Journal of Water Resource and Protection, 2015, 7, 322-338 ‘Q:Q Scientific
Published Online March 2015 in SciRes. http://www.scirp.org/journal/jwarp ":Q’ gﬁzﬁg;ﬁng
http://dx.doi.org/10.4236/jwarp.2015.74026 ¢

Predicting Hourly Stream Temperatures
Using the Equilibrium Temperature Model

Cindie Hébert?, Daniel Caissie?*, Mysore G. Satish!, Nassir El-Jabi3

'Faculty of Engineering, Dalhousie University, Halifax, Canada

’Fisheries and Oceans, Moncton, Canada

3Faculty of Engineering, Université de Moncton, Moncton, Canada

Email: cindie.hebert@umoncton.ca, *danieI.caissie@dfo-mpo.gc.ca, mysore.satish@dal.ca,
nassir.el-jabi@umoncton.ca

Received 24 February 2015; accepted 12 March 2015; published 13 March 2015

Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Water temperature is a key physical habitat determinant in lotic ecosystems as it influences many
physical, chemical and biological properties of rivers. Hence, a good understanding of the thermal
regime of rivers is essential for effective management of water and fisheries resources. This study
deals with the modeling of hourly stream water temperature using the equilibrium temperature
model. This water temperature model was applied on two thermally different watercourses, namely,
the Little Southwest Miramichi River (LSWM) and Catamaran Brook (CatBk; New Brunswick). The
equilibrium temperature model is a simplified version of a deterministic model. As such, in the
equilibrium temperature model the total heat flux at the surface is assumed proportional to the
difference between the water temperature and an equilibrium temperature. In the present study,
the equilibrium temperature was assumed to vary linearly with hourly air temperature. This study
showed that there was a good relationship between the equilibrium and air temperature at the
hourly time scale. The root-mean-square error (RMSE) obtained with the hourly equilibrium tem-
perature model was similar to results reported in previous studies with values of 1.05°C (CatBKk)
and 1.36°C (LSWM). The model’s performance was best in late summer and autumn when water
levels were low. In contrast, the presence of snowmelt in the spring resulted in poorer performances.
This study also showed good results in estimating the daily mean (Tmeqn) and maximum (Tpqx) wa-
ter temperatures from the predicted hourly water temperatures, which were often required in fi-
shery management.
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1. Introduction

Water temperature has both economic and ecological significance when considering issues such as water quality
and biotic conditions in rivers [1]. For example, fish habitat suitability is highly dependent on stream water
temperatures. The thermal regime of rivers is influenced by many factors such as atmospheric conditions, topo-
graphy, riparian vegetation, stream discharge and streambed thermal fluxes [1] [2]. It is therefore important to
use adequate water temperature models to effectively predict water temperature variability. Hourly water tem-
peratures provide a better understanding of diel variability, including maximum and minimum water tempera-
tures, which are very important for aquatic habitat and fisheries management [3].

Stream water temperatures have been studied for many years (e.g., [4] [5]) and studies have shown that water
temperature controls the rate of decomposition of organic matter, dissolved oxygen content and chemical reac-
tions in general. Stream water temperature can also affect recreational activities such as swimming and fishing.
Some studies have mainly focused on the impact of forest harvesting on water temperature while others have
focused on fish habitat related issues. For example, studies have found that stream water temperature dynamics
can influence many fish habitat conditions including the growth rate of fishes, aquatic invertebrates and others
[6] [7]. Stream temperature has also been monitored in order to evaluate the impact of human activities due to
urbanization [8], thermal pollution [9], etc. Understanding the thermal regime of rivers in forested ecosystems
has played an important role in the development of water temperature models, as valuable information has been
learned from heat exchange processes [10]. However, increased interest in river temperature has also been noted
recently due the potential effects of climate change [11] [12].

Water temperatures models can be classified into two groups: deterministic and statistical models [1]. The
statistical approach predicts water temperatures by relating water temperatures to relevant meteorological para-
meters (usually air temperature). Deterministic models consider the cause and effect relations between meteoro-
logical parameters and stream temperature [4] [13]. Deterministic models can be complex if all heat fluxes are
considered. This modeling approach requires many meteorological and hydrological data that are not always
easily monitored, accessible or available. The equilibrium temperature model can be an alternative to statistical
and deterministic models. This approach was first developed to simplify the expression of the total heat flux [ 14].
As such, the total heat flux at the surface is assumed proportional to the difference between the water tempera-
ture and an equilibrium temperature 7, [15]. Many studies have used the concept of the equilibrium temperature
to estimate stream temperatures [15]-[19].

