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TURBIDITY
FORECASTING
TO SUPPORT
ADAPTIVE
DREDGING
OPERATIONS

The Port of Sohar, located in the Gulf

of Oman, is constructing a jetty close
to acritical industrial seawater intake.
The project includes capital dredging of
a navigation channel, turning circle and
berth pocket, where turbidity control is
essential to protect water supply
operations. A pre-tender assessment
identified potential exceedance of turbidity
limits under unfavourable conditions,
leading to strict permit requirements.
To address this, a turbidity forecasting
model was developed to support daily
operational decisions. Using wind, tides,
dredging plans and soil properties, the
model enabled proactive, adaptive
dredging while maintaining compliance
and optimising productivity.

The Port of Soharis a deep-seaportat the coastof Oman,whichisa
jointventure between the Government of Oman and the Port of
Rotterdamin the Netherlands. The portis currently expanding through
the development of a new exposed jetty for LNG bunkering and export,
serving an LNG facility being constructed onland reclaimedin 2018. This
projectincludes capital dredging to create a navigation channel, turning
circle and berth pocket, with atotal dredging volume of nearly 4 million
cubic meters. The dredged material will be transported to a designated
offshore disposal site located 12 kilometres away, asinstructed by the
environmental authority. Bathymetry surveys were undertaken at the
dredging and offshore disposal site before starting the dredging
operation.Anoverview of the project locationis givenin Figure 1.
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Thedredging areais situated near the
seawaterintake of the port'sindustrial water
service provider. This company supplies
essential waterservices, such as cooling,
potable and process water, to key operations
within Sohar Paort's various industries. These
services ensure a steady and sustainable
water supply forthe port's tenants, bolstering
their operationalreliability. Increased
suspended sediment concentrations atthe
seawaterintake, particularly nearthe pumping
station, pose acritical risk to the reliability of
bothindustrial tenants and desalination
facilities. Consequently, turbidity monitoring
and control are crucial for the project. If
turbidity levels exceed specified limits, the
contractormustimmediately haltdredging
activities until the levels return towithin
acceptablelimits.

Pre-tender turbidity assessment

To evaluate the potentialimpact of dredging
nearthe seawaterintake facility, Sohar Port, in
collaboration with a specialised consultant,
conducted an early pre-tender turbidity
assessment. The aimwas todetermine the
sensitivity of the intake to the turbidity
generated by on-site dredging operations.
This stepwascritical todemonstrate the
feasibility of dredging near the seawater
intake. It also provided a foundation for open
discussions with relevant stakeholders
regarding realistic turbidity limits to be
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includedintherequired permitsand No
Objection Certificates (NOCs).

The objectives of the turbidity modeling study

were as follows:

- Todetermine the extent of fine sediment
plumes resulting from dredging activities;

- Toassesstheincreaseinsuspended
sediment concentrations above ambient
levels caused by dredging operations; and

- Topropose mitigation measures tominimise
theimpact of fine sediment plumes
generated during the works.

At the time of the study, the exact details of
how the dredging operations would be carried
outwerenotyetdetermined. Aconservative
butrealistic approach was taken,as described
inthe following section.

Model approach and input parameters
Adetailed Delft3D-FLOW (http://oss.
deltares.nl/web/delft3d/home) model was
used to simulate the far-field dispersion of
sediment spillsresulting from dredging
operations. The mainlocation of interest for
the computed suspended sediment
concentrationisdirectlyin front of the
pumping station,whichis a sheltered area
within the breakwaters of the seawaterintake.
Thiswas considered the critical point, as from
here the water flows into the pipeline system
andis distributed toindustrial users. Various

Location of Sohar Port, Oman and the location for dredging and the seawaterintake

exploratory dredging scenarios were
developed and assessed, starting with
conservative assumptions of high spillrates
and continuous discharges. Based on the
outcomes of these initial scenarios, more
realistic scenarios were defined, incorporating
atypicaldredging cycle of a trailing suction
hopperdredger (TSHD) and its accompanying
overflow spills. Additionally,a scenario without
overflow was considered, representing an
adaptive dredging method that the dredging
contractor could implementif necessary.

The simulationswere run overa one-month
period, factoring in 16 differentrelevant
ambientwind conditions. The model also
incorporated the operation of the seawater
intake and outfall to ensure an accurate
representation of the ambient flow conditions,
including thermal effluent dispersion. All
model scenariosincluded a weekly-averaged
intake and outfall discharge of 540,000 cubic
metres per hour (m*/h).

