmite records from China indicate minima in the strength of the Asian monsoon
during Heinrich events (Wang et al., 2001), while sediment cores from the Okinawa Trough in the East China Sea
show cooling for Heinrich Events 1–5 (Li et al., 2001). Additionally, lake records from the southwestern United
States show maximum lake size coincident with Heinrich Events (McGee et al., 2018). These examples along
with numerous others signify the abrupt and global significance of the climate change associated with Heinrich
events. This significance suggests the existence of a mechanism for propagating the impacts of Heinrich Events
from the North Atlantic to the rest of the globe. It has been often suggested that the disruption of the AMOC is
central to the global impact observed to coincide with Heinrich Events (Boyle & Keigwin, 1987; Broecker, 1994;
McManus et al., 2004).
In this scenario, the large input of cool, fresh water disrupts the formation of deep water in the North Atlantic and
slows the overturning circulation (Broecker, 1994; L. D. Keigwin & Lehman, 1994; Oppo et al., 2015); the resulting changes in heat input into the mid-latitude atmosphere of the Northern Hemisphere and in cross-equatorial
ocean heat transport then lead to global climate impacts. It has been observed that Heinrich Events coincide with
periods of Northern Hemisphere cooling and Southern Hemisphere warming (Ahn & Brook, 2008; Blunier &
Brook, 2001). Reconstructions of Heinrich Event 4 (∼60,000 years ago) based on foraminifera assemblages have
suggested that a 2–3°C summer cooling and a 1.5–3.5‰decrease in salinity could reasonably be expected at the
sea surface in the North Atlantic during a Heinrich Event, with more cooling in different parts of the basin and
during other seasons (Cortijo et al., 1997; Hemming, 2004; Maslin et al., 1995). Modeling efforts have attempted
to constrain the impact of fresh water on δ 18O and other proxies (Roche et al., 2014), as well as northern North
Atlantic subsurface warming (He et al., 2020). Questions still remain about the volume, origin, and distribution
of the fresh water involved, however.
Iceberg models have been used in attempts to constrain the locations and trajectories of icebergs and their melt
during Heinrich Events. Some such studies have found that directly modeling the melt of icebergs (rather than
simply freshening the North Atlantic by adding liquid fresh water) hastens the impact of fresh water on climate
(Jongma et al., 2013; Levine & Bigg, 2008). A separate study directly modeled the extent of Heinrich Layers
and accompanying ice volume, based upon an assumed concentration and distribution of sediments in icebergs
(Roberts et al., 2014). Both of these studies used models with relatively coarse spatial resolution oceans (∼3°).
Finer scale modeling is however necessary to more accurately resolve individual iceberg tracks and precisely
where IRD was deposited during Heinrich Events. To-date, previous modeling efforts using finer scale grids
have tended to focus on the transport of icebergs and fresh water along the Eastern seaboard of the United

Figure 1. Panel (a): Map of ice rafted debris (IRD) thickness in the North Atlantic deposited during Heinrich Event 1, adapted from Hemming (2004). Each triangle
represents the location of a marine sediment core containing HE-related IRD and the corresponding numbers the thickness (in centimeters) of the IRD. Stippling
indicates inferred HL extent. Panel (b): Simulated iceberg density in the North Atlantic releasing medium sized icebergs from Hudson Bay (red arrow) for the full
10-year Heinrich Event. In agreement with the observation (Panel (a)) the model shows that icebergs drift across the entire North Atlantic to Europe. The “forking”
pattern in IRD in the observations (∼45°N, ∼20°W) seen here can be observed in model results from this study, especially in summer months (Figure 4). Note that the
line running between ∼40°N, 40°W and 45°N, 10°W is an artifact of the seam on the models cube-sphere grid, and not a function of the iceberg drift patterns. Seam
between GCM panels can be seen in these figures.
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States (Condron & Hill, 2021; Hill & Condron, 2014) or the transport of sediment from the British Irish Ice
Sheet (Wilton et al., 2021), rather than the more extensive region of IRD found across the IRD belt in the North
Atlantic. Using a model with a fine scale (1/6°; 18-km) ocean, this work investigates the sensitivity of patterns
of iceberg tracks to both iceberg size and to changes in climatic (environmental) factors. Below we attempt to
constrain the impact of the size of icebergs on their ability to reach the extents suggested by Heinrich Layers. We
also investigate climatic controls on these results, including the seasonality of iceberg location and the influence
of sea surface temperature.

