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Abstract:

More frequent extreme flood events are likely to occur in many areas in the twenty-first century due to climate change.
The impacts of these changes on sediment transport are examined at the event scale using a 1D morphodynamic model
(SEDROUT4-M) for three tributaries of the Saint-Lawrence River (Québec, Canada) using daily discharge series generated
with a hydrological model (HSAMI) from three global climate models (GCMs). For all tributaries, larger flood events occur in
all future scenarios, leading to increases in bed-material transport rates, number of transport events and number of days in the
year where sediment transport occurs. The effective and half-load discharges increase under all GCM simulations. Differences
in flood timing within the tributaries, with a shift of peak annual discharge from the spring towards the winter, compared to
the hydrograph of the Saint-Lawrence River, generate higher sediment transport rates because of increased water surface slope
and stream power. Previous research had shown that channel erosion is expected under all GCMs’ discharge scenarios. This
study shows that, despite lower bed elevations, flood risk is likely to increase as a result of higher flood magnitude, even with
falling base level in the Saint-Lawrence River. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

From a global point of view, it is expected that climate
change in the twenty-first century will increase both the
magnitude and the frequency of floods as a result of an
increase in rare meteorological events (Middelkoop et al.,
2001; Reynard et al., 2001; Milly et al., 2002; Prud-
homme et al., 2002; Robson, 2002; Lane et al., 2007,
2008). Predicting extremes in a changing climate remains
a challenge, particularly in terms of local flooding events
(Hunt, 2002; Kundzewicz et al., 2005; Kay et al., 2006),
but irrespective of the precise nature of hydrological
change consequences for the transport of sediment by
rivers are inevitable. To examine the role of climate-
induced changes in the frequency, duration and seasonal-
ity of floods, an analysis of future sediment fluxes at the
event scale is required.

One widely used approach for understanding how the
trade-off between flood magnitude and frequency affects
sediment transport is to combine the flow duration curve
with a transport rating curve to determine the transport
magnitude—frequency curve. Wolman and Miller (1960)
proposed that the effective discharge (that which trans-
ports the greatest portion of the annual sediment load) is
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close to the bankfull discharge (with a recurrence inter-
val of about 2 years) or mean annual flood (Wolman and
Miller, 1960; Pickup and Warner, 1976; Andrews, 1980;
Carling, 1988; Nash, 1994; Emmett and Wolman, 2001;
Barry et al., 2008). However, the frequency of occur-
rence of the effective discharge is known to vary greatly
(Pickup and Warner, 1976; Ashmore and Day, 1988;
Nash, 1994; Torizzo and Pitlick, 2004). Furthermore, for
a given mean discharge and sediment rating curve, the
effective discharge has been shown theoretically to be
higher when the variability in discharge is greater (Nash,
1994; Vogel et al., 2003). Long-term sediment yield may
be dominated by rarer catastrophic events, particularly
in steep gravel-bed rivers (Kirchner et al., 2001; Lenzi
et al., 2006), although there is yet no consensus on this
issue. An alternative approach, such as the half-load dis-
charge (the flow value above and below which half the
long-term sediment load is transported), was also pre-
sented by Wolman and Miller (1960), although most of
the subsequent literature has only used their effective
discharge method. Vogel et al. (2003) revived this sec-
ond approach, which they considered more meaningful
to determine which discharges are responsible for car-
rying most of the long-term load. Despite the work of
Coulthard et al. (2005, 2008), Kundzewicz et al. (2007)
and Gomez et al. (2009), very little work has been done
on the impacts of the expected increase in high-magnitude
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floods due to climate change on sediment loads in rivers,
particularly with respect to bedload transport.

We have examined elsewhere the likely impacts of
climate change on mean annual bed-material transport
rates (fine sand and coarser) and aggradation/degradation
in the lowermost parts of three tributaries of the Saint-
Lawrence River (Verhaar et al., 2010). Predicted changes
in temperature and precipitation from global climate mod-
els (GCMs) were transformed into daily discharges using
a hydrological model (HSAMI). A one-dimensional (1D)
morphological model (SEDROUT4-M, Hoey and Fergu-
son, 1994; Verhaar et al., 2010), using these simulated
discharges, predicted an increase in sediment transport
in these sand-bed rivers, and hence an increase in the
sediment delivery to the Saint-Lawrence River, with the
largest changes occurring during the winter and spring
seasons (Verhaar et al., 2010; Boyer et al., 2010a,b). The
objective of this study is to examine climate-induced
changes in the magnitude—frequency—duration relation
for bed-material load in these tributaries as a consequence
of climate change.

STUDY AREA

The three tributaries of the Saint-Lawrence River (Batis-
can, Richelieu and Saint-Francois Rivers) are located
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between Montréal and Québec City, Eastern Canada
(Figure 1). They have large catchment areas
(>10000 km?), low distal gradients (<0-0001) and pre-
dominantly sandy beds (Table I). The bankfull width-
to-depth ratio of the tributaries ranges between 25 and
62. Their planforms are generally straight, except for
the most upstream section of the Batiscan River, which
has irregular meanders, and for a large island in the
downstream section of the Saint-Francois River. With
the exception of 18 (out of 79) sections located in the
apex of meanders in the Batiscan River, cross-sectional
shapes are close to rectangular. Each river is exploited
for hydroelectricity or influenced by dams used for flood
control, water intake or recreational activities, but the
impact of these structures on the natural flow regime of
the river is low for the Batiscan and Richelieu Rivers and
only moderate for the Saint-Francois River (Boyer et al.,
2010b).

