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Visualizing complex sound speed distribution.
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SUMMARY

Hydrodynamic tidal models are currently being canded for ports and harbours around the
world to simulate the amplitude and phase of tHestiand build spatially varying tidal datums.
As surface fluctuations are the primary intereeese models use an isodensity assumption
(barotropic), which ignores sub surface conditiofsestuarine circulation. By extending the
reach of the model to capture the three dimensidaasity distribution (baroclinic), the structure
and variability of the physical properties of thater column can be monitored.

A project is currently underway in the Port of Salahn, New Brunswick, to model the estuarine
dynamics that drive sediment resuspension for ptiedi of dredging requirements. To initialize
and validate the model, temperature, salinity andremt velocity data was collected
simultaneously throughout the area from a survesgele(the CSL Heron) using an MVP-30 and
a pole mounted ADCP. Using these observations,datailed bathymetry, a three dimensional
baroclinic hydrodynamic model was constructed fog Port of Saint John. The temporal and
spatial distribution of temperature and salinitghin the water column structure can be extracted
from model output to calculate sound speed stredtinoughout the model domain.

A three dimensional high resolution hydrodynamiadelccan provide more than just sea surface
elevations. The fields of temperature and salioéy give insight into the temporal sound speed
structure within the water column. This allows iimproved survey planning and could minimize
refraction errors associated with an inability togerly sample the local water mass.

1. INTRODUCTION

The Port of Saint John on Canada’s east coast &@wve industrial port and complex estuary.
The port must contend with the massive fresh weteat of the Saint John River and semi-
diurnal tides with a spring range of over sevenregpushing in salt water from the Bay of
Fundy. One, or both, of these inputs is also thecgoof massive amounts of sediment deposited
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in the Harbour which must be removed each yeamutiradredging to allow access to certain
areas of the port.

In an effort to discover the source of the excesinsentation in the harbour, a multidisciplinary
project has begun to estimate the sources of tliensats. One of the objectives of the project is
to develop a numerical model of the harbour curkesibcities. The model would be used to
understand the current dynamics for the fresh aidvgater to aid in analysis of sediment
transport. To capture the importance of mixing avdluate differences between the salt and
fresh waters of the estuary, a baroclinic model e@sstructed which would capture the three
dimensional density distribution of the harboumagavith current velocities.

To initialize and verify the baroclinic model, cent velocity, acoustic and optical backscatter of
the water column, temperature, salinity and seaberphology were observed at four times of

the year from the CLS Heron to simulate the extremaditions of the estuarine environment.

The initial survey occurred on April 22, 2008, &ag spring freshest; the second on November
14, 2008 at peak fall freshet; the third on Maréh 2009, close to the winter minimum before the

spring freshet; and the final survey took place Jume 11, 2009, after the spring freshet
approaching the summer minimum. From examinatiothefmodel at these four times of year,

the dynamics of the local oceanography can begietonderstood.

To monitor the dredging requirements, under kesdreinces and areas of deposition and erosion
in the Port of Saint John, multibeam echo soundndpne on a regular basis. The Port of Saint
John has their own vessel for multibeam data attouis the Hawk, while other surveys have
been performed throughout the years with the CStokleThe constantly variable stratification
of the harbour throughout a tidal cycle makes sospded errors a large concern for data
processing, especially when trying to resolve setirdetre level changes in the harbour
morphology. In an effort to understand the effeftéhe estuary on sound speed, the output of the
baroclinic model was analyzed.

Two of the outputs of the model are high resolutiemporal fields of salinity and temperature
throughout the model domain; therefore these versaban be used to calculate sound speed
distribution and determine its effect on the ureieiy in multibeam data acquisition. Knowledge
of the temporal distribution of salinity and temgieire of the entire port from the model output,
instead of a single point as with a traditional Cg&st, allows the hydrographer to understand
where and when a sound speed cast is required.withukl aid in survey planning as a survey
could be completed within specified areas withaeding to frequently stop to collect a cast and
potentially allows for the use of synthetic modelsts to improve survey efficiency and
uncertainty.
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2. THE PORT OF SAINT JOHN PROJECT

The Port of Saint John is New Brunswick’s largest pbringing in over 26 million metric tonnes
of cargo and hosting approximately 80 cruise shijls over 200000 passengers each year [Saint
John Port Authority, 2009]. As shown in Figure here are two principal channels in the
harbour, the Main Harbour channel to the west drel Courtney Bay channel to the east.
Sections of both channels are dredged each yeaaittain minimum under keel clearances. The
principal difference between the two areas is teshwater input. The Main Harbour Channel is
the entrance to the Saint John River and must wojpethe entire fresh water load of the Saint
John River watershed. Courtney Bay, on the othed haas no significant input of fresh water.

