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Abstract Located in northern Quebec, Canada, eight hydro-
electric reservoirs of a 9782-km? maximal area cover 6.4% of
the La Grande watershed. This study investigates the changes
brought by the impoundment of these reservoirs on seasonal
climate and precipitation recycling. Two 30-year climate sim-
ulations, corresponding to pre- and post-impoundment condi-
tions, were used. They were generated with the fifth-
generation Canadian Regional Climate Model (CRCMY), ful-
ly coupled to a 1D lake model (FLake). Seasonal temperatures
and annual energy budget were generally well reproduced by
the model, except in spring when a cold bias, probably related
to the overestimation of snow cover, was seen. The difference
in 2-m temperature shows that reservoirs induce localized
warming in winter (+0.7 + 0.02 °C) and cooling in the summer
(—0.3 £0.02 °C). The available energy at the surface increases
throughout the year, mostly due to a decrease in surface albe-
do. Fall latent and sensible heat fluxes are enhanced due to
additional energy storage and availability in summer and
spring. The changes in precipitation and runoff are within
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the model internal variability. At the watershed scale, reser-
voirs induce an additional evaporation of only 5.9 mm year '
(2%). We use Brubaker’s precipitation recycling model to es-
timate how much of the precipitation is recycled within the
watershed. In both simulations, the maximal precipitation
recycling occurs in July (less than 6%), indicating weak
land-atmosphere coupling. Reservoirs do not seem to affect

this coupling, as precipitation recycling only decreased by
0.6% in July.

1 Introduction

Hydroelectric production globally continues to increase
in terms of number of dams and capacity. Over 50,000
large dams can be found around the world (Dahir 2006),
and as of March 2014, 3700 more were planned or under
construction (Zarfl et al. 2015). These new infrastruc-
tures are expected to increase the global electricity pro-
duction capacity by 720 GW within the next 20 years
(Zarfl et al. 2015). The impoundment of hydropower
reservoirs is known to induce changes to the regional
climate that may vary in magnitude, spatial and temporal
scales, depending on the reservoir size and its geographic
location.

At high latitudes, several studies have reported that
lakes and reservoirs absorb heat in summer, and release
it partially in autumn, resulting in the damping of air
temperature diurnal and annual cycles (Dutra et al. 2010;
Eaton et al. 2001; Nordbo et al. 2011; Samuelsson et al.
2010; Subin et al. 2012). For example, based on field
observations over and around the Great Bear and Great
Slave Lakes (Northwest Territories, Canada), Rouse et al.
(2008, 2005) evaluated the impacts of adding lakes to a
region composed of uplands and wetlands. In part, due to
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their smaller surface albedo and greater heat capacity,
lakes caused a fourfold increase of the maximum
seasonal heat storage. Using regional climate simulations
over the same region, Long et al. (2007) found that skin
temperatures decreased by up to 10 °C in July and
August, and increased by as much in October owing to
the presence of the two lakes. The effect of the Laurentian
Great Lakes on seasonal climatic conditions has been
well-documented using not only field data (Robert and
Floyd 1997), but also modeling experiments (Bates et al.
1993; Lofgren 1997; Martynov et al. 2012; Notaro et al.
2013; Wilson 1977). Over Lake Superior, Martynov et al.
(2012) reported an average warming of 6 °C in January
and an average cooling of 2 °C in June when multidecadal
regional climate simulations with and without lakes were
compared. Following a similar approach, Huziy and
Sushama (2016) used the fifth generation of the
Canadian Regional Climate Model (CRCMS5; Martynov
et al. (2013)), coupled to the Hostetler 1D lake model
(Hostetler et al. 1993), to investigate the influence of
lakes on regional climate and hydrology. Over northern
Quebec, they reported that lakes were responsible for a
warming in fall, winter, and spring (maximum in winter
and under 4 °C) and a cooling in summer (under 2 °C).
While several studies have investigated the impacts of
large water bodies on the regional energy balance and
local climate in northwestern Canada (Long et al. 2007;
Rouse et al. 2008; Rouse et al. 2005) and northern Europe
(Nordbo et al. 2011; Samuelsson et al. 2010), very few
have focused on northern Quebec, where some of the
world largest hydropower reservoirs can be found.

There is debate in the scientific community about the
water use through hydropower production —mostly due
to the diversity of water consumption definitions. First
introduced by Hoekstra (2003), the water footprint is the
most commonly used water consumption indicator. The
blue water footprint of hydroelectricity is defined as the
annual volume of water that is evaporated from a reser-
voir, normalized by its energy production. It is often re-
ferred to as the gross water consumption. When using this
definition, some studies reported that hydropower produc-
tion has a large water consumption (Gerbens-Leenes et al.
2009; Mekonnen and Hoekstra 2012). Another frequently
used indicator is the net water consumption (Herath et al.
2011), where evapotranspiration (ET) from pre-
impoundment landscapes is subtracted from the reservoirs
annual evaporation. The estimated water loss is thus sig-
nificantly reduced. For example, Strachan et al. (2016b),
who investigated water consumption of the Eastmain-1
reservoir in northern Quebec, reported net water con-
sumption to be within 19 to 34% of the gross water con-
sumption. More recent studies also allocate the gross or
net water consumption to the different uses of multi-
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purpose reservoirs (Zhao and Liu 2015). However, a prob-
lem still arises in all methods described above: they con-
sider all the evaporated water as a loss. This is true to a
limited extent, since the evaporated water may return to
the watershed as precipitation. This phenomenon is called
precipitation recycling.

