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Abstract: Although climate models predict that the impacts of climate change on the 

temporal variability of water levels in the St. Lawrence River will be seasonally-dependent, 

such a seasonal effect on the current variability of extreme water levels has never been 

analyzed. To address this, we analyzed the temporal variability of three hydrological 

variables (monthly daily maximums and minimums, as well as their ratio) of water levels 

in the St. Lawrence River measured at the Sorel station since 1912, as they relate to climate 

indices. As for stationarity, the shifts in the mean values of maximum and minimum water 

levels revealed by the Lombard method took place prior to 1970 for spring water levels, 

but after that year, for winter water levels. Changes in the winter stationarity are thought to 

mainly relate to the decreasing snowfall observed in the St. Lawrence River watershed 

after 1970. In contrast, for spring, these changes are likely primarily related to human 

activity (digging of the St. Lawrence Seaway and construction of dams). Two shifts in the 

mean values of fall minimum extreme water levels were highlighted. The first of these 

shifts, which occurred in the first half of the 1960s decade, can also be linked to human 

activity (digging of the St. Lawrence Seaway and construction of dams), whereas the second 

shift, observed after the 1970s for the months of November and December, can be linked to 

decreasing amounts of snow in winter. AMO (Atlantic Multidecadal Oscillation) is the 

climate index that is most frequently correlated negatively with the hydrologic variables, 

mainly in winter and spring.  
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1. Introduction 

The St. Lawrence River is one of the World’s large rivers, known for its economic and ecological 

importance [1]. From an economic standpoint, it is one of the primary waterways for trade between 

North America and other continents, linking a significant portion of interior North America, the region 

surrounding the Great Lakes, with the rest of the World. Ecologically, the St. Lawrence River 

comprises fluviolacustrine and marine ecosystems rich in biodiversity, of which Lake Saint-Pierre  

(a widening of the river), part of the United Nations Educational, Scientific and Cultural Organization 

(UNESCO) World Network of Biosphere Reserves since 2000, is a striking example.  

Because of its situation in a continental cool temperate climate and a highly industrialized and 

urbanized region, the St. Lawrence River is vulnerable to natural and/or anthropogenic environmental 

change. Among such changes, climate warming is the most likely to alter, to a varying extent, the 

natural hydrologic regime of the river with negative consequences on its biodiversity. Thus, according 

to hydroclimate models, climate warming will significantly alter the seasonal hydrologic cycle of the 

St. Lawrence and its tributaries [2]. These models predict an increase in streamflow or water levels in 

winter, due to increased precipitation as rain resulting from winter warming, on the one hand, and a 

significant decrease in streamflow in springtime resulting from decreasing snowfall in winter and 

increasing evapotranspiration caused by increasing temperature in springtime, on the other hand. From 

an ecological standpoint, these hydrological changes will lead, among other things, to a significant 

decrease in obligate wetland species abundance in favor of invasive terrestrial species, in particular [3].  

Hydroclimate model predictions are partly supported by data based on the temporal variability of 

streamflow in the northeastern United States, where some of the St. Lawrence River tributaries are 

sourced. Thus, [4] noted a significant increase in winter streamflow in this region, but a decrease in 

springtime flows from 1912 to 2002. Such hydrological changes, the earlier occurrence of snowmelt in 

the spring, in particular, are also observed in other regions of North America, (e.g., [5–8]). From a 

climate standpoint, temperature in that part of the St. Lawrence River watershed located in southern 

Quebec shows a significant increase from 1960 to 2005 [9], while precipitation as snow decreased 

since 1980 [10] and precipitation as low-intensity rainfalls increased [11].  

These various studies raise the following question: what are the impacts of the hydroclimatic 

changes observed in the St. Lawrence River watershed in Quebec on the temporal variability of its 

monthly daily extreme water levels? No study looking at the temporal variability of water levels or 

streamflow in the St. Lawrence River has addressed this question specifically (e.g., [12–16]). Moreover, 

these studies have not identified any impact of such hydroclimatic changes on the variability of water 

levels or streamflow in the St. Lawrence River. The main goal of this study is therefore to fill this gap. 

In addition, it also aims to test whether these monthly daily extreme water levels in the St. Lawrence 

are correlated with climate indices in winter and spring, the two seasons deemed most likely to show 

the effects of climate changes [2,3].  
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2. Methods 

2.1. Study Area  

The St. Lawrence River, Lake Ontario’s main natural outflow, is 3060 km-long, with a watershed 

covering 1,300,000 km2. Nearly half of this area is located within the Province of Quebec, Canada 

(Figure 1), where its largest tributaries enter into it, including the two main ones: the Ottawa (179,000 km²) 

and Richelieu (22,000 km²) Rivers, respectively, located on the north and south shores of the  

St. Lawrence. The St. Lawrence River is fed by numerous tributaries draining varied climate regions. 

