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Abstract

Evaporative flux is a key component of hydrological budgets. Water loss through
evapotranspiration reduces volumes available for runoff. The transition from liquid to water
vapour on open water surfaces requires heat. Consequently, evaporation act as a cooling
mechanism during summer. Both river discharge and water temperature simulations are thus
influenced by the methods used to model evaporation. In this paper, the impact of
evapotranspiration estimation methods on simulated discharge is assessed using a semi-
distributed model on two Canadian watersheds. The impact of evaporation estimation
methods on water temperature simulations is also evaluated. Finally, the validity of using the
same formulation to simulate both of these processes is verified. Five well known
evapotranspiration models and five evaporation models with different wind functions were
tested. Results show a large disparity (18-22% of mean annual total evapotranspiration)
among the evapotranspiration methods, leading to important differences in simulated
discharge (3-25% of observed discharge). Larger differences results from evaporation
estimation methods with mean annual divergences of 34-48%. This translates into a
difference'in mean summer water temperature of 1-15%. Results also show that the choice of
madel parameter has less influence than the choice of evapotranspiration method in discharge
simulations. However, the parameter values influence thermal simulations in the same order
of magnitude as the choice of evaporation estimation method. Overall, the results of this
study suggest that evapotranspiration and open water evaporation should be represented
separately in a hydrological modelling framework, especially when water temperature

simulations are required.
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1. Introduction

A crucial component of hydrological and water temperature modelling is the mathematical
representation of evapotranspiration fluxes. They occur through plant transpiration on
vegetated ground and evaporation from open water and bare soil. Open water evaporation is
essentially related to vapour pressure deficit between the air above the watercourse and air
saturation vapour pressure. Plant transpiration depends on hydrometeorological conditions,
soil properties and the characteristics of plant species (Ahrens, 2015). Regardless of the
surface of interest, the evaporative processes affect the hydrological system through two keys
elements: (i) it reduces the volume of water available for runoff (Jobson, 1980) and (ii) it acts

as a cooling mechanism in the summer through latent heat exchange (Caissie et al., 2007).

Estimation models for evapotranspiration are often classified based on their input data (e.g.
Oudin et-al., 2005). The spectrum of available models includes empirical, temperature-based
(e.g. Blaney & Criddle, 1950; Linacre, 1977; Thornthwaite, 1948), radiation-based (e.g.
Jensen & Haise, 1963; McGuinness & Bordne, 1972), water budget (e.g. Guitjens, 1982),
mass transfer (e.g. Harbeck, 1962) and hybrid methods (Penman, 1948; Monteith, 1965;

Priestley & Taylor, 1972).

Comparison of evapotranspiration models for hydrological modelling can be performed by
comparing evaporative loss rates to field measurements (Sumner & Jacobs, 2005; Isabelle et
al.,; 2015). Because of technical considerations and economic constraints, only a small
number of studies include validations with field measurements. Many studies rely exclusively
on the subsequent hydrological simulations for indirectly assessing the quality of

evapotranspiration modelling (e.g. Andersson, 1992; Oudin et al., 2005; Parmele, 1972). For
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instance, Parmele (1972) showed that the cumulative effect of a 20% bias in the estimation of
evapotranspiration induces a significant error in the hydrological simulations. Similarly,
Oudin et al., (2005) performed an exhaustive comparison of 27 potential evapotranspiration
equations on 308 watersheds using four lumped hydrological models. This work highlighted
the equivalent efficiency of methods requiring few input data, such as the method of
McGuinness & Bordne (1972), compared to methods with high input data requirements such

as the Penman-Monteith method (Monteith, 1965).

During the summer, the main heat loss mechanisms of a river are evaporative (latent) and
convective (sensible) heat fluxes as well as longwave radiation reemission (Webb & Zhang,
1997; Maheu et al., 2014). In some systems, evaporative fluxes can dominate and account for
up to nearly 100% of river heat loss during the summer (Hannah et al., 2008). In water
temperature modelling, most studies estimate latent heat loss (Chikita et al., 2010;
Magnusson et al., 2012) using formulations generally based on a mass transfer equation
(Harbeck, 1962). Mass transfer models calculate the difference between the actual and
saturation water vapour pressure of the air above the river, weighted by a wind function.
When precise evaporation measurements are available, a site specific wind function can be
adjusted. However, in situ river evaporation data are often difficult to acquire, and modellers
commonly have to rely on readily available wind functions to estimate river evaporative

fluxes (e.g. Hannah et al., 2004; Leach & Moore, 2010).

To the best of our knowledge, very few publications about river evaporation estimation rely
on direct measurements to validate estimation methods. Among them, Benner, (1999)
measured hourly evaporation above 1.0 mm/h on the John day River (Oregon, USA).

Guenther et al., (2012) measured hourly evaporation before and after wood harvest on Griffin
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Creek (British Columbia, Canada) with an hourly average of 0.03 mm/h. No daily value was
reported.-Maheu et al., (2014) measured a maximum daily evaporation of 6.8 mm in the
Little-Southwest Miramichi River (forested watershed in New Brunswick, Canada) and a
maximum daily evaporation of 2.8 mm in Catamaran Brook (third order tributary), with mean

daily evaporation values of 3.0 mm and 1.0 mm, respectively.

Rosenberry et al., (2007) compared 14 evaporation estimation methods to the Bowen-ratio
energy-budget method for a small lake (0.15 km?) in a mountainous area in northeastern
USA. They found the best performances using combination methods: Priestley & Taylor
(1972), deBruin & Keijman (1979), and Penman (1948). They reported mean daily
evaporation values (averaged for a specific month) ranging between 0.69-3.43 mm (May to
November). Spring & Schaefer (1974) measured maximum daily evaporation of 6.22 mm on
Babine Lake (British Columbia, Canada) with a mean value of 1.83 mm during the open

water-season of 1973.

Many models use a single equation to estimate both evapotranspiration and evaporation (Xu
& Singh, 2000). For instance, Winter et al. (1995) compared 11 equations to estimate
monthly evaporation on Williams Lake in Minnesota (USA). Among the 11 formulations
they tested, only one was originally developed to model open water evaporation. Similarly,
many hydrological models (e.g. SWAT, CEQUEAU, HYDROTEL, GR4J, and
TOPMODEL) do not distinguish water loss through open water or bare soil evaporation and
evapotranspiration. Since these formulations are sometimes employed without prior
investigation, it is reasonable to wonder whether or not a unique equation is suitable to
estimate both evapotranspiration and open water evaporation. This question becomes even

more relevant when the same formulation is further used for the estimation of latent heat loss
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at the water surface in a water temperature modelling framework. The following study is
based on-the underlying hypothesis that the two processes should be modelled separately
using different formulations. Given its impact on water cooling, accurate modelling of
evaporative losses is crucial in the context of water release management for dam operators

who have to maintain cool water temperatures downstream of dams for fish habitat.

The goal of the present study is to quantify the impact of choosing a particular evaporation or
evapotranspiration estimation method on subsequent hydrological and thermal simulations.
More specifically, the objectives are: 1) to evaluate the impact of different evapotranspiration
estimation methods on discharge simulations in a semi-distributed model; 2) to assess the
impact of the implementation of selected evaporation estimation methods on water
temperature simulations; 3) and finally to evaluate the possible limitations of using the same
method to estimate both evapotranspiration and open water evaporation for discharge and

water temperature modelling.

