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1 Purpose
The purpose of this appendix is to present a scientic description of Seatrack
Web HELCOM. It is intended to give an overview of the processes, algorithms
and methods which Seatrack Web is based on.

The documentation focuses

on the oil drift model PADM (PArticle Dispersion Model), the program that
performs the drift simulations requested by the user.

2 Fundamentals
2.1

System overview

The Seatrack Web system consists of three main parts: forcing in the form of
forecasted ow and wind elds, an oil drift model and a graphical user interface.

The oil drift model PADM has been jointly developed by the Swedish

Meteorological and Hydrological Institute (SMHI) and the Danish Maritime
Safety Administration (DAMSA). It is executed whenever a Seatrack Web user
requests a simulation. The graphical user interface has been developed at SMHI
and is based on open source GIS-server technology, i.e. the user interacts with
georeferenced data in a map.
The area covered by the Seatrack Web HELCOM system is the Baltic Sea, the
sounds between Sweden and Denmark, the Kattegat and the Skagerrak, and the
North Sea to about longitude 3° east.
The forcing elds for Seatrack Web HELCOM are presently provided by the
weather model HIRLAM and the ocean model HIROMB. These are run operationally and form the basis for weather and ocean forecasts at SMHI. For longer
forecasts forcing elds from the European Centre for Medium-Range Weather

1 replace those from HIRLAM.

Forecasts

1 See

ECMWF homepage
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2.2

Conceptual model

The oil drift model PADM is a Lagrangian particle spreading model.

This

means that the substance or object being simulated is represented as a cloud
of particles.

The trajectory of each particle is calculated based on time- and

space-varying ow elds.
At present it is assumed that the particles do not inuence the ow eld, i.e. a
particle does not have any eect on the ow in which it is located.
Particles are aected by boundaries such as the coastline, the bottom or the
surface. Particles cannot pass through a solid boundary but may either stick to
a boundary or slip along it.
Each particle has a set of properties.
its position.

Most important of these is of course

However, a particle can have a variety of additional properties

depending on what substance or object it represents, e.g. mass, volume, size,
chemical properties, density, etc.

These can be constants or vary with time,

location, temperature, etc.
In the current version of Seatrack Web HELCOM, algorithms have been implemented for the following substances:



oils,



tar balls,



oating objects or algae, and



passive tracers.

Tar balls are currently treated as passive oating objects.
The processes that as of today have been included in PADM can be divided
into two main sections: spreading, which includes all processes related to the
movement of the particles, and weathering of oil.

2.3

Time and space discretization

Before continuing we must describe how the real world is represented in the
model.

To begin, it is assumed that the ow eld is dened in a discrete,

structured grid of six-sided cells at discrete times (see Figure 1).

The grid

discretization is assumed to be staggered, i.e. the ow velocities are located on
the faces of each grid cell. Within a given grid cell the ow eld is determined
by the velocities on the six faces, with the assumption that
component in the x-direction, only varies in the x-direction,
the y-direction, only varies in the y-direction, and

w,

v,

u,

the velocity

the velocity in

the velocity component in

the z-direction, only varies in the z-direction. In other words, the perpendicular
velocity component on a particular face is constant over that face.
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Figure 1: A schematic 2-D view of the internal grid, showing the space and time
discretization. For clarity only a few ow vectors are shown.

As time progresses beyond the current interval, the ow eld changes abruptly
and is then constant in time for the following time interval, and so on.
The model representation implies that for a given time interval the ow parameters at each location in the grid are constant in time, but may vary spatially.
The spatial variation is of course limited by the grid resolution and the temporal variation by the time step. This means that we have two fundamental time
scales: the time it takes a particle to reach the next grid cell
step between successive ow elds

Tu

and the time

Tt .

Note that the grid described above is a strictly internal representation. Thus,
when talking about

x, y

and

z

it is the internal coordinate directions that are

referred to. All positions and velocities are referenced in a system based on the
indices of the grid cells and the local position within a given cell (see Figure

2

2) . So-called transformation functions, which handle the conversions between
real world coordinates and the internal representation in PADM, need to be
specied.
In Seatrack Web HELCOM the internal PADM grid is mapped onto the HIROMB grid, an orthogonal, structured grid in spherical coordinates.

In HI-

ROMB the x-direction runs from west to east (longitude), the y-direction from
south to north (latitude) and the z-direction points upwards (inverted depth).
The bottom boundary in PADM is dened by the bottom in the HIROMB
computational grid.

Thus, the bottom at a particular location is represented

by the horizontal face of the lowermost grid cell at that location, which in turn
is dened by the HIROMB bathymetry.

Because HIROMB uses a grid with

constant levels in the vertical (z-level) a sloping bottom will be represented by

2 The cell indexing begins in the bottom lower left cell (1,1,1) and increases to the right
(x-index), upwards (y-index) and towards the surface (z-index).
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Figure 2: A 2-D schematic showing how internal positions are dened in the
grid. The point indicated is located in cell (i, j) and its local position within
that cell is (0.62, 0.69), where the local origin is located in the corner node
designated (i, j) and the extent of the cell is unity in all directions.

a stairway shape.

