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Towards a better understanding of the evaporative cooling of rivers: case study for

the Little Southwest Miramichi River (New Brunswick, Canada)

Abstract

Stream temperature plays an important role in many biotic and abiotic processes, as it influences many
physical, chemical, and biological properties in rivers. As such, a good understanding of the thermal
regime of rivers is essential for effective fisheries management and the protection of aquatic habitats.
Moreover, a thorough understanding of underlying physical processes and river heat fluxes is essential
in developing better and more adaptive water temperature models. Very few studies have quantified
river evaporation and rivers' corresponding evaporative cooling component. The present study
investigated the evaporative cooling of the Little Southwest Miramichi River in Eastern Canada by
calculating the evaporative heat flux and overall heat fluxes using in-situ data. Results showed that the
evaporative heat flux reached -300 W m mid-day when high water temperatures were observed. The
daily evaporative heat flux can thus account for close to 50% of the total heat losses, followed by
longwave radiation (25%), streambed heat fluxes (20%), and sensible heat (5%). Our results show that
the evaporative heat flux can be a critical cooling mechanism for wide and shallow rivers during high

summer temperatures.
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1. Introduction

River temperature is a critical parameter in ecological studies as it influences many physical, chemical,
and biological processes. For instance, river temperature can impact fish distribution, growth rates,
mortality, and habitat use within river systems (Svenning et al. 2022; Armstrong et al. 2013; Elliot and
Hurley 2000; Keefer, Peery, and High 2009; Ouellet et al. 2021). Aquatic species distribution can also
be influenced by seasonal, daily, and diel water temperature variability, which can differ significantly
between small groundwater-fed streams and large rivers (Tague et al. 2008; Hare et al. 2021; Kurylyk et
al. 2015). An important component of the overall thermal regime of rivers is the occurrence of high
temperature events (Caissie et al. 2013), which can severely impact fish behavior and their distribution
(Breau, Weir, and Grant 2007; Breau, Cunjak, and Peake 2011; Corey et al. 2020). For example, under
high temperatures, salmonids have been observed to experience stress-related responses (Elvidge et al.
2017; Corey et al. 2017; Kingsolver, Diamond, and Buckley 2013), including the movement of fishes
into small cold-water tributaries to seek thermal refugia (Petty et al. 2014; Frechette et al. 2018; Dugdale
et al. 2015). In extreme cases, high temperature events can result in direct fish mortalities (Huntsman
1942; Ouellet et al. 2010). As river temperature plays a major role in aquatic resources composition and
distribution, it is therefore imperative to understand the spatial and temporal variability of the underlying
physical processes for improved modeling and more effective fisheries and aquatic resources
management (Dugdale et al. 2018; Ouellet et al. 2020).

Among the best approach to understand river thermal processes is to quantify the heat exchanges
within river environments, as statistical river temperature models do not provide such information. As
such, river temperature heat budget models are often used to quantify heat fluxes to predict water
temperatures under natural conditions and anthropogenic perturbations (Garner et al. 2014; Carrivick et

al. 2012; Maheu et al. 2014; Ouellet et al. 2013). River temperature models can generally be classified
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as statistical or deterministic/process-based (Caissie 2006; Benyahya et al. 2007). Statistical models are
used to predict river temperatures from a limited number of independent variables, such as air
temperature (Mohseni and Stefan 1999; Caissie, El-Jabi, and Satish 2001; Ahmadi-Nedushan et al.
2007). These models provide little understanding of physical forcing and processes as they are based on
statistical relationships.

In contrast, deterministic models are based on the conservation of energy and as such, need to
effectively quantify heat exchange processes within the river environment to predict water temperature
variability (Ouellet et al. 2020; Dugdale, Hannah, and Malcolm 2017). From a river perspective, the heat
exchange is considered at two levels (1) at the air/water interface and (2) at the streambed/water
interface (or stream bottom). Many applications of deterministic models can be found within the
literature where river temperature has been successfully modeled (Sinokrot and Stefan 1994; Hebert et
al. 2011; Ouellet et al. 2013; Jackson et al. 2021; Palmer and Nelson 2007; Caissie, Satish, and El-Jabi
2007). Moreover, the deterministic modeling approach remains the most effective tool when studying
specific heat budget components or when conducting thermal impact studies (Troxler and Thackston
1977; Hockey, Owens, and Tapper 1982; Lowney 2000; Jackson et al. 2021). However, it is worth
mentioning that deterministic models require more data in their application, e.g., detailed physiographic,
hydrologic, and meteorological inputs (Ouellet et al. 2020; Dugdale, Hannah, and Malcolm 2017).

River heat exchange processes are complex and occur through a combination of radiation,
conduction, convection, and advection processes (Garner et al. 2014; Dugdale, Hannah, and Malcolm
2020; Quellet et al. 2013; Leach and Moore 2018). Energy fluxes at the air/water interface generally
include solar radiation, net longwave radiation, and evaporative and sensible heat fluxes, whereas
streambed heat fluxes mainly consist of heat conduction and advective processes (e.g., due to

groundwater flow). Among the river heat budget components, the evaporative heat flux is important, as



