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ABSTRACT:  The 2011 Lake Champlain and Richelieu River flood affected about 3 000 homes in the 
Montérégie area and did for millions of dollars of damages in northern Vermont and New-York States. The 
Lake Champlain water level crested at an elevation never seen before. Most of the damages were south 
of the Saint-Jean-sur-Richelieu Rapids, a constriction in the Richelieu River that regulates the outflow from 
Lake Champlain and dictates the upstream water level variations. Previous flood events, in the beginning 
of the 1900’s, in the 40’s and in the 70’s lend to major studies, some conducted under the auspices of the 
International Joint Commission (IJC). The main objective was to identify mitigation solutions to this 
recurring problem.  In fact, in the late 30’ Fryers Dam was built as part of a solution to help in managing 
water levels but the Second World War postponed completion of this project indefinitely.  
 
In this paper, an historical daily water levels time series, reconstituted from digital records and historical 
papers, that covers more than 150 years is presented. This long time series helps in the evaluation of 
either wet-dry cycles and/or trends that could be explained in part by climate changes. Care was given to 
make sure that all data gathered from both U.S and Canada sources was corrected to a common datum of 
reference. From this series it is shown that a major upward shift in water levels occurred in the early 1970’ 
that had a significant impact on the wetlands flora and vegetation at that time. Changes were so drastic 
that it prompted major studies to be undertaken under the IJC auspices in the 70’s. 
  
Anthropogenic changes are also analyzed as they are a significant contributing factor to the hydraulic 
response of this basin. A main contributing factor is the Chambly Canal, constructed in the mid 1800’s for 
navigation purposes and exchange of good between Canada and the US.  This canal extends in the 
natural river bed, creating a constriction of the flow. Widening of the canal in the first years or the 1970’s 
by almost 30 meters contributed to 50% of the upstream water table upward shift.  This ratio can be 
estimated based stage-discharge relationships established from all stage-discharge measurements that 
cover periods prior to 1970 and later, from an inverse water balance hydrological model created specifi-
cally for this analysis and on the analysis of flow from the Hudson River water system.  
 
Observations are made about the necessity to perform exhaustive evaluation of all available data, the 
danger of not recognizing bad data or anthropogenic changes in the evaluation of climatic changes 
effects.  Finally recommendations are made as to how to adapt to these changes to help manage the 
water resources in this region. 
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1. THE LAKE CHAMPLAIN HAUT-RICHELIEU WATER SYSTEM 
 
The hydrology of the Lake Champlain basin is well described in Shanley and Denner paper (1999).  To 
summarize, Lake Champlain lies in a broad valley between the Adirondack Mountains of New York and 
the Green Mountains of Vermont.  The lake occupies 1136 km2 or 5,4% of the basin area (bid, 1999). 
Lake waters discharge to the north in the Richelieu River.  Lake levels are controlled by a series of rapids 
located at Saint-Jean-sur-Richelieu (Québec), delimiting a 30 km long reach of the Richelieu river south of 
this sill that defines the Haut-Richelieu region.  Thus, this region can be considered as an extension of 
Lake Champlain.  Figure 1 shows a longitudinal water stage profile of the Richelieu River, from Fryer’s 
Dam (left) to Lake Champlain, for flow conditions of 900 m3/s. There is very little head loss between Lake 
Champlain (km 40) and Saint-Jean-sur-Richelieu (km 10).   
 

   
Figure 1. Haut-Richelieu longitudinal stage profile for a discharge of 900 m3/s.  

 
Shanley and Denner (ibid) discuss human alterations to the lake outlet control on Lake Champlain and 
analyze the extreme high water events of 1993 and 1998, taking advantage of data from then recently 
expanded US Geological Survey (USGS) stream-gaging network. 
 
In this paper, we focus on time series analyses that help explain major a major upward shift in the water 
level table and contributed to the 2011 flood event when water levels shattered the historical maximum 
water level by more than 30 cm.  Contributing effects of both man made changes to the system outlet and 
climate changes on the water levels stages are discussed. Finally, recommendations for adaptation are 
presented.  
 