South shore tributaries drain a maritime-type temperate region, while north shore tributaries drain 

continental- and subarctic-type climate regions. To facilitate trade between North America’s Great 

Lakes Region and other continents, an extensive canal system was built along the St. Lawrence River 

channel and the Great Lakes starting in 1954. Known as the Great Lakes/St. Lawrence Seaway 

System, it is a 3700 km-long waterway linking the Atlantic Ocean with the Great Lakes and 

comprising a total of 19 locks and several dams used to regulate water levels in Lake Ontario and the 

St. Lawrence River. The dams are all located along the river between the cities of Cornwall and 

Montreal, the main ones being the Moses-Saunders, Long Sault, Iroquois and Beauharnois dams 

(Figure 1), of which the Moses-Saunders, built in 1960, is the largest [16]. In addition, the main 

tributary of the St. Lawrence, the Ottawa River, is also heavily regulated, comprising many reservoirs 

in which large amounts of water can be stored in springtime. As a result, a significant decrease in 

streamflow is observed in springtime downstream from these dams, while a significant increase in 

streamflow is observed in winter, causing a complete inversion of the natural annual cycle of 

streamflow (e.g., [17–19]). The effects of this inversion can be felt down to the confluence of the 

tributaries with the St. Lawrence. In the case of the Saint-Maurice River (43,000 km²), one of the main 

north shore tributaries, water input into the St. Lawrence decreases by 60% in springtime and increases 

by 20% in winter due to the presence of the reservoirs [20].  

Water level data for the St. Lawrence River were taken from the Environment Canada website [21]. 

These data have been collected at the Sorel station, downstream from the confluence of the St. Lawrence 

River with its main tributary, the Ottawa River, since 1912 (Figure 1). Three hydrologic series were 

produced for each month: daily maximum extreme water levels (highest level measured during a given 

month of a given year); daily minimum extreme water levels (lowest level measured during a given 

month of a given year); and coefficients of immoderation (the ratio of the daily maximum and 

minimum extreme water levels). This coefficient of immoderation (CI) reflects the maximum 

amplitude of extreme water level variations during one month. These variations play a key role for 

aquatic fauna and flora [3,13,16]. The 12 months of the year are subdivided into four seasons: winter 

(January to March); spring (April to June); summer (July to September); and fall (October to 

December). The rationale for using water level analysis is two-fold: (1) the lack of flow data over a 

similarly long period at the Sorel station; and (2) the ability to then compare the temporal variability of 

water levels in the St. Lawrence River with that of water levels in Lake Ontario, the main outlet of 

which is the St. Lawrence. Finally, it should be mentioned that water level measurements take into 

account the effects of ice.  
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Figure 1. St-Lawrence watershed and location of the Sorel station. 

 

2.2. Statistical Analysis of Extreme Monthly Daily Water Levels 

To identify a potential shift in the mean, we used the Lombard method [22,23], which constrains the 

type (abrupt or smooth) and timing (years) of changes affecting the mean and variance values of 
analyzed hydrological series. Suppose there is a series of observations, noted ,,...,1 nXX where Xi is the 

observation taken at time .iT =  These observations are supposed to be independent. One question of 
interest is to see whether the mean of this series has changed. If iμ  refers to the theoretical mean of 

,iX then a possible pattern for the mean is given by Lombard’s smooth-change model, where: 
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Lombard’s test statistic is: 
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At the 5% levels of confidence, one concludes that the mean of the series changes significantly 
according to a pattern of Type (1) whenever nS  > 0.0403. This value corresponds to the theoretical 

(critical) values (see [22]) defining the significance thresholds (at 5%) for the test. Note that the 

equation proposed by [22] to detect multiple abrupt changes in the mean of a statistical series was also 

applied. This formula confirmed results obtained using Equation (5). It is important to note that the 

Lombard method was applied after autocorrelation was removed. This was done using the method 

proposed by [24].  

The long-term trend of the temporal variability of extreme water levels was not derived as part of 

this study for the following reasons: 

1. From a statistical standpoint, there is a debate over the methods used to detect this long-term 

trend (e.g., [25]); 

2. From a hydrological standpoint, the long-term trend contribution to the determination of factors 

that cause shifts in the mean of a hydrological series is very limited; 

3. When data measured at a single station are analyzed, the effects of site and/or measuring device 

changes cannot be constrained using the long-term trend. Such changes can cause shifts in the 

mean values of the analyzed series; 

4. An analysis of the long-term trend does not bring out all the shifts in the mean that may affect a 

hydroclimatic series. Furthermore, the presence of multiple opposing shifts in the mean 

(decrease and increase) can mask this long-term trend.  