Caissie et al. [15] developed an equilibrium temperature model for the prediction of daily stream water tem-
peratures in selected rivers within the Miramichi River catchment (New Brunswick, Canada). They expressed
the total heat flux as a function of water temperature and the equilibrium temperature. A linear relationship be-
tween the equilibrium temperature and daily mean air temperature was assumed. This approach will also be used
in the present study, but at hourly time scale. In fact, few studies have predicted hourly stream temperatures us-
ing stochastic and equilibrium temperature models, as most have focused on daily mean water temperatures [19]
[20]. Hourly water temperatures are very important for fishery management as they provide information on daily
minimum and maximum water temperatures. These daily extremes are sometimes useful to assess the stress and
recovery periods of aquatic resources, particularly salmonids, during high temperature events [3].

Therefore, the goal of the present study was to adapt the equilibrium temperature concept to estimate hourly
stream temperature and apply this model to two thermally different watercourses within the Miramichi River.
The specific objectives were 1) to apply an equilibrium temperature model at the hourly time scale, 2) to apply
the model on two thermally different watercourses, 3) to perform a seasonal analysis (i.e. spring, summer and
autumn) to compare the performance of the model under different meteorological and hydrological conditions,
and 4) to calculate the daily mean and maximum water temperatures from the predicted hourly water tempera-
tures.

2. Methodology
2.1. Equilibrium Temperature Model

Deterministic models consider relevant energy components of the total heat flux at the water surface interface
(net shortwave radiation, net long wave radiation, convection, evaporation) as well as the streambed heat flux to
predict stream water temperatures [20]-[23]. In the application of the equilibrium temperature model of the present

(=)



C. Hébert et al.

study, we assumed that the streambed heat flux was secondary to surface heat fluxes, and therefore the streambed
heat flux was neglected to keep the model simple.

In the equilibrium temperature model, the exchange of heat flux between the atmosphere and the river is as-
sumed to be proportional to the difference between the water temperature and an equilibrium temperature 7.
The development of this model is provided in previous studies (e.g., [14] [15]). The equilibrium temperature
represents the water temperature at which the total heat flux at the surface of the river is zero.

Studies have shown that good relationships exist between air and equilibrium temperatures [ 16] and therefore,
T, can be expressed as a linear function of air temperature [15] [19]. The equation of thermal energy, for well-
mixed rivers and assuming no longitudinal variation of water temperature, is expressed as follows [15] [19]:

ar, H, K(T,-T,) K
Zw = = ol ,+p5)-T, (1
dt  cpy cpy cpy(( )=1.)

where T, represents the water temperature (°C), ¢ is the time (hour), H, is the total heat flux per area at the sur-
face-water interface (W m ), ¢ is the specific heat of water (4.19 x 107 MJ kg "°C™"), p is the water density
(1000 kg m™), y is the mean water depth (m), K represents the thermal exchange coefficient (W m >°C™"), T, is
the equilibrium temperature (°C), a and S are the linear regression coefficients relating air to the equilibrium
temperature, and 7, is the air temperature (°C).

2.2. Water Temperature Model

The equilibrium temperature model in the present study will be applied at an hourly time scale during open wa-
ter conditions, Z.e. from 15 April to 31 October for years 1998 to 2007. The open water period was selected
based on historical data showing no ice cover. The study was divided into two periods: calibration (1998-2002)
and validation (2003-2007). During the calibration period, water temperatures (7,,), air temperatures (7,), and
water level (y) were used to calibrate the model, i.e. calculation of coefficients o and f as well as the thermal
exchange coefficient (K). The calibration was done by minimizing the sum of square differences between ob-
served and predicted water temperatures. In order to keep the model simple, the coefficients of linear regression
(a and p) and the thermal exchange coefficient (K) were considered constant for each river and for all years, as
in previous studies [15] [19]. The validation period (years 2003-2007) was then used to test the model, using the
parameters (a, f, and K) previously calculated during the calibration period. The prediction of water tempera-
tures in this study used the equilibrium temperature model in a two-step process. The first step consisted in pre-
dicting the daily water temperatures from equilibrium temperature model using daily air temperatures. Then the
second step consisted in predicting hourly water temperatures using hourly air temperatures. During the calibra-
tion, observed daily water temperatures were used to predict hourly water temperatures; however during the va-
lidation, the simulated daily mean water temperatures were used in the modeling.

A seasonal analysis was also performed to examine the performance of the model under different hydrome-
torological conditions. Three seasons were selected (spring, summer and autumn). Spring was between 15 April
and 20 June (days 105 - 171), summer between 21 June and 2September (days 172 - 263) and autumn between
22 September and 31 October (days 264 - 305).

