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EXECUTIVE SUMMARY
This project builds on the previous deployment of field instrumentation and modelling experience gained during
the flood risk project for the Town of Bridgewater. However, this project is significantly larger in both geography
and scope with the study area including a major section of the LaHave River and estuary from New Germany to the
Atlantic Ocean. The purpose of this project was to develop a combined river discharge and ocean tide‐surge
hydrodynamic model for the LaHave River system and develop flood risk maps along the river. In addition to
weather stations deployed at Cherryfield and Hirtles Beach, water level sensors were deployed at Kraut Point,
Venoit Road Bridge and for a limited time at the Marine Terminal in Bridgewater. Two hydrological phenomena
had to be modelled during this project: fluvial discharge and ocean tide and surge circulation. A sophisticated
hydrodynamic model was established for the study area using a flexible mesh representation of the hydrography
and topography, where the mesh is denser in areas of interest. For example the mesh is dense along the floodplain
where it uses data from recent lidar surveys. Data from the water level sensors were used to calibrate and validate
the hydrodynamic model.
Discharge was simulated for events that represent a typical annual maximum runoff and extreme events with at
least one occurrence within a 50 and 100 year return period based on the Environment Canada gauge time‐series
data measured upstream of Bridgewater. Tide and storm surge events or the equivalent of long term sea‐level rise
was simulated by using the predicted tide and adding a 2 and 3 m storm surge to the ocean level seaward of the
mouth of the river. Simulations were carried out under a variety of conditions: highest annual tide in 2012 with no
storm surge and with annual maximum discharge (this would represent an average spring melt event), highest tide
plus a 2 m storm surge combined with the 50 year discharge event, and highest tide plus a 3 m storm surge
combined with the 100 year discharge event. All combinations of the above conditions were modelled producing a
total of nine simulations. For extreme events that are dynamic in nature, the maximum water level can occur at
different places and at different times during the simulation. In order to represent the maximum flood extent for
the simulation of extreme events, the model output was examined and the maximum water level for the duration
of the simulation was extracted and merged into one file that was used in the GIS to map the maximum flood
extent and water depth.
Areas upstream of Bridgewater appear most vulnerable to fluvial discharge events and maps demonstrate the
areas that are most vulnerable. Infrastructure including roads and the municipal wastewater (e.g. lift stations)
were intersected with the flood layers to map areas at greatest risk. Areas downstream of Bridgewater appear to
be most vulnerable to storm surge and sea‐level rise. Similar GIS analysis was conducted for the infrastructure in
these locations. There are areas where the combined effects of large discharge with elevated sea‐levels produce
higher water levels than any single event on its own. Several GIS flood risk layers have been developed for the
project and intersected with critical infrastructure along with a report outlining the background and model
development. No adaptation measures have been considered as that was beyond the scope of this current project.
However, the information provided from this study will allow the municipality to evaluate the risk of flooding from
large river discharge events and storm surge or longer term sea‐level rise and their combined effects and begin
considering adaptation measures to mitigate flooding.
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1. INTRODUCTION
The LaHave River is an estuarine river in southern Nova Scotia that has a history of both fluvial and coastal
flooding. Heavy rain and snowmelt can cause the river to overflow its banks, flooding the rural communities and
roads within the watershed, while storm surge and sea‐level rise can cause flooding near the coast; when a heavy
rainfall event is combined with a storm surge, infrastructure within the watershed is especially at risk.
This study is being conducted for the Municipality of the District of Luneburg to determine the risk of flooding from
LaHave River runoff and from storm surge. The analysis incorporated high‐resolution lidar elevation data,
bathymetric river data, and river cross‐section information. These data were merged to generate a seamless digital
elevation model (DEM) which was used, along with river discharge and tidal elevation data, to run an integrated
one and two‐dimensional hydrodynamic model to produce flood risk predictions for the LaHave Watershed.

1.1. LITERATURE REVIEW
This approach for studying coastal flood risk for communities located along major estuaries has proved successful
in past studies completed by the Applied Geomatics Research Group (AGRG). For the Atlantic Climate Change
Adaptation Solutions (ACAS) project, we completed several studies of this nature for Lunenburg, Amherst,
Wolfville, Windsor, Nappan, Oxford and Port Howe (Webster et al., 2011, 2012a, 2012b, 2012c). Most recently, we
prepared a flood risk analysis for the Town of Bridgewater (Webster et al., 2013, 2014). Much of the data collected
for that study was used for the present study, but we have made significant modifications to the modelling
approach in order to best model the large extent of the complex LaHave watershed.
Lidar data can be collected at very high resolution, enabling the derivation of a high resolution DEM. The DEM is a
critical component of flood inundation models, where capturing the complexities of the topography and
bathymetry affects the path of the floodwaters for both fluvial and coastal storm surge flooding (Abderrezzak et
al., 2009; Abdullah et al., 2013; Haile and Rientjes, 2005; Mason et al., 2007; Poulter and Halpin, 2008; Webster
and Forbes, 2005). High‐resolution lidar‐derived DEMs combined with historical high water level data have been
used to successfully model benchmark coastal storms in Atlantic Canada (Webster and Forbes, 2006; Webster et
al., 2004b, 2006) and elsewhere (Smith et al., 2012).
Bathymetric information is also critical to the running of the river and coastal hydrodynamic flood prediction
models, and higher resolution and quality data can improve model results over sparse bathymetry data (Casas et
al., 2006; Cook and Merwade, 2009). Bathymetric data can be acquired through various means, such as swath
bathymetry (Cin et al., 2005) or more traditional field surveys to obtain river depth and channel geometry (Moore,
2011).
For this study a bathymetric survey was conducted using a depth sounder and Real Time Kinematic (RTK) GPS to
acquire data for the upper sections of the LaHave estuary, and RTK GPS cross‐sections in the shallower areas of the
river. The final DEM used for the river and coastal flooding models includes high‐resolution lidar on land,
bathymetric data for the river channel and coast acquired during this study, and a combination of digital and
digitized paper charts for the outer estuary where available. We present a unique method to combine the
bathymetry and river cross‐section data with the lidar to construct a seamless DEM.
We employ the Danish Hydraulic Institute (DHI) flexible mesh model which represents a two‐dimensional model of
the river channel and floodplain. This model is a common choice for flood prediction mapping using lidar‐based
DEMs (Gilles et al., 2012; Patro et al., 2009). Gilles et al. (2012) modelled fluvial flood events in Iowa successfully by
calibrating the model to measured water levels in the river and floodplain. Patro et al. (2009) modelled monsoon
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flooding on an Indian river delta and found the model to be quite satisfactory in simulating river flow and flood
inundation extent. Sto. Domingo et al. (2010) used Mike FloodTM to do an analysis of flooding from sea‐level rise
and storm surges in major cities under climate change scenarios; and found the coupled model to be better than
“Terrain Analysis” approaches at mapping flooding from the sea.

1.2. STUDY AREA
The LaHave River extends ~80 km from its headwaters at the southern base of South Mountain in the Annapolis
Valley to its mouth near Riverport on the Atlantic Ocean (Figure 1.1). The LaHave River watershed drains many
lakes and rivers, covers 1686 km2, and encompasses sections of Annapolis, Kings, and Lunenburg Counties. The
river passes through several rural communities including Cherryfield, New Germany, and Pinehurst, reaches the
Town of Bridgewater approximately 20 km from the Atlantic Ocean, and passes several small communities before
meeting the coast.
The watershed contains a mix of land use, including industrial and residential within the Town of Bridgewater, and
shifting to mainly forested and agricultural in the majority of the watershed. Deforestation can contribute to
flooding caused by excess runoff, therefore an analysis of satellite images was done to detect land cover change in
the LaHave River watershed over the past several years. The difference between a pair of multi‐temporal Band 5
Landsat images from June 14, 2004 and August 15, 2009 show the clear cuts during that timeframe (Figure 1.2).
Band 5 is the best band to use for this type of analysis because it captures the mid‐infrared range of wavelengths
and shows a sharp contrast between vegetation and soil, or post‐clear cut residue. The satellite analysis is an
efficient method to show cleared land over a large area, but can produce falsely detected areas such as cloud
cover or lakes. The analysis detected ~80 km2 (~5% of the watershed) of land that had been clear cut and 23 km2
(<2% of the watershed) that had undergone regrowth between 2004 and 2009.
The LaHave watershed includes two Ecodistricts, as defined by the Nova Scotia Department of Natural Resources
(Neily et al., 2003). The LaHave Drumlins Ecodistrict is characterized by glacial till drumlins and coniferous forests,
with soils that are mostly well‐drained, except between the drumlins where soil is poorly drained. The LaHave
River flows through the center of the Ecodistrict until it enters the South Shore Ecodistrict near the coast. The
South Shore Ecodistrict is composed of a mixture of beaches, lakes and streams, and coastal forests. Sandy, shale,
and cobble beaches can all be found in the region due to the variable quantity and texture of the coastal sediment
supply.
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FIGURE 1.1 THE LAHAVE RIVER WATERSHED EXTENDS FROM SOUTH MOUNTAIN, NOVA SCOTIA, TO THE ATLANTIC COAST. A: AGRG
CHERRYFIELD WEATHER STATION; B: ENVIRONMENT CANADA WATER LEVEL GAUGE; C: AGRG MARINE TERMINAL TIDE GAUGE; D: AGRG KRAUT
POINT TIDE GAUGE; E: AGRG HIRTLES BEACH WEATHER STATION.
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FIGURE 1.2 CHANGE DETECTION SATELLITE ANALYSIS FOR THE LAHAVE WATERSHED BETWEEN 2004 AND 2009.
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Tides are semi‐diurnal in the Riverport area, with a tidal range of 2.5 m. The tidal influence extends ~20 km up the
LaHave River, just to downtown Bridgewater.
Climate in the LaHave River watershed, as measured by the Environment Canada weather station at Bridgewater
(Environment Canada, 2011a), are typical for coastal Nova Scotia, with winter temperatures normally below 0°C
and summer temperatures nearing 20°C (Figure 1.3a); total monthly rainfall is highest in the fall (Figure 1.3b);
snow makes up the highest proportion of total precipitation in January (40%) and February (38%), and mean snow
depth is highest (16 cm) in February (Figure 1.3c). The river does not typically ice over during the winter, but
occasionally can: the river was full of ice all the way to downtown in February 2003 (Figure 1.4a), and ice flows
caused the LaHave River ferry to be dislodged from its cable in January 2014 (Figure 1.4B). Ice commonly forms
upstream of the town in the lakes and throughout the watershed.
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FIGURE 1.3 CLIMATE NORMALS FOR BRIDGEWATER, 1981‐2010 (ENVIRONMENT CANADA, 2011A). (A) DAILY TEMPERATURE MINIMUM,
MEAN, AND MAXIMUMS; (B) TOTAL RAINFALL AND EXTREME DAILY RAINFALL; (C) AVERAGE MONTHLY TOTAL RAINFALL, TOTAL
PRECIPITATION (SHOWING PRECIPITATION DUE TO SNOW), AND MEAN DAILY SNOW DEPTH. NOTE THAT THE EXTREME RAINFALL EVENT
SHOWN IN (B) IN AUGUST OCCURRED IN 1971 AND SHOWS UP IN PRECIPITATION RECORDS ACROSS THE PROVINCE.
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(a)

(b)

FIGURE 1.4: (A) ICE IN THE LAHAVER RIVER ON FEBRUARY 3, 2003 (CANADIAN PRESS, 2003); (B) THE LAHAVE RIVER FERRY IN JANUARY 2014,
BEACHED AFTER IT DRIFTED DOWNRIVER WHEN THE PRESSURE OF ICE FLOWS DISLODGED ITS CORD (SOUTH SHORE NOW, 2014).