As the last step, the three hydrologic series were correlated with monthly climate indices. 

Correlation was calculated on standardized data. Five climate indices were selected based on their 

demonstrated influence on the temporal variability of hydroclimatic variables in North America. These 

indices are AMO (Atlantic Multi-decadal Oscillation), AO (Arctic Oscillation), NAO (North Atlantic 

Oscillation), PDO (Pacific Decadal Oscillation) and SOI (Southern Oscillation Index). Climate indexes 

for AMO and PDO were taken from the following website: [26–28]. For each month, the three 

hydrologic variables (maximum, minimum and their ratio) were correlated with climate indices for the 

previous [r(−1)] and current [r(0)] month. The significance of coefficient of correlation values was 

checked using Monte Carlo re-sampling.  
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3. Results  

3.1. Temporal Variability of Hydrological Variables 

Results obtained using the Lombard method are presented in Table 1. For example, the temporal 

variability of extreme water levels in February (winter), May (Spring), August (summer) and 

November (fall) is shown respectively in Figure 2. For maximum water levels, shifts in the mean are 

observed in winter and spring. This shift took place after the 1970s decade for winter, but before that 

decade for spring. For minimum water levels, shifts in the mean took place in winter, spring and fall. 

The shifts in the mean occurred after the 1970s for winter, but prior to this decade for spring and fall, 

except for the month of June, for which the shifts in the mean took place after the 1970s. It is 

important to note that the timing of the shifts is not synchronous for different months of the same 

season, except for the months of February and March for maximum water levels and the months of 

April and May for minimum water levels. Comparison of mean values before and after the date of the 

shift reveals that maximum and minimum water levels decreased significantly over time (Table 2). The 

largest decrease is seen for the month of March for maximum water levels and the month of February 

for minimum water levels. In contrast, fall minimum water levels increased significantly over time, 

although this increase is generally smaller that the decrease observed for winter and spring. Finally, 

shifts in the mean had very little effects on the coefficients of immoderation series. These shifts are 

observed for the months of December to February. The means of CI values increased significantly in 

January and February, while they decreased in December (Table 2).  

Table 1. Values of  Lombard’s test statistic (Sn). 

Month 
Maxima Minima Coefficient of immoderation 

Sn  T1/T2 Sn  T1/T2 Sn  T1/T2 

Winter 
January 0.0453 1981/82 0.1704 1978/79 0.0717 1948/49 

February 0.0461 1998/99 0.0920 1997/98 0.0411 1949/50 
March 0.0969 1998/99 0.1698 1952/2004 0.0017 - 

Spring 
April 0.1156 1955/56 0.1698 1955/56 0.0029 - 
May 0.0460 1947/48 0.1206 1956/57 0.0029 - 
June 0.0526 1930/31 0.0473 1997/99 0.0150 - 

Summer 
July 0.0039 - 0.0015 - 0.0042 - 

August 0.0289 - 0.0146 - 0.0311 - 
September 0.0325 - 0.0272 - 0.0341 - 

Fall 
October 0.0476 1966/67 0.0491 1935/36 0.0104 - 

November 0.0217 - 0.0542 1964/65 0.0163 - 
December 0.0205 - 0.0517 1964/65 0.2201 1972/73 

Notes: Statistically significant values of Sn at the 5% level (Sn > 0.0403) are shown in bold. T1 and T2 are the 

years corresponding to the beginning and end, respectively, of shifts in the mean.  
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Table 2. Comparison of mean values (m) of extreme water levels in the St. Lawrence 

River before and after shifts.  

Month 

Monthly daily extreme water levels 

Maxima Minima Coefficient of immoderation 

M1 M2 R (%) M1 M2 R (%) M1 M2 R (%) 

January 5.68 5.27 −7.2 4.89 4.50 −8.0 1.13 1.19 +5.3 
February 5.59 5.00 −10.6 4.99 4.50 −9.8 1.11 1.13 +1.8 

March 6.07 5.28 −13.0 5.08 4.59 −9.6 - - - 
April 6.89 6.30 −8.6 5.47 5.06 −7.5 - - - 
May 6.27 5.95 −5.1 5.31 4.89 −7.9 - - - 

October 4.68 4.81 +2.8 4.05 4.22 +4.2 - - - 
November - - - 4.20 4.45 +6.0 - - - 

December - - - 4.31 4.55 +5.6 1.22 1.14 −6.6 

Notes: M1 = mean before the shifts; M2 = mean after the shifts; R = rate of change in the mean over the 

1912–2010 interval; +: increase of mean values; −: decrease of mean values.  

