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Abstract With the polar regions opening up to more marine activities but iceberg numbers

more likely to increase than decline as a result of global warming, the risk from icebergs to

shipping and offshore facilities is increasing. The NW Atlantic iceberg hazard has been

well monitored by the International Ice Patrol for a century, but many other polar regions

have little detailed climatological knowledge of the iceberg risk. Here, we develop a

modelling approach to assessing iceberg hazard. This uses the region of the Falklands

Plateau and its shipping routes for a case study, but the approach has general geographical

applicability and can be used for assessing iceberg hazard for routes or fixed locations. The

iceberg risk for a number of locations selected from the main shipping routes in the SW

Atlantic is assessed by using an iceberg model, forced by the output from a high-resolution

ocean model. The iceberg model was seeded with icebergs around the edge of the modelled

region using a number of scenarios for the seeding distribution, based on a combination of

idealised, modelled and observed iceberg fluxes from the Southern Ocean. This enabled us

to determine measures of iceberg risk linked to a mix of starting location and the likelihood

of icebergs being encountered in such a position. For our study area, the main area of

iceberg risk is linked to the East Falklands Current, but small, yet nonzero, risk covers

much of the east and north of the region.
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1 Introduction

Icebergs have been a hazard to shipping for centuries, ever since the first voyages of Euro-

peans to Greenland, NE America and Svalbard. From the first recorded sinking due to an

iceberg, of the North West Fur Company’s Happy Return in the Hudson Strait in 1686 (Hill

2000), sailing into the Labrador Sea, in spring and early summer in particular, has been

hazardous. As maritime trade increased through the nineteenth and early twentieth centuries,

collisions with icebergs steadily increased, with 26% of such incidents leading to sinkings or

abandoned vessels (Hill 2015). The tragic disaster of the sinking of RMS Titanic on 14 April

1912, with the loss of over 1500 lives, was a catalyst for the creation of the International Ice

Patrol (IIP). This has now accumulated a century of observational and ice hazard warning

experience in the NW Atlantic (Murphy and Cass 2012), reducing the number of iceberg

collisions drastically to an average of between 0 and 2 a year (Hill 2015), despite the level of

global shipping now being 8 times that in 1912 (Bigg 2016). Such long-term monitoring has

resulted in an experienced observational and prediction service (Koonar et al. 2004).

However, other parts of the globe have an iceberg hazard (Berz et al. 2001), but do not have

such a good observational base concerning past iceberg numbers and distributions, nor a long-

established ice hazard service. A few regions have collections of ship or drift buoys’

observations of icebergs, such as theBarents Sea (Abramov 1992; Eik 2009),WestGreenland

(Valeur et al. 1996; Fournier et al. 2013; Larsen et al. 2015), the Grand Banks (Verbit et al.

2006) or parts of the Southern Ocean (Jacka and Giles 2007; Romanov et al. 2008). Others

have satellite-derived records. The Southern Ocean has a scatterometer-derived series of

giant icebergs (length, Li[ 10 nautical miles or 18.5 km), continuous since 1992 (Stuart and

Long 2011), and an altimeter-derived distribution of small-sized icebergs (Li, 100–2800 m)

north of 70�S since 1992 (Tournadre et al. 2016). However, neither the ship-based obser-

vations nor the satellite data provide long timeseries of the full iceberg distribution over the

Southern Ocean or the Arctic. Therefore, in most parts of the polar regions subject to an

iceberg hazard there is insufficient past information for there to be a good understanding from

climatology of the risk of iceberg presence. Those companies working in polar or sub-polar

waters subject to potential iceberg collision risk beyond the NW Atlantic are increasingly

using external services to monitor, and if necessary, track icebergs entering danger zones for

their operations. Synthetic aperture radar (SAR) satellite information provides the ability to

resolve individual icebergs down to a few tens of metres in size from recently flown sensors.

Nevertheless, monitoring current iceberg movement in limited regions does not provide a

measure of the long-term iceberg risk, particularly during a changing climate.

A climatological view of ocean basin-scale to global iceberg distributions has been

provided from past iceberg modelling simulations. A North Atlantic and Arctic modelling

perspective of iceberg distribution was provided in the mid-1990s (Bigg et al. 1996), with

horizontal resolution down to 0.25� in the NW Atlantic (Bigg et al. 1997). A similar

measure of modelled Southern Ocean iceberg distributions was provided in the early 2000s

(Gladstone et al. 2001). More recently, several coupled iceberg-ocean model global cli-

matological distributions have been produced (Levine and Bigg 2008; Jongma et al. 2009;

Martin and Adcroft 2010; Marsh et al. 2015; Stern et al. 2016), leading to similar broad

results to the earlier work. These iceberg trajectory models all use collections of individual

icebergs, seeded to represent estimated iceberg discharge fluxes from glaciers and ice
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sheets, to produce distributions from sets of trajectories; all of the above used climato-

logical forcing. Only one global simulation has attempted to use a long-term atmospheric

reanalysis—the imperfect Twentieth Century Reanalysis—as forcing to produce a century-

long temporally varying iceberg distributions (Bigg et al. 2014; Wilton et al. 2015). This

simulation reproduces the annual IIP timeseries of iceberg numbers crossing 48�N in the

Labrador Sea reasonably well and has the same decadal-scale variability as ice-rafted

debris in marine cores in the Denmark Strait (Andrews et al. 2014). However, this veri-

fication is only for these two distinct locations and cannot be guaranteed to extend well

beyond the NW Atlantic, or into near-shore and high-polar regions where tidal oscillations

and inertial oscillations have a strong impact on iceberg drift patterns.