2.3. Study Area

The equilibrium temperature model was applied on two watercourses (Catamaran Brook and Little Southwest
Miramichi River) of different sizes within a same hydrometeorological region. The two study sites are located
on the river Miramichi system (New Brunswick, Canada), which is world renowned for its population of Atlan-
tic salmon (Figure 1). This river receives an annual precipitation ranging from 860 mm to 1365 mm, with a
long-term average of 1142 mm [24]. Mean monthly air temperature varies between —11.8°C (January) and
18.8°C (July). The mean annual runoff was estimated at 714 mm, ranging from 631 mm to 763 mm. The vegeta-
tion consisted mainly of second-growth, mature forest species estimated at 65% coniferous and 35% deciduous
[25].

The first study site is located on the Little Southwest Miramichi River (LSWM) at approximately 25 km from
the river mouth, and just above the confluence of Catamaran Brook (Figure 1). The drainage area of this basin is
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Figure 1. Map showing the location of the water temperature sites (Catamaran Brook and Little
Southwest Miramichi River) and the location of the meteorological station.

1190 km®. The LSWM has a river width of approximately 80 m, with a depth of 0.52 m on average during mean
flow conditions. No lateral variation of water temperatures was observed due to the well-mixed nature of the
river [20]. The forest along the LSWM is mainly composed of 70% hardwood, with presence of 30% softwood.
The canopy closure was less than 20%. The second study site is located on Catamaran Brook (CatBk) approx-
imately 8 km upstream of the mouth (Figure 1). This site is part of a 15-year multidisciplinary hydrobiological
research study aimed at quantifying stream ecosystem processes and the impact of timber harvesting [25]. Cat-
amaran Brook has a drainage area of 27 km” at the study site, an average stream width of 9 m and a depth of
0.16 m. Catamaran Brook is well-mixed due to high turbulence, similar to LSWM, but the brook is more shel-
tered by streamside vegetation and upland slopes. The canopy closure for Catamaran was estimated at 55% - 65%
with a forest composition of 60% hardwood and 40% softwood. Site characteristics for both studied water-
courses are presented in Table 1.

2.4. Data Collection

Water temperature and meteorological data for the equilibrium temperature models were collected for the period
of 15 April (day 105) to October 31 (day 304) and for years 1998 to 2007 at both CatBk and LSWM. This pe-
riod corresponded to the period of the year without ice cover, i.e. open water condition. Some years had missing
data for a few days and these days were not included in the modeling. Data were separated into two samples: ca-
libration data (1998-2002) and validation data (2003-2007). Meteorological data, for both study watercourses,
were collected hourly at the meteorological station located at mid-basin on the CatBk (Figure 1). The meteoro-
logical station represents a land-based meteorological station, but was less than 1 km from the CatBk water tem-
perature site and less than 8 km from the LSWM site. Meteorological conditions from the Catamaran Brook me-
teorological station were representative of those experienced within the two watercourses.

At the Catamaran Brook meteorological station, air temperature and relative humidity were measured 2 m
above the ground using a Vaisala Relative Humidity and Temperature sensor. A RM young wind monitoring
sensor monitored wind speed and direction at a height of 10 m. Incoming solar radiation was measured using a
Kipp and Zonen Silicon Pyranometer. Water temperature was measured with a 107B Water Temperature Probe
(Campbell Scientific Corps.) for both CatBk and LSWM. All sensors were scanned every 5 seconds by a CR10
datalogger and hourly averages were then calculated. Daily discharge was obtained from Environment Canada’s
hydrometric station (01BP001 for LSWM and 01BP002 for CatBk) on both river systems. The mean daily water
depth was obtained from discharge and a power function as described in Caissie et al. [20].
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Table 1. Study site characteristics for Catamaran Brook and Little Southwest Miramichi River.

. Drainage Width Canopy Forest
BRI area (km®) (m) Depth (m) closure (%) composition (%)
Hardwood Softwood
Little Southwest Miramichi River 1190 80 0.52 20 70 30
Catamaran Brook 27 9 0.16 55-65 60 40

2.5. Modeling Performance Criteria

To compare modeling performances of different years and study period (calibration/validation) three criteria
were used: the root-mean-square error (RMSE), the coefficient of determination (R?), and the bias (Bias). They
were selected because they are often used in modeling studies and results from these performance criteria were
also available for other water temperature models at CatBk and LSWM. The root-mean-square error (RMSE)
represents the mean errors associated with the model. It was calculated using the following equation:

N 2

Z(Tw (O)i -T, (P)i)
RMSE =4{[= 2)
N
Where N is the number of hourly water temperature observations, 7,,(O) is the observed hourly water tempera-
ture and T,,(P) is the predicted hourly water temperature.
The coefficient of determination (R’) represents the percentage of variability that can be explained by the
model. It was calculated with the following formula:

- 2

Ny nOne) (3 ne) | X ne))
v riob-(3nion| (vt (5]

R? =

3

The bias is an indication of the overestimation or underestimation of the water temperature model and represents
the mean of errors calculated with the following equation:

Bias = %Z’i (T,(P)-1,(0)) 4)

3. Results

Before applying the equilibrium temperature model, the relationship between the air temperature and the equili-
brium temperature was investigated. This was done by back calculating the total heat flux at the surface from ob-
served water temperature variability. Results are shown in Figure 2 for both Catamaran Brook (CatBk) and Little
Southwest Miramichi River (LSWM) using the 1998 data. A similar relationship was observed between air tem-
perature and the equilibrium temperature at both sites. In CatBk, 63% of the variability of the hourly equilibrium
temperature was explained by hourly air temperature (linear relation) whereas 73% of the variability was ex-
plained for LSWM. Given these good relationships between 7, and T, the equilibrium temperature model was
then applied to predict hourly water temperatures in a two-step process. The daily mean temperatures were pre-
dicted initially and then hourly temperatures were predicted. The equilibrium temperature was expressed as a
function of air temperature, as presented in Equation (1). The coefficients a and S were obtained by optimizing
the minimum sum of squared differences between the hourly predicted and observed water temperatures for the
calibration years (1998-2002). The linear regression coefficient o was calculated at 0.43°C for CatBk and a slightly
higher value was obtained for LSWM (0.54°C). The linear regression coefficient § was 0°C for both studied wa-
tercourses. A constant thermal exchange (K) was calculated with a value of 16.5 W m 2 °C " at CatBk and of 72.0
W m 2 °C " at LSWM. These parameters were then used to estimate hourly water temperatures using Equation
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Figure 2. Relationship between observed equilibrium temperature (7,) and the air temperature (7,) at Catamaran Brook and
Little Southwest Miramichi.

(1) during the validation period (years 2003-2007).

Figures 3-6 show predicted vs. observed water temperatures for each years at both CatBk and LSWM. Some
years had days without data due to equipment malfunctions and were not included in the modeling. Figure 3
shows the calibration years at CatBk whereas Figure 4 shows the validation years. Results showed generally
good agreement between predicted and observed water temperatures. However, a slight overestimation was ob-
served at times during the spring (e.g., 2001, 2003 and 2007) and an underestimation was observed in summer
(e.g., 2006) and in autumn (e.g., 2006). During some days, predicted water temperatures did not capture well the
diel variation, as the equilibrium temperature model showed less diel variations than actual observed stream tem-
peratures variations (e.g., day 170-185, 1999).

Results were similar for LSWM (Figure 5 and Figure 6). Spring water temperatures were also slightly overes-
timated in 2003 and 2005, similar to CatBk. Also, an important overestimation was also observed in LSWM in
early summer 2006 (between day 130 and 165). In contrast, good agreement between predicted and observed tem-
peratures was observed in late autumn at LSWM (unlike CatBk).

Table 2 shows the model performance of the equilibrium temperature model for the calibration years, the va-
lidation years, for each year and for all years. The model performance at CatBk was good during the calibration
years (RMSE = 0.65°C, R’ = 0.985 and Bias = 0.00°C). The validation years still performed well with a RMSE of
1.35°C, a R’ 0f 0.938 and a Bias of —0.47°C. The overall performance of the model was good (RMSE = 1.05°C, R’
=0.961 and Bias =—0.23°C).

At LSWM, the calibration years showed equally good performance (RMSE = 0.65°C, R’ = 0.990 and Bias =
0.00°C). The validation years at LSWM showed a poorer performance than the calibration period and poorer than
CatBk, with a RMSE of 1.82°C, a R of 0.911 and a Bias of —0.13°C. Overall, the LSWM showed a poorer per-
formance (than CatBk) with an overall (all years) RMSE of 1.36°C a R’ of 0.954 and a Bias of —0.06°C.

A seasonal analysis was also performed to examine the performance of the model under different hydrome-
teorological conditions. Three seasons were selected (spring, summer and autumn), as defined previously. On a
seasonal basis, the poorest performance of the model was in spring for both watercourses, except during the cali-
bration years at LSWM, where the model performed similarly to other seasons. The spring performance at CatB-
kand LSWM during the validation showed RMSE of 1.66°C (CatBk) and 1.98°C (LSWM), which were more than
double the values observed during the calibration. At CatBk, the best performances during the validation period
was in summer (RMSE = 1.14°C; R’ = 0.866; Bias = —0.53°C). During the validation period, LSWM showed its
best performance in autumn (RMSE = 1.45°C; R’ = 0.864; Bias = —0.04°C). At LSWM, the best overall (all years)
performance was in autumn (RMSE = 1.05°C) whereas the best overall performance in CatBk was in summer
(RMSE = 0.90°C) and autumn (RMSE = 0.97°C).