Segments of the time series before and after shifts in the mean were analyzed separately using the 

Lombard method in order to test for the presence of other shifts in the mean. Results are presented in 

Table 3, which shows that additional shifts only affected minimum extreme water levels for the 

months of November and December. For November, the second shift is abrupt and occurred in the 

same year as for the months of February and June. In contrast, for December, this shift is smoothed. 

Unlike the first shift, the mean values of the series decreases after the second shift for both months, as 

in winter and fall. Finally, it should be noted that these shifts in the mean were all confirmed using the 

Student’s t test (the comparison of the mean values before and after a shift).  

Table 3. Results of the Lombard method applied to the portion of time series after the first 

shifts in the mean.  

Month Variables Period 
Lombard test Variation of mean 

Sn  T1/T2 M1 (m) M2 (m) R (%) 

November Minima water level 1966–2010 0.0814 1997–1998 4.56 4.21 −7.7 
December Minima water level 1966–2010 0.1073 1973–1910 4.77 4.51 −5.45 

Notes: Statistically significant values of Sn at the 5% level (Sn > 0.0403) are shown in bold. T1 and T2  

are the years corresponding to the beginning and end, respectively, of shifts in the mean. M1 = mean before 

the shifts; M2 = mean after the shifts; R = rate of change in the mean over the 1912-2010 interval; +: increase 

of mean values; −: decrease of mean values.  

3.2. Analysis of the Correlation between Hydrological Variables and Climate Indices 

Coefficient of correlation values are shown in Tables 4–6. For monthly daily maximum water 

levels, the AMO climate index is significantly correlated to data for the three spring months and for 

two of the winter months, and this correlation is negative. This climate index is also negatively 

correlated with maximum water levels in July and December. As for monthly daily minimum water 

levels, a similar trend is observed, AMO being negatively correlated with data for the three spring 

months, for two summer months (July and September), for one winter (March) and one fall 
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(December) month. On the other hand, this index shows nearly no correlation with the coefficient of 

immoderation, except for the month of July. In general, this hydrological variable shows only a very 

weak correlation with climate indices.  

Table 4. Coefficient of correlation values calculated between monthly daily maximum 

water levels and climate indices (1912–2010). AMO: Atlantic Multi-decadal Oscillation; 

AO: Arctic Oscillation; NAO: North Atlantic Oscillation; PDO: Pacific Decadal 

Oscillation; SOI: Southern Oscillation Index. 

Indices r(−1) r(0) r(−1) r(0) r(−1) r(0) 

Winter 
 January February March 

AMO −0.177 −0.048 −0.232 −0.181 −0.298 −0.258 
AO −0.057 −0.031 0.038 −0.076 0.127 0.333 

NAO 0.000 −0.047 0.000 −0.110 0.065 0.272 
PDO −0.196 −0.232 −0.185 −0.121 −0.117 −0.137 
SOI −0.047 −0.029 −0.099 0.013 0.155 0.076 

Spring 
 April May June 

AMO −0.268 −0.251 −0.332 −0.300 −0.330 −0.318 
AO −0.298 0.026 0.024 −0.146 −0.332 −0.043 

NAO 0.163 −0.019 −0.033 −0.146 −0.173 0.118 
PDO −0.127 −0.181 −0.020 0.046 0.107 0.126 
SOI 0.076 −0.006 0.020 −0.046 −0.009 −0.010 

Summer 
 July August September 

AMO −0.130 −0.289 −0.157 −0.094 −0.021 −0.170 
AO −0.330 0.025 −0.130 0.060 −0.157 0.078 

NAO 0.106 −0.080 −0.054 −0.052 −0.038 0.004 
PDO 0.044 0.024 0.012 −0.021 0.076 0.109 
SOI 0.005 0.012 0.009 0.112 0.144 −0.007 

Fall 
 October November December 

AMO −0.195 −0.022 −0.036 −0.173 −0.204 −0.091 
AO −0.021 0.053 −0.195 0.124 −0.036 0.114 

NAO −0.059 0.031 −0.087 −0.035 −0.096 0.036 
PDO −0.050 −0.019 0.202 0.114 0.014 −0.043 
SOI 0.148 0.100 −0.156 −0.080 0.000 0.023 

Notes: Significant coefficients of correlation at the 5% level are shown in bold; r(−1): the correlation 

calculated with climate indices for the previous month; r(0): the correlation calculated with climate indices 

for the current month.  
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Table 5. Coefficient of correlation values calculated between monthly daily minimum 

water levels and climate indices (1912–2010). 