Morphodynamic simulations by Verhaar et al. (2010)
indicate that the Batiscan River is currently slowly
aggrading, the Saint-Francois River is slowly degrading
and the Richelieu River is close to equilibrium. As
the results of Verhaar et al. (2010) suggest that the
morphological state of a river gives rise to variable
responses to climate change, the magnitude—frequency
analysis in this study has been conducted for all three
tributaries.

o 100 200 km

Lake Ontario

Figure 1. Location of the studied Saint-Lawrence River tributaries

Table I. Characteristics of the studied tributaries

River Water surface Length Mean Energy Upstream Downstream
bankfull of discharge slope of sediment sediment size
width (m) mean studied (m?/s) studied size Dsy—Dgy Dsy—Dgy
(min—max) reach (km) (mean annual flood) reach (—) (mm) (mm)
Batiscan 167 (77-277) 17 99 (613) 6 x 1073 0-52-1-03 0-37-0-57
Richelieu 198 (89-278) 15 346 (1045) 5x107° 0-41-0-89 0-32-0-48
Saint-Frangois 233 (88-415) 15 208 (1421) 3x107° 8-04-17-57 0-30-0-38

Copyright © 2010 John Wiley & Sons, Ltd.
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Detailed profiles of bed topography were taken in
2004 and 2005 with a boat-mounted echo sounder at
several cross sections (ranging from 79 to 100 per
tributary, with a spacing of 80—300 m), from the tributary
confluences with the Saint-Lawrence River to 15-17 km
upstream. Bed composition was obtained from samples
also collected from a boat using a grab bucket. A
detailed description of the field data collection, river
characteristics and validation of the morphodynamic
model can be found in Verhaar et al. (2008, 2010).

METHODOLOGY

Climate scenarios

Three GCMs (CSIRO-Mk2, ECHAM4 and HadCM3)
and two greenhouse gas (GHG) emission scenarios (A2
and B2, Nakicenovic et al., 2000; Raupach et al., 2007)
were used by the Ouranos research centre, a consortium
on regional climatology and adaptation to climate change
(www.ouranos.ca), to produce discharge scenarios for the
three tributaries (Chaumont and Chartier, 2005; Boyer
et al., 2010b). The resolution in latitude and longitude
for CSIRO-Mk2, ECHAM4 and HadCM3 is respectively
3.2° x 5-6°, 2-8° x 2-8° and 2-25° x 3-75° (Chaumont
and Chartier, 2005). Current GHG emissions exceed both
the A2 and B2 scenarios, but A2 is closest to the actual
emissions (Raupach et al., 2007), and only these results
are presented here. The GCMs were selected on the basis
of their differences in predictions of precipitation and
temperature to represent a wide range of outputs when
compared to a multi-model dataset (Meehl et al., 2007).
The standard perturbation (or delta) method was used to
add predicted changes in precipitation, temperature and
evapotranspiration to an observational database, which is
used as input to a hydrological model to represent future
climate (Arnell, 1998; Rosberg and Andréasson, 2006;
Graham et al., 2007; Rydgren et al., 2007). The use of
the Canadian regional climate model (CRCM, Caya and
Laprise, 1999) was not considered to be optimal in this
case as preliminary analyses by Ouranos showed that,
in southern Québec, where the topography is relatively
smooth and the climate is not influenced by maritime
conditions, using delta values for regional models at a
45-km resolution added little information compared to
delta values derived from GCMs at a 250-km resolution
(Boyer et al., 2010b).

The hydrological model HSAMI (Chaumont and
Chartier, 2005; Minville et al., 2008; Boyer et al.,
2010b), which is a lumped rain and snowfall runoff
model used by Hydro-Québec (Québec national hydro-
electricity company), was used by Ouranos to produce
the three GCM time series of daily discharge values. The
delta values (precipitation and temperature) were added to
the reference period (1961-1990) for three different 30-
year time periods or ‘horizons’ (2010-2039, 2040-2069
and 2070-2099). The model was calibrated and vali-
dated on measured discharge data over the 1961-1990
time period with high Nash coefficients of 0-85, 0-83
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and 0-79 for the Batiscan, Saint-Francois and Riche-
lieu Rivers respectively (Chaumont and Chartier, 2005;
Boyer et al., 2010b). The simulated daily discharges for
the 1961-1990 period are used as a reference discharge
scenario for the morphological modelling by repeatedly
using the same 30-year daily discharge time series for
the periods 2010-2039, 2040-2069 and 2070-2099,
referred to as RefQ hereafter. Despite using the same
input discharge for each future horizon in the RefQ sce-
nario, the morphological outcomes differ as the river bed
evolves over time. More details on the simulation sce-
narios can be found in Boyer et al. (2010b) and Verhaar
et al. (2010).

Morphodynamic model

In this study, only bed-material transport in the lower
reaches of the tributaries is considered. Washload sup-
plied from the catchments is excluded as it does not con-
tribute to river morphology and it requires a catchment-
wide erosion model as it is supply limited. We have used
a reach-scale morphodynamic model to take into account
the throughput of sediment supplied from upstream and
the within-reach gain (or loss) of sediments from the
channel bed. This approach also allows the long pro-
file and bed composition (and through them the local
transport rates) to vary over time in response to any
changes in base level and hydrology. In the context of
climate change simulations for the twenty-first century,
we decided that running long-term simulations with a
daily time step over long reaches could only be achieved
through a 1D model in which channel width is spatially
variable but invariant over time, and flow and transport
calculations are made using width-averaged properties.
One consequence of this decision is that any diver-
gence in bed-material flux is accommodated entirely by
a change in bed elevation, whereas in reality there is
probably some accompanying adjustment of width. How-
ever, there is no well-tested way to predict event-by-event
width changes over many decades in both degrading
and aggrading conditions. Like others (e.g. Gomez et al.,
2009), we therefore adopted the fixed-width approach.
Another potential limitation of 1D models is that, because
local bed-material load is a non-linear function of the
local flow strength, a width-averaged calculation under-
estimates the total load of the river to the extent that there
is spatial variance in the excess of flow strength over the
threshold for motion. However, Ferguson (2003) showed
by quantitative analysis that this bias is much smaller for
sand-bed rivers than for gravel-bed rivers due to signif-
icantly higher excess shear stresses in the former case,
and is also smaller for relatively uniform cross sections
than for those of actively meandering or braided rivers.
In the present case, the bias during a range of flood con-
ditions is calculated to be typically only about 10% and
never more than 20%, so that it will have little effect on
the pattern of results.

Simulations were made using SEDROUT4-M, a mod-
ified version of SEDROUT (Hoey and Ferguson, 1994)

Hydrol. Process. 25, 1558—1573 (2011)
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that allows simulation of sand-bed rivers, variable dis-
charge, downstream water level fluctuations and flow and
sediment routing in channels with islands. A detailed
description of SEDROUT4-M and a morphological vali-
dation are provided in Verhaar et al. (2008).