Four different time periods of 7 days were selected over the entire study period (1998-2007) to compare be-
tween observed (7,,(0)) and predicted (7,,(P)) hourly water temperatures as a function of air temperature (7).
They were selected to examine in more details the performance of the equilibrium temperature model under dif-
ferent meteorological and hydrological conditions. The selection of periods was made to include two calibration
periods and two validation periods over the three seasons: spring, summer and autumn (Table 3). Results are
presented in Figure 7. The two calibration periods consisted of 1) days in summer of 1998 (days 221 - 227) where

()
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Figure 3. Observed water temperatures (7,,(0)) and predicted water temperatures (7,,(P))
obtained from the equilibrium temperature model at Catamaran Brook (calibration period).

a significant change in temperature was observed and 2) days in spring 1999 (days 132 - 138) where water tem-
peratures increased rapidly. The two validation periods included 1) a period in autumn 2006 (days 292 - 298) to
reflect autumn conditions and 2) days in summer 2007, to study the model under high water temperature condi-

tions (days 203 - 209).

In the first detailed period (calibration—1998; Figure 7(a) and Figure 7(b)), hourly air temperatures de-
creased rapidly from 31.7°C to 4.6°C at both CatBk and LSWM over a 5-day period. Predicted water tempera-
tures for both watercourses effectively followed observed water temperatures, especially during days of rapid de-
crease in air and water temperatures. For the period during spring 1999 (Figure 7(c) and Figure 7(d)), air tem-
peratures varied between —3.5°C and 26.4°C. Observed water temperatures varied similarly at both streams (4.7°C
to 18.2°C). Predicted water temperatures at CatBk showed a general increasing trend; however the model was not
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Figure 4. Observed water temperatures (7,,(0)) and predicted water temperatures (7,,(P))
obtained from the equilibrium temperature model at Catamaran Brook (validation period).

able to fully capture the diel variability in observed water temperatures. In contrast, the model was better able to
capture the diel variability of water temperatures at LSWM during the same period. Predicted water temperatures
varied from 5.3°C to 14.0°C at CatBk, and were higher at LSWM, varying between 5.4°C and 16.9°C. Air and
water temperatures were low during the period of autumn 2006 (Figure 7(e) and Figure 7(f)). Air temperatures
were higher in the first 3 days, and decreased slightly afterwards (2.4°C to 12.0°C). Water temperatures did not
show much diel variability during those days. In fact, water temperatures slightly varied between 4.6°C and 6.5°C
at both CatBk and LSWM. Predicted water temperatures at CatBk did not truly represent observed water temper-
atures, with values ranging between 4.4°C and 6.3°C. At LSWM, predicted water temperatures showed a better
agreement with observed water temperatures, between 5.8°C and 8.9°C. The period during the summer 2007 in-
cluded warm air and water temperatures (Figure 7(g) and Figure 7(h)). In fact, air temperatures increased from
6.9°C to reach 31.6°C towards the end of the period. Observed water temperatures at CatBk (13.6°C to 22.4°C)
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Figure 5. Observed water temperatures (7,,(0)) and predicted water temperatures (7.,(P))
obtained from the equilibrium temperature model at Little Southwest Miramichi River (cali-
bration period).

varied similarly as in LSWM (16.8°C to 28.9°C). Predicted water temperatures showed a general increasing trend;
however, the diel variability was not well captured by the model. Water temperatures varied between 13.3°C and
20.6°C at CatBk, and between 16.4°C and 27.1°C at LSWM.

4. Discussion

Deterministic models have been shown to be an effective tool in predicting stream water temperatures [20] [22],
but require a lot of input data. An equilibrium temperature model was developed to predict hourly water tempera-
tures, assuming that total heat flux was proportional to the difference between the hourly water temperature and
an hourly equilibrium temperature [ 14]. Moreover, hourly equilibrium temperatures were linearly related to hourly
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Figure 6. Observed water temperatures (7,,(0)) and predicted water temperatures (7;,(P))
obtained from the equilibrium temperature model at Little Southwest Miramichi River (vali-
dation period).

air temperatures. The equilibrium temperature model applied in the present study only requires hourly air temper-
ature and water level to predict river temperatures [15]. Most equilibrium temperature models are developed to
study the thermal regime of rivers [16] [26] [27], but few have been used to model long-term time series of water
temperatures [15] [19]. For a daily time scale, studies have shown that daily mean air temperatures are highly re-
lated to daily equilibrium temperatures, permitting the expression of equilibrium temperature as a linear function
of air temperature [15] [19].