1.3. COASTAL FLOODING
When a high tide coincides with the strong winds and low pressure of a storm, a storm surge can occur and cause
coastal flooding. A storm surge is an increase in the ocean water level above what is expected from the normal
tidal level that can be predicted from astronomical observations. One or two tropical cyclone events (hurricanes or
tropical storms) affect Canada per year (Environment Canada, 2012), and the beaches of the South Shore of Nova
Scotia and the LaHave estuary are regularly battered by Nor’easters, tropical storms and occasionally a hurricane.
Powerful wind, waves, and storm surges can cause damage to dunes and beach infrastructure, coastal properties
and roadways. Hurricane Hortense (1996), Hurricane Juan (2003), post‐tropical storm Noel (2007), and Hurricane
Bill (2009) caused significant damage to the coast in the District of Lunenburg (Figure 1.5) (Taylor et al., 2008).
Although the Canadian Hurricane Center (Environment Canada, 2012) states that hurricane frequency follows a 25‐
year cyclical pattern, and we are now in a more active cycle, others claim that hurricane frequency and intensity
are increasing with climate change (Emanuel, 2005; Knutson et al., 2010).
A sharp bend in the LaHave River near the coast provides some protection to inland communities, but storm surges
can still cause flooding upstream. A low pressure system brought high winds and heavy rain to the LaHave area on
30 October 2011 causing a storm surge that flooded the lower estuary (Figure 1.6) and some areas of downtown
Bridgewater (Figure 1.7). A 1 m storm surge was measured during this event at the Halifax tide gauge, the closest
gauge operated by the Canadian Hydrographic Service (CHS) to Bridgewater (Figure 1.8).
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(a)

(b)

FIGURE 1.5 (A) CRESCENT BEACH FOLLOWING POST‐TROPICAL STORM NOEL IN 2007. SOURCE: HTTP://HURRICANE‐NOEL‐NOVA‐SCOTIA‐
DAMAGE.BLOGSPOT.CA/2007/11/PHOTOS‐OF‐DAMMAGE‐TO‐CRESCENT‐BEACH‐AND.HTML. (B) DAMAGE AT PETITE RIVIERE CAUSED BY
HURRICANE BILL IN 2009. SOURCE:
HTTP://WWW.THEWEATHERNETWORK.COM/YOUR_WEATHER/DETAILS/786/1442612/BRIDGEWATER/HITS/1#UTMXID=EAAAACD_N29‐
7CMDYYE4SM7ENRK;UTMXPREVIEW=0.

FIGURE 1.6 FLOODING IN THE LOWER LAHAVE ESTUARY DURING THE OCTOBER 30, 2011 STORM. PHOTO SOURCE: STEVE MILLS, EMO NOVA
SCOTIA SOUTHERN ZONE.
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FIGURE 1.7 FLOODING IN DOWNTOWN BRIDGEWATER CAUSED BY A STORM SURGE ON 30 OCTOBER, 2011.
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FIGURE 1.8 (A) OBSERVED AND PREDICTED TIDES FOR HALIFAX SHOW A STORM SURGE ON OCTOBER 30, 2011; (B) HOURLY PRECIPITATION
AT KEJIMKUJIK, NS SHOWS A PEAK ON OCTOBER 30; (C) HIGH WINDS AND LOW PRESSURE ASSOCIATED WITH THE STORM ARE SEEN IN THE
LUNENBURG, NS, WEATHER STATION RECORD (ENVIRONMENT CANADA, 2011B).
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1.4. SEA‐LEVEL RISE AND CLIMATE CHANGE
The global climate is changing due in part to the increase of greenhouse gas emissions, and the resulting warming
trends will contribute to an increase of global sea‐level (Stocker et al., 2013). Future projections of sea‐level
change depend on estimated future greenhouse gas emissions and are predicted based on a number of scenarios
(Raper and Braithwaite, 2006). Global sea‐level rise, as predicted by climate change models, will increase the
problem of flooding and erosion making more coastal areas vulnerable. The third assessment of the
Intergovernmental Panel on Climate Change (IPCC), AR3, indicated that there will be an increase in mean global
sea‐level from 1990 to 2100 between 0.09 m and 0.88 m (Church et al., 2001). The fourth IPCC Assessment Report
(AR4) projected global mean sea‐level 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
measurements of actual global sea‐level rise are higher than the previous predictions of the third assessment
report. The most recent IPCC estimates for global sea‐level rise were available in a preliminary document, the AR5
Summary for Policymakers (Stocker et al., 2013), at the time of submission. The authors project a sea‐level rise for
2046–2065 of 0.17 m to 0.38 m (lower bound higher than AR3 and ~same as AR4) and for 2081–2100 of 0.26 m to
0.82 m (upper bound slightly lower than AR3, 0.23 m higher than AR4); these projections do include the effects of
melting ice sheets.
Rahmstorf et al. (2007) compared observed global sea‐level rise to that projected in the third IPCC assessment
report and found it exceeded the projections. They have suggested a rise between 0.5 and 1.4 m from 1990 to
2100. This projected increase in global mean sea‐level and the fact that many coastal areas of Maritime Canada
have been deemed highly susceptible to sea‐level rise (Shaw et al., 1998) has led to various studies to produce
detailed flood risk maps of coastal communities in Prince Edward Island, New Brunswick, and Nova Scotia
(Webster and Forbes, 2005; Webster et al., 2008, 2004b, 2006). The most recent set of flood risk maps for coastal
communities in Nova Scotia has been produced during the Atlantic Climate Adaptation Solutions (ACAS) project
(Webster et al., 2012a, 2012c).
In addition to global sea‐level rise, local crustal dynamics also affect relative sea‐level (RSL). The major influence on
crustal motion for this region is related to the last glaciation that ended ca. 10,000 years ago (McCulloch et al.,
2002; Peltier, 2004; Shaw et al., 1994). The areas where the ice was thickest were depressed the most and
peripheral regions where uplifted, termed the “peripheral bulge”. The ice was thickest over Hudson Bay in central
Canada, where the crust was most depressed, however today this area is still rebounding from the removal of the
ice load and continues to uplift. The Maritimes represent part of the peripheral bulge and southern New Brunswick
and Nova Scotia are subsiding (Peltier, 2004). Subsidence rates vary across the region with Nova Scotia having a
rate of ~15 cm per century (Forbes et al., 2009). The subsidence of the crust is important for coastal communities
in that it compounds the problem of local sea‐level rise and must be considered when projecting future flood risk.
Global sea‐level rise and crustal subsidence must both be considered to produce a potential increase in RSL in the
next century. This does not include the possibility of increased storm intensity or frequency.
(Webster et al., 2011) selected a conservative and a higher rate of global sea‐level rise to illustrate the impacts of
past storms into the future for the ACAS project along the South Shore. We use global mean sea‐level projections
from the third IPCC assessment (Meehl et al., 2007) (AR4, A1F1 scenario) as the conservative rate (0.57 m); the
higher rate (1.3 m) comes from Rahmstorf (2007). Assuming a crustal subsidence rate of 0.16 m (Forbes et al.,
2009) the upper limit of relative sea‐level rise projections for 2100 are 0.57 m + 0.16 m = 0.73 m (Meehl et al.,
2007) and 1.3 m + 0.16 m = 1.46 m (Rahmstorf et al., 2007).
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A comprehensive, community‐by‐community report prepared for ACAS by Richards and Daigle (2011) provides
estimated extreme total sea‐levels, using Rahmstorf et al. (2007) as a basis for sea‐level rise projections. Estimates
for Lunenburg, a neighboring community along the South Shore of Nova Scotia located northeast of the mouth of
the LaHave estuary, are presented for 10, 25, 50 and 100‐year return periods, for years 2000, 2025, 2055, 2085
and 2100. As explained by Richards and Daigle (2011), a return period “represents the average time between
occurrences of an event exceeding a given level. Another way of interpreting a level with a given return period (T)
is that in any year there is a 1/T chance that the return level will be exceeded. For example, in any given year there
is a 10% chance that 10 year return period value will be exceeded. Similarly, in any given year there is a 1% chance
that a 100 year return period will be exceeded.”
For Lunenburg, this means that a 10‐year storm could result in a sea‐level of 3.29 m by 2025, 0.86 m higher than
HHWLT (Higher High Water Large Tide). A 100‐year storm in 2055 would increase water level to 3.80 m. The water
levels in Table 1.1 are referenced to Chart Datum (CD), which is the same datum used for a hydrographic chart
showing depths in the offshore and for tide tables. Note that CD typically represents the lowest possible tide in a
local region, whereas topographic maps on land and lidar terrain models for this study are referenced to the
Canadian Geodetic Vertical Datum of 1928 (CGVD28); water levels for this study have been converted from CD to
CGVD28 using the offset of 1.01 m.

Return Period
10 Years
25 Years
50 Years
100 Years

Extreme Total Sea Level [meters Chart Datum (CD)]—Lunenburg
Residual
Level 2000
Level 2025
Level 2055
Level 2085
0.71 ± 0.20
3.14 ± 0.20
3.29 ± 0.23
3.57 ± 0.35
3.97 ± 0.56
0.81 ± 0.20
3.24 ± 0.20
3.39 ± 0.23
3.67 ± 0.35
4.07 ± 0.56
0.88 ± 0.20
3.31 ± 0.20
3.46 ± 0.23
3.73 ± 0.35
4.14 ± 0.56
0.95 ± 0.20
3.38 ± 0.20
3.53 ± 0.23
3.80 ± 0.35
4.21 ± 0.56

Level 2100
4.20 ± 0.68
4.30 ± 0.68
4.37 ± 0.68
4.44 ± 0.68

TABLE 1.1 ESTIMATED EXTREME TOTAL SEA LEVELS (HIGHER HIGH WATER LARGE TIDE (HHWLT) + SEA‐LEVEL RISE + STORM SURGE) FOR
RETURN PERIODS OF 10, 25, 50 AND 100 YEARS FOR YEARS 2000, 2025, 2050, 2085 AND 2100. LUNENBURG, HHWLT 2.43 M (CHART DATUM),
RETURN PERIOD LEVELS ESTIMATED AS PER HALIFAX TIDE GAUGE. FROM RICHARDS AND DAIGLE (2011). ERROR ESTIMATES ARE FROM
BERNIER (2005) AND REPRESENT 95% CONFIDENCE INTERVALS.

1.5. FLUVIAL FLOODING
Fluvial flooding is a common occurrence in the LaHave watershed. Intense or prolonged rain events, melting snow
and ice, or a combination of the two causes property and infrastructure damage frequently. Fluvial flooding is
caused when high or intense precipitation, or snow and ice melt within the watershed flows into the river, causing
it to overtop its banks. High or intense precipitation is defined using Environment Canada’s Rainfall Warning
Criteria, wherein warnings are issued when 25 mm or more of rain is expected in one hour, when 50 mm or more
is expected within 24 hours or 75 mm or more within 48 hours during the summer, or when 25 mm or more of rain
is expected within 24 hours during the winter (Environment Canada, 2010). While flooding from snow and ice melt
can be predicted, flash flooding from sudden downpours can be more of a challenge to forecast (Environment
Canada, 2009).
Figure 1.9 shows a short duration rainfall Intensity‐Duration‐Frequency (IDF) graph for Kentville, the monitoring
station nearest to Bridgewater. The graph is produced by Environment Canada from an extreme value statistical
analysis of at least ten years of rate‐of‐rainfall observations. It includes the frequency of extreme rainfall rates and
amounts corresponding to the following durations: 5, 10, 15, 30 and 60 minutes, and 2, 6, 12, and 24 hours. Return
periods are used as the measure of frequency of occurrence and are expressed in years. Estimates of the rates and
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amounts for the durations noted above and their confidence intervals for the rates are provided for return periods
of 2, 5, 10, 25, 50 and 100 years. The IDF shows that high intensity rainfall events occur for short durations of time,
while longer duration storms have less intense rainfall. The highest intensity rainfall events occur least frequently.
More
information
on
IDFs
can
be
found
here:
ftp://ftp.tor.ec.gc.ca/Pub/Engineering_Climate_Dataset/IDF/IDF_v_2.100_2011_05_17/Notes_on_EC_IDF.pdf.

FIGURE 1.9 SHORT DURATION RAINFALL INTENSITY‐DURATION‐FREQUENCY DATA FOR KENTVILLE, THE STATION NEAREST BRIDGEWATER.
SOURCE: FTP://FTP.TOR.EC.GC.CA/PUB/ENGINEERING_CLIMATE_DATASET/IDF/.

