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Executive Summary

With sealevel rise(SLR) estimates of 1 to 5 m predicted for the Chignecto Isthogux10Q and
more intense stormenother likely consequence of climate chamdmya Scotia Transportation
and Infrastructure Renewal (NSTIR) has real concerns for protecting the significant public
infrastructure that it has to managét present, a system of agricultural dykes and theaG&n
National Railway (CNR) in Nova Scotia and New Brunswick hold back the sea and protect the
TransCanada Highway (TCH)nanysecondary roads amdsidents of Amherst, NS, and
Sackville, NB, and thousands of hectares of dykeland with public and passgés exceeding
$100 million (more than $70 million in NS)Yhe area has flooded many times over the past
300+years including major flooding events in 1758, 18®@ Saxby Gale)1887,1958,and
1976 (the Groundhog Day Storm). These flooding evdatsto considerable property damage
and loss of lives, and allere associated witstorm surges that coincided witkry high tides

Flood modeling usin@ newhigh-resolutiondigital elevationmodel (LidarDEM) of thelsthmus
terrain between the uppBay of Fundy(Cumberland Basirgnd the Northumberland Strait
(Baie Verte)learlyshows(1) criticaly-low segments within agricultural dykesNS and N8B
that would floodduring storm surges that coincide with high tid@3 dyke overtopping at these
low areasandflooding of portions of theCNR and TCHdelays ininter-provincial and
international tradevith avalue of $50 million per dayased on annual tragdolumes on the
order of $20 billion), (3extensive floodingf local roads and protected dgtands(~2,200 hain
NS), and (4)salt water damage tgricultural lands and theany noragricultural,public and
private asset@vith more tha ten times the value of agricultural assets according to recent
estimates from NS Agriculture).

In the longeterm,sea levels will be considerably higher in the Isthmus than global averages

given its position at the head of tBay of Fundy continued crustal subsidence of the Maritimes,

and dynamic oceanograptpoocesses associated with ocean currents, iceameariations in
temperature and salinityVith extreme predictions of SLR, up®m by 2100, Nova Scotia

could become an island, particularly during storm surges, unless the dyke system is considerably
upgraded or other adaptation optiamplemented While this event is likely a long time ofr

a rare occurrencd,is prudent that NSTIRother NS Government Departmeatsd CNRstart

planning for the longerm sustainability of the Atlantic Gatewaymore robustlyke system

EMO actions andcollaborativeadaptatioracions.
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1 Introduction

Nova Scotiabds road and rail gat eways imo Canad
low-lying area that is vulnerable to rising sea levels amunssurges from both the Bay of

Fundy and the Northumberland Strait. Currently, a system of agricultural dykesthdi&h
NationalRailway (CNR) and the Tran€anada Highway (Hwy 104) protect this a(2200 ha),

its vital transportation linksand moe than $70 million of public and private assetfwever,

the area has historically flooded during large storm events and climate change will increase

flooding frequency, duration and intensity. The NS Department of Transportation and

Infrastructure Rengal (NSTIR) and CNR will continue to maintain their systems in face of
environmental hazards but practical adaptation options must also be developed as part of

integrated provincial and corporate approaches to climate change.

In partnership with the NaturResources Canada (NRCAN) Nova Scotiads Cl i ma
Directorateandother ACASA member\STIR set out to investigate the short and kbergn

risks of floodingof the Isthmus and initiate an adaptation program to respond to climate change.

As a firststep, NSTIR commissioned Dr. Tim Webster and associates of the Applied Geomatics
Research Group (AGRG) of the Nova Scotia Community College (NSCCitlucba research

project to develoflood risk mas right across the Isthmus (NS Frontier). This wodsw

achieved by carryingut eight key tasks:

i. acquire and process additiohialar (Light detection and ranginghata in a narrow
band near Route 366 to Tidnish Head and Baie Verte, amgrate this
information withthe newlycompletedLidar coveragein the Amherst NS, and
Sackville, NBares,

ii. gather the necessary existing information to conduct flood mekeling and
mapping across the rest of the NS frontier (to the TidBaie Verte area);

iii. conduct additional field surveys to groutrdth the digital elevation model
(DEM) and the floodnodelng predictions
iv. prepareanintegrated set dfood risk mapsf the Isthmus area
v. identify areas and transportation infrastructure at risk on the Isthmus;
vi. identify potentialalternative routes for sustainable traoation
6
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vii.  present summaries of thesearch projedt the ACAS conferende March 2012
(http://atlanticadaptation.ca/ACASonferencE and
viii.  prepare &inal Report for NSTIR andACASA.

1.1Study Area
This project focused on the area of the Chignecto Isthhaisonnects Nova Scotia to New

Brunswick and the rest of the contineftthas two distinct coastthe Northumberland Strait on
the northeast and the Bay of Fundy on the southiifegire 1). The Isthmusi€anada d s
AAt | ant i evith@w triical &rgngportation systemshe TransCanadaHighway (TCH)
andthe CNR fttp://www.atlanticgateway.gc.ca/index2.hjmEpooner(2009)examinedhe

economic impact of climate changeonNa S c ot i aand highlighget tveaeytreme
valueof goods that pass through the Isthmisen temporary flooding of the highway and the
CNR line could delay inteprovincial and internationarade of more than $50 million per day
based on annual trade of ~$20 billi@pooner 2009; Atlantic Gateway 2011).

