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Abstract

A long term monitoring project to measure the irgenual change in pro-glacial deltaic
sediments has been initiated in Oliver Sound, dreeauster of fjords that lie off Eclipse Sound
along Baffin Island, Canada. In order to confidgntlentify the decimetre-level change, from
multibeam surveys, adequate tidal control is remlirSurveying in such remote locations
presents conditions, logistics and time constraingt prohibit the installation of tide gauges.
Even if one could be established, the individudtadeare spread out over several 10’s of
kilometres along constricted waterways and thermiprior knowledge of the likely propagation
of the tidal wave.

Globally Corrected GPS observations (CNav) obtaitedng the survey are available, but for

the requirements of these surveys are not accerategh and suffer from severe reliability

issues due to the steep fjord walls. The ArcticewtlebTide model would be an option for the
more open waters, but does not resolve the fi¢todicted tides from nearby stations could also
be used, but they are far from the survey areasmpadrated by complex and restricted bay
geometries. In order to overcome these hurdlessted hydrodynamic circulation model has
been developed. The model can be tested against (Mach can confirm correct phasing of

high and low water) and predictions from constitseobtained at other locations within the

model domain.

While the comparisons will be referenced to meatseel, the same data is forwarded to the
CHS for inclusion in charting. For that purposearthdatum to MSL separation has to be
established. Given the significant modeled varratiio tidal range within the fjord complex, a
single datum offset is unacceptable. Thereforerdimoously varying datum offset is generated
for the whole region based on using the local sfinagor constituent amplitudes together with
a scaling factor that reflects the ratio betweext fum at observed stations and the used LLWLT
there.
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Introduction

A long term monitoring project has begun using rbeltm bathymetry within the Oliver Sound
fiord on the northern tip of Baffin Island, Canadane goal of the project is to measure
decimetre level changes in the seabed morphology tome. In order to monitor these changes,
stable vertical control is required to relate sgjosamt survey datasets. The major limitation to
this objective is attaining a measurement of ttalpphase and amplitude at the time of survey.

The primary focus of the project is on the pro-glhdeltas within the fjord. Examining the
deltas provide an indication of environmental clengue to processes such as ice scouring,
tidal scouring, mass wasting and bedform migrat®mumber of pro-glacial deltas have been
identified for study within the fjord and multibeasurveys will be performed annually or
biannually to observe transformations on the seabé#us region.

For comparisons to be constructed between subsequerey datasets, large systematic errors
associated with the bathymetry must be removedicheeve this objective, tidal control must be
established to provide knowledge of the tides. [Tidantrol is sparse, at best, within the
Canadian Arctic and reaching the ageing benchmtokset up a tide gauge can be time
consuming and hazardous. In the event that a imadittide gauge could be erected, the nearest
vertical benchmark is over 100 kilometres from thevey site and the amplitude and phase
modification of the tidal wave as it propagatesassn deltas, up the fjord, is unknown.

Each summer the CCGS Amundsen travels from Quelityc Canada up into the Canadian
Arctic Archipelago as part of the Arcticnet reséaprogram. The CCGS Amundsen is a 97
metre, 1200 class icebreaker which has been cauvéot scientific operations [Bartlett et al.
2004]. The vessel is equipped with a Simrad EM30KHZ multibeam sonar and a 3.5 kHz sub
bottom echosounder. During the journey to the Camadrctic, the Eclipse Sound region, off
which lies Oliver Sound, is visited each year. et has teamed up with Parks Canada to take
advantage of the presence and capabilities of thendlsen by starting a long term monitoring
project within Oliver Sound, which is located iretBirmilik National Park. The summer of 2006
was the first year that the CCGS Amundsen venturgdthe Oliver Sound fjord to establish
baseline information on oceanography, biology aeabsd morphology. 2006 was also the first
year that the CCGS Amundsen was accompanied b@d¢ban Mapping Group’s survey launch,
the CSL Heron. At 10 metres in length and with aftdof 1.15 metres, the CSL Heron is
equipped to survey the shallow Arctic deltas witte tuse of a Simrad EM3002 300kHz
multibeam sonar, 200kHz Knudsen Sidescan, 3.5kHz &itom echosounder and a MVP-30
Sound Velocity Profiler. While the CSL Heron sursediie shallow deltas, the CCGS Amundsen
surveys the remainder of the fjord, where depthshaip to 400 metres.

