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Abstract Although the effects of chemical dispersants on oil droplet sizes and ascent speeds are
well-known, the fate and transport of dispersed oil droplets of different sizes under varying hydrodynamic
conditions can be difﬁcult to assess with observations alone. We used a particle tracking model to evaluate
the effect of changes in droplet sizes due to dispersant application on the short-term transport and surface
expression of oil released under conditions similar to those following the 3 June 2010 riser cutting during
the Deepwater Horizon event. We used simulated injections of oil droplets of varying size and number
under conditions associated with no dispersant application and with dispersant application at 50% and
100% efﬁciency. Due to larger droplet sizes in the no-dispersant scenario, all of the simulated oil reached
the surface within 7 h, while only 61% and 28% of the oil reached the surface after 12 h in the 50% and
100% dispersant efﬁciency cases, respectively. The length of the surface slick after 6 h was 2 km in the
no-dispersant case whereas there was no surface slick after 6 h in the 100% dispersant case, because the
smaller oil droplets which resulted from dispersant application had not yet reached the surface. Model
results suggest that the application of dispersants at the well head had the following effects: (1) less oil
reached the surface in the 6-12 h after application, (2) oil had a longer residence time in the water-column,
and (3) oil was more highly inﬂuenced by subsurface transport.

1. Introduction
The Deepwater Horizon oil spill was the largest accidental spill on record, occurred deep in the Gulf of Mexico (1.5 km), and was among the few spills during which chemical dispersants were applied in the subsurface. The depth of the spill, and the many physical, chemical and biological processes that affect
hydrocarbons after release, has made it challenging to understand the mass ﬂow of hydrocarbons along different transport pathways, with signiﬁcant sources of uncertainty remaining despite integrated and rigorous
efforts [Ryerson et al., 2011, 2012]. In addition, the unique application of chemical dispersants at the well
head further complicated partitioning the surfacing component of liquid hydrocarbons. The objective of
this research was to examine the inﬂuence of dispersant application at the well head on the timing, mass,
and spatial extent of the liquid hydrocarbon plume as it reached the surface.
Although a large fraction of the hydrocarbons originating from the Deepwater Horizon spill were found in
deep, subsurface intrusions [Ryerson et al., 2012; Socolofsky et al., 2011], a substantial amount of oil reached
the surface (13% of the total hydrocarbon mass escaping the cap) in a surfacing zone that was 1.6 km in
diameter [Ryerson et al., 2012]. When a spill occurs deep below the surface, a rising oil plume develops in
the vicinity of the well head and eventually entrains enough seawater to reach a buoyancy comparable to
the ambient ﬂuid [NRC, 2003]. As a result, hydrocarbons may be found in horizontal intrusions in deep water
depending on the current velocity, degree of stratiﬁcation, and properties of the hydrocarbons released
during the spill [Socolofsky et al., 2011]. Despite the formation of these intrusions, larger, buoyant oil droplets continue to rise, forming the surface slicks observed during subsurface oil spills [e.g., Ryerson et al.,
2012]. The horizontal displacement of the rising oil is largely inﬂuenced by ambient current velocities (which
can vary greatly with depth) and the associated residence time of oil droplets; this residence time scales to
droplet size via nonlinear relationships between droplet size and rise velocity [Zheng and Yapa, 2000]. During the Deepwater Horizon spill, it is likely that oil droplets with millimeter-scale diameters transported
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most of the mass of the oil that surfaced based on measurements of current velocities above the well head
and the fact that observers on response vessels reported a 3 h lag in changes in the characteristics of the
surfacing slick after a deliberate intervention at the well head [Ryerson et al., 2012].
Predicting the transport of oil released during the Deepwater Horizon spill was further complicated by the
injection of chemical dispersants at the well head. During the spill, 2,900,000 L of chemical dispersant were
injected into the hydrocarbon plume near the seaﬂoor, the largest application of this type of chemical dispersal attempted at the time [Kujawinski et al., 2011]. These dispersants, which include both surfactants and
hydrocarbon-based solvents (e.g., Corexit 9500A) [Place et al., 2010], were intended to reduce the interfacial
tension between oil and water and thus reduce the size of the oil droplets [Brandvik et al., 2013a]. The application of these compounds therefore would have reduced the size of oil droplets, inﬂuenced the rise velocity of treated oil, changed the volume of oil that reached the surface, and correspondingly, affected the
volume of oil that was retained in the subsurface to be transported horizontally or degraded by the microbial community. Although these effects have been simulated using parameterizations from the Deepspill
experiments [Yapa et al., 2012], the inﬂuence of the change in droplet size due to dispersant application on
the short-term transport of oil has not yet been quantiﬁed using parameterizations from the Deepwater
Horizon spill. In addition, the dispersant treatments during the Deepwater Horizon spill were not 100% efﬁcient (i.e., they did not treat every oil droplet released [Dehkharghanian and Socolofsky, 2014]). Therefore a
modeling sensitivity study could help increase understanding of the effect of dispersant application with
different efﬁciencies on the subsequent transport and surfacing of oil.
Lagrangian particle tracking models are an important component of oil spill response models (e.g., GNOME
[Zelenke et al., 2012], CDOG [Zheng et al., 2003], OILTRANS [Berry et al., 2012]) and are increasing being
applied as experimental tools to better understand the processes that inﬂuence the transport of hydrocarbons from deep water spills. Lagrangian models have demonstrated the importance of bathymetric steering
[Weisberg et al., 2011] and small-scale eddies [Chang et al., 2011] on the transport of subsurface plumes. In
addition, Lagrangian models applied in the far-ﬁeld (when oil droplet buoyancy and ambient conditions
dominate transport) indicate that the mass and distance of transport of oil in the subsurface is strongly
inﬂuenced by the initial droplet size and biodegradation rates within the water column [Lindo-Atichati et al.,
2014; Mariano et al., 2011; North et al., 2011, 2015; Paris et al., 2012]. Lagrangian models have also been
applied in the near-ﬁeld (when jet/plume dynamics dominate transport) and demonstrate that plumes of
very small oil droplets (less than 500 lm) can form and persist in the subsurface [Yapa et al., 2012]. In addition to providing information on oil droplet dispersal, Lagrangian models can be used to quantify the sensitivity of transport predictions to different components of water motion (e.g., advection and diffusion) as
well as the characteristics of oil droplets (e.g., ascent speed, dissolution) to better understand which factors
are most inﬂuential and therefor important to parameterize accurately in response models.
The purpose of this analysis was to estimate the effects of subsurface dispersant application on droplet sizes
and the subsequent change in the timing, mass and spatial extent of oil droplets as they reached the surface during the Deepwater Horizon oil spill, and to better understand the role of advection, diffusion, and
droplet size on the predictions of the surfacing oil. To do so, a semiempirical near-ﬁeld model was coupled
with a Lagrangian particle tracking model to track the movement of individual oil droplets over a 36 h period following the cut of the riser on 3 June 2010. Two fundamental questions guided this research: (1) How
does the effect of dispersants on droplet size inﬂuence the surface expression of oil?, and (2) How does the
simulation of varying hydrodynamic conditions inﬂuence the predicted size and timing of the surfacing
plume of oil? These questions are addressed using a series of model simulations under a range of hydrodynamic conditions and dispersant treatment scenarios.
A two-step approach was used to simulate the initial distribution, volume, release location, and eventual
transport of oil droplets from an event similar to the Deepwater Horizon oil spill on 3 June 2010. First, a
near-ﬁeld model which included a series of semiempirical equations for oil droplet size, multiphase plume
behavior in stratiﬁed water, and the behavior of different sized droplets within such multiphase plumes was
used to estimate release locations and droplet size distributions. Second, a three-dimensional South Atlantic
Bight and Gulf of Mexico (SABGOM) hydrodynamic model coupled with the Lagrangian TRANSport
(LTRANS) particle tracking model were used to simulate oil droplet transport in the far-ﬁeld after which
near-ﬁeld plume dynamics no longer inﬂuenced the transport of oil droplets (i.e., when droplet ascent was
based on the diameter and density of oil droplets and circulation patterns alone).
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2. Methods
2.1. Near-Field Model
The semiempirical, near-ﬁeld model was used to calculate the initial conditions for three sets of simulations
with (1) no dispersants, (2) dispersant application at the well-head with 50% efﬁciency and (3) dispersant
application with 100% efﬁciency. The initial conditions included: the droplet size distribution, the height
above bottom at which droplets exited the plume and entered the far-ﬁeld model, and the horizontal
spread of droplets at this depth.
2.1.1. Droplet Size Distribution
Johansen et al. [2013] predict the volume median droplet size d50 of oil jetted at high velocity (i.e.,
within the atomization range) as a function of a modiﬁed Weber number. For an oil-only release their relationship is

