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ABSTRACT: To validate a resuspension model of particulate material (salmonid farm wastes), a UV fluorescent particle
tracer was selected with similar settling characteristics. Tracer was introduced to the seabed (water depth ;30 m) and
sediment samples taken on days 0, 3, 10, 17 and 30 to measure the horizontal and vertical distribution of tracer in
sediments. A concentric sampling grid was established at radii of 25, 50, 100, 150, 200, 400, 700 and 1,000 m from the
source on transects 308 apart. The bulk of the deployed tracer was initially concentrated in an area 25 m radius from
the release point; tracer was observed to steadily decrease to zero over a period of 30 days. In a 200 m region measured
from the release point in the direction of the residual current, the redeposition of tracer was low. A Lagrangian particle
tracking model was validated using these observed data by varying resuspension model parameters within limits to obtain
the best agreement between spatial and temporal distributions. The validated model generally gave good predictions of
total mass budgets (6 7% of total tracer released), particulary where tracer concentrations were high near the release
point. Best fit model parameters (critical erosion shear stress 5 0.018 N m22, erodibility constant 5 60 g m22 d21) are
at the low end of reported parameters for coastal resuspension models. Such a low critical erosion shear stress indicates
that the frequency of resuspension and deposition events for freshly deposited material is high.

Introduction

Resuspension and redistribution of particulate
material from a point source has numerous effects
on the total sediment budget of a given area. Ero-
sion of high concentrations of material from close
to the point source may result in redeposition of
this material at a distance away from the point
source, creating depocenters. These areas which
act as sinks of particulate material may be transient
or more permanent in nature. For areas directly
beneath a point source discharging at the surface,
an increase in current velocity will result in a re-
duction of material available for resuspension on
the bed. The main causes of this reduction will be
both the increased erosion of previously deposited
material and increased advection of recently dis-
charged material while settling to the bed. A re-
duction in current velocity will result in the op-
posite, reduced erosion of bed material and re-
duced advection of freshly discharged material
from the source. For a point source at the surface
that results in high initial deposition of organic
material on the bed (e.g., . 1,000 g solids m22

yr21), these fluctuations in supply and reduction of
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particulate material are likely to be primary drivers
in determining the physical, chemical and biolog-
ical characteristics of the bed. The oxygen supply
associated with the near bed current will also play
an important role in regulating chemical and bi-
ological characteristics. During periods of low cur-
rent, the high oxygen demand caused by large de-
position events of organic-rich particulates will be
compounded by the reduction in oxygen supply
associated with the low current (Findlay and Wa-
tling 1997). As current speeds increase, supply of
oxygen is restored and with resuspension events
acting to reduce resuspendable material on the
bed, the oxygen demand is lowered.

Compartmentalisation of resuspension models
into erosion–transport–deposition–consolidation
processes is common practice and examples of val-
idated models are numerous (Partheniades 1965;
Uncles et al. 1985; Puls and Sündermann 1990;
Teisson 1991; Clarke and Elliot 1998; Cromey et al.
1998). The critical erosion shear stress incorporat-
ed into these models is the main driver of resus-
pension, a resuspension event occurring when this
threshold is exceeded. Validation of this parameter
is undertaken by varying it within reported limits
for the sediment type being modelled to obtain the
best fit to field observations. A time and spatially
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constant critical shear stress is used, although this
is likely to vary with sediment depth (O’Connor
and Nicholson 1992), bed characteristics (Vele-
grakis et al. 1997), sediment size and density
(Amos et al. 1997). Resuspension model parame-
ters that have been made functions of the spring–
neap cycle have been shown to work for the Firth
of Forth (Clarke and Elliot 1998). In this model,
as tidal activity is reduced towards the onset of
neap tides, the erosion threshold is increased as
bed consolidation occurs. As tidal activity increases
and slack water periods are reduced, the reduction
in consolidation is caused by the magnitude of tid-
al velocities exceeding the erosion threshold for a
sufficient time to lower the consolidation of the
bed.

Reported values of the erosion threshold from
both modelling and observation vary considerably.
Near bed (typically measured at ø 1.0–2.5 m above
the bottom) critical resuspension speeds (vr) as
low as 7 cm s21 have been observed by Washburn
et al. (1991) for organic solids discharged from a
long sea outfall on the Californian coast. In estu-
arine models critical resuspension speeds in excess
of 50 cm s21 are not uncommon (Harris et al.
1993). On examination of near bed (ø 2 m above
bottom) current speeds for sixteen fish farm sites
in Scottish sea lochs (minimum 15 day record
length), maximum hourly averages ranged be-
tween 5 and 26 cm s21. Diver observations, prelim-
inary observations with a transmissometer (McKee
unpublished data) and field trials of fish farm med-
icines (Scottish Environmental Protection Agency
1999) in these lochs, indicate that resuspension is
a regular occurrence. Using a critical resuspension
speed at the higher end of the reported range
(e.g., 50 cm s21) would result in very few resuspen-
sion events taking place for these sites. Additional
observational evidence for resuspension beginning
at low shear stresses is given by Lund-Hansen et al.
(1997) who observe an increase in light attenua-
tion with a transmissometer at a bed shear stress
of 0.015 N m22 (ø 9 cm s21) for several coastal
sites. Experimental evidence given by de Jonge and
Van de Bergs (1987) shows resuspension starting
at 10 cm s21 for a mixture of mud, sand and ben-
thic diatoms in the Ems estuary, Netherlands. Burt
and Turner (1983) also measured a critical resus-
pension speed of 15 cm s21 for sewage sludge de-
posited on a sand rippled bed and numerous re-
suspension models have also been validated for low
resuspension thresholds (Sanford et al. 1991;
Southern Californian Coastal Waters Research Pro-
ject [SCCWRP] 1992; Cromey et al. 1998). In these
models, use of a low erosion threshold results in
numerous resuspension events coupled with a low
erodibility constant. The erodibility constant used

by Sanford et al. (1991) (M 5 1.4 3 1026 kg m22

s21) is much lower than values used by researchers
who use high critical resuspension speeds (vr 5 50
cm s21, M 5 3.0 3 1025 kg m22 s21; Harris et al.
[1993]). In this study, we test the validity of using
a low critical resuspension speed and erodibility
constant, thus generating frequent relatively small
resuspension events.