Flow in the LaHave River follows a typical pattern, with maximum flow occurring in the spring and minimum flow
occurring in the summer (Table 1.2, Figure 1.10). Values for three times the average monthly flow show that April
is the highest at 220 m3/s (Table 1.2), while notable historic floods (Figure 1.10a) all have peak flows of >300m3/s,
closer to four times the April monthly average flow. These values can be used to estimate a flow threshold such
that flow levels higher than that threshold indicate a flood event. Analysis of the 95‐year LaHave River flow time
series derived from the Environment Canada water level gauge in West Northfield (location shown on Figure 1.1)
shows that there were 23 events, lasting from one to six days, for which flow was greater than 300m3/s (Figure
1.10b). The distribution of flood events defined as such is shown in the final column of Table 1.2; almost 80% of
the floods occurred during winter or spring, times when snow melt is likely to have contributed to the flood.
Month

Average LaHave River
Flow: 1915‐2010 (m3/s)

3x Average LaHave River
Flow: 1915‐2010 (m3/s)

Distribution of flood
events by month
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January
Feb
Mar
Apr
May
Jun
July
August
Sept
Oct
Nov
Dec

46
39
54
73
39
20
11
11
9
20
44
51

138
116
162
220
116
61
34
34
28
61
133
153

5
3
5
5
1
0
0
0
0
1
3
0

TABLE 1.2 AVERAGE MONTHLY, 3X AVERAGE MONTHLY LAHAVE RIVER FLOWS, AND DISTRIBUTION OF FLOOD EVENTS BY MONTH. DATA
ARE FROM ENVIRONMENT CANADA’S REAL TIME HYDROMETRIC NETWORK DATABASE (ENVIRONMENT CANADA, 2013).

(a)

(b)

FIGURE 1.10 (A) HISTORICAL LAHAVE RIVER FLOOD EVENTS (COLOURED LINES) AND THE 95‐YEAR (1915 – 2010) MONTHLY AVERAGE FLOW
(BLACK LINE); (B) LAHAVE RIVER DISCHARGE, 1915‐2010, MEASURED UPSTREAM OF BRIDGEWATER (SEE FIGURE 1.1 FOR GAUGE LOCATION).
DATA ARE FROM ENVIRONMENT CANADA’S REAL TIME HYDROMETRIC NETWORK DATABASE (ENVIRONMENT CANADA, 2013).

Maximum Instantaneous Peak Flow was highest on January 10, 1956 (1080 m3/s) and second‐highest on March 31,
2003 (663 m3/s). Both of these floods were caused by heavy rain and melting snow and caused the highest water
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levels ever recorded (5.73 m and 5.17 m for 1956 and 2003, respectively), 1.5 to 2.0 m higher than any other flood
event in the LaHave River watershed (Environment Canada, 2009).

1.5.1. JANUARY 10, 1956
Mainly anecdotal evidence of the January, 1956 flood exists, although there is some text and photos available. The
January 10, 1956 edition of the Bridgewater Bulletin describes that flood event of that day:
A full week of heavy rain, melting snow, above‐freezing temperatures and strong easterly winds took their toll
in Lunenburg County, as the usually benign LaHave River rose steadily to become a dangerous, threatening
torrent, flooding many square miles of low‐lying country, washing out bridges, mills and buildings, and
causing two dozen families to evacuate their homes, leaving all their possessions to the raging flood waters.
(Source: http://newgermanycap.ednet.ns.ca/NewGermanyhistory/Flood1956.htm).
Figure 1.11 shows images of the 1956 flood, which is still remembered today by those who were around.
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FIGURE 1.11 FLOODING OF THE LAHAVE RIVER ON JANUARY 10 AND 11, 1956. TOP: ZWICKER’S MILL; BOTTOM: HOMES ON LAKE ROAD
SOURCE: HTTP://NEWGERMANYCAP.EDNET.NS.CA/NEWGERMANYHISTORY/FLOOD1956.HTM.

1.5.2. MARCH 31, 2003
Much more information on the March 31, 2003 flood is available. On that date, several days of heavy rain
combined with melting ice and snow caused flooding all over the province. Figure 1.12 shows the precipitation
accumulated between March 29 and 31 showing levels near the Bridgewater area at approximately 100 mm;
Environment Canada recorded 90.0 mm at Kejimkujik National Park between March 30 and 31, and 105.9 mm at
Halifax International Airport. Before the rain began there was 34 cm of snow on the ground at Kejimkujik. Satellite
images near the Northumberland Strait before and after the storm show snow on the ground before and after the
storm, muddy water due to floodwater runoff, and ice breakup (Figure 1.13).
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FIGURE 1.12 TOTAL STORM PRECIPITATION FOR LATE MARCH, 2003, SHOWING HEAVIEST RAINFALL NEAR THE SOUTH SHORE.
HTTP://WWW.NOVAWEATHER.NET/FLOOD_2003/FLOOD_TOTAL_PRECIP.JPG
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FIGURE 1.13 HIGH RESOLUTION BEFORE (TOP) AND AFTER (BOTTOM) SATELLITE IMAGES SHOWING THE SNOW ON THE GROUND BEFORE
THE
STORM,
THE
MUDDY
WATER
DUE
TO
FLOODWATER
RUNOFF,
AND
THE
ICE
BREAKUP.
SOURCE:
HTTP://WWW.NOVAWEATHER.NET/FLOOD_2003/FLOOD_BEFORE_AFTER_SAT.GIF.
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The flooding was most severe upstream of Bridgewater, between Cookville and New Germany. On April 1 two cars
were swept from Highway 10 at Pinehurst, about 20 km from Bridgewater, resulting in the death of an elderly
couple. An ambulance reportedly plowed through three feet of water in an attempt to reach the scene of the
accident, and it ultimately took the efforts of several boats and tractors to retrieve the car from the deep ditch
where it was submerged (Brown, 2003a) (Figure 1.14a). The flooding caused a sewage pipe to break within the
Town of Bridgewater, resulting in an estimated 250,000 gallons of sewage flowing into the LaHave River per day
(Brown, 2003b). The repair was estimated to cost about $100,000 and take several weeks to complete. The
flooding washed out roads and bridges (Figure 1.14b,c) and left at least one family homeless. Nova Scotia claimed
$7.5 million in damages for the storm, with the Town of Bridgewater accounting for $208,196 of that total (Keith
Corcoran, 2009). Figure 1.14c shows the old bridge on Bruhm Road flooded to the deck during that flood event.
According to locals, the 1956 flood reached the handrails on that bridge. The bridge has been replaced since the
2003 flood.
(a)

(b)

(c)

FIGURE 1.14 (A) A BOAT CONTINUES THE EFFORT TO RESCUE PEOPLE IN TWO CARS THAT WERE SWEPT OFF THE ROAD INTO THE FLOODED
LAHAVE RIVER IN PINEHURST ON APRIL 1, 2003, SOURCE:
HTTP://SOUTHSHORENOW.CA/ARCHIVES/VIEWER.PHP?SCTN=2003/040903/NEWS&ARTICLE=1; (B) A BRIDGE OVER THE LAHAVE RIVER
DURING THE MARCH 31 FLOOD EVENT, SOURCE: STAN MASON; (C) THE BRUHM ROAD BRIDGE ON MARCH 31, 2003, SOURCE:
HTTP://SOUTHSHORENOW.CA/ARCHIVES/VIEWER.PHP?SCTN=2003/040903/NEWS&ARTICLE=20.

Figure 1.15 shows the Morgan Falls Hydropower Station on March 31, 2003 and during the summer of 2012 for
comparison.
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(a)

(b)

(c)

(d)

FIGURE 1.15 (A,B) MORGAN FALLS ON THE MARCH 31, 2003 FLOOD. PHOTOS COURTESY OF STAN MASON, MORGAN FALLS POWER
COMPANY.; (C,D)MORGAN FALLS ON AUGUST 20, 2012.

1.5.3. MAY 22, 2005
Major rain‐induced flooding caused widespread damage and prompted the evacuation of approximately 100
people from 41 homes in the LaHave River watershed in late May, 2005, when approximately 200 mm of rain fell
over a week’s time (Figure 1.16). A state of emergency was declared on May 28 and stayed in effect until June 1 at
Page | 20

7:00pm. Several bridges and roads were closed, some for several days, due to the flooding that affected the
Hebbville and Fancy Lake areas (Figure 1.17, Figure 1.18) as well as downtown Bridgewater (Error! Reference
source not found.). The damage caused to properties in Lunenburg County was so extreme it prompted donations
of $10,000 from Scotiabank, Manulife Financial and The Home Depot to assist with housing, food, cleanup,
clothing and home repairs (Keith Corcoran, 2005).

FIGURE 1.16 DAILY PRECIPITATION AT KEJIMKUJIK, NS (BLUE BARS) AND DAILY DISCHARGE OF THE LAHAVE RIVER (RED LINE) FOR MAY 20‐
31, 2005 (EC, 2011)..

FIGURE 1.17 MORGAN FALLS DURING THE FLOOD IN LATE MAY, 2005. SOURCE:
HTTP://NEWGERMANYCAP.EDNET.NS.CA/TEXT/MORGANFALLS.HTM.
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(a)

(b)

FIGURE 1.18 (A) PETER REDDEN OF THE CONQUERALL BANK FIRE DEPARTMENT CHECKS THE DEPTH OF WATER COVERING THE ROAD TO
LAKEVIEW CIRCLE ON MAY 26. STACEY COLWELL PHOTO, RETRIEVED FROM:
HTTP://WWW.SOUTHSHORENOW.CA/ARCHIVES/VIEWER.PHP?SCTN=2005/060105/NEWS&ARTICLE=1; (B): MORE THAN A FOOT OF WATER
FLOWED THROUGH SYSTEM CARE ON HIGHWAY 3 IN HEBBVILLE DURING MUCH OF THE FLOODING. OWNER BREN VANDERZWAAG
ESTIMATES DAMAGE WILL TOTAL MORE THAN $20,000. LISA BROWN PHOTO, RETRIEVED FROM:
HTTP://WWW.SOUTHSHORENOW.CA/ARCHIVES/VIEWER.PHP?SCTN=2005/060105/NEWS&ARTICLE=15.

1.5.4. FEBRUARY 28 AND NOVEMBER 10, 2010
The LaHave River saw two major floods in 2010: one in late February caused by heavy rains and melting snow
(Figure 1.19), and one in November caused by heavy rain (Figure 1.20). In February, flooding was mainly on
Highway 10 near New Germany. The November event, however, caused widespread flooding in downtown
Bridgewater (Figure 1.21) and flooded several sections along Highway 10 (Figure 1.22, Figure 1.23). In November,
several days of heavy rains resulted in flooded roads, closed bridges, flooded basements, downed power lines and
a set of gas pumps being blown over (Figure 1.24, Figure 1.24) (Corcoran, 2010). Environment Canada issued
Rainfall Warnings for three days. Closed roads included the Wentzell Road between Branch LaHave and Wentzells
Lake, the Veinot Road between Highway 10 and Lower Branch Road, and sections of Highway 10 in Pinehurst, the
Chester Grant Road, East Clifford Road, the Lower Branch Road in New Germany, Haines Road in Barss Corner and
Highway 3 in East River (Corcoran, 2010). Figure 1.26 shows pre‐flood and non‐flood conditions for LaHave bridges.

FIGURE 1.19 DAILY PRECIPITATION AT KEJIMKUJIK, NS (BLUE BARS) AND DAILY DISCHARGE OF THE LAHAVE RIVER (RED LINE) FOR FEBRUARY
25 – MARCH 6, 2010 (EC, 2011).
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FIGURE 1.20 DAILY PRECIPITATION AT KEJIMKUJIK, NS (BLUE BARS) AND DAILY DISCHARGE OF THE LAHAVE RIVER (RED LINE) FOR
NOVEMBER 4 – 13, 2010 (KEITH CORCORAN, 2010A).

FIGURE 1.21 FLOODING IN DOWNTOWN BRIDGEWATER FOLLOWING HEAVY RAINS IN NOVEMBER, 2010.
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(a)

(b)

(c)

FIGURE 1.22 (A) HIGHWAY 10 NEAR NEW GERMANY DURING FLOODING IN FEBRUARY, 2010 (B) NOVEMBER, 2010 (C) AND IN DECEMBER,
2012 DURING NON‐FLOOD CONDITIONS.