Hence a particle reaching the bottom may interact with a

horizontal or a vertical face of a grid cell (see Figure 3).
The surface boundary is simply the upper face of the uppermost grid cells. Varying sea levels are not taken into account in the particle spreading calculations.
The lateral boundaries at the surface, i.e. the coastline, are not dened by the
PADM grid. Instead, a coastline digitised from available charts is used. Thus
the coastline is described in greater detail than that allowed by the horizontal
resolution of the grid. The coastline consists of a large number of line segments.
Each line segment actually constitutes the upper edge of a vertical face which
stretches down to the bottom at the grid location where the coastline segment
is located (see gure 4).
Because PADM is not restricted to the resolution and boundaries set by the
HIROMB grid, there may be grid cells which are considered dry in HIROMB but
part of which are considered wet by PADM, i.e. if the coastline runs through a
HIROMB cell which has been dened as dry. In these cells, HIROMB obviously
cannot provide any current velocities or scalar properties such as salinity or
temperature. To provide a better approximation of the advective current eld
in these cells a velocity directly proportional to the wind velocity is inserted
into the forcing elds. Presently the constant of proportionality is 0.01, i.e. 1
%, based on comparisons between the surface current in HIROMB and wind
speeds. Scalar elds such as salinity and temperature are extrapolated from the
nearest wet HIROMB cells.
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Figure 3: A 2-D vertical section through the HIROMB grid showing the staircase
approximation of the bottom (thick line).

3 The eect of ice
Ice is not explicitly modelled as a moving physical boundary in the current
version of Seatrack Web. Furthermore, the model focuses on the eect of ice on
oil already on the surface, and thus neglects transport or storage of oil under ice.
Because a large relative velocity dierence between the sea and the drifting ice is
required to push oil reaching the ice edge down below the ice, this process is also
neglected. Instead, simple parametrisations are used to simulate the eect of
ice on the particles at the surface. The parametrisations have been determined
from a compilation of the available literature on the eect of ice on oil spilled at
sea [1, 2, 3, 5, 9, 8, 12, 18, 22, 24, 25, 27, 28, 29]. The parametrisations are based
on the basic concept that ice will reduce the intensity of the wave eld, thereby
reducing the Stokes's drift and the dispersion, and reduce the available surface
area, hence increasing the oil thickness and thus aecting the gravity-induced
spreading and weathering of oil.
The presence of ice inuences the hydrodynamic current eld (see section 4.1),
the surface Stokes's drift velocity (see section 4.2), the horizontal gravity-induced
spreading of oil (see section 4.3), the dispersion of oil (see section 4.4) and the
weathering of oil (see section 5). When the ice concentration exceeds a certain
limit, the ice drift velocity will determine the particle velocity at the surface
rather than the hydrodynamic current eld. For the other three processes the
ice enters as a correction coecient which is a simple function of the ice concentration. The required inputs are hence the ice concentration and the ice drift
velocity. In Seatrack Web HELCOM this input is generated by the ice model
in HIROMB.
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Figure 4: A schematic showing how a detailed coastline consisting of three line
segments intersects a grid cell (the shaded area is considered to be up on land).
Note also how the line segments extend down into the water column all the way
to the local bottom, forming vertical surfaces that are treated as bottom areas.
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4 Spreading
Spreading is here dened as the movement of particles from their point of origin.
In PADM a number of dierent processes can generate velocities that cause
spreading. The net velocity is calculated as the sum of these dierent velocities.
The processes currently implemented are:



the current (generated by the hydrodynamic model),



unresolved wave-induced Stokes's drift,



horizontal gravity-induced radial spreading of a surface oil slick,



wave-induced dispersion from the surface into the water column,



isotropic turbulent mixing in the water column, and



sinking or rising due to buoyancy dierences.

In addition, the spreading is inuenced by the interaction of particles with
physical boundaries.

Note that only the hydrodynamic current eld includes

the velocity gradient, whereas the remaining velocities are only given at a point,
namely the position of the particle in question (see section 4.1). More detailed
descriptions of each process and how they are modelled in PADM are given
below.
When running a simulation in PADM one must rst specify the particles initial,
or outlet, positions. For example, in the case of oil this can be the actual source
of the oil spill or the location where an oil spill has been discovered. Various
alternatives are available in Seatrack Web HELCOM:
1. all particles start at a single position,
2. all particles are evenly distributed along a line, or
3. all particles are evenly distributed over a triangular or quadrilateral area.
In addition, particles can be released:

A.

all at the same time (instantaneous discharge), or

B.

in sequence over a given period of time (continuous discharge of specied
duration).

A combination of release alternatives 2 and B yields a situation where particles
are released in sequence along a line. If the duration of the discharge is set to
the time it takes for a vessel to move from the start point of the line to the end
point, this mimics a continuous discharge from a moving vessel.
Finally, the initial position may be
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1. on the surface (default situation), or
2. below the surface at a given depth (e.g. oil leak from a sunken vessel).

In the current version, particles whose initial positions are on land or under the
bottom (if, e.g., the outlet area intersects with the coastline) are not included
in the calculation.
It should also be noted that the current algorithm for distributing particles
evenly over an outlet area is approximate and may in certain cases produce
corners in the outlet area without particles or a smaller number of particles
than requested by the user.

4.1

Advection algorithm

This section deals with the fundamental algorithm of a Lagrangian particle
tracking model, namely the passive advection of particles in a ow eld.

4.1.1 Assumptions
Firstly, the spreading algorithm assumes that the particles can be treated as innitesimal, i.e. they have no extent, no inertia and do not interact. They simply
follow the streamlines of the ow. However, the net velocity eld that constitutes the input to the algorithm is the sum of the hydrodynamic current eld
and point velocities that may depend on particle properties such as diameter or
interaction between particles (see list under section 4).
Secondly, PADM deals primarily with submerged particles. This means that it
is the hydrodynamic current eld which moves the particles, in addition to the
particle-specic point velocities.

The current eld, in turn, is a result of the

combined eect of wind, tides and barotropic and baroclinic pressure gradients.
However, for oating objects it is possible to add a particle velocity due to direct
wind drag, expressed as a percentage of the forcing wind velocity. This would
be appropriate if the object represented by the particles is buoyant and oats
partially out of the water, e.g. a life raft.

