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Abstract : As climate change intensifies, the shift to cleaner energy sources becomes increasingly ur-
gent. With wind energy production set to accelerate, reliable wind probabilistic forecasts are essential
to ensure its efficient use. However, since numerical weather prediction models are computation-
ally expensive, probabilistic forecasts are produced at resolutions too coarse to capture all mesoscale
wind behaviors. Statistical downscaling, typically applied to enchance the resolution of climate model
simulations, presents a viable solution with lower computational costs by learning a mapping from low-
resolution (LR) variables to high-resolution (HR) meteorological variables. Leveraging deep learning,
we evaluate a downscaling model based on a state-of-the-art U-Net architecture, applied to an ensem-
ble member from a coarse-scale probabilistic forecast of wind velocity. The architecture is modified to
incorporate (1) a learned grid alignment strategy to resolve LR-HR grid mismatches and (2) a process-
ing module for multi-level atmospheric predictors. To extend the downscaling model’s applicability
from fixed spatial domains to the entire Canadian region, we assess a transfer learning approach. Our
results show that the learned grid alignment strategy performs as well as conventional pre-processing
interpolation steps and that LR wind speed at multiple levels is sufficient as a predictor, enabling a
more compact architecture. Additionally, they suggest that extending to new spatial domains using
transfer learning is promising, and that downscaled wind velocities demonstrate potential in improving
the detection of wind power ramps, a critical phenomenon for wind energy.

Keywords: Deep learning, probabilistic forecasts, downscaling, unaligned grids, transfer learning,
scalability

Résumé : A mesure que le changement climatique s’intensifie, la transition vers des sources d’énergie
plus propres devient de plus en plus urgente. Avec l'accélération prévue de la production d’énergie
éolienne, des prévisions probabilistes fiables de vent sont essentielles pour assurer une utilisation ef-
ficace de cette ressource. Cependant, étant donné que les modeles de prévision numérique du temps
sont cotliteux en termes de calcul, les prévisions probabilistes sont produites a des résolutions trop
grossieres pour capturer tous les comportements de vent a 1’échelle méso. Le downscaling statistique,
généralement utilisé pour améliorer la résolution des simulations de modeles climatiques, constitue
une solution viable avec des couts de calcul réduits, en apprenant une correspondance entre des vari-
ables & basse résolution (BR) et des variables météorologiques & haute résolution (HR). En exploitant
I’apprentissage profond, nous évaluons un modele de downscaling basé sur une architecture U-Net de
pointe, appliqué a un membre d’ensemble issu d’une prévision probabiliste & grande échelle de la vitesse
du vent. L’architecture est modifiée pour intégrer (1) une stratégie d’alignement de grille apprise pour
résoudre les décalages de grille BR-HR et (2) un module de traitement pour des prédicteurs atmo-
sphériques multi-niveaux. Afin d’étendre applicabilité du modele de downscaling au-dela des domaines
spatiaux fixes a ’ensemble de la région canadienne, nous évaluons une approche d’apprentissage par
transfert. Nos résultats montrent que la stratégie d’alignement de grille apprise fonctionne aussi bien
que les étapes classiques d’interpolation en prétraitement, et que la vitesse du vent a BR a plusieurs
niveaux est suffisante en tant que prédicteur, permettant ainsi une architecture plus compacte. De
plus, ils suggerent que l’extension a de nouveaux domaines spatiaux en utilisant I’apprentissage par
transfert est prometteuse, et que les vitesses du vent obtenues par downscaling montrent un potentiel
d’amélioration de la détection des rampes de puissance éolienne, un phénomene critique pour ’énergie
éolienne.
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1 Introduction

With the acceleration of global warming in the past decades, marked by increasing temperature,
shifting weather patterns, and more frequent extreme events, transition to cleaner energy sources is
urgent. Adopted in 2015 by 195 countries, the Paris Agreement aims to limit the global temperature
rise to well below 2°C above pre-industrial levels through concrete actions (United Nations Framework
Convention on Climate Change, 2015). As one of the signing countries, Canada has the objective
of reducing greenhouse gas emissions by close to 40% below the 2005 levels by 2030 (Government of
Canada, 2021). One key solution to achieving this goal is transitioning the energy production sector to
cleaner sources like wind energy, which has become increasingly attractive due to rapid technological
advancements and declining costs. Various studies have investigated how Canada’s energy system could
be modified to meet the Paris Agreement’s objectives, as well as the target of net-zero emissions by
2050, while considering different scenarios and constraints (Canada Energy Regulator, 2023; Institute
of Energy Technology, Polytechnique Montréal, 2024). Although numbers may differ, one thing is
certain: wind energy production is planned to significantly increase in the next decades in Canada.

Reliable wind forecasts shall therefore become more than ever necessary to ensure an efficient use
and integration of this intermittent resource. To this end, operation decisions should increasingly
depend on probabilistic forecasts as they provide an envelope of possible scenarios that helps dealing
with uncertainties (IEA Wind, 2019). Such forecasts are traditionally obtained from numerical weather
prediction models that can produce ensemble members with multiple perturbed initial and boundary
conditions (ECCC, 2024c). Presently, however, probabilistic forecasts are generated at horizontal
resolutions that are too coarse to capture all mesoscale effects affecting wind behaviour, such as
land and sea breezes (Crosman & Horel, 2010), or local wind patterns influenced by topography,
like mountain-valley circulations (Wagner et al., 2014). As generating probabilistic forecasts at higher
resolutions is computationally challenging, it is of great interest to investigate other ways to obtain
such forecasts.

An increasingly popular approach is statistical downscaling, which can produce high-resolution
meteorological variables at a small fraction of the computational cost required by running numerical
weather prediction models at a corresponding resolution. It operates by establishing statistical re-
lationships between low-resolution variables (predictors) and high-resolution ones (predictands) (Sun
et al., 2024; Intergovernmental Panel on Climate Change, 2000). Once calibrated, these relationships
are applied to estimate predictands from new predictors (e.g., obtained over different time periods or
a different ensemble member). Although typically applied to climate model simulations, statistical
downscaling is also well-suited for post-processing probabilistic forecasts, enhancing the resolution of
each member in a low-resolution ensemble.

Numerous approaches have been proposed to model statistical downscaling relationships. Earlier
studies implemented linear methods to downscale wind data (Davy et al., 2010; Kirchmeier et al.,
2014). Many recent non-linear downscaling methods leverage the latest advances in deep learning.
In particular, convolutional neural networks (CNNs) serve as the foundation for several deep learning
architectures such as generative adversarial networks (GANs) (LeCun & Bengio, 1995; Goodfellow
et al., 2020). GANs have been utilized in numerous studies for wind downscaling (Singh et al., 2019;
Stengel et al., 2020; Manepalli et al., 2020; Miralles et al., 2022; Annau et al., 2023), along with various
other types of CNNs (Zhang & Li, 2021; Dujardin & Lehning, 2022), including some that employ a
U-Net architecture (Hohlein et al., 2020; Sekiyama et al., 2023; Dupuy et al., 2023). Additionally,
techniques other than CNNs-based, such as Extreme Gradient Boosting (Li, 2019; Hu et al., 2023),
have been explored.