2. Methodology

2.1. CEQUEAU hydrological and thermal model
Throughout this study, the CEQUEAU hydrological and water temperature model provides a
general modelling framework to implement and compare different equations to model
evapotranspiration. Different mass transfer equations for open water evaporation are also

compared.

The hydrological component of CEQUEAU is a semi-distributed rainfall-runoff model that

uses total precipitation and air temperature as inputs to simulate discharge. This rainfall-

runoff model is composed of a production function that distributes water vertically and a
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transfer function that routes it downstream. This routing is performed on a predefined grid
with cells of equal area. The production function considers the total precipitation that falls on
the watershed and distributes it into different conceptual reservoirs, with proportions deduced
based on information about land use. Possible reservoirs are: lakes and marshes, upper soil,
lower soil and rivers. The two soil reservoirs can store and release volumes of water for
runoff, depending on the meteorological conditions and on the values of soil-related
parameters. Water is also depleted from the soil reservoirs by evapotranspiration. In open
water reservoirs (lakes, marshes and rivers), water is lost through evaporation only. Both

evapotranspiration and evaporation are estimated using the Thornthwaite (1948) equation.

Once discharge is simulated, the thermal module of CEQUEAU evaluates the heat budget on
each grid cell by summing the advective heat fluxes with the various thermal energy fluxes at

the air-water interface, according to Equation (1):

H,=H,+Hg+H,+H_+H_, 1)

tot

Where H_,, represents the energy exchanged by advective fluxes, H, is the net solar
radiation, H . is the net longwave radiation re-emitted by the atmosphere above the water
course, H.is the sensible (convective) heat flux and H, is the evaporative flux. Water

temperature is then estimated using the ratio of enthalpy (H:ot in MJ) over the volume of

water (V in m®) times the heat capacity of water (C= 4.187 MJ m= °C1):

T,= @
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The formulation of the Thornthwaite equation as implemented in the CEQUEAU model is
presented.in Table 1 (Equation (3)). Parameters XIT and XAA can be estimated using
Equations (4) and (5) where TM; is the mean monthly air temperature (°C) during month i. In
the CEQUEAU formulation, ET is adjusted according to the weighting parameter Hrad,
which takes into account the day of the year with maximum solar radiation approximated
using Equation (6). The parameter JOEVA, which determines when solar radiation reaches a
maximum during the year, should be set to 80 when maximum insolation is observed on June

215,

The actual evapotranspiration is then estimated according to Equation (3) and the fraction of
the.grid cell occupied by forested area. In its actual form, the model estimates river
evaporation to be a fixed fraction (80%) of the potential evapotranspiration estimated by the
hydrological component (Thornthwaite method; Equation (3)). The latent heat loss is
obtained by multiplying the height of water evaporated (m) with the latent heat of

vaporization of water considered constant at 2480 MJ m=.

Overall, the hydrological component of CEQUEAU has 28 parameters, from which 16 have a
physical meaning (snowmelt model, evapotranspiration, water routing, etc.). The other 12
parameters are coefficients to be adjusted to achieve the best possible goodness of fit between
observed and simulated discharge. The water temperature model has 12 parameters. Those
parameters adjust channel geometry, the importance of each energy fluxes and the timing of
freezing/thawing. While the parameters XIT and XAA can be estimated according to the
meteorology of the watershed, they can also be manually adjusted to better replicate the
observed discharge. In the case of thermal modelling, such adjustments impact the
subsequent estimation of latent heat losses. For the present study, parameters calculated from

monthly temperatures (Equations (4) and (5)) are used. Readers can find more detailed
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information in St-Hilaire et al., (2000) and (2015), including a complete list of parameters

and.a full. description of the model.

2.2. Evapotranspiration and evaporation formulations
Two approaches were prioritized in the assessment of the evaporation estimation methods.
First, we used alternative methods (summarized in Table 1) to estimate evapotranspiration in
the hydrological model without changing the structure of the model (i.e. use
evapotranspiration to estimate latent heat loss). Although such formulations are not
physically accurate (open water evaporation and evapotranspiration processes are not the
same), they replicate the current structure of the model. This step allows for the evaluation of
the impact of using different evapotranspiration formulations on discharge simulations, and
associated effects on the subsequent thermal modelling. An ideally adapted method would
return realistic evaporation estimates and the best discharge and water temperature
estimations when compared to other methods. Second, we kept the original Thornthwaite
evapotranspiration method but implemented a mass transfer method for estimating open
water evaporation. Alternate wind functions were tested to evaluate latent heat loss. A set of
five equations for estimating evapotranspiration and the same number of wind functions for
open water evaporation were selected. Those equations and associated assumptions are

described further in section 2.2.1.

The evapotranspiration estimation models were selected to compare different levels of

complexity (i.e. number of input data), the availability of those input data and their

performance according to the recent hydrological literature.
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2.2.1.Evapotranspiration
The method of McGuinness & Bordne (ETwm-s; McGuinness & Bordne, 1972) was selected
for its good performance compared to more complex methods in a hydrological modelling
study (Oudin et al., 2005) while only requiring air temperature and extra-terrestrial radiation
as'inputs (Table 1; Equation (7)). This method was first implemented for humid regions
(Coshocton, Ohio, U.S.) while most evapotranspiration methods were developed for arid

regions.

The Priestley-Taylor equation (ETp-1; Priestley & Taylor, 1972) is a simplified version of
Penman (1948) equation for which the evaporation capacity is replaced by the Priestley-
Taylor coefficient (& ). This equation (Table I; Equation (8)) showed good performances to
estimate both evapotranspiration (Oudin et al., 2005) and open water evaporation
(Rosenberry et al., 2007The o coefficient corresponds to the slope of the regression between
equilibrium evaporation and actual evapotranspiration. Although the initial a value was
estimated to be 1.26 (Priestley and Taylor, 1972), a wide range of coefficient values have
been applied since. Cristea et al. (2013) compiled a list of 52 different o values from the
literature, ranging from 0.6 (Oklahoma; Kustas et al., 1996) to 2.47 (southeast Iran;

Daneshkar Arasteh & Tajrishy, 2008).

With a level of complexity somewhat superior to Priestley-Taylor, the Kimberly-Penman
equation (ETk-p; Wright, 1982) was also retained for comparison in this study (Table 1;
Equation (9)). This is another modification of the Penman (1948) equation, where the wind
function (i ; Table 1; Equation (10)) is modulated according to the day of the year (Jp) and
wind speed (uz; m s1) at 2 m height. This equation is considered as a standard equation by the

American Society of Civil Engineers (ASCE; Allen et al., 2005) and showed better
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performance than the original Penman formulation in the context of lumped conceptual

hydrological simulation (Oudin et al., 2005).

The Penman-Monteith equation (ETp-m; Monteith, 1965) is the reference method
recommended by the Food and Agriculture Organization of the United Nations (FAO) for
evapotranspiration estimation. Among all the methods selected for this study, it has the
highest number of input variables (six). Herein, we used a simplified version (Allen et al.,
1998) which excludes stomatal and aerodynamic resistances. It is computed using Equation

(11).