h
i23=5
d50 =D 5 A We= 11BViðd50 =DÞ1=3

(1)

where We is the Weber number deﬁned as
We5qU2 D=g

(2)

Vi5lU=g

(3)

and Vi is the Viscosity number deﬁned as

In the above, d50/D is the ratio of the median droplet size to diameter of the oriﬁce, D and U are the diameter and exit velocity of the oriﬁce, and g, q and l are the oil-water interfacial tension, the oil density, and
dynamic viscosity, respectively, and A and B are empirical coefﬁcients (Table 1). By calibrating against laboratory data reported by Brandvik et al. [2013a], Johansen et al. [2013] found A 5 15 and B 5 0.08. Brandvik
et al. [2013b] later conducted similar tests and found A 5 24.8 and B 5 0.08. The latter pair of coefﬁcients
was used in this study.
For a discharge containing both oil and gas, the two studies argue that equation (1) can be applied if U is
replaced with a ‘‘corrected’’ velocity that accounts for the increase in plume momentum (because the oil is
discharged through a smaller cross section) and the increase in buoyancy (which leads to a further increase
in momentum with distance along the trajectory). The corrected velocity is given by
UC 5 Un ð11Fr21 Þ

(4)

Un 5 U=ð12nÞ1=2

(5)

Fr 5 Un =ðg½qw 2qð12nÞ=qw DÞ1=2

(6)

where

and

where qw is the density of the receiving water and n is the void fraction associated with the gas.
Table 1 provides representative values of parameters that were used in equations (1–6) which represent
conditions like those during the Deepwater Horizon spill. Data are from Lehr et al. [2010] and pertain to conditions after the riser was cut on 3 June 2010. Under these conditions the oil was directed upward through

Table 1. Parameters Used to Compute Volume Median Droplet Size (d50) for the Deepwater Horizon Spill Oil Under Two Dispersant
Scenarios (cgs Units)a
Treatment
No Dispersant
Dispersant

q g cm23

D cm

U cm s21

n

Fr

UC cm s21

c g s22

l g cm21s21

Vi

d50/D

d50 cm

# Droplets
Simulated

0.85
0.85

49
49

65
65

0.55
0.55

0.6
0.6

272
272

23
0.11

0.041
0.041

0.48
96

0.021
0.0014

1.03
0.069

1,205,820
7,978,896

a
D and U are the diameter and exit velocity of the oriﬁce, c, q and l are the oil-water interfacial tension, the oil density, and dynamic
viscosity, respectively. n is the void ration, Fr is the Froude number, UC is the characteristic plume velocity, Vi is the viscosity number,
and d50/D is the ratio of the median droplet size to diameter of the oriﬁce.
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8 # of Particles
7
6
5
4
Volume
3 Fraction
2
1
0
9
8
# of Particles
7
6
5
4
3
2
1
0