4.1.2 Theory
Passive advection in one dimension of a Lagrangian tracer is described by the
equation

dx P
= v (xp (t))
dt
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(1)

xP (t) = (xP (t) , yP (t) , zP (t)) is the particle position
v (xP (t)) is the corresponding velocity vector determined by

Here,

at time

t

and

the ow eld.

For simplicity, we will henceforth only consider the x-component, i.e.

dxP
= u (xP (t))
dt

(2)

If we consider a particle during a single time step and within a single grid cell
then the assumptions presented in section 2.3 regarding the time and space

u

discretization imply that the ow component
function of

xP

u = u0 + (xP − x0 )
where

can be described as a linear

only:

u0 = u (x0 ), x0 = xP (t0 )

du
dx

(3)

du
3
dx is constant . Thus,

and

du
dxP
= u0 + (xP − x0 )
dt
dx
Integrating this equation with respect to

t

(4)

yields, after some mathematical ma-

nipulation,

xP (t) =

u0 
du
dx


du
e dx (t−t0 ) − 1 + x0

(5)

∆xP = xP (t) − x0 , ∆t = t − t0
= ∆u
, where ∆x is the length of the grid cell in the x-direction and
∆x
∆u = ur − ul is the velocity dierence between the right and left faces, then
See, e.g., [26] for a detailed derivation. Now, if
and

du
dx

∆xP =


u0 ∆x  ∆t∆u
e ∆x − 1
∆u

In case of zero velocity gradient (∆u

= 0),

(6)

the trivial solution is

∆xP = u0 ∆t

(7)

The equations for the change in particle position in the y- and z-direction are
identical, with

x

replaced by

y

or

z

and

u

with

v

or

w,

respectively.

Within the restrictions of the underlying assumptions about the discretization
of space and time the equations for the change in the particle position are exact.
In other words, the equations describe the streamline along which a particle will
move (i.e. the particle's trajectory) as long as

∆t ≤ min (Tu , Tt ).

Furthermore,

3 Note that u is the sum of velocities calculated by the hydrodynamic model and the point
0
velocities produced by dierent unresolved or particle dependant processes, whereas du
is
dx
only given by the hydrodynamic ow eld.
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we can solve the equations analytically for

t

and determine when the particle

reaches a certain position, such as the face of a grid cell.
When the particle reaches the face of a grid cell and enters a new grid cell, the
parameters in the equations change. The same is true when when the forcing
ow eld is updated.

4.1.3 Implementation details
If the user has specied an extra wind factor and the particles represent a oating
object, the specied fraction of the wind speed is simply added component-wise
to the horizontal ow velocities aecting the particles.
For two-dimensional advection, i.e., when considering a oating object or an
object that maintains a given depth, the vertical component of the particle
velocity is set to zero.
In the case of ice, the hydrodynamic surface current eld is modied. For high
ice concentrations

Cice

and for particles on the surface only, the hydrodynamic

current velocity is set equal to the ice drift velocity

v ice , i.e.

for the x-component

of the surface velocity (and similarly for the y-component)

(
u (z = 0) =

4.2

uice
Cice > 0.7
u (z = 0) Cice ≤ 0.7

(8)

Stokes's drift

To provide a realistic spreading it is necessary to account for the Stokes's drift.
This is handled by calculating the Stokes's drift velocity for each particle in the
oil drift model. This velocity is added to the horizontal surface current in the
hydrodynamic forcing elds. In the present version of Seatrack Web the Stokes's
drift speed

(us , vs ) is calculated as a sum over
θj , respectively, according to

N and M discrete frequencies

fi

and directions

(
PN PM
2
2ki z
us = rice i
cos(θj )
j ∆ai,j ki ωi e
PN PM
2
2ki z
vs = rice i
sin(θj )
j ∆ai,j ki ωi e
Here,

ωi = 2π fi

is the angular frequency,

ki

the wave number and

coordinate (zero at the surface, positive upwards).
assuming deep water, yieldski

= ωi2 /g

z

the vertical

The dispersion relation,

and the binned amplitude squared is

given by

∆a2i,j = 2S(fi , θj )∆fi ∆θj
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(9)

S (f, θ) is the two-dimensional wave energy spectrum. 4fi = εfi , where ε =
0.1 and fi+1 = fi + 4fi . The frequency fi ranges from f1 = 0.04 to fN =
(1 + ε)N −1 f1 ≈5.17 Hz with N = 52 frequency bins. There are 25 angular bins,
with 4θj = 2π/25. The Stokes's drift velocity is modied by the presence of
ice by multiplying with the factor rice , where

rice

(
0
=
1−

Cice > 0.7
Cice ≤ 0.7

Cice
0.7

(10)

The reason for this is that the presence of ice is expected to decrease the intensity
of the wave eld (see 3).
Currently Seatrack Web HELCOM does not import wave spectra from an operational wave forecast model.

Instead, a parameterised spectrum is used, at

present the Donelan-Banner spectrum ([10]) for fetch-limited growth.

The

Donelan-Banner spectrum has the form

S (f, θ) =

αd g 2
4

(2π)

f5

f
fp
exp(−( )4 ) γdΓ H(f, θ)
fp
f

(11)

where

2

Γ = exp(

− (f − fp )
)
2σd3 fp2

(12)

with


αd = 0.006

γd =

W
cp

fp

f or 0.83 <

(
1.7
1.7 +

is the peak frequency,

W
<5
cp

0.83 <
6.0 log10 ( W
cp

σd = 0.08 1 +
Here,

0.55

)

1≤

W
cp

!