Thus, a method to determine the iceberg risk for a region outside the NW Atlantic is still

awaited. In this paper, we provide a methodology to tackle this problem, using a range of

iceberg distribution scenarios along the perimeter of a study area. For the latter we chose

the Falklands Plateau, because of the combination of a known, if low, iceberg risk in the

area, a significant, and varied range of exposed shipping routes, the likely future

deployment of offshore marine platforms, and the availability of a very-high-resolution

20-year ocean simulation which can be used to force our set of iceberg scenarios. However,

the general approach presented here is generic and could be applied anywhere.

2 Data and methods

2.1 Region of study

Historically, the SW Atlantic (Fig. 1) was a region of major maritime trade routes, with

vessels travelling from Europe and NE America to the west coast of the Americas or the

Pacific Islands having to pass through the Strait ofMagellan, or aroundCapeHorn, before the

Panama Canal opened in 1914. During the latter half of the nineteenth century, there were

frequent references to significant regions of ice and icebergs in the Southern Ocean north of

latitudeswhere they are commonly encountered today (Brett 1924).During the 1890s, icewas

frequently encountered off Cape Horn and into the seas up to a week’s sailing north of the

Falkland Islands (Lubbock 2008). These sightings included icebergs described as 20 miles

and 40–50 miles in length, respectively. Admiral Von Spee’s battle squadron encountered a

‘‘huge iceberg’’ just off Cape Horn in December 1914, on their way to the Battle of the

Falklands (Hough 2003). Occasional giant icebergs calved from theAmundsen Seawill track

through the Drake Passage, as iceberg B10a did in late 1999. These can potentially enter the

East Falklands Current. There remain occasional sightings of icebergs in Falkland Islands

waters, and even a past grounding on Burdwood Bank, 150 km south of the islands. It is also

noteworthy that there are extensive records of iceberg scour in sediments dating from the last

glacial period west and north of the Falklands (Brown et al. 2017).

Both modelling studies (Marsh et al. 2015; Wilton et al. 2015) and observational records

(Tournadre et al. 2016) show low concentrations of icebergs approaching the south-east and east

of the study area outlined inFig. 1.Most of the icebergs entering the Scotia Seawill be entrained

within the Antarctic Circumpolar Current and advected eastwards, reaching latitudes compa-

rable with the Falklands in the vicinity of the island of South Georgia, where many icebergs

become grounded. However, icebergs in the central Scotia Sea in the right wind and ocean

current conditions can occasionally enter the East Falkland Current (Fig. 1), allowing rapid

northwards movement, and the possibility of eddy motion taking the icebergs onto the Shelf.
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The main present-day shipping route in the area, shown in Fig. 1, tends to be to the west

of the area, where icebergs are rarely seen. However, the route leading to Cape Horn and

the Drake Passage comes close to the East Falklands Current, and the routes with lower

levels of traffic, from the NE and towards the Antarctic Peninsula and South Georgia, lie

across areas with regular iceberg sightings. In addition, the route from Punta Arenas on the

southern coast of South America into the Weddell Sea enters waters with major iceberg

fluxes. The latter, however, lies mostly outside the region of the ocean model and is not

considered further here. In this paper, we consider the general modelled distribution of

icebergs to provide a measure of the geographical variation of iceberg risk, but to provide a

measure of iceberg hazard along these specific shipping routes one location along each

main route is selected for a detailed study of modelled iceberg encounters. Note that a

Fig. 1 A map of the bathymetry of the SW Atlantic, showing major shipping routes in the area (in grey—

dashed lines show traffic of lower volume) and schematic ocean currents. The region covered by the high-

resolution ocean model is outlined and the release points for Scenario 1 are shown along the dashed lines.

The five locations of Table 1 are also shown
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mean location represents the low traffic routes south-east towards the Antarctic and South

Georgia. These specific locations are given in Table 1.

2.2 Ocean model

The ocean model used in this study is a regional Nucleus for European Modelling of the

Ocean (NEMO; Madec (2008)) configuration that was set up by the Met Office to cover the

Patagonian Shelf region, here referred to as the PS4 model. The PS4 model grid covers the

region 70�W–50�W, 56�S–44�S using a regular grid with horizontal resolution 1/12� in

longitude and 1/16� in latitude. This is equivalent to approximately 7 km at the considered

latitudes and allows fine mesoscale features to develop.

The main set-up and parameterisations are based on the Met Office AMM7 configu-

ration (O’Dea et al. 2012). This is a well-established model of the Northeast Atlantic

region which has the same resolution and covers a similar latitude range as PS4 (albeit in

the Northern Hemisphere). AMM7 is run operationally at the Met Office for forecasting in

European Waters and is also used to provide multi-year reanalyses.