100% Eﬃciency
No Dispersant

1012
1010
108
106
104
102

50% Eﬃciency

101
1012
1010
108
106

Volume
Fraction

104
102

0.07
0.11
0.14
0.20
0.28
0.40
0.55
0.75
1.12
1.50
2.05
2.80
4.20
5.50
7.75
11.00
15.00
21.00
28.50
41.00
56.50
82.50

Volume Frac on (%)
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Figure 1. Distribution of volume fraction (bars) and oil droplet number (lines) in particle
diameter size classes which were used to create initial droplet size distributions for simulations (top) without dispersants (orange) and with dispersants applied at the wellhead
with (top) 100% efﬁciency (green) and (bottom) 50% efﬁciency (blue). Volume fraction
distributions were based on experimental work [Brandvik et al., 2013a; Johansen et al.,
2013]. Particle number was based on volume of oil released on 3 June 2010. The darker
shaded bars in each simulation represent droplets predicted from the [Johansen et al.,
2013] formulation whose size exceeds realistic stability given the interfacial tension [Clift
et al., 1978]. The volume associated with these droplets was added to that for the largest
stable droplet diameter (see methods).

10.1002/2015JC011571

an oriﬁce of diameter 49 cm at a
rate of 126,000 cm3 s21. The oil
was accompanied by natural gas,
as well as some seawater and
possibly some hydrates. From a
dynamic standpoint, the most
important of these constituents is
gas and calculations in Table 1
assume a gas ﬂow rate characterized by a void ratio of n 5 0.55.
Without dispersant treatment the
predicted value of d50 is 1.03 cm
after the riser was cut. Similar calculations pertaining to the period
before the riser was cut, where
the oil ﬂowed horizontally at a
rate of about 103,000 cm3 s21
through a 35 cm diameter oriﬁce
gave a d50 of 0.77 cm. The ‘‘postriser cut’’ conditions were applied
for this study and assume a single
ﬂow, although kinks in the riser
allowed for additional ﬂows during the spill.

Data from Johansen et al. [2013]
suggest that the droplet distribution can be ﬁt, approximately,
by either a log-normal or RosinRammler distribution. The lognormal provides an excellent ﬁt
at larger droplets sizes and a relatively poor ﬁt at smaller droplet sizes, while the Rosin-Rammler distribution shows moderate discrepancy at both ends. For this study, the log-normal distribution was chosen because the objective of this study was to examine the surfacing expression of oil in large
droplets of approximately millimeter-scale [Ryerson et al., 2012]. The log-normal distribution can be
written
c ðln dÞ 5 c ðln d50 Þ exp½2ð½ln ½d=d50 2 =2r2 Þ

(7)

where c (ln d50) is the relative droplet volume density (concentration) of the peak droplet size d50, c (ln d) is
the relative droplet volume density (concentration) of droplets of diameter d, and r is the standard deviation (in natural log units) of the distribution. Brandvik et al. [2013a] identify r as 0.78 for their data. They
also show that dispersants can decrease interfacial tension (g) by about 200 fold implying roughly an order
of magnitude reduction in droplet size. In these simulations, the value of d50 5 0.069 cm was used when
dispersants were applied; d50 5 1.03 cm was used in simulations without dispersant application (Table 1
and Figure 1). These volume distributions are associated with 73%, 37%, and 0.13% of the oil volume included in droplets > 9 mm in diameter for the ‘‘No Dispersant,’’ ‘‘50% Efﬁciency’’ and ‘‘100% Efﬁciency’’ cases,
respectively. Similar predictions have been made using the VDROP-J model [Zhao et al., 2014], which indicate that 50% and 0% of the oil volume was found in > 9 mm droplets at 10 m above the cut riser under
conditions without dispersants and with dispersants, respectively.
The droplet diameter distributions predicted from Johansen et al. [2013] and Brandvik et al. [2013b] included
droplets with large diameters (> 2 cm). According to Clift et al. [1978], there is a maximum stable droplet
size associated with the interfacial tension of oil. Given an interfacial tension of 23 g s22 without dispersant
and 0.11 g s22 with dispersant treatment, the maximum stable droplet diameter would be 14.4 mm and
1.0 mm for each treatment respectively. Because these values were less than the maximal values predicted
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from the distributions in this study (Figure 1), the volume associated with all oil droplets greater than the
maximal stable values was aggregated into the highest stable value, effectively truncating the distributions
in Figure 1 to the maximum stable droplet diameter.
2.1.2. Height Above Bottom
In order to estimate the height above bottom for the initial conditions for LTRANS, phase separation of gas
and oil as well as oil droplet behavior needed to be parameterized. Droplets and bubbles in a multiphase
plume tend to separate from the entrained seawater due to 1) ambient crossﬂow and/or 2) ambient stratiﬁcation. The relative importance of these two processes is governed by the magnitudes of the ambient current speed Ua, and the slip velocity Us, in relationship to the characteristic plume velocity Uc 5 (BoN)1/4
where Bo is the kinematic buoyancy ﬂux of the oil/gas mixture, and N is the ambient stratiﬁcation frequency.
For a gas and oil plume, the gas bubble slip velocity should be used. Socolofsky and Adams [2002] characterized a plume as crossﬂow dominated if the ambient current causes the dispersed phases to separate from
the plume before ambient stratiﬁcation causes trapping. Socolofsky et al. [2011] used a similar criterion but
substituted the plume peeling height for the trap height which predicted crossﬂow dominance at a somewhat smaller current speed. In general, these two assumptions lead to an approximate expression for the
critical current speed Ua,crit given by:


Ua;crit =Uc 5 aðUc =Us Þ2
(8)
where the coefﬁcient a is approximately one using the peel height criterion and two using the trap height
criterion. Thus for Ua > Ua,crit, conditions are crossﬂow dominated while for Ua < Ua,crit they are stratiﬁcation
dominated. Considering conditions after the riser was cut and using representative values of Bo 5 0.49 to
0.98 m4 s23 and N 5 0.001 s21 [Socolofsky et al., 2011], leads to Uc 5 15-18 cm s21. Using a gas bubble slip
velocity of 21 cm s21 [Socolofsky et al., 2011], and considering a range of a 5 1-2, Ua,crit from equation (8)
ranges between 8-26 cm s21. As observed currents were generally less than this range (0.5 to 10 cm s21),
the plume would be classiﬁed as stratiﬁcation dominated [Socolofsky et al., 2011]. For a stratiﬁcationdominated plume, the trap height (ht) of the intrusion (i.e., the height above bottom) is given by Socolofsky
and Adams [2005] and Socolofsky et al. [2011] as
 

2

1=4
ht = Bo =N3
5 2:9exp 2 Us =ðBo NÞ1=4 21 =27
(12)
while the thickness of the intrusion is given by Akar and Jirka [1995] as
hi 5 2:4Ua =N

(13)

Thus droplets are estimated to exit the intrusion at an elevation above the release point of ht 1 hi/2.
2.1.3. Horizontal Spread of Droplets
The horizontal spread of droplets at the trap height was estimated based on semiempirical equations from
laboratory studies. Chan et al. [2015] studied the behavior of small glass beads released continuously at the
top of a quiescent stratiﬁed tank simulating, in an inverted manner, oil droplets released continuously at
the bottom of a stratiﬁed ocean. They found that if the beads/droplets were small enough (hence their slip
velocity Us was low enough), the beads would follow the entrained seawater into the intrusion, and they
arrived at a critical value of UN 5 Us/Uc 5 0.3. That is, for UN < 0.3, droplets would intrude. It was found that
that the radial intrusion ﬂow rate for a multiphase plume in stratiﬁcation [Socolofsky and Adams, 2003, 2005]
was
h
i
Qi 5 0:9 – 0:38ðUs =Uc Þ0:24 B3=8 =N5=8
(9)
which allows one to compute the transport of oil droplets within the intrusion. Because droplets are
expected to be vertically well-mixed within an intrusion, their rise out of the intrusion can be treated as a
ﬁrst order process with rate constant Us/hi where hi is the intrusion thickness. The distribution of radial exit
locations, C(r) is Gaussian,
2r 2

CðrÞ 5 Cmax err 2

(10)

where the standard deviation is given by
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(11)