Globally corrected GPS observations (CNav) weraiobtd on both the CCGS Amundsen and
the CSL Heron during the Oliver Sound survey. Una@mal circumstances these observations
could be used to determine the amplitude and pbégdke tides during the survey [Hughes
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Clarke et al, 2005]. The CNav correction signalsemenly received intermittently during the
Oliver Sound survey; however, due to poor satellisgility caused by the steep fjord walls, the
accuracy of the GPS signal was not sufficient tedetidal signatures for the majority of the
survey.

Predicted tides could be extracted for the survesnfthe Arctic wide WebTide model, but the
resolution of the model is not sufficient to delte the fjords in the survey region [Dunphy et
al., 2005]. The resolution of the WebTide modeias sufficient to model the effects of the fjord
and nearby islands on the tide as it reaches thé bethe fjord. Predicted tides could also be
obtained from nearby historic tide stations, betythre far from the survey area and separated by
complex and restricted bay geometries.

To overcome the hurdles posed by these optionssted hydrodynamic circulation model has
been developed to encompass the Oliver Sound §adl surrounding regions. The model is
nested within the WebTide Arctic grid and providles resolution required to observe alterations
to the tidal wave as it propagates up the narrond§ in the region. The hydrodynamic model
can predict the phase and amplitude of the tideufigrpoint within the model domain, including
the head of the Oliver Sound fjord.

Baffin Bay

KM 00km

Figure 1: Hydrodynamic Model Region
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Sour ce Data

A hydrodynamic Model has been developed for thestrarted waters of Bylot Island, including
Pond Inlet, Eclipse Sound, Navy Board Inlet (Figltjeand the many fjords which branch off
these waters. The purpose of the model is to préldkcchange in phase and amplitude of the
tide as it propagates up to the head of the OBgamd fjord.

In order to create the model, two primary sourcéslata were required. The first was an
accurate coastline of the area which resolvedjtrds and islands in the region. The second was
the best available bathymetry for the model dontaiensure that the effects on the tide from
changes in bathymetry were accurately reproduced.

A coastline for the model was digitized using Océéapping Group software and Landsat 7
orthorectified satellite imagery. The Landsat intggeas a resolution of 30 metres and is freely
available from Natural Resources Canada througlGe@Gratis WebsitgEarth Sciences Sector
NRCan, 200f The resolution of the satellite imagery was sigfit to accurately represent the
coastlines of the islands and fjords within the sl@bmain.

Bathymetry for the area was obtained from the CamaHlydrographic Service (CHS) and the
Ocean Mapping Group (OMG). The OMG has been catigatiata since 2003 on the CCGS
Amundsen through the constricted waters behind Bid@and. Data collected by the OMG
include multiple transits through the region (202804, 2005 and 2006), a survey of Pond Inlet
(2005) and a survey of Oliver Sound (2006). The Ctd8e performed multiple surveys within
the region of the model domain. The CHS have peréar surveys at the entrances of Pond Inlet
and Navy Board Inlet, within Milne Inlet, a singbeam line of data down each of the fjords and
evenly spaced soundings over the entire regiondwigational charts.
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Figure 2: Hydrodynamic Model Boundary Figu8: Source Bathymetry
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WebTide

A hydrodynamic model of the Arctic Island Archipgtahas been developed by researchers
within the Ocean Physics Group at the Departmeriistieries and Oceans (DFO) [Dunphy et
al., 2005]. The model covers the entire Arctic oegand provides a good estimate of predicted
tides. The limitation of the model is that duet®size and coverage, it was created using a low
resolution approximation of the coastline and degigtribution. All fjords and small islands
within the model domain were ignored for developtatrand computational simplicity;
therefore the model does not take into accountrtbdifications to the tide caused by the shape
and depth distribution of islands and fjords witlire@ constrained waters behind Bylot Island.
The model does however provide a good approximaifotme tides for open water within the
domain and has been used to reduce the tides dom#jority of the CCGS Amundsen transit
data through Arctic waters.

