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Abstract This study focuses on the net radiative forcing caused by the impoundment of an 85-km?
hydroelectric reservoir in the subarctic Cote-Nord, Quebec, Canada (50.69°N, 63.24°W, mean depth of 44 m).
Using spectral bands from the Landsat 7 ETM+ and Landsat 8 OLI/TIRS satellites, we observed spatial and
temporal variations in albedo and surface temperature on 104 dates between 2000 and 2023. By integrating these
data with ERAS-Land meteorological reanalyses and in situ measurements, we investigated seasonal and
interannual variations in shortwave and longwave radiative fluxes and net radiation before (2000-2013) and
after (2015-2023) reservoir impoundment. The flooded area initially consisted of 79% coniferous forest (mainly
black spruce), 15% water, 4% dry soil, and 2% wet soil. Before the impoundment, the average winter albedo was
0.25 = 0.02 and the summer albedo was 0.08 £+ 0.002. After the impoundment, the winter albedo increased
significantly, reaching between 0.70 and 0.90 in the presence of fresh snow on the ice (January to May), while in
summer it decreased to about 0.05 = 0.003. Surface temperatures exhibited pronounced pre- to
postimpoundment contrasts, with the reservoir consistently 2—7°C warmer in autumn and winter but 1-5°C
cooler in spring and summer. The reservoir also reaches its maximum temperature 3—5 weeks later. The
impoundment induced a net radiative cooling of —21 W m™2 compared to forest, featuring a pronounced winter
deficit (—60 to —140 W m™2) due to snow cover albedo effects, partially compensated by summer surpluses
(+5 to +50 W m™).

Plain Language Summary Hydropower is a strategic solution for reducing CO, emissions in the
face of population growth and increasing energy demand. However, it is essential to assess the regional climate
impacts of hydropower reservoirs in order to plan these projects effectively and ensure a successful energy
transition. Land use changes associated with impoundment affect albedo and surface temperature, thereby
influencing the local radiation balance. This article analyzes the impact of the implantation of a hydroelectric
reservoir (50.69°N, 63.24°W) on the local climate in a subarctic environment. The study shows that the
installation of the reservoir led to a cooling of the local climate by —21 W/m?. This cooling is mainly due to an
increase in the annual albedo of the reservoir compared to the previous land use, which was mainly forested.
This effect is particularly pronounced at higher latitudes, where snow and ice are present for much of the year,
increasing the reflection of sunlight. In addition, slight surface warming in winter and autumn and cooling in
spring and summer have been observed following the impoundment. This study highlights the importance of
thorough assessment of local climate impacts from hydropower projects to validate their environmental
benefits.

1. Introduction

According to the International Hydropower Association (IHA), global hydropower capacity had reached
1,416 GW in 2023, with a total production of 4,185 TWh, highlighting the central role of hydropower in the
energy transition. To meet the COP28 targets, it is imperative to accelerate investment and ensure annual growth
of 25 GW. In addition, a doubling of capacity will be needed after 2030 to achieve carbon neutrality by 2050
(IHA, 2024). Hydropower plants emit significantly less carbon dioxide than fossil fuel power plants (Levasseur
et al., 2021), preventing the release of approximately three gigatons of CO, per year or about 9% of global
emissions (IEA, 2022).
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However, the construction of hydroelectric reservoirs inevitably leads to changes in land use that can affect the
local radiation balance. This begins with the flooding of existing terrestrial ecosystems such as forests, grasslands,
and wetlands, or the widening of existing watercourses. These changes alter surface albedo, the ratio of reflected

to incident solar radiation. Albedo is an essential parameter of the net radiation R, influencing energy exchange at

n°
the Earth's surface-atmosphere interface. R, results from the balance between net shortwave radiation (Rg,,) and

net longwave radiation (R;,,) and can be expressed as follows:
R, = Rs, + Ry, = Rs) — Ry + Ry — Ry )]

where Ry, is the incoming shortwave (solar) radiation, Rg; is the reflected shortwave radiation, R, is the
incoming longwave (atmospheric) radiation, and R, ; is the longwave radiation emitted and reflected by the Earth.
In particular, the reflected shortwave radiation is dependent on the incident shortwave radiation and the surface
properties:

Rg = aRy, 2

where a is the surface albedo, while the emitted and reflected longwave radiation is dependent on the surface
temperature (7,), the incident longwave radiation and the surface properties:

RLT =€O']¢:+(l _S)RLl (3)

where ¢ is the surface emissivity and o is the Stefan-Boltzmann constant (5.67 X 1078 W m™2 K™.

Hydroelectric reservoirs change the surface albedo, which alters the local radiation balance and in turn affects
local climatic conditions. This impact is closely linked to factors such as reservoir size and geography. For
example, Wohlfahrt et al. (2021) examined the impact of albedo change due to impoundment of hydroelectric
reservoirs on a global scale, highlighting that positive radiative forcing was observed for 5% of the reservoirs
considered (latitude >44°N). This effect reduces the climate benefits from the negative radiative forcing asso-
ciated with hydropower generation. However, snow cover and ice cover increase albedo compared to the sur-
rounding landscape in 5% of reservoirs considered in their analysis, reducing radiative forcing. Some studies have
provided valuable insights into the impact of northern reservoirs on changes in temperature regimes. For example,
a modeling study by Irambona et al. (2018) compared regional climate simulations with and without the presence
of hydroelectric reservoirs in Northern Quebec (Canada). The results show that these reservoirs induce a winter
warming of +0.7 £ 0.02°C and a summer cooling of —0.3 £ 0.02°C, mainly due to the reduction in albedo and the
high heat capacity of the water bodies. Similarly, Martynov et al. (2012) simulated an average warming of 6°C in
January and an average cooling of 2°C in June over Lake Superior using the Canadian Regional Climate Model
(CRCMS) in which two one-dimensional lake models, FLake (FL) and Hostetler (HL), were interactively
coupled. The authors compared reanalysis-forced multidecadal climate simulations over a 50-year period (1959—
2008) with and without interactive lakes to assess their impact on the regional climate of North America.
Onwukwe et al. (2024) analyzed the climatic impacts of the Williston Reservoir in British Columbia using high-
resolution simulations of the Weather Research and Forecasting (WRF) meteorological model over a 10-year
period. Comparing simulations with and without the reservoir, they found an 11.5% increase in autumn pre-
cipitation (up to 30 mm), a significant decrease in summer precipitation due to reduced convection, and a 0.2—
0.5°C increase in the mean annual temperature within 10 km of the reservoir, mainly in autumn. Li et al. (2023)
investigated the climate impact of dams on the Jinsha River in southwest China, using 40 years of reanalysis data
at 90 m resolution combined with a long- and short-term memory model (LSTM) to develop an index of the effect
of water impoundments on temperature. Comparing the periods before (1980-2012) and after (2013-2019) the
construction of the dams, they observed a decrease of 0.4°C in the annual maximum temperature, while the mean
and minimum temperatures increased by 0.1°C and 1.0°C, respectively. The warming effects were more pro-
nounced during the dry season and at higher altitudes, while cooling effects were observed within a 4-km radius of
the reservoirs.