rr can also be shown to be the radial distance that a single droplet would be ‘‘broadcast’’ if it were to rise
by plug ﬂow from the bottom of the intrusion [Chan et al., 2015]. If there are multiple droplet sizes within a
plume, Chan et al. [2015] found that droplets behave independently of droplets of other sizes as long as the
plume buoyancy B is based on the total buoyancy of all contributing droplets/bubbles. Also, while equation
(11) was derived for UN < 0.3, Chan et al. [2015] found that it could be extrapolated satisfactorily to values
of UN as large as 1.4. In this study, ﬁxed values of buoyancy ﬂux B and stratiﬁcation N (B 5 0.49 m4 s23,
N 5 0.0012 s21) were used to compute rr.
In this framework as described, the distributions of droplets of different sizes would overlap. For example, a
large diameter droplet with high slip velocity would have a small value of rr, but the random number
approach for distributing droplets could put this particular particle as far as 2*rr from the source. Meanwhile, a small droplet with low slip velocity and large rr, that was placed randomly at a distance of 0.1*rr
from the source, might actually be closer to the source than the large droplet, allowing for overlap in the
spatial distributions of the droplets. In view of the overlap, it would be tempting to amass a single distribution of radial starting positions based on the two contributing distributions, but at each radial distance there
would be particles of different size, and hence different slip velocities that would govern their ascent in
LTRANS, after they left the intrusions. Thus, we developed a number of radial distances for each of a number
of slip velocities.
As an example, assume the plume was being treated with subsurface dispersants resulting in a value of
d50 5 0.069 cm (Table 1). The distribution of droplet sizes surrounding d50 is given by equation (7), where it
is assumed that the laboratory value of r 5 0.78 holds for oceanographic conditions as well. Because
smaller droplets spend longer periods within the intrusion, they were estimated to be more widely distributed horizontally when they eventually exit the intrusion. To model this behavior, the 2-dimensional distribution of droplets exiting the intrusion was computed based on their rise velocity Us,i (calculated according
to Zheng and Yapa [2000]) and their resulting standard deviation rr,i calculated with equation (11). A random number generator (Mersenne Twister, http://www.math.sci.hiroshima-u.ac.jp/~m-mat/MT/emt.html)
was used to distribute particles of each size in circular coordinates (r and z), where r is the horizontal distance from the release point (and thus the peak concentration exists at r 5 0 and a standard deviation of
rr,i) and z is depth (z 5 ht 1 hi/2). For mild currents, which were observed around the time of the riser cut
(1.6 cm s21), a uniform azimuthal distribution would be reasonable, which we assumed. Note that for stronger currents, including those generated by topographic Rossby waves, the distribution would likely be
skewed toward the downstream direction [Hamilton, 2009; Oey and Lee, 2002]. Note that under these conditions, the vertical location of all droplets would be the same at a given time. However, signiﬁcant variation
in droplet elevation was expected over time since a number of factors are strongly time-varying. For example the gas-oil ratio, and hence the void fraction n, appears to vary on a time scale of minutes [FRTG, 2010,
p 67] while subsurface dispersants were turned on and off at least once a day [Lehr et al., 2010]. Too few
data existed to resolve this time-variability.
In summary, the semiempirical equations above were used to determine the number and size of droplets
for each dispersant case, as well as their location (depth and horizontal distance from cut riser), all of which
were used as input for the far-ﬁeld Lagrangian transport model.
2.2. Far-Field Model
Oil droplet transport in the far-ﬁeld was simulated with LTRANS which was forced with the 3-D hydrodynamic predictions of SABGOM.
2.2.1. SABGOM
The SABGOM circulation hindcast model was implemented based on the Regional Ocean Modeling System
(ROMS) [Haidvogel et al., 2000, 2008; Shchepetkin and McWilliams, 2005]. The model domain encompasses
the entire South Atlantic Bight and Gulf of Mexico [Hyun and He, 2010; Xue et al., 2015, 2013]. Its spatial resolution was 5 km and included 36 vertical layers which were weighted to better resolve surface and bottom
boundary layers. For both momentum and buoyancy forcing at the model surface, 3 hourly, 32 km horizontal resolution North American Regional Reanalysis (NARR, www.cdc.noaa.gov) was utilized. For open boundary conditions, SABGOM ROMS was one-way nested inside the 1/128 data assimilative North Atlantic Hybrid
Coordinate Ocean Model (DA HYCOM) [Chassignet et al., 2009]. Reﬁned local dynamics including 8 realistic
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tidal constituents and runoff of major rivers in the region were included in SABGOM. During the DWH event,
SABGOM was run in the forecast mode to provide ﬂow ﬁelds for multiple-model surface oil trajectory forecasts [Liu et al., 2011; MacFadyen et al., 2011]. For this study, SABGOM was run in a continuous hindcast
mode to provide input to the Lagrangian oil droplet model (described below). A weak relaxation scheme
was imposed during the hindcast to relax SABGOM simulated temperature and salinity back to HYCOM/
NCODA water mass ﬁelds over a 30-day time scale. This procedure allowed SABGOM to evolve continuously
according to its own high resolution dynamics, and at the same time be on par with data assimilative
HYCOM model prediction at the low frequency. Extensive model-data validations have shown that SABGOM
provided a realistic circulation hindcast for this study. Simulation output was stored hourly to resolve
changes in current velocities at tidal time scales and included three-dimensional ﬁelds of temperature, salinity, density, and diffusivities, three components of velocity, and sea surface height for use in LTRANS.
2.2.2. LTRANS
LTRANS [North et al., 2008, 2011, 2015; Schlag and North, 2012] was used to predict oil droplet transport
using the stored predictions of SABGOM. LTRANS is an open source off-line particle-tracking model (http://
northweb.hpl.umces.edu/LTRANS.htm) that tracks the trajectories of particles (or droplets) in three dimensions using advection, stochastic diffusion, and behavior such as oil droplet rise velocities [North et al., 2011,
2015]. LTRANS used predictions from SABGOM to calculate the movement of droplets in 5-min intervals by
interpolating sea surface height, three components of velocities, salinity, temperature, and vertical diffusivity from the SABGOM grid to the droplet location. Dynamic viscosity was determined after interpolating SABGOM salinity and temperature to the droplet location. LTRANS included a 4th order Runge-Kutta scheme
for droplet advection and a random displacement model for vertical subgrid scale turbulent diffusion
[Visser, 1997]. For horizontal subgrid scale turbulent diffusion, a random walk model was applied using a
constant horizontal diffusivity of 1 m2 s21. Oil droplet rise velocities were based on equations in Zheng and
Yapa [2000] and oil droplet density was ﬁxed at 858 kg m23 (reported in Lehr et al. [2010] and used by Socolofsky et al. [2011]). Vertical boundary conditions were reﬂective if a droplet passed through the surface or
bottom boundary due to turbulence or vertical advection. If a droplet passed through the surface due to oil
droplet rise velocity, then the droplet was placed just below the surface (i.e., it stopped near the boundary).
2.2.3. Model Experiments
A series of experiments were conducted using LTRANS to explore the competing effects of hydrodynamic
forcing and dispersant application on the timing, mass and spatial extent of oil as it reached the surface.
The three dispersant scenarios (no dispersants, dispersant application with 50% efﬁciency, and dispersant
application with 100% efﬁciency) were repeated under ﬁve different hydrodynamic regimes for a total of 15
simulations. The hydrodynamic regimes included (1) no advection, diffusion, or turbulence, (2) vertical turbulence only, (3) horizontal turbulence only, (4) 3-D advection only (i.e., 3-D current velocities), and (5) a full
realization of vertical and horizontal turbulence combined with 3-D current velocities from the SABGOM
model. While the mass of oil that was released in each simulation was constant across model runs, the
diameter and number of droplets differed between the no dispersant and dispersant cases (Figure 1). The
simulated droplets from the near-ﬁeld model were released into the far ﬁeld model every ﬁve minutes for
3 h, beginning at 2 AM on 3 June 2010 with an oil ﬂow rate of 60,800 bbl d21 [McNutt et al., 2012], which
was between the typical ﬂow rates observed before and after the riser cut. Given the volume of oil released,
it was unrealistic to simulate every oil droplet that may have been present. Instead, a subset of oil droplets
was simulated to represent the entire volume (Simulated Oil Volume 5 Total Oil Volume/Rs, where Rs 5 104
for the no-dispersant case and 107 for the dispersant case). Tests of the sensitivity of model predictions to
increases and decreases in the number of simulated droplets were conducted by varying Rs by a factor of
103. Minimal effects were found so the runs were conducted with 1,205,820 and 7,978,896 simulated droplets for the no dispersant and dispersant cases, respectively. For each model run, droplets were tracked for
36 h after the start of the simulation. Predictions were analyzed to examine the potential inﬂuence of hydrodynamics and dispersant application on the timing, mass and spatial extent of oil as it reached the surface.
To isolate the effects of subsurface dispersant application on droplet sizes and the subsequent change in surface
expression of oil, the effects of dissolution and biodegradation were not included in the model. Thus results provide information on the sensitivity of model predictions to hydrodynamics and droplet size alone and neglect
potential changes in density and diameter over time as the droplets moved within the model. It is likely that the
assumption of no biodegradation was reasonable because bacterial colonization of oil droplets is on the order
of days [Lee et al., 2013; MacNaughton et al., 2003] and the duration of these numerical experiments was
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limited to 36 h. The assumption of no dissolution in these model runs likely biased the simulated droplets
toward rising faster than reality because rapid dissolution of the lightest hydrocarbon compounds would
have resulted in smaller denser droplets that remained in the water column for longer periods. Had dissolution been included, it likely would have had a greater effect on smaller droplets than larger droplets due to
the larger surface area to volume ratio of smaller droplets. Hence, model results herein could be considered a
conservative estimate of the inﬂuence of dispersants on the surface expression of oil.

