
Mactaquac Aquatic Ecosystem Study  
Report Series 2016-028 

 
 

MAES 1B.2.2 Final Report: 
Implementation of a 
Temperature Model for the 
Lower Saint John River 

 
 
 
 
 

Stephen J. Dugdale, André St-Hilaire 
& R. Allen Curry 

 
 
 

8 April 2016 
 
 
 
 
 
 
 
 
                        
 
 
 
 
 



MAES Report Series 2016-028 
 

Correct citation for this publication: 
 
Dugdale, S. J., A. St-Hilaire & R. A. Curry.  2016.  MAES 1B.2.2 Final Report: Implementation of a 
Temperature Model for the lower Saint John River.  Mactaquac Aquatic Ecosystem Study 
Report Series 2016-028.  Canadian Rivers Institute, University of New Brunswick, 48p. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCLAIMER 
 
Intended use and technical limitations of the report, “MAES 1B.2.2 Final Report: 
Implementation of a Temperature Model for the lower Saint John River”.  This report 
describes the development of a temperature model for the lower Saint John River.  The CRI 
does not assume liability for any use of the included information outside the stated scope. 

 
 



MAES Report Series 2016-028 
 

TABLE OF CONTENTS 
1 INTRODUCTION AND CONTEXT ............................................................................. 1 

2 CEQUEAU HYDROLOGICAL MODEL IMPLEMENTATION ................................ 2 

2.1 HYDROLOGICAL MODEL DETAILS.......................................................................................................................................................... 2 
2.2 FLOW ROUTING ....................................................................................................................................................................................... 2 
2.3 PHYSIOGRAPHIC DATA ........................................................................................................................................................................... 2 
2.4 METEOROLOGICAL DATA ....................................................................................................................................................................... 3 
2.5 INTEGRATION OF MACTAQUAC HEADPOND ........................................................................................................................................ 4 
2.6 NEW MODELLING STRATEGY ................................................................................................................................................................. 5 

3 HYDROLOGICAL MODEL CALIBRATION/VALIDATION .................................. 7 

3.1 HYDROMETRIC DATA .............................................................................................................................................................................. 7 
3.2 CALIBRATION/VALIDATION STRATEGY ............................................................................................................................................... 8 
3.3 CALIBRATION/VALIDATION RESULTS .................................................................................................................................................. 9 

4 CEQUEAU TEMPERATURE MODEL IMPLEMENTATION .............................. 11 

4.1 TEMPERATURE MODEL DETAILS........................................................................................................................................................ 11 
4.2 PHYSIOGRAPHIC DATA ........................................................................................................................................................................ 11 
4.3 METEOROLOGICAL DATA .................................................................................................................................................................... 11 
4.4 HEADPOND OUTFLOW TEMPERATURE ............................................................................................................................................. 12 

5 TEMPERATURE MODEL CALIBRATION/VALIDATION ................................ 14 

5.1 TEMPERATURE DATA .......................................................................................................................................................................... 14 
5.2 CALIBRATION/VALIDATION STRATEGY ............................................................................................................................................ 15 
5.3 CALIBRATION/VALIDATION RESULTS ............................................................................................................................................... 15 

6 BASELINE (HISTORICAL) TEMPERATURE SIMULATIONS .......................... 17 

6.1 DETAILS ................................................................................................................................................................................................. 17 
6.2 METHOD ................................................................................................................................................................................................ 17 

6.2.1 Temperature metrics ................................................................................................................................................................ 17 
6.2.2 Simulation location ................................................................................................................................................................... 18 
6.2.3 Baseline period ........................................................................................................................................................................... 19 

6.3 RESULTS ................................................................................................................................................................................................ 19 
6.4 DISCUSSION ........................................................................................................................................................................................... 20 

7 MACTAQUAC DRAWDOWN SCENARIO SIMULATIONS ................................ 21 

7.1 DRAWDOWN SCENARIO DETAILS....................................................................................................................................................... 21 
7.2 METHOD ................................................................................................................................................................................................ 21 

7.2.1 Drawdown scenario development ....................................................................................................................................... 21 
7.2.2 Simulation location ................................................................................................................................................................... 23 
7.2.3 Temperature metrics ................................................................................................................................................................ 23 

7.3 RESULTS ................................................................................................................................................................................................ 23 
7.3.1 Annual and seasonal temperature metrics ...................................................................................................................... 24 
7.3.2 Degree days and threshold exceedances ........................................................................................................................... 25 
7.3.3 Ecologically-relevant temperature metrics ..................................................................................................................... 26 

7.4 DISCUSSION ........................................................................................................................................................................................... 28 
7.4.1 Drawdown temperatures........................................................................................................................................................ 28 
7.4.2 Implications for biota ............................................................................................................................................................... 29 
7.4.3 Limitations and sources of error ......................................................................................................................................... 29 

8 FUTURE CLIMATE CHANGE SCENARIO SIMULATIONS ................................ 30 

8.1 CLIMATE CHANGE SCENARIO DETAILS .............................................................................................................................................. 30 
8.2 METHOD ................................................................................................................................................................................................ 32 

8.2.1 Simulation periods .................................................................................................................................................................... 32 
8.2.2 Computation of Mactaquac outflow discharges and temperatures associated with modification options
 32 

Page i 
 



MAES Report Series 2016-028 
 

8.2.3 Simulation location ................................................................................................................................................................... 33 
8.2.4 Temperature metrics ................................................................................................................................................................ 34 

8.3 RESULTS ................................................................................................................................................................................................ 34 
8.3.1 Annual and seasonal temperature metrics ...................................................................................................................... 34 
8.3.2 Degree days, timing of temperature events and threshold exceedances ............................................................. 36 
8.3.3 Ecologically-relevant temperature metrics ..................................................................................................................... 38 

8.4 DISCUSSION ........................................................................................................................................................................................... 40 
8.4.1 Comparison between Options 1, 2 and 3........................................................................................................................... 40 
8.4.2 Implications for biota ............................................................................................................................................................... 41 
8.4.3 Limitations and sources of error ......................................................................................................................................... 42 

9 CONCLUSIONS AND FUTURE WORK .................................................................. 44 

10 REFERENCES .............................................................................................................. 46 

  

Page ii 
 



MAES Report Series 2016-028 
 

1 Introduction and context 
Future modifications to the Mactaquac headpond will likely affect the thermal regime of the 
Saint John River located downstream of the current dam structure.  River temperature models 
offer the ability to quantify such potential changes to river’s thermal regime, allowing for the 
simulation of water temperatures under a range of possible future flow and climate scenarios.  
Although a range of river temperature models exist, deterministic models are well suited to 
application in heavily impacted watersheds (Morin and Couillard, 1990; Caissie et al., 2007) 
and offer the ability to model the complex impacts of reservoirs and dams in large river basins 
(Morin and Couillard, 1990; Caissie, 2006; Caissie et al., 2007).  Because of its ability to 
simulate flows and water temperatures at any location in a watershed, the CEQUEAU 
deterministic model (Charbonneau et al., 1977; Morin and Couillard, 1990; St-Hilaire et al., 
2000), was chosen to provide simulations of river temperature within the Saint John River 
watershed.  CEQUEAU is a semi-distributed coupled hydrological and water temperature 
model (Morin and Couillard, 1990; St-Hilaire et al., 2000) capable of predicting flows in 
impounded water courses by incorporating appropriate data concerning reservoir/dam flow 
regimes (Morin and Couillard, 1990).  It is therefore well suited to the Saint John River 
watershed. In addition, known (i.e. observed or modelled) water temperatures at the outlet of 
a reservoir can be used as inputs to CEQUEAU.  In the context of the Mactaquac project, this 
ability allows CEQUEAU to be given an upstream boundary condition corresponding to the 
water temperature and discharge records at the Mactaquac dam outflow, allowing for 
accurate simulations of the thermal regime in the immediate downstream vicinity of the 
Mactaquac headpond/dam. 

In this report, we discuss the implementation of CEQUEAU on the Saint John River watershed 
and its use to simulate water temperatures for a number of requirements of the Mactaquac 
Aquatic Ecosystem Project.  First, we detail the implementation and calibration of the 
hydrological and water temperature model components of CEQUEAU on the Saint John River 
watershed, and demonstrate that it is capable of providing flow and discharge simulations 
with a good degree of accuracy.  We then use the calibrated model to simulate historical water 
temperatures at a location in the main stem Saint John River (near Fredericton, NB) with a 
view to providing a current-day baseline against which subsequent model simulations can be 
compared.  Finally, we use the water temperature model to simulate river temperatures 
within the Saint John River in response to a range of Mactaquac drawdown and future dam 
modification/climate scenarios.  We then document and discuss the results of these 
simulations with a view to assessing potential future changes to the thermal regime of the 
Saint John River while accounting for potential modelling errors and methodological 
limitations. 
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2 CEQUEAU hydrological model implementation 
Given that CEQUEAU is a coupled hydrological and water temperature model, it is necessary 
to implement the hydrological component of the model prior to using it to simulate water 
temperatures.  This is because CEQUEAU requires discharge information at all points 
throughout the watershed in order to compute the heat flux data needed for water 
temperature simulation. 
 

2.1 Hydrological model details 
The CEQUEAU hydrological model computes discharge by calculating a water budget on each 
model square and by subsequently simulating the downstream transfer of water across the 
grid of square cells into which a watershed is divided (Morin and Couillard, 1990).  These 
square cells form the basis of the CEQUEAU model, and are referred to as elementary 
representative areas (ERAs).  The ERA grid is subsequently divided into a series of partial 
squares created through intersecting the ERAs with watershed sub-basin drainage divides 
(Figure 2.1A).  These are used to determine the transfer of water (flow routing) in a 
downstream direction from each partial square to the next. 

 
Figure 2.1A Grid of ERAs (whole squares) imposed on Saint John River watershed. B ERAs divided into partial 
squares using watershed divides  
 

2.2 Flow routing 
In the past, the division of ERAs into partial squares and the computation of downstream flow 
routing was accomplished manually.  However, in a watershed as large and complex as the 
Saint John, this would have been an extremely labour-intensive process and also subject to 
potential of user-input error.  Instead, a Matlab (MathWorks, 2015) algorithm was developed 
to automate this process.  The algorithm uses flow accumulation data generated by applying 
Arc Hydro Tools (Maidment, 2002) to a digital elevation model to automatically detect the 
upstream and downstream neighbours of each partial square.  Following the application of 
this algorithm, the CEQUEAU model of the Saint John River watershed comprised 650 ERAs of 
100 km2, subdivided into 1389 partial squares. 
 

2.3 Physiographic data 
In addition to watershed flow routing, the hydrological model requires information 
concerning the physiographic characteristics of each ERA and partial square in terms of their 
altitude, wetland cover, lake cover, bare soil cover and forest cover (Morin and Couillard, 
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1990).  Altitude data were assembled from a 1/3 arc second (~25 m) Digital Elevation Model 
of the Saint John River watershed derived from NASA’s Shuttle Radar Topography Mission 
dataset (Farr et al., 2007).  Wetland information was assembled by merging vector GIS data 
from the US National Wetlands Inventory (Tiner, 2009), the Milieux Humides Potentiels 
dataset made available by the Québec Ministère du Développement Durable, de 
l’Environnement, de la Faune et des Parcs (Dufour-Tremblay, 2011) and the New Brunswick 
Hydrographic Network (New Brunswick Department of Natural Resources, 2013).  GIS data 
pertaining to waterbodies were derived from the US National Hydrography Database (NHD) 
and the Canadian National Hydro Network (NHN) vector GIS databases (Simley and Carswell, 
2009;  Canada Centre for Mapping and Earth Observation, 2015).  Data concerning bare soil 
and forest cover were extracted from a 250 m land use raster acquired from the North 
American Land Change Monitoring System (Rasim et al., 2012). 
 

2.4 Meteorological data 
Meteorological data necessary to run the hydrological model (comprising daily precipitation, 
minimum temperature and maximum temperature) were assembled from 44 Environment 
Canada weather stations in or near the lower Saint John River basin (Figure 2.2).  Because 
optimum model calibration is reliant on detailed meteorological data, meteorological data 
were extracted for the period 1978 – 1994, the longest period for which a reasonable amount 
of concomitant data exist.  Although some areas (notably the north-east portion of the lower 
Saint John River basin) are not particularly well covered by meteorological stations, the 
portion of most interest (ie. around Fredericton) is extremely well covered, allowing for the 
simulation of flows with a good degree of accuracy. 
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Figure 2.2 Locations of meteorological stations used to drive CEQUEAU.  Shading shows modelled section of 
Saint John River watershed. 
 