The concept of precipitation recycling has been explored in
many studies focusing on land surface-atmosphere interac-
tions (e.g., Eltahir and Bras 1994; Kunstmann and Jung
2007; Lettau et al. 1979; Szeto et al. 2008). The so-called
precipitation-recycling ratio is used to quantify the contribu-
tion of local evaporation to precipitation in the same region.
At the planetary scale, the precipitation-recycling ratio equals
one and at a single point, it equals zero. To quantify the
precipitation-recycling ratio at the regional scale (from a
large catchment to a continent), several methods have been
developed. Many of them are based on the atmospheric
water balance (Brubaker et al. 1993; Budyko 1974;
Eltahir and Bras 1994), which usually assumes vertically
well-mixed atmospheric moisture and neglects monthly
variations of atmospheric moisture content, as they are
normally much smaller than the evaporated and advected
moisture fluxes. Alternative methods trace evaporated wa-
ter molecules as they are advected in the atmosphere and
later precipitate inside or outside the delimited domain
(Bosilovich and Chern 2006; Dirmeyer and Brubaker
1999; Koster et al. 1986); these water-vapor tracers are
generally imbedded within global climate models.

In this study, the CRCMS is used to quantify the effects
of northern Quebec reservoirs on local climate and to
estimate their impact on precipitation recycling. The sen-
sitivity analyses were carried out using two simulations:
“no reservoir” and “with reservoirs”. The goal is to bring
a better understanding of the impacts of reservoirs on
regional water resources availability and hydroelectricity
water consumption. In section 2, the CRCMS5 and the
experimental configuration are described. In section 3,
the CRCMS5 simulations are validated using field obser-
vations and are compared to each other. A summary of the
main findings is presented in section 4.

2 Models, methods, and data
2.1 Climate model: CRCM5

The CRCM5 was developed at the Centre pour I’Etude et la
simulation du climat a I’echelle régionale (ESCER) at the
Université du Québec a Montréal (UQAM) with the collabo-
ration of Environment and Climate Change Canada. Based on
the dynamic core and physical parameterization of the limited-
area version of the Global Environment Multiscale model
(GEM; Coté et al. (1998)), the CRCMS solves primitive
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non-hydrostatic Eulerian equations using a semi-Lagrangian
transport equation and a semi-implicit time-step resolution
scheme. Type-C Arakawa grids are used for horizontal
discretization. In the vertical, the multilevel coordinates fol-
low topography and are based on hydrostatic pressure.
Physical parameterizations from GEM include: Kain and
Fritsch (1990) for deep convection, Kuo-Transient for small-
scale convection (Bélair et al. 2005), Sundqvist et al. (1989)
for large-scale condensation, and k-correlated scheme for
shortwave and longwave radiation (Li and Barker 2005).
Interactively coupled with the atmospheric module, land sur-
face processes are described by the Canadian Land Surface
Scheme (CLASS V3.6, see section 2.2). Compared to earlier
versions, the CRCMS5 offers physical parameterizations
adapted for a finer spatial resolution. In addition, to represent
water and energy exchanges between the atmosphere and in-
land water bodies, the CRCMS5 was fully coupled to a 1D lake
model (FLake, see section 2.3). To resolve the dynamic and
thermodynamic equations, the CRCMS5 requires lateral
boundary conditions: multi-level air temperature, horizontal
winds, specific humidity, and sea level pressure. For a detailed
description of the CRCMS, the reader is referred to Separovi¢
et al. (2013) and to Hernandez-Diaz et al. (2013).

2.2 Land surface model: CLASS V3.6.

CLASS (Verseghy 1991; Verseghy et al. 1993) solves the
energy and water budgets separately for the following land
covers: bare soil, snow over bare soil, snow over vegetation,
and vegetation alone. Four vegetation groups can coexist:
needleleaf trees, broadleaf trees, crops, and grass. For each
vegetation group, canopy properties are calculated as weighed
averages over the subclasses represented in that group; 22
different vegetation subclasses are available. Surface fluxes
are averaged considering the proportion of each land cover
in a given model grid cell; this method is known as the mosaic
approach. The soil is discretized in 17 layers, with a maximum
total depth of 15 m. Infiltration is described with the Green
and Ampt (1911) model, in which water moves between ver-
tical layers as a wetting front. Snow is considered as a single
layer and snow cover is complete when the snow depth
reaches or exceeds 10 cm. Compared to the previous versions,
the amount of snowfall needed to reset the snow albedo value
to that of fresh snow, the snow thermal conductivity parame-
terization and the ponding depth over organic soils have all
been revised. For a description of the runoff generation model-
ing, the reader is referred to Verseghy (1991).

The ability of CLASS to simulate summer energy balance
has been confirmed for various types of terrain (Bartlett et al.
2002; Bellisario et al. 2000; Comer et al. 2000; Lafleur et al.
2000). For example, for a boreal forest in north-central
Manitoba, Bartlett et al. (2002) showed that CLASS V2.6.
could reproduce diurnal net radiation and turbulent fluxes.

However, many studies have reported a tendency for
CLASS to overestimate snow cover duration (Brown et al.
2006; Langlois et al. 2014; Langlois et al. 2004).

2.3 Lake model: FLake

FLake is a one-dimensional model designed to predict
freshwater lakes thermal regimes (Kheyrollah Pour et al.
2012; Kourzeneva and Braslavsky 2005; Mironov et al.
2010; Stepanenko et al. 2010). The energy budget is
solved for each of the following layers: bottom sediments,
water, ice, and snow. In all layers, the temperature profiles
are described with the concept of self-similarity, analo-
gous to the ocean active layer (Kitaigorodskii and
Miropolski 1970). Only two layers are considered in the
water column, namely, the mixed layer and the thermo-
cline. In the mixed layer, the temperature is constant with
depth. In the thermocline, it varies with depth as a poly-
nomial function and depends on a dimensionless shape
factor. Within the ice and snow layers above the water
column, the temperature profiles are linear. The model is
fully described in Mironov (2008).