Indices r(−1) r(0) r(−1) r(0) r(−1) r(0) 

Winter 
 January February March 

AMO −0.048 0.008 −0.077 −0.083 −0.176 −0.245 
AO 0.098 0.053 0.042 0.015 0.100 0.074 

NAO −0.043 −0.014 −0.038 −0.142 0.016 0.075 
PDO −0.047 −0.162 −0.199 −0.177 −0.236 −0.280 
SOI 0.049 0.122 −0.024 0.029 0.153 0.131 

Spring 
 April May June 

AMO −0.236 −0.173 −0.331 −0.365 −0.329 −0.301 
AO 0.101 0.044 0.027 −0.154 −0.121 −0.017 

NAO 0.079 0.032 0.068 −0.154 −0.121 0.092 
PDO −0.115 −0.121 0.010 0.084 0.084 0.102 
SOI −0.018 −0.121 0.009 0.002 −0.023 0.044 

Summer 
 July August September 

AMO −0.264 −0.216 −0.150 −0.123 −0.207 −0.200 
AO 0.051 0.033 0.045 0.099 0.086 0.023 

NAO 0.066 −0.066 −0.060 0.020 0.007 −0.021 
PDO 0.057 0.059 0.031 0.024 0.102 0.162 
SOI −0.032 −0.025 0.019 0.123 0.077 −0.071 

Fall 
 October November December 

AMO −0.078 −0.066 −0.145 0.132 −0.195 −0.218 
AO 0.065 0.082 0.029 0.128 0.166 0.137 

NAO −0.065 0.042 −0.046 −0.016 −0.037 0.021 
PDO −0.009 0.036 0.189 0.044 0.076 −0.031 
SOI 0.124 0.057 −0.166 −0.104 −0.160 −0.129 

Notes: Significant coefficients of correlation at the 5% level are shown in bold; r(−1): the correlation 

calculated with climate indices for the previous month; r(0): the correlation calculated with climate indices for 

the current month.  

Table 6. Coefficient of correlation values calculated between coefficients of immoderation 

and climate indices (1912–2010). 

Climate Indices r(−1) r(0) r(−1) r(0) r(−1) r(0) 

Winter 
 January February March 

AMO −0.046 −0.041 −0.183 −0.180 −0.150 −0.113 
AO 0.044 −0.089 −0.001 −0.154 0.059 0.381 

NAO 0.039 −0.041 0.055 0.021 0.058 0.290 
PDO −0.181 −0.113 −0.013 0.061 0.062 0.081 
SOI −0.093 0.102 −0.139 −0.024 0.077 −0.021 



Water 2014, 6 205 

 

Table 6. Cont. 

Climate Indices r(−1) r(0) r(−1) r(0) r(−1) r(0) 

Spring 
 April May June 

AMO 0.055 −0.041 0.147 0.149 −0.136 −0.150 
AO 0.061 0.001 −0.001 0.036 −0.165 −0.056 

NAO 0.157 −0.092 −0.179 0.036 −0.165 0.098 
PDO −0.088 −0.100 −0.063 −0.091 0.098 0.104 
SOI 0.042 −0.031 −0.041 −0.070 −0.033 −0.091 

Summer 
 July August September 

AMO −0.263 −0.266 0.031 0.054 0.143 0.104 
AO 0.010 −0.014 −0.040 −0.069 −0.202 0.106 

NAO 0.126 −0.061 0.008 −0.154 −0.100 0.061 
PDO −0.014 −0.070 −0.035 −0.100 −0.084 −0.148 
SOI 0.056 0.091 −0.097 −0.020 0.118 0.154 

Fall 
 October November December 

AMO 0.073 0.141 −0.112 −0.096 0.178 0.133 
AO 0.018 −0.002 0.098 0.017 −0.040 −0.017 

NAO −0.020 0.000 −0.086 −0.038 −0.073 0.040 
PDO −0.120 −0.118 0.048 0.119 −0.073 −0.022 
SOI 0.217 0.174 −0.011 0.018 0.219 0.193 

Notes: Significant coefficients of correlation at the 5% level are shown in bold; r(−1): the correlation 

calculated with climate indices for the previous month; r(0): the correlation calculated with climate indices 

for the current month.  