Results for the present study show that hourly equilibrium temperatures are also related to hourly air tempera-
tures although some scatter is observed (Figure 2). In fact, 63% - 73% of the variability of the equilibrium tem-
perature was explained by air temperature. The coefficients (o and f) of the linear relationship between hourly air
and equilibrium temperature were then calculated. In the present study the coefficient § was calculated at zero.

)
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Table 2. Results of the equilibrium temperature model for the prediction of hourly water temperatures at Catamaran Brook
and Little Southwest Miramichi River.

Catamaran Brook Little Southwest Miramichi
Period RMSE (°C) R’ Bias (°C) RMSE (°C) R’ Bias (°C)
Calibration (1998-2002) 0.65 0.985 0.00 0.65 0.990 0.00
1998 0.42 0.989 0.00 0.49 0.992 0.00
1999 0.73 0.83 0.00 0.61 0.993 0.00
2000 0.68 0.981 0.00 0.72 0.987 0.00
2001 0.72 0.983 0.00 0.73 0.987 0.00
2002 0.64 0.988 0.00 0.69 0.991 0.00
Validation (2003-2007) 1.35 0.938 -0.47 1.82 0911 -0.13
2003 133 0.943 0.13 1.58 0.953 0.40
2004 1.28 0.953 -0.71 1.84 0.891 -0.56
2005 1.31 0.948 -0.37 2.04 0.910 0.25
2006 1.44 0.932 -0.89 1.70 0.924 -0.15
2007 1.40 0.937 -0.63 1.95 0.815 -0.67
All years (1998-2007) 1.05 0.961 -0.23 1.36 0.954 -0.06

Seasonal analysis
Calibration (1998-2002)

Spring 0.80 0.972 0.00 0.66 0.988 0.01
Summer 0.60 0.949 0.00 0.68 0.960 0.00
Autumn 0.45 0.980 0.00 0.58 0.982 0.00

Validation (2003-2007)

Spring 1.66 0.906 -0.24 1.98 0.884 0.46
Summer 1.14 0.866 —0.53 1.86 0.743 -0.47
Autumn 1.30 0.870 —0.64 1.45 0.864 —0.04

All years (1998-2007)

Spring 1.27 0.935 —-0.11 1.46 0.937 0.23
Summer 0.90 0.897 -0.27 1.40 0.840 -0.23
Autumn 0.97 0.871 -0.32 1.05 0.937 -0.02

Table 3. Description of the four selected study periods to examine the performance of the water temperature model under
different meteorological and hydrological conditions.

Sample Season Year Day of year Date Hydrological conditions
Calibration Summer 1998 221-227 9 August-15 August Rapid decrease in air and water temperatures
Calibration Spring 1999 132-138 12 May-18 May Gradual increase in air and water temperatures
Validation Autumn 2006 292 -298 19 October-25 October Autumn conditions
Validation Summer 2007 203 - 209 22 July-29 July Warm air temperature conditions

Therefore, both a and K of the equilibrium temperature model reflected the total heat flux at the surface. The coef-
ficient a was calculated at 0.43 at CatBk and 0.54 at LSWM. The calibration coefficient («) calculated within the
present study for hourly temperatures was slightly lower than those found in studies using the equilibrium tem-
perature concept at daily time scales. For example, Caissie ef al. [15] calibrated both the same study streams with
coefficient o at 0.81 at CatBk and of 1.05 at LSWM (for daily time scale). Marcé and Armengol [28] found the
coefficient a varying in the range of 0 to 2 whereas Larnier et al. [19] found a coefficient a of 1.12 similar to
LSWM (daily time step). These differences are most likely due to the different time scales. The coefficient § was
calibrated at 0°C, similar to Caissie et al. [15]. However, other studies have shown values of § at 0.44°C [19] and
—10°C to 45°C [28].