4
3
(W
cp )

f or 0.83 <

cp = g/(2πfp ) andW

W
cp

<1

<5
W
<5
cp

(13)

(14)

(15)

is the 10 meter height wind

speed.
The directional spread is described by the term

H (f, θ) =

1
β sech2 (β(θ − θw ))
2
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(16)

where

θw is

the wind-sea direction. Donelan et al. ([10]) determined

β

by empi-

rical tting,

(
β=

f
fp < 0.95
≤ ffp < 1.6

2.61 ( ffp )1.3

056 <

2.28 ( ffp )−1.3

0.95

Banner ([4]), based on experiments for

f /fp > 1.6,

(17)

found



f
f
β = exp10 −0.4 + 0.8393 exp(−0.567 ln(( )2 )) f or
≥ 1.6
fp
fp

(18)

Kahma and Calkoen ([15]) found from a composite of several experiments with
fetch limited growth that there is a general relation between the fetch
the wave age

cp /W

F

and

over deep water, which they determined as

W 2 0.27
W
)
= 13.7(
cp
gF

(19)

which gives

fp =

g W
13.7 g W 2 0.27
(
)
=
2πW cp
2πW gF

(20)

As a pragmatic approach for fully developed sea or very young sea (e.g., close

W
W
cp < 5, cp
is set to the constant end point value of the range and the peak frequency for

to the shore), i.e. for conditions outside the validity range

g = 9.81

0.83 <

becomes

fp =
The fetch

F

(
1.30/W

, W 2 ≤ F/3300

(W
cp = 0.83)

7.81/W

, W 2 ≥ F/4.26

(W
cp = 5)

(21)

in Seatrack Web is calculated as the distance from the nearest

shoreline to the current computational cell for a xed number of dierent directions. Presently eight directions evenly distributed around the compass are
used. The fetch is limited to a minimum value equal to the horizontal resolution
and a maximum value of 270 nautical miles. The maximum value is equivalent
to the required fetch to reach fully developed sea at a wind speed of 12 m/s.

4.3

Horizontal surface spreading

We dierentiate between turbulent mixing in the water column and horizontal
spreading near the surface. This division is particularly useful for oil, which in
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general behaves as an integrated slick on the surface but as individual droplets
in the water column.

Horizontal spreading is the result of horizontal current

shears (at various spatial and temporal scales) and, in the case of oil, self-induced
spreading in a balance between viscous and gravitational forces.
Currently, only two sub-grid scale horizontal spreading processes are implemented.

These are the horizontal components of small-scale isotropic turbulence

(see section 4.5 Mixing) and the gravity-induced radial spreading of an oil spill.
The latter is primarily relevant during the early phase of an oil spill discharge.
Other sub-grid scale processes can of course be postulated. Variations on small
temporal and spatial scales in both the current and wind eld, e.g., eddies,
Langmuir circulation, gusts, and so forth, which are not well represented in the
forecasting models, will serve to spread a substance in water. Further development of Seatrack Web will attempt to include the eects of these processes. Note
that one important spreading mechanism, the combined eect of vertical dispersion and vertical current shear, is included through the use of three-dimensional
currents elds.
In the present version the gravity-induced horizontal spreading of oil is based
on Fay's formula for the gravity-viscous spreading phase [17]:

0
V 2 goil
p
µ/ρ

Aoil (t) = 2.1π
Here,
oil,

µ

Aoil (t)

!1/3

√

t

(22)

is the time-varying area of the oil slick,V is the spilled volume of

is the viscosity of water,

ρ

is the density of water and

0
goil
=g

ρ − ρoil
ρ

is the buoyancy acceleration of oil with density
for for the oil viscosity

µoil

ρoil .

Adding a correction factor

as well as the presence of ice yields the following

modied formula [8]:


Aoil (t) =
Since

µoil
µ

−1/2 × 1/3 ≈ −0.15,

−0.15
(1 − Cice ) 2.1π

0
V 2 goil
p
µ/ρ

!1/3

√

t

(23)

this is approximately equivalent to

Aoil (t) = (1 − Cice ) 2.1π

V 2 g0
p oil
µoil/ρ

!1/3

√

t

In short, we replace the water viscosity by the viscosity of the oil [24].
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(24)

In order to use equation 24 - which describes the evolution of a global property
of an oil slick - to describe the spreading of individual particles that represent
the oil slick, we rst rewrite 24 in terms of the change in the oil slick's thickness

h,

using

V = hAoil :
1 dV
∆h = h∆t
− ∆t
V dt



kh2 h3
2V 2/3


(25)

where

kh = (1 − Cice ) 2.1π

0
goil

!1/3
(26)

p
νoil ρoil/ρ

This means that the slick thickness changes as a result of two processes: changes
in the volume and gravitational spreading. The change in volume is both due
to more oil being spilled and reduction in the volume due to weathering and
can thus be written

dV
dVs
dVw
=
+
dt
dt
dt
where subscript

s

(27)

signies increased spill volume and subscript

w

signies wea-

thering. Now, inserting 27 into 25 yields

1 dVs
∆h = h∆t
− ∆t
V dt



kh2 h3
2V 2/3


+ h∆t

1 dVw
V dt

(28)

Here, the rst two terms on the right hand side represent changes in the global
properties of the slick or particle cloud (∆hcloud ), whereas the third term represents weathering which is something that occurs for each particle individually
(∆hpart ).

The change in volume due to weathering thus includes a summa-

tion over all particles. Finally, we can write the equation for the new oil slick
thickness

hnew

after one time step

∆t:

hnew = h + ∆h = h + ∆hcloud + ∆hpart

(29)

Equation 29 is used for each particle individually. Hence, the change in the oil
thickness of each particle is determined both from the global change in volume,
the global gravitational spreading and the change in each particle's volume due
to weathering. Note that only particles on the surface are considered. The oil
thickness has a lower bound set by the terminal thickness

hT .