it contributes to the cooling of rivers during high summer temperatures (Benyahya et al. 2010; Maheu et
al. 2014). However, this heat flux has received very little attention within the literature and remains
generally poorly understood, especially for rivers that can experience high summer water temperatures.
Very few studies have used river-specific equations to quantify the evaporative heat flux (Guenther,
Moore, and Gomi 2012; Caissie 2006; Ouellet et al. 2014). Many studies have calculated heat fluxes
using literature equations developed for streams within very different climates and geographic settings
(Caissie, Satish, and El-Jabi 2007; Sinokrot and Stefan 1994; Webb and Zhang 2004; Ouellet et al.
2014). However, the influence of hydrogeological settings (e.g., bedrock, surficial geology, soil types)
that control river's thermal capacity and hydraulic conductivity are often overlooked, and heat fluxes are
assumed constants or defined more arbitrarily (O'Sullivan, Devito, and Curry 2019; O'Sullivan et al.
2020; Jackson et al. 2021). This can explain why studies have observed large differences in evaporative
heat fluxes when comparing different literature equations and the difficulty of extracting the information
about coefficient adjustments (Benyahya et al. 2010; Ouellet et al. 2014). For example, Benyahya et al.
(2010) used four different evaporation equations, and results showed that the Priestley—Taylor, and
Penman equations generally showed higher evaporation rates than Dalton-type approach and the Ryan—
Harleman equations.

Among these four evaporation equations, the Dalton-type equation is the most often used
equation in water temperature modeling studies. When used, Dalton-type equations are often applied
uncalibrated (i.e., using literature coefficients/equations) or calibrated using the energy-budget approach
(Jobson 1980; Fulford and Sturm 1984) rather than actual evaporation measurements. However, in
recent years some studies have made progress in direct river evaporation in order to better estimate the
wind function when using the Dalton-type approach (Guenther, Moore, and Gomi 2012; Maheu et al.

2014; Caissie 2016). For example, Guenther et al. (2012) measured evaporation rates in a small



headwater stream in British Columbia using an evaporimeter, whereas both Maheu et al. (2014) and
Caissie (2016) have used floating minipans to calibrate their Dalton-type equations. Maheu et al. (2014)
have quantified river evaporation for two different size rivers and found differences in the wind function
at each site. Notably, site-specific equations should be used whenever possible, as they likely better
reflect river evaporation than literature equations. Site-specific equations can improve the evaporative
heat flux estimation and thus can contribute to a better overall modeling. Also, site-specific equations
can play an important role in our ability to generalize the evaporative heat flux component in the future,
which would be the ultimate goal. Although Maheu et al. (2014) have established river-specific wind
functions, calculated river evaporation, and corresponding heat fluxes, their study focused mainly on
river evaporation. In the present study, the focus is on the evaporative heat flux at daily and diel
timescales to better assess the evaporative cooling potential of rivers (i.e., the percentage/portion of the
evaporative heat flux among the total heat losses). The evaporative cooling of rivers can plays a key role
in warm and cold climates where rivers are experiencing high summer temperatures, such as the Little
Southwest Miramichi River which can reaching 30°C. Such rivers may be further impacted under future
climate warming.

The present study will quantify the evaporative heat flux as well as the evaporative cooling (i.e.,
the percentage of the evaporative heat flux to the total heat losses) within the Little Southwest
Miramichi River (New Brunswick, Canada). The specific objectives of this research are: 1) to use a
Dalton-type approach to calculate the river evaporation and the corresponding evaporative heat fluxes,
2) to compare the different heat fluxes (gains and losses) that contribute to the overall heat budget, and
3) to quantify the evaporative heat fluxes at both daily and diel timescale to assess potential evaporative

cooling of the studied river.



2. Study sites and data

In the present study, data were collected within the lower section of the Little Southwest Miramichi
River (LSWM), New Brunswick (Eastern Canada) (Figure 1). The drainage area at this site is 1190 km?
and the river is approximately 80 m wide, with a depth of 0.55 m (average depth during mean flow
conditions). The LSWM is part of the Miramichi River system, which is world-renowned for its
population of Atlantic salmon (DFO 2013). The study area receives between 860 mm and 1365 mm of
precipitation annually, with a mean annual precipitation of 1130 mm (Caissie and El-Jabi 1995). The
mean annual runoff is estimated at 714 mm, and 416 mm of the water is lost through evapotranspiration.
January is the coldest month, with a mean monthly air temperature of -11.8°C, whereas July is the
warmest month, with an average air temperature of 18.8°C. Conifers (65%) and some deciduous trees
(35%) make up the predominant vegetation cover in the region (Cunjak, Caissie, and El-Jabi 1990). The
canopy closure is less than 20% at LSWM, which is an estimate of shading of the river during mid-day,

and the tallest mature trees are typically in the order of 14-18 m.



Little Southwest Miramichi River

Little Southwest Miramichi River
microclimate station and water
temperature site

A

Catamaran Brook

Figure 1. Little Southwest Miramichi River drainage basin indicating the location of the microclimate
station and water temperature monitoring site.

For this study, data were collected within the Little Southwest Miramichi River, from
instruments installed in the mid-stream environment just below the confluence of Catamaran Brook
(Figure 1). Water temperature was recorded using a Campbell Scientific 107B water temperature sensor.
No difference in water temperatures was observed from bank-to-bank due to the well-mixed nature of
the river (Caissie, Satish, and El-Jabi 2007). Air temperature and relative humidity were measured 2 m
above the water surface using a shielded Vaisala Relative Humidity and Temperature sensor. Wind
speed was monitored with a RM Young sensor. Longwave radiation data were collected using a Kipp &
Zonen CGR3 pyrgeometer to obtain incoming atmospheric longwave radiation. Solar radiation was
measured with a Kipp & Zonen SP-Lite2 silicon pyranometer. Precipitation was also recorded using a
TES25 tipping bucket rain gage. Hourly data from June 12, 2012 (day 164) to September 6, 2012 (day
250) were available for the analysis. River evaporation equations (wind functions) used in the present
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study were obtained from Mabheu et al. (2014). River discharge data for the Little Southwest Miramichi

were obtained from the following web site (www.canada.ca/en/environment-climate-

change/services/water-overview/quantity/monitoring/suvery.html)  for the hydrometric  station

(01BP001). Discharge data from the hydrometric station were used to calculate water level using the

prorating technique described by Caissie et al. (2007).

