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EXECUTIVE SUMMARY 

This is a report on the work conducted by Dr. Baptiste Francois and Dr. Casey Brown 
regarding how the Lake Champlain-Richelieu River (LCRR) Study Board’s Structural 
Mitigation Measures (Theme 1) findings and recommendations should consider and 
reflect climate change. It primarily focuses on work done by Dr. Francois, but also 
integrates key results from other LCRR climate researchers who examined some of 
these issues from other perspectives. 

FINDINGS 

There are five principal findings. The first is that climate 
change is likely to reduce average Lake Champlain levels 
and Richelieu River flows during the 21st Century, but the 
region will still be susceptible to floods greater than 2011. 
Such “megafloods” do not change average annual flood 
reduction benefits very much, so the best way to deal 
with them is not through larger structural (Theme 1) 
projects but through emergency response planning 
(Theme 3). Over time, increasing precipitation could 
trigger major flooding during the Fall season; 1927 was 
the only year in the historic record when this happened. 
The finding from this work that climate change will 
generally reduce water levels supports the published 
conclusions of Lucas-Picher done earlier in the LCRR 
Study, using mainly independent analyses, although 
both efforts used the HYDROTEL hydrological model 
and focused on the RCP8.5 scenario (see Chapter 6 for 
a discussion of forecast uncertainty related to those two 
elements of the analyses). Structural measures being 
considered, such as selective excavation and installation 
of a submerged weir near Saint-Jean-sur-Richelieu 
(Measure 1) and the same work with the addition of a 
small diversion through the Chambly Canal (Measure 3), 
are designed to also help mitigate the impacts of lower 
levels.  
 
 
 
 
 

The second finding is that climate change will probably 
reduce the current benefit-cost ratios of the Structural 
(Theme 1) measures under final consideration by the 
Board, but in the worst case, Measure 1 is almost 
certainly cost-effective and Measure 3 is probably cost-
effective. (See Section 6.1). 

The third finding is that estimates of the relationship 
between increased temperatures and increased 
evapotranspiration in the HYDROTEL model are 
important and reasonable, but uncertain. The estimates 
were deemed reasonable because (among other 
reasons) they were supported by fairly simple 
comparisons to evapotranspiration estimates for basins 
nearby. They were deemed uncertain because the lack of 
direct measurements in the basin makes it difficult to 
validate this element in the model results, and because 
the model estimates evapotranspiration based solely on 
temperature, not radiance. Lower water levels would 
reduce the flood risk but could cause substantial low 
water disbenefits. A program of monitoring to validate 
and improve the evapotranspiration estimates could help 
reduce anxiety about future low water levels. (See 
Section 6.2). 
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The fourth finding is that the likelihood of floods around 
Lake Champlain and along the Richelieu River will 
change and there is no consensus on how to estimate 
recurrence intervals for floodplain development 
regulation. Integrated Social, Economic and 
Environmental (ISEE) evaluations and reports from the 
2011 flood have shown that a substantial portion of 
damages from very large floods came from development 
outside the floodplain. The Richelieu River floodplain is 
fairly flat, and levels can rise significantly when strong 
winds from the South blow over Lake Champlain. Taken 
together, this suggests consideration of flood risk as a 
continuum rather than a binary, on-off proposition with a 
delineated floodplain border. Regulation could be varied 
over an expanded floodplain, recognizing that measures 
advisable for frequently flooded properties can be 
substantially different from policies for properties that will 
rarely suffer flood damages. (See Section 6.3). 

The fifth finding is that a collateral benefit of using the 
weather generator is that the simulations can be used to 
support visualizations that help explain how snowpack 
and rainfall affect flooding and make the plausibility of 
greater than 2011 floods more palpable. These 
visualizations might be useful in communicating flood 
risk in general and in an operational setting (See Section 
5.2.3). 
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THE INTERNATIONAL JOINT COMMISSION 

Under the Boundary Waters Treaty of 1909 (the Treaty), the governments of the 
United States and Canada established the basic principles for managing many water-
related issues along their shared international boundary. The Treaty established the 
IJC as a permanent international organization to advise and assist the governments  
on a range of water management issues. The IJC has two main responsibilities:  
regulating shared water uses; and investigating transboundary issues and 
recommending solutions. 
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1 INTRODUCTION 

After record flooding in the Lake Champlain-Richelieu River (LCRR) basin in 2011, the 
governments of Canada and the United States asked the International Joint Commission 
(IJC) to provide recommendations on what should be done to mitigate flood risks. The IJC 
appointed the International Lake Champlain Richelieu River Study Board in 2017 to oversee 
and manage the study looking into the causes, impacts, risks, and both structural and non-
structural solutions to flooding in the LCRR basin. 

The Study Board evaluated several moderate structural works to reduce water levels (termed “Theme 1” of the Study). Three 
measures were considered in detail, each incorporating some combination of selective removal of the Saint-Jean-sur-
Richelieu shoal, installation of a submerged weir, and diversion of high flows through the Chambly Canal. Climate change 
could alter the severity and frequency of future floods and perhaps influence findings about and recommendations to 
address flood impacts.  

This report investigates not just climate change, but also the way it influences net basin supply (water inflows) and flood 
management decisions at three levels of severity: smaller, more frequent floods; larger, less frequent floods; and catastrophic 
Probable Maximum Floods. The decision scaling analysis described in this report considered all three levels of flooding with 
the understanding that each would fill a different role in flood management decisions. In broad terms, the Study’s Theme 1 
structural measures are better suited for smaller, more frequent flood damages because the relatively high frequency of 
damages can translate into a relatively high frequency of flood damage reduction benefits. It was clear from earlier analyses 
that Theme 1 measures much larger than recommended Measures 1 and 3 would not be cost-effective. They produced 
greater reductions in damages from large floods, but the large and certain increase in costs for the measures outweighed 
the expected value of damage reductions from rare floods. Finally, Probable Maximum Floods have been used to avoid 
catastrophes created unintentionally from flood control projects; a levee system that prevents all damage from 200-year 
floods might induce catastrophic damage from a larger flood that overtopped the levees. The two recommended Theme 1 
measures would not induce such damage. The investigation of the Probable Maximum Flood served an additional purpose 
in this study, exploring how three fairly independent factors (snowpack, spring temperatures and spring precipitation) could 
interact to produce floods.  
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1.1 FOUR PERSPECTIVES  
ON FLOOD RISKS AS  
CLIMATE CHANGES 

This work follows “A Strategy for Addressing Climate 
Uncertainty Affecting Lake Champlain-Richelieu River 
Flooding” (Werick, 2021). The nature of future Lake 
Champlain water levels and Richelieu River flows and the 
flood risks they would induce were analyzed from four 
different perspectives: 

1. Stochastically generated future net basin supplies 
(NBS) (Lee and Ouarda 2020) 

2. Probable Maximum Flood (Lee and Ouarda 2021) 

3. Stress test the system with NBS developed using a 
“weather generator” (described in this report) 

4. Analysis based on climate modeling  
(Lucas-Picher et al. 2021) 

The first two perspectives are projections of future flood 
risks from a base of historic data, the latter two are 
projections of climate factors that would affect future 
flood risks. The stochastic analyses show that without 
considering climate change, there is a risk of much 
greater than 2011 floods, though floods that large are not 
likely in any given year. The last two perspectives suggest 
that based on what we surmise about future climate, 
average Lake Champlain levels will decline, but the risk 
of bigger than 2011 floods will still exist because of the 
variability in weather conditions. 
 
 
 
 
 

In the analyses from the first perspective, two stochastic 
methods were used; the Shifting Mean Level (SML) 
approach, which had been used in previous IJC studies, 
and a new approach, called the Climate Signal-led 
Hydrologic Stochastic simulation model (CSHS), which 
was better than the SML approach at matching key 
statistical parameters of historical NBS. The two 
methods were used to develop around 100 simulations, 
each 10,000 years long, and then the averages of the 
maximum discharges from each simulation were used to 
estimate 10,000-year flood flows of 2,043 (SML) and 
2,722 m3/s 1(CSHS).  

Originally, the design intent of the PMF study (second 
perspective) was to consider the joint probabilities of 
maximum snowfall, optimal spring temperatures for 
flooding and maximum spring precipitation, but there 
were not enough data to conduct that analysis. Instead, 
a PMF ratio developed in a 2008 paper was applied to 
the 10,000-year events produced by the two stochastic 
methods. Maximum possible flood flows were  
5,449 m3/s with a Lake Champlain level of 35.74m 2.  

The Arctic Oscillation (AO) index reflects atmospheric 
pressures around the North Pole, and these pressure 
changes affect the location of the jet stream, influencing 
weather in the LCRR basin. The AO index and the NBS 
were decomposed into Intrinsic Mode Functions (IMFs) 
using Bivariate Empirical Mode Decomposition (BEMD). 
A significant correlation was found for one of the IMFs, 
and that was used to generate future AO Indices and 
NBS (Figure 1-1). As can be seen in Figure 1-1, Lee and 
Ouarda (2020) forecasted a drop in mean water levels 
through about 2050, followed by a rise in the latter half 
of the 21st century, with some peaks well above 2011 
levels. Lucas-Picher et al. (2021) found that Lake 
Champlain levels would generally decline through the 
21st century, but with some floods reaching over 2,400 
m3/s. 

 
 
 

 
1 For comparison, the maximum recorded flow for the Richelieu River at Fryer Rapids in 2011 was 1,539 m3/s (ILCRRSB 2019). 
2 For comparison, the maximum lake elevation during the 2011 flood was 31.32 meters. 
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Figure 1-1. The projected cycle in the Arctic Oscillation (lower figure) drives NBS cycles in the CSHS stochastic NBS simulation (upper figure). 

Figure 1-2. Number of Lake Champlain floods in the next ten years by year, 1925 to 2008. 

 

The AO teleconnected NBS series also revealed the long term semi-periodic fluctuations of NBS. As Figure 1-1 suggests, the 
historical NBS and AO index seemed to sag in the 1960s and then rise in the 1970s. Figure 1-2 tracks the number of floods 
(as defined by the National Weather Service) in the ten years following the year indicated on the x-axis. 
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The NWS defines a flood as Lake Champlain water level 
of 100 feet (30.48 m) (NGVD28) or more, with a 
moderate flood level 101 ft (30.78 m) and major flood 
over 101.5 feet (30.94 m). From 1955 to 1966, the 
number of floods in the next ten years varies between 
three and five, and there are no moderate floods. 
Between 1967 and 1976, the number of floods in the next 
ten years varies from five to eight, and there are four 
moderate floods. It should be noted that while historic 
average annual lake levels have increased, especially 
since the widening of the Chambly Canal in the early 
1970s, peak annual lake levels have not trended 
upwards. An analysis done for the LCRR Board showed 
that NBS has trended upward during periods before and 
after the weeks when floods occur, with lower NBS in the 
flood periods. Semi-periodic cycles seem to apply, as 
indicated in the Artic Oscillation analysis depicted in 
Figure 1-1. The 1960s were dry, with only one minor flood, 
while the 1970s included many floods. 

This study found agreement with Lucas-Picher et al. 
(2021) on both the general decline of Lake Champlain 
levels and the plausible risk of megafloods much greater 
than the 2011 flood. The study also generated 
megafloods of the same order of magnitude as those 
simulated or estimated in the stochastic, PMF and Arctic 
Oscillation analysis. Megafloods damage properties 
outside the delineated floodplain3 and the incremental 
damage with each additional centimeter of water 
surface elevation increases when that occurs. 
Nonetheless, megafloods have an exceedingly low 
probability of occurrence in any given year. This means 
that “Theme 1” projects (structural measures to reduce 
water levels) that are designed to eliminate damages 
that would otherwise occur during extreme events are 
unlikely to be economically justified.  
 
 

 
3 In both countries, the standard reference for development regulation is the 100-year floodplain. Quebec has more stringent rules for the 0–20-year floodplain. 
FEMA refers to the 100-year-floodplain as the “Special Flood Hazard Area” and this is where the National Flood Insurance Program's (NFIP's) floodplain 
management regulations must be enforced. The LCRR Study report on “Causes and Impacts” (ILCRRSB 2019) has a detailed discussion of this subject. 
4 For instance, NBC News reported that there were only a handful of houses still occupied on Broad Lake Road in Colchester, Vermont, “the ones with sandbags 
surrounding them, pumps draining water, unholy piles of driftwood and tree limbs pushed up onto lake-facing patios.” The Burlington Free Press reported the use of 
sandbags on Appletree Point Road in Burlington. 
5 GIS-based risk assessment tool managed by the US Federal Emergency Management Agency (FEMA. 

The value of knowing that floods could be this large is 
that it allows rational scaling of emergency flood 
response plans; using these plans, measures such as 
sandbagging that reduce these very rare damages are 
spent only when the threat is imminent. Knowing bigger 
floods can happen also provides an incentive for 
consideration of modest Theme 4 floodplain measures, 
such as landscaping designs that allow the placement of 
AquaDams or sandbags. Sandbags were used during 
the 2011 Lake Champlain flood4. Megafloods would 
inundate areas that have never been flooded before, so 
emergency response teams would have no past flood 
experience to inform placement of sandbags. 

The LCRR Study provided several tools that could be 
used to pre-plan where sandbags and AquaDams  
made sense. 

• The Integrated Social, Economic and Environmental 
system (ISEE) modelers created .kml files which, 
when opened in GoogleEarth (Figure 1-3), provide 
dramatically clear and accurate (Figure 1-4) 
depictions of the extent of Lake Champlain flooding.  

• The Study supported the development of improved 
modeling and flood forecasting tools in each 
country that provide estimates of flood levels five 
days hence. 

• The ISEE model and underlying Hazus5 analysis in 
the United States could provide a list of properties 
that would suffer damage in a forecasted flood and 
estimates of the damage that would be sustained, 
property by property (Figure 1-5 shows how it was 
used for that purpose during the Municipal Needs 
Assessment workshops for Richelieu River 
communities in 2021).  



5 

 

Figure 1-3. LCRR Study .kml mapping of Burlington, VT waterfront opened in GoogleEarth. 

 

Figure 1-4. Aerial photograph during the 2011 flood. 

 

Figure 1-5. ISEE can calculate the location and extent of damages for forecasted floods
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2 CHOICE OF DECISION SCALING 

Climate change impact studies on the response of water 
systems have extensively used the so-called top-down 
approach, where downscaled climate projections are 
input to impact models. One key impact model for flood 
design is the hydrology model that, when forced by 
downscaled climate projections, can be used to assess 
future streamflow distributions at key points of the river 
network. This approach, often denoted as ‘predict-then-
act’, aims at providing decision-makers with the best 
estimate of the future flood risk so that the best design 
decision can be made accordingly. While such an 
approach is valid when future predictions are accurate, 
this is not the case when coping with climate change 
uncertainty. 

Precipitation projections from Global Circulation Models 
(GCMs) are biased and their spatial resolution is too 
coarse for the impact models (Kundzewicz and Stakhiv 
2010). The key physical processes causing precipitation 
extremes are not solved by the GCMs and are instead 
constrained by direct consideration of physical 
parameters that bound conditions at the appropriate 
finer scale. As such, precipitation extremes are often 
largely biased and dependent on the considered GCM. 
Downscaling (either statistical or dynamical) and/or bias 
correction approaches are often used, but they are not 
perfect and often suffer from their own biases (see 
François et al. 2019 for more discussion on this topic). In 
addition, the available GCM ensembles include 
projections that differ significantly from one to another. 
While a consensus among the scientific community is to 
avoid use of the ensemble average (Knutti 2010; Knutti 
et al. 2010), there is as yet no established method to 
select the best climate projection at a given location 
(e.g., Knutti et al. 2013; Steinschneider, McCrary et al. 
2015). Even if one wanted to use the full available 
ensemble to describe at best the uncertainty stemming 
from the GCMs, such an ensemble would only provide 
the minimum bound of the ‘true’ uncertainty (Stainforth 
et al. 2007). These various flaws, among others, even led 
some authors to question the use of GCM projections for 

water resources management applications (e.g., 
Kundzewicz and Stakhiv 2010) and flood hazard 
assessment (e.g., Kundzewicz et al. 2017). 

Rather than the typical top-down approach described 
above, this study uses a bottom-up approach called 
Decision Scaling that was developed by Brown et al. 
(2012). Decision Scaling has been integrated into a 
decision-making modeling framework called Decision 
Tree (Ray and Brown 2015). Contrary to the top-down 
approach, Decision Scaling assessment of vulnerability 
does not rely on the predicted evolution of the climate 
variables based on climate models. Instead, it relies on a 
multi-dimensional sensitivity analysis called a Climate 
Stress Test that aims at assessing tipping points at which 
the considered system performance is no longer 
satisfying. In the context of this study, tipping points 

could be combinations of change in precipitation (ΔP) 

and temperature (ΔT) that produce much greater 

damage than the 2011 flood much more frequently. Once 
the tipping points are identified, their plausibility can be 
evaluated using various sources of information. For 
instance, Brown et al. (2012) used climate projections. It 
is important to note that, contrary to the top-down 
approach, the temporal sequences of the climate 
variables (i.e., time series of daily precipitation and 
temperature) are not used to drive the vulnerability 
assessment. Instead, the expected changes in 
precipitation and temperature obtained from the climate 
projections over long time periods and large spatial 
domain are used. Other sources of information, such as 
expert opinions, can be used to evaluate the plausibility 
of the tipping points. In this study, numerous sources of 
information coming from multiple studies were used to 
discuss the plausibility of the occurrence of large flood 
events under climate change conditions (Section 5). To 
be clear, there is no express or implied assumption in 
decision scaling about what the decision should be, only 
that there are tipping points where impacts would 
become much larger or of a different nature. 
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3 MODELING THE VULNERABILITY ASSOCIATED 
WITH DIFFERENT ΔT AND ΔP

With Decision Scaling, modeling the vulnerability of a system to changing climate relies on a comprehensive sensitivity 
analysis using a process hereafter denoted as climate stress test. The climate stress test relies on a modeling concatenation 
that is used to explore the behavior/performance of the system for a large range of scenarios of warming temperature and 
changing precipitation. Figure 3-1 illustrates the flow of information through several models used together to assess the 
vulnerability of the LCRR system to climate change. Historical weather time series (Section 3.1) are used to create stochastic 
scenarios of precipitation and temperature via a tool called stochastic climate/weather generator (Section 3.2). These 
scenarios are then used as input to the HYDROTEL hydrologic model that simulates Net Basin Supplies (NBS) to Lake 
Champlain (Section 3.3). Generated NBS (inflow) time series are input to a two-dimensional hydraulic lake model that 
simulates water levels in Lake Champlain and at Saint-Jean-sur-Richelieu (SJsR), together with lake outflow and streamflow 
at the SJsR’s marina (Section 3.4). The water balance model results are used to create a series of water surface profile 
scenarios and the two-dimensional hydraulic model calculates water levels for each timestep and each cell in the Integrated 
Social, Economic and Environmental system (ISEE) model. Functions embedded in ISEE produce impact estimates, 
including estimates of damages on flooded buildings (Section 3.5). 

