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1. Summary

A detailed review of main processes and equations involved on chemical behaviour at sea was
performed. These processes are grouped in two different modules: the physical-chemical
weathering and trajectory (fate and behaviour) module, and the environmental impact /
biological effects module. Both components are implemented in lagrangian module of MOHID
modelling system, generating a fully integrated chemical fate and behaviour model as part of
MOHID (a public-domain / open-source water modelling system – www.mohid.com). The
approaches methodology and algorithms to be selected were described.
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2. Fate, behaviour and consequences of HNS spilled at sea
Because of the very wide variety of chemicals and substances considered to be HNS, there is no
“standard” behaviour of all the different types of HNS that could be spilled into or onto the sea
(Error! Reference source not found.). HNS spilled into the sea may behave differently depending o
n their physico-chemical properties and local marine environmental conditions.

Figure 1 – Processes involved in fate and behaviour of chemicals spilled at sea

A European Behaviour Classification System has been developed in order to classify chemicals
according to their physico-chemical behaviour when spilled into the sea, based on physicchemical properties (vapour pressure, density, and solubility).
The main principle of the system is the characterization of spilled loose chemicals as: (i) gases
(G); (ii) evaporators (E); (iii) floaters (F); (iv) dissolvers (D); (v) sinkers (S) and the various
combinations of these, that is: (vi) gases/dissolvers (GD); (vii) evaporators/dissolvers (ED); (viii)
floaters/evaporators (FE); (ix) floaters/evaporators/dissolvers (FED); (x) floaters/dissolvers (FD)
and (xi) sinkers/dissolvers (SD).
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Figure 2 - Diagramatic representation of the Standard European Behaviour Classification (source: ITOPF)

This characterization based on HNS physico-chemical behaviour can also be used to characterize
the potential environmental impacts to the human / public health, and also to marine organisms.
In terms of human health, a classification has been established based upon potential for
exposure via inhalation / airborne pathways and to a lesser extent their potential for direct
contact. Reactivity of chemicals was also considered in respect of the potential to react with
water and / or air to produce toxic products. This potential of exposure and reactivity can be
measured by physico-chemical properties of chemicals such as vapour pressure, solubility and
density (see Table 1).

Table 1 - quantification (score) of human / public health impact from a chemical spill in the sea, based in HNS
class / physic-chemical properties (source: HPA, 2010)

In relation to toxicity to marine organisms, different behaviour at sea also provide different
impacts to marine organisms: dissolvers and sinkers have the highest potential ecological
impacts on the marine environment after spillage as they will disperse easily and are, hence,
bioavailable for aquatic organisms, both in the water column and the sediments. Unlike
- Bibliographic review of HNS spill model -

4

dissolvers and sinkers, floaters drift with the wind and/or currents and can reach sensitive areas
along the coast impacting mainly marine mammals, birds and intertidal benthic organisms. The
main hazards produced by gases and evaporators are air toxicity and usually represent a low
threat to the marine environment except if they also dissolve in water. Considering the likely
impact on the marine environment produced by dissolvers, floaters, and sinkers, the priority
HNS list will cover mainly these behaviour categories.
Conversely, public health risk would be highest for gases and evaporators which would tend to
be governed by atmospheric parameters.
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3. Numerical model approach adopted
The chemical fate and behaviour (physical-chemical behaviour and trajectory) model, as well as
the biological effects model to be developed are both integrated in lagrangian module of MOHID
(a public-domain / open-source water modelling system – www.mohid.com).
The main purpose of integrating these components in MOHID is to take advantage of several
different properties, processes and features already developed and tested in other types of
modelling applications.
MOHID is a three-dimensional water modelling system, developed by MARETEC (Marine and
Environmental Technology Research Center) at Instituto Superior Técnico (IST) which belongs
to Technical University of Lisbon. This modelling system allows the adoption of an integrated
modelling philosophy, not only of processes (physical and biogeochemical), but also of different
scales (allowing the use of nested models) and systems (estuaries, watersheds, open-sea, rivers),
due to the adoption of an object oriented programming philosophy.
Additionally, interaction with MOHID lagrangian module is available in different platforms,
including MOHID Studio, MOHID Desktop Spill Simulator, Easyco Web Bidirectional Tool,
Aquasafe Platform, and lately, ACTION Seaport. Although MOHID Studio is a classical desktop
GIS system, the other referred platforms run in web browsers or standard PC, allowing users to
define scenarios for model simulations, integrating updated metocean forecasts and generating
results in seconds. The diversity and capacity in the integration of MOHID lagrangian module
with powerful and yet simple simulation tools (Fernandes, 2013) is also a main advantage and
was also taken in consideration on the adoption of this modelling software for the integration
of chemical fate and behaviour modelling system.
MOHID has been applied to different study cases, as coastal and estuarine areas, as well as
oceanic processes and reservoirs, and it has showed its ability to simulate complex features of
the flows. MOHID Lagrangian transport module uses the concept of tracer, assuming that the
spilled contaminant can be represented as an amount of several different small tracers / spillets,
and tracked as they move in three-dimensional space over time. This software is used in several
different studies, as oil spills, floating containers, dispersion of plumes in submarine outfalls,
sediments transport, etc.
MOHID lagrangian module can be run simultaneously with the hydrodynamic model (currents,
water temperature, salinity, etc.), or in “offline” mode. In both modes, this model is able to
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digest currents, water properties, wave parameters and atmosphere properties from different
model providers. Additionally, MOHID lagrangian module allows backtracking / modelling, as
well as a multi-solution approach (Fernandes, 2013) (generating computational grid on-the-fly,
and using the available information from the multiple metocean forecasting solutions available).
Spilled mass is tracked through phase changes and transport, with all reaction products assumed
to move together – chemical reactions are not specifically addressed in the model. The loss of
chemical by reaction to some other form no longer of concern is included in degradation, which
is estimated assuming a constant rate of “decay” specific to the environment where the mass
exists (i.e., atmosphere, water columns, or sediment). The model estimates the distribution of
chemical (as mass and concentrations) on the water surface, on shorelines, in the water column,
in the sediments and at the bottom. Model tracks separately surface floating chemical,
entrained droplets or suspended particles of pure chemical, chemical adsorbed to suspended
particulates, and dissolved chemical. The phase changes are computed independently for each
particle every time step, and the probabilities of one particle change from one phase to another
(e.g. entrained to dissolved) is (pseudo-)randomly obtained, based on the algorithms that
quantify the mass balances in the different processes. Therefore, a correct modelling using this
kind of approach obviously require a great amount of particles in the simulation, in order to
properly reproduce phase changes when slow processes / small mass transfers are involved.
Next chapters describe the processes simulated by the model, in both components: fate and
behaviour, and biological effects.
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4. Processes considered in fate and behaviour model
The algorithms, assumptions and detailed processes associated to MOHID chemical spill model
are described in this section.
Processes simulated include (three-dimensional) currents advection, spreading (on floating
liquids), turbulence (vertical and horizontal) dispersion, evaporation from surface, volatilization
from water column, droplets entrainment, dissolution, partitioning / sedimentation (adsorption
to sediments), sinking, resuspension and degradation.
4.1 Transport in water
Chemical mass is transported in three-dimensional space and time. The horizontal movement is
controlled by currents, by wave-induced velocity (Stokes Drift), wind-drift velocity in the surface
layer (for floating substances), spreading, and horizontal turbulence. The vertical movement is
estimated in accordance with buoyancy, sinking velocity, turbulent dispersion, and also
entrainment due to breaking waves.
These processes are implemented MOHID’s lagrangian module, and are also used in the
simulation of oil spills.
4.1.1