2.1 Estimation of surface and streambed heat fluxes

The governing equation for one-dimensional heat transfer and for a vertically well-mixed stream is

expressed as follows (Caissie and Luce 2017; Younus, Hondzo, and Engel 2000):

aTW-l—V%—ii(ADL%J: W (Hsurf _Hcond) (1)
ot ox  Aox OX PuCuA

where, Ty represents the water temperature (°C), t is the time (s), x is the distance downstream (m), A is
the cross-sectional area (m?), v is the mean water velocity (m s), W is the river width (m), D¢ is the
dispersion coefficient in the direction of flow (m? s, cw is the specific heat of water (4187 J kg °C™?)
and py is the water density (1000 kg m=). Hsur is the total heat flux from the atmosphere, i.e., heat
exchange at the air-water interface (W m2), and Heond is the streambed conduction heat flux (W m™),
i.e., the heat flux across the stream—streambed interface. As pointed out by Caissie and Luce (2017),
equation (1) assumes that the water moving up from the streambed (upwelling case) has time to

equilibrate to the river stream temperature as it exits the bed and enters the stream.

The total surface heat flux is a function of:


http://www.canada.ca/en/environment-climate-change/services/water-overview/quantity/monitoring/suvery.html
http://www.canada.ca/en/environment-climate-change/services/water-overview/quantity/monitoring/suvery.html

Hsurf :HSW+H|W+H6+HSh (2)

where Hgy is the net shortwave radiation (W m), Hi represents the net longwave radiation (W m2), He

is the evaporative heat flux (W m2), and Hsn is the sensible heat flux (W m?).

2.1.1 Net shortwave radiation (Hsw)

The net shortwave (solar) radiation (Hsw) at the river surface may be approximated by the following

equation (Sinokort and Stefan, 1993; Caissie et al., 2007):

st = I:csti -R I:csti (3)

where, Hswi represents the incoming shortwave radiation (W m2) which is measured by a pyranometer
(representing above the forest canopy solar radiation), and F. is the forest cover factor (0 totally shaded
to 1 totally open). Since the microclimate station was located near the center of the LSWM, the
measured pyranometer data was used to estimate the incoming shortwave radiation, i.e., Hswi, and the
forest cover factor (Fc) was assumed to be 1, i.e., totally open. The reflected component (R) was
assumed at 3% of the incoming shortwave radiation based on Benyahya et al. (2012), which showed R
values ranging from 1-6% and a corresponding mean value of 3%. Other studies have reported values in

the range of 3-5% (e.g., Leach and Moore 2010), which shows that 3% is within the observed values.

2.1.2 Net longwave radiation (Hiw)

The net longwave radiation flux (Hw) at the water surface includes the incoming longwave radiation

(Hw ¥) and the outgoing radiation (Hw T). The net longwave radiation is given by:
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H|W:H|W¢_H|WT (4)

As the longwave radiation (Hw { , W m?) was measured using a pyrgeometer approximately mid-river,
it mainly included longwave radiation coming from the atmosphere (Hiwa), but could also included a
small portion coming from the nearby forest canopy (Hif) if present (although the LSWM is wide and
unsheltered). The outgoing longwave radiation, HwT (W m?), includes the reflected longwave radiation
(Hwr), and the longwave radiation emitted by the water surface (His). The outgoing longwave radiation

emitted by the water surface was calculated using the Stefan-Boltzmann law given by:

H,WST:O'gW (I'W+273)4 (5)

where, o is the Stefan-Boltzman constant (5.67x108 W m?2 K™, & = 0.97+0.005 (Anderson 1954) is the
emissivity of the water and Tw the water temperature (°C). As in previous studies (Anderson, 1954;

Benyahya et al., 2012) the reflected longwave radiation was assumed at 3% of incoming, therefore:

H,, T=003H, (6)

Iwr

As such, Hiwr represented 3% of the measured value of the pyrgeometer, or incoming longwave

radiation.

2.1.3 Evaporative heat flux (Hevp)

The evaporative heat flux (also known as latent heat flux, Heyp) can be calculated by the equation

provided in Webb and Zhang (1997):

11



Hevp =EL Y (7)

where, E is the river evaporation rate (mm d), L is the latent heat of water vaporization (2.45 MJ kg™t)
and p the water density (1000 kg m™). If we use the Dalton-type approach equation to estimate the river

evaporation then the evaporation is given by:

E=(a+bu,) (e -e,) (8)
where E in mm d, u, wind speed in m st at a height of 2 m, es* is the saturation vapour pressure of the
surface (water), and e, is the air vapour pressure in kPa. The coefficients a and b are constants of the
Dalton-type approach evaporation equation, which are site-specific. Also, the quantity (a + b uy) of
equation (8) is referred to as the wind function (), whereas (es*-ea) is referred to as the vapour pressure
difference between water and air. In the present study, the equations developed by Maheu et al. (2014)

for the Little Southwest Miramichi River were used for calculating the evaporative heat flux.

2.1.4 Sensible heat flux (Hsn)

The sensible heat equation is derived from the Bowen Ratio B, which is the ratio of the sensible to the
evaporative heat flux where both fluxes are in the same units (e.g., W m) (Vercauteren et al. 2009;

Caissie, Satish, and El-Jabi 2007):

Hsh
H

evp

B= (9)

The Bowen ratio is also given by (Bowen 1926):
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B=y+——2 (10)

where y is the psychometric constant, Ts the surface temperature (water, °C) and Ta the air temperature

(°C). After simplifications, the sensible heat flux equation is given by:
Hsh :1'91(a+b UZ) (Ta _Tw) (11)

where, a and b are the coefficients of the wind function (see equation 8), u: is the wind speed (m s?) at 2

m, Ta and Ty are the air and water temperature (Ts = Tw; °C).