The pre-tender turbidity model only calculates
the excess turbidity caused by sediment spills
from the dredging operation, excluding
background turbidity. For each scenario, the
sedimentconcentrations atthe intake
locationwere converted to turbidity, measured
in nephelometric turbidity units (NTU). There
isno genericrelationship betweenin-situ
turbidity (NTU) and suspended sediment

Dredging location

Seawater intake
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Left: Summerland-sea breeze conditions maximum —989th percentile. Right: Summer Eastern wind conditions maximum —99th percentile for the dredging
Scenario Awitha TSHD with typical dredging cycle and overflow conditions.

concentration (SSC), as computed by the
model. This conversion depends on the type
and size of sediment particles andis site-
specific. The conversion factorwas derived
from a site-specific laboratory experiment
that established the relationship between
suspended sediment concentrations
(milligrams perlitre (mg/1)) and NTU turbidity
levels by analysing soil bottom samples
collectedin the dredging footprintin
combination with samples of seawater.

Fine sediment composition

The spills as fine sediment (4 micrometre (um)
to 63um) arerepresented by three
characteristic fine sediment fractions: 10pm,
20pumand 50um, eachwithits associated fall
velocities. These fractionsillustrate an
average distribution of 45%,20% and 35% of
the spillcomposition,based on data from
geotechnical factual investigations conducted
by a specialised geotechnical investigation
company. The schematisationwiththree
fractionsis based on optimising computational
efficiency while maintaining a sufficiently
accuraterepresentation of sediment
dynamics, thereby avoiding the complexities
thatcan arise from averly detailed modelling.

Modelled ambient wind conditions
Windis akeyfactorinthe coastalareas of Oman
and plays acrucialrole in the turbidity model.

Theregion'swind climateis characterised by
acombination ofland-seabreezes (LSB),
lowwind speeds, storms/cyclones and more
persistentwind events thatcanlast for
extended periods. Wind was analysed based on
long-term Climate Forecast System Reanalysis
wind data. The typical ambient wind conditions
throughout the yearwere modelledin 16
one-month scenarios (eight forsummerand
eight forwinter),accounting forthe frequency
of differentwind conditions ineach seasonto
ensure the scenarios collectively represent
the annual wind pattern.In each modelling
simulation, the wind condition remained
constant throughout the computation.

Dredging scenarios considered

To assess the sensitivity of the seawater

intake tothe turbidity generated by the

dredging activities on site above the natural

background levels the following dredging

scenarios were considered:

- Scenario A—-typical TSHD operationwith
overflow, considering a dredging cycle of
2 hours and 45 minutes (min), including
90 minloading with 80 min averflow.
Conservative values were applied for
the drag head and overflow spill rate,
respectively 10 kilograms per second (kg/
sec)and 300 kg/sec.

- ScenarioB-typical TSHD operation
with overflow equalto Scenario A, but

additionally, a standing silt screenwas
consideredin the model.

- Scenario C-continuous operation (no
dredging cycle implemented) of TSHD
without overflow and cutter suction dredger
(CSD).Thisdredging scenariorepresents
an alternative temporary dredging method
that could be applied as part of an adaptive
dredging approach whenrequired.

Results: turbidity assessment and

permit acquisition

The pre-tender modellingwas conducted as a
feasibility assessment. Based on thisinitial
modelling, itwas concluded thatdredging near
the seawaterintake would be feasible forall
considered wind and tide conditions, provided
that only the excess sediment concentrations
from the dredging operations are considered.

However, distinct effects of different ambient
wind conditions were observed, resultingin
varying plume dispersion patterns. Winds such
asthe more frequentland-seabreeze and
westerly winds are generally favorable for the
plume dispersion, while winds blowing from
the Eastleadto higherturbidity levels at the
intake. In addition to the computed excess
turbidity because of the dredging activity,

the natural background turbidity must also

be considered at the seawaterintake.In
scenarios with unfavorable combinations of
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Summary of the maximum excess suspended sediment concentration (SSC) at the seawaterintake

during the different dredging scenarios.

dredging activities, wind conditions and
elevated background turbidity, the resulting
turbidity levels could exceed acceptable limits.
InFigure 2,the model outcome is presented
for maximum (98th percentile) depth-
averaged suspended sediment concentration
(SSC)forthetypicalland-seabreeze and the
more severe Easternwind during the summer.

Each scenariois modeled independently,
butinreality combinations of operations
with different equipment and methods may
occur, particularly in projects with ambitious
timelines. These factors highlight theimportance
of adopting an adaptive dredging method,
onethatis based onreal-time monitaring
and forecasting. This approach allows for the
optimisation of dredging operations while
minimising environmental impact.