2. Methods
2.1. Iceberg Model
The Massachusetts Institute of Technology Global Circulation Model (MITgcm) was developed at MIT for studying the ocean, atmosphere, and climate (Marshall et al., 1997). In this study, we use a version of the model with
an eddy-permitting horizontal global ocean grid resolution of 1/6° (∼18-km) and 50 vertical levels in the vertical
with spacing set from ∼10m near the surface to ∼450m at a depth of ∼6000m (e.g., Condron & Hill, 2021). This
resolution is notable and important: whereas all of the models included in Phase 4 of the Paleoclimate Modeling
Intercomparison Project have 1–2° spatial resolution, the resolution of our configuration of MITgcm is ∼5–10
times that. This fine resolution allows for tracing the tracks of individual icebergs, which is necessary for the
results discussed below. The experiments performed in this study are completed with the model at equilibrium
in regards to icebergs in the system. That is, the number of icebergs in the system of the model changes seasonally, but the number of icebergs calved into the system is equal to the number that melt on the timescale of these
experiments (Figure S1 in Supporting Information S1).
In the model, ocean tracer transport equations are solved using a seventh-order monotonicity preserving advection scheme. There is no explicit horizontal diffusion, and vertical mixing follows the K-Profile Parameterization.
The ocean model is coupled to an iceberg model (Condron & Hill, 2021) and a dynamic-thermodynamic sea ice
model (Losch et al., 2010), the latter of which assumes a viscous-plastic ice rheology and computes ice thickness,
ice concentration, and snow cover. The model was configured to simulate glacial (LGM) boundary conditions
following that of Hill and Condron (2014): sea-level is 120m lower than modern-day and Northern Hemisphere
ice sheets are at their full glacial extent based on multiple reconstructions (Dyke et al., 2002; Lambeck & Chappell, 2001). Since the atmosphere is not coupled in these experiments, the model is forced with averaged monthly
outputs (i.e., climatologies) from fully coupled Community Climate System Model LGM runs, which is parameterized using PMIP-2 protocols (Otto-Bliesner et al., 2006) This setup is consistent with Condron and Hill (2021).
The iceberg module of MITgcm (Condron & Hill, 2021, MITberg) can be used to track the paths and fates of
icebergs of multiple sizes. Individual icebergs are simulated as Lagrangian particles, with their horizontal acceleration calculated from the equation of motion for an iceberg:
𝑑𝑑 𝑑𝑑𝑑
= −𝑚𝑚𝑚𝑚 𝑚𝑚𝑚 × ⃗𝑣𝑣 + 𝐹𝐹⃗𝑎𝑎 + 𝐹𝐹⃗𝑤𝑤 + 𝐹𝐹⃗𝑠𝑠 + 𝐹𝐹⃗𝑝𝑝
𝑚𝑚
(1)
𝑑𝑑𝑑𝑑