Dredging takes place predominantly within CourtBay, with a smaller amount required in the
shipping berths along the Main Harbour channel.geaamounts of sediments move into
Courtney Bay and must be removed to not impedeevesaffic [Leys, 2007]. The immense

annual costs of this undertaking have promptedua fe@ar research project to examine the
sources and movement of sediments within the harbwith a focus on Courtney Bay. It is

unknown whether the majority of the sediments wraaker the bay are from the river or from
tidal offshore re-suspension [Neu, 1960].

wiky. The Port of
Saint John

s
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Figure 1 — The Port of Saint John Overview
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One aspect of this project includes examining thteiagine circulation of the harbour through
oceanographic observations and modelling. The ghBens were taken over a two year period
at different stages of fresh water output from$aéent John River. The modelling was completed
to coincide with the same time periods.

2.1 Oceanographic Sampling

Oceanographic sections of the Main Harbour ChaanélCourtney Bay were observed from the
CSL Heron, a 10 metre research vessel, over a dBpaviod at four times of the year [Toodesh,
2012] . These sections covered the entire Coulagyand Main Harbour channels over a semi-
diurnal tidal cycle, as the M2 constituent is tleenihant component of the tide in the area. The
vessel recorded seabed bathymetry and backscattérwatercolumn backscatter from a
Kongsberg EM3002 300 KHz multibeam system; watencwol backscatter from a 200 KHz
Knudsen 320 B/P single beam; current velocitieswaatkr column backscatter at 600 KHz from
an RDI ADCP; and temperature, salinity and optiatkscatter data from an MVP-30.

The oceanographic surveys were performed on ARril2ZD08; November 14, 2008; March 26,
2009; and June 11, 2009. The surveys were designedpture the four primary stages of the
estuarine system. The March survey was completed far the spring freshet, when the river is
in a winter stage and the freshwater output froenriver is low. The April survey was completed
in the middle of the spring freshet when freshwatetput and river levels are high. The June
survey was completed after the spring freshet amthg the summer season when river levels
and flow are relatively low. The November surveysveampleted during the fall freshet where
river levels and flow are slightly elevated. Seeqdesh, 2012] for a more detailed overview of
the sampling campaign.

For each of the oceanographic surveys, the MVP-89 deployed approximately 800 times, as
shown in figure 2 for the April 2008 survey. Witaah deployment, salinity, temperature and
associated depth information was collected fromr riea surface to within 2 metres of the
seabed. From this data, the speed of sound in waitkd be calculated at each cast location.
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Figure 2 -- April 2008 MVP-30 Deployments

2.2 Baroclinic Hydrodynamic Model

Hydrodynamic models can be constructed for bodfewaier to simulate the amplitude and
phase of the tides and predict local oceanograpkyrface fluctuations are the primary interest,
the models can use an isodensity assumption (barofr which ignores sub surface conditions
of estuarine circulation. If the full oceanograpproperties of an area are of interest, the model
can be constructed to capture the three dimensamredity distribution (baroclinic). A baroclinic
model allows the structure and variability of theygical properties of the water column to be
examined.

With data from the four oceanographic surveys, aoddmic hydrodynamic model was
constructed of the Port of Saint John, which exaohithe three dimensional density distributions
in the port. The model allows prediction of thereat velocities and estuarine circulation at any
point within the model domain and at any stagéheftide. . Temperature and salinity fields were
calculated throughout the model domain for the tlomeof the model run.
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The model grid was constructed using a high reswiutoastline of the Port of Saint John and a
combination of multibeam bathymetry and CHS chaunslings, as shown in figure 3. The mesh
included 20 vertical terrain-following layers, 184hodes and 30679 triangles and had a
horizontal resolution which varied between 3 an@® h2etres. Open forcing boundaries were
located above the Reversing Falls in the Saint Rifier and at the entrance to the harbour in the
Bay of Fundy.
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Figure 3 -- Model Mesh and Domain Overview