Canada, the world's third largest producer of hydroelectricity, generated 393,789 gigawatt-hours in 2022, or
61.7% of its total electricity production (Natural Resources Canada, 2024). In 2021, the country had 595 hy-
droelectric plants (Natural Resources Canada, 2024). As the largest producer of hydroelectricity in Canada,
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Quebec generates about 95% of its energy needs from this source (Canada Energy Regulator, 2024). In 2022, the
province produced more than 200 TWh of hydroelectricity, accounting for 40% of national production (Natural
Resources Canada, 2024). The province has some of the largest hydroelectric reservoirs in the world, including
those in the James Bay (La Grande) and Manicouagan-Outardes complexes. As of 2024, Hydro-Québec operates
63 hydroelectric power plants with a total installed capacity of 38,400 MW (Hydro-Québec, 2024).An
emblematic project, the Romaine project, includes four power stations on the Romaine River and was completed
with the commissioning of Romaine-4 in September 2022. This 1,550 MW project was a major investment in the
province's infrastructure, helping to increase renewable electricity production and strengthen Quebec's position in
the energy transition (Hydro-Québec, 2007). Although Quebec is a major player in the sector, research on the
environmental and social impacts of hydropower projects remains relatively limited.

In a recent study, Pierre et al. (2023) analyzed the thermal regime and energy balance of the Romaine-2 reservoir,
observing thermal stratification from June to November in summer and from December to May in winter. Net
radiation accounts for 95.6% of the energy input, while heat advection contributes little (4.4%). Given that latent
(58.5%) and sensible (16.5%) heat fluxes correspond to 75% of the output on energy balance, it is important to
characterize their temporal dynamic of the reservoir's annual energy budget.

Although hydropower represents a major source of renewable energy in Québec, the impacts of reservoirs on the
local radiative balance and seasonal surface energy dynamics remain poorly understood, particularly under
conditions of intermittent snow and ice cover. These local radiative effects could contribute to the net climate
balance, alongside the benefits gained from reducing fossil fuel emissions. This knowledge gap limits our un-
derstanding of the role of such infrastructures in modulating surface atmosphere interactions and influencing
regional climate. In this context, this study aims to analyze the impact of the 85-km> Romaine-2 reservoir
impoundment on the seasonal dynamics of the local radiation balance, focusing on changes characterized by the
intermittent presence of ice and snow. To achieve this goal, satellite images with a spatial resolution of 30 m were
acquired both before (2000-2013) and after (2015-2023) the reservoir's impoundment to monitor changes in
surface albedos and surface temperatures. These data are then used in combination with ERAS5-Land reanalysis
data and local hydrometeorological observations to estimate the total net radiation before and after the con-
struction of the reservoir.

2. Materials and Methods
2.1. Study Site and Local Measurements

The study site is part of the Romaine River hydroelectric complex in the Cote-Nord region of Quebec, Canada.
The complex is operated by Hydro-Québec, a state-owned organization responsible for the production and dis-
tribution of electricity in Quebec. The complex consists of four hydropower plants with a total installed capacity
of 1,550 MW. This study focusses on the Romaine-2 reservoir, which has a capacity of 640 MW. The Romaine-2
reservoir (50.69°N, 63.24°W; Figure 1a) was flooded in 2014 and is now a dimictic water body that is ice-free
from May to December. The reservoir has an average depth of 44 m, a maximum depth of 101 m, and a sur-
face area of 85.6 km® when full. It has an elongated shape oriented on a north-south axis. Figure 1b shows the
contour of the reservoir at its maximum water level. This contour was used in this study to extract pixels for
averaging albedo values.

The regional climate is characterized by an annual precipitation of 1,167 mm and an mean annual air temperature
of 1°C over the period 2018-2022. During this period, extreme temperatures ranged from —28°C to +22°C
(Kallel et al., 2024; Pierre et al., 2023). Average evaporation from reservoirs was estimated at 590 + 66 mm,
accounting for about 51% of the annual precipitation with episodic peaks in evaporation occurring between
August and December (Kallel et al., 2024; Pierre et al., 2023).

Before the reservoir was impounded, 79% of the area was dominated by forest, 15% by water bodies, 4% by dry
bare soil, and 2% by wetlands. The forest is dominated by coniferous stands, composed of tree species typical of
the boreal forest. Coniferous stands (93%) are primarily characterized by black spruce (Picea mariana (Mill.) B.S.
P.) and balsam fir (Abies balsamea (L.) Mill). Mixed stands (6%) consist of black spruce and white birch (Betula
papyrifera, Marsh.), while deciduous stands feature white birch and aspen (Populus tremuloides Michx). Table 1
summarizes the land cover before the reservoir was impounded.
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Figure 1. (a) Location of the Romaine-2 reservoir in North America; (b) area covered by Romaine-2 hydroelectric reservoir; (c) reservoir flux tower, deployed only from
June to October; (d) forest flux tower; (e) shore flux tower. Photos were provided by Hydro-Québec.

Table 1

Since 2018, three flux towers have been operating in the study area: one above the forest canopy (Figure 1d), one
on the Romaine-2 reservoir (Figure 1c, available only in ice-free conditions, from June to October, to avoid
damage associated with the action of ice), and one along its shore (Figure 1e). Four-component net radiometers
(CNR4, Kipp & Zonen, OTT HydroMet B.V., The Netherlands) were installed on the towers to measure net
radiation, capturing incoming and outgoing solar and infrared radiation.