The amount of material available for resuspen-
sion on the bed will also determine the magnitude
of resuspension events, as consolidation of material
will limit the amount of material which can be re-
suspended. Generally, consolidation is modelled
either as some function of the amount of resus-
pendable material on the bed (Futawatari and Ku-
suda 1993), or probabilistically, where the proba-
bility of consolidation of a particle approaches uni-
ty as the time spent on the bed is increased (San-
ford 1992). Resuspension models generally include
a critical deposition speed (vd) where deposition
occurs below this threshold. The range of critical
deposition speeds reported in the literature is also
wide ranging from 4.5 cm s21 for sewage solids
(SCCWRP 1992) to greater than 20 cm s21 for es-
tuarine models (Harris et al. 1993). Critical depo-
sition speeds tend to receive less attention in both
modelling and observations than critical resuspen-
sion speeds, and some doubts have been expressed
on the need for a critical deposition speed at all
when modelling cohesive sediments (Sanford and
Halka 1993).

Salmonid fish farms can be studied as point
sources of particulate material, discharging waste
food and faeces of various settling characteristics
and amounts. Our primary model is used for pre-
dicting the accumulation of particulate material
(waste food and faeces) from these farms and has
been validated for initial deposition of material
from surface to sea bed. Little research has been
undertaken on quantification of resuspension rates
from areas surrounding fish farms and validation
of the resuspension component of the primary
model is required. For the sixteen fish farm sites
studied, thirteen had hourly averaged current
speeds which exceeded measured critical resuspen-
sion speeds for particulate material of 9 cm s21

(SCCWRP 1992) and 15 cm s21 (Burt and Turner
1983). Modelling of accumulation rates of dis-
charged material at these sites will be greatly im-
proved by including a resuspension component
generally lacking in current models applied to this
problem (Gowen et al. 1989; Silvert 1992; Hevia et
al. 1996; Gillibrand and Turrell 1997). The aims
of this study were to quantify the resuspension of
a point source of tracer representing fish farm
wastes in a typical sea loch environment and use
these results to validate a resuspension model and
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Fig. 1. Study area in the Firth of Lorn, Scotland, UK with
chart datum bathymetry in metres. Tracer release point and
current meter mooring (P v) at 56827.39N, 5827.69W.

Fig. 2. Settling velocity distribution of deployed tracer
shown as cumulative percentage mass (n 5 191 particles).

obtain a set of model parameters for future testing
of a primary model of aquaculture discharges.

Study Location
The tracer experiment was situated in the Firth

of Lorn, a fjordic sea loch system on the west coast
of Scotland (Fig. 1). Water depth in the study area
varied between 30–40 m, and the sea bed was a
silty mud. Pre-survey measurements taken previ-
ously (Aanderaa RCM7, Bergen, Norway; 10 min
interval, 26 day deployment), showed near-bed (z
5 2 m) current speeds had a mean and maximum
speed of 4.9 and 23 cm s21 with a residual speed
and direction of 2.9 cm s21 and 0698 respectively.

Materials and Methods
Ultraviolet fluorescent tracer particles (Parchva-

le Technical Products, Banbury, UK) with similar
physical properties to the average properties of fish
farm wastes were required (f 5 2–6 mm, settling
velocity ø 3.4 cm s21; Chen et al. 1999; Cromey et
al. 1999). The use of this specific tracer for deter-
mining dispersion of discharged solids from a va-
riety of sources is well tested (Marsh 1995). To
achieve these properties, a calibration curve of set-
tling velocity versus specific gravity was required us-
ing particles with a range of specific gravities. To
determine settling velocity of tracer particles, a
perspex settling column (l 5 3.1 m, f 5 0.1 m)
containing unfiltered sea water from the labora-
tory flow through system was used. After treatment
with surfactant, particles were introduced sub-sur-
face and allowed to settle in the column. After ces-
sation of acceleration approximately one metre
from the surface, settling rates were then deter-
mined over the next metre. From the calibration
curve established, a specific gravity of 1.127 was
selected.

215 kg of raw tracer containing an undesired
wide size range of particles was separated into
twenty equal batches and sieved onto a 2 mm
mesh. The residue tracer (particle f 5 2–6 mm)
was then mixed into a slurry containing seawater
and surfactant (Decon 90) to facilitate sub-surface

deployment of the tracer and placed in a 100 l
drum. A 500 ml subsample was removed from each
batch before and after treatment with surfactant.
To facilitate calculations of mass of tracer de-
ployed, washings from the raw tracer that passed
through a 2 mm sieve were collected in a 0.5 mm
sieve and weighed. The washings were mixed thor-
oughly in a 100 l drum and a sub-sample was
weighed before and after drying at 508C for ten
days. The total mass of washings was then deter-
mined from the mass of the sub-sample and sub-
tracted from the raw tracer mass (215 kg) to de-
termine the total mass of deployed tracer (155 kg).
Sub-samples of deployed tracer were used in set-
tling velocity experiments to verify characteristics
and for use as model input (Fig. 2).