In the current study, we selected the U-Net architecture as the basis of our downscaling models. De-
signed originally for biomedical image segmentation, it combines upsampling and downsampling with
convolutional layers and residual connections to handle coarse and fine resolutions (Ronneberger et al.,
2015). Yang et al. (2019) adapted the U-Net for image super-resolution, a task similar to downscaling
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that aims to enhance the resolution of an image by reconstructing a high-resolution version from a
low-resolution one. Building on this architecture, U-Net variants were developed for meteorological
downscaling, differing in two key aspects from the super-resolution U-Net. First, predictors additional
to the low-resolution version of the predictand, that carry predictive information about the predic-
tand, may be included. Second, the predictors may additionally include high-resolution geophysics
variables (Hohlein et al., 2020; Vandal et al., 2018). With the recent update proposed in Sekiyama
et al. (2023), the U-Net is a widely used architecture for meteorological downscaling.

We focus on two essential factors influencing the design of the U-Net architecture in meteorolog-
ical downscaling, which, we believe, are often overlooked. The first factor is related to the inherent
mismatch between the predictor and predictand grids, as the physics-based models generating the
low-resolution predictors and the high-resolution predictands operate on grids with different spatial
resolutions and potentially different orientations. This is usually handled by performing an interpola-
tion as a pre-processing step in order to re-grid the data onto a common grid (Sekiyama et al., 2023;
Dupuy et al., 2023; Annau et al., 2023). As this grid is of higher resolution, the volume of predictor
data is inflated without introducing any new information. This could create a computing bottleneck
in memory usage, limiting the use of more relevant predictor data. The second factor concerns the
selection of predictors to include in the downscaling model, which varies across studies and rarely
includes multi-level atmospheric variables (Hohlein et al., 2020; Sekiyama et al., 2023; Dupuy et al.,
2023). Since predictor selection impacts both accuracy and memory usage, we believe it is crucial to
evaluate the predictive power of the chosen predictors.

Since the ultimate goal is to obtain high-resolution probabilistic wind forecasts for all of Canada,
another key consideration is the applicability of downscaling models to either large or multiple spatial
domains. Directly incorporating a domain as large as Canada into a downscaling model would demand
substantial high-performance computing skills and resources (Chollet, 2015). In this regard, most
studies have typically focused on relatively small spatial domains. To address larger domains, the
area of interest can be partitioned into several smaller sub-domains (Dupuy et al., 2023; Annau et al.,
2023; Sekiyama et al., 2023; Hohlein et al., 2020; Manepalli et al., 2020). However, partitioning all of
Canada could render the downscaling model intractable due to memory constraints. An alternative
approach, drawing from transfer learning, would be to develop an initial downscaling model across
multiple domains and then specialize it for any other domain of interest, such as areas where wind
farms are located. This approach allows for leveraging prior knowledge to improve learning efficiency
and performance on the new domain. While transfer learning has been utilized in various fields (Pan
& Yang, 2010), to the best of our knowledge, it has only been applied in a downscaling context for a
different purpose (Miralles et al., 2022) and not to expand applicability to new spatial domains.

In this work, we build upon the U-Net architecture recently proposed by Sekiyama et al. (2023)
for wind downscaling. We introduce memory-efficient modifications to this architecture to address
the previously mentioned grid mismatch by eliminating the pre-processing step of re-gridding and
allowing the downscaling model to learn the appropriate interpolation directly. The downscaling
model based on this modified architecture is compared with standard re-gridding approaches. We also
incorporate in the U-Net architecture the processing of different types of predictors, including multi-
level atmospheric ones, leveraging both previous research and expert insights from ECCC (Alzubaidi
et al., 2023). Comparisons are carried out to assess the importance of some of the chosen predictors.
Expansion to new spatial domains is explored by first studying the sensitivity of the downscaling model
to the choices of domains used to build the initial model, and second, by assessing its performance after
specialization on a new domain using transfer learning. Although the analyses are based on a single
member of a probabilistic forecast, they serve as a proof of concept. In addition, the ability of the
downscaled forecasts to reveal mesoscale effects responsible for wind power ramp events is explored.
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2 Meteorological data

2.1 Meteorological forecast systems

The data used as predictands in the downscaling model are taken from a near-surface mesoscale
atmospheric analysis (mesoanalysis) produced every hour, 24 hours a day, at ECCC. This meso-
analysis is produced on a grid across Canada by combining the most recent available observations
(assimilated from surface stations with a 15 min delay) with the latest 2.5 km resolution forecasts pro-
duced by the ECCC’s High Resolution Deterministic Prediction System (HRDPS) valid at the analysis
time (Buehner et al., 2024; ECCC, 2024b). It aims at providing the best possible representation of
the weather conditions at the near-surface level at a given time.

Forecasts produced by ECCC’s Regional Ensemble Prediction System (REPS) over a 10 km res-
olution grid covering North America (ECCC, 2024c) are used as low resolution predictors in the
downscaling model. This system is run four times a day at 00Z, 06Z, 127 and 18Z, outputting fore-
casts hourly with a leadtime of 78 hours. Its control member was used as a case study for probabilistic
forecasts, keeping hours 4 to 9 of each run as a compromise for the forecasts not to be influenced by
model spin-up and to be as accurate as possible, see e.g. Hohlein et al. (2020). In doing so, hourly
data are available 24 hours a day to match with the hourly mesoanalysis.

Data used from both forecast systems cover a period of 29 months (12/02/2021 - 04/30/2024).
As regular updates are implemented, this period is chosen to ensure that the data considered have
been produced by the same version of both systems (ECCC, 2024a). It is important to mention that
the grids of both forecast systems are unaligned and that their pixels (grid cells) are not collocated
(Figure 1a).

2.2 Configurations of spatial domains of interest

We consider a variety of configurations containing multiple spatial domains where Canadian wind
farms are located, using the Canadian Wind Turbine Database (Government of Canada, 2024) to
locate their exact position. For the first configuration, inspired by research where only a single or
multiple domains in close proximity were used (Dupuy et al., 2023; Annau et al., 2023; Sekiyama et al.,
2023; Hohlein et al., 2020; Manepalli et al., 2020), five neighbouring domains (Figure 1b) were selected
to assess the need of physical proximity between domains. Then five scattered domains (Figure 1c)
are chosen to assess the impact of large physical inter-domain distances, associated to climatological
and geophysics differences. Finally, 10 scattered spatial domains, including the five domains from
the previous configuration, were selected to investigate whether adding more data (Figure 1d) will
lead to improved performance, based on the fact that doing so in deep learning often leads to better
results (Bengio, 2009; Nakkiran et al., 2020; Su, 2021). Training the downscaling model over multiple
domains is indeed expected to provide better prediction results as was presented by Manepalli et al.
(2020) with closely located domains.