The model is forced by daily discharges and down-
stream water levels. From the step backwater solution
of the width- and depth-averaged hydraulic continuity
and momentum equations, the shear stress at each cross
section is predicted using a calibrated constant roughness
(Manning-n) value. The shear stress is used to predict
bed-material transport rates of each of 10—13 half-phi
grain size fractions. After each time step, the bed eleva-
tion and bed composition are updated using both overall
and fractional conservation of sediment. This model has
been fully validated and proven to be capable of sim-
ulating morphological changes over different lengths of
longitudinal profiles at various temporal scales (e.g. Hoey
and Ferguson, 1994; Talbot and Lapointe, 2002; Hoey
et al., 2003; Ferguson and Church, 2009). Initial bed
topography and bed composition are based on observa-
tions (2004/2005), which take into account cross-section
averaged bed composition. Because sediment supply to
the study reaches is unknown, we assume a bedload
supply equal to the transport capacity as an upstream
boundary condition for each time step. This is a com-
mon assumption in long-term modelling and is reasonable
for sand-bed rivers as they are typically transport limited
(e.g. Montgomery and Buffington, 1997). This condition
causes upstream sediment supply to vary with bedload
transport capacity (i.e. with changes in discharge and
any change in slope following aggradation or degradation
in the upstream segment of each reach). Verhaar et al.
(2010) present a sensitivity analysis to test the effect
of this assumption, which shows that setting supply to
slightly less or more than capacity has little impact on
sediment output from the reach during the first two hori-
zons, but more during the third horizon. However, the
effect was less when there was no downstream water-
level decrease, as is the case in this study.

Climate change models use fixed time horizons in
the future, i.e. the 2020s (2010-2039), the 2050s
(2040-2069) and the 2080s (2070-2099), so we either
had to assume that the channel configuration in 2010
would be the same as we had measured in 2004/2005
or to model changes over the intervening 5 years. We
chose the latter approach and simulated morphologi-
cal changes from 2004-2005 to 2010 using observed
discharges in the period from 2000 to 2005 and aver-
aged water levels in the Saint-Lawrence River as mea-
sured over 1996—2005 at gauging stations close to the
river mouths. No exceptional flood occurred during the
2005-2009 period, and the mean annual maximum dis-
charges in the period 2005-2009 were similar to the
30-year values used in our simulations for the three
tributaries. The different modelled trends of aggrada-
tion (Batiscan River), near-equilibrium (Richelieu River)
and degradation (Saint-Frangois River) are also consis-
tent with field observations. The bed topographies and

Copyright © 2010 John Wiley & Sons, Ltd.
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composition predicted by these simulations were used as
initial conditions for the near-future simulations over the
period 2010-2099.

Climate changes are expected to result in a decrease in
the Saint-Lawrence River level due to increased evapora-
tion in the Great Lakes following temperature increases
(Croley, 2003; Chaumont and Chartier, 2005; Morin
et al., 2005). Verhaar et al. (2010) present simulations
with both steady water levels and a steady decline in the
base level of 0-01 m/year. Here, we focus on the current
daily-averaged Saint-Lawrence water levels, although the
effects of steady base level fall on the results are also
discussed later.

Bed-material transport rates were simulated with the
Ackers and White (1973) total load formula and the
parameter settings from White and Day (1982). A fixed
washload cut-off size has to be specified in the model
to avoid the mass conservation issues that would arise if
the cut-off was allowed to vary in space and time. By
equating settling velocity (from the universal equation
of Ferguson and Church (2004)) with shear velocity,
we calculated that particles smaller than 0-125 mm (3¢)
would be washload in most events and places and
are therefore neglected in the morphodynamic model.
For low and moderate flow conditions (under bankfull),
SEDROUT4-M was found to simulate the water level and
mean cross-sectional velocities accurately (Verhaar et al.,
2008). The morphological performance of the model
was also verified by comparing simulated changes in
bed topography over a period of 1 year with observed
changes (Verhaar et al., 2010). Although this period is
unavoidably short, trends in erosion and sedimentation
pattern were well captured showing the applicability of
this model. Furthermore, the simulations are compared to
a reference scenario in an effort to eliminate or reduce
uncertainty of morphological modelling. That is to say,
we are comparing relative changes between different
simulation scenarios.

Verhaar et al. (2010) showed that SEDROUT4-M
results for the studied tributaries are not sensitive to
grain size distribution at the top of each reach. How-
ever, uncertainty in bedload transport predictions result-
ing from entrainment thresholds and transport equations
is harder to assess. Several transport equations (Einstein,
1950; Parker, 1990; Wilcock and Crowe, 2003) were
tested in Verhaar er al. (2008) before choosing the Ackers
and White (1973) model. The simulated morphological
changes were also shown to be in good agreement with
measured bed elevation changes over a 1-year period
in the Batiscan and Richelieu Rivers (Verhaar et al.,
2010). For the Saint-Francois River, although the sim-
ulation and measurements both indicated that the reach
is undergoing degradation, the amplitude of changes in
the simulations was markedly lower than that in the
measurements (Verhaar et al., 2010). The difference in
grain size distribution between the upstream and down-
stream reaches of the Saint-Frangois River is much larger
than for the two other tributaries, and, although the Ack-
ers and White (1973) formula was most appropriate for
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the sandy reaches, our tests reveal that it may have
under-predicted sediment transport in the upstream zone.
However, this did not result in an overestimation of
degradation compared to field measurements. Thus, it is
likely that using different sediment transport equations
would alter the numbers, but would not affect the gen-
eral tendency in each reach when different scenarios are
compared.

Event analysis

Differences in mean annual bed-material transport
strongly depend on discharge scenarios resulting from
different GCMs (Verhaar et al., 2010). However, to
examine how more extreme events associated with cli-
mate change affect bed-material transport, in this study
we compare scenarios for different tributaries at the sedi-
ment transport event scale instead of the annual scale.
Unlike in gravel-bed rivers, where sediment transport
drops to zero between events, sand-bed rivers are often
characterized by very long tails in sediment transport
curves at low discharges. To analyse data at the event
scale, bed-material transport events were defined here
as successive days of bed-material transport exceeding
10 m?/day (~1 g/m/s), with a single peak of bed-material
transport of over 50 m®/ day. These values were deter-
mined after examining several sediment transport events
associated with several multiple peak floods. Events were
separated where the minimum transport between two
peaks occurred. For each sediment transport event, the
maximum discharge, duration and transported volume
were calculated.