 

Figure 3-1. The modeling concatenation used for assessing the Lake Champlain system vulnerability  
to warming temperature and increasing precipitation. 

The sections below (3.2 Stochastic Climate/Weather Generator and future scenarios, 3.3 HYDROTEL model, 3.4 Water 
balance model and 3.5 ISEE model) describe the various components of the modeling concatenation illustrated in Figure 3-
1. The Modeling objectives sub-sections aim at providing high-level descriptions of the considered approaches and their use 
throughout the assessment of the vulnerability of the LCRR system. The Modeling methods sub-sections summarize the 
methods and provide additional details. Although the intention has been to use non-technical language throughout the 
method description, some modeling details offered here may not be easily understood. Scientific articles supporting the 
various methods throughout the document are referenced, should readers want to access more details about the modeling 
approaches considered for the assessment.
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3.1 HISTORICAL WEATHER DATASET 
USED IN THIS STUDY WEIR 

Daily gridded precipitation and maximum and minimum 
temperatures from the Livneh et al. (2015) dataset are 
used as inputs to the stochastic climate/weather 
generator. This dataset is available from 1950 to 2013 
across the contiguous United-States, Canada and 
Mexico. The gridded dataset is available at a spatial 
resolution of 1/16o, which is near 7 km resolution at the 
latitude of Lake Champlain. The Livneh dataset was 
developed using the SYMAP interpolation algorithm 
(Shepard, 1984). Weather station data across Canada 
and the contiguous United States were provided by 
Environment and Climate Change Canada and the U.S. 
National Climatic Data Center, respectively. A 
comprehensive description of this meteorological dataset 
is available in Livneh et al. (2015).  

Figure 3-2 illustrates the climatological averages for 
temperature and precipitation variables over the LCRR 
basin from 1950 to 2013.  

 

Figure 3-2. 1950-2013 mean annual cycle for precipitation (cyan 
bars, right axis), minimum temperature (blue line, left axis), and 
maximum temperature (red line, left axis) over the Richelieu basin 
from the ~7-km Livneh et al. (2015) meteorological data set.  

 

It indicates, on average, higher precipitation during the 
late spring, summer and fall seasons than during the 
winter season. Maximum temperatures occur during 
summer and minimum, during winter. Maximum 
temperature is, on average, negative throughout the 
winter season, which indicates that precipitation mostly 

falls as snow during this season. On average, minimum 
temperatures shift to positive values in April, highlighting 
the time when snowmelt is likely to occur. 

3.2 STOCHASTIC CLIMATE/ 
WEATHER GENERATOR AND 
FUTURE SCENARIOS 

3.2.1 Modeling objectives 

Stochastic climate/weather generators are 
mathematical algorithms that produce time series of 
synthetic weather data at desired spatial and temporal 
resolution. Historical meteorological records are used to 
train or calibrate the model parameters to ensure that 
the characteristics of historical weather emerge in the 
daily stochastic process. Stochastic climate/weather 
generators can also be used to perform exhaustive 
assessments of a system’s vulnerability to climate 
conditions across multiple temporal scales, including 
changes in mean climate and variability (Steinschneider 
and Brown, 2013). Stochastic weather generators can be 
used to produce new realizations of a time series of 
weather variables that exhibit similar statistics as the 
historical record, thus producing an ensemble of time 
series that provides a sample of the historical or “natural” 
variability. By incrementally manipulating one or more 
parameters in a climate/weather generator, one can 
simulate many climate scenarios to explore potential 
futures that exhibit altered climate characteristics, such 
as the intensity and variability of daily precipitation or 
average temperature across the region. 

This analysis does not directly account for climate 
change induced increases in the risks of hurricanes or 
increased durations of low pressure, high precipitation 
periods. The LCRR study team has discussed particular 
manifestations (such as Hurricane Irene, which caused 
extensive damage in Vermont in 2011 months after Lake 
Champlain peaked, and the high NBS from Hurricane 
Sandy, which came on shore well North of most Atlantic 
hurricane landfalls). High winds from the south can add 
to flooding along the Richelieu with or without more 
precipitation. The team also discussed the fact that there 
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was extreme and extended precipitation on the Ottawa 
River basin in 2017 and again in 2019 that did not cause 
flooding in the adjacent LCRR basin. The examples given 
suggest more frequent and severe flooding, but the 
evidence needed to quantify the risk of such complex 
combinations of weather events is lacking.  

If it were possible to quantify an increase in risk from 
these additional climate change factors, this study’s 
findings would be strengthened. This limited analysis 
demonstrates the chance of floods greater than 2011 and 
the possibility that Lake Champlain levels will drop over 
the next several decades. Adding a concern about 
increased risk of flooding from climate change beyond 
added precipitation and higher temperatures would 
underscore the first finding. In Chapter 6, the robustness 
of the economic justification of Measures 1 and 3 is tested 
under the less flooding conclusion. If weather factors not 
considered here increase the risk of flooding, the 
economic justification for these measures would be even 
more robust. The concern expressed about lower water 
levels in most years would not be negated because 
hurricanes caused occasional additional flooding. 

The weather generator developed for the vulnerability 
assessment of the LCRR was used to produce stationary 
time series of precipitation and minimum and maximum 
temperatures that are consistent with the Livneh et al. 
(2015) dataset used by the HYDROTEL Model. These 
output time series help explore the effects of variations 
similar to observed historical conditions. Outputs from 
this module are then altered to evaluate the effects of 
warming temperatures, increasing average precipitation 
and increasing precipitation variability on the net basin 
supply to the LCRR and on the resulting flow and water 
level at Saint-Jean-sur-Richelieu. 
 
 
 
 
 
 

 
6 Further explanation of technical terms and methods is provided below. 

3.2.2 Modeling methods 

The weather generator proposed by Steinschneider and 
Brown (2013) was used for the vulnerability assessment 
of the LCRR system. This weather generator includes6:  

• a Wavelet Auto-Regressive Model (WARM) that is 
used to simulate stationary stochastic time series of 
basinwide annual precipitation that reproduce the 
low-frequency signals that one might infer from the 
historical record,  

• a Markov chain and a lag-1 K-nearest neighbors 
(KNN) resampling scheme to simulate spatially 
distributed, multivariate weather variables over a 
region. Note that the Markov chain is used to 
simulate sequences of wet and dry days, while the 
lag-1 KNN preserves the co-variance among 
weather variables and across space.  

• two approaches to alter the simulated weather 
variables to apply change in average temperature 
and average and variability of the precipitation.  

WARM is a time series simulation approach that uses 
auto-regression models to model low-frequency 
oscillations that are identified in the observed 
precipitation record (Kwon et al. 2007). Low frequency 
oscillations are identified using a technique called 
wavelet analysis (Torrence and Compo, 1998). Wavelet 
analysis decomposes time series into frequency 
components using a wavelet transform function. The 
Morlet wavelet function was used, as in Steinschneider 
and Brown (2013). More details regarding how to 
perform wavelet analysis are provided in Torrence and 
Compo (1998). 
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Figure 3-3 illustrates the result of the wavelet analysis of the basinwide annual average precipitation time series. Note that 
the developed weather generator required the rainfall time series considered to be stationary. A significant upward trend 
was identified at the basin scale and removed prior to the wavelet analysis (Figure A-1). The left panel of Figure 3-3 is known 
as ‘local wavelet power spectrum’. Technically speaking, the local wavelet power spectrum is calculated as the convolution 
product7 between the precipitation time series and the Morlet wavelet for a set of specified frequencies (or scales, as shown 
in the y-axis). The local wavelet power spectrum shows the occurrence (warm colors) of oscillations of specific frequencies 
(or scales) in the precipitation signal. The information from the local wavelet power spectrum is summarized in the right 
panel of Figure 3-3, known as ‘Global Power Spectrum’. The global power spectrum (black line) is defined as the integral 
over the time dimension of the local wavelet power spectrum. On this figure, the red-dashed line indicates the global power 
spectrum that would be obtained from a random noise signal at 95 percent confidence level. The low frequency 
components (i.e., scale of variability) embedded within the considered basinwide annual precipitation time series are 
identified as significant if the power value (x-axis) is larger than the power value that would be obtained from random noise 
(i.e., red dashed line). For the analyzed precipitation time series illustrated in Figure 3-3, scales from 2 to 4 years can be 
deemed significant. To the authors’ knowledge, no climate pattern could be directly linked to this oscillation, although the 
Arctic Oscillation and the North Atlantic Oscillation could play a limited role. One can also note a peak around 6 years, 
which could be linked to the El Niño-Southern Oscillation (ENSO), although it does not appear to be significant (i.e., the 
peak in the global power spectrum at this frequency is below the red dashed line). 

 

Figure 3-3. Results of the wavelet analysis of the precipitation gridded dataset (1950-2013). 

Left: Local wavelet power spectrum for the annual precipitation. The local wavelet spectrum displays the strength of each component (denoted as ‘Scale’ in the y-
axis). Warm colors show large power values, and thus the occurrence of fluctuations, at specific frequency or scale. The black-dashed line shows the cone of 
influence where edge effects might become large. Right: Global wavelet power spectrum for the same precipitation data (black). This spectrum summarizes the 
information from the local wavelet power spectrum by removing the time-dimension. The red-dashed line shows the 95 percent confidence level resulting from 
averaging global power spectra obtained from random noise. Scales with power values greater (on the x-axis) than the red-dashed line are deemed significant.

 
7 A convolution product is a mathematical operation on two functions (f and g) that produces a  
third function that expresses how the shape of one is modified by the other. 
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Auto-regressive moving average models were fitted to 
significant scales of variability from 2 to 4 years. A similar 
model was fitted to model the reconstruction error of the 
original precipitation time series from the two modeled 
low-frequency components. More details about the 
reconstruction of the original signal from the low-
frequency components are provided in Torrence and 
Compo (1998), while more details regarding the auto-
regressive models are given in Steinschneider and Brown 
(2013). 

Fitted auto-regressive models were used to stochastically 
generate 50-year time series for the considered low-
frequency components and the reconstruction error. 
Stochastic time series of basinwide annual precipitation 
were then reconstructed from the modeled low-frequency 
component time series plus the error term. This process 
was repeated 5,000 times so that 5,000 stochastic 
realizations of basinwide annual precipitation time series 
were generated. Figure 3-4 illustrates the performance of 
the WARM at reproducing the low-frequency oscillations 
of the reconstructed annual precipitation time series. The 
noticeable result is that, like the historical record (black 
line), WARM simulations have significant scale of 
variability ranging from 2 to 4 years (as indicated by the 
grey shaded area and the model average in blue). 

 

Figure 3-4. Global wavelet power spectrum of 5,000 WARM 
simulations.  

The shaded grey area shows the deviation between the 97.5th and 2.5th 
percentiles of the 5,000 WARM simulations. The dashed blue line shows 
the model average across the 5,000 simulations, while the dashed red line 
shows the 95 percent confidence level obtained from a random noise. 

For all 5,000 stochastic WARM simulations, basinwide 
annual precipitation values were then used in the next 
steps to generate spatially distributed daily precipitation 
and temperature time series. 

The next step consists of downscaling each WARM 
simulation to a sequence of daily ‘states’ representing the 
wetness of the catchment. Three states are considered: 
‘dry’, ‘wet’ and ‘extremely wet’. Note that the ‘Extremely 
wet’ category, hereafter denoted as ‘Ewet’, is a sub-
category of ‘wet day’. While it would have been possible 
to use only two states (i.e., dry and wet), accounting for 
an ‘extremely wet’ state allows for a better 
representation of the occurrence of intense precipitation 
events across the catchment. Dry days are days for which 
the basinwide precipitation average is lower than 0.3 
mm. Wet days are days with a basinwide average 
precipitation larger than 0.3 mm. Extremely wet days are 
days for which the basinwide precipitation is larger than 
the 80th percentile of the daily rainfall distribution of wet 
days. The threshold values between states can be user 
specified. The considered values in this study (i.e., 0.3 
mm and 80th percentiles) have been commonly used to 
create similar models (e.g., Apipattanavis et al. 2007; 
Steinschneider et al. 2013). Note that to account for the 
seasonal signal in precipitation illustrated in Figure 3-2, 
the 80th percentile of the distribution of the wet days’ 
rainfall was estimated from the historical record and for 
each calendar month. 

A Markov chain is used to simulate a sequence of daily 
states for each WARM simulation. A Markov chain is a 
stochastic model that simulates sequences of events (or 
states) for which their probability of occurrence depends 
on the previous states. For instance, a first order Markov 
chain uses the state at T-1 to predict the state at T. A two 
order Markov chain uses the states at T-2 and T-1 to 
predict the state at T, and so on. A first order Markov 
chain was used here, which means that the transition 
matrix contains nine transition probabilities (pdry,dry, pdry,wet, 

pdry,Ewet, pwet,dry, pwet,wet, pwet,Ewet, pEwet,dry, pEwet,wet, pEwet,Ewet). Here, 
pa,b is the probability of occurrence of the state ‘b’ given 
the known occurrence of the state ‘a’ during the previous 
day. A transition matrix is estimated for each simulated 
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year of the WARM simulations. The transition matrices 
are estimated from the daily rainfall values of a set of 100 
years sampled with replacement from the historical 
records.  

To create an ensemble of 100 historical years for a 
specific simulated WARM year, the following process 
applies: 

• Calculate the Euclidean distance between the 
simulated basinwide annual precipitation under 
consideration, and all historic basinwide annual 
precipitation values. 

• Rank the historical year according to the above-
mentioned distance. 

• Randomly sample 100 historical years (i.e., a vector 
of 365 daily values) with replacement from the three 
nearest neighbors (i.e., the three historical years 
with the smallest distance to the considered 
simulated year). 

Once the transition probability matrices were simulated 
for all years, stochastic sequences of states were 
generated for each WARM simulation. More details are 
given in Steinschneider and Brown (2013). 

The final step of the climate/weather generator is a lag-1 
K-nearest neighbors algorithm that relies on the previously 
generated sequences of dry, wet and extremely wet 
states. Assuming that the weather variables for T-1 (i.e., 
the ‘previous day’) have already been simulated, the 
weather variables for a ‘current day’ would be simulated 
using the following steps: 

• Identify the states of the current and previous days 
of the simulation (for instance, ‘dry’ for the previous 
day, and ‘wet’ for the current day). 

• Identify from the historical record and within a 15-
day moving window centered on the current day, the 
occurrence of the same sequence of state (i.e., ‘dry’ 
and then ‘wet’). Using a 15-day moving window 
helps preserve seasonal variations. 

• From the identified ensemble of paired days from 
the historical records, assess the distance between 
the historical and simulated ‘previous days’ (the 
Euclidean distance and weights among 
precipitation and temperature variables were 
chosen following Steinschneider and Brown, 2013). 

• Sample one historical day from the k-nearest 
historical ‘previous days’ according to the above-
mentioned distance. Following Lall and Sharma 
(1996), the number of neighbors is set as k=√n, with 
n being the number of candidates ‘previous days’. 
As such, the number of neighbors used in the KNN 
algorithm adapts to the sample size of candidate 
days. 

• Assign the gridded weather variables from the 
Livneh et al. (2015) dataset and observed for the 
sampled ‘previous day’+1 to the simulated ‘current 
day’. 

The above steps are repeated for all days of the time 
series and for all 5,000 WARM simulations. The results 
are daily time series of precipitation, minimum and 
maximum temperature. The WARM model ensures a 
good representation of the low frequency of the 
basinwide annual precipitation. The Markov chain allows 
a good representation of the dry and wet spells, including 
the occurrence of intense precipitation events. The lag-1 
KNN algorithm allows preserving the co-variance among 
weather variables and across space. 

3.2.3 Selection of climate realizations 

In total, 5,000 simulations (or realizations) of daily 
precipitation, minimum and maximum temperature have 
been simulated through the climate/weather generator 
described in Section 3.2.2. However, a subset of 
simulations needs to be selected for the vulnerability 
assessment, for two main reasons. First, due to the 
stochastic nature of the weather generator, some 
simulated weather time series might not be 
representative of the historical record. 
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Second, the climate stress test cannot be carried out using all 5,000 simulations because of computational limitations 
stemming from the various components of the modeling concatenation illustrated in Figure 3-1.  

A nearest neighbor algorithm is used for selecting simulations that are representative of the historical climate (a nearest 
neighbor algorithm is similar to a KNN algorithm with k=1). For the calculation of the distance between each realization and 
the historical record, six parameters are considered. Four of these parameters sample precipitation statistics: i) the 
basinwide annual precipitation average, ii) the coefficient of variation of the basinwide annual precipitation, iii) the 
basinwide maximum monthly precipitation and iv) the coefficient of variation of the basinwide monthly maximum 
precipitation. The two last parameters sample statistics of the average temperature variable: i) the average temperature 
during the melting season, and ii) the coefficient of variation of the temperature during the melting season (the melting 
season being defined here from March through May).  