3. Results
Comparison of model predictions with reports of the timing and spatial extent of surfacing oil indicated
that the model simulated features of the surfacing of oil droplets that resemble those observed during the
Deepwater Horizon spill. Simulated oil droplets began to reach the surface between 3 and 4 h after droplet
release initiated in the no-dispersant and 50% efﬁciency dispersant simulations (Figure 2). This time interval
corresponded with the 3 h lag in changes in the surfacing slick after a deliberate intervention at the well
head which was reported by observers on response vessels [Ryerson et al., 2012]. In addition, the diameter
of the surfacing plume of simulated droplets was 1.8 km (Figures 3e, 3j, and 3o), similar to the observed
zone of surfacing mass of 1.6 km in diameter reported by Ryerson et al. [2012].
The most striking effect of simulated dispersant application at the wellhead was the amount of oil which
surfaced within a given time. In the no-dispersant cases, 100% of the oil mass released in the experiment
reached the surface within 7 h (Figure 2), yet only 49% and 0% had reached surface in the 50% and 100%
efﬁciency cases, respectively, in the same amount of time. After 12 h, only 61% and 28% of the oil reached
the surface in the 50% and 100% dispersant efﬁciency cases, respectively. The 50% dispersant efﬁciency
scenario resulted in overall weaker surface expression than the no-dispersant case, with 74% of the released
oil reaching the surface after 18 h. This also contrasts with the 100% dispersant efﬁciency case, where only
48% of the oil released was transported to the surface after 18 h and 73% after 36 h (Figure 2).

% of Oil Volume at Surface

The transport of oil droplets in all of experiments was related to their size, and thus, their interaction with dispersants. The
droplets that exceeded 5 mm in diameter rose to the surface within several hours, and were transported 1-5 km horizontally via relatively rapid surface currents (10-35 cm s21 at depths < 10 m versus 1.6 cm s21 at depths > 100 m) (Figure
3). Intermediate-sized droplets (0.2 to 2 mm in diameter) rose gradually in the water column, reaching the surface in 5–
8 h after being spread out horizontally by 0.5 to 1 km during their rise, primarily by horizontal turbulence (Figure 3).
Smaller droplets, including the majority of droplets treated by dispersants, were spread horizontally (Figure 3) and rose
sufﬁciently slowly that they remained deep in the water-column after 36 h (not shown). The horizontal distribution of
droplets in the subsurface was primarily driven by horizontal turbulence, because simulations with only vertical
turbulence and advection resulted in far less horizontal spread of oil droplets (Figure 3). A slight westward
bulge in the droplet plume at
600-800 m was associated
120
with westward advection at
these depths (Figure 3).
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Figure 2. Percent of total oil volume that reached the surface (depth < 2 m) at a given time
for simulations without dispersants (orange) and with dispersants applied at the wellhead
with 50% efﬁciency (green) and 100% efﬁciency (blue) scenarios. The blue shaded box indicates the time period during which oil droplets were released into the far-ﬁeld model.
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Upon reaching the surface, oil
droplets were transported horizontally, with a slightly northwest
trajectory (Figure 4). In the nodispersant and 50% dispersant
efﬁciency treatments, a 2 km
surface plume developed at the
surface within 4-6 h, while few
droplets had reached the surface at this time in the 100%
dispersant efﬁciency case
(Figure 4). The area of this
surfacing plume of oil was
driven by the spatial extent
of the intermediately-sized
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Figure 3. Vertical distribution of oil droplets 6 h after the start of model simulations (a-e) without dispersants and with dispersants applied at the wellhead with (f-j) 50% efﬁciency and
(k-o) 100% efﬁciency. Colors represent droplet sizes (see legend in Figure 3j). Model predictions with varying levels of hydrodynamic forcing are shown: (a, f, k) without hydrodynamics,
(b, g, l) advection (A) only, (c, h, m) advection plus vertical turbulence (V), (d, i, n) advection plus horizontal turbulence (H), and (e, j, o) advection plus vertical and horizontal turbulence.