FLake has previously been coupled with many RCMs and
weather prediction models (Mallard et al. 2014; Martynov
et al. 2010; Martynov et al. 2012; Mironov et al. 2010). For
shallow and freezing lakes, several studies showed that FLake
could reproduce lake surface temperatures (LST) with and
without an ice cover, as well as freeze-up and breakup dates
(Kheyrollah Pour et al. 2012; Martynov et al. 2010;
Samuelsson et al. 2010). When running FLake off-line,
Kourzeneva and Braslavsky (2005) reported that FLake had
low sensitivity to initial conditions, as well as fetch and optical
parameters. However, LST showed strong sensitivity to lake
depth. This is in agreement with the study conducted by
Martynov et al. (2010).

2.4 CRCMS experimental configuration and simulation
datasets

As mentioned above, regional climate models require lateral
boundary conditions at each integration time step. For this
study, the CRCMS is nested within the ERA-Interim reanaly-
sis over the period of 1979-2014. Along the lateral bound-
aries, a halo zone of ten grid points allows for the semi-
Lagrangian interpolation, which is followed by an equivalent
sponge zone, where physical variables are relaxed toward the
driving fields (Davies 1976). Centered on the province of
Quebec, the 300 x 300 grid points free domain is discretized
at a 0.11° horizontal resolution. In the vertical, 56 levels are
used. Calculations are performed at 5-min time steps. Ocean
surface temperatures and ocean ice-cover fraction are pre-
scribed with the ERA-Interim dataset (Dee et al. 2011).

@ Springer
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Table 1 describes the numerical simulations run in this
study. Two CRCMS5 simulations, without hydropower reser-
voirs (NoRes), corresponding to the pre-impoundment condi-
tions (before 1979), and including hydropower reservoirs
(WithRes), corresponding to the post-impoundment condi-
tions (after 2006), are performed by adjusting the water/land
fraction on the reservoir grids. The simulation outputs are then
compared to address our research objectives.

Regional climate models present their own internal vari-
ability (IV; see for instance, Alexandru et al. 2007; Braun
et al. 2012; Caya and Biner 2004; de Elia and Coté 2010).
Because of truncation errors in numerical integration and the
non-linearity of feedback mechanisms represented in a model,
even two simulations run on the same domain and with similar
driving data will provide slightly different outputs
(Christensen et al. 2001). Due to computational constraints,
we carried out a basic IV analysis, using an ensemble of two
CRCMS simulations that started a year apart (IV-I and TV-II).
A change due to the presence of reservoirs is considered sig-
nificant only when it exceeds the model internal variability.

2.5 Precipitation recycling model

The precipitation recycling model from Brubaker (1991) is
used. This model was chosen for its simplicity and its ability
to include the direction of the advected water vapor in the
domain. The 2D precipitation recycling model from
Brubaker (1991) is an extension of the Budyko (1974) 1D
model. Both models represent the precipitation P over a cho-
sen domain as the sum of precipitation originating from atmo-
spheric moisture advected into the domain P,;, and originat-
ing from evapotranspiration P,.,,, within the domain:

P:Padv"'Pevap (1)

Over a linear domain oriented along the advected water va-
por, Budyko (1974) defines the precipitation recycling ratio as:

P evap EL

= 2
P EL+2] @

Pp =
where E is the evaporation averaged along the water vapor
flux streamline, L, domain length and / the moisture influx.
In Brubaker (1991) precipitation recycling model, the ad-
vection of water vapor is not necessarily assumed to be

parallel to a linear domain. This adjustment is achieved by

using an effective domain length (L., see Eq. 7) and an ef-

fective moisture influx (/s see Eq. 8) rather than using L and

1. The precipitation recycling ratio py, is therefore calculated as
<E >Leff

Pevap _
o= TP T )Ly + 2Ly (3)

where (F) is the mean evapotranspiration over the 2D domain.
This method assumes mean regional precipitation and evapo-
ration to be representative of the local conditions.

First, the monthly zonal and meridional water vapor fluxes
are calculated for each grid point inside and around the do-
main using the 3-h pressure levels’ specific humidity (g), zon-
al wind () and meridional wind (v). These are vertically inte-
grated over the atmospheric column (from the surface p,, to
the lowest pressure level pyqp):

Prop Prop

1 p— -
Qu:§ /qudp+/qudp
Po Po
(4)
1 Prop Prop
Qv:§ /qupr/de
Po Po

where g is the gravitational constant. The vertically integrated
water Vapor fluxes (VIWVF), Q, and Q,, are expressed in kg
m ' s”'. The mean flow and the transient eddies are represent-
ed, respectlvely, by the first and second terms on the right-
hand side of the Eq. 4.

Then, from the meridional and zonal VIWVE, the part of
the perimeter on which inflow occurs is identified (y4 to vz ),

and influx vectors 6(y) are calculated (blue arrows in Fig. 1):
— - —
Qlvy|=Qi+Q/j (5)

Next, the direction of the area mean VIWVF, the unit vec-

tor u , is evaluated:

- (Qy)
u
\/ (Qu* +(Q,)°

Q) -
J

(6)
V@ Q)

where () represents spatial averages over the domain.

Table 1 Characteristics of the

simulations run in this study Simulation IV-1 Iv-II NoRes WithRes
Horizontal resolution 0.11° (~ 15 km)
Driving data ERA-Interim reanalysis
Temporal window 1979-2014 19802014 19792014

Uses
Specificity

Internal variability
With reservoirs

Validation and sensitivity analysis

No reservoirs With reservoirs

@ Springer
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Ax
'A — T

Ay

Integration
direction

Fig.1 Schematic of the precipitation recycling model components for an
—_—

arbitrary domain, adapted from Brubaker (1991). Only Q(y) , 1(y), and
«(y) vary along the influx borders

Refer to Fig. 1 for an illustration of the important terms in
the following equations.

The expression for the effective domain length L. (in m) is
given by

A

Leg = .
T Ay|cosd| + Ax]sind|

(7)

where A is the domain area, 6 the angle between % and the x-
direction, Ay the domain width and Ax the domain length.

