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A MESSAGE FRON THE CO-CHAIRS OF THE NAVIGATION COMSENSUS BUILDING COMBMITTEE

In 2004, the Navigation Consensus Building Committee submitted the Sustainable
Navigation Strategy for the St. Lawrence River, which was aimed at reducing the
environmental impact of marine transportation while ensuring its development on the
river. The Committee initially determined eight priority issues to which 1s associated a
five-year action plan (2004-2009). The evaluation of adaptation options for commercial
shipping with respect to water level fluctuations resulting from climate change i1s among

these 1ssues.

This study is the first-ever contribution toward addressing such options. Climate change
is a very complex field and studying adaptation strategies with which to mitigate potential
drops in water levels in the St. Lawrence is a very sensitive subject that gives rise to
lively discussions. The study is thus a contemplation of what could be done to guard
against the negative impacts of climate change on marine transportation; it does not

propose a specific means of adaptation.

It 1s with pleasure that we present this exploratory study on climate change and marine
transportation on the St. Lawrence River. In the light of the discussions of the Navigation
Consensus Building Committee, we are well aware that the scope of this issue goes
beyond the framework of navigation activities alone. We consequently hope that this
work will give rise to new studies and ideas in this field and that the discussion will be

broadened to include a larger pool of stakeholders.

Vincent Jarry Claire Poulin

Co-Chair Canada Co-Chair Québec

Navigation Consensus Building Committee  Navigation Consensus Building Committee
Transport Canada Ministere des Transports du Québec
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SUMMARY

This document 1s the fruit of an initial examination of certain potential technical and
logistical adaptation strategies designed to address the impact of climate change on
commercial shipping. This initiative arose from what the Navigation Consensus Building
Committee recognizes as a real issue in the Sustainable Navigation Strategy for the St.
Lawrence River. However, before seeking to confront situations of sustained low water
levels using adaptation responses that involve the St. Lawrence River itself, directly and
exclusively, and call on its unique resources and on those of its physical and human
environments, it is presumed that recourse must first be sought in the opportunities
offered by the management of the Great Lake—St. Lawrence System and particularly
those available through the Moses-Saunders dam. The determination and analysis of
these opportunities exceed both the framework of this study and the means available for it
and are thus not part of it. Consequently, the absence or the more or less abundant
quantity of information on any given option must not be interpreted as a position being

taken 1n its regard.

Certain climate scenarios forecast a drop in the runoff from the Great Lakes—St.
Lawrence River System. Such a drop could have appreciable impacts on certain
activities, particularly commercial shipping on the St. Lawrence River. For this reason,
the Navigation Consensus Building Committee felt that it would be judicious, from the
perspective of sustainable navigation, to study the adaptation options that would make it
possible to maintain the maritime and port activities at their current levels. This
exploratory study i1s the first-ever exercise in matters of adaptation to climate change with
respect to commercial shipping activities on the St. Lawrence River. Other studies are to

follow 1n order to complete and provide more detail on the different scenarios analyzed.

The study 1s divided into two parts. The first part evaluates the anticipated drop in water
levels in the fluvial sector of the St. Lawrence River (the Montréal-Québec sector) with
respect to spatial distribution and amplitude. The evaluation is made using a numerical
hydraulic model that incorporates the most recent climate scenarios for the Great Lakes

basin and the Ottawa River, and those related to the rising of sea level. Simulations were



conducted using as a reference the water levels of an average hydrologic year and those
of a year of low hydraulicity, from which had been subtracted the values obtained from
climate projections. Should the hydrological conditions around the year 2050 correspond
to an average hydrological year, the drops observed in the river would not hinder
commercial shipping activities. In fact, for all months and in the four climate scenarios
retained, the water depth at Montréal would be above the chart datum of marine charts.
However, the anticipated impacts become more severe when the simulations use a low
hydraulicity year as a reference. According to the most pessimistic climate scenario, WD
(Warm and Dry), water levels could drop 1 m below the chart datum in Montréal and
about 30 cm below in Trois-Rivieres. This situation would extend over a number of
consecutive months, which explains the concern about impacts. According to the
simulations, the effect of drops in water levels would be felt downstream as far as the
area of Bécancour. It should be noted that these simulations did not consider specific
management procedures for the Moses-Saunders dam, where the water supply from Lake
Ontario to the St. Lawrence is regulated. An adjustment to current procedures will likely
be the first adaptation option implemented, because commercial shipping is one of the
priority uses designated in the Boundary Waters Treaty between Canada and the US. If a
scenario such as the WD were to occur, it would assuredly put this option to the test as
regards its abilities to supply water. The new regulation plan soon to be adopted by the
International Joint Commission will seek to share the impacts, that is, make it so that they
are borne both upstream (Great Lakes) and downstream (St. Lawrence River) when the
situations so require. This willingness to do so reflects the limits of water regulation and
its incapacity to resolve everything. It seems realistic to assume that adaptation responses
will have to be applied both upstream and downstream should the critical climate change

scenarios Occur.

Recurrence of a hydrological event of this amplitude is very difficult to predict because it
1s little likely that climatic conditions will reproduce the conditions of the past. However,
a succession of years with water levels below chart datum would assuredly have more
impact than if the event were to take place in alternation, that is, by following the

fluctuations of a normal hydrological cycle. The uncertainties tied to the climate
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forecasts, notably the amplitude and direction of events to come, are reason to exercise
caution in interpreting projections. The role played by a large number of elements still
remains to be clarified. As such, the hydrological simulations carried out and their
impacts on the water levels must be understood from a perspective whereby the
anticipated climatic events would occur as they can currently be predicted. This, it is
understood, will remain to be validated. These projections were used in particular to
explore different adaptation strategies that would limit the impacts of the anticipated

drops in water levels.

The subject of the second part of the study consists of a few adaptation options for
commercial shipping that are explored with regard to the potential gains in water heights
that they would produce. The options are divided into two categories: the first excludes
any physical alteration of the river, whereas the second includes waterway development
work. They are analyzed with respect to the sustainable development requirements, that is
to say, by considering some of the economic, environmental and social impacts. Three
classes of water level fluctuations were established, with a set of options associated with

each:

1- Slight fluctuations (0 to <15 cm): evaluation of potential gains in water level
obtained by having more precise fechnical and technological tools.

2- Moderate fluctuations (15 to <50 cm): evaluation of the potential gains obtained
by waterway development work (dredging and hydraulic structures).

3- Large fluctuations (50 cm and more): evaluation of potential gains obtained using
a structural adaptation (shape of ships adjusted to the conditions of the St.

Lawrence) and organizational adaptation (re-engineering of port activities).

The analysis of potential gains in water heights which would make it possible to
implement technological options (COWLIS network) and technical options (squat
equation) reveals that the results would be limited. As regards the COWLIS network, it



cannot predict river water levels with sufficient accuracy. The current difference between
the predicted values and observed values exceeds, after only four days, the safety margin
that carriers maintain for overseas loads. A reduction of this margin would result in a gain
in water height that would vary between 20 cm and 30 cm. Substantial advances in
meteorological forecasts are consequently indispensable for this option to be one of the
adaptation strategies. As regards the squat equation, studies are under way on the St.
Lawrence to verify whether the equation currently used is optimal for all types of vessels.
In the light of experiments made on other waterways, it is apparent that, in certain cases,
the use of a replacement equation makes it possible to gain a few additional centimetres.
On the other hand, these new equations at times give values lower than those measured,
sometimes dipping below the underkeel clearances. It will thus be necessary to wait for
the results of the study conducted on the St. Lawrence to see whether or not gains may be

obtained in this way.

The results of the analysis of the waterway development option make it possible to
estimate that the drops in water level could be compensated through the use of this type
of response. In the case of dredging, a preliminary calculation of the sediment volumes to
remove was made on the basis of the drops predicted by the WD (the most pessimistic)
and NWD (intermediate) climate scenarios. Sediment volumes were estimated at 1.6
million and 930 000 m® respectively. Approximate costs of $70 million (WD) and $42
million (NWD) had been estimated without, however, considering the cost of
environmental impact studies, environmental compensation measures and residual
effects. A very summary sketch of certain environmental impacts is presented; if this
option were to be retained, the sketch should be completed and the impacts quantified.
While the costs of the dredging option are relatively low, the effectiveness of dredging is
equally relative, because deepening the channel does not make it possible to retain the

water.
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A few digital simulations were made on different types of hydraulic structures, dykes and
a dam, located between Montréal and Trois-Riviéres. These simulations were conducted
using a reference scenario in which the river flow was reduced to 5 000 m®/s at Sorel.
This flow results in a drop in water levels of slightly more than 1 m in Montréal, which
corresponds to the results produced by the WD climate scenario. The results obtained
using the cross-stream dykes show a potential increase of 90 cm in the water level at
Montréal when the simulations are conducted using a series of three dykes positioned a
few kilometres apart. However, these dykes were located relatively close to Montréal,
that is, between Lanoraie and Vercheres. Even though the increase is significant, the level
remains some 20 cm below chart datum. In addition, one problem observed with this type
of structure is the formation of a downward movement of water at the dykes' outlet that
would produce a drop of about 20 cm in water levels over a few tens of kilometres or so.
Changes to the structures' design could correct this. Simulations were made on the same
type of dykes, but this time located upstream from Trois-Rivieres. The gain recorded
would be 35 cm in Montréal and could be considered just as important given that the
structures are 120 km from Montréal. Other simulations were also made using 7-km
longitudinal dykes, coupled with cross-stream dykes in the Vercheéres sector. The
observed increase in the water level would be 1.6 m in Montréal, bringing the levels
nearly 50 cm above chart datum. The structure's diffuser-shaped outlet would appear to
resolve the problem of the downward movement of water. One last simulation was made
using a dam with a lock located upstream from Trois-Rivieres. This structure raises the
water level in Montréal by nearly 2 m (1 m above chart datum). Such a large increase
would indicate that the side of the dam's surmountable sill should be adjusted downward
to limit negative effects. Though interesting where hydraulics are concerned, since the
entire surface of the water body lost due to climate change could thus be reclaimed, this
option would have several environmental disadvantages because it would be an obstacle
to the migration of species and would modify sediment transport, to name just two. Were
there to be a marked interest in this option, studies on the design of the structures would
be needed to take into account the environmental impacts and mitigate them. A general
overview of these impacts, as tied to the construction of hydraulic structures, 1s presented

in Section 2.3.6. The approximate cost of these structures varies between $50 million and



slightly more than $500 million, to which must be added the costs associated with the

environmental compensation measures, maintenance and operation.

The structural adaptation option analyzed mvolves the shape of vessels and 1s aimed at
adapting vessel structure to the hydraulic conditions of the St. Lawrence by reducing
draft. The last generation of vessels designed for the St. Lawrence adhered to this
concept, with the hull being lengthened to 294 m and the draft increased to 10.78 m,
while maintaining a 32.2-m beam. Certain limits appear to have been reached with this
configuration, both where pressures exercised on the hull and manoeuvrability in river
bends are concerned. There is thus a need to examine the possibility of widening vessels
while reducing their draft. This aspect involves a number of constraints, such as a review
of design standards of the shipping channel- which was designed on the basis of a model
ship with a 32.2-m beam—and the construction cost of container ships, which is currently
about US$60 million. At first glance, it would appear that this option would require a
fleet of vessels specially reserved for the St. Lawrence or to structure-free waterways
where the passage of vessels would not be limited by their beam. In a context of growing
economic exchanges where marine transportation will be increasingly drawn on to
transport merchandise overseas, a fleet's flexibility, that is, its ability to navigate on a
number of waterways without constraints, would probably appear to be a major

decisional criteria for shipowners.

The option of re-engineering port activities was analyzed while considering the direct
costs of a partial transfer of activities from the Port of Montréal to a downstream port of
the St. Lawrence River that would be less affected by drops in water levels. The exercise
led to Section 2.5, which is aimed at obtaining a general idea of the direct costs that

would result as well as the impacts associated with this option.

The scenarios analyzed include a partial transfer of merchandise, that is, certain bulk

cargo and containers, to Québec City, Trois-Rivieres, Bécancour or a combination



thereof. The economic role of the Port of Montréal is first presented in a way to make the
different issues clearly understood. Then, a characterization of each port was made, and
the estimates of the direct costs calculated for a scenario of 400 000 containers. The
estimated costs vary between $230 million and $260 million and involve only elements
such as wharf construction, land acquisition, warehouses, etc. The addition of indirect
costs such as the construction of railroads, roads and highways to ensure efficient
intermodal transport would quickly increase the estimates. Railroad construction costs are
in the order of $492 000/km, whereas those for a simple road or highway are $1.5
million/km and $7 million/km, respectively. These estimates do not include the costs of
environmental studies. Considering these indirect factors and a total transfer of activities
(approximately 1.2 million containers), the cost of port re-engineering would easily reach
$1 billion. In addition, the environmental and social impacts of such an operation would
not be negligible. Keeping the same ratio which now has wide currency in Montréal for
the routing of merchandise to destination, specifically, 60% is transported by rail and the
remaining 40% by truck, it would mean 450 more trucks on the roads to the reception
port in the partial transfer scenario. Substantial pressure would thus be put on the local
and regional road network, without counting the inconveniences for the public
(congestion, noise, pollution, deterioration of roads, etc.). An increase in greenhouse
gases could also be expected since marine transportation is more fuel efficient than the
other modes of transportation and emits fewer greenhouse gases per tonne-kilometre of
merchandise transported. One final point to underscore regarding the re-engineering of
port activities has to do with the degree to which carriers would be interested in
transferring their activities from one place to the other. Over time, the Port of Montréal
developed the multimodal links that make it a hub in eastern North America. The port's
main competitors are located not on the St. Lawrence River but on the US east coast. One
of the challenges of this option would very probably be to find sufficient economic
reasons to encourage carriers to favour another port on the St. Lawrence rather than to

transfer their activities to a port on the US eastern seaboard.



With the port re-engineering option, cabotage could be an alternate solution that would
maintain waterborne transportation on the river. How it would be possible to use vessels
with shallower drafts to transport merchandise from a deep-water port to either Montréal
or a city in the Great Lakes region must be looked at in more detail. This option would be
more advantageous in environmental and social terms than would be the use of trucks and
rail. Port re-organization for container storage and to accommodate handling equipment
would also have to be contemplated. These investments, as well as those tied to activities
(increase in the number of transshipments, acquisition of specialized vessels and
infrastructures for container handling, increase in the risk of accidental spills, etc.),
should be equitably amortized so as to make this option more attractive. The main
advantage of cabotage is that it could be part of governments' and port authorities' long-
term planning. This planning would likely reduce the economic impacts on the port cities
and authorities most affected. Lastly, it must be pointed out that cabotage, though it
appears potentially favourable for commercial shipping, would not resolve the problem of

a water level drop and its impact on the other uses of the St. Lawrence River.

Thus, in an exploratory manner and with the objective of initiating an examination and
contemplation of climate change adaptation measures, a few adaptation options were
reviewed and, where possible, their economic, environmental and social impacts
considered. This research made it possible to uncover certain limitations and
opportunities specific to each option and to illustrate the complexity of their analysis on
the basis of sustainable development criteria. Additional studies would therefore be
necessary to be in a position to effectively determine those that are in line with this
perspective and to discover new ones. A number of initiatives are emerging both in
Canada and abroad so that adaptations to climate change be taken into consideration now.
The mmpacts of climate change go beyond the framework of navigation activities alone,
and the Navigation Consensus Building Committee believes that, in the coming years, an
examination of the future vocation of the St. Lawrence from the perspective of

sustainable development and a more integrated management must be undertaken.
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NOTICE

This document is the fruit of an initial examination of certain logistical and technical adaptation
opportunities with which to address the impacts of climate change on commercial shipping.
This 1nitiative stems from an issue recognized by the Navigation Consensus Building
Committee of the Sustainable Navigation Strategy for the St. Lawrence (D’Arcy, Bibeault and
NCBC, 2004). The response to this issue 1s aimed at the:
documentation of adaptation options for the St. Lawrence that are both economically
and environmentally acceptable.
In particular, it is a matter of considering:
adaptation scenarios that rule out any physical alteration of the river and other
scenarios that include alteration in order to ensure the transportation of merchandise.
The report analyzes only the technical options and the waterway development work that would
make 1t possible to maintain commercial shipping on the St. Lawrence River in the event of
persistant low water levels. The options take into account, to a very limited degree, the

commercial aspects, regional economic issues, environmental integrity and social acceptability.

Given the exploratory nature of this study, the results have a number of methodological
limitations, tied notably to the uncertainties with respect to climate and its effects on the water
levels of the St. Lawrence. In addition, we did not have sufficient financial resources to
consider more options or to thoroughly examine the environmental and socio-economic
consequences of the options in question. Before coming to any conclusion about the directions
or recommendations of the Navigation Consensus Building Committee (and of its members as
a whole), a comparitive study, conducted on the same basis, would need to be conducted.
Lastly, the anticipated impacts of climate change go beyond the framework of navigation
activities alone. In this regard, the Navigation Consensus Building Committee suggests that
thought now be given to the future vocation of the St. Lawrence River. To be fruitful, any such
examination must be based on sustainable development principles and on the integrated
management of the St. Lawrence. As well, such an examination is needed to develop a more

precise understanding of the situation.
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Foreword

This project stems from a desire to more thoroughly explore, from the perspective of
sustainable navigation and with respect to anticipated climate change, different adaptation
options for the fluvial sector of the St. Lawrence River (Montréal-Québec City sector). A
number of options analyzed here result from a round table held in the spring of 2002 that
brought together stakeholders from the commercial and recreational navigation sector,
governments and representatives of civil society. The objective of the round table was to
validate the issues involved with a sustainable navigation strategy for the St. Lawrence
River and also validate and improve the guiding framework (D’Arcy, Bibeault and
NCBC, 2004).

However, before seeking to confront situations of sustained low water levels in the fluvial
sector of the St. Lawrence River by introducing adaptation responses that involve the St.
Lawrence River itself, directly and exclusively, and call on its unique resources and on
those of its physical and human environments, in this study it is presupposed that
recourse must first be sought in the opportunities offered by the management of the Great
Lake—St. Lawrence system as a whole and particularly those available through the
Moses-Saunders dam. The determination and analysis of these opportunities exceeds both
the framework of this study and the means available for it and are thus not part of it.
Consequently, the absence or more or less substantial quantity of information on a given

option must not be interpreted as a position being taken in its regard.

Minimum flow episodes are a normal hydrological phenomenon. Such episodes occurred
in the St. Lawrence River during the 1930s, 1960s and 1990s, which tends to suggest a
recurring 30-year hydrological cycle. However, the increase in the frequency of minimum
flow episodes beginning in the 1990s, combined with the extent of some episodes (1999
and 2001) and the possibility that they may occur more often with climate change, were
of concern to the Navigation Consensus Building Committee and led it to retain this
problematic in the Sustainable Navigation Strategy. This project aims to study it and in so

doing constitutes a first-ever exploration as regards commercial shipping.



The impacts and disadvantages of low water levels for marine transportation and
recreational activities, as well as for water supply, shoreline residents' quality of life and
the environment, are known and have been described in recent research conducted by the
International Lake Ontario—St. Lawrence River Study Board of the International Joint

Commission (http://www.losl.org, consulted in May 2005). Freshwater fishing was also

addressed since water levels have an impact on the habitat of certain key species.

One lesser known aspect, however, are the different adaptation options that would help
mitigating these impacts. In this regard, it should be stressed at the outset that before an
adaptation can be adopted or promoted in any way, it needs to be likely to satisfy the
needs and interests of the users of the St. Lawrence and its water. This obligation will
apply to any adaptation option, and regardless of the interest it presents for a particular
use. This study is limited to an inventory and analysis of a few adaptations that could
benefit maritime transportation in the event of long-lasting low levels on the St.
Lawrence. Given the study's limitations, it was not possible to analyze the impacts that

adopting them could have on the other uses. The need to do so is nevertheless there.

That being said, in a context of sustainable navigation where the objective is to reduce the
environmental impacts of shipping activities while maintaining the activities'
development potential, the study of different adaptation options nonetheless prepares the
ground for giving careful consideration to them, based on the foundations of sustainable
development. The 2002 Round Table made it possible to determine different options,
such as hydraulic structures, dredging, port re-engineering, modification of vessel design,
etc. These different options can be divided into two categories:

1-  Adaptation of shipping activities to the environmental and hydraulic conditions

of the St. Lawrence and the ruling out of any physical alteration of the river;
2-  Consideration of waterway development as a means of maintaining marine

transportation at at least its current level.