This is determined

from the empirical formula (see [24])

hT = 10−6 ×
14

µoil
125

(30)

In Seatrack Web,

hT

is limited to a maximum value of 0.1 m. For particles that

have been submerged a very simple model is used to determine the oil thickness
at the surface; the thickness for these particles is set to the terminal thickness.
Note that when calculating the global properties only particles who have not
reached their terminal thickness are included.
The initial value of the thickness

h0

is determined as follows. For an instanta-

neous release, the initial thickness is set to the value at the transition between
Fay's gravity-inertial phase and gravity-viscous phase, i.e. we are assuming the
time until this transition to be short. Equating Fay's spreading formulae for the

V = hAoil

two phases at the time of transition and using

h0 =

V 1/6
Bh

yields

(31)

where

Bh = 3.4π

!1/6

0
goil

(32)

2

(µoil/ρ)

For a continuous release, the initial thickness is chosen such that there is a
balance between the increase due to the continuous spill and decrease due to
spreading, that is

∆h = 0 ⇒ h0 =

s
2 dV
dt
2
Ch V 1/3

!1/2
(33)

where

Ch = 2.1π

g0
p oil

!1/3

µoil/ρ

(34)

Finally, to calculate the horizontal spreading of the particles representing the
slick, we model each oil particle as a disc. Each particle disc has a time-varying
thickness calculated according to equation 29. Using the volume of each particle
we can then calculate the area and radius of each individual disc. Neglecting
the fact that a cloud of non-overlapping discs will leave small gaps that are
not covered, we assume that this cloud represents the extents of the oil slick if
the discs are packed as closely as possible without overlapping. The purpose of
the algorithm is thus to separate overlapping discs to accurately represent the
extents of the slick. As the thickness of the discs decreases with time, the radii
of the discs will increase (for the sake of argument neglecting volume changes
due to weathering), they will be pushed apart and the slick area will increase.
The algorithm is schematically depicted in Figure 5.
The algorithm can be summarised as follows:
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Figure 5: A schematic of the algorithm for calculating gravity-viscous spreading
of an oil slick represented as a cloud of discs. The overlap is labelled l.

1. The radius of each disc

i

is calculated as

r
ri =
2. For each disc

Vi
πhi

i the distances between the centre of that disc and the centres
dc,j are calculated and the overlap lij in each

of each of the remaining discs
case is determined as

lij = ri + rj − dc,j
3. The displacement of disc

j

(i.e. only when lij

where

(xc,i , yc,i )

> 0)

i

in the horizontal due to overlapping with disc

is then set to

∆xij = −0.5

(xc,j − xc,i )
lij
dc,j

∆yij = −0.5

(yc,j − yc,i )
lij
dc,j

is the position of the centre of disc

i.

This ensures that

the displacements are in opposite directions along the axis between the
centres of the discs and of the appropriate magnitude (see gure 5).
two discs are located right on top of each other, i.e.

dc,j = 0,

If

then the

direction of their displacements are set to random values.
4. The displacements for each disc relative all other discs are added together
to produce the nal displacement

(∆xi , ∆yi ) =

X

16

∆xij ,

X

∆yij



(35)

with a magnitude given by

q
∆i =

2

2

(∆xi ) + (∆yi )

This iterative spreading process is sensitive to the time step in relation to
the size of the displacements. To ensure a smooth realistic spreading, the
displacement magnitude for each disc is limited by a maximum displacement given by

∆i,max = min (ri , 0.5 × min (lij ))
If the displacement

and likewise for

4.4

∆i

is greater than

∆i,max

∆xi = ∆xi

∆i,max
∆i

then

∆yi .

Dispersion

Dispersion is dened as the process of spreading particles from the surface down
into the water column.

For dissolved substances this is simply modelled as

turbulent mixing (see section 4.5 Mixing), but for oil a dierent approach is
used.
Oil often forms cohesive slicks on the sea surface. Ordinary turbulent mixing
generated by wind shear is unlikely to break up these slicks and disperse the
resulting immiscible droplets into the water column. Instead, we assume that
the mechanism of dispersion is the breaking of surface waves over the oil slick,
breaking apart the slick and pushing down oil droplets to a depth dependent on
the wave energy (see [7, 20]).
First, a number of droplet size classes are constructed, spanning a reasonable
range (default is 20 classes ranging from
the dissipation breaking wave energy
height

Hb

Eb

10−5

to

2 × 10−3 m

in diameter). Next

is calculated from the breaking wave

according to

Eb = 0.0034ρgHb2

(36)

The fraction of surface covered by breaking waves per unit time is estimated as

Fb = 3 × 10−6 W 3.5
where

W

is the wind speed. We use the simple estimate

(37)

Hb = 1.5Hs

to deter-

mine the breaking wave height from the signicant wave height. The mass of
oil to be dispersed for each size class

Qd
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is then calculated according to

Qd = rice ∆tcν Eb0.57 Fb d

0.7

∆dAoil

(38)

rice is a correction factor to take into account the presence of ice, cν =
−0.4
4450νoil
is an empirical coecient dependent on the oil viscosity in centistokes
(cSt), d is the mean diameter for the current size class, ∆d is the diameter
interval of the size class and Aoil is the surface area of the oil slick. The ice
Here,

correction factor is given by

rice =



0

(0.8−Cice )
0.5




1

Cice ≥ 0.8
0.3 ≤ Cice < 0.8
Cice < 0.3

(39)

This means there is no dispersion for high ice concentrations, since it is assumed
that the wave eld is strongly damped by the ice.
Summing

Qd

over all size classes we get a total mass to disperse. To determine

which particles are to be dispersed, we randomly pick particles from all of those
present on the surface and add up their resulting mass until we have reached the
total mass to disperse. Each particle is assigned a diameter from the size class
distribution based on the distribution of

Qd ,

beginning from the lower end of

the distribution. Care is taken to ensure that the entire distribution is covered.
Finally, each particle is assigned a depth to which it will be dispersed determined
as a random value between zero and the intrusion depth

Di = 1.5Hb .