The effective influx g, expressed in kg m s, is calcu-
lated as

s ((3):3 sty

]cff :J A (8)

where 1(y) represents the path of an influx vector (along the
direction of % ) from its entry point until it exits the domain
(in m); -y the distance along the influx border (in m) and x(y)
the angle between % and its adjacent side of the domain (see
Fig. 1).

First introduced by van der Ent et al. (2010), the concept of
evaporation recycling was used to determine which part of
evapotranspiration is recycled as continental precipitation. In
this study, we define the evaporation recycling ratio p, as the
fraction of evapotranspiration that returns to the watershed as
precipitation, namely,

) ©

It is derived from monthly precipitation recycling ratios p,,
as well as spatially-averaged precipitation (P) and evapotrans-
piration (£). This indicator provides additional information of
water loss through evapotranspiration.

2.6 La Grande River watershed and its hydropower
reservoirs

The study area is the La Grande River watershed, in northern
Quebec, Canada (Fig. 2). In the period 1979 to 2006, eight
hydropower reservoirs were progressively impounded, cover-
ing 6.4% of the watershed area (153,798 kmz). As of today,
this basin hosts 11 hydropower plants for a total installed
capacity of 16.9 GW.

Note that our analysis extends from the reservoir
scale (~10° km?), hereby defined as the local scale,
to the watershed scale (~105 kmz), defined as the re-
gional scale. Table 2 presents some characteristics of
the reservoirs in the watershed. For each reservoir, we
only considered model grid points where the water
fraction increased by at least 10%; therefore, the run-
of-river LG1 reservoir was excluded from the analysis.
The Eastmain-1 reservoir (Fig. 2) also had to be ex-
cluded due to inconsistencies in the model outputs
from the WithRes simulation. Even after changing the
land and water fractions over Eastmain-1 reservoir, the
grid points at this location were still not recognized as
lakes.

As can be seen from Table 2, lake depths in the CRCM5
geophysical database may differ from the actual lake
depths. When the lake depth is not included in the data-
base, a basic lake depth parameterization is used: 60 m
when the water fraction exceeds 50% and 10 m otherwise.
The same parametrization was also used by Martynov et al.
(2012). At most locations, the modeled and actual reser-
voir depths are close (typically within +4.5 m), except at
the LG3 reservoir. Pre- and post-impoundment lake frac-
tions are derived from Hydro-Quebec archives and the
Base de Données pour I’Aménagement du Territoire
(BDAT; Ministére de 1’Energie et des Ressources
Naturelles 2015), respectively. Since many islands can be
found over the reservoirs, their mean water fractions re-
main under 55%.

Vegetation fractions in the CRCMS geophysical data-
base were derived from the U.S. Geological Survey’s
Global Land Cover Characteristics database (USGS-
GLCC; Anderson et al. 1976; Brown et al. 1999). It is
the land cover dataset currently used in GEM and in many
other meteorological and climate models (e.g., Hiibener
et al. 2005; Huziy and Sushama 2016; Paeth et al. 2009;
Winter and Eltahir 2010). In the late stages of our analysis,
we found that the position of the needleleaf treeline within
USGS-GLCC had a bias to the south, resulting in an un-
derestimation of needleleaf coverage inside the watershed.
Although this is certainly a limitation of the study, we
believe that this should not affect the main conclusions of
our analysis. A thorough discussion of this issue can be
found in section 4.
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Fig.2 Map of the La Grande River watershed, defined by a bold black line, in northern Quebec, Canada. The 11 hydropower plants are represented by a
black diamond, the 38 weather stations by a red circle and the three eddy flux towers by a green triangle

2.7 Observations used for model validation

To evaluate the CRCMS5 ability to adequately simulate land-
atmosphere water and energy exchanges, outputs from the
NoRes and the WithRes simulation are compared to a detailed
set of in situ observations, from a network of weather stations,
and from local eddy flux tower data (Strachan et al. 2016a;
Wang et al. 2016) (see Fig. 2).

A total of 38 weather stations were deployed within the La
Grande River watershed between 1979 and 2014. These sta-
tions were managed by local governmental authorities,

namely Hydro-Québec, Natural Resources Canada (NRCan),
and the Ministére du Développement Durable, de
I’Environnement et de la Lutte contre les Changements
Climatiques (MDDELCC). Their daily time series vary in
length between 3 and 30 years. We compared temperature
and precipitation observations to the closest model grid point.
Years with 10% or more of missing data were excluded from
the analysis. Since the weather station located near the Robert-
Bourassa reservoir (53.63° N, 77.8° W) was operational for
30 years, it was used to validate the mean annual precipitation
cycle (see section 3.1.2.).

Table 2 Characteristics of the

reservoirs found in the La Grande Reservoir Maximal area Mean depth (m) ~ Water fraction (%) Impoundment period

River watershed, along with their (km?®) (# grid cells) ~ CRCM5/Obs -

representation in the model NoRes  WithRes
LGl 71 (9) 10/18.6 33 5.7 Oct. to Nov. 1993
Robert 2905 (37) 21.1/24.4 8.7 522 Nov. 1978 to Dec. 1979
LG4 836 (12) 18.7/29.4 7.7 45.7 Mar. to Nov. 1983
LG3 2452 (34) 10.0/29.9 11.1 48.6 Apr. 1981 to Aug. 1984
Laforgel 1240 (17) 10.0/6.2 19.9 50.3 Aug. to Oct. 1993
Opinaca 998 (12) 8.5/8.2 19.6 45.1 Apr. to Sept. 1980
Laforge2 346 (5) 10.0/6.3 19.0 42.8 Aug. 1983 to Apr. 1984
Eastmain-1 589 (9) 10/14.4 11.2 43.2 Nov. 2005 to May 2006
All Reservoirs 9782 (117) - 12.5 48.1 Nov. 1979 to May 2006
Watershed 153,798 (1038) - 4.8 9.5 -