Figure 2. Temporal variability of monthly daily maximum (blue curve) and daily minimum 

(red curve) water levels in the St. Lawrence River at the Sorel station (1912–2010).  

(a) February (Winter); (b) May (Spring); (c) August (Summer); (d) November (fall). 

Vertical dashed lines indicate years of shifts in the mean values.  
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Figure 2. Cont. 

(c) (d) 

4. Discussion  

Several studies have looked at the temporal variability of water levels or streamflow in the St. Lawrence 

River and at the potential impacts of climate change on this variability, as it relates to the variability of 

water levels in Lake Ontario (of which the St. Lawrence River is the main outlet). However, although 

the presence of significant long-term trends was established, none of these studies analyzed the shifts 

in the mean values resulting from changes in these trends. Because a simple analysis of the long-term 

trend of a hydrological series does not allow for the precise determination of the factors that caused 

changes in the mean (shifts) affecting this series, an analysis of the shifts in the mean values of the 

series is the best method to constrain these factors. By applying the Lombard method to a series of 

monthly daily extreme water levels and their amplitude, it was possible to bring out numerous shifts in 

the mean values of the series. Such shifts are mainly observed in winter and spring. For winter, the 

shifts primarily took place after the 1970s decade, while for spring, they took place before that decade. 

For both seasons, daily extreme water levels decreased significantly after the shifts in the mean. Many 

factors may account for this decrease in the mean values over time: 

1. Shifts in the mean values of a hydrological series may reflect site and/or measuring device 

changes over time. These two factors are excluded, because such changes do not apply to the 

Sorel station. Moreover, these types of changes will affect all monthly hydrological series, not 

only those for winter and spring. Finally, the dates of shifts produced by these types of changes 

should be synchronous for all hydrological variables and every month of the year.  

2. The effect of Lake Ontario. The St. Lawrence River is the main direct natural outlet for Lake 

Ontario and, indirectly, for the other North American Great Lakes. It is therefore reasonable to 

assign shifts in water levels in the St. Lawrence to shifts in water levels in Lake Ontario. 

However, a recent study [12] showed the absence of any synchronism between the temporal 

variability of annual daily extreme water levels in Lake Ontario and in the St. Lawrence River 

over the period from 1918 to 2010. Shifts in the mean values of water levels in Lake Ontario 

occurred much earlier than shifts in the mean water levels in the St. Lawrence River and are 

linked to the Great Drought of the 1930s. Based on these results, the study [12] concluded that 

the temporal variability of water levels in the St. Lawrence River at the Sorel station is affected 

much more strongly by water inputs from tributaries of the St. Lawrence than by those from 
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Lake Ontario. Thus, shifts in the mean values of water levels in the St. Lawrence River cannot 

be assigned to a Lake Ontario effect.  

3. Regulation of water levels in the St. Lawrence River by dams and locks. Over the period from 

1912 to 2010, a seaway channel was dug during the second half of the 1950s. This required the 

construction of numerous locks and dams, the largest of which, the Moses-Sanders dam, was 

built in the early 1960s to regulate water levels in the St. Lawrence. Such works may cause 

shifts in the mean values of hydrological series over time. Based on the timing of shifts in the 

mean constrained using the Lombard method, shifts that took place in the months of April and 

May (aside from shifts in minimum extreme water levels in May) can be assigned to digging of 

the seaway channel. The same goes for shifts in the mean values of maximum water levels 

observed in October and in minimum water levels observed in November and December, which 

can be linked to dam construction in the 1960s. 

4. Deforestation. Over the period from 1912 to 2010, the St. Lawrence River watershed was the 

site of deforestation associated with the industrial and economic development of North America 

during the last century. While no data are available to quantify the extent of this phenomenon in 

the St. Lawrence River watershed, the impacts of deforestation on streamflow in North 

American rivers are well-known. Numerous studies (e.g., [29–31]) have shown that deforestation 

induces an increase in extreme minimum streamflow and, to a lesser extent, in extreme 

maximum flows. Such changes are different from those observed in winter and spring minimum 

and maximum water levels in the St. Lawrence River, which decrease significantly over time. 

Thus, deforestation may be excluded as the cause of shifts in winter and springtime mean values. 

Additionally, given the lack of quantitative data on the evolution of the extent of deforestation 

in the St. Lawrence River watershed, which covers various temperate bioclimate regions, it is 

scientifically impossible to link the dates of shifts in the mean values with deforestation. 

Finally, the hydrological effects of deforestation should also be observed in summer and fall.  

