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Abstract—A pressing environmental question facing the ocean
is the potential impact of possible deep-sea mining activities.
This work presents our initial results in developing an ocean
and plume modeling system for the Bismark Sea where deep
sea mining operations will probably take place. We employ the
MSEAS modeling system to both simulate the ocean and to
downscale initial conditions from a global system (HYCOM) and
tidal forcing from the global TPXO-8 Atlas. We found that at least
1.5 km resolution was needed to adequately resolve the multiscale
ﬂow ﬁelds. In St. Georges channel, the interaction between
the tides, background currents, and underlying density ﬁelds
increased the subtidal ﬂows. Comparing to historical transport
estimates, we showed that tidal forcing is needed to maintain the
correct subtidal transport through that Channel. Comparisons
with past simulations and measured currents all showed good
agreement between the MSEAS hindcasts. Quantitative comparisons made between our hindcasts and independent synoptic
ARGO proﬁles showed that the hindcasts beat persistence by
33% to 50%. These comparisons demonstrated that the MSEAS
current estimates were useful for assessing plume advection. Our
Lagrangian transport and coherence analyses indicate that the
speciﬁc location and time of the releases can have a big impact
on their dispersal. Our results suggest that ocean mining plumes
can be best mitigated by managing releases in accord with such
ocean modeling and Lagrangian transport forecasts. Real-time
integrated mining-modeling-sampling is likely to provide the most
effective mitigation strategies.

[5]. The sea currents in this region have been the subject of
only a few studies [6], [7], [8], [9] though the environmental
consequences could be important. Although the proposed
operations seem sound, there is some concern, that the physical
oceanographic and ﬂow transport modeling performed to date
is insufﬁcient to rigorously assess the impacts of the project.
Of particular concern is whether upwelling and currents could
carry pollutants up out of the deep sea, or from spills and
leakages into marine food chains where they may affect marine
species and the humans that eat them. The high ﬂuctuations
of the currents in Saint Georges Channel, a strait south of
the Solwara 1 site, and the strong effect of tides require high
resolution estimates of the region [7]. All of these impacts
need to be further quantiﬁed and studied.

I. I NTRODUCTION
The impact of human activities on the ocean is becoming increasingly global. One of the pressing environmental questions
facing the ocean is the potential impact of the proliferation
of deep-sea mining activities. To successfully coexist with
the ocean and utilize marine resources, civilization needs to
monitor and predict the impacts of its activities [1]. In the
past decades, the progress made by combining ocean data
and models has been signiﬁcant [2], [3]. Such data-driven
models can forecast ocean properties, such as currents or the
dispersal of contaminants. With predictive capabilities, one can
also estimate the future impacts of human activities, carry out
scenario analyses, and monitor and manage ocean regions and
ecosystems [1], [4].
It has long been determined that the sea ﬂoor possesses
vast untapped resources of rare metals but only recently have
they become economically viable. As such, preparations are
now underway at the Solwara 1 site off Papua New Guinea
(Fig. 1), with operations currently scheduled to start in 2017
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Fig. 1: Modeling domain (red rectangle) and bathymetry
employed by the MSEAS hindcast simulations (bathymetry
of the region; 143 to 161◦ horizontally, -12 to 3 ◦ vertically,
scale of the depth: 1,000 m from 0 to 9,000 m).
The long-term goal of our work is to assess the impacts
of deep-sea mining by developing a high ﬁdelity, regional,
physical-biogeochemical-plume ocean modeling system. Our
approach is to build upon the MIT Multidisciplinary Simulation, Estimation and Assimilation System (MSEAS) [10],
[11]. MSEAS has been successfully deployed in numerous
forecasting and monitoring operations, including forecasting