Five realizations were selected for the climate stress test (realization ID: c). Table 3-1 summarizes the parameters used for the 
selection. 

Table 3-1. Comparison of the historical and simulated (realizations) weather across the LCRR watershed. CV stands for coefficient of variation (i.e., 
standard deviation divided by the mean). The spring months are March, April and May. 

Realization 

Annual 
rainfall 

average 
(mm) 

Annual 
rainfall  
CV (-) 

Monthly 
maximum 

rainfall 
average (mm) 

Monthly 
maximum 

rainfall CV (-) 

Average 
temperature 
spring (oC) 

Spring 
temperature 

CV (-) 

Annual 
rainfall 

average 
(mm) 

Historical 1023.1 0.171 145.5 0.188 5.1 0.246 1023.1 

R3321 1023.6 0.157 147.7 0.189 5.0 0.234 1023.6 

R4846 1010.0 0.163 144.1 0.192 5.1 0.224 1010.0 

R817 1007.7 0.177 148.2 0.179 5.2 0.226 1007.7 

R3555 1029.3 0.175 147.8 0.200 5.0 0.229 1029.3 

R3873 1008.2 0.160 144.7 0.192 5.3 0.228 1008.2 

 

Figure 3-5 illustrates the performance of the realization R817 in reproducing the three first moments of the distributions of 
the precipitation and temperature variables (mean, standard deviation and skewness). Overall, the performance of the daily 
climate/weather generator is deemed satisfactory for producing weather inputs to the climate stress test. Results for the four 
other realizations are given in the Appendices. 
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Figure 3-5. Illustration of the performance of the climate/weather generator at reproducing statistics of daily precipitation (left), maximum 
temperature (middle) and minimum temperature (right).  

Shown are scatterplots between simulated and observed mean (1st row), standard deviation (2nd row) and skewness (3rd row). The red dashed line shows a 
perfect match between simulated and observed values. Each data point on the various scatterplots shows the results for a grid cell of the Livneh et al. (2015) dataset 
over the LCRR basin. The results are shown for climate realization R817. 
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3.2.4 Future climate/weather scenarios  
for the climate stress test 

In this section, climate projections from the General 
Circulation Models (GCMs) from the Global Coupled 
Model Intercomparison Project Phase 5 (CMIP5, Taylor 
et al. 2012) are assessed across the LCRR watershed. 
Monthly precipitation and temperature (minimum and 
maximum) time series were extracted for each GCM over 
the LCRR watershed. Depending on the GCM raw 
resolution, the LCRR watershed covers from two to thirty 
grid cells. The average across these grid cells was used 
for the assessment below.  

Although the GCM projections were downloaded for the 
radiative concentration pathways RCP2.6, RCP4.5, 
RCP6.0 and RCP8.5, the results and discussions below 
focus on the RCP8.5. This scenario, or pathway, leads to 
a radiative forcing value in the year 2100 equal to 8.5 
W/m2 and results in the greatest warming and likely the 
most critical change in precipitation, which are sought to 
define the range of the climate stress test.  

Figure 3-6 illustrates the expected change in 
precipitation and temperature average estimated for two 
30-year long periods across the LCRR watershed (i.e., 
2026-2055, further noted as 2040’s; and 2056-2085, 
further noted as 2070’s). The 1970–1999 period is 
selected as the historical baseline for determining the 
expected future changes. The results show that the 
CMIP5 GCM ensemble predicts change in precipitation 
ranging from -3 percent to +22 percent when compared 
to the baseline. The range of the expected change in 
precipitation appears to be weakly related to the future 
horizon, although the largest increases are obtained for 
some of the GCM (RCP8.5) projections for the 2070’s 
horizon. Contrary to the precipitation variable, the 
change in temperature appears to be a function of the 
future horizon. The expected change in temperature 
from the CMIP5 GCM ensemble roughly stands between 
+1.5oC and +4oC for the 2040’s horizon, while it roughly 
ranges from +2.5oC to +6.5oC for the 2070’s horizon. 

 

Figure 3-6. Assessment of the projected changes in precipitation (y-
axis) and average temperature (x-axis) over the LCRR watershed.  

Changes are shown for the 2040’s (yellow, 2026-2055) and 2070’s 
(blue, 2056-2085) horizons. The baseline period used for estimating the 
change is 1970-1999. Changes are absolute (oC) for temperature and 
relative (percent) for precipitation. The bar plot underneath and on the left 
side of the scatterplot shows the distribution of change in temperature (x-
axis) and precipitation (y-axis) obtained from the GCM ensemble. 
Projections for RCP2.6 and RCP4.5 are shown in Figure A-6 and Figure A-
7, respectively, in the Appendices. 

Given the above assessment of the CMIP5 projections 
across the LCRR watershed, the future scenarios of 
change in precipitation and temperature selected for the 
climate stress test were the following: 

• Change in average precipitation ranging from 0 
percent to +40 percent. Considering an incremental 
step change of 10 percent, five precipitation 
scenarios were used for the climate stress test. The 
lower bound of this range (i.e., 0 percent) is slightly 
larger than the only observed decrease from the 
CMIP5 ensemble, which roughly equals 3 percent 
reduction. The reason for this decision is that only 
one GCM predicts a decrease in precipitation for 
the near future (2040’s). In addition, since the 
vulnerability assessment of the LCRR catchment 
aims at assessing adaptation options to reduce 
flood risk, including a scenario with slightly less 
rainfall on average is not critical for the assessment. 
However, the upper bound of the considered 
change for the climate stress test (i.e., 40 percent) is 
larger than the largest increase in rainfall predicted 
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from the GCM ensemble. This decision is supported 
because the range of changes obtained from the 
GCM ensemble should be deemed a lower bound 
on the maximum range of uncertainty (see 
Stainforth et al. 2007 for a more comprehensive 
discussion on this matter). For this reason, the range 
used for the climate stress test was set beyond the 
projected changes from the CMIP5 GCM ensemble, 
especially for precipitation change, for which the 
uncertainty is acknowledged to be large. 

• Change in average temperature ranging from +0oC 
to +6oC. Considering an incremental step change of 
1oC, seven temperature scenarios were considered 
for the climate stress test. The lower bound of this 
range (i.e., 0oC) is the baseline temperature, while 
the upper bound (i.e., +6oC) is near the predicted 
maximum change from the warmest GCM. 

Two approaches were considered to alter the 
precipitation and temperature time series. The first 
approach, denoted as ‘Delta Change approach’, is often 
the default approach considered for the climate stress 
test (e.g., Steinschneider, Wi et al. 2015). The set of 
future climate scenarios resulting from this approach is 
obtained by perturbing the selected stochastic climate 
realizations (relative change for precipitation and 
absolute change for temperature). The delta change 
factors are applied uniformly to the precipitation and 
temperature time series. This means that minimum and 
maximum daily temperature have the same perturbation 
and the seasonality is not affected. The second 
approach, the ‘Informed Delta Change approach’ could 
be seen as an improvement of the Delta Change 
approach that is now informed by CORDEX climate 
projections to account for change in daily rainfall 
variability, seasonal change in temperature and different 
warming rates for minimum and maximum 
temperatures. More details regarding both approaches 
are provided in the Appendices. 
 
 
 

As summarized in Table 3-2, the combination of 
precipitation and temperature scenarios results in 35 
combinations of precipitation and temperature changes 
(five precipitation changes; 0 percent, 10 percent, 20 
percent, 30 percent and 40 percent, and seven 
temperature changes; 0, 1, 2, 3, 4, 5 and 6 degrees 
Celsius). Considering two methods of transforming 
annual changes to daily changes (Delta and Informed 
Delta) creates 70 unique climate scenarios for each 
stochastic realization (R817, R3321, R3555, R3873, and 
R4846), producing a total of 350 climate scenarios. 
Note that for plotting purposes, a time index spanning 
from 2020 to 2070 was associated to the simulated time 
series. However, each simulated time series being 
stationary, the likelihood of a large flood in the year 
2020 is the same as for the year 2070. 

Table 3-2. Summary of climate change scenarios for the climate 
stress test. 

Type of 
uncertainty 

Sampling range Sample size 

Natural climate 
variability 

Stochastic realizations 5 realizations 

Changes in 
mean annual 
precipitation 
(percent) 

0 percent to 40 
percent in 10 percent 
increments 

5 change 
factors 

Changes in 
mean annual 
temperature 
(°C) 

0 to 6°C with 1°C 
increments 

7 change 
factors 

Perturbation of 
weather time 
series 

Two approaches (see 
Appendices). 

2 approaches 

TOTAL  
350 climate 
scenarios 



17 

3.3 HYDROTEL MODEL 

The HYDROTEL model is a state-of-the-art distributed 
hydrological model that was applied over the Richelieu 
basin by the LCRR Study Board and used for multiple 
study purposes, including the development of net basin 
supplies, real-time forecasting, assessment of the 
potential for constructed wetlands to reduce Lake 
Champlain levels and climate change analysis. The 
HYDROTEL model was used in Lucas-Picher et al. 
(2021) to transform the outputs of various GCM/RCM 
simulations into inflows for Lake Champlain. Later, the 
same HYDROTEL model was used to transform the 
outputs from a Weather Generator model, described in 
Section 3.2, to net basin supplies.  

3.3.1 Modeling objectives 

HYDROTEL imposes a rectangular cell grid over the 
Lake Champlain drainage basin; the hydrologic 
processes going on in each cell are calculated and then 
applied to surrounding cells. Water moves through the 
grid in time, producing flows in tributaries to Lake 
Champlain. Inputs can be historical or projected, which 
creates an opportunity to estimate net basin supplies to 
Lake Champlain with a projected distributed set of 
precipitation and temperatures. The Weather Generator 
was used to provide the distributed precipitation and 
temperature datasets as projected for different 
incremental increases in annual precipitation and 
temperature. 

3.3.2 Modeling methods 

In a paper preceding the analysis of climate change on 
LCRR flooding, Lucas-Picher et al. (2020) describe the 
calibration and validation of the HYDROTEL model for 
the purpose of analyzing how climate change will affect 
flooding.  
 
 
 
 
 
 

The 2020 methods were summarized in the 2021 paper 
on impacts: 

To summarize, since the discharge of the Richelieu 
River relies on the Lake Champlain level, the calibration 
of HYDROTEL was done over 18 tributaries of the Lake 
Champlain that contribute to 73% of the total lake 
inflow. HYDROTEL has several tunable parameters 
that are linked to the vertical water budget in the soil, 
the snow accumulation and melt, the PET, and the 
partition of total liquid precipitation into rain and snow. 
HYDROTEL was calibrated with seven open 
parameters using a two-step technique (local followed 
by a global calibration; Ricard et al. 2013) that allows 
spatial homogeneity y of the parameters.  

The HYDROTEL model was calibrated with 1992–2003 
data; the validation period was from 2004 to 2013.  

Figure 3-7 and Figure 3-8 illustrate the ability of the 
HYDROTEL model to reproduce the annual historical 
NBS from 1992 to 2013. The performance of the 
HYDROTEL model is deemed good. For instance, the 
inter-annual variability of the NBS (Figure 3-7, middle 
right) is very well reproduced, although some years have 
a small positive bias. The seasonal signal of the NBS is 
well reproduced as well with, however, a small 
underestimation of the average spring flow volume and 
an overestimation of the summer and fall flows. The 
timing, sequence and magnitude of 2011 NBS is modeled 
very well (Figure 3-8).  

3.4 WATER BALANCE MODEL  

The Water Balance Model is a mass balance model that 
calculates Lake Champlain levels and releases into the 
Richelieu River on a regular timestep. Both daily and 
quarter-monthly timesteps were used in this study. An 
Excel version of the water balance model, similar in 
design to one used previously on the Rainy River, was first 
used. The same rules were encoded in a Python model 
later in the study, and that version was used to generate 
Lake Champlain levels for the weather generator NBS 
from HYDROTEL.
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Figure 3-7. 1992-2013 daily (left column) and annual (right column) time series of the sum of the river flow of the 18 gauged Lake Champlain 
subbasins (top row), the net basin supply of the Lake Champlain (center row), and the Richelieu river flow at Fryers station (bottom row). The 
measured (black) flow is compared with that simulated by HYDROTEL (red) using the global calibrated parameters and driven with gridded 
observations. (Source of the figure and figure caption: Lucas-Picher et al. 2020). 
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Figure 3-8. 1992-2013 mean annual hydrograph (left column) and the 2011 time series (right column) of the sum of the river flow of the 18 gauged 
Lake Champlain subbasins (top row), the net basin supply of Lake Champlain (center row), and the Richelieu river flows. 

3.4.1 Modeling objectives 

The water balance model was used to calculate the time series of releases and their effect on Lake Champlain volumes and 
levels. Lake Champlain levels are dynamic; greater inflows increase the rate of lake level rise, higher lake levels increase the 
discharge into the Richelieu River, countering the rise. The discharge rate changes not only because the potential energy of 
varying lake levels changes, but also because the resistance to flow changes at different discharges and river stages. The 
objective of the water balance model is to define sequences of this dynamic process that can be used as input to a two-
dimensional hydraulic model. The water balance model produces a time series of levels and discharges, the hydraulic model 
produces a map of water depths and velocities in the channel and floodplain from Lake Champlain to the St. Lawrence 
River.  

3.4.2 Modeling methods 

The water balance model uses NBS datasets as input data. A rating curve derived from historical data and modeling is used 
to estimate the instantaneous discharge from the lake into the river. The instantaneous change in lake levels provided by the 
rating curve is not sufficient to estimate the change in lake levels over the duration of the model timestep because the instant 
that level changes, the release changes. The water balance model addresses this computational complication with 
numerical analysis. In the first estimate, the initial discharge is considered the average discharge for the timestep, but the 
lake level at the end of the timestep can produce a much different flow estimate and thus a different average discharge. 
These calculations are repeated to reduce the inconsistency between the initial, end and average discharges.
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Figure 3-7 and Figure 3-8 compare the modeled and 
observed system flows at different time steps in three 
ways: the river flows in the basin, the net basin supplies to 
the lake, and the flow of the Richelieu River at Fryer dam 
just north of the Chambly Canal. The modeled river flows 
and net basin supplies are calculated by HYDROTEL 
using inputs from the Livneh historical weather dataset, 
and the flows at Fryer dam are from the water balance 
model using those net basin supplies. The flows at the 
dam are closely related to the levels of Lake Champlain; 
Figure 3-9 shows how the Livneh-HYDROTEL-Water 
Balance Model system estimates Lake Champlain levels 
compared to observed levels. All three figures show a 
very accurate simulation of the 2011 flood with varying 
verisimilitude across all years in the test.  

The display of modeled annual peak Lake Champlain 
levels in Figure 3-9 highlights an average bias of -15cm 
(i.e., the amount the modeling system underestimates 
peak Lake levels). Out of the 67 simulated water years, 
25 percent (i.e., 17 years) have an absolute error larger 
than 30cm. Among these years, the simulated water 
year 1971 is the only one for which the Lake Level is 
overestimated by more than 30cm (bias is 51cm). The 
largest underestimation has been obtained during the 
water year 1958 (-62cm). It is noted that among the 17 
water years for which the Lake level is misestimated by 
more than 30cm, only 3 years were included in the 
calibration/validation periods of the HYDROTEL model 
(1993, 1994 and 2005), from which only 2005 was 
included in the model validation. The other 14 water 
years for which the model misestimates the Lake level by 
more than 30cm are prior 1992, which could highlight a 
reduced performance of the HYDROTEL/water balance 
model at simulating historical years outside its 
calibration period. A comparison of actual Lake 
Champlain annual peaks to peaks calculated in the 
Water Balance Model using residual “observed” net 
basin supplies shows much closer correlation, 
demonstrating that in the historical peak level shown in 
Figure 3-9, the variance is caused mainly by the 
HYDROTEL simulation. A graph of the actual vs. 
residual NBS WBM is shown as part of the discussion of 
that topic in the Appendices of this report.  

The fact that HYDROTEL NBS would not produce as 
perfect a simulation as residual NBS is to be expected 
(see Section 9.3 for an explanation). Nor is it clear that 
the main conclusions of this work are weakened because 
of this bias. If the bias of the WBM holds true over a wide 
range of NBS, the conclusion that floods higher than 2011 
could happen is actually strengthened because the WBM 
would underestimate the peak levels more often than 
not. And the finding that water levels will decline is based 
on HYDROTEL-WBM now versus HYDROTEL-WBM 
with higher annual temperatures and precipitation; the 
same bias would apply to both sets of simulations. While 
Figure 3-9 does not prove the bias stays the same in 
wetter and drier conditions, the graph shows fairly evenly 
distributed underestimates, from low levels in 1964 and 
1998 to high levels in 1983 and 1993. 

3.5 ISEE MODEL 

The ISEE (Integrated Social, Economic and 
Environmental System) model (Roy, 2022)is a high-
resolution geographic information system that estimates 
social, environmental and economic impacts as functions 
of the depths of water in 25 million ten-meter-by-ten-
meter cells covering the Lake Champlain coastal and 
Richelieu River floodplains. For example, ISEE assigns a 
water level to every cell in the grid each quarter-month 
and then the water level nearest each property is used as 
input to a stage-damage function tailored to individual 
properties to calculate the damages.  