Discharges are expressed in recurrence intervals to
facilitate the comparison between the different tributaries
and between the climate scenarios. They were calcu-
lated with the Pearson-type III approach from the annual
maximum discharge time series. For each tributary, the
present-day recurrence intervals were computed from
the 1932-2004 record (HYDAT, Environment Canada),
whereas the future recurrence intervals were obtained
from the 2010-2099 series for each GCM scenario.
Note that the perturbation method used in this study,
which has the advantage of being stable and robust (Gra-
ham et al., 2007), replicates the inter-annual variability
of climate variables of the reference period and thus
cannot introduce new types of variability, which may
occur under future climate (Boyer et al., 2010b). The
frequency/magnitude analysis and calculation of recur-
rence intervals for future scenarios must therefore be
used with caution. However, the objective here is not to
predict future discharge values corresponding to a given
recurrence interval, but rather to investigate the relative
contributions to sediment transport of events of different
recurrence intervals.

Effective and half-load discharge

Wolman and Miller (1960) noted that, because trans-
port rates tend to zero in the lowest flows, but flow
frequency tends to zero at the highest transport rates, the

Copyright © 2010 John Wiley & Sons, Ltd.
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product of transport rate and frequency must be greatest
at some intermediate discharge, which they termed the
effective discharge. Estimated values of effective dis-
charge depend on the choice of discharge intervals (called
bins hereafter) for which the daily sediment transport
volumes are summed (Crowder and Knapp, 2005). The
effective discharge was calculated for about 25 arithmetic
bins, following Crowder and Knapp (2005). The chosen
class intervals have a bin width of 30, 50 and 70 m?3/s for
the Batiscan, Richelieu and Saint-Francois Rivers respec-
tively, although our tests using alternative bin widths did
not reveal marked differences. Nevertheless, the effective
discharge metric has been criticized as it does not clearly
document which discharges are responsible for carrying
the bulk of the long-term load (Vogel et al., 2003; Doyle
and Shields, 2008). Hence, an alternative approach using
the half-load discharge is also used. This is defined as
the discharge value above and below which 50% of the
total load is transported (Wolman and Miller, 1960; Vogel
et al., 2003).

RESULTS

Hydrology

Discharges corresponding to present-day recurrence
intervals of 1, 2, 5, 10, 20 and 50 years for the three
tributaries are presented in Table II. The mean annual
maximum discharge for the RefQ scenario (1961-1990)
in each tributary is close to the 2-year recurrence interval.
When comparing each recurrence interval to the present-
day 2-year recurrence interval, there is a tendency for
high discharge events (long recurrence intervals) to
become more frequent, particularly for the Richelieu
River (Figure 2). For the Batiscan and Saint-Francois
Rivers, this trend is less marked, but it is visible for
the 50-year recurrence interval, with the exception of the
ECHAM4 scenario (Figure 2a and c).

The change in the mean annual maximum discharge
for the three GCMs does not show a consistent trend
for all the tributaries and is markedly different from
the change in the mean daily discharge, with a larger
variation for the mean annual maximum discharge (—21
to +44%) compared to that for daily discharges (—10
to +14%) (Table III). However, in most of the cases
(with two exceptions), the direction of change (either
increasing or decreasing) remains the same for the two
types of discharge. The changes in the mean annual

Table II. Discharge (m?/s) associated with recurrence intervals of
1, 2,5, 10, 20 and 50 years for the three tributaries, based on the
present-day (1932-2004) records at gauging stations

Recurrence 1 2 5 10 20 50  Owmawm
interval

Batiscan 315 587 741 841 936 1059 465
Richelieu 538 1025 1246 1375 1488 1623 1095
Saint-Francois 661 1360 1755 2012 2255 2567 1277

OmaM is the mean annual maximum discharge for the reference scenario.

Hydrol. Process. 25, 1558—1573 (2011)
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Figure 2. Dimensionless flood frequency expressed as discharge of a given recurrence interval divided by discharge of a 2-year recurrence interval
in the reference scenario (RefQ), against recurrence interval for (a) the Batiscan River, (b) the Richelieu River and (c) the Saint-Francois River

Table III. Percentage of change in mean daily discharge (Qg.iiy) and the mean annual maximum discharge (Omawm) for the period
2010-2099 compared to the RefQ scenario for three GCMs in each tributary

CSIRO-Mk2 ECHAM4 HadCM3 Mean
Quauity (%) Qumam (%) Qaity (%) Qmam (%) Quaaity (%) Qmam (%) Qauy (%) Qmam (%)
Batiscan 6 8 -7 -9 10 19 3 6
Richelieu 6 36 -9 5 14 44 4 28
Saint-Frangois 4 -8 —10 —21 9 6 1 -8
Mean 5 12 -9 -8 11 23

maximum discharge are largest for the Richelieu River
where it increases in all GCM scenarios. The ECHAM4
model reduces the mean daily discharge for all tribu-
taries, whereas the HadCM3 model results in the largest
differences for both the daily and the mean annual max-
imum discharge (Table III). For each GCM scenario, the
direction of change in the mean annual maximum dis-
charge compared to that in RefQ varies from year to
year, as illustrated in Figure 3 for the Batiscan River.
The CSIRO-Mk2 and HadCM3 models generally predict
higher floods than ECHAM4. For all tributaries, the tim-
ing of flood events also changes for all GCMs, with the
spring flood expected to advance by 22—34 days by the
last horizon (2070-2099) (Boyer et al., 2010b).

Copyright © 2010 John Wiley & Sons, Ltd.