the transport of pollutants from the Prestige oil spill [1]. Novel
Lagrangian analyses tools can be used to understand threedimensional ﬂow transports in the region, in order to provide
a clearer understanding of the fate of material released by
the mining activities at different depths and locations. The
tools we implement and develop can be applied to assess the
environmental impact at any proposed location for the growing
ﬁeld of deep-sea mining.
In what follows, we present our initial results in developing
an ocean and plume modeling system for the Bismark Sea. We
outline our system for simulation and forecasting (MSEAS)
and describe its set-up for the Bismark Sea (Sect. II). We then
compare and contrast hindcasts from different conﬁgurations
of MSEAS for the Bismark Sea (Sect. III). Next, we assess the
skill of the MSEAS hindcasts against independent historical
and synoptic data (Sect. IV). Using our MSEAS hindcast ﬂow
ﬁelds and Lagrangian methods, we then conduct a Lagrangian
analysis of the transport of possible plume material (Sect. V).
Finally, we present our summary and conclusions (Sect. VI).
II. M ODELING SYSTEM AND PARAMETERS

The bottom drag coefﬁcient value used is 1.6 × 10−3 . Second
order Shapiro ﬁlter is employed for numerical horizontal
ﬁltering, at every time steps, for the tracers, internal velocity,
barotropic velocity, and surface pressure. We tested different
orders for the Shapiro ﬁlter; however, no signiﬁcant differences
were found. The simulations were initialized from the 1/12◦
HYCOM (Hybrid Coordinate Ocean Model) analysis ﬁelds of
January 15, 2016 [40] and were carried out up to January
31.The velocity ﬁelds in the initial condition were optimized
for the high resolution coast and bathymetry [14].
We note that in the MSEAS simulations that follow, atmospheric forcing is not utilized. However, in the future,
atmospheric ﬂuxes should be used in the boundary condition
forcing of the ocean’s surface. Similarly, available in situ
and remote data could be used for both initialization and
assimilation. Higher resolution bathymetry along with implicit
2-way nesting and tiling could further reﬁne the simulation
resolution [10]. Ensemble simulations and Dynamically Orthogonal primitive equations can be used for large uncertainty
prediction and risk analyses [1], [27], [41], [29], [30].

A. MSEAS modeling system
MSEAS [10], [11] is used to study and quantify tidal-tomesoscale processes over regional domains with complex geometries and varied interactions. Modeling capabilities include
implicit two-way nesting for multiscale hydrostatic primitive
equation (PE) dynamics with a nonlinear free-surface [10]
and a high-order ﬁnite element code on unstructured grids
for non-hydrostatic processes [12], [13]. Additional MSEAS
subsystems include: initialization schemes [14], nested dataassimilative tidal prediction and inversion [15]; fast-marching
coastal objective analysis [16]; stochastic subgrid-scale models
[17], [18]; generalized adaptable biogeochemical modeling
system; path planning [19], [20], [21], [22]; Lagrangian Coherent Structures; non-Gaussian data assimilation and adaptive
sampling [23], [24], [25], [26], [27]; dynamically-orthogonal
equations for uncertainty predictions [28], [29], [30]; and machine learning of model formulations. The MSEAS software is
used to provide realistic simulations and predictions in varied
regions of the world’s ocean [31], [32], [33], [34], [35], [36],
for monitoring [1], naval exercises with real-time acousticocean predictions [37], [38] or environmental management [4].
B. MSEAS setup for the Bismarck Sea region
The MSEAS modeling system was set up over a
855.36 km × 650.43 km region around the Solwara 1 site,
in a domain rotated by 45◦ clockwise for optimal computations (Fig. 1). The model bathymetry was obtained from
the 15 arcseconds SRMT15 data ([39]). For this study, many
simulations were completed with different horizontal grid
resolutions: coarser 3 km and ﬁner 1.5 km resolution with and
without tidal forcing. All the modeling setups have 70 vertical
levels, with optimized level depths (e.g. higher resolution near
the surface). The tidal forcing ﬁelds were computed from the
high resolution TPSO8-Atlas from OSU and reprocessed for
the higher resolution bathymetry and quadratic bottom drag.

Fig. 2: MSEAS hindcast of surface temperatures on Jan 21,
2016 from 3 km (top) and 1.5 km simulations.