In the vertical, the PS4 model has 51 depth levels using the terrain-following hybrid

coordinate system of Siddorn and Furner (2013). In this scheme, the model levels are

evenly spaced throughout the water column in shelf regions, avoiding excessively thin

layers, whereas in deeper regions they are spaced to retain increased resolution at the

surface. In areas of very steep topography, the use of terrain-following coordinates can lead

to errors in calculation of the horizontal pressure gradient (Mellor et al. 1994). This is

reduced in PS4 by using a smoothed ‘‘envelope’’ bathymetry for the calculation of the

model levels, reducing the steepness of the levels without distorting the shape of the

bathymetry that is used by the model. The Siddorn and Furner scheme also allows the

surface layer thickness to be kept constant across the domain, improving the treatment of

air-sea fluxes. For the PS4 configuration, we specify a surface layer of 1 m.

The time-stepping scheme used is a time-splitting formulation where the free surface

and barotropic velocity equations are solved with a shorter timestep than that used for

baroclinic variables. The PS4 configuration uses a baroclinic timestep of 180 s with a

barotropic sub-timestep of 6 s.

Lateral boundary forcing for the PS4 model was taken from the Met Office GloSea5

system (MacLachlan et al. 2014), a global coupled ocean–atmosphere seasonal forecast

system. GloSea5 uses the �� ORCA025 NEMO model as its ocean component, which is

well established and validated (for example, Blockley et al. 2014).

The variables that are specified at the open boundaries are daily temperature, salinity, sea

surface height and barotropic velocity. Temperature and salinity are applied using a flow

relaxationmethod (Martinsen andEngedahl 1987), inwhich the boundary zone is specified as

a region 10 grid points wide. The model variables in the boundary zone are relaxed to those

Table 1 Location of points on

shipping routes where iceberg

fluxes are considered in more

detail

Shipping route Study point

Strait of Magellan (1) 47�S, 63�W

Falkland Islands N (2) 47�S, 59�W

Falkland Islands NE (3) 49�S, 57�W

Cape Horn (4) 54�S, 61�W

Antarctic (5) 55�S, 55�W
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from the external model (i.e. GloSea5) such that values on the outer edge of the domain are

entirely prescribed by the external model and its influence rapidly decreases as we move

further inwards across the boundary zone. Barotropic variables are applied using the Flather

(1976) radiation condition. This is a scheme in which the depth mean velocity normal to the

boundary is set equal to that in the external model, but with an adjustment that allows gravity

waves generated within the nested model to exit through the boundaries.

In addition, tidal forcing was included in the PS4 model by specifying tidal harmonics at

the boundaries for eight harmonic constituents: K1, K2, M2, N2, O1, P1, Q1, S2 (Pugh and

Woodworth 2014). The tidal forcing data are provided by the BMT ARGOSS in-house

tidal model. The model has a spatial resolution of 0.1� and is based on the integration of

approximately 5000 tidal stations and 13 years of satellite radar altimeter observations into

depth average global and regional tidal models (2DH model).

Surface heat and salt fluxes were calculated using the CORE bulk formulation (Large

and Yeager 2004). Use of a bulk formulation allows model sea surface temperature (SST)

feedback into the calculation of the fluxes and results in more physically accurate surface

boundary conditions than possible when using direct flux forcing. The CFSR reanalysis

data set (Saha et al. 2010) was used to provide the required atmospheric parameters: wind,

sea-level pressure, relative humidity, air temperature, precipitation and snowfall. This data

set provides hourly data with a spatial resolution of 0.5�. An example of annual mean wind

field across the PS4 model region is shown in Fig. 2.

The PS4 model was run for a 20-year period, from 1993 to 2012. The initial density field

was taken from GloSea5, and the model allowed to spin up for 2 years before beginning the

main run. Hourly snapshot values were output for the whole 20-year period. Example of

annual mean SST and surface current fields is shown in Figs. 3 and 4, respectively.

2.3 Iceberg model

The iceberg trajectory model used here derives from that developed by Bigg et al. (1997)

and modified by Gladstone et al. (2001) and Levine and Bigg (2008). It includes both

Fig. 2 Contour diagram of the annual mean wind strength for 2012, with the 5.2 ms-1 line highlighted in

black
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dynamical forces to move the icebergs and thermodynamics to provide melting during

transit. Full details of the model formulation are provided in these references; however, the

dynamical forces affecting the individual icebergs are ocean, atmospheric and (if present)

sea-ice drags, the Coriolis force, pressure gradients in the surrounding ocean and a wave

radiation force. The dominant force tends to be the water drag, but, particularly in strong

winds, other terms such as the wave radiation stress and air drag may become as important

at times (Bigg et al. 1997). In our simulations, sea-ice is not present at any time due to the

sea surface temperature always remaining above freezing point, so this force component is

never applied. Note that icebergs may roll over if the Weeks–Mellor stability criterion

(Weeks and Mellor 1978) is not met.