The hydrodynamic model developed for the constlictaters of Bylot Island will be nested
within the WebTide Arctic model and the constitieefiom WebTide will be used to power the
model at open boundaries. WebTide includes comstitufor the M2, S2, N2, K1 and O1 tidal
harmonics.

The WebTide tidal amplitude and phase for the M2,I5L and O1 constituents, along the open
boundaries of the model, were extracted for inpuihe developed hydrodynamic model. Open
boundaries include those sections of the digitizextiel coastline that border water instead of
land. It is these sections of the model that aresdrto begin the tidal simulation.

0.43 metres . 0.14 metres

Figure 4: WebTide M2 Amplitude with co- Figure 5: WebTide S2 Amplitude with co-
tidal lines. Phase contours at 0.5 degrees tidal lines. Phase contours at 0.5 degree
which equates to approximately 1 minute. which equates to approximately 1 minute.
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0.12 metres . 0.05 metres

Figure 6: WebTide K1 Amplitude with co- Figure 7: WebTide O1 Amplitude with co-
tidal lines. Phase contours at 0.5 degree tidal lines. Phase contours at 0.5 degree
which equates to approximately 2 minutes. which equates to approximately 2 minutes.

Model Construction

The digitized coastline, bathymetry and open boundanditions were combined to begin the
process of creating a hydrodynamic model. A numdfeprocessing steps were required to
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create a triangulated irregular network
(TIN) based on the coastline and depth
1 data using a program entitled resolute
[Chaffey and Greenberg, 2003]. The
second was to edit the TIN to improve
triangle geometries and distribution.

The model TIN and the boundary
1 conditions from WebTide were input to
a program titled QUODDY. QUODDY

was developed at the Numerical
1 Methods Laboratory at Dartmouth
College and is designed for 3D coastal
ocean circulation modelling [Ip and
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resolving model based on 3D shallow
water equations.

Figure 8: Hydrodynamic Model TIN
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QUODDY interprets the user input grid and deptloinfation to construct a 3D mesh of the
model. The horizontal grid, as shown in figure6projected down to the seabed. The walls of
each of the new 3D elements are vertical and esadlvided into an equal number layers.

Model Results

The development of a hydrodynamic model for thdased waters of Bylot Island is a work in
progress. Results from the model are constantlygoenproved though optimizing the depth and
node distribution and boundary shapes and condition

Initial results have shown that the amplitude ahdse do vary significantly throughout the
model domain, especially within the fjords and tigl narrow channels within which the main
focus of survey interest lies.

0.52metres 0.70metres 0.18metres 0.23metres

Figure 9: M2 Amplitude with co-tidal lines.  Figure 10: S2 Amplitude with co-tidal
Phase contours at 0.5 degrees which lines. Phase contours at 0.5 degree which
equates to approximately 1 minute. equates to approximately 1 minute.
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Figure 11: K1 Amplitude with co-tidal lines. Figure 12: O1 Amplitude with co-tidal
Phase contours at 0.5 degree which equatdmes. Phase contours at 0.5 degree which
to approximately 2 minutes. equates to approximately 2 minutes.

Predicted Tides

Predicted tides can be estimated for three locatwithin the model domain. Tide stations are
located at Pisiktarfik Island, Koluktoo Bay and W&l Inlet. The amplitude and phase of each of
the major constituents is available for all threstiens. The constituents can be compared to the
results of the hydrodynamic model at similar looas within the grid.