The thermal exchange coefficient K was calculated at 16.5 W m 2 °C " (CatBk) and at 72.0 W m 2 °C !
(LSWM). Caissie et al. [15], who also studied the two same rivers, but at a daily time scale, observed lower ther-
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Figure 7. Observed water temperatures (7,,(0)), predicted water temperatures (7,,(P)) from
the equilibrium temperature model and air temperatures (7,) for the four detailed time periods
at Catamaran Brook and Little Southwest Miramichi River.

mal exchange coefficient K (6.3 W m™ °C" at CatBk and 29.1 W m™> °C™" at LSWM). These differences suggest
that the time scale is an important factor in the estimation of K. Larnier et al. [19] showed results closer to the
LSWM values with a thermal exchange coefficient K of 344 W m™ “C"'. Marcé and Armengol [28] showed
thermal exchange coefficients ranging from 0 W m > °C”" to 23.3 W m ™ °C"". Herb and Stefan [29] calculated a
thermal exchange coefficient close to the one calculated at Catamaran Brook in this study. For example, the South
Branch (Minnesota, USA) had a thermal exchange coefficient K of 9.0 W m > °C™' and the main stream had a
coefficient K of 13.1 W m > °C"". The hourly exchange coefficients K found in this study were higher than values
estimated during studies of daily mean water temperatures; however, the coefficient a was smaller. It is worth not-
ing that the total heat flux by the equilibrium temperature model is calculated through a combination of these two
coefficients (Equation (1)) as well as the difference between T, and T,,.

The thermal exchange coefficient K and the difference between T, and T,, represent the bulk surface heat flux.
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Previous studies have shown that the thermal exchange coefficient is generally a function of many meteorological
parameters [14] [16]; however, other studies achieve good results by assuming a constant K throughout the years
[15] [19]. The thermal exchange coefficient K affects the rate at which water temperature changes. A high value
of K will correspond to higher rates of change for similar temperature differences (7,-7,,) and vice versa. These
quantities will also be a function of time scales (e.g., AT on daily or hourly basis). Other processes (than surface
heat fluxes, e.g., streambed, depth, etc.) can affect the rate of change of water temperatures. In the present study,
CatBk (K=16.5 W m 2 °C ") showed a lower K value than LSWM (K = 72.0 W m > °C""), suggesting lower wa-
ter temperature variability for similar temperature differences (7,-T,,), because a was somewhat similar between
CatBk and LSWM. CatBk is more sheltered by streamside vegetation, having a greater groundwater contribution.
These factors can also be contributed to less water temperature variability in CatBk.

The coefficient K was assumed constant throughout the year in the equilibrium temperature model, as applied
in other studies [15] [19]. A sensitivity analysis (£5% - 10%) of the thermal exchange coefficient K showed
changes of less than +0.02°C in hourly stream temperatures when applied during the whole study period (i.e. 15
April to 31 October). However, does the value of K vary seasonally? Another sensitivity analysis was carried out
by calibrating the model for the month of April to October, and determining the best K value to fit the data for
each month. Results of this analysis are shown in Table 4 for both studied watercourses. The months of July and
August had coefficients K closest to the values observed annually (16.5 W m * °C ' CatBk and 72.0 W m * °C""
LSWM). The monthly calibration of the thermal exchange coefficient showed high values of K in the spring fol-
lowed by low values in summer and autumn months. These results suggest that K may be a function of water le-
vels, where higher coefficients are required in the spring for similar 7, - T,, variability. The month of April showed
the highest value of K at both CatBk (98.8 W m ™ °C") and LSWM (171.5 W m 2 °C™"). The low value of K in
autumn could also be related to the fact that smaller diel variability was observed in both air and water tempera-
ture during this period.

Overall, the RMSE's obtained with the equilibrium temperature model were similar to those observed in pre-
vious studies [15] [19] [29], with an overall RMSE of 1.05°C at CatBk and 1.36°C at LSWM. Most equilibrium
temperature models in previous studies were developed to predict daily water temperatures. Herb and Stefan [29]
estimated daily average stream temperatures with a RMSE of 1.2°C for a small tributary and of 1.4°C for a larger
stream. Marcé and Armengol [28] observed similar RMSEs to CatBk, around 1.40°C. Larnier ef al. [19] calculated
RMSEs of 1.22°C (calibration) and 1.31°C (validation). Caissie et al. [15] applied the same equilibrium tempera-
ture model in the present study in both CatBk and LSWM (at a daily time scale), and showed RMSEs of 1.21°C
(CatBk) and 1.52°C (LSWM).

A seasonal analysis was performed for both CatBk and LSWM for three seasons: spring (15 April to 20 June),
summer (21 June to 20 September) and autumn (21 September to 31 October; Table 2). This analysis showed that
the best performance of the equilibrium temperature model was during autumn and the poorest performance was
in spring. These results are consistent with those of other water temperature modeling studies [30] [31]. Snowmelts
conditions in spring can influence the relationship between air and water temperatures. The atmospheric energy in
spring is contributed mainly to the snowmelt and soil heating processes, therefore the water temperatures are not
following rapid increases similar to air temperatures. Autumn showed better predictions of water temperatures,
presumably due to lower water levels usually observed during the year and a more effective heat exchange be-
tween the river and its heat sources.