The outcome of the madelling exercise is
presentedin Figure 3.1t shows the maximum
computed excess suspended sediment
concentration averthe simulation period at the
intake location for the different scenarios
considered. The highest values experienced do
notexceed 70 mg/l (equal toapprox. 20 NTU)
and arerelated to dredging scenario under
Easternwind conditions. Further, the dredging
operations as modelledin Scenario C (no
overflow) clearly showlowervalues across most
ofthe different wind conditions, which can be
helpful as a turbidity control mitigation measure.

The modelling assessment also highlighted
that, undercertain unfavaorable ambient
conditions the turbidity value of 20 NTU for the
seawaterintake could be exceeded because

the background turbidity is notincludedin
the model. The same was discussed with
stakeholdersinordertoobtaintherelevant
permitsand NOC's and to set turbidity limits
forthe project. Turbidity limits must both
preventdisturbance of the seawaterintake
and enable an economically feasible dredging
project. The outcome of the pre-tender
modelling (as presentedin Figure 3) was helpful
forthe authorities to define the allowable
turbidity limits for the projectin the permits.

Following the turbidity assessment and

Environmental Impact Assessment, a permit

was granted by the seawaterintake operator

forthe dredging activities incorporating strict

turbidity limits. The not-to-exceed turbidity

limits (including background value), as

defined, are:

« Maximum allowed weekly average of 15
NTU;and

= Maximum allowed peak turbidity of 20 NTU
fornomore than aperiod of IS minutesin
one hour.

Tender and execution turbidity

plume modelling

Afterthe tender process, the project was
awarded to Boskalis. The turbidity challenge
transferred from the tender stage through to
the successful completion of the project.
Pre-tenderturbidity studiesrely on general
information on dredging vessels and their
source terms,which are crucial fora project
to progresstoexecution. Fordredging
contractors, these studies provide a
foundation towork from, but the assumptions
need calibration and modification to develop

project-specific work methods. Sharing
information from the models developed during
the pre-tender stage significantly enhances
the contractor's ability toimplement tailored
work methods that benefit the project.

Turbidity model application during tender
stage

Forthe project, Boskalisrecreated a Delft3D
Flexible Mesh (Delft30-FM) model. Model
assumptions from the pre-tender modelling
assessment by Deltareswere adopted, such as:
- Fallvelocity of fine soil fractions.

- Model extents.

- Tidalboundary conditions.

» Wind scenarios.

= NTUtomg/lrelationship.

- Average weatherconditions.

Assumptions onthe source termswere
re-evaluated based on the source term
assumptions of (Becker,2015) and IADC
(Labaoyrie, 2018). Using the work methads and
production estimates from the tender stage,
therecreated modelwas utilised to estimate
the impact of turbidity during operations.
Average weather statistics estimated during
the pre-tender phase were employed to
identify the most stringent scenarios that
required adaptationto preventexceeding the
intake NTU limits.

Operations causing turbidity
Theworkmethod planned during the tender
stage involved dredging the majority of the
material with a trailing suction hopperdredger
(TSHD).Anexisting hard layerrequired the use
ofabackhoe dredger (BHD) toremove the
material. The primary causes of turbidity include
boththedragheadand overflowof the TSHD.

Dredgingwith the BHD, filling barges, and
ploughing activities were expected to have a
much smallerimpact compared to the TSHD
andwere therefore not consideredto be
governing. Depending on the soil conditions,
the source terms were calculated using
Becker's methodology (Becker,2015),
resultingin the source terms provided in Table
1. These source terms are significantly lower
compared tothe pre-tender estimated source
terms,whichwere too conservative. The
numbersindicate the effect of a shorter
overflowtime when dredgingin sand.
Dredging silt was assumed to be carried out
without overflow, as overflow losses were
expectedtobelarge; however, due tothe
abundance of fines, the source term was
expectedtoremainhigh. The source term for
dredgingrockwas expected tobe limited due
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tolower productionrates and the trapped
fineswithin the rock.

Operational measures for turbidity control
The highest contributortothe sourcetermis
the overflow from the TSHDs. This factarcan
be easily adjusted to mitigate turbidity in
adverse weather conditions. Consequently,
the decision was made to allow for lower
production by limiting the overflow time in
situationswhere the weather necessitatesiit.
Table 2 shows the turbidity plume modelling
conducted forvarious weather scenarios. By
combining the percentage of occurrence for
eachweatherscenario, atotal overflow
reduction has been determined for the project.