The Navigation Consensus Building Committee discussions also made it possible to

highlight the lack of technical and scientific documentation on different adaptation
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options, particularly as regards their technical pertinence, economic efficiency and
environmental impacts. This study will be able only to partially compensate for this
deficiency in data on and knowledge of the adaptation options since the scope of the
subject clearly requires more research. However, this will be an initial contribution to the
evaluation of options not only on the basis of particular interests, but in the light of the
precepts of sustainable development, which integrate both economic and environmental

interests and social acceptance.

It 1s important to acknowledge from the outset that, in a situation of minimum flow
episodes in the fluvial sector of the St. Lawrence River, it is assumed that recourse will
first be sought through management of the hydrographic entity to which the St. Lawrence
belongs: the Great Lakes-St. Lawrence System. Management of the system has, notably
but among other possibilities, the capacity to alter the relative water levels, with respect
to one another, of Lake Ontario (and, upstream from it, other Great Lakes) and of the
fluvial sector of the St. Lawrence. This is accomplished via the Moses-Saunders dam
which controls flows between Lake Ontario and the St. Lawrence. Management of the
Great Lakes-St. Lawrence River System must satisfy a number of criteria, one of which is
to equitably meet all the water requirements of the system's different components by

achieving the most balanced distribution possible among needs and among parties.

The options are briefly presented here. None of them is the object of a feasibility study.
Moving on to the next step would require much more substantial funding than that
available. Lastly, the social acceptability of the different options must be discussed on a
much broader scale than that of the Navigation Consensus Building Committee. This

exploratory study may help ensure that such discussions take place.

For all the stakeholders of Québec, management of the water levels of the Great Lakes-

St. Lawrence System upstream from the sites where adaptation solutions could be applied

must clearly fall within the broader context of a consensus-building process that ensures

the respect of all users, both upstream and downstream. The impacts of climate change
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upstream and the adaptation strategies advocated to address them must also be taken into

consideration.

As such, this study remains pertinent since it is based on the current management mode in
effect at the Moses-Saunders dam and thereby assumes that the upstream-downstream
water ratios are not being questioned. Thus, while taking into account the current mode,
the study proposes adaptation options for the hypothetical situation where the Great
Lakes—St. Lawrence System would be affected by a drop in water levels due to climate

change.

Lastly, we believe that this study i1s an interesting exercise and acknowledge that, in
practice, it is but a partial study because it does not take into consideration the influence
of regulation. The regulation criteria are under review and new plans will be submitted at
the consultation held in the spring of 2006. If they were to be implemented, some of these
plans would increase the runoff in the St. Lawrence. Regulation clearly must be taken
into account in any real adaptation strategy. Consequently, this exercise would need to be
repeated, with the appropriate modifications and from a perspective that goes beyond the

context of commercial navigation alone.
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Climate Change and Marine Transportation on the St. Lawrence River

Introduction

When the Sustainable Navigation Strategy was being developed in 2004, the Navigation
Consensus Building Committee felt that the fluctuations in the water levels of the St.
Lawrence could affect marine and port activities and that, consequently, there was a need

to study adaptation options in relation with the principles of sustainable navigation

(D’ Arcy, Bibeault and NCBC, 2004).

Set in a global framework, the 2001 report of the Intergovernmental Panel on Climate
Change stressed that a number of climate indicators observed during the 20th century
converge on climate change (IPCC, 2001). However, the reliability of pre-industrial data
1s relative (McIntyre and McKitrick, 2005; Osborn and Briffa, 2004) and the quantitative
importance of certain factors (greenhouse gases, solar magnetic field, etc.) that may
contribute to climate change remains imprecise (Parker, 1999; IPCC, 2001). Moreover,
the changes observed up to now would be valid for the northern hemisphere but not for
the southern hemisphere (IPCC, 2001). In Canada, the regional variability of climate is
clearly illustrated by observations made over a period of 50 to 100 years. The most
notable changes have occurred in the western Arctic, in the Mackenzie Basin and in the
Prairies which, during the 20th century, warmed by 1.5°C, nearly three times the average
global warming (0.6° C). The warming experienced on the coast of British Columbia and
the Great Lakes and St. Lawrence region was nearly identical to the global average. Less
pronounced warming, approximately half of the global warming, was observed in
northwestern Ontario, central Québec and in the Atlantic provinces (Canadian Council of

Ministers of the Environment, 2003).

It 1s difficult to predict with certainty the direction of climatic variations on a regional
level and their amplitude, notably because precipitation varies greatly and current
atmospheric models are unable to account for certain atmospheric processes (Natural

Resources Canada, 2002).

In the Great Lakes-St. Lawrence watershed, the first estimates based on a simulation that

doubled atmospheric CO, point to a drop in the average annual river discharge of 3 100
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m’/s (=40%), which would lower the water level at the Port of Montréal by
approximately 1.25 m (Mortsch et al., 2000). More recent climatic simulations put the
drop in the net water supply at between 4% and 24% in the Great Lakes watershed
(Croley II, 2003). This variation, attributable to a greater increase in temperature than in

precipitation, would result in increased evaporation.

Despite the scenarios' degree of uncertainty, authorities wanted to study the impacts that
would be associated with them, both where economic activities and the public were
concerned (Transport Canada — Canmore Workshop, 2003; Natural Resources Canada,
2002). As regards commercial shipping, the impacts for the Great Lakes (Caldwell et al.,
2002; Quinn, 2002; Transport Canada — Canmore Workshop, 2003; Millerd, 2004) were
more thoroughly assessed than those for the St. Lawrence. This apparent lack of interest
could be explained, firstly, by the absence of a research organization dedicated to the
issue and, secondly, by the confidence that maritime sector stakeholders have in their

experience with and knowledge of river fluctuations (Baclet and Montagné, 2002).

A significant drop in water levels directly reduces vessels' load capacity. In the case of a
regular service, this means that more trips or vessels would be required to transport the
same quantity of cargo. According to certain climate scenarios, maritime carriers'
operating costs on the Great Lakes could increase by 15% to 30% (Millerd, 2004). In this
context, and if costs were to become too high, companies that deliver their merchandise
via maritime transportation on the Great Lakes could consider other modes of

transportation (Millerd, 2004).

The climatic simulations cannot accurately anticipate the period and frequency at which
these changes will occur. The timeline obtained through simulations is usually around the
year 2050. As it 1s on a fairly distant horizon, in the interim, modellers will be able to
refine their predictions by becoming more confident about the direction and amplitude of
changes. The intervening years will also provide the opportunity to explore different

adaptation options for confronting these changes down the road. However, this aspect is
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often neglected, to the point where there could be said to be a growing and unacceptable

deficit in adaptation research (Burton, 2004).

In general, there are different ways of adapting to change. In nature, adaptation is a
reactive process whereas in humans, it can occur by anticipation (IPCC, 2001). The
market 1s an example of this type of adaptation, which uses the price mechanism as a
point of reference. Governments can also plan adaptation by anticipation to reduce the
ecological, social and economic costs associated with climate changes. Surprisingly, there
appear to be very few cases where decision-makers turned to an analytic framework to
assess the adaptation options (IPCC, 2001). Clearly, the uncertainty tied to the long-term
effects of climate change can curb major infrastructure investments (Transport Canada —
Canmore Workshop, 2003; European Environment Agency, 2005). However, climate
change should be considered in the context of risk management and the assessment of
vulnerable areas (Natural Resources Canada, 2002) and, in that regard, the perspective of
adaptation should be included in governments' planning of long-term development.
Certain countries in Europe have recently begun to integrate climate change into their

planning (European Environment Agency, 2005).

The typical adaptation options for marine transportation are fairly well known, being
dredging, the erection of hydraulic structures, changes to hull design to reduce draft, and
more intense use of intermodal transportation (Transport Canada — Canmore Workshop,
2003; Mortsch et al., 2000; Millerd, 2003; Quinn, 2002). A review of traffic management
operational standards could, at some point, figure among the potential options. However,
even though these options have been considered, no exhaustive study has been made of
them. Documentation available on the options thus remains of varying consistency. This
i1s because some options are historically better known and, above all, examined more
abundantly. Others are relatively new and little known. What is more, cost determination
is relatively new and this information must be treated as being for information purposes
only rather than as actual project costs. However, the absence or abundance of
information in this report is not to be interpreted as a preference on the part of the

Navigation Consensus Building Committee for one option over another. A comparative
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analysis of impacts, costs and advantages, including different variations, would make it
possible to better evaluate each option's adaptation potential. In addition, such an analysis

would help determine the options that fall within sustainable development objectives.

The goal of this study is to explore different adaptation strategies that would make it
possible to maintain maritime and port activities at their current levels, assuming that
climate change will result in a drop in water levels in the Great Lakes-St. Lawrence
System. The study is divided in two parts. The first covers a hydraulic simulation of
variations in water levels in the river, made using climatic and oceanic models. The
simulation provides a means by which to estimate the amplitude of changes and the
spatial distribution of water levels by considering both the drop in the Great Lakes' runoff
and the increase in sea levels. The second part evaluates the potential gains in height that
would allow a few adaptation options to be implemented, according to three classes of
water level fluctuations. One category of option is associated with each of these classes:
1- Slight fluctuations (<15 cm): evaluation of potential increases in the water column
obtained through the use of more precise technical and technological tools.
2- Moderate fluctuations (15<50 cm): evaluation of potential gains obtained with
waterway development work (dredging and hydraulic structures).
3- Large fluctuations (50 cm and more): evaluation of potential gains obtained
through an adaptation that is structural (vessel design adjusted to the conditions

of the St. Lawrence) and organizational (re-engineering of port activities).

A brief discussion of the results and the potential of each option completes Part II.

It should be noted that the fluctuations and gains were originally divided into three
classes corresponding to each option in an approximate manner, which explains the
difference between the potential gains that are assumed and the results. Where
appropriate, the options' environmental and economic impacts are summarily estimated.

Figure 1 presents an overview of the analytical process involved in carrying out the study.
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Figure 1 — Schematic presentation of the adaptation options analyzed

Integration of climatic
and hydrodynamic

e

Technical and Adaptation Structural and
technological he phvsica organizational

The initial results obtained are interesting but must be carefully interpreted. For example,
the projections produced by the hydraulic simulation illustrate that the impact of climate
change on river water levels would be close to nil if the future climate resembles a
current average hydrological year. On the other hand, if the future climate is closer to a
current low hydraulicity year, the drops in water levels will be more pronounced and, at
certain times, will reach about 1 m at Montréal. Since the drops would extend over
several months, the impacts would be more serious. However, certain adaptation options
explored would be able to compensate for the losses sustained, if the frequency of
episodes were to justify it. These results must be considered preliminary. Other studies
would be needed both to address the climate scenarios in more detail and to more
thoroughly examine the adaptation options. New options could also be explored as
financial compensation measures to reduce economic pressure on carriers and port

authorities.
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Part 1

Integration of Climate Scenarios and the Rise in Ocean Levels into a

Hydraulic Model of the Fluvial Sector of the St. Lawrence River
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1.1 Context

The St. Lawrence River, in hydrological terms, takes its source from the Great Lakes and
ends its course in the Gulf of St. Lawrence. The partial tide reaches into the fluvial
section up to Lake Saint-Pierre where it can at times attain 30 cm. The shipping channel
extends over a distance of approximately 300 km between Cap Gribane and Montréal,
with a nominal depth of 11.3 m. Some places along the channel are less than 11.3 m deep
but the height of the water in these sectors i1s compensated by the tidal effect, which

ensures the safe passage of vessels.

Figure 2 — Map of the St. Lawrence River (fluvial and estuary), as well as the Seaway and

waterway (the study sector corresponds to sections 1 and 2 on the map)
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The climatic models forecast scenarios whose impacts on the water levels of the St.
Lawrence would be the opposite. On the one hand, the water supply from the Great Lakes

would decrease, due to the increase in evaporation (Croley II, 2003), whereas the water
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level would rise due to the melting of glaciers and the thermal expansion of the oceans
(IPCC, 2001; Meehl et al., 2005). An evaluation of the combined effect of these two
scenarios 1s needed to estimate the amplitude and spatial distribution of the impacts of

climate change on the fluvial sector of the St. Lawrence River.

1.2 Methodology

The integration of climate and oceanic scenarios into a hydraulic model in order to
anticipate the water levels in the St. Lawrence during the 2050s (2040-2060) was carried
out in the following manner (Lefaivre, 2005):
1. Estimate, using the numerical modeling of the atmosphere and the
atmospheric conditions for the 2050s.
2. Apply this projection, using hydrological modeling, to the watersheds of the
Great Lakes and the St. Lawrence to obtain the total runoff.
3. Estimate, using a projection of the average levels of the oceans for the section
downstream from the St. Lawrence.
4. Integrate the flow and water level projections into the hydraulic model to

estimate the corresponding water levels in the river.

1.2.1 Atmospheric conditions projection for the 2050s —
Global atmospheric models

The global atmospheric condition projections for the 2050s are derived from two climate
centres: the Canadian Centre for Climate Modelling and Analysis and the Hadley Centre
for Climate Prediction and Research. Using different greenhouse gas emission growth
hypotheses, 28 climatic projection calculations were made, from which four scenarios
depicting the extreme values are defined. Modification of the values of two main
variables—temperature and precipitation—results in the following four atmospheric
conditions: warm, not as warm, dry and humid. The results used for the St. Lawrence

River stem from calculations made by the two centres:

1) Canadian Centre for Climate Modelling and Analysis
e Model CGCM2, result A 21 — Warm and dry (WD)
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e Model CGCM2, result B 23 — Not as warm and dry (NWD)

11) Hadley Centre for Climate Prediction and Research

e Model HADCM3, result A1F1 — Warm and humid (WH)

e Model HADCM3, result B22 — Not as warm and humid (NWH)
First, a control period (1961-1990) is selected, where the actual climate conditions are
reproduced using an atmospheric model. The projection relative to the future climate,
based mainly on greenhouse gas variations, is made over the same number of years
(2040-2069). The results obtained for the period studied are then subtracted from those of
the control period (Lefaivre, 2005). The same procedure will be used to calculate total
runoff, flow, and ocean and river water levels. Note that the validity of the projections
rides on current world economic growth predictions and an increase in greenhouse gas

emissions and, under such conditions, they should not be interpreted as predictions.

1.2.2 Projection of total runoff for the Great Lakes-
St. Lawrence River watershed

The results of climatic projections were integrated into hydrological models to obtain
runoff variations for the watersheds of the Great Lakes (Croley II, 2003) and Ottawa
River (Fagherazzi et al., 2004). These variations are illustrated in Table 1.

Table 1 — Varations of total runoff (%) for the Great Lakes and Ottawa River
watersheds, according to the four climate scenarios

Sectors Great Lakes Ottawa
Scenarios

WD -24% - 7%
NWD -17% - 4%
WH -21% - 8%
NWH - 4% - 1%

The hydrological cycle of the two watersheds would be modified by climate change, but
less significantly for the Ottawa River. The water surfaces exposed directly to

evaporation and the vegetative cover could explain this difference.
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Variations in the basin of the Ottawa River have been extrapolated to other tributaries of
the St. Lawrence between Montréal and Québec City on the basis of the actual relative
percentage of the current runoff, with the exception of the Richelieu River. The variations
in the Great Lakes have been attributed to the Richelieu River due to the similarity
between Lake Champlain and Great Lakes runoffs. Lastly, the values in Table 1 for the
Great Lakes are applied directly at the outlet of Lake Ontario, urespective of adaptive
management measures that could be implemented at the Moses-Saunders dam to mitigate

the effects of these variations on the river flow.

1.2.3 Mean sea level
A number of uncertainties remain concerning the effects of climate change on the
amplitude of the elevation of the mean sea level. Among them, there is the oceanic
thermal expansion rate of the oceans, the speed of glacier melt as well as the isostatic
movements (rebounding) of the earth's crust. These uncertainties explain the large

variations in the long-term projections (right-hand portion of Figure 3).

Figure 3 — Evolution of the average sea level resulting from global warming over the past
century and projections for 2000-2100 (from IPCC, 2001)
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According to the IPCC evaluation, the mean sea level has presumably risen about 12 cm
over the past century (left portion of Figure 3) and this increase should continue during
this century. Average estimations call for an increase of nearly 20 cm above the current
level by around 2050, in comparison with the actual observations (right portion of Figure
3). However, the lack of accuracy is notable with values varying between 5 cm and 30

cm. The average value of 20 cm will be used for the purposes of our calculations.

Since the glacial recession more than 10 000 years ago, terrestrial rebound has been
occurring. The degree of rebounding can, in certain cases, cancel or mitigate the effect of
an increase in sea levels. Observations made at the Lauzon tidal station (opposite Québec
City) have shown that water levels there did not change over the past century (Xu et al.,
2004). This could mean that the rate of terrestrial rebound at this site might be about the
same as the increase in mean sea level, 12 cm per 100 years. Assuming a constant
terrestrial rebound, a value of 6 cm should be subtracted from the average increase of
20 cm in sea level for 2050. The value of 14 cm will thereby be used for hydraulic
modeling. Figure 4 illustrates the effect of the increase in sea level along the St.
Lawrence, with the three different values.

Figure 4 — Effect of the increase in sea level in the fluvial sector of the St. Lawrence

River (adapted from Lefaivre, 2005)
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1.2.4 Modelling of St. Lawrence River water levels
Modelling has been carried out with a one-dimensional numerical model that reproduces
the water levels of the St. Lawrence. This model has been first developed by researchers
of the Massachusetts Institute of Technology (Dailey et al., 1972) and later applied to the
hydrological conditions of the St. Lawrence River (Morse, 1990). Water levels can be
obtained for the entire river by fixing upstream and downstream thresholds. Two
boundaries are set upstream: the discharge measured at Lasalle and the sum of the
discharges of the Mille-Iles and des Prairies rivers measured at Repentigny. The

downstream boundary corresponds to the water level recorded at Lauzon.

The water levels of a year representative of the period 1961-1990 are first reproduced.
Discharge and mean sea level projections from the different climate scenarios are then
applied at the boundaries of the model for the typical year. The results are presented in
the form of differences in level for each of the four climate scenarios relative to the levels

of the typical year.

Discharges measured at the Moses-Saunders dam (Lake Ontario) and Carillon dam
(Ottawa River) for the period 1961-1990 have shown that the closest average discharge
for the whole period occurred in 1969 (Figure 5). It will thus be used as the typical or

reference year.

11
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Figure 5 — Comparison of average monthly discharges for the year 1969 at Cornwall and
for the Ottawa River: Cornwall, 1963-1991; Ottawa River, 1963-1992 (adapted from
Lefaivre 2005)
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1.2.5 Results of the integration of climate change scenarios
and the rise in sea level into the hydraulic model

The hydraulic modelling is aimed mainly at:

- evaluating the spatial distribution of the water height in the fluvial sector of
the St. Lawrence River by considering the climatic variations and the increase
in sea level;

- evaluating the amplitude of the drops in water levels;

- determining the sector where the variations become nil.

The results are presented with respect to the reference year (1969), which corresponds to
a year of average water levels, and with respect to a low-level year (2001). This produces
a range of contrasting results and is sufficiently realistic to depict what could happen.
Moreover, it is important to keep in mind that it is the extreme situations that call for
adaptation responses, not the average situations (IPCC, 2001). The calculations were
made for a number of stations along the St. Lawrence, but this analysis is limited to

Montréal (Jetty #1) and to Trois-Rivieres. It was made on a monthly basis to take into
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account seasonal hydrological variations. The result is a non-linear drop in the percentage
of water level variation attributable to each scenario. This explains why, for certain
months, the result produced by the NWH climate scenario is higher than that for the
reference year. Figures 6 and 7 present the variations with respect to the year 1969,

whereas Figures 8 and 9 present them with respect to the year 2001.