The discharge of tracer started on April 27,
1999, at 14:00 GMT for approximately 2 hours. A
pump was used to discharge the tracer to the sea-
bed via a 30 m long hose, weighted and positioned
vertically down ca. 3 m from the sea bed. A prior
test deployment monitored by underwater video
equipment showed that this method of discharge
prevented injection of the tracer into the sediment
and/or rebounding of the tracer plume off the
sediment into the water column. Day 0 sampling
was undertaken to check that no tracer was present
before deployment. The actual distribution of the
tracer on the same day of the deployment was un-
known, as any sampling of the area after deploy-
ment would interfere with the initial deposition of
the tracer. Thus, to prevent any such interference,
the first sampling event was on day 3. The nature
of fish farm discharges and the cage groups that
create them gives rise to ‘‘pile’’ characteristics (Sil-
vert and Sowles 1996). Our own sediment trap ob-
servations demonstrate very large deposition gra-
dients over small spatial scales ;25–50 m (Cromey



Resuspension Model Validation 919

et al. 1999) giving further value to this deployment
method.

The model was run pre-deployment of tracer
with test parameters to predict tracer concentra-
tions and assist in definition of the sampling grid
area and extent. A radial sampling grid was estab-
lished from the center of the tracer deployment
(56827.2609N, 5827.5809W), with several stations at
the center of release. Stations were then positioned
concentrically at radii of 25, 50, 100, 150, 200, 400,
700 and 1,000 m from the source, on transects 308
apart (308, 608, 908 etc.), and fixed by differential
GPS. Quantitative sea bed samples were taken at
these stations using a van Veen grab (0.1 m2) on
days 0 (pre-deployment), 3, 10, 17 and 30. This
equates to 39, 34, 29 and 33 grab samples for the
post deployment days respectively. The main sam-
pling effort was devoted to the 608 transect, as pre-
vious current meter data had established a residual
current along the direction of this transect. With
the exception of this transect, all transects were
sampled to a minimum of 150 m and were not
completely sampled beyond this if 2 consecutive
stations revealed no tracer in the grab sample; sta-
tions were sampled further along transects if tracer
was found at inner stations. On day 30, two addi-
tional transects at 458 and 758 were added and sam-
pling along the 608 transect increased. Sampling
along these transects was undertaken at 400, 550,
700, 850 and 1,000 m from the source to confirm
by mass balance that the tracer had been complete-
ly dispersed. The grab samples were subsampled
by cores (f 5 5.7 cm), which were in turn sliced
into 2 cm sections, to establish the vertical distri-
bution of tracer in the sediment. Whole grab and
core subsamples were sieved onto 2 mm mesh on
deck and sieve residues were returned to the lab-
oratory for enumeration and gravimetric analysis.
Using a long wavelength UV lamp, individual par-
ticles were picked from each sieved sample, washed
thoroughly and then dried overnight in an oven at
508C. Samples were then weighed to determine
mass per 0.1 m2. Where large numbers of particles
were in the sample, after counting the particles, a
sub-sample (size $ 25% of total numbers) was tak-
en for subsequent washing, drying and weighing.
The mass of the whole sample was then deter-
mined from the mass of this sub-sample.

An electromagnetic current meter (Interocean
S4, San Diego, California) was deployed 2 m above
the bed at the release point for the duration of the
experiment. Instrument failure, however forced
meter redeployment after the experiment had
ceased resulting in two current records being avail-
able for the study, a pre and post-release data set
(length . 2 spring-neap cycles). Two approaches
were used to obtain modelled and observed

(phase-aligned) current data. A harmonic analysis
was performed thus enabling currents to be pre-
dicted at the time of release. In the analysis, a stan-
dard set of 32 major and 8 related tidal constitu-
ents were used including mean and long period
constituents. The longest period constituents (i.e.,
zo, Mm, Msf) had periods less than the length of
the current record used in the analysis. The phase
of the Spring-Neap envelope was used to align the
previous observations with the phase of the enve-
lope for the day of release. Analyses were also un-
dertaken to test the sensitivity of the model using
modelled and observed (phase aligned) currents
detailed in the discussion.

Site bathymetry and sea bed characteristics were
determined by acoustic ground discrimination, us-
ing the RoxAnn (Marine Micro Systems, Aberdeen
UK) system, utilising a 200 kHz transponder. Ba-
thymetry was adjusted for height of tide at the time
of measurement to obtain lowest astronomical tide
(LAT) referenced depth.

The Model
The bathymetry measured was used to generate

a rectangular model grid containing depth (LAT
referenced), sampling station positions and posi-
tion of the release point. In the model, mean tidal
height for Oban was added to the depth and no
further adjustment made for tidal elevation chang-
es. The small height of the release point above the
bed and the modelling of near bed particle trans-
port rendered the modelling of tidal elevation
change unnecessary. The model grid had a total
size of 1.8 by 1.4 km with grid cell resolution of 10
m. The model grid size and resolution was chosen
to incorporate the sampling station 1000 m from
the release point and allow sufficiently fine reso-
lution in the inner sampling grid surrounding the
release point. The accuracy of the grid generation
algorithm for reproducing observed bathymetry
has been tested at a site with similar bathymetry
and found to be acceptable (R2 5 0.96, n 5 424,
a 5 0.05 2 tailed, y 5 0.98 x where y is the pre-
dicted and x is the observed depth). Land cells
defined in the model grid cause a particle to be
reflected back to its position in the previous time
step. The release point was located in the model
grid at position (0, 0). Discharged particles will
sink or float through the water column character-
ised by its depth, viscosity, density, mean current
regime and turbulence. The particle tracking mod-
el deals with the three dimensional trajectory of
the particle from the point of discharge to the sea
bed. This is modelled as an ensemble of individual
particle trajectories by a simulation of the bulk
properties of the particle ensemble (Mead 1991;
Mead and Rodger 1991). In modelling the hori-
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zontal trajectory of a particle it is convenient to
consider the current as a sum of two parts: a slowly
varying advective component relating to tidal or
wind forcing plus a more rapidly varying compo-
nent relating to turbulence with a mean value of
zero. Random walk has been implemented into the
model as a representation of turbulence (Allen
1982). The magnitude of particle trajectory in this
model is dependent on the size and direction of
the random excursion and the time in the turbu-
lent field defined by its settling velocity:

rwstep(x) 5 rwdirÏ2kdt (1)

where rwstep(x) is the step length in the x direction
(m), rwdir is the step direction 1 or 2 (determined
from a random number generator), k is a disper-
sion coefficient (m2 s21) and dt is the time in the
turbulent field (s). For a particle position defined
as P(x,y,t) and current velocity components u and v
for a height above the bed (z), then horizontal
transport for each time step of length t can be de-
fined as