Pre-defined dredging scenarioslisted in Table 3
have been modelled with wind scenarios. This
resultsinanexpectedreductioninthe source
term.If areduction of the source termsis
required,adaptive management must be applied
byreducingthe averflow time of the TSHDs.

Intotal,itisexpected thatthe NTU limits willbe
exceededduring15% of the project duration if
no adaptive managementis applied, assuming
a3 NTU background turbidity and based on
unrestricted overflow times. The goal of
proactive adaptive management during project
executionistomitigate these exceedances
andremainwithinthe NTU limits.

DESCRIPTION

Wind direction and percentage of occurrence

DESCRIPTION OF ACTIVITY SOURCETERM (KG/S)

TSHD dredging sand with overflow 1225
TSHD dredging sand without overflow 14.5

TSHD dredging silt without overflow 62.2
TSHDdredging rock with averflow 258

Source terms of the most critical activities.

WIND DIRECTION

WIND SPEED (M/S)

AVERAGED YEAR-ROUND

OCCURRENCE (%)
Land-seabreeze 4.5 445
North 5 4.5
Northwest S] 75
West 10 10.5
East S 8.5

Modelled wind scenariosin tender phase.

WIND CONDITION

TSHDinberth pocket, nooverflow,
dredging sand

TSHD inberth pocketwith unrestricted overflow,
dredging sand

TSHDinturning basinwith unrestricted overflow,
dredging sand

TSHDinaccesschannelwith unrestricted overflow,
dredging sand

TSHDinberth pocketwith unrestricted overflow,
dredging rock

TSHD1dredgingrockinberth pocket, unrestricted overflow
TSHD 2 dredgingsiltin turning basin, unrestricted overflow

TSHD1dredgingsiltin berth pocket, unrestricted overflow
TSHD 2 dredging siltin turning basin, unrestricted overflow

TSHD1dredgingsiltinberth pocket, unrestricted overflow
TSHD 2dredgingsiltin berth pocket, unrestricted overflow

Compliance of turbidity at the intake. Agreen cell indicates turbidity at the intake is below the limit. For orange cells, areduction of upto 20%is sufficient to

comply.Forredcells,areduction of more than 20% is needed to comply with the limits.
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Duetothecritical turbidity levels significantly
affecting the productionrates of the vessels, a
proactive adaptive managementdredging
approach, as proposed by CEDA (CEDA,
2024),hasbeendeveloped forimplementation
during the execution phase.

Automated turbidity model development

and use during execution

During the execution of the project, average

occurrences of weathereventsare nolonger

valuable because they do not provide the

necessary details forimmediate decision-

making and risk management. Instead,

accurate weather predictions and associated

mitigation measures arerequired forthe

foreseeable future. Thisrequires additional

sources of information, including:

- Waterlevel forecasts;

« Windforecasts;

« Production forecasts;and

» Intakevolume forecasts for the seawater
intake.

Of thislist,the waterlevel forecastisrelatively
straightforward, as the waterlevels are
primarily caused by the tide, which can be
predicted forany momentin time using tidal
constituents. The wind forecast, being the
main driver of the currents, is procured from
expertweatherforecasters. The production
forecastis made internally based on optimal
desired overflow times to achieve maximum
productioninadredgingcycle. Fluctuationsin
intake volumes and potential forecasts have
beeninvestigated; however, due to alack of

Wind
forecast

Tide
forecast

Prepare

model input

Production
forecast

Intake
forecast

information and seemingly stable intake
volumes, this factor was kept constant
throughout the project.

To automatically run the Delft30 FM+WAQ
model on a daily basis, the Microsoft Azure
platform (Microsoft, n.d.) was utilised.
Containerised processes and anin-house
developedorchestrator perform multiple tasks
eitherin sequence or simultaneously,ina
so-called model train. This model train, in
simplified form,can be schematised as shown
in Figure 4. The input datais automatically
downloaded via APl calls or frominternal
networklocations. Fallowing this, the datais
processedinto suitable Delft30 input files for
the hydrodynamic model. The production
forecastisthenusedtocalculate source
terms for the Delft30 WAQ model. The
outcomes of thisrun are automatically
analysed against the NTU limits specified by
the project. If the unmitigated resultsindicate
anexceedance of the limits, the source terms
are adjusted accordingly and the WAQ model is
restarted. Model results are post-processed;
hourly spatial plots are generated, and data
isexportedintographsforuseinaforecast
dashboard. The output from the mitigated
WAQ modelrun afteronedayisusedasthe
input for the model run on the following day.
Asthe plumeremains suspendedforlto 3
days,cumulative errors are short-lived and
canbe addressed by calibrating the maodel.