Currents

MOHID can simultaneously simulate currents (in the hydrodynamic module), or use an imposed
solution (which is called the “offline” solution) from a previous run, or from a different model
(or set of models), as long as the outputs accommodate the time period to simulate. Coupling
to atmospheric model (which is needed in simultaneous simulations of chemical fate and
hydrodynamic solution, and in floating substances – directly influenced by wind) is also
configured following the same approach as the imposed solution for the hydrodynamic fields.
4.1.2

Spreading

Since MOHID chemical module computes the chemical spills using independent lagrangian
particles, surface spreading is modelled at three different levels: a) the initial area of the surface
slick, which is randomly populated by MOHID with lagrangian particles; b) the increasing surface
area of individual particle; c) the random movement of individual particles position to reproduce
the increasing area of the surface slick.
If the chemical is released at subsurface, no spreading will happen. Spreading is stopped when
all volatiles have evaporated or when a terminal thickness is reached (whichever is sooner). The
thickness limit is defined according to McAuliffe, 1987:
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Viscosity

Minimum slick thickness

(cP)

(mm)

<10

0.01

10-20

0.05

20-1000

0.1

>1000

1

If the chemical is released at surface, the initial area of the surface slick can be defined by the
end user, or can be estimated from OILPOL model, (Rabeh, et al., 2000):



Ai    2.81 Vi



2

Where Ai is the initial area of the surface slick (m2), and Vi is the initial volume of the spill (m3)
(obtained in MOHID from chemical initial mass and density).
The lagrangian particles are then randomly emitted inside the initial area of the surface slick.
The initial area of each particle is simply the division of the surface slick area by the total number
of particles emitted.
In relation to the increasing surface area of each particle over time, this process is modelled
based on the estimation of a rate of change of the surface area for each particle.
Kolluru, 1992 proposed a method, based on Mackay et al., 1980 and then derived to normalize
solution under differing number of particles / tracers. Solution implemented is expected to cover
over 90% of the slick mass (which corresponds to the thick slick):

dAp
dt

 k1  A

1/3
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 Vp

 Ap





4/3
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Where Ap is the area of the individual particle(m2), k1 is the spreading rate constant (s-1), Vp is
the volume of chemical in individual particle (m3), R p is the radius of individual particle (m) and

Rt is the radius of the surface slick (m).
The spreading rate constant k1 is set to 5787.037 s-1 (5.0 x 108day-1), based on observations by
other authors (e.g., Audunson et al. (1984)).
In MOHID, previous equation was adapted to use only areas (total slick surface area and
individual particle area) instead of radius:
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Additionally, MOHID simulates the random movement of individual particles position in order
to reproduce the area of the surface slick, increasing over time due to spreading process. The
implemented algorithm for this purpose determines random velocities assuming a uniform
distribution inside a range (in directions x and y), proportional to spreading diffusion
coefficients. The spreading diffusion coefficients Dx and Dy are in fact the rate of change of the
surface area of an individual particle (m2/s), previously presented and obtained from Kolluru’s
formulas solution.
The following relationship between diffusion coefficients Dx and Dy and the spreading velocity
range [-Ur, Ur], [-Vr,Vr] (in m/s) is adopted according to Al-Rabeh et al.,2000)

Ur 
Vr 

6 Dx
t
6 Dy
t

Where t is the model time step (s).