3.5.1 Modeling objectives 

The objective of ISEE and similar models is to go beyond 
identifying the flood hazard to estimating the risk, which 
incorporates the hazard and vulnerability at specific 
addresses rather than aggregated reaches. This is a 
powerful advancement, similar to tools being developed 
around the world, as GIS modeling solutions mature and 
the availability of data layers increases. In particular, the 
sequencing of the models described above allow global 
estimates of climate change to be translated to changes 
in risk at a particular address.
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Figure 3-9. Illustration of the performance of the Water Balance Model at reproducing the maximum water level of Lake Champlain prior to the 
maximum annual flow at Saint-Jean-sur-Richelieu. The simulated and observed Lake levels are obtained from a 30-day windows prior to the date of 
the annual maximum simulated flow at Saint-Jean-sur-Richelieu. The dotted blue line shows the 1:1 line. The dashed red lines show deviation larger 
than 30cm. Water years indicated in red colors are years for which the deviation between the simulation and the observed Lake Level is larger (in 
absolute term) than 30 cm. 
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3.5.2 Modeling methods 

An overview of the ISEE model including methods and 
the full array of performance indicators will be provided 
in 2022 by the LCRR Study (Roy, 2022). 

3.6 USING RESULTS FROM ALL  
THE MODELS TO CALCULATE 
FLOOD DAMAGES 

The simulated flood damages used in the analysis of 
benefit-cost ratios in Chapter 6 are drawn from ISEE 
simulations run on a quarter-monthly timestep using 
historic net basin supplies to represent a wide variety of 
hydrologic conditions (Roy, 2022). Economic impacts 
are estimated in many categories (U.S. and Canadian 
Inundation Damages, agricultural yield, cleanup costs, 
commercial income loss, socio-sanitary costs, temporary 
lodging costs and recreational income loss). The 
inundation losses include damages to structure, content 
and inventories associated with many types of structures 
(residential, commercial, public, etc.). 

Inundation damages are greater than impacts in any 
other category. Damages are calculated every quarter 
month of the historic time series using individual stage-
damage functions for each building. These functions 
were developed for ISEE in a series of studies described in 
the ISEE model documentation. ISEE uses the results of a 
water balance model and two-dimensional hydraulic 
model to assign water levels to individual cells in the x-y 
ISEE grid, so that the water level used each quarter-
month to estimate damages for each individual building 
is hydraulically realistic. If water levels are low in one 
year, the time series of damages will be a string of 48 
zeros. In a flood year, there may be damage in ten or 
fifteen quarter-months as the levels rise into a damaging 
range and then fall below that range. The highest 
damage in the series is recorded as the damage for that 
building for that year. 

Water levels in the Upper Richelieu are driven by Lake 
Champlain levels. Water levels in the Lower Richelieu are 
also affected by tributary flows and the backwater effects 
from the St. Lawrence River. The differences are 

significant, witnessed by the fact that the worst flood 
damages in towns near the St. Lawrence were not from 
2011. The timing of the flood peak within the year may 
have an effect on damages because of changes in 
vegetation and roughness in the channel; the same Lake 
Champlain level in quarter months 12 and 15 will produce 
different flows and stages in the Upper Richelieu. The 
same Lake Champlain level can produce a range of flows 
in Saint-Jean-sur-Richelieu spanning 3-400 m3/s.  

Timing within the year is even more important for 
agricultural yields, based on the coincidence of planting 
and flooding for a particular crop. 

Socio-sanitary impacts include the monetized effects of 
flooding to health and safety. Some consequences, like 
deaths from drowning, suicide, heart attacks and 
gastrointestinal problems have been associated with 
flood events, but not in Quebec, so those economic 
impacts were not estimated. Impact categories that were 
included are injuries, carbon monoxide poisoning, mold, 
increased alcohol and tobacco consumption, an increase 
in PTSD, anxiety and depression. An incidence rate per 
100 homes flooded was established from case study 
research. 

The granularity of ISEE impact data and the 
discontinuity of flood frequencies in the basin raises 
issues regarding the calculation of a benefit-cost ratio 
that would not have been important in some older 
studies. Traditionally, analysts would fit a discharge 
frequency distribution to historic discharges, then 
combined that function with a stage-discharge function 
to produce a stage-frequency function, and then 
combine that with a stage-damage function to create 
damage-frequency functions. This might be done for the 
whole study area or for individual reaches. ISEE captures 
the variability of flood frequencies from building to 
building, so the question of how much aggregation is 
reasonable has to be explored. FMMM pursued a fairly 
simple approach, fitting a damage-frequency curve to 
the historic damages, but other approaches are possible, 
such as the methods developed by the Social, Political 
and Economic (SPE) Analysis Group (which were not 
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available for use when this report was written). FMMM 
expects that models similar to ISEE will become the norm 
for flood damage reduction studies, and as they do, 
techniques for using the results in a benefit cost ratio will 
be debated and improved.  

Damages are calculated for each simulation year for the 
baseline condition (current channel configuration) and 
Measures 1 and 3. The difference each year between the 
baseline and mitigation measure damage is the benefit 
provided. Two different benefit frequency distributions 
are calculated, one for just the historic sample and 
another fitting a generalized extreme value (GEV) 
distribution to historic benefits. The expected average 
annual benefit in either case is the area under the 
damage-frequency curve. The damage caused by the 
2011 flood is an outlier, so the historic damage-frequency 
is skewed a little higher than the fitted distribution. 

Costs include the cost of construction plus annual costs 
such as maintenance and operation. Future costs and 
benefits are projected either to a present value or an 
average annual quantity using a discount rate of  
3 percent (other discount rates were used in a separate 
economic analysis of the Theme 1 measures to show the 
sensitivity of the benefit-cost ratio to the discount rate). 

 



24 

4 RESULT

This section presents the results of the project. Section 4.1 
provides context by illustrating the two largest simulated 
historical floods (i.e., 1971 and 2011 floods) using a set of 
output variables from the modeling concatenation 
illustrated in Figure 3-1. Section 4.2 presents the results of 
the climate stress test of the LCRR system.  

4.1 VARIOUS PHYSICAL 
MECHANISMS DRIVE FLOODING  

The 1971 and 2011 floods are two of the ten largest floods 
on record since 1950. Figure 4-1 and Figure 4-2 illustrate 
these events as modeled using the Livneh-HYDROTEL-
WBM model concatenation which overestimated the 
1971 Lake Champlain level because of the sequencing of 
the NBS, despite the fact that the average HYDROTEL 
NBS for the year up to the time of the peak was 4 percent 
less than the average residual NBS for the same period. 
These two events are interesting to scrutinize because 
they resulted from three different processes (snowpack, 
snowmelt and rainfall) that combined to create major 
flooding downstream of the lake. Section 5 shows that 
both mechanisms are still plausible under warming and 
wetter climate conditions. 

The 1971 flood (Figure 4-1) was largely snowmelt driven, 
with a record snowpack accumulation throughout the 
winter season; the basinwide average of Snow Water 
Equivalent, the variable used to track the snowpack 
across the catchment, was slightly below 300 mm. In 
early April, the minimum daily temperature started to rise 
above the freezing point (i.e., 0°C) frequently, which 
increased snowmelt significantly by preventing re-
freezing of the snowpack at night. Some modest 
precipitation events also helped to speed up the melt of 
the snowpack throughout April. Although the lake level 
was below average at the end of the winter season (i.e., 
slightly above 28 meters), the massive snowmelt raised 
 
 
 

the level above 31 meters. The outflow of the lake 
measured at Saint-Jean-sur-Richelieu’s marina rose to 
above 1,350 m3/s. 

Contrary to the 1971 flood, the 2011 flood (Figure 4-2) 
was caused by a record-breaking wet spring, which 
materialized in a succession of intense rainfall events 
throughout April. Note that at the end of the winter 
season, the snowpack was almost half the snowpack in 
1971, highlighting that, although snowmelt contributed to 
the flood, the high NBS values cannot be tied to 
snowmelt alone. Contrary to the 1971 flood, for which the 
NBS varied smoothly over time (typical for snowmelt 
driven flood), the 2011 hydrograph shows multiple flow 
peaks, with two of those peaks exceeding 3,000 m3/s. 
The succession of intense rainfall events and associated 
NBS peaks produced a lake level above 31 meters and a 
flow at the marina close to 1,500 m3/s. This was the 
largest release flow on record. 

4.2 CLIMATE STRESS TEST RESULTS 

The results of the climate stress test are discussed 
throughout this section. Section 4.2.2 presents the 
impacts of warming temperature and increasing 
precipitation on the average flow and average water 
levels, while Section 4.2.3 focuses on the maximum flows 
and water levels. 

4.2.1 Climate Stress Test Baseline 

The Climate Stress Test baseline is defined by the 
response of the system obtained through the considered 
models under no warming and no precipitation change. 
Figure 4-3 illustrates the results obtained from the five 
climate realizations used for the climate stress test. The 
average cycles obtained for each climate realization are 
shown in gray, while the average obtained across the five 
realizations is indicated in black. 
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Figure 4-1. Illustration of the 1971 flood using the modeling tool available for the project.  

The top panel shows the meteorological forcing. The red and cyan curves show, respectively, the daily maximum and minimum temperatures (left y-axis). The 
yellow and blue bars show the daily liquid (rain) and solid (snow) precipitation (right y-axis). The middle panel shows the surface contribution to runoff. The orange 
line shows the Snow Water Equivalent (SWE), which is the variable used to track the snowpack across the watershed. The blue line shows the contribution to runoff 
from rainfall and snowmelt. The bottom panel shows the net basin supply (NBS, purple) to Lake Champlain, the lake outflow (blue), the lake level (grey) and the 
water level at the Saint-Jean-sur-Richelieu marina (black).  
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Figure 4-2. Illustration of the 2011 flood using the modeling tool available for the project. See Figure 4-1 for caption details. 

 



27 

For comparison purposes, the average cycles obtained 
from the historical simulation are indicated in red. It is 
important to remember, however, that the stochastic 
climate/weather generator used to create the climate 
realization was created using the detrended basin wide 
rainfall (see Section 3.2 and Figure A-1). As such, the 
historical simulation and the climate stress test baseline 
are expected to be close, but they are not meant to be 
equal. 

Figure 4-3 shows that the seasonal pattern of the NBS, 
Lake Levels, and flow and water levels at Saint-Jean-sur-
Richelieu are rather well reproduced, although the 
average cycles obtained from the realizations show 
slightly lower values during winter and fall seasons and 
higher values during the annual peak in spring.  

Based on the presentation and discussion about the skill 
of the various elements of the modeling concatenation, 
the deviation between the historical simulation (red) and 
the average across realizations (black) could be explain 
by several factors such as i) the use of the detrended 
rainfall to create the climate/weather generator, ii) the 
natural variability of climate that might not be fully 
accounted for (even using 250 years of simulations), iii) 
the lack of robustness of the HYDROTEL model for 
simulating water years outside its calibration period (a 
well-known issue in hydrology) or iv) the apparent bias in 
the water balance model. It is important to remember, 
however, that perfect models do not exist, and even if 
they did, their skill would also be limited by the quality of 
the input data used to calibrate the parameters and/or 
drive them for scenarios analysis. 
 
 
 
 
 
 
 
 
 
 

All biases and modeling errors discussed thus far are 
common in hydrology and water resources system 
analysis. None prevents the modeling concatenation 
from being used for planning purposes. For instance, if 
needed, relative changes obtained from comparisons 
between future conditions and the baseline could be 
applied to historical values to assess how the historical 
observed values might change into the future. 

4.2.2 The impact of warming temperature 
and increasing precipitation on average 
flow and water levels 

This section discusses the impact of changes in 
temperature and precipitation on water levels and river 
flows. The five climate/weather realizations are kept 
separated in the figures below to highlight the natural 
variability when comparing stationary 50-year time 
series. More discussion on this topic is provided in Section 
3.2. In the figures, each bullet shows the results obtained 
for one 50-year weather realization. blue color indicates 
an increase, while red color indicates a decrease. The 
white color on the blue-red bar indicates the average 
across the five realizations, while the black lines on the 
vertical blue-red bars show the value obtained from the 
historical simulations obtained for HYDROTEL (NBS) 
and the water balance model (lake level). For both 
variables, the ensemble means of the five realizations 
match nearly perfectly with the values obtained from the 
historical simulations, indicating that the stress test is 
able to emulate the historical mix of floods and low water 
events The bar plots underneath and on the left side of 
the CRF show the distribution of the expected changes in 
temperature and precipitation for the shorter-term 
(2040) and longer-term (2070) time scales. 
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Figure 4-3. Illustrations of the climate stress test baseline. The subplots show the average cycles for the Net Basin Supplies (NBS, top left), the Lake 
Level (top right), the flow (bottom left) and water level (bottom right) at Saint Jean de Richelieu. 

The potential impacts on NBS and lake level resulting from changing climate are driven by conflicting trends: 

• Warming temperatures lead to reduction in NBS and then lake level. The reduction is explained by larger 
evapotranspiration over the basin and evaporation over the lake. 

• Increasing precipitation leads to an increase in runoff, NBS and lake level. 

• If both precipitation and temperature increase, the change in NBS and lake level depends on the relative importance of 
the change in precipitation and temperature. Based on the HYDROTEL model as calibrated, an increase of 4oC would 

more than cancel out an increase in precipitation by 10 percent, leading to decreases in NBS and lake level. On the other 
hand, an increase in precipitation by 20 percent or more would more than counteract a warming by 4oC and would lead 
to increased NBS and higher lake levels. 

The outflow from the lake and the water level at Saint-Jean-sur-Richelieu are generally a function of the lake level (roughness 
of the channel, affected seasonally by vegetation growth, also affects flows and water levels), so similar results are obtained 
for these variables (Figure 4-5). 
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Figure 4-4. Climate Response Function (CRF) showing the evolution of the annual average 7-day average NBS (left) and lake level (right) for 
different combinations of change in temperature (x-axis) and precipitation (y-axis).  

Results are shown for the ‘informed delta approach’. Each bullet shows the results obtained for one weather realization (50 years long). The bar plots underneath 
and on the left side of the CRF show the distribution of the expected changes in temperature and precipitation obtained from the CMIP5 GCM ensemble under the 
RCP8.5. More discussion regarding the GCM projections can be found in Section 5. The color bar is set so that the white color is the average across the five 
realizations. The black bar shows the value obtained from the simulations of Hydrotel and the Hydraulic lake model when forced by the historical weather (Livneh et 
al. 2015). 

 

Figure 4-5. Climate Response Function (CRF) showing the evolution of the annual 7-day average flow (left) and water level (right) at Saint-Jean-sur-
Richelieu (SJsR) and for different combinations of change in temperature (x-axis) and precipitation (y-axis). 
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4.2.3 The impact of warming temperature 
and increasing precipitation on 
maximum flow and water levels 

The effect of warming temperature and increasing 
precipitation on the maximum 7-day NBS and lake levels 
(Figure 4-6) and the maximum flow and level at Saint-
Jean-sur-Richelieu (Figure 4-7) is illustrated below using 
Climate Response Functions (CRF).  

Prior to discussing the impact of climate change, it is 
worth highlighting important observations drawn from 
the analysis of the five realizations under current climate 
conditions. Maximum simulated flows and water levels 
obtained from each climate realization are given in Table 
4-1. Note that all five realizations generated some NBS 
values that are larger than the one observed during the 
2011 flood. The maximum simulated daily NBS values are 
near 5,000 m3/s, while the maximum simulated flow 
value is 4,119 m3/s and was produced during a winter 
flood in 1998. With regards to flow and level at Saint-
Jean-sur-Richelieu (Figure 4-7), one can note that two 
realizations produced significantly larger floods than the 
2011 flood (i.e., above 31 m), two realizations produced 
similar floods (although slightly larger), and one 
realization produced only floods lower than the 2011 
flood. 

The two events significantly exceeding the 2011 flood are 
described in Table 4-1 and illustrated in Figure 4-8 (real 
ID 817) and Figure 4-9 (real ID 3873). Levels at the 
marina of Saint-Jean-sur-Richelieu reached 31.42 and 
31.28 meters for these two events, respectively; 
compared to 30.65 meters in the 2011 flood, differences 
of 0.77 and 0.63 meter. These two events are to some 
extent a combination of the 1971 and 2011 floods 
discussed in Section 4.1 and illustrated in Figure 4-1 and  
 
 
 
 
 
 
 
 

Figure 4-2. In both cases, the snowpack at the end of the 
winter season is similar to the one observed in 1971. 
Contrary to 1971, and like 2011, the month of April is quite 
wet. Intuitively, it seems plausible that the region could 
experience the compound effect of a large snowpack like 
1971, plus a very wet April similar to 2011, producing 
water levels at Saint-Jean-sur-Richelieu significantly 
higher than 2011 flood levels. This intuitive plausibility is 
not the same as an assessment of the joint probability of 
the 1971 snow and 2011 rain, a challenge not required 
within the scope of the current project. The plausibility of 
such ‘mega-floods’ is further discussed in Section 5. 

The effect of changing climate on maximum values 
broadly follows a similar pattern to the ones discussed for 
the average values: increasing precipitation leads to 
higher peak flows and water levels, while warming 
temperature leads to decrease of these variables. 
Compounding the increases in precipitation and 
temperature could lead to either an increase or a 
decrease in maximum values, depending on the relative 
change of each climate driver. However, when 
comparing the results obtained for the average values 
(Figure 4-3 and Figure 4-5) and the maximum values 
(Figure 4-6 and Figure 4-7), it seems that warming 
temperature has a larger effect on the latter. For 
instance, consider the climate conditions for which the 
average temperature increased by 4oC and the average 
precipitation increased by 20 percent. Under such 
conditions, the average values obtained for all five 
realizations would either not change significantly or 
would increase (Figure 4-3 and Figure 4-5). On the other 
hand, the change in maximum values under this scenario 
is less straightforward across the five realizations. Among 
the maximum NBS values obtained for the five 
realizations, four would decrease, while one would not 
change significantly (Figure 4-6). 
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Figure 4-6. Climate Response Function (CRF) showing the evolution of the maximum 7-day NBS (left) and annual average lake level (right) for 
different combinations of change in temperature (x-axis) and precipitation (y-axis).  