P 5 P 1 u dt 1 rw(x,y,t11) (x,y,t) (z,t11) step(x)

1 v dt 1 rw . (2)(z,t11) step(y)

In the vertical direction given a settling velocity of
vs, the vertical step is

P(z,t11) 5 P(z,t) 1 vsdt 1 rwstep(z). (3)

Current direction data were adjusted for magnetic
variation and hourly averages were calculated from
velocity u and v components to describe the ad-
vective component of the transport. The trajectory
of a particle was calculated every 60 seconds in the
model (dt) which is appropriate for the high set-
tling velocities of the waste materials modelled.
The total mass of particles released in the model
was 155 kg over 2 hours similar to the field dis-
charge and released from a point source 3 m above
the sea bed in a depth of 31.5 m in the model grid.
Model particles were assigned a settling velocity
distribution similar to the tracer and a total of 1.4
3 104 particles were released from the point
source. Increasing the number of particles further
increased computational time but gave no change
in the bed distribution of the particles during ini-
tial deposition.

A resuspension function which takes account of
the current velocity (U(z)) at some reference
height above the bed (z) and a critical current ve-
locity for resuspension (vr) is given by Uncles et
al. (1985):

2U(z)M 5 M 2 1 (4)e 11 2 2vr

where Me is the rate of erosion (kg m22 s21) and

M is an erodibility constant (kg m22 s21). The mod-
el uses a variation of this formula substituting cur-
rent velocity for bed shear stress where the erosion
rate is a function of the erodibility constant and
the amount by which the critical bed shear stress
(tce) is exceeded by the bed shear stress (tb)

tbM 5 M 2 1 . (5)e 1 2tce

To allow calculation of the bed shear stress from
the measured current velocity near the bed, bed
shear velocity U* (m s21) is used in the following
relationship (Bowden 1983):

tb 5 rU2* (6)

where r is the density of seawater (ø 1,025 kg
m23). Tidal stratification and variation in r in Eq.
(6) has been shown to cause a variation in shear
stress even when currents are equal (Lewis and
Lewis 1987). Because the small variations in density
at the sea bed are unlikely to be significant at the
study site, density was taken as constant. There is
both theoretical and experimental evidence that a
logarithmic profile exists in the boundary layer
(McLellan 1965; Neumann and Pierson 1966; Bow-
den 1983) which can be used to calculate U*.
Hethershaw (1988) reports a range of hydraulic
bottom roughness lengths (zo) of 2–7 3 1024 m.
Using a zo of 2 3 1024 m for a muddy bottom
(Soulsby 1983), data from the instrument which
was deployed close to the bed (i.e., z 5 2 m) can
be used to define a logarithmic profile from this
point to the bed by the following relationship
(Dyer 1979):

kU(z)U* 5 (7)
ln(z/z )o

where k is the von Kàrmàn constant. Our model
uses the shear stress erosion formula in Eq. (5),
but U* has been substituted into Eq. (5) and vali-
dated for the Gironde estuary by Teisson (1991)
and Puls and Sündermann (1990).

Deposition occurs when the bed shear stress is
less than the critical shear stress for deposition
(tcd) as given by:

tbM 5 vs·pe 1 2 (8)d 1 2tcd

where Md is the rate of deposition (kg m22 s21), vs
is particle settling velocity (m s21) and pe is particle
concentration (kg m23). Both of these models as-
sume that tcd , tce so that deposition and erosion
processes are separate and that Md and Me are zero
for the conditions tb $ tcd and tb # tce respectively
(Krone 1962; Parthenaides 1965; Odd and Owen
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Fig. 3. A schematic diagram showing the division of the
study area into different sectors used for comparisons of mod-
elled and observed data.

1972). When particles are resuspended for the
condition tb . tce, they are transported at the same
velocity as the measured near bed current velocity
until deposition occurs when tb , tcd. The field
results showed minimal downward transport of
tracer in the sediments. In the model, the incor-
poration of tracer material was set to zero so that
all tracer remained available for resuspension.

Model parameters were kept constant for indi-
vidual runs but between runs parameters were var-
ied within reasonable bounds to determine the
best agreement between observed and modelled
tracer concentrations. Keeping close to literature
values, tce was varied between 0.009 N m22 and
0.045 N m22 (vr ø 7 and 15 cm s21 respectively
using Eqs. 6 and 7; r ø 1025 kg m23, z 5 2 m, zo

5 2 3 1024 m, k 5 0.4) and tcd kept close to 0.004
N m22 (vd ø 4.5 cm s21). When comparing these
critical resuspension speeds with other authors’
data, the exact height of the instrument above the
bed (z) is relatively unimportant above a critical
height. Using these parameters and varying z in
Eq. (7) greater than 0.8 m, results in a change in
U(z) which is within instrument accuracy (manu-
facturers’ specification 6 1 cm s21). The erodibility
constant M cannot easily be quantified from the
literature so this value was the main parameter var-
ied between model runs to achieve best agreement
with field data.