A given spatial domain for the predictors is a square grid of dimensions 160 x 160 km?. For the
predictand, the grid’s dimensions are 120 x 120 km?, which includes a 20 x 20 km? padding to prevent
boundary effects (Sekiyama et al., 2023). The padding is removed from the downscaling model predic-
tion, resulting in an effective predictand domain of 100 x 100 km? (Figure 1a). While other techniques
exist, see e.g., Han et al. (2023), we chose padding because it is more in line with similar downscaling
models (Hohlein et al., 2020; Sekiyama et al., 2023). We also selected a larger predictor domain to allow
the downscaling model to include atmospheric effects surrounding the predictor domain (Dupuy et al.,
2023). The larger predictor domain is also necessary when applying the non-interpolation strategy,
discussed in § 3.1, because the grid misalignment would make the predictor domain to inadequately
cover the predictand domain if both domains were of the same size.
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(a) Predictor (red pixels) and predic- (b) Configuration A: Five predictand domains lo-
tand (black pixels) grids, showing the cated close to each other in Eastern Québec and New
grid misalignment and the extent of both Brunswick.

grids for domain #1. Note that the eight

outermost rows and columns of pixels

(four on each side) of the predictor grid

are used for padding.

(¢) Configuration B: Five predictand domains across (d) Configuration C: Ten predictand domains across
Canada. Canada.

Figure 1: Predictor and predictand grid shapes illustrated on one of the spatial domain, and the three configurations of
domains used in this work. Each domain is represented by the predictand domain and marked by a red rectangle of size
120 x 120 km? including the padding. In addition, each colored dot indicates a wind farm site.

2.3 Predictors and predictand

The wind velocity UV at 10 m above the surface was used as the predictand, i.e., the downscaled
variable. We made this choice rather than simultaneously downscaling the eastward and northward
components U and V in order to reduce the complexity of the downscaling model and to minimize
directly the error for the wind velocity, which is the main variable of interest for wind energy forecasts.

The set of predictors consists of several low resolution variables readily available from REPS,
gradients that are computed for some of these variables, along with high resolution geophysics variables.

UV, U, V, and the temperature T at multiple levels above the ground were first chosen as predictors.
Multiple levels were considered for these variables to have a better representation of the dynamics of
the atmosphere (Ahrens, 2012). Surface pressure (P0) as well as sea level pressure (PN) were also
used. While PO is known to carry pertinent information about the wind (Curry et al., 2012), PN was
also used to better inform about horizontal changes in pressure different than those due to altitude
variations (Ahrens, 2012). The boundary layer represents the lower part of the atmosphere that has a
constant interaction with the surface of the Earth (Holtslag et al., 2013). Its height (H), also a good
indicator of atmospheric stability, was selected (Stull, 1988). We also chose the cosine of the azimuth
angle (CX) and the snow depth (SD) to provide an indication, respectively, of the time of the day
and period of the year. Moreover, snow coverage is known to impact winds at low levels (Holtslag
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et al., 2013). The wind gust estimate (WGE) was also included as a predictor as it provides additional
information about atmospheric stability and the behaviour of the wind that might not be captured by
the wind velocity predictors alone (Thorarinsdottir & Johnson, 2012; Kahl, 2020).

Vertical gradients, i.e., rates of change with respect to height, were computed for the wind compo-
nents and temperature and used as predictors. We selected for the upper level used in the calculation
of the respective gradients the model level closer to the top of the atmospheric boundary layer that
was available hourly from the outputs of REPS, while the lower level corresponds to the first prog-
nostic model level. Wind velocity vertical gradients inform about the wind shear in the boundary
layer, and also enter in the calculation of the Richardson number, as does the temperature vertical
gradient (American Meteorological Society, 2024). The Richardson number is a good indicator of at-
mospheric stability, that has a strong influence on wind velocities in the boundary layer (Stull, 1988).
For example, a high level of instability will make the winds near the surface to be influenced more
importantly by winds at higher levels.

As geophysics variables like the orography (M E), land-sea mask (M G) and surface roughness (Zj)
are also known to impact the wind velocity (Holtslag et al., 2013; Guo et al., 2016; Hu et al., 2023),
they were used to help the model learn about the geography of the domains being studied and its effect
on the wind. A high-resolution version of those static predictors was readily available from ECCC’s
HRDPS inputs. They were re-generated on a 2.5km resolution grid oriented the same way as the
low-resolution predictor grid (see Figure 1a). The predictor and predictand variables are summarized
in Table 1.

3 Downscaling methodology

3.1 Downscaling models for three grid alignment strategies

To address the misalignment between the predictors’ and predictand’s grid, three distinct strategies
are considered. The first and second, widely used in the literature and referred to as “interpolation
strategies”, consist in interpolating the predictors’ data onto the predictand grid using either nearest
neighbour or bi-linear interpolation as a pre-processing step (Sekiyama et al., 2023; Dupuy et al.,
2023; Annau et al., 2023). We propose a third strategy, termed the “no-interpolation strategy”, where
this pre-processing step is skipped, and which consists in learning the interpolation as part of the
downscaling model. FEach of these three grid alignment strategies yields a particular downscaling
model.

The core of the selected architecture for our downscaling models is inspired from an architecture
called DeepRU, a kind of modified U-Net used in similar studies (Ronneberger et al., 2015; Hohlein
et al., 2020; Sekiyama et al., 2023). The complete architecture consists of three modules, namely the
multi-modal predictor processing, the U-Net, and the post U-Net, which are described in § 3.1.1-3.1.3
below. There are two main variants of the multi-modal predictor processing module corresponding to
the aforementioned interpolation and no-interpolation strategies.

3.1.1 Multi-modal predictor processing module

This module includes steps that precede the U-Net itself and is illustrated in Figures 3 and 4 for,
respectively, the interpolation and the no-interpolation strategies. Based on in-house expert knowledge,
suitable predictor processing was determined. It aims to separately extract information on multi-level
predictors and account for atmospheric stability using vertical gradients. Such processing could help
the downscaling model learn features specific to each predictor. Indeed, research on multi-modal
learning shows that separately processing different predictors before combining them in the U-Net
can enhance feature extraction and improve performance (Baltrusaitis et al., 2019). Single-level low-
resolution predictors are processed together. The operation sequence taken by the predictors is as
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Table 1: Predictor and predictand variables of the downscaling model. The gradient (grad) for a given variable var is
calculated as gradvar = %, where GZ2 and GZ1 are the geopotential heights of respectively the higher
and lower model levels used in the calculation of the gradient. Note that the heights provided below are approximative as

they were calculated under standard atmospheric conditions.