III. MSEAS O CEAN S IMULATION R ESULTS FOR THE
B ISMARCK S EA R EGION

(a) 1.5 km simulation without tide

A. Effect of Modeling Resolution and Tides
A goal of our study was to show the importance of tides and
higher spatial resolution in resolving the multiscale ﬂow ﬁelds
of this region. Figure 2 compares the surface temperatures and
currents on Jan 21, 2016 from the coarser (3 km) and ﬁner
(1.5 km) resolution simulations. The ﬁner resolution provides
better resolved ﬂow ﬁelds and produces more structured eddies
and temperature ﬁlaments. We notice a variation in the intensity of the currents near the coasts and in some straits with
the formation of some small eddies in the 1.5 km simulations.
Figure 3 shows the impacts of spatial resolution and tidal
forcing on the simulated currents at 100 m depth in the Saint
George’s Channel. These impacts are noticeable already 5 days
after the Jan 20 initialization. The ﬂow ﬁelds at 1.5 km (top
left) and 3 km resolution without tides conﬁrm that the ﬁner
resolution is needed to resolve channel ﬂows. The ﬁner resolution run produces stronger northward ﬂow around the York
island. Furthermore, the ﬁner resolution run with tides results
in stronger velocity when compared to its counterpart without
tides. Tides modulate the sub-tidal ﬂow through the Strait
rather than causing reversals: currents are mostly between 30
and 36 cm/s in the tidal simulation whereas they are between
18 and 24 cm/s in the no-tides simulation. Note that currents at
100 m depth in the runs with and without tides differ especially
at the Straits location, where tidal effects are highly noticeable
(Fig. 4). This indicates that tides can have a dominant role in
the rapid spreading of plumes from the mining site.

(b) 1.5 km simulation with tide

Fig. 4: MSEAS simulated circulation maps at 100 m depth on
Jan 21 from 1.5 km simulations with and without tides.

B. MSEAS Hindcast Simulations for January, 2016

Fig. 3: MSEAS hindcast of currents velocities at 100 m depth
in Saint George’s Channel on Jan 20, 2016 from 1.5 km
simulation without (top left) and with (top right) tides, and
3 km simulation without tides (bottom).

Figure 5 showcases the time evolution of the multiscale
features in the MSEAS simulated surface circulation and
temperature ﬁelds. The simulated ﬁelds from 2 days (Jan 17;
left column) and 15 days (Jan 30; right column) after the
initialization are compared. As time progresses, the modeling
system resolves ﬁner ﬂow features. On Jan 17, the Saint
George’s Channel experienced a very weak ﬂow and cooler
sea surface temperature (SST). However, on Jan 30, a stronger
northwestward current ﬂows through the channel, carrying
warmer water. This stronger current is due to interactions
between the tides, background currents, and underlying density
ﬁelds. In the region, the background currents are relatively
strong and tides only modulate the strength of the densitydriven currents rather than cause full reversals.

Fig. 5: MSEAS hindcast simulations results: snapshot of 2m-depth scaled vorticity (top row), surface temperature (◦ C ; middle
row) and surface velocity (m/s; zoomed near the mining location; bottom row)) for Jan 17 12:00Z (left column) and Jan 31
18:00Z (right column). The interaction between tides, background current and density ﬁelds strengthens the subtidal currents
through the straits by Jan 31. The tides modulate the ﬂow through the strait rather than cause reversals.

IV. E VALUATION OF MSEAS H INDCASTS S KILL :
C OMPARISONS WITH P RIOR R ESULTS AND I NDEPENDENT
S YNOPTIC O CEAN DATA
A. Prior Results
Only a few studies about the Bismarck Sea have been
completed, so there is still a lack of detailed knowledge and
ﬁne resolution in the circulation and variability estimates, from
both observations and simulations results [6], [7], [42], [43],
[44], [45], [46], [47], [9], [8]. Several measurements have
however been made in the region of the Bismarck Sea. The
transports of various currents in the region have been estimated
[6] (see Fig. 6 and Fig. 7 for a map of these currents.).
Water mass properties and transports in the Solomon Sea
have also been estimated [9]. Estimates of the through-channel
currents in St. Georges Channel have been constructed from
the averages of shipboard ADCP from 6-8 cruises [7].