Results are shown for the ‘informed delta approach’. Each bullet shows the results obtained for one 50-year weather realization. The bar plots underneath and on 
the left side of the CRF show the distribution of the expected changes in temperature and precipitation obtained from the CMIP5 GCM ensemble under the RCP8.5. 
More discussion regarding the GCM projections can be found in Section 5. The color bar is set so that the white color is the value obtained during the 2011 flood. 

 

Figure 4-7. Climate Response Function (CRF) showing the evolution of the maximum 7-day flow (left) and maximum water level (right) at  
Saint-Jean-sur-Richelieu (SJsR) and for different combinations of change in temperature (x-axis) and precipitation (y-axis). Caption details are found 
in Figure 4-6. 
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Table 4-1. Maximum water flows and levels obtained from each climate realization under current climate conditions (no change in temperature and 
no change in precipitation). Maximum flows and levels obtained during the 2011 flood are indicated for the sake of the comparison. 

Realization 
Max Daily 

NBS (m3s-1) 
Max 7-day 
NBS (m3s-1) 

Max Lake level 
(m) 

Max Daily 
SJsR Flow 

(m3s-1) 

Max 7-day 
SJsR Flow 

(m3s-1) 

Max Level at 
SJsR (m) 

2011 Flood 3,668 2,474 31.37 1,488 1,462 30.65 

R3321 4,542 3,294 31.53 1,597 1,517 30.78 

R4846 4,767 3,182 31.81 1,733 1,638 30.96 

R817 4,984 4,011 32.26 2,167 2,123 31.42 

R3555 5,243 3,113 31.55 1,331 1,292 30.53 

R3873 5,473 3,631 32.08 2,024 1,967 31.28 

 

 

Figure 4-8. Illustration of a larger flood than the 2011 flood obtained from the realization ID 817 under current climate conditions (i.e., no change in 
precipitation and no change in temperature).  

The dates (i.e., x-axis) do not represent the likelihood for timing of such an event, as climate realizations from the stochastic weather generator are stationary 
 (see Section 3.2). At the maximum of the event, the level at SJsR reached 31.42 meters (compared to 30.65 meters during the 2011 flood). See Figure 4-1 for 
caption details. 
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Figure 4-9. Illustration of a larger flood than the 2011 flood obtained from the realization ID 3873 under current climate conditions (i.e., no change in 
precipitation and no change in temperature. At the maximum of the event, the level at SJsR reached 31.42 meters (compared to 30.65 meters during 
the 2011 flood). 

 

Another consequence of changing climate on the LCRR flooding pattern is the potential modification of the timing of the 
floods (Figure 4-10). A direct consequence of warming temperature is an earlier snowmelt across the catchment, which can 
lead to earlier flooding. The effect of an increase in average precipitation on the average flood date cannot be as easily 
explained and tied to a physical mechanism. However, it could cause the emergence of a new flood pattern in the basin with 
the occurrence of major floods during the fall season. An example of such a flood is illustrated in Figure 4-11. This simulated 
flood event, for which the water level at Saint-Jean-sur-Richelieu would reach almost 31 meters, results from several 
subsequent intense precipitation events (no snowmelt). This result shows that over time, increasing precipitation could 
trigger major flooding during the fall season. 
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Figure 4-10. Climate Response Function (CRF) showing the average flooding date for different combinations of change in temperature (x-axis) and 
precipitation (y-axis). Caption details are found in Figure 4-5. 
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Figure 4-11. Illustration of a major flood event occurring during the fall season. This event is from realization ID 3321 and under a warming by +4°C 
and an increase in precipitation by +30 percent. For caption details, see Figure 4-7. 
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5 PLAUSIBILITY OF THE SIMULATED MEGA-FLOODS 

The results from the Climate Stress Test discussed and 
illustrated in Section 4 show that: 

• Under current climate conditions, floods that are 
significantly larger than 2011 are possible. Such 
‘megafloods’ could, for instance, be produced by 
the conjunction of a large snowpack (as the one 
observed in 1971) and a very wet spring (such as 
2011). 

• Under several future climate conditions, modeled 
results showed that major flooding could still occur 
due to the variability inherent in the system, even as 
mean water levels go down.  

While this report acknowledges the deep uncertainty 
surrounding the climate system and its future evolution, 
the authors try here to use the available information from 
multiple sources to discuss the plausibility of the 
‘megaflood’ under current (Section 5.1) and future 
(Section 5.2) climate. Uncertainty that would affect 
decision making is discussed in Section 6. 

5.1 PLAUSIBILITY OF MEGA-FLOODS  

The question of the plausibility of an unobserved event is 
to some extent tied to the assessment of the natural 
climate variability. Natural climate variability can be 
defined as “the variability of the climate system that occurs in 
the absence of external forcing, and includes processes 
intrinsic to the atmosphere, the ocean, and the coupled 
ocean-atmosphere system” (Deser et al. 2012). Historical 
records are often not long enough to assess the full range 
of the natural climate variability. One way the scientific 
community assesses the natural variability of the climate 
has been to rely on GCM simulations under current 
climate conditions (i.e., without anthropogenic 
greenhouse gas emissions): multiple available GCMs, 
and multiple runs from each GCM, can be used to  
assess the range of the natural variability.  

Here, results from the recent article by Lucas-Picher et al. 
(2021) are used to discuss the role of the natural climate 
variability on the occurrence of floods downstream of 
Lake Champlain. The study by Lucas-Picher et al. (2021) 
used the so-called Top-down approach for assessing 
future flood risk downstream from Lake Champlain. In 
other words, downscaled climate projections were used 
as input to the HYDROTEL model, which was eventually 
used to simulate future flows at Saint-Jean-sur-Richelieu. 
Figure 5-1 is from the above-mentioned article and 
illustrates the results of this analysis. To some extent, this 
figure can be used to describe the range of the natural 
variability of flooding at Saint-Jean-sur-Richelieu. Each 
subplot shows the evolution of the annual daily 
maximum flow at Saint-Jean-sur-Richelieu over time. 
Blue lines show the average across a specific model 
ensemble: CMIP5 (first row), CORDEX (second row) 
and ClimEx (third row) (see Lucas-Picher et al. (2021) for 
a comprehensive description of each ensemble). The 
blue shaded areas show the deviation from the mean 
ensemble (+/- one standard deviation). The red shaded 
areas show the deviation between the minimum and 
maximum simulated values. The left and right columns 
show results obtained under the RCP 8.5 and 4.5, 
respectively. RCP 8.5 is deemed more severe that the 
RCP 4.5. Note that for climate conditions prior to 2006, 
simulation results under RCP8.5 and RCP4.5 are the 
same. 

Figure 5-1 shows five graphs, each representing peak 
spring Richelieu River flows using climate conditions 
established by five different sets of climate models. The 
timeline in each ranges from 1950 to 2100, with the 
1950-2013 period representing a characterization of the 
actual historic climate. In each case, the simulations 
show the possibility of greater than 2011 flooding in the 
historic period.
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Figure 5-1. Ensemble mean, minimum, maximum, and standard deviation of the one-day spring maximum simulated Richelieu River discharge at 
Fryers station when forced by CMIP5 (top row), CORDEX (center row), and ClimEx (bottom row) simulations for the period 1950–2100 for RCP 8.5 
(left column) and RCP 4.5 (right column).  

Since years 1950 (1955 for ClimEx) and 2006 were used as spin up, their associated values are not displayed in the above graphs. Only the first members of each 
CMIP5 model are used here. (Source: Lucas-Picher et al. 2021). 

As indicated in Figure 5-1, using the CMIP5 model ensemble during the historical period, several simulated peak flows at 
Saint-Jean-sur-Richelieu were significantly larger than the one observed during the 2011 floods. One simulation produced a 
daily flow at SJsR larger than 2,500 m3/s, which was also significantly larger than the maximum simulated values from the 
five stochastic realizations used for the stress test (i.e., the maximum obtained values across the five realization was  
2,123 m3/s). For some years, the shaded blue area exceeded 1,500 m3/s (i.e., larger than 2011 flood); nearly 16 percent8 of 
the simulations from the ensemble produced flows larger than the 2011 flood during these years. Similar results were 
obtained when considering the CORDEX model ensemble, although slightly lower peak flows were obtained. For this 
ensemble, one flood would get above 2,000 m3/s at SJsR, and several would be above 1,500 m3/s, the 2011 flood flow. 
Again, similar results were obtained for the ClimEx ensemble. Two floods would get above 2,000 m3/s and many would get 
close to  
1,500 m3/s. 

 

 
8 Assuming that simulated flows by the ensemble are normally distributed around the ensemble mean. 
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While one should recognize that only the tail of the 
distribution of the investigated model ensemble reached 
values above 1,500 m3/s, these results still tend to 
support the notion that under historical climate 
conditions, floods significantly larger than the 2011 flood 
are plausible, although rather unlikely. 

5.2 PLAUSIBILITY OF MEGA-FLOODS 
UNDER FUTURE CLIMATE 
CONDITIONS 

Multiple sources of information are used to discuss the 
plausibility of LCRR mega-floods under future climate 
conditions: 

• The results of the top-down approach proposed by 
Lucas-Picher et al. (2021) (Section 5.2.1).  

• The assessment of the likelihood of flood change 
when combining the climate stress test results and 
the CMIP5 climate projections (Section 5.2.2). 

• A comprehensive analysis of the weather and land-
surface drivers of the ‘big floods’ simulated 
throughout the Climate Stress Test. This analysis 
makes use of parallel coordinate plots (also called 
‘monographs’) that can be used to display multi-
dimensional datasets. In the case presented here, 
weather and land-surface variables were plotted 
together with the flow and water levels at SJsR 
(Section 5.2.3). 

5.2.1 Top-down analysis of the future flood 
risk across the LCRR basin  

The results from the study by Lucas-Picher et al. (2021) 
illustrated in Figure 5-1 indicates that, amid what 
appears to be a significant downward trend in peak flow 
at Saint-Jean-sur-Richelieu, major floods (i.e., Richelieu 
River flows greater than 1,500 m3/s) might still occur 
throughout the century. With regard to the CMIP5 model 
ensemble, a ‘mega-flood’ event seems to reach daily 
values close to 2,800 m3/s. Among the three available 
model ensembles, the ClimEx ensemble does not show 
flow values above 1,500 m3/s, except for one event that 

would occur during the first decade. While this is 
possible, it is worth noting that the ClimEx ensemble is 
composed of many simulations from the same 
GCM/RCM chain (see Lucas-Picher et al. 2021), which 
likely underestimates the ‘true’ range of the natural 
climate variability. 

5.2.2 Inferring the likelihood of future 
flooding from the CMIP5 precipitation 
and temperature projections 

In this section, the information obtained from the climate 
stress test in Section 4.2 is combined with the CMIP5 
climate projections (Figure 3-6) to provide an estimate of 
the likelihood of the maximum peak flows and water level 
at Saint-Jean-sur-Richelieu under future climate 
conditions. Figure 5-2 (peak flow at SJsR) and Figure 5-3 
(water level at SJsR) summarize this analysis. Both figures 
show (left) a climate response function (CRF) and (right) 
the empirical cumulative distribution functions (ECDFs) 
of the predicted changes in 7-day flow (Figure 5-2) and 
water level (Figure 5-3) at SJsR. Contrary to the CRFs 
presented in Section 4.2, the CRFs presented below 
summarized all five realizations. In other words, the value 
shown on each tile of the response functions is the 
maximum value across the five realizations. Details 
regarding the construction of the ECDFs are given in the 
caption of Figure 5-2. 

Results show that maximum 7-day flow and water levels 
at Saint-Jean-sur-Richelieu are expected to decrease 
(i.e., all values from the ECDFs fall on the left side of the 
baseline value shown with the dashed black line). 
However, large peak flows and water levels (i.e., >2011 
flood) appear to remain plausible at both horizons. It is 
worth noting that this research indicates that the 
likelihood of a flood larger than the 2011 flood will 
significantly reduce over time. These results are 
consistent with the results obtained from the study by 
Lucas-Picher et al. (2021) discussed in Section 5.2.1. 
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Figure 5-2. Assessment of the likelihood of the maximum 7-day flow at SJsR for two future horizons: 2040 (green) and 2070 (black).  

Left: Climate Response Function (CRF) showing the maximum 7-day flow at SJsR obtained across the five realizations used for the climate stress test. The value 
shown on each tile of the CRF (graph on the left) is the maximum value across the five stochastic realizations presented in Figure 4-7). Like Figure 4-7, the white 
color on the color scale indicates the value obtained during the 2011 flood. The green and black ellipses summarize the climate projections shown in Figure 3-6 using 
bi-normal distributions (green: 2040’s; black: 2070’s). The isoclines show +1, +2, +3 and +4 standard deviations from the ensemble mean.  

Right: Empirical Cumulative Distribution Functions showing expected changes in maximum 7-day flow at SJsR for the 2040 (green) and 2070 (black) horizons. 

Each empirical distribution is obtained by randomly sampling 1,000 future climate conditions (i.e., 1,000 pairs of ΔT and ΔP) from the fitted bi-normal 

distributions shown on the left figure. The maximum flow value for each randomly sampled ΔT, ΔP pair is obtained using a bivariate spline interpolation whose 

underlying data is the climate stress test simulations shown on the CRF on the left. The black and blue dashed lines show the value obtained from the baseline (no 
change in temperature and precipitation) across the five realizations, and from the 2011 flood, respectively. 

 
Figure 5-3. Assessment of the likelihood of the water level at SJsR for two future horizons: 2040 (green) and 2070 (black). 
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5.2.3 Exploration of the climate stress 
test simulations using multi-
dimensional plots 

In this section, the plausibility of mega-floods under 
future conditions is discussed by comparing the 
simulated weather and land-surface conditions that lead 
to record high flooding at SJsR, with the ones that led to 
the two largest HYDROTEL simulated historical floods 
(1971 and 2011). Note that this analysis includes only a 
subset of the simulations used for the climate stress test9. 
As such, probabilities should not be intuitively inferred 
from this limited selection. 

The analysis used parallel coordinate plots, which are 
useful tools to explore connections within multi-
dimensional datasets. An example of such a parallel 
coordinate plot is illustrated in Figure 5-4. This plot is 
composed of multiple vertical axes; each axis represents 
the range of either a predictor of flooding at Saint-Jean-
sur-Richelieu or a variable that is used to describe the 
flood at Saint-Jean-sur-Richelieu. In the case presented 
below, the predictors are the lake level on March 1st, the 
snowpack condition on March 1st (represented by the 
SWE variable at this date), and the rainfall during March 
and April. The variables used to describe the flood events 
(or predictands) are the flood date (calendar day), flow 
and water levels at Saint-Jean-sur-Richelieu. Each line 
connecting the different vertical axes represents a 
specific year/flood from the sub-set of simulations used 
for the analysis. Simulated floods that lead to a water 
level higher than the one simulated for the 2011 flood are 
highlighted in color. The color scale from red to blue 
indicates the total rainfall during April. The historical 
floods (based on NBS simulated in HYDROTEL) that 
occurred in 1971 (yellow) and 2011 (green) are also 
shown on the plot for the sake of comparison with the 
simulated ensemble. 
 
 

 
9 In order to conduct this analysis, the HYDROTEL model had to be re-run to save the SWE variables, which was not the case for the first set of simulations. Due to 
computational constraints, only a sub-set of simulations for which large floods occurred was selected. However, the result of the evaluation conducted in this section 
is not expected to be altered by this sampling. 

Figure 5-4 illustrates once again that many events from 
the climate stress test ensemble showed levels greater 
than the 2011 flood; some are significantly larger. This is 
no surprise, as the climate stress test ensemble includes 
scenarios with increases in precipitation that go 
significantly beyond what the climate projections (i.e., 
+30 percent and above) show. For such scenarios, a 
significantly larger snowpack could be accumulated 
across the catchment, especially if warming is low, which 
provides ideal land-surface conditions for a mega-flood. 
In those instances, like the 1971 flood, no significant 
rainfall in March and/or April is required to generate a 
mega-flood downstream of the lake. These events could 
occur if the increase in precipitation compensates for the 
increase in evaporation. It is also interesting to note that 
mega floods can occur even when snowpack is 
significantly lower than the one observed in 2011, but this 
would require a quite wet spring season. 

The parallel coordinate plot illustrated in Figure 5-5 
highlights that megafloods could occur under a warming 
and wetter climate. It could also help to understand the 
conditions under which they might happen. For example, 
the following selected predictors could cause a 
megaflood:  

• Lake level on March 1st lower than 29.5 meters 
(about 85 cm higher than 2011’s level on March 1st). 

• SWE no larger than 125 mm (lower than 1971 level 
by nearly 15 mm). 

• March rainfall lower than 144 mm (an increase by 
20 percent of the 2011 rainfall). 

• April rainfall lower than 204 mm (an increase by 20 
percent of the 2011 rainfall) 
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Figure 5-4. Parallel coordinate plots linking a set of predictors (i.e., from left to right: lake level, SWE, March rainfall and April rainfall) to variables 
that describe the flood at SJsR (date, flow and water level).  

The flood date is given as the day of the year (1 is January 1st, 92 is April 1st, 122 is May 1st, 153 is June 1st, 183 is July 1st, etc). The two largest historical floods (based 
on NBS simulated in HYDROTEL), 1971 and 2011, are indicated in yellow and green, respectively. Simulated floods that are larger than the 2011 floods are shown in 
purple. The color scale on the right indicates the April rainfall (mm).  
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Figure 5-5. Parallel coordinate plots representing the effect of warming temperatures and increasing precipitation.  

Here, highlighted flood events in red are obtained from a lake level roughly 0.5 meter above the 2011 level on March 1st, a maximum snowpack of 125 mm on March 
1st (i.e., smaller than during the year 1971) and maximum rainfall cumuli during March and April roughly 20 mm above their level in 2011. Such a selection has been 
manually developed to roughly represent the effect of warming temperatures (less snowpack, higher lake level at the end of the winter due to earlier snowmelt) and 
an increase in precipitation. Note that the pink bars along the vertical axes show the range of the values selected. 