2.5 Integration of Mactaquac headpond 
The CEQUEAU model allows for the representation of complex watersheds incorporating 
dams and reservoirs.  This is accomplished by fitting a polynomial regression between 
reservoir volume and dam outflow for the dam/reservoir which is to be modelled, and then 
imposing this volume - discharge relationship in the partial square corresponding to the 
dam’s actual location.  Following inspection of the volume - discharge series for the Mactaquac 
headpond, it was not possible to achieve any significant relationship (Figure 2.3).  It was at 
first thought that lack of relationship was due to the fact that reservoir level (and hence 
volume) varied at a temporal resolution finer than that captured in available time series.  
However, even following the supply of minute-resolution level/discharge data from NB 
Power, it was not possible to establish a significant volume – discharge relationship.  Because 
of this, was not possible to model flows out of the Mactaquac headpond within the CEQUEAU 
model.  It was therefore necessary to devise a new modelling strategy. 
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Figure 2.3 Daily Mactaquac headpond volume vs. outflow for period 1986 – 2014 showing absence of 
relationship between volume and discharge 
 

2.6 New modelling strategy 
Because it was not possible to implement the Mactaquac headpond/Reservoir directly within 
CEQUEAU, it was instead decided to execute the model solely in the portion of the Saint John 
watershed downstream of the Mactaquac Dam.  This was achieved by re-computing the flow 
routing and physiography necessary to run the model so that the model now comprises only 
those sub-basins that discharge into the main stem Saint John River below the Mactaquac 
dam.  Because the model no longer includes the upstream portion of the watershed, 
discharges in the main stem Saint John River are accomplished by imposing flows from the 
Mactaquac Dam outflow time series in the partial square corresponding to the location 
immediately downstream of the Mactaquac Dam (Figure 2.4).  This new CEQUEAU model for 
the lower Saint John River watershed now comprises 689 ERAs of 25 km2, subdivided into 
1271 partial squares.  This higher resolution (in comparison to the model for the whole 
watershed) also means that the model is capable of simulations at a finder spatial resolution. 
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Figure 2.4 CEQUEAU model grid for lower Saint John River watershed downstream of Mactaquac Dam 
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3 Hydrological model calibration/validation 
Once implemented, the CEQUEAU model of the lower Saint John River was calibrated to 
ensure that it provided an adequate simulation of discharge within the various sub-basins 
present in the watershed.  Model calibration was achieved by adjusting CEQUEAU’s model 
parameters until simulated flows produced the closest possible estimates of discharge values 
recorded by a number of hydrometric stations within the lower Saint John River basin. 
 

3.1 Hydrometric data 
Owing to the absence of discharge gauges in the main stem Saint John River downstream of 
the Mactaquac Dam, it was necessary to calibrate the model using hydrometric gauges 
situated in the various tributaries of the Saint John River.  Observed flows used to calibrate 
the model were assembled from 7 hydrometric stations located within the various tributaries 
of the downstream Saint John River (Table 3.1, Figure 3.1).  Gauged discharges were available 
for the period 1965 – 1995.  Because the principal purpose of the model is the simulation of 
river flow and temperature in the reaches of the Saint John River around Fredericton, NB, 
efforts were concentrated on calibrating the model using the hydrometric station at Durham 
Bridge on the Nashwaak River.  This is because the topography/hydromorphology of the 
Nashwaak River sub-basin is more likely to provide a good analogue of the area around 
Fredericton than other gauged sub-basins further downstream in the watershed (eg. Nerepis 
River, Kennebecasis River).  However, the ability of the model to simulate discharges was 
assessed at all of the 7 hydrometric stations, to ensure that flows further downstream in the 
lower Saint John River basin were adequately simulated. 

 

 

Table 3.1 Available hydrometric (discharge) data for the lower Saint John River basin and associated model 
calibration results 

Station Upstream area Notes 
Nashwaak at Durham Bridge 1450 km2 Hydromorphology similar to Saint John at 

Fredericton Nashwaak at Stanley 641 km2 
North Branch Oromocto at Tracy 557 km2  
Nerepis River near Fowlers Corner 293 km2 Very small watershed area 
Salmon River at Castaway 1050 km2 No nearby meteorological stations 
Canaan River at East Canaan 668 km2  
Kennebecasis River at Apohaqui 1100 km2  
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Figure 3.1 Locations of hydrometric stations used to calibrate CEQUEAU. Shading shows modelled section of 
Saint John River watershed. 
 

3.2 Calibration/validation strategy 
The optimum overlap between available meteorological and hydrometric data for the lower 
Saint John River basin was for the period 1983 – 1994; this period was therefore selected for 
model calibration/validation.  Seven years of data were used for model calibration and the 
remaining 4 for validation.  Model calibration was achieved using a two-stage process.  First, 
the various model parameters (see St-Hilaire et al. (2000) for details) were adjusted manually 
to ensure that state variables of the hydrological model (water levels in saturated and 
unsaturated zones, lake and marsh levels, evaporation) stayed within realistic values.  
Following this manual phase, the CMA-ES optimisation algorithm (Hansen and Ostermeier, 
2001) was applied to further refine the calibration.  This process was repeated multiple times 
choosing different combinations of 7 and 4 year windows (eg. calibrated on 1983-1989, 
validated on 1990-1993; calibrated on 1984-1990, validated on 1983, 1991-1993, etc) to 
ensure that the calibration provided an accurate estimate of river discharge for all times 
within the 1983-1994 time period and was not overly influenced by extreme weather events 
during one or more time periods.  Model quality was assessed by calculating the Nash–
Sutcliffe model efficiency coefficient (NTD, eq. 1; (Nash and Sutcliffe, 1970), percent root-
mean-square error (%RMSE, eq. 2) and percent bias (%Bias, eq. 3) for each 4-year validation 
period, subsequently taking the mean of all validation periods: 
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(1) 𝑁𝑁𝑁𝑁𝑁𝑁 = 1 − ∑ (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖−𝑄𝑄𝑜𝑜𝑖𝑖𝑠𝑠,𝑖𝑖)2𝑛𝑛
𝑖𝑖=1
∑ (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖−𝑄𝑄�𝑜𝑜𝑜𝑜𝑜𝑜)2𝑛𝑛
𝑖𝑖=1

 

(2) %𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  
�1𝑛𝑛∑ �𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖−𝑄𝑄𝑜𝑜𝑖𝑖𝑠𝑠,𝑖𝑖�

2𝑛𝑛
𝑖𝑖=1 �

0.5

𝑄𝑄�𝑜𝑜𝑜𝑜𝑜𝑜
× 100 

(3) %𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  �∑ (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖−𝑄𝑄𝑜𝑜𝑖𝑖𝑠𝑠,𝑖𝑖)𝑛𝑛
𝑖𝑖=1

∑ 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖
𝑛𝑛
𝑖𝑖=1

× 100� 

where Qobs,i and  Qsim,i are the observed and simulated mean discharges respectively on day i 
and Q� obs is the mean observed discharge for the entire study period with a length of n days. 
 

3.3 Calibration/validation results 
Calibration/validation results show that the CEQUEAU model of the lower Saint John River 
watershed is able to simulate discharge with a good degree of accuracy in most sub-basins 
(Table 3.2, Figure 3.2).  Taking the mean of all 4-year validation periods, the model was 
observed to perform especially well at the Nashwaak (Durham Bridge) hydrometric station 
(NTD = 0.86), unsurprising given that principal calibration efforts were focused on this sub-
basin.  A similarly high Nash-Sutcliffe value was achieved at another station located further 
upstream on the Nashwaak River (Stanley hydrometric station; NTD = 0.84), indicating that 
the model is able to simulate flows in the upper reaches of the Saint John River watershed 
with a good degree of accuracy.  A relatively good calibration was also achieved for the 
Salmon River hydrometric station (Nash-Sutcliffe = 0.76), in spite of the fact that this river is 
in a portion of the watershed lacking in meteorological data.  However, it appears that the 
surrounding meteorological stations, despite being relatively distant, provide sufficient data 
to achieve a reasonable calibration.  Model strength appears to diminish as a function of both 
distance from the principal calibration site and sub-basin size, with more distant hydrometric 
stations (eg. Kennebecasis River) and smaller sub-basins (eg. Nerepis River) reporting Nash-
Sutcliffe model efficiency coefficients ≈ 0.64.  This is presumably because topography and 
hydromorphology in this region of the watershed is sufficiently different to that of the 
upstream reaches of the lower Saint John River basin that the model is more poorly 
conditioned at these locations.  However, this is unlikely to be a problem for modelling water 
temperatures in the reaches around Fredericton.  Indeed, %RMSE was observed to be lowest 
at the two hydrometric stations situated on the Nashwaak River, again suggesting that 
simulation quality was highest in this section of the watershed. 
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Table 3.2 Mean Nash-Sutcliffe model efficiency, %RMSE and %Bias for all 4-year validation periods during 
1983-1994 

Station NTD %RMSE %Bias 
Nashwaak at Durham Bridge 0.86 48.48 1.02 
Nashwaak at Stanley 0.84 49.82 7.93 
North Branch Oromocto at Tracy 0.70 85.19 3.06 
Nerepis River near Fowlers Corner 0.64 102.52 5.99 
Salmon River at Castaway 0.76 69.04 4.82 
Canaan River at East Canaan 0.70 84.98 12.39 
Kennebecasis River at Apohaqui 0.63 76.46 13.57 

 

 

 

 

 
Figure 3.2 Observed and simulated hydrographs for gauging station at Durham Bridge on Nashwaak River 
showing good model fit (Nash-Sutcliffe coefficient = 0.86) 
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4 CEQUEAU temperature model implementation 
Given the good degree to which the hydrological model component of CEQUEAU is able to 
simulate river discharges, it was possible to proceed with the implementation and calibration 
of the water temperature model.  This is detailed in the following section.  
 

4.1 Temperature model details 
CEQUEAU’s water temperature model uses an energy budget method to calculate the 
temperature of water within each partial square as a function of the heat flux of the river 
reach within the partial square, the estimated water volume within that reach and the specific 
heat capacity of water (Morin and Couillard, 1990).  The heat flux for each partial square is 
calculated as a function of energy inputs from net radiation, evaporation, convection, runoff, 
groundwater and advection from the volume of water transferred from and to neighbouring 
partial squares. 
 

4.2 Physiographic data 
In addition to the physiographic data required for execution of CEQUEAU’s hydrological 
model component, the temperature model also requires information concerning the length of 
the main river stem within each partial square, the width and depth of the river at the 
downstream end of the partial square and the channel altitude and slope (Morin and 
Couillard, 1990).  These data were assembled using a downstream hydraulic geometry 
approach (see equations in the CEQUEAU user manual; Morin and Paquet, 2007) to estimate 
these parameters for each partial square as a function of the partial square’s location within 
the watershed.  All resulting values (reach length, width, depth) were observed to be accurate 
to within an order of magnitude of real lengths/widths/depths extracted from a GIS.  This was 
deemed suitable for model implementation given that these parameters will be further 
refined during model calibration.  
 

4.3 Meteorological data 
In addition to the meteorological data required to run CEQUEAU’s hydrological model, the 
temperature model requires observations of solar radiation, vapour pressure, cloud cover and 
wind speed (Morin and Couillard, 1990).  Vapour pressure and wind speed records were 
assembled from the Fredericton Airport (climate ID 8101500/8101505), Fredericton CDA 
(810600), Saint John Airport (climate ID 8104900/8104901), Gagetown A (climate ID 
8101792), Doaktown (climate ID 8101201) and Mechanic Settlement (climate ID 8102848) 
Environment Canada meteorological stations.  Cloud cover data were available for 
Fredericton Airport, Fredericton CDA, Saint John Airport and Gagetown A.  Solar radiation 
data were obtained from Environment Canada’s Fredericton Airport  meteorological station 
but also supplemented by observations from the Fredericton CDA and Saint John Airport 
meteorological stations obtained under the Atlantic Zone Monitoring Program (AZMP; Pepin 
et al., 2005) and the Canadian Weather Energy and Engineering Dataset (CWEEDS; Kleissl, 
2013).  Where possible, data gaps were filled with meteorological reanalysis hindcasts from 
NASA’s MERRA programme (Rienecker et al., 2011).  Additional records from an INRS/CRI 
meteorological station deployed at the Mactaquac Biodiversity Facility were also used.   
Although meteorological data required for the water temperature model were available for 
the period 1968-2015 at certain locations (Fredericton CDA/Saint John Airport), the largest 
concomitant dataset was available for the period 2010-2015.  This period was therefore used 
for model calibration in order to ensure maximum possible model quality. 
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4.4 Headpond outflow temperature 
In order to simulate water temperatures in the lower Saint John River, it is necessary to assign 
a bulk water temperature to the Mactaquac headpond outflow imposed at the upstream-most 
partial square in the model.  A string of Onset HOBO UA-002-64 temperatures loggers (with a 
vertical resolution of 2 - 5 m) was therefore installed in the Mactaquac headpond.  This was 
further supplemented with further loggers approximately 1.5 km downstream of the 
Mactaquac Dam (at the Mactaquac Biodiversity Facility) to gain a better understanding of 
temperatures associated with the Mactaquac outflow.  From these data, it was determined 
that the temperature of the Mactaquac Dam outflow was best approximated by the 
temperature of the Mactaquac headpond at a depth equal to 7 m (Figure 4.1). 