Variable Type Height above surface (m)  Resolution
Wind magnitude (UV') Predictor 10 - 21 - 63 - 117 Low
Wind vector (U) Predictor 10 - 21 - 63 - 117 Low
Wind vector (V) Predictor 10 - 21 - 63 - 117 Low
Temperature (T") Predictor 1.5-11-42-91 Low
Gradient U (UG) Predictor between 273 and 21 Low
Gradient V (VG) Predictor between 273 and 21 Low
Gradient T (T'G) Predictor between 231 and 11 Low
Surface pressure (P0) Predictor surface Low
Sea level pressure (PN) Predictor surface Low
Boundary layer height (H) Predictor NA Low
Azimuth of the cosine angle (CX) Predictor NA Low
Snow coverage (SD) Predictor surface Low
Wind gust estimate (WGE) Predictor 10 Low
Orography (ME) Predictor NA High
Land-sea mask (MG) Predictor NA High
Surface roughness (Zp) Predictor NA High
Wind magnitude (UV) Predictand 10 High

follows: they pass through a block consisting of a 2D convolution, followed by a batch normalization
and the application of a LeakyReLU activation function. The predictors pass through two consecutive
blocks before being concatenated. Batch normalization is used to accelerate the training process,
allowing the use of higher learning rates and reducing the sensitivity to initialization (Toffe & Szegedy,
2015). The LeakyReLU activation function was used because it precludes the vanishing gradient
problem, and was used in similar architectures (Maas et al., 2013; Hohlein et al., 2020; Sekiyama
et al., 2023). In this module, the high-resolution geophysics predictors go through two consecutive
blocks using 2D stride convolution layers, allowing to concatenate low-resolution predictors with high-
resolution ones. The main difference between the interpolation and no-interpolation strategies is
that, for the latter, the result of the concatenation passes through two additional blocks of 2D stride
convolution layers, while for the former, it passes through two blocks of no-stride convolution layers
before being combined with the geophysics predictors block result. This is done because the input
resolution for both strategies is not the same (64 versus 16 pixels). After module I, both strategies
follow the same steps, with identical filter numbers and dimensions, to allow for fair comparison.

Input or kernel x Width x Height

Up sampling 2D
Stride Convolution 2D
Convolution 2D
Batch normalization
LeakyRel U
Residual
‘ Dropout

Addition

Concatenation

------------- > Skip-connection

Figure 2: Legend for each kind of layer and operation used in the three modules that form the downscaling models’
architecture.



Les Cahiers du GERAD G-2024-67 7

Spatio-temporal variables

A
r Al

Single level: ) Afmospheric stability:
6x64x64‘(p0 _PN-H-CX-8D-WGE )‘ 4x64x64 | Multi-level: (UV) CC ‘ (VG - UG - TG) ‘3x64x64

l

16x64x64 | 3x3 | 16x64x64 3x3 16x64x64 | 3x3
[ |
32%64x%64 | 33 | 32x64x64 33 32x64x64| 3 ) )
: : : Geophysics variables
I

F—Jﬁ
l 3x128x128 (ME - MG - 20)

16x64x64 3x3

32x32x32

i 32x32x32 i
64x16x16

64x16x16 3

Figure 3: Architecture of the multi-modal predictor processing module for the interpolation strategy. Some predictors are
not illustrated and are replaced by .... The missing predictors are multi-level U, multi-level V', multi-level T, see Fig. 2 for
the legend.

Spatio-temporal variables
A

r R
Single level: X - maospheric stability:
6X16x16‘(p0 -PN-H-CX-SD-WGE) 4x16x16 | Multi-level: (UV) | = = = (VG - UG - TG) 3x16x16

16x16x16 Ix3 16x16x16| I3 | 16x16x16 Ix3
g e we S —
2x16%16 X 32x16x16] %3 | 32x16x16 3 ‘ )
I | ‘ Geophysics variables
/1

i |

3x128x128 (ME - MG - Z0)

Y
16x64x64 I3

32x16x16 X
32x32x32 ;i;
64x16x16 | 3x3 |  —
B4x16x16 lil
I —

—

Figure 4: Architecture of the multi-modal predictor processing module for the no-interpolation strategy. Some predictors
are not illustrated and are replaced by .... The missing predictors are multi-level U, multi-level V', multi-level T', see Fig. 2
for the legend.
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3.1.2 U-Net module

Figure 6 illustrates the U-Net architecture, composed of an encoder, a bottleneck and a decoder.
We made a minor adjustment, as this was done in Laxman et al. (2022), to encourage the U-Net to
enhance high-resolution details in the final stage of the architecture, improving the overall quality of the
output. The adjustment consists in inserting an up-sample block at the end of the U-Net, preceded and
followed among other layers by convolution layers used for refinement, instead of up-sampling before
entering the U-Net architecture. In each block of our U-Net architecture, we added residual blocks, see
Figure 5, which were proposed to enable a deeper architecture and to address the vanishing gradient
and degradation problems (He et al., 2016). It has been shown that, generally, deep architectures
outperform shallow ones (Szegedy et al., 2015; Simonyan & Zisserman, 2015), and this is why we chose
to reduce the size of the output from the previous block one dimension at a time. Dropout layers
have been inserted in each U-Net block to prevent over-fitting and to improve the generalization of the
model (Srivastava et al., 2014).

Residual
\ 33
‘ \
[ 3x3
|
I 3x3
§ \
Y. |
Tre

Figure 5: Residual block architecture. See Fig. 2 for the legend.

3.1.3 Post U-Net module

The output of the last block of the U-Net goes through the Post U-Net module (see the gray rectangular
area in Figure 6). The first step is to increase the resolution of the output to match that of the
predictand. Once completed, the skip connection—created by interpolating the low-resolution UV
predictor to the predictand grid using nearest neighbours—is added to the output. The role of this
skip connection is to provide an initial guess to the downscaling problem on the predictand grid, onto
which high-resolution features predicted by the U-Net are added.

3.2 Deep learning setup for downscaling: training, optimization, and transfer
learning

3.2.1 Python programming environment

TensorFlow (Abadi et al., 2015) with Keras version 2.14.0 (Chollet, 2015) was used to create, train, tune
and evaluate the downscaling models. The optimization was performed using the ADAM optimizer
(Kingma & Ba, 2015). NumPy version 1.26.4 was used for data processing and loading, at is is known
to efficiently handle array operations, accelerating the processing of the data (Harris et al., 2020). To
improve performance and optimize the resources, we used callbacks implementing early-stopping with
15 epochs of patience, Reduce on Plateau with a patience of 10 epochs, a reduction factor for the
learning rate of 0.10, as well as a model checkpoint to save the best model. Callbacks were monitored
with the mean squared error (MSE) and were implemented with the Keras library (Chollet, 2015).
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Figure 6: U-Net and post U-Net (in the gray rectangular area) modules. See Fig. 2 for the legend.

The experiments were conducted on a computer cluster at ECCC equipped with NVIDIA A100
GPUs, each with 40 GB of memory. The system had 110GB of RAM and an Ice Lake processor with
24 cores.

When using the interpolation strategies, which require more memory than the no-interpolation
strategy, it was necessary to optimize the data pipeline, because training the model on one GPU was
otherwise not possible with the datasets used. Indeed, the interpolation strategies, when performed on
the GPU, led the system’s memory to be exceeded. To overcome the challenge we used Dataset API
from TensorFlow which allows to process data in a way that can efficiently feed the training process.
We also used the from_generator method which enables to only load on the GPU the current batch
being processed by the downscaling model (TensorFlow, 2023).