(a)

(b)

(c)

FIGURE 1.23 (A) A SECTION OF HIGHWAY 10 NEAR NEW GERMANY DURING FLOODING IN FEBRUARY, 2010 (B) NOVEMBER, 2010 (C) AND
DECEMBER, 2012 DURING NON‐FLOOD CONDITIONS.
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(b)

(a)

FIGURE 1.24 RAIL BRIDGE ON NOVEMBER 7, 2010 (A) (PHOTO COURTESY OF THEWEATHERNETWORK.COM); (B) ON AUGUST 20, 2012.

(a)

(b)

FIGURE 1.25 (A) WATER LEVELS APPROACH THE BRIDGE DECK ON VEINOT ROAD FOLLOWING FLOODING IN FEBRUARY, 2010 AND (B)
NOVEMBER, 2010 (RIGHT).

(a)

(b)

FIGURE 1.26 (A) THE BRIDGE ON VEINOT ROAD IN APRIL 2009, SHOWING PRE‐FLOOD CONDITIONS; (B): THE SAME BRIDGE IN DECEMBER 13,
2012 DURING NON‐FLOOD CONDITIONS.

Page | 25

1.6. PRECIPITATION AND CLIMATE CHANGE
As is the case with temperature and sea‐level, precipitation and river discharge patterns are changing with climate
change. In studies of precipitation in Atlantic Canada during the last half of the 20th century, Bruce et al. (2000)
report an increasing trend in the number of daily precipitation events > 20 mm, and Mekis and Hogg (1999) note
an increase in the fraction of total precipitation falling in heavy events.
There are many different scenarios for how precipitation patterns will change with climate change, although there
does seem to be consensus that there will be much more variability in the amount and frequency of intense
rainfall in Nova Scotia (Bruce et al., 2000; Government of Canada, 2010; Richards and Daigle, 2011) and in the
Northeastern United States (Madsen and Willcox, 2012; Singh et al., 2013; Toreti et al., 2013). Richards and Daigle
(2011) project a variety of climate variables into the future based on an ensemble of several climate models (Table
1.3). For the Bridgewater area, they predict an annual increase in precipitation; most of that increase is predicted
to occur in the winter and spring, with minimal increase in summer and fall precipitation. Extreme rainfalls that
happened only once every 50 years in the last century could occur once every 10 years in this century (NS Dept.
Env., 2009), and precipitation is expected to vary more from season to season and from year to year. Natural
Resources Canada (NRCan) (Natural Resources Canada, 2010) predicts that Atlantic Canada will have hotter and
drier summers, warmer winters, and more precipitation to fall as rain rather than snow. Conversely, Bruce et al.
(2000) predict a slight decrease in precipitation in the southern Maritime Provinces.
A study on global warming and precipitation in the United States reports that snowstorms and rainstorms have
already become 30% more frequent and more severe than in 1948, producing 10% more precipitation, on average
(Madsen and Willcox, 2012). Of particular note to Atlantic Canada is the reported 85% increase in frequency of
extreme rainfall and snowfall events in New England, meaning that a storm that used to occur every 12 months
now occurs on average every 6.5 months. Singh et al (2013) also predict an increase in precipitation amounts and
frequency in coastal areas of the Northeastern United States, and Toreti et al. (2013) use high resolution global
climate models to predict a significant intensification of daily precipitation extremes for all seasons.
Parameter
Temperature‐ Annual
Winter
Spring
Summer
Autumn
Precipitation ‐ Annual
Winter
Spring
Summer
Autumn
Δ Intensity Short Period Rainfall (%)

1980s
6.8
‐4.0
4.9
17.6
8.7
1522.5
436.2
392.4
294.4
399.5
0

2020s
8.0 ± 0.4
‐2.7 ± 0.6
6.0 ± 0.4
18.7 ± 0.4
9.9 ± 0.4
1564.2 ±37.4
457.5 ± 17.3
405.4 ± 16.5
299.3 ± 17.4
404.3 ± 18.2
5

2050s
9.2 ± 0.6
‐1.3 ± 0.8
7.1 ± 0.7
19.9 ± 0.7
11.0 ± 0.6
1577.2 ±43.3
468.4 ± 22.3
411.2 ± 22.3
298.4 ± 23.2
403.8 ± 19.1
9

2080s
10.5 ± 1.0
0.2 ± 1.1
8.2 ± 1.1
21.1 ± 1.0
12.3 ± 0.9
1624.0 ± 56.6
493.9 ± 28.6
427.3 ± 29.3
298.8 ± 38.3
412.8 ± 29.6
16

TABLE 1.3 ANNUAL CHANGES IN TEMPERATURE AND PRECIPITATION AT TRURO PREDICTED BY RICHARDS AND DAIGLE (2011).

Studies of streamflow patterns during the last 50 years show that maritime rivers in the Atlantic provinces have
been experiencing lower summer flows, but higher flows in early winter and spring (Whitfield and Cannon, 2000;
Zhang et al., 2001). Streamflow is expected to increase with temperature and precipitation in the Atlantic region
(Najjar et al., 2000), and spring flood could become more common due to changes in late‐winter early‐spring
precipitation patterns (Berrang‐Ford and Noble, 2006).
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2. METHODS
2.1. HYDROLOGY DATA COLLECTION
The factors driving the potential for flood risk in the LaHave River Watershed include weather, river stage, tides
and surges; these data are required to run the hydrological model and predict flood risk. We used a compilation of
publicly available data and data obtained with instruments deployed for this project and a similar study (Webster
et al., 2014); the data used are summarized in Table 2.1.
Environment Canada monitors the water level or stage of the LaHave River and through the use of a rating curve
publishes discharge for the river (Environment Canada, 2013), (Figure 2.1C). We have used these discharge data as
the main input to the one dimensional river runoff model. Two water level sensors (tide gauges) were deployed by
AGRG in July 2012: one at the Marine Terminal within the Town of Bridgewater to measure water level in the town
(Figure 1.1D) and one at Kraut Point (Figure 2.2) to measure the water level near the mouth of the river (Figure
2.1E). An additional water level sensor was installed in the LaHave River at Veinot Road in July 2013 (Figure 2.1B,
Figure 2.3). An excerpt of tidal data collected is presented in Figure 2.5, and plots of monthly data for the entire
deployment are found in Appendix A. Water level data from the LaHave River measured at Veinot Road and by
Environment Canada are shown in Figure 2.6. Cross‐section and flow measurements were completed in 2013
(Figure 2.4).
Two AGRG weather stations were deployed: one at Cherryfield in the center of the watershed (Figure 2.1A) and
another at Hirtles Beach along the Atlantic coast (Figure 2.1, Figure 2.2). The station at Hirtles Beach was used to
monitor the coastal conditions, and the measured barometric pressure was used to compensate the Kraut Point
tide gauge. A barometric pressure sensor was deployed at the Marine terminal and used to compensate the tide
gauge located there. An excerpt of weather data recorded at Hirtles Beach is shown in Figure 2.7, plots of monthly
data for the entire deployment are found in
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Appendix B.
Sensor
Water Level
Sensor
Water Level
Sensor
Barometric
Pressure Sensor
Weather Station

Marine
Terminal
Marine
Terminal
Hirtle’s Beach

Weather Station

Cherryfield

Weather Station
(Hourly Rainfall)
Water Level
Sensor
Water Level
Sensor (Daily
Discharge)

Location

Data Collection Started

Data Collection Ended

Maintained by

Kraut Point

July 25, 2012

December 13, 2012

AGRG

July 25, 2012

December 13, 2012

AGRG

July 25, 2012

December 13, 2012

AGRG

July 26, 2012
June 2012; good data
collection began Nov 20,
2012

August 9, 2013

AGRG

December 13, 2012

AGRG

Kejimkujik

2004

Present

Environment
Canada

Veinot Road

July 26, 2013

March 9, 2014

AGRG

Present

Environment
Canada

West Northfield 1915

TABLE 2.1: SUMMARY OF FIELD DATA COLLECTED AND EMPLOYED IN THIS STUDY, INCLUDING SENSORS DEPLOYED BY AGRG AND PUBLICLY
AVAILABLE DATA.
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FIGURE 2.1 (A) AGRG CHERRYFIELD WEATHER STATION; (B) AGRG VEINOT RD WATER LEVEL GAUGE; (C) ENVIRONMENT CANADA WATER
LEVEL GAUGE; (D) AGRG MARINE TERMINAL TIDE GAUGE; (E) AGRG KRAUT POINT TIDE GAUGE; (F) AGRG HIRTLES BEACH WEATHER
STATION.

Page | 29

FIGURE 2.2 PHOTOS AND MAP SHOWING THE HIRTLES BEACH WEATHER STATION AND KRAUT POINT TIDE GAUGES UPON INSTALLATION IN
JULY, 2012.

FIGURE 2.3 PHOTOS OF THE WATER LEVEL SENSOR BEING INSTALLED AT VEINOT ROAD IN JULY 2013 AND MAP SHOWING ITS LOCATION.
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FIGURE 2.4 FIELDWORK COMPLETED AT BRIDGES IN THE LAHAVE WATERSHED IN 2013, INCLUDING CROSS‐SECTION AND FLOW
MEASUREMENTS.
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FIGURE 2.5 (A) RIVERPORT PREDICTED AND KRAUT POINT OBSERVED WATER LEVEL DATA AND RESIDUAL; (B) BRIDGEWATER PREDICTED
AND MARINE TERMINAL OBSERVED WATER LEVEL DATA AND RESIDUAL.

FIGURE 2.6 WATER LEVEL RECORDED BY THE AGRG SENSOR DEPLOYED AT VEINOT ROAD (GREEN LINE, LEFT AXIS) AND BYTHE
ENVIRONMENT CANADA SENSOR (BLUE LINE, RIGHT AXIS).
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FIGURE 2.7 WEATHER DATA RECORDED AT HIRTLES BEACH DURING JUNE, 2013.

2.2. DEM DEVELOPMENT
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An accurate representation of bathymetry and topography is essential for successful hydrodynamic flood risk
modelling. In this study bathymetry data from a combination of data sources were combined with topographic
lidar data to generate a continuous DEM that was used in the model.

2.2.1. BATHYMETRIC SURVEY
A bathymetric grid was compiled from a variety of sources to accurately represent seabed and river channel
bathymetry and geometry (Figure 2.8). Depth soundings from nautical charts produced by CHS were used for
offshore and tidal areas. The digital Chart 4381 information at a scale of 1:38,900 covered the offshore and the
mouth of the LaHave River to approximately Kraut Point. These data were supplemented by digitizing additional
soundings from the paper chart at a scale of 1:38,900 which extended from Kraut Point to Upper LaHave (Figure
2.8d). Additional depth soundings were collected using a 15 foot aluminum boat and depth sounder for the section
of the river from Upper LaHave to the northern town limits where the river becomes too shallow to safely navigate
a boat (Figure 2.8). Areas where no bathymetric information exists or was collected were modelled to artificially
form a channel (Figure 2.8e, f, g) and are discussed in Section2.2.3.

FIGURE 2.8 TOPO‐BATHYMETRIC DATA SETS AMALGAMATED IN THIS STUDY INCLUDE (A) BATHYMETRIC LAKE CONTOURS; (B) AGRG
BATHYMETRY FROM CANOE SURVEY; (C) AGRG RTK GPS CROSS SECTIONS; (D) CHS BATHYMETRY FROM PAPER CHART. (E, F, G) AREAS OF NO
BETHYMETRIC INFORMATION WHERE THE CHANNEL WAS MODIFIED. BLUE AREA REPRESENTS THE LIDAR COVERAGE FROM 2009, GREEN
AREA REPRESENTS THE LIDAR COVERAGE FROM 2012.
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For the areas upstream of Bridgewater a combination of depths were measured using the depth sounder mounted
on a canoe and for extremely shallow locations RTK GPS and depth measurements were obtained manually by
walking across the river (Figure 2.9).

FIGURE 2.9 FIELD WORK COMPLETED IN JULY 2012 TO OBTAIN BATHYMETRY FOR THE LAHAVE RIVER. A COMBINATION OF RTK GPS AND
CANOE‐MOUNTED ECHO SOUNDER WAS USED.