 
Figure 4.1 Temperature of Mactaquac headpond at location near to dam intake during summer 2014 

 
 
For periods when observations of water temperature within the Mactaquac headpond were 
not available, it was necessary to develop a predictive function to calculate the Mactaquac 
headpond outflow water temperature as a function of air temperature.  A non-linear 
(sigmoid) function (Figure 4.2; see Mohseni et al., 1998) was applied to regress headpond 
water temperature (at a depth of 7 m) against the 14-day moving average daily mean air 
temperature recorded by Environment Canada’s Mactaquac Provincial Park weather station 
(climate ID 8102536).  The high R2 (0.98) and low RMSE (0.64 °C) of this non-linear 
regression indicates that the temperature of the Mactaquac headpond outflow can be 
modelled with a good degree of accuracy.  The function was therefore used to compute 
headpond outflow temperatures for the entire model calibration/validation period. 
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Figure 4.2 Air vs Mactaquac headpond water temperature at 7 m depth (noted to correspond to outflow 
temperature) 
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5 Temperature model calibration/validation 
Once implemented, the temperature model component of CEQUEAU was calibrated to ensure 
that it provided a reasonable simulation of water temperature within the lower Saint John 
River watershed.  The model was calibrated by adjusting the model parameters until 
simulated temperatures produced a reasonable estimate of observed values recorded by 
temperature loggers installed in the lower Saint John River. 
 

5.1 Temperature data 
In-situ records of water temperature acquired were used to calibrate/validate the CEQUEAU 
temperature model.   Onset HOBO UA-002-64 loggers were deployed at a series of locations in 
the main stem Saint John River between the Mactaquac Dam and Maugerville and also within 
the Nashwaak and Keswick Rivers (Figure 5.1).  Additional temperature records from an INRS 
logger installed at Maugerville (Ouellet-Proulx, S; personal data) during 2011 and 2012 
provided a downstream condition to ensure that temperature simulations further 
downstream were also well simulated. 

 
Figure 5.1 Locations of temperature loggers used to calibrate CEQUEAU. Also shows location of logger string 
used to compute sigmoid function for estimating headpond outflow temperature (see section 4.4) and upstream 
logger (Meductic) used to calibrate Air2Stream model for estimation of ‘natural’ river temperatures (see section 
7.2.1 and 8.2.2). 
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5.2 Calibration/validation strategy 
The optimum concomitant period between temperature logger observations and 
meteorological data necessary to run the model was for between 2011 and 2014.  Model 
calibration/validation was thus accomplished using this time period.  The CEQUEAU 
temperature model was calibrated using temperature observations from the logger at 
Maugerville (2011/2012) and simulations validated against records from a logger installed in 
the main stem Saint John River at Fredericton (2014).  Simulations were also inspected 
against temperature records from the Nashwaak and Keswick Rivers to ensure that 
predictions were also valid in smaller systems. 

Model calibration was conducted following a two-stage process.  First, the various model 
parameters (see Morin and Couillard, 1990 for a complete list and description) were adjusted 
manually to ensure that the modelled heat flux terms (eg. energy gain from solar radiation, 
energy loss from evaporation) stayed within real-world limits.  The manual calibration phase 
was then followed up by the application of the Tabu Search optimisation algorithm (Zheng 
and Wang, 1996) to further refine the model parameters.  Simulation quality was 
subsequently assessed using the model’s root mean-squared error (RMSE; eq. 4).  Other 
goodness-of-fit measures such as the Nash–Sutcliffe model efficiency coefficient are not very 
useful to assess model performance due to the inherently autocorrelated nature of water 
temperature data. 

(4) 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  �1
𝑛𝑛
∑ �𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 − 𝑁𝑁𝑜𝑜𝑖𝑖𝑠𝑠,𝑖𝑖�

2𝑛𝑛
𝑖𝑖=1 �

0.5
 

where Tobs,i and  Tsim,i are the observed and simulated mean temperatures respectively on day 
i. 
 

5.3 Calibration/validation results 
Calibration/validation results show that the CEQUEAU temperature model is able to predict 
water temperatures in the Saint John River basin with a good degree of accuracy (Table 5.1; 
Figure 5.2).  Validation against temperature loggers installed at Fredericton and Maugerville 
shows that the model is especially good at predicting main stem temperatures, yielding low 
summer RMSE values (0.74 °C).  While this result is unsurprising given that principal 
calibration efforts were focused on the main stem, it emphasises the utility of the CEQUEAU 
temperature model for gaining an increased understanding of the thermal regime of the lower 
Saint John River.  Such results show that the model quality is more than sufficient for 
providing temperature simulations in line with the Mactaquac Dam drawdown/future climate 
change scenarios. 

 

Table 5.1 Model RMSE for four temperature calibration/validation sites within the lower Saint John River 
watershed 

Location Summer RMSE (°C) Annual RMSE (°C) 
Saint John River at Fredericton 0.74 0.97 
Saint John River at Maugerville 0.98 1.19 
Nashwaak River at Marysville 1.39 1.12 
Keswick River at Keswick 1.32 1.27 
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Figure 5.2 Observed and simulated temperature for logger site at Fredericton on main stem Saint John River 
showing good model fit (RMSE = 0.98 °C; summer RMSE = 0.74 °C) 

 

The validation results also show that the model is capable of producing reasonable 
simulations of water temperature in lower-order rivers (eg. Keswick, Nashwaak), although 
the simulation quality is somewhat reduced (summer RMSE ≈ 1.2 °C).  This is presumably due 
to the fact that the magnitude of energy exchange processes in lower order streams is 
substantially different than in large rivers (ie. lower evaporation, higher degree of mixing).  
Furthermore, CEQUEAU is currently unable to model the effects of canopy shading at high 
resolution, which will inevitably have a larger impact on temperature processes in smaller 
water courses.  Nevertheless, the results show that the CEQUEAU model can produce 
acceptable (RMSE < 1.5 °C) simulations of water temperature even in the smaller tributaries 
of the lower Saint John River basin. 
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6 Baseline (historical) temperature simulations 
Following calibration, the CEQUEAU temperature model was driven using historical 
meteorological data to simulate past water temperatures in the lower Saint John River.  This 
was done in order to provide a comparative context for future river temperatures linked to 
the Mactaquac drawdown scenarios (section 7) or future climate change and headpond/dam 
reconfiguration options (section 8).  Such data are useful in providing a baseline with regards 
to understanding the past thermal regime of the lower Saint John River and can offer 
important insights into the thermal variability of the system. 
 

6.1 Details 
Little historical data exist concerning water temperatures within the lower Saint John River, 
particularly in terms of continuous records.  However, CEQUEAU offers the ability to hindcast 
water temperatures using historical meteorological records.  Because of the availability of 
reasonable meteorological records for the lower Saint John River basin, it was possible to use 
CEQUEAU to provide a record of water temperatures from 1969 – 2014.  This continuous data 
series, corresponding to almost the entire period following the construction of the Mactaquac 
dam, allows for the extraction of a range of temperature metrics which describe the thermal 
regime of the lower Saint John River over the previous 45 years. 
 

6.2 Method 

6.2.1 Temperature metrics 
CEQUEAU was executed using meteorological observations from 1969 to 2014 to generate a 
series of daily mean temperature for the lower Saint John River watershed.  A range of 
temperature metrics describing the thermal regime of the Saint John River were subsequently 
computed from this dataset.  These are listed below: 
 
Annual temperature metrics 

• Annual minimum, mean and maximum temperature, standard deviation 
• Number degree days above zero 
• Julian date of positive temperature onset (defined as the first date each year upon which 

temperature rises for five consecutive days) and Julian date of maximum temperature. 
• No. of days with mean temperature > 19 °C, > 23 °C, 28 °C and the duration of the longest 

period during which temperatures did not drop below these thresholds 

Seasonal and monthly metrics 

• Seasonal and monthly minimum, mean and maximum temperature, standard deviation 
• Seasonal and monthly minimum, mean and maximum number of degree hours above zero for 

the entire modelled period 
• Earliest, mean and latest date of seasonal temperature maximum 

Ecologically-relevant temperature metrics 
Temperature metrics relating to three key temperature sensitive species within the Saint John 
River (Atlantic salmon, Striped bass, Brook trout) were also extracted with a view to showing 
the Saint John River temperature regime in an ecological context.  Owing to the large number 
of species present within the lower Saint John River, it was not possible to include an 
exhaustive list of temperature metrics for each individual taxa present.  Instead, the metrics 
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given below were calculated with a view to demonstrating the utility of CEQUEAU for 
computing key temperature thresholds for a range of species.  Metrics for species not covered 
in this report can nonetheless be generated from the raw temperature series accompanying 
this report. 
 

Metrics provided here were established from a range of sources and aim to represent a 
synthesis of current knowledge regarding temperature thresholds for the Atlantic salmon, 
Striped bass and Brook trout.  However, the metrics do not consider intra-specific adaptation 
to particular temperature thresholds, and may therefore not be specific to the Saint John River 
populations.  Furthermore, although the native Saint John River striped bass population is 
currently extirpated (Douglas et al., 2003), temperature metrics relating to Striped bass were 
included with a view to understanding the future potential for the reestablishment of a native 
spawning population within the lower Saint John River (should the modification to the 
Mactaquac dam/headpond go ahead).  Although Striped bass spawning does not currently 
occur within the Saint John River, the potential modification of the Mactaquac dam may 
encourage population recovery in the future (Douglas et al., 2003).  We therefore chose to 
include the 16 °C spawning cue with a view to understanding the potential for recovery of the 
Saint John River striped bass population. 

 
Atlantic salmon (Sources: Elliott, 1991; Breau et al., 2007; Elliott and Elliott, 2010; 
Breau et al.,  2011; Dugdale et al., 2015): 

• Annual number of days in optimal temperature range (8 - <19 °C; zone in which growth is 
sustained) 

• Annual number of days in thermal tolerance zone (19 - <23 °C; growth is limited, some feeding 
still occurs) 

• Annual number of days in critical temperature zone (≥23 °C; point at which thermal refuge 
seeking activity starts, associated with stress-related buildup in muscle lactate) 
 

 Striped bass (Sources: COSEWIC, 2012; Krouse, 1968; Doroshev, 1970): 

• Julian date of first day on which 16 °C (a possible spawning trigger for striped bass) occurs 
• Annual number of days in optimal temperature zone (14 - <21 °C) 

 
 Brook trout (Sources: McCormick et al., 1972; Hokanson et al., 1973; Raleigh, 1982; 
Jonsson and  Jonsson, 2009): 

• Annual number of days in optimal temperature range (11 - <17°C) 
• Annual number of days in thermal tolerance zone (17 - <20 °C) 
• Annual number of days in critical temperature zone (≥20 °C) 

 

6.2.2 Simulation location 
River temperature simulations were provided for the Saint John River immediately upstream 
of Fredericton in the model square corresponding to the area upstream of the confluence with 
the Nashwaakis Stream and downstream of Clements Island/Jewett Island (45.966, -66.661).  
In choosing this location, we were able to isolate the historical Saint John River temperatures 
around the Fredericton area without the moderating effect of nearby tributaries (ie. 
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Nashwaakis Stream, Nashwaak River, Oromocto River) which join the Saint John River further 
downstream.  All temperature simulations discussed in this report are for this location unless 
otherwise stated. 
 

6.2.3 Baseline period 
Although river temperatures were simulated for the entirety of the period 1969-2014, it was 
decided that the five year period from 2010-2014 was best used to compute a current day 
temperature baseline.  This is because this period likely reflects current climatic trends better 
than previous decades.  Analysis in sections 6.3 and 6.4 will therefore focus on water 
temperature metrics from this period. 
 

6.3 Results 
Full water temperature metrics for the Saint John River for the period 1969-2014 are given in:  
\1. Baseline temperature simulation\baseline_metrics_1969-2014.xlsx.  However, Table 6.1 
summarizes the current water temperature baseline for the period 2010-2014 in terms of 
some select criteria.  We do not detail all of the temperature metrics extracted below (see 
section 6.2.1 for complete list); additional data can be found in the accompanying Excel 
spreadsheet. 
 