Fig. 3 Contour diagram of the annual mean model sea surface temperature for 2012

Fig. 4 Contour diagram of the annual mean model surface current for 2012, with directional arrows

superimposed
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The thermodynamical processes contributing towards changing the mass of each ice-

berg are basal melting, buoyant convection, wave erosion, sublimation, latent heat transfer

and the addition of mass through snowfall. In addition, if icebergs enter water shallower

than their draught, then they ground and melt until their draught is reduced to below the

local water depth. For simplicity of calculation, all icebergs simulated are rectangular in

shape, with a width/length ratio of 1:1.5, this being similar to mean ratios found in both

hemispheres. A ratio of draught to freeboard of 5:1 is assumed; again, this is more con-

sistent with observations of the most common real icebergs of tabular and wedge shapes

(Fequet 2002) than just assuming the buoyancy to be directly linked to the density dif-

ference between ice and seawater (see Bigg et al. (1997) for a full discussion of these

ratios). Again, for simplicity of calculation all icebergs are assumed to be travelling with

their long axes parallel to the surrounding water flow, but with the atmospheric wind

direction being 45� to the right of the iceberg. This is consistent with Ekman theory in the

mean, but will not always be the case in reality. As icebergs melt, their loss of mass is

redistributed after calculation at each time step so as to maintain the ratios given above

over time. Once modelled icebergs approach growler size (* 5 m), they are assumed to

instantaneously melt, for numerical stability.

Previous studies have used a range of time steps for the iceberg model, from order

1–200 s (Bigg et al. 1997) to order 10,000 s (Levine and Bigg 2008), depending on the

timescales the respective models were considering. Here, to best estimate the iceberg

hazard for a particular location, we wish to retain as much of the iceberg dispersion from

short-term current variation as possible, while also minimising computational costs. The

ocean model data used as forcing for the iceberg model were available as hourly snapshots,

so 3600 s is the maximum time step we considered suitable. However, we tried a range of

time steps (100, 200, 400, 600, 3600 s) to see whether more dispersive, and more realistic,

iceberg distributions required shorter time steps. The resulting dependence of iceberg

distribution on time step from a full 20-year run using seeding from scenario 2 (see the next

section) is shown in Online Resource 1. This suggests that a maximum time step of 200 s

both retains reasonable dispersion, while minimising computational cost. This is very

similar to the 180-s time step of the ocean model. However, the simulations used here

employ the 100-s time step (shown in Fig. 5), so as to maximise the dispersion

characteristics.

Fig. 5 All iceberg locations for

a full 20-year SC2 run (ensemble

member 1) with a timestep of

100 s. Iceberg locations are

shown every 2 days for each

seeded iceberg
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2.4 Experiment scenarios

We considered three scenarios for iceberg seeding of our model region, to give us measures

of the ‘‘possible’’ iceberg hazard ranging to the ‘‘probable’’ hazard. Scenario 1, hereafter

SC1, addresses the possible hazard question, giving us a maximal baseline against which to

compare the more realistic scenarios. Icebergs of a uniform 200 m length and depth were

released every 30 days at evenly spaced intervals of four ocean model grid points (* 0.4�)

near both the southern and eastern boundaries of the ocean model domain. The width of the

icebergs followed the width/length ratio of 1.5 noted earlier. The uniform release locations

are shown in Fig. 1; a total of 88 icebergs are released on each occasion. For numerical

stability and to avoid the ocean model relaxation zone, the icebergs were released 10 ocean

grid points in from the boundary (1�) and were initially at rest. By releasing icebergs

frequently along the southern and eastern edges of the study area, SC1 gives a maximal

measure of the possibility of an iceberg reaching a particular location.

Note, however, that this is not the actual probability of occurrence at a location, as the

likelihood of an iceberg crossing the boundary of the study area is far from spatially

uniform. This is known from the limited satellite observations (Tournadre et al. 2016) and

also from model simulations (Marsh et al. 2015; Wilton et al. 2015), both of which show

that the likelihood of an iceberg entering along the southern boundary west of* 55�W is

very small. Scenario 2, hereafter SC2, was created in order to provide a more realistic

estimate of the probability of experiencing iceberg hazard. This scenario was guided by the

iceberg distribution found from icebergs simulated during years 10–14 of the 0.25� reso-

lution simulation (ORCA025) of the coupled ocean-iceberg model NEMO-ICB discussed

in Marsh et al. (2014). While a longer simulation of this model has since been run (Marsh

et al. 2015), the general results of the original simulation are compatible with this longer

simulation and also with the iceberg distributions from the * 1� resolution Twentieth

Century coupled ocean-iceberg simulation of Wilton et al. (2015). The icebergs calved

from the coast of Antarctica in ORCA025 ranged in size from 50 to 1500 m in length, and

up to 300 m in depth, and the simulations resulted in* 240 icebergs reaching the eastern

edge of the study area each year, with horizontal sizes varying over 100–1100 m (Fig. 6).

These occurred most frequently in the northern half of eastern boundary. Only one of these

icebergs reached the southern edge of the region during the simulation. SC2 takes this

record into account by allowing 20 icebergs to enter the eastern part of the study area each

month (i.e. 240 a year), with a random component altering the actual location and size of

the icebergs seeded in any given month, although with a maximum depth of 300 m, while

the overall distribution of seeded iceberg size was determined by the distributions shown in

Fig. 6. The resulting seed density over a typical 20-year simulation is shown in Fig. 7,

giving the equivalent of 240 icebergs crossing through the release zone each year, as was

found in Marsh et al. (2014). In addition, a number of variants of SC2 were run, where the

order of seeding of the 20-year set of iceberg seeds was shifted, so as to allow different

ocean and atmospheric forcings to perturb the basic regional iceberg distribution.