Comparison of Observed and Modelled Tracer
Concentration

In order to compare observed and modelled
concentrations some scheme must be devised
which allows comparison on a spatial and temporal
scale. An attempt was made with several contour-
ing algorithms to contour observed data for each
sampling event and produce a visual plot of the
survey area for comparative purposes. No algo-
rithm was found which suitably contoured the ob-
served data without producing large spatial anom-
alies that were artefacts of the contouring. In ad-
dition, mass budgets calculated from the con-
toured observed data gave a total release of 255 kg
of tracer on day 3, when only 155 kg was released.
Between sampling events, sampling stations were
not always positioned in exactly the same place due
to practical considerations of vessel positioning
and varying weather conditions. As this prevented
a time series of observed concentration being gen-
erated for each station, a scheme was used which
defined sectors at various distances from the re-
lease point. The survey area was separated into 4
direction sectors of 908 each with sector A centerd
around the 0608 transect shown in Fig. 3. Sector A
is representative of an area of 0158 to 1058 true,
sector B 1058 to 1958, sector C 1958 to 2858 and

sector D 2858 to 0158. Each sector is further divided
into four areas at varying distances from the re-
lease point with sector A50 representing the area
25 to 50 m from the release point; A100, 50 to 100
m; A200, 100 to 200 m and A2001, 200 to 1,000
m. A circle of 25 m radius around the release point
encloses the inner circle (R). No measurements
were made in sectors B2001 or D2001 as the trac-
er was not found beyond sectors B50 and D50. To-
tal amounts of measured tracer in each sector were
calculated by using averaged concentrations (g
m22) for all sampling stations in a sector and mul-
tiplying by sector area. A similar scheme was used
for modelled concentrations and comparisons
made between observed and modelled sector totals
only where sectors had been sampled. Using this
scheme for the four sampling events with 15 sec-
tors each, a total of 90% of the sectors were sam-
pled on all sampling days. This scheme has several
advantages as it is designed to suit the radial sam-
pling grid strategy with frequent sampling in each
sector. By this method, a mass budget for day 3
gave a total of 137 kg of tracer measured in the
grid area where 155 kg was released on day 0. Ob-
served mass budgets throughout the study period
have been tabulated and are compared with mod-
elled data.

Results
FIELD TECHNIQUES

Water depth at the release point was 31 m with
a generally flat sea bed in the near vicinity (Fig.
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Fig. 4. Bathymetry for the study area showing lowest astro-
nomical tide referenced depth contours and general sediment
characterisitcs interpolated using RoxAnny and ground truth-
ing data (denoted by 1). Tracer release point (P v) is at posi-
tion (0, 0).

Fig. 5. The study area showing station positions for each
sampling event (V denotes a station sampled at Day 3, v on
Day 10, □ on day 17 and m on day 30).

4). Sloping bathymetry towards the shore reduced
to a depth of less than 30 m at approximately 300
m south east of the release point. Areas deeper
than 40 m were measured 800 m ENE and 400 m
SSW from the release point. Sediment samples col-
lected in the survey area at each sampling station
were generally sandy mud and homogenous in the
vicinity of the release point verifying RoxAnn data.
Areas closer to the shore in depths less than 30 m
showed a graduation from sandy mud to bedrock.

The positions of the sampling stations for all
sampling events are shown in Fig. 5. The tidal com-
ponents determined by harmonic analysis account-
ed for approximately 70% of the variance within
the observed currents, demonstrating the tidal na-
ture of the site. The tides were dominated by the
semi-diurnal constituents with the largest constit-
uent being M2 at 5.5 cm s21. Figure 6 shows the
phase aligned and modelled currents for the 30
days following release of the tracer.

COMPARISON OF OBSERVED AND MODELLED TRACER
CONCENTRATION

Core subsamples revealed no tracer penetration
below 2 cm at any station and so all results de-
scribed are for tracer measured in this surface sed-
iment layer. Table 1 shows the change in observed
and modelled concentrations in each sector with
time. For day 3, the highest observed concentra-
tions of tracer are in the inner circle (R) and con-
tribute to a significant amount of the total re-
leased. Tracer was found in sectors in the direction
of the residual current along the 608 transect (sec-
tors A100, A200) and the 2408 transect (C100). No
tracer was found beyond sector A200 or in any oth-
er sectors for this sampling event. The change in

the observed tracer concentration between day 3
and 10 was significant with resuspension of mate-
rial causing the concentration for the whole grid
to be reduced from 88% of the total released to
39%. Although the bulk of the tracer was distrib-
uted within the central area for day 10, 6.4% of
the total tracer released was found up to 200 m
from the release point in the direction of the re-
sidual current (A100, A200). Between day 10 and
17, resuspension of material was lower than the
previous seven day period causing a reduction for
the whole grid from 39% to 5% of total released
(Table 1). Complete erosion of material had taken
place around the release point (inner circle R) and
tracer was again found in sectors A100 and A200
(4.9% of total released). Complete resuspension of
the remaining tracer took place between day 17
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Fig. 6. Observed (phase aligned) (a) and modelled (b)
near-bed current speed and direction at the release point.

Fig. 7. Comparisons between observed and modelled con-
centration of tracer in all sectors for different sampling events
(r2 is product moment correlation coefficient for log trans-
formed (x 1 1) data). For the initial deposition mass budget
comparison (v), all of the 155 kg of tracer released is assumed
to deposit in the sampling area and was not included in any
statistical calculations.

TABLE 1. Comparisons between observation and model output for the main area surrounding the release point (inner circle R), A
sectors, and all other sectors as a percentage of the 155 kg of tracer released (— denotes not sampled).

Time (d)

Percentage of Total Released

Inner Circle (R)

Obs. Mod.

A Sectors

Obs. Mod.

All Other Sectors

Obs. Mod.

Total

Obs. Mod.

Initial deposition
3

10
17
30

—
64.9
32.9
0
0

71.6
65.0
38.0
26.4
2.0

—
22.8
6.4
4.9
0

25.8
19.0
3.1
0

,1

—
,1

0
0
0

2.5
1.3
0
0
0

—
88.3
39.3
4.9
0

100.0
85.3
41.2
26.4
2.0

and 30 with very low concentrations of tracer being
found up to 200 m from the release point.