This final step of reusing model output for the
nextday's modelruniscrucial because the

Delft3DFM
hydrodynamic
model

Delft3D WAQ
turbidity model

Simplified workflow of the automated daily model train.

Analyse WAQ
results

history of the plumeis a significant factorin
estimating the impact of turbidity. Depending
on the settling velocity of the fine material,
sediment plumes canremainin suspension for
hours orevendays. Therefore, the turbidity
plume from the previous day can greatly
influence the following day's concentration
results; hence, the model should start with an
existing plume each day.

Automated daily forecasting based on
dredging and weather forecast

Since wind predictionis the main uncertainty
among the environmental drivers of the model
andthe prediction becomes lessreliable
furtherinto the future, itisimportant tolimit
the amount of time the model forecasts.
However, because the impact of dredging on
measured turbidity has atime lag of hours to
days,itisessentialto model atleast the
lifespan of the plume.In otherwords, the
source termatmoment Awillinfluence the
measurementatmoment B. To mitigate a
potential exceedance at moment B, the
sourcetermatmoment Amust be lowered. To
provide flexibility in how farthe model needs
toforecast, three days are modelled. This
means that,intotal,the modelwilllook4to S
daysintothe future, depending onwhen the
model isinitiated.

Since the weather forecastcanbecomeless
reliable over such time frames, the interval
between startingamodel and implementing
itsresults mustbe as shortas possible.Ifa
modelwere 100% reliable, this period could be

Delft30 WAQ
turbidity model
with mitigation

measures

Forecast
dashboard
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Overview of model timing and implementation of results as the project progresses. The modelusesthe  because model results can be uncertain,
restartfile from the previous runto account for the historical plume additional timeisreserved forinterpretation
andrerunning if necessary. Daily reanalysis of
the forward-lookingwindow is performed to
minimize wind forecast uncertainty. The model
timings are schematized in Figure 5.

Pro-active adaptive dredging approach
When the model results become available,
theywillbeinterpreted. Thisinterpretationis
crucial because the model is an approximation
of reality. Therefore, the interpretation must
considerthe differences and their potential
implications. Examples of differences
between the model andreality include:

= Variability inweather predictions or
deviationsin measured conditions;

- Re-suspensionorreduced settling
velocities due towave actionnot accounted
forinthe model;

= Variationsin dredging productions;

- Equipment breakdowns;

- Changesinsaoilconditions;

= Alterationsindredginglocations;and

» Updatestobathymetry.

Oncetheinterpretation has been completed,
mitigation measures can be determined. The
primary mitigation measure is adjusting the
overflowtime, butthe dredginglocationis often
also considered when critical situations arise.
Mitigation measures can be implementedona
day-to-day basis orimmediatelyinresponse to
rapid changesinweatherconditions.

Continuous turbidity monitoring

Continuous live turbidity monitoring with buays

hasbeenimplemented for multiple reasons:

- Toshowcontractualcompliance tothe
NTU limitations;

- Tocheckmodelresultsversusreality;

- Toactasanearlywarning systemincase
the modelresults are deemed unreliable;

Real-time measurement buoy locations. - Tomeasure background turbidity inthe
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event of natural high turbidity events; and

- Tomeasure otherimportant parameters,
such as chlorophyll, dissolved oxygen and
current speeds.

The measurement buoys'locations are shown
inFigure B.

Buoylandbuoy 4 are designated as
background buoys, buoy 2 servesastheearly
warning buoy and buoy 3 along with the quay
wall station are buoys used todemonstrate
compliance with contractual limits. Buoy
measurements started prior to project
execution forabaseline study on the
background turbidity values. During project
execution additionally spatialhandheld NTU
profiles overdepth are measured multiple times
perweek at fixed locationswithinthe dredging
area for model calibration and validation.
Figure 7 shows an example of handheld turbidity
readings onthe measurementgrid. These

Handheld Measurment
021032025

Y f' W

it Sy e WS o

w;e,&zﬁaﬁut_m

handheld measurements provide valuable
information toverify the concentrationsin the
forecasted plume and indicate the level of
conservatism.|f modelled levels are deemed
too conservative, a manual calibration of
forecasted NTU levelsis performed. Handheld
readings generally show lowervalues within
500 metres of the dredging area, which can be
explained by the conservative settling velocity
usedinthe model, accounting forthe reduced
settling caused by propellerwash.