The Isthmus area, like many other Kying coastal areas in Nova Scotia, has been dyked in

order to use the highly productive soilsdarard of the dykes for agricultural purposes. The

dykes serve us well for routine tides but are less dependable during periods of anomalously high
water of storm surge eventStorm surges are caused by winds anddowospheri@ressurs.

Tide levels an be increased by centimetres to metres above their predicted values. Depending
upon when a surge arrives at the coast, tide waters can overtop dykes that are typically
constructed to 30 cm (one foot) above the highest [predicted] high tide levelgyKdsein the

Isthmus have failed many times over the past 300 years (see next section), resulting in extensive
flooding and the loss of property and life. Surges have-toypgred or breached dykes all around

the Bay of Fundy with considerable damagesne®o from to Yarmouth to Amherst.
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Figure 1 Chignecto Isthmus at the New BrunswickNova Scotia borderwith colour shaded relief
DEM. The land separates théBay of Fundy to the southwest from the Northumberland Strait to
the northeast. The darker colours of the elevation model depict the focus of the stucrea.

1.2 Saxby Galeand Tidal Cycles
Themost famous storm taffectthis area is known as ti8axby Galevhich occurred on

October 45, 1869 The tidelevel wasat least 15 m higher thaithe predictedhigh tideswhich
were naturally very high because of astronomical conditidhge SaxbyGaleinundated the low
lying areas and overtopped the dykes by about 0.9aalanque and Mossman, 200Fhe
water level was reportad be 2 m higher than the predicted tide in Monchdid (Parkeset al.
1997. The Saxby Gale was named attggutenantSaxby, a civilian instructor of Naval
Engineers of the British Royal Navyde predicted a year earlier that there wouldéx high
tides in the North Atlantic Oceam October 5, 1868nd warned the public to be prepared in
case of a coincident hurricanklis prediction based on the astronomimahditions of the sun,
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earth and moqgnndicated thaat this time periogthe sun and thenoon would line up on the

ear t hés e dheraobrmvasclagdstdaithe eartfin periges.

The timing ofhigherthan normahigh tidesis verypredictableand result from coincidences of

tide generating forces associated with the elliptical orlbitseomoon and su Besides the

typical spring tideghatoccur every 14 day®ew and full moons)perigean spring tides occur

three @ four times per yeain the spring and fallwhen a new or full moon coincides with the

perigee of the moonOther inportant longterm tidal cycls that generate high astronomic tides

occur with frequencies df8.61, 9.305, 8.85 and 4.43kass (all related to precessisnf the

mooni rotationperiodso f t wo pl anes of the mdhed&%6dyeaor bi t ;
nodal cycleand 4.425 year cycle are the most important in generating the higher highTtndes.
nextpeak of thel8.61yearnodalcycle will be in 2015water levels will banore tharB0 cm

higher than those of 2012 the pper Bay of Fundysee Seabn 2.2.5.

Othernotablestorms such as a Gnodhog Day Storm of Febary1976and those iri958 1887,

and 1758 alscausedlyke breaches and extensfi@ding around th@erimeter of thday of

Fundy but not to the same level as the Saxby (Bale Fjure 2;Desplanque and Mossman,

1999 Bleakney 20@). Sealevel has been rising ahaverageate of 22 cm per century in the

Bay of Fundy based on the tide gauge record at Saint JohnTINB, mean sel@vel has risen

by approximately 32 cm since thime of the Saxby GaleDykestoday have beebuilt and
maintainedusing modern construction equipment and are currently aenageslevationof 8.5

m above the Canadian Geodetic Vertical Datum of 1928 (CGVD28), the datum used for land
topographic mapsHowever, there are low spots in places and hence vulnerable to storm surges.
Dykes are basically earthen dam structures with a grass cover. They are susceptible to settling
and compaction and require constant inspection and maintenance. Sectiykesdhdt bear

the brunt of storm waves can also be quickly eroded and then breached by incoming tides.
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Figure 9.2.4  Aerial view from above the Guzzle channel looking west on 6 April
1958. Dyke 1 is a Planter dyke from 1760-70; the breached Dyke 2, where water is
foaming through the gap, was built by Robert Palmeter in 1939—40; and Dyke 3
was the new, larger one constructed in 1950. The entire Grand Pré farmland was
threatened by the Seros Cycle extreme tide in 1958. (Nova Scotia Department of
Agriculture and Marketing, MMRA photo no. 16-028)

Figure 2 Example of a breacted dyke at Grand Pre, NS during the 1958 storm surge (from
Bleakney, 20@).