Optimum agreement between model and field
observations were obtained for critical shear stress
values of resuspension (Eq. 5) and deposition (Eq.
8) of 0.0179 and 0.004 N m22 respectively. Using
Eqs. 6 and 7, these shear stress values correspond
approximately to near bed current speeds of 9.5
and 4.5 cm s21. With these parameters, an erod-
ibility constant M (Eq. 5) of 7 3 1027 kg m22 s21

gave the best agreement with observations. The
model results described are based on these resus-
pension model parameters.

Initial deposition of the modelled tracer in Ta-
ble 1 shows the majority of the modelled tracer

initally depositing near the release point with 72%
of total tracer released in the center of the grid
(inner circle R). Initial deposition of the tracer was
also found in sectors A50 and A100 in the direc-
tion of the residual current. Comparisons between
observed and modelled concentrations of tracer
close to the release point were generally good
where concentrations were high for the whole of
the experiment except day 17. Movement of tracer
in the direction of the residual current was also
shown in the model and some deposition of tracer
in the model was found 850 m from the source in
the direction of the residual current. This was not
detected despite sampling of this area throughout
the study.

Direct comparisons of modelled and observed
concentrations are shown in Fig. 7. Model perfor-
mance is good at high concentrations of tracer
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Fig. 8. The total change in observed tracer mass with time
and model predictions.

near the release point, with performance being re-
duced as concentrations are reduced. The changes
in observed and modelled total mass budgets are
shown in Fig. 8 with all sampling events being fit-
ted with the exception of day 17.

Discussion
APPLICABILITY OF THE MODEL

This study improves the predictive capability of
our primary model (DEPOMOD), which is regu-
larly used for assessment of fish farm discharges by
U.K. regulators and the industry alike. Dudley et
al. (2000) have recognised the importance of re-
suspension in fish farm modelling and have mea-
sured resuspension for model validation in the
U.S. Application of fish farm models in the U.K.
have until now, been mainly undertaken without
resuspension included. Modelling the redistribu-
tion of particulate pollutants from fish farms can-
not be undertaken adequately without a resuspen-
sion component for all but the most quiescent of
sites. Carbon (Ackefors and Enell 1994; Holmer
and Kristensen 1994), chemotherapeutants (Da-
vies et al. 1996; Black et al. 1997) and heavy metals
(Uotila 1991; Miller 1998; Morrisey et al. 2000)
may all be potentially redistributed away from fish
farms by resuspension. Other factors such as the
oxygen demand (Hansen et al. 1991) and fluctu-
ation in oxygen supply from near bed currents
(Findlay and Watling 1997) may be just as impor-
tant in assessing impacts. Resuspension may have
relevance for enhanced redistribution of wastes as-
sisting benthic recovery of sediments during farm
fallow periods. Resuspension is likely to be equally
important for redistribution of pollutants associat-
ed with other types of particulate discharges such
as sewage (Cromey et al. 1998), distillery wastes
(Nickell and Anderson 1997), trace metals from
spoil grounds (Rodger et al. 1992) and drill cut-
tings (Delvigne 1996). This study also gives some

evidence for the behaviour, and modelling, of piles
of recently deposited material (Wolanski and Gibbs
1992; Moon et al. 1994; Michels and Healy 1999).

In the present study, resuspension of a particu-
late tracer from a point source over 30 days has
been measured and used to validate a Lagrangian
model. For all sampling events, the model predict-
ed within 6 8% of total tracer released for an area
surrounding the release point. Total mass budgets
for the grid area were predicted within 6 7% of
total released and for the A sectors within 6 3%.
The main source of differences between the model
predictions and observations are for day 17, oth-
erwise the model predicts observations adequately.
One or a combination of the following may ac-
count for these differences and these are discussed
below: limitations in the modelling of some pro-
cess; sampling strategy and sector scheme or mod-
el input data.

LIMITATIONS OF THE MODEL

The main processes of the model, erosion–trans-
port–deposition–consolidation, are taken from es-
tablished models reported in the literature. These
processes have rarely been validated for fish farm
wastes as achieved in the present study. Consoli-
dation per se, was not modelled as field results
showed that vertical movement of tracer in the sed-
iments was minimal and so this part of the model
was not tested. Flocculation processes were not
modelled as the tendency for these large diameter
tracer particles (f ø 2–6 mm) to flocculate causing
a significant change in settling velocity is unlikely.
In addition, the model overestimated tracer con-
centrations at day 17 and so the use of a floccula-
tion model, which would increase deposition, is
unlikely to improve model performance. Spatial
variation in the currents was not modelled across
the grid area and this source of error will become
more significant at increasing distance from the re-
lease point. At distances up to 200 m there is little
change in the bathymetry to suggest that spatial
variation in the current would be a significant
source of error at the study site.

SAMPLING STRATEGY AND SECTOR SCHEME

Dividing areas around the release point into sec-
tors with an inner circle R, gave sensible mass bud-
gets which could not be obtained by contouring
methods. Sectors were well sampled with a total of
90% of all sectors being sampled for all sampling
events. Table 2 shows the number of grabs taken
in the inner circle and A sectors compared along
with the predicted number of particles per grab
area. Grab sampling was the most frequent in the
inner circle where tracer concentrations were high
with a general increase in grab sampling per sector
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TABLE 2. The modeled number of particles (Pmod) per grab
(0.1 m2) compared with the actual numbers of grabs taken per
sampling event for the inner circle and the A sectors.