Snow depth measurements were conducted between 2021 and 2023 at the study site in two contrasting forest
environments: (a) an undercanopy site, defined as being directly under the forest canopy, and (b) a gap site,
corresponding to an opening in the canopy of approximately 4-5 m in diameter, without shrub vegetation.

To quantify snow depth, automatic sensors were installed at a height of 2.5 m above ground level at each site.

Ultrasonic snow height sensors were deployed to monitor snow depth. Judd Communication sensors (Judd

Communication, USA) were used under cover during the winter of 2021-2022, while SR50 sensors (Campbell

Scientific, USA) were used at both sites during the winter of 2022-2023. These instruments continuously

measure the distance between the sensor and the snow surface, providing snow height data with centimeter
accuracy. The time series derived from these measurements allow for the
analysis of the snow accumulation and melt dynamics in relation to the
structural characteristics of the forest cover.

Summary of Land Cover Before Reservoir Installation

Land cover type

Area covered (%) 2.2. Surface Albedo and Temperature Retrieval From Satellite Data

Forest stands:

- 93% conifers,
- 6% mixed species,
- 1% deciduous

Water bodies
Dry bare soil
Wetlands

& 2.2.1. Satellite Data Acquisition
All of the satellite data used in this study were queried and processed using the
Google Earth Engine (GEE) platform to reduce data management overhead
15 and to speed up the analysis process (Gorelick et al., 2017). This study is
4 based on a time series of Landsat 8 TOA Tier 1 Collection 1 images (available
) from 2013) with a spatial resolution of 30 m and Landsat 7 TOA Tier 1

Collection 1 images available since 1999.
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Landsat 7, launched on 15 April 1999, is equipped with the Enhanced Thematic Mapper Plus (ETM+) sensor,
acquiring images with a swath of 185 km and a temporal resolution of 16 days. Its spectral bands (visible, near
infrared—NIR, shortwave infrared - SWIR) offer a spatial resolution of 30 m, while the thermal band has a
resolution of 60 m. From 2003 onward, a failure of the Scan Line Corrector (SLC-off) led to systematic gaps
covering around 22% of the scenes, particularly in the periphery (Storey et al., 2005). Despite this limitation,
Landsat 7 SLC-off data remain viable through spatial compensation techniques, such as kriging (Zhu et al., 2012)
or specific masking of affected areas. Landsat 7 has thus played a critical role in maintaining the continuity of the
Landsat archive, thus preserving essential time series for long-term Earth observation (Wulder et al., 2022).
Detailed spectral specifications for Landsat 7 are provided in Appendix A (Table Al).

Landsat 8, operational since 11 February 2013, carries two improved sensors: the Operational Land Imager (OLI)
and the Thermal Infrared Sensor (TIRS). Compared with ETM+, these sensors offer (a) additional spectral bands
(including a cirrus band and an ultrablue band), (b) improved radiometric resolution (12 bits instead of 8 bits), and
(c) better calibration (Hansen & Loveland, 2012; Irons et al., 2012). The satellite, in a Sun-synchronous orbit at an
altitude of 705 km, covers a swath of 185 km with a cycle of 16 days. Notably, the OLI bands (visible to SWIR)
offer a spatial resolution of 30 m, while the TIRS bands (thermal infrared) have a nominal resolution of 100 m
(Montanaro et al., 2014). The detailed spectral characteristics of these sensors are presented in Table Al in
Appendix A. The time series used combines Landsat 7 (2000-2013) and Landsat 8 (2014-2023) images from Tier
1 TOA collections (L1TP correction level). Cloud masking was applied using the integrated quality assessment
(QA) bands, and images with >30% cloud cover were excluded. Of the 451 scenes available, 104 were selected
for analysis (Appendix A, Table A2).

2.2.2. Estimation of Surface Albedo

To produce the broadband surface albedo database from Landsat 7 and 8 images, a data processing pipeline was
established. After image pretreatment for cloud masking, Landsat 7 and 8 images at the top of the atmosphere
(TOA) were converted to surface reflectance using the 6S atmospheric correction model (Vermote et al., 1997),
accessed through the Py6S implementation (Wilson, 2013). This process is based on an implementation in GEE
by Nguyen et al. (2020), derived from a script developed by Murphy (2018). The 6S model was used to simulate
radiative transfer in the Sun-Earth-surface-satellite-sensor system. Solving the radiative transfer equations
required the specification of standardized atmospheric parameters. The midlatitude summer and midlatitude
winter gas profiles were selected to represent summer and winter conditions, respectively. For aerosols, the
standard continental model was applied. The required atmospheric data were obtained from several sources:
ozone concentrations (O5;) were derived from measurements by the OMI instrument (NASA), aerosol optical
thickness (AOT) was derived from MODIS products, and atmospheric water vapor content was derived from a
combination of MODIS and MISR. In order to reduce biases associated with topographic variations, particularly
those induced by slope, orientation, and elevation, a topographic correction was applied. This is based on the use
of the NASA SRTM digital elevation model (DEM) with a spatial resolution of 30 m and the modified Sun-
Canopy-Sensor Topographic Correction (SCS-TC) method described by Soenen et al. (2005) and implemented
in GEE by Poortinga et al. (2019). In addition, a bidirectional reflectance distribution function (BRDF) correction
was applied to account for differences in solar and viewing angles between sensors. This correction, which adjusts
reflectance according to variations in illumination and viewing angle, is based on the MODIS BRDF-based
c-factor model—developed for Landsat and using fixed coefficients validated for these sensors (Roy
et al., 2016; Zhang et al., 2018), which was implemented in GEE by Poortinga et al. (2019). Finally, the last step
was to convert the narrowband albedo (discrete bands) to broadband albedo, that is, the total reflectance in all
directions, either in the visible bands (wavelengths from 0.380 to 0.760 pm) or in the shortwave spectral bands
(0.250-2.5 pm). We applied the Liang albedo algorithm (Liang, 2001), which considers the green, red, near-
infrared (NIR), shortwave IR1 (SWIR1), and shortwave IR2 (SWIR2) bands of the Landsat 8 OLI sensors and
Landsat 7 ETM+. Although this algorithm was originally developed for ETM+, it has also been successfully
applied to Landsat 8 data proposed by both Naegeli et al. (2017) and Traversa et al. (2021) for use in the presence
of ice and snow. The equation for this conversion is as follows:

aLiang 8 = 0.356prreen + 0. 130pred + 0373prIR + O'OSSPbSWIRl + 0'072prWIR2 —0.0018 (4)
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where pb, is the surface reflectance in band x. The main advantage of this algorithm is that it considers contri-
butions from a wider range of the spectrum than other algorithms (Knap et al., 1999; Qu et al., 2015), thereby
capturing changes in albedo due to variations in snow grain size, which have a particularly large effect at near-
infrared and shortwave infrared wavelengths (Wiscombe & Warren, 1980).

2.2.3. Validation of Satellite-Derived Albedo

To validate the albedo data obtained from the Landsat images, a comparison was made with ground measurements
from the pyranometers installed on the flux towers at the reservoir and forest sites. This comparison considered
the specific footprint of each tower and was carefully synchronized with the satellite overpass times. Both root
mean square error (RMSE) and mean absolute error (MAE) were used to evaluate the accuracy of the estimated
values.

At each flux tower, two pyranometers, one pointing upward to measure the incident radiation and the other
pointing downward to measure the solar radiation reflected by the surface, were used to measure the surface
albedo every half hour.

For consistency, half-hourly albedo measurements were averaged over from 10:00 to 14:00 to coincide with the
Landsat satellite overpass time. The ground-facing pyranometers have a 150° field of view, while the sky-facing
pyranometers have a 180° field of view. They are placed at a height of 2 m above the water level for the reservoir
station, above the maximum water level for the shore station, and 24 m above the ground (about 9 m above the tree
crowns) for the forest station. Therefore, their respective impact radii are estimated to be approximately 8 m for
the reservoir station, 30 m for the shore station, and approximately 90 m for the forest station. The influence radii
of the reservoir and shore stations do not exceed 30 m, so the single pixels containing each station were used for
comparison. For the forest station, due to its larger influence radius, the weighted average of albedo values was
calculated using all pixels within a 90-m radius circular window centered on the station.

This comparison covers the period from June 2018 to October 2023, during which both in situ and satellite data
were available. Since the reservoir flux tower is not operational during the winter, a continuous annual time series
of water surface radiation had to be constructed. From June to October, data from the reservoir flux tower were
used, while during periods of ice cover, radiation measurements were taken from the shore station, assuming
equivalent surface conditions between the shore and reservoir. During transition periods (ice breakup: late April
to early June; ice freezeup: late October to December), albedo was estimated using the method described by Patel
and Rix (2019), which involves modeling the albedo of the water surface as a function of the angle of incidence of
the sun and the spectral and angular variations of the reflection, influenced by weather conditions and the water
surface.

For the rest of this study, we distinguished between two main conditions based on the presence or absence of
snow/ice. This distinction was based on the observation of regional climatic conditions and albedo measurements
obtained from towers and satellite data. Thus, snow or ice was generally absent from May to November and
present during the rest of the year.

In this article, albedo values for transitional periods, such as snowmelt and the beginning of snowfall, were not
considered due to a lack of sufficiently frequent and usable satellite imagery for these phases. However, we
recommend that these data be included in future studies in order to enrich the analysis and improve the results for
these periods.

2.2.4. Determination of Surface Temperature Using Landsat Imagery

This study uses the Landsat 7 (LANDSAT/LEQ7/C01/T1) and Landsat 8 (LANDSAT/LC08/C01/T1) data sets
available on the GEE platform to determine surface temperature (7) after preprocessing the raw reflectance data.

The algorithm resampled the resolution of the thermal bands (100 m for Landsat 8 TIRS and 60 m for band 6 of
Landsat 7 ETM+) to 30 m. Due to calibration errors in Band 11 caused by scattered light (Montanaro et al., 2014),
only Landsat 8 band 10 was used for surface temperature estimation. These bands were subsequently converted
into brightness temperature (B7) using the following two steps (Walawender et al., 2014):

1. Satellite-based digital numbers (DN) were converted to at-sensor spectral radiance (LA) using the following
equation:
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Ll =ML X Q.,) + AL 5)
where ML and AL are the band-specific multiplicative and additive rescaling factors obtained from the data set
metadata, respectively, and Q. is the quantized and calibrated standard product DN value of the pixel.

The at-sensor spectral radiances were then converted to BT using metadata and the following equation:

K

| (5) +1]

BT = —273.15 (6)

where K; and K, are the coefficients associated with TIRS Bands 10 for Landsat 8 and with TIRS Band 6 for
Landsat 7, found in the metadata file associated with the satellite image, and LA is the spectral radiance at the
sensor.

2. The final step is to calculate 7, using BT and emissivity using the following equation (Stathopoulou &
Cartalis, 2007):
BT
T,

s — T 7 N
1+<%)1n8

M

where 4 is the sensor-specific central wavelength of TIRS, p is hc/o = 1.438 X 1072mK (h is Planck's constant, ¢
is the speed of light in a vacuum, and ¢ is the Boltzmann constant), and ¢ represents the land surface emissivity.
The emissivity values used were 0.98 for conifers and 0.95 for water and snow, following Moene and
Dam (2014). Since the vegetation fraction can vary from pixel to pixel, the emissivity of the forest was adjusted
according to the vegetation fraction of each pixel, determined from the normalized difference vegetation index
(NDVI) derived from Landsat 7 and 8. Equations for calculating ND VI, vegetation fraction, and emissivity can be
found in Ermida et al. (2020), Meng et al. (2019), Salih et al. (2018), and Stathopoulou and Cartalis (2007).
Surface temperatures derived from satellite imagery were validated by comparison with measurements from the
three flux stations of the study area, using the same methodology as for the validation of albedo with in situ
observations. These in situ temperatures were estimated from the rising infrared radiation measured by pyrge-
ometers using the Stefan-Boltzmann equation and assuming a constant emissivity identical to that used in the
previous treatments. After validation, weekly averages of surface temperatures were calculated for the periods
before and after the impoundment of the reservoir. To fill gaps in the weekly satellite surface temperature data, in
situ measurements from pyrgeometers were used where available. Otherwise, satellite temperatures were
temporally interpolated. Finally, polynomial regression was applied to the weekly series to better represent the
temporal variation of surface temperatures and to refine the analysis of their seasonal dynamics.