1.3Estimation d Risk1 High-Water LevelReturn Periods

There is no longerm tide gauge recofdr theupper Bay of Fundyrom the Canadian

Hydrographic Service (CHS) of Department of Fisheries and O¢B&), so calculating the
probability of highwater level returmperiods is difficult. The actual water level of the Saxby

Gale is not accurately known, so we have used the predicted tide plus storm surge, based on the
Joggins Wharstation(~20 km away) This is the nearest port with details available on tidal
waterlevels and the relationship between chart datum (CD) and the Canadian Geodetic Vertical
Datum of 1928 (CGVD28)To determine the risk or return period of high water eventsave
utilized a tool devel ope dWebsteretdlGRAB) This tbol me Ser i
utilizes the closest historical water level records, usually derived from a tide gauge operated by
the CHS. Unfortunately the closest tide gauge is at Saint John, New Brunsmidkas a very

different tidal range than basins in the appay of Fundy
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Daigle (2011) produced a report BCASA for estimating sedevel rise forsix municipalities
including Sackville, NB. However,neither the AGRG ndbaigle methods takes into accotme
historic Saxby Galer otherrare extreme eventshus the return periods for this region should
be used with extreme cautioBaigle (2011) estimated water levels for Sackville, Wih

return periods of 1, 2, 5, 10, 25, 50 and 100 yehieske and Borrnemann (2011) used the

water level elevationand constructed flood inundation maps based on the NB lidar coverage.
Yevdokimov (2011) then used these maps to estimate the length of the highway system that
would be inundated and the associated annual probability (reciprocal of the return period) to
cdculate the risk of inundationtHe obtained estimates to repair the highway ranging from minor
damage simply requiring asphalt resurfacing to more severe damage requiring modification and
grading of the road base and resurfacigvdokimov (2011) alsostimated the impact of the
closure ofthe TransCanadaHighway(TCH) and theCNR and the disruption of the traffic.

Along asimilar line he also calculated the potential impact on travel time and increased accident
rate resulting from possible closuresHifhway104. As Yevdokimov (2011) states in his

report, the monetary values he calculates are based on very strongtasssirone of the main
ones is based on the return period water levels and associated risk proposed by2@diyle
Daigled €017 1 year return periogurgein the year 200Qpresentday conditions)s estimated

to be 8.07 m with a margin of error of 0.7 m and rises to 8.2&tlma margin of error of 0.73 m

in 2025. Based on our analysis of the dyievatiors, thiswaterlevel would overtogdow spots

in the dykesystemand inundate sections thfe TCHand CNR Given there have not been
frequent dykeovertoppingeventsor TCH/CNR floodingwe think thesg@redictedwater levels

are too high.The fact there is no loagrm time sees of water level measurements in tipper
Bay of Fundymakes it very challenging to establish reliable water level values and associated
return periods or probability of occurrence estimateather than apply monetary values based
on risk assessmeritsat have very high uncertainties, we have optesiniply calculate the

length ofroadsectionghat would beovertopped from different water levdts the Nova Scotia
section of th& CH (Highway 104 at the Isthmus

1.4 Seal evelRise
Global sedevel rise, as predicted by climate change models, will increase making more coastal

areas vulnerable to flooding and coastal erosion (Church et al., 2001; Meehl et al. @@07).
11
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coasts are presently at risk to the occurrence of storm surges duringlesgthich result in
flooding and erosionFor future planning we need to identify the current areas, then look to
future sedevel predictions and determine the areas at long term Tisk.latest
Intergovernmental Panel on Climate Change (IP&€3essmeet Report 4 (AR4) has projected
global mean sedeével to rise between 0.18 and 0.59 m from 1990 to 2095 (Meehl et al. 2007).
However as Forbes et al. (2009) point out, these projections do not account for the large ice
sheets melting and that measuremenisctual global sekevel rise (SLR) are higher than the
previous predictions of the third assessment rggdt8). Rhamstorf (2007) compared observed
SLRto futureprojectonsand foundSLR exceeded the IPCC ARS3 projectiohesuggested a

rise betweel®.5 and 1.4 m from 1990 to 210Borbes et al. (2009) used an upper limit of 1.3 m
of SLR over 100 years as a precautionary approach to SLR projections in the Halifax region.
Recent extreme predictions by Hansen and &&tbl) suggest SLR may go up byt by 2100
because of nefinear glacier disintegrationThe selection of an upper limit of flooding is

dependent on realistic projections of SLRlearly a difficult decision

Another factor affecting selavel rise is associated with local crustalbsidencer uplift.
Researchers use SLR projections based on relatidessdRSL) whenever possible to account
for the net change in sea leyap or down)for specific geographic area¥he major influence

on crustal motion for # Maritimesis relted to the last glaciation that ende€d,000 years ago
(Shaw et al., 1994; McCullough et al. 2002; Peltier, 2004)e areas where the ice was thickest

were depressed the moshile peripheral regions were upliftechd ard er med t he Aperi

b u | .gThedice was thickest over Hudson Bayentral Canadandthe crust wasmost
depressed Today this area is still rebounding from tieenoval of the icéoad and continesto
uplift (including the shores of Hudson Bayljhe Maritimesare withinthe geripheral bulge and
southern New Brunswick and Nova Scotia are subsi@edfier, 2004) Subsidence rates vary
across the region with Nova Scotiaving arate of~15cm per centuryForbes et al., 2009)