2. TIME SERIES OF LAKE CHAMPLAIN MEAN DAILY WATER LEVELS 
 
Mean water level measurements were obtained from Canadian and American agencies (Environment 
Canada and the United States Geological Survey or USGS). Extensive data analyses were performed, 
comparing signals from nearby stations to detect any discrepancies. These were moslty spikes in the 
signals or bad numerical entries in the databases. Mean water levels were found to be slightly higher at a 
downstream station (Rouses Point, NY) than at an upstream station (Burlington) by a few centimeters.  
This discrepancy disappears in October of 1968, and from then on both mean daily water levels are quite 
identical. Comparisons of the Canadian time series for Cantic station which is very close to Rouses Point 
station (New-York State) showed good agreement in the water elevation except for some periods. Most of 
these differences where explained by digit value inversions in the manual entry of the data in the 
database. One particular event was explained by the conversion from English to metric units that occurred 
at this point of time in Canada (Personal communication with Environment Canada). All this to say that 
one must always be careful when using « published official data ». Checking data validity must always be 
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performed using all available means. These observed discrepancies were communicated to Environment 
Canada and data should now have been corrected.  At the end of this validation process, a Lake 
Champlain daily water level time series was obtained using data measured at both Burlington (Vermont) 
and Rouses Point (NY State) stations. Figure 2 shows the final time series.      
 

 
Figure 2. Mean daily water level fluctuations of Lake Champlain from 1875 to 2014  

 
2.1. Homogeneity of the water level data time series 
 
Visual inspection of figure 2 indicates and upward shift of the water levels at the start of the 70’s. The 
Cumulative Sum method (CUSUM) can help identify the point in time where this shift occurred. 
Mathematically, the formula for this method is written: 

𝑌𝑖 = �(
𝑖

0

ℎ𝑖 − 𝜇)  

With µ = the signal mean, hi the daily mean water level value and Yi the CUSUM parameter value. 
Frequent oscillations around the mean value of 0, since the mean is subtracted from the signal, can 
suggest that the data signal is homogenous. On the other hand, long segments, with almost constant 
slopes associated to a change in sign of the slopes indicates a shift and most probably a non-
homogenous time series. Figure 3 is quite eloquent in showing the location in time of a major shift at the 
start of the 70’s.   

 
Figure 3. CUSUM Method applied to the daily mean water levels of Lake Champlain. 
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A change to either or both hydrological and hydraulic regimes occurred at that time. The negative slope 
observed from 1875 until 1970 is indicative of water level values that are less than the signal mean. A 
contrario, a positive slope indicates water level values that are larger than the mean value of the signal. 
The shift occurred where the signal slope changes sign. There are two explanations for this curve: 
anthropogenic modifications to the system and/or increase in precipitations due to climate changes or 
fluctuations.  As for the later explanation, one has to look if it is a trend or if it is part of a cycle.  Both 
alternatives must be investigated.  
 
When a 365 days averaging moving window filter is applied to the daily mean water level time series one 
obtains the signal shown on figure 4.  By looking at the extremes, one can infer that an upward shift 
occurred in the first years of the 1970’s.  This upward shift is of the order of one foot. 

 Figure 4. 365 days average moving window applied to the Lake Champlain mean daily water level signal. 
 
2.2. Stage-Discharge relationships prior and after widening of the Canal 
 
The complete dataset of stage-discharge measurements was obtained from Environment Canada.  This 
dataset was split into two datasets, one containing measurements taken prior to 1970 and the other one 
measurements taken after 1972. Stage-discharge curves were obtained for each period.  These curves 
were used to evaluate the mean daily water inflow in the system using measured water levels and an 
inverse routing hydrological model. Minor changes to the stage-discharge curves were made in order to 
better predict the stage for both periods. Results are vectors of daily water inflow in Lake Champlain. 
Years 1960 and 2011 were selected to evaluate the quality of both routing models (for periods prior and 
after 1970). Year 2011 was chosen since it was the largest flood event measured since daily water level 
measurements started in the middle of the 1870’s. Results of the simulation with the routing model are 
compared to measured data (figure 5).  Using the routing models with the year 2011 inflow vector, we get 
two stage-discharge curves made up of 365 doublets.  
 