Stakeholderinvolvement

Thelive buoy measurements are shared with
relevant stakeholders through anaonline
dashboard. Additionally, stakeholders are
informed about the daily turbidity model and
itsinterpretation. Adaily turbidity forecast
reportisdistributed, whichincludes the
general outcomes of the model runs, the
interpretation andits consequences onthe
mitigation measures.

Example of handheld measurements during project execution.

Implementation and validation

During theinitial stages of the project, a
softstarttothedredging activitieswas
implemented to account forassumptions
inthe model and to build confidence inthe
maodel results. During thisramp-up period,
the modelwas calibrated by taking soil
samples, analysing satellite imagery and
conducting NTU measurements. Afterthe
ramp-up period, the conservativeness of the
initialmodel was reduced by lowering the
overflow source term fraction with afactor 2,
linearly impactingthe SSCinthe plume.The
forecasted productionrates and dredging
cycletimes are adjusted to betterreflect
actual conditions.

Periodic validation and model update with
on-site measured data

Asthe project progressed, both the soiland
bathymetry changed. When it was determined
that these changes significantly altered

Legend
Turbidity Measurment
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model outcomes, a model update was
implemented. This was deemed necessary
afterapproximately 50% of the project was
completed and harder soil had been dredged.
The harder soilrequiredlongeroverflow times
duetolessefficientdredging. However, this
did not necessarily lead to a higheraverage
source termsince the percentage of fines
was lower and the fines were trapped in lumps
of material.

Astheproject progresses and parameters
change, decidingwhetherto update the
interpretation or the model can be challenging.
Updating theinterpretation works wellinthe
shortterm,but postponing a model update can
resultinthe model becomingincreasingly
divergent fromreality. However, updating the
model comes with the downside that the
interpretation of the model may change again.
To address this,atestand a production model
trainarerun separately. Model updates are

24/02/2025 00:00 25/02/2025 00:00 26/02/2025 00:00

firstimplementedinthe testenvironment.
When the testresults are deemed reliable and
the differences with the main production
model train are understood, the model trainis
updated. This approach helps avoid errorsin
running the model trainorin the interpretation.

Results and discussion
Accuracy of turbidity forecasting model
Anexample of model output from 25 February
to3MarchisshowninFigure 8. Thiseventis
usedtoillustrate how the model functions and
whytheinterpretation phaseisimportant.
Trendsinthe plume are predictedrelatively
well. The graphs show examples of events
where the model predicted high turbidity and
the measurements also showed spikes. The
timing and level of turbidity events occasionally
isinaccurate, which canbe explained by
differencesin:
- Theactualvs.modelled dredgingcycle: A
theoretical dredging cycleisimplemented

NTU Buoy 3

27/02/2025 00:00 28/02/2025 00:00 01/03/2025 00:00

inthe forecast model, whichis unlikely to

align exactly with thereal dredgingcycle. It
ischallenging to predict the exact timings
whenavesselisdredging.

- Theactualvs.modelled overflow times:
Predicted overflow times are implemented
inthe model; however, real overflow times
may differ due tovarying soil types.

- Theactualvs.modelled wind conditions:
Predicted wind conditions often show
differences from measured wind conditions.
Variationsindirections and peak velocities
influence the currentsin the model.

- Wave conditions,which are notincludedin
the model.

The predicted turbidity levels during the peaks
are overestimated by the model. Thisisduetoa
conservative settling velocity chosentoaccount
fortheincreased turbulence caused by propeller
wash.The low ambient velocities are significantly
influenced by propellerwash eddies overlarger
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Example of model output versus measurements between 25 February and 3 March. The top graph shows the predicted (orange) versus the measured (blue)
NTU in buoy 3, the middle graph shows the forecasted (orange) vs measured (blue) wind speed and the bottom graph shows the forecasted (orange) vs

measured (blue) wind direction.
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Measured currentvelocity vs measured NTU in buoy 2. The spikes around 8 March align with the turbidity spikes.

distances,which cannot be capturedinthe Delft30 model. The effect of
thiscanbeclearly seenincurrentvelocity peaksinbuoy 2, which coincide
with turbidity peaks,as shownin Figure S. The spikes around 8 March align
with the turbidity spikes. The effect of vessel movement can also be
observedwhen comparing satellite imagery with model outputin Figure10.
Local eddies with high concentrations can be seen,whereas the model
predicts amuch more gradual plume. The plume location aligns well,
althoughlocal differences due to vessel movements are visible.
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Satellite ordroneimagery proved to be avaluable tool to verify model
results during the interpretation phase.