2.1.5 Streambed heat flux (Hcond)

The streambed heat flux (i.e., at the stream-streambed interface) is obtained from the streambed

conduction flux given by the following equation:

aT

oz z=0

Heona = —k (12)
where k is the thermal conductivity of the saturated sediment matrix (W m® °C?). Heong is the
conductive heat flux across the stream-streambed interface (z = 0; Hondzo, Stefan, and Anthony 1994).
The streambed conduction heat flux is the only streambed heat flux present in most situations, especially
when upwelling water has time to equilibrate to the stream temperature as it moves through the
sediment-water matrix (Caissie and Luce, 2017). There are different approaches to calculating Hcond

(i.e., through a flux separation when the vertical velocity is known); however, the simplest approach is

to use shallow streambed temperatures and calculate the slope, i.e., % of equation (12). In the
0

Z=
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present study, this approach was used where shallow streambed temperatures were calculated using an
advection-diffusion model (Caissie and Satish 2001). Both upper and lower boundary conditions are
required to run above the advection-diffusion model. The upper boundary was the surface water
temperature of the Little Southwest Miramichi River, whereas the lower boundary was a constant
temperature of 6.3°C at a depth of 6 m (Caissie et al. 2014). An upwelling water flux (velocity) of -
0.0025 m hr'* was used, which is a typical value for such river systems (Caissie et al. 2014). Stream
temperatures (0 m; measured river temperatures) and streambed temperatures (from the above
calculations) at depths of 0.1 m, 0.2 m, 0.3 m, and 0.4 m were used and fitted to a 3™ order polynomial
function to estimate the slope of the equation (12), and thus provided the streambed (conduction) heat

fluxes.

3. Results

3.1  Meteorological data

Little Southwest Miramichi River (LSWM) microclimate conditions were collected during the period
between June 12, 2012 (day 164) and September 6, 2012 (day 250), and results of hourly data are shown
in Figure 2. Figure 2a shows the incoming shortwave radiation (measured from the pyranometer) and
incoming longwave radiation (measured from the pyrgeometer). Hourly data showed the diel cycles in
both shortwave and longwave radiation. Peak values of incoming solar radiation generally reached 900
W m2 early in the season (days 164-172) and declined towards the end of the study period (e.g., < 800
W m days 223-250). The mean value for incoming solar (shortwave) radiation for the period was 205
W m2 with higher daily means at the beginning (~ 300 W m) and lower daily means towards the end
of the period (~ 150 W m). Incoming longwave radiation generally ranged between 295 W m and 430

W m2, with a mean value of 370 W m for the study period. Notably, measured incoming longwave
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radiation followed the air temperature diel cycle and was also influenced by cloud cover. For instance,
higher daily mean values were observed on cloudy days (e.g., days 174-180; days 223-226), while
greater diel variability was observed during clear/sunny days. Figure 2b shows the study period's air and
water temperature times series. Air temperature ranged from 5°C to 31°C, with an overall mean air
temperature of 18.7°C. Morning temperatures were low, especially at the beginning and toward the end
of the study period (e.g., minimum temperatures of 5°C on days 169 and 246; Figure 2b). High air
temperatures of 29-31°C were observed on several days (e.g., days 172, 194, 197, 213, 218, and 239-
240) with corresponding high water temperatures. The diel pattern of water temperatures was similar to
that of air temperatures but with reduced diel variability (Figure 2b). Water temperature ranged between
14.3°C and 27.9°C, with an overall mean water temperature of 20.6°C. The mean summer water
temperature in the Little Southwest Miramichi River was higher than the mean air temperature (by
1.9°C; 20.6°C vs. 18.7°C). Figure 2c shows the daily river discharge as well as hourly precipitation data.
Discharge was under baseflow condition (i.e., without precipitation; discharge < 20 m® s) for most of
the summer; however, it responded to precipitation events. For instance, the discharge increased from 10
m? st (day 173) to 107 m® s (day 180) following 146 mm of rain, which fell over 8 days between June

22 and June 30 (days 174-182).
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Figure 2. Meteorological data at the study site between June 12 (day 164) and September 6 (day 250),

2012. The shaded area indicates the period (July 4 to 13) for which the heat budget was analyzed in

more detail.

It was possible to estimate the total heat flux (both at the air/water interface and the stream-

streambed interface) using the above microclimate conditions and river discharge data. The period of

July 4 to 13, 2012, (i.e., day of the year 186 to 195; shaded area; Figure 2) was used to illustrate these

fluxes. This particular period was selected as it includes cloudy/overcast days, clear/sunny days,

precipitation events, and high air temperature events (Figure 3; Table 1). For instance, days 186-188

were mainly overcast/cloudy days with some precipitation and were followed by days with a mix of sun