The final scenario used, scenario 3, hereafter SC3, examined the impact of forcing the

iceberg dynamics and thermodynamics by sub-surface ocean properties, rather than the

traditionally used surface currents and temperatures. Thus, the basic SC2 run was modified

in SC3 to use the 50-m ocean temperature in the thermodynamics and the mean ocean

currents over the top 50 m in the dynamics (see Bigg et al. (1997) for the equations this

will affect). This scenario tests the sensitivity of the resulting iceberg distributions to the
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variation in upper ocean forcing of the icebergs’ behaviour, and so is a supplement to SC2

rather than a radically different estimate.

2.5 Model verification using surface drifters

The iceberg model has previously been shown to reproduce climatological iceberg fields in

a range of environments around the globe (Bigg et al. 1996; Gladstone et al. 2001; Martin

and Adcroft 2010; Marsh et al. 2015; Wilton et al. 2015). It has also been used to reproduce

well century-scale variation of iceberg numbers (Andrews et al. 2014; Bigg et al. 2014).

However, modelling the trajectory of individual icebergs for long periods has not yet been

properly tested, due to the absence of life-history observations of any but giant icebergs

around Antarctica. Study of the latter is planned, but is not yet available; such giant

icebergs may not follow the dynamics of the iceberg model used here, as their dimensions

are of the order of the ocean model grid-size. The IIP uses modelling as a tool to suc-

cessfully monitor iceberg movements over a number of days (Koonar et al. 2004; Turnbull

et al. 2015), but in our study icebergs need to be modelled for months. Unfortunately, no

iceberg entered the study area during time periods when SAR or visible satellite imagery

was available, so we have been unable to test the model using actual icebergs. However, a

number of satellite-tracked surface ocean drifters crossed the study area during the 20-year

study period. These data are freely available at www.aoml.noaa.gov/envids/index.php, and

Fig. 6 Distributions of iceberg properties entering the eastern boundary of the study area from the

ORCA025 coupled ocean-iceberg simulation of Marsh et al. (2014): a horizontal size; b zonal density
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we simulated the paths of drifters that entered our region, representing them as icebergs,

through a range of months of the year over the decade of 1997–2006. The pseudo-icebergs

were given the initial position and velocity of the drifter, but with a number of icebergs

being released at the same time from slightly different start positions (between 0.06� and

0.25� from the drifter location), so as to examine the sensitivity of the iceberg model to

initial position. Drifters are, of course, not icebergs, with a much lower mass, depth and

size, meaning that there are likely to be significant differences in the force balance between

a drifter and iceberg released in the same location. The ocean model circulation will also

not faithfully reproduce the small-scale flow turbulence that the drifter, in particular, will

experience. Therefore, the paths of model icebergs of the standard 200 m size, which melt

over time, will not exactly follow the drifter tracks. However, Fig. 8 shows that the drifter

tracks typically lie within the envelope of the modelled iceberg swarm. This gives con-

fidence in the iceberg hazard estimates given below. The degree of divergence in these

examples is strongly linked to the wind field for the month. Both in April 1998 and in

December 2002 (Fig. 8a, d), the drifters moved through strong changes in wind speed,

leading to more separation of the drifter and model icebergs. In contrast, in October 1998

and February 2001 (Fig. 8b, c) the drifters remained in areas of similar, or rapidly

decreasing wind field. Variation in the wind effects on iceberg motion would have

therefore been less in these months.

Fig. 7 Seeded iceberg density across a typical SC2 full 20-year simulation. Numbers are absolute counts
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3 Scenario results

3.1 Mean forcing on iceberg motion

The major two controls on iceberg movement are the ocean currents and near-surface

winds. Typically, wind speeds of less than about 5.2 ms-1 have little control on iceberg

direction but sustained (at least 6 h) 10-min mean wind speeds[ 5.2 ms-1 have a greater

effect (Ettle 1974; Turnbull and Fournier 2015). There is a transition between mean wind

speeds greater than this value to the south of a line extending roughly from the Strait of

Magellan north of the Falklands to the NE corner of the domain (Fig. 2), weaker winds

being to the north-west. The major ocean current throughout the region is the Falkland

Current (Fig. 4). This current originates in the south-west corner of the domain below

Staten Island and flows in an easterly direction along * 55�S until it reaches * 55�W.

There the flow changes direction and flows on a northerly route until* 49�–50�S where it

then changes direction again and flows in a westerly direction until* 48�S, 59�Wwhere it

then flows northwards, out of the domain. There is another, weaker, current that takes a

similar path, but much closer to the Falkland Islands. This bifurcates from the major

Falkland Current flow around 55�S, 63�W. This current will be referred to as the Inner

Falkland Current; it is visible in Fig. 4. The influence of the seasonal cycle on these

currents is minor. On the sub-monthly scale, there is large variability in the regions west of

Fig. 8 Drifter tracks reported four times daily for four selected months, compared to a modelled swarm of

icebergs with the same initial velocity released from the vicinity of the initial drifter position, shown by the

open circle
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65�W (the daily tidal regime) and in the north-eastern corner (east of 55�W, equatorward

of 48�S), where the Brazil–Falkland Confluence occurs.