Figure 6 -Monthly water level anticipated at Montréal (Jetty #1) with respect to reference
year 1969, based on the four climate scenarios (warm and dry; not as warm and dry;
warm and humid; not as warm and humid) (Source: Lefaivre, 2005. Adaptation:
D’Arcy, 2005)
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Figure 7 — Monthly water level anticipated at Trois-Rivieres with respect to reference
year 1969, based on the four climate scenarios (warm and dry; not as warm and dry;
warm and humid; not as warm and humid) (Source: Lefaivre, 2005. Adaptation: D’ Arcy,
2005)
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In addition to the curves for each scenario, the figures indicate the value of the chart
datum for each station. This value corresponds to the lowest levels observed in 95% of
the time during a 100-year period. It is also from this value that the nominal depth in the

waterway 1s measured.

Figures 6 and 7 illustrate that by subtracting the climate change values from those of an
average hydrologic year, there are no effects observed in Montréal with regard to the
chart datum, regardless of the climate scenario retained. For the most pessimistic scenario
(WD), the greatest difference with the year 1969 occurs in the month of May, where it
reaches slightly more than a 1 m. However, May is a month where water levels are
usually high, which mitigates the marked drop due to the low level of snow
accumulation. The difference decreases as the season progresses and the only time a
value below chart datum occurs is in October. This situation is not unusual for the
hydrology of the St. Lawrence because the quarter of August to October is the quarter
during which levels are generally the lowest and occasionally fall below chart datum. It
should be noted that the differences for the other scenarios are between +0.3 m and -0.75

m. In the scenarios involving a higher humidity (WH and NWH), certain months' values
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are higher than the reference year. At Trois-Rivieres, the differences are smaller; none of

the climate scenarios led to levels below chart datum.

These results suggest that climate change would not have any significant impacts on the
current level of navigation activities on the St. Lawrence if it reproduces an average
hydrological year. The same calculations will be done again, this time by taking a low-
level year (2001) as a reference (Figures 8 and 9). This year, though outside the 30-year
reference period (1961-1990), produces results similar to a low-level year that occurs
during the period, such as 1964. The year 2001 was chosen solely because the episode is
more recent, making it easier to have a concrete representation of the impacts associated
with it.

Figure 8 — Monthly water level anticipated at Montréal (Jetty #1) with respect to a low
water levels year (2001), based on the four climate scenarios (warm and dry; not as warm
and dry; warm and humid; not as warm and humid) (Source: Lefaivre, 2005. Adaptation:
D’Arcy, 2005)
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Figure 9 — Monthly water level anticipated at Trois-Rivieres with respect to a low water
levels year (2001), based on the four climate scenarios (warm and dry; not as warm and
dry; warm and humid; not as warm and humid) (Source: Lefaivre, 2005. Adaptation:
D’Arcy, 2005)
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Simulations demonstrate that in the majority of climate scenarios, the water levels are
significantly affected. At the Port of Montréal, they would be under the chart datum from
May to December. The scenarios that generate temperature variations (WD and WH)
generate the most significant drops—nearly 1 m—which would extend over a number of
consecutive months. The other two scenarios show less substantial drops, but they would
increase over time. The impacts would necessarily be fewer if the low-water years were
not successive. There is a need to determine how to implement adaptive management
procedures at the Moses-Saunders dam to compensate for this severe drop in water level

for a number of months.

At Trois-Rivieres, water levels would be under chart datum for a few months, with the
greatest difference occurring in August with a drop of 0.30 m, under the WD scenario.
The duration and amplitude of variations would be less severe at this location, reducing
the need to turn to major adaptation options. When reference year 2001 is used, the drop
in water levels on the river no longer has an impact downstream of Bécancour (Figure

10).

16



Exploratory study of adaptation options

Figure 10 — Monthly water level anticipated at Bécancour with respect to a low water
levels year (2001), based on the four climate scenarios (warm and dry; not as warm and
dry; warm and humid; not as warm and humid) (Source: Lefaivre, 2005. Adaptation:
D’Arcy, 2005)
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The increase of sea level combined with the tidal effect in this sector would cancel out

the drop in water levels.

The results of the hydraulic modelling show that the impacts on the water levels will be
closely dependent on the hydrological conditions that predominate in 2050. In the case
where the hydrological conditions would be akin to the average of the years 1961-1990,
there would be no impact on navigation activities, even if the climate scenarios forecast a
marked reduction in water supplies. On the other hand, when a low-level year is
simulated, the impacts on commercial navigation and recreational boating are more
significant and would also have repercussions on other sectors of activity, notably, water
supply and treatment. However, it must be recalled that hydrological fluctuations are a
normal phenomenon (Figure 11) and that it 1s very difficult to establish the statistical
probability of these episodes recurring since the historical data may not be an assurance

of episodes to come.
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Figure 11 — Monthly water level variations at Montréal (Jetty #1) 1913-2003 (the vertical
bar indicates the annual standard deviation; it is important to note that the standard
deviation dropped once the Moses-Saunders dam went into operation in the late 1950s)
(Source: Canadian Hydrological Service. Adaptation: D’ Arcy, 2005)
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Consequently, even though the models predict a substantial decrease in run-off, it could
reproduce itself over a timeline that would make it possible to implement adaptation
options. The most significant impact would be felt if a number of low-level years were to
occur successively. Such a situation could become critical if man-made pressure were

compounded with the climate change impacts.

The following part will present a few adaptation strategies designed primarily to meet the

requirements of navigation activities on the St. Lawrence River.
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Part I1

Adaptation Strategies
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2.1 Context

As noted earlier, the strategies retained have been identified a number of times, but have
not been the subject of a study that would make it possible to put the costs and impact of
each strategy into perspective. However, this exercise in comparison is indispensable to
effectively determining the ones that are in line with sustainable development
requirements. This part of the document will present the different adaptation options and
try, where possible, to provide their estimated costs and their most salient environmental
impacts. It should be remembered that they are but a partial assessment of the costs and

potential impacts as a whole that a particular project may generate.

2.2 Technical and technological options
Two options will be explored here to estimate the gains in water height that they could
produce. The first is a technological option, the COWLIS network, which may lead to
improved long-term water-level forecasts so as to reduce the safety margin that marine
carriers respect when loading for overseas transits. The second is more technical and
concerns the squat equation. This empirical equation is applied in the same way to all
types of vessels to calculate their degree of squat when proceeding through the water.
However, this equation has not been scientifically verified. Other options belonging to
this category could be explored; however, the work timetable for this project prevented us

from doing so.

2.2.1 COWLIS
The acronym COWLIS stands for Coastal and Ocean Water Level Information System.
The COWLIS network i1s a water level forecasts and observations operational system

covering the St. Lawrence River from  Montréal to  Sept-lles

(http://marees.gc.ca/english/DataAvailable.shtml). The main components of the network
are:
e a network of approximately 20 measuring devices placed at strategic
locations along the St. Lawrence River;
e a digital water level forecast system of 0 to 48 hours and of 2 to 30
days;
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e adatabase containing observations, forecasts and predictions;

e avisual data interface, known as Oceanus.

The COWLIS network provides mainly real-time data on water levels and makes
predictions for a period of up to 30 days. These predictions are used by carriers when
planning their overseas loading and give an approximation of levels that will be
encountered when navigating on the St. Lawrence. This data is important because it
enables carriers to optimize their loading capacity and thereby avoid having to offload
vessels if levels are lower than forecast. Based on the transit time, companies allow a
safety margin when loading, a margin that can vary by between 20 cm and 30 cm. It 1s
essentially aimed at compensating for any inaccuracies in the predictions. If this margin
could be reduced significantly, to 5 cm or 10 cm, for example, the companies could add
more cargo. A 15 to 20-cm gain in water height may be used by the carriers and applied
as an adaptation strategy in the case of a fluctuation of this order. Such a gain could
eliminate the need of new development work on the river and would ensure that carriers
could keep their loads at current levels. For the periods with no drop in water levels, this
gain would mean an additional carrying capacity for the carriers without affecting the

safety of river transportation.

The accuracy of predictions depends on long-term knowledge of a number of variables,
notably precipitation, runoff from the Great Lakes and Ottawa River, ice, run-off from
lateral tributaries, and winds and tides. Improvements were made to the forecast model
with respect to certain variables but they apply more to the 0-2 day window (D. Lefaivre,
pers. comm.). Despite these improvements, the margin of error remains substantial. Trials
conducted at the Port of Montréal between 1994 and 1996, during the ice-free period,
showed that the error on the thirtieth day of the prediction was 43 cm (Figure 12). No
information indicates whether similar trials have since been conducted or improvements

made to the forecasts.

24



Climate Change and Marine Transportation on the St. Lawrence River

Figure 12 — Accuracy of water level predictions with a 95% confidence interval for
stations between Montréal and Québec City (statistics derived from the comparison of
443 daily forecasts and observations made between May and November for the period
1994-1996) (Source: D. Lefaivre, pers. comm. Adaptation: D’ Arcy, 2005)
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Figure 12 clearly illustrates the temporal limits of the model's forecasts. After only two
days, the smallest error is approximately 22 cm at Sorel and becomes more than 30 cm
after four days. Such values are above the safety margin that carriers allow. The
predictions consequently cannot be used at this time as an adaptation strategy. Significant
progress with respect to weather forecasts, among other things, will have to be made for

this option to be counted as a climate change adaptation strategy.

2.2.2 Squat

Squat is the increase in a vessel's draft as a result of its motion through water. It is a
hydraulic phenomenon whereby the water displaced creates an increase in current
velocity past the moving hull causing a reduction in pressure that in turn results in a
localized reduction in the water level. This leads to the vessel settling deeper in the water,
at times more than 1 m deeper, under certain conditions. A number of factors explains

this sinking, notably the vessel's speed, its beam and the physical characteristics of the
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channel. The shape of the riverbed, its breadth, the presence of islands and tributaries as

well as jetties, are all elements that can influence squat (Dunker, 2004).

Squat is one of the elements to consider in calculating the underkeel clearance, which
aims to maintain a sufficient distance between the vessel's hull and the sea bottom to

ensure a safety margin in the navigable waterways.

Figure 13 — The components of an underkeel clearance.

‘Water level

Two of the main elements that influence squat are the vessel's beam and speed. For a
vessel of a given beam, a change of speed from 7 to 14 knots increases sinkage by

slightly more than 4.5 times (Figure 14).
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Figure 14 — Vessel squat as a function of speed
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The vessel's speed thus appears to be a determining factor in the degree of sinkage.
Consequently, a reduction in speed could be an adaptation solution for drops in water

levels; on the other hand, it would considerably increase delivery timeframes.

In the St. Lawrence River, the Coast Guard uses the Eryuzlu Equation, developed in the
early 1990s, to calculate squat. This equation complies with the recommendations arising
from the joint report of the Permanent International Association of Navigation
Congresses (PIANC) and of the International Association of Ports and Harbours (IAPH)
and applies to limited depth navigation channels (PIANC and IAPH, 1997). The advent
of technological tools such as the DGPS led to reconsidering the different equations that,
for the most part, had been developed empirically, with the objective being to
experimentally check the validity of these equations and test, as required, new ones that
would be adjusted to the vessels' actual sinkage or squat. Diverse studies have been
undertaken at different locations in the world (Dunker, 2004; Briggs et al, 2004; Morse et
al, 2002), but the results are not yet conclusive. One of the problems encountered is that
certain equations sometimes give squat values that are lower than those measured (Briggs
et al, 2004). The use of such equations could render vessels' real safety margins

uncertain.
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Studies mvolving different types of vessels are being conducted on the St. Lawrence.
Based on the results, it will be possible to verify whether the equation that is applied
permits optimal use of the water column by conserving a sufficient safety margin. The
work and funds invested in this field must be considered in the light of the importance
that each centimetre represents for loading vessels. For certain types of container vessels,

one centimetre more increases their carrying capacity by nearly 60 tonnes.

2.3 Adaptation of the physical environment

From the perspective of comparing different adaptation options, the physical environment
development option must also be explored. Historically, the St. Lawrence has undergone
different development work, ranging from the deepening of the riverbed to the erection of
control structures (Beauharnois and Moses-Saunders dams). This development work had
major impacts on the fluvial ecosystems but, on the other hand, also contributed to the
economic and social prosperity of the province and country. Despite all the
inconveniences that the work involved, it must be recognized that, in the situations that
require them, control structures notably improve the flexibility of operations and the
network's capacity to buffer the effects of hydrological variability (Natural Resources
Canada, 2002).

Before undertaking any initiative in this regard, however, the confidence level in
forecasting climate change would need to be improved and, above all, the anticipated

hydrological variations and their amplitude better estimated.

Two adaptation options for the physical environment will be analyzed here, that is,

dredging and the erection of hydraulic structures.

2.3.1 Dredging
Dredging, or the removal of sediments, is a common practice carried out on a regular
basis to maintain the nominal depth of the channel (maintenance dredging) or to deepen it
(capital dredging). A widely used intervention method, dredging can be carried out

quickly. On the other hand, dredging alters the river flow pattern and sediment transport
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in watercourses by helping concentrate currents in the centre of the dredged channels.
This alteration can disturb certain riparian aquatic habitats (Lalancette et al., 2001). In
addition, the chemical or organic substance contamination of sediments can prove to be a

critical and costly problem for dredging operations.

However, dredging is subject to a stringent regulatory framework that aims to mitigate,
indeed eliminate, the negative impacts associated with it. Such is particularly the case for

operations ivolving large volumes of sediments.

2.3.1.1 Methodology and results

Analysis of the dredging option i1s based on two climate scenarios that use a low
hydraulicity year as a reference, namely, 2001. Two scenarios are considered, that is, the
most pessimistic—the Warm and Dry (WD)-and an intermediary, the Not as Warm and
Dry (NWD). Volumes and areas of sediments to dredge will be evaluated. Estimates will
be made for the Montréal-Bécancour sector, with a map illustrating the places where
dredging would be required (Annex 1). Table 2 presents the values that were used with
respect to the chart datum.

Table 2 — Drops in water level used to estimate the volumes and areas of sediments to
dredge, based on the climate scenarios that use 2001 as a reference year and relative to
the chart datum.

Stations WD Scenario NWD Scenario Chart Datum
(m) (m) IGLDS85
Montréal (Jetty #1) -1.01 -0.77 5.56
Varennes -0.91 -0.73 484
Sorel -0.43 -0.29 3.77
Trois-Rivieres -0.30 -0.17 2.94
Bécancour -0.09 0.05 2.60

It 1s important to point out that the mapping is a preliminary estimate. Other work would
be needed to have a more accurate idea of the actual quantities of sediments to dredge.
However, it indicates that the volume to dredge would decrease going downstream, with

the exception of a few sectors of Lake Saint-Pierre. Moreover, by somewhat generalizing
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the characterization of sediments that was made during the selective dredging of shoals
(SDS) between Montréal and Cap-a-la-Roche in 1998 and 1999, the sediments to be
dredged, at the depths provided by the climate scenarios, are largely composed of hard
materials (indurated clay and rocks). Volumes and areas of sediments to dredge, based on
the scenarios, are presented in Table 3, as are the approximate costs, which are based on
those of the selective dredging of shoals. Port access was not included in this first
estimate nor was the cost of sediment decontamination.

Table 3 — Estimated volumes and areas of sediments to dredge in the waterway according

to the WD and NWD climate scenarios (2001 as reference year) and approximate costs
(Source: Fisheries and Oceans Canada, Coast Guard, Waterways Management, 2005)

SCENARIOS
WD NWD
Sector Volume Area Costs Volume Area Costs
x 10° x 10% x 10° x 103
(m?) (m?) (M) (m?) (m?) M)
Port of Montréal 400 650 20 231 424 13
(10.7 m)
Port of Montréal 330 560 18 185 430 12
(from
11.0 m)
Montréal-Sorel 1250 2 500 55 660 1 500 30
(11.3m)
Lake Saint-Pierre 295 885 10 230 700 8
(11.3m)
Trois-Riviéres — 66 230 5 40 70 4
Bécancour
(11.3m)
T 7 7 Total 2341 485 108 1346 3124 67
Total 1611 3615 70 930 2270 42
Sect. 11.3 m
Selective 191 435 7.8
dredging of
shoals

* The total area of the Montréal — Bécancour section is 38 161 000 m’.

Note: The estimated costs include sediment disposal but not decontamination costs nor those for

compensation for the loss of fish habitat that would be added to this total.
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The calculations included the sectors of the Port of Montréal where the depths maintained
are less than 11.3 m (sectors maintained at 10.7 and 11.0 m). Since the volume of
sediments to dredge in these two sectors is equivalent to one-third of the total volume of
the Montréal-Bécancour section, options other than dredging should be evaluated for
these locations. The shaded row in Table 3 indicates the values obtained by keeping only
the sectors that are maintained at 11.3 m. The costs would thereby be reduced to $70
million for the WD scenario and to $42 million for the NWD scenario. The last row in the
table illustrates, for comparison purposes, the values obtained for the selective dredging
of shoals. It must be remembered that the purpose of this dredging was to deepen the
navigation channel from 11 to 11.3 m wherever this depth was not reached.

Consequently, this type of dredging is closer to shoal-reduction dredging.

As a result of this comparison, for the most pessimistic scenario (WD), the estimated
volume of sediments to remove would be nearly 8.5 times higher than that dredged
during the selective dredging of shoals. It would be around five times higher for the
NWD scenario. The estimated volumes may thus appear considerable, particularly for the
most pessimistic scenario (WD). The cost would be about the same, that is, nine and five
times higher, as for the selective dredging of shoals. However, these costs have been
estimated on the basis of a single deepening operation. If the procedure chosen were to

favour sequential dredging, that is, in a number of steps, the costs would be higher.

As regards dredging that is carried out elsewhere in the world, some of the work involves
sediment volumes that are much larger than those estimated here and is not conducted as
an adaptation to climate change. For example, a volume of 1.5 million cubic metres of
sediments, on average, had to be dredged annually from the Fraser River estuary from
1997-2002 to maintain the navigation channel (FREMP, 2002). The Princes Channel
project involved having to remove 2.5 million cubic metres of material to give larger
ships access to the Port of London (Port of London Authority, 2004). In the Yangtze
River in China, the second phase of widening and deepening the navigation channel will
require dredging 7.3 million cubic metres of sediments along 73 km of the waterway

(Dredging News Online, 2004). Each year in the United States, the Corps of Engineers
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and private dredging companies remove between 190 and 230 million cubic metres of
material from congressionally authorized navigation channels (American Association of
Port Authorities, 2003). There are also a number of deepening projects being conducted
at international container ports that are designed to enable the ports to accommodate the
post-Panamax generation of vessels. The latter will require that the depth of channels be
increased from 13.7 m to 16.1 m (American Association of Port Authorities, 2005). These
few examples make it possible to put the dredging option into perspective in the context

of climate change.

2.3.1.2 Environmental and social aspects
A set of laws and regulations provides a framework for the environmental assessment of
all dredging projects. In the case of capital dredging, the promoter must provide several
studies that justify the project and describe the characteristics of the physical environment
of the area to be dredged as well as the environmental and socio-economic impacts that
could result from the dredging. The environmental impacts of dredging activities result
from the excavation of sediments, their transportation and their disposal. Generally, these
impacts consist of increased water turbidity, an increase in the concentration of
suspended matter, contaminant dispersion and, in certain cases, an increase in the
chemical oxygen demand, a drop in dissolved oxygen and an increased dispersion of
nutrients. In terms of biological impacts, dredging can result in the benthic fauna being
buried or disturbed, fish eggs or larvae being smothered, the temporary or permanent loss
of habitats and the exposure of organisms to toxic contaminants. The commercial and
recreational activities that depend on biological resources can also be affected. However,
diverse mitigation measures can be used to confront these impacts with varying degrees
of effectiveness, depending on the context specific to the environment in question

(Environment Canada, 1994).

Citizens' reservations with regard to dredging activities centre around the very
justification of projects and their impacts on the ecosystems. Where project justification
i1s concerned, these reservations generally stem from the idea that certain shipowners

want to build more imposing vessels only to make transits more profitable. This trend can
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now be observed, notably, by the coastal ports wanting to accommodate post-Panamax
vessels. However, it is not so much the case in ports located in the inland waterways
where the idea of using smaller vessels is gaining ground. As regards impacts on the
ecosystems, the concerns are as much on the biological level (alteration of the
environment) and toxicologic level (contamination of the environment) as they are on the

human level (disturbance of fishing areas).