The day by day stage-discharge values are drawn for year 2011, creating the curves drawn on figure 6. 
From this figure, for a given discharge value, differences in water elevation between the two curves are in 
the order of 15 cm. This upward shift can only be explained by changes that occurred to the hydraulic 
system. In this case it is an anthropogenic change that occurred in the first years of the 1970’s decade that 
will be explained in the next section. Most important is the fact that for a given stage, the difference in 
discharge is in the order of 100 cubic meters per second (m3/s).  Prior to 1970, for a given stage of Lake 
Champlain, 100 more m3/s were evacuated from the system. To adapt to this new reality would be to 
regain this loss in evacuation capacity.  
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Figure 5. Comparison between simulated and measured water levels at Lake Champlain. 

 

 
 

Figure 6. Stage-discharge relationships prior of 1969 and after 1971 for Lake Champlain. 
 
2.3. Anthropogenic changes to the water system 
 
Figures 7 and 8 show an aerial view of the region where works to enlarge the Chambly canal was 
performed. Photograph of figure 7 was taken in 1965, prior to the works done from 1970 to 1972. Figure 8 
shows a photograph taken in 1979, several years after work completion.  Since there are locks on the 
canal, there is little flow evacuated through the canal. In fact, during most of the freshet season, the canal 
is closed. Practically, all the river discharges over the sill located at Saint-Jean-sur-Richelieu, east of the 
canal section shown on both photographs. The zigzag pattern in the river, visible on both photographs, is 
created by rapid flow over the remnants of an Eel fishery structure that was built at the end of the 19th 
century resulting in white waters.  As a result of the widening of the Canal, the effective surface width of 
the river reduces from 250 m to 220 m in its narrowest part.  Moreover, dredging material was poured in 
the river, on the left bank of the river (figure 8 at the upper left) limiting the system conveyance. All studies 
(International Joint Commission in the 1970’ and Shannon and Denner in 1999) acknowledge that the 
widening of the canal explain part of the upward shift in the water surface upstream since the beginning of 
the 1970’s.  In these publications, it is mentioned that the use of phosphates in cultures and implement-
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tation of drainage channel networks did produce a significant aquatic vegetation growth, whose effect is 
mostly felt in summer at low flow regime that limits outflow. Since the upward shift is brutal, most of it 
should be explained by the widening of the canal. On the other hand, the vegetation growth limits the 
emptying of the Lake which means that at the start of the next freshet the lake water level is higher than it 
should be.   
 
The missing half-foot in the upward shift (section 2.1) has to be explained and, as it will be shown in the 
following section, climate changes that resulted in a wetter climate since the early 1970’s are deemed to 
be a valid explanation. 

 

Figure 7. Aerial view of Chambly canal in 1965.  

 

Figure 8. Aerial view of Chambly canal in 1979.  
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2.4.  Climate change 
 
From the analysis of stage-discharge curves, the canal de Chambly enlargement contributes to roughly 
50% of the upward shift. The most probable explanation for the other 50% in the increase would be an 
increase in precipitations. To confirm the validity of this hypothesis, the daily mean flow time series of the 
Hudson River was analyzed.  
 
2.5. Hudson River flow time series 
 
The Hudson basin adjoins the Lake Champlain catchment on its western boundary. It was postulated that 
no significant anthropogenic changes were made within this catchments.  At Lake Champlain latitudes 
both catchments are located at the head of their basin. Flow time series of the Hudson River at North 
Creek were processed in order to obtain the 10 preceding years mean flow (figure 9) for this region. Data 
date back to 1907 so the resulting signal start in 1916 (mean of the previous 10 years). This signal shows 
the same upward shift as in figure 4 in the 1970’s.  We can estimate visually that the mean flow prior to 
1970 was around 43 m3/s while it climbs up to 47 m3/s after, an increase of roughly 10%.  The signal 
indicates that there was a dry period in the 1960’s followed by a very wet period in the 1970’s.  The 
Hudson annual flow at this station remains high since the 1970’s. 
 