Figure 4. Map-view of the distribution of oil droplets at the water surface (depth < 2 m) 6 h after the start of model simulations (a-e) without dispersants and with dispersants applied at
the wellhead with (f-j) 50% efﬁciency and (k-o) 100% efﬁciency. Colors represent droplet sizes (see legend in Figure 4f). Model predictions with varying levels of hydrodynamic forcing
are shown: (a, f, k) without hydrodynamics, (b, g, l) advection (A) only, (c, h, m) advection plus vertical turbulence (V), (d,i,n) advection plus horizontal turbulence (H), and (e, j, o) advection plus vertical and horizontal turbulence.
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droplets (1-5 mm), because the
larger, rapidly rising droplets
reached the surface in a relatively narrow horizontal band that
was less inﬂuenced by horizontal
turbulence than the smaller
droplets (Figure 3). In the absence
of horizontal turbulence, the area
of the surfacing oil was 50%
smaller when only the forces of
vertical turbulence or vertical plus
horizontal advection acted on the
rising oil droplets. Upon converting the number of oil droplets
to total mass of oil in the surface
(< 2 m depth) for each scenario, it
was found that the application of
dispersants reduced the maximum mass of surface oil after
12 h by 75% (from 8000 kg to
2000 kg), although the spatial distributions of water that contained
some amount of oil were similar
(Figure 5).
Figure 5. Distribution of total oil mass at the water surface (depth < 2 m) in simulations
(a-b) without dispersants and with dispersants applied at the wellhead with (c-d) 50% efﬁciency and (e-f) 100% efﬁciency. (left) Mass at the surface 6 h after the start of model simulations; (right) Mass distributions 12 h after the start. Note that droplets release into the
model domain stopped after the ﬁrst 3 h of each simulation which resulted in the break
in the surface slick from the location of the wellhead (red square) seen in the plots on the
right.