𝐴𝐴

where m is the mass of the iceberg, v is iceberg velocity, t is time, and the five terms on the right-hand side represent the various forces exerted on an iceberg: the Coriolis
𝐴𝐴force − 𝑚𝑚𝑚𝑚 𝑚𝑚𝑚 × 𝑣𝑣, where f is the Coriolis parameter and
𝐴𝐴𝐴 is the vertical unit vector; wind drag, Fa; water drag, Fw; sea ice drag, Fs; and the horizontal pressure gradient,
Fp. Icebergs have a multi-level keel model where ocean drag on icebergs is the sum of the movement of water at
all vertical ocean model levels the iceberg penetrates through.
Additionally, iceberg deterioration (i.e., melt) with time occurs from solar radiation, sensible heating, wave
erosion, and buoyant vertically convection. The cold, fresh water produced by iceberg melt is released into the
model, and thus the impact of iceberg melt in the ocean can be tracked.
2.2. Experiments
Experiments were chosen to constrain factors that are not well understood or have not been extensively explored
in previous studies, particularly the influence of iceberg size and sea surface temperature on iceberg paths and
longevity. In the default MITgcm LGM simulations, experiments were run for 10 years, with 6,272 km 3 of ice
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discharged each year (approximately 0.2 Sv, or 0.2 × 10 6 m 3/s). Regardless of the size of individual icebergs
used in our simulations, the same volume of ice was discharged in each experiment. Icebergs were calved at the
locations close to Hudson Strait (as marked in Figure 1).
With this backdrop, the sensitivity of iceberg drift trajectories and longevity to changing sea surface temperature
was tested. Due to the time required to run these experiments, the simulated Heinrich Events lasted 10 years.
Simulations were performed in both the default LGM ocean, and with the ocean cooled by 3.5°C (hereafter
“LGM −3.5°C”). As discussed above, past works have suggested a colder ocean during Heinrich Events than the
LGM, with a possible range of 3–4°C (Cortijo et al., 1997; Hemming, 2004). Given the uncertainties surrounding
Heinrich Event sea surface temperatures and concerning the ability of Climate System Model version 3 (CCSM3)
to represent the LGM ocean, 3.5°C was chosen as an intermediate of the range of possible temperatures. This
choice is also consistent with previous modeling simulating Heinrich Events (Condron & Hill, 2021). The results
of these experiments are discussed in detail in the next section.
To study the effect of different iceberg sizes on the patterns of iceberg drift and thus where IRD would have
been deposited during Heinrich Events, we performed a suite of experiments using three size classes: small,
medium, and large. In all cases icebergs begin with a thickness of 260m, with small, medium, and large icebergs
having widths of 250, 465, and 1000m respectively. Icebergs always have a fixed width to length ratio of 1.62
(i.e., Length = 1.62 × Width) to mimic observed iceberg proportions (J. A. Dowdeswell et al., 1992; Mugford
& Dowdeswell, 2010). While much larger icebergs have been observed in the modern ocean and may have been
involved in Heinrich Events, the parameterization of icebergs as Lagrangian particles in MITberg prevents the
realistic simulation of larger icebergs. Thus, icebergs larger than 1000m on a side are not considered. While previous works (e.g., Jongma et al., 2013; Roberts et al., 2014) have used a range of iceberg sizes meant to replicate
those observed in modern icebergs, this study seeks to disentangle the role of iceberg size. To clarify this impact,
in each experiment all icebergs have the same size when calved. Additionally, to be consistent with previous
modeling experiments and given the more realistic results in SST experiments, these size experiments used the
LGM −3.5°C ocean.