The dispersion is implemented by assigning each dispersed particle a large negative vertical velocity and continuing to calculate the particle's movement until
the dispersion depth has been reached, after which the particle is assumed to
represent a cloud of dispersed oil droplets of given diameter.

4.5

Mixing

This process is the result of small-scale isotropic turbulence in the uid. The
turbulence is usually modelled as a turbulent viscosity in hydrodynamic models,
which must be interpreted in terms of turbulent contributions to the particle
velocity. Turbulence is characterised by randomness and is an important factor
in the vertical, though almost negligible on the larger, horizontal scales.
To calculate the turbulent velocities we use a Markov chain model (see [19]).
From the turbulent kinetic energy

k

ε we can determine
T 0 . The Markov chain

and its dissipation rate

the turbulent eddies velocity scale and time scale,

U0

and

ensures that there is a memory, i.e. for short time steps the previously calculated turbulent velocity contributions exert a strong inuence on the present
values, whereas for long time steps there is no autocorrelation between successive instances of time.
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In addition the model includes a third term to take into account the eect of a
gradient in the turbulent intensity. This is to avoid the unphysical trapping of
particles in areas of low turbulence.
The algorithm assumes that the time step is greater than the Taylor microscale
(related to the smallest eddies where molecular processes become important)
and smaller than the integral time scale of the turbulent motions. Violation of
this condition will not cause the algorithm to fail, but the resulting dispersion
will be too low if the time step exceeds the integral time scale. Common values
for the integral time scale in a marine surface boundary layer are in the range
10 to

103

seconds.

The turbulent velocity contribution

u0

in a particular direction is calculated

according to

u0 (t) = Au0 (t − ∆t) + BP U 0 + C

(40)

Here,

A=e

B=

p

−∆t
T0

1 − A2

C = 0.3T 0 (1 − A)
P

(41)

(42)

∂k
∂x

(43)

is a normally distributed random number in the interval [-1,1].

The equations are identical for the other two coordinate directions if one exchanges

u0

with

v0

or

w0

and

x with y

or z. The turbulent velocity scale is given

by

U0 =

√
0.3k

(44)

k
ε

(45)

and the turbulent integral time scale by

T 0 = 0.3

The turbulent kinetic energy and its dissipation rate are calculated by the turbulence model in HIROMB and thus constitute input to PADM.
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4.6

Buoyancy

Particles which do not have neutral buoyancy either sink or rise. The buoyancy
velocity

ws

is calculated assuming a piece-wise linearly varying vertical density

stratication.
If the particles can be represented as spheres of given diameter

ρP ,

d

and density

a formula primarily developed for oil (see [21]) is used which depends on

the value of the critical diameter

dcrit = α
where

g0

ν 2/3
1/3

|g 0 |

is the reduced gravity (buoyancy)



ρP
g =g 1−
ρ
0

(46)

The buoyancy velocity is then calculated according to

 g0 p
 |g0 | βd |g 0 | d > dcrit
 2 0 
ws =
0
d |g |
 |gg0 |
d ≤ dcrit
18ν

(47)

These two expressions represent the large, spherical-cap bubble regime and the
small spherical droplet (Stokes's) regime discussed in [31]. The values of

β

are 9.52 and 8/3, respectively (see [21]). Note that

two expressions for

ws

and solving for

d.

α

α

and

is given by equating the

However, the value for

β

is probably

too large (see [31]), producing a too high buoyancy velocity for large diameters.
Hence, in PADM the value
of 5.47 for

0.7112

proposed in [31] is used for

β , yielding a value

α.

Alternatively another formula may be used, which is developed primarily for
sand grains (see [23]).

In [31] a new formulation is proposed that considers

three regimes - small spherical droplets, intermediate ellipsoid bubbles and large
spherical-cap bubbles - but this has yet to be implemented.
The droplet diameter for oil is determined by three processes:

1. For oil that has been dispersed from the surface the diameter is given by
the droplet diameter calculated by the dispersion algorithm (see section
4.4).
2. For oil released at depth the droplet diameter is determined by random
sampling from a given normal distribution, dened by its mean, its standard deviation and limited by a minimum value greater than zero. The
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values of these three parameters are currently unknown and have been
adjusted to t available observations of the surface spreading of a single
oil spill. The present values are 5 mm for the mean diameter, 2 mm for
the standard deviation and 0.01 mm for the minimum droplet diameter.
3. For oil that is mixed down from the surface due to the action of turbulence
the droplet diameter is set equal to the thickness of the surface spill.

In the case of substances other than oil, a representative particle diameter must
be supplied at the start of the simulation.
If the particles cannot be represented as droplets or bubbles, or the relevant
diameter is unknown, then the following simple model is used:

ws = cs g 0
Here,

4.7

cs

(48)

is an adjustable coecient.

Boundary interaction

Boundaries in PADM can be of dierent categories: the sea surface, the coastline, the horizontal sea bed, the vertical sea bed and open boundaries.
For each boundary category a boundary action can be set.

This determines

what action should be taken when a particle's trajectory intersects a boundary.
Three types of boundary actions are currently available in PADM: slip, halt and
deactivation.



Slip means that a particle cannot pass through a boundary but may move
tangentially along it.



Halt means that the particle is held at the location where it hit the boundary and its position is no longer updated, unless it is released again.
However, other processes such as weathering may proceed to act on the
particle.



Deactivation

means that the particle is completely frozen and no longer

takes part in the calculations.