Table 6.1. Water temperature metrics for the Saint John River at between Clement Island/Jewett Island and 
Fredericton for the period 2010-2014 

Year Annual mean 
temperature 
(°C) 

Annual 
maximum 
temperature 
(°C) 

Standard 
deviation 
(°C) 

No. 
degree 
days 
(>0 °C) 

Minimum July – 
August 
temperature (°C) 

Julian date of 
positive 
temperature 
onset 

No. of 
days 
≥23 °C 

2010 11.2 23.0 7.9 4085.5 18.9 46 0 
2011 11.0 22.4 8.3 4007.6 20.1 70 0 
2012 11.1 22.8 8.4 4051.2 21.3 75 0 
2013 10.7 22.9 8.5 3901.2 19.6 61 0 
2014 10.5 23.0 8.7 3820.1 20.7 11 1 

Mean 10.9 22.8 8.4 3973.1 20.1 52.6 0.2 

Results of the simulation show that average daily temperature during the baseline period was 
10.9 °C, with a maximum of 22.8 °C attained during the warmest part of the summer.  Mean 
minimum July – August temperature (a particularly important metric for temperature-
sensitive aquatic species Caissie et al., 2012; Breau, 2013) was 20.1 °C.  2010 and 2012 
yielded the highest degree days statistics within the period, unsurprising given that both of 
these periods are widely acknowledged as years of above-average air temperature for the 
region.   

Surprisingly, while 2014 exhibited the lowest number of degree days, it was the only year 
during the period in which water temperatures exceeded 23 °C.  Data from 2014 also indicate 
that the post-winter warming onset starts particularly early.  However, in reality, this is 
unlikely to be true, and reflects the choice of indicator for this metric (ie. warming onset was 
defined as the first date each year upon which temperature rises for five consecutive days). 
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Table 6.2. Ecologically relevant water temperature metrics for the Atlantic salmon and Striped bass computed 
for the period 2010-2014 

 Atlantic salmon Striped bass 

Year Days in optimal 
temperature window 
(8 - <19 °C) 

Days in critical zone 
(≥23 °C) 

Days in preferred 
temperature window 
(14 - <21 °C) 

Julian date of 1st day 
on which 16 °C 
occurred 

2010 152 0 98 150 
2011 106 0 90 152 
2012 136 0 80 143 
2013 108 0 126 152 
2014 121 1 86 151 

Mean 124.6 0.2 96 149.6 

Metrics pertaining to critical temperature thresholds for Atlantic salmon and Striped bass are 
given in Table 6.2 in order to provide an ecological context of the current temperature 
baseline with regards to temperature-sensitive species.  Further temperature metrics can be 
found in the accompanying Excel spreadsheet.  Results show that temperatures fell within the 
optimal range for the Atlantic salmon and Striped bass on an annual mean of 124.6 and 96 
days respectively.  Indeed, temperatures only exceeded the critical threshold for Atlantic 
salmon on one occasion during the period 2010-2014.  Critical threshold exceedances are not 
given for Striped bass because it is more temperature tolerant than Atlantic salmon.  Instead, 
CEQUEAU was used to determine the 1st day of each year upon which river temperatures 
reached 16 °C, a key spawning trigger for Striped bass within the Gulf of Maine region 
(COSEWIC, 2012).  Results show that during the 2010-2014 baseline period, the 16° C 
threshold is, on average, reached by the 149.6th day of the year (30th May). 
 

6.4 Discussion 
Results of the CEQUEAU simulation for the period 2010-2014 provide a useful baseline for 
water temperatures in the Saint John River for comparison with modelled temperatures 
yielded by the various drawdown and future climate scenarios.  However, it is important to 
note that any temperature simulations for the lower Saint John River using the current 
CEQUEAU implementation will largely reflect water temperatures within the Mactaquac 
headpond.  This is particularly apparent with regards to the temperature metrics extracted 
for 2010 and 2012.  Despite the fact that these two years yielded notably high summer air 
temperatures in comparison to other years in the period 2010-2014, many of the metrics in 
Table 6.1 and Table 6.2 (eg. annual maximum temperature, minimum July – August 
temperature, no. of days > 23 °C) do not highlight these two years as being anomalously 
warm.  Indeed, the opposite appears to be the case, with 2014 (a notably cooler year when 
examining annual air temperature statistics) showing higher temperatures.  This is 
presumably due to the temperature and flow regime of the Mactaquac headpond, which acts 
to buffer downstream temperatures, dampening the occurrence of high temperature events 
such as those in 2010 and 2012.  Temperatures simulated for the Nashwaak river during the 
same period (see Excel spreadsheets in \1. Baseline temperature simulation\Nashwaak\) 
support this hypothesis, clearly demonstrating that in a natural river unimpeded by a 
significant thermal mass such as the Mactaquac headpond, 2010 and 2012 did indeed produce 
warmer river temperatures than 2014.  This indicates that the CEQUEAU model is functioning 
correctly and the lower-than-expected temperatures in 2010 and 2012 are simply a reflection 
of the Mactaquac headpond’s influence on temperatures in the lower Saint John River.  
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7 Mactaquac drawdown scenario simulations 
NB Power’s preferred reservoir drawdown scenario associated with the future removal or 
replacement of the Mactaquac dam will inevitably involve the release of a large volume of 
hypolimnetic water from the Mactaquac headpond.  Because the temperature of this release 
will differ from that associated with current ‘normal’ river flows, the Mactaquac drawdown 
has the potential to disrupt the river’s current thermal regime.  This has obvious implications 
for the range of aquatic organisms inhabiting the lower Saint John River.  The CEQUEAU water 
temperature model was therefore used to simulate water temperatures downstream of the 
Mactaquac Dam corresponding to NB Power’s preferred drawdown scenario, with a view to 
gaining a better understanding of the potential implications of the reservoir drawdown to the 
thermal regime of the lower Saint John River.  
 

7.1 Drawdown scenario details 
NB Power’s preferred drawdown scenario for the Mactaquac headpond consists of four 
stages: 1) An initial rapid ~1 month drawdown following the 2030 spring freshet, 2) a ~5 
month pause during which the existing sluiceway is demolished, 3) a second ~1 month 
drawdown lowering the headpond/river close to its pre-Mactaquac state and 4) a slow final 
drawdown draining the remainder of the headpond over a period of 29 months (during which 
remaining demolition works are completed).  This scenario is summarised in Table 7.1. 

Table 7.1. NB Power’s preferred drawdown scenario.  

  
headpond elevation 
decrease (m) 

Approximate water 
volume released (m3) 

Approximate daily mean 
discharge (m3s-1) 

~ Month 1 40.5 to 24.4 812,973,105.5 303.5 
~ Month 2 - 6 Drawdown paused during sluiceway demolition work 

~ Month 7 24.4 to ~5 361,799,256.3 135.1 
~ Month 8 - 36 ~5 to >3 4,092,419.1 0.1 

Temperatures associated with this drawdown scenario were modelled using CEQUEAU by 
imposing headpond outflows and temperatures associated with the drawdown scenario at the 
upstream-most partial square within CEQUEAU.  The model was then used to simulate water 
temperatures downstream of this point corresponding to varying meteorological conditions. 
 

7.2 Method 

7.2.1 Drawdown scenario development 
In order to understand the range of temperature variability that might be generated under the 
drawdown given different hydrometeorological conditions, a series of drawdown scenarios 
were constructed using past meteorological data from the period 1995-2014.  1995-2014 was 
chosen because of the existence of reasonable concomitant meteorological data for this 
period.  For each scenario, 36 months’ consecutive meteorological data were used (ie. 1995-
1997, 1996-1998, etc) starting from 7 days after the peak freshet discharge event during the 
first year of data.  In total, 15 drawdown simulations were performed (incorporating 
meteorological data from the periods 1995-1997, 1996-1998 … 2012-2014).  Simulations 
using meteorological data for the periods 2006-2008 and 2007-2009 were not possible due to 
gaps in the input meteorological data needed to compute outflow temperatures.   
Outflow discharges and temperatures for each 36-month drawdown scenario were imposed 
at the CEQUEAU model square corresponding to the location of the Mactaquac dam.  
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Headpond outflow discharge corresponding to months 1 – 7 of each drawdown scenario was 
generated by adding discharges generated by the headpond drawdown (computed using the 
Delft-2D hydrodynamic model; MAES project component 1B.1.4) to the Mactaquac headpond 
inflow series provided by NB power to give a drawdown-corrected outflow discharge series 
for the time period corresponding to the meteorological data.  Outflows for months 8-36 were 
set to that of the Mactaquac headpond inflow series for the appropriate period in order to 
reflect discharges unimpeded by the Mactaquac headpond/dam following the initial 
drawdown.   

Outflow temperatures associated with months 1-7 of the drawdown were generated using the 
non-linear (sigmoid) regression described in section 4.4.  Although this represents a 
simplification of actual temperatures that are likely during the drawdown event, in the 
absence of more detailed information regarding the likely mixing of the headpond during the 
drawdown event, this temperature can be assumed to represent an upper boundary 
condition; indeed, it is possible that temperatures during the drawdown event will in fact be 
slightly lower, given that the drawdown will release water from deep zones of the Mactaquac 
headpond.  Computation of outflow temperatures associated with months 8-36 of the 
drawdown was more complicated, given that the thermal regime of the Saint John River will 
start to return to ‘natural’ conditions during this time.  Because the sigmoid function 
described in section 4.4 is only useful for computing Mactaquac outflow temperatures 
corresponding to the presence of the headpond, it was necessary to develop a different 
strategy to compute outflow temperatures once the headpond is drawn down beyond ~5 m 
and the Saint John River reverts to more ‘natural’ thermal characteristics.  In the absence of 
historical water temperature data for the Saint John River prior to the construction of the 
Mactaquac dam, ‘natural’ river temperatures for the point corresponding to the current 
location of the Mactaquac dam were computed with the Air2Stream model (Toffolon and 
Piccolroaz, 2015) using a particle swarm approach to simulate water temperature as a 
function of air temperature and Mactaquac headpond inflow.  The Air2Stream model was 
calibrated using water temperatures recorded in the main stem Saint John River upstream of 
the headpond (near Meductic, see Figure 5.1) in summer 2015.  River temperatures at this 
location are likely to be largely unaffected by the presence of the Mactaquac dam and can be 
thought of as ‘natural’ temperatures.  Thus, by imposing simulated river temperatures for this 
upstream location at the CEQUEAU grid square equivalent to current location of the 
Mactaquac Dam, it is possible to define an upstream boundary condition that is analogous to 
natural river conditions.  Goodness-of-fit metrics show that the Air2Stream model was 
capable of simulating river temperatures upstream of the Mactaquac headpond with a good 
degree of accuracy (RMSE = 0.99 °C, R2 = 0.94; Figure 7.1). 
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Figure 7.1 Observed vs Air2Stream simulated river temperature; model used to generate ‘natural’ river 
temperatures to be imposed in CEQUEAU in order to generate downstream predictions of water temperature in 
months 8-36 of drawdown  
 

7.2.2 Simulation location 
River temperature simulations corresponding to the drawdown scenarios were provided for 
the Saint John River immediately upstream of Fredericton in the partial square corresponding 
to the area upstream of the confluence with the Nashwaakis Stream and downstream of 
Clements Island/Jewett Island.  See section 6.2.3 for explanation of the choice of this location. 
 

7.2.3 Temperature metrics 
A range of temperature metrics were extracted in order to describe the thermal regime of the 
Saint John River under the drawdown scenarios detailed above.  These metrics (and 
references supporting their choice) are described in section 6.2.1. 
 

7.3 Results 
Detailed results of the drawdown simulations and the raw series from which they are sourced 
are given in the Excel spreadsheets that accompany this document.  Raw temperature and 
discharge series for each drawdown simulation are found in \2. Drawdown scenarios\1. Raw 
simulated temperature and flow series.  Metrics computed from each of the datasets for year 
of the drawdown scenario are given in \2. Drawdown scenarios\2. Metrics extracted from 
raw series.  Data from a selected range of metrics contained within these files are presented 
below with a view to discussing how water temperatures in the lower Saint John River will 
potentially change in response to the Mactaquac headpond drawdown. 
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7.3.1 Annual and seasonal temperature metrics 
Results show that water temperatures produced during the first year of the drawdown event 
(mean = 9.8 °C, maximum 23.1 °C) will largely stay within the range of temperatures currently 
exhibited by the Saint John River downstream of the headpond (mean = 10.9 °C, max = 23.0 
°C; see 2010-2014 baseline metrics in section 6.3).  Indeed, mean temperature is reduced 
during the drawdown event in comparison to the current baseline, presumably resulting in 
part from the large amount of water released during the first two drawdown stages that will 
likely buffer high temperature events.  As the river returns to ‘natural’ conditions in 
drawdown years 2 and 3, the possibility for higher temperature summer peaks increases 
(23.9 °C) in relation to the current baseline, although the mean temperature (9.0 °C) actually 
decreases further, presumably because the return of the river to ‘natural’ conditions will 
result in a larger number of cool days (ie. days < 5° C) than presently in the Saint John River 
below the Mactaquac Dam.  Although several of the simulations exhibit a higher number of 
days on which temperatures exceed given thresholds in comparison to the 2010-2014 
baseline, this appears to be simply a function of natural variability, as several similarly hot 
years are also visible from the full 1969-2014 historical temperature series (see \1. Baseline 
temperature simulation\baseline_metrics_1969-2014.xlsx).  Any particularly high 
temperature events yielded by the drawdown simulations are thus likely to represent natural 
variability, and are not due to the drawdown itself. 