and clouds (days 189-191; Table 1). The following two days were mainly clear days (days 192-193),
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followed by a clear day where clouds moved in later in the day (day 194). The last day of the study
period (day 195) experienced mostly cloudy conditions. Figure 3 shows the radiation components, air
and water temperatures, wind speed, and relative humidity. During this period, 6.2 mm of precipitation
was monitored on day 186 and early into day 187; however, this precipitation did not affect discharge
which was in a recession flow condition from the previous high flow event (Figure 2). Both incoming
shortwave radiation and longwave radiation are plotted in Figure 3a. Peak shortwave radiation reached
890 W m (days 190 and 193), while highest daily means were reached on days 192-194 (i.e., 303 W m-
2: 317 W m?2 and 300 W m, respectively). Figure 3a also shows incoming longwave radiation.
Incoming longwave radiation was relatively stable (~ 400 W m) throughout the day and night of
overcast days (e.g., day 187; daily mean of 403 W m), at a time where peak daytime solar radiation
was low 232 W m?2 (daily mean of 60 W m). Incoming longwave radiation followed a diel cycle
(between 280 W m and 380 W m%; with mean values of 330 W m) on clear days (e.g., days 192-194).
These results show that daily mean values of incoming longwave radiation during clear days were

generally lower than those during overcast days (330 W m vs. 403 W m2; see above).
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Figure 3. Microclimate conditions at the study site for the heat budget analysis and for the period of
July 4 (day 186) to July 13 (day 195), 2012. Panels show the daily variation in a) incoming short- and
longwave radiation, and b) net longwave radiation, highlighting how the longwave radiation is
influenced by c) the water temperature. Panel c¢) also highlights the time lag between air and water

temperature variations. Panel d) shows the daily variation in relative humidity and wind speed, which
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ultimately influence the daily variation in the latent flux.

Table 1. Little Southwest Miramichi River meteorological conditions between July 4 to July 13, 2012

(day 186-195).

Month Day Day of year

Meteorological conditions

4

July

© 0o N o o

186
187
188
189
190
191

Mainly clear, then mostly cloudy followed by rain showers (evening)

Rain showers followed by cloudy, drizzle and fog conditions

Cloudy, drizzle and fog throughout the day

Fog in the morning followed by cloudy (mid-day) and clear condition (evening)
Mainly clear for the first half of the day followed by mostly cloudy conditions
Mostly cloudy then clear in the evening
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10 192 Clear and mainly clear throughout the day

11 193 Clear and mainly clear throughout the day

12 194 Mainly clear followed by mostly cloudy and cloudy conditions
13 195 Coudly and mostly cloudy conditions throughout the day

Outgoing longwave radiation, calculated with equations 5 and 6, consisted mainly of radiation
emitted by the water surface and a small reflected portion. Daily mean values were generally around 400
W m2, which included a small reflected portion of atmospheric incoming longwave radiation (~ 11 W
m?). Figure 3b shows the net longwave radiation (incoming — outgoing), which was generally neutral
(close to 0 W m?) during cloudy days (days 187-188; mean of -7 W m2). However, the net longwave
radiation was a heat loss during clear days (daily average of -80 W m, and reached night-time
minimum values of -100 W m on days 192-193). Figure 3c shows both air and water temperature
during this period. Air and water temperature showed diel cycles during both cloudy and sunny/clear sky
days. During sunny days, air and water temperatures can increase/decrease rapidly by the hour (e.g.,
days 192-194). Air temperature experienced the highest increase between 8:00 and 11:00 at rates of 3-
3.2°C h't whereas water temperature showed the highest increase between 11:00 and 14:00 (slightly
delayed) with rates of 0.8-0.9°C h. The cooling rates of air temperatures (highest values) were similar
to the heating rates (cooling of 3.2°C h™! and occurred between 21:00 hrs and 23:00); however, water
temperatures experienced lower cooling rates. Highest cooling rates for water temperatures were 0.55°C
h" between 21:00 and 23:00, followed by relatively stable night-time cooling rates of 0.44°C hr!
between midnight and 7:00. The cooling rates of water temperatures were about half in magnitude of

water temperatures warming rates.

Figure 3d shows the relative humidity and wind speeds observed during the period of July 4 to
13 (days 186-195). Wind speeds were generally low during the beginning of the period (i.e., during

cloudy and rainy days) and increased on days 190 and 191 (with peak values of 5.3 m s* and 6.0 m s*
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on these days, respectively). The relative humidity was high during the beginning of the period (> 75%),
especially during overcast days, and showed low diel variability; however, the diel variability increased
during sunny days. During such days, the relative humidity varied between 28-32% (mid-day) to 95-
97% (early morning; Figure 3d). Lowest relative humidity corresponded with highest wind speed

conditions on those days.

3.2 Stream surface and streambed heat fluxes

Figure 4a shows the corresponding stream surface and streambed heat fluxes during the study
period, i.e., July 4 to 13, 2012 (days 186 to 195). In Figure 4a, the solar radiation represents the net
shortwave radiation, i.e., the measured incoming shortwave radiation minus the reflected component at
3% (of incoming). The net longwave radiation is the same time series as in Figure 3b (incoming —
outgoing). Also shown in this figure are the sensible, the streambed, and the evaporative heat fluxes.
Results show that all fluxes were relatively low during cloudy days (e.g., days 187-188) with
correspondingly low diel variability. In contrast, surface heat fluxes were much higher during sunny
days (e.g., days 192-194) with relatively high diel variability. The average net shortwave radiation was
206 W m during this 10-day period and the only heat gain among all fluxes (mean value). All other
fluxes over the 10-day period were heat losses (mean value). The evaporative heat flux represented the
highest heat loss (average of -97 W m and accounting for 48% of heat losses), followed by the net
longwave radiation (-51 W m; 25%), the streambed heat flux (-41 W m2; 20%) and the sensible heat

flux (-12 W m2; 6%).
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Figure 4. Calculated (a) heat fluxes (net short- and longwave radiation, streambed, sensible, and
evaporative) and (b) total predicted and observed heat flux between July July 4 (day 186) and July 13
(day 195), 2012. Water temperature values are also displayed in both panels to show the variations in

relation to the different heat fluxes.