2.3. Total Net Radiation

The total net radiation was calculated using Equations 1-3. In this study, the variables o and T are derived from
Landsat 7 and Landsat 8 data, while the incident shortwave and longwave radiation are taken from the ERAS-
Land reanalysis (Hersbach et al., 2020) for the period 2000-2023. However, due to the low spatial resolution
of the reanalysis data (~9 km), errors may occur in the estimation of incoming radiation at the local scale. To
correct for these errors, we compared ERAS5-Land reanalysis data with direct measurements of solar and infrared
radiation from the three flux stations, for the period 2018-2023. The discrepancies between the reanalysis values
and the in situ measurements were calculated. These discrepancies were then applied to the entire study period
(2000-2023) by adding or subtracting the observed discrepancies, depending on their sign. These adjustments
made it possible to improve the accuracy of the estimates of shortwave and infrared solar radiation, making them
more appropriate to local conditions and reducing the impact of errors caused by the low spatial resolution of the
reanalysis data.
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Figure 2. Comparison between satellite retrievals and ground measurements of albedo: (a) reservoir, (b) forest.

3. Results and Discussion
3.1. Satellite Derived Surface Albedo

The Landsat surface albedo values have been validated based on satellite overpass times and the radius of in-
fluence of each tower. The Landsat database allowed the generation of 104 albedo maps for the study period.

3.1.1. Validation of Satellite-Derived Albedo

Validation was performed using 36 dates from June 2018 to October 2023. As shown in Figure 2, the comparison
of the Landsat albedo with that measured by the reservoir station resulted in RMSE of 0.022 (RRMSE in situ:
6.35%, RRMSE Landsat: 6.29%) and a bias of 0.016. Similarly, an RMSE of 0.027 (RRMSE in situ: 20.33%,
RRMSE Landsat: 19.73%) and a bias of 0.019 were obtained from the comparison with the forest station albedo,
also shown in Figure 2. This level of accuracy was considered sufficient to confirm the validity of albedo esti-
mates based on Landsat data and related algorithms, both in the absence and presence of snow and ice, since
satellite and ground instruments do not cover exactly the same surfaces.

3.1.2. Evolution of Albedo Around the Reservoir Filling Period

Figure 3 compares the variation of the mean albedo of pixels located within the reservoir boundary (red contour in
Figure 1b) before (green) and after (blue) the installation of the hydroelectric reservoir as a function of Julian day
for different Landsat dates. This average was calculated over all pixels corresponding to the reservoir area, using
the same delineation before and after installation for both periods. Figures 4 and 5 illustrate the spatial variation of
albedo across the reservoir during winter, summer, and transition periods, such as the onset and melting of the ice
and snow.

Before the reservoir was impounded, when forest dominated the site, the mean summer albedo was 0.08 £ 0.002,
which is typical of a snow-free coniferous forest (Betts & Ball, 1997). At the beginning of winter (mid-November/
early December to around mid-January), when the first snow falls, the albedo increases to values between 0.10
and 0.15. The first snowfall gradually covers the ground and trees, gradually increasing the albedo. In winter
(mid-January to mid-April), the average albedo reached its maximum, with values around 0.25 £ 0.02. These
values indicate that snow remained on tree crowns only for a short period immediately following snowfall. Snow
in the subcanopy has less of an effect on the overall reflectivity of the surface than if it were visible from above,
for example, by covering tree branches (Kuusinen et al., 2012). Under snowy conditions, the albedo of wooded
areas varies according to the leaf area index (LAI) of the forest (Manninen & Jédskeldinen, 2018). Intercepted
snow in the forest canopy increases the albedo by about 20% compared to (canopy) snow-free conditions
(Kuusinen et al., 2012). During the snowmelt period (mid-April to early June), mean albedo values decreased and
varied between 0.11 and 0.15 depending on the amount of snow intercepted by the canopy and on the ground.
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Figure 3. Landsat albedo values before and after the reservoir impoundment.

These values are typical for boreal forests during the snowmelt season (Jadskeldinen & Manninen, 2021). As
snow melts, natural debris such as needles, branches, and moss accumulate on its surface, lowering its albedo.
This effect is amplified because wet snow naturally has a lower albedo than dry snow.

As shown in Figure 6, analysis of snow depth data under the canopy and in the gaps between 2021 and 2023 shows
that snow accumulation generally begins in mid-November. Snow depths are systematically higher in the gaps,
with a difference of up to 50 cm between the two zones. The snow started to melt between mid-April and the end
of May, and the snow under the trees melted about 2 weeks before the snow in the gaps. These observations reveal
the significant influence of the presence and duration of snow cover on temporal variations in albedo. In forest
gaps, winter albedo is generally higher than under the canopy. Once the snowpack exceeds a certain depth
threshold, however, further accumulation has little additional effect on albedo. The higher values observed in gaps
primarily reflect the presence of a continuous reflective surface and the addition of fresh snow, which has an
intrinsically higher albedo. Under the canopy, albedo is reduced by the rapid contamination of the understory
snowpack from litterfall and by the substantial proportion of snow-free canopy elements within the field of view.
In addition, the early melting of snow under trees reduces the length of time that snow contributes to surface
albedo, thus influencing its seasonal variations. In addition, the early melting of snow under trees reduces the
length of time that snow contributes to surface albedo, thus influencing its seasonal variations.