The grid was input to the Finite-Volume Coastal &c&lodel (FVCOM) for simulation [Chen et
al., 2006]. FVCOM is capable of handling areasarhplex coastlines and bathymetry, intertidal
zones and vertical density distributions. The mddkés as input the model grid (figure 3), an
elevation time series along each of the open, mastal, boundaries, and initial temperature and
salinity conditions at the open boundaries andughout the domain. Temperature and salinity
are initially set to a single value for the entimodel domain. At each open boundary,
temperature and salinity are prescribed verticaliyform, temporally constant values.. As the
model runs, the differences in the open boundanglitions allow the model to stratify naturally.
The model run was initiated between five and sedays prior to the specific oceanographic
observation period, to allow the model to adjustthe observed temperature and salinity
conditions.
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FVCOM is able to take advantage of a Message Rparsiterface (MPI) parallelization to
maximize efficiency [Chen et al., 2006]. Model ruasre done using the Atlantic Computational
Excellence Network (ACEnet) high performance cormgutnetwork [ACEnet, 2011]. One
seven day simulation running on 128 processors thekequivalent of 8500 CPU-hours to
complete. The model outputs a series of NETCDI filbich includes water surface elevations,
horizontal and vertical velocities, salinity andnfgerature at each node and prescribed output
time-step of the duration of the model run. Anytlodse variables can be extracted for a desired
location or time period within the model domain.

Sound speed was calculated in the model post-pimgefor each node and time-step from the
temperature and salinity fields at 20 depth layArsexample of the time varying field of sound

speed throughout the model domain at one timeistspown as a slice through both the Main
Harbour channel and Courtney Bay in figure 4. Towvensl speed field displays the effects of the
estuarine circulation on sound speed throughouh#nieour at each stage of the tide.
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Figure 4 — Sound Speed Field slice through the MaiHarbour channel and Courtney Bay

2.3 Model Surface Elevations

The model calculates surface elevations throughmeitmodel domain. Using the location of a
permanent tide gauge at the Bay Ferry Terminal dbk251° N, 66.063°W) in the Port of Saint
John as a reference, the effects of the changilegoim the potential vertical elevation uncertainty
can be determined by examining the amplitude arasg@lof the M2 component of the tide
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throughout the model domain. The M2 constituentieslwere extracted from the model output
for the April 2008 period using the T_TIDE harmotigal analysis software [Pawlowicz et al.,
2002].

The maximum difference in tidal amplitude betwebe tide gauge and the upper limits of
Courtney Bay as predicted by the model is only ®04nd between the gauge and the Harbour
Bridge is 0.06m. Beyond the Harbour Bridge to trewvétsing Falls, the amplitude of the tide
changes by up to 0.4m, but due to extreme currémis,area is only surveyed at slack water,
when there is little difference in the tidal amptie throughout the area.

The maximum tidal phase difference between the gaege and the upper limits of Courtney
Bay as described by the model is 0.3 degrees &¥hds for M2), and between the gauge and the
Harbour bridge is 1 degree (124 seconds for M2yoBd the Harbour Bridge to the Reversing
Falls, the phase changes by an additional 0.8 de@89 seconds for M2).

The total potential tidal error is calculated usigrmat's Theorem which states that the local
maximum, or minimum, of the difference function, @g®wn in equation 1, is found when the
differential of that function is set to zero [Stetyal., 1999]. The difference function shown in
equation 1 describes the vertical difference betwgeo tidal waves wherel, is the tidal
amplitude at the tide gauge locatiofy, is the tidal amplitude at another point in the eilod
domain,w is the M2 constituent speeg, is the tidal phase at the tide gauge location @xnds

the tidal phase at another point in the model domai

AE,e,,(t) = Alcos(wt - ‘»"1) — Azcos(wt - (pz) ()

For a survey constrained by the limits of the HarlBridge, the maximum error would equate to
0.08 m, while a survey constrained by the Reversialls could see a maximum tidal error of
0.41 m. Harbour dredging is constrained exclusitelpelow the harbour bridge, therefore the
maximum tidal uncertainty should be below 0.08miakhs below the decimeter level dredging
accuracy limit, but could still prove importanttime overall error budget. These results are only
relevant to those surveys using the Saint John dalgge for vertical reference. Ellipsoidally
referenced surveys, which are not related to lebakt datum, would be independent of these
error sources, although they are susceptible io den vertical referencing errors.