3.2.2 Training, validation and test sets

The available data, predictand and predictors variables over the 29 month period, is split into training,
validation (for hyperparameter tuning, see § 3.2.5), and test (for performance evaluation, see § 4) sets.
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As meteorological events are continuous phenomena that can be observed across multiple sequential
hourly data samples, these three sets are formed sequentially to avoid data leakage (Yagis et al.,
2021; Tampu et al., 2022). Indeed, a model trained with data that includes samples from time steps
after those used for testing would have access to future information to predict past events, which
would not be the case when using the model in prediction mode. The training, validation and test
sets are composed respectively of data from 12/02/2021-08/31/2023, 09/01/2023-12/31/2023 and
01/01/2024-04/30/2024. Details on these three sets are provided in Table 2.

Table 2: Sample size (1 sample = 1 hour) and memory used for storage in each strategy (interpolation vs no-interpolation,
see § 3.1) for each configuration (that corresponds to choices of domains, see § 2.2) split into training, validation, and
test set.

Configuration A B C
Training (sample size) 76 120 76 120 152 240
Validation (sample size) 14 615 14 615 29 320
Testing (sample size) 14 495 14495 28 990
Memory used Bi-linear interpolation (GB) 45.85 NA NA
Memory used nearest neighbour interpolation (GB) 45.85 NA NA
Memory used no interpolation (GB) 8.45 8.45 16.90

The data are randomly shuffled within the training set, which allows for the generation of batches
(a subset of the training set used to perform a learning step) that are more representative of the whole
dataset, by obtaining a varied sample of the training set. This would not be the case without shuffling,
as batches corresponding to specific temporal periods of the training set would then be obtained
(Chollet, 2017). It was noticed (results not shown) that the downscaling model performs better when
data is shuffled. A fixed random seed was used to ensure that the data shuffle was consistent across
different experiments, facilitating a fair comparison between various hyper-parameter configurations
(Chollet, 2017).

3.2.3 Standardization procedure

The data need to be standardized to help stabilize the downscaling model, accelerate the convergence
rate, ensure similar contributions for features from each predictor, and enhance overall model perfor-
mances (Goodfellow et al., 2016; Chollet, 2017). The standardization is computed by first subtracting
a mean value and then dividing by a standard deviation. Details on the standardization procedure are
as follows.

The training data for a given domain configuration (A, B, or C, see § 2.2) is used to compute
the average mean and standard deviation for every predictor. The mean and standard deviation are
computed globally for each predictor separately by calculating them first on each sample and by then
computing the average over the whole training set. These values are used to standardize the data of
each predictor in the training, validation and test sets of the given configuration. It is important to
only use the information from the training set to standardize the validation and test sets to prevent
data leakage which would artificially boost the results obtained by the model (Yagis et al., 2021; Tampu
et al., 2022). The same strategy was used to standardize the predictand data, i.e., the training set
for a given configuration is used to compute the average mean and standard deviation to be used in
the standardization of the training, validation and test sets. This approach preserves the predictand
characteristics and the integrity of the predictand data since the predictors and predictand data are
not on the same scale, due to their difference in resolution (Goodfellow et al., 2016). In similar works,
the mean and standard deviation were computed pixelwise (Hohlein et al., 2020; Sekiyama et al., 2023).
However, with the multiple domains considered here, each pixel is related to a different geographic
location, which make this approach not applicable.
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3.2.4 Loss function

We consider a combination of two metrics to create the loss function, as it was done in Kaviani et al.
(2023). The first one is the MSE, which was selected to gear the downscaling model to predict values
as close as possible to the predictand (ground truth), pixel by pixel, by penalizing large errors more
significantly (Goodfellow et al., 2016). The second one is the structural similarity index measure
(SSIM), which is designed to assess the similarity between two images based on luminance, contrast,
and structure, providing a measure of the perceptual similarity between two images which aligns
better with the human visual perception (Wang et al., 2004). SSIM takes values in [—1,1] with an
interpretation similar to a correlation coefficient (e.g., values near one indicates high similarity). The
loss function is given as:

Loss = MSE + A - (1 — SSIM), (1)

where A € R is an hyperparameter that needs to be selected.
3.2.5 Hyperparameter tuning

The following hyperparameters were tuned for each downscaling model: the learning rate, the number
of epochs, the value of A in the loss function (see Equation (1)), the Dropout value and the LeakyReLU
parameter. Fixed values were chosen for other hyperparameters, namely the batch and kernel sizes, set
to respectively 32 and 3, as well as for the number of filters in each convolution layer and the number
of layers in the U-net module (Figures 3 to 6 for details). These choices are based on values for similar
downscaling models used for comparable applications, e.g. Hohlein et al. (2020) and Sekiyama et al.
(2023), and limit the number of hyperparameters to tune. For each downscaling model, we selected
an hyperparameter combination that gave the best performance over the validation set for the MSE
values.

Hyperparameter tuning was done with Keras-Tuner version 1.4.5 using a Bayesian search (Chollet,
2015), which is known to outperform other methods like grid search (Bergstra & Bengio, 2012).

3.2.6 Transfer learning

A downscaling model is called “general” once it has been trained on the multiple domains composing
each configuration. A downscaling model is said to be “specific” if it undergoes another round of
training to specialize a general model for a specific geographical region, i.e., by using transfer learning.
More precisely, the weights of the multi-modal predictor processing module (§ 3.1.1) and in the encoder
from the U-Net module (§ 3.1.2) are frozen while the weights of the decoder from the U-Net module
and from the post-U-Net module (§ 3.1.3) are fine-tuned, a technique known as inductive transfer
learning using parameter-transfer (Tajbakhsh et al., 2016; Pan & Yang, 2010). The general model
thus aims to capture as much information as possible on wind patterns and interactions under various
geographical conditions, while the specific model is dedicated to a specific domain. With this transfer
learning strategy, we aim to cover every wind farm or any domain in Canada even if the general model
was not trained directly on the corresponding data.

4 Comparative experiments and wind ramp detection evaluation

Several experiments (§ 4.2—4.5 below) are carried out to compare and evaluate various implementation
choices of the downscaling models described in § 3. A baseline model, consisting of a simple application
of bi-linear interpolation of low-resolution UV onto the predictand grid, is included to provide a
minimum performance level to beat. In addition, an investigation (§ 4.6 below) is conducted in terms
of wind ramp detection, which is particularly important for wind farms.
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4.1 Experimental setup

In each experiment, training and validation sets are used respectively for training and hyperparameter
tuning while the performance metrics are reported for the test set, see § 3.2.2. The metrics considered
are described below.

We first include two metrics which are temporally and spatially aggregated to provide a global
performance overview across all the domains of the configurations considered. Specifically, the RMSE
(Root-Mean-Square Error) and the SSIM are averaged over each domain and then across all the
domains. These metrics are represented with boxplots, lower RMSE values (SSIM values closer to
1) indicating a better performance. The MAE (mean absolute error) was also considered but led to
similar conclusions than the RMSE and is not reported here (see Supplemental Material).