After the impoundment, the albedo decreased to approximately 0.05 + 0.003 during the ice-free period, which is
typical for open water conditions (Ponce et al., 1997; Wohlfahrtet al., 2021). These low values are primarily caused
by the presence of water, whose surface absorbs more solar radiation than ice, snow, or vegetation. At the beginning
of winter, the average albedo of the reservoir reached values above 0.25. On 13 December 2015, as shown in
Figure 5, the reservoir is not completely covered by snow and some pixels show a mixture of water surfaces, clear
ice, and fresh snow. These heterogeneous values result from incomplete ice and snow cover and from variations in
the density and composition of the snow present. In winter, when the reservoir was completely covered with ice and
snow, the albedo reached values of between around 0.70 and 0.90, with a mean of 0.77 + 0.04. This substantial
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Figure 4. Typical winter (first two columns) and summer (last two columns) Landsat albedo values before (top row) and after (bottom row) reservoir impoundment.

increase is due to the high reflectivity of undisturbed snow on the reservoir. Typically, the broadband reflectivity of
pure snow in midwinter is around 0.83 (Hall, 2012; Warren, 1982; Wiscombe & Warren, 1980). During the
snowmelt period (mid-April to early June), the surface albedo tends to decrease while remaining quite high,
fluctuating on average around 0.4. For example, looking at 17 April 2021, in Figure 5, we can see a heterogeneity of
albedo values, with some pixels around 0.4, typical of clear ice, and other pixels showing values around 0.2, typical
of dirty ice (Hall, 2012). Before impoundment, the mean albedo in the presence of snow/ice was around 0.25. After
impoundment, under the same conditions, the average albedo rose to 0.77. During the snow-free months, the
average albedo before impoundment was 0.08, then decreased to 0.05 after impoundment.

3.2. Land Surface Temperature Retrieval

As shown in Figure 7, the comparative analysis of surface temperatures between satellite imagery and flux tower
measurements covering the period from June 2018 to October 2023 revealed an RMSE of 3.39°C for the reservoir
station and an RMSE of 2.95°C for the forest station. These values are consistent with the uncertainties reported in
previous studies, which typically range between 0.5 and 3°C (Duan et al., 2021; Guo et al., 2020; Laraby &
Schott, 2018; Wang et al., 2019). Therefore, our results can be considered sufficiently reliable to validate the
satellite-derived observations, even under the particular conditions of a boreal environment characterized by
recurring Snow cover.

Figure 8a shows the variations in weekly mean surface temperatures before and after reservoir installation,
following the application of a polynomial regression to smooth the signal. This regression yielded high R? values
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Figure S. Examples of the Landsat albedo at ice-on (left) and ice-off (right)
transitions dates, both after reservoir impoundment.

of 0.96 and 0.94 for the periods before and after reservoir installation, along
with RMSE of 2.02 and 2.74°C, respectively.

According to the observations in Figure 8a, during the first 10 weeks of
winter, the surface temperatures after the installation of the reservoir were
slightly higher than those before the installation, when the forest dominated
land cover at the site, with an average amplitude difference varying between 2
and 7°C. The forest reached its minimum temperature about 3 weeks before
the reservoir, with a minimum of —17°C around Week 6, while the reservoir
reached a minimum of —14°C around Week 9. As spring and summer
approach, the forest gradually warmed up before the reservoir, with tem-
peratures between 1 and 5°C higher. Between June and August, the forest
reached a peak of about 17°C around Week 30, while the reservoir reached a
peak of 16°C 5 weeks later (Week 35). As autumn approaches, the forest
begun to cool down before the reservoir from Week 35, with temperatures
lower than those in the reservoir, with an amplitude difference of about 1—
5°C. Overall, the forest showed greater thermal amplitudes in spring and
summer, and lower ones in autumn and winter, with temperature peaks lag-
ging 3-5 weeks behind those of the reservoir. An analysis of weekly air
temperatures from ERAS reanalysis was also conducted for the periods before
and after impoundment. The results show broadly similar temporal patterns
for both periods, confirming that the observed differences in surface tem-
peratures are predominantly due to the reservoir effect rather than interannual
climate variability (Figure 8b).

The analysis of variations in reservoir surface temperatures complements the findings of Kallel et al. (2024). In
their study, they examined the thermal regime of this reservoir over the period 2018-2023, highlighting the

dimictic nature of the reservoir. Their results showed that surface temperatures peak in August. As the ambient air

cools as autumn approaches, surface temperatures decrease, leading to the formation of a seasonal winter ice

layer, occasionally covered by snow. In the spring, this ice layer melts, and surface temperatures rise again.
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Figure 6. Temporal variation in snow depth under the canopy and in forest
gaps, from 2021 to 2023.

The temperature difference between the two environments (forest and
reservoir) can be explained by their distinct thermal properties and specific
responses to seasonal variations. Due to its large water mass, the reservoir has
a high thermal inertia, meaning it takes longer to adjust its temperature than
the forest. Thus, even when the reservoir begins to cool, it generally maintains
higher temperatures over a longer period than the forest. These results
complement the findings of other studies that have also highlighted the sig-
nificant impact of the thermal characteristics of water bodies on seasonal
temperature variations. Indeed, many studies under higher-latitude regions
(e.g., Dutra et al., 2010; Eaton et al., 2001; Nordbo et al., 2011; Samuelsson
et al., 2010; Subin et al., 2012) have highlighted that lakes and reservoirs
absorb heat in summer and partially release it in autumn, thereby attenuating
diurnal and annual temperature variations.

3.3. Estimation of the Net Radiation

Figure 9a shows the weekly average values of the estimated net shortwave
radiation from 2000 to 2023, differentiating before (2000-2013, in green) and
after (2015-2023, in blue) the impoundment. During the first 17 weeks of the
year, the net shortwave radiation of the area dominated by forest exceeds that
of the reservoir, with a difference in amplitude ranging from 30 to
160 W m™2, increasing from 43 to 233 W m™2 by week 17, while that of the
reservoir ranges from 11 to 74 W m™2. This difference can be attributed to the
lower winter albedo of the forest, which increases solar absorption, especially
as the tree canopy is not completely covered by snow, unlike the reservoir.
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Figure 7. Comparison between surface temperature ground measurements and satellite retrievals: (a) reservoir, (b) forest.

Between Weeks 17 and 34, which generally correspond to spring (snowmelt period) and summer, the reservoir
had slightly higher net shortwave radiation, with an amplitude difference of around 15 W m™>, peaking at
335 W m™? for the reservoir compared to 319 W m™ for the forest. This could be due to the lower albedo of the
water in the reservoir during the open water period, resulting in increased solar absorption. As late summer and
fall approach, both net shortwave radiation values gradually decreased, with a return to higher net shortwave
radiation for the forest from Week 49, as the reservoir is transitioning toward winter conditions.