During the selective dredging of shoals, the proposal put forth most often was to ask the
International Joint Commission to increase the water levels by letting more water pass at
the Moses-Saunders dam (Les Consultants Jacques Bérubé inc., 1997). Another often
proposed solution to have deep-draft vessels stop at the ports that have sufficient natural
depths. This option will be described shortly, from the angle of port re-engineering
(Section 2.5).

In the context of climate change, it is important that each option be considered in the light
of sustainable development principles. As such, the dredging option probably does not
constitute an ideal solution if a drop in water levels were to become recurrent. However,
it may prove to be a transitional option in a process of long-term adaptation and would
need to be planned in considerable detail. All stakeholders concerned will need to be
involved early in this process (Working Group on the Integrated Management of
Dredging and Sediments, 2004).

2.3.2 Control structures

2.3.2.1 Preliminary review of the literature on development
projects for the fluvial sector of the St. Lawrence

River
First, a review of literature was made to identify the locations where public decision-
makers had considered erecting control structures to raise water levels for navigation
needs in view of the impacts of climate change. Whether in Europe, the United States or
in Canada, most of the structures listed were mainly intended to prevent sedimentation or

protect against shoreline erosion (Consultants Ropars, 2005). The port of Antwerp proved
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to be an exception; longitudinal dykes were built there to optimize flow and maintain
depths in the navigable channel. Large locks were also built there to give vessels having

15.5-m beams berth access (Consultants Ropars, 2005).

On the basis of the proximity of seas and oceans, certain structures have been designed
with a view to protect against tidal storm surges that can lead to major flooding. Two

examples of this type of structure appear below.

On the left, a mobile dam on the Tamise southeast of London, built to protect the city
against flooding®. On the right, the Maeslant dam in Holland, in the closed position.”

? htp://www. travellondon.com/templates/attractions/barrier.html

® hitp://www.keringhuis.nl/engels/home noflash.html

Another type of structure that has been operated since the 1950s is the inflatable dam.
This dam is used for different purposes, notably to raise thresholds, create artificial lakes,
act as an obstacle to the upwelling of saltwater in estuaries, control floods and replace
gate systems (Consultants Ropars, 2005). Figure 15 illustrates how the dam operates and

the materials used to make it.
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Figure 15 — Operation of an inflatable dam: on the left, air is injected to inflate it; on the

right, the multiple layer membranes used”.

\()VBI‘HW

Inflated

 http://www.trelleborggr.com/Content/Product Flexidam4.asp

The main advantage of these structures resides in their mobility. They can be used on an
as-needed basis, and then set to free the water body. Though very interesting options for
navigation, they are difficult to apply to the St. Lawrence River because, among other
things, of its dimension and the ice regime. However, they could serve as inspiration for

future solutions tailored to the river conditions.

Another method for raising water levels consists in using different obstacles to increase
the roughness coefficient at the bottom of the watercourse. Slowing the flow results in the
retention of the water upstream. The bottom roughness (resistance) can be increased by
replacing a sandy bottom with stones or pebbles or by increasing aquatic vegetation
(Consultants Ropars, 2005). Promoting the growth of natural algae can bring with it more
disadvantages, because of the ecological invasion, than advantages, and is therefore
difficult to propose as a lasting solution. In addition, the limited growing period means
that there i1s no guarantee that the desired effect of raising the water level will occur at the

optimal moment.

One solution to this disadvantage would be to use artificial algae (Consultants Ropars,
2005). Different models were designed (Figure 16) to respond to specific needs. The
efficiency of these artificial plants in raising the water level is closely dependent on the
area and water height to cover. What is more, these plants tend to deteriorate with time

and thus involve recurring maintenance and replacement work.
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Figure 16— Different types of artificial aquatic plants used to raise water levels, prevent
shoreline erosion or reduce sedimentation; artificial cross-shaped reef® (upper left)
artificial algae on a block of sandstone® (upper right); artificial algae eight months after
installation: this unit had begun to deteriorate, and a number of algae are no longer
upright® (lower left).

s

ll--‘.., 3

* http://scaphpro.com/recifs.html
®From Schreider et al., 2003.

¢ http://www.unesco.org/csi/pub/source.erol1.htm

The use of this option alone in the St. Lawrence River would not result in the desired
increase in water level (Consultants Ropars, 2005). The plant option would have to be

combined with one or more other options if conclusive results are to be obtained.

This brief review of the literature shows, on the one hand, that no adaptation strategy has
been proposed to raise water levels for navigation requirements. On the other hand, the
structures listed are difficult to use on the St. Lawrence River, given its hydrological
features and size, without major modifications being made to them. Unless the situation
becomes critical to the point that the costs inherent to erecting these structures on the
river are considered secondary, the more traditional solutions, such as the regulation of

the Lake Ontario runoff and dredging, can obviously meet anticipated needs.
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2.3.2.2 Selection of regulation structures for the St.
Lawrence River

The structures regularly mentioned to raise water levels for navigation requirements are
jetties, longitudinal dykes, sills, dams, parallel channels and locks (Consultants Ropars,
2005). The jetties, or cross-stream dykes, are relatively efficient in a river environment
for concentrating the flow in the main channel, stabilizing the channel geometry, limiting
the work involved in maintenance dredging and protecting shorelines against erosion.
However, in certain watercourses, they require very significant development work, as
Figure 17 illustrates (Consultants Ropars, 2005). The dykes parallel to the watercourse, or
longitudinal dykes, are mainly designed to prevent overflowing during high flows.
However, in the Fraser River (British Columbia) these dykes are used in the outer portion

of the estuary to avoid having to move the shipping channel and to limit dredging.

Figure 17 — Cross-stream dykes (in black) on the shores of the upper portion of the
Mississippi®
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? Extracted from Map 107 —
http://www.mvr.usace.army.mil/navcharts/UMRNNavChartsIdx05.asp
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The erection of sills is another option for raising water levels. Those in the Sorel islands
archipelago in 1931 were put in place to raise the water level at Montréal during
minimum flow episodes. The five sills had the desired effect. The gains during minimal
flow episodes were 28.5 cm at Sorel and 12.5 cm at Montréal (Simard, 1983). The flow
in the shipping channel went from 25% to 80% with respect to the total flow. However,
the sills were subject to severe erosion, since they are almost always submerged, and their
effectiveness was greatly diminished during the minimum flow episodes of 1964
(Smmard, 1983). This ineffectiveness can be explained by deterioration due to erosion and

a 41% increase 1n the cross-section of the channel. The sills were rebuilt in 1965-1966.

To successfully increase the water level by 50 cm or more, several sills would have to be
built, in the secondary channels. They would also have to effectively block the cross-
sectional area of the river so as to obstruct the flow. This would have different impacts,
both in terms of the environment and with respect to restricting boaters' access to these
waterways because the sills are fixed and made of riprap. Lake Saint-Pierre is little
conducive to the installation of heavy structures given its geotechnical characteristics
(Consultants Ropars, 2005) and its width. However, certain sectors downstream from the

lake could prove to be more suitable for such structures and optimize their effectiveness.

One fallback option to these fixed sills would be inflatable ones whose use would be
limited to periods of minimum flow. However, given the complexity of the mechanics of
this type of structure, there would be a tendency to limit their number and to place them
relatively close to shorelines so that the activation devices may be accessible and

protected (Consultants Ropars, 2005).

One of the most effective solutions for water level management is the construction of a
dam. Two dams are in operation on the river, upstream from Montreal: the Moses-
Saunders dam at Cornwall and the Beauharnois dam. There is no dam downstream from
Montréal. The best sector for building such a structure would be at the outlet of Lake
Saint-Pierre, where the river narrows (Consultants Ropars, 2005). The dam should be

equipped with a lock so that vessels may circulate. Different constraints are associated
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with the construction of a dam on the river and will be addressed shortly. A more in-
depth study could be made of one solution in particular that combines a full sill, one lock
and inflatable structures. The sills would replace the dam and would most often be
submerged. An inflatable dam could be fixed on the sill crest and deployed during

minimum flow episodes (Consultants Ropars, 2005).

As to the technical feasibility of a lock, the example of the port of Antwerp (500 m x
68 m) shows that it 1s possible to build this type of large-size structure downstream from
Lake Saint-Pierre. However, this lock should be coupled with a dam, given the width of
the river at this location (Consultants Ropars, 2005).

Among the options identified above, some have not been retained for the time being,
notably, those that modify the roughness of the river bottom (riprap, artificial algae) and
the one involving the inflatable, adaptable sills, given the absence of information. The
increase in roughness would require a massive intervention and many plants, whose
consequences on the benthic habitat could exceed any gains. As well, the option's
capacity to raise the water level enough to compensate for the anticipated loss remains
uncertain (Consultants Ropars, 2005). With respect to inflatable sills, a number of
difficulties associated with this option makes it less practical. One or two series of these
sills in pairs would be needed for them to function somewhat like a lock. In addition,
lateral cross-stream dykes should first be put in place and concrete sills poured at the
river bottom to serve as a support. A complex mechanism that is used to control the
filling and emptying of these dams should also be installed. The risks of mechanical
system malfunction, the maintenance costs and the absence of any guarantee that such an
installation would be durable, particularly under the effect of ice, add to the uncertainty.
Lastly, this type of structure does not appear to be used elsewhere in the world on this
scale (Consultants Ropars, 2005).

The options that were retained for the first study are the following:

I- cross-stream and longitudinal dykes that partially block the cross-

sectional area of the river.
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2- A dam with a lock.

These structures are designed to raise the water level by at least 50 cm from the outlet of

Lake Saint-Pierre up to Montréal.

2.3.2.3 Geometry and positioning of the structures

A) Cross-stream and longitudinal dykes
The cross-stream dykes modelled are of the riprap sill type. They force the river flow into
the main channel during minimum flow episodes and are submerged during high water
periods (Consultants Ropars, 2005). They are positioned along the main navigation
channel and, as required, in the secondary channels. Hydrological modelling was carried
out on dykes having an opening of 250 m and of 120 m. The 120-m opening would
require special management of marine traffic, for safety reasons, requiring that one vessel

pass at a time. Figures 18, 19 and 20 illustrate the structures' geometry.

Figure 18 — Longitudinal cross-section of a series of dykes with 250-m (top) and 120-m
(bottom) openings (Source: Consultants Ropars, 2005. Adaptation: D’ Arcy, 2005)
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Figure 19 — Cross-section of the insurmountable sections of the dykes (Source:
Consultants Ropars, 2005. Adaptation: D’ Arcy, 2005)
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Figure 20 — Cross-section of the insurmountable sections of the dykes (Source:
Consultants Ropars, 2005. Adaptation: D’ Arcy, 2005)
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Another modelling was conducted on two 7-km longitudinal dykes, running along the
shipping channel, to which cross-stream dykes are connected at the lower end. These
dykes had to be used in a straight line sector for safety reasons and consequently
restricted the width of the navigation channel between the dykes to 120 m. The sidewalls
are very rough, being made out of 1 to 3-tonne armour stones (Consultants Ropars, 2005).
The geometry of these dykes is similar to that of the cross-stream dykes; the breadth at
the bottom of the structure is about 50 m.
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B) Dam
As previously mentioned, the dam would be coupled with a lock and be located
downstream from Lake Saint-Pierre, but upstream from the Laviolette bridge to preserve
the water-retaining effect of the bridge's pillar (Consultants Ropars, 2005). However, it
would be very difficult to construct such a structure because of the components'
dimensions, the natural conditions (particularly in winter) and the fact that there will
doubtless be a temporary interruption or significant slowdown in navigation during the
time it takes to put the lock into operation (Consultants Ropars, 2005). The dam should
ensure evacuation of ice during a jam and limit risks of flooding. Devices such as a sill,
booms or bubble curtains should thus be put in place so that the dam would not create ice

jams (Consultants Ropars, 2005).

For most species of aquatic fauna, a dam is an msurmountable obstacle and therefore
should, at a minimum, include devices that allow free circulation between upstream and
downstream. Such a circulation could be facilitated by sills, though other devices, such as
fish-passes, are worthy of consideration in order to limit the impacts as much as possible.

Figure 21 illustrates the dam's geometry.

Figure 21 — Longitudinal view of the dam with a lock (Source: Consultants Ropars, 2005.
Adaptation: D’ Arcy, 2005)
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The cross-sectional view of the surmountable sections of the dam is identical to the view

appearing in Figure 20.

C) Positioning of structures
The positioning of structures is critical to optimizing their performance while minimizing
environmental impacts. Five cross-stream dykes (#1a, 1b, 7, 8 and 9) were selected for

the modelling, as well as one longitudinal dyke (#8) and one dam with a lock. Figure 22
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illustrates the location of these structures in the Montréal-Trois-Riviéres section. It

should be noted that Dyke #1a is located at the same place as the dam.

Figure 22 —Locations of the hydraulic structures
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Figure 23 presents a larger-scale view of longitudinal dyke #8 and of the dam with a lock.

Figure 23 —Larger-scale representation of longitudinal dyke #8 (on left) and of the dam
with a lock (on right) (from Consulta
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2.3.2.4 Hydraulic modelling - methodology

Digital simulations conducted using a 2D hydrodynamic model, Hydrosim, developed at
INRS-Eau, were used to evaluate the hydraulic structures' relative efficiency in raising
water levels. Flow velocity and water depths are computed according to the finite element
method. The simulations take advantage of the digital terrain model (DTM) of the St.
Lawrence developed by Environment Canada (Fortin, 2002; Fortin et al., 2004). The
program Modeleur, also developed at INRS-Eau, was used to format the geospatial data
sets used to make the DTM. Other tools were used to make hydraulic structures,
including the geographic information system Mapinfo and the spreadsheet Excel (Doyon
et al., 2005).

The study area to which the model is applied extends over 130 km between the Port of

Montréal and Trois-Rivieres. The grid covering the area, illustrated in Figure 24, is made

of 185 794 nodes and 90 401 elements.
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Figure 24 — Simulation grid covering the study area (from Doyon et al., 2005)
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The bathymetric data for the deep zones was obtained from the Canadian Hydrographic
Service and, for the shallow zones, from the Meteorological Service of Canada —
Hydrology. The overall data set was put together by the Meteorological Service of
Canada. The land portion of the study area was obtained via airborne laser (Fortin et al.,
2002). The resulting digital elevation model provides an exhaustive representation of the

study area (Figure 25).

The roughness of different materials determines the local value of the Manning's
roughness coefficient in the hydrodynamic model (Doyon et al., 2005). Figure 26
illustrates the roughness map produced by it, presented in the form of roughness
coefficients (Manning's #»), and applied in the hydrodynamic model. It should be noted
that an 1dentical coefficient was assigned to the sectors covered by vegetation (Doyon et

al., 2005).

Insertion of the hydraulic structures into the model is a very delicate stage because it
requires that the junction between the structure itself and the riverbed be delimited to
ensure that only the highest mark between the dyke and the river depth will be kept for
each grid node (Doyon et al., 2005). Annex 2 outlines the steps involved in designing and

inserting structures into the model.

Calibration of the hydrodynamic model's parameters was based on the hydraulic events of
the springs of 1996 and 1999. These events represent high and low water episodes,
respectively (Morin et al., 2001). The results are validated by the control of water levels

over the entire study area.

Figures 27 and 28 compare the water levels obtained by simulation with those measured

for the two hydraulic events.
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Figure 25 — Digital elevation model of the study area (from Doyon et al., 2005)
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Figure 26 — Hydraulic roughness map (roughness coefficient) of the study area (from Doyon et al., 2005)
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Figure 27 — Water slope profile as measured and the slope obtained by simulation for the

hydraulic event of the spring of 1996 used for calibration (from Morin et al., 2001).
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Figure 28 — Water slope profile as measured and the slope obtained by simulation for the

hydraulic event of the spring of 1999 used for calibration (from Morin et al., 2001)
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The differences between the levels measured and those obtained by simulation are

systematically less than 2 cm for all the stations. The model adequately reproduces the
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water line for this section for the discharge values at Sorel, which range from 7 600 to

14 500 m*/s (Doyon et al., 2005).

2.3.2.5 Hydraulic modelling — results
The initial objective was to simulate the hydraulic impact of climate change with a
reference flow of 5 000 m*/s at Sorel. This simulation produced a drop in the water level
of slightly more than 1 m below the chart datum (5.56 m) at Montréal. This reduction
complies with the results obtained by Lefaivre for the most pessimistic scenario (WD)
illustrated in Figure 8. Figure 29 presents the spatial distribution of water levels between

Montréal and Trois-Riviéres based on this reference flow.

Figure 29 — Water levels obtained by simulation between Montréal and Trois-Rivieres,
based on the reference scenario of 5 000 m?/s at Sorel (Adapted from Doyon et al., 2005)
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The hydraulic structures' efficiency in raising water levels for intermediate (50 cm) and
extreme (1 m) climate scenarios can thus be evaluated. Two elements are to be taken into
account with respect to the modelling. On the one hand, the discharge of 5 000 m’/s is
equivalent to a 20% drop in the minimum reconstituted flow and, consequently, is outside

the window of values from which the calibrations are made. However, such an
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extrapolation is a common practice used in hydrology to assess the impacts of extreme
events when data are not available for estimating the impacts (Doyon et al., 2005). On the
other hand, the reference scenario is simulated with a DTM characterized by the presence
of aquatic plants whose height and distribution are based on the conditions usually
observed during the pronounced low-water months. A discharge of 5 000 m*/s calculated
from the river's average daily and weekly flows for the period 1960-1998 is estimated to
recur every 4 000 and 10 000 years respectively (Morin et Bouchard, 2001). However,
this estimate should be treated with caution because of the time window on which it is
based as well as the low probability that the climatic conditions to come will be similar to
those that occurred in the past. Figure 30 compares the reference scenario discharge with
the average discharge recorded at Sorel.

Figure 30 — Comparison of water levels obtained according to the reference scenario with

a discharge of 5 000 m?3/s at Sorel (on left) with those obtained with an average discharge
of 9 500 m?*/s (from Doyon et al, 2005)

x| )’ 4N \ R =l

Vieisatort | f Visualsatoni |
e Sp A r I505urace - SoAnaina §|
20000000+ 00 7 £ 00000e-00
7 1500000-00 B | |
775000000 g y 775000000 B8
7 2500000 e+00 0 4 ?'mem-
7000000000 '_ ; M:ﬁ_
& 7eConuneenn | & 7500000e-001—
& S0 | =i

~ » &S00
200N [ #/ £ Z50000Me 00—
D000 | y/ £000N00e 00—
57500010000 — o 5 7500000ee 00—
Sl 5 E0Oe- 00
500000e-00 5 250000000
5 00000000 5 00000Tee 00—
475000000 [ 4 75000000
4500000000 | 4 E0000e00
425000000 4 z500mee00
4 000E0iDeA0 P 4 c00000e-00 8
2so000idav0 2 sovnenno
3 2500000e-o) B gl |
= 3 2500000 B

. R 3 tomnone00 B8

fi B — 2 FEOAHDe-00

M 2300000000 B . 2 e
2. 2500000e+00 ZHJIIIIS-IIJ-

Comparison of the reference situation with the average hydrological conditions makes it
possible to estimate the loss of aquatic habitats that would occur according to the most
pessimistic climate change scenario. Indeed, the aquatic area lost in the Montréal-Trois-
Riviéres sector would be equivalent to 160 km” 131 km”® of which would be for Lake

Saint-Pierre alone. The area of Lake Saint-Pierre between Sorel and Port-Saint-Frangois




Exploratory study of adaptation options

is 387 km®. One-third of the aquatic area of Lake Saint-Pierre would thus dry up. This

would affect the wetlands, in particular.

The first simulations were made using Dyke #8 A with a 250-m opening (Figure 31).

Figure 31 — Water levels obtained between Montréal and Trois-Rivieres according to the
reference scenario of 5 000 m3/s at Sorel with Structure #8 having a 250-m opening
(Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005).
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Figure 31 illustrates that a single dyke with a 250-m opening does not significantly
increase the water level at Montréal. In fact, gains are almost nil. In addition, a downward
movement of water occurs downstream from the structures, decreasing water levels by
more than 10 cm with respect to the reference level over a distance of nearly 40 km. This
water depression may be produced by a funnelling effect of the dykes that accelerates the
water flow which in turn generates a downward movement of the water (Consultants

Ropars, 2005).