The subsidence of the crust is important forstalacommunities in that it compounds the
problem of local se&evel rise and must be considered when projecting future flood Fiskthe
Chignecto IsthmuysGreenburg et al2012 estimateelative sea levgRSL) to increase between
0.79 mi 1.40 m by2100with a central value of 1.12 m withmargin of error of approximately

0.25 m. The contribution from the mean global dewel for these predictions waf.40 m
12
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which appears to be a lower estimate than used by Forbes et al. (200®easerange of 0.57
to 1.30 m (Halifax study) and Daigle (2011) who used 0.85 m for Sackiibe

Other local factors also need to be considered for estimating R&sin shapeottom

topographyand oceanographic circulation patterAs noted inthe last section, tidal ranges for

the lower(St. John, NBjand upper Bay of Fundgre quite different The upper bs&ns

Cumberland and Minas Basirtsggve a larger tidal range than the lower bay as a result of the size
(length) of the bayhatis close ® matching the natural gravitation cycle of the moon that
dominates the tideThe resonance effect increases the tidal range at the end of thediayhe

upper reachesf the Cumberland and Minas Basikigebster et al. (2011) estimateSL for
communties intheupperBay of Fundy i e., ChignectoBay, Cumberlan@nd Minas Basis) to
increasebetween 1.20 and 1.93 m by 210Dn average hie Bay of Fundy tidal range is

expected to increase layotherl0-30 cm in the future with an increase in4$&eeland cause

even stronger resonance of seiches with the bay and tidal f¢&daain, 1992; Greenlyg et al.,

2012. Sallenger et al (2012) recently identified the eastern North American coastline, especially
north of Cape Hatt er as pborecertlymdudlecatech SLRRymachic as a
oceanographic processes associated with ocean currents, ice melt and variations in temperature
and salinity are believed to generate the Northeast Hotspot (NEH) with SLR rate increases of ~3
4 times higher thathe global averagefFor the Ishmus area, we must combigkebal sedevel

rise (SLR), local estimates afrustal subsidence and tidal amplitudied dynamic oceanographic
processeto produce aealisic estimate ofelative sedevel (RSL)in thefuture Remember that

RSL estimates doot include theexpected impactsf increased storm intensjtgluration and
frequency. Storm surges ride on top of sea leaet coincidence cfurges and high tids,
especiallyduringspring tides(every two weeksandpeaks ofthelong-term tidal cycles (18.6

and 4.4year period), can lead to catastrophic flooding and erogast et al., 1993Gratiot et

al., 2008;Haigh et al., 2011Baart et al., 2012)

1.5Flood Mapping and Lidar
As a result of the uncertaintiassociated witlsLR projectionand storm surgesye have
generated flood risk maps to a maximum level of 12@&VD28at 10 cm incremenisee

Section 2). The number of flood level GIS layers ensures that the flood extent infornmation
13
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available whatesr the water level used in the projections in the futéi@. much of the Nova
Scotia coasthe best generally available terrain information is based on the Nova Scotia
Topographic Database (NSTDB) at a scale of 1:10,000 map series. Importantlydictmye
the above mentioned impacts of climate chaag# storm surgehe maps define the 5 or 10 m
contour as their lowest elevation inforneatinland from the shoreline with a vertical accuracy
of 2.5 m. Our typical maximum storm surges we experiemdayarel.5 m(with a frequency
on the order of 100 years; Webster et al., 2088}p accurately map this elevation, we need
information more accurate than 1.5 tndar offers an elevation accuracy of 15 cm or better in

open areas, thus is an excellarapping tool for flood risk studies.

Recently collectetidar data(20032011) was usedo construct highresolution digital elevation

models (DEM)of the entire Isthmum order to build flood inundation maps from storm surges

and longetterm SLR for the UpperBay coatline and a small strip alongdtway 366

connecting the Northumberland Str@ee Section 2.1)Lidar is a remote sensing technique that

involves an aircraft equipped with a laser rangefinder that shoots pulses of light towards the

earh, and by measuring the tweay travel time, determines the distance or range from the
aircraft to t he e arByRkndwing the precisedoeation ef thg airagaftbyur at e
GPS and the distance vatonstcdnbdeteraingd.fh@lgdars ur f ac e,

measures t he e a?rmdndhe graundwithaverteeal acaumaciey within 15 cm.

2 Methods

2.1 Lidar and DEMs

Thefirst phase ofirbornelidar was flown on Oadber29, 2009 utilizing an Optech ALTM

3100 sensor with ground point spacing of 0-5 mfor the NS coast of the upper Bay of Fundy
(see Webster et al., 2Dhnd Figure B An additional strip ofidar datawas acquired by NSTIR
alongHighway 366 connecting the Fundigar to theNorthumberlandtrait- a posgble

alternate routd Highway 104 was ever compromisedhis corridor was acquired by Leading
Edge Geomatics (LEG) on June 16, 20Allidar DEM was obtained from New Brunswick
Environment for the NB coast of the upper Bay of Fyndig datavas acqued by LEG in 2010

and 2011.Thelidar data for each flight line were adjusted for any offsets to ensure a consistent
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datasetTheli dar point cloud was cHresnddetdarli getos 6 gl
was taken to ensure that elevated lBadures such as dykes were correctly classified as land.