Sampling Event
Inner

Circle (R) A50 A100 A200 A20011

Day 3
Pmod per grab
Grabs taken in sector

547
8

143
1

0
3

0
4

2
3

Day 10
Pmod3 per grab
Grabs taken in sector

458
4

108
2

0
4

0
2

1
3

Day 17
Pmod per grab
Grabs taken in sector

370
5

0
1

0
1

0
2

0
3

Day 30
Pmod per grab
Grabs taken in sector

165
2

0
1

0
1

0
2

1
16

1 The small area in sector A2001 in the model grid 850 m
from the release point which contained deposited particles was
sampled in the field as follows: 1 grab on days 3, 10, and 17; 2
on day 30. No tracer particles were detected.

between A50 and A200. Increased sampling took
account of the sector area increase between A50
and A200 and the wider dispersion of the tracer at
increasing distances from the point source. With
regards to the day 17 event, 5 grabs were taken in
the inner circle and no tracer found. The model
predicted large quantities of tracer and so the
model and/or input data are likely to be the cause
of error for the inner circle. From a sampling view-
point, total mass budgets on day 17 for the ob-
served tracer may have been underestimated due
to low sampling in the A50 and A100 sectors. Al-
though sectors A2001 and C2001 represent a
large sector area (Figs. 3 and 5), no tracer was
found in these sectors and so the limitations of the
sector scheme for these large area sectors can be
safely ignored.

To test the significance of possible under-sam-
pling, an assessment is required on the effect on
the total mass budget of finding one extra particle
in a grab for one of the large sector areas. For the
largest sectors A2001 and C2001, no particles
were found and so the next largest sector A200 can
be used for this assessment. Four, 2, 2 and 2 grabs
were taken in sector A200 for days 3, 10, 17 and
30 respectively (Fig. 5). Finding one extra particle
with a mass of 17.4 mg (mean mass of particles
sampled) in one grab for the sector area of 23,562
m2, equates to an additional mass of 1.0, 2.1, 2.1
and 2.1 kg for days 3, 10, 17 and 30 respectively.
In terms of the total mass balance (Table 1), this
would increase mass budgets for each sampling
event to 89.3, 41.4, 7.0 and 2.1 kg thus improving
model performance. i.e., performance would be
improved from 6 7% to 6 5.9% of total tracer

released. It is felt that under-sampling would not
reduce the agreement between observation and
predictions. On the contrary, if further sampling
resulted in finding additional particles then agree-
ment would have been improved.

ACCURACY OF MODEL INPUT DATA

The use of observed (phase aligned) and mod-
elled current instead of true current data mea-
sured during the study did not seriously hinder val-
idation of the model. Small differences in param-
eters were obtained for the same level of perfor-
mance using the observed and modelled data
which further verifies the tidal nature of the site.
In both data sets, currents between day 10 and 17
were lower than previous periods as a neap tide
occurred on day 12 resulting in fewer resuspension
events. During this period of low current, the lack
of true current measurements cannot be complete-
ly ruled out as a possible cause of error. From daily
observations taken at Dunstaffnage Marine Labo-
ratory meteorological station, the weather during
this period was generally settled, thus a wind driven
event is unlikely to be the cause of significant re-
suspension during this period.

MODEL PERFORMANCE AT LOW TRACER
CONCENTRATIONS

Model performance improved as tracer concen-
trations increased closer to the release point. For
concentrations less than 1 g m22 (ø 5 particles per
grab) between 50 and 200 m from the release
point, model predictions were less accurate. The
reason for reduced performance is likely to be due
to the resuspension model processes and the dif-
ficulty with the model being unable to transport
particles short distances. For the majority of fish
farm sites studied, the main area of initial deposi-
tion is typically within a hundred metres of the
cage group due to the high settling velocities and
the low dispersive nature of the areas where many
of the farms are sited. The nature of the model
made predicting redeposition close to the release
point difficult as transport of resuspended particles
resulted in net loss of material from the area. For
example, resuspension of particles occuring at an
hourly averaged speed of 15 cm s21 would result in
these particles being resuspended and transported
a distance of 540 m. Redeposition of these particles
would then only occur if the next time step result-
ed in current speed being less than the deposition
speed (ø 4.5 cm s21). Using a shorter time step of
ten minutes could potentially improve the predic-
tions in this 50–200 m zone as a smaller transport
step of 90 m would result from a current speed of
15 cm s21, but a low current speed in the subse-
quent time step would still be required to result in
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TABLE 3. A table showing model performance for the best fit of model parameters and sensitivity analysis of resuspension model
parameters. The best fit was obtained using phase aligned currents and sensitivity analysis was undertaken using these currents. The
best fit using modeled currents is also shown.

Model Run

Critical
Resuspension

Speed (vr)
cm s21

Critical
Deposition
Speed (vd)

cm s21

Erodibility
Constant (M)

kg m22 s21

Model Performance1

a r2 ts

Best fit
Vr 2 25%
Vr 1 25%
Vd 2 25%
Vd 1 25%

9.5
7.1

11.9
9.5
9.5

4.5
4.5
4.5
3.4
5.6

7.0 3 1027

7.0 3 1027

7.0 3 1027

7.0 3 1027

7.0 3 1027

13,439
19,378
11,274
13,439
13,439

0.62
0.63
0.43
0.62
0.62

10.3
10.5
6.9

10.3
10.3

M (threefold decrease)
M (threefold increase)
Modeled currents2

Modeled currents3

9.5
9.5
9.0
8.2

4.5
4.5
4.5
4.5

2.3 3 1027

21.0 3 1027

14.0 3 1027

6.4 3 1027

11,261
554,607
13,457
13,491

0.45
0.38
0.64
0.58

7.2
6.3

10.6
9.3

1 a is a measure of goodness of fit S (O 2 E)2/E for observed and expected (modeled) tracer mass budgets for each sector and
total grid area for each sampling event (n 5 66). Parameters were varied to minimise a. In calculation of a, 0.013 kg, which was the
smallest detected mass, was added to O and E to allow inclusion of zero values of E in the calculation. Product moment correlation
coefficient denoted by r2 is for log transformed (x 1 1) observed and modeled budgets and ts is t-test statistic for correlation coefficient
rÏ(n 2 2)/Ï(1 2 r2). tcrit(2 tailed, a 5 0.01, d.f. 5 n 2 2) is 265.