In the current implementation of Seatrack Web HELCOM dierent boundary
actions have been set depending on the type of substance represented by the
particles. For oils, the slip action is used for the sea surface but for all other
boundaries deactivation occurs. This means that oil that intercepts the coastline
or the bottom is assumed to stick in place and not undergo any more weathering.
For other substances, e.g. oating objects, algae, etc., the slip action is used for
all boundaries except open boundaries, where instead deactivation occurs.
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5 Oil weathering
When Seatrack Web is used to forecast oil drift, each particle represents a
quantity of oil with a common set of properties:



mass and volume of oil plus water-in-oil,



mass of oil,



density of oil,



mass of water-in-oil and



bulk viscosity.

These properties are variables that change due to two dierent processes: evaporation and emulsication.
A number of dierent petroleum products can be simulated, ranging from the
light and volatile gasoline and kerosene to asphalt.
There are currently two alternative weathering models in PADM: one based on
a proprietary code supplied by SINTEF (e.g. [6]) and the original Seatrack Web
model based on simple empirical formulae (see [11, 16]). Which model is used
depends on the type of oil being simulated, as the empirical constants used in
the two models have been determined for dierent sets of petroleum products.

5.1

The SINTEF model

This model is based on tables of empirical data for relevant oil properties which
show how these properties change in time. Interpolation into these tables gives
the values at a given point in time, and these values are then used to determine
the evaporation, emulsication, density and viscosity.

5.1.1 Evaporation
The empirical data contains values of the evaporated fraction in percent
dierent evaporation exposure times. The mass of oil

M

fe

at

after a given time of

exposure is then simply given by

M = (1 − fe/100) M0
Here,

M0

is the initial mass of fresh oil. The evaporation exposure time

(49)

tevap

is however not only a function of time, but of several other factors as well. The
increase in the exposure time is given by
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∆tevap =
Wref

and

href

∆t
W href
(1 − Cice )
Tcorr
3600
Wref 1000h

(50)

are reference values for the wind speed and oil thickness, res-

pectively, for which the property tables have been generated. Note that
is dened in mm, hence the factor 1000, and

tevap

is dened in hours.

href
The

temperature dependent correction factor is given by

Tcorr = 2
Here,

T

T −Tref
8

is the sea surface temperature and

Tref

(51)
a reference temperature for

which the property tables have been generated. The maximum exposure time,
i.e. when no more evaporation occurs and the oil is completely weathered, is
set to 3360 hrs (140 days).
Evaporation is only calculated for oil on the surface.

If the total mass of a

particle reaches zero all the oil is assumed to have evaporated and the particle
is deactivated.

5.1.2 Emulsication (water-in-oil)
The empirical data contains values of the mass fraction in percent of water in a
water-in-oil emulsion

mw

for dierent emulsication exposure times. The mass

of water in a water-in-oil emulsion

Mw

Mw = M
The emulsication exposure time

temul

is then calculated as

mw
100 − mw

(52)

is again not only a function of the time

(see section 5.1.1), but is calculated using the following expression for the increase in exposure time:

∆temul =

∆t ((1 − Cice ) W + 1)
2
3600
(Wref + 1)

2
(53)

It is assumed that dispersed oil droplets do not form a water-in-oil emulsion.
Thus, if oil that has formed a water-in-oil emulsion is dispersed, all the water is
immediately removed.

5.1.3 Density
The empirical data contains values of the density of oil

ρoil

at dierent evapora-

tion exposure times (see section 5.1.1). The particle density including the eect
of emulsication

ρP

is calculated according to
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ρP =

1
(1−mw )
ρoil

+

(54)

mw
ρ

where the water mass fraction is determined from

mw =

Mw
Mw + M

(55)

5.1.4 Viscosity
The empirical data contains values of the oil viscosity

µoil

in cP at dierent

evaporation exposure times (see section 5.1.1) as well as the viscosity of a stable
water-in-oil emulsion

µemul

in cP at dierent emulsication exposure times (see

section 5.1.2). First, the viscosity considering only evaporation is determined
by interpolation into the table of empirical data on
the actual sea water temperature

T

µoil

and then adjusted for

according to

λ

µoil (T ) = 1010

λ = −0.0045 (T − Tref ) + log (log (µoil ))
Here,

Tref

(56)

(57)

is the reference temperature for which the property tables have been

generated (see section 5.1.1). The particle viscosity including the eect of emulsication

µP

is then determined according to

µP = Femul µoil (T )
where the ratio between the viscosities of water-in-oil emulsion and oil

(58)

Femul

is

determined by interpolating into a new table, generated by dividing the empirical data on
time.

µemul

by the data on

µoil ,

at the current emulsication exposure

The particle viscosity is then converted to kinematic particle viscosity

(unit cSt) according to

νP =

5.2

µP
0.001ρP

(59)

The original Seatrack Web model

All oils are represented using a two-component model, i.e. they consist of a volatile and a non-volatile component. The oil properties are dened in a database
le and comprise the following set of parameters:
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densities of the volatile and non-volatile components,



viscosity,



the maximum water fraction of emulsied oil,



the level of evaporation required for emulsication to begin,



an emulsication rate coecient,



the fraction of the oil which is non-volatile,



two rate coecients for evaporation and



three coecients for calculating the viscosity.

The densities and the viscosity are approximate standard values for fresh oils
at typical sea water temperatures.
At the beginning of a simulation oils are considered either fresh or completely
weathered.

5.2.1 Evaporation
Evaporation is calculated based on simple expressions for the evaporation of the
form (see [11, 16])


fe = (C1 + C2 T ) ln

t
60


(60)

fe is the percentage fraction of the particle mass that has evaporated, C1
C2 are coecients, T is temperature (°C) and t is time (s). Values for C1
and C2 for dierent oils are presented in [16]. A very minor modication to
equation 60 removes the singularity at t = 0:
Here,
and


fe = (C1 + C2 T ) ln

t
+1
60


(61)

This expression is a solution to

dfe
(C1 + C2 T ) −fe/(C1 +C2 T )
=
e
dt
60

(62)

Here we will derive a similar equation for the evaporation used in PADM. Assuming a two-component model, the oil mass

M

M = Mv + Mn
25

is given by

(63)

Subscript

v

denotes the volatile component and subscript

n

the non-volatile

component. Only the volatile component evaporates, and thus the non-volatile
mass is constant, i.e.