2.4 Comparison of Oceanographic Survey to Baroclinic Mdel Output

While the oceanographic survey was completed oldggaa transect through the centre of the
Main Harbour channel and Courtney Bay, as showfigure 2, it can be compared to the model
output along the same section. Variables of teniperasalinity and derived sound speed can be
compared directly to the model output at the saimed and locations as each profile of the

New and Emerging Technology 8/17
lan Church, John Hughes Clarke, Susan Haigh andiREeodesh
Modelling the estuarine circulation of the PortSaint John: Visualizing complex sound speed thigtion.

CHC 2012
The Arctic, Old Challenges New
Niagara Falls, Canada 15-17 May 2012



oceanographic survey. The effects on sound spegdh@nconsequences of the differences are
examined in section 3.2.

As an example, a profile for a single stage oftitlal cycle from the November transect can be
examined along a transect shown in figure 5. Figushows the original salinity, temperature
and derived sound speed data from the observatiogste 7 shows the output from the model
for the same location and time period while fig8ndustrates the differences between the two.

W + Main Harbour
=~ Profile - +

0 035 07 14
— w— K lometers

Figure 5 — Sample Profile Location
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Figure 6 — Observed Salinity, Temperature and Soun&peed Profile along Main Harbour Transect
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Figure 8 — Difference between Observed and Modeleshlinity, Temperature and Sound Speed Profile along
Main Harbour Transect

For the salinity, temperature and sound speedrdiifee profiles in figure 8, it can be noted that
there exists a discrepancy mid watercolumn. Thasraaly is caused by incorrect mixing between
the salt and fresh water layers in the model. Therface in the observed data is sharper, as
shown in figure 6, while the model is much morduwdié, as shown in figure 7. This implies that
the turbulence at the density interface is impriyperodeled and should be re-examined. Once

the interface is properly tuned for a single tidatle it should provide better results for all athe
times of the year.

While the magnitude of the differences can be néde@ach variable, it is difficult to determine
the significance of the differences. Section 3 drasthe differences noted for each profile and
describes their impact on hydrographic data acijisiPerceived anomalies between the model
output and the observations may appear signifidaut,could have little bearing on acoustic
raytracing.

3. RESULTS AND ANALYSIS
The baroclinic model described above can providessimate of the distribution of sound speed

within the bounds of the port of Saint John. Itezxds observational capabilities and gives insight
into the dynamics of the sound speed field. Ushiig information the extent of similar water
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masses can be determined and the consequences affinciently capturing the variability can
be resolved. The model is simply a representadfathe actual oceanographic conditions of an
area; therefore the model will not perfectly replee the observations. What's important is
determining the consequences of this mismatch amogyaphic data acquisition and using the
mismatch in the observations to improve the model.

3.1 Model vs. Observations

To determine the differences between the modelubipd the oceanographic observations, data
from the oceanographic sections can be comparduetoodel results at the same time period.
For each MVP-30 cast, corresponding temperatuh@jtyaand sound speed can be compared to
the model output at the same time and locatiorémh depth layer. To evaluate the consequence
of the observed difference, the absolute depthr @gsociated with raytracing the outer beams of
multibeam sonar at 60 degrees at that point ifn#nbour is examined. This method of evaluation
emphasizes the significance of the differencesfstandard hydrographic survey.

Table 1 shows the mean difference and standarat@vibetween the ray-tracing result from the
MVP-30 data and the model data for each of the fauvey periods. The number of MVP-30
casts used in the calculation and the percentagkeeodlifferences which fall within the 10 cm

dredging accuracy limits are also presented iretabl

Figure 9 demonstrates a 30 bin histogram of tHerifices in the ray tracing results based on an
absolute depth difference and a percentage of vepth difference for the November 2008
survey. The mean and the 10 cm dredging accurattglare shown in the figure.
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Table 1 -- Mean and Standard Deviation of MVP-30 csts vs. Model Output

Survey Value Mean Standard Count Percent within 10cm
Period Difference Deviation dredging limit
April 2008 | APSOIte DEPI | g g0 0.269 750 52%
rror (m)
Percentage of
Water Depth 0.277 1.292 750
Error (%)
November | Absolute Depth
2008 Error (m) 0.054 0.093 906 78%
Percentage of
Water Depth 0.497 0.615 906
Error (%)
March Absolute Depth
2009 Error (m) -0.036 0.130 685 7%
Percentage of
Water Depth -0.128 0.605 685
Error (%)
June200g | Absolute Depth | 4 oo, 0.027 667 93%
Error (m)
Percentage of
Water Depth 0.403 0.166 667