Given this low gain, the simulations were conducted on the same structure, but with the

opening of the dyke reduced to 120 m.
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Figure 32 — Water levels obtained between Montréal and Trois-Rivieres according to the
reference scenario of 5 000 m’/s at Sorel with Structure #8 having a 120-m opening
(Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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Figure 32 presents the results obtained with Dyke #8 having a 120-m opening in
comparison with those obtained with a 250-m opening. The gains are more notable when
the opening is made smaller, but would be only around 10 cm at Montréal. On the other
hand, the depression downstream from the structure is larger than before and extends
over more than 60 km. These individual structures thus do not make it possible to attain

the objective of raising the water level by 50 cm.

In order to measure the synergy effect of a number of successive dykes, a simulation was
conducted with Dykes #7, 8 and 9 (Figure 33). The main dykes along the navigable
waterway have a 120-m opening, whereas the secondary dykes were considered obstacles

to the flow (Consultants Ropars, 2005).
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Figure 33 — Water levels obtained between Montréal and Trois-Rivieres according to the
reference scenario of 5 000 m?/s at Sorel with Structures #7, 8 and 9 having a 120-m
opening (Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005).

6.00

5.50

5.00 Strjactare ¥

™ /

@ 450 ¥
= | Structure 8
=]
SPA N/
= 4.00 - E
E \ =T / Strucutre T
? Jetty|#1 \ | Lanorpie
Z 350 \ _—
‘E Vargnnes L /
Z 300 \-._.._______

2.50 Sore —]

o ——
Reference scenario level - 5 000 m?*/s ’/
2.00 H = Chart datum - Jetty #1 Port-Saimt-Frapcois |
Level of structure § with 120-m opening
=== T .evel of structures 7, 8 and 9 with 120-m opening
1.50 f f f f f f f
0 10 20 30 40 50 60 70 80 20 100 110 120 130

Distance (km)

The increase in water levels made possible by this succession of dykes is very significant,
reaching slightly more than 90 cm at Montréal with respect to the reference scenario.
Only about 20 cm more would be needed to reach the chart datum mark. However, not

every structure produces the same level-raising effect, as evidenced by Figure 34.
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Figure 34 — Difference in water height obtained with successive Structures #7, 8 and 9
having 120-m openings and with Structure #8 having a 120-m opening (the chart datum
corresponding to the difference in water height for the stations Jetty #1, Varennes and
Vercheres i1s also illustrated; water height 0 1s equivalent to the baseline without
structures). (Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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The individual gains obtained with Structures #7, 8 and 9 would be 25, 50 and 40 cm,
respectively, when the maximum point attained upstream from Vercheres is used as a
reference. It drops gradually at Jetty #1 in Montréal to reach slightly more than 90 cm
there. Of note 1s the fact that the gains obtained exceed the local chart datum at Varennes
and at Vercheres, then gradually drop thereafter. This maximum rise is also observed at
the same location with Structure #8 alone. Attainment of this culminating point in this
sector could be explained by the combined effect of the arrival of the Riviere des Prairies
in the area and the presence of the Verchéres archipelago which undoubtedly produces a

water-retaining effect.

The cumulative effect of the three consecutive dykes results in a rise of about 90 cm at
Jetty #1, illustrating their effectiveness. This increase would be sufficient to cope, at this

location, with a climate scenario such as the NWD (-0.77 m) and, at most, with the WH
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(-0.93 m). Nevertheless, there would be no benefit for the sector downstream from the
structures. The downward movement of the water downstream from Structure #7 would
not be resolved, even though it would be a few centimetres lower with respect to that

produced with Structure #8 alone.

Models were made of the two series of successive cross-stream dykes (#1a and 1b) at the

outlet of Lake Saint-Pierre in order to verify application of the preceding concept (Figure
35).

Figure 35 — Water levels obtained between Montréal and Trois-Rivieres according to the
reference scenario of 5000 m3/s at Sorel with Structures #la and 1b having 120-m
openings (Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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The combination of two nearby dykes whose openings are not aligned makes it possible
to significantly raise the water level upstream from the structures (Consultants Ropars,
2005). The gain at Structure 1b is 75 cm while it reaches approximately 35 cm at Jetty
#1. This 1s a noteworthy gain, given the distance that separates the dykes from Montréal.

The water depression still occurs downstream from the structures (about 10 cm), but the
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consequences are less significant there due to the available water depth (Consultants
Ropars, 2005). In addition, this sector appears to be strategic since it makes it possible to
raise levels in the entire affected area between Trois-Rivieres and Montréal. However, the

non-alignment of the structures' openings could require special manceuvring of vessels.

The objective of the simulation involving Structure #8, longitudinal dyke version, was to
increase the sidewall's roughness to slow down the water flow. It would then be possible
to verify whether slowing the flow between the two longitudinal dykes, as a result of the
roughness, would decrease the accelerated flow observed between the cross-stream dykes
alone (Consultants Ropars, 2005). The modelling took into account the obstacles created
by the #8 series of cross-stream dykes in conjunction with the effect of the nearly 7-km
longitudinal dykes. The results presented in Figure 36 show the structures' efficiency in
raising water levels.

Figure 36 — Water levels obtained between Montréal and Trois-Rivieres according to the

reference scenario of 5 000 m?/s at Sorel with Structure #8, longitudinal dyke version
(Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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The maximum increase is 2 m, reached between Varennes and Vercheres (Figure 37). It
then decreases to approximately 1.6 m at Montréal. Another noticeable result is a slight

increase (10 cm) in water levels downstream from the structures.

Figure 37 — Difference in water height obtained with Structure #8, longitudinal dyke
version, having a 120-m opening (the chart datum corresponding to the difference in
height of water for the stations Jetty #1, Varennes and Vercheres is also illustrated; water
height 0 is equivalent to the baseline without structures) (Source: Doyon et al., 2005.
Adaptatzifz)?: D’Arcy, 2005)
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There is not yet a clear explanation for this increase in levels downstream. The diffuser-
shaped design used at the lower end of the dykes, combined with the marked roughness
of the sidewalls, may be a factor (Consultants Ropars, 2005). The efficiency of these
longitudinal dykes at the outlet of Lake Saint-Pierre should be verified and the lengths
needed to raise the water levels by about 1 m at Montréal determined (Consultants

Ropars, 2005).
The last numerical simulation was carried out on a dam with a lock, located slightly

upstream from the Laviolette bridge in Trois-Rivieres. The surmountable portions of the

dam (Figure 20) consist of a two-section sill, with the section on the north side of the dam
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being just under 415 m and the one on the south side close to 520 m. The elevation of this
sill's crest was fixed, as an iitial approximation, at +3.6 m (average sea level). The
results are shown in Figure 38.

Figure 38 — Water levels obtained between Montréal and Trois-Rivieres according to the

reference scenario of 5 000 m?/s at Sorel with a dam with a lock (Source: Doyon et al.,
2005. Adaptation: D’ Arcy, 2005)

6.50
5.50
i
x0
5
T '}\r-'s.\
T 450
E \\\,
= \ Dam with lock
; "‘—-.‘_ﬁ__ —
& P— . -‘""*-"b
. ~~__| Lanoraie
.5 —]
= \ 7/ —
Varennes =
Struptures 1b —__
v\ and la
Ty
2.50 N
Reference scenario level - 5 000 m*/s Sorel b
e Chart datum - Jetty #1 ’/"
== Level of structures 1a and 1b with 120-m opening Port-Safint-Frapcois
=== Dam with lock ET
1.50 f f f f f f f T
0 10 20 30 40 50 60 70 80 20 100 110 120 130

Distance (km)

The gain directly upstream from the dam is approximately 3.8 m, while it reaches 2.25 m
at Jetty #1 (Figure 40). The levels were thus raised, relative to the chart datum, by
slightly more than 1 m at Montréal which would give the vessels a significant safety
margin. In fact, the surmountable side of the dam is probably too high; additional
simulations would be needed to adjust it to an optimal level (Consultants Ropars, 2005).
Figure 39 illustrates the area recovered with respect to the base scenario. The waters go
above the strand line at Lake Saint-Pierre; this would result in the flooding of a few

shoreline cottages and infrastructures.
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Figure 39 — Comparison of water levels obtained with the reference scenario, with a
5000 m3/s discharge at Sorel (on left) and with the water levels obtained with the
simulation with the dam, with the same flow (on right) (from Doyon et al., 2005).
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These initial modellings confirmed that the installation of hydraulic structures at certain
strategic locations along the river would make it possible to raise the water level at
Montréal to a level sufficient to contend with the most pessimistic climate scenarios.
However, a number of other simulations would be needed to learn more about the
impacts associated with these structures. There was insufficient time to proceed with a
simultaneous simulation of hydraulic structures downstream and upstream from Lake

Saint-Pierre as well.
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Figure 40 — Difference in water height obtained with the dam (the chart datum
corresponding to the difference in water height for the stations Jetty #1, Varennes and
Vercheres is also illustrated; water height 0 equals the baseline without any structures)
(Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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These tests could permit a combination of structures that would produce gains equivalent
to that produced by the dam, but which would result in fewer impacts on the fluvial
ecosystem. It must be remembered that a dam 1s an obstacle to migration in the river and,
if this option were retained, a structure enabling species to circulate freely would need to
be designed. The combination of cross-stream and longitudinal dykes downstream from
Lake Saint-Pierre could prove to be a promising solution: they are not difficult barriers to
cross, nor do they require any delicate mechanisms (especially in view of ice) or operator
(Consultants Ropars, 2005). Other options should also be studied with regard to

technological advances.
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Preliminary estimates of the cost of the hydraulic structures were made and are presented

in Table 4. More details on the structures' features are presented in Annex 3.

Table 4 — Estimates of hydraulic structure costs (from Consultants Ropars, 2005)

HYDRAULIC STRUCTURES COSTS
(M)
Series of Dykes #1a 50.3
Series of Dykes #1b 57.2
Series of Dykes #7 50.4
Series of Dykes #8 50.4
Series of Dykes #9 50.4
Series of Dykes #8 — longitudinal 35.9 per km
Dam with a lock 469.6

$M: Millions of dollars (Canadian)

The estimates are based on approximate evaluations of the quantity of materials
necessary, the unit costs in 2005, the possible construction methods, currently available
equipment as well as other technical considerations. The costs of environmental
compensation measures, public consultations and the diverse studies needed, given the
sensitive nature of the project, are not included (Consultants Ropars, 2005), nor are the
costs of operating and maintaining the structures. The table thus presents a summary
assessment of the structures' basic costs, which provide a general idea of the expenditures

to anticipate.

2.3.2.6 Hydraulic modelling — impacts

A) Ecosystems and water resources
The framework of this project is such that it was not possible to proceed with a detailed
analysis of the environmental impacts of each structure or even of the drop in water
levels. The main elements of these impacts will be presented, but it must be kept in mind
that if such options were contemplated, studies in good and due form would have to be

conducted.
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The environmental impacts are at least of two orders: on the one hand, those caused by a
substantial drop in water levels such as illustrated by the warm and dry (WD) scenario
and, on the other hand, those linked to the erection of hydraulic structures. In the first
case, the drop in water levels and flows would be significantly detrimental to both the
ecosystems of the St. Lawrence and water quality. A decrease in water volumes increases
the concentration of chemical elements (pollutants and nutrients) because of the water's
lower dilution capacity. The result is deterioration in the quality of the aquatic
environment. A drop in runoff modifies a watercourse's sediment transportation capacity
and leads to an increase in particle sedimentation. New areas of sediment accumulation

can form and alter the dynamic of ecosystems.

The losses in aquatic habitats in the Montréal-Trois-Rivieres sector would be major.
Lake Saint-Pierre, which is a UNESCO biosphere reserve, would undergo considerable
changes with respect to the area occupied by the wetlands and their composition.
Currently, the wetlands cover around 8 000 hectares of this area and are a major
biological resource for the flora and fauna. A number of migratory birds (800 000) stop
over when the floodplain is submerged in the spring and the largest heron colony in
North America, 5 000 individuals, is found in the area surrounding the lake. The Lake
Saint-Pierre archipelago counts around 50 islands and the lake supports commercial
fishing, with average annual catches being approximately 565 tonnes (comm. pers.,
Ministere de 1’Agriculture, des Pécheries et de 1’ Alimentation du Québec, 2006). There
are consequently many spawning areas around the lake and in the tributaries flowing into
it. Lastly, the chances of survival of the endangered species in Lake Saint-Pierre could

well be compromised.

The natural factors that govern the diversity of the fish communities are the presence of
varied and good quality habitats, water level fluctuations and the hydrodynamic
conditions (Painchaud and Villeneuve, 2003). These natural factors would all be

modified significantly by severe climate change, and the consequences on the aquatic
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environment upstream from Trois-Rivieres could in certain cases prove extremely

disruptive.

Boaters would also experience serious problems safely accessing marinas. The acceptable
difference between the minimum and maximum water levels was established for the
boaters of Lake Saint-Pierre at between 4.25 m and 5.25 m, whereas it is between 6 m
and 10 m in the Montréal-Contrecceur sector (Connelly et al., 2005). The possible losses
in navigation-days vary according to the month and the water levels recorded. Based on
the WD scenario in Sorel for reference year 2001, the drop in water levels under the chart
datum (3.77 m, IGLD85) ranges from 10 cm to 40 cm from May to October. For a 10-cm
drop, the losses in navigation-days for Lake Saint-Pierre would vary from 2 500
(October) to 10 000 (July), whereas for a 40-cm drop they would oscillate between 2 500
(October) and 11 000 (July) (Connelly et al., 2005). The net economic value lost with a
10-cm drop would be between $0.5 million and $1.8 million, and between $0.5 million
and $2.5 million for a 40-cm drop. These losses would be even greater in the Contrecceur
area. Dredging is often marina operators' recourse for coping with severe minimum flow.
However, this solution is costly and needs to be repeated, to the point where the marina
operators have questioned the economic wviability of pursuing their activities. The
operating costs due to the mitigation measures would double during low-water level years

(Connelly et al, 2005).

In the case of the hydraulic structures option to raise the water level, the environmental
impacts would be significant, though of a different amplitude, depending on the
structures. The dam with a lock would without question be the option that would put the
greatest pressure on the ecosystems since current state of knowledge indicates that, for
the most part, they have a number of negative impacts on ecosystems. These impacts are
complex, varied and differ according to the case. This complexity makes it difficult both
to arrive at certain generalizations and to predict in detail changes that would result from
the construction of a dam, according to the World Commission on Dams (2000). The

Commission divided environmental impacts into three categories:
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e first order impacts consist of physical, chemical and geomorphologic
consequences resulting from blocking a river and altering the natural
distribution and flow periodicity;

e second order impacts consist of changes in the primary productivity of the
ecosystems, including the effects on shoreline and riparian flora and fauna
as well as on the habitats downstream, such as the marshes;

e third order impacts consist of changes in animal populations, such as fish,
caused by the effect of first-order impacts (obstacle to migration) or of

second-order impacts (decrease in plankton availability).

In addition, modification of the fluvial ecosystem can lead to a change in the natural
biochemical cycle. The formation of a reservoir by the dam interrupts the free flow of
watersheds' organic carbon going downstream and results in the rotting of flooded
terrestrial vegetation, thereby increasing greenhouse gas emissions such as methane and
carbon dioxide, which contribute to climate change (World Commission on Dams, 2000).
In a number of cases, dams have been found to lead to the 1rreversible loss of species and
ecosystems. The alteration of the natural distribution of flow and its periodicity
compromise rivers' dynamic. The development of habitats and the presence of different
species in the natural rivers are dependent on their runoff cycle, the type and quantity of
sediments in motion and the composition of the river bed and shores. The constituent
element of rivers and the integrity of their ecosystems i1s indeed the dynamic of
alternating periods of strong and weak flows, not the stable dynamic of average
conditions that result from a control structure (World Commission on Dams, 2000). The
runoff cycle is thus the cornerstone of the aquatic ecosystems downstream. The duration
of the flood season and its frequency are critical elements for the survival of communities
of flora and fauna living downstream. Weak flood episodes can trigger the migration of
fish and invertebrate. Most unregulated fluvial systems are made up of a network of
complex biological communities that have adapted to the natural fluctuations of flows. In
the context of the stable runoff conditions of regulated rivers, this composition can vary

significantly (World Commission on Dams, 2000).
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The reduction in sediment and nutrient transport downstream from a dam has direct
impacts on the channel's profile, the floodplain and the morphology of deltas and results
in habitat losses for fish and other species. As mentioned earlier, a dam constitutes a
physical obstacle between upstream and downstream and, consequently, results in an
interruption in the migratory movements of species, a modification of the composition of
the fauna and, in certain cases, the extinction of species (World Commission on Dams,
2000). Environmental monitoring conducted at Lake Saint-Francois confirms these
observations. The erection of hydroelectric dams has a negative impact on the diversity of
fish communities (Painchaud and Villeneuve, 2003), which may be attributed to the
suppression of migratory paths and the stabilization of water levels. The most widespread
mitigation measure to correct this disturbance has been the incorporation of fish passes
into the structures of dams. However, the effectiveness of this measure is very relative,
and 1n many cases, the results are other than as anticipated (World Commission on Dams,
2000). One last point to consider with dams is that they can generate cumulative impacts
when a number of structures are located on the same watercourse. The greater the number

of structures, the greater are the losses in ecosystems and in resource quality.
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Though the overview of environmental impacts associated with the construction of dams
1s not very encouraging, substantial progress is being made in anticipating and
confronting the impacts. According to a verification made by the World Commission on
Dams on 87 dams around the world, around 60% of the environmental impacts were not
anticipated in the case of dams constructed prior to the 1970s. This trend has since been
reversed, as Figure 41 illustrates.

Figure 41— Anticipated and unanticipated environmental impacts for a sample of 87

projects (the figures next to the bars represent the number of subsampled projects)
(Source: World Commission on Dams, 2000. Adaptation: D’ Arcy, 2005)
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Anticipation of impacts does not reduce them. However, it provides planners with a

reference framework for finding solutions that are better for the ecosystems.
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The environmental impacts of other hydraulic structures need to be estimated more
accurately. Though these structures are not as imposing as dams, they are nonetheless an
obstacle to the flow of water. As well, when the flow is forced through a 120-m opening,
as 1s the case with cross-stream dykes, the current accelerates and can prevent certain
species from passing. A number of analyses are still needed to determine the optimal
design of structures, both where efficiency in raising the water level and the capacity to

result in as few environmental impacts as possible are concerned.

Finally, other impacts to be taken into consideration have to do with the movement of ice
on the St. Lawrence River. The erection of structures would alter the movement, which
could increase the risk of ice jams, hinder vessel movement and result in flooding.
Studies addressing the water height reached during ice jams would be needed in order to
adjust the elevation of the surmountable sills to a level that would allow ice to pass freely
(Consultants Ropars, 2005). Particular attention should also be given to how structures
could affect the stability of the ice cover on Lake Saint-Pierre, which is maintained by

booms.

B) Social impacts and balancing of uses
The most serious social impact that comes with the construction of hydraulic structures,
and particularly dams, 1s flooding and the resulting displacement of people. In the
Cornwall-Trois-Rivieres section, about 6 000 dwellings were inventoried and are located
on the St. Lawrence's 100-year floodplain (Doyon et al., 2005). The majority of them
(90%) are family residences. Using the stage-damage relations developed for the
international study of Lake Ontario and the St. Lawrence River as a basis, Doyon et al.
(2005) estimated that, with a dam upstream from Trois-Riviéres and a reference flow of
5000 m’/s at Sorel, around 11 dwellings would undergo some flooding. The residences
concerned are all located around Lake Saint-Pierre and are concentrated in four
municipalities (Doyon et al., 2005). As mentioned earlier, the current grade of the
simulated dam sills appears to be too steep. Were the elevation to be adjusted, it could
reduce, if not eliminate, the risk of flooding and, above all, any risks to persons and

goods.
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Another social impact is tied to the commercial and recreational fishing that takes place
on Lake Saint-Pierre. Nineteen commercial licenses are currently allocated, to 17 fishers.
All species combined, the average catch for the period 1994-2004 was 565 tonnes, for an
economic value of about $1.5 million (personal. comm., ministére de 1’Agriculture, des
Pécheries et de 1’ Alimentation du Québec, 2006). Recreational fishing is practiced year-
round and, for statistical requirements, activities are broken down into open-water fishing
and ice fishing. The first one accounted for 35 950 person-days in 2003, for total
expenditures of $1 313041 (BCDM Conseil inc., 2005a). The catches represent, all
species combined, slightly less than 45 tonnes (Daigle et al., 2005a). Ice fishing
represented 58 800 person-days, for expenditures of $931 920 (BCDM Conselil inc.,
2005b). Total catch exceeded 160 000 for yellow perch, northern pike and walleye
(Daigle et al., 2005b). The overall annual economic value of the commercial and
recreational fisheries is about $4 million for the region of Lake Saint-Pierre. Any change
to the composition of the fish community following the construction of hydraulic

structures downstream from the lake could weaken the entire regional economy.