When analyzing data over shorter time periods (e.g., cloudy and sunny days), a greater contrast
between fluxes was observed. For instance, the net shortwave radiation, although relatively low, was
still the most significant heat gain (89 W m2; daily mean values) during cloudy/overcast days (i.e., days
187-188; Figure 4a) where other fluxes were mainly heat losses. During these two days, the most
significant heat loss was the streambed heat flux (-32 W m2; 54%), followed by the evaporative heat
flux (-20 W m%; 34%)), the net longwave radiation (-7 W m; 12%), and sensible heat flux (close to 0 W
m-2). During sunny/clear sky days (day 192-194), the most significant heat gain was the shortwave

radiation at 306 W m (daily mean values), followed by a small contribution of sensible heat (2 W m™).
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The most important heat loss during sunny days was the evaporative heat flux at -151 W m (daily mean
values; 56% of the heat losses), followed by the net longwave radiation (-76 W m; 28%) and the
streambed heat flux (-41 W m2; 15%). Both the evaporative heat flux and the net longwave radiation
were important heat losses during sunny days; however, peak net longwave radiation losses occurred
mainly at night (0:00-5:00 with values between -100 W m? and -110 W m?), while peak evaporative
heat losses occurred in late afternoon (15:00 -18:00 with values between -290 W m and -310 W m;
Figure 4a; peak value of -310 W m occurred on day 190 at 18:00). The timing of the streambed heat
flux was very close to that of the evaporative heat flux where maximum values occurred mainly in early

morning, and minimum values occurred in late afternoon.

Figure 4b shows the corresponding predicted total heat flux calculated from the above total

surface and streambed heat fluxes, i.e., calculated using the following equation:

Hpredicted = st + HIW + Hsh + Hevp + Hcond (13)

where the predicted total heat flux represents the summation of all heat fluxes, as calculated in Figure
4a. The observed total heat flux was obtained from actual changes in water temperatures over time (i.e.,

from measured water temperatures), given by the following equation:

_ PwCw VAT
Hobserued === ;; (143.)

Hobserved = 1163 y AT (14b)

where pw and cw represent the physical properties of water (as defined in equation 1), y represents the

mean depth of water, and AT represents the actual measured changes in water temperatures over a 1-
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hour period, i.e., At = 3600s. As such, equation 14b represents the energy required (W m) to increase
(or decrease) the water temperature by AT over a 1-hour period for the given depth y. Figure 4b shows
both predicted (equation 13) and observed (equation 14) total heat fluxes. Predicted vs. observed total
heat fluxes were very similar during the study period (days 186-195). Total maximum heat flux reached
over 600 W m (around 12:00-14:00), corresponding to a peak in net shortwave radiation input. The
peak heat loss occurred towards the end of the day, around 22:00-23:00, with values reaching -350 W m"
2, Predicted heat fluxes (dashed line; Figure 4b) showed a slight lag to observed values from early
morning to peak total fluxes (early afternoon).

Results for the overall study period, i.e., 87 days (between June 12, 2012, and September 6,
2012; day 164 and day 250), showed a similar fit of total heat fluxes (predicted vs. observed) with a root
mean square error (RMSE) of 85 W m and a coefficient of determination R? of 0.88 (Figure 5). This
figure shows a slightly larger scatter for positive heat flux, with a few data points being far from the
regression line. A closer look at some of these data points revealed that a rapid change in incoming solar
radiation can explain some of this variability. For instance, on August 13:00 at 15:00 (point A; Figure
5), a marked variability in solar radiation was observed over a 3-hour period (767 W m?; 275 W m™ and
758 W m2) where most other fluxes were relatively small and stable (< #70 W m). The water
temperature increased by only 0.1°C during the last hour (15:00), which resulted in an observed total
heat flux of 55 W m2 (Hobserved = 1163 y AT; water depth y = 0.47 m; equation 14b), where the predicted
total heat flux (Hpredgicted) Was calculated at 631 W m2, mainly as a result of the high solar radiation input
of 758 W m at 15:00. These results suggest that highly variable meteorological conditions at the hourly

timescale are most likely responsible for such a difference between predicted and observed total flux.
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Figure 5. Observed vs. predicted latent heat flux using the Dalton-type approach equation.

3.3 Diel variability in river heat fluxes

A closer look at the timing of different heat fluxes during a 24-hour period is presented in Figure 6 (day
193; see shaded area, Figure 4a). This day (July 11; day 193) represents a typical clear day for the Little
Southwest Miramichi River (i.e., mainly clear day; Table 1). On this day, water temperatures decreased
gradually throughout the night and reached a minimum value of 15.9°C in the morning (9:00), and then
increased to a maximum value of 22.5°C early evening (19:00). Air temperature followed a similar
pattern with a minimum temperature of 8.1°C (6:00) and a maximum temperature of 25.0°C (19:00).
Most heat fluxes throughout the night were stable until shortwave radiation increased at 7:00 (departure
from zero of nightly values). Nighttime longwave radiation averaged -108 W m? (std = 2 W m)
followed by the evaporative heat flux (-91 W m%; std = 11 W m?), sensible heat flux (-52 W m; std = 4
W m?) and the streambed heat flux (-5 W m?; std = 12 W m). Both sensible heat and longwave
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radiation increased during the day. Sensible heat peaked at 12:00 hrs (43 W m?), and longwave
radiation reach its maximum value at 17:00 (-52 W m). In contrast, both the streambed and evaporative
heat fluxes reached their maximum early morning (streambed = 11 W m and evaporative heat flux = -
72 W m), and then decreased during the daytime. Minimum values of both the streambed and the
evaporative heat fluxes occurred around 18:00 (streambed = -114 W m2 and evaporative flux = -293 W
m2). During this time of day (1800 hrs), the net shortwave radiation (528 W m) and sensible heat (27
W m) represented heat gains, whereas longwave radiation (-68 W m), streambed (-112 W m), and
the evaporative heat fluxes (-293 W m) represented heat losses. The evaporative heat flux represented
62% of the total heat losses, representing the greater percentage of heat losses during the diel cycle when
river temperatures reached maximum values. In fact, water temperatures reached peak values an hour
later (19:00), and the evaporative heat flux still represented 61% of heat losses (latent heat flux = -278
W m?2 vs. total heat losses = -453 W m™). Notably, Figure 6 showed that the sensible heat and
streambed heat fluxes showed both positive (gain) and negative values (loss), whereas the net longwave