4. Discussion

Model simulations indicated that
the timing, mass, and spatial
extent of oil as it reached the
surface was highly sensitive to
dispersant application under conditions similar to the Deepwater Horizon event. When dispersants were
applied in the model, less oil reached the surface, the oil that reached the surface arrived there more slowly,
and the spatial extent of the surface slick was diminished compared to the scenarios without dispersants.
These ﬁndings suggest that application of dispersants at the well head of deep water blowouts could slow
the surfacing of oil, that the oil could have a longer residence time in the water-column, and that the oil
would be more highly inﬂuenced by subsurface transport. In a model intercomparison study, Socolofsky
et al. [2015] also found that dispersant application at the well head could result in a signiﬁcant fraction of
oil remaining in the subsurface. The strong effect of dispersant application which was found in our model
simulations was due to the predicted size of droplets formed in the near-ﬁeld plume and on the change in
the size of droplets upon application of dispersants. This research suggests that observations of droplet size
distributions and a better understanding of the effect of dispersant application at well heads during deep
water oil spills are important for understanding and predicting both the short-term and long-term fate and
transport of oil from deep water blowouts.
Model simulations were designed to better understand the role of droplet size on the short-term fate of oil
under the conditions that followed the cutting of the collapsed riser on 3 June 2010 and indicated that dispersant treatments, even if only 50% efﬁcient, were effective in keeping >30% of the released oil from surfacing over the duration of the simulations (36 h). These simulation results were consistent with the
estimates that at least 30% of the total oil released during the Deepwater Horizon spill could have been
retained in deep waters [Joye et al., 2014; Ryerson et al., 2012].
Although it is unclear from an oil spill abatement perspective if subsurface retention is more desirable than
surfacing, one would expect the transport trajectory of oil to be quite different in the surface relative to
deeper waters [North et al., 2011], an idea supported by this modeling study and inferred from previous
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investigations [DeHaan and Sturges, 2005; Welsh and Inoue, 2000]. Because current velocities were much
lower at depth than at the surface during these simulations, the oil retained in the subsurface was not signiﬁcantly transported horizontally in the 36 h following its release. A large fraction of the small-diameter oil
droplets (and their associated volume) was retained between 1000 and 1200 m deep, consistent with observations [Ryerson et al., 2012; Socolofsky et al., 2011] during the Deepwater Horizon spill. In contrast to the rapidly rising droplets, simulations of smaller droplets indicated that small oil droplets covered a horizontal
distance in excess of 12 km near the exit of the intrusion (Figure 3), which is well within the observed extent
of the subsurface plume [Camilli et al., 2010].
A notable conclusion of this analysis was the sensitivity of model predictions to the parameterization of horizontal turbulent particle motion. Although horizontal advection during the simulations resulted in a slight
net westward transport of the intermediate droplet sizes around 1000 m (Figure 3), the primary effect of
advection was at the surface where oil was transported rapidly away from the area of release. Modeled vertical advection, which was bi-directional during the course of the simulations, did not exceed 0.06 cm s21
and was much smaller than the computed rise velocities of >0.5 cm s21 for most of the oil droplet size classes (> 0.3 mm). In contrast, the addition of horizontal turbulence widened the horizontal extent of the rising
plume by 1.5 km (relative to vertical turbulence1advection only case), which was sufﬁcient to produce a
surfacing plume of 1.8 km diameter that was consistent with observations soon after the riser was cut on
3 June [Ryerson et al., 2012]. The constant horizontal diffusivity used in the model was 1 m2 s21 and is within
reasonable values for horizontal turbulence in a coastal system [Csanady, 1973] but is perhaps the least constrained parameter in Lagrangian models because it is used to simulate horizontal mixing below the grid
scale of the model, not necessarily horizontal turbulence per se. Although the results of this study suggest
that a constant value of 1 m2 s21 may be reasonable because of the similarity of model predictions with
observations, the sensitivity of model predictions to horizontal turbulence indicates that a more systematic
study of the parameterization of horizontal subgrid scale turbulence in Lagrangian models would be
warranted.
Although model results advance understanding of the inﬂuence of droplet size and dispersants on oil fate
and transport, it is important to note that these model simulations did not include many important processes that inﬂuence the weathering of oil, such as dissolution, biodegradation, emulsiﬁcation, evaporation,
wave-induced dispersion, and photodegradation. Thus, the model simulations presented here are intended
to simulate only the short-term effects of dispersant-induced droplet size reductions. The degradation of oil
within the Gulf of Mexico is expected to occur via different pathways in surface water versus deeper water.
In deep, subsurface waters, microbial degradation of hydrocarbons should be the dominant loss term for
oil, and although microbial degradation has been documented [Hazen et al., 2010; Valentine et al., 2010], it
is unclear how much of the total hydrocarbon release associated with Deepwater Horizon was degraded in
the subsurface. Experimental studies have revealed that the nongaseous, straight-chain components of the
hydrocarbon pool degrade at rates of 0.5 lM C d21, which is relatively slow given the potential for an associated residence time of these compounds in the deep Gulf of Mexico to be multiple months or longer
[Camilli et al., 2010]. At the surface, oil will be degraded by photolysis and reduced via volatization [Haritash
and Kaushik, 2009], while the breaking of surface waves will reduce oil droplet size and consequently,
increase its degradation rate. Microbial communities in surface waters are also different from those of
colder, deeper waters, which may affect the rate of hydrocarbon degradation [Redmond and Valentine,
2012]. Considering the time-scales of the above processes (minutes-days), the microbial degradation terms
should start affecting the droplet dynamics after 1-2 days, which is why these analyses were focused on rising oil droplets and the hours immediately following their release from the cut riser. In addition to microbial
degradation and dissolution, the surface processes stated above (e.g., waves), as well as the effects of evaporation and water-oil emulsions, have the potential to alter the size and distribution of surface slicks over
periods greater than simulated here [Zeinstra-Helfrich et al., 2015]. Many oil spill response models include
these processes to allow for more realistic long-term simulations; these processes would be important to
include in future sensitivity studies with the model herein.
Previous modeling studies of oil transport in the Gulf of Mexico following the initiation of the Deepwater
Horizon oil spill have revealed a number of important insights into both near- and far-ﬁeld transport of oil in
response to environmental conditions. The results of this study indicated rapid surface expression of oil in
the absence of dispersant (Figure 3), owing to the relatively large oil droplets simulated (73% of
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volume > 9 mm diameter). Recent studies have simulated a smaller volume fraction of these larger oil droplets [North et al., 2015; Socolofsky et al., 2015; Zhao et al., 2014]. The droplet sizes in the 50% efﬁciency simulations were consistent with these other studies. Simulations with larger droplet sizes, as in the ‘‘No
Dispersant’’ case, included faster ascent times and, in the context of the simulations presented here,
resulted in a 20% increase in the volume of oil reaching the surface over a 24 h period. North et al. [2015]
illustrated that oil droplets with diameters 0.3 mm and greater, which were some of the smaller droplets in
this study, were efﬁciently moved to the surface despite varying rates of potential biodegradation. Thus it is
possible that a large fraction (50-70% in our simulations) of the oil could have reached the surface, even
when dispersants were applied (assuming 50% efﬁciency). Ultimately, characteristics of this oil once it
reaches the surface (e.g., thickness, visibility as a sheen), which we did not model explicitly, determine its
ultimate recoverability or treatment.
It was assumed that the volume of any predicted oil droplet from the log-normal distribution of diameters
which exceeded the maximum droplet size under the given conditions [Clift et al., 1978] would have the
diameter of the largest stable droplet size upon breakup. Consequently, large volumes were simulated for
the largest stable droplet size class (Figure 1). It is possible that this approach is not realistic, but given that
the unstable droplets might follow many different pathways to reaching stable sizes (e.g., split in half versus
split into many droplets; split up once versus multiple splits), it is unclear how this droplet size reduction
should be modeled. We consider our approach to be the most conservative formulation that minimizes differences between simulations, but recognize that alternative formulations are certainly possible. Future
experimental research on unstable droplet behavior would provide the insights necessary to improve our
approach.
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The current study provides an example of the utility of LTRANS (and particle tracking models in general) for
tracking the fate and transport of oil released during accidental oil injections into the environment. These
results emphasize how the coupling of empirical formulations of oil behavior with physical transport and
particle tracking models can inform the understanding of how dispersants affect the fate of oil in natural
waters. Although many types of models have been applied to realistically simulate the dynamics of oil spills
(GNOME [Zelenke et al., 2012], CDOG [Zheng et al., 2003], OILTRANS [Berry et al., 2012], BLOSOM [Paris et al.,
2012], OILMAP [Spaulding et al., 1994], SIMAP [French McCay, 2003], OSCAR [Reed et al., 1995], and many
more), here we focused on a suite of sensitivity tests that target conditions similar to the Deepwater Horizon event using a model package that is of intermediate complexity relative to two-dimensional surface
slick models and three-dimensional oil spill fate and transport models. The simulations presented here display the short-term (1-2 days) behavior of oil droplets, yet projections further into the future are possible
given enhancements to the behavior and natural reactions of oil to represent additional processes. Additional processes to be built into LTRANS include the dissolution of oil following its release, the effects of surface waves and photodegradation on oil once it reaches surface waters, and the interaction of oil with
other materials (e.g., suspended particles) in the water-column and sediments [Passow et al., 2012; Reddy
et al., 2012].
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