2.2.2. LIDAR SURVEY
The coastline of Lunenburg County was surveyed with lidar in 2009 as part of the Atlantic Climate Adaptation
Solutions (ACAS) project (Webster et al., 2011). To complete a flood risk study for the Town of Bridgewater
(Webster et al., 2014) a lidar survey was conducted in May 11 and 12, 2012 by Leading Edge Geomatics (LEG)
under contract to AGRG. The lidar survey area was from New Germany to East LaHave where it overlaps the
coastal lidar acquired in 2009 (Figure 2.8). The lidar was collected with a ground point spacing of ~1 m and covers
the major floodplain of the LaHave River. LEG performed their own internal quality assurance on the data by
comparing 26 point locations obtained with survey grade GPS to the lidar and reported a vertical Root Mean
Square Error of 5 cm and a 9 cm error at the 95% confidence interval. The lidar point data were classified as
“ground” and “non‐ground” by LEG and delivered to AGRG. Two surface models were constructed from these data;
a Digital Surface Model (DSM) which incorporates all the points and a bare‐earth DEM which incorporates only the
classified ground points. The lidar vertical accuracy was independently validated by AGRG who also collected
survey grade GPS measurements to test the accuracy of the lidar. GPS points were collected along the roadway for
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the length of the survey. The GPS points were compared with the lidar DEM and the difference in elevation was
calculated. The mean difference between the DEM and GPS points was ‐0.05 m with a standard deviation of 0.06
m, which is consistent with the results of LEG.

2.2.3. LIDAR‐BATHYMETRY INTEGRATION
The lidar survey provides sufficient detail to model the floodplain but it does not penetrate the water surface, and
must be combined with the bathymetry data to generate a seamless topo‐bathymetric DEM that represents the
topography above and below the water line. The water surface extent was delineated from the combined 2011
and 2009 lidar datasets on a 2m spatial resolution (Figure 2.10a). A custom built ArcGIS tool was used to delineate
the water surface from the 2011 lidar on the basis of user input cross‐sections (Figure 2.10b). The water surface for
the 2009 lidar section had been delineated in a previous study (Figure 2.10c) (Webster et al., 2014). Where the
cross‐section based tool was used, areas of the water surface which were systematically unaccounted for were
added manually (Figure 2.11a) along with various areas exhibiting elevation issues in the lidar dataset (Figure
2.11b).

FIGURE 2.10 THE WATER SURFACE WAS DELINEATED FOR; (A) THE ENTIRETY OF THE AVAILABLE LIDAR EXTENT USING; (B) A CROSS‐SECTION
APPROACH FOR THE 2011 LIDAR; (C) A PREVIOUSLY DIGITIZED WATER BOUNDARY FOR THE 2009 LIDAR.

FIGURE 2.11 THE WATER LIDAR WATER SURACE WAS REFINED WITH; (A) ADDITIONAL CROSS‐SECTIONS AND; (B) MANUNAL DIGITIZATION.

From this continuous water extent, river bank points were extracted from the combined lidar dataset at a 2 m
spatial resolution using a buffer‐clip method (Figure 2.12a). All available bathymetric data, including data digitized
from CHS charts, Wentzells Lake depth contours, as well as bathymetry collected by AGRG in 2011 and 2012
(Figure 2.8), were averaged by depth into a 12 m grid (Figure 2.12b). Bathymetry was removed where it was within
4 m of the coast to reduce severe oscillations in future interpolations (blue points, Figure 2.12c).
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FIGURE 2.12 RIVER BANKS WERE IDENTIFIED BY (A) A BUFFERED WATER SURFACE POLYGON THEN; (B AND C) BUFFERD BANK POINTS WERE
USED TO REMOVE BATHYMERTY DATA LOCATED CLOSELY TO THE BANK. YELLOW REPRESENTS THE WATER SURFACE, PINK IS THE 4 M
BUFFER OF THE WATER SURFACE AND LIGHT GREEN IS THE 4 M BUFFER WHERE BATHYMETRIC POINTS WERE REMOVED.

A spline interpolation method was applied between the 16 m gridded bathymetry and 2 m lidar bank points was
performed to generate a smoothened 4 m surface of water depth (Figure 2.13a). A depth value of 0 m was
assigned to all lidar bank points to achieve this. A buffer of 10 m landward of the lidar bank points was also used to
eliminate interpolation calculations occurring between river segments (green line, Figure 2.13b). The spline surface
was scrutinized and revised based on visual inspection (Figure 2.13c and d).

FIGURE 2.13 BANK AND BATHYMETRY POINTS WERE INTERPOLATED USING; (A AND B) SPLINE INTERPOLATION WHERIN AN INTERPOLATION
BOUNDARY WAS IMPOSED BETWEEN RIVER SECTIONS (IN GREEN). THE SPLINE WAS VIEWED AS A HILLSHADE INCLUING (C) THE TIDAL
PORTIONS OF THE RIVER AND (D) THE WENTZELLS LAKE AREA.

Sections along the river where no bathymetry was available or collected ‐ a modelled depth approach was
employed to ensure some river channel existed for the hydrodynamic modelling. These sections included the
stretch of the LaHave between New Germany Lake and Wentzells Lake (Figure 2.8e), a section between Wentzells
Lake and Bruhm Road (Figure 2.8f), as well as a small section between Governors Island and the Highway 103
overpass (Figure 2.8g). Modelled bathymetry depth was calculated based on the Euclidean distance from the river
banks (Figure 2.14 a), up to a maximum distance of 50 m from banks, whereas:
Depth = ((distance^0.4)+(0.1*distance))/3.5
This relationship was determined experimentally by extracting depth values from bathymetry data and RTK GPS
cross‐section from the river section between Wentzells Lake and Governors Island. The resultant depth model was
sampled to 12 m spacing and modelled points perfectly coincident with the averaged observed bathymetry points
were removed along with those within a 4 m distance from the bank (Figure 2.14b).
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FIGURE 2.14 (A) EUCLINEAN DISTANCE FROM THE BANK (RED LINE) WAS CALCULATED AND USED TO MODEL BATHYMETRY WHICH WAS (B)
INCLUDED (PINK POINTS) WHERE OBSERVED BATHYMETRY (BLUE PONTS) WAS UNAVAILABLE.

An initial spline was generated at a 4 m spatial resolution using all remaining modelled bathymetry points,
measured averaged bathymetry points, and lidar zero‐depth bank points along with a 10 m landward bank‐
buffered spline barrier (Figure 2.15a, as above). The resultant spline exhibited major oscillations where the channel
deepened (specifically around the Town of Bridgewater) in relation to the modelled depth values. This is to be
expected as the depth model was designed to predict bathymetry further upstream. To facilitate combining the
modelled and measured bathymetry smoothly, a 1 bit raster was generated whereby the initial modelled‐
measured bathymetry depth spline was more than 50 cm lower than the original measured bathymetry depth
spline (Figure 2.15b modelled bathy which was kept in red, discarded in green). Using only modelled bathymetry
which fell within this domain, the modelled‐measured bathymetry depth spline was then regenerated (Figure
2.15). Furthermore, where some narrow sections of the LaHave water surface were unaccounted for by this
technique, a manual estimation of a water depth was included as points and the spline interpolation was
recomputed (Figure 2.15d).

FIGURE 2.15 (A) SHOWS THE COMBINED MODELLED‐OBSERVED BATHYMETRY INTERPOLATION (BRIDGEWATER AREA); (B) ILLISTATES HOW
MODEL BATHYMETRY WAS REDUCED (RED AREAS) AND; (C) SHOWS THE RESULTANT SPLINE WITH NO ARTIFICAL SCOURING. (D)
ADDITIONAL BATHYMETRY (GREEN POINTS) WERE ADDED MANUALLY AS REQUIRED.

Finally, the completed LaHave water depth grid was bi‐linearly resampled to a 2 m spatial resolution and
subtracted from the 2m resolution 2009‐2011 lidar elevation model (where the water surface was included) to
create a seamless topo‐bathymetric model relative to CGVD28 (Figure 2.16) of the LaHave for the entire lidar
extent. Some sections where noise, offsets, or artifacts existed in the water surface of the lidar were selected and
smoothed using a low‐pass filter or removed.
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FIGURE 2.16 SHOWN HERE IS THE LIDAR DATA AROUND PLEASANTVILLE AREA BEFORE (A) AND AFTER (B) BATHYMETRIC INTEGRATION, AS
WELL AS A SECTION OF TOWN OF BRIDGEWATER BEFORE (C) AND AFTER (D).

2.3. UNSTRUCTURED MESH GENERATION
To facilitate hydrodynamic modelling of the LaHave estuary, a single unstructured grid (or flexible mesh, Figure
2.17) was generated from the previously described seamless topo‐bathymetric elevation model using the Mike DHI
mesh generator toolset. To limit the domain of the model to areas where flooding is possible, a process of
‘maximum flood level’ delineation was first employed using the 2 m topo‐bathymetric lidar grid. To accomplish
this, the slope of the LaHave river level was first determined through the use of a flow accumulation calculation
(Figure 2.18a). Second, a function was developed to determine an approximate maximum water level along the
river channel whereby:
Max Flood Level= 0.89*River Level+10
This function was developed such that the calculated maximum flood level would include 10 m above areas with a
river level of 0 m CGVD28 (which can accommodate a storm surge of approximately 8.5 m if necessary) and then
slope downwardly relative to the river water level (in CGVD28) at 89% until reaching a maximum flood level of 65
m at the upstream extent of the model at New Germany Lake (which is 62 m CGVD28). The assumed maximum
flood extent was then generated by buffering points along the river by a factor based on the flow accumulation
(Figure 2.18b), calculating the maximum flood level as indicated above based on water level for each point (Figure
2.18c), and intersecting the resultant surface with the 2 m topo‐bathymetric lidar grid (Figure 2.18d).
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FIGURE 2.17 FLEXIBLE MESH MODELLING DOMAIN WITH BOUNDARY LOCATIONS (TIDAL AND DISCHARGE FROM VARIOUS TRIBUTARIES –
TRIB). INSET OF THE MESH AT THE ENVIRONMENT CANADA (EC) GAUGE (A). VARIABLE MESH DENSITY AND ELEVATION MIDWAY ALONG THE
ESTUARY (B). ). VARIABLE MESH DENSITY AND ELEVATION MIDWAY NEAR THE MOUTH OF THE ESTUARY (C).

FIGURE 2.18 METHOD TO DETERMINE THE MAXIMUM FLOOD BOUNDARY ALONG THE RIVER RGADIENT FFOR THE MESH DOMAIN. LAHAVE
WATERSHED AND MAIN CHANNEL (A). MAXIMUM WATER LEVEL ADDED TO THE RIVER GRADIENT (B). VARIABLE FLOOD LEVELS BASED ON
FLOW ACCUMULATION AND GRADIENT (C). FINAL MAXIMUM FLOOD EXTENT TO DEFINE THE MESH EXTENT (D).

The maximum flood level was then used to generate the outer boundary of the flexible triangular mesh grid. It is
critical when dealing with unstructured triangular grids for flow modelling that two geometric principals be
adhered to by the triangular mesh: first, the triangles must abide by the principal of Delaunay (wherein the circle
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containing each of a triangle’s vertices includes no other triangle’s vertices); second, that each triangle is as close
to equilateral as possible. To ensure these conditions, the outside maximum water level boundary was smoothed
using the Polynomial Approximation with Exponential Kernel (PAEK) algorithm with a smoothing tolerance of 20 m
(Figure 2.19a). Doing this eliminates sharp angles of the boundary originating from the vectorization of the
maximum water level raster (Figure 2.19b, c). A similar smoothing process was followed using the lidar water level
raster to generate a mesh boundary for the water surface extent such that the mesh density could be increased
along the banks of the LaHave (Figure 2.19a).