These types of abrupt features are problematic and are often areas of misclassification and not
included aelidgrodvogdoundd points ,awededgsedndd
o6ngmounddé points were used to construct a Dig
The original elevations of tHelar surface models are referenced to the GRS80 ellipsoicn

HT2 geoidellipsoid undulation model was used to convert the ellipsdieight models to

orthometric heights referenced to CGVD@8e Webster et al., 2011 for further description)

Figure 3 Lidar coverage areas.Background image is a 5 colour shaded relieflevationmodel of
the Isthmus.
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In addition toa GPS base statiaanda high precision network monument to control the aerial
lidar survey,groundbasedcheckpoints were obtained using surgegde GPS equipment
throughout the study aredhesefield data were used to validate tigar derived DEM

following the methods described by Webster (2008)e accuracy of the 1 m resolution (1 m by
1 m grid cel) DEM in open cleared areas on hard surfaces, feads) was analyzed and

compared to a specification of a vertical accuracy better than aagavefr 15 cm.

Thelidar DEM was used to map the flood inundation areas utilizing GIS from storm surge
eventssThe met hod raises the watewaktevel aas antuhd
low lying areas with free connection to the coast asrilged in Webster et al. (2006, 2008,

2010). The culvert locations were obtained from the NS topographic database GIS ldier for

main roads and only contain culverts that cross a stream on theTimajdar DEM was used to

generate profiles alorthe TCHand theCNRin NS and NB Transverse profiles crossing the

dykes rail line and highway were also extracted fromlidar DEM across thésthmus.

In addition to analyzing the coast on the Fundy sidelidlae was merged with data from the
1:10,0@ NS and NB DEMs (70 mgnt spacing elevations derived from photogrammettrgj
were available from GeoNova and Service New Brunswidke DEMs covered thentirearea

of the Chignecto Isthmuand itscoastal areas of the Bay of Fundy and Northumbei$iradt
Thespot elevations weriaterpolated using Triangulated Irregular Network (TIN) methoddo
5 m DEM In addition the road system and other topographic information for the Isthrares w
incorporatednto the mafFigure4). The TransCanada lijhway crossing the Chignecto
Isthmusis composed aflighway 104in Nova Scotia anélighway2 in New Brunswick.
Highway 104 was downloaded from GeoNova and the Highway 2 was downloaded 8oins
GeoBase.These highways were also converted into points tableeto extract the elevation
from the DEM.GPS information about the dyke elevation from surveys across and along the top
of the dykes was provided by Saint Ma@yniversity (Figire4). A seamless elevation model
was constructed from the 5lidar DEM flown at low tide, and soundings fronCadSchart.
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Figure 4 The top map is the 5 m DEM with the road network labelled (white box denotes the lower
map location). The bottom map is the 1 midar DEM with the Hwy 104 (red),CNR (dashed black),
and agricultural dykes (blue).
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2.2 Flood Risk Mapping

Flood inundation maps were constructed for the Bay of Fundy side Istkimus at 10 cm water
level incrementérom 5-10 m above GVD28. We use the used thesdetailed inundation

layers to highlight the most vulnerable sections of the dyke to overtoppingse flood layers

were also used to construct perspectivavgiwith flood inundation animations. llandsat

satellite image or coloeshaded relief DEM is draped over the DSM dmelwater level is

increased in the animationgVe also use these overtopping layers to estimate the length of the
highway that would be affected at different water levels and calculate the potential repair costs.
The integrated 5 m DEMf the entire isthms connecting the coasts was used to increase the
water level at 1 m increment®m 0 m to 12 m.These flood layers were used to assess possible

alternative routes if the highway adgkedmarsh aremwerecompromised.

2.2.1 Hydrodynamic Model
A high resolution hydrodynamic model was developed using the DHI Mike21 software module

(DHI, 2012 in order to simulate inland tidal event8his two dimensional hydrodynamic model
provided the linkage between deep ocean tidal predictions and inland tidalleveimsilating
water level variations and flows over modeled bathymetry in response to a forcing tidal boundary

condition within the Cumberland Basin, Nova Scotia.

2.2.2 Bathymetry
Model bathymetry roughly covered the extent of the Cumberland BBsitlymetric data were

composed of coarse resolutiGiSdigitized nautical chagoundings (circd974) around the

basin and deep river systenighe bathymetric data were supplemented with high resolution

lidar elevations flown irthe town of Amherst Standad lidar doesnot penetrate water, so

additional fieldsurveys were conducted at low tid&s a result, several intertidal mud flats and
coastal features within the study area were clearly defined within the dataset. CHS soundings
were converted from chaditum to CGVD28 in order to establish a common vertical datum
between all dataset#\n interpolation algorithm was used to fill the gaps between coarse CHS
soundings in order to create a continuous raster of surface elevations suitable for hydrodynamic
modeling. A spline with boundary interpolation was decided to be the most suitable based on the

available data.The boundary of the spline corresponded to the extent efvaterlidar returns.
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The spline technique ensured a smooth bathymetric surfach ektiended to the intertidadiar
extent despite the coarse and irregular point spacing of CHS soundings while the boundary
ensured thdidar data were left winterpolated. The final product was a seamless transition
between interpolated bathymetrydaterrestrialidar. The surface was gridded aban cell

resolution and was suitable for hydrodynamic modeling.