Sediment transport

Magnitude—frequency analysis. The impact of GCM
scenarios on the effective discharge is examined in
Figure 4, which shows sediment load histograms for
the first and last horizon in all tributaries. All three
tributaries have a bimodal distribution of bed-material
transport in the RefQ scenario, which might imply
that both high- and low-frequency events are important
for long-term sediment transport volume. The effective
discharge is around the 2-year (present-day) recurrence
discharge for the Richelieu and Saint-Francois Rivers
(Figure 4b and c) and around the 5-year (present-day)
recurrence interval for the Batiscan River (Figure 4a).
The transported volume varies for the three horizons, with

Hydrol. Process. 25, 1558—1573 (2011)
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Figure 4. Histograms of bed-material sediment transport as a function of discharge at the downstream boundary for the first (2010-2039) and

last (2070—2099) horizons for the Batiscan River (a,d,g,j), the Richelieu River (b,e,h,k) and the Saint-Francois River (c,f,i,]) for the RefQ (a,b,c),

CSIRO-MK?2 (d,e,f), ECHAM4 (g,h,i) and HadCM3 (j,k,]) models. The arrows indicate the effective discharge for each horizon (black: RefQ, small
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Table IV. Half-load discharge (m?/s) for each discharge scenario for each horizon and for the entire simulated period

Horizon RefQ CSIRO-Mk2 ECHAM4 HadCM3
Batiscan 2010-2039 522 623 470 551
2040-2069 506 750 603 567
2070-2099 500 760 516 721
2010-2099 509 717 538 621
Richelieu 2010-2039 1112 1233 1052 1370
2040-2069 1102 1353 1175 1293
2070-2099 1093 2022 1366 1711
2010-2099 1102 1516 1203 1464
Saint-Francgois 2010-2039 1210 1362 1076 1416
2040-2069 1226 1516 1329 1400
2070-2099 1251 1620 1906 1745
2010-2099 1225 1463 1279 1469

Half-load discharge is defined as the value above and below which 50% of the total load is transported.

an increase for the Batiscan River, a slight decrease in
the Richelieu River and a decrease in the Saint-Francois
River. For the GCM scenarios, the effective discharge
increases by several bin classes to discharges with
present-day recurrence intervals of more than 50 years,
with a clear shift towards higher discharge from the first
to the last horizon (2070-2099). For all tributaries, the
CSIRO-Mk2 and HadCM3 models have similar effective
discharges with an increase in their value with time
compared to the RefQ scenario. For the ECHAM4 model
in the Batiscan River (Figure 4g), the effective discharge
decreases over time and becomes smaller than the RefQ
scenario in the last horizon.

Half-load discharges also increase for all the GCM
scenarios over the 2010—-2099 period, although less so for
the ECHAM4 model (Table IV). The half-load discharge
for each horizon remains fairly constant within the RefQ
scenario, in a similar way to the effective discharge. For
GCM scenarios, the overall trend is an increase compared
to the RefQ as well as an increase towards the last
horizon (Table IV). The CSIRO-MKk?2 produces the largest
increase (33% on average for the three rivers for the entire
period), followed by HadCM3 (25%) and ECHAM4
(6%). Note that changes in half-load discharges exhibit
markedly less variability than the effective discharge
changes (Figure 4).

The bed-material transport rate has a higher varia-
tion than water discharge, mainly because of the non-
linear character of sediment transport. The change in
bed-material volume transported over the whole simu-
lation period (2010-2099) is presented in Figure 5. In
this figure, sediment volume is split in recurrence inter-
val ranges. For example, bed-material transported dur-
ing floods with a maximum discharge falling between
recurrence intervals of 2—5 years were grouped together
(green in Figure 5). The present-day recurrence inter-
vals are used for the RefQ scenarios of each tributary,
whereas the future recurrence intervals are used for the
three GCM scenarios. The total bed-material transport
increases the most for the HadCM3-scenario, with val-
ues 209%, 286% and 134% of the volume in the RefQ
scenario for the Batiscan, Richelieu and Saint-Frangois

Copyright © 2010 John Wiley & Sons, Ltd.

Rivers respectively. The CSIRO-Mk2 model also results
in increased transport, whereas ECHAM4 simulations are
usually close to, or slightly less than, the RefQ (Figure 5).
In the two cases where the changes in mean daily and
annual maximum discharge are opposite to each other
(Richelieu River, ECHAM4, and Saint-Francgois River,
CSIRO-MKk2, Table III), the total bed-material transport
remains close to the RefQQ scenario.

In the RefQ scenario, discharges with a recurrence
interval of 2 years or less transport about 50% of the
sediments in the Batiscan and Saint-Francois Rivers
(Figure 5). In all GCM scenarios, this proportion is
reduced for the Batiscan and Saint-Francois Rivers, but it
increases for the Richelieu River except for the ECHAM4
scenario (Figure 5). However, with the CSIRO-Mk2
and HadCM3 scenarios, the total volume of transported
sediment increases, thus the proportion of transport
associated with discharges having recurrence intervals
of 2 years or less is smaller (17% on average for all
tributaries, with a range from 7 to 35%). In the Richelieu
River, discharges with recurrence intervals of 5 years or
less contribute to 50% of the total volume in the RefQ
scenario. This volume, as well as volumes associated
with larger recurrence intervals, remains similar in all
GCMs in the Richelieu River (Figure 5b). However, in
the Batiscan and Saint-Francois Rivers, there is a marked
tendency for extreme events (with long future recurrence
intervals) to be responsible for a larger proportion of
the volume of transported sediments under all GCM
scenarios (Figure 5a and c). For example, the five largest
sediment transport events in the CSIRO-Mk2 transport
36% of the total volume in the Batiscan River, and 29%
of the total volume in the Saint-Francois River. In the
RefQ scenario, the five largest events transported only
24% and 13% of the total volume in the Batiscan and
Saint-Francois Rivers respectively.

The threshold discharge for sediment transport in the
Richelieu River is estimated at 450 m3/s. The mean
daily discharge for the RefQ scenario in this river
is 437 m’/s, and is thus very close (97%) to this
threshold. The Batiscan and Saint-Frangois Rivers have
estimated threshold values of approximately 150 and

Hydrol. Process. 25, 1558—1573 (2011)
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Figure 5. Sediment transport volume as a fraction of the total volume
transported with the RefQ scenario for (a) the Batiscan River, (b) the
Richelieu River and (c) the Saint-Frangois River. Sediment volumes
associated with events where the maximum discharge is within the same
range of recurrence intervals within the scenario are grouped together.
For the RefQ scenario, the present-day intervals (1932-2004) are used,
whereas the future recurrence intervals (2010—2099) are used for each
GCM

330 m?/s, respectively, with mean discharges of 97 and
196 m3/s for the RefQ scenarios, which correspond to
65% and 60% of the threshold discharge, respectively.
The Richelieu River is the only tributary where in the
future scenarios the mean discharge exceeds the threshold
value for sediment transport, which partly explains why
the increase in sediment volume is higher in this river
(Figure 5b).