Lastly, the Morton complementary relationship areal evaporation model (1983) was retained
as a higher complexity method (Table 1; Equation (12)). It connects potential
evapotranspiration (ETP) with a wet environment evapotranspiration rate (ETW) to estimate
actual evapotranspiration (ETwm). Potential evapotranspiration is estimated using a modified
Penman equation (Table 1; Equation (13)) where wet environment evapotranspiration rate is
estimated by Equation (14) and (15). The formulation described in Barr et al. (1997) was
retained in this study because it showed good performances under similar climate (British

Columbia, Canada).

2.2.2.Evaporation
In addition to the aforementioned evapotranspiration equations, the mass transfer equation

was used to estimate river evaporation (Equation 16):

EZW(es_ea) (16)

Where the wind function is given by:
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v =a,+ pu, a7

This wind function () includes two coefficients: the intercept (¢, ) controls the importance

of the evaporation resulting from vapour pressure deficit, referred to as free convection, while

the slope ( ) controls the importance of forced convection or wind induced convection.

Table Il presents the five wind functions that are compared in this study.

3. Study sites and data

The methodology was applied to two Canadian watersheds: the Nechako River basin (British
Columbia) and the Miramichi River basin (New Brunswick). The two watersheds are
spawning grounds for different salmon species and face overheating during the summer. The
accurate modelling of their discharge and water temperature is essential for fisheries

management efforts.

3.1. Nechako
The Nechako River is a 45 000 km? watershed impounded in its upper reaches to create the
Nechako reservoir (Figure 1). Its discharge is strongly regulated by the Skins Lake Spillway
and flows eastward to the Fraser River. Discharge is recorded at four hydrometric stations on
the watershed, namely Skins Lake Spillway, Cheslatta Falls (1 460 km?), the outlet of the
Nautley River (6 030 km?) and Vanderhoof (Figure 1; 12 400 km?). Water temperature is
recorded at the same location except the Skins Lake Spillway. The spillway is operated by
Rio Tinto. During sockeye spawning season, Rio Tinto is required to release sufficient
volumes of water to maintain water temperature below 20°C at the confluence of the
Nechako-and the Stuart rivers (Figure 1). The present paper focuses on the reach of the

Nechako River located between the Skins Lake Spillway and the Vanderhoof hydrometric
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station (about 50 km upstream of the confluence with the Stuart River; Figure 1). The model
was calibrated to best replicate summer discharge (day 152 to 273) at VVanderhoof but results

for all hydrometric stations are shown to allow full appreciation of the model’s capabilities.

Wind speed, atmospheric pressure and relative humidity measurement recorded at Ootsa
Lake, Burns Lake and Prince George by Environment and Climate Change Canada (ECCC)
were used as model inputs. Precipitation and air temperature measurements from Rio Tinto
(RT) and British Columbia Wildfire (BC Wildfire) meteorological stations were also used.
Mean annual precipitation of 417 mm (37% as snow) was measured at Ootsa Lake
meteorological station (1981-2010) with mean daily air temperatures ranging between -

11.8°C (January) and 19.8°C (August) and an overall mean value of 3.2°C.

3.2. Miramichi
The Miramichi watershed has a drainage area of 12 000 km? and has a natural hydrological
regime. Water temperature data on the Miramichi watershed were extracted from the

RivTemp database (http://rivtemp.ca) for the Southwest Miramichi (SWM; Figure 1) at

Wades Lodges, the Little Southwest Miramichi (LSWM; Figure 1) at Oxbow, Northwest
Miramichi (NWM; Figure 1) at Call Pool and at Catamaran Brook (CAT; Figure 1).
Discharge data were retrieved from the Water Survey of Canada database on the Southwest
branch at Blackville (5 050 km?), on the Little Southwest branch at Lyttleton (1340 km?), on
the Northwest branch at Trout Brook (948 km?) and on Catamaran Brook at Repap Road
Bridge (28.7 km?). As performed on the Nechako watershed, the model was calibrated to best
replicate summer discharge (day 152 to 273) at one site, namely the Southwest Miramichi,
but results for all hydrometric stations are presented. Mean annual precipitation of 1072 mm

(27% as snow) was measured at the Miramichi A meteorological station with mean daily air
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temperatures ranging between -16.6°C (January) and 25.2°C (July) and an overall mean value

of 4.6°C.

Benyahya et al. (2010) assessed the difference between observations recorded at a remote
meteorological station and observations recorded above the river on the Miramichi watershed
(New Brunswick). They found that on the Little Southwest Miramichi River (= 80 m width),
wind speed measured above the river during the summer was 32.2% of the wind speed
recorded at the remote meteorological station, on average. Air temperature, relative humidity
and solar radiation were somewhat higher (respectively 103%, 106% and 101%) above the
River compared to the meteorological station. Consequently, these corrections were applied

to the meteorological observations used in this study.

3.3. Evaporation/Evapotranspiration validation data
Brown et al. (2014) installed two eddy covariance systems in northern British Columbia
between 2007 and 2010 at two sites respectively located 100 km (Crooked River) and 160 km
(Kennedy Siding) north of Prince George. Average daily evapotranspiration ranged between
1.36 mm (2010) and 1.54 mm (2008) at Crooked River and between 1.12 mm (2007) and
1.21 mm (2009) at Kennedy Siding during the growing season. For the same period,
maximum daily evapotranspiration was respectively 3 mm day* and 2.5 mm day.
In eastern Canada, Malloy & Price (2014) obtained mean daily evapotranspiration of 2.6 mm
(2008) and 3.3 mm (2009) in the Bic region (Quebec) during the months of June and July.
These values were derived from estimations using Priestley-Taylor (1972) method with an o
value adjusted using data from five lysimeters. Xing et al. (2008) measured a mean daily
evapotranspiration of 1.45 mm and a maximum evapotranspiration of 2.5 mm in the

Fredericton region (New Brunswick) from May to October (2004-2007).
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Eddy covariance data were also retrieved from the FluxNet database (http://fluxnet.ornl.gov).

Latent heat fluxes from the Nashwaak Lake station (2003-2005; Figure 1) were used to
calculate evapotranspiration. These evapotranspiration values were used for comparison on

the Miramichi watershed.

Brown et al. (2014) calculated « coefficients (Equation (10)) of 0.51 and 0.53 using
micrometeorological tower data from two sites located close the Nechako watershed (100
km). For the Miramichi watershed, « coefficients were calculated based on the

evapotranspiration values derived from the eddy covariance data.