 

 
Figure 7.2 Temperatures generated by Mactaquac headpond drawdown for under 14 different meteorological 
scenarios.  Red line represents upper and lower range of temperatures, grey lines represents temperatures 
outside of the drawdown scenario computed during model spin-up/spin-down; these are not included in the 
computation of drawdown metrics 

 

The above observations are borne out in visual interpretation of the drawdown temperature 
simulations (Figure 7.2), which highlights the possibility of higher temperature peaks during 
years 2 and 3 of the drawdown associated with the return of the river to natural conditions.  
Also visible from Figure 7.2 is the change in shape of the annual temperature series; while 
higher water temperatures persist further into winter under current baseline conditions and 
during drawdown year 1, the onset and the end of the positive annual temperature cycle will 
become more abrupt in years 1 and 2 as the river returns to ‘natural’ flows, with more rapid 
post-winter warming and faster autumnal cooling. 

A more detailed comparison of temperature metrics between drawdown years 1, 2 and 3 is 
given in Figure 7.3.  These results support the above observations, showing that while some 
simulations indicate an increase in peak summer temperatures during drawdown years 2 and 
3, most simulations show a decrease in temperature metrics following the return of more 
‘natural’ flow conditions, with mean, maximum and minimum July – August temperature 
metrics all decreasing in comparison to year 1.  The decrease in standard deviation in years 2 
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and 3 in comparison to year 1 is interesting, given that we would expect to see a slight 
increase in temperature variance as the river’s thermal regime returned to ‘natural’ 
conditions.  However, the difference in standard deviation is not significant and could 
therefore simply represent natural variability.  However, it is also possible that the higher 
standard deviation (8.6 °C) in year 1 simply reflects the thermal influence of the large outflow 
events corresponding to the first two drawdown phases, given that it is also higher than the 
corresponding value for the 2010-2014 baseline (8.4 °C). 

 

 
Figure 7.3 Annual and seasonal temperature metrics associated with drawdown years 1, 2 and 3.  Boxplots show 
range of variability yielded by different drawdown simulations.  Median value given by line, upper and lower 
limits of boxes show 25th and 75th percentiles. Whiskers show outliers within 1 IQR of mean, crosses show 
outliers outside of this range. 

 

7.3.2 Degree days and threshold exceedances 
The general observation of mean temperatures being warmer during drawdown year 1 but 
with increased peak temperatures during years 2 and 3 is also apparent from Figure 7.4.  
Figure 7.4A shows a that year 1 will yield a significantly higher number of degree days than 
years 2 or 3, presumably due to the presence of the headpond during most of year 1, whose 
thermal characteristics act to sustain above-zero river temperatures for further into the year 
in comparison to years 2 and 3 (as illustrated by the change in shape of the annual 
temperature signal; Figure 7.2).  Although Figure 7.4B does highlight some potential for 
increased high temperature events (ie. days ≥23 °C) in years 2 and 3, most simulations for 
years 1, 2 and 3 all yielded zero counts for days ≥23 °C; simulations that did yield non-zero 
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counts are therefore considered outliers, limiting the inferences that can be drawn from such 
results. 

 

 
Figure 7.4A Annual number of degree days and B. no. of days ≥23 °C for drawdown years 1, 2 and 3. Boxplots 
show range of variability yielded by different simulations.  Median value given by line, upper and lower limits of 
boxes show 25th and 75th percentiles. Whiskers show outliers within 1 IQR of mean, crosses show outliers 
outside of this range. 

 

7.3.3 Ecologically-relevant temperature metrics 
Temperature metrics relating to the Atlantic salmon and Striped bass were extracted with a 
view to providing an ecological context for the drawdown temperature results.  From Figure 
7.5A, it appears that the annual number of days during which temperatures are within the 
optimal zone for the Atlantic salmon will change little between the three drawdown years, 
with no significant difference between years 1, 2 or three.  However, in comparison with the 
2010-2014 baseline (mean of 124.6 days in optimal temperature zone for Atlantic salmon), 
the three-year drawdown period may result in a decrease in the number of days during which 
temperatures are optimal (112.3 days), an interesting result given the general reduction in 
degree days during the drawdown in comparison to baseline temperatures.  Indeed, such a 
result may actually reflect an increase in the number of days during which temperatures are 
in fact below the lower limit of the optimal temperature window for the Atlantic salmon (8 °C) 
in comparison to the Saint John River’s current temperature regime. 
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Figure 7.5 Annual number of days on which temperatures are A. within the optimal temperature zone for the 
Atlantic salmon (8 - 19 °C) and B exceed the upper critical limit (≥23 °C) during years 1, 2 and 3 of drawdown.  
Note: This is not the same as the upper incipient lethal limit (~28 °C), above which salmon populations are likely 
to become extirpated.  Boxplots show range of variability yielded by different future climate scenarios.  Median 
value given by line, upper and lower limits of boxes show 25th and 75th percentiles. Whiskers show outliers 
within 1 IQR of mean, crosses show outliers outside of this range. 

 

Results concerning the number of days spent above the upper critical threshold (23 °C) for the 
Atlantic salmon are similarly inconclusive (Figure 7.5B), with most simulations exhibiting 
zero counts; although some simulations do show several periods during which temperatures 
exceed this threshold, these results can be considered outliers and are comfortably within the 
range of temperatures observed during the period 1969-2014 (see \1. Baseline temperature 
simulation\ baseline_metrics_1969-2014.xlsx). 

In terms of temperature metrics relating to the Striped bass, it was not logical to examine 
potential changes to the date of occurrence of the 16 °C spawning cue during the drawdown 
event, because no spawning currently occurs in the Saint John River and it is only relevant to 
examine past or future changes to this metric (see sections 6.3, 8.3.3 and 8.4.2 for further 
discussion).  In terms of changes to the number of days during which temperatures are 
optimal for Striped bass populations, there is no significant difference between years 1 – 3 of 
the drawdown (Figure 7.6).  However, unlike the related metric for Atlantic salmon, there also 
appears to little difference between the 2010-2014 baseline value (96 days) and the mean of 
all simulations during the drawdown (98 days), indicating that the length of the preferred 
thermal window for striped bass not change significantly under the drawdown event in 
comparison to baseline temperatures. 
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Figure 7.6 Annual number of days on which temperatures are within the optimal temperature zone for the 
Striped bass (14 - 21 °C) Boxplots show range of variability yielded by different future climate scenarios.  Median 
value given by line, upper and lower limits of boxes show 25th and 75th percentiles. Whiskers show outliers 
within 1 IQR of mean, crosses show outliers outside of this range. 

 

7.4 Discussion 

7.4.1 Drawdown temperatures 
Simulated temperatures for the Saint John River during the proposed Mactaquac headpond 
drawdown scenario indicate that water temperatures will stay relatively similar to current 
day norms during the drawdown event.  This is presumably due largely to the timing of the 
initial two stages of the drawdown.  Both of these are scheduled to occur during relatively 
high flow events (spring freshet, autumn precipitations) and as such will not impact higher 
temperatures during the summer months.  Were the initial drawdown timed to occur later in 
the year (ie. in line with summer low flows), it is possible that summer temperatures would 
be substantially reduced by the inflow of cool water.  Conversely, it is also possible that a 
summer drawdown would in fact lead to notably raised water temperatures for a period, due 
to the release of warm stratified surface waters.  Thus, by timing the larger headpond 
drawdown events to occur prior to and after the decline of the headpond’s summer 
thermocline (see Figure 4.1), any temperature impact on the lower Saint John River is likely to 
be minimised. 

Although temperatures in months 8-36 (following the two initial larger drawdown events) are 
less variable in terms of mean daily temperature, the increased variability in summer 
maximum temperatures and potential for higher summer peaks is a reflection of the river’s 
increased responsiveness to prevailing meteorological conditions following its return to a 
more ‘natural’ flow regime.  The removal of the thermal mass of the headpond will eliminate 
any current ‘buffering’ effect on river temperature, promoting the return of higher 
temperature peaks and lower temperature troughs in line with daily air temperature trends.  
Because the amount of water released due to the drawdown during this period (5 m - <3 m 
representing an average daily discharge of +0.1 m3s-1) is very small in relation to the daily river 
discharge, temperatures during this period cannot be thought of as direct result of the input of 
water from the remains of the headpond, but are more simply a reflection of a return to ‘natural’ 
thermal characteristics. 
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7.4.2 Implications for biota 
Because of the similarity between baseline temperature metrics (2010-2014) and those 
yielded by the drawdown scenario simulations, the potential of the Mactaquac headpond 
drawdown to adversely affect aquatic organisms resident in the Saint John River in terms of 
water temperature appears low.  However, it is extremely important to note that river 
temperature represents only one small facet of the range of habitat variables that will be 
impacted during the drawdown event.  Indeed, other factors such as discharge and sediment 
release (and their related metrics) may represent a much more substantial source of risk to 
species inhabiting the lower Saint John River.  It is therefore essential that all other variables 
are taken into account alongside simulated river temperature data in order to gain a more full 
understanding of the ecological implications of the Mactaquac headpond drawdown. 
 

7.4.3 Limitations and sources of error 
Temperature simulations corresponding to the Mactaquac headpond drawdown are subject 
to a range of limitations and errors.  In addition to ‘conventional’ errors arising from model 
calibration (discussed in further detail in section 8.4.3), one of the principal limitations of the 
temperature series generated here is our inability to encapsulate the temperature dynamics 
within the headpond as the drawdown is occurring.  Temperatures associated with the 
drawdown outflow were modelled either with the sigmoid function detailed in section 4.4, or 
the Air2Stream ‘natural’ temperature series detailed in section 7.2.1 (depending upon the 
stage of advancement of the drawdown).  However, neither of these methods is able to 
capture hydrodynamic mixing of the headpond as it is drawn down.  Indeed, during the two 
larger drawdown events, water is likely to be drawn from a range of depths within the 
headpond as opposed to the 7 m constant depth used to compute the sigmoid temperature 
function.  This means that temperatures may be either lower than those provided by the 
simulations presented here (if water is drawn from a deeper location) or warmer, should 
water be drawn from nearer the surface.  However, despite this uncertainty, it is likely that 
temperatures will remain within the range provided by the drawdown simulations, given that 
the main drawdown events both occur at times when notable headpond stratification is 
absent (see Figure 4.1).  The exact headpond depth used to calculate the outflow temperature 
is therefore less important than if the drawdown events were timed to occur during the 
summer months, when stratification occurs. 

Outflow temperatures corresponding to ‘natural’ conditions in months 8-36 of the drawdown 
also represent a potential limitation of the model.  The short data series used to calibrate the 
Air2Stream model mean that its ability to accurately compute temperature extremes during 
longer time periods is not currently known.  This shortcoming (in combination with gaps in 
the input meteorological data) likely explains why it was not possible to compute ‘natural’ 
stream temperatures as a function of the meteorological and headpond inflow series for 2008.  
Similarly, it is difficult to ascertain the extent to which the Air2Stream model is able to 
reproduce natural thermal daily variability when input air temperatures and discharges are 
outside of the range used in model calibration; indeed, temperatures in months 8-36 of the 
drawdown scenario may therefore be more variable than those predicted here.  However, in 
the absence of real temperature observations from the Saint John River upstream of the 
Mactaquac headpond for the period 1995-2014, and given our current inability to incorporate 
the upstream portion of the watershed within CEQUEAU, the use of the Air2Stream-generated 
temperature series is the only feasible option for providing the appropriate temperature data. 

A final potential source of error relates to geomorphological changes to the Saint John River 
resulting from the drawdown itself.  The large increase in bed sheer stress and sediment load 
concurrent with the drawdown event may substantially alter the geomorphological structure 
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of the river channel.  Given that the width and depth of the river channel is a key control on 
the energy transfer processes governing stream temperature, any prospective changes to the 
shape of the Saint John River driven by the drawdown event will inevitably influence 
temperature patterns within the river.  Given that these variables are set as fixed calibration 
parameters within CEQUEAU, it is not possible to model the effects of changing channel 
morphology on river temperature without detailed information regarding future changes in 
channel configuration.  However, although such a source of error would likely be significant in 
a smaller river, any geomorphology-driven changes to water temperature patterns within the 
Saint John River are likely to be minor. 
 
 

8 Future climate change scenario simulations 
NB Power is currently pursuing three potential options for the removal and/or replacement 
of the Mactaquac Dam following its obsolescence in 2030.  These are: Option 1: Repowering of 
the dam incorporating a new powerhouse and spillway; Option 2: Depowering: 
Decommissioning of existing concrete structures but leaving headpond intact and; Option 3: 
River Restoration: draining of headpond, removal of all concrete structures and earthen dam 
allowing the river to return to its pre-dam state.   