Throughout the year, the SST across the whole region is above * 3 �C, allowing

significant melting of icebergs to occur (Fig. 3). The SST approaches 15 �C widely across

the northern half of the domain during summer and autumn, ensuring few seeded icebergs

reach the northern edge of the study area. However, the Falkland Current transports sig-

nificantly colder surface water from the Southern Ocean in a narrow band northwards,

along which many of the icebergs observed in the past will have travelled (e.g. Lubbock

2008), minimising the melting along the major iceberg zone.

In the remainder of the results section, we consider the trajectories and densities of

icebergs seeded into the model using the scenarios discussed in Sect. 2.4.

3.2 Scenario 1

An iceberg density map for SC1 is shown in Fig. 9, derived from the full set of monthly

releases over 1993–2012. The darker colours, indicating a higher iceberg density, are

spread linearly around the edge corresponding to the iceberg seed positions, as would be

expected. A high iceberg density is also shown for the Falkland Current, which is the

feature dominating the iceberg density count. Note that modelled icebergs are grounded off

the Falkland Islands and the Argentine coast around 48�S. In the grounded cases, a high

density exists as the icebergs may remain in the same position for weeks to months before

melting, meaning that the same iceberg is repeatedly counted. It should be remembered

Fig. 9 Total iceberg counts per half degree square from the 20-year simulation of SC1. The iceberg

positions were recorded every 2 days over 1993–2012. Dividing by 20 gives the density of icebergs per year.

The five locations of Table 1 are shown
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that SC1 is a baseline study, showing where icebergs could possibly travel within the study

area from an unrealistic, but maximal, release strategy.

Iceberg tracks from various release positions from SC1 are shown in Fig. 10. The

majority of icebergs from the southern seed positions end up within the main Falkland

Current. Modelled icebergs from release positions along the southern boundary from Cape

Horn to * 63�W can, on occasion, be entrained within the Inner Falkland Current that

passes much closer to the Islands, or can even be found west of the Falkland Islands.

Modelled icebergs along the eastern boundary are occasionally entrained within the main

Falkland Current; this is particularly likely from releases around both 54� and 49�S.

Variability on the sub-monthly temporal scale, which can come from short-term wind and

current changes, will be the major cause of icebergs escaping the major currents and

crossing onto the Shelf.

To determine the risk of an iceberg from any possible entry point into our domain

reaching a given internal location, we examine the number, and properties, of icebergs

from SC1 that reach the five locations on the main shipping routes, as given in Table 1.

The total number of unique icebergs reaching these locations from all entry points is listed

in Table 2. Remembering that SC1 is about what is possible, rather than what is probable,

there are distinct differences between the threat of icebergs reaching these five locations.

Only 11 of the 21,120 icebergs released during this experiment pass within 1� of location 1,

and none within 10 km. Both the Falkland Island shipping route locations, and that for the

Cape Horn route (2–4), had 6–8% of the released icebergs reaching within 1� of the sites,

Fig. 10 The tracks of all icebergs seeded in SC1 from a selection of points (open circles) along the southern

and eastern boundaries. The release lines for all positions are shown in Fig. 1
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with just a few dozen approaching within 10 km. In contrast, the Antarctic route example

(5) had 25% of the released icebergs pass within 1�. This route crosses the Falkland

Current; many model icebergs are entrained into this current, leading to the high numbers.

The closeness of the locations to the release points leads to dramatically different

changes in size of the icebergs en route (Fig. 11). Those few reaching location 1 have

travelled a long way, having had both their length and depth more than halved, with over

50% reduced to a quarter or less of their original dimensions. This is more so for the depth,

on which the major, basal, melting term acts. The Falkland route locations (2, 3) have

shorter travel paths, but in warmer waters. Thus, their modal response is to lose half their

depth from melting, but all lengths possible are found, depending on the details of indi-

vidual trajectories. Both the Cape Horn and Antarctic routes (4, 5) are close to the release

lines, so the modelled icebergs reaching these locations have only small decreases in both

their mean depth (Fig. 11b) and length (Fig. 11a). Only very few, having taken unusual

paths to reach these locations, lose 50% or more of their mass.

3.3 Scenario 2

SC2 iceberg seed positions and number density are given in Fig. 7. A set of nine ensembles

of SC2 were run, with positions and sizes of seeded icebergs varying randomly but in

overall accordance with the distributions in Fig. 6. The SC2 ensemble average iceberg

density and standard deviation are both shown in Fig. 12. The ensemble mean shows the

highest density around the seed positions and immediately to the east, where the majority

of seeded icebergs rapidly leave the domain. Within the main domain, the principal density

peak follows the northern branch of the Falkland Current, but with some dispersion around

48�S, 58�W, where the current is guided by the continental slope in a sharp transition from

a zonal to meridional configuration. Eddies tend to be shed from the current in this region,

as suggested by the bifurcation of the mean model ocean current shown in Fig. 4, the

simulations of Hallberg and Gnanadesikan (2006) and satellite altimetry observations

(Ducet et al. 2000). This tendency for mesoscale variability lies behind the high ensemble

standard deviation on the shelf side of the Falkland Current in this general region

(Fig. 12b). This arises because of high iceberg counts in one or two ensemble runs, and

Table 2 Number of unique model icebergs from different scenarios found in the vicinity of the five

shipping route locations of Table 1 over 20-year simulations

Location SC1 SC2 SC3

B 1�

radius

B 50 km B 10 km B 1�

radius

B 50 km B 10 km B 1�

radius

B 50 km B 10 km

1 11 6 0 0 0 0 0 0 0

2 1245 960 62 242 212 11 337 271 21

3 1720 525 39 253 34 2 332 47 5

4 1430 396 37 0 0 0 0 0 0

5 5334 3261 65 161 60 0 175 63 1

A total of 21,120 icebergs were seeded into SC1 and 480 into each of SC2 and SC3. For SC2, we show the

numbers from one member of the ensemble; the other eight differ only slightly from the one chosen
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low/zero counts in others, depending on the precise release positions and sizes of seeded

icebergs in different runs making up the ensemble.