 
Figure 9. Filter of the 10 previous years mean flow for the Hudson River at North Creek.  

 
2.6. Effects of an increase of 10% in water inflow for the Lake Champlain water system 
 
Let us postulate that the increase in water inflow in the Lake Champlain water system is similar to the 
increase for the Hudson River.  Using the stage-discharge curves shown in figure 4, a 10% increase in 
flow means that we have to move to the right on the curves by about 100 m3/s if the discharge is in the 
vicinity of 1000 m3/s, which is a decent magnitude flood event for the Richelieu River.  The resulting stage 
elevation is higher by approximately half a foot, which is the difference that was identified. Thus, the 
remaining 50% of the shift can be explained by a 10% increase in precipitations. 
 
3. EFFECTS OF THE UPWARD WATER LEVEL SHIFT ON THE ENVIRONMENT 
 
The 30 cm upward shift of the water table had and still has considerable effects on the flora, banks and 
wetlands of the region. High water levels at the beginning of the 1970’s decade prompted studies under 
the auspices of the International Joint Commission.  Results from these studies are of interest because 
they shed light on changes that are still occurring now. 
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3.1. Changes in vegetation 
 
Studies in 1976 and 1977 for the International Joint Commission (IJC, 1977, section 3.3) indicated that 
« there has been a decided shift, further inland, of the vegetative zones, resulting in the temporary loss or 
serious disturbance of terrestrial vegetation located below elevation 97 feet. This shift or successional 
change was due to the prolonged periods of high water during the late spring and summer and was not 
directly related to the amplitude of the spring peaks.  The swamp forest zone which is characterized by 
maples, was the most obvious zone affected by the unusually long duration of inundation.  Many of the 
trees were stressed, failed to leaf, and some died. More significant perhaps, was the loss of the understory 
communities of shrubs and grasses. Those where replaced by aquatic emergents and floating-leaved 
plants ».  Note that the elevation cited is in NGVD29 and that a correction of almost half a foot is needed 
to obtain the elevation in NAVD88. These observations indicate that in no more than five years, the 
upward water table shift created significant changes in the vegetation and that both stage and flood 
duration are contributing factors.  The upward shift of the water table creates anaerobic conditions for a 
longer time period so that roots can suffocate. Conditions are met for terrestrial flora to be replaced quite 
rapidly by more water tolerant species.   
   
3.2. Wave erosion along  Baie Missisquoi shores 
 
The Baie Missisquoi shores are characterized by shallow depth beaches with very little slope, of the order 
of 1 V:150 H. It means that an upward shift of 15 cm sees the water boundary move toward the shore by a 
little more than 20 m. At very high stage an added depth of 30 cm moves the water boundary by more 
than 40 m toward land and water depth is now sufficient for high energy waves to attack the shore and 
wash off soil from tree roots (figure 10).  Another impact of the upward shift is that the period at which the 
water level is high is much longer. The odds that major wind storms generating significant waves occur is 
thus increased so the erosion rate per year is higher and it occurs much more inland.  The consequence is 
loss of terrestrial land that is quite evident in regions with shores characterized by small bottom slopes.  In 
this case, many seasons of wave attacks results in the uncovering of the tree’s roots and eventually high 
winds can lay down the trees (figure 11). 
   

 
Figure 10. Soil being washed off and roots being exposed at high stage (June 26th 2014)  

 
Figure 11. Fallen tree on Baie Missisquoi shores (August 15th 2012) 
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4. ADAPTATION 
 
Combination of anthropogenic modifications and increase in annual mean precipitation has put 
considerable stress on the banks and flora of the Haut-Richelieu region and Baie Missisquoi and resulted 
in much more frequent high peak level events since the start of the 1970’s decade.  
 