A weighing lysimeter was also installed at about 400 m southeast of the Ootsa Lake/Skins
Lake meteorological station (Environment and Climate Change Canada station # 1085836)
during summer 2015. The lysimeter was made of a 60 cm soil column constrained in a 12”
radius PVC pipe sealed at the bottom. The soil column was placed on a platform scale (PL-
100 - UMS) connected to a data logger (CR1000). The platform scale has a 14 g precision
which translates into 0.20 mm of water. Measurements were recorded every 15 minutes
between June 4" and October 1" 2015. Negative differences in weight would indicate
evapotranspiration while a positive difference would indicate rainfall. The lysimeter was
installed approximately 350 m from the Ootsa Lake meteorological station. Figure 2 presents
data recorded using the weighting lysimeter installed on the Nechako watershed between
June 4™ and October 1% 2015. A maximum evapotranspiration of 3.23 mm was measured
with-a mean value of 1.33 mm. The total daily precipitation was plotted over the lysimeter
data to validate that positive weight variations accurately represent the variation in water

content associated with rainfall.
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3.4. Model calibration and parameter uncertainty
Both the-hydrological and the thermal modules were recalibrated when either the
evapotranspiration or the evaporation method was changed using a split sample method. For
the two watersheds, the calibration period is 2001 to 2006 and the validation period is 2007 to
2010. The hydrological component has 28 parameters and the thermal component has 12
parameters. All parameters were optimized using the covariance matrix adaptation evolution
strategy (CMA-ES; Hansen & Ostermeier, 1996) with 1500 iterations.
For the hydrological component, the objective function was the maximisation of the Kling-
Gupta Efficiency coefficient (KGE) computed for simulated discharge compared to
observations. The KGE is a metric proposed by Gupta et al. (2009) that accounts
simultaneously for accurate simulation of the mean discharge, the associated variance and the
correlation between simulated and observed discharge. The KGE also puts less emphasis on
high discharge values compared to the widely used Nash-Sutcliffe Coefficient (NSE; Nash &

Sutcliffe; 1970).

Because of the strong seasonality in water temperature time series, performance metrics such
as the KGE or the NSE always tend to be high for modelled water temperature. Hence, they
do not have a high discrimination power and are not as informative for this variable as they
are deemed to be for discharge. For this reason, the minimisation of the root mean squared
error (RMSE) between simulated and observed temperature was used for optimizing the
parameters of the thermal module. The Akaike information criterion was also computed, as
implemented by Ahmadi-Nedushan et al. (2007), for evapotranspiration on the Miramichi
watershed for years with available data. The AIC takes the goodness of fit and the parsimony

of the model, through the number of parameters, into account.
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The parameters were optimized for each specific evapotranspiration and evaporation methods
tested. To compare the impact of the parameters and the impact of the method on the
resulting simulations, a permutation of all 11 sets of parameters and 11 methods was
performed. Performance variation of a given method according to the set of parameters used
as'well as the performance variation of a given set of parameters according to the method was
assessed.

A Kruskal-Wallis test (Kruskal and Wallis, 1952) was performed to verify if the distribution
of ‘evapotranspiration values calculated by the different methods have significantly different
median. The alternative hypothesis is that at least one of the ET methods yields median
values that are significantly different than the others. This test was used instead of the
parametric ANOVA because all simulated evapotranspiration series did not meet the
assumption of normality. This was verified first, using the Kolmogorov-Smirnov normality
test (Massey, 1951). A Tukey-Kramer (Tukey, 1949) test was performed a posteriori to find

which methods were not significantly different.

4. Results

4.1. Evapotranspiration

ET measured at Nashwaak Lake using the eddy covariance method were plotted against ET
estimated at the same location (selected CEQUEAU grid cell) by the ET methods (Figure 3).
Corresponding performance metrics are listed in Table Il1. In terms of correlation, Kimberly-
Penman (r = 70), Priestley-Taylor (r = 72), Penman-Monteith (r = 71) and Morton (r = 73)
clearly dominate. All other methods returned r < 0.2. Penman-Monteith returned highly
biased ET values (relative bias = 0.46). Priestly-Taylor and Morton returned the lowest
biases, with a relative bias of respectively 0.06 and 0.01. According to both metrics,

Priestley-Taylor and Morton are the best performing methods to estimate ET. However,
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according to AIC values, Priestly-Taylor is considered to be the best method. On average,
Morton better replicates total annual ET (Table I1l; Mean annual bias = 0.89 mm) followed
by Kimberly-Penman (Mean annual bias = -7.81 mm). Penman-Monteith has the largest

annual bias (Mean annual bias = 207.15 mm).

Results of daily ET estimations are presented in Figure 4 (A and B). Grey areas are derived
from mean and maximum values found in the literature. The minimum values are not
displayed because they were not mentioned in the cited literature but are expected to be close
to zero mm. The middle horizontal line of the boxes represents the annual mean, while the
boundaries of the central box represent the 25" and 75" percentiles, the dashed vertical lines
are the maximum and minimum values that are not considered as outliers, and the triangles

represent outliers.

According to our results, the maximum daily ET ranges between 3.4 mm/day (Priestley-
Taylor) and 7.5 mm/day (Penman-Monteith) on the Nechako and between 3.4 mm/day
(Morton) and 7.8 mm/day (Penman-Monteith) on the Miramichi. No significant difference is
observed when a mass transfer method is used for open water evaporation when computing
overall ET on the Miramichi watershed (group A; Figure 4-B) compared to the Thornthwaite
equation. Morton’s equation returned values significantly different from all other methods.
On the Nechako, all mass transfer methods belong to the same group (group D; Figure 4 - A)
but are significantly different from results yielded by the Thornthwaite equation (group A;
Figure 4 - A). Kimberly-Penman, McGuinness and Morton methods belong to the same
group (group B). When compared to data published by Brown et al., (2014) and our lysimeter
data, all methods tested on the Nechako watershed overestimate ET (Figure 4). However, the

Priestley-Taylor equation provides results that are less overestimated than all other equations.
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On both watersheds, the Kimberly-Penman and the Penman-Monteith equations yielded the
highest and the most variable ET values during the summer. It should be noted that those
equations are the only ones among our selection that directly include wind speed and air
vapour pressure in their formulation. Wind speed, known to be more spatially variable than
other variables such as air temperature and relative humidity (Luo et al., 2008), is a potential

source of error in the implementation of these methods.

When compared to ET data from the literature and to lysimeter measurements, the most
appropriate method on the Nechako watershed is Priestley-Taylor (o = 0.5), followed by
Thornthwaite’s equation coupled with a mass transfer equation (regardless of which wind
function-is used). On the Miramichi, the best performing method is Morton (as shown using
the Nashwaak Lake eddy covariance data). When the interannual ranges of estimated values
obtained from Morton and Thornthwaite are plotted on the same graph, the lower values
simulated by the Morton equation on the Miramichi watershed become obvious (Figure 5 -
B). The same pattern is visible on the Nechako for Priestley-Taylor when compared to

Thornthwaite’s method Figure 5 — A).

4.2. Evaporation
The maximum daily evaporation ranges between 3.4 mm (Priestley-Taylor; Guenther et al.)
and 9.8 mm (Benner) on the Nechako watershed and between 1.96 mm (Guenther et al.) and
8.5 mm (Benner) on the Miramichi watershed. All mass transfer equations returned days with
no evaporation on both watersheds. Box plots were also produced for open water evaporation
estimations (Figure 4 C and D). The grey area represents the mean and maximum values

retrieved from the literature.
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More variability among the methods is visible for evaporation (Figure 4 C and D) compared
to evapotranspiration (Figure 4 — A and B). On the Nechako watershed, the methods of
Thornthwaite, Kimberly-Penman, McGuinness, Morton, Maheu et al. and Jobson belong to
the same group (A). McGuinness, Morton and Benner are also not significantly different (D).
More diversity among the methods is visible on the Miramichi watershed. Thornthwaite,
Kimberly-Penman and Morton are not significantly different (group A). Priestley-Taylor,
McGuinness and Penman-Monteith belong to the same group (B), Morton, Benner and
Jobson form another group (D) and Maheu et al. and Jobson form the last group (F). The

other methods are all significantly different from each other.