One can note that under these conditions, a mega-flood would more likely occur at the end of May or early June. It is then 
worth asking what quantity of rainfall in May would provide the necessary water flow for such an event. Results from the 
parallel plot in Figure 5-5 show that a very large May precipitation total (i.e., larger than 300 mm) would be required, 
especially if March and April were not very wet. Given the climate projections, May precipitation totals larger than 300 mm 
are rather unlikely. However, for years with wet March and April months, mega-floods could occur with May precipitation 
lower than 200 mm, which could be more likely for future climate conditions with moderate increase in precipitation. 
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6 UNCERTAINTY 

The impacts of climate change on future LCRR study 
area flooding are uncertain. This section describes the 
analysis done to test the robustness of three proposed 
findings despite that underlying uncertainty: 

1. LCRR Final Structural Measures 1 and 3 are robustly 
economically justified 

2. Evapotranspiration estimates are sound but should 
be monitored 

3. The 100-year flood may not be as useful for 
floodplain delineation 

6.1 THE BENEFITS OF MEASURES 1 
AND 3 ARE LIKELY TO DECREASE 
AS CLIMATE CHANGES 

The LCRR Study Board has evaluated a number of 
potential structural solutions to reduce water levels in 
Lake Champlain and the Richelieu River (FMMM/HHM 
2021; 2022) and tentatively decided to recommend that 
the IJC inform the governments that two structural 
projects, named Measure 1 and Measure 3, would reduce 
flood damages in the study area in a cost-effective 
manner. Cost-effectiveness is demonstrated when 
benefits are greater than costs, meaning the benefit to 
cost (B/C) ratio is greater than one. Measure 1 involves 
the removal of some man-made impediments in the 
Richelieu River at Saint-Jean-sur-Richelieu and the 
construction of a submerged weir that would regulate 
flows in a manner closer to the so-called “pristine” 
condition, pre-European colonization. Measure 3 builds 
on Measure 1 by adding a diversion that would route 
additional flows through the Chambly Canal at flood 
stage. Both measures have strong benefit-cost ratios 
based on the current climate, but the incremental 
benefits of adding the diversion are less than the 
incremental costs. 

 

6.1.1 Intrinsic uncertainties in the 
benefit to cost ratio 

Both the benefit (numerator) and cost (denominator) of 
any proposed water resources project are uncertain, in 
part because they are based on projections made before 
the project is implemented. In this report, the issue 
explored is how uncertainty about climate could affect 
the benefits provided by Measures 1 and 3, but climate is 
not the only source of uncertainty in the benefit-cost 
ratio. The denominator (projected costs) may not equal 
the actual construction costs and the actual operations 
and maintenance costs may not be as estimated. Cost 
estimates made as part of the LCRR Study are relatively 
simple compared to estimates that would be developed 
during the preparation of plans and specifications for a 
project, and actual contract costs, based on bids 
received and modifications made during construction, 
can create significant differences between first estimates 
and actual costs. In addition, the designs of Measures 1 
and 3 are also likely to change with further study. The 
discount rate used to convert future benefits and costs to 
a present value can vary considerably, and it is not at all 
clear at this point what rate would be used. 

The numerator (benefits) may be even more uncertain. 
Future development or floodproofing and changes in 
climate could affect projected benefits, and the actual 
(as opposed to expected) sequence of future floods will 
dictate the degree to which the measures, if built, would 
reduce flood damages. 

Perhaps most importantly, the LCRR Study Board 
analysis will not be used directly to justify any Richelieu 
River flood project. Although this report will be finished 
before the LCRR Study Board issues its final report with 
recommendations, the Board has discussed its 
recommendations for months and has presented draft 
recommendations publicly. At the current time (spring 
2022), the Study Board recommends the IJC advise the 
governments that a modest level of flood and drought 
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relief can be achieved by returning the Saint-Jean-sur-
Richelieu shoal and the hydraulic regime to a more 
naturalized state, through the removal of some flow-
impeding human artifacts and the installation of a 
submerged weir (Measure 1).  Additional flood relief can 
be gained through combining this with a modest 
diversion through the Chambly Canal (Measure 3).  

If the IJC does so advise the governments, and if the 
governments decide to consider Measure 1 or 3 or similar 
projects, all the uncertainties described above would be 
explored as part of the project authorization process, 
including environmental impact studies. 

6.1.1.1 Benefit changes because of development or 

floodproofing 

The benefits from Measures 1 and 3 could change based 
on future development or floodproofing. In the LCRR 
Study Board’s Causes and Impacts Report (ILCRRSB 
2019), evidence from ISEE simulations and discussions 
with regional planners indicated that there has been 
development in the Richelieu River floodplain, but that 
newer development is protected from floods smaller than 
the 2011 flood. As older structures are replaced with 
newer ones, exposure levels could fall further. On the 
other hand, Saint-Jean-sur-Richelieu officials reported 
that much of the damage in 2011 accrued to buildings 
outside the delineated floodplain, so it is possible that 
exposure could increase for very large floods. This report 
identifies a continued, if small, risk of floods large enough 
to damage property outside the delineated floodplain, 
indicating that some LCRR Study Theme 3 (flood 
response) or Theme 4 (floodplain management) 
measures to minimize exposure outside the delineated 
floodplain are worth considering. In a separate analysis 
done for the LCRR Study, a model based on ISEE outputs 
was used to estimate flood insurance payouts and 
premiums. The model was then expanded to show how 
Theme 1, 3 and 4 measures would affect damages, 
premiums, payouts and government expenditures. The 
model is intended as proof of the concept that “big data” 
provided by a granular damage model such as ISEE can 
not only show how floodplain management measures 

would reduce damages, but even which individual 
properties are the best candidates for those measures. 
The delineated Richelieu River floodplain is close to fully 
developed, but based on activities since 2011 on the 
ground and in policy making, it is reasonable to expect 
that floodplain management measures will reduce future 
vulnerability to flooding, and hence, the benefits of 
Measures 1 and 3. 

Finally, if temperatures rise by as much as four or five 
degrees Celsius, vegetation may be significantly 
different, with an unknown effect on runoff and 
evapotranspiration, adding to the uncertainty. 

6.1.1.2 Expected versus retrospective benefit 

assessments 

Because of natural variability in flood conditions, actual 
benefits will differ from forecasted benefits, due in part to 
the timing of future flood events. For example, if someone 
had built Measure 1 in 1960, there would have been no 
significant flood damage reduction benefit until 1969, 
because there were no large flood events. However, if the 
same measure had been built in 1968, it would have 
produced millions of dollars in benefits in each of the next 
six years and ten of the next 11. This could happen in the 
future either because of natural variability in the flooding 
pattern or because climate change had influenced 
flooding patterns.  

For that reason, statistically expected benefits are used 
to estimate benefit-cost ratios. Future benefits and costs 
are brought back to present values using a 3% discount 
rate. These statistically expected benefits represent an 
average of the full range of benefits a flood control 
project could produce in any year, balancing many years 
with no benefits and a few years with very large benefits. 

Figure 6-1 provides an example of this type of evaluation, 
with low-frequency (but high damage) events on the left, 
and high-frequency (no damage) events to the right. 
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Figure 6-1. Damage-frequency functions for the baseline condition and two Theme 1 alternatives. 

 

Figure 6-1 shows that in about half of all future years, no flood damages are expected; in those years, Measures 1 and 3 will 
produce no flood damage reduction benefit. The left side of the figure shows that benefits over $100 million could be 
realized in the wettest years, but floods that large would be very unlikely to occur in a specific year. Climate change could 
change the shape of the damage-frequency curves, raising them (more damage) in wetter futures and lowering them in drier 
futures. 
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6.1.2 The benefit-cost ratios based on  
the current climate 

The LCRR Study Board considered two structural 
measures that would increase the conveyance of water 
through the Richelieu River during high water periods, 
and thus reduce flood damages. The ISEE model was 
used to estimate flood damages for the Baseline (the 
current channel configuration) and the two measures, 
using the historical net basin supplies (NBS) as the driver 
of water levels and flows. The historical lake levels and 
river discharge simulations can be considered a sample 
from the current climate in terms of flooding. Although 
the average annual Lake Champlain levels increased by 
38 cm from 1924 to 2017, flood peaks increased by only 
14 cm. Approximately 10 cm of that increase has been 
attributed to the widening of the Chambly Canal (and 
associated narrowing of the Richelieu River channel) in  
 
 

the early 1970s, but the LCRR Study simulations use the 
current channel configuration for the entire simulation.  

A generalized extreme value (GEV) distribution was 
fitted to these sample damage estimates to estimate 
damage frequencies and the expected values of 
damages under the Baseline and Measures 1 and 3 
(FMMM/HHM ILCRR Study, 2021). The benefit-to-cost 
ratio for Measures 1 and 3 are 9.81 and 3.86 
respectively, using a 3 percent discount rate (Table 6-1).   

Measures 1 and 3 are expected to provide some 
additional non-flood benefits, such as returning the 
hydrologic regime of the lake and river to a more natural 
state, perhaps providing benefits for ecosystems and 
boaters, but the subject of the following analysis is only 
the robustness of flood damage reduction benefits. 
 

 

Table 6-1. Benefits and Costs, Measures 1 and 3. 

 

Average Estimates 

Measure 1: Excavation + 
Submerged Weir 

Measure 3: Excavation + 
Weir + Modest Diversion 

Capital $8,000,000  $21,000,000  

Interest & Amortization* $310,924  $816,175  

Interim replacement  $15,000  

O&M $25,000 $20,000  

Administration & general expense  $15,000  

Management board  $50,000  

Total Annual Cost (C) $335,924 $916,175  

Base Annual Damages $7,782,150  $7,782,150  

Annual Damages with Measure $4,485,600  $4,243,750  

Total Annual Benefits (B) $3,296,550  $3,538,400  

B/C Ratio 9.81 3.86 
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As indicated throughout this report, climate change is 
expected to increase precipitation, which increases the 
risk of flooding, but also increases temperature, which 
could increase evaporation and hence reduce flood risk. 
This analysis quantifies the countervailing impacts of 
higher precipitation and temperature in an attempt to 
estimate which will be more influential, but there are 
uncertainties in that analysis. If, in reality, the flood risk 
increases, the cost-effectiveness of the measures would 
increase (there would be a greater need for flood 
damage reduction). Climate change would undermine 
the finding that the measures are cost-effective only if 
flood risk declines in the future (less need to reduce flood 
damages). For that reason, the question of the 
robustness of the cost-effectiveness centers on the 
degree to which the flood risk is expected to decline 
under climate change. 

6.1.3 A method for estimating the benefit-
cost ratios under climate change 

The Weather Generator was used to test the finding that 
Measures 1 and 3 are cost-effective if climate change 
affects temperature and precipitation according to the 
CMIP5 projections. In overview, the test began by 
determining the reduction in flood frequency needed to 
reduce the benefit-cost ratios for Measures 1 and 3 to one 
(equal benefits and costs). Next, Weather Generator 
results reflecting climate change as predicted in CMIP5 
RCP8.5 were analyzed to determine the percentage of 
results in which the flood frequencies are reduced enough 
to lower the benefit-cost ratios to one or less. The 
analysis shows that Measure 3 is probably cost-effective 
despite climate change, and Measure 1 will almost 
certainly be cost-effective. The analysis also underscores 
a conclusion similar to the finding of the Lucas-Picher et 
al. (2021) analysis, that flooding generally will decline 
because of climate change, even as the LCRR system 
remains vulnerable to occasional flooding worse than 
2011. As noted above, these analyses are based on RCP 
8.5, the worst-case climate change scenario. As such, 
the test is conservative because, as shown in Figure 5-1, 
peak spring flows in the Richelieu trend lower in CMIP5 
8.5 simulations than in CMIP5 4.5 simulations. A further 

caveat, discussed below in Section 6.2, is that both 
analyses rely on the estimates of evapotranspiration in 
the HYDROTEL model, and if those estimates are too 
high, the projected reduction in flooding would be 
overstated.  

6.1.3.1 Estimating the reduction in future flooding 

that would cause benefits to equal costs 

Figure 6-2 illustrates the reduction in flood frequencies 
that would cause the benefit-cost ratios of Measures 1 
and 3 to equal one. To produce the transformed 
damage frequency curves shown in Figure 6-2, the 
frequencies of the current damage-frequency table were 
shifted in 1% increments and revised benefit-cost was 
calculated for each measure until the ratio was reduced 
to about one. This preserved the current stage-damage 
relationships and the shape of the current damage-
frequency curve for more smaller recurrence intervals. 

For example, a 200-year flood is now estimated to cause 
CDN$192 million in damages, with Measure 1 and 3 
reducing those damages to about CDN$125 and 
CDN$117 million, creating benefits of CDN$67 and 
CDN$75 million. If the climate change influenced 200-
year flood (1,550 m3/s) were reduced to the magnitude 
of a current climate 100-year flood, the Baseline damage 
would be only CDN$93 million, reduced to CDN$56 and 
CDN$53 million by Measures 1 and 3 respectively. The 
benefits of the two measures in this example would drop 
from CDN$67 to CDN$37 million (Measure 1) and from 
CDN$75 to CDN$40 million (Measure 3).  

Assuming proportional reductions of flooding at other 
frequencies, the modified damage-frequency curve 
would plot below the Baseline curve, as shown in Figure 
6-2. The reduced area under the curve represents the 
reduced expected average annual damages in these 
drier futures.  
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Figure 6-2. Baseline damage frequency curves for the current climate 
and for conditions so dry the B/C of Alternatives 1 and 3 drop to 1 to 1. 

6.1.3.2 Scaling the reductions in flow that would 

cause benefits to equal costs 

In the Measure 3 future, the flood equivalent to the 200-
year flood would cause CDN$48 million, rather than 
CDN$192 million in damages. The equivalent of about a 
35-year flood now causes CDN$48 million damage, 
similar to the flood that occurred in 1993. These 
damages correspond with a Richelieu River elevation at 
the marina in Saint-Jean-sur-Richelieu of 30.24 m and a 
discharge of 1,250 m3/s, a decrease of about 19.3 
percent. 

In the Measure 1 future, the flood equivalent to the 200-
year flood would cause CDN$19.2 million, rather than 
CDN$192 million in damages, the equivalent of about an 
8-year flood now, similar to a flood that occurred in 
1936. These damages correspond with a Richelieu River 
elevation at the marina in Saint-Jean-sur-Richelieu of 
30.05 m and a discharge of 1,107 m3/s, a decrease of 
about 28.5 percent. 

 
 
 
 
 

6.1.3.3 Analyzing the Weather Generator simulated 

river flows based on CMIP5 projections 

As explained in Section 3.2.3, the subset of Weather 
Generator simulations chosen for the vulnerability 
assessment was selected based on how well it 
represented variability in the historical record. In all, 350 
water balance simulations were generated, 70 for each 
of the five realizations, with each simulation fifty years 
long. The first and last few rows of outcomes from the 
Water Balance Model are shown in Table 6-2, starting in 
2020 and ending in 2070. There were over 18,000 
water levels in each of the 350 runs, from which the 
relative frequency of different flows could be deduced. 
The 200-year Richelieu River discharge changed from 
realization to realization and within each realization 
depending on natural variability, and the change in 
temperature and precipitation. The probability that the 
200 year-flood would be reduced by 19.3 percent and 
28.5 percent can be calculated from these simulations 
for the two eras (2040 and 2070). 

6.1.4 Measure 1 and 3 cost-effectiveness 
threshold  

Figure 6-3 depicts the plausibility of reduced peaks at 
Saint-Jean-sur-Richelieu, developed using simulations 
from the weather generator and HYDROTEL based on 
the five variability scenarios, and the range of 
temperature and precipitation changes in the CMIP5 
projections. The colored cells of the graph on the left 
indicate the change in the 200-year Richelieu River flood 
as a function of the percent change in average annual 
precipitation (y-axis) and increases in the average 
annual temperature (x-axis). The color scale is shown 
between the left and right graphs, white being no 
change; blue, higher flood levels and red, lower  
flood levels.  
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Table 6-2. Truncated outputs from the Water Balance Model, Delta_method,_Realization 817_dT=1.0_dP=1.1 

 

 

 

Figure 6-3. Plausibility of a reduced 200-year flood peak at Saint-Jean-sur-Richelieu. 

The graph in the middle shows the non-exceedance probability of different flood level changes in two periods labeled 2040 
(covering the span from 2026-2055) and 2070 (2056 to 2085). The probabilities for the earlier period are shown in green, 
and the later period in black. The same color scheme is used for the concentric circles on the left, which indicate the 
temperature and precipitation projections from the CMIP5 display (Figure 3-5, reproduced here on the right of Figure 6-3).  

For Measure 3, a 19.3 percent reduction in the 200-year flood would reduce the benefit-cost ratio to one. The chances of 
that happening in the 2040 period are about 8 percent, and about 57 percent in the 2070 period (shown by the red 
crosshairs on the plot). Drier conditions later in the century increase the risk that the cost of these measures would not be 
justified. For Measure 1, a 28.5 percent reduction in the 200-year flood would reduce the benefit-cost ratio to one. There is 
no chance of that happening in the 2040 period and about 7 percent chance in the 2070 period.  



50 

6.2 EVAPOTRANSPIRATION IN THE 
BASIN SHOULD BE MONITORED 

The LCRR research indicates that the 20-year return 
period flood for the high-emission scenario 
representative concentration pathway (RCP) 8.5 will 
decrease between 8 percent and 35 percent for the end 
of the 21st Century (2070–2099) timespan, with an 
average decrease of about 22 percent (Lucas-Picher, 
2021). The analysis from the Weather Generator 
simulations indicates that the average projected flow 
decrease for the 200-year flood will be about 20 percent 
for the 2056-2085 timespan.  