3. Results
Our first set of iceberg experiments compare the trajectories of icebergs in an ocean cooler than the LGM to
the extent of observed Heinrich Layers. We find that releasing medium-sized (465 × 753m wide, 260m thick)
icebergs with LGM ocean temperatures cooled by 3.5°C leads to an iceberg drift pattern that is remarkably
similar to patterns of IRD thickness in the North Atlantic (Figure 1). In agreement with observations, the model
shows that icebergs fully transverse the North Atlantic basin to the western coast of Europe. Significantly, the
pattern of iceberg drift in the model is more extensive than the observations. This could suggest that the sediment
load of icebergs is entirely lost before the icebergs completely melt. As such, the region that fresh water is added
to the ocean could be much more extensive than the patterns of IRD on the seafloor suggest. The pattern of IRD
deposited during Heinrich Event 1 shows what appears to be split, or “forking,” pattern in the trajectories of
icebergs around 45°N, 20°W, with some icebergs heading in a more northeast direction and others continuing on
an easterly course. Quite remarkably, our high-resolution iceberg model simulations also capture this feature in
drift trajectories, suggesting that our modeling captures subtleties of iceberg movements that can be traced in the
geologic record.
To further explore the parameters influencing iceberg drift, a number of additional sensitivity experiments were
then performed. In a second simulation, now with the ocean set to default LGM temperatures, medium-sized
icebergs were released. In this simulation, the overwhelming majority of icebergs melted before reaching the
distances implied by Heinrich Layers (Figure 2). Additionally, the mean extent of ice flux (calculated as the sum
of the volumes of individual icebergs that reach a cell) in the North Atlantic only reached 30°W: most of the
icebergs did not extend past the midpoint of the ocean basin. In addition, the maximum extent of ice flux through
cells (1% of the mean) barely reached 20°W. Meanwhile, the Atlantic mean location of ice volume in the LGM
−3.5°C simulation was approximately the same as the location of 1% of the mean in the LGM simulation without
cooling, with the maximum extent of ice volume beginning to extend around the basin with the subpolar gyre
toward Iceland.
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Figure 2. Simulated ice flux (the sum of the volume of ice from icebergs) through each model grid cell in the temperature
sensitivity simulations (LGM [blue lines] and LGM −3.5°C [red lines]). Contours are drawn at mean and 1% of ice flux in
the Atlantic, of which the latter roughly shows the maximum eastward drift of icebergs in our simulations. All iceberg are of
the “medium” size class (i.e., 465 × 753m wide, 260m thick).

With the established result of a more realistic iceberg extent in the LGM −3.5°C ocean, these conditions were
used to run an additional set of experiments examining the longevity and tracks of three different sizes of icebergs
(small, medium, large). The mean extent of the small class of icebergs (250 × 405m wide, 260m thick) was
comparable to that found in the LGM simulation without additional cooling, implying that increasing iceberg
size and decreasing SST have similar impacts on the longevity of icebergs. Predictably, the mean extent of the
largest class (1,000 × 1620m wide, 260m thick) of icebergs calved from Hudson Bay, Canada, reached farther
east than that of the small and medium sized icebergs (Figure 3). However, the effect of iceberg size on eastward
drift was even more pronounced in the maximum extent of iceberg drift (based on 1% of the mean ice flux at each
grid cell) (Figure 3). While the maximum eastward extent of the smallest icebergs only reached ∼20°W and the
medium class began to circulate around the gyre, the maximum extent of the largest icebergs reached the coastline
of Europe before continuing back west toward Iceland.
The results above suggest that increasing the size of the icebergs produces a similar change in eastward drift to
decreasing the temperature of water surrounding them. However, these effects are not exactly equivalent. Particularly, in plots of iceberg trajectory, a “forking” pattern can be seen particularly in the ice volume extents of the
medium size class and (to a lesser extent) the smaller size class. This behavior becomes more marked when plotting the seasonal location of icebergs (Figure 4). Significantly, for all three sizes of icebergs, the split in iceberg
trajectories can be seen in the summer (June, July, August) and continuing into the Fall (September, October,
November), but not in Winter or Spring (Figure 5). For progressively smaller icebergs, the northeast-traveling
fork becomes longer relative to that traveling east, contributing to fewer icebergs reaching more eastern parts of
the basin. As noted previously, observed thickness of IRD deposited during H1 found in marine sediment cores
(Figure 1a) shows a very similar “fork” in iceberg trajectories at around 25°W in the North Atlantic. This agreement between the observations and our numerical model could suggest that during Heinrich Event 1, the release
of icebergs in summer months dominated the ultimate extent of Heinrich Layers, either due to increased discharge
of ice, increased sediment load in icebergs, or a combination of factors. A more in-depth comparison of model
results and core data could reveal further observations of this kind, particularly in the case where the deposition
of IRD is more explicitly modeled. These simulations are only 10 years long, without a coupled atmosphere,
FENDROCK ET AL.
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Figure 3. Panel (a) Simulated mean ice flux through each model grid cell for the three size different iceberg size class experiments. Panel (b) Maximum extent of
icebergs (based on where ice flux at each cell is ≥1% of the mean) for the three experiments. Large icebergs begin with 1,000 × 1,620m width and depth, medium
icebergs begin with 465 × 753m width and depth, small icebergs begin with 250 × 405m width and depth. All icebergs are 260m thick when calved. Means are
calculated using only Atlantic cells (Atlantic defined as Longitude between 0° and 55°W).