Impact on project execution

Takingtheinterpretation after the model resultsinto account, advice
is provided onwhich mitigation measures can be applied to remain
withinthe limits. These measures may include options beyond overflow
reduction, such as:

Instantaneous turbidity [NTU]. Layer: 6

Plume model prediction vs satellite imagery. The plume location aligns well, local differences due to vessel movements are visible.
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Proposedindicative overflowtime (notrelated to the tick labels) based on turbidity forecast modelling (purple) versus measurements of buoy 3 (orange)

comparedtothelimitof 20 NTU (green).

- Dredgingindeeperwatertoprevent
propellerwash;

< Avoiding dredging high up onthe slopes
of the designto prevent propellerwash;

- Choosingtodredgeinadifferent material
with lower fines content with overflow;

- Optingtodredgeinalocationwith many
fines without overflow; and

« Schedulingrepairs or bunkering of one
of the vesselstolower the total source
term of the project.

Figure 11shows the indicative proposed
overflow duration against the buoy 3
turbidity readings and the turbidity limit

of 20 NTU. This figure demonstrates how
effective the overall approach of the

model trainwith aninterpretation phase

has beenforthe project. Eventswhere
overflowtime wasrestricted could have
resulted in exceedances of the limitif no
mitigating measures had beenimplemented.
Conversely, during periods with low turbidity
risks and thus norestrictions, the
measurements show low turbidity values
and optimal overflow times for maximum
productionwere implemented. Several
noteworthy events arelistedin Figure 11.

Fromthe above, itis concluded that although
the predictive modelling shows some
uncertainty, it provides significant confidence
as amethod for making decisions during
projectexecution. Changesinweather
systems are generally well captured and the
generalidea of the turbidity riskis known a few
daysinadvance. The uncertainty of the model
predictions will decrease overtime as
measured data providesinformation to update
the model or the interpretation of the model
results. The exact turbidity level will remain
difficultto model precisely since local
disturbances, such as eddies from vessel

NR. EVENT

1 Ramp-up phase

DESCRIPTION

During this phase of the project, limited
knowledge was available regarding how critical
the turbidity would be; therefore, overflow
times were limited.

2 Wave event]

Thiswas the first highwave eventduring the
projectand demonstrated theimpact of waves
on turbidity.

3 Overflowrestricted, exceedance mitigated

Overflowwasrestricted due to model results.
Some conservatismwas applied, also because
some waves were present during these days.

4 Unrestricted overflow

Forthefirsttime, the forecasted weather
conditions allowed fornorestrictions on
overflowtime. Readings showed low NTU
valuesinaccordance with modelresults.

S Mitigated exceedance

Mitigation measures for the peaks during
these days appeared conservative, providing
valuableinformation forthe interpretation
phase for future modelingresults.

B Unrestricted overflow

Norestrictionswere applied. Readings showed
lowNTU valuesinaccordance with model
results.

7 Mitigated exceedance

This peakwaslowerthanexpected becausea
predicted wind peak did not occurinreality.

8 Wave event 2

Thiswave event caused a brief exceedance

of thelimits, resultingin the project being
halted untilreadingsreturned to acceptable
levels.Thereason forthe exceedancewas a
severe wave event causing high background
turbidity. Because of several days of predicted
waves, no overflowwas implemented, although
the model (excluding waves) did allow for

some overflow.

9 Applying multiple mitigation measures

Thedredginglocation was changed to coarser
material, which allowed for longer overflow
times due to lower source terms.

Description of events during project execution.
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propellers,cannot be capturedin a predictive
model. This uncertainty will persist throughout
the project and therefore must be considered
when advising on mitigation measures.

Challenges and lessons learned

Model validation before project execution
When the project started, the model was not
calibrated and validated due to the absence
of measured dataduring dredging activities.
Acomparisonwas made with the pre-tender
turbidity assessment, which showed similar
results. Validation and calibration of the model
wasrequired atthe beginning of the project.
During this phase, communication with
stakeholdersregarding the model's
performance was essentialto maintain
trustinthe model train.

Field data of soilislagging behind on

model forecasts

Soilsamples from the hopper are taken and
analysed continuously. The process time
between taking asample andreceivingits
results should be as short as possible, as
dredgingis ongoing and soil can change. For
smaller projects, the soil data may not be fully
representative for updating model settings if
soil conditions change quickly with dredging
depth.Sampling must be done carefully to
ensureitprovides a comprehensive picture of
the dredged material.