FIGURE 2.19 METHOD USED TO SMOOTH THE MAX FLOOD EXTENT FOR USE AS THE FLEXIBLE MESH BOUNDARY. EXAMPLE OF THE RIVER
(BLUE) AND MAXIMUM EXTENT (GREEN) WITH THE PAEK ALGORITHM APPLIED (RED DOTTED LINE) (A). EXAMPLE OF THE MAXIMUM FLOOD
RASTER (BLUE) WITH SMOOTHER VECTORS (RED) AND RESULTS OF PAEK PROCESS (BLACK DOTTED LINE)(B). ANOTHER EXAMPLE OF THE
METHOD ON ATRIBUTARY (C).

The 2 m spatial resolution topo‐bathymetric lidar elevation grid was then clipped to the maximum water level
raster extent to reduce the input of elevation data into the Mike DHI mesh building tool (Figure 2.20a and b).
Similarly, a key‐point analysis was performed on the topo‐bathymetric lidar data to reduce the density further
(Figure 2.20c) whereby geometry was preserved +/‐ 10 cm. The calculation of key‐points is a method where points
that represent redundant elevations are removed. For example, points within a flat plane are reduced to include
only the critical points to define the plane, thus reducing the number of points but still accurately representing the
topography.
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FIGURE 2.20 TOPO‐BATHYMETRIC DEM (A). EXTENDED TO INCLUDE THE MAXIMUM FLOOD EXTENT (B). KEY‐POINT REDUCTION AND AND
ATTRIBUTING THE FLEXIBLE MESH (C).

Initial hydrodynamic simulation tests determined that the mesh containing high resolution river bank vectors was
experiencing issues with either stability or extreme simulation time, or both of these. To reduce these issues, the
river bank vector was removed and replaced with an approach of increasing triangular mesh density linearly with
slope and elevation. Furthermore, to reduce instabilities in the tidal region of the mesh, the extent of the tidal
domain was extended several tens of kilometers off coast of the LaHave mouth (Figure 2.21a). This additional area
was modelled using 20 m NSTDB elevation data up to 10 m CGVD28 merged with CHS digitized chart bathymetry
(Figure 2.21d). The final mesh was separated into four sections of varying mesh density (Figure 2.21b) while all
triangles were built with a minimum allowable angle of 26 degrees. An initial maximum area per triangle element
of 50,000 m2 and 5000 m2 for the coastal region and river area was used, respectively. The initial river area mesh
was then densified up to maximum element area of 500 m2 linearly with an increase in slope and elevation to
properly account for the thinning river upstream (Figure 2.21c). An additional area from the coastline up to 10 m
CGVD28 in the coastal zone was included where a maximum area per element of 20,000 m2 was used.

FIGURE 2.21 REFINEMENT OF THE MESH. MESH DOMAIN WAS EXTENDED SEAWARD FROM THE MOUTH OF THE ESTUARY (A). MESH
SEPARATED INTO FOUR SECTIONS OF VARIABLE DENSITY MOVING UPSTREAM (B). THE MAXIMUM MESH DENSITY WAS UPSTREAM (C) AND
MINIMUM IN THE OCEAN (D).

2.4. SURFACE ROUGHNESS MAP
A principal factor used to stabilize and calibrate hydrodynamic models is surface or bed roughness. This is a factor
used to represent various surface types which water flows over such as cobbled streams, trees, and concrete.
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Before model calibration, a detailed prediction of surface roughness was estimated for the model domain (Figure
2.22a). Manning’s n roughness coefficient is often seen in the literature and is a dimensionless number, typically
less than 1 where the smaller the number the smoother the surface and less resistance to flow. In this study
Manning’s M is referred to which is the reciprocal of Manning’s n, therefore the larger the number the smoother
the surface. This this study the roughness of the landscape within the floodplain and surrounding area was
calculated by using a single band 5 image from Landsat 5 taken July 27, 2008 (1.55‐1.75 micrometer radiometric
resolution; 30 m spatial resolution) whereby:




A DN value of 16‐54 was equated to heavy vegetation and thus a Manning M of 10
A DN value of 55‐69 was equated to medium vegetation and thus a Manning M of 15
A DN value of 70+ was equated to light or no vegetation and thus a Manning M of 20

This approach indicated large areas within the LaHave flood extent containing high roughness (Figure 2.22b), other
areas with lower flow resistance (Figure 2.22c), and areas of mixed resistance (Figure 2.22d).
Additional surface roughness features such as roads and water ways were incorporated with existing vectors into a
final 10 m spatial resolution bed roughness grid. Roads were assigned a Manning M of 90 while waterways
(including the LaHave River and nearby coast) were assigned an initial Manning M value of 25.

FIGURE 2.22 EXAMPLES OF DIFFERENT LANDSCAPE ROUGHNESS DERIVED FROM LANDSAT IMAGERY (A), MANNINGS M: DARK GREEN = 10,
LIGHT GREEN = 15, BEIGE = 20. UPPER AREAS OF THE WATERSHED HAVE HIGH ROUGHNESS (B), AREAS OF LOWER RESTISTANCE (C) AND
MIXED RESISTANCE (D).

2.5. HYDRODYNAMIC MODELLING
There are many approaches to the hydrodynamic modelling of estuarine systems, all with various levels of detail
and requirements. Our approach to incorporating river discharge into the tidal model was to include all river
discharge amounts for the river as source points at key tributary locations (Figure 2.17). The amount of discharge
for each source point was calculated relative to the discharge recorded by Environment Canada (EC) for the LaHave
River at West Northfield (EC station number: 01EF001) which has daily recordings dating back to 1915
(Environment Canada, 2013). This approach allowed our model to be linked to a large amount of discharge data for
statistical purposes as well as validation, while not being required to analyze rainfall rates or the complexities of
snow melt – both of which are inherent to the discharge record.
The relationship of each source point to the EC record was based on the relative catchment sizes of each (whereby
the EC gauges catchment is 1250 km2). This was done using a flow accumulation calculation for the entire LaHave
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watershed (Figure 2.23a) which was executed on a 20 m spatial resolution DEM using available NSTDB data. Major
tributaries and river lengths were then tabulated based on their contributing catchment areas (Figure 2.23b, c) and
ratios to the EC gauge were determined (Table 2.2). The ratios were used to scale the LaHave discharge record
(Figure 2.27a, b) to be used as boundary conditions. The legend in Figure 2.27 corresponds to tributary names in
Table 2.2. The boundary conditions were varied for each model simulation discussed below, in Section 2.5.2.
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Name

Easting

Northing

Catchment contribution
(number of 20x20m
pixels)

EC Gauge
usbound
trib1
trib2
trib3
trib4
trib5
trib6
trib7
trib8
trib9
trib10
trib11
trib12
trib13
trib14
trib15
dist16end

373383.7
362505.08
365114.16
365788.85
369637.41
373249.14
373451.98
373688.17
376279.24
376658.06
378570.44
382489.56
384431.43
385749.45
388467.79
392169.71
392452.44
392388.67

4922758.3
4934145.74
4932307.13
4931953.39
4926929.57
4922846.54
4922635.64
4921689.22
4918705.47
4917899.15
4915605.28
4914000.01
4913206.79
4909851.87
4907828.2
4905153.39
4904191.2
4903718.79

3113163
1781664
41233
11074
1148538
33882
15646
459567
33342
31149
14712
103991
29948
23996
46672
14023
15247
14972

EC Gauge Ratio
1.00000
0.57230
0.01674
0.00405
0.38428
0.02219
0.00548
0.14796
0.02119
0.01045
0.01050
0.04774
0.01284
0.01475
0.02690
0.01512
0.00635
0.00481

TABLE 2.2 LAHAVE RIVER TRIBUTARIES (SEE FIG 2.27 FOR TRIBUTARY LOCATIONS), COORDINATES, CATCHMENT CONTRIBUTIONS, AND
SCALE FACTOR APPLIED TO THE EC GAUGE DISCHARGE. TRIBUTARIES IN RED FONT REPRESENT MAJOR SOURCE CONTRIBUTIONS.

FIGURE 2.23 LAHAVE WATERSHED (A). STREAM NETWORK DERIVED FROM FLOW ACCUMULATION GRID (B). CLOSE UP OF THE FLOW
ACCUMULATION AND STREAM NETWORK.

2.5.1. MODEL CALIBRATION
The model was calibrated using Environment Canada’s hourly LaHave River stage record in comparison with water
levels extracted from the model at the location of the gauge. The tidal domain of the estuary was validated using
tide gauges deployed in the estuary. The time period used for the calibration simulation was restricted by quality
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control and availability of daily EC discharge information, hourly EC river stage, as well as the tide gauges deployed
by AGRG at Kraut Point and within the Town of Bridgewater (Figure 2.27).
Environment Canada’s river stage record for the LaHave is available at an hourly interval from 2010 to 2014 while
the daily discharge product (dating back to 1915) is only available up until 2012. As the EC daily discharge is used to
generate the time series which supply fluvial water into the model, this limited the calibration time period to
between 2010 and 2012 for the fluvial portion of the model. A discharge event on November 1, 2012 was selected
as a good model calibration target as the river water level conditions before the event were stable and the curve of
the event was smooth and thus near the signature desired to be used for the various flood simulations.
Tidal calibration was executed using water level data collected by the two tide gauges deployed by AGRG (available
only for July to December, 2012). It was determined that frequent variances between the predicted tide and
gauged tidal water levels exhibited throughout the winter months of the data (see Appendix A) would limited the
tidal calibration period to within the summer of 2012. A calibration period of August 8 to August 15, 2012 was
selected as a period where the predicted and gauged tides were most congruent over a time period of that length.
In the calibration phase, all hydrodynamic parameters were determined and remained consistent for all flood
simulations. Principal parameters which contributed to the fluvial calibration include the relative timing of
discharge sources up stream of the EC gauge as well as the bed roughness of the river. It was experimentally
determined that each of the discharge sources upstream of the EC gauge should be shifted by the flowing
amounts:





Usbound – 7 hours
Trib1 – 5 hours
Trib2 – 5 hours
Trib3 – 2 hours

A Manning M value of 33 was determined experimentally for the river channel, which held consistent for the
coastal domain of the model. A small section on the edge of the tidal boundary was assigned a very rough Manning
M value of 5 to eliminate oscillations which existed along the boundary and thus improved model stability.
After 13 sensitivity tests for various contributing factors, the final hydrodynamic parameters for the LaHave model
were determined as such:









Time Step: Variable, 0.01 to 30 seconds
Critical CFL number: 0.8
Drying Depth: 0.00 m
Flooding Depth: 0.05 m
Wetting Depth: 0.1 m
Density type: Barotropic
Smagorinsky eddy viscosity coefficient: 0.28
Manning M of river channel: 33
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FIGURE 2.24 (A) COMPARISON OF TIDE GAUGE OBSERVATIONS WITH MODEL RESULTS AT KRAUT POINT (MEAN DIFFERENCE −1.5 CM,
STANDARD DEVIATION 24 CM); (B) COMPARISON OF TIDE GAUGE OBSERVATIONS WITH MODEL RESULTS AT THE MARINE TERMINAL (MEAN
DIFFERENCE −5.2 CM, STANDARD DEVIATION 15 CM). PREDICTED TIDE USED FOR THE MODEL BOUNDARY IS PLOTTED ON BOTH (A) AND (B).
(C) SHOWS GAUGED AND MODELLED STAGE OF THE LAHAVE RIVER AT THE ENVIRONMENT CANADA GAUGE LOCATION. THREE DIFFERENT
MODEL RESULTS ARE SHOWN WITH VARIABLE MANNING’S NUMBERS (M); THE FINAL MODEL VERSION (SOLID RED LINE) USES M=33 AND A
TIME SHIFT.

Page | 47

2.5.2. MODEL SIMULATIONS
Three sets of model simulations were executed for each different return period discharge: one set based on
variable discharge under maximum high tide conditions in 2012 two other sets based on different storm surge or
long‐term sea‐level rise conditions. The most common method to determine the return periods of extreme events
is to use statistical methods to determine the probability of occurrence or return period of certain events. In this
study we are examining the risk of flooding from two possible sources which can interact to compound the
problem: river runoff and storm surges or long‐term sea‐level rise. In order to calculate the risk of an extreme
event occurring, a time series of events is used to examine how often such events have occurred in the past
(Webster et al., 2008). Extreme Value Models (EVMs) are commonly used to determine the return periods of
extreme events (Bernier, 2005; Thompson et al., 2009). We use EVMs for discharge and sea‐level, described
separately below.