2.2.3 Boundary Condition
The boundary condition was developed using deep ocean tidal predictions obtained from the

Department of Fisheries dibcean{DFO) WebTide Tidal Prediction Model (vO.7.Dupont et

al., 2005. The WebTide application was used to predict ocean elevation within the Upper Bay
of Fundy using ten tidal constituentBredictiors were made at three poimt®ng the west
bourdary of the study areahichwascoincident with the top, middle and bottom of the Mike21
hydrodynamic model boundaryredictions were made at 5 minute intervals for 25 years
between the dates of Januafy 1990andDecembe 31%, 2014 (predictions for2010 t02014 are
shown inFigure 5) The gaps between points along the boundary were filled using a linear
interpolation for each of the 5 minute predictiofi$ie end result was a predicted ocean
elevation boundary which was suitable for forcing theutation of high resolution

hydrodynamics within the study area over the 25 year prediction period.

2.2.4 Model

Once the bathymetry and boundary condition were completed, a long term Mike21

hydrodynamic simulation was created and executed for calibrattbuadidation purposes

between the dates of Apritnd September 3bf 2011. Model results were extracted at the

location of an established tide gauge installed atbagarmour stone protecting the outer dgke

Fort Beauséjour in AuladNB, courtesyof Dr. Jeff Ollerhead, Mount Allison University

Comparisons were made between model predictions and gauge observations in order to establish
proximal tide phase differences and elevation residuals caused by environmental (wotears.

the model paramets were validated, simulatiswerecreated for variety of periods ofrhe

including theperigean springgdes occurring inmid-November of 2012.
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To simulate another possible Saxby Gale, we added a 2 m storm surge to our tide model
boundary conditiorfFigure 6) Althoughsea levels durinthe Saxby Gale arereported to be

up 1.5 m(Parkes et al., 19973edevel has risen by 32 cm sint869 so we selected a surge of

2 m. The dykes antidar were used to ensure the coarse resolution models ugbd fo

hydrodynamic models were accurate for the dykes, since coarse models have a tendency to lower

elevations of small features such as dykes.

Maximum highest predictedtide ~ ElevationMSL Bay of Fundy via Webtide

2010 2011 012 ‘ 2013 ‘ 2014

-6

Figure 5 Predicted tide for the centre ofthe upper Bay of Fundy (not a harbor orport) from
WebTide. Maximum tidesfrom 2010 to 2014occur on Nowember 16, 2012.
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Simulated 2 m storm surge on top of the tide Nov. 16-17,2012
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Figure 6 Highest predicted tide during November 16, 2012 (blue line) with a 2 m storm surge (red
line). The tide model domain, with the depth of \ater flooding results overlaid on a satellite image
with the Trans-CanadaHighway (black).

2.25 Additional Tidal Predictions

WebTide predictions, which are based on a mpdaducel by DFO (Dupont et al. 2005)vere
used in the previous example to geteemtidal boundary across the upper Bay of Fundy in order
to construct a hydrodynamic model for the area and add an additional 2 m storm surge to the

tide. The water level generated from WebTide is referenced to medevata

Additional tidal predictios can be obtained for select harbors and ports in the upper bay and
provide the tide elevations related to that specific site for the local conditions referenced to chart
datum, typically defined as the lowest possible water level to occur during kdegewe

extracted the predicted tide for Joggins, approximately 25 km south of the Isthmus, hourly for
the year 2012 to the end of 2016tp://tbone.biol.sc.edu/tide/ The peak tide level is predicted
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to bel2.98 m above chart datum on Glmer28, 2015 (Figre7). This water level is
approximately 36 cm higher than the highest tide predicted foember2012.

14 -

Joggins Predicted Tide 2012-2016 / Ve i s

Water level [m above chart datum)

Figure 7 Predicted tide water level for JogginsNS, between October 2012 and Quber 2016
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3 Results

3.1 Profiles

Critical elevations of the key infrasicture,the TCH and CNRlinking NS to NB were extracted
in the form of longitudinal profiles along the fgth of the structure@Figure 8) and as transverse
profiles across thersictures out to the outer dyke features (Fes9-13). The lowest section of
the TCHoccurs in New Brunswick where tleéevation is7.8 m CGVD28. The dykeghat
protect the lowlying marsh land are around 8.5 m in this ar€ae TCH is the lowest alog a 4
km stretchacross the Tantramar Marshaie NB, and again for a smallretch on the NB side
of the bader (Figure 78 upped. The lowest section of theéNR is also in NB at an elevation of
6.8 m (Figire8, lower). The narrow drops in the profile®rrespond where the road or rail line

crosses a river or streanbridges have not been included in the baearth DEM.