Little is currently known about the effect of climate change on future temperature patterns in 
the Saint John River.  However, any change to the river’s flow regime resulting from the 
implementation of one of the three dam replacement/removal options could potentially affect 
the river’s thermal behaviour.  It is therefore vital that this aspect be taken into account when 
considering future Mactaquac headpond/dam modifications.  In order to address this key 
requirement, the CEQUEAU model of the lower Saint John River was driven using 
meteorological data from a series of regional climate simulations with a view to 
understanding potential future climate change impacts on river temperature under the 
various modification options.   

 

8.1 Climate change scenario details 
Regional climate models were produced by the Ouranos Consortium on Regional Climatology 
and Adaptation to Climate Change to simulate possible changes in annual air temperature and 
precipitation for a range of emissions scenarios (Figure 8.1). 

30 | P a g e  
 



MAES Report Series 2016-028 
 

 
Figure 8.1. Change in precipitation and temperature under different regional climate models.  Grey dots 
showing CMIP5 simulations were not available for selection, but are given for context.  Selected scenarios 
highlighted in red.  Source: Gauvin St-Denis & Huard (2015) 

 

From the range of available scenarios, 11 simulations were selected with a view to 
encompassing the range of variability in projected temperature and precipitation change.  
Details of each of these scenarios is given in Table 8.1. 

 

Table 8.1. List of selected future climate simulations. Source: Gauvin St-Denis & Huard (2015) 

Ensemble RCM GCM GHG scenario Member Simulation period 

CCCMA (CORDEX) CanRCM4 CANESM2 RCP 4.5 r1i1p1 1950 - 2100 
CCCMA (CORDEX) CanRCM4 CANESM2 RCP 8.5 r1i1p1 1950 - 2100 
Ouranos CRCM4 CGCM3 SRES A2 r4i1p1 1961 - 2100 
Ouranos CRCM4 CGCM3 SRES A2 r5i1p1 1971 - 2100 
Ouranos CRCM4 ECHAM5 SRES A2 r1i1p1 1971 - 2100 
Ouranos CRCM4 ECHAM5 SRES A2 r3i1p1 1971 - 2100 
SMHI (CORDEX) RCA4 CANESM2 RCP 4.5 r1i1p1 1951 - 2100 
SMHI (CORDEX) RCA4 CANESM2 RCP 8.5 r1i1p1 1951 - 2100 
SMHI (CORDEX) RCA4 EC-EARTH RCP 2.6 r1i1p1 1951 - 2100 
SMHI (CORDEX) RCA4 EC-EARTH RCP 4.5 r1i1p1 1951 - 2100 
SMHI (CORDEX) RCA4 EC-EARTH RCP 8.5 r1i1p1 1951 - 2100 
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River temperatures corresponding to each of the future climate simulations were 
subsequently modelled by driving CEQUEAU with the meteorological data (daily 
minimum/maximum temperature, precipitation, wind speed, cloud cover, actual vapour 
pressure and incoming solar shortwave radiation) generated by each of the climate 
simulations. 
 

8.2 Method 

8.2.1 Simulation periods 
Water temperature corresponding to each of the 11 climate scenarios were simulated using 
CEQUEAU.  Temperature metrics were extracted for three time periods (2030-2034, 2070-
2074 and 2095-2099) to examine potential variability in river temperature produced under 
future climate change conditions.  All temperature metrics were compared to baseline data 
simulated under current conditions (see section 6) to contextualise the magnitude of any 
potential river temperature changes brought about by climate change. 
 

8.2.2 Computation of Mactaquac outflow discharges and temperatures associated with 
modification options  

In addition to the future meteorological data used to run CEQUEAU, it was also necessary to 
compute appropriate discharge and water temperature series in order to impose them at the 
model square equivalent to the location of the Mactaquac dam outflow (see section 2.6 and 4.4 
for further details).  Although this has already been accomplished for the baseline and 
drawdown scenario simulations (see sections 6.2 and 7.2), it was necessary to re-compute the 
outflow series in order to reflect values produced by the various dam modification options.  
This process is described below.   
 
Option 1:  Option 1 involves repowering the Mactaquac dam with a new powerhouse and 
spillway.  Although the configuration of the dam intakes will change slightly in relation to 
their current design, in the absence of more detailed information regarding the hydrodynamic 
behaviour of the headpond in relation to this modification, it was decided that future 
headpond outflow discharge corresponding to Option 1 was best represented by using data 
from historical Mactaquac outflow records. Historical outflow data from the period 1969-
2014 was inspected to determine the annual discharge series that was most representative of 
past outflows in terms of their magnitude and variance.  This was accomplished by computing 
the Q5, Q25, Q50, Q75 and Q95 values as well as the variance and Julian date of maximum 
peak flow for all Mactaquac outflow discharges between 1969 and 2015 and then for each 
year within this period.  Each year was subsequently ranked by the similarity between its 
annual metrics and those computed for the entire period.  The year which scored the highest 
combined rank (2007) was determined to be the most representative of past Mactaquac 
outflows, and was thus selected as the outflow discharge series to be used for Option 1.  In 
terms of temperature, although the change in configuration of intakes associated with Option 
1 (in comparison to the current location of the penstock) means that the exact depth from 
which water is drawn into the powerhouse (and hence, the temperature of the water) may 
change slightly, in the absence of more detailed information regarding the thermal behaviour 
of water masses within the headpond, it was decided that the sigmoid function used to predict 
existing Mactaquac outflow water temperatures (detailed in section 4.4) would also be used 
for the calculation of outflow water temperatures for the Option 1 scenario, given the good 
degree to which this function is able to predict outflow temperatures under the dam’s current 
configuration.  The sigmoid function was therefore applied to air temperature data from each 
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of the climate scenarios in order to compute the Mactaquac outflow temperature needed to 
run the downstream water temperature simulations.  
 
Option 2:  Option 2 involves maintaining the Mactaquac headpond with a new spillway, but 
with the demolition of the powerhouse.  Although the loss of the powerhouse is likely to affect 
outflow discharges on a sub-daily timescale (due to the cessation of electricity demand-driven 
turbine use), material differences in the daily mean outflow in relation to current discharge 
trends are unlikely to be substantial.  Outflow discharges were thus computed in the same 
manner as Option 1 (above).  With regards to outflow temperatures, the proposed schematic 
for the Option 2 Mactaquac dam/headpond modification indicates that water will be drawn 
from all depths between the surface (40.54 m OD) and 17.86 m depth (22.68 m OD).  This 
represents a notable change in originating depth for water contributing to the Mactaquac 
outflow and has the potential to impact the temperature of the outflow in the future.  The 
continued use of the sigmoid function defined in section 4.4 to model headpond outflow 
temperature was therefore not prudent.  In the absence of data pertaining to the precise 
thermal behaviour of the headpond outflow relating to the Option 2 modification, it was 
decided that the Option 2 outflow temperature was best modelled by fitting a new non-linear 
(sigmoid) function between air temperature (14-day moving average) and the mean water 
temperature at all headpond depths equivalent to the depth of the Option 2 headpond gate.  
Goodness of fit metrics show that this new function is able to predict headpond water 
temperature with a good degree of accuracy (R2 = 0.98, RMSE = 0.71 °C).  This function was 
thus used to compute outflow temperatures necessary to drive CEQUEAU in order to model 
river temperatures corresponding to Option 2. 
 
 
Option 3:  Option 3 encompasses draining the Mactaquac headpond and returning the Saint 
John River to a state approximating its pre-dam flow regime.  As such, any discharges and 
temperatures imposed in the CEQUEAU model at the current location of the Mactaquac dam 
must aim to reflect the more natural flow and temperature conditions that will occur 
following the river’s restoration.  Natural flows (ie. flows not modified by the presence of the 
dam) were therefore approximated by imposing historical values taken from the Mactaquac 
headpond inflow database held by NB Power.  This inflow data essentially approximates the 
discharge of the Saint John River at the location of the Mactaquac dam if the dam did not exist, 
and is thus well suited for modelling temperatures under Option 3.  Because the Mactaquac 
inflow database comprises many years of data, it was decided to use the data from 1970, the 
year determined to be most representative of the entire Mactaquac headpond inflow series 
between 1969 and 2014.  This was accomplished using the same analysis as that described for 
Option 1.  As with Options 1 and 2, it was also necessary to assign a temperature to the 
discharge data imposed at the present-day location of the Mactaquac dam.  However, because 
Option 3 involves the removal of the headpond and the return of the river to more a ‘normal’ 
thermal regime, it was not possible to calculate temperatures using the sigmoid function 
described in section 4.4.  Instead, ‘natural’ river temperatures were imposed at the upstream-
most model square were again computed with the Air2Stream model (Toffolon and 
Piccolroaz, 2015) using the method described in section 7.2.1.  These data were subsequently 
used to drive CEQUEAU for the simulation of downstream river temperatures corresponding 
to Option 3. 
 

8.2.3 Simulation location 
River temperature simulations corresponding to Options 1-3 under the 12 future climate 
scenarios were provided for the Saint John River immediately upstream of Fredericton in the 
partial square corresponding to the area upstream of the confluence with the Nashwaakis 
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Stream and downstream of Clements Island/Jewett Island.  See section 6.2.3 for explanation of 
the choice of this location. 
 

8.2.4 Temperature metrics 
A range of temperature metrics were extracted in order to describe future changes in the 
thermal regime of the Saint John River corresponding to the future climate change scenarios.  
These metrics (and references supporting their choice) are described in section 6.2.1. 
 

8.3 Results 
Detailed results of the future climate simulations and the raw series from which they are 
sourced are given in the Excel spreadsheets that accompany this document.  Raw temperature 
and discharge series for each future climate simulation for the entire period 2016-2100 are 
found in \3. Climate change scenarios\1. Raw simulated temperature and flow series\.  
Metrics computed from each of the datasets for each future climate period (2030-2034, 2070-
2074 and 2095-2100) and dam modification option are given in \3. Climate change 
scenarios\2. Metrics extracted from raw series.   
 
In the following sections, we discuss a selection of these metrics with a view to understanding 
how water temperatures corresponding to the various dam modification options will respond 
to future climate change.  Data used to generate the figures present in this section is 
summarised in the spreadsheets found in 3. Climate change scenarios\3. Summary of metrics 
for all climate scenarios. 
 

8.3.1 Annual and seasonal temperature metrics 
Synthesis of the climate simulations (Figure 8.2) indicates a general trend of increasing water 
temperature within the Saint John River between Clement Island/Jewett Island by the year 
2099.  However, results reveal subtle differences in projected temperatures depending upon 
the particular climate scenario and dam reconfiguration option.   
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Figure 8.2 Annual and seasonal temperature metrics associated with Options 1, 2 and 3 for future climate 
periods 2030-2034, 2070-2074 and 2095-2099.  Boxplots show range of variability yielded by different future 
climate scenarios.  Median value given by line, mean by circle.  Upper and lower limits of boxes show 25th and 
75th percentiles, whiskers show outliers within 1 IQR of mean. 

 
Option 1 
In terms of dam modification Option 1, mean temperature for the period 2030-2034 is 
predicted to be marginally lower (10.8 °C) than that yielded by the baseline temperature 
simulation (10.9 °C; section 6.3).  This difference is within the model calibration RMSE, and 
essentially indicates that any increase in mean annual temperature between the present and 
2030-2034 is likely to be negligible.  However, higher mean annual temperatures are 
predicted for the periods 2070-2074 and 2095-2099 (11.9° C and 12.8° C respectively), 
representing an increase in temperature of approximately 1 °C for each ~30 year period.  
Despite the fact that mean annual temperature is not projected to increase by 2030-2034, 
maximum water temperature metrics show a clear rise in comparison to the 2010-2014 
baseline (22.8 °C), rising to 24.2 °C by 2030-2034.  Further increases in annual maximum 
water temperature (to 25.3 °C and 26.4 °C for the periods 2070-2074 and 2095-2099 
respectively) demonstrate that annual maximum temperatures will increase at a greater rate 
than annual mean temperatures (Figure 8.2).  Minimum August/July temperatures are also 
predicted to increase towards 2099.  However, as with the annual mean temperature metrics 
for the 2030-2034 period, the minimum August/July temperature predicted for 2030-2034 is 
actually marginally lower than the baseline value of 20.1°C (see section 6.3).  However, higher 
minimum August/July temperatures (20.7 °C and 21.8 °C respectively) are predicted for the 
more distant simulation periods (2070-2074, 2095-2099).  Although standard deviation of 
annual temperatures does increase very slightly for each simulation period, the difference is 
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small (within the model calibration RMSE), and it is therefore likely that the daily range of 
temperature variability will stay relatively constant. 
 