The Milne inlet station was established in 1965e Tidlal predictions were created using two
months of hourly tide level observations from tlhuensner of 1965. The Koluktoo Bay station
was established in 1964. The tidal predictions veeeated using one month of hourly tide level
observations from the summer of 1964 and 1965. Preiktarfik Island tide station was
established in 1966. The tidal predictions wereatg@ using only 15 days of tide level
observations from the summer of 1966. The shore tseries and the age of the original
observations for each of the predicted tide statiofier that the accuracy of the prediction at
each of the stations might be questionable. Thdigtexd tides at these stations should therefore
not be relied upon for precise surveys in the megio

The closest of these tide stations is over 10hieimes away from the head of the Oliver Sound
flord. The predicted tidal stations are also seedrdoy complex and restricted bay geometries
from the survey site.
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Figure 13: Predicted Tide Stations within Model Daam

Pisiktarfik Milne Inlet Koluktoo

Station |sland Bay
Amp | Phase | Amp | Phase | Amp | Phase

Model 0.64 | 113°| 0.66 | 111° | 0.66 | 1171°
M2 Prediction | 0.55 | 134° | 0.56 | 132° | 0.57 | 140°
Model 0.22 | 163° | 0.22 | 163° | 0.23 | 163
S2 Prediction | 0.18 | 174° | 0.23 | 181° | 0.20 | 184°
M odel 0.19 | 240° | 0.19 | 242° | 0.19 | 241°
K1 prediction | 0.33 | 244° | 0.25 | 246° | 0.26 | 248°
o M odel 0.06 | 203° | 0.06 | 203° | 0.06 | 203
1 Iprediction | 0.08 | 215° | 0.08 | 201° | 0.08 | 210°

Table 1: Tidal Constituent Comparison (Amplitudenatres). Hydrodynamic Model vs. CHS
Predicted Tide

Similarities can be observed when the output harmaonstituent magnitudes from the
hydrodynamic model for each constituent are conpdre the constituents that form the
predicted tides. The amplitude and phase for eadstituent is similar between the predicted

tide and the model, with the largest variation exgswith the M2 constituent.
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CNav Vessdl Elevations

CNav globally corrected GPS utilizes technologyrfrthe Jet Propulsion Laboratory to provide
a worldwide GPS positioning solution with accuraoté the order of a few decimetres [Roscoe
Hudson and Sharp, 2001]. It was developed as agqrahip between C&C Technologies and
NavCom Technology Inc. to aid hydrographic and lodfe oil field exploration, survey and
construction industries [Roscoe Hudson and Sh&a@l ]2

Wert et al. (2004) and Hughes Clarke et al.(20@hahstrated that CNav observations may be
used to observe tidal signatures during a hydrdgcagurvey. The issue that is encountered in
surveying a site similar to the head of the Oli8eund fjord is that the steep fjord walls hinder
the ability of the CNav correction signals from akeimg the vessel. The fjord walls also limit
visibility of the GPS constellation. CNav obsereat are therefore insufficient for observing the
signature of the tides within the Oliver Sound djobut they can be used to confirm the phasing
of high and low water at various sites within thedal domain where visibility was sufficient to
receive corrections.

Tidal signatures can be observed in the CNav atmvalata if it is referenced to mean sea level.
Therefore our CNav elevation data must be reduaehle best available approximation of mean
sea level, the geoid. Large geoidal undulationstarithe area of Oliver Sound and the filtered
version of the EGM96 geoid ellipsoid separation elodelivered in the CNav signal is not

sufficient to account for them. As the undulatiare quite short in wavelength, the GPS-H
v2.01 separation model, developed through the Geo8ervey Division of Natural Resources

Canada, will be used to transform ellipsoid heiglotgyeoid heights [NRCan, 2004]. Hughes
Clarke et al. (2005) demonstrate that very litiléedence exists between using the full EGM96
or the GPS-H separation models when processing @Naations to observe tidal signatures.