radiation and the evaporative heat fluxes were negative throughout the day.

25



1000 30

Shortwave radiation
800 |
- 25
(o)
—_—— o
~-~ S
600 - ~. p
~ ~ -
: Water temperature - 20 S
£ _— 2
= - c
= 400 - S~ a
" =~ £
g 15 o
whed
= .
S 200 - Air temperature )
- =
(1] (1)
o / 3
X - 10 S—
~
0 | — ﬁ ——————————————— -
[ s
-200 - Longwave radiation Streambed heat flux
Evaporative heat flux
'400 T T T T 1 T T T T T T 0

0123 45686 7 8 91011121314151617 181920212223

Hour

Figure 6. Timing of different heat fluxes and microclimate data at a hourly time step and for July 11
(day 193), 2012.

Figure 7 showed both daily and diel variability in the evaporative heat flux. Figure 7a shows the
evaporative heat flux's minimum, maximum, and daily values during the study period. The daily
evaporative heat flux varied between -204 W m™ to 0 W m2. The evaporative heat flux reached positive
values (heat gains) during a few days (day 179-182 and day 225-226), which were predominantly days
of precipitation. The highest values of evaporative heat loss occurred during high water temperature
events combined with relatively high wind speeds. For instance, a daily value of -204 W m was

recorded on day 219 (minimum value of -477 W m at 17:00), where water temperature reached 27.8°C,
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and wind speed was 4.6 m s, with relative humidity less than 40%. During this high water temperature
event, the net shortwave radiation (649 W m) was the only heat gain, whereas all other fluxes were
heat losses (evaporative heat fluxes = -477 W m; longwave radiation = -80 W m; sensible heat = -11
W m?; streambed = -129 W m?; total heat losses = -697 W m). Notably, the evaporative heat flux
represented 68% of the total heat losses during this day. We can calculate the hourly cooling component
from the evaporative heat flux on this day using equation 14b (where the water depth was 0.3 m). As
such, the hourly evaporative cooling for a corresponding evaporative heat flux of -477 W m? and a

water depth of 0.3 m was calculated at 1.4 °C.
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Figure 7. Daily and diel variability in the latent heat flux on the Little Southwest Miramichi River using

in-situ meteorological data.

The diel pattern of the evaporative heat flux is presented in Figure 7b and shows that it was the
major heat loss during the night (median values between -85 W m? and -74 W m), and increased
during the day to peak around 16:00-17:00. The maximum heat losses were mainly between 15:00 and
18:00, with median values -147 W m2 (15:00), -160 W m2 (16:00), -156 W m™ (17:00), and -146 W m™
(18:00). This is the time of day when river temperatures are generally reaching peak values. At between
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150 W m and 200 W m (with a typical depth of 0.3 m), the evaporative cooling can be calculated at

between 0.4°C and 0.5°C at the hourly timescale (equation 14b),

4. Discussion

Studies have highlighted the cooling effect of the evaporative heat flux in rivers, which can be
particularly important during high summer temperatures (Benyahya et al. 2010; Maheu et al. 2014). The
role and magnitude of the latent heat flux have received very little attention within the literature and
remains generally poorly understood due to the difficulty of accurately measuring or modeling it. Since
previous studies have shown important differences among site characteristics and wind function
equations (e.g., Szeitz and Moore 2020), an in-river based equation for the wind function of the
evaporative heat flux was used in the present study. Our results show that (1) the estimation of the
evaporative heat flux can be improved with in-river/above water surface monitoring to better represent
all fluxes and (2) that the evaporative heat losses can be very important for some rivers such as the Little
Southwest Miramichi, i.e., river that are wide and shallow and experiencing relatively high river
temperatures.

During the study period, the maximum water temperature reached 27.9°C; however, the Little
Southwest Miramichi River can reach over 30°C during high summer water temperature events (Caissie
et al. 2013). We showed that the evaporative heat flux can reach -300 Wm2 to -450 W m mid-day
during high water temperatures (Figure 7), and these values can represent an hourly evaporative cooling
around 1.4°C and account for 50%-68% of the total heat losses. The other heat losses are the longwave
radiation (25%), followed by the streambed (20%), and sensible heat fluxes (5%). These results align
with other studies showing that evaporative heat flux is an important source of energy loss at 30-40% of
the total heat losses (Hebert et al. 2011; Webb and Zhang 2004). At close to 50% of the total heat losses

(current study), the evaporative heat flux can be a critical cooling mechanism for wide and shallow
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rivers during high summer temperatures as this study showed maximum evaporative cooling occurs at
high temperatures.