Evaporation computed with Penman-Monteith’s and Benner's equations on both watersheds
appear overestimated while the Priestley-Taylor, Webb & Zhang and Guenther et al.
equations return large underestimations when compared to data found in the literature (Spring
& Schafer, 1974). More overestimation is observed on the Nechako watershed, especially for
the Benner wind function, which returned maximum evaporation of 9.8 mm/day. In

comparison, the maximum recorded by Spring & Schafer (1974) was only 6.22 mm/day.

When compared to maximum daily evaporation found in the literature, equations proposed by
Maheu et al. and by Kimberly-Penman appear to be the most appropriate. However, when the
ranges of values returned by those methods are plotted on the same graph (Figure 5 — B and
C), it can be seen that the Kimberly-Penman equation generally estimates higher values than
the Maheu et al. equation. On the other hand, the latter is more variable. This leads to large
differences in total summer (June to September) evaporation estimations, with mean totals of
391 mm (Kimberly-P.) and 235 mm (Maheu et al.) on the Miramichi watershed and 428 mm

(Kimberly-P.) and 260 mm (Maheu et al.) on the Nechako watershed.
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4.3. Model calibration
On the Nechako watershed, the KGE ranges between 0.75 and 0.91 in calibration (2001-
2006) and between 0.80 and 0.87 in validation (2007-2010; Table 1V). For the Thornthwaite,
Priestley-Taylor and all mass transfer equations, the relative bias is lower during the
validation period than during the calibration period. On the Miramichi watershed, the KGE
ranges between 0.68 and 0.86 in calibration and between 0.64 and 0.80 in validation (Table
IV). All relative biases decrease in validation, except for the Penman-Monteith, Maheu et al.
and Jobson methods. This decrease can be partly explained by the presence of meteorological
stations in the calibration dataset that were not in the validation dataset (Nepisiguit Falls
[2001-2006], Doaktown [2001-2009]). This affects the precipitation field and consequently

the discharge simulations.

With regards to the water temperature simulations on the Nechako watershed, RMSE values
ranging between 0.99°C (Morton) and 1.32°C (Webb & Zhang) are obtained using the
calibration dataset and RMSE ranging between 1.31°C (Maheu et al.) and 1.51°C (Webb &
Zhang) using the validation dataset (Table V). On the Miramichi, RMSE ranges from 0.98°C
(Penman-Monteith) to 1.25°C (McGuinness & Bordne) when the calibration dataset is used

and from 1.52°C (Thornthwaite) to 1.82°C (Maheu et al.) in validation.

4.4. Discharge
Discharge simulations are shown in Figure 6 (Nechako) and Figure 7 (Miramichi). In Figure
7 =B, it can be seen that the selected ET method has little effect on the simulated discharge at
Cheslatta Falls. On average, the difference between the lowest and highest simulated
discharge for the same day is 6.8 m%/s, or 4.9% of the observed discharge at that site. The
same value is 28.1 m3/s (55.3 % of observed discharge) at the Nautley station and 51.5 m®/s

(25.3% of observed discharge) at Vanderhoof.
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KGE values and relative biases calculated for all methods are presented in Table VI. At
Cheslatta Falls, all methods used to estimate ET perform similarly well, with a KGE > 0.92.
At Vanderhoof, Morton’s method performs best (KGE = 0.95; rel. bias = 0.08), closely
followed by the McGuinness & Bordne method (KGE = 0.92; rel. bias = 0.07). On the
Nautley watershed, Morton’s equation offers the best results (KGE = 0.75; rel. bias = 0.05)

followed by McGuinness & Bordne and Thornthwaite (KGE = 0.74; rel. bias = 0.12).

Although the model was calibrated to best replicate discharge on the Southwest branch, it
adequately reproduces discharge at all four stations. Underestimation of the spring flood is
visible on the Little Southwest Miramichi and some summer peaks are not well reproduced at
the three-uncalibrated stations. The falling limb of the spring flood simulation is shifted early,
toward the winter for all ET estimation methods. According to the KGE, the best performing
methods at all four stations are Maheu et al. (KGE = [0.66-0.84]; rel. bias = [0.01-0.11]) and
Jobson (KGE = [0.66-0.84]; rel. bias = [0.02-0.11]) closely followed by Penman-Monteith
(KGE = [0.65-0.83]; rel. bias = [0.01-0.10]). The poorest results are returned by the

McGuinness & Bordne method (KGE = [0.52-0.71]; rel. bias = [0.01-0.23]).

4.5. Water temperature
At the VVanderhoof station on the Nechako watershed, all simulated water temperatures stay
close to the observations, with some overestimation at the beginning of the summer period
(Figure 8). The absolute divergence between the methods ranges from 0.53°C (early August)
to 1.34°C (early June). The opposite is visible at the Cheslatta Falls station where water
temperature is underestimated between June and September, with absolute differences
ranging from 0.12°C (late July) to 1.22°C (mid July). On the Nautley subwatershed, water

temperature is strongly overestimated by all methods at the beginning of the summer period
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and underestimated at the end of the summer. Better performances are visible from the end of
June through the end of August. Differences between daily values of simulated and observed
temperatures, ranging between 0.56°C (late September) and 1.41°C (mid July), are induced

by the choice of an evaporation estimation method on the Nautley River.

The lowest RMSE (RMSE = 1.28°C; Table VII) at Vanderhoof is obtained when the wind
function proposed by Maheu et al. is used. It represents the second best performance at
Cheslatta Falls (RMSE = 1.71°C) and the best performance at the Nautley station

(RMSE = 2.01°C).

On the Miramichi watershed, a good representation of the seasonal cycle of water
temperature is observed on the Southwest Branch during the summer (Figure 9). On
Catamaran Brook and on the Northwest Branch, summer temperature is overestimated (mean
bias = 1.14°C) by all evaporation estimation methods while it is underestimated (mean bias =
-0.93°C) on the Little Southwest Branch at the beginning of the summer. The differences in
water temperatures returned by the different methods go from 0.47°C (early September) to
1.33°C (late June) on the Southwest Branch. This absolute difference goes from 0.48°C (mid-
September) to 1.63°C (early August) on the Little Southwest Miramichi. On Catamaran
brook, a wider range of values is observed and the differences go from 0.75°C (mid-July) to
3.5°C (early June). Lastly, on the Northwest Branch, the bias on water temperature
simulations ranges from 0.63°C (mid-June) to 2.26°C (late August). The best performances
are obtained when using the methods of Kimberly-Penman (Southwest branch;

RMSE =1.30°C), Benner (Catamaran Brook; RMSE = 2.36°C and Northwest branch;
RMSE = 2.11°C) and Priestley-Taylor (Little-Southwest; RMSE = 1.70°C), as shown in

Table VII.
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Lastly, Figure 10 presents the performance variations of discharge (A) and water temperature
(B).simulations when the different methods are used (x-axis) and when de different sets of
parameters are used (y-axis). The difference between the original performance metric when
each method is used, with their optimized set of parameters, and their performance when the
set of parameters of the best performing method is provided to all methods is plotted of the x-
axis. On the y-axis, the difference between the original performance metric and the
performance the best performing method when all sets of parameters to the best performing
methods is represented. With regards to the KGE (RMSE), a value located above (below) the
horizontal zero line indicates that performances improve when an alternative set of
parameters is used. On the y-axis, a value located on the right (left) side of the zero vertical
line indicates an improvement of the KGE (RMSE) when an alternative method is used. Best
performing sets of parameters and methods were selected based on results presented in Table

VI (discharge) and Table VII (temperature).