The water fraction column refers to the percentage of water present in the model surface grid cells for the
simulations excluding (NoRes) and including hydropower reservoirs (WithRes) (see section 2.4 for more details)

Reservoirs observed mean depths are taken from a Hydro-Quebec public report by Schetagne and Therrien (2013)

@ Springer



Impacts of boreal hydroelectric reservoirs on seasonal climate

1535

The reservoirs were not impounded simultaneously
(Table 1). The first reservoir (Robert-Bourrassa) was created
in 1978, and the latest one (Eastmain-1), in 2006. Thus, the
NoRes and WithRes simulations correspond to the landscape
before 1978 and after 2006, respectively. Since the landscape
evolved between 1978 and 2006, validating the modeled tem-
perature and precipitation using in situ observations during
this period is not trivial, as weather stations in the vicinity of
the reservoirs may be affected by the impoundment. To take
this effect into account, we used the following approach.
When a weather station was located within 120 km from
the shore of a nearby reservoir, we separated its time series
into three periods: pre-impoundment, impoundment, and
post-impoundment. Data from the pre- and post-
impoundment periods were compared with outputs from the
NoRes and WithRes simulations, respectively, whereas data
from the impoundment period were simply rejected. Weather
stations outside this radius were compared to the WithRes
simulation. Note that the value of 120 km was carefully se-
lected following a sensitivity analysis of mean seasonal tem-
perature biases.

Long-term datasets of energy budget terms in northern
regions are scarce, particularly in remote areas like the La
Grande River watershed. The closest FLUXNET sites
(Baldocchi et al. 2001) were ~280 km south of the water-
shed and were exclusively taken over forested surfaces
(Grant et al. 2009). Fortunately, radiative and turbulent
flux measurements were taken during the period 2008—
2012 at three eddy covariance towers in the southwestern
portion of the watershed (Fig. 2), as part of a study on
greenhouse gas emissions from boreal hydropower reser-
voirs (Teodoru et al. 2012). One of the towers was located
over the Eastmain-1 reservoir (52° 07" 30” N, 75° 55’ 51"
W), the second one, over an ombrotrophic bog (52°17'25"
N, 75°5025"W), and the third one, in a black spruce forest
(52° 06" 16" N, 76° 11" 48" W). No data were collected
over bare soil, which covers less than 10% of the La
Grande watershed. Note that the upwelling shortwave
(SW) and longwave (LW) radiation from the tower located
over the reservoir were only available from May to
September 2008.

Validation data of the energy balance at the watershed
scale were computed using an area-weighted average of
tower observations following the fractions of water, grass
and needleleaf in the CRCMS5 geophysical database for the
WithRes simulation. Flux measurements collected over the
Eastmain-1 reservoir were assumed to be representative of
those observed over water bodies across the entire water-
shed. Similarly, fluxes measured over a bog and over black
spruces were assumed to be representative of low vegeta-
tive cover and forests at the catchment scale (correspond-
ing to the grass/tundra and needleleaf land covers in
CLASS), respectively.

3 Results and discussion
3.1 Model validation
3.1.1 Seasonal 2-m air temperature

Figure 3 compares observed 2-m air temperatures from each
weather station within the La Grande watershed to the
CRCMS closest grid point temperature. Given that biases are
smaller than 1.2 °C, mean winter, fall, and summer tempera-
tures are relatively well captured by the CRCMS. Mean spring
2-m temperatures show slightly larger cold bias of approxi-
mately —1.9 °C (Fig. 3a). For daily minimum temperatures
(Fig. 3b), higher negative biases were found in transitional
seasons, —1.2 °C in fall, and —1.0 °C in spring (all stations
averaged). In winter and summer, depending on the weather
station, minimum temperatures are either underestimated or
overestimated, leading to a warm bias of approximately
+0.2 °C and +0.3 °C, respectively. The CRCMS5 underesti-
mates daily maximum temperatures during all seasons
(Fig. 3c); the largest mean bias (at all stations) is seen in spring
(=3.1 °C). Comparing CRCMS5 simulated mean 2-m air tem-
peratures with that of ERA-Interim, CRU 3.1 and UDel
datasets, Martynov et al. (2013) reported similar biases in
JJA and DIJF (i.e. under —3 °C).

3.1.2 Precipitation

Simulated and observed annual total precipitation are com-
pared in Fig. 4. Note that most weather stations have time
series of 5 to 10 years. As shown in Fig. 4a, the CRCMS5
annual precipitation is overestimated at all stations. Overall
bias of annual precipitation over the La Grande River water-
shed is approximately 315 mm per year (48%). It is interesting
to note that the station with the largest time series (>20 years)
shows the smallest bias (111 mm per year, 18%). This dataset
is used to validate the precipitation annual cycle (Fig. 4b).
CRCMS captures the precipitation annual cycle relatively well
despite the large annual bias; the root mean square error is of
0.4 mm day . Using multiple gridded precipitation datasets,
over their boreal and arctic land subdomains, Martynov et al.
(2013) reported annual wet biases that could reach
0.5 mm day . These errors might not be exclusively related
to the model since measuring snowfall accurately is very chal-
lenging (snow typically accounts for 40% of annual precipi-
tation at these latitudes (Groisman and Easterling 1994)).
Fortin et al. (2008) found that catch ratios of an automatic
gauge (similar to those deployed over the watershed) to a
double fence intercomparison reference (DFIR) located in
northern Quebec were under 80% when wind speed exceeded
2ms !, which is the case most of winter (data not shown). No
correction was applied to account for wind-induced bias in
precipitation measurements.
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Fig.3 Observed and simulated seasonal a mean, b minimum, and ¢ maximum air temperature. Observations from each weather station are compared to

the temperature simulated at the closest model grid point. See section 2.7 for more details on how this comparison is performed

3.1.3 Energy budget at the watershed scale

Neglecting the heat flux into the bottom sediments, the energy
balance for a soil or water column is expressed as

AS
Xt = Netsw + Netyw—SH—LH

(10)
where % represents the rate of heat storage, Netsy the net
shortwave radiation (positive downward), Net;y the net
longwave radiation (positive downward), SH the sensible heat
flux (positive upward) and LH the latent heat flux (positive
upward). All terms are expressed in W m 2.