Option 2 
Temperatures metrics simulated for dam modification Option 2 are very similar to those of 
Option 1, although marginally lower annual mean temperatures (≈ 0.1 °C lower) are predicted 
by all scenarios (Figure 8.2).  Taking the average of all climate scenarios, mean annual 
temperatures yielded for Option 2 are 10.7 °C, 11.8 °C and 12.7 °C respectively for 2030-2034, 
2070-2074 and 2095-2099.  Maximum temperature metrics follow similar trends (mean of 
23.9 °C, 25.0 °C and 26.1 °C for the three periods), corresponding to maximums approximately 
~0.3 °C lower than those yielded by Option 1.  Minimum July/August temperatures again 
show very similar trends to Option 1 (mean of 19.5 °C, 20.4 °C and 21.6 °C respectively). 
 
Option 3 
Temperatures yielded by dam modification Option 3 are more different to those of Options 1 
and 2.  Although the general trend of increasing temperature as a function of distance into the 
future is again present, the range of mean annual temperatures yielded by the different 
climate scenarios is much larger (Figure 8.2A).  Indeed, while the mean values predicted for 
the periods 2030-2034, 2070-2074 and 2095-2099 (10.3 °C, 11.2 °C and 12.1 °C respectively) 
are only marginally lower than those of Options 1 and 2, the range of variability for the three 
simulation periods (9.2 - 11.1 °C, 9.1 - 13.2 °C, and 9.2 - 14.6 °C respectively) is considerably 
larger.  This indicates that there is less agreement between the predictions yielded by the 
different climate simulations, and is presumably a reflection of the fact that returning the 
river to a more ‘normal’ hydrological regime will likely increase the variability of 
temperatures in the lower Saint John River.  Despite this increased amount of variability 
associated with the annual mean temperature metric, Figure 8.2 shows that inter-scenario 
variability in maximum temperatures is in fact similar to that of Options 1 and 2.  This 
indicates that the degree of certainty regarding annual maximum temperatures under the 
various future climate scenarios is higher than that of the annual means.  The mean annual 
maximum temperatures yielded by the various climate scenarios (23.7 °C, 24.9 °C and 26.1 °C 
for 2030-2034, 2070-2074 and 2095-2099 respectively) are in fact slightly lower than those 
of Options 1 and 2, indicating that lower summer temperatures may be expected in response 
to Option 3.  This is also supported by the lower July-August minimum temperatures 
predicted for Option 3 (19.3 °C, 20.3 °C and 21.5 °C respectively) in comparison to Options 1 
or 2. 
 

8.3.2 Degree days, timing of temperature events and threshold exceedances 
Similar future trends are also visible with regards to the annual number of degree days 
(Figure 8.3A) and the timing of the onset of annual temperature warming following (Figure 
8.3B). 
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Figure 8.3A Projected changes in annual number of degree days and B. date of annual warming onset associated 
with Options 1, 2 and 3 for future climate periods 2030-2034, 2070-2074 and 2095-2099. Boxplots show range 
of variability yielded by different future climate scenarios.  Median value given by line, mean by circle.  Upper 
and lower limits of boxes show 25th and 75th percentiles, whiskers show outliers within 1 IQR of mean. 

Similar to section 8.3.1, there is little difference between Options 1 and 2 in terms of mean 
annual degree days (3939.0, 4344.5 and 4678.6 vs. 3908.4, 4307.5 and 4633.8) projected for 
the periods 2030-2034, 2070-2074 and 2095-2099 respectively. This adds further credence 
to the suggestion that any temperature differences between the Options 1 and 2 are likely to 
be minor.  Option 3 is projected to yield lower numbers of degree days for each future climate 
period (3747.7, 4100.9 and 4402.6 respectively), indicating that the thermal regime of the 
Saint John River will be generally cooler (by approximately 200 degree days in comparison to 
Options 1 and 2) under Option 3.  However, as with the mean annual temperature metrics 
(section 8.3.1), the range of variability of degree day projections yielded by the various 
climate scenarios is greatly increased for Option 3 in relation to Options 1 and 2, highlighting 
the lower degree of certainty surrounding Option 3. 

In terms of the projected changes in the date of annual temperature onset (defined as the first 
day annual on which temperatures have risen for five consecutive days), Options 1 and 2 
again show almost identical trends (Figure 8.3B).  While the annual temperature warming 
onset for Options 1 and 2 is projected to occur on or around the 62nd day of the year (March 
3rd) in the period 2030-2034, the onset of sustained warming will occur approximately 15 
days earlier by 2070-2074 (47th day of the year; February 16th) and a further ~10 days earlier 
by 2095-2099 (37th day of the year; February 6th).  Projections for Option 3 indicate that 
although the warming onset will likely occur at a slightly later date in comparison to Options 2 
and 3, the trend of progressively earlier onset of annual temperature warming as a function of 
time into the future is still present (63rd, 52nd and 43rd days of year for the periods 2030-2034, 
2070-2074 and 2095-2099 respectively). 

The number of days on which river temperatures exceed a given threshold is also projected to 
increase under future climate scenarios for all dam modification options.  The baseline 
temperature data generated for 2010-2014 (section 6.3) show that only 1 day exceeded the 
23° C temperature threshold during the entire 5 year bassline period.  However, by 2030-
2034, this temperature threshold is expected to be exceeded much more frequently under all 
dam modification scenarios (Figure 8.4).  Option 1 is projected to yield the highest number of 
days per year on which river temperature will exceed 23 °C (13.3, 41.1 58.6 days respectively 
for 2030-2034, 2070-2074 and 2095-2099).  Although Options 2 and 3 display similar trends, 
the absolute count is generally lower than for Option 1 (8.7, 33.2 and 54.0 days per year for 
Option 2 and 7.5, 32.6 and 52.9 days per year for Option 3). 
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Figure 8.4 Projected changes in annual number of days on which temperature rises above A. 23 °C and B. 25°C.  
Boxplots show range of variability yielded by different future climate scenarios.  Median value given by line, 
mean by circle.  Upper and lower limits of boxes show 25th and 75th percentiles, whiskers show outliers within 1 
IQR of mean. 

Figure 8.4B also indicates that temperatures in the lower Saint John River will start to exceed 
even higher thresholds further into the future.  River temperatures are expected to start 
exceeding the 25 °C threshold during the period 2070-2074 for all dam modification options.  
Although the number of days upon which temperatures will exceed this threshold is initially 
low during 2070-2074 (6.4, 3.4 and 4.8 days respectively for Options 1, 2 and 3), exceedance 
of the 25 °C threshold will become a much more common occurrence by 2095-2099 under all 
dam modification Options (23.6, 16.3, and 19.1 days for Options 1, 2 and 3 respectively), with 
significant implications for the range of biota inhabiting the lower Saint John River.  
 

8.3.3 Ecologically-relevant temperature metrics 
Temperature metrics relating to the requirements of Atlantic salmon and Striped bass, two of 
the key species resident in the lower Saint John River basin can help to understand the 
potential ecological implications of the various dam modification options under future 
climatic conditions.  Metrics relating to the temperature requirements of Atlantic salmon 
indicate that the picture regarding changes to thermal habitats in the lower Saint John River is 
complex (Figure 8.5).  While all dam modification options highlight a trend towards a 
decreasing number of days spent within the optimal temperature zone for Atlantic salmon (8 
– 19 °C) as a function of distance into the future Figure 8.5A), Option 2 shows a higher number 
of days spent in the optimal temperature window (115.4, 110.7 and 106.0 days respectively 
for 2030-2034, 2070-2074 and 2095-2099) in comparison to Option 1 (112.9, 108.1 and 
103.6 days respectively) and Option 3 (110.8, 103.6 and 100.9 days).  All options compare 
unfavourably to current baseline conditions which suggest that between 2010 and 2014, an 
annual average of 124.6 days were within the optimal zone for the Atlantic salmon.  
Interestingly, while Figure 8.5 data indicates that Option 3 yields the lowest projections for 
time spend in the Atlantic salmon’s optimal temperature window, it also shows that Option 3 
yields the lowest number of days upon which temperatures exceed the upper critical 
threshold for the Atlantic salmon (Figure 8.5B).  Indeed, in terms of time spent above the 
upper critical threshold for Atlantic salmon, Option 1 yields the highest number of days (13.3, 
41.1 58.6 days per year respectively for 2030-2034, 2070-2074 and 2095-2099), followed by 
Options 2 and 3 (8.7, 33.2 and 54.0 days per year for Option 2 and 7.5, 32.6 and 52.9 days per 
year for Option 3).  This potentially counter intuitive result is again presumably a reflection of 
the fact that while temperature variability is more stable under Options 1 and 2 (resulting in 
the increased time spent within the optimal temperature zone), the incidence of extreme 
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temperature events is generally lower for Option 3, explaining the reduced amount of time 
during which temperatures exceed the upper critical threshold for Atlantic salmon.  
Nonetheless, all options indicate an increase in the number of days on which temperatures 
exceed the upper critical threshold for Atlantic salmon in comparison to the current baseline 
(section 6.3). 

 
Figure 8.5 Projected changes in annual number of days on which temperatures are A. within the optimal 
temperature zone for the Atlantic salmon (8 - 19 °C) and B exceed the upper critical limit (23 °C).  Note: This is 
not the same as the upper incipient lethal limit (~28 °C), above which salmon populations are likely to become 
extirpated.  Boxplots show range of variability yielded by different future climate scenarios.  Median value given 
by line, mean by circle.  Upper and lower limits of boxes show 25th and 75th percentiles, whiskers show outliers 
within 1 IQR of mean. 

The picture is equally complex with regards to temperature metrics relating to Striped bass.  
The ~16 °C spawning cue is projected to occur increasingly earlier in the year as a result of 
future climate change (Figure 8.6).  Options 1 and 2 show identical results, with the spawning 
threshold being reached by the 141st day of the year in 2030-2034 (May 21st), decreasing to 
the 136th day of the year in 2070-2074 (May 16th) and finally the 127th day of the year in 
2095-2099 (May 7th).  Compared to present-day baseline conditions (section 6.3), this 
represents a ~22 day advance in the occurrence of the 16 °C cue.  Projections for Option 3 
indicate that the cue is reached later in the year under all future climate periods (151st day, 
145th day and 140th day of the year for 2030-2034, 2070-2074 and 2095-2099 respectively), 
more closely reflecting the current situation.  However, the substantially higher range of 
variability yielded by the different climate scenarios highlights a lower degree of agreement 
between the different climate models, and indicates that that the 16°C cue might even occur 
later in the year than under current conditions. 

With regards to the number of days on which temperatures fall within the optimal zone for 
Striped bass (14 - 21° C; Figure 8.6), the picture is similar to that for Atlantic salmon.  Option 2 
yields the highest number of days on which temperatures are optimal (98.8, 91.3 and 89.3 
days respectively for 2030-2034, 2070-2074 and 2095-2099), followed by Option 3 (95.9, 
85.2 and 81.5 days respectively) and Option 1 (93.5, 86.9 and 85.3 days respectively).  In 
comparison, the baseline temperature data for (section 6.3) shows that an average of 96 days 
fell within the optimal zone for the striped bass between 2010-2014, suggesting that under 
Options 2 and 3, this metric may indeed increase towards 2030-2034 prior to falling 
decreasing further into the future. 
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Figure 8.6 Projected changes in temperature metrics relating to Striped bass under future climate scenarios and 
dam modification options.  A. Predicted date on which river temperature first reaches 16 °C, a commonly-cited 
spawning trigger for Striped bass. B Annual number of days on which temperatures are within the optimal 
temperature zone for the Striped bass (14 - 21 °C). 

 

8.4 Discussion 

8.4.1 Comparison between Options 1, 2 and 3 
From the water temperature metrics computed for the three dam modification options, it is 
clear that temperatures in the lower Saint John River will increase under future climate 
scenarios.  However, the magnitude of temperature increase will depend upon the chosen 
modification option.  Option 1 generally appears to yield the highest temperature projections 
of the three modification options, with the largest projected increase in mean and maximum 
temperatures in addition to the highest number of days upon which temperature exceeds key 
thresholds. 

Option 2 follows similar trends, but with marginally reduced temperatures in comparison to 
Option 1.  This is due to the fact the outflow temperatures for the Option 2 scenario were 
calculated by fitting a sigmoid function to the mean of all temperatures equivalent to the 
proposed depth of the Option 2 headpond gate.  However, this is likely to be an 
oversimplification of the true temperature regime of the Option 2 Mactaquac headpond 
outflow.  In reality, temperatures released from the Mactaquac headpond are likely to vary as 
a function of the opening and closing of the headpond gate.  If the gate is only opened by a 
small amount, outflow water temperatures will likely be cooler as water will be drawn from 
deeper in the headpond due to the gate opening in a bottom-upwards direction.  As the gate is 
opened further, outflow temperatures will increase; only when the gate is fully open will they 
likely reflect the temperatures predicted by the Option 2 sigmoid function; this means that 
future water temperatures corresponding to Option 2 may in fact be cooler than those 
projected here, and the data presented here represents a ‘warmest-case’ scenario.   