Results show that most performance variations in discharge for all Miramichi stations are
induced by the selected evapotranspiration method (Figure 10 — A diamonds). The Southwest
Miramichi (Figure 10 — A blue diamonds) is more sensible to parameter selection compared
to all other stations. On the Nechako, all methods at all three sites are marginally impacted by
parameters selection (Figure 10 — A circles), while the selection of ET method influences
discharge simulation performances. More scatter can be observed for water temperature,
indicating an influence of both the choice of method and the parameters. On the Miramichi
watershed, simulation at both the Southwest and the Little Southwest stations are majorly
impacted by the parameters (Figure 10 — A, red and blue diamonds). However, simulation
performances on Catamaran Brook, and to a lesser extent on the Northwest Miramichi, are

influence by both parameter and evaporation method selection (Figure 10 — B, green and
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cyan diamonds). On the Nechako, simulation performances at VVanderhoof are mostly
impacted by parameter selection (Figure 10 — B purple circles), while method selection

dominates for Cheslatta Falls and Nautley stations (Figure 10 — B, grey and yellow circles).

5." Discussion and conclusion

In discharge and water temperature modelling, the choices related to model formulations are
key elements to a proper representation of the physical processes, which in turn impact model
performance. Evapotranspiration and open water evaporation equations are often
interchanged and used without prior validation. In the absence of field measurements, which
is often the case in hydrological studies, it is difficult to validate which method better
represents these variables across a watershed. The results presented in this study offer
insights on the consequences associated with modelling choices pertaining to evaporative

losses.

5.1. Evapotranspiration and discharge
The estimation of evapotranspiration directly influences discharge simulations. They are
discussed together here. In terms of evapotranspiration, the Priestley-Taylor and the Morton
methods offer the most realistic estimations on both watersheds when compared to literature
and observed data. All the other methods overestimate evapotranspiration on both
watersheds. The methods that overestimate ET the most in this study (Kimberly-Penman and
Penman-Monteith) both include wind speed and relative humidity as inputs (Equations (9)
and (11)). Data for those two variables can be difficult to acquire, especially if a good spatial
resolution is required. The methods of Kimberly-Penman and Penman-Monteith are also the
most data intensive formulations, with respectively five and six input variables. Since the

methods are used for large watersheds, meteorological inputs are subject to important
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uncertainties associated with data interpolation and with the heterogeneity of the area (land
use, topography, etc.). On this matter, Droogers and Allens (2002) obtained better
evapotranspiration estimates using a modified Hargreaves method compared to Penman-
Monteith. They attribute this result to the inaccuracy of input meteorological data needed for

Penman-Monteith.

In terms of discharge, the best performing method at all three validation stations on the
Nechako watershed is Morton. However, the method is data intensive as it requires six input
variables. On the Miramichi watershed, the Maheu et al. and Jobson equations perform best
in terms of simulated discharge (in addition to the Thornthwaite method) at the Southwest
and Little Southwest branches stations, while Morton’s equation offers the best performances
at the Catamaran Brook and Northwest stations. The Priestley-Taylor and Morton equations
better represent evapotranspiration. Nevertheless, no method clearly dominates the others in
terms of estimating discharge in this study. A set of methods requiring a small number of
input variables (McGuinness & Bordne, Thornthwaite with or without mass transfer, and
Priestley-Taylor) returned better discharge simulations compared to more complex methods
(e.g. Penman-Monteith) while being easier to implement because of their less extensive data
requirements. In previous research, Barr et al. (1997) found good simulation results using
Morton’s method. However, no simpler methods were compared. Oudin et al., (2005),
showed good hydrological performances using simple methods such as McGuiness and
Bordne while concluding that Penman-derived approaches were less advantageous in rainfall-

runoff models.
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5.2. Evaporation and water temperature
The influence of open water evaporation on water temperature is observed through latent heat
loss. To the best of the authors’ knowledge, no such comparative study was previously
performed for both evaporation methods and water temperature modelling. Ouellet et al.
(2012), compared the performance of various evaporation methods for subsequent
temperature modelling. However, only the best performing method was used for the

simulations.

In terms of evaporation, the method of Maheu et al. followed by the method of Kimberly-
Penman offer the most realistic estimations on the Nechako watershed, and Kimberly-
Penman-method, followed by Maheu et al. and McGuinness and Bordne, offer more realistic
estimations on the Miramichi watershed. In terms of water temperature simulations for the
Nechako watershed, the method of Morton is the best performing method, followed by
Maheu et al. For the Miramichi watershed, the method of Kimberly-Penman performs best,
followed by the methods of Priestley-Taylor and Thornthwaite. There is thus an apparent
adequacy between the ability of these methods to properly estimate evaporation and the
performance of the water temperature simulation. This adequacy cannot be extended to
evapotranspiration estimation and discharge modelling because the best performing methods
were not the same for both processes. These findings support the hypothesis stated in the
introduction of this paper, namely that evapotranspiration and evaporation processes should
be estimated separately using distinct equations in discharge and water temperature

maodelling.

In the present study, the use of a mass transfer equation to estimate open water evaporation

does not automatically improve its estimation compared to the use of a method initially
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designed to estimate evapotranspiration. An important disparity is observed among the
evaporation estimates returned by the mass transfer method with different wind functions.
This disparity was observed on the same watershed with different wind functions as well as
for the same wind function on different watersheds. For instance, the Webb & Zhang
equation, widely used in water temperature modelling (e.g. Leach & Moore, 2010),
underestimates evaporation on both watersheds used in our study. The mass transfer equation

is only influenced by two inputs (wind speed and vapour pressure deficit), by the «,

parameter (free convection) and by the S parameter (forced convection). When looking at

the distribution of vapour pressure deficit, it can be seen that higher values are estimated on
the Miramichi watershed compared to the Nechako watershed. This suggests a greater

sensibility of the Miramichi watershed to «, values, returning low evaporation values if «,
is small. This is coherent with the «,, values obtained with Webb & Zhang equation

( a, =0.12 mm/kPa/day) and with Guenther et al. equation («, =0 mm/kPa/day). In
contrast, the Maheu et al. and Jobson equations lead to greater «, values, respectively

3.09 and 3.01 mm/kPa/day. With regards to wind speed, a larger range of values and a higher

frequency of higher wind velocities are observed on the Nechako watershed. Since g

multiplies wind speed, it has a greater influence on the Nechako watershed compared to
Miramichi. This suggests that the parameters of the wind function of a mass transfer equation

should be carefully evaluated in situ before using it to estimate river evaporative fluxes.

5.3. Final selection of method
According to the results obtained in the present study, certain considerations should be well
weighed when selecting evapotranspiration and evaporation methods for discharge and water

temperature modelling. In this case, the best method to estimate evapotranspiration does not
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necessarily results in the best discharge simulation. This inconsistency highlights a dilemma
associated with conceptual models in general. Should the adequacy of discharge (or water
temperature) simulations take precedence over the good representation of the processes
represented by the model? In the context of the implementation of conceptual models, the
question is somewhat moot, as the level of conceptualization determines the extent to which
processes can be adequately represented. This dilemma can be resolved by increasing model
complexity, which is not always possible or desirable because of the operational context and
data availability. However, understanding the limits associated with a more conceptual
representation of physical processes and quantifying the related uncertainty are of the utmost

importance.