Random velocities are therefore determined in the following way, like suggested by Proctor et
al.(1994):

ud  R1 cos( 2R2 )  U r
v d  R1 sen(2R 2 )  V r
where R1 e R2 are randomly generated numbers between 0 and 1.
4.1.3

Turbulence

Turbulent transport is responsible for dispersion. The effect of eddies over particles depends on
the ratio between eddies and particle size. Eddies bigger than the particles make them move at
random, while eddies smaller than the particles cause entrainment of matter into the particle,
increasing its volume and mass according to the environment concentration. The random
movement is calculated following the procedure proposed by Allen (1982). The random
displacement is calculated using the mixing length and the standard deviation of the turbulent
velocity component, as given by the turbulence closure of the hydrodynamic model. Particles
retain that velocity during the necessary time to perform the random movement, which is
dependent on the local turbulent mixing length. The increase in volume is associated with smallscale turbulence and is reasonable to assume it as isotropic. Under these conditions, small
particles keep their initial form and their increase in volume is a function of the volume itself.
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Horizontal and vertical diffusion coefficients used in the determination of standard deviations
can be parameterized by the end-user. Additionally, the standard deviation used for the vertical
dispersion can optionally be automatically estimated based in a vertical profile of turbulence
(depending on shear velocity).

4.1.4

Wave-induced velocity (Stokes Drift)

Stokes drift velocity (or mass transport velocity) is the average velocity of a particle due to the
orbital motions induced by waves (Stokes, 1847), in the direction of wave propagation. This
velocity is calculated for each particle, and velocity components are then added to the horizontal
velocities of the particle calculated in MOHID.
For instance, a particle floating at the free surface of water waves, experiences a net Stokes
horizontal drift velocity in the direction of wave propagation.
The generic solution adopted for the determination of the Stokes drift velocity (us, in m/s) in
MOHID is mathematically represented as (Daniel, 2003; Longuet-Higgins, 1953):
2

us  a    k

cosh 2k ( z  h )
2sinh 2 ( k h )

C

Where h (m) is the water depth, z (m) is the depth below surface, a (m) is the wave amplitude (

a H / 2 ), ω (rad/s) is the wave circular frequency (   2 / T ) and k (m-1) is the wave number
( k  2 / L ) for waves with height H (m), period T (s) and wavelength L (m). C is a depth
independent term:

a 2    sinh(2  k  h)
C
4  h  sinh 2 (k  h)
In deep water ( kh  1 or h  L / 2 ), Stokes drift velocity becomes simply (Longuet-Higgins,
1953) :
2

us  a    k  e

2 kz

The wavelength can be read from a wave model output, or manually defined by end user.
Otherwise, MOHID internally calculates wavelength based on an explicit approximation of the
wave dispersion equation, proposed by Hunt’s method (Hunt, 1979).
The direction of the Stokes’ drift is set equal to the local wave direction. If wave parameters H
and T are not available from a wave model, they can be defined by the end-user, or calculated
inside MOHID, using simplified internal models based on wind, previously implemented.
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An additional / alternative method was recently included in MOHID for the estimation of Stokes
drift velocity, based in Ardhuin et al., 2009, with 𝑢 meaning wind velocity (m/s):
𝑢𝑠 = 5.0 × 10−4 [1.25 − 0.25(0.5𝑇)1.3 ] ∙ 𝑢 × 𝑚𝑖𝑛{𝑢, 14.5} + 0.025(𝐻𝑠 − 0.4)
4.1.5

Vertical Entrainment / Droplets size

For surface floating liquids, the tracers can migrate to the water column due to breaking waves.
This entrainment can be estimated by the approach of Delvigne & Sweeney (1988) and Delvigne
and Hulsen (1994).
If the chemical penetrates the water column after a surface spill, this means that chemical
substance will be subject to a vertical velocity, depending on the density differences and
chemical droplets diameter. The correct modelling of these processes forced the
implementation of a three-dimensional modelling approach.
The Delvigne & Sweeney method can be used for vertical entrainment, represented as follows:
n
dmd
 Ap  Qd i
dt
i 1

This equation estimates mass transfer rate per time unit (kg/m2.s). For each lagrangian particle,
this is obtained from area of the particle times the sum of the various (n) entrainment rates Qdi
(kg/m2.s) for each droplet diameter interval (MOHID presently computes MOHID computes five
particle diameter intervals; thus, n = 5):
0, 57
Qdi  C * Dba
 f s  F  d 0,7  d

Where d is the droplet diameter (m), C* is an empirical entrainment constant which depends on
chemical type and weathering state; fs is the fraction of the sea surface covered by the chemical;
Dba is the dissipated breaking wave energy per unit surface area (J/m2); F is the fraction of sea
surface hit by breaking waves, and d is the chemical particle interval diameter (m), which is the
chemical droplet diameters range around d, equally distributed between minimum and
maximum droplets diameters. The minimum droplet diameter entrained in the water column is
assumed to be 0.1d50 (d50 (m) is the mean droplet diameter of entrained chemical), because
volumes below this size are relatively small (about 2% of the volume in the mean size), and can
be neglected. The maximum droplet diameters entrained in the water column is assumed to be
the minimum of d50 and 70 m. In numerical experiments and model testing, droplets larger
than d50 or 70 m were found to resurface in less than one time step and so are not quantified
as separate surface slicks.
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The mean droplet diameter of entrained chemical, d50 (m), was fit with a curve to data in
Delvigne and Sweeney, 1988 to yield:

Where E is the energy dissipation rate per unit volume (J/m3.s) (according to Delvigne and
colleagues values are between 103 and 104). A value of 5000 was adopted.  is the chemical
dynamic viscosity (cP) and is the density of the chemical (g/cm3).
Using the data reported by Delvigne and Hulsen (1994), the entrainment constant, C*, was fit to
the following logarithmic regression:

Where  is the viscosity (cP), and oris the density of the chemical (g/cm3).
The dissipated wave energy, Dba (J/m2), is:
2
Dba  0.0034w gHrms

Hrms is the root mean square value of wave height (m), which can be obtained as follows:

H rms 

1
H0
2

where H0 is the wave height (m).
The fraction of sea surface covered by breaking waves (whitecaps) per unit time, F, is
parameterized as follows:
For Uw <= Uth (Lehr et al., 1992):

And for Uw > Uth (Delvigne & Sweeney, 1988):

Where Uw is the wind speed at 10m above sea surface (m/s), Uth is the threshold wind speed for
onset of breaking waves (~4m/s), and Tw is the significant wave period (s).
A more recent and alternative formulation for whitecaps is proposed by Callaghan et al., 2008.
𝑊 = 3.18 × 10−3 (𝑈𝑊 − 3.70)3 ; 3.70 < 𝑈𝑊 < 11.25;
𝑊 = 4.82 × 10−4 (𝑈𝑊 + 1.98)3 ; 9.25 < 𝑈𝑊 < 23.09;
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, assuming that there is no white caps with wind speed below 3.70 m/s, and with W is the
𝑊

whitecaps, and 𝐹 = 𝑇 . This solution is limited to wind speed lower than 23.09m/s.
𝑊

Once a particle is entrained in the water column, the next step is to decide the droplet diameter
associated to the particle. Since a separation in different droplet diameter classes would imply
a multiplication of the number of lagrangian tracers, each one representing a specific diameter
class, MOHID selects only one single diameter class for each existing lagrangian particle. Three
different approaches can be followed for this class selection:
a) each particle is assumed to have a typical user-defined diameter (default option
= 0.05 mm, as proposed by Delvigne and Sweeney, 1988);
b) each particle is assumed to have a constant diameter equal to half of the mass
median droplet diameter (d50) (as proposed by Spaulding et al., 1992)
c) Assuming a specific number of different diameter classes, the total amount of
entrained chemical substance per diameter class can be computed (using the
previously mentioned Delvigne & Sweeney formulation); then a pseudo-random
procedure can be used to select one diameter class, where the ones with higher
amount of entrained chemical substance will have higher probability of being
selected.
Model estimates a randomly distributed particle depth between 0m (surface) and the maximum
intrusion depth Di = 1.5 H0 (Tkalich and Chan, 2002).
If droplet particle diameters are smaller than 0.2 µm, then they are assumed to be operationally
dissolved, according to North, et al., 2015.
Due to mass degradation along time, the droplet diameter can also suffer reduction. The
diameter is updated according to the relation between mass and diameter:
𝜌𝜋 3
𝑀=
𝑑
6
Recently, a new semi-empirical model for oil droplet size distributions was proposed by
Johansen et al., 2015, using empirical data obtained from laboratory experiments with different
crude oils at different stages of weathering. This new model is a valid alternative to Delvigne and
Sweeney approach, based on two major non-dimensional groups – the Weber number for the
case limited by interfacial tension, and the Reynolds number for the viscosity-limited case, with
the free fall velocity as the velocity scale and the oil film thickness as the length scale. A nondimensional semi-empirical model was therefore formulated as an additive combination of the
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two cases, with two coefficients and one exponent determined by correlation with data from
laboratory experiments. This new model seems to cover a much larger range of oil viscosities
than the model of Delvigne & Sweeney.
𝐷
= 𝐴𝑊𝑒 −𝑎 (1 + 𝐵′ 𝑉𝑖 𝑎 )
ℎ
With a = 0.6, A = 2.251 and B’=0.027; h is the oil thickness, We is the Weber number:

𝑊𝑒 =

𝜌𝑈𝐻 2 ℎ
𝜎

Where 𝑈𝐻 is the free fall velocity, defined as:
𝑈𝐻 = √2𝑔𝐻
With g being the gravity acceleration, and H being the free fall height or wave amplitude (equal
to the double of the significant wave height); and Vi is the viscosity number:
𝑉𝑖 =

𝜇𝑈𝐻
𝜎

With  being the chemical dynamic viscosity (kg/ms), 𝜎 is the interfacial tension (N/m
or kg/s2).
It is expected that the same model can work on chemical substances that tend to entrain in the
water column.
4.1.6

Buoyancy

After the migration of chemical tracers (droplets) to the water column, they will tend to ascend
to the surface, due to its buoyancy. The droplet buoyant velocity is then integrated with the
vertical advection and diffusion components (the advected vertical velocity – from the
hydrodynamic solution – and the vertical turbulent diffusion velocity component). This means
that in waters with higher turbulence, the buoyant velocity becomes less important.
The rising velocity can be based on the assumption that chemical particles can be represented
as spheres of given diameter and density. Thus, buoyancy velocity ws (m/s) will depend on
density differences, droplet diameter d (m) and water kinematic viscosity m2/s), as well as
critical diameter dcrit (m) (Soares dos Santos and Daniel, 2000).