quantities of water for the St Georges Undercurrent) (SGU)
and the New Ireland Coastal Undercurrent (NICU) are 3.1 +/0.2 Sv and 3.3 +/- 0.2 Sv respectively (see Fig. 6). For comparison, we ﬁrst focus on Fig. 4 where the SGU goes through
St. Georges Channel while the NICU goes to east of New
Ireland. In our 1.5 km MSEAS hindcast simulation with tides
(subplot b), the two currents have almost the same intensity. In
the 1.5km MSEAS hindcast simulation without tides (subplot
a), the SGU is less intense by one third approximately at 100
m depth. (A comparison of the vertical structure is shown in
Fig. 10 and described below). For Vitiaz Strait the effect of
the tides is not as important as in St Georges Channel. It is
not that surprising because in all the studies tidal effects are
described as very large in St Georges Channel but not that
important for Vitiaz Strait [6], [7], [46].

Fig. 6: Table of the water transports (Sv) by the different
currents and their standard deviations, as estimated by [6].
Fig. 8: Map of the mean currents between mid-December and
mid-January from 1999 to 2004, as estimated by the OFES
hindcast experiment [8].

Fig. 7: Map and names of the main currents in the Bismark
Sea region, as estimated by [7].
Another set of actual data were the current roses reported
by the Solwara mining company about the impacts of their
project [5]. They collected data from acoustic Doppler current
proﬁler (ADCP) for over one year at different depths especially
at about 1,473 m depth. This depth is close to the bottom depth
of the region, because a plan is to release the plume probably
2 m above the sea ground.
The Ocean general circulation model For the Earth Simulator (OFES) hindcast experiment [8] provides a model of nearsurface currents (2.5 m depth) collected from mid-December
to mid-January every year between 1999 and 2004.
B. Comparison of MSEAS Hindcasts with Prior Results
The ﬁrst comparison made was between the hindcasts and
the estimates of the transports in the region [6]. The yearly

Fig. 9: MSEAS hindcast of velocities on January 15th at 2 m
depth for the 1.5 km sumulation (at initialization, downscaled
from HYCOM).

OFES Experiment. Another comparison we made was with
the OFES results [8] and with the circulation maps of [7].
Fig. 8 shows the means 2.5 m velocities for December-January
between 1999-2004. These are compared to the initial conditions (downscaled from HYCOM) for the 1.5 km simulation
(Fig. 9) with tides. The currents at the broadest scales are
consistent, however many feature in the instantaneous ﬁelds
are not present in the averaged OFES results. Most notably, the
broad cyclonic cirulation in the Bismark Sea is present in the
MSEAS simulation but absent in the OFES averaged results.
This cyclonic MSEAS feature is however in good agreement
with a similar feature in the circulation map of [7] (Fig. 7).

determining the direction of the currents. With the right month
and the right depth ranges, we were able to check if the
directions predicted with our model corresponded to these
actual data. We only have the simulations for 17 days in
January so we could only compared with a few observations,
but the comparisons were all satisfactory (not shown).
Average Through-channel Velocity from ADCP Data. We
compared estimates of through-channel currents in St. Georges
Channel [7] to our MSEAS hindcast simulation estimates of
through-channel currents in the same sections, Fig. 10. We
see that the MSEAS primitive-equation hindcast currents have
features that are qualitatively similar to those of the averaged
ADCP data. Some additional tuning is needed to get a better
quantitative match. For example, south of St Georges Channel
the core of the current in the hindcast is not as deep as it
is in the averaged section. We note however that detailed
comparisons at different times should not be expected to be
perfect: this is because the average of 17 days in January 2016
is in general not the exact same average ﬂow as ADCP current
data averaged over another period.
C. Skill of the MSEAS Hindcast Simulations
The comparison of hindcasts to independent in-situ ARGO
data allows to evaluate the skill of the MSEAS PE ocean
hindcasts simulations as if they were forecasts. This is because
a hindcast is a forecast run in the past. To do so, we compare
two MSEAS simulation estimates of the ARGO data proﬁle:
the one given by the initial condition of the MSEAS hindcast
to that of the actual hindcast at the time at which the Argo
proﬁle was taken. The former is the so-called persistence
forecast, and the latter is the actual forecast: if the latter is
closer to the sampled data, one would say that the forecast
beats persistence.
In Fig. 11, we show a comparison between the tidally-forced
1.5 km hindcast simulation with the available ARGO data in
the modeling domain during the hindcast period (Jan 15-31,
2016). Although no data is assimilated during the hindcast,
the forecast skill improves with forecast duration. Speciﬁcally
on Jan 23, 2016 (top row) the forecast salinity RMSE is
33% smaller than the persistence RMSE. On Jan 29, 2016
(bottom row), the forecast salinity RMSE is 50% smaller than
the persistence RMSE. Similar improvements were observed
for temperature (not shown). These are signiﬁcant results.
They show the predictive capability of the MSEAS primitiveequation modeling system as set-up for this Bismarck Sea
region.