2 Best fit obtained for modeled currents using resuspension model parameters reported by Sanford et al. (1991).
3 Using a similar erodibility constant M to the best fit with observed current, a lowering of vr was required with modeled currents

to obtain a satisfactory fit.

deposition. Despite this, testing of the model with
a time step of 10 minutes did not improve model
perfomance.

The use of a range of erosion thresholds depen-
dent on particle size or tidal action (Clarke and
Elliot 1998) may improve model performance in
the 50–200 m zone. A lower threshold either due
to a smaller particle size or scouring of the bed
during a dynamic period, would result in resuspen-
sion occurring at lower current speeds with shorter
transport steps. Spatial variation of shear stress
across the bed (Mehta 1984) may be a cause of
model spatial errors. At quiescent sites where the
critical threshold is only just exceeded, shorter
transport steps may be produced in the model. For
this particular study redeposition in the model is
found at distances of 850 m from the source and
these transient depocenters in the model appear
to be the minimum distance that redeposition is
occurring.

SENSITIVITY ANALYSES

The best fit of field data using Pearson’s statistic
was obtained using phase aligned currents (vr ø
9.5 cm s21, vd ø 4.5 cm s21, M 5 7.0 3 1027 kg
m22 s21). Both decreases in critical resuspension
speed and increases in erodibility constants (i.e.,
increasing frequency and intensity of resuspension
events) were found to be the most sensitive param-
eters in the model. Increases in vr and decreases
in M showed less sensitivity in the model. Although
the sensitivity of the parameter vr highlights the
need to measure currents accurately, the differenc-
es in current between the observed and modelled
currents only slightly affected the setting of vr (i.e.,

vr ø 9.5 cm s21 for observed, vr ø 9.0 cm s21 for
modelled). The main reason for this difference is
probably caused by the occasional peaks in the ob-
served current, which generate larger than average
resuspension events (Fig. 6). Lesht (1979) related
turbidity to the statistical frequency of bottom
shear stress in a way that implies a few high stress
events are responsible for the bulk of resuspension
events. Thorne et al. (1989) describe evidence for
bursting events, resuspension events driven by in-
stantaneous increases in near bed turbulent veloc-
ity fluctuations. Using less noisy modelled current
in this model has shown that a lower vr is required
for the same model performance as peaks in the
observed data were the main drivers of resuspen-
sion. Using modelled current to drive a resuspen-
sion model at a mainly wind driven site is likely to
compound these differences. Predictions were in-
sensitive to varying vd, suggesting that erosion and
transport are the main processes in the model. The
use of a low vr and the lack of spatially varying
current prevent prolonged deposition events or
significant depocenters forming. Model parame-
ters used by Sanford et al. (1991) to determine the
influence of tidal resuspension on the erosion of
recently dredged sediment deposits in Chesapeake
Bay gave the best fit for modelled current in this
study (Table 3). Although these researchers con-
clude that the critical erosion stress is at the low
end of the reported range, our study also verifies
that critical erosion thresholds of recently depos-
ited material are much lower than thresholds typ-
ically used for modelling suspended sediment in
coastal models.
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COMPARISON OF RESUSPENSION RATES

It is useful to make some comparisons with re-
ported resuspension rates for similar coastal envi-
ronments. From our study, resuspension rates of
tracer material during all resuspension events were
between 8 3 1024 and 9 g m22 hr21 with a mean
and median of 1.8 and 1.3 g m22 hr21 respectively.
At the release point where the amount of resus-
pendable tracer in the model was only limiting
near the end of the study period and field obser-
vations were best predicted, approximately 7 g m22

d21 were resuspended over the period of the study.
Lund-Hansen et al. (1997) measured sediment re-
suspension of naturally occurring sediments from
three Danish fjords, two of which were exposed,
between 4 and 82 g m22 d21. Roman and Tenore
(1978) measured resuspension rates of natural ma-
terial of 130 g m22 d21 in Buzzards Bay, Massachu-
setts and Hendricks (1987) measured a resuspen-
sion rate of 55 g m22 d21 near Californian sewage
outfalls sited in 40–60 m depth. Fleming and Walk-
er (1981) calculated a general figure of 0.5 g m22

d21 for resuspension of sediments in Loch Eil. Al-
though this general figure of 7 g m22 d21 is at the
lower end of these reported values, the time scale
over which these values have been resolved will sig-
nificantly influence the calculation (Nichols 1985).

Conclusions

This study describes the validation of a resuspen-
sion model using a particulate tracer with similar
physical characteristics of fish farm wastes. The
model generally predicted total mass budgets sat-
isfactorily (6 7% of total tracer released), partic-
ularly where tracer concentrations were high near
the release point.

While the compartmentalisation of resuspension
processes in the model are simplistic (though well
documented and validated), increasing the com-
plexity of the model would result in additional pa-
rameters requiring quantification and testing in
sensitivity analyses. This validated resuspension
model is a significant advance on models currently
applied to aquaculture discharges in the U.K. The
target user community (regulatory authorities and
aquaculture industry) required the model be de-
signed so that it can be widely applied using data
routinely collected for each fish farm discharge.
The model does not require additional data col-
lection which would restrict its use.

The parameters used in the model are at the
lower end of reported values used in estuarine and
coastal models. However, our parameters agree
with those reported by researchers studying the tid-
al resuspension of sewage and recently dredged de-
posits. This suggests that for freshly deposited ma-

terial which has a low erosion threshold, the fre-
quency of resuspension and deposition events is
high.
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