where g’ is the reduced gravity (buoyancy) (in m2/s)
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If the particle’s diameter is greater than dcrit then

else

The values for α and β defined by default are 9.52 and 8/3, respectively, as proposed by (Soares
dos Santos and Daniel, 2000). However, β is probably too large, overestimating buoyancy
velocity for larger diameters (Zheng and Yapa, 2000). Thus, a value of 0.7112 can optionally be
used for β, and since parameter α is directly obtained by solving two previous equations for d,
in this case, a value of 5.47 is used for α (Liungman and Mattsson, 2011).
The two equations previously presented for buoyancy velocity represent the large, sphericalcap bubble regime and the small spherical droplets (Stokes) regime.
Alternatively, a new formulation developed by Zheng and Yapa (2000) that considers three
regimes was implemented. This formula considers that entrained droplets can behaviour in
three different regimes - small spherical particles, intermediate ellipsoid bubbles and large
spherical-cap bubbles.
-

Regime of spherical shape (small size range):

The procedure to compute the Reynolds number R is shown below, according to Clift, et al.,
1978):
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Table 2 – Reynolds correlation, based on viscosity, density and diameter

-

Regime of ellipsoidal shape (intermediate size range):

In which

And

In which w = dynamic viscosity of water (cP); M and E0 are computed by

In which = interfacial tension (N/m). The criteria in this regime are M < 10-3 and E0 < 40.
-

Regime of spherical-cap (large size range):

The criterion for this regime is E0 > 40.
4.1.7

Evaporation from surface

The evaporation is computed from surface floating slicks from chemicals.
The approach followed in MOHID is based on Mackay and Matsugu, 1973, where the rate of
mass flux to the atmosphere increases with vapor pressure, temperature, wind speed and
surface area. Conceptually the model assumes that the transfer of mass from liquid to the air is
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limited by molecular diffusion across a stagnant boundary layer in the air, just above the
chemical’s surface. The following equation (Kawamura and Mackay 1985) estimates the
evaporation:

E  A  Km 

M W  PV
R  T (kg/s)

here E = evaporation rate, in kg/s, A = area of the evaporating puddle, in m2, Km = mass transfer
coefficient, in m/s, Mw = molecular weight of the selected chemical, in kg/kmol, Pv = vapor
pressure, in Pa (from the partial pressure table for the selected chemical), R = the gas constant
(8314 J/(kmol K)), and T = air temperature, in K. The evaporation of the fraction of the solution
that is water is ignored since water isn't a hazardous chemical.
It uses the following equation (Mackay and Matsugu 1973) to calculate Km, the mass transfer
coefficient:

Km  0.0048 U 7 9  Z 1 9  Sc 2 3 (m/s)
where U = wind speed at a height of 10 m, in m/s, Z = the pool diameter in the along-wind
direction (m), and Sc = the laminar Schmidt number for the selected chemical.
It estimates the Schmidt number, which is a unitless ratio, as:

Sc 


Dm

where  = kinematic viscosity of the air, determined according to Andreas, 1989:
𝑣 = 1.326 × 10−5 (1 + 6.542 × 10−3 × 𝑇 + 8.301𝑥10−6 × 𝑇 −2 − 4.84 × 10−9 × 𝑇 −3 )
and Dm = the molecular diffusivity of the selected chemical in air, in m2/s.
Graham's Law is used to approximate the molecular diffusivity of the selected chemical in air, in
m2/s-1 (Thibodeaux 1979) as:

 M W ( H 2O )
Dm  DH 2O  
M
 W ( chem )





1

2

(m2/s)

where D(H2O) = the molecular diffusivity of water (2.4 x 10-5 m2/s at 8°C), Mw(H2O) = the
molecular weight of water (18 kg/kmol), and Mw(chem) = the molecular weight of the selected
chemical, in kg/kmol.
4.1.7.1

Correction for Volatilization

A volatile chemical is one that has a relatively high vapor pressure at environmental
temperatures, and therefore evaporates readily. A correction method in the evaporation
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equation (based in Brighton 1985, 1990; Reynolds 1992) is appropriate only for a chemical at a
temperature below its boiling point, as shown below.

C 

 P 
Pa
 ln 1  a 
Pv
 Pv 

where Pa = atmospheric pressure, in Pa (101,325 Pa at sea level), and Pv = vapor pressure of the
solute, in Pa.
For chemicals that are not very volatile, the value of C will be about 1.0. It will increase in
magnitude as the vapor pressure of the chemical increases.
The corrected evaporation rate is calculated as:

Ec  C  E

(kg/s)

where Ec = the evaporation rate corrected for volatility.
4.1.8

Volatilization from water column

Volatilization of dissolved components from the water to the atmosphere occurs as they are
mixed and diffuse to the sea surface boundary and enter the gas phase. Volatilization from the
water column is calculated from the chemical’s vapor pressure and solubility. The procedure in
the model is as outlined by Lyman et al., (1982), based on Henry’s Law and mass flux being
controlled by diffusion in both the water and the air near the interface (Hines and Maddox,
1985). The volatilization depth for dissolved substances in the water column is limited to the
maximum of one half the wave height (in the next formula, PVP is the chemical vapor pressure in
Pa, S = solubility (mg/L) and MW = molecular weight in kg/kmol):
1 – Compute Henry’s Law constant:

H

PVP
(in Pa.m3/kmol or J/kmol)
S 103
MW

Where
2 – For H< 30.3975 J/kmol, volatilization can be neglected.
3 – For H > 30.3975 J/kmol, compute the non-dimensional Henry’s Law constant H’:

H'

H
R T

Where T is water temperature in Kelvin, and R is the gas constant (8314 J/(kmol K))
4 – Compute the liquid-phase exchange coefficient (K5):
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K 5  20 

44
MW

(cm/h)