Annual cycles of simulated and observed energy fluxes at
the watershed scale are shown in Fig. 5. Since upwelling
shortwave and longwave radiation data over the reservoir
were not available most of the year, we only plotted the annual
cycles of each tower separately. The upwelling shortwave ra-
diation (Fig. 5a) seems largely overestimated by the model
from April to May, with a bias exceeding 50 W m ? at the
monthly scale. This agrees with the cold bias observed in
spring (Fig. 3a). We think that these biases are due to the fact
that the snow module within our land surface scheme (CLASS

Fig. 4 a Observed annual mean
precipitation for weather stations

a) Average annual precipitation

V3.6) tends to overestimate both the maximum snow depth
and the snow cover duration in northern Quebec, as reported
by Langlois et al. (2014). The upwelling longwave radiation is
underestimated from February to June (Fig. 5b). In general,
the downwelling shortwave and longwave radiation annual
cycles are well represented by the CRCMS5, although simulat-
ed downwelling longwave radiation tends to be somewhat
underestimated throughout the year (Fig. 5d). During June,
July, August, and September, the regional net radiation is well
reproduced with a 4-month bias under 0.5 W m ? (not shown).

Over each reservoir in the WithRes simulation, ice forms in
the second half of October and disappears in the first half of
June. Yet, estimations from Wang et al. (2016) indicate that ice
over Eastmain-1 reservoir typically forms in the second half of
November and disappears in May. Spring energy input
(Fig. 5a) and air temperature (Fig. 3) are underestimated by
the model, which is associated with the slightly delayed break-
up dates compared to observations—causing reduced maxi-
mum heat storage. Consequently, the freeze-up dates occur
earlier in the model than in the observations.

Figure 5 shows that the CRCMS5 reproduces sensible heat
fluxes over most of the year quite well; although negative bias
occurs from April to June. For the same period, simulated

b) Average monthly precipitation
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latent heat fluxes (Fig. 5f) also tend to be smaller than the
observations. These underestimations may be explained by
two phenomena: the energy deficit (net radiation being
underestimated by the model) at the same period and the as-
sumption made to extrapolate the energy budget terms at the
watershed scale. As mentioned in section 2.7, the observed
surface heat fluxes were averaged based on the fraction of
each surface type represented in the model. The observations
taken in the bog were associated to the grass fraction—mainly
composed of tundra. However, the evaporative patterns of
bogs and tundra are different. In bogs, the peat soil has a high
water content and water table close to the surface. Therefore,
energy input is the principal driver of ET (Price 1991), leading
to an early increase of ET (as the snow cover decreases) and
strong summer daily ET rates. This is not the case in tundra-
dominated surfaces, where water availability typically limits
daily ET (Isard and Belding 1989). Given the large

spatiotemporal heterogeneity of surface fluxes one can find
even at small scales (Brutsaert 1998), the assumption that
the eddy covariance observations—with a footprint area in
the black spruce forest estimated to be ~0.02 km? under un-
stable atmospheric conditions (Schmid 1994)—were repre-
sentative of fluxes observed over an area of 153,798 km? also
has its limitations. In light of these considerations, the model
performance appears sufficiently good to proceed with the
sensitivity analysis.

3.2 Sensitivity analysis
3.2.1 Impacts of reservoirs on local air temperatures
Figure 6 presents the changes on seasonal maximum, mini-

mum, and mean 2-m air temperatures and the corresponding
IV maxima induced by the reservoir impoundment. Figure 6a
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Fig. 6 Modeled seasonal
changes in 2-m air temperatures
due to the presence of reservoirs
for a daily maximum temperature,
b daily minimum temperature, ¢
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shows that, over all reservoirs, summer daily maximum tem-
peratures are sensitive to the increasing surface water fraction,
since the changes on this variable exceed the internal variabil-
ity of the model. Following impoundment, summer days be-
come significantly colder (—1.1 °C, approximately) as water
has significantly different thermal properties compared to land
surfaces. During daytime, over land, surface radiative forcing
combined with the small thermal conductivity and small heat
capacity results in important surface warming. This leads to
increasing unstable stratification in the atmospheric boundary
layer (ABL) and thus to transport of heat upwards through the
action of convective eddies. As for the lakes, the situation is
different: wind-driven mixing (and thus heat transport through
the water column) and high heat capacity result in reduced
surface warming. Smaller temperature gradients lead to weak-
er surface sensible heat fluxes, which explain colder air daily
maximum temperature over the reservoirs during summer.
Throughout the year, nights are significantly warmer when
reservoirs are present. This is reflected in higher daily mini-
mum temperatures (Fig. 6b). Averaged over all reservoirs,
increases of daily minimum temperatures of 1.4, 1.2, and
1 °C, are seen in winter, spring, and fall, respectively. At night,
ice-free reservoirs are warmer than the atmosphere, resulting
in sensible heat losses. Excluding summer, changes in mean
daily temperature are greater than the model internal
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variability (Fig. 6¢). A slight warming is observed in DJF,
MAM, SON and a cooling is observed in JJA. These
changes in local air temperatures associated with the
presence of reservoirs are smaller than those reported by
Huziy and Sushama (2016) (in winter, a warming over 4 °C
was reported over the Robert-Bourassa reservoir), who com-
pared regional climate simulations with and without lakes
over the province of Quebec. This is expected, as in the case
of their simulation without lakes, the latter were replaced by
bare soil, whereas in the case of our NoRes simulation, reser-
voirs were replaced by pre-impoundment land covers (e.g.,
forest, tundra, and swamp). The outcome is a more realistic
diagnostic of the impact of reservoirs on local climate.