The following three metrics, as a complement to those contained in the loss function, are computed
for a single domain to illustrate domain-specific properties. The selected domain is domain #1, see
Figure 1, which belongs to the three configurations considered. Other domains were analyzed but led
to similar conclusions (see Supplemental Material). To obtain a spatial view of the performance, the
MAE is computed pixel by pixel over the domain.

To examine the spatial frequency content in the wind speed fields, a power spectrum density
(PSD) graph is proposed. This graph illustrates the energy distribution across different scales, with
low frequencies representing large-scale features and high frequencies indicating rapid changes (such as
edges and fine textures). To calculate the PSD, a 2D Fourier transform is applied to a given field and
its magnitude is squared to obtain the power of each frequency component. An azimuthal average is
then performed, more precisely, the power spectrum is averaged over concentric circles centered at the
zero-frequency component, to reduce the 2D power spectrum to a 1D profile of power as a function of
frequency (in cycles per pixel) (Gonzalez & Woods, 2018). This process is repeated for each sample
(hour) in the test set, and the final profile is obtained by averaging the resulting 1D power spectra
across all samples.

Last, the distribution of wind speed values is evaluated with a probability density function (PDF)
graph. By combining all wind speed fields over the test set, a PDF graph is constructed with a kernel
density estimator with 55 bins and a bandwidth of 0.70 to obtain a trade-off between bias (i.e., the
inability to reproduce features of the underlying PDF') and variance (which is inversely related to the
smoothness of the estimated PDF) (Scott, 2018).

4.2 Interpolation versus non-interpolation strategy experiment

As mentioned in § 3, there are three downscaling models corresponding to each grid alignment strategy
hereafter referred to as bi-linear or nearest neighbour interpolation and no-interpolation strategy for
brevity. In this experiment, we compare these three strategies along with the baseline model using the
data from the domain configuration A (Figure 1b).

4.2.1 Results

The boxplots in Figure 7 display the temporally and spatially aggregated RMSE and SSIM computed
on configuration A’s test set. The three strategies all significantly outperform the baseline, notably
decreasing the magnitude and frequencies of extreme values, but otherwise yield similar performance
although the interpolation strategy with nearest neighbour performed slightly worse.

The following analyses concern domain #1 in Figure 1b. Figure 8a shows the pixel-wise MAE. All
three strategies performed similarly, and they did markedly better than the baseline. The geographical
patterns are similar for each strategy with larger values in the water and near the coast. This is expected
since wind velocities are also known to be higher in these areas (Government of Canada, 2016). The
PSD graph, Figure 8b, shows that the three downscaling strategies also surpassed the baseline in their
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Figure 7: RMSE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation strategy,
no-interpolation strategy, see § 3.1), and baseline computed on the test set of configuration A in Figure 1b with the
five domains in Eastern Québec and New Brunswick (14 495 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).

ability to reproduce the range of spatial frequencies. Indeed, their curves are closer and more similar
to the predictand than the baseline’s is. The bi-linear and no interpolation strategies yielded almost
the same curve, slightly more accurate than the nearest neighbour interpolation’s. In addition, the
reproduction of higher frequencies is slightly more challenging for all three strategies.
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) Pixel-wise MAE (m/s) on domain #1 for the different strategies and the baseline. The colorscale is capped at the
maximum MAE of the three strategies. The baseline’s MAE exceeds the maximum value of the colorscale in certain
locations, causing saturation. The value at the top of each image is the average over the domain.
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Figure 8: MAE, average PSD and average PDF on the test set for domain #1 of configuration A in Eastern Québec
and New Brunswick, see Figure 1b (2899 hourly samples from January 2024 to April 2024), for each downscaling model
(bi-linear or nearest neighbour interpolation strategy, no-interpolation strategy, see § 3.1), and baseline. The ground truth
in the PSD and PDF graphs refers to the HR UV, i.e., the predictand.
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Last, the three downscaling strategies largely outperformed the baseline in reproducing the dis-
tribution of wind speed values, as shown in the PDF graph of Figure 8c. However, they slightly
over-estimated the PDF curve for central values ([2, 5] m/s) which is compensated by a small under-
estimation of more extreme values (< 2 and > 17 m/s). This is not surprising as the downscaling
models are not specifically designed to handle these less frequent wind velocities, that are actually not
of primary interest for the application of wind ramp detection, see § 4.6 below. Moreover, it should
be pointed out that our loss function is not designed to specifically optimize the velocity distribu-
tion. Nonetheless, the downscaling models allow an overall improved reproduction of the PDF curve
compared to the baseline’s.

4.2.2 Discussion

In the super-resolution community, some authors have acknowledged the limitations of using interpo-
lation as a pre-processing step (Yang et al., 2019). Indeed, interpolation smooths the details, is time-
consuming and might lead to inaccuracies. In contrast, in recent work on wind downscaling, the cho-
sen strategy involves this pre-processing step, i.e., the predictors are interpolated beforehand (Hohlein
et al., 2020; Sekiyama et al., 2023; Dupuy et al., 2023). The results provided by this experiment show
that it is possible to obtain similar even better performance by letting the downscaling model learn
the grid alignement operation, i.e., to skip the interpolation pre-processing step. A striking advantage
of this no-interpolation strategy is the 5.4-fold decrease in memory allocation (Table 2). This means
that, with the same allocated memory, the no-interpolation strategy could leverage up to 5 times more
domains, increasing the number from 5, such as in configuration A used in this experiment, to 25. In
our viewpoint, the no-interpolation strategy outperforms overall the two interpolation strategies by
being more memory-efficient and providing equivalent (with respect to bi-linear) or improved (with
respect to nearest neighbour) performance. Therefore, in what follows, the experiments are carried
out solely for the no-interpolation strategy, hereafter referred to as the downscaling model or U-Net
for brevity.

4.3 Domain configuration experiment

In this experiment, we compare the three domain configurations described in § 2.2 using the down-
scaling model that relies on the no-interpolation strategy. The aim is to assess the effect of scattered
(configuration B) versus nearby (configuration A) domains and of doubling the number of domains
(configuration B versus C).

4.3.1 Results

Figure 9 presents the boxplots of the spatiotemporally aggregated RMSE and SSIM on the test set
of each configuration. Since the test set varies for each configuration due to the differences in spatial
domains, the comparison between configurations consists in assessing the gain in performance of the
downscaling model relative to the baseline model. It can be seen that the downscaling model out-
performs the baseline model across all configurations and metrics. The largest gain in performance is
observed for configuration B, especially in terms of RMSE. Certain domains, particularly those with
complex wind patterns due to intricate topographies, present a greater challenge for the baseline model
compared to flat regions. This type of domain accounts for a greater part of configuration B, and the
downscaling model is shown to offer significant improvements in such cases.