The average weekly variation of the net longwave radiation observed between 2000 and 2023, illustrated in
Figure 9b, shows negative values, since the incoming longwave radiation is lower than that emitted by the surface.
During the first 10 weeks, the longwave radiation from the forest exceeded that from the reservoir, with a
maximum difference of 20 W m™2. This can be explained by the higher surface temperatures of the reservoir
compared to the forest during this period, as shown in Section 3.2. Then, with the arrival of spring and during the
summer, until about Week 35, the longwave radiation from the reservoir exceeds that from the forest, with a
maximum difference of 40 W m™2. From Week 35, as the summer begun to fade and autumn approaches, the
forest vegetation regained its influence, producing a maximum difference of around 35 W m™> compared to the
IeServoir.
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Figure 8. Temporal variations in (a) average weekly surface temperatures and (b) average weekly air temperatures before and
after reservoir impoundment.
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Figure 9. (a) Weekly average shortwave radiation, (b) weekly average longwave radiation, and (c) weekly average total net
radiation before and after reservoir impoundment over the years (2000-2023), with the quantiles (25th and 75th percentiles)
represented by colored bands. (d) Yearly average net radiation over the period (2000-2023).

An examination of the net radiation balance, resulting from the addition of net shortwave and longwave radiation,
as shown in Figure 9c, reveals significant differences between the forest and the reservoir. During Weeks 1-17 of
the winter season, the total net radiation from the forest systematically exceeded that from the reservoir, by 60 up
to 140 W m™~2. Net radiation values from the forest range from —25 to 138 W m™~2 and show a positive trend with
time. In contrast, variation in the net radiation from the reservoir remains relatively low, fluctuating between —86
and =3 W m™>.

As spring approaches and during the summer, the total net radiation from the reservoir increased again, with
differences relative to the forest between 5 and 50 W m™2. Tn autumn and at the end of the year, both curves
gradually decrease. In the last week of the year, the net radiation from the reservoir reached —82 W m™2, while
that from the forest followed a similar downward trend, stabilizing at about —40 W m ™2,

The interannual variability of the net radiation is illustrated in Figures 9a—9c¢ by a light-colored band representing
the 25th and 75th quantiles of the distribution of weekly values. These bands reveal that the interannual variability
is small in comparison with the seasonal variability.

On an annual basis, the net total radiation shows subtle variations over the preimpoundment (2000-2013), with
values oscillating around 97.9 + 0.5 W m™2, as shown in Figure 9d. However, during the postimpoundment
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period (2015 onward), there is a significant shift, as the average total net radiation drops to around
76.7 + 0.7 W m 2. This suggests a noticeable cooling effect due to the damming of the reservoir, which caused a
reduction of about 21.2 W m™2 compared to the preimpoundment period. Figure 9a indicates that the cooling
effect is particularly pronounced in winter, when snow completely covers the reservoir, due to its high albedo. On
the other hand, in the absence of snow, a slight warming is observed, but this is small compared with the winter
cooling. Figure 9d also suggests that the interannual variability is much smaller than the documented effect of the
reservoir impoundment.

Results presented here indicate that the installation of the Romaine-2 hydroelectric reservoir (50.69°N) has a
significant cooling impact on the local net radiation, as anticipated by Wohlfahrt et al. (2021) for reservoirs
located above 44°N, with notable seasonal variations in both short and long wavelengths. These variations reflect
the differences between the preimpoundment surface conditions (forested areas) and those of the reservoir,
highlighting the importance of hydroelectric projects on the local radiative balance in both the short and long
term. Changes in albedo and surface temperature can influence the local radiative balance, potentially affecting
the regional climate and surrounding ecosystems.

3.4. Study Limitations and Future Perspectives

Although this study provides solid results, it has certain limitations that, although they do not significantly alter
the conclusions, could provide avenues for improvement in future research. Firstly, the analysis did not explore
the evolution of albedo values during the transitional periods, particularly those for the year 2014, the key moment
when water retention in the reservoir began and its maximum level was reached. Another limitation is the lack of
data on albedo values during periods of snowmelt and the onset of snow accumulation. Including hese data,
obtained using complementary approaches, would help refine the assessment of seasonal variations and the
overall impact of albedo on annual net radiation. In addition, a detailed analysis of the variations of the reservoir
level over the year and of the zones directly exposed to climatic conditions would enrich the results. These el-
ements, influenced by climate and reservoir management, will contribute to a better understanding of the spatial
and temporal evolution of the reservoir. Finally, an assessment of the impact of reservoir impoundment on the
radiative balance of adjacent forests would provide an enriching perspective on the ecological consequences of
this water management and strengthen our understanding of the interactions between the reservoir and its sur-
rounding ecosystem.

4. Conclusion

This study presented an integrative approach that combined satellite data analysis, meteorological reanalyses, and
in situ measurements to assess the impact of a hydroelectric reservoir impoundment in the subarctic on the local
radiative balance. Spatial and temporal variations in albedo and surface temperature were analyzed using data
from the Landsat 7 ETM+ and Landsat 8 OLI/TIRS satellites on 104 dates between 2000 and 2023. By integrating
these data with ERAS5-Land reanalysis and in situ measurements, we evaluated the combined effects of albedo and
temperature changes on shortwave and longwave radiative fluxes.

Reservoir impoundment induced substantial changes in surface properties: winter albedo increased from
0.25 = 0.02 to 0.7-0.9, while summer albedo decreased from 0.08 £ 0.002 to 0.05 = 0.003. Seasonal surface
temperatures also shifted, with winters becoming 2-7°C warmer, summers 1-5°C cooler, and the seasonal
temperature maximum delayed by 3-5 weeks. Over the 2000-2023 period, these effects yielded a net annual
cooling of 21.2 W m™2, primarily driven by the strong winter radiative response, which partially offset summer
warming. These results demonstrate that hydroelectric reservoirs can exert complex, seasonally dependent effects
on local climate.