Figure 14: Navigation Track of CCGS Amundsen thiotige Model Domain (2006).
Labels indicate day of the year and correspondeltorizontal axis in figure 15.
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CCGS Amundsen Lost CNav Corrections and Coped with Poor Satellite
246, 247, 248, 249 Visibility to Obtain Inferior Signal within the Fjord
1 1
CNav 'ﬂ
o | 1
s Ry
02—y j
T
-1
Correct phasing of High
1 v and Low water can be
observed in comparing
v the two records.
g || Hydro-
0 g1 dynamic
Model v
Prediction
-1
Day of the Year

Figure 15: (Top) CNav elevation record for the 208@&undsen Ship track through figure 14,

smoothed hourly. Elevations in the CNav recordaeve the Geoid using GPS-H Separation

Model. (Bottom) Tide output following the 2006 Anlgan Ship Track through the developed
hydrodynamic model.

CNav observations depict that the model interpiteésphasing of high and low water correctly.
The CNav observations continue outside of the mddehain on day of the year 249, but the
observations depict a mixed semi-diurnal tide \aitbery similar signature to the model tides.

Varying Vertical Datum

The shape and complexity of the narrow channelsfgmds within the model domain cause
variations in tidal phase and amplitude throughtvet model. Therefore, using a single chart
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datum based on historical tidal records in the aegio reduce bathymetric data is not
appropriate. A chart datum based on historicalndat existing predicted tide stations will not
sufficiently represent a level below which the tideely falls within the model domain.

A proposed solution is to use a modification of indian Spring Low Water as a vertical datum.
The Indian Spring Low Water is a level for chartuta suggested by Sir George Darwin for
Indian waters [Great Britain Hydrographic Offic&6B]. It is constructed by subtracting the sum
of the amplitudes of the principal semi-diurnal ahdrnal tidal harmonic constituents, M2, K1,

S2 and O1, from Mean Sea Level.

A hydrodynamic model outputs tidal amplitudes facle input constituent at every node in the
model mesh. The four major constituent amplitucss then be summed to provide a value for

the Indian Spring Low Water at each noge Tide Station Pisiktarfik Island
within the hydrodynamic model. Thereforé; M2 Amplitude 0.551 metres
instead of creating a vertical datu S2 Amplitude 0.179 metres
represented by a plane based on a single ‘idlilAmplitude 0'332 metres
station, a constantly varying datum can pe : '

constructed for the entire survey area with .eO]' Aénup“tUde (])_(])_:73; mg::gz
Indian Spring Low Water value at each node: Chart I;natum 1.262 metres
The Indian Spring Low Water chart datum Multiplier 1.11

should be related to the existing chart datl"”Table 2: Indian Spring Low Water and Chart

Datum Separation Multiplier

evaluated at the historic tide station for tl
area. A historic tide station must be select
within the model domain and thg
ratio between the Indian Spring Lo
Water chart datum at that station a
the existing chart datum, lower lo 1.07 metres 1.31 metres
water large tide, should bg
determined. The resulting multiplie
can be applied to the Indian Sprin
Low Water determination at eac
node within the model.

The result is a continuously varying
chart datum, based on Indian Spri
Low Water, which covers the entirs
model domain.

Figure 16: Modified Indian Spring Low Water Vertica
Datum
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Discussion

The initial hydrodynamic model results show that fihase and amplitude of the tides within the
model are affected by the size and shape of thsmalgfjords. In figure 9, the resulting
amplitude map for the M2 constituent, it can bengbat the maximum amplitude of the tide, for
the entire model, exists within the fjords off Ppsle Sound. The fjords are not modeled in
WebTide and are therefore ignored in the WebTid& fprediction.

region. The differences in phase and amplitudetHerM?2 r”
constituent, between the developed hydrodynamiceinc 4
(Figure 9) and the WebTide model (Figure 4), with g
Eclipse Sound (Figure 17), show average differenfd2 =
degrees in phase and 0.05 metres in amplitude. aseplis
difference of 12 degrees equates to a time diffeyai 24
minutes for the M2 constituent. The differences m¢ §% g
likely exist because of the low resolution bathymecetata B

used in the construction of the WebTide mod Figure 17: Hydrodynamlc Model
Bathymetric data used in WebTide was obtained ftoen @"d WebTide Comparison Region
International Bathymetric Chart of the Arctic Ocean