Table 4. The values of the thermal exchange coefficient (K) calibrated for each month (April to October) at both Catamaran
Brook and Little Southwest Miramichi River.

Month Catamaran Brook Little Southwest Miramichi River
KMWm?2°C™h KMWm?2°C™h

April 98.8 171.5
May 40.2 74.1
June 19.1 80.8
July 15.9 78.0
August 13.2 67.5
September 10.0 58.7
October 10.4 49.4
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One useful aspect in predicting hourly water temperatures, especially from an aquatic habitat perspective, is
that daily minimum, maximum and daily mean water temperature can be obtained from the modeling. Predicted
hourly water temperatures were used to calculate daily maximum (7,,,) and daily mean water temperatures (7,cq,)
(Table 5). The performance of the daily mean water temperatures was better than the hourly water temperatures.
The RMSE for all years was of 0.83°C at CatBk and 0.97°C at LSWM. The coefficient of determination R’ was
0.975 at both study streams. These results were also comparable to other studies where the equilibrium tempera-
ture model was used to predict daily water temperatures [15]. Daily maximum water temperatures have shown to
have important influences on biological conditions [3] [32]. The predicted hourly water temperatures were also
used to calculate the daily maximum water temperatures (7,,,,) (Table 5). The equilibrium temperature model
was effectively in predicting daily maximum water temperatures with a RMSE of 1.3°C for both watercourses.
Different factors can influence daily maximum water temperatures. Among them is the evaporative cooling, which
has been shown to affect the relationship between air and stream temperatures, especially at high temperatures
[16]. For example, studies have shown that the relationship between air and stream temperature differed from li-
nearity at air temperatures over 25°C, where water temperature does not increase at the same rate as air tempera-
ture [16] [33].

A comparison of observed vs. predicted daily mean (7,.,,) and daily maximum (7,,,,) water temperatures was
done for both CatBk and LSWM based on hourly data from the equilibrium temperature model (Figure 8). A
good agreement was observed between predicted and observed daily mean water temperatures with R* of 0.975 at
both CatBk and LSWM. For daily maximum water temperatures, a R> of 0.957 (CatBk) and 0.967 (LSWM) was
observed.

River water temperatures are predicted in the range of 1.0°C to 1.4°C in modeling studies [21] [30] [34]. The
present study shows that representing the equilibrium temperature using air temperature was effective in predict-
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Table 5. Results of the daily mean (7),.,,) and daily maximum (7,,,,) stream temperature calculated from the predicted
hourly water temperatures (equilibrium temperature model) at Catamaran Brook and Little Southwest Miramichi River.

Catamaran Brook Little Southwest Miramichi River

T, Period RMSE R Bias RMSE R Bias

Daily mean Tyyean ("C) Calibration (1998-2002) 0.01 1.00 0.00 0.01 1.00 0.00
Validation (2003-2007) 1.20 0.950 -0.48 1.40 0.944 -0.12

All years (1998-2007) 0.83 0.975 -0.23 0.97 0.975 —-0.06

Daily maximum 7., (°C) Calibration (1998-2002) 0.86 0.981 —-0.40 0.79 0.989 -0.26
Validation (2003-2007) 1.61 0.930 —-0.80 1.66 0.940 -0.19

All years (1998-2007) 1.28 0.957 -0.59 1.29 0.967 -0.22

ing hourly water temperatures. Although the model performed well, it did not fully capture the diel variability in
some cases. As such, other important fluxes and parameters may be required to achieve a better modeling perfor-
mance. For instance, the relationship between equilibrium and stream temperature can also be affected by factors
such as wind sheltering, stream shading, groundwater inputs or artificial heat inputs. However, including more
input variables into the equilibrium temperature model will ultimately make the model more complex and closer
to a true deterministic model, which is not the objective of the current modeling approach.

In the present study, the equilibrium temperature model showed relatively good performance. The RMSEs
were similar to those of other studies with RMSE of 1.05°C (CatBk) and 1.36°C (LSWM). These results suggest
that the air (and corresponding equilibrium temperature) adequately reflected the total heat flux at the water sur-
face. The model’s best performance was in autumn and late summer, where the low water levels permitted more
efficient thermal exchange. In contrast, the presence of snowmelt conditions in spring resulted in poorer perfor-
mance. The predicted hourly water temperatures were used to estimate the daily mean and maximum water tem-
peratures. The results of the daily mean water temperatures were comparable or better to other equilibrium tem-
perature results on a daily basis [15]. The daily maximum water temperatures were also well predicted but had
higher RMSEs. Modeling of water temperature remains a very useful tool in the management of fisheries and ag-
uatic resources.
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