Alteration of the esthetic quality of the landscape is another social impact to be
considered. Large structures such as dams do not necessarily enhance the landscape.
Where possible, preference should be given to hydraulic structures that are largely

submerged.

Consideration should also be given to harmonizing the installation and operation of
structures with the shoreline municipalities' development plans, both with respect to the

development of water bodies and to safety and sanitation conditions near shorelines.

C) Impacts on marine traffic and safety
All the scenarios studied involve navigation constraints for commercial and recreational
traffic. One-way traffic should most probably be imposed when vessels pass cross-stream
dykes having a 120-m opening. This practice would slow down traffic on the river and

could even bring it to a halt occasionally when there are too many vessels. This would

69



Exploratory study of adaptation options

undoubtedly be the case with a dam with a lock. Though such slowdowns would
probably not have any significant impact on long-duration transits (from 30 to 40 days),
they could on transits of about 10 days. Included among the anticipated impacts are the

loss of priority at the port of destination and additional waiting time.

In the Québec City—Montréal sector, the estimated average rate of traffic 1s one vessel per
hour. However, this average does not accurately reflect reality since traffic density is
above all concentrated in the period during which the St. Lawrence Seaway is open
(April to December). Nonetheless, it 1s an indication that the St. Lawrence 1s still far from
reaching a point of congestion and that a slowdown, if the traffic were to stay at its

current level, would be very unlikely.

The cross-stream and longitudinal dykes result in an increase in current velocity in the
narrow sections and could make it more difficult to manceuvre vessels and increase the
risk of accidents (Consultants Ropars, 2005). The average current speed in the fluvial
sector upstream from Trois-Rivieres 1s 0.30 m/s (0.58 knots) and reaches 0.60 m/s (1.16
knots) i the shipping channel (Centre Saint-Laurent, 1996). These values increase
markedly with the spring freshet. Channelling of the water in Structure #8- longitudinal
generates a current speed of about 2.0 m/s (3.88 knots), that is, slightly more than three
times the average speed (Figure 42). Though this value appears high, it is not exceptional

for the fluvial sector of the St. Lawrence River.
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Figure 42 — Speeds obtained with a 5000 m3/s discharge at Sorel at the outlet of
Longitudinal Structure #8 having a 120-m opening (Source: Doyon et al., 2005.
Adaptation: D’ Arcy, 2005)
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The current reaches speeds of between 2.05 m/s (4 knots) and 2.57 m/s (5 knots) in
certain sectors downstream from Trois-Rivieres (Fisheries and Oceans Canada, 1997).
The principal difference resides in the width of the navigation channel, which is currently
245 m, whereas it would be 120 m inside the structure's walls. Special conditions could
be put in place to ensure that vessels are able to manceuvre safely. For example, the
Seaway channel, whose minimum width outside the locks is 137 m, was designed to
support a maximum flow of 8 800 m/s without exceeding vessels' manoeuvring speed,
which 1s 1.22 m/s (2.37 knots) (St. Lawrence River—Lake Ontario Plan Study Team,
1999). Though it cannot be transposed to the hydrological conditions that could occur in
Structure #8, this means of controlling current velocity in the Seaway points to the need
to pay special attention to this matter, all the more so since the speed of 2 m/s in Structure

#8 was calculated for a reference flow of 5 000 m*/s and not for a flood discharge.
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D) Impacts on boating
The impacts on recreational boating would very likely be more significant than those
anticipated for commercial shipping. The positioning of the cross-stream dykes means
that not only is the water along the navigation channel blocked, but also the water in the

adjacent channels, to increase the dykes' efficiency (Figure 43).

Figure 43 — Location of Dykes #7 (from Consultants Ropars, 2005)
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Recreational boats would have to pass by the dyke's opening to cross this sector. Current
velocity increases at the opening (Figure 44), as well, though over a short distance. The
dyke also generates a gyrating motion in the water behind it, making it more difficult and

riskier for less experienced boaters to manceuvre.
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Figure 44 — Speeds obtained with a 5 000 m?/s discharge at Sorel at the outlet of Structure
#7 having al20-m opening (Source: Doyon et al., 2005. Adaptation: D’ Arcy, 2005)
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An alternate solution for secondary channels would be to use inflatable dams that could

be operated only during severe minimum flow episodes.

To summarize, the following question will need to be answered: Would a decision to not
take action with respect to the physical environment result in more or fewer

environmental impacts than would a decision to take action?

2.4 Modification of vessel shape
The option involving altering vessel design is founded on the fact that the St. Lawrence
River has been modified, over time, to accommodate vessels with increasingly imposing
maximum dimensions and that we may be at the point where, from now on, we need to
plan to adapt vessels to the river's current physical conditions. The nominal depth
maintained in the Trois-Rivieres—Montréal section is currently 11.3 m. A drop in water
levels due to climate change would mean a decrease in the height of water available for
the vessels. This decrease would be equivalent to a loss in loading capacity and revenue.

For example, a 30-cm reduction in available draft corresponds to a loss in loading
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capacity of 114 twenty foot equivalent unit (TEU) containers for a vessel with a 1 800-
container capacity (Commercial Navigation Technical Working Group, 2005). If each
container is attributed an average value of $2 000, the loss in revenue would total close to

$250 000 per vessel.

To ensure that a given transit remains profitable, any alteration made to a vessel's
structural design would have to preserve its optimal loading capacity. Other than the
draft, the two structural elements that can be modified to reach this objective are vessel

length and beam.

The most recent generation of vessels transiting the St. Lawrence River has been adapted
to 1ts nominal depth for navigation. The vessels have a maximum length of 294 m and a
maximum draft of 10.78 m. Their nominal cargo capacity is 4 400 containers (TEU).
Increases in vessel length changed the length-beam ratio, creating the potential for
damage to the hull from the pressure exercised on it when the vessel is in open seas. In
addition, one-way traffic has been imposed for safety reasons at certain locations because
of vessels' decreased manoeuvrability in river bends. These constraints suggest that
where vessel length is concerned, the limit appears to have been attained on the St.

Lawrence.

Changes to the beam remain an option worthy of exploring. In the context of climate
change, however, an increase in the beam should go hand in hand with a reduction in

vessels' draft to compensate for the loss of water height.

Any widening of the structure of the vessels in a fleet must be made in compliance with
the recommendations that provide a framework for shipping channel design. The
Permanent International Association of Navigation Congresses published the first
recommendations on channel dimensions in the 1960s. These recommendations had more
to do with the development of deep-water ports and evolved with advances in technical

and technological knowledge (PIANC and IAPH Working Group, 1997).
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Application of these guidelines led to a number of parameters being established for safe
channel design, notably parameters related to ship design, the waterway's physical
characteristics, pilotage, traffic planning, safety, the environment, etc. The shipping

channel of the St. Lawrence River was designed on the basis of these recommendations.

As regards the total width of a channel, the following equation serves as a reference:

Total width = design width + allowances

Design width refers to the summation of width requirements to take into account the
following elements:
e vessel manoeuvring;
e hydrodynamic interactions between meeting and passing vessels in two-way
traffic;
e counteracting cross-winds and cross-currents;
e counteracting bank suction effect; and

¢ aids to navigation (including pilot services).

Allowances refer to the additional width increases to compensate for bank slumping and
erosion, sediment transport and deposit, as well as the type of bank material

(http://www.ccg-gcc.ge.ca/mns-snm/main_e.htm). Figure 45 illustrates the design

parameters of a two-way channel.
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Figure 45 — Interior channel width elements (from: http:/www.ccg-gcc.gc.ca/mns-

snm/main e.htm)
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These criteria ensure safe navigation while maintaining sufficient safety margins to cope
with unforeseen situations. The current width of the shipping channel between Québec
City and Montréal is 245 m. This width permits the two-way movement of Panamax
vessels (32.2-m. beam). Figure 46 illustrates the calculation of distance elements to

consider during the design of a two-way channel.

Authorizing the passage of wider vessels would require a review of the channel's design
standards and possibly traffic management standards as well (increase in the number of
one-way traffic sectors). This could slow traffic and mean delivery delays for short-

distance carriers.
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Figure 46 — Design of the St. Lawrence River navigation channel (1.3B means 1.3 x 32.2
m, B represents the beam of the reference vessel (B = 32.2 m) used on the St. Lawrence)
(from the Canadian Coast Guard, Waterways Management, 2004)
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However, technological and electronic advances could prove to be a considerable plus for
traffic management. Already, navigation data are obtained and transmitted in real time,
and improvements in this field are ongoing. This information may one day help reduce
risks to navigation and lead to a review of channel design standards. A number of studies
will definitely be needed before reaching that point, but it is important that this

opportunity not be excluded, in terms of adaptation strategies.

For carriers, having a new fleet of vessels built with increasingly large dimensions and
shallower drafts can prove to be a costly undertaking. For example, the current cost of
building a containership with an operating capacity of about 4 000 TEUs 1s between
US$55 and US$60 million. And the strong demand in this sector is constantly pushing
the cost upward. If the new fleet could not be used on other waterways, because of the
vessels' dimensions, these costs would be a considerable investment for shipowners. In a
context of growing economic trade where marine transportation will be increasingly
drawn on to transport merchandise overseas, the flexibility of a fleet, that is, its ability to
navigate on as many navigable waterways as possible, will probably become a major

decisional criteria for shipowners. When considering such an option, the presence of
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structures such as locks on a number of navigable waterways around the world may be a

limiting factor.

2.5 Re-engineering of port activities
The option of re-engineering port activities also falls in line with adapting navigation to
the St. Lawrence's hydrological conditions. Given that a number of deep-draft vessels sail
up to the Port of Montréal and that the section that is most at risk for drops in water levels
i1s between Trois-Rivieres and Montréal, there is reason to consider the possibility of
these vessels stopping in ports that are not subject to these fluctuations. However,
consideration of such a scenario must take into account the different economic,
environmental and social aspects that are involved and the consequences associated with

them.

Marine activity is closely tied to Montréal's economic development and to the status of
metropolis that the city had until recently. It was during the 19th century that Montréal
succeeded, at the administrative level, in breaking the monopoly that Québec City held
and that ensured it the control of pilotage, the shipping channel and port facilities from
Lake Saint-Louis to the Gulf of St. Lawrence (Lasserre, 1980). By successfully
exercising its authority from Portneuf up to the provincial limits upstream and by taking
advantage of the advent of more powerful steamboats, Montréal was better positioned to
defend its interests. Promotion campaigns were run to permit work to deepen the channel
so that the largest vessels could sail up to Montréal. This work, which began in 1850,
marked the gradual transfer of maritime activities from Québec City to Montréal. To wit:
in 1851, 1 194 vessels stopped at Québec City whereas only 275 docked at Montréal.
Nearly 90 years later, Québec City was the destination of only 394 vessels whereas

Montréal topped the thousand-vessel mark (Lasserre, 1980).

Activities at the Port of Montréal did not cease to progress to the point that it became a
hub for the transportation of cargo, and particularly for international trade. Montréal's
geographic situation, the development of the container market and that of intermodal

services made it possible for the port to position itself as a strategic point for marine
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carriers and contributed to Montréal's expanding economic activity. It is with this

backdrop that the re-engineering of port activities must be studied.

The port re-engineering scenarios retained centre around a partial transfer of cargo from
the Port of Montréal to the ports of Québec City, Trois-Rivieres, Bécancour or a
combination thereof. Certain features of the ports need to be addressed in detail at the

outset so as to better gauge the implications of the scenarios.

A) Features of the ports of Montréal, Québec City and Trois-Riviéres
Montréal's geographic position provides overseas carriers with waterway access to the
interior of the North American continent without vessels having to make stops between
the port of origin and the port of destination. This is a very important economic and
competitive advantage. Its strategic position, combined with its container specialization,
has made the Port of Montréal a hub for commercial trade between North American and
European countries. Though shipping lines connect Montréal with more than 100
countries worldwide, the majority of trade (95% in 2002) was between the countries of
northern Europe, the Mediterranean and central Canada, and the American Midwest and
Northeast (Montreal Port Authority, Annual Report, 2002). The introduction of an
integrated intermodal transportation service contributed significantly to the success and

economic growth of the Port of Montréal.

The Port Authority operates its own railway network, which includes 100 km of railroad
and serves most of the berths. This dock service eliminates intermediate transshipments
that add to delivery costs. The railroad network is tied to the networks of Canadian
National and Canadian Pacific. Nearly 45 trains, with an average length of approximately
1.7 km, leave each week for the major urban centres of Ontario and the Midwest.
Departing from Montréal, a container shipped via rail to Toronto takes 10 hours, 25 hours
to Detroit, and slightly more than 30 hours to Chicago. Effectively, the Montréal-Chicago
transit by train is 122 km shorter than that of New York/New Jersey-Chicago. Nearly
60% of the container traffic handled at the Port of Montréal is shipped by rail

(http://www .port-montreal.com).
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The remaining portion of cargo is transported by truck and, once again, Montréal benefits
from a favourable situation because it is located near the major Canadian and North
American axial highways. Some 25 road transportation companies look after the delivery

of containers in Québec, Ontario and in the US northeast.

It should be emphasized that the number of empty containers that pass through the Port of
Montréal is very low (8.5% in 2003), when compared to that of New York (30%) or
Halifax (15%). The highways to Montréal are thus an economic advantage for carriers,

when compared with other ports (Rioux et al., 2005).

The infrastructures available for the largest international shipping lines consist notably in
four container terminals covering close to 80 hectares, two multifunctional terminals,
heavy-duty cranes and special ramps for road traffic. The port has been handling more
than 1 million containers per year since 2000, with the exception of 2001, when the total
was slightly less. In 2004, it reached 1.2 million containers, which represents close to

11 million tonnes of cargo.
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Table 5 — Number of jobs, gross revenue and asset values at the ports of Montréal,
Queébec City and Trois-Rivieres (adapted from Rioux et al., 2005)

Montréal Québec City Trois-Riviéres

Jobs ?

- Port authority 325 60 6

- Dock workers and 1 000 100 50
checkers

Total 1325 160 56
Gross revenue ° 652 13,2 3,5

($M)

Asset value 297 125 40

(M)

? Dock workers and checkers are not employed by the Port Authority but by the Maritime
Employers Association.

® Data for 2003. Financial revenue is not included.

With regards to the cargo handled, the ports of Montréal and Québec City have fairly
similar profiles, and the quantities handled generally remained between 15 and 25 million
tonnes per year (Figure 47, Table 6). At the Port of Québec, petroleum products handled
at the Ultramar refinery in Saint-Romuald account for nearly two-thirds of the tonnage.
During 2001 to 2003, monthly traffic at the Port of Trois-Riviéres varied from 5 to
40 vessels, approximately; at the Port of Québec, 40 to 110; and at the Port of Montréal,
50 to 220.
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Figure 47 — Tonnage handled at the ports of Montréal, Québec City and Trois-Riviéres -
1993-2004 (Data: Rioux et al, 2005. Adaptation: D’ Arcy, 2005)
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With respect to infrastructures, it was mentioned earlier that the Port of Montréal had
four container terminals covering nearly 80 hectares. The Bickerdyke terminal has a
minimal depth of 8.8 m; the three other terminals have a minimal depth of 10.7 m. Other
facilities are dedicated to non-containerized merchandise (grains, liquid and solid bulk

goods and petroleum products).

In Québec City, port activities are carried out in four distinct sectors: three on the north
shore (Beauport, the estuary and Anse-au-Foulon), and one on the south shore
(Ultramar's private docks) where nearly all petroleum products are handled (Rioux et al,
2005). Three terminals are specialized in liquid cargo and one, which has a 45 000-tonne
hangar, 1s reserved for different mineral ores and concentrates. Bunge Canada's grain

terminal, one of the port's biggest assets, 1s not operated at its maximum since grain
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products are transferred from the Prairies to the ports of Western Canada. A number of
wharfs in the estuary sector, and one at Pointe-a-Carcy, have depths of less than 10 m at

low tide; the other docks offer depths that range from 10 to 16.7 m.

Table 6 — Summary of some development features of the ports of Montréal, Trois-
Rivieres and Québec City based on the year 2003 (Rioux et al, 2005)

Montreal Trois-Rivieres Quebec City
Merchandise 20 780 294 1 864 000 20 200 000
(tonnes)
Trucking companies 25 12 20
Investments 384 35 150
last 25 years
($M)
Cruise ships 33427 300 59 000
(passengers)
Dock workers- 850 50 100
checkers 150 N/A N/A
Containers (TEU) 1 108 837 N/A 200
Ship's agencies 46 6 9

The Port of Québec, located 1 400 km within continental North America, is considered a
deep-water port and can accommodate vessels with up to a 150 000-tonne capacity. The
railroad network serving the port is relatively accessible and developed. Three companies
do business with the port authorities: Canadian National, the Chemin de fer Charlevoix
and the Chemins de fer Québec-Gatineau. The latter works in close collaboration with the
Chemin de fer Saint-Laurent et Hudson to reach the North American markets. Unlike
Montréal, where rail plays a major role in the transportation of merchandise, in Québec

City, 84% of the merchandise handled is transported by truck (Rioux et al, 2005).

At the Port of Trois-Rivieres, the primary activities are concentrated on handling general
cargo, particularly forest products and liquid and dry bulk cargo. The water depths at the
docks are similar to those at the Port of Montréal (Rioux et al, 2005).
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Port activities are mainly oriented toward serving the immediate region, which has a
single railroad: the Chemins de fer Québec-Gatineau. This seems to meet current needs,
but an increase in volumes transhipped could quickly lead to a congestion problem.
About half of the cargo at this location is transported by truck (Rioux et al, 2005). Certain
other details concerning the Port of Trois-Rivieres are presented in Tables 5 and 6 as well

as in Figure 47.

B) Competition between ports
Given its specialization in containers, the Port of Montréal is not in competition in that
regard with the other ports of the St. Lawrence. Indeed, Montréal is the only port to have
the specialized facilities needed to handle containers. It is also the only one to be served
by the regular marine shipping lines transporting containers between northern Europe and
certain regions of North America (Rioux et al, 2005). When compared with other ports,

the Port of Montréal's major asset is its integrated intermodal transportation network.

Montréal also plays an important role for serving the interior. Around 40% of the non-
containerized cargo handled in Montréal comes from other ports in Québec or is destined
to them. Generally, the Port of Montréal sees close to one third of the marine traffic on
the St. Lawrence (Rioux et al, 2005). In this regard, it seems more appropriate to speak in
terms of complementarity between the different ports of Québec than of a veritable

competition.

Despite its geographical location, approximately 1 600 km from the Atlantic, Montréal is
considered an Atlantic coast port and, in this context, its competitors are the ports of
Charleston, Norfolk, New York-New Jersey, Baltimore, Philadelphia and Halifax
(USACE, 2001). Montréal's main advantage over its competitors resides in the total
transit time of a vessel. The USACE's report estimates that it is least one day less than
that of other ports of the Atlantic coast. With respect to the number of containers handled,
Montréal was third ranking among the ports of the Atlantic coast in 2004 (Table 7).
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Table 7 — Containers handled in 2004 at the major ports along the Atlantic coast

Port Containers (TEU)
New York — New Jersey ? 3163 197
Charleston * 1421251
Montréal ° 1 226 296
Norfolk * 1206 034
Halifax 525 553
Baltimore * 354180
Philadelphia?® 132 223

* http://www.marad.dot.gov/MARAD _statistics/
® http://www port-montreal.com

¢ http://www .portofhalifax.ca/

The Port of Montréal has developed the European market in particular (95.5% of the
port's volume in 2001) and, in this regard, its closest competitor is the Port of New York-

New Jersey (Table 8).