 
(Source: IJC, 1977) 

 
Figure 12. Gated structure shown in the 1977 IJC report at Saint-Jean-sur-Richelieu.  

 
First and foremost, changes related to the enlargement of the canal in the 1970’s must be alleviated.  This 
can be done by first building a gated structure downstream and close to the sill at Saint-Jean-sur-Richelieu 
as was suggested by the IJC in its 1977 report (figure 12) and stated in the IJC Plan of study document of 
2013 (IJC, 2013). Upon completion, part of the sill must be dredged in order to improve the river 
conveyance and allow for larger flow in the river at low flow.  For a given stage, the flow must be increased 
by at least 100 m3/s. An even larger flow increase, if possible, would help in the future management of the 
Richelieu river. Hydraulic studies should be undertaken to evaluate the conveyance capacity of the 
Richelieu river reach that is downstream of the gated structure. Some reaches could necessitate some 
work in order to add to the actual conveyance capacity of the river downstream. Clever settings for the 
gated structure will replace the effect of the sill and allow for optimal management of the water levels 
upstream. 
 
This structure in itself is not sufficient to manage successfully future flood events.  A robust network of 
rainfall-snow gages over the entire basin is needed, coupled with a state of the art hydro-meteorological 
model to help predict the short time hydrological conditions and operate the structure according to a pre-
defined set of rules. Major developments in hydro-meteorological modeling have been accomplished since 
the IJC studies were published in the 1970’s decade. Nowadays such systems are in operation, as is the 
case for the Ottawa River Basin, to help alleviate flooding problems in the Montreal Archipelago region.  
 
Management plans are required to insure that flood control would not be done at the detriment of the 
environment. Management should be under a Joint US-Canada committee, as it is the case for the Great 
Lakes – Saint-Lawrence water system.  Environmental studies should be undertaken to help establish 
optimum flows over the entire year and establish an optimum annual hydrograph that would insure 
wetland and environmental protection.  
 
A viable scenario would be to revert back to the hydraulic conditions that were experienced prior to 1970. 
For social acceptance, such a scenario will have to be explained thoroughly to both Canadian and 
American populations. This aspect is of prime importance, to avoid misunderstandings like those that 
occurred in the beginning of 1980’s where American groups of interests feared the loss of wetlands.   
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5. CONCLUSION 
 
Fifteen more years of data are available since Shanley and Denner published their paper in 1999 and 40 
more years since major studies were undertaken under the auspices of the International Joint Commission 
in the mid 70’s. Analysis of datasets enables a more precise evaluation of the effects of the 1970’s 
Chambly Canal enlargement on the upward shift of the water table and helps evaluate an increase in 
basin inflow of about 10%.  Nature indicates to us, through all these measurements, what are the effects 
of anthropogenic and climate changes for this region. Thus, results presented in this paper are more 
reliable than the evaluation obtained from a mathematical and physical models used in the 1970’s (IJC, 
1977) that are still cited nowadays. 
 
Since man-made modifications were made to the hydraulic system, that are responsible in part for the 
extreme flooding events experienced since the start of the 1970’s, it seems all but normal to try correct this 
situation and aim at getting back to conditions that were prevalent prior to 1970. In the author’s view, the 
best approach is the one that was looked at by the IJC in the 1970’s where a gated structure in Saint-
Jean-sur-Richelieu and dredging of the sill would give sufficient control to manage adequately the water 
system.  A reliable network of hydrological stations and development of a hydro-meteorological numerical 
model are needed to help optimize its management.  Management should be under the auspices of a US-
Canada joint committee that would supervise any actions for the benefits of both countries.  
 
Instead of only suffering from the negative impacts of catastrophic floods, this scheme would provide a 
fighting chance and would give a valuable tool to help improve environmental conditions.  Not only would it 
provide a mean to control floods but it would help maintain optimal water levels for the Haut-Richelieu and 
Lake Champlain system all year long.  
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