Benner (2000) found that evaporation rates from John Day River in Oregon increased daily with
the diurnal stream temperature increase. The present study showed similar patterns, with maximum
evaporative heat flux losses generally happening during or a few hours before the timing of maximum
daily stream temperature (which generally occurred a few hours after the maximum solar radiation
input). These results confirm that the evaporative heat losses offset the net shortwave radiation and high
river temperatures. This is an important finding as the net shortwave radiation is the dominant heat gain
during the summer period, as also observed in previous studies (Hebert et al., 2011; Johnson 2004;
Webb and Zhang, 1997; Webb and Zhang, 1999; Younus et al., 2000).

Previous studies have shown that different evaporative heat flux equations will yield very
different results, especially if equations rely on using coefficients from the literature (e.g., Benyahya et
al., 2010). It is worth mentioning that using fixed (constant) values for temperature-dependent
coefficients (e.g., latent heat of water vaporization, water density, emissivity, etc.) have little impact on
the predicted evaporative heat flux values (difference generally being < 0.3%), given the uncertainties in
the evaporation equation, especially the wind function. Furthermore, at hourly timescales, Dalton-type
equations are the only equations available to calculate the evaporative heat flux, as energy-based
equations (e.g., Priestley-Taylor or Penman) have been developed to be applied only at daily timescales
(or longer timescales).

Data from land-based stations (often at the nearest airport) can show significant differences
compared with data collected within the river environment, and thus land-based data may not truly
capture river heat exchange processes, especially river evaporation. For instance, the evaluation of the

radiative flux remains challenging. Longwave radiation re-emission can be easily estimated without
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introducing uncertainties into the total heat budget (Maheu et al. 2014; Webb & Zhang, 1997), although
in some settings, the accuracy of equipment may need to be taken into consideration (O'Sullivan and
Kurylyk, 2020). The main challenge is that direct solar radiation inputs can be highly variable. It is also
possible that the measured solar radiation at the instream meteorological station may not reflect the true
solar radiation input experienced by the whole river. Indeed, our results suggest that during slightly
cloudy days, the sun may hit (or not) the sensor or the river differently at different times of the day.
Variances in radiative flux across time and scale have also been observed using remote sensing
techniques, highlighting the potential of such technologies to provide data for better partitioning of river
energy budgets (Richardson, Torgersen, and Moskal 2019; Dugdale 2016). Models development
combining LIDAR data to inform on light penetration index with GIS-based solar models can now
predict light regimes at the watershed scales with the same resolution that was previously possible for
local point measurements (e.g., Bode et al. 2014), and could be used to further test spatial and temporal
differences in solar loadings under different could regimes.

The river water temperature response time could also be a factor. For instance, between two
hours of highly variable solar radiation, the water temperature response may have lagged slightly, thus
influencing the observed total heat flux. These errors or uncertainties in the total heat flux calculations
and water temperatures could also explain some of the differences observed in Figure 5. The Little
Southwest Miramichi River depths ranged between 0.3 and 1 m, and on August 15, the water depth was
0.38 m. Equation 14b highlights that for a depth of 0.38 m, a heat flux of approximately 442 W m is
required to change the water temperature by 1°C. This also means that an error of 0.2°C in measured
water temperatures would represent an error of 88 W m in the total heat flux. As many water
temperature sensors are within the range of +0.2°C, errors representing 88 W m could be expected in

estimating the total heat flux. Finally, another limitation is that surface water interactions are in a
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constant unsteady state, while it is possible for groundwater contributions to act as a buffer against
surface heat gains.

One of the main issues with river evaporation is that very little is known on the universality of
wind functions among rivers based on their position, the different landscape controls influencing
convective patterns, and other factors that can lead to thermal inversions during hot summer days,
ultimately impacting the evaporative heat flux. Many challenges of river environments contribute to this
lack of knowledge, particularly monitoring river evaporation and different river size environments, i.e.,
sheltering and canopy closure, boundary-layer conditions, atmospheric stability, etc. Floating minipans
have been used in recent studies and are showing promising results to better understand river
evaporation processes. For instance, studies carried out within the Miramichi River (e.g., Maheu et al.
2014; Caissie 2016; Benyahya et al. 2010) and elsewhere (e.g. Benner 2000; Szeitz and Moore 2020) on
different river sizes and sheltering characteristics seem to suggest that site-specific conditions can
influence parameters of the wind function (e.g., canopy cover, river orientation, river incision, local
topography). Therefore, it is important to gather more in-stream data to better understand the spatial and
temporal variability of the evaporative heat flux. Results of the present study suggest that from a spatial
perspective, evaporative cooling plays a major role in the overall river heat budget, by partially
offsetting the incoming radiation heat flux. This is especially important for larger rivers and, more
specifically, wide and shallow ones that experience elevated water temperature events. The results of our
study highlight the importance of improving our understanding and modelling of the evaporative heat
flux. This flux plays an important role in the overall river heat budget, especially for rivers in warmer

climates that already exceed 30°C during the summer.
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5. Conclusion

Underestimating or overestimating the evaporative heat flux can lead to important errors in modelling
water temperature dynamics. This flux most likely plays a significant role in attenuating high summer
temperatures and can have important implications from a climate change perspective. Improving heat
budget modelling is important from a management perspective, where many studies aim to understand
future river thermal dynamics and how to manage warming habitats of cold water sensitive species such
as salmonids. For instance, data suggests that wide, shallow and highly exposed river (unsheltered) are
those rivers that are currently reaching extreme temperatures (~ 30°C) within the salmonid habitat
rivers. A better understanding and modelling of the evaporative heat flux could be used to improve
mitigation designs aiming at protecting rivers against excessive heating (e.g., maintaining riparian buffer
zones along river, tree planting, protecting cold-water habitat, etc.). These actions are particularly
essential for cold water fish species, so they can access a mosaic of thermal habitats allowing them to
maximize their growth while accessing cold water refuges that provide physiological relief during high

summer thermal events.
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