The estimate of a drier future from both analyses is 
explained by the fact that temperature and precipitation 
will both almost certainly increase, but that warmer 
temperatures will increase evapotranspiration enough to 
overcome the effects of increased precipitation. All four 
future flooding research perspectives undertaken by the 
LCRR Study Board also capture the variability of water 
supplies to Lake Champlain, and because of that 
variability, indicate that floods more damaging than 2011 
are still plausible despite the downward trend. The 
analysis in Section 6.1.3 indicates that despite the drying, 
Measure 3 and especially Measure 1 are robustly 
economically justified. However, the trend towards lower 
Lake Champlain levels would negatively affect boating 
on Lake Champlain, as indicated by boating problems 
reported to the Board in 2020 and 2021, two years of 
low (but not record low) lake levels. The agreement 
between this research and the Lucas-Picher et al. (2021) 
paper reinforces confidence in the conclusion that future 
lake levels will trend downward, but both share two 
factors that may bias the results.  

The first important common influence is that both use 
RCP8.5, the radiative concentration pathway based on a 
radiative forcing value in the year 2100 equal to 
8.5W/m2 which results in the greatest warming and likely 
the most critical change in precipitation. As indicated in 
Figure 6-4, the mean discharge of the Richelieu River at 
Fryers Station (below the marina at Saint-Jean-sur-
Richelieu, but with closely correlated flows) drops by the 

year 2100 to about 900 m3/s using RCP4.5 and to 
about 750 m3/s using RCP8.5. This suggests that both 
the stress test and Lucas-Picher et al. projections can be 
considered “worst case” for low water levels. 

The second commonality is that both projections used 
the HYDROTEL model, and there was a concern raised 
in discussions involving LCRR Study researchers and 
colleagues from other IJC studies about whether the 
downward trends were driven by an overestimate of 
evaporation in HYDROTEL. Lake levels will generally rise 
because of increased precipitation under climate change 
but drop because of higher temperatures that lead to 
increased evaporation. The key modeling question is 
which will overcome the other. On the Great Lakes, for 
example, climatologists now believe that the increase in 
precipitation will more than overcome the increase in 
evaporation, and lake levels will trend upward. But 
evaporation from the water surface of the Great Lakes is 
more of an issue than evaporation from Lake Champlain 
because the lake surface is only about 5 percent of the 
drainage area in the Champlain basin compared to 
about 47 percent for the Great Lakes. On the Great 
Lakes, the importance of accurate evaporation estimates 
led to the installation of eddy-covariance stations in each 
lake to monitor actual evaporation. The Study Board of 
the IJC’s International Upper Great Lakes Study (IUGLS) 
funded the first station and recommended the others 
because of the importance of estimating evaporation 
correctly.  

In the Lake Champlain basin, where the lake occupies a 
much smaller portion of the drainage basin, the issue is 
evapotranspiration, defined as “the process by which 
water is transferred from the land to the atmosphere by 
evaporation from the soil and other surfaces and by 
transpiration from plants.” 

The three sets of plots shown in Figure 6-5 suggest, 
rather than calculate, the effect of lower estimates of 
evapotranspiration on future flooding.  
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Figure 6-4. Comparison of RCP4.5 and 8.5 flow decreases for the Richelieu River at Fryers Station [From Lucas-Picher et al., 2021 (Figure 12, page 
15)]. 

 
Figure 6-5. Sensitivity Analysis regarding probable reductions in the 200-year Richelieu River flow.

It would be necessary to re-simulate the HYDROTEL 
analysis to determine the effect of evapotranspiration 
estimate changes on net basin supplies; however, a shift 
in precipitation can be used to approximate these effects. 
An upward shift in precipitation adds more water flow to 
the resultant NBS, as would lowered evapotranspiration. 
The figure on the left is reproduced from Figure 6-3. The 
figure in the middle shifts the range of Weather 
Generator simulation up by 5 percent, and the figure on 
the right shifts the range up by 10 percent. This is 
manifest in the upward movement of the four green and 
four black concentric ellipses, which indicate the ∆T and 
∆P domain of the Weather Generator simulations.  

The graphs are complex, but observing the shift in the 
green and black sigmoidal graphs of flow reduction 
probability in each of the three plots, the average 
projected reduction in the 200-year flow is about 14 
percent in the 2040 period and 20 percent in the 2070 
period. On the left, the center of the 2040 simulations 
lines up with about a 22 percent decrease in the flow of 
the 200-year event. The center graph shows simulations 
with 5 percent increases in precipitation, and the average 
percent reductions in the 200-year flood in those 

simulations is about 8 percent (2040) and 13 percent 
(2070). In the figure on the right, the average 200-year 
flow is reduced by 2 percent (2040) and 8 percent 
(2070). This trend is reinforced by the shift upwards of 
the concentric ellipsoids from the dry red and pink 
squares towards the wetter white to blue squares. 
Observing these shifts also underscores the fact that 
these projections are for a drier future. 

6.2.1 Various perspectives on  
assessing HYDROTEL 
evapotranspiration estimates 

HYDROTEL calculates the potential evapotranspiration 
(PET) as a function of temperature and a calibrated 
coefficient, and then calculates the actual 
evapotranspiration (ET) as limited by soil moisture and 
physical characteristics affecting the movement of water 
from land to air. The basin already has all the water it 
needs to supply evapotranspiration, so the PET must 
increase (in this case, by warming) if ET is to increase. 
The results developed before the Weather Generator 
produced HYDROTEL inputs showed that annual ET will 
increase by 42 mm for every 1°C increase in temperature, 
equivalent to a four percent increase in annual 
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precipitation. Subsequent tests with Weather Generator 
results produced a slightly higher estimate; a six percent 
increase in precipitation would overcome a one degree 
rise in temperature. A Great Lakes evaporation expert 
advised the LCRR researchers that radiance as well as 
temperature can affect evaporation, so the usefulness of 
estimates that do not take radiance into account is 
unclear. 

As indicated in Section 3.2.2 and as illustrated in Figure 
3-9, HYDROTEL simulations using the Livneh (2015) 
historical data tend to underestimate flood peaks, a bias 
that may or may not be an indication of overestimating 
evapotranspiration. 

Ideally, one would test the validity of the model by 
comparing modeled to actual evapotranspiration, but 
there are no large-scale direct measurements for the 
Lake Champlain-Richelieu River basin. However, there 
are two datasets, one in southern Quebec and the other 
in the northeast portion of a United States dataset, 
which can be used to estimate what evapotranspiration 
must have been, assuming ET is the residual in a water 
balance when the precipitation and runoff components 
have been identified.  

A water balance model accounts for volumes and flows 
of water in a system. In a rainy period, ET will be 
minimized, and the change in volume of water stored in 

the soil (ΔS) will be positive until the soil is saturated. In 

a warm, sunny period, ET will be much greater than 
precipitation (P) because water can be drawn from the 

bank of water stored in the soil, making ΔS negative. 

Over a long period of time, the water balance equation 

ET=P-R+ ΔS can be approximated as ET = P-R because 

in the long term, the amount of water stored in the soil 

stays about the same; ΔS is zero. 

Using that concept, data on P and R from 29 Quebec 
watersheds physically similar to the Richelieu River were 
used to calculate ET. Over these 29 watersheds, there 
was a range of temperatures, so the 29 ETs could be 
correlated with the 29 average annual temperatures. 
The slope of that correlation is 40 mm/°C. This slope is 

close to the value (42 mm/°C) determined from the 
HYDROTEL simulations, providing evidence that the 
HYDROTEL model ET estimates are valid. A caveat that 
must be applied in comparing these basins to the LCRR 
basin is that these basins have a mean temperature 
lower than that of the LCRR basin and have a lower ET/P 
ratio. 

In an informal discussion, climate researchers working in 
the St. Mary-Milk River basin suggested that data from 
the USGS Earth Resources Observation and Science 
(EROS) Center dataset gridMET would provide a check 
on the impact of temperature on evapotranspiration. 
Using the water balance approach described above on 
the gridMET data near Burlington, Vermont, the 
relationship between increasing temperatures and 
evapotranspiration was again mostly linear, suggesting 
temperature is the principal driving factor, but the rate of 
evapotranspiration change per degree of temperature 
increase in these data is lower, at 30.2 mm/°C. 
Assuming these data are better suited to represent the 
LCRR basin, this suggests, at worst, that the 
HYDROTEL evapotranspiration function is of the right 
form, but is overestimating evapotranspiration by one-
third. However, data at Burlington may not represent the 
whole basin well. 

An informal comparison involving gridMet data 
reinforces the notion that the evapotranspiration rates 
used in this study are reasonable. As part of an IJC 
updating of general guidance on climate change 
planning, reviewers evaluated comparisons of 
temperature and evapotranspiration in California. Based 
on gridMet data near Santa Cruz, California, a 1.2°C. 
increase in temperature increased evapotranspiration by 
between 3 mm and 4 mm per day. Separately, using the 
Hamon model of potential evapotranspiration, which 
also considers only temperature, an increase by 4-5 °C 
canceled out a 10 percent increase in precipitation. 

With regard to the importance of the estimate of 
evapotranspiration to the sound estimation of flooding in 
the LCRR basin, it has been well established that annual 
net basin supplies have been increasing, causing a 
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noticeable increase in average annual Lake Champlain 
levels, but without an accompanying rise in flooding. This 
is because precipitation has increased in months other 
than April and May, when over 80 percent of peak 
flooding has historically occurred. Annual NBS does not 
correlate well with flooding, but the so called NBS14d 
(the maximum fourteen-day NBS each year) does. 
Warmer temperatures mean less snowpack and more ET 
in April and May.  

To evaluate whether these counter-flood trends could be 
explained by using a new set of Weather Generator 
inputs to the HYDROTEL model, 35 additional Weather 
Generator input series were prepared in which 
temperature increases were applied only to November, 
December, January, February, March and April, (six 
month warming), thereby simulating the impacts of 
warmer weather on snowpack and ET in the time 
preceding the flood season. 

This experiment produced two distinct findings: 

1. The first finding is about temperature and ET. 
Whether looking at the six month or twelve-month 
Weather Generator inputs, NBS14d is reduced as 
temperature increases. Holding precipitation 
constant, the impact is about 20 percent at 2°C 
warming for both six and twelve month warming, 
but at 3°C, twelve-month warming reduced NBS14d 
more than six month warming. This reinforces the 
idea that increased temperatures will reduce 
flooding whether annual or monthly temperatures 
are considered. 

2. The second finding is about temperature and 
snowpack. The warming of winter temperatures will 
probably have the impact of reducing the NBS14d 
quite significantly with a drop of about 15 percent 
for a warming of 1°C and about 20 percent for a 
warming of 2°C because of reduced snowpack. 

 

 

6.2.2 The impact of the weir on 
 low water levels 

Measures 1 and 3 include a submerged weir that covers 
about half the channel width of the Richelieu River at 
Saint-Jean-sur-Richelieu. The weir is designed to shape 
the relationship between the level of Lake Champlain 
and the flow in the Upper Richelieu. With the excavations 
and weir, Measure 1 would increase flows for higher lake 
levels, reducing flooding, but would also reduce flows at 
lower levels, reducing the incidence of low water levels on 
Lake Champlain and on the Richelieu River above the 
weir. In most years, Measure 1 would raise Lake 
Champlain levels at the beginning and end of the year, 
and lower them in Spring when floods are more likely. In 
the driest years, Measure 1 would raise water levels 
throughout the year, including increases of 15 to 20 cm 
during the peak of the boating season (Figure 6-6). ISEE 
does not include an analysis of the benefits of raising the 
lowest water levels, but Lake Champlain levels have been 
low during the last two years of the study and the Board 
has collected anecdotal evidence of the negative impact 
of low levels on boating.  

If water levels trend downward, so would flood damage 
reduction benefits, but when the benefits for flood 
damage reduction no longer exceed the costs, the weir 
would be providing recreational benefits of some 
magnitude in many years, more as the water levels 
continued to decline. Consideration of this low water 
recreation benefit makes the cost-effectiveness estimate 
more robust, decreasing the probabilities given at the 
end of Section 6.1.4 that the measures would not be cost-
effective. This is truer for Measure 1 than 3; the additional 
costs for the diversion in Measure 3 would provide no 
additional recreational benefit but would still require 
additional investment and maintenance costs.
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Figure 6-6. Lake Champlain levels 1965 (actual and modeled baseline and Alternative 1). 

 

6.2.3 Resolution 

The critical analysis of the impact of evapotranspiration 
estimates on flooding projections shows that the 
HYDROTEL estimates are reasonable, and no 
counterargument was discovered that would support 
rejecting the HYDROTEL analysis. Using an increase in 
precipitation in lieu of reduced evapotranspiration shows 
that while future flooding would be worse with 5 percent 
or 10 percent more precipitation, there is still a high 
probability in the simulations that flood levels for the 20 
or 200-year event will trend downward. If 
evapotranspiration is less than the HYDROTEL 
estimates, the confidence that Measures 1 and 3 will be 
cost-effective will increase but concerns about low water 
issues would grow. On balance, further efforts to monitor 
evapotranspiration could reduce uncertainty about the 
possibility of low water level impacts. 
 
 
 
 
 
 
 
 
 
 
 
 

6.3 THE USE OF THE 100-YEAR 
FLOODPLAIN DELINEATION 
SHOULD BE RECONSIDERED 

The determination of the 100 year or one percent flood 
has been used to delineate the land area where 
development is regulated to reduce flood impacts. Any 
precise location of the boundary of the 100-year 
floodplain along the Upper Richelieu River is difficult to 
defend. The 2011 flood raised questions about past 
stage-frequency estimates.  

Strong winds from the south can raise water surface 
elevations on Lake Champlain at Rouses Point by 10 
centimeters or more. Such changes in elevations can 
have a substantial effect because the floodplain at Saint-
Jean-sur-Richelieu is relatively flat (see Figure 6-7). This 
report and other studies suggest that climate change can 
be expected to make the determination of the Richelieu 
River discharge one percent flood problematic. There is 
no consensus regarding what method one should use to 
assess future flood probabilities under non-stationary 
conditions that account for change in climate (Francois 
et al. 2019). 
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Figure 6-7. Sample slopes of the floodplains at Plattsburgh, NY, 
Burlington, VT and Saint-Jean-sur-Richelieu, QC (ECCC). 

 

However, delineation of a regulated floodplain need not 
be a binary decision based on a line drawn to represent a 
one percent flood. ISEE shows that it is possible and 
preferable now to consider risk changing gradually as 
elevation rises. A better policy for the future is to consider 
varied regulation over a larger floodplain, recognizing 
that measures advisable for frequently flooded property 
can be substantially different from policies for properties 
that will rarely suffer flood damages. The basis for this is 
in part the uncertainty about where the 100-year 
floodplain boundary should be drawn.  
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7 FINDINGS AND CONCLUSIONS

There are five principal findings of this report. The first is 
that climate change is likely to reduce average Lake 
Champlain levels and Richelieu River flows during the 
21st Century, but the region will still be susceptible to 
floods greater than that of 2011. Such “megafloods” do 
not change average annual benefits very much, so the 
best way to deal with them is not through larger Theme 1 
structural projects, but through Theme 3 emergency 
response planning. Over time, increasing precipitation 
could trigger major flooding during the fall season; 1927 
was the only year in the historic record when this 
happened. The finding from this work that climate 
change will generally reduce water levels supports the 
published conclusions of Lucas-Picher et al. (2020, 
2021) done earlier in the LCRR Study, using mainly 
independent analysis (however, both efforts used the 
HYDROTEL basin model and focused on the RCP8.5 
scenario).  

The second finding is that climate change will probably 
reduce the current benefit-cost ratios of the Theme 1 
measures under final consideration by the Board, but in 
the worst case, Measure 1 is almost certainly cost-
effective and Measure 3 is probably cost-effective. 

The third finding is that estimates of the relationship 
between increased temperatures and increased 
evapotranspiration in the HYDROTEL model are 
important and reasonable, but uncertain. There are 
multiple sources of evidence that suggest that the 
HYDROTEL estimates are reasonable. If HYDROTEL 
overestimates evapotranspiration, the benefit-cost ratios 
of Measures 1 and 3 would be stronger. However, the 
evapotranspiration estimates are not easily validated, 
and they are based solely on temperature, not radiance.  
 
 
 
 
 
 

If the HYDROTEL evapotranspiration estimates are too 
high, the LCRR Study analyses would overstate the 
probability that future Lake Champlain levels would 
trend lower. This would reduce concerns about the cost-
effectiveness of the alternatives, but lower levels could 
cause substantial negative impacts, and despite 
reducing flood risks, would increase concerns about 
impacts to recreation.  A program of monitoring to 
validate and improve the evapotranspiration estimates 
could help reduce anxiety about future low water levels. 

The fourth finding is that the likelihood of floods around 
Lake Champlain and along the Richelieu River will 
change and there is no consensus on how to estimate 
recurrence intervals for floodplain development 
regulation. ISEE evaluations and reports from the 2011 
flood have shown that a substantial portion of damages 
from very large floods came from development outside 
the floodplain. The Richelieu River floodplain is fairly flat, 
and water levels can rise significantly when strong winds 
from the South blow over Lake Champlain. Taken 
together, this suggests consideration of flood risk as a 
continuum, as opposed to a binary, on-off proposition 
with a delineated floodplain border. Regulation could be 
varied over an expanded floodplain, recognizing that 
measures advisable for frequently flooded property can 
be substantially different from policies for properties that 
will rarely suffer flood damages.  

The fifth finding is that a collateral benefit of using the 
weather generator is that the simulations can be used to 
support visualizations that help explain how snowpack 
and rainfall affect flooding and make the plausibility of 
greater than 2011 floods more palpable. These 
visualizations might be useful in communicating flood 
risk in general and in an operational setting.  
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Appendices 
Observed and detrended time series of basin wide, annual rainfall 

 

Figure A-1. Annual basin wide precipitation as in Livneh et al. (2015) (black) and detrended time series (red). 