Propeller wash turbidity

Separating turbidity caused by propellerwash
fromthat generated by the drag head and
overflowis challenging. In shallow areas,
propellerwashislikely to be a significant
source term. Thisis assumed to be accounted
for by additional conservatismin the dredging
source term.

Vesselmovement
Effects fromthe vessel propellers appearto
influence the current patternsinand nearthe

Applying a pro-active
adaptive dredging
strategy based on
forecasted predictions
led to reduced
environmental impact.

dredging area.Buoy 2 indicated that spikesin
currentvelocity significantly reduced during
bunkering orrepairs. Additionally, satellite
imagery consistently showed a patterninthe
plume,with aninflow of clearwaterintothe
dredging area from where the vessels started
sailing towards the disposal areaand old
eddy-shaped plumes towards the south and
north. With the current models, itisnot
feasible toinclude amaoving propellerwash
forcing, which means this factor must be
considered during the interpretation phase
afterthe modelrun.

Wave impact

Waves appeared to have a significantimpact
on (background) turbidity during periods of
increasedwave height. Thiswas observed
onceduring the baseline measurements and
twice during dredgingwhen no exceedance
was predicted by the model. Waves were not
includedinthe model asthey were expected to
be of lowimportance. Despite this, the majority
of the time,waves did not have a substantial
impact. Unforeseen effects during periods of
increased wave height were considered during
theinterpretation phase of the model results.

CONCLUSION

Summary of findings

« Aturbidity forecast modelis an effective
tool fordetermining short-term dredging
strategies, considering the impact of
predicted weather on sensitive receivers
such as aseawaterintake.

» Uncertaintiesin the turbidity forecast
canbe managed by the contractor. There
are various mitigation measures beyond
adjusting overflow duration, such as
dredgingindifferentlocations, deeperwater,
different materials and planning repairs.

- Adaptation of the model comparedto
reality alwayslags behind real-time data.
When soil conditions change, thisleads to
additional uncertainty. The source termis
highly dependent on soil type and overflow
duration alone as a mitigation measure
canbeapoorindicatorwhen transitioning
toadifferent material type. System
knowledge s criticaland the contractorcan
assess experience from the project and
measurements to estimate therisk.

- Astheprojectprogresses and parameters
change,decidingwhetherto update
theinterpretation orthe model canbe
challenging. Updating the interpretationis
easierinthe shortterm,but postponing the
model update fortoolong can cause the
model to deviate significantly fromreality.

- Satellite ordroneimagery cangreatly

assistin calibrating and validating the
model. The shape andintensity of the
histarical plume generated by previous
dredging are crucial for accurate model
results but are very difficult to verify with
local measurements only.

« Investingin propercommunication with
stakeholders builds mutual trust. Online
dashboards and visualisations are highly
valuable tools for this purpose.

- Theexecution phasevalidated many pre-
tender conclusions but also highlighted the
need forongoing adjustments based on
real-time data. Continuous monitoring and
adaptive management proved essential for
maintaining environmental compliance and
optimising productivity.

Significance of the forecasting model

and adaptive approach

Forthe Sohar Portdevelopment project, the
forecast model proved to be avaluable tool for
making operational decisions. Applying a
pro-active adaptive dredging strategy based
onforecasted predictionsled toreduced
environmentalimpactandimproved dredging
andoverall project performance, meeting the
requirements set by stakeholders.

Recommendations for future projects

« Athoroughsystemunderstanding backed
by measurements during the pre-tender
phase greatly increases the possibility of
reliable and valuable forecast modeling for
the project.

- Duetointrinsic uncertaintyin turbidity
forecasting, implementing realistic limits
that can be exceeded foranacceptable
duration helpstoreduce anoverly
conservative approach. Thisincludes
allowances for spikes in turbidity readings
thatcannot be captured by aforecast model.

= Turbidity managementis most beneficial
ifimplemented by the contractor. This
provides flexibility in the mitigation
measures and benefits the project by
allowing the trade-off betweenrisk and
production, considering all nuances known
by the contractor. Providing reliable and
sufficient site data by the client during
the tender phaseis crucial foranaccurate
risk assessment.

» Making the turbidity models used during the
pre-tender stage available during the tender
stage greatly enhancesthe contractor's
flexibility to implement specific work
methods, benefiting the project overall.

- Engage stakeholdersregularly foropen
communication and share insights from
models and forecasts.
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