The validity of the adjusted parameters should also be considered when evaluating
evapotranspiration estimation methods based on subsequent simulation results. Clark et al.
(2015) showed the equivalent and sometimes stronger influence of model parameters
compared to processes representation on the modelling uncertainty. In this study, the impact
of parameters was found more important in thermal simulations than in hydrological
simulations. In both cases, the influence of the parameters selection was more important at

the calibration stations compared to other validation sites on the watershed.

Many hydrological studies go beyond a good reproduction of observed discharge at a specific
site and require a realistic representation of the hydrology of a watershed. Climate projection
studies over large watersheds (e.g. Morrison et al. 2002) are good examples of such
applications. Thompson et al. (2014) showed that evapotranspiration estimation induces
uncertainty in future discharge projections using climate change scenarios. In such a context,

an evaporative loss estimation method should be selected for its ability to adequately
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represent the evaporative response to changing atmospheric conditions. The question of
whether or not the chosen evaporative loss method leads to an ideal simulation of discharge
appears secondary in that context. However, results suggest that river evaporation marginally
contributes to total water loss though evaporative processes. Efforts should thus first be

concentrated on evapotranspiration in studies interested in discharge simulations.

In conclusion, the present study concentrates on various evapotranspiration and open water
evaporation estimation methods that were evaluated in a discharge-water temperature
modelling cascade. The comparison of five evapotranspiration equations and five mass
transfer equations revealed an important uncertainty on both discharge and water temperature
carried by the modelling of these processes. Yet, no method clearly outperforms the others
for all validation stations. Finally, our results suggest that the method used to estimate
evapotranspiration and open water evaporation, especially in a water temperature modelling
context, should be established separately and not solely based on the subsequent simulation
results. A careful attention should also be given to parameters selection as their uncertainty
can dominate over processes uncertainty. Ensemble simulations through multimodule
methods would allow the representation of these uncertainty sources into a modelling process

(e.g. Clark et al., 2015).
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Figure 1: Maps of the Nechako and the Miramichi watersheds. On the map for Miramichi, Q

stands for discharge, T for water temperature, NWM for Northwest Miramichi, LSWM for
Little Southwest Miramichi and NWM for Northwest Miramichi.
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letters (A-D) do not have significantly different median values according the Kruskal-Wallis
test.
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Figure 5: Interannual range of evapotranspiration (A and B) and evaporation (C and D)

simulated using best performing methods on the Nechako watershed and the Miramichi

watershed. Lit. Max. is the maximum evapotranspiration/evaporation retrieved from the
literature.

This article is protected by copyright. All rights reserved.



A) Vanderhoof B) Cheslatta Falls C) Nautley

400 300 150 _ .
Range of simulated values
@30 Q Q "g.b Sel"’?"""
nE mE 200 mE 100. X imulations
= =4 = N
S s |
g 2 2 i \\Mt'\‘ o
ey e 27 A Wi
o™, a a »}Jf U |
0100 125 180 175 200 25 250275 0100125160 175 200 225 250 275 0100 125 180 175 200 225 250275
Day of the year Day of the year Day of the year

Figure 6: Discharge simulations on the Nechako watershed at A) Vanderhoof, B) Cheslatta
Falls and C) at the outlet of the Nautley River.

This article is protected by copyright. All rights reserved.



A) Southwest Miramichi
600

Discharge (msls)

R Y

100 125 150 175 200 225 250 275
Day of the year

C) Little Southwest Miramichi

—_ =y
o 1]
o o

2]
o

Discharge (mafs)

100 125 150 175 200 225 250 275
Day of the year

Discharge (msfs)

Discharge (m3/s)
N
Z

B) Catamaran Brook

4 . .
Range of simulated values

51 --Observation

3 iy Simulations

CI‘IOO 125 150 175 200 225 250 275
Day of the year

C) Northwest Miramichi

150
100 A,
A MY
J’,v?-: i
500/
| ”'.,u._,f" P -1_.7‘. "& 7‘;;—.
0 100 125 150 175 200 225 250 275

Day of the year
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Figure 8: Water temperature simulations on the Nechako at A) Vanderhoof, B) Cheslatta
Falls and C) at the outlet of the Nautley River.
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Table I: Formulation of the six evapotranspiration methods compared, including the
Thornthwaite method originally used in the CEQUEAU model.

Number . Equation
Method Type of inputs Formulation Number
XAA
ET,, = HRad —10 1.62 1O—T"’l
30.4 XIT
2 TM. O
XIT = Z[—' )
Thornthwaite Empirical 1 7\ 5 3456
(1948) (temperature) T
XAA=675x10°XIT?-77.1x10° XIT2 +0.0179XIT +0.492
Hrad = 2 cos™| —tan| sin [ 23227 s,in(z—”(.]D —JOEVA)) tan (XLA)
V4 180 365
. Empirical
chglrg\::ss (temperature); 1 ETM—B = &M 2
1972 extraterrestrial Ap 68
( ) radiation)
Priestley- - _ 1 . ARn .
Taylor (1972) Radiation 2 ET.; = PN a 8
AR, +y(e,—e, )y
Kimberley- ETe =
Penman Radiation; mass 5 ﬂ.p(A-ﬁ-y) 9 10
. transfer 2 2 ’
(Wright, 1982) w=|0.4+0.14exp (Lm) +]0.605+0.345exp —(JD 443] u,
58 80
0.408A(R, ) 47— 220y (e, —e,)
Penman- BT - T,+273
Monteith Radiation; mass P-M T
(Allen et al., transfer 5 A+;/(1+0.34U2) 1
1998)
ET, =2ETW -ETP
Radiation; mass e —g
transfer; ETP = l(AAR_: 7) + yZ((AS+ 7;)
Morton (1983) :ZZ?;’;?:?, 6 12,13, 14, 15
extraterrestrial ETW = aA(R,—M)
radiation l(A + }/)

M =1.37R,, - 0.394R,

ET: Evapotranspiration; E:Evaporation; A: Slope of vapour pressure (kPa °C™%); R,: Netradiation (MJ m?jour™); Rs: Incoming

solar radiation (MJ m2jour™); R.: Extraterrestrial solar radiation (MJ m2jour™; y: Psychrometric constant (kPa °C™); A:Latent heat

of vaporization (2.45 MJ kg™); T.: Air temperature at 2 m from the ground (°C); u: Wind speed atxm from the ground (m sV es:

Saturation vapour pressure (kPa); e ,: Air vapour pressure (kPa); a: Priestley-Taylor coefficient; Jp: Day of the year; p: Water density

(1000 kg L'l); 4 Wind function; ay: Wind function intercept; B: Wind function slope; TM: mean monthly air temperature
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Table 11: Description of the five wind functions selected for comparison

(24

(mm/kPa/day) (mm/kPa/day)

B

Height of wind

Reference measurements  Region
(m)

Free Forced

Convection Convection
Benner (1999) 3.46 2.04 0.5 Oregon, USA
Webb & Zhang (1997) 0.12 1.43 2 Devon, UK
Maheu et al. (2014) 3.09 0.84 2 New Brunswick, CAN
Guenther et al. (2012) 0 1.02 15 British Columbia, CAN
Jobson (1980) 3.01 1.13 4 California, USA
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Table 111: Performance metrics of evapotranspiration methods compared to eddy covariance
measurements at Nashwaak Lake (Miramichi watershed). Underlined values represent the best
performing method according to each criterion.