Copyright © 2010 John Wiley & Sons, Ltd.
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Event analysis. When events of specific recurrence
intervals are examined more closely, the variability of
sediment transport volume becomes apparent (Figure 6).
In Figure 6, all flood events (i.e. from RefQ and GCM
simulations) are combined together as no difference in
trend was observed between them. In other words, an
event with a maximum discharge of, say, 500 m’/s in
the RefQ time series for a given river should result on
average in the same volume of bed-material transport
as a 500 m*/s event size in the GCM time series.
Figure 6 presents relative sediment transport rates per
event, defined as the volume of each individual event
divided by the average volume of all events in a given
river. The variability in sediment transport per event is
particularly large for discharges smaller than 587, 1025
and 1360 m3/s for the Batiscan, Richelieu and Saint-
Francois rivers respectively (events that occur more than
once every 2 years), which is likely due to the wide range
of event duration for these discharges (Figure 6). Floods
with a recurrence interval larger than 2 years generally
transport more than the mean volume of all events and
their variability is much less than that of the lower
magnitude events. The larger events are also less sensitive
to the duration as the volume of transport mainly depends
on the maximum discharge, which greatly exceeds the
threshold of sediment transport.

The effect of flood peak and duration on bed-material
transport volume is further investigated in Figures 7-9
for the reference and GCM scenarios. Individual events
are plotted in these diagrams as circles of area pro-
portional to the bed-material volume. Vertical dashed
lines indicate the half-load discharge over the 2010-2099
period in the RefQ scenario, which is used to separate
‘small’ and ‘large’ events. Note that, because the total
sediment volume transported for a given event is plotted
for the maximum discharge of the event (i.e. it is not
plotting daily sediment volume related to a given daily
discharge), the proportion of large events (on the right
side of the vertical dashed line in Figures 7-9) is larger
than 50% by definition. The median duration of sedi-
ment transport events in the RefQ scenario was used as a
threshold to separate short from long events (horizontal
dashed line).

As expected, there are more small-magnitude, short-
duration events—falling in the lower left zone in
Figures 7-9)—for all tributaries and GCMs. For the
Batiscan and Saint-Francois Rivers (Figures 7 and 9), the
relative contribution of short events (below the horizon-
tal dashed line) increases from 30% in the RefQQ scenario
to 39-57% for all the GCMs, whereas for the Richelieu
River (Figure 8) the relative contribution remains sim-
ilar to RefQ (44%) for the CSRIO-Mk2 and HadCM3
scenarios (47%) and increases to 56% for the ECHAM4
scenario. For all GCMs and tributaries, the large events
(right of the vertical dashed line) contribute more to sedi-
ment volume than the RefQ, except for the Saint-Francois
River in the ECHAM4 scenario, where it remains similar
(69%) to the RefQ value. In general, the relative contri-
bution of large events for the CSIRO-Mk2 and HadCM3
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Figure 6. Boxplots of the relative sediment transport volume as a function of maximum discharge per event, grouped by present-day recurrence

interval of their maximum discharge for (a) the Batiscan River, (b) the Richelieu River and (c) the Saint-Francois River. Whiskers (—) represent the

1% and 99% percentile and symbols (+) represent outliers. Relative sediment transport volume per event is the volume of each individual event

divided by the average volume of all events in the river concerned. All simulated maximum discharges (i.e. RefQ and GCMs) are combined in this
figure

scenarios (77—88%) is similar for all the tributaries, and
the ECHAM4 model (68-72%) lies between the RefQ
(64—-69%) and the other two GCMs.

For the RefQ scenario, the sediment transport during
winter is mostly associated with events with small
maximum discharge in the Richelieu and Saint-Francois
Rivers (no winter events occurred in the RefQ scenario
for the Batiscan River—Figure 7). In all the tributaries
and under all GCM scenarios, both the frequency and
magnitude of winter events increase. The spring events
remain more spread out than the winter events, with both
short- and long-duration and small and large maximum
discharge, although for the Richelieu River the winter
and spring events become similar. The events that occur
in summer and fall remain similar to the RefQ in terms
of duration and maximum discharge for all the tributaries
for the CSIRO-Mk2 and HadCM3 scenarios.

More sediment transport events occur in the Richelieu
River than in the other tributaries. The Richelieu River
has a total sediment transport duration ranging from 18
to 28% of the simulated period, whereas in the Batiscan
and Saint-Francois Rivers the total sediment transport
duration ranges from only 3 to 7%. The Richelieu River
also has sediment transport events with a longer median

Copyright © 2010 John Wiley & Sons, Ltd.

duration (12 days compared to 10 and 6 days for the
Batiscan and Saint-Francois Rivers respectively).

DISCUSSION

Our research shows that climate-induced changes in dis-
charge in the twenty-first century are very likely to affect
the magnitude and timing of floods— with more frequent
long-duration, large events in the winter—in the three
studied Saint-Lawrence River tributaries (Boyer ef al.,
2010a). There is some variability between the three GCM
scenarios, as expected because they were specifically cho-
sen to represent a wide range of precipitation and tem-
perature outputs (Chaumont and Chartier, 2005; Boyer
et al., 2010b), but simulations show the same trend for
all combinations of river and GCM: floods of a given high
magnitude will become more frequent. Similar findings
in terms of recurrence intervals were found for fall and
summer simulations of the Chateauguay River, another
tributary of the Saint-Lawrence River (Roy et al., 2001).
However, recurrence intervals can be misleading because
they are determined from the peak magnitude of flow and
they do not take into account the magnitude and duration
of out-of-bank flow (Lane et al., 2007). In this study, the

Hydrol. Process. 25, 1558—1573 (2011)
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reliability of the determination of recurrence intervals is
also limited by the fact that simulations for the twenty-
first century are based on a 30-year reference period
(1961-1990) that is repeated in each of the three hori-
zons. Furthermore, the perturbation method is known to
generate over-prediction of rare events (Lenderink et al.,
2007), so a precise analysis of shifts in effective dis-
charge should not be attempted. However, the qualitative
trend corresponds well to findings from other studies (e.g.
Andrews, 1980; Nash, 1994; Emmett and Wolman, 2001).
To add to this complexity, relationships between dis-
charge and sediment transport are themselves complex
(Reid et al., 2007a,b; Coulthard et al., 2008). As high-
lighted in Figure 6, the relationship between sediment
transport and discharge is highly variable, and the same
flow may have very different effects at different times
and places due to factors such as hysteresis and channel
bed changes (Carling and Beven, 1989; Phillips, 2002;
Fuller, 2008). This complexity is clear when examining

Copyright © 2010 John Wiley & Sons, Ltd.