Table 8 — Containerized cargo handled at North American ports in 2001 by region of
origin and by destination, in millions of tonnes (from O’Keefe, 2003)

Port Europe Middle Asia and Central Total
East and Oceania  and South
Africa America

Long Beach, CA 0.81 0.09 22.19 0.67 23.76
Los Angeles, CA 1.16 0.29 19.92 0.69 22.06
New York-New Jersey 7.91 1.55 7.01 2.90 19.38
Vancouver, BC 0.13 0.08 9.57 0.30 10.08
Charleston, SC 4.69 0.86 2.68 1.66 0.89
Montréal, QC 8.02 0.29 0.05 0.04 8.40
Oakland, CA 1.12 0.10 6.91 0.16 8.29
Houston, TX 4.10 1.00 0.51 2.17 7.78
Norfolk, VA 342 0.62 2.55 0.90 7.49
Savannah, GA 1.49 0.55 4.39 0.53 6.96
Seattle, WA 0.17 0.04 6.23 0.10 6.53
Miami, FL 1.20 0.13 0.74 3.83 591
Tacoma, WA 0.01 0.10 4.68 0.00 4.79
Halifax, NS 2.18 0.38 0.95 0.40 391
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Intermodal links with rail and road transportation are key elements in a port's competitive
edge. These interconnections are increasingly at the core of the logistics of companies
that entrust their supply chain (supply, product transportation and storage) to third parties.
Such an approach ("door-to-door service") positions the ports as a link in this chain and
transforms the regular lines into intermodal logistics enterprises. The enterprises can

thereby ensure that the gains made at sea will not be lost on land (Rioux et al, 2005).

The Port of Montréal developed an intermodal transport system that places it among the
most efficient ports in America for vessel-rail-truck links. The idea of re-engineering port
activities as an adaptation option to climate change must be viewed in light of this
efficiency. Is 1t possible to transfer a portion of the Port of Montréal to another port of the
St. Lawrence while preserving this efficiency and particularly the economic activity that

1s intimately associated with 1t? At what cost?

C) Port re-engineering scenario options
A number of different aspects are involved in relocating port traffic—aspects that exceed
purely technical considerations. They involve, notably:

e The relocation of clients. Merchandise delivered to Québec City for a client
in Montréal will lead to supplementary costs and transportation. If carriers'
profit margins were to be substantially reduced, it could be sufficient reason
for them to ship their merchandises to destination other than via the St.
Lawrence River.

¢ Business conditions. Like other modes of transportation, shipping is closely
tied to the health of national economies. An economic recession, particularly
in Europe, would probably result in a drop in maritime traffic in the St.
Lawrence without transportation costs playing a role in it.

e Workforce expertise. A complex port, like that of Montréal, develops a
management expertise over time that is difficult to acquire in the short term.

e The role of a port as a link in a supply chain. The quality of linkages with
the other modes of transportation is a major factor for providing just-in-time

service and reducing delivery costs (Rioux et al, 2005).
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The options retained are assessed with respect to direct economic costs (in the main tied
to the infrastructures) and to certain environmental and social impacts involved with a
partial transfer of containers (400 000 TEU) and bulk cargo from Montréal to Québec
City, Trois-Rivieres or Bécancour. A combination of choices will also be explored. The
set of variables associated with the relocation of port activities could not be taken into
account within the framework of this project; it is therefore important to underscore that a
partial transfer of activities could result in the loss of the economies of scale obtained
with a particular volume of cargo, notably in the case of rail connections. In addition, a
600-m berth could not accommodate more than one vessel at a time (two, if the vessels
were not too long), and this would slow down transshipping activities considerably.
Lastly, it was assumed, for example, that labour would be available at the receiving port
or that the terminal operators would have the financial capacity to move the equipment
necessary or to acquire new equipment (Rioux et al, 2005). These points, and others, such
as the road and rail infrastructures' capacity to handle the transportation of a substantial
additional volume of cargo, warrant a more in-depth study. Attention was thus focussed
on direct costs. Table 9 presents the scenarios analyzed. It should be noted that the
scenarios are limited to the ports located in the river section having sufficient water depth
and land to accommodate the infrastructures needed for the relocation. The ports located
in the estuary or Lower North Shore, like Sept-Iles, were not retained because more
elaborate studies need to be conducted before being able to estimate the relative
advantages for carriers to transship at those locations rather than at Halifax or at the ports

on the US east coast.
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Table 9 — Description of the port re-engineering scenarios (from Rioux et al, 2005)

SCENARIO DESCRIPTION IMPLICATIONS
Option 1 - Transshipment of - Construction of a 600-m
Trois-Rivieres containers on trains and straight dock 1in steel

trucks toward their final sheet-pile
destination. - Construction of a bulk
- Same thing for non- warehouse (55 000 t)
containerized - Development of a 20-ha
merchandise and bulk. lot for handling 400 000
TEU
Option 2 Same as Scenario 1 Same as Scenario 1
Queébec City
Option 3 - Containers at Québec
Combination* City
Trois-Rivieres and Québec - Bulk at Trois-Rivieres
City
Option 4 - Bulk at Trois-Rivieres This scenario concentrates
Combination - Containers at Bécancour  all the traffic in the region
Trois-Rivieres and of Trois-Rivieres and
Bécancour eliminates the problem of
land acquisition in Trois-
Rivieres.
Option 5 - Transportation of This scenario involves a
Transportation of containers by barge from  transshipment the first port
containers to Montréal by Queébec City, Trois- of destination and another
cabotage Riviéres or Bécancour at Montréal before the
merchandise 1s conveyed
by truck or train.

* With this option, each port is allocated the traffic that imposes the least constraints on it.

The investments needed for the receiving ports depend on the quantity of merchandise
that would have to be transferred. The handling capacity is generally sufficient and does
not require investments in the case of a partial transfer involving liquid and solid bulk
cargo and grains. The problem emerges with containers, for which substantial
investments would be necessary. In the case of a transfer of 35% of the container traffic
(approx. 400 000 TEU), Québec City port authorities pointed out that they could develop
the service, but that it should be done in cooperation with Montréal. At Trois-Rivieres,
this scenario would involve the expropriation of a portion of the downtown area, which
would most likely not be realisable. This is why one would have to, in this case, turn to

the Port of Bécancour (Rioux et al, 2005).
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Different data sources were used to calculate the investment costs, notably from the Port
of Vancouver (expansion project to increase its capacity by 400 000 TEU), the Port of
Montréal, the Ithaque terminal project at the Port of Sept-Iles and from discussions with
experts at Public Works and Government Services Canada. By way of indication and to
provide a better idea of what must be considered in constructing a container terminal,
some information from the Port of Vancouver 1s presented below:

- Filling a 20-hectare site for operations and container storage;

- Construction of a 420-m long dock to create a new (container) berth;

- Construction of an exit station for trucks;

- Construction of a berth for tugs including a floating dock and a channel

dredged to 6.5 m;

- Lengthening of the channel by 350 m and dredging to a depth of 16 m;

- Construction of 23 000 additional feet of railway lines;

- Installation of a lighting system;

- Purchase of three cranes for unloading the vessels;

- Dredging of 3.6 million cubic metres of sediment;

- Etc.

The total cost of this work is estimated, in the initial analysis, at between $200 and $250
million (Rioux et al, 2005). As previously mentioned, only the direct costs of the
scenarios, that is, the cost of the dock and of developing a 20-hectare site for container
storage, were estimated. Equipment (crane) costs, and the cost of constructing a building
or other types of facilities were not taken into consideration. Nor were dredging costs

included, because of the multiple uncertainties surrounding the matter.

The favoured construction technique would be a dock made of steel sheet-pile with
cathodic rust-protection. A well-known technique that makes it possible to have solid
mooring bollards, its life cycle varies between 25 and 50 years. It is also less costly than
docks on pilings or caissons. The basic estimates were made for a 600-m long dock able
to accommodate two 4 000-TEU containerships, with a water level of 12 or 16 m and an

elevation of +8 m. The 16-m option costs $48 million, to which must be added $24
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million for the additional 8 m, for a total of $72 million. The development costs for
storing the 400 000 containers on a 20-hectare lot are estimated, according to the
information from the Port of Vancouver, at $90 million, or around $450/m®. This
involves land-filling, concrete slabs, and sewage, water and electrical networks (Rioux et
al, 2005). By including the related development costs (fencing, lighting, etc.) of around
$20 million and those (approx. 10%) for unforeseen situations, the base amount
fluctuates around $200 million. This figure should nonetheless be adjusted according to

the economic conditions of each port (Table 10).

Table 10 — Summary of the direct costs per element for each port (from Rioux et al,
2005)

Element Québec City Trois-Riviéres Bécancour
Land acquisition 25 80 8
($/m?)

Construction of a 131 667° 131 667 131 667

straight dock, 600 m
long, 16 m deep
and 8 m high ($/m)*

Land development 495° 495 495
($/m?)

Warehouse ($/m?) 440 440 440

Road construction 1 500 000 1 500 000 1 500 000
cost ($/km)°

Highway 7 000 000 7 000 000 7 000 000
construction cost
($/km)®

Rail line 492 000 492 000 492 000
construction cost
($/km)*

* Does not include the environmental compensation costs.
® Includes unforeseen situations.

¢ Ministére des Transports du Québec. These costs are based on an average.

By applying these estimates to the different options analyzed, we obtain the approximate

costs for a partial transfer of traffic (Table 11).

90



Climate Change and Marine Transportation on the St. Lawrence River

Table 11 — Summary of the direct costs estimated ($M) for the partial transfer of Montréal's traffic to another port in the fluvial sector
of the St. Lawrence River — scenarios involving 400 000 TEU (from Rioux et al, 2005)

Costs SCENARIOS
Combination of Two Ports
Québec City Trois-Riviéres Québec City Trois-Riviéres Combination
Containers Bulk Trois-Riviéres
(bulk) and
Bécancour
(containers)
Construction of a 600-m 79 52.8 79 --- 52.8
straight dock (with no
dredging)®
Land cost (where applicable) 5 16° --- --- 1.6
Development work for 99 99 99 --- 99
containers
Other development work 20 20 20 --- 20
(fence, electricity, etc.)”
Rail lines in the port area 50 50 50 --- 50
Warehouse 7 7 --- 7 7
TOTAL 260 244.8 248 7 230.4

255

* The difference in cost between Québec City and Trois-Riviéres can be explained by the greater depth of water at Québec City (Beauport sector).
® Does not include expropriation costs.

¢ Data from the Ithaque terminal project.
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The direct costs give only a general idea of the global costs that can be associated with
this type of operation. The indirect costs are added to the expenditures and can be
equivalent to the direct costs. For example, if one were to retain the same ratio for
Montréal for conveying merchandise to its final destination, specifically, 60% by rail and
40% by truck, improvements (e.g. adding a rail line) would most likely have to be made
to the railway network between Québec City and Montréal. It would cost around $125
million to add one rail line between Québec City and Montréal, and this estimate does not
include the costs of the environmental studies or the other costs involved with a project of
this scope. As regards road transportation, the same ratio would result in 160 000
containers being shipped by this mode, the equivalent of approximately 450 containers
per day. These figures include only imports, not exports. At present, about 1500 trucks
pass through the Port of Montréal daily (entries and exits). If one third of the operations
were moved to Québec City, close to 500 more trucks per day would be using the Old
Capital's road network. This would exert considerable pressure on the urban road network
and development work would be needed to ensure quick access to the highways. On
average, it costs $1.5 million per kilometre to build a simple road and $7 million per
kilometre to build a highway. The initial estimate (direct costs) could easily climb by a
few million dollars, just to bring the road network up to standard. In addition,
development of the network would have to be done in such a way as to avoid social
consequences such as urban congestion and traffic jams. This would surely not be easily
done in a locality like Québec City where a good part of the port infrastructures is located
in the Old City and would most likely involve supplementary costs. If the number of
containers transshipped were to increase, the social impact of the pressure on the road
network would not only rise, but be quickly felt. The financing of roads and highways is
already problematic and keeping them adequately maintained is a challenge. It would
surely not be easy for public authorities to contemplate a decision to increase the element

that contributes largely to the deterioration of the network.
D) Cabotage

Another means of transporting merchandise up to Montréal would be to use shallow-draft

vessels that would not be affected by a drop in water levels. This option has a number of
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environmental advantages associated with it, notably the fact that it leads to less air, noise
and dust pollution than the other modes of transportation. What is more, cabotage
provides a means by which to avoid the additional pressures put on road and rail
networks as well as cohabitation problems among neighbouring parties. Lastly, by
building a fleet adapted to the Seaway, cargo destined to the Great Lakes ports could, in
season, be conveyed to the centres, thereby avoiding a transshipment at Montréal.
However, the timeframes for a direct route could be longer than with a transshipment in
Montréal. As well, this option has certain disadvantages: it involves handing containers a
number of times (transshipments), increasing costs for the carrier. Currently,
transshipment costs are, on average, close to $190 per container. In total, three
transshipments would be necessary to ship a container to Montréal, namely, one off-
loading and one loading at Québec City, and another off-loading at Montréal. This
handling alone would add $380 per container, without counting the wharfage fees
(currently about $8 000 for two days), equipment acquisition (cranes), storage and the
other costs inherent to this operation. In addition to financial costs, the handling would
also mean having to factor in an additional delay of a couple of days. Barges or vessels
adapted to container transportation would also have to be acquired. In the case of barges,
there is no guarantee that they could be used in ice. That said, even if this option involves
a number of economic constraints, it must not be excluded, because it offers the
advantage of maintaining transportation by waterway even in the most pessimistic
climate change scenarios. Were this option to be examined in greater depth, a review of

how the additional costs could be distributed would be appropriate.

E) The scenarios' advantages and disadvantages
In the context of this inventory of options that would enable marine transportation to
confront long-duration low water levels in the St. Lawrence River, while essentially
maintaining the same level of global development, the re-engineering of port activities
proves to be an option that could bring with it real and significant solutions, but also
disadvantages that are difficult to neutralize, at least in the short term. The advantages
and disadvantages of re-engineering depend on diverse aspects of marine transportation

and differ according to the given scenario.
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Movement of goods lies within a global dynamic called a supply chain (Rioux et al,
2005) which has fluidity as its main characteristic. In relation thereto, the Port of

Montréal possesses a great advantage because of its intermodal connections and by being

served by two major railway companies, which is not the case for Québec City or Trois-

Rivieres (Rioux et al, 2005).

Table 12 presents a qualitative comparison of the options analyzed on the basis of

economic, social and environmental variables, whereas Table 13 presents a summary of

some of the direct impacts of the development. Before interpreting the data, a few

clarifications need to be made (Rioux et al, 2005):

In Trois-Rivieres, the development of container handling faces major
constraints where available land for storage and the building of a yard are
concerned. Expansion could be made only by expropriating a considerable
portion of the downtown area, which appears little realistic.

There are few arguments to convince, in the short term, a carrier to move to
another port. On the one hand, the time scale over which climate change is
expected to occur is outside the framework of usual planning. The
entrepreneur will legitimately hesitate to invest considerable sums to move
his or her infrastructures since there remains considerable uncertainty with
respect to the amplitude, frequency and duration of the impacts of climate
change.

A carrier's presence in a transportation corridor is a business decision. Not
being able to determine in advance the growth of the North American-
Northern Europe trade route, carriers will exercise caution before planning
such a move. In addition, transportation costs and quality of services are
decisive variables in a carrier's choice of location and, as such, will
encourage the carrier to either remain on the St. Lawrence or find a new
location.

Lastly, the partial transfer of Montréal marine traffic to another port

involves, to a degree that varies significantly according to the scenario,
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environmental and social costs that would need to be carefully considered.
Even if the aquatic environmental impacts would be limited, those
sustained by the land and atmosphere could increase because of a more
intensive use of road and rail transportation. This modal transfer would
result, among other things, in increased greenhouse gas emissions, a
consequence that does not fall within the perspectives of sustainable

development.
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Table 12 — Comparison of scenarios on the basis of the economic, social and environmental aspects (adapted from Rioux et al., 2005)

Trois-Riviéres

Québec City

Trois-Riviéres and
Québec City

Trois-Riviéres and
Bécancour

Cabotage

Road
connections

Rail connections

Environmental
impact

The cost of network
maintenance will
increase because of
more intense use.

Load restrictions are
imposed during
periods of thaw.

A single major
company serves the
region. The extension
of the network
represents a
significant cost. No
space for a yard.

Habitat conservation
and protection.
Application of
environmental
compensation
measures (no net loss
of habitat).

Pollution: Increase in
atmospheric pollution.

Increase in traffic on
the Champlain and de
la Capitale
boulevards, giving
rise to congestion
problems.

Is added to the two
elements of the Trois-
Rivieres scenario.

Same impact as the
preceding scenario.

Same impact as the
preceding scenario.

Same 1mpact as the
first two scenarios,
but less extensive.

Same 1mpact as the
first scenario, but less
extensive.

Same 1mpact as the
first scenario.

Same 1mpact as the
first two scenarios,
but less extensive.

Same 1mpact as the
first scenario, but less
extensive.

Same impact as the
first scenario.

Avoids any impact on
the network.

Avoids any impact on
the network.

Increase in the
number of vessels.
Limited risk as a
result of marine
traffic control
measures on the river.
Pollution.

Less air, noise and
dust pollution
compared to the other
scenarios.
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Trois-Riviéres

Québec City

Trois-Riviéres and

Québec City

Trois-Riviéres and
Bécancour

Cabotage

Urban
cohabitation

Legal status

Expertise

Social
acceptance

Increase in noise, dust
and urban congestion.

Port authority, within
the meaning of the
Canada Shipping Act.

None in the field of
containers.

Opposition to be
expected: increase in
road traffic and
expropriation of a
significant portion of
the downtown area.

Increase in noise, dust
and urban congestion.

Port authority, within
the meaning of the
Canada Shipping Act.

None in the field of
containers.

Opposition to be
expected: city's
tourism status and
recognition as a
UNESCO world
heritage site.

Increase in noise, dust
and urban congestion,

but, in all, less than
with the two

preceding scenarios.

Port authority, within

the meaning of the

Canada Shipping Act.

None in the field of
containers.

Same 1mpact as for
scenarios 1 and 2.

Increase in noise, dust
and urban congestion
but, in all, less than in
the first two
scenarios.

The port of
Bécancour is
managed by the
Société du parc
industriel et portuaire
de Bécancour, which
1s under provincial
jurisdiction. More
complex
arrangements than for
the other options
would have to be
agreed upon.

None in the field of
containers. Moreover,
Bécancour has
expertise serving a
local and regional
clientele.

Same 1mpact as
scenario 1 for Trois-
Rivieres.

Appreciably fewer
problems with
neighbouring parties,
compared with the
other scenarios.

Does not apply.

To be acquired,
regardless of the
scenario.

Should not meet with
any opposition.
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When a qualitative comparison of certain impacts is made, using the status quo as a
reference point, the transfer of traffic, while offering interesting possibilities at least in
the long term, would, in the short term, involve difficult and costly constraints to

overcome.

Table 13 — Qualitative evaluation of the impact of certain variables of port re-engineering
(adapted from Rioux et al, 2005)

Variable Trois- Québec Trois- Trois- Cabotage
Riviéres City Riviéres Riviéres
and Québec and
City Bécancour
Atmospheric  higher higher higher higher higher if a
pollution Trains and  Tramsand  Trainsand  Trainsand  portion of
trucks from  trucks from  trucks from trucks from transport is
three to three to three to three to done by
seven times  seven times seven times seven times road or rail
Loss of higher higher higher higher higher
habitat
Urban higher higher higher higher similar
cohabitation
(noise, dust,
etc.)
Delivery time  higher higher higher higher higher
Transportation higher higher higher higher higher
costs

In addition to these considerations, it should be added that the private sector would have
to assume a portion of the costs of this re-organization. Terminal operators are also the
owners of the fixed and mobile equipment and would either have to move it to the new
port or purchase new equipment. Moreover, this partial transfer does not exclude the
possibility that a company could be forced to operate in another port while maintaining
its operations in Montréal. This duplication of activities, personnel and equipment would
have a direct impact on companies' profitability, explaining the unlikelihood of them
opting for such a strategy. It must also be remembered that a certain volume of containers
was being handled in Québec City in the 1970s and, at that time, companies decided to
transfer all of their activities to Montréal for economic and delivery time reasons. The

situation would have to be very constraining for carriers to choose the opposite. Lastly,

98



Climate Change and Marine Transportation on the St. Lawrence River

marine transportation is currently the transportation mode that has the least social and
environmental consequences and that emits the fewest greenhouse gases into the
atmosphere per tonne of cargo transported (SLV 2000 — SODES, 2000). In this context,
the advantages of stopping the vessels downstream from Montréal would very much have

to exceed the inconveniences involved.