The SC2 simulations, being driven by the observed and modelled iceberg distributions

over the wider South Atlantic, as interpreted in Fig. 6, are a more useful means than the

maximal baseline SC1 scenario for assessing the actual risk of an iceberg encounter at a

given point within the domain. A comparison of this risk with the more theoretical risk

given by SC1 is given in Table 2. Two strikingly different results are seen immediately—

no icebergs in SC2 reach either the Strait of Magellan or Cape Horn route locations. These

regions are outside the envelope of expected iceberg trajectories under the current climate.

Fig. 11 Distribution of the a length and b depth of the unique icebergs released in SC1 that approach within

1� of the locations shown in Table 1. By ‘‘depth’’ is meant the combined above- and below-water

components
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Fig. 12 Ensemble mean results from nine realisations of the 20-year simulation of SC2: a ensemble mean

total iceberg counts per half degree square; b ensemble standard deviation of iceberg numbers. The iceberg

positions were recorded every 2 days over 1993–2012 in each realisation. The five locations of Table 1 are

shown
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Each of the other locations has * 150 to 250 icebergs approach within 1� over the

20 years of the simulation, with site 2 (Falkland Islands—North) being more likely to have

icebergs approach more closely. This is because site 2 is very near the sharp veering of the

Falkland Current from westwards to northwards near 48�N, 60�W (Fig. 1), this current

carrying the majority of the icebergs that enter the Falklands area (Fig. 5). Nevertheless,

the risk, while finite, is low. An average of* 10 icebergs approaches this site per year in

the simulation, but only one every other year approaches within 10 km.

Only three of the locations of Table 2 have icebergs approach them in SC2, so Fig. 13,

showing the distribution of the SC2 icebergs’ length and depth, has only three bars per

category. All three of the locations 2, 3 and 5 are relatively close to the release zone for

SC2 (Fig. 7). Thus, the depth of 50% of the icebergs changes by less than 10%, with

smaller proportions of icebergs reducing by greater amounts. Those losing more mass will

have travelled further since release in the Falkland Current, further south. There is a similar

relatively small loss in length in each region, remembering that initial icebergs in SC2

varied randomly in length between 100 and 1100 m, but driven by the distribution shown

in Fig. 6a. There is greater erosion in both length and depth for those icebergs reaching

Fig. 13 Distribution of the a length and b depth of the unique icebergs released in one of the ensemble runs

of SC2 that approach within 1� of the locations shown in Table 1
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location 5, in the Antarctic route. Icebergs here will have been entrained into the Falkland

Current near the south-east corner of the domain and thus travelled further than those

released on the eastern side further north and travelling to locations 2 and 3.

3.4 Other scenarios

Experiment SC3 is a sensitivity study of SC2, where the iceberg seeding is identical, but

the icebergs’ dynamics and thermodynamics were driven by sub-surface velocities and

temperatures. However, this has relatively little impact on the mean characteristics of the

trajectories compared to those of SC2. This is particularly true of the mean dimensions of

the icebergs reaching the general area of each of the three locations (2, 3 and 5); these are

shown in Fig. 14 and are very similar to those for SC2 in Fig. 13. However, more icebergs

do reach the three locations, as shown in Table 2, mostly because the melting is reduced by

the lower mean ocean temperature affecting the submarine faces of the icebergs. The risk

of a location having an iceberg pass within 10 km thus roughly doubles, to around one

iceberg per year on average.

Fig. 14 Distribution of the a length and b depth of the unique icebergs released in SC3 that approach within

1� of the locations shown in Table 1
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Other scenarios were examined, for example, varying the flux through the year by

having the majority of the icebergs seeded in either the winter or summer. However, the

impact of these scenarios on the results of SC2 was minimal in terms of the numbers and

dimensions of icebergs encountered near the selected locations and will not be considered

further.

4 Measuring and monitoring risk

The results of SC1-3 can be used to estimate an encounter rate of each fixed location given

in Table 1. As we have seen, there are a range of possible dimensions of icebergs that may

reach each location. Only the length is of interest here. To calculate an encounter rate, it is

assumed that all icebergs modelled to approach within 10 km of the location are of a

maximum likely horizontal size (1000 9 667 m, to follow the 1.5:1 size ratio (Bigg et al.

1997)). A more typical encounter rate, reflecting the dimensions of the SC1 releases, and

the smaller quarter of the icebergs reaching the locations in SC2 (Fig. 13), of 200 9 133 m

are also calculated. The encounter rate is calculated by dividing the area of the icebergs

entering a 10-km-radius circle around the location on average each year of the simulation

by the area of the 10-km circle. The results of these calculations are given in Table 3.