D ISCHARGE E XTREME V ALUE A NALYSIS
The time series of measured discharge of the LaHave River (Figure 2.25a) was used to determine the annual
probability of extreme events and also the return period of extreme high flow events. In order to capture the
major floods of 1956 and 2003, several EVMs were fitted to the LaHave annual discharge maxima and compared to
measured discharge values. The Gumbel distribution was chosen because the Gumbel EVM line fell between the
two most extreme flow events of 1956 and 2003 and best represented the extreme values (Figure 2.25c).
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3

FIGURE 2.25 (A) TIME SERIES OF DAILY, ANNUAL MEAN AND ANNUAL MAXIMUM DISCHARGE (M /S) OF THE LAHAVE RIVER FROM THE
ENVIRONMENT CANADA GAUGE. RED ASTERISKS REPRESENT THE FLOODING IN 1956 AND 2003; (B) DESIGN LEVEL GRAPH FOR LAHAVE
RIVER DISCHARGE AT 65% PROBABILITY; (C) THE GUMBEL DISTRIBUTION USED TO MODEL ANNUAL MAXIMUM LAHAVE DISCHARGE.

The EVM is used to set a fixed probability of an event occurring and then calculate the discharge value for different
return periods. This is the method used to estimate the 50 and 100 year return periods of extreme discharge
events (Figure 2.25b). The 0 year return period is the maximum discharge level in 2012, which represents a typical
value for maximum annual discharge (Figure 2.25a, grey line). This approach is also known as the Design Level
where structures must be designed to withstand a certain level (water level, weight, etc.). For a probability of
occurrence of 65% which equals at least one occurrence, the Design Level can be calculated and the discharge for
different return periods can be obtained. Thus for a 65% probability, the 50 year discharge value is 652 m3/s,
whereas the 100 year return period corresponds to a 741 m3/s discharge event (Figure 2.25b). Table 2.3
summarizes the discharge event probabilities, return period in years and the associated discharge. Re‐examining
the historical high discharge events of January 1956 and March 2003, we see that the 1956 event has a recurrence
interval greater than 100 years (1080 m3/s), while the 2003 event (663 m3/s) is approximately equivalent to a 50
year return period event with a 65% probability of occurrence (Figure 2.25).
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Event Probability
65%

Return Period in Years

Discharge (m3/s)

0

210

50

652

100

741

TABLE 2.3 DISCHARGE RETURN PERIODS WITH 65% PROBABILITY OF THE 0, 50 AND 100 YEAR DISCHARGE EVENTS.

S EA ‐L EVEL E XTREME V ALUE A NALYSIS
In order to estimate the risk or probability of flooding related to high water events along the coast, we used a
similar method as described above for the river discharge to examine the Halifax tide gauge record back to 1919
from a previous study (Webster et al., 2011). Note that the tide measurements have been left relative to chart
datum (CD), which for Halifax is 0.83 m below CGVD28. Mean sea‐level has been rising in Halifax at a rate of 0.32
m/century and the annual maximum water level has been increasing at a rate of 0.34 m/century based on the best
fit linear trend line of the tide gauge records (Figure 2.26a). Using the results from a previous study (Webster et al.,
2011) where a Gumbel EVM was fitted to the distribution of the annual maximum water levels (Figure 2.26c) and a
Design Level graph was generated for a probability of occurrence of 95% to determine what water levels are
expected over time under different relative sea‐level rise conditions (Figure 2.26b).
The 100 year water level under current Relative Sea‐Level (RSL—global sea‐level rise and crustal subsidence) rise
conditions of 0.32 m/century is 3.03 m CD and increases to 3.32 m CD if RSL rises at a rate of 0.73 m/century and
further increases to 3.94 m CD if RSL rises at a rate of 1.46 m/century (Forbes et al., 2009; Webster et al., 2011)
(Figure 2.26b). Figure 2.26b shows that water levels as high as 2.4 m (CD) are expected to be seen within a return
of 5 years regardless of the sea‐level rise rate. The return period of water levels greater than 2.4 m (CD) are
influenced by the sea‐level rise rate. The predicted water levels rise quickly for all RSL projections with return
periods less than 10 years and begin to diverge and flatten out for longer return period events (Figure 2.26b).
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FIGURE 2.26 (A) HALIFAX HOURLY, ANNUAL MEAN AND ANNUAL MAXIMUM WATER LEVELS ABOVE CHART DATUM FOR 1920 TO 2010,
MEAN SEA LEVEL RISE (0.32 M/CENTURY) AND MAXIMUM SEA‐LEVEL RISE (0.34 M/CENTURY); (B) DESIGN LEVEL GRAPH FOR HALIFAX.
EXPECTED WATER LEVELS TO BE REACHED OVER TIME WITH DIFFERENT RATES OF RELATIVE SEA‐LEVEL (RSL) RISE (M/CENTURY), GREEN:
CURRENT RATE 0.32 M/CENTURY, BLUE: 0.73 M/CENTURY, RED: 1.46 M/CENTURY. LEFT VERTICAL AXIS IN CD, RIGHT VERTICAL AXIS IN
CGVD28; (C) THE GUMBEL DISTRIBUTION USED TO MODEL ANNUAL MAXIMUM SEA LEVEL AT HALIFAX. FIGURE FROM WEBSTER ET AL.
(2014).

The 100 year return period water levels under different RSL conditions have been converted into the CGVD28
vertical datum for reference to the land DEM using a conversion of 0.83 m (Table 2.4). Figure 2.26b shows water
levels referenced to CD on the left vertical axis and referenced to CGVD28 on the right vertical axis. The 100 year
flood level under current RSL conditions is 2.2 m, which is 10 cm below previous high water level maximum
observed during Hurricane Juan in Halifax in 2003 which had an associated storm surge of 1.63 m (Forbes et al.,
2009). If RSL increases to a rate of 0.73 m/century, the 100 year water level increases to 2.5 m CGVD28 which further
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inundates areas. If RSL increases to a rate of 1.46 m/century, the 100 year water level increases to 3.1 m CGVD28 which
further inundates coastal areas. In this study, we use these estimates as guidelines, and use storm surge levels of 0.0 m,
2.0 m and 3.0 m (Table 2.4) added to the maximum predicted high tide for 2012. These values can be thought of as
extreme storm surges today or moderate surges in the future considering RSL.
Halifax Sea‐Level Rise
Scenarios (m/century)
0.32
0.73
1.46

100‐year Return Period
Water Levels (m CGVD28)
2.2
2.5
3.1

Storm Surge Levels Used (m)
0
2.0
3.0

TABLE 2.4 100‐YEAR RETURN PERIOD WATER LEVELS FOR HALIFAX BASED ON DIFFERENT SEA‐LEVEL RISE SCENARIOS (FROM WEBSTER ET AL.
2011), PLUS THE STORM SURGE WATER LEVELS THAT WERE ADDED THE MAXIMUM HIGH TIDE.

B OUNDARY C ONDITIONS
The discharge and storm surge scenarios were implemented into the model using boundary conditions (Figure
2.27). The river discharge boundary condition was scaled proportionally to the drainage area for the LaHave River
as described above (Figure 2.27a, b). The discharge varied according to the 0, 50 and 100 year return period
discharge values and the storm surge scenarios (0.0 m, 2.0 m, and 3.0 m water levels) were added to the predicted
maximum high tide for 2012 boundary at the mouth of the LaHave River (Figure 2.17 and Figure 2.27c). The timing
of the peak river discharge relative to the storm surge peak was determined experimentally, after calibrating for
surface roughness, to ensure the worst case flooding condition. The discharge and tidal surge variations combined
to make nine simulations (Table 2.5).
LaHave River
Probability
65%

Tidal Condition
3

Scenario

Discharge (m /s)

Max. High

Max. High + 2.0 m

Max. High + 3.0 m

0 year

210

Sim000_0

Sim000_2

Sim000_3

50 year

652

Sim050_0

Sim050_2

Sim050_3

100 year

741

Sim100_0

Sim100_2

Sim100_3

TABLE 2.5 MODEL SIMULATIONS. THE NAMING SCHEME OF THE SIMULATIONS FOLLOWS THE FORMAT: THE FIRST 3 DIGITS INDICATE A
DISCHARGE RETURN PERIOD OF 0, 50 OR 100 YEARS, THE LAST DIGIT INDICATES THE LEVEL OF STORM SURGE (0 FOR MAXIMUM HIGH TIDE
CONDITIONS, 2 FOR A 2.0 M SURGE ON TOP OF THE PREDICTED TIDE OR 3 FOR A 3.0 M SURGE ON TOP OF THE PREDICTED TIDE).
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FIGURE 2.27 MODEL BOUNDARY CONDITIONS FOR (A)DISCHARGE AT MAJOR TRIBUTARIES FOR 0, 50, AND 100 YEAR RETURN LEVEL FLOWS;
(B) DISCHARGE AT MINOR TRIBUTARIES FOR 0, 50, AND 100 YEAR RETURN LEVEL FLOWS; (C) TIDAL BOUNDARIES FOR STORM SURGE LEVELS
0 M, 2 M, AND 3 M. THE GREY SHADING REPRESENTS THE TIME OF THE SIMULATION.
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3. RESULTS
Nine flood simulations were executed using the flexible mesh 2‐D modelling. The simulations, outlined in Table 2.5
and described in Section 2.5.2, are a combination of fluvial discharge and tidal‐surge conditions. The naming
scheme used for the simulations contain 4 digits (e.g. Sim100_3), where the first three digits represent the
discharge in terms of return periods: 000 indicates the discharge is a typical yearly spring event and is expected
annually, 050 indicates at least one occurrence of this discharge within 50 years, and 100 indicates at least one
occurrence of this discharge within 100 years. The discharge digits are separated from the single tidal‐surge digit
by an underscore. The single digits represent the sea‐level conditions: 0 indicates the maximum high tide that
occurred in 2012 and is expected annually, 2 indicates the highest tide in 2012 with a 2 m storm surge, and 3
indicates the highest tide in 2012 with a 3 m storm surge. The values of 2 and 3 m for storm surge are somewhat
arbitrary, however considering Hurricane Juan was 1.7 m and the Saxby Gale of 1989 was estimated to be 2 m and
most recently Hurricane Sandy which impacted the Northeastern seaboard of the USA has a surge of 4 m, the
values of 2 and 4 m are considered extreme today and very rare. However considering relative sea‐level rise
presently of 0.32 m per century and is projected to be 1. 5 m or more, these elevated water levels of 2 and 3 m will
become less rare and represent less extreme events in the future.
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Our results indicate that the area upstream of Bridgewater is dominated by discharge events and there is limited
effect of the tidal sea‐level, while downstream of Bridgewater is dominated by elevated sea‐levels and less by
major discharge events. The area around Bridgewater is influenced by the combined effects of discharge and sea‐
level. The maximum water levels from Sim000_0, Sim050_2, and Sim100_3 have been plotted along the entire
length of the river system and estuary from New Germany to Riverport (Figure 3.1). These simulations represent
the range of conditions from typical annual events (Sim000_0) to rare extreme events (Sim100_3).

FIGURE 3.1 OVERVIEW MAP OF THE MAXIMUM WATER LEVELS FOR THREE SIMULATIONS REPRESENTING A TYPICAL MAXIMUM ANNUAL
DISCHARGE WITH MAXIMUM ANNUAL HIGH TIDE IN GREEN (SIM000_0), THE 1 IN 50 YEAR RETURN PERIOD DISCHARGE WITH A 2 M STORM
SURGE ON HIGH TIDE IN ORANGE (SIM050_2), AND THE 1 IN 100 YEAR RETURN PERIOD DISCHARGE WITH A 3 M STORM SURGE ON HIGH
TIDE IN YELLOW (SIM100_3).
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The floodplain appears to narrow as a result of the steeper topography surrounding the LaHave River around New
Germany (Figure 3.2). Although the Sim050_2 shows flooding around New German from the 1 in 50 year return
period discharge with a 2 m storm surge on high tide in orange, a similar flood extent is observed for this area
when we plot Sim050_0 which represents the 1 in 50 year return period discharge with high tide indicating there is
virtually no influence of the sea‐level at the mouth of the LaHave estuary for this area. There are only a few
locations where the 50 year discharge event causes flooding that affects the road and they occur in the southeast
area of the map. The abandoned rail line appears overtopped and a few minor sections of highway 10. A separate
analysis has been conducted to examine the impact on infrastructure such as the road network and the
wastewater lift stations. The 100 year discharge event does not appear to add to the flood extent in this area.