5. Agriculture. Unlike deforestation, agriculture induces a decrease in extreme minimum flows 

without affecting extreme maximum flows in the St. Lawrence River watershed in Quebec, as 

shown in [32], which focuses on springtime and summer flows. Enhanced development of 

industrial farming in this watershed goes back to the 1960s. It is therefore difficult to link the 

shifts in winter minimum water levels that took place after the 1970s with agriculture. 

Furthermore, farming is restricted to the narrow alluvial plain that lines the St. Lawrence River 

and accounts for less than 1% of the overall aerial extent of its watershed. This, combined with 

the fact that farming is generally concentrated near the confluence of tributaries, suggests that 

agriculture is unlikely to be the sole factor accounting for shifts in the mean values of minimum 

and maximum extreme water levels in winter and spring. Finally, as for deforestation, the 

hydrological effects of agriculture should also be observable in summer. 

6. Urban development. The 20th century was a time of intense urban development in the St. Lawrence 

River watershed as a result of the industrial and economic development in the Great Lakes 

region. As for agriculture, this phenomenon is restricted to the narrow St. Lawrence River 

alluvial plain, where conditions lend themselves to farming and industrial development. Thus, 

the spatial extent of urban development is very limited in the St. Lawrence watershed. From a 

hydrological standpoint, it is also a well-known fact that the impacts of urban development 
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usually produce increases in maximum flows (enhanced runoff) and decreases in minimum 

flows (decreased infiltration). In addition, urban development affects maximum flows more 

strongly than minimum flows. The demonstrated significant decrease in maximum water levels 

is therefore inconsistent with the effects of urban development. As far as minimum water levels 

are concerned, it would be difficult to link the observed shifts in the mean values to urban 

development, given the negligible spatial extent of this phenomenon in the whole watershed. 

7. Temperature. Many studies have demonstrated an increase in temperature in southern Canada in 

general and southern Quebec in particular (e.g., [9,11,33,34]). These studies showed that this 

warming was greater for winter than for other seasons. Such winter warming may have impacts 

on the temporal variability of water levels, as discussed below. 

- Warming temperatures can promote water evaporation and snow sublimation, leading to 

decreased springtime runoff. This can contribute to decreases in springtime maximum and 

minimum water levels. However, increased evaporation and/or snow sublimation would only 

have a limited impact on the temporal variability of maximum and minimum water levels in 

the winter. In addition, winter warming affects nighttime (minimum) temperatures much 

more strongly than daytime (maximum) temperatures. As a result, the effects of this nighttime 

warming on evaporation and snow sublimation are limited.  

- Increased winter temperatures promote the early melting of snow in the winter and  

spring (e.g., [7,33]). However, the effects of early snowmelt should lead to increased 

maximum and minimum water levels in March (winter) and April (spring). Therefore, this 

factor cannot account for the observed shifts.  

- Increased summer temperatures associated with a decrease in summer and fall rainfall. 

As aquifers are fed by summer and early fall rains, their decrease, combined with increasing 

summer temperatures, would lead to high evapotranspiration and, in turn, lower aquifer 

recharge in the summer and fall. If summer and fall rain is not sufficient to compensate for 

water losses in aquifers due to evapotranspiration, water levels, or minimum flows, in 

particular, will decrease in the fall and winter as a result of the limited amount of water 

supplied by aquifers. In their study, [9] observed a decrease in rainfall linked with increased 

summer temperatures.  

8. The amount of rain. Many studies have shown that the amount of winter rain has increased 

significantly in southern Quebec and southern Canada (e.g., [11,34,35]). While this increase 

only affects low-intensity rain events [11], any increase in the amount of rain should lead to an 

increase in maximum and minimum water levels in the winter. However, these water levels are 

observed to decrease over time. Even taking into account increased evaporation, which would 

still be low in the winter, increased rainfall in the winter cannot account for decreased water 

levels. In addition, as already mentioned, a decrease in rainfall in the summer and fall can affect 

aquifer recharge and, consequently, lead to decreased minimum water levels in the fall and winter.  

9. The amount of snow. Many studies have highlighted a significant decrease in snow accumulations 

in southern Canada and Quebec (e.g., [9,10,11,34]), which took place after the 1970s. Decreased 

snow accumulation can lead to a decrease in maximum and minimum extreme water levels in 

the fall, winter and springtime. Thus, as winter flow in the St. Lawrence River watershed in  

Quebec is mainly derived from aquifers, which are primarily recharged in springtime during 
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snowmelt [36], a decrease in the amount of snow accumulated during the cold season (fall and 

winter) leads to limited aquifer recharge during spring snowmelt, resulting in lower streamflow 

during the following winter. Because springtime snowmelt is the main source of aquifer 

recharge in all Quebec watersheds, lower amounts of snow in the winter lead to a decrease in 

springtime maximum and minimum water levels in the St. Lawrence River, already strongly 

affected by flow regulation. However, this decrease in the amount of snow cannot account for 

the lack of synchronism between the shifts in the mean values in winter and spring, which could 

be due to the effect of other factors, such as temperature and water regulation by dams, which is 

not necessarily similar from month to month or season to season.  