Error (%)
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Figure 9 — November 2008 Absolute and Percentage [k Error Histograms
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3.2 Estimating Potential Error Distributions

Another method to examine the variability of theirsd speed field over time is to analyze the
consequences of using a single sound speed povfiiea certain area and time period instead of
constantly varying the profile based on the moddbot data. By assuming that a single profile is
input to a multibeam system at a specified time, dffects of using that profile over the survey
area (the entire model domain) can be evaluat¢deadifference between the raytracing results
using the input profile and a modeled profile a #dctual real-time location of the vessel. It is
assumed that the vessel has a surface sound spasdr;stherefore the calculation of the
difference uses a varying surface sound speed vdoigiesponds to the model result at the depth
of the transducer. This gives a depth error whictaiused by the differences in the water masses.
The depth error is converted to a percentage oémdepth error and an associated level of IHO
S-44 order [International Hydrographic Organizati@®08]. It is assumed that 50% of the
uncertainty error budget is allocated for souncegparors.

Examining the potential error field not only proggd an estimate of sounding uncertainty
throughout the domain, it also adds a planning loiéipato the model output. Regions can now
be determined where if a single sound speed prfilegsed then depth errors will be below a
certain threshold. Polygons can be created foraicedtages of the tide which show zones of
minimum and maximum errors based on an initial slosfreed cast location. Figures 13 through
24 examine the error field for each tidal cycle dhustrate the maximum potential error.

As an example, figure 10 shows the associated IEl@ance levels with contours indicating
vertical errors within Special Order, within Orderwithin Order 2 and larger than the limits of
Order 2. This clearly shows that a sound speedi@rafllected at the “Reference Cast Location”
at the intersection of the Courtney Bay and Maimhidar Channels is only representative of a
portion of the Port of Saint John area. Speciaéoisl maintained around the location of the cast
and up into Courtney Bay. Uncertainties beyondlithés of Order 2 result in the Main Harbour
channel.
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Figure 10 — November 2008 IHO Order Distribution

4. CONCLUSION

Baroclinic hydrodynamic models provide a three disienal temporal overview of the
temperature and salinity conditions for a specife@da. Sound speed fields can be calculated
from these variables which provide a method forlyamag potential sound speed uncertainty.
The optimal frequency and locations of sound spmesds, the consequences of using specified
casts and the creation of synthesized casts cdetbamined from the model output. A case study
is undertaken in the estuary of the Port of SaitinJ New Brunswick, Canada at four times of
the year: winter minimum, spring freshet, summanimum and fall freshet. The simulations for
the four periods illustrate the influence of théuasine conditions on the potential sound speed
uncertainty.

For an area of complex oceanography, such as tim B#n Harbour, the model provides an
alternative to high density collection of sound experofiles. As the model results will never
perfectly match the observations, the significantdéhe difference must be determined. The
model provides a raytracing solution which matcttes observed profile within a maximum
standard deviation of 27 cm at 60 degrees for thel Aurvey, while the fit is much better for
other times of the year. While not discussed h&aemaximum differences shown in section 3.1
are spatially correlated; therefore depending am dbsired survey area, the differences and
associated standard deviations will vary.

New and Emerging Technology 15/17
lan Church, John Hughes Clarke, Susan Haigh andiREeodesh
Modelling the estuarine circulation of the PortSafint John: Visualizing complex sound speed distion.

CHC 2012
The Arctic, Old Challenges New
Niagara Falls, Canada 15-17 May 2012



The next step is to tune the model to better cpmed to the actual conditions of the Port of Saint
John. This may include modifying the bottom rougitsmand mixing coefficients. As noted in
section 2.4, the single largest improvement inrésailts will likely come from using an improved
turbulence model to deal with the intense densitigrgnces between the fresh and salt water
layers. Once the turbulence is modelled to fit éictual conditions, the density interface will
improve and the differences between the model tesmd the observations will improve for all
times of the year.

The initial testing of this baroclinic hydrodynamimodel for the Port of Saint John shows
promising results. The majority of the time, thedabcould substitute actual observations with
little effect on ray-tracing uncertainty. Areasaifceptable uncertainty resulting from CTD cast
locations can be determined through examinatioth@ferror fields in terms of IHO uncertainty

levels at each time of year.
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