and thus their significance to climate should not be over-interpreted. The short duration of these simulations,
however, does not impact the result that, especially for smaller sizes, the tracks of icebergs tend to follow wind,
information that could contribute to future interpretations of Heinrich Layer extents.
In addition to exploring changes in iceberg trajectories we also examined the impact of melting icebergs on the
salinity of the North Atlantic. This was of particular interest given the hypothesized role that melting icebergs

Figure 4. Locations of simulated icebergs in the North Atlantic in winter (December-January-February), and summer (JuneJuly-August) for the three different iceberg size classes based on the cumulative number of icebergs in each model grid cell.
Regardless of iceberg size, there is a marked difference in iceberg drift trajectories in the winter and summer months: iceberg
drift is much more zonal across much of the North Atlantic during the winter, while the summer iceberg trajectories show
a split at around ∼45°N, 20°W where some portion of the icebergs drifting in a more northeasterly direction. As shown in
Figure 1a, this split in trajectories is observed in ice rafted debris deposited during Heinrich Event 1.
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Figure 5. Average locations of icebergs during all four seasons: winter (December-January-February), spring (March-AprilMay), summer (June-July-August), and fall (September-October-November). As described above, iceberg tracks are observed
to fork into two tracks in the summer: one traveling approximately due-east and one branching northeast. Remnants of this
forking pattern can be observed in fall months, but absent in the spring.

played in altering large-scale ocean circulation and climate (Boyle & Keigwin, 1987; Broecker, 1994; McManus
et al., 2004). In a 10-year run, the salinity had not stabilized and the North Atlantic continued to freshen (Figure 6).
However, in this time the region that experienced the highest density of icebergs, the “IRD belt” between 40° and
50°N, was ∼1 PSU fresher than an experiment without icebergs. As the simulated Heinrich event progressed,
however, the additional freshwater input to the ocean from melting icebergs propagated away from this region
and was seen outside of the immediate tracks of the icebergs, particularly into the Norwegian and Greenland
Sea where open ocean deep convection is known to occur. After ∼10 years of simulation, the entire subpolar
North Atlantic basin became generally fresher compared to that without the input of fresh water from icebergs
released during a Heinrich Event. There are two notable exceptions to this however: a ∼0.5° square region area
east of modern-day Newfoundland (Orphan Knoll) and a larger area in the Norwegian Sea both became saltier.
Though the salinity field is unlikely to have stabilized in the 10-year run, the result at Orphan Knoll is consistent
with past research that has noted the absence of freshening during Heinrich Events in this location (L. Keigwin
et al., 2005). Given the short duration of these experiments, however, further work is needed to confirm that this
result is robust.

4. Interpretation and Discussion
It is an intuitive result that icebergs will persist for longer in a colder ocean: if the temperature difference between
icebergs and the water that surrounds them is smaller, it will take longer for them to melt due to a reduction
in sensible heating. The practical extent of this difference is quantified here, with the result that, for medium
sized icebergs, the ocean would likely have needed to be significantly colder than simulated conditions during
the LGM to produce the observed extents of Heinrich Layers. This is a reasonable interpretation, as sea surface
FENDROCK ET AL.
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Figure 6. Simulated change in North Atlantic sea surface salinity (salinity anomaly) during a Heinrich event simulation
of medium-sized icebergs from Hudson Bay after 2, 5, 7, and 10 years. Freshening can be seen in the North Atlantic basin
between 40° and 50°N where icebergs are most heavily concentrated, as well as farther afield in the Norwegian Sea. Sea
surface salinities anomalies are calculated using the difference between numerical simulations performed with and without
icebergs.