FIGURE 3.2 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) AT NEW GERMANY. THE
NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE BACKGROUND
IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.

Each of the insets is shown in more detail starting upstream south of New Germany (Figure 3.2). It is interesting to
note however, that the increase discharge to the 100 year event only increases the maximum flood extent slightly
(yellow Figure 3.3). There are significant impacts from flooding for the 50 year discharge event, which is similar to
the discharge calculated for the March 2003 flood event, where the road (Highway 10) and the abandoned rail
lines are overtopped and several building are surrounded on the east side of the river.
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FIGURE 3.3 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) SOUTH OF NEW GERMANY.
THE NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE
BACKGROUND IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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The area around Rhodenizer Road does not appear to flood the road on the east side of the river, with the
exception of the area at the south the map (Figure 3.4, inset map). The floodplain is asymmetric and appears to be
much larger on the western side of the river as compared to the east side. There does not appear to be any houses
or development other than some dead end roads that are overtopped in this area (Figure 3.4).

FIGURE 3.4 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) AT RHODENIZER ROAD. THE
NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE BACKGROUND
IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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Upstream of Bridgewater Governor’s Island is overtopped partially with Sim000_0 and completely by Sim050_0
which represents the 1 in 50 year discharge event (Figure 3.5).

FIGURE 3.5 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) FOR GOVERNOR’S ISLAND.
THE NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE
BACKGROUND IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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The flood extent in Bridgewater is similar to the results demonstrated in the Town of Bridgewater report where
the mall parking lot is vulnerable to a 2 m storm surge. Immediately upstream of Bridgewater the influence of the
1 in 50 year discharge event causes flooding. Downstream of Bridgewater Ships Landing Park, the Marine terminal
and sections of Route 3 are flooded by the 2 and 3 m storm surge water levels (Figure 3.6).

FIGURE 3.6 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) AT BRIDGEWATER. THE
NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE BACKGROUND
IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.

The area of Upper LaHave it is vulnerable to coastal sea‐level increases where the 2 and 3 m storm surge levels
inundate and over top the roads on both sides of the river (Figure 3.7). There are areas around Middle LaHave that
are also vulnerable to storm surge and elevated sea‐levels (Figure 3.8). The area of the LaHave ferry crossing is
vulnerable to the 2 and 3 m storm surge levels. Most of the roads in this area are overtopped by both the 2 and 3
m surge elevations (Figure 3.9). The roads are overtopped by the 2 and 3 m surges for much of Riverport (Figure
3.10).
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FIGURE 3.7 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) IN THE UPPER LAHAVE AREA.
THE NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE
BACKGROUND IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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FIGURE 3.8 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) IN THE MIDDLE LAHAVE AREA.
THE NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE
BACKGROUND IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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FIGURE 3.9 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) AT THE LAHAVE FERRY AREA.
THE NORMAL RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE
BACKGROUND IMAGE IS A COMBINATION OF THE LIDAR AND 20 M DEM.
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FIGURE 3.10 MAXIMUM FLOOD EXTENTS FROM SIM000_0 (GREEN), SIM050_2 (ORANGE) AND 100_3 (YELLOW) AT RIVERPORT. THE NORMAL
RIVER EXTENT IS SHOWN IN BLUE AND THE ROAD (BLACK LINES) AND BUILDINGS (BLACK SQUARES) EFFECTED. THE BACKGROUND IMAGE IS
A COMBINATION OF THE LIDAR AND 20 M DEM.

For flood analysis of infrastructure was evaluated based on the nine simulations. The road vectors were
segmented at even 10 m intervals into a series of points and overlaid on the flood depth maps from the modelling
simulations. Maximum water depths were tabulated for each flood scenario per point where some flooding had
occurred. Roads as well as buildings were analyzed and both exhibited a range of impact levels varying by location
along the river, and by the various flood scenarios. Some municipal sewer information was provided by MoDL ‐ of
which manholes and pump station points were analyzed using a similar method. This point analysis approach
enables a quick assessment of the infrastructure at risk long the river (Figure 3.11). Areas in the northern portion
of the model domain, which flood as the result of fluvial runoff, exhibit only minor flooding in annual maximum
discharge conditions. Roads, though sometimes bounded by flood waters on either side, are typically not
overtopped in this case. Flooding becomes much more severe and infrastructure is widely affected and even
overtopped upstream during a 50 year discharge event and more severely so during a 100 event. Roadways which
may have been inundated yet traversable in the 50 year event can become impassable due to an increase in water
depth during a 100 year discharge event (Figure 3.11 a and c). A similar relationship can be observed in the depth
over roads in the 2 m and 3 m storm surge simulations in the tidal flooding dominated southern portion of the
study area (Figure 3.11 b and d). Of all the sewer data provided, manholes located in the community of Riverside
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showed the most potential for flood impact which was simulated to occur as the result of tidal storm surge (Figure
3.11 d).

FIGURE 3.11 THE INFRASTRUCTURE ASSESSMENT OF FLOOD RISK ALONG THE LAHAVE RIVER STUDY AREA INDICATES A WIDE RANGE OF RISK
FROM BOTH DISCHARGE (NORTH OF BRIDGEWATER, A AND C) AND STORM SURGE (SOUTH OF BRIDGEWATER B AND D). ROADS AT RISK
(PURPLE), BUILDINGS AT RISK (BLUE), AND ALL PROVIDED MUNICIPAL SEWER DATA (RED) IS INDICATED. RELATIVE WATER DEPTH OVER
INFRASTRUCTURE ARE INDICATED AS BAR GRAPHS AND COLOR CODED BY FLOOD SIMULATION (SIM 000_0, SIM 050_2, AND SIM 100_3)
AND A SMALL SAMPLE OF TABULATED DEPTH DATA ARE DISPLAYED FOR THE AREA.

Though the infrastructure analysis, a strong continuity can be shown among areas at risk of flooding as a
result of increased discharge and separately in areas flooding as a result of tidal storm surge. Roads and buildings
upstream of Bridgewater do not exhibit flooding in large storm surge and low discharge events. Conversely, those
downstream do not typically experience flooding as the result of high discharge and normal tide.

Area
Riverport Area
Upstream Area

average depth (m)
100_3 100_2 100_0 050_3 050_2 050_0 000_3 000_2 000_0
1.63
0.68
0.00
1.62
0.68
0.00
1.61
0.68
0.00
0.69
0.69
0.69
0.47
0.47
0.47
0.01
0.01
0.01

TABLE 3.1 THE AVERAGE DEPTHS PER FLOOD SIMULATION IN AN UPSTREAM AREA (FIGURE 3.11 C) AND AROUND THE COMMUNITY OF
RIVERPORT (FIGURE 3.11 D)
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The points representing the sections of the roads can be depicted based on what flood simulation causes them to
be overtopped (Figure 3.12). As mentioned, the flood depth of all nine simulations has been appended to the road
point file as well. The blue dots in figure 3.12 indicate flooding from the 100 year discharge events while the red
dots indicate extreme discharge events from the 50 and 100 year events do not cause flooding but rather from the
2 or 3 m storm surge on the maximum high tide does (Figure 3.12).

FIGURE 3.12 EXAMPLE OF WHAT CAUSES FLOODING OF THE ROADS ALONG THE LAHAVE RIVER AND ESTUARY. THE BLUE DOTS INDICATE
WHERE DISCHARGE EXTREME EVENTS RESULTS IN FLOODING (SEE ATTRIBUTE INSET OF SIMULATION FLOOD DEPTH) AND THE RED DOTS
WHERE STORM SURGE EVENTS RESULT IN FLOODING (SEE ATTRIBUTE INSET OF SIMULATION FLOOD DEPTH).
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4. CONCLUSIONS
This project built on the previous modelling experienced flood risk project for the Town of Bridgewater. However,
this project was significantly larger in geography and the scope of the study which included a major section of the
LaHave River and estuary from New Germany to the Atlantic Ocean. The modelling approach developed here
combined river discharge and ocean tide‐surge hydrodynamic to map flood risk. Field instrumentation supported a
sophisticated hydrodynamic model that was established for the study area using a flexible mesh representation of
the hydrography and topography. The advantage of the flexible mesh approach is that the density of the mesh is
increased in areas of interest and reduced for less sensitive areas. In this case, the mesh is dense along the
floodplain of the river where it uses data from recent lidar surveys and coarser in the outer estuary and ocean.
Data from the water level sensor instruments were used to calibrate and validate the hydrodynamic model.
Discharge was simulated for events that represent a typical annual maximum runoff and extreme events with at
least one occurrence within a 50 and 100 year return period based on the Environment Canada gauge time‐series
data measured upstream of Bridgewater. Tide and storm surge events or the equivalent of long term sea‐level rise
were simulated by using the predicted tide maximum high tide during 2012 and adding a 2 and 3 m storm surge to
the ocean level seaward of the mouth of the river. In total nine simulations were carried out using a combination
of three discharge levels coupled with three tidal‐surge levels. For extreme events that are dynamic in nature, the
maximum water level can occur at different places and at different times during the simulation. The maximum
flood extent for each simulation was examined and the maximum water level for the duration of the simulation
was extracted and merged into one file and used in the GIS to map the maximum flood extent and water depth.
Areas upstream of Bridgewater appear most vulnerable to fluvial discharge events and maps demonstrate the
areas that are most vulnerable. Areas downstream of Bridgewater appear to be most vulnerable to storm surge
and sea‐level rise. Infrastructure including roads, buildings and the municipal wastewater (e.g. lift stations) were
intersected with the flood layers to map areas at greatest risk. The road information was converted to points every
10 m and analyzed along with the building points and wastewater infrastructure where the flood depth
information for each for each of the nine simulations was appended to their respective attribute tables. There are
areas where the combined effects of large discharge with elevated sea‐levels produce higher water levels than any
single event on its own. No adaptation measures have been considered as that was beyond the scope of this
current project. However, the information provided from this study will allow the municipality and provincial
departments such as the Nova Scotia Department of Transportation and Infrastructure Renewal the ability to
evaluate the risk of flooding from large river discharge events and storm surge or longer term sea‐level rise and
their combined effects and begin considering adaptation measures to mitigate flooding.
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6. APPENDIX A: WATER LEVEL DATA

FIGURE 6.1 JULY 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE MARINE
TERMINAL AND PREDICTED AT BRIDGEWATER.
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FIGURE 6.2 AUGUST 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE
MARINE TERMINAL AND PREDICTED AT BRIDGEWATER.
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FIGURE 6.3 SEPTEMBER 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE
MARINE TERMINAL AND PREDICTED AT BRIDGEWATER.
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FIGURE 6.4 OCTOBER 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE
MARINE TERMINAL AND PREDICTED AT BRIDGEWATER.
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FIGURE 6.5 NOVEMBER 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE
MARINE TERMINAL AND PREDICTED AT BRIDGEWATER.
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FIGURE 6.6 DECEMBER 2012 WATER LEVEL DATA (A) OBSERVED AT KRAUT POINT AND PREDICTED AT RIVERPORT; (B) OBSERVED AT THE
MARINE TERMINAL AND PREDICTED AT BRIDGEWATER.
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7. APPENDIX B: WEATHER STATION DATA

FIGURE 7.1 JULY 2012 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.2 AUGUST 2012 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.3 SEPTEMBER 2012 HIRTLES BEACH WEATHER STATION DATA.

Page | 80

FIGURE 7.4 OCTOBER 2012 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.5 NOVEMBER 2012 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.6 DECEMBER 2012 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.7 JANUARY 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.8 FEBRUARY 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.9 MARCH 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.10 APRIL 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.11 MAY 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.12 JUNE 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.13 JULY 2013 HIRTLES BEACH WEATHER STATION DATA.
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FIGURE 7.14 AUGUST 2013 HIRTLES BEACH WEATHER STATION DATA.
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