Thefour transverse profiles were constructed from the quiatectivedyke landward to connect
to the critical infrastructure (Fige 9). In Profile 1, the outer protective dyke is 8.45 m and the
rail line is 9.74 m and acts like a dyke in this areayf@@0). The next section of dykes that are
crossed range in elevatifnom 8.45 t08.69m along the Misaguash River which forms ¢h
border between NBind NS (Figre10). The elevatiorof the lane®f the TCH along this profile
are 8.79 and 8.9 nDyke elevations on the other side of #@H protecedfrom high water in
theMissaguash River are 8.57 and 8.61 m (Fgl0). Similardetails can be extracted from
Profiles 24 (Figures11-13).
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Figure 8 Longitudinal profiles of the critical transportation infrastructure. Top profile is alongthe
Trans-CanadaHighway from NB to NS. Lower profile i salong theCNR from NB to NS.
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Figure 10 Profile 1, traversed from the southwest to the northeast the NB dykes inthis area are
at 8.45, 8.69, 8.57, and 8.6h. The rail line elevation is 9.74 and th& CH lanes are 8.8 and 8.9 m.
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Figure 11 Profile 2, traversed from the southwest to the northeasgt the NS dykes in this areaare at
8.81m. The rail line elevation is8.3and the TCH (Highway 104)lanes areat 10 m.
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Figure 12 Profile 3, traversed from the southwest to the northeast the NB dykes in this areaare
at 7.86m. The rail line elevation is8.1 m and thelanes forthe TCH are at 7.9and 8 m.
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Figure 13 Profile 4, traversed from the southwest to the northeast the NB dykes in this areaare
at 8.37m. The rail line elevation is 8.6m and the TCH lanes areat 7.8 m.

3.2 Flood Inundation Maps

Flood layers were generated connecting the Bay of Fundy ttylogrland from5 m to 10 m at
10 cm incrementsA system of agricultural dykes, the CNR and the TCH collectively prttect
low-lying land behindt but once any portion of theystem iovertopped, a large area of land is
vulnerable to flooding because of its low elevatitmaddition to the low elevation, much of the
land north of th& CH and CNRconsists of wetlands and lakes indicatihgtthe land isalready
saturated ahthe water table is very high in this arébportions ofthe dykes were to be
overtoppedy a storm surge, the landould not be able to absorb much of the water and thus
increase the residence time of the flood water behind the dykesdykesystemholds back the
ocean at 7.m (Figure14). The rail lineat 8.7 mact asthe maindyke protecting th&@ CH

along the Tantramar Marsh at this water le\r¢bwever at 8 m, portions ofthe adjacent
agriculturaldykesin New Brunswickbegin to overtop anfiood the highwaya low section of

the CNR 4t6.8 m),and agrecultural land near the NSB barder. Note that the straight line
28

Websteret al., 2012. An Evaluation of Flood Risk to Infrastructure Across the Chignecto Isthmus



representing th#tood limit north of NB Highway 2 (TCH) is a result of the limited extent of the
lidar 1 m DEM,; the water would extend much farther inland than depicted on the map (Figure
14). When the water reaches 8.0Qtime dykesystem is compmised and many local roads and
properties would be inundatééigure 14). Highway 104 in NS is still not ovespped although

it is surrounded by water since it is above 8By.comparison in New Brunswick, the TCH

would have~20 cm of salt water covery it (Figure 14). The full extent of the inundation area if
an 8 m water level was sustained fqresiod of time is depicted ondtire 15. One must

consider that the tide woukbondrop and depending on the damage to the sigkel

transportation infrasucture (in turn a function of theeverity and duration of the stoym
emergencyepairs could be made to limit tirapact of the next high tide (assuming staff and
equipment can be effectively mobilized)f greater concern though is the likely slovaidage

of water from the flooded areas (several dayi$)e presence of theCH and CNR(as barriers)
would slow down the drainage back to the aboiteau in the agricultural dykes which in turn can
only release water during low tide periods. Térentwould still be a disaster for many people

in the Amherst and Sackville areas. As noted above, many local roads and properties would be

floodedand there would beonsiderablelamage t@ssetand propertieby salt wateexposure
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Figure 14 Perspective views looking south of the Isthmus at different wateeVvels. Upper left
imageshowsthe water levelat 7.7 m i dykes holding Top right image showswater levelat 7.8 m
and some dykeshaveovertoppedin NB. Lower imageis thewater levelat 8.0m overtopping all of
the dykes, althoughthe TCH (Hwy 104) is still above water in NS.
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Figure 15 Maximum extent of a water level of 8.0 m which overtops at sections of all the dykes.
Highway routes are labelled sincehe TCH and CNR would not be passible at this level.

If a 2 m storm surge occurs ompaigeanspringhigh tide as was thease with the Saxby Gale,
the water level would be close to 10 Both the CNR and TCH would not be passible and trade
would be halted, likely for daysCommunity and private assets would be severely damaged and

farm productivity lowered for years becaudesaltwater inundation.