The largest likely encounter rate (from SC2 or SC3) for the more typical length icebergs

(200 m) is at site 2, being* 1 in 11,000 years. This is reduced by a factor of 4 for site 3,

and 20 for site 5, to much less than 1 in 100,000 years. If all icebergs reaching the fixed

locations were of a maximum size (1000 m), then the encounter rate is much higher, with

the greatest being 1 in 330 years at site 2. Of course, the realistic encounter rate is

somewhere in between these extremes and, given that * 5% of icebergs reaching our

locations (Figs. 13 and 14) are of the maximum size; then, this will be* 1 in 4200 years

at site 2 and much less at sites 3 and 5.

The encounter rates calculated from the implausible baseline SC1 are significantly

higher, and taking into account that the maximum length of a released iceberg here was

200 m then the rate is * 1 in 3500 years, and 1 in 130 years if 1000 m in length.

However, icebergs are not, in reality, released from all places along the eastern and

southern boundary each month, so the encounter rate calculations from SC2 or SC3 are

more realistic.

As well as an estimate of an encounter rate, this approach to investigating iceberg risk

provides a basis for its monitoring. The likely origin of icebergs that may affect given

shipping routes or fixed locations can be determined by the trajectory modelling, including

Table 3 Encounter rate for icebergs at the five locations given in Table 1, using iceberg lengths of 200 and

1000 m. Units are icebergs year-1 and rounded to three significant figures

Location SC1 SC2 SC3

Length 200 1000 200 1000 200 1000

1 0 0 0 0 0 0

2 2.6 9 10-4 0.007 0.44 9 10-4 0.001 0.93 9 10-4 0.003

3 1.7 9 10-4 0.004 0.09 9 10-4 0.000 0.17 9 10-4 0.001

4 1.6 9 10-4 0.004 0 0 0 0

5 2.8 9 10-4 0.008 0 0 0.04 9 10-4 0.000
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the likely time of transit. Thus, monitoring of key sections of ocean by Synthetic Aperture

Radar (SAR) could be guided by this technique. This possibility will be illustrated by

examining the likely seed locations, and transit times, for icebergs in SC2 that approach

location 2, one of the busier shipping routes.

Figure 15 shows a map of the release sites for all those icebergs entering the 50-km-

radius circle around site 2 over the 20 years of simulation for a typical ensemble run from

SC2. The vast majority are from the eastern boundary. Although there is a somewhat

higher concentration from the band 48–52�S than the generic seeding ratio (Fig. 7) sug-

gests, there are icebergs that reach the region of site 2 being released from all along the

eastern boundary. From the southern release zone, almost all icebergs reaching the area

around site 2 come from the narrow band of 53.5–54.5�W, which is where the Falkland

Current enters the region (Fig. 1). Although a few modelled icebergs take up to 6 months

to reach site 2 (Fig. 15b), * 80% arrive within a month of release, and approximately a

third within 15 days. Those that enter the study area directly east quickly enter the

Fig. 15 Monitoring iceberg hazard: a map of the origin of icebergs that approach within 50 km of site 2

(Table 1 and inset); and b the travel time to this region. Taken from an example SC2 ensemble run
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Falkland Current, taking them westwards. The occasional iceberg is then spun off in an

eddy where the current veers north to move towards site 2. Examining the trajectories in

detail could be used to determine where monitoring of the Falkland Current was required to

ensure at least a week’s advance warning of an iceberg threat, for instance.

5 Conclusions

In this study, we have used an iceberg modelling approach to assess, for the shipping routes

in the SW Atlantic, both the possibility of an iceberg encounter, using SC1, and a more

realistic probability, using SC2, and its sensitivity test SC3. The iceberg model has been

validated using surface drifter track comparisons over the region of study. While the

maximal baseline scenario, SC1, shows that it is feasible for an iceberg to reach all bar the

western extremities of the SW Atlantic (Fig. 10), SC2, an iceberg release scenario con-

trolled by a combination of altimetric observations and global-scale iceberg modelling,

shows that the main iceberg risk is in the east of the study area. This risk is strongly linked

to the Falkland Current and regions along it with high eddy energy (Fig. 12).

Guided by SC2, encounter rates were calculated for given locations. This could be

generalised to cover shipping lanes in general using maps of probability developed from

Fig. 12. Some of the shipping routes in the area do not see any icebergs from SC2, but

those that do have encounter rates for specific sites estimated to be between 1 in 4200 years

to over 1 in 100,000 years, depending on location. In addition, it was shown that moni-

toring locations and time windows for detection could be found using this approach, with

the Falkland Current being the key area of interest.

The methodology described in this paper for assessing iceberg risk in the SW Atlantic

could be applied elsewhere, with the availability of both iceberg density information from

in situ or remote sensors and a sufficiently high-resolution ocean model for an area of

interest. It can be used for both assessing navigation hazards on new polar and sub-polar

shipping routes, but also for assessing encounter rates for fixed platforms or installations.

As global warming continues, transport through and into the polar regions, and polar

economic exploitation, will become more common, yet iceberg risk will remain, and quite

possible increase (Bigg 2016), as ice sheets and glaciers respond to these new conditions.

These sorts of iceberg modelling developments, already used to some extent in the NW

Atlantic (Turnbull et al. 2015), have a clear future within ice hazard warning systems.
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