Fig. 10: Comparison of our MSEAS hindcast velocities to
historical data. Top row: Average through-channel velocity
from ADCP data [7]. Bottom row: Estimates of throughchannel currents from hindcast simulations in same sections.
The hindcasts currents qualitatively have similar features to
the averaged ADCP currents.
Current Roses Data. The ACDP-derived current roses [5]
provided another check on our MSEAS hindcast simulations.
Despite the lack of resolution of these roses, they can help

V. L AGRANGIAN A NALYSIS OF P LUME T RANSPORT
The plumes released from the deep sea mining operations
are passively advected with the background ocean currents,
e.g. [48], and hence their motion and the consequent tracer
concentration ﬁelds are here predicted by using Lagrangian
analysis [49], [50]. To understand the ﬁnite-time locally attracting and repelling manifolds in domain, we utilize a novel
PDE based ﬂow map computation method [51] that provides
high accuracy as well as computational efﬁciency.

Fig. 11: Comparison of the MSEAS hindcasts to independent in-situ ARGO data. Top row: comparison of persistence and
hindcast salinity to Jan 23, 2016 ARGO proﬁle. MSEAS forecast salinity RMSE 33% smaller than persistence. Bottom row:
similar comparison for Jan 29, 2016 ARGO proﬁle. MSEAS forecast salinity RMSE 50% smaller than persistence. Similar
improvments were observed for temperature.
(a) Backward (attracting) FTLE ﬁeld

(b) Forward (repelling) FTLE ﬁeld

Fig. 12: Backward and forward FTLE ﬁelds between January 22, 2016 and January 29, 2016, at a depth of 1275 m. For
that period, a repelling manifold is hindcast to be in the St Georges channel, whereas a local attractor is hindcast to be just
Northwest of the channel in the Bismark sea.

Fig. 13: Transport of the plume material between Jan. 22, 2016 and Jan. 29, 2016. The plume of a simulated material release
from the proposed mining site in the Bismark sea is colored in red. Material that could be released from another site that we
simulate in the St Georges channel (to illustrate the effect of the attracting and repelling coherent structures) is colored in
blue. For that January period in 2016, the material released in the Bismark sea is not transported much, whereas the material
released inside the channel is transported out of the channel and into the Bismark sea. Of course, other periods can lead to
different results. To minimize environmental impacts, mining releases should likely be managed in accord with ocean forecasts.
Speciﬁcally, we study the transport of a plume released
at the proposed mining site in the Bismark sea, at a depth
of 1275 m. The time domain of interest is over 7 days
from January 22, 2016 until January 29, 2016. The attracting
and repelling FTLEs (ﬁnite time Lyapunov exponents) in the
considered region and the considered time period are shown in
Figs. 12a and 12b respectively. These FTLE ﬁelds suggest that
for the Jan. 22-29, 2016 period, there was a locally repelling
manifold within the St Georges channel, whereas there was a
local attractor just Northwest of the channel.
In order to study the transport of plumes arising from the
deep sea mining operations, we look at two possible release
sites: one just Northwest of the channel which is the Solwara 1
proposed site [5], and another one inside the channel. Although
the latter is not a proposed mining site, it is considered for
this study as it illustrates the effect of the attracting and
repelling structures in the considered region. Both the plumes
are initially assumed to be concentrated in a square box around
the considered locations. This material is assumed to have been
released on January 22, 2016 00:00:00Z and is advected until
January 29, 2016 00:00:00Z. Figure 13 presents the initial and
the ﬁnal concentrations of the plume tracer ﬁelds.
It can be seen from Fig. 13 that the material plume released
at the proposed mining site in the Bismark sea for that week
in January 2016 almost remains in the same region even
after 7 days. Whereas, the material released inside St Georges
channel ﬂows into the Bismark sea and also gathers at the
shallow boundaries of the channel. This is consistent with
the description provided by the attracting and repelling FTLE