5 – Compute the gas-phase exchange coefficient (K6):

K 6  3000 

18
MW

(cm/h)

6 – Compute the overall mass transfer coefficient (K7):

 H ' K 5  K 6 
K7  

 H ' K 6  K 5  (cm/h)
The actual mass transfer rate from the water column to the atmosphere (kg/s) is then:

dm ( K 7 102 )  m

dt
d  3600
In which m is the amount of pollutant mass (kg), assumed distributed evenly over the depth d
(m), the volatilization depth for dissolved substances, which is limited to the maximum of half
the wave height (solution presently used in MOHID), or a diffusive depth (m), d:

d  2 Dz t
where: D z = vertical diffusivity (m2/s)

t = model time step (s)
4.2 Atmospheric transport
If a specific fraction of the chemical is evaporated, it is available for atmospheric transport. The
chemical is transported horizontally by the wind velocity and subject to (random) turbulent
dispersion velocities in both the horizontal and vertical directions.

The following relationship between horizontal and vertical diffusion coefficients Dx, Dy and Dz
and the turbulent velocity range [-Ur, Ur], [-Vr,Vr], [-Wr,Wr] (in m/s) is adopted according to AlRabeh et al.,2000)

Ur 
Vr 
Wr 

6 Dx
t
6 Dy
t
6 Dz
t
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Where t is the model time step (s).
Random velocities are therefore determined in the following way, like suggested by Proctor et
al.(1994):

ud  R1 cos( 2R2 )  U r
v d  R1 sen(2R 2 )  V r
wd  R3 cos( 2R3 )  Wr
where R1, R2 and R3 are randomly generated numbers between 0 and 1.
The horizontal and vertical diffusion coefficients can be user-defined (constant) or internally
estimated (variable), based on time and air stability:

Dx 

 x2
2t ,

Dy 

 y2

Dz 

2t ,

 z2
2t

Where  x ,  y and  z are the diffusion parameters estimated by the following analytical
formulas, assuming open-country conditions (NOAA, 2013):

x , 

Class

y

 z (m)

(m)

0.22x1  0.0001x

0.20 x

0.5

A

0.16x1  0.0001x

0.12 x

0.5

B

0.11x1  0.0001x

0.5

C

0.08x1  0.0001x

0.5

D

0.06x1  0.0001x

0.5

E

0.04x1  0.0001x

0.5

F

0.08x1  0.0002x 

0.5

0.06x1  0.0015x 

0.5

0.03x1  0.0003x 

1

0.016x1  0.0003x 

1

Where Δx is the time step, and The (Pasquill) stability classes can be user-defined (constant), or
computed (variable), under the following formulation (NOAA, 2013):
Wind
(m/s)

speed

Day

Night

Solar Insulation

Cloud cover

Strong (>851)

Moderate

Slight

(526-851)

(<526)

>50%

<50%

<2

A

A-B

B

E

F

2-3

A-B

B

C

E

F

3-5

B

B-C

C

D

E

5-6

C

C –D

D

D

D

>6

C

D

D

D

D
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If skies are heavily overcast (cloud cover > 95%), class D applies, at any windspeed or night.
4.3 Dissolution
Dissolution is estimated for spillets in the surface and in droplets dispersed in the water column.
The approach is based on a mass flux assuming a well-mixed layer with most of the resistance
to mass transfer lying in a hypothetical stagnant region close to chemical.
The dissolution in the slick is based on the hypothesis of a flat plate (the slick), and the droplets
in water column are assumed to be spherical, with the dissolution treated as a mass flux across
the surface area of a sphere, according to Mackay & Leinonen, 1977.
Dissolved mass ( M D , in kg) in a specific time period ( t , in s) can be represented as follows:
𝑀𝐷 = 𝐾𝑑 ∙ 𝐴𝑆 ∙ (𝐶𝑆 − 𝐶𝑊 ) ∙ 10−3 ∙ ∆𝑡
Where K d is the dissolution mass transfer (m/s), CS is the pure component solubility in water
(mg/L), CW is the ambient concentration and As is the surface area (m2).
The same modelling approach can be used either for the dissolution of pure substances and of
chemical from hydrophobic solvents – although MOHID is only prepared to model dissolution of
pure chemicals at the moment.
According to Payne et al., for studying the dissolution of chemicals dissolved in hydrophobic
solvents, the pure component solubility (CS) in the equation above must be obtained by:
𝐶𝑆 =

𝐶0
𝑃

, Where 𝐶 0 is is the component concentration in solvent phase, and P is the solvent-water
partitioning coefficient for the same component.
Additionally, 𝐶𝑆 needs to be multiplied by the solvent molar fraction of the chemical (x), resulting
in the following equation for a solvent:
𝑀𝐷 = 𝐾𝑑 ∙ 𝐴𝑆 ∙ (𝑥

𝐶0
− 𝐶𝑊 ) ∙ 10−3 ∙ ∆𝑡
𝑃

For the dissolved mass from the surface slick, the surface area of a flat plate is considered. For
the dissolution from droplets dispersed in the water column, the sum of surface area of all
entrained droplet particles must be used.
Mass transfer coefficient can be represented as

Kd  Sh  Di 104 / L
Sh is the Sherwood Number, Di is the diffusivity (in cm2/s), and L is the characteristic length (m).
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Sherwood Number depend on the geometry involved, therefore the formulation is different for
the surface area (disc plate) and for the droplets (sphere). The formulations are described later
in this document.
The diffusivity (cm2/s) is computed from the Hayduk & Laudie method (Hayduk and Laudie,
1974):