3.2.2 Impacts of reservoirs on local energy balance

Changes over each reservoir and the corresponding IV maxi-
ma of energy budget terms are shown in Fig. 7.

For nearly all seasons and sites, the impacts of reservoirs on
the seasonal energy budget exceed the internal variability
(Fig. 7). In winter, no significant change in downwelling radi-
ation is observed (not shown). However, the net shortwave
radiation increases by 9.4% (Fig. 7a). Ice cover is mostly con-
stant throughout the season, with the smallest ice coverage over
the Laforge 1 reservoir (83%) and the largest over Laforge 2
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reservoir (100%). The magnitude of net longwave radiation is
increased by 11% (Fig. 7b), resulting in a decrease of the avail-
able net energy at the surface. Since the sensible heat flux
increase (+210%) is larger than the increase in latent heat flux
(+36%) and thus evaporative cooling, the seasonal 2-m air tem-
peratures increase.

In spring, the 11% increase of net shortwave radiation ex-
ceeds the internal variability and is therefore significant
(Fig. 7a). Again, the change in net shortwave radiation is exclu-
sively due to the decrease of surface albedo (—2.7% averaged
over all reservoirs). This additional energy is heating the reser-
voirs rather than being transferred back to the atmosphere
(Fig. 7c), which is typical of temperate freezing lakes. In fact,
from energy flux measurements, Nordbo et al. (2011) have also
reported small daily latent heat flux and even negative daily
sensible heat fluxes from a shallow boreal lake in April and May.

In summer, the water bodies induce colder surface tem-
peratures and the net longwave radiation increases by 4%
(Fig. 7b). The downwelling shortwave radiation increases
by 2% (not shown), suggesting a decrease in cloud cover
presumably brought by a more stable atmosphere. As a
matter of fact, Rouse et al. (2005) reported that afternoon
summer clear-skies conditions over Great Slave Lake oc-
curred around 25% more often than over near terrestrial
areas. Depending on the reservoir, the albedo decreased
between 2.5% and 9.3%. Less sensible heat (—21.6%) is
transferred to the atmosphere and the changes in latent heat
fluxes are small. Since LSTs increases slowly compared to
land (not shown), significant turbulent fluxes transfer from
water bodies to the atmosphere tends to begins later in the
year (Fig. Se, f). For example, Rouse et al. (2005) reported
that turbulent heat transfer onset occurred 40 days later
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over a medium lake (12.1 m deep) in northwestern Canada
than over uplands. The rate of heat storage is increased by
8% with the presence of reservoirs (Fig. 7c). As reported
by Spence et al. (2003), shallow boreal lakes act as heat
sinks in the open water season (June to mid-August) and as
heat sources later on (Sept. to Nov.).

In fall, slightly more net shortwave radiation is absorbed
at the surface (5.6%). The net LW radiation decreases,
since skin temperatures are increased when reservoirs are
present at the surface (Fig. 7b). This enhances thermal
ABL instabilities. This instability, stronger winds, and the
accumulation of energy in the reservoirs will lead to more
turbulent energy transfer from the surface to the overlaying
air: +7.4 W m 2 (60%) sensible heat flux and +8.2 W m 2
(25%) latent heat flux. During the first half of fall, the
reservoirs are still ice-free—maximum ice coverage is
reached by the end of November. Maximum changes on
turbulent fluxes remain below 15 W m 2 (Fig. 7d, e). After
all, water fraction increases over each reservoir remain un-
der 44% and the reservoirs are not very deep (Table 2);
therefore, maximum energy storage and turbulent heat
transfer are limited.

A few limitations of the analysis should be re-
emphasized here. The parameterized reservoirs depths
within the FLake model differed from their real values.
This induces biases in simulated water surface tempera-
tures, energy partitioning at the surface and lake ice
formation/breakup timing. Depending on the amount of
precipitation and the reservoir management practices, it is
known that the depth of a hydroelectric reservoir varies
during the year. According to Hydro-Québec (Schetagne
and Therrien 2013), depending on the reservoir, water
levels vary typically between 1 and 8 m throughout the
year. Considering these changes on reservoir levels and that
error on 10-m deep reservoirs is generally under 4.5 m, we
think that the assumed averaged value of 10 m is acceptable
for this study. As well, we found an underestimation of
needleleaf trees coverage over the La Grande River water-
shed. With a needleleaf tree dominated land cover (instead
of tundra dominated), we think that the presence of reser-
voirs would not cause as much additional available energy
since coniferous forests already have low albedo. Since
coniferous trees have a larger surface contact area from
which sublimation can occur, replacing them by water
should induce a decrease in latent heat flux during winter
(see Fig. 5f). Also, a decrease of sensible heat should be
seen in the beginning of the year. In fact, from January to
August, observed sensible heat flux from the forest far ex-
ceeds that from the Eastmain-1 reservoir (Fig. 5e). This is
consistent with observations of Harding and Pomeroy
(1996), who reported that needleleaf canopies tend to have
lower albedos and release more sensible heat than ice-
covered lakes.
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3.2.3 Impacts of reservoirs on regional water resources

The changes on seasonal precipitation following impound-
ment are shown in Fig. 8. Averaged over all reservoirs, the
model shows a slight increase of precipitation in winter
(+0.8%) and a slight increase in summer (+1%). As shown
by the small difference between the grouped bars in Fig. 8a, c,
those changes are mostly attributed to the model internal var-
iability rather than the presence of reservoirs. In spring, the all-
reservoirs change in precipitation exceeds the IV. However,
they vary from one reservoir to another: precipitation de-
creases over four reservoirs and increases over two reservoirs
(Fig. 8b). In fall, the signal is clearer: reservoir-averaged pre-
cipitation increases by 1.5% (more thermal instability).
Changes on seasonal runoff generally follow those on season-
al precipitation (data not shown).
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Fig. 8 Modeled seasonal changes in precipitation due to the presence of
reservoirs during a winter, b spring, ¢ summer, and d fall over each
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Annually, precipitation and runoff are slightly higher when
reservoirs are present. Again, these increases cannot be con-
sidered significant because they are smaller than the internal
variability. With pre-impoundment conditions, regional evap-
orative losses sum up to 269.3 + 0.3 mm per year. The pres-
ence of reservoirs causes a very minor additional evaporation
of 5.9 £ 0.3 mm per year (2%).