RefQ, (b) CSIRO-Mk2, (c) ECHAM4 and (d) HadCM3

plots of sediment discharge against water discharge for
the three tributaries (Figure 10). For a given discharge,
the variation in sediment transport can be more than 1
order of magnitude, as is frequently observed in field
measurements (e.g. Emmett and Wolman, 2001). Note
that the bedload transport rating curve for the Batiscan
River (Figure 10a) suggests two distinct data groups. This
is likely due to the different timing of floods in the dif-
ferent GCM scenarios (with the double-peaked shape of
the spring flood hydrograph and more frequent fall floods
in the Batiscan River compared to those in the other two
tributaries) as the same flood magnitude would occur at
different levels in the Saint-Lawrence River.

The effective discharge is predicted to increase in all
GCMs and tributaries, except for the Batiscan River in the
ECHAM4 scenario (Figure 4). Grain size, flow variability
and basin size are considered to be the most impor-
tant factors influencing the effective discharge recur-
rence interval (Wolman and Miller, 1960; Andrews, 1980;

Hydrol. Process. 25, 1558—1573 (2011)



CLIMATE CHANGE IMPACT ON SEDIMENT LOAD IN ST-LAWRENCE TRIBUTARIES

RefQ (b)

1569

CSIRO-Mk2
1 2 1050 12 1050 Season
60 1% 1102 45%| 60 [4% l11g2 49%| __ |winter
| DJF
___ |Spring
50 MAM
’Q | Summer
lg, 40 JUA
= Fall
[
> SON
- 30
o
c
2
®
5 20
a
21% 9% & 3 38%
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Maximum discharge flood event (m%/s) Maximum discharge flood event (m%/s)
(© ECHAM4 (d) HadCM3
12 1050 12 1050 10° ()
60 8% l1102 36%| 60 [3% 1102 50%
800
50 1
. Ol
T
S 40 :
5 O {200
- 30 .
s QO 140
K
5 20 1
e O 120
o {4
o 7 . . 36% (9% . . 38%
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Maximum discharge flood event (m%/s)

Maximum discharge flood event (m%/s)

Figure 8. Duration/magnitude diagram of sediment transport event duration against maximum discharge for the Richelieu River. Circles are
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for the 2010—-2099 period (1102 m/s). The horizontal dashed line represents the median value of sediment transport event duration (i.e. 50% of the
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Knighton, 1998; Doyle et al., 2007). In our study, the
grain size remains about the same and basin size is con-
stant so the predicted shift in effective discharge, towards
low-frequency floods, is solely a result of increased flow
variability. The use of effective discharge has been a
topic of debate since it was first introduced by Wol-
man and Miller (1960), and much uncertainty remains
around its calculation (Ashmore and Day, 1988; Lenzi
et al., 2006; Doyle and Shields, 2008). For the three
rivers studied here, the effective discharge in the RefQ
scenario corresponds to a 2—5-year recurrence inter-
val, which is larger than the 1-2-year value reported
in Wolman and Miller (1960), but conforms to obser-
vations of Doyle efal. (2007) for lowland sand bed
rivers. One of the consequences of climate change mod-
ifications to discharge in these rivers is a transition
from a relatively simple distribution of effective dis-
charges (Figure 4a—c) to more complex ones with mul-
tiple peaks (Figure 4d—1). This may also be the case in

Copyright © 2010 John Wiley & Sons, Ltd.

other rivers, particularly where there is a predicted shift
in spring flood discharge. This could indicate a channel-
maintaining role of near-bankfull flows with recurrence
intervals of 2-5 years, with extreme rare events mainly
affecting channel bank erosion (Pickup and Warner, 1976;
Carling, 1988; Phillips, 2002).

Half-load discharges (Vogel et al., 2003) show trends
similar to the effective discharge for the RefQ scenario
(Table IV and Figure 4), with an overall increase in
the twenty-first century. However, half-load discharge
trends for the GCM scenarios are more consistent than
those in the effective discharge. Because the half-load
discharge is not dependent on bin size, it provides a more
robust indicator of change in morphological behaviour
than the effective discharge, and is also simpler to
calculate. Vogel et al. (2003) suggested that the half-load
discharge for the total load corresponds to a relatively
rare event compared to the effective discharge of Wolman
and Miller (1960). In contrast, for the lowland rivers
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Figure 9. Duration/magnitude diagram of sediment transport event duration against maximum discharge for the Saint-Francois River. Circles are
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studied here, half-load discharges for bed-material in
the RefQ scenario correspond to recurrence intervals of
about 2 years. The half-load discharge is lower than the
effective discharge for the Batiscan and Saint-Francois
Rivers, and approximately the same for the Richelieu
River.

The increase in frequency and magnitude of winter
events results in higher transport rates because, for
the same discharge, the water surface slope for high-
magnitude events in the tributaries is markedly higher
in the winter compared to that in spring when the
Saint-Lawrence River, with highly regulated water levels
(Fagherazzi et al., 2005), reaches its maximum level
(Boyer et al., 2010a). Because the slopes of the tributaries
are very low (less than 0-1 m per km), the impact of
base-level changes on hydraulics and bed shear stress
is significant, unlike in small upstream systems with
much steeper slopes. The seasonal effect is enhanced
under all GCM scenarios as longer-duration, higher-
magnitude winter events are predicted for all tributaries

Copyright © 2010 John Wiley & Sons, Ltd.