Di 

13.26 105
1.14 Vb 0.589

Where  is the water dynamic viscosity (cP) and Vb is the Le Bas molar volume (cm3/mol). This
molar volume is obtained as following:
If chemical is organic, Vb  4.9807  M w0.6963
If chemical is not organic, Vb  2.8047  M w0.651
Mw is the molecular weight of the chemical (g/mol)
In the case of the dissolution from the surface slick, the following formulations are used:
-

Surface Area ( As ) is the area of the surface particle (m2);

-

Characteristic length: L 

-

Sherwood Number: Sh  0.578  Sc

4 As



1

3

 Re

1

2

Where Sc is the Schmidt Number, and Re is Reynolds Number:
-

Sc   / Di
𝑉∙𝐿

- 𝑅𝑒 = 𝑣∙10−6
V means the mean velocity of the fluid (m/s); in the case of the surface slick, V is the wind
velocity.  is the water kinematic viscosity (cSt)
In the case of the dissolution from the droplets entrained in water column, the following
formulations are used:
-

Surface Area: As   d 2 (d is the droplet diameter of the particle, in m)

-

Characteristic length (L) = droplet diameter (m)

-

Sherwood Number (natural convection): Sh  2  0.347  Sc

0.31

 Re0.62

Where Sc is the Schmidt Number, and Re is Reynolds Number:
-

Sc   / Di

- Bibliographic review of HNS spill model -

23

𝑉∙𝐿

- 𝑅𝑒 = 𝑣∙10−6
V means the mean velocity of the fluid (m/s); in this case of the droplets in the water column, V
is the currents velocity.  is the water kinematic viscosity (cSt)
Since the surface area to volume ratio is higher for smaller spherical droplets, dissolution is
higher for smaller droplets. The droplet size distribution and amount of chemical substance
entrained are the critical determinants of dissolved concentrations. The dissolution from
entrained small droplets is much faster than from surface slicks in the shape of flat plates (which
is insignificant).
4.4 Partitioning / Sedimentation
Contaminants in the water column are carried to the sea floor primarily by adsorption to
suspended particles and subsequent settling.
Dissolved chemical in the water column is assumed to adsorb to natural particulate matter based
on linear equilibrium partitioning theory, where concentrations of dissolved (Cd) (mg/l) and
adsorbed (Ca) (mg/l) chemical are constant proportions and dependent on suspended
particulate concentration (Css) (mg/l):

Ca
 K oc Css
Cd
Where Koc = sorption coefficient; or organic carbon-water partition coefficient
Koc was calculated from Kow = octanol-water partition coefficient (Koc is a coefficient representing
the ratio of the solubility of a compound in octanol (a non-polar solvent) to its solubility in water
(a polar solvent), using the regression equation from DiToro et al., 1991), described by next
formula:

log( K oc )  0.983log( K ow )  0.00028
4.4.1

Sinking

Substance adsorbs to “silt” particles, and the adsorbed fraction is transported by Stokes Law,
and subject to other vertical forces in the water column (e.g. turbulence). The Stokes sinking
velocity is computed assuming an average diameter of 50 µm and density of 1.0512 g/cm3
(resulting in an average settling velocity of 3m/day in sea water, and calm waters- with no
vertical turbulence -as proposed in Mccay et al, 2006).
Model uses a total suspended solids value specified by end-user, or alternatively, a variable field
computed by the model (in online or offline mode).
4.4.2

Sediment partitioning and dissolved concentrations
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Dissolved concentration in the bottom layer is estimated following the equilibrium partitioning
between adsorbed and dissolved states, similar to the method used in the water column. In this
case, it is assumed that the adsorbed / dissolved (or by other words, particulate-to-interstitial)
water ratio is 0.45 (CERC, 1984). Total chemical concentration (particulate + adsorbed) is
computed assuming a fluff layer of 10 cm of sediment (well mixed due to bioturbation in the
time scale of days or weeks) – thus, the total concentration is the deposited adsorbed mass
loading per area, divided by 10cm.
4.5 Resuspension
Chemically contaminated particles deposited at the bottom can be resuspended if bottom
current velocity is above 0.2 m/s.
4.6 Degradation
Degradation of a chemical can occur at different environments (atmosphere, water column and
sediment) by different processes (biological, chemical or photochemical).
Since this degradation processes are not specifically addressed in this model (spilled mass is
modelled in terms of transport and phase changes), a constant decay rate specific to the
environment where the mass exists is assumed, in order to determine the degradation / loss of
chemical to some other form no longer of concern (Mccay et al., 2006):

M t  M 0  ekt
Mt is the remaining mass at instant t; M0 means the spilled mass at instant 0; k is the degradation
decay rate (day-1) and t is the time after initial spill (days).
Last equation can be discretized for each time step, represented as:

M deg raded t 1  M t  (1  k )
t 1
Where M deg raded is the mass degraded one time step after time t, M t is the mass available for

degradation at time t; k is the degradation decay rate (s-1)
The degradation rates can be found in the bibliography – Mackay et al, 2006.
As an alternative, degradation rates can be obtained from the chemical half-life 𝑡1/2 :
𝑘=