 

Performance of the daily climate/weather generator 

The figures below illustrate the performance of the climate/weather generator for climate realizations  
R3321, R3555, R3873 and R4846. 



A-2 

 
Figure A-2. Illustration of the performance of the climate/weather generator at reproducing statistics of daily precipitation (left), maximum 
temperature (middle) and minimum temperature (right) for realization R3321. 

 
Figure A-3. Illustration of the performance of the climate/weather generator at reproducing statistics of daily precipitation (left), maximum 
temperature (middle) and minimum temperature (right) for realization R3555. 
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Figure A-4. Illustration of the performance of the climate/weather generator at reproducing statistics of daily precipitation (left), maximum 
temperature (middle) and minimum temperature (right) for realization R3873. 

 
Figure A-5. Illustration of the performance of the climate/weather generator at reproducing statistics of daily precipitation (left), maximum 
temperature (middle) and minimum temperature (right) for realization R4846.  
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Climate projections over the LCRR watershed 

 
Figure A-6. Similar to Figure 3-6 but for the RCP2.6. 

 

 

Figure A-7 Similar to Figure 3-6 but for the RCP4.5. 
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Perturbation of the climate realization to generate future scenarios for the climate stress test 

Delta Change approach 

The Delta Change approach is the default approach to alter weather time series to include effect of warming and/or 
changing precipitation. Delta change factors are absolute for temperature and apply to all days in the time series. For 
example, to account for a +2oC warming scenario, +2oC are added to the minimum and maximum temperatures for every 
single day in the time series. A similar process is carried out for the precipitation variable, except that changes are relative. 
For example, a +10 percent increase in rainfall is obtained by multiplying the daily rainfall values by 1.1.  

Delta change approach informed by CORDEX simulations 

An ‘informed’ version of the above-described Delta Change approach has been developed for the vulnerability assessment 
of the LCRR system. The improvements described below have three main objectives:  

• to better account for the change in daily rainfall variability when the average precipitation increases, 

• to account for seasonal changes in temperature, 

• to account for different warming rates for minimum and maximum temperature. 

The ‘informed Delta Change’ approach presented below makes use of the high-resolution climate projections from the 
CORDEX experiment. More details regarding the CORDEX projections across the LCRR watershed are found in the study 
by Lucas-Picher et al. (2021).  

Precipitation variable 

In order to assess the potential change in rainfall variability, the relationship between the standard deviation of the daily 
rainfall and the increase in annual total precipitation was investigated using the CORDEX climate projections over the 
LCRR watershed.  

Figure A-8 summarizes the results of this analysis by showing the standard deviation of the daily precipitation as a function 
of the average annual precipitation over 30-year long moving windows. The 19 GCM/RCM combinations from the 
CORDEX ensemble are shown in color. Each dot symbol is obtained for a specific 30-year period. For instance, one dot 
symbol is obtained for the period 2006-2035, the next one is obtained for the period 2007-2036, and so on. For most 
GCM/RCM combinations, the largest values for annual precipitation / daily variability are obtained toward the end of the 
century, and the lowest values, for the beginning of the century. The lines in color show the linear regressions for the various 
GCM/RCM combinations, while the black line shows the average regression. The slope and intercept parameters of the 
linear regressions obtained for each GCM/RCM combination and for the ensemble average are given in Table A-1. 
Although some variability exists from one GCM/RCM combination to another, a clear (and to some extent well known) 
signal is observed: daily rainfall gets more variable under wetter climate (i.e., when the annual precipitation increases). 
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Figure A-8. Relationship between the long-term average annual precipitation and standard variability of daily rainfall.  

Each color represents a given GCM/RCM combination as indicated in the figure legend. Each dot symbol represents the long-term average annual precipitation (x-
axis) and standard deviation of daily precipitation (y-axis) obtained through 30-yr long moving windows from 2006 to 2099. Lines in color show the regression 
obtained for each GCM/RCM combination, while the black line shows the regression obtained from the ensemble. 
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Table A-1. Slope and intercept parameters of the linear regression between the annual precipitation and the standard deviation of the daily rainfall. 

GCM/RCM_CORDEX Slope Intercept (mm) 

CanESM2.CanRCM4_22 0.0042 0.02 

CanESM2.CanRCM4_44 0.0037 0.53 

CanESM2.CRCM5-OUR_22 0.0106 -7.11 

CanESM2.CRCM5-UQAM_22 0.0049 -0.62 

CanESM2.CRCM5_44 0.0069 -2.96 

CanESM2.RCA4_44 0.0073 -3.55 

EC-EARTH.HIRHAM5_44 0.0056 -1.52 

EC-EARTH.RCA4_44 0.0117 -8.82 

GFDL-ESM2M.CRCM5-OUR_22 0.0041 0.27 

GFDL-ESM2M.RegCM4_22 0.0075 -3.70 

GFDL-ESM2M.RegCM4_44 0.0022 2.33 

GFDL-ESM2M.WRF_22 0.0060 -2.13 

MPI-ESM-LR.CRCM5-UQAM_22 0.0071 -3.16 

MPI-ESM-LR.RegCM4_22 0.0020 2.62 

MPI-ESM-LR.RegCM4_44 0.0012 3.73 

MPI-ESM-LR.WRF_22 0.0074 -4.12 

MPI-ESM-LR.WRF_44 0.0068 -3.18 

MPI-ESM-MR.CRCM5-UQAM_22 0.0071 -3.16 

MPI-ESM-MR.CRCM5_44 0.0049 -0.79 

Ensemble average 0.0059 -0.79 

The steps to alter the variability of the daily rainfall for a specific scenario of change in annual precipitation are as follows:  

• For a given scenario of future average precipitation, a quantile-mapping method is used to alter the distribution of the 
daily rainfall, following the approach described in Steinschneider and Brown (2013). For doing so, a two-parameter 
Gamma distribution is used to represent the distribution of the current and future daily rainfall; this distribution 
exhibited an acceptable goodness of fit with the basinwide precipitation over the LCRR catchment (not shown). The 

parameters of the Gamma distribution are the shape κ and the scale ϴ; both are linked to the average μ and 

variance σ^2of the rainfall distribution (μ=κ.ϴ and σ2 =κ.ϴ2). 

• To alter the distribution of the daily rainfall time series using quantile-mapping, the parameter of the distribution of the 
future rainfall must be assessed. The future daily average rainfall is directly specified by the scenario used in the stress 
test (e.g., if the average daily precipitation under the baseline condition is 3 mm, the future average will be 3.6 mm 
under a 20 percent increase scenario). The standard deviation of the future daily rainfall is then directly inferred from 
the above-mentioned regression illustrated in Figure A-8. 
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Temperature variable 

Figure A-9 illustrates the change in seasonal minimum and maximum temperature as a function of the annual change in 
annual average temperature. Of particular interest is the ensemble average for all GCM/RCM combinations (bold and 
dashed black lines show the linear regressions obtained for maximum and minimum temperature). Two major observations 
can be drawn from this figure. First, the warming rate is not the same for all seasons. For instance, warming is at its minimum 
during the summer season; for each additional degree Celsius in annual average temperature, the average summer 
temperature increases by 0.89oC. In contrast, the winter temperature increases by almost 1.1oC. Second, the warming rate 
differs for minimum and maximum temperature. The largest differences are during winter and spring seasons. For instance 
for the winter season, for each additional degree in annual average temperature, the average daily maximum and minimum 
temperatures warm by 0.93oC and 1.25oC respectively. Warming rates for all seasons and all GCM/RCM combinations are 
given in Table A-2 through Table A-5. 

Such seasonal variations and differences between maximum and minimum temperature warming rates are likely to influence 
the snowpack accumulation and melt dynamic, which is known as being an important driver of flooding for the LCRR 
system. The informed delta approach for temperature accounts for these difference by using the warming rate obtained for 
the ensemble average. 

 

Figure A-9. Relationship between the change in annual average temperature (ΔTannual) and change in seasonal average (ΔTseasonal) minimum 
and maximum temperature.  

Each color represents a given GCM/RCM combination (colors are as indicated in the figure legend in Figure A 8). Each dot symbol represents the long-term annual 
change in average temperature (x-axis) and seasonal minimum and maximum temperature (y-axis) over 30-yr long moving windows from 2006 to 2099. Dot 
symbols are for the maximum temperature, while cross symbols are for minimum temperature. The bold and dashed black lines are the regression obtained from the 
GCM/RCM ensemble for maximum and minimum temperature, respectively. 
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Table A-2. Slope and intercept parameters of the linear regression between the change in annual average  
temperature and the change in fall temperature (September, October and November). 

 Maximum temperature Minimum temperature 

GCM/RCM_CORDEX Slope Intercept (oC) Slope Intercept (oC) 

CanESM2.CanRCM4_22 1.08 0.21 1.13 -0.22 

CanESM2.CanRCM4_44 1.01 0.42 1.09 -0.05 

CanESM2.CRCM5-OUR_22 1.24 -0.14 1.27 -0.34 

CanESM2.CRCM5-UQAM_22 1.20 -0.17 1.26 -0.57 

CanESM2.CRCM5_44 1.22 -0.42 1.16 -0.33 

CanESM2.RCA4_44 1.09 0.02 1.04 0.00 

EC-EARTH.HIRHAM5_44 0.96 -1.19 0.95 -1.11 

EC-EARTH.RCA4_44 0.76 0.66 0.72 0.50 

GFDL-ESM2M.CRCM5-OUR_22 1.02 0.10 0.97 0.17 

GFDL-ESM2M.RegCM4_22 0.99 0.48 0.99 -0.06 

GFDL-ESM2M.RegCM4_44 1.21 -0.04 1.06 -0.06 

GFDL-ESM2M.WRF_22 0.80 -0.21 0.85 -0.16 

MPI-ESM-LR.CRCM5-UQAM_22 1.09 0.12 1.22 -0.42 

MPI-ESM-LR.RegCM4_22 0.80 1.03 1.09 -0.33 

MPI-ESM-LR.RegCM4_44 0.97 0.54 1.20 -0.65 

MPI-ESM-LR.WRF_22 0.90 0.12 0.98 -0.08 

MPI-ESM-LR.WRF_44 0.89 0.06 0.95 -0.02 

MPI-ESM-MR.CRCM5-UQAM_22 1.09 0.12 1.22 -0.42 

MPI-ESM-MR.CRCM5_44 0.90 0.50 0.99 0.14 

Ensemble average 1.01 0.12 1.06 -0.21 
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Table A-3. Slope and intercept parameters of the linear regression between the change in annual average  
temperature and the change in winter temperature (December, January and February). 

 Maximum temperature Minimum temperature 

GCM/RCM_CORDEX Slope Intercept (oC) Slope Intercept (oC) 

CanESM2.CanRCM4_22 0.78 0.15 1.13 -0.06 

CanESM2.CanRCM4_44 0.78 0.17 1.17 -0.22 

CanESM2.CRCM5-OUR_22 0.76 0.06 1.02 -0.09 

CanESM2.CRCM5-UQAM_22 0.74 0.41 0.99 0.48 

CanESM2.CRCM5_44 0.78 0.21 1.01 0.15 

CanESM2.RCA4_44 0.99 -0.42 1.04 -0.41 

EC-EARTH.HIRHAM5_44 0.97 -0.86 1.29 -1.20 

EC-EARTH.RCA4_44 1.30 -0.87 1.47 -0.89 

GFDL-ESM2M.CRCM5-OUR_22 1.03 -0.22 1.20 -0.13 

GFDL-ESM2M.RegCM4_22 1.10 -0.43 1.52 -0.46 

GFDL-ESM2M.RegCM4_44 1.11 -0.63 1.49 -0.47 

GFDL-ESM2M.WRF_22 1.07 -0.14 1.33 -0.24 

MPI-ESM-LR.CRCM5-UQAM_22 0.81 -0.08 1.18 -0.18 

MPI-ESM-LR.RegCM4_22 0.78 0.07 1.37 -0.18 

MPI-ESM-LR.RegCM4_44 0.85 0.02 1.45 -0.32 

MPI-ESM-LR.WRF_22 0.96 -0.13 1.31 -0.52 

MPI-ESM-LR.WRF_44 0.98 -0.17 1.35 -0.53 

MPI-ESM-MR.CRCM5-UQAM_22 0.81 -0.08 1.18 -0.18 

MPI-ESM-MR.CRCM5_44 1.05 -0.03 1.31 -0.45 

Ensemble average 0.93 -0.16 1.25 -0.31 
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Table A-4. Slope and intercept parameters of the linear regression between the change in annual average 
 temperature and the change in spring temperature (March, April and May). 

 Maximum temperature Minimum temperature 

GCM/RCM_CORDEX Slope Intercept (oC) Slope Intercept (oC) 

CanESM2.CanRCM4_22 0.88 -0.32 1.14 -0.18 

CanESM2.CanRCM4_44 0.89 -0.34 1.13 -0.17 

CanESM2.CRCM5-OUR_22 0.74 0.05 0.89 0.45 

CanESM2.CRCM5-UQAM_22 0.85 -0.36 1.08 -0.14 

CanESM2.CRCM5_44 0.93 -0.46 1.12 -0.22 

CanESM2.RCA4_44 1.19 -0.39 1.16 -0.19 

EC-EARTH.HIRHAM5_44 1.08 0.90 1.08 1.09 

EC-EARTH.RCA4_44 1.16 -0.24 1.13 0.11 

GFDL-ESM2M.CRCM5-OUR_22 0.98 -0.56 1.23 -0.36 

GFDL-ESM2M.RegCM4_22 0.90 -0.63 1.09 -0.09 

GFDL-ESM2M.RegCM4_44 0.91 -0.66 1.09 -0.24 

GFDL-ESM2M.WRF_22 1.25 -0.16 1.35 0.30 

MPI-ESM-LR.CRCM5-UQAM_22 0.71 0.20 0.94 0.13 

MPI-ESM-LR.RegCM4_22 0.75 0.09 1.07 0.04 

MPI-ESM-LR.RegCM4_44 0.66 0.09 1.03 -0.20 

MPI-ESM-LR.WRF_22 0.82 1.00 1.05 0.73 

MPI-ESM-LR.WRF_44 0.80 1.04 1.05 0.80 

MPI-ESM-MR.CRCM5-UQAM_22 0.71 0.20 0.94 0.13 

MPI-ESM-MR.CRCM5_44 0.77 0.31 0.82 0.72 

Ensemble average 0.89 -0.01 1.07 0.14 
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Table A-5. Slope and intercept parameters of the linear regression between the change in annual average  
temperature and the change in summer temperature (June, July and August). 

 Maximum temperature Minimum temperature 

GCM/RCM_CORDEX Slope Intercept (oC) Slope Intercept (oC) 

CanESM2.CanRCM4_22 0.95 0.26 0.91 0.16 

CanESM2.CanRCM4_44 0.98 0.16 0.94 0.01 

CanESM2.CRCM5-OUR_22 1.02 0.19 1.04 -0.17 

CanESM2.CRCM5-UQAM_22 0.96 0.17 0.91 0.16 

CanESM2.CRCM5_44 0.95 0.44 0.83 0.61 

CanESM2.RCA4_44 0.79 0.46 0.71 0.92 

EC-EARTH.HIRHAM5_44 0.82 1.30 0.85 1.14 

EC-EARTH.RCA4_44 0.76 0.19 0.70 0.53 

GFDL-ESM2M.CRCM5-OUR_22 0.78 0.58 0.81 0.40 

GFDL-ESM2M.RegCM4_22 0.63 0.88 0.77 0.28 

GFDL-ESM2M.RegCM4_44 0.47 1.50 0.65 0.57 

GFDL-ESM2M.WRF_22 0.63 0.25 0.73 0.37 

MPI-ESM-LR.CRCM5-UQAM_22 1.02 0.27 1.02 -0.02 

MPI-ESM-LR.RegCM4_22 0.99 -0.01 1.14 -0.70 

MPI-ESM-LR.RegCM4_44 0.83 0.70 1.00 -0.19 

MPI-ESM-LR.WRF_22 0.93 -0.48 1.05 -0.58 

MPI-ESM-LR.WRF_44 0.94 -0.55 1.03 -0.57 

MPI-ESM-MR.CRCM5-UQAM_22 1.02 0.27 1.02 -0.02 

MPI-ESM-MR.CRCM5_44 1.08 -0.49 1.07 -0.67 

ensemble_average 0.87 0.32 0.91 0.12 
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Comparison of Actual to Water Balance Model annual peaks using residual NBS 

Lake Champlain residual net basin supplies are calculated by adding the volume of water released from Lake Champlain to 
the change in Lake Champlain volume indicated by the change of water levels and a stage-volume curve of the lake. For 
many applications in the LCRR Study, the Water Balance Model is run using residual NBS as input data. One might expect 
the WBM with residual NBS would perfectly reproduce historic water level peaks because the calculation of release from 
NBS and water volume in the lake just rearranges the formula for residual NBS = change in volume of the lake plus volume of 
water released. But that is not true, and for that reason, it is reasonable to ask the degree to which the bias shown in Figure 
3-9 is caused by the WBM, not HYDROTEL. 

Because the WBM is meant to produce water levels and releases from a wide variety of NBS datasets, the model includes 
some standardized parameters. For example the roughness in Quarter Month n (n=1 to 48) is the same year after year. 
Because this was not true in the historic record, the WBM can be expected to produce a slightly different sequence of 
releases and hence, different quarter-monthly water levels. Figure A-10 shows that there are differences but they are much 
smaller than the differences created by using HYDROTEL created NBS as inputs to the WBM. 

 
Figure A-10. Actual vs. Residual NBS WBM annual Lake Champlain peak water levels. 
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