Method ?rlxlri)E Bias r AlIC M&:Z ?r:rr:%al
Thornthwaite 151 0.25 0.19 341 98.81
Kimberly-P. 1.11 0.12 0.70 87 -7.81
friest.—Taonr (alpha 0.98 0.06 0.72 3 3774
=0.82)

McGuinness 1.58 0.29 0.18 370 108.97
Penman-Mont. 1.73 0.46 0.71 356 207.15
Morton (alpha = 0.43) 1.01 0.01 0.73 15 0.89
Benner 1.51 0.25 0.19 341 98.81
Webb & Zhang 1.46 0.21 0.17 325 77.16
Maheu et al. 1.51 0.25 0.19 341 98.81
Guenther et al. 1.33 0.04 0.13 252 -45.65
Jobson 1.51 0.25 0.19 341 98.81
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Table 1V: Performance indices obtained in calibration and validation

Nechako at Southwest

Vanderhoof Miramichi
Calibration Validation Calibration Validation
Rel. Rel. Rel. Rel.
Method KGE Bias KGE Bias KGE Bias KGE Bias
Thornthwaite 0.87 0.12 0.86 0.01 0.81 0.06 0.74 0.04
Kimberly-Penman 0.89 0.03 0.82 0.15 0.78 0.09 0.67 0.17
Priestley-Taylor 0.77 0.22 0.84 0.08 0.77 0.08 0.70 0.15
McGuinness & Bordne 0.91 0.06 0.87 0.06 0.71 0.15 0.69 0.01
Penman-Monteith 0.88 0.06 0.80 0.20 0.87 0.04 0.78 0.06
Morton 0.92 0.18 0.81 0.07 0.74 0.19 0.77 0.04
Benner 0.78 0.21 0.83 0.08 0.83 0.06 0.74 0.04
Webb & Zhang 0.75 0.24 0.82 0.09 0.81 0.13 0.79 0.01
Maheu et al. 0.77 0.22 0.83 0.08 0.76 0.04 064 013
Guenther et al. 0.75 0.25 0.81 0.10 0.77 0.12 0.74 0.00
Jobson 0.78 0.22 0.83 0.08 0.86 0.04 0.80 0.06
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Table V: Root mean squared error (RMSE; °C) calculated for the calibration and validation
periods of the thermal model.

Nechako at Southwest

Vanderhoof Miramichi

Calibration Validation Calibration Validation

(°C) °C) °C) (°C)
Thornthwaite 1.05 1.49 1.17 1.52
Kimberly-Penman 1.06 1.46 121 1.56
Priestley-Taylor 1.18 1.40 1.02 1.69
McGuinness & Bordne 1.04 1.47 1.25 1.60
Penman-Monteith 1.00 1.45 0.98 1.77
Morton 0.99 1.47 1.08 1.58
Benner 1.26 1.48 1.09 1.69
Webb & Zhang 1.32 151 1.13 1.68
Maheu et al. 1.15 1.31 1.06 1.82
Guenther et al. 1.30 1.47 1.14 1.72
Jobson 1.22 1.48 1.15 1.76
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Table VI: Kling Gupta Efficiency (KGE) criterion and relative bias calculated between
observed and simulated discharge for all evapotranspiration estimation methods on the
Nechako.at VVanderhooff (V), Cheslatta Falls (C) and Nautley River (N), and on the Miramichi
on the Southwest (SW), Little Southwest (LSW), Catamaran Brook (CAT) and Northwest (NW)
Branch. Underlined values represent the best performing method according to each criterion.

KGE
Method Nechako Miramichi
\Y C N SW LSW CAT NW
Thornthwaite 0.90 0.94 0.74 0.79 0.59 0.74 0.66
Kimberley-Penman 0.89 0.95 0.51 0.74 0.55 0.65 0.60
Priestley-Taylor 0.81 0.93 0.63 0.80 0.60 0.71 0.66

McGuinness & Bordne  0.92 0.95 0.70 0.71 0.52 0.67 0.63

Penman-Monteith 0.87 0.95 0.48 0.83 0.65 0.73 0.70
Morton 0.96 0.95 0.75 0.80 0.60 0.77 0.73
Benner 0.81 0.93 0.67 0.79 0.59 0.73 0.66
Webb & Zhang 0.79 0.92 0.63 0.80 0.60 0.73 0.69
Maheu et al. 0.81 0.93 0.66 0.84 0.67 0.76 0.71
Guenther et al. 0.78 0.92 0.61 0.76 0.55 0.71 0.65
Jobson 0.81 0.93 0.66 0.84 0.67 0.76 0.71
Relative Bias

Method Nechako Miramichi

\Y C N SW LSW CAT NW
Thornthwaite 0.12 0.05 0.12 0.02 0.16 0.05 0.04
Kimberley-Penman 0.02 0.02 0.17 0.06 0.18 0.03 0.01
Priestley-Taylor 0.27 0.08 0.43 0.01 0.14 0.07 0.05
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McGuinness & Bordne  0.07 0.04 0.03 0.10 0.23 0.01 0.03
Penman-Monteith 0.08 0.01 0.28 0.01 0.10 0.10 0.07
Morton 0.08 0.04 0.05 0.10 0.24 0.01 0.04
Benner 0.23 0.07 0.36 0.02 0.17 0.05 0.04
Webb & Zhang 0.26 0.08 0.41 0.07 0.20 0.02 0.01
Maheu et al. 0.24 0.07 0.38 0.01 0.11 0.09 0.07
Guenther et al. 0.27 0.08 0.42 0.08 0.21 0.01 0.01
Jobson 0.24 0.07 0.37 0.02 0.11 0.09 0.07
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Table VII: Root mean squared error (RMSE) calculated between observed and simulated water
temperatures for all methods (best scores are underlined)

Water Temperature (RMSE ; °C)

Nechako Miramichi

V C N SW LSW CAT NW
Thornthwaite 1.34 2.18 2.38 1.35 1.97 3.08 1.89
Kimberley-Penman 1.32 1.97 2.19 1.30 1.88 3.16 2.13
Priestley-Taylor 1.34 1.87 2.02 1.39 1.76 2.56 1.89

McGuinness & Bordne  1.33 2.25 2.24 1.43 1.91 3.29 1.75

Penman-Monteith 1.30 2.08 2.19 1.43 1.81 2.79 1.81
Benner 1.42 1.82 2.22 1.42 1.96 2.36 2.09
Morton 1.18 1.87 1.99 141 1.86 2.95 1.98
Webb & Zhang 1.46 1.68 2.27 1.42 1.95 3.26 2.33
Mabheu et al. 1.28 1.71 2.01 1.46 2.04 3.58 2.85
Guenther et al. 1.43 1.77 2.17 1.45 1.99 3.64 2.43
Jobson 141 2.00 2.08 1.45 2.02 3.40 2.83
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