Note that changes in precipitation are seen over the whole
simulation domain (due to the model IV) and those related to
latent heat fluxes occur strictly over the reservoirs (not
shown); therefore, the increase in ET is not simply due to
the additional precipitation.

As previously mentioned, most hydropower water con-
sumption studies quantify the gross and net evaporation.
Here, we are interested in understanding how precipitation
and evaporation are recycled in the watershed and how the
presence of reservoirs impacts these ratios. Note that our study
is the first one to evaluate the sensitivity of precipitation
recycling to a land cover change. Monthly precipitation and
evaporation ratios are shown in Fig. 9.

In both simulations, the monthly precipitation recycling ratio
remains under 6% and peaks in July, when the evapotranspira-
tion is high (Fig. 9). This result indicates weak coupling between
the evaporation happening at the surface and the generation of
precipitation in the atmosphere. Some small change is found in
April and July, as the presence of reservoirs decreases the pre-
cipitation recycling ratio by 0.6%. Therefore, reservoirs do not
significantly affect the coupling between evaporation and pre-
cipitation within the watershed; mostly because the watershed is
so large that regional monthly ET rates are similar from one
simulation to the other (only 6.4% of the watershed is covered
by reservoirs). Note that monthly precipitation recycling ratios
of the watersheds located at the northern and eastern limits of the
La Grande watershed are also small and not affected by the
presence of reservoirs. Depending on the season, 4 to 19% of
the evaporation returns to the watershed as precipitation. The
evaporation recycling is greater in cold months as the ratio of P
to ET is high (Eq. 9). Again, the presence of reservoirs does not
seem to affect the rate of evaporation recycling.
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Fig. 9 Monthly precipitation recycling ratios (p,) and monthly

evaporation recycling ratio (p.) of the La Grande River watershed for
the period 1982-2014

Given the multiple assumptions lying behind the precipita-
tion recycling model of Brubaker (1991), several limitations of
these results should be noted. The first assumption is that the
moisture fluxes are horizontally well mixed, with minor spatial
changes in monthly water vapor fluxes. Since different surface
types can be found across the watershed, the spatial changes in
monthly evaporation appear more important than initially as-
sumed. Nonetheless, it is important to note that previous studies
have used a similar recycling model on much larger scales,
where ET varied even more throughout the domain (Brubaker
et al. 1993). The second assumption states that the monthly
change in moisture storage is smaller than the changes in the
other water vapor fluxes, as put forward by Eltahir and Bras
(1996). The third assumption implies that the atmospheric
moisture is vertically well mixed, which might not be a good
representation of the actual processes. Burde and Zangyvil
(2001) showed that this assumption leads to the underestima-
tion of precipitation recycling over North America. Even if the
precipitation recycling model used here is one of the simplest, a
weak evaporation-precipitation coupling at the catchment scale
seems realistic. However, for an improved understanding of the
impacts of reservoirs on precipitation recycling, additional anal-
yses based on distributed precipitation recycling models, which
do not rely upon the assumptions cited above, should be done.

4 Conclusions

This study aimed to evaluate the impacts that northern Quebec’s
hydroelectric reservoirs have on local climate and regional water
resources using climate simulations generated by the CRCMS.
The validation analysis carried out within this study shows that
the CRCMS driven with the ERA-Interim reanalysis is, in gen-
eral, capable of reproducing seasonal 2-m air temperatures over
the La Grande River watershed in northern Quebec, Canada.
However, a cold bias (—=1.9 °C), probably related to the overes-
timation of snow cover (and thus of surface albedo), is observed
in spring throughout the watershed. For precipitation, even if the
annual cycle is relatively well captured, the model tends to over-
estimate precipitation amounts throughout the year. The
downwelling shortwave and longwave radiation are well
reproduced, while upwelling shortwave and longwave radiation
are underestimated due to an abnormally persistent snowpack.
Analysis of pre- (NoRes) and post-impoundment
(WithRes) simulations led to the conclusion that the effects
of reservoirs on temperature and on some of the energy budget
components may be important on local and seasonal time
scale; sensitivity to change in surface water fraction was gen-
erally greater than the change related to internal variability.
Overall, the increase of daily minimum temperatures induces
a warming in fall, winter, and spring. In summer, a cooling is
observed as the daily maximum temperatures decrease. The
presence of reservoirs decreases latent heat flux in summer
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(1.4%) and increases this flux in fall (25%). Sensible heat
fluxes decrease in summer (21.6%) and increase in winter
and fall (210 and 60%, respectively). In general, more energy
is available over the reservoirs throughout the year due to a
reduced surface albedo (—3.5%). We have evaluated the in-
crease in ET at the scale of the watershed. On an annual scale,
the presence of reservoirs increased ET by only 5.9 mm year '
(2%): reservoirs only cover 6.4% of the watershed area.
Precipitation and runoff changes are usually within the model
internal variability on both annual and seasonal time scales.

A precipitation recycling analysis seems to point toward a
weak coupling between the surface (through evaporation) and
the atmosphere (through precipitation generation) at the wa-
tershed scale (monthly maximum: 5% recycling ratio), with
reservoirs having limited impact on the coupling. We recom-
mend using multiple and more sophisticated precipitation
recycling models for future analysis.
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