temperatures are believed to have been colder than LGM during Heinrich Events (Maslin et al., 1995). With a
reasonable assumption about the size distribution of icebergs, these results could conceivably be extrapolated
to infer SST from Heinrich Layer extent. Conversely, if SST could be constrained by an independent proxy, the
size of icebergs involved in a Heinrich Event could potentially be estimated. Such a strategy would be useful for
estimating the volume of ice released during a Heinrich Event, and perhaps the ice sheet dynamics involved in
producing the icebergs. It is likely that a number of combinations of SST and iceberg size could produce geologically similar sediment layers. However, this work emphasizes the importance of considering these factors when
investigating the climatic significance of Heinrich Layers.
The result that cooling the ocean has a comparable effect to increasing the size of icebergs is central to considerations of the relative impact of iceberg size and SST. However, this work suggests that while the impacts of these
factors are comparable, they may be distinguishable in the geologic record. Rather, the key to disentangling these
two metrics, and to uncovering further information from the geologic record, may involve the winds controlling
the iceberg tracks described above. Our results suggest that in a Heinrich Event involving smaller icebergs, more
iceberg tracks would be directed to the northeast cutting across the subpolar gyre, whereas larger icebergs will
tend to follow the North Atlantic Current approximately due East across the Atlantic. These two scenarios would
be recorded differently in the geologic record, with a Heinrich event involving smaller icebergs resulting in a
thicker deposit in the center of the gyre. Though these simulations are only 10 years in duration and and thus are
unlikely to capture the full range of iceberg behaviors during a Heinrich Event, they allow for the more general
interpretation that larger icebergs will tend to follow surface currents, while the tracks of smaller icebergs will
be more influenced by winds. Overall, the fine resolution of our modeling demonstrates that there are subtleties

FENDROCK ET AL.

8 of 12

Paleoceanography and Paleoclimatology

10.1029/2021PA004347

Figure 7. Prescribed wind forcing in glacial model (Community Climate System Model version 3) simulations for winter
(December-January-February), spring (March-April-May), summer (June-July-August), and fall (September-OctoberNovember). The seasonal shifts in the wind match the seasonal shifts in iceberg tracks (Figure 4). In particular, the summer
forking in iceberg drift aligns with winds shifting to a more meridional patterns and blowing in a northeasterly direction.