Option 3 yields a further reduction in temperature compared to Options 1 and 2 in terms of 
most of the metrics computed in section 8.3.  However, the range of variability in mean 
temperature and degree day metrics predicted by the various climate scenarios is greatly 
increased in comparison to Options 1 and 2.  This is presumably due to the fact that the 
presence of the Mactaquac dam and headpond under Options 1 and 2 acts to buffer 
temperatures, reducing temperature variability and dampening the occurrence of extreme 
high and low temperature events (see also section 6.4).  The removal of this buffer and the 
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return of the river to ‘natural’ flow conditions under Option 3 would likely result in increased 
temperature and flow variability within the lower Saint John River, explaining the observed 
results.  However, it is also necessary to note that this increase in variability compared to 
Options 1 and 2 is due at least in part to the methods used to compute outflow temperatures 
(sigmoid function) for Options 1 and 2 vs. the Air2Stream model used to generate ‘natural’ 
river temperatures under Option 3 (see 8.4.3 for further discussion). 
 

8.4.2 Implications for biota 
Metrics corresponding to the thermal habitat requirements of Atlantic salmon and Striped 
bass are provided largely with a view to placing the future temperature changes in an 
ecological context.  Furthermore, given the current uncertainty regarding the exact thresholds 
that constitute ‘optimal’ and ‘critical’ temperatures for Atlantic salmon and Striped bass (eg. 
(Ficke et al., 2007) or cues to spawn, the results documented in section 8.3.3 should not be 
considered definitive.  Additionally, calculations using simulated data here only focus on two 
species. While these fish can be considered ‘keystone’ species within the Saint John River 
basin, it will also be necessary to examine thermal indices for other aquatic organisms 
resident in the system (eg. Shortnose sturgeon, American eel) using the raw temperature 
series provided in the accompanying Excel spreadsheets (see folder: 3. Climate change 
scenarios\1. Raw simulated temperature and flow series) once appropriate temperature 
metrics have been defined for other species. 

Results of the climate simulations highlight the potential effects of future climate changes on 
the thermal habitat availability for Atlantic salmon and Striped bass.  In terms of Atlantic 
salmon, a potentially troubling picture is presented under future climate change conditions, 
regardless of the dam modification option.  Indeed, all modification options suggest a 
reduction in the number of days during which temperatures are optimal and a substantial 
increase in the amount of time during which temperatures exceed the upper critical limit (23 
°C) for Atlantic salmon.  Although this is particularly pronounced during the 2095-2099 
simulation period, even the 2030-2034 simulation yielded a significant increase in the 
number of days during which temperatures exceed the upper critical threshold in comparison 
to current baseline conditions.  Interestingly, Option 2 appeared to generate optimal results in 
comparison to Options 1 and 3 in terms of the smallest reduction in the number of optimal-
temperature days.  While Option 3 performed slightly better in terms of the critical 
temperature exceedance threshold, results were not significantly different to Option 2.  
However, the good performance of Option 2 likely reflects the assumptions made regarding 
the headpond outflow temperature (see 8.4.1), which may in reality be more variable then 
suggested here.  Nevertheless, results of all climate simulations suggest that the thermal 
regime of the lower Saint John River will become increasingly limiting to Atlantic salmon, 
increasing the future incidence of heat stress events and potentially leading to future 
population decline. 

In terms of Striped bass, while the 16 °C spawning cue is predicted to occur earlier in the year 
under Options 1 and 2 in comparison to the 2010-2014 baseline, the restoration of the river 
to natural conditions (Option 3) may actually maintain the cue close to current baseline 
conditions.  Although the native Saint John River striped bass population was extirpated in the 
late 1970s, the system is currently frequented by migrant fish from other locations in the Gulf 
of Maine.  The presence of these individuals may potentially allow for population recovery 
should dam modification Option 3 be chosen.  Given that the timing of the 16 °C cue under 
Option 3 for the period 2030-2034 (151st day of year) closely approximates that simulated for 
the pre-extirpation period (mean of 150th day of year for period 1969-1978; see \1. Baseline 
temperature simulation\baseline_metrics_1969-2014.xlsx), this indicates that the occurrence 
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of the 16 °C spawning cue will likely return to that of pre-extirpation levels should the river be 
restored to pre-dam conditions.  However, this only represents one facet of the necessary 
requirements for population reestablishment, and successful Striped bass spawning will 
inevitably depend on a much greater range of parameters than temperature alone.  Despite 
these potentially promising results with regards to Option 3, results show that the annual 
number of days on which river temperature is within the preferred limits for the Striped bass 
will actually decrease the most under Option 3 (in comparison to Options 1 and 2).  However, 
because Striped bass are less temperature intolerant than other species (salmonids, for 
example), and are capable of surviving a wider range of temperatures, this is less likely to 
represent a limiting factor for their reestablishment within the lower Saint John River. 
 

8.4.3 Limitations and sources of error 
It is important to be aware of the methodological limitations and potential sources of error 
inherent in the modelling approaches used to simulate the temperature data detailed here.  
Although many of the limitations discussed in section 7.4.3 also apply here, it is necessary to 
reflect upon sources of error more specific to the future water temperature simulations.  
Aside from the obvious uncertainty regarding future climate model predictions (addressed in 
more detail in OURANOS REPORT), further error is also generated by the CEQUEAU model 
itself.  Indeed, one key source of error arises from the relatively limited number of water 
temperature observations that were available for model calibration.  Because longer 
temperature series for the Saint John River do not exist, it was necessary to calibrate 
CEQUEAU on a relatively small number of temperature observations (252 days for calibration, 
129 for validation).  Although the resulting model calibration/validation RMSE was 
reasonable (RMSE = 0.74 °C for predictions around Fredericton; section 5.3), uncertainty 
remains concerning how the model will perform against longer multi-year temperature 
series.  Because short time series such as those used for model calibration do not capture 
temperature variability over a longer term period (ie. several years), it is difficult to 
determine whether, when supplied with meteorological data outside of that used for model 
calibration/validation, the model yields realistic water temperature predictions.  The 
continued acquisition of water temperature data for the Saint John River is therefore 
recommended with a view to improving model calibration in the future. 

In addition to error associated with the CEQUEAU model itself, the sigmoid functions used to 
compute the temperature of the Mactaquac headpond outflow for Options 1 and 2 are also 
subject to further error (RMSE = 0.64 °C and 0.71 °C for Options 1 and 2 respectively).  This 
error results in part from the use of the 14-day moving average of mean air temperature to 
predict headpond water temperatures.  While the use of this 14-day smoothing filter was 
necessary in order to establish a reasonable R2 for the sigmoid function, it has the effect of 
dampening variability in the headpond outflow temperature series for Options 1 and 2.  This 
means that extreme temperature events are likely to be missed in the model simulations and 
as such, the model results likely underrepresent ‘real’ natural temperature variability.  Option 
3 is likely subject to a similar error.  ‘Natural’ stream temperatures were imposed at the 
location of the current Mactaquac dam outflow by using the using the Air2Stream model to 
generate a temperature series based on observations from a location upstream of the 
headpond.  Although this means that water temperatures under Option 3 are more likely to 
capture ‘natural’ variability than Options 1 and 2, a comparison of the observed vs. predicted 
data from the Air2Stream model calibration reveals that extreme values are still 
underrepresented in the modelled outputs (Figure 8.7).  
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Figure 8.7 Observed vs Air2Stream simulated river temperatures showing how daily variability (especially 
magnitude of temperature peaks/troughs) is underrepresented by the Air2Stream simulation 

Furthermore, similar to the water temperature data used to calibrate CEQUEAU itself, the 
temperature series used to calibrate the Air2Stream model was relatively short, and the use of 
longer time series (when they become available) will likely improve any future model 
predictions.  It is therefore important to be aware that any use of the future climate 
predictions detailed in this report is accompanied by a firm grasp of the limitations of the 
various methodologies.   

Another limitation inherent in the future climate simulations concerns the use of historical 
hydrometric data to represent the Mactaquac dam outflow.  Although efforts were made to 
ensure that the chosen discharge series imposed at the model square corresponding to the 
Mactaquac dam outflow was representative of past discharges (section 8.2.2), it is likely that 
the flow regime of Saint John River will change under future climate conditions.  Thus, the 
outflow discharges used to run the model may not necessarily represent those that will occur 
under future climate conditions.  Although this has implications for the quality of the 
temperature predictions, knowledge concerning how the outflow regime of the Mactaquac 
dam may be altered in the future is currently lacking, meaning that this represents a 
fundamental limitation of the current model.  Furthermore, it is also necessary to note 
because CEQUEAU is currently being driven using a combination of historical Mactaquac 
outflow data and future climate change simulations, that the high and low discharge events 
within the imposed Mactaquac outflow series will not correspond to the timing of 
precipitation/high temperature events in the future climate change time series.  This 
limitation may result in a reduction in the magnitude of extreme temperature events in the 
model outputs due to the way in which the CEQUEAU water temperature model functions.  
Such limitations would be reduced were it possible to incorporate the upstream section of the 
Saint John River watershed into the existing CEQUEAU model and use it to drive the Delft 
hydrodynamic model (MAES project component 1B.1.4) to create true climate-change 
impacted outflows.  However, such an eventuality would require significant further model 
development. 
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9 Conclusions and future work 
The water temperature simulations presented here provide an insight into the thermal 
regime of the Saint John River in terms of historical temperatures, the potential drawdown of 
the Mactaquac headpond, and its response to future climate change.  From these data, it is 
possible to build a picture of how the lower Saint John River has responded to past 
meteorological events and how it is likely to behave in the future.  Although the data 
presented within this report only refer to temperature patterns at a single point within the 
Saint John River, the CEQUEAU model for the lower Saint John River watershed is much more 
versatile, and has the potential to provide flow and temperature metrics at discrete locations 
throughout the system.  Such information could be particularly useful for highlighting the role 
of temperature in driving trends in behaviour and distribution of aquatic organisms in the 
past, and the ability to hindcast flows and temperatures for previously ungauged locations is 
of substantial potential with regards to exploring patterns in historical ecological data.  In 
addition, the CEQUEAU model developed here has significant potential to act as a forecasting 
tool for calculating flows and temperatures at locations within the lower Saint John 
Watershed where such data is currently sparse.  This ability could offer great potential with 
regards to predicting the occurrence of low-flow or high temperature events and their 
impacts on aquatic organisms, but could also be of benefit with regards to the prediction of 
high flow events in order to minimise their impacts on urban infrastructure.   

Because of this, the continued development and optimisation of the CEQUEAU model for the 
Saint John River would offer a range of advantages.  Indeed, there are a several ways in which 
the CEQUEAU model presented here could be improved given further model development.  
First, model resolution could be increased by decreasing the size of the ERAs (whole squares) 
from 25 km2 to 6.25 km2.  Although this will require recomputation of the model’s 
physiography and flow routing data, the potential increase in resolution will allow for better 
simulation of flow and water temperatures within the tributaries of the St John River 
watershed, while also yielding simulations at finer scale.  The higher resolution of the model 
will mean that it should be possible to produce more accurate discharge/temperature 
simulations on smaller order watercourses.  Preliminary work regarding this improvement 
has been carried out, and an increase in model resolution of the order suggested appears 
feasible.  However, any such resolution increase is accompanied by a number of tradeoffs, and 
the increased runtime and computing power requirements for the simulation of data using 
such a high resolution model will require consideration.  Second, future model development 
should focus on extending the current model so that the upstream portion of the Saint John 
River watershed is also incorporated.  Although current indications are that the lack of a 
working outflow – volume relationship for the Mactaquac dam limits our ability to include the 
upstream portion of the watershed within a single model, it may indeed be possible to ‘chain’ 
a series of models that cover each section of the watershed covered by an impoundment (eg. 
Beechwood, Grand Falls, Tobique etc).  This would potentially allow us to simulate historical 
and future flows throughout the watershed, and allow us to conduct more detailed analysis on 
the impact of dams on the Saint John River by ‘removing’ dams from the watershed, yielding 
historical and future data for ‘natural flow’ scenarios.  However, this will require a number of 
substantial modifications to the existing model, including the extraction of physiographic and 
meteorological data for the entire watershed, as well as the associated changes in model 
resolution necessitated by running CEQUEAU on such a large area. 

In addition to these future model developments, further improvements to the model should 
aim to optimise the current model by using longer time series for model calibration.  This is 
particularly relevant to the water temperature component of CEQUEAU, whereby relatively 
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short time series were used for model calibration due to the lack of any longer temperature 
records.  The continued collection of river temperature data at a range of sites within the Saint 
John River is therefore advocated with a view to improving the current model and allowing 
for more accurate predictions of water temperature, particularly in response to extreme 
meteorological events.  Such data would not only be useful in gaining an increased insight into 
the thermal regime of the Saint John River, but would also enhance CEQUEAU’s temperature 
simulations, improving model error and reducing uncertainty. 
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