−ln(0.5)
𝑡 1/2

- Bibliographic review of HNS spill model -

25

5. Biological effects
Beyond knowing what is the concentrations of chemical substances in the different
environments (air, surface, water column, seabed), it is important to quantify and assess the
potential effects and impacts that a chemical pollution incident can pose to marine biota.
In order to determine the range of effects to fauna and flora, the model needs to estimate the
area, volume, and portion of a stock or population affected by the contaminant at surface,
concentrations in the water, and sediment contamination. The biological effects model
estimates losses resulting from acute exposure after a spill, in terms of direct mortality and lost
production due to direct exposure or the loss of food resources from the food web. Losses are
estimated by species or species group of fish, invertebrates (shellfish and non-fished species)
and wildlife (birds, mammals, etc.). Lost production of aquatic plants (microalgae and
macrophytes) and lower trophic levels of animals must also be estimated.
For wildlife, the number or fraction of a population suffering contaminant induced effects is
proportional to the water-surface area swept by contaminant of sufficient quantity to provide a
lethal dose to an exposed animal. Dose is modelled as the product of concentration and
exposure time (or duration). Based on calculations of the approximate area of a bird swimming
through the water, an exposure index was developed for seabirds and other offshore wildlife,
which is the water area swept by more than a specific thickness or surface mass loading (which
is sufficient to provide a lethal dose). The probability of exposure is related to behaviour: i.e.,
the habitats used and percentage of the time spent in those habitats on the surface of the water.
For shorebirds and other wildlife on or along the shore, an exposure index is length of shoreline
contaminated by more than a specific surface mass loading (in g/m2). Areas of exposure above
these thresholds are a model output.
The density of fish, invertebrates and wildlife, and rates of lower trophic level productivity, are
assumed constant for the duration of the spill simulation and evenly distributed across an
ecosystem. While biological distributions are known to be highly variable in time and space, data
are generally not sufficient to characterize this.
Aquatic organisms are modelled using Lagrangian particles representing schools or groups of
individuals. Pre-spill densities of fish, invertebrates, and wildlife (birds, mammals, reptiles, and
amphibians) are assumed evenly distributed across each habitat type defined in the application
of the model. Mobile fish, invertebrates, and wildlife are assumed to move at random within
each habitat during the simulation period. Benthic organisms either move or remain stationary
- Bibliographic review of HNS spill model -

26

on/in the bottom. Planktonic stages, such as pelagic fish eggs, larvae, and juveniles (i.e., youngof-the-year during their pelagic stage(s)), move with the currents.
5.1 Wildlife
In the model, surface slicks impact wildlife (birds, marine mammals, reptiles). For each of a series
of surface droplets, the physical model calculates the location and size as a function of time. The
area swept by a surface droplet in a given time step is calculated as the quadrilateral area
defined by the path swept by the droplet diameter. This area is summed over all time steps for
the time period the droplets is present on the water surface and separately for each habitat type
where the contaminant passes. Droplets sweeping the same area of water surface at the same
time are superimposed. The total area swept over a threshold thickness (or mass loading) by
habitat type is multiplied by the probability that a species uses that habitat (0 or 1, depending
upon its behaviour) and a combined probability of contaminant presence and mortality. This
calculation is made for each surface-floating droplet and each habitat for the duration of the
model simulation.
A portion of the wildlife in the area swept by the slick over a threshold thickness is assumed to
die, based on probability of encounter with the slick multiplied by the probability of mortality
once contacting the contaminant. The probability of encounter with the slick is related to the
percentage of the time an animal spends on the water or shoreline surface. The probability of
mortality once contacting the chemical is nearly 100% for birds and fur-covered mammals
(assuming they are not successfully treated) and much lower for other wildlife. Estimates for the
probabilities must be derived from information on behaviour and field observations of mortality
after spills, and can also be found in different literature references.
5.2 Fish and Invertebrates
Exposure and potential effects to water column and bottom-dwelling aquatic organisms are
related to concentrations of dissolved contaminants in the water. Exposure to microscopic
droplets could also impact aquatic biota either mechanically (especially filter feeders) or as a
conduit for exposure to semisoluble aromatics (which might be taken up via the gills or digestive
tract). The effects of the dissolved components are additive. Mortality is a function of duration
of exposure. At a given concentration after a certain period of time, all individuals that will die
have done so. The LC50 is the lethal concentration to 50% of exposed organisms. The incipient
LC50 (LC50∞) is the asymptotic LC50 reached after infinite exposure time (or long enough that
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that level is approached). Percent mortality is a log-normal function of concentration, with the
LC50∞ or the time-corrected LC50t, the centre of the distribution.
Mortality of fish, invertebrates, and their eggs and larvae can be computed as a function of
temperature, concentration, and time of exposure. Percent mortality should be estimated for
each of a large number of Lagrangian particles representing organisms of a particular behaviour
class (i.e., planktonic, demersal, and benthic, or fish that are classed as small pelagic, large
pelagic, or demersal). For each Lagrangian particle, the model evaluates exposure duration, and
corrects the LC50∞ for time of exposure and temperature to calculate mortality. The map of
percent mortality is multiplied times abundance to estimate fish and invertebrates killed as
numbers or biomass (kg). In addition to the mortality estimates, the volume exceeding a specific
concentration threshold can be used as an index for exposure for fish, invertebrates, and
plankton.
5.3 Lost future production and Population model
For wildlife, fish and invertebrates, the biomass (kg) or number of individuals killed by the
chemical (“direct kill”) represents biomass that had been produced before the spill. In addition
to this injury, if the spill had not occurred, the killed organisms would have continued to grow
and reproduce until they died naturally (or were lost to fishing / hunting). This lost future
(somatic) production (“production foregone”) is estimated and added to the direct kill injury.
The total injury is the total of the direct injury and production foregone.
Although this is an important component of the work, due to its complexity, it will be analysed
in a subsequent version.
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