In Figure 10, we analyze the three domain-specific metrics over domain #1 (Figure 1). The pixel-
wise MAE, Figure 10a, remains very similar across all configurations with comparable geographical
error patterns. Asin § 4.2, larger errors are found over the water and along the coasts. The performance
of the downscaling model in terms of PSD (Figure 10b) and PDF (Figure 10c) curves is also similar
across all configurations. There are marked improvements with respect to the baseline model in
reproducing all frequencies of the predictand’s PSD curve, particularly those larger than 0.1 cycle/pixel,
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Figure 9: RMSE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which consists of
hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A in Eastern Québec and New
Brunswick, and 14 495 and 28 990 for configurations B and C across Canada (Figure 1). RMSE and SSIM boxplots for the
baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented alongside. In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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Figure 10: MAE, average PSD and average PDF on the test set over domain #1 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), see
Figure 1, along with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid). The ground
truth in the PSD and PDF graphs refers to the HR UV, i.e., the predictand.
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as well as the central values of wind speeds in the PDF curve. These analyses for domain #1, which is
included in all three configurations, suggest that the performance of the no-interpolation downscaling
model is largely unaffected by the configuration’s composition.

4.3.2 Discussion

The results above indicate that the proximity of domains, whether nearby or scattered, does not affect
performance. Moreover, increasing the number of domains in the configuration does not reduce the
performance. However, the performance of the downscaling model seems to greatly decrease when
evaluated on a domain that is not included in the configuration. As an illustration, we evaluated the
downscaling model on the test set using each configuration on domain #10 (Figure 1d) which is only
contained in configuration C. As expected (results not shown), the model using configuration C signif-
icantly outperformed those using configurations A or B. Using configurations with multiple domains
paves the way for a highly generalized downscaling model capable of operating across diverse regions,
potentially covering all of Canada. Including numerous, scattered and varied domains, by introducing
greater variability to the data, is expected to lead to a more generalized and robust downscaling model.

As there would be hardware and optimization limitations, in practice, to including as many domains
as necessary to cover all of Canada in a generalized model, we introduce the following idea. A general
downscaling model is developed using a configuration with numerous, diverse, and distinct domains.
The rationale is to enable the model to learn as many wind patterns as possible. A model specialized for
a specific domain—whether or not it is part of the training configuration of the generalized model—is
then developed using transfer learning. The specific model should benefit from the general model’s
training on a wide variety of domains.

4.4 Transfer learning experiment

Since this is how it would be used in order to perform downscaling Canada-wide, the aim of this
experiment is to evaluate the benefit of transfer learning on a domain that is not part of the training
configuration. We propose to use configuration C to create the general dowscaling model, while also
developing a specific model for domain #2 which it is not included in the selected configuration. The
specific model is compared against the general model and a model trained only on domain #2 (denoted
as “zero” in the results below, as it is trained from scratch).

4.4.1 Results

Figure 11 illustrates that the best models in terms of both RMSE and SSIM are the specific and
zero models. The general model’s performance is poor, matching the baseline in terms of RMSE
and performing worse in terms of SSIM. It is worth noting that results (not shown) suggest a slight
improvement when applying transfer learning to a domain included in the general model’s training
configuration.

Figure B40a shows that the specific model has the lowest MAE. The zero model produced slightly
larger MAE values on the whole domain compared to the specific model, while the general model and
the baseline have the largest MAE values across the domain. Figure B40b shows that the PSD curve
generated by the specific model closely matches that of the predictand, with only minor deviations
at high frequencies, and performs better than the zero model in this range. It also indicates that all
models, except the general model, outperform the baseline, as the general model exhibited the lowest
SSIM scores. Figure B40c indicates that the wind speed distribution produced by the general, specific
and zero models is quite similar, and much closer to the predictand’s than the baselines’, except at
high wind velocities for the general model.
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Figure 11: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #2, Figure 1 (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).

4.4.2 Discussion

The fact that the specific model not only matched but slightly outperformed the zero model on these
metrics highlights the effectiveness of the proposed transfer learning approach. It allows for strong
performance on a domain without requiring its inclusion in the general model’s training dataset or
retraining from scratch. Given that the specialized step of the transfer learning technique converges
rapidly—reaching optimal performance in just 10 epochs compared to 50 for training from scratch—it
demonstrates significant potential for downscaling across Canada. A general model trained on only
a subset of the country can be fine-tuned through transfer learning on multiple specific domains,
capturing unique regional characteristics and refining the knowledge within the general model. We
anticipate even greater improvements as more domains are incorporated into the general model’s
training, paving the way for the development of a comprehensive foundation model.

4.5 Predictor selection experiment

In this experiment, we compare two alternative predictor combinations with our initial set (§ 2). The
first set includes only UV at multiple levels to evaluate if this information is sufficient. Conversely,
the second set excludes from our initial set all the predictors associated with UV, U and V. Two new
downscaling models were created using each alternative set of predictors and trained on the data from
configuration C. In these two new models, the skip connection in the U-Net architecture (§ 3.1.2)),
which is a nearest-neighbour interpolation of the low-resolution UV variable at 10 m on the predictand
grid, was kept.

4.5.1 Results

In Figure 13, we see that the three downscaling models based on the different predictor combinations
share almost the same performance on both metrics. The comparable performance of the associated
models suggests that using only UV at multiple levels in the predictor set, or excluding it from the
initial set, provides similar predictive information to that contained in the initial set.

In contrast to the other experiments, we look here at the prediction for a specific hour over
domain #1, instead of the MAE, see Figure 14. This sampled hour is representative of the fact
that the downscaling models based on the different combinations of predictors performed similarly.
Indeed, after thorough examination of all the test set samples, we did not observe any instances where
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Figure 12: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain 2, Figure 1
(2 899 hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained
from interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD
and PDF graphs refers to the HR UV, i.e., the predictand.

the larger set of predictors brought significant improvements, contrary to our initial expectations. Fur-
thermore, Figure 14 illustrates the learned grid alignment process of the downscaling model using the
no-interpolation strategy (§ 3.1).

4.5.2 Discussion

This finding is significant for future research, as it suggests that incorporating predictors beyond wind
variables does not substantially improve model performance, making it more data-efficient to downscale
wind using only UV at multiple levels. Similar results were reported in related studies, where high-
resolution topography was found to reduce training time without impacting model accuracy (Manepalli
et al., 2020), prompting further investigation in this area. Additionally, Hohlein et al. (2020); Sekiyama
et al. (2023) showed that most predictors had minimal influence on the final prediction, with the
exception of topography, which was not observed in our results.