Nova Scotia becomes an island when the water level reache€GV/mD28which allows the
Bay of Fundy to connect to the Northumberland Straitui€d6). With future predictions for
SLRgoing as high as 5 m by 2100, a waésel of 12 m(~4 m above current higher high tides)
is not beyond the realm of possibilities for letegm planning of significant infrastructure such
as the Atlantic GatewayHighway 104at its current elevatiowill be long gone and unde#d m
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of water at this time Portions of NS Route 366 and N®ute 97(long the northern coast of
NS and NB will not be accessible at this level eithEne white line orFigure 16 marksthe
highest terrain in this area and thus provides the safest environmer fondgest period of time

to the threat of selevel rise and storm surges.
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Figure 16 Nova Scotia becomes an island when skxvel reaches 12 m. The existing highway routes

are mapped along with a hypotheticatonnectorroute along the highest terrain (white line).

In order to better determine where the exact overtopping of the dykes occurs and at what critical
waterlevel, the flood inundation layers were closely examined in relation to the dyke elevations.
In generalthe dykesare around &85 m CGVD28, however there are lower sections in theslyke
making them more vulnerable to overtoppifthese areashould be a earlytarget for

adapation effortsto raise the levednd strengthethedykes Other low sections will also be

vulnerable because of erosive effects of stdrimen waves. Further evaluations are required to
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document the extent of this problem and best solutions to armour the dyke tops with more than
just grass.In the longer term, higher dykes of the futurel wéed to be more robust to prevent

erosion and geotechnically stable on the relatively poor foundation of the former marsh soils.

Thirteen locations were identified where sections of the dyke elevation is low enough to allow
overtopping at critical watdevel elevations (Figre 17). The lowest critical elevations occur

along the dykes in New Brunswick where they begin to overtop at water level @earAulac

at the east side of the Tantramar Marshyfa@d7). This low section occurs south of the Hen
theCNRline which is at one of its lowest elevations in this area atless7 mAnother low
elevation of 7.8 m occurs along the dyke on the west side of the Missaguash River south of the

rail line on the NB side.

Figure 17 Critical dyke overtopping locations and water levels.
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The next critical dyke elevation for overtopping occurs at water level 7.Bhis.occurs at a

dyke on the north side of the west branch of the Tantramar River south of SackvjlleedyB
Highway 106 at West&kville (Figure17). At a water levelof 8.0 m, several dykes have
locations where overtopping can begin in Nova Scokfae NS dykes on the east side of the
Missaguash River have two locations south ofGhNR line (Figure17), and ondocation

between th&€NR andHighway 104 where the dyke abuts the topographic high associated with
the Amherst oframp system télighway104. A water level of 8 malsoovertops the dyke on
the east side of the Missaguash River nortHighway 104 (Figre17). Other areas where the
8.0 m water level overtops the dykes include two locations on the southern dykes along the
LaPlanche Rivenear theamainatoiteau (Figire17). The dyke on the north side of the
LaPlanche River also overtops where it abatdighway104. The inset map oRigure I7
highlights dykes at Amherst Poititatwould beovertopped by a water level of 8.0 Mhese

types of maps providdSTIR andNS Department of Agriculturefficials with information on

the critical locations wherhe dykes are most vulnerable to overtopping and should be raised as

part of the adaptation solutians

The results of the hydrodynamic modellidigring perigean spring tidés November 2012 are
shown in Figure & The extent of thistorm surgdloodingis similar to that produced by Leiske
andBorrnemanr(2011) for the 1 in 10 year return period based on water levels by Daigle
(2011). Werarelyexperience 2 m storsurgeshowever surges @.5 to 1m are not uncommon
(expected frequencdrom 7 to 55years; Webster et al., 2008)he probability of an event
overtopping the dykes is increased significantly with the occurrente séasonal and loRg
termastronomichigh tides. The duration of time the flood waters would reside behind the dykes
was leyond the scope of this project and was not calculdeglire B was produced for

illustration purposgonly to show that duringery largetides, as was the case for the Saxby Gale
and Groundhog Day Storrthe dykesy st em and a v eagvulheaablgte @Al and?o
overtopping if the tides are associated with a storm gagyeoted earlier, a large portion of the
flooded area is already classified as wetlands)
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Figure 18 Results of inundation from Mike 21 simulation of he water depth of flooding associated
with high tides predictedfor November 16, 2012 with a 2 m storm surgeTCH depicted as a black
line.

The stilkwater flood levels and critical dyke elevations (Figl7) were used to assess the
potential impacts toepairs ofHighway104. We have calculatetthe precise length of the road
segments covered at certain critical water levels and repdérbth of roadsffected at each
water level(Figures 19-21). Note that helidar DEM does not include the elevatsttion of the
highway where it passes over the rail lingh@bridgeover the LaPlanche RiveA water level
of 9 m begins to inundate small sections of the highavalthe orramp near Amherst for
example (Figre19). Our modelincremens the water ével at 10 cm steps amee are able to
measure the length of road overtoppseeable 1). A water level of 9.5 m begins to overtop
the highway north of Amherst (Rage 20).
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Figure 19 Impact of water level of 9 mon Highway 104 north of Amherst. A 156 mlong section of

highway would be flooded.
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