More broadly, our findings underscore that the radiative consequences of land-cover change are not unidirectional
but emerge from the net balance of competing seasonal forcings. By evaluating both shortwave (albedo-driven)
and longwave (temperature-driven) radiative fluxes concurrently, our study provides a comprehensive assessment
of the surface energy balance and underscores the critical importance of incorporating these radiative and thermal
feedbacks into regional energy balance assessments and local climate projections. We emphasize that these
findings are specific to a subarctic environment with seasonal snow cover, where the winter albedo effect is
dominant, and should not be extrapolated to other climates. Nevertheless, the principle that seasonal asymmetry
governs the net radiative impact of land use change is widely applicable.
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The methodological framework developed here provides a generalizable approach for studying other reservoirs
and anthropogenic land-cover conversions, offering a valuable tool for energy planning and for anticipating their
climatic impacts. This work establishes a foundation for further research on the combined effects of albedo,
surface temperature, and radiative fluxes on regional climate, contributing to more effective, evidence-based
strategies for climate management and mitigation.

Appendix A
Table A1
Spectral Band Specifications for Landsat Sensors ETM+, OLI, and TIRS
Band (pm) Landsat 8 OLI and TIR Landsat 7 ETM+
Blue 0.45-0.51 0.44-0.51
Green 0.53-0.59 0.52-0.60
Red 0.64-0.67 0.63-0.69
Near-infrared (NIR) 0.85-0.88 0.77-0.90
Shortwave Infrared 1 1.57-1.65 1.55-1.75
Shortwave Infrared 2 2.11-2.29 2.06-2.34
Panchromatic 0.50-0.68 0.51-0.89
Thermal Infrared (TIR 1) 10.60-11.19 1.03-12.36
Thermal Infrared 2 (TIR2) 11.50-12.51 -
Table A2
List of Images Used for 2000-2023
Date Platform Percentage cloud coverage (%)
2000-06-18 Landsat 7 7
2001-01-12 Landsat 7 9
2001-05-20 Landsat 7 5
2001-09-09 Landsat 7 3
2004-06-13 Landsat 7 28
2005-01-23 Landsat 7 1
2005-03-12 Landsat 7 2
2005-07-18 Landsat 7 29
2005-12-09 Landsat 7 19
2006-06-19 Landsat 7 29
2006-08-06 Landsat 7 15
2006-08-22 Landsat 7 16
2006-09-07 Landsat 7 3
2007-04-19 Landsat 7 12
2007-08-09 Landsat 7 9
2007-10-12 Landsat 7 29
2008-02-17 Landsat 7 2
2008-04-21 Landsat 7 1
2008-07-26 Landsat 7 24
2008-08-27 Landsat 7 6
2008-09-05 Landsat 7 0
2009-11-02 Landsat 7 2
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Table A2

Continued

Date Platform Percentage cloud coverage (%)
2010-05-29 Landsat 7 1
2010-08-01 Landsat 7 7
2010-09-18 Landsat 7 10
2010-10-04 Landsat 7 0
2010-11-21 Landsat 7 26
2011-05-16 Landsat 7 6
2011-09-21 Landsat 7 29
2011-10-07 Landsat 7 26
2011-11-08 Landsat 7 18
2012-01-27 Landsat 7 2
2012-02-28 Landsat 7 8
2012-03-15 Landsat 7 8
2012-03-31 Landsat 7 4
2012-05-02 Landsat 7 11
2012-05-27 Landsat 7 6
2012-06-03 Landsat 7 3
2012-07-21 Landsat 7 1
2012-08-22 Landsat 7 18
2012-09-23 Landsat 7 11
2013-01-29 Landsat 7 0
2013-06-22 Landsat 7 0
2013-07-08 Landsat 7 5
2013-10-12 Landsat 7 0
2013-11-29 Landsat 7 9
2014-01-08 Landsat 8 14
2014-01-24 Landsat 8 0
2014-02-09 Landsat 8 2
2014-09-05 Landsat 8 3
2014-10-07 Landsat 8 3
2014-10-23 Landsat 8 0
2015-01-11 Landsat 8 3
2015-02-28 Landsat 8 3
2015-03-16 Landsat 8 5
2015-05-03 Landsat 8 19
2015-06-20 Landsat 8 2
2015-09-08 Landsat 8 21
2015-12-13 Landsat 8 3
2016-01-30 Landsat 8 0
2016-02-15 Landsat 8 1
2016-03-18 Landsat 8 0
2016-06-22 Landsat 8 27
2016-07-08 Landsat 8 2
2017-08-28 Landsat 8 0
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Table A2

Continued

Date Platform Percentage cloud coverage (%)
2018-01-19 Landsat 8 0
2018-02-20 Landsat 8 0
2018-05-27 Landsat 8 1
2018-10-02 Landsat 8 18
2018-12-05 Landsat 8 1
2019-02-07 Landsat 8 29
2019-03-27 Landsat 8 4
2019-04-12 Landsat 8 2
2019-05-14 Landsat 8 0
2019-08-18 Landsat 8 7
2019-09-19 Landsat 8 0
2019-12-08 Landsat 8 1
2019-12-24 Landsat 8 7
2020-01-25 Landsat 8 2
2020-02-26 Landsat 8 0
2020-03-29 Landsat 8 3
2020-07-19 Landsat 8 26
2020-08-04 Landsat 8 1
2020-09-21 Landsat 8 1
2021-02-28 Landsat 8 15
2021-03-16 Landsat 8 0
2021-04-17 Landsat 8 1
2021-07-06 Landsat 8 1
2021-10-10 Landsat 8 29
2021-10-26 Landsat 8 29
2021-12-29 Landsat 8 5
2022-02-15 Landsat 8 4
2022-03-03 Landsat 8 9
2022-03-19 Landsat 8 0
2022-06-07 Landsat 8 2
2022-08-10 Landsat 8 21
2022-09-11 Landsat 8 2
2023-02-02 Landsat 8 4
2023-02-18 Landsat 8 10
2023-06-26 Landsat 8 18
2023-08-13 Landsat 8 19
2023-08-29 Landsat 8 15
2023-09-30 Landsat 8 10
2023-12-16 Landsat 8 16
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