ﬁelds in this region, wherein a repelling manifold exists inside
the channel and an attracting manifold exists in the Bismark
sea, just Northwest of the channel. The material released from
the proposed mining site is trapped around the attractor, and
hence is minimally transported away from its initial location.
The material released inside St Georges channel is repelled by
the present repelling manifold. Hence, it either gathers at the
sides of the channel or is transported into the Bismark sea,
towards the attracting manifold. Thus, a signiﬁcant fraction of
the material released in the channel ends up in the Bismark sea.
This simple comparative study indicates that the fate of mining
plumes can be highly dependent on the release location. The
plumes can be dispersed far away, possibly reaching protected
regions, or can remain concentrated in a single region, leading
to an accumulation of ﬁne mining particles (which can be good
or not, depending on the speciﬁcs of the region). These results
indicate that adapting and coordinating the time and location of
mining releases in accord with ocean and dispersion forecasts
such as those presented here could lead to a minimization of
undesired environmental impacts.
VI. C ONCLUSION
In this study we presented our initial results in developing
an ocean and plume modeling system for the Bismark Sea
that is sufﬁciently resolved for use in monitoring and forecasting the regional transport of material arising from deepsea mining operations. Using the MSEAS modeling system,
we downscaled initial conditions from an operational global
model (HYCOM) and tidal forcing from the global TPXO-8

Atlas. We investigated the effect of modeling resolution and
tides on the simulations. We found that the higher 1.5 km
resolution was needed to adequately resolve the multiscale
ﬂow ﬁelds. Tidal effects were most noticeable in and around
the straits, especially in St. Georges channel (just south of the
Solwara 1 mining site). Here the interaction between the tides,
background currents, and underlying density ﬁelds increased
the subtidal ﬂows, leading to stronger currents impinging on
the Solwara 1 site.
Qualitative and quantitative comparisons of the MSEAS
hincasts were made to available historical and synoptic data.
Using transport estimates from [6] we see that tidal forcing
is needed to maintain the correct subtidal transport through St
Georges Channel. Comparisons with previous simulation studies [8] and current estimates [7] show good agreement between
the MSEAS hindcasts and expected currents. Comparisons to
historical ADCP data from [7] and [5] show good qualitative
agreement. Quantitative comparisons were made between the
MSEAS hindcasts and independent synoptic ARGO proﬁles.
The MSEAS forecast skill improved with forecast durations,
with the forecast beating persistence by 33% for a 6 day
forecast and by 50% for a 14 day forecast. Overall these
comparisons show that the simulations provide environmental
estimates that can be useful in assessing plume advection.
Our MSEAS Eulerian ocean modeling and Lagrangian
transport analyses indicate that ocean mining releases can be
best mitigated by managing the plume releases in accord with
the ocean modeling and Lagrangian transport forecasts. Lagrangian analyses simulating plume release from the Solwara
1 proposed mining site as well as another site considered
within St Georges channel (for illustrative purposes) were
conducted. It was observed that the plume material released
from the Solwara 1 site was not transported much, whereas
material released from the latter site traveled greater distances
to end up in the Bismark sea, over a period of 7 days. Ocean
data could then be collected now and then to validate and
improve the ocean modeling system. Coupled ocean and plume
modeling, tracer release simulations, and scenario analyses
would then be feasible. Such an integrated mining-modelingsampling approach is likely to provide the most effective
mitigation strategies.
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