Mn = Mn,0
Henceforth, subscript 0 denotes the values at

(64)

t = t0 ,

i.e.

for fresh oil.

The

maximum fraction that can evaporate

Emax =

Mv,0
M0

(65)

and the fraction of the total oil mass that is non-volatile

Mn
= 1 − Emax
M0

(66)

are oil-specic constants. Further,

E=

(Mv,0 − Mv )
= Emax − Mv/M0
M0

(67)

is the fraction evaporated and thus

Mv = M0 (Emax − E)

(68)

If we model the fractional evaporation rate as

K
dE
= Ce e− Ce E
dt

where

Ce

and

K

are coecients of dimension 1/t, the solution is

E=
Here,

(69)

E0 = E (t0 ).


Ce  CK E0
ln e e + K (t − t0 )
K

(70)

E at time t as a function of tempera100E = fe we can identify the coecients

We can thus calculate

ture and the value at time

t0 .

With

using equation 62 as

K = 1/60
and
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(71)

Ce =

K
(C1 + C2 T )
100

(72)

To account for the presence of ice, the equation for dE/dt is modied such that

K
dE
= rice Ce e− Ce E
dt

Here,

rice

(73)

is a reduction factor given by equation 39. The equation for

E

then

becomes

E=


Ce  CK E0
ln e e + Krice (t − t0 )
K

(74)

Finally, using equation 68 the new oil mass is calculated according to

M = Mv + Mn = M0 (Emax − E + mn )
Evaporation is only calculated for oil on the surface.

(75)

If the total mass of a

particle reaches zero all the oil is assumed to have evaporated and the particle
is deactivated.

5.2.2 Emulsication (water-in-oil)
Emulsication is a process by which water is incorporated into the oil, forming a
highly viscous emulsion or mousse. Here, we assume that only oil on the surface
will emulsify.

Eemul

Furthermore, the oil will not emulsify until a certain fraction

of the volatile components has evaporated.

W,
R is

The rate at which the oil forms an emulsion is related to the wind speed
as the process requires agitation of oil and water. Thus, the emulsion rate
modelled by

(
0,
E < Eemul
R=
rice CR W 2 , E ≥ Eemul
Here,

rice

(76)

is the same reduction factor as for evaporation (see equation 39) to

account for the presence of ice and

CR

is an oil-specic constant coecient.

The mass fraction of water in a water-in-oil emulsion


mw = min mw,max ,
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Mw
Mw + M

mw

is dened by


(77)

mw,max is an oil-specic maximum water fraction for water-in-oil emulsion
Mw is the mass of water in the water-in-oil emulsion. The rate of change
mw is [17]

Here,
and
of

dmw
= R (mw,max − mw )
dt

(78)

Integrating this equation yields

mw [t] = mw,max − e−R(t−t0 ) (mw,max − mw [t0 ])
Setting

∆t = t − t0 = ti+1 − ti

(79)

yields

mw [ti+1 ] = mw,max − e−R∆t (mw,max − mw [ti ])

(80)

The mass of water in the emulsion is calculated from equation 77 as

Mw = M

mw
1 − mw

(81)

It is assumed that dispersed oil droplets do not form a water-in-oil emulsion.
Thus, if oil that has formed a water-in-oil emulsion is dispersed, all the water is
immediately removed.

5.2.3 Density
The oil density is calculated from a simple two-component model according to

ρoil =
Here,

mn

and

mv

mn/ρn

1
+ mv/ρv

are the mass fractions and

ρn

and

(82)

ρv

are the densities of the

non-volatile and volatile oil components. The particle density

ρP

including the

eect of emulsication is then calculated as

ρP = 

1
(1−mw )
ρoil
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+

mw
ρ



(83)

5.2.4 Viscosity
The particle viscosity in cSt, including the eect of emulsication, is determined
from the amount of the volatile fraction that has evaporated (E ) and the degree
of emulsication (fraction of water-in-oil) according to
bmw

νP = νref eaE e 1−cmw
Here,

νref

(84)

is the reference oil viscosity (cSt) given in the oil properties database

le whereas

a, b

and

c

are constant coecients specic for each oil (see [17]).

6 Additional features
6.1

Uncertainty spreading

To provide an idea of the uncertainty in a drift simulation, it is possible to
activate a feature called uncertainty spreading. In this case each particle is given
an additional random velocity whose magnitude is a function of the expected
uncertainty in the wind forecast. The idea is to mimic an ensemble of simulations
with slightly dierent forcing. Only particles on the surface are aected.
The random velocity contribution to each particle is calculated according to

Here,

P

u00 = σP cos (2πQ)

(85)

v 00 = σP sin (2πQ)

(86)

w00 = 0

(87)

is a random number from the normal distribution and

Q

a random

number from the uniform distribution. Both are assigned once at the beginning
of the simulation and then kept constant, though a dierent value for each
particle.

The parameter

σ

the forecasted wind speed

is given by the standard deviation of the error in

σW

multiplied by a factor to produce a resulting

variability in the wind-driven surface current:

σ = 0.02σW

(88)

It is assumed that the error in the wind forecast is normally distributed. Thus,

σW = ∆W/1.44

where

∆W

is an estimate of the absolute error of the wind speed

forecasted by the meteorological model HIRLAM, and which covers 85 % of
observed wind speeds [14]:
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(
∆W =

2.0
1.7 + 0.195W

W < 2.0
W ≥ 2.0

(89)
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