to the sensitivity of iceberg trajectory. The ability to accurately resolve individual iceberg tracks reveals that the
spatial extent of Heinrich Layers depends on quantifiable factors in the environment and the icebergs themselves.
An examination of the different atmospheric model forcings and ocean and sea ice fields shows that the only
parameter that changed with a magnitude and direction that matched the seasonal shift in iceberg drift trajectories
was the wind forcing (Figure 7). Seasonal changes in SST, surface currents, and sea ice could be observed, but
none of these varied to the degree that could explain the marked seasonal change in iceberg tracks. This result is
surprising, given the intuitive expectation that surface currents would have a significant impact on the trajectories
of icebergs, and would be influenced by surface winds. However, such a relationship is not observed (Figure S2
in Supporting Information S1). The glacial wind forcing prescribed in our simulations, however, shifts toward
the northeast during the summer and fall months, tracking the seasonal shift in iceberg tracks. This suggests
that, within the bounds of these simulations, wind is the primary driver of iceberg trajectory. This effect is most
marked on our smallest iceberg size class, indicating that smaller icebergs are especially prone to being pushed
by wind compared to larger icebergs. We therefore suggest that the different patterns of IRD produced during the
six major Heinrich events that occurred over the past 60,000 years could reflect changes in atmospheric circulation patterns. For example, the IRD layer associated with Heinrich Event 3 has a significantly shorter eastern
extent, containing a smaller volume of IRD (Hemming, 2004). In order to explain this difference, past works have
invoked the possibility of a Scandinavian iceberg source with comparably less ice sourced from North America
(F. Grousset et al., 1993; F. E. Grousset et al., 2000; Gwiazda et al., 1996). This work suggests that these differences could be explained by the involvement of smaller icebergs in Heinrich Event 3, or perhaps by reduced
winds or warmer SSTs. In either case, the same ice volume could be sourced from North America but would
result in a less extensive IRD deposit.
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5. Conclusions and Future Work
This modeling work is the first to use a high resolution, eddy permitting ocean-iceberg model to explicitly study
how the size of icebergs and climatic conditions influence iceberg trajectories in the glacial North Atlantic. While
a truly realistic simulation would use a range of iceberg sizes, as his study uses only one size of iceberg in each
simulation, allowing for the direct examination of the impact of iceberg size. Our results demonstrate that the
longevity and trajectory of icebergs in the North Atlantic depends significantly on the size of icebergs involved.
This is true not only in terms of the ability of icebergs to survive long enough to traverse the North Atlantic basin,
but also in the sense of the North-East spatial extent: smaller icebergs will more frequently reach the center of the
subpolar gyre while diverting in a Northeast direction during the summer months, while large icebergs will tend
to maintain a more easterly course. Barring an exceptionally cold ocean, larger icebergs seem also to be required
to produce a significant East-West extent. The size distribution of icebergs during Heinrich Events is not well
constrained. This study suggests that a substantial population of large icebergs was likely necessary, especially
considering where IRD is found abutting Europe. A more in-depth comparison of these modeling results with
existing core data could reveal the absence or presence of a significant iceberg track within the subpolar gyre,
suggesting the involvement of smaller icebergs.
The impact of iceberg size on iceberg extent is more prominent in the summer and fall months, due to the seasonal
shifting of the wind field. These results have significant implications for what can be interpreted from Heinrich
Layers. For example, given a reasonable assumption of iceberg size, or iceberg size consistency between Heinrich
Events, shifting distributions of IRD between events could suggest shifting wind patterns, or shifting seasonality
to the major contribution of icebergs. Seasonality to the release of icebergs could be revealing of the ice sheet
dynamics preceding or causing Heinrich Events. Results presented by Hemming (2004) already demonstrate a
forking of iceberg tracks in Heinrich Event 1 that is not observed in Events 2, 4, or 5: results that can be interpreted in the context of this study to suggest a shifting of winds, seasonality, or iceberg size during Heinrich
Event 1 that did not occur during the other events presented. A preliminary effort to compare our model outputs to
Hemming (2004) data is presented above, but a more in-depth analyses of these two data sets would be necessary
to make a truly significant comparison. These interpretations may likewise require significant assumptions about
the ability of icebergs to carry sediment, a question that requires further high-resolution modeling.
In sum, this work presents frameworks for drawing further information from the geologic record of Heinrich
Events. It likewise presents the first high resolution spatial distribution of iceberg locations during these events,
as well as the associated fresh water signature produced by melting icebergs. These results suggest that Heinrich
Layers hold even more information about past climate than previously thought, and that further modeling and
exploration will uncover new dynamics to these enigmatic events.

Data Availability Statement
The Massachusetts Institute of Technology Global Circulation Model (Marshall et al., 1997) is freely available online with supporting documentation at Zenodo (Campin et al., 2022). The model was forced with output
from the Community Climate System Model version 3 LGM integration (Collins et al., 2006; Otto-Bliesner
et al., 2006). Parameterization of the model is described in-text and in references therein. The full code, forcings,
and user manual for MITberg as used in this study are available for open use, as are the outputs plotted in this
study at Zenodo (Condron & Fendrock, 2022).
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