(Figures 7-9). The impact of the base-level change is
further exacerbated by the predicted 20% decrease in
discharge of the Saint-Lawrence River, resulting in a 0-5
to 1 m decrease in its water level during the twenty-first
century (Croley, 2003). This effect has been tested using
two base-level decrease scenarios in the Saint-Lawrence
River (see details in Verhaar ef al., 2010). The same
winter discharge events when the Saint-Lawrence level
was between 0-5 and 1 m lower than their current values
resulted in average increases in sediment transport of 40%
for the Richelieu and Saint-Francois Rivers and 116% for
the Batiscan River.

It is commonly assumed that if climate change leads
to a more frequent occurrence of high-magnitude, long-
duration flood events, there is an increased risk of over-
bank flooding. However, peak-flow magnitude is not
the only control on flood risk, as changes in channel
geometry, in particular in systems undergoing long-term
aggradation, also need to be considered (Lane et al.,
2007, 2008). Our morphodynamic simulations suggest

Hydrol. Process. 25, 1558—1573 (2011)



CLIMATE CHANGE IMPACT ON SEDIMENT LOAD IN ST-LAWRENCE TRIBUTARIES

1571

(&) Batiscan (b) Richelieu (c) St-Frangois
. J 3 .
10° BT E 10 b
&
10’ 4w 10t |
=
[}
=
T E
S 3 ] 3
E g 10 10 10 b
[ =
T o
[ -]
"g E
ég 10° { 10 10° i
g E
10’ 10 10’ e
— _—
 — | —
10" - 10" : 10" :
10° 10° 10° 10° 10°

Discharge {m®/s)

Discharge (m¥/s)

Discharge (m/s)

Figure 10. Scatterplot of the sediment transport rate (m3/day) at the downstream boundary against the daily discharge (m?/s) for (a) the Batiscan

River, (b) the Richelieu River and (c) the Saint-Francgois River.

The different hydrological scenarios are combined in these plots

(@ Batiscan (b) Richelieu (c) Saint-Francois
) 80 50

3

3 40 60 40

3 30

o 40

ks 20

> 20

s 20 10

=}

g

[ 025 05 075 1 1.25 025 05 075 1 1.25 025 05 075 1 125

Water level above bankfull (m)

Water level above bankfull (m)

Water level above bankfull (m)

| I RefQ [ CSIRO-Mk2 [ ECHAM4 [l HadCM3

Figure 11. Frequency of the number of occurrences per year of five water surface elevations above bankfull level at the upstream boundary for

(a) the Batiscan River, (b) the Richelieu River and (c) the Saint-Francois River. Frequency of occurrence is expressed as a percentage of the number

of occurrences per year (e.g. 20% is once in 5 years). The bankfull water surface elevations (calculated on the basis of a 2-year recurrence interval)
for the Batiscan, Richelieu and Saint-Francois rivers are 6-47, 6-59 and 7-55 m, respectively

that the Batiscan River is undergoing slight aggradation
under the present hydrological regime, the Saint-Francois
River is degrading slightly and the Richelieu River is
almost in equilibrium (Verhaar et al., 2010). However,
under all climate-change scenarios, increased bed ero-
sion is predicted, resulting in reduced aggradation with
some erosion in the downstream reaches for the Batis-
can River, a switch from equilibrium to a degradational
state for the Richelieu River and increased degradation
in the Saint-Frangois River (Verhaar et al., 2010). Thus,
the increase in flood risk due to more frequent extreme
events is in part compensated by bed incision in the three
studied tributaries. Higher flood levels that occur more
often are predicted for all GCMs and all three tributaries
(Figure 11). This shows that, although lower bed eleva-
tion decreases flood risk, the increased frequency of rare
events outweighs this effect and the likelihood of observ-
ing floods in the range of 1-1-25 m above the bankfull
level increases, particularly with the CSIRO-Mk?2 model.

Copyright © 2010 John Wiley & Sons, Ltd.

Note that this increased flood risk is also present for all
simulations with a steady fall (0-01 m/year) in the down-
stream water levels of the Saint-Lawrence River, with the
exception of the ECHAM4 model in the Saint-Francois
River.

Because of the scarce availability of long-term series
of sediment transport data to investigate the geomorphic
impacts of infrequent large floods versus more frequent
smaller events, the sediment modelling approach used in
this study provides an additional method for assessing
the role of different discharges within rivers (Shields
et al., 2003). However, ideally, a more sophisticated 2D
modelling approach, which could simulate bank erosion,
would be required to assess the role of extreme events
on bank erosion and sediment supply. In the Batiscan
and Richelieu Rivers, banks are stable, but high lateral
migration rates were observed in the Saint-Francois
River, which cannot be adequately modelled in a 1D
approach.
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CONCLUSION

Morphodynamic simulations for the twenty-first century
based on three GCM scenarios for three tributaries of
the Saint-Lawrence River indicate that climate-induced
changes in discharge will markedly increase the low-
frequency, high-magnitude events, which will have an
important impact on both bed-material transport and flood
risk. Although the mean daily discharge does not change
much in GCM scenarios, there is an increase in flow
variability that results in higher effective and half-load
discharges under future scenarios. Very large volumes of
sediment are transported by fewer, extreme flood events
in most simulations compared to a reference scenario
where events of recurrence interval of 5 years or less
transported most of the sediment. The change in the
timing of these events, with more frequent long-duration,
high-magnitude floods in the winter, will also have a
major impact as these events occur during low flow in the
Saint-Lawrence River, leading to a greater water surface
slope in the tributaries and thus higher transport capacity.

Although the three GCMs predict an increase in
large magnitude events, there remains a large variabil-
ity between these scenarios, with ECHAM4 (dry/warm
prediction) resulting in the smallest impact in terms of
sediment transport and flood risk, and HadCM3 (largest
change in precipitation) having the largest impact on
these variables. Future research on climate-induced mor-
phodynamic changes in rivers should thus continue to
use more than one GCM scenario, unless or until GCM
refinement leads to a convergence of climate predictions.
Furthermore, there is a need to develop further 2D mod-
elling tools that could run long-term unsteady simulations
of bed-material transport and incorporate the impacts of
bank erosion on channel evolution.
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