(IBCAO) [Dunphy et al., 2005]. With a resolution approximately 2.5 kilometres, the IBCOA
bathymetry is insufficient for detection of some tbe tremendous regional variations in the
seafloor topographyMacnab, 200B The comparison of the S2 constituent between the
developed hydrodynamic model and WebTide displaysilas characteristics as the M2
constituent with a difference in phase of 7 degr@dsminutes) and 0.02 metres. The output
from the developed hydrodynamic model for the dalirconstituents, O1 and K1, are almost
identical to the WebTide output. This suggests tha short wavelength semi-diurnal
constituents are more affected by the increasadutian of the bathymetry and coastline.

Comparisons with predicted tidal constituents,hat three CHS predicted tide stations, show
confirmation of the model results in terms of thagmitude and phase of the tidal amplitudes
(Table 1). The largest discrepancies exist in thesp difference for the M2 constituent between
the predicted tide and the hydrodynamic model teBélculiarities can be observed in examining
the predicted phase for the M2 constituent betwkenhree tide stations. The prediction implies
that an 8 degree (16 minute) phase lag exists leatwhlne Inlet and Koluktoo Bay station and
that the M2 tide reaches the Milne Inlet statiamifiutes before the Pisiktarfik Island station.

The CNav height record of the vessel demonstraegtoper phasing of high and low water for
the hydrodynamic model tidal prediction. Examinitige continuation of the CNav record
outside of the model domain, for day of the yea®,2demonstrates an apparent mixed
semidiurnal tide, which is very similar to the mixsemidiurnal tidal signal constructed within
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the model. Further analysis and an extension ofrtbdel into regions where CNav corrections
were obtained should provide verification of thesetyed similarities.

The development of a spatially varying chart dafuom a modification of the Indian Springs
Low Water provides an improvement to the alignmehtmultiple datasets within the survey
region and improves safety of navigation. It alsmpensates for the lack of tidal control within
the large survey region. If the CHS chart datunaldisthed at Pisiktarfik Island were used
throughout the model domain, it would under compéndor the level below which the tide
rarely falls in some regions, especially within bhaded fjords. Differences between the CHS
chart datum at Koluktoo Bay and the developed cHattim grow to approximately 0.25
metres in the Milne Inlet region for example. Thmatgally varying chart datum provides a
smooth alternative to the traditional horizontaaithdatum and is based off the model predicted
tide for every region within the domain.

Conclusions

The development of a hydrodynamic model for thestacted waters behind Bylot Island has

shown the effects of the narrow fjords, within tlegion, on the amplitude and phase of the tide.
When performing a survey within one the fjords,ngstidal predictions outside of the survey

area may not be sufficient to accurately repretfentidal modification caused by the nature of
the fjord. The use of a nested finite-element hglgnamic model, to predict the tides within the

narrow fjords off Eclipse Sound, will allow for tmemoval of tidal artefacts within survey data.

Comparisons between subsequent multibeam surveysmdnitoring changes in seabed

characteristics, will then be possible.

As the construction of a hydrodynamic model for ¢bestrained waters behind Bylot Island is a
work in progress, a number of future research toes have been identified.

* Continue to run model simulations to obtain impyesults.

« Examine model construction methods to simplify tpheocess of developing a
hydrodynamic model in other locations where simlilaiting circumstances may exist.

* Attempt to install a tide gauge within one of tj@ds to measure multiple tide cycles for
comparison to model results. Obtain tide gauge ftata CHS surveys performed in the
region since the 1960’s and compare to model sult

* Inspect overlapping survey lines within the reg@amd reduce the survey data using
hydrodynamic model predictions to check model aacies.

» Consider the effects of non-tidal residuals indhea by examining atmospheric pressure
gauge readings from Environment Canada at Pond émldrom measurements taken
onboard the Amundsen.
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