As far as the fall season is concerned, the first shifts in the mean took place during the 1960s, after 

construction of the Moses-Saunders dam. Thus, this dam could account for the significant increase in 

extreme minimum water levels in November and December, as well as in maximum water levels in 

October. It should be pointed out that the 1960s decade was a dry one for the south shore of the  

St. Lawrence River [37,38], and the increase in water levels observed in the fall is incompatible with 

this drought. As for the month of October, the increase in minimum water levels after 1936 cannot be 

linked to any known natural or human factor, nor can the drought that took place during that decade 

account for this increase. The second shift in the mean, which is only observed for extreme minimum 

water levels in November and December, took place after the 1970s. After this shift, and in contrast to 

what happened after the first shift, the mean values decreased significantly. This second shift may be 

linked to the decrease in the amount of snow in fall and winter and to increased evapotranspiration in 

summer and early fall.  

Notwithstanding the asynchronous nature of the shifts in the long-term mean values observed for 

the different seasons, correlation analysis revealed that monthly daily maximum and minimum water 

levels are mainly negatively correlated with AMO, particularly in winter and spring. This correlation is 

also observed between AMO and annual daily maximum and minimum water levels [12] and for 

monthly mean water levels [14]. In North America, AMO is correlated negatively to precipitation and 

streamflow in a large part of the regions located within the continent (e.g., [39–42]). Negative anomalies 

of the climate index correspond with positive precipitation anomalies in interior North American. This 

relationship, however, is relatively complex, due to the effect of other factors on the temporal variability 

of water levels and streamflow. This accounts for the weak link (weak correlation) generally observed 

between climate indices and water levels (or flow) in streams. This being said, according to [42], 

AMO is the most consistent indicator of drought (decadal and multidecadal times scales) variability in 

the conterminous U.S. during the 20th century.  

Finally, the study highlights the problem associated with selecting hydrological series and the  

scale of analysis for detecting the impacts of changes in the temperature and precipitation regimes on 

the temporal variability of water levels in the St. Lawrence River in a climate warming context. It is 

worth recalling that such a signal has not been detected in the variability of annual daily (maximum 

and minimum) extreme water levels [12], nor in the variability of annual mean water levels or 

streamflow [15], two series commonly analyzed in the scientific literature. Results from this study do, 

however, suggest that this signal was detected in a series of winter monthly daily extreme water levels. 
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Thus, winter seems to be the best-suited season over which to track the impacts of climate warming on 

the temporal variability of water levels in the St. Lawrence River in Quebec.  

5. Conclusions 

Analysis of monthly daily extreme water levels (highest and lowest water levels measured for each 

month of each year) in the St. Lawrence River measured at the Sorel station since 1912 did not reveal 

any difference in the temporal variability of water levels in the St. Lawrence for the winter and spring. 

This variability is characterized by a significant decrease in the mean values of extreme water levels 

over time after the 1970s for the winter and fall, but before the 1970s for the spring. Before the 1970s, 

mean values of fall water levels increased significantly after their shifts. The decrease in daily extreme 

water levels is likely related to decreasing snowfall observed after the 1970s in the St. Lawrence River 

watershed in Quebec. In contrast, the decrease (springtime) and the increase (fall) in daily extreme 

water levels observed before the 1970s may be linked to the digging of the St. Lawrence Seaway and 

the construction of dams. Monthly daily extreme water levels for two seasons are generally correlated 

negatively with AMO. This study shows that the temporal variability of extreme water levels in the  

St. Lawrence River since 1912 was affected by climate variability (winter and fall) and human activity 

(spring and fall). The effects of these two factors are much greater on minimum than on maximum 

extreme water levels. As a result, minimum water levels appear to be the most appropriate hydrologic 

variable for monitoring the impacts of human activity and climate change on the temporal variability 

of water levels in the St. Lawrence River in Quebec. Finally, human activity and climate change must 

be considered when attempting to predict the temporal variability of extreme water levels in the  

St. Lawrence River using hydroclimatic models in the context of climate warming.  
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