3 Discussion

The initial hypothesis assumed that climate change will occur over the coming decades
and that it would lead to a drop in water levels in the Great Lakes—St. Lawrence River
System. In light of the current knowledge and tools that have been developed, an estimate
of the magnitude of water level fluctuations and their spatial distribution was first made
for the fluvial sector of the river. Different adaptation options were then briefly examined
on the basis of their potential capacity to maintain the river's current nominal depth for
shipping requirements, on the anticipated direct costs of implementing the options as well
as on certain associated environmental impacts. Though it is premature to compare the
different options because certain data is not available or lacks homogeneity, Table 14

presents a summary of the most significant elements among those noted.
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Table 14 — Summary of findings

Options Estimated gains Costs Environmental
in water height impacts
(cm) (qualitative)
Technical and <15 Does not apply Low
technological
(COWLIS and
squat)
Waterway
development
Dredging > 50 $70 M and + Significant
Hydraulic
structures Between $50 and $500
M
Modification of On the basis of One container ship Low
vessel design the drop 4000 TEU =
between US$55 and
$60 M
Port re-engineering  Does not apply Between $250 M and  Low in aquatic
$1G environments and

high in terrestrial
environments, the
atmosphere and in
terms of social
consequences if the
cargo is shipped by
land

These findings show marked differences both in costs and environmental impacts. While
the technical or technological option (COWLIS and squat) does not have environmental
impacts, it does not appear to lead to an increase in water height of more than 15

centimetres, barring substantial progress in terms of long-term weather forecasts.

The waterway development option (dredging and hydraulic structures) produces more
significant results for raising the watercourse, but also involves substantial environmental
impacts. Dredging, if conducted in a single operation, is relatively low-cost when

compared with the other options. However, this solution does not appear sustainable if
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major and recurring drops in water levels (> 50 cm) were to occur, because the area
would have to be continually dredged. Dredging could, on the other hand, be considered a
transitional solution until we better understand the direction that climate change will

actually take.

The findings obtained with the hydraulic structures differ. In the case of cross-stream
dykes, a succession of dykes needs to be erected to obtain a significant increase in water
level. The simulations conducted showed that the dykes' efficiency in raising the level
depends on the distance between them (dykes #7, 8 and 9) and Montréal. In addition, this
option alone would not resolve the problem in the sector of Lake Saint-Pierre. It would
have to be combined with other structures built downriver from the lake, which would
lead to a multiplication of structures on the river and thereby result in more cumulative
environmental impacts and obstacles to navigation. Lastly, the design of these structures
should be reviewed to correct the downward movement of water observed downstream

from them.

For their part, the longitudinal dykes produce interesting results both where raising the
water level and correction of the problem of the downward movement of water are
concerned. Simulations placing these structures at other locations, notably downstream
from Lake Saint-Pierre, would make it possible to measure their efficiency over a greater
distance. However, this type of structure requires a rectilinear run over a rather long
distance, which would substantially limit the choice of sites. In addition, the estimated
costs are significant and very close to those of a dam. In this regard, a more exhaustive
comparison of the environmental impacts of this type of structure with those of the dam 1s

needed.

The simulations made for the option of a dam at Trois-Rivieres showed that the increase
in the water level would be more than 2 m at Montréal. This rise would fully compensate,
and even over-compensate, for the decrease in water levels. Adjustments would have to
be made to the size of the structure in order for the gains in water height to correspond to

foreseeable needs, based on the most pessimistic scenario in the long term. One major
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interesting aspect of this option is that in addition to raising the water level, this type of
structure can retain the water, as required. This latter point would be an important
element to consider if climate change were to evolve, in a recurring manner, in the
direction of the most pessimistic scenarios. If this situation were to arise, fluvial uses
other than commercial shipping would probably also be affected. The nature, duration
and extent of the impacts would encourage decision-making aimed at the best long-term
response strategy. In this context, an option such as a dam could be examined
collectively, within a framework such as integrated management, where all fluvial uses of

the river could be taken into consideration.

As regards the hydraulic structures, many other studies would be needed to accurately
evaluate the gains and disadvantages that would result from erecting them on the St.
Lawrence. Certain ones, such as movable dams, were not specifically analyzed. Though
the current costs of these structures and their maintenance can be dissuasive, their ability
to be moved may reduce the environmental impacts and, as such, global costs would be
reduced. This type of analysis would have to be conducted before any decision could be
made. Other points would need to be examined more closely, notably, the structures'
environmental impacts, their design (to enable the free movement of aquatic fauna), the
optimal location for them and how to finance them and make them cost-effective.
Moreover, the simulations conducted in this study used a reference flow of 5 000 m’/s in
Sorel. Other simulations should be made using different high flows to evaluate a larger
range of impacts resulting from the hydraulic structures, in terms of flooding, the ice
regime, etc. Lastly, where waterway development options are concerned, one challenge
will be to comply with current and future policies, notably as regards environmental

compensation associated with the principle of no net loss of habitat.

The option to modify vessel design appears, a priori, to have a number of limitations.
The characteristics of the river upstream from Québec City, such as the bends and even
the shipping channel width, can lead to the assumption that the limit, in terms of vessel
length and manoeuvrability, seems to have been attained. Consideration would now need

to be given to widening vessels. This option could be viewed as an adaptation option only
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in the case where the vessels' drafts would also be reduced. The margin for ensuring safe
navigation in a restricted channel like the navigable waterway is not without its limits,
even if navigation instruments are becoming increasingly precise over the years.
Introducing one-way marine traffic could in certain cases constitute a solution, but the
impacts of such an approach on the overall fluidity of river traffic would have to be well
analyzed. Studies on the limits of vessels' beam that could be imposed on the river, on the
basis of the corresponding gains in draft and profitability, should be conducted to clearly
define this option's potential. By adapting its fleet of vessels in the St. Lawrence, a
shipowner runs the risk of the fleet becoming less flexible, that is, of the vessels not being
able to transit waterways with locks narrower than the vessels' beams. At nearly US$60
million per container ship (4 000 TEU), for a shipowner to decide to invest in the
construction of a new fleet rather than send its vessels to ports unaffected by drops in

water levels, the St. Lawrence clearly must be seen as the most attractive choice.

The analysis of the partial transfer of merchandise from Montréal to another port in the
fluvial sector of the river, though incomplete, sheds light on certain limitations of
implementing this option. In the first place, it would appear little likely that the role of
hub played by the Port of Montréal in container transportation in the northeastern US
could be assumed by another port of the St. Lawrence. The economic benefits would, at
least in the short term, be very limited for the carriers, whereas the environmental land
impacts and social consequences associated with this reorganization could, in a number
of scenarios, be considerable. Barring a major change in transportation logistics, of a well
affirmed political will or governments establishing major economic incentives, at this
stage, this option would appear to have more disadvantages than advantages. Cabotage,
for its part, would provide a means by which to maintain waterborne transportation and,
as such, would reduce a number of the environmental impacts mentioned earlier. All the
same, cabotage has certain disadvantages, including the duplication of infrastructures for
handling a large volume of containers, the many transshipments and dock fees, to name
just a few. The main advantage of cabotage is that it can be put in place gradually. In the

context of long-term planning that would call upon the government, port authorities and
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shipowners, it is conceivable that a way of reorganizing port activities without

compromising the role played by the Port of Montréal could be found.

The simulation of the variations in water levels using current oceanic and climatic models
appears to be a first-ever estimate of this type for the St. Lawrence River. The exercise is
interesting because of the contrasting findings; however, it must be kept in mind that the
simulations still contain a number of uncertainties and that climate forecasts undoubtedly
need to be refined. The few studies conducted on water level variations due to climate
change produce variable results, particularly with respect to the amplitude of the drops at
Montréal. Millerd et al. (2004) thereby developed an index of the climate change impacts
on marine transportation in the Great Lakes—St. Lawrence System using three different
climate scenarios (CCC GCMI1, CCCma2030 and CCCma2050). Their results suggest
that the impacts, if any, at Montréal would be minimal given the depth of water available
at low-water chart datum (IGLD 85), even for their most pessimistic scenario. However,
it 1s not possible to clearly establish, in terms of methodology, whether their estimate was
made only for the vessels that transit the Seaway (available water depth: 8.2 m) or
whether deeper draft vessels that sail to Montréal (available water depth: 11.3 m) were
also taken into consideration. The work of Mortsch et al. (2000) pointed to a 40%
reduction in the Great Lakes' runoff and, using a flow-level relation, concluded that water
levels would drop about 1 m at Montréal. Croley II (2003) revised the reduction in the
Great Lakes' runoff downward, and estimated it at roughly 24% for the worst scenario.
However, he made no projections regarding water levels. Lefaivre (2005) used the
estimates of Croley II and those of Fagherazzi et al. (2004) to calculate the water level
variations in the St. Lawrence for this study. His estimates come close to those made by
Mortsch et al. (2000) for Montréal, specifically, a drop in water levels of close to 1 m.
But it should be pointed out that his calculations are based on a 24% decrease in runoff
whereas Mortsch estimated it at 40%. These differences attest to a field of research that is
in constant evolution and, as such, the estimates produced must be considered with

caution.
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Knowledge of the amplitude and frequencies of water level fluctuations must be
considered as an element complementary to the objective of this study. Nonetheless, by
examining the most recent climate scenarios, it has been possible to verify the

opportunities and limitations of the different adaptation options analyzed.

Lastly, as explained earlier, the scenarios analyzed do not take into account new
management procedures, specific or adaptive, for the Moses-Saunders dam with which to
address navigation requirements. According to the Boundary Waters Treaty, between
Canada and the US (1909, art. 8) and the regulation plan for Lake Ontario and the St.
Laurence (1958D), navigation 1s among the priority uses and, as such, management
procedures will be drawn on as the first resort. However, in the light of discussions held
on the International Joint Commission's new regulation plan and the final report of the
Lake Ontario and St. Lawrence River Regulation Study Board, it must not be taken for
granted that this alone would always suffice.

Though the Great Lakes account for close to 18% of the world's fresh water reserves,
they are not immune to natural and man-made pressures that could reduce water levels
below critical thresholds. The climatic projections made for the Great Lakes basin point
to an increase in evapotranspiration and air temperature (Croley II, 2003). According to
these scenarios, the estimated drop in the water supplies to the lakes would be between
4% and 24%. A 24% drop would most likely affect the balance between water supplies
and outflow. Given that the leeway for water management and regulation to satisfy the
different uses is rather narrow, a significant and constant decrease in the water reserve
could only mean having to make some difficult choices. That is why now is the time to
give thought to water management vis-a-vis climate change. If nothing else, this exercise
and documentation makes it possible to foresee certain negative effects, to measure the
limitations of the current infrastructures and to explore different solutions, despite the
uncertainties regarding the models' forecasts. Having conducted this type of exercise for
the Colorado River basin in the United States, Christensen et al. (2004) believe that it 1s
unlikely that a change in the operating policy of the basin's reservoir system would be

sufficient to mitigate the hydrologic effects associated with climate change. The fact that
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these reservoirs serve multiple uses (consumption, hydroelectricity, flood control) and
that the possibilities of off-setting the losses in water supply are minimal, they conclude
that requests to reduce water consumption will have to be made if the climatic forecasts

prove to be accurate.
This prognostic clearly illustrates the challenge that water management in the Great

Lakes—St. Lawrence River System would represent, as well as its degree of complexity, if

all uses and users' interests are to be taken into consideration.
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Conclusion

In the context of implementing the Sustainable Navigation Strategy prepared in 2004, the
Navigation Consensus Building Committee believes that the fluctuations in water levels
on the St. Lawrence River could affect marine and port activities and that, i this regard,

adaptation options should be studied in relation to the sustainable navigation principles

(D’ Arcy, Bibeault and NCBC, 2004).

With the objective of initiating thought and discussion about climate change adaptation
strategies, a few options were studied in an exploratory manner and, where possible, their
economic, environmental and social impacts were examined. The study made it possible
to discover certain limitations and opportunities specific to each option. However, there is
a need for additional studies in order to clearly establish the options that are in line with

sustainable development.

The range of environmental impacts of certain adaptation options could not be estimated
here, given that this is an initial evaluation of the options' potential capacity to raise the
water level. The positioning of hydraulic structures chosen for the simulations is, for
example, far from being definitive. Other simulations will be required to take into
account more factors, notably a varied range of high flows, ice movement, fluvial
sediment transport and the impact on wildlife habitats, to name but a few. These points
and others warrant more thorough analysis so that the scenarios' actual impacts can be

properly evaluated.

To the best of our knowledge, this iitiative to study different adaptation options for
marine transportation with respect to climate change appears to be a first of its kind for
the St. Lawrence. The exercise itself was conducted in view of supporting the opinions
and ideas of the Navigation Consensus Building Committee, which brings together
stakeholders of varying and different interests. This broadened examination made it
possible, among other things, to highlight the complexity and pertinence of certain
options when analyzed with respect to sustainable development requirements. Investing

additional resources and efforts into renewing this exercise would be justified because,
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while certain potential solutions have been presented, a good number of questions remain

only partially answered.

The uncertainties regarding the actual impacts that climate change will have are many.
However, it would be wise, in terms of adaptation, to begin to give thought now to the
actions that will be required to limit the negative effects of the change. A number of
countries in the European Community have already adopted this approach by considering
the potential effects of climate change when drafting their medium and long-term
development plans (European Environment Agency, 2005). This is a concrete example of
the precaution principle being applied, where the objective is to have a proactive rather
than reactive attitude toward future climate problems. In common with many other
countries, Canada's efforts, in terms of adaptation, are still very timid. An
intergovernmental working group was recently set up to establish a national framework
for adaptation to climate change (Intergovernmental Climate Change Impacts and
Adaptation Working Group, 2005). Six elements make up this framework: awareness,
coordination, policy integration, stimulation of research, support of knowledge-sharing
networks and the design of tools for planning the adaptation option. Governments are
given two roles in the adaptation process: on the one hand, they themselves need to adapt
and, on the other, they need to be catalysts of the adaptation option in the other sectors of
society. The authors encourage a proactive approach, which would provide a better safety
margin for avoiding or limiting damage, spread costs over time and invest in new
markets. By acting now, we will be able to make the best decisions possible about land
use, infrastructure, resource management and other aspects of public policy and
investment, and avoid committing ourselves to courses of action that may not be
sustainable (Intergovernmental Climate Change Impacts and Adaptation Working Group,
2005).

This study mirrors the invitation to move into action. Inertia is probably the least

preventive attitude to adopt in the field of climate change. Too often the costs resulting

from impacts exceed those that would have been generated by prevention. Hence the
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grounds for exploring new opportunities now in order to ensure that such activities such

as navigation on the St. Lawrence River continue, for many generations to come.

Moreover, the anticipated impacts of climate change go beyond the framework of
navigation activities alone. For this reason, the Navigation Consensus Building
Committee believes that, in the coming years, an examination of the future vocation of
the St. Lawrence must be initiated. However, for this endeavour to be fruitful, it should
be founded on sustainable development principles and on the integrated management of

the St. Lawrence, not on the defence of particular interests.
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ANNEX1

Mapping of the sectors where dredging would be needed
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Sectors where dredging would be needed (in red) in the waterway, according to climate
scenarios WD and NWD and with reference to year 2001 (Source: Fisheries and Oceans

Canada, Coast Guard, Waterways Management, 2005)

Sector Scenario Scenario

Montréal
Sector
maintained at

10.7m

Montréal
Sector
maintained at

11.0m

Montréal

-Sorel

Sector

maintained at

11.3m
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Lake Saint-
Pierre
Sector

maintained at

11.3m
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ANNEX 2

Steps for the Design and Insertion of Hydraulic Structures into

the Hydrodynamic Model
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The steps involved in the design and establishment of hydraulic structures in the

hydrodynamic model (from Doyon et al, 2005)

Figure Description
. 7 || Grid that supports the "elevation"
r KL information layer for the dyke
“ /|| Wongitudinal dyke #8).
g |_ ,/. ,/”/ o

Topography of the river where the dyke

1s to be mstalled.

Partial view of the DTM of the modified
river, including Dyke #8.

\

%

View of the dyke once its design is

completed.
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[lustration of Dyke #8 completed and
integrated into the river's DTM.

Ajustement du coefficient de
frottement n de Manning pour
la digue 8

Example of adjustment of the local

roughness coefficient.

3D view of the dam with a lock.

3D view of the Section #7 dykes.
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Extrémités des

™ digues langitudinales

3D view of the Section #8 dykes (with
longitudinal dykes)
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ANNEX 3

Features of the Hydraulic Structures
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Features of the hydraulic structures (crest height)

Structure Positioning Side of crest Side of crest
Insurmountable | Insurmountable
area area
(m, NMM) (m, NMM)
Dam 7.5 3.6
Dykes #1a and 7.5 3.6
15
Dykes #7 83 5.0
R i piintation des digies /
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Cross-stream 83 5.0
dykes #8
Longitudinal 83 5.0
dykes #8
Dykes #9 8.5 5.0
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ANNEX 4

Cost Breakdown — Hydraulic Structures
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Cost breakdown of the hydraulic structures (approximate costs) (from Consultants Ropars, 2005)

Dam
Elements Unit Quantity  Unit price Cost
® (M)
Lock's caissons m? 420 000 400 168.0
Caisson foundation (stone) m? 120 000 40 4.8
Lock floor (concrete) m? 26 000 800 20.8
Lock chamber Unit 4 11 500 000 46.0
Building for the lock Global 3.0
Mechanics-hydraulics Global 15.0
Service area Global 2.0
Stone in the dykes Tonne 1070000 18 19.3
Concrete in the dykes m? 20 000 600 12.0
Waterway signs Global 5.0
Access roads Global 6.0
Subtoral - construction 301.9
Unforeseen expenditures (20%) 60.4
Organization of the job site (8%) 29.0
Engineering and  monitoring 78.3
(20%)
GRAND TOTAL 469.6
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Dykes #1a
Elements Unit Quantity  Unit price Cost
® (M)
Stones in the dykes Tonnes 810 000 18 14.6
Concrete in the dykes m? 17 000 600 10.2
Scour protection Global 2.5
Waterway signs Global 2.0
Access roads Global 3.0
Subtoral - construction 32.3
Unforeseen expenditures (20%) 6.5
Organization of the job site (8%) 3.1
Engineering and  monitoring 8.4
(20%)
GRAND TOTAL 50.3
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Dykes #1b
Elements Unit Quantity  Unit price Cost
® (M)
Stone in the dykes Tonnes 985 000 18 17.7
Concrete in the dykes m? 19 300 600 11.6
Scour protection Global 2.5
Waterway signs Global 2.0
Access roads Global 3.0
Subtoral - construction 36.8
Unforeseen expenditures (20%) 7.4
Organization of the job site (8%) 35
Engineering and  monitoring 9.5
(20%)
GRAND TOTAL 57.2

|
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Dykes #8 (Note: The costs for Dykes 7 and 9 are similar)

Elements Unit Quantity  Unit price Cost

® (M)

Stone in the dykes Tonnes 1003 000 18 18.1
Concrete in the dykes m? 8 000 600 4.8
Scour protection Global 2.5
Waterway signs Global 2.5
Access roads Global 4.5
Subtoral - construction 32.4
Unforeseen expenditures (20%) 6.5
Organization of the job site (8%) 3.1
Engineering and  monitoring 8.4

(20%)

GRAND TOTAL 50.4
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Dykes #8 — longitudinal (costs per kilometre)

Element Unit Quantity  Unit price Cost
® (M)
Stones in the dykes Tonnes 1150000 18 20.7
Concrete in the dykes m? 150 600 0.1
Scour protection Global 1.5
Waterway signs (included in the  Global 0.0
cross-stream dykes)
Barge rental Global 0.8
Subtoral - construction 23.1
Unforeseen expenditures (20%) 4.6
Organization of the job site (8%) 2.2
Engineering and  monitoring 6.0
(20%)
GRAND TOTAL 35.9
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