4.6 Wind ramp detection exploration

In wind farms, an important phenomenon to detect is wind power ramps defined as sharp increases or
decreases in wind power occurring over a short period of time. The criteria used to define a ramp are
variable and in our case defined as a 70% change in nominal power within a period of two hours. Some
ramps are caused by large-scale weather phenomena, while others result from local events requiring
high-resolution forecasts to be captured (Olson et al., 2019). In this final section, we explore the
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potential of our downscaled wind velocities to capture small-scale phenomena that are not detectable
in the low-resolution data.
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Figure 13: RMSE and SSIM metrics box plots for the model predictions on the test set for configuration C, Figure 1 (28
990 hourly samples from January 2024 to April 2024), for no interpolation with original set of predictors, no interpolation
with only UV predictor at multiple levels, and no interpolation with every predictor except UV, U and V at multiple
levels, and for baseline obtained from interpolating the UV predictor grid at 10m on the predictand grid using bi-linear
interpolation. In each graph, the black dot and lines represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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Figure 14: Test sample on 2024-01-05 at 18Z for configuration C on domain #1 (Figure 1). From left to right: UV
predictor on the low-resolution grid, downscaling model predictions with the initial set of predictors, with only the UV
predictor at multiple levels, and with every predictor except UV, U and V' at multiple levels, and finally the predictand
(ground truth). Note that the mean value in m/s is displayed at the top of each image to facilitate comparison for the
reader.

4.6.1 Results

Figure 15a shows a wind velocity times series extracted at a specific coordinate in domain #1 from the
predictand, the wind UV predictor, and the prediction from the specific model, i.e., the general down-
scaling model after specialization on domain #1 (§ 4.4). In addition, these velocities were extrapolated
at 80m using the logarithmic profile law under neutral stability conditions (ECMWF, 2021). It can be
seen that the downscaled wind velocities are overall much closer to the predictand than the predictor,
potentially allowing some ramps missed by the predictor to be captured in the downscaled signal. To
verify this, we used a generic power curve (The Wind Power, 2021) to translate the wind velocity at a
hub height of 80m to a normalized power, and applied an algorithm to detect wind power ramps from
the resulting time series (Bianco et al., 2016). Figure 15b shows an example of an up-ramp detected
by both the predictand and the specific model’s prediction, but missed by the predictor.

Figure 15c shows a time series of wind velocities for which a down-ramp observed in the predictand
(centered at 10Z on March 18th, as shown in figure 15d) was not captured by either the predictor or
the specific model’s prediction. Although the velocity values are still seen to be overall improved by
the downscaling operation, it seems that for some events where the wind predictor is originally far
from the predictand, as seen around March 18th at 10Z, the downscaling model is not able to recover
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all the small-scale phenomena. This may be due to the occurrence of specific weather events that the
model needs more exposure to during training in order to predict accurately.
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(d) Normalized power as a function of time showing a
down ramp centered on March 18th, 2024 at 10Z, detected
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is the same as Figure 15b.

Figure 15: Velocity time series (left column) and normalized power as a function of time obtained from applying a generic
power curve on part of the velocity time series at 80m (right column) for two different periods (upper and lower row)
extracted at the (48.99,-64.45) lat-long position near the shore within domain #1 (see Figure 1b). The predictand, the
wind velocity predictor and the prediction of the specific model at 10m height were interpolated at the (48.99,-64.45)
lat-long position using nearest neighbour and were extrapolated at a 80m height using the logarithmic profile law under
neutral stability conditions.

4.6.2 Discussion

These results suggest that our downscaling method, by bringing wind velocities closer to the predictand,
has the potential to capture power ramps that were not initially detected at a lower resolution. This is
a promising first step in assessing whether the resolution enhancement from our model is sufficient to
capture various small-scale phenomena. Further investigation is needed, including analyzing weather
patterns on the downscaled maps that correspond to specific small-scale phenomena, such as land
and sea breezes or local events driving power ramps. Notably, because our downscaling model was
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optimized not only to minimize pixel-level errors but also to maximize image similarity, it is likely to
be effective in reproducing wind patterns across the map.

5 Conclusion and future work

This study, in which a U-Net architecture was built for downscaling wind forecasts from 10km to 2.5km
on unaligned grids on various domains across Canada, presented convincing evidence of the following
five key findings:

e Our new memory-efficient architecture that deals with unaligned grids by letting the interpola-
tion of the predictor data over the predictand grid to be learned by the network outperformed
traditional interpolation strategies by using significantly less memory and giving better or similar
performances than the latter. We believe this can provide valuable guidelines for future down-
scaling studies, helping to adapt the chosen architecture to effectively learn the interpolation
step and utilize a larger dataset;

e Geographically dispersed domains or an increased number of domains yield similar performance
on a given domain compared to using closely located domains. This means that a larger, more
diverse, dataset can be used for training, helping to build a more generalizable model;

e Performing transfer learning from a general model trained on numerous, geographically dispersed
domains enables the use of specialized models for specific regions, allowing coverage of the entire
Canadian territory without requiring excessive training data and ensuring efficient training with
strong performance across vast areas;

e Using only the wind velocity UV at multiple vertical levels as a predictor gives similar perfor-
mance than using multiple and varied predictors. This suggests that, initially, it may be more
efficient to focus on wind predictors for downscaling.

e Some wind power ramp events not present in the low-resolution forecasts could be observed in
the downscaled ones, indicating a potential for capturing meteorological phenomena that cannot
be seen at lower resolutions.

It is interesting to note that the wind velocity components U or V' could also be downscaled indepen-
dently with their own model, as well as any other meteorological variable. Furthermore, probabilistic
forecasts that would be obtained by applying this downscaling method on the members of an ensemble
prediction system have the potential to show a greater skill to reproduce small-scale phenomena, which
opens great opportunities for improving, among others, wind power forecasts.

Building on our findings, several promising avenues for future work emerge. Two potential direc-
tions are the incorporation of physics-informed neural networks, which could enhance model accuracy
by embedding domain-specific physical laws directly into the learning process, and the integration of
temporal information into the model training, as through the use of a 3D U-Net architecture, to better
capture the dynamic nature of atmospheric processes.
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A Appendix A: Hyper parameters selection

Table Al: Selected hyper-parameters for the general models, from an exhaustive search performed using 200 Bayesian
trials for each strategy on the different configurations, which took four training days. Notes: For each configuration, the
columns in the first table section describe the hyper-parameters which are respectively the number of epochs that the
callback stopped the training at (every model is set to do 70 epochs if Early Stopping callback is not activated) (Ep),
the learning rate (LR), the LeakyReLU (o) parameter, the loss weight (\) parameter, and the Dropout (Drop) value. In
the second section, the columns describe the Training Time (7'T") necessary to train the network with the given set of
hyper-parameters in minutes (min), the Prediction Time (PT) for the whole test set in seconds (s), the inference time
(IT) for a single input in milliseconds (ms), the number of trainable parameters (7T'P) in thousands (k) and the memory
consumption for the model (M EM) in megabytes (M B).

Conf. Ep LR a A Drop TT PT T TP MEM

(min) (s) (ms) (k) (MB)
Conf. A: bi-linear 26 le-3 0.25 1.00 0.25 48 5 9 37 142.738  148.57
Conf. A: Nearest-Neighbour 28 1e-3 0.25 1.00 0.25 52 5 9 37 142.738  141.66
Conf. A: No-interpolation 32 le-3 0.30 0.50 0.30 50 5 7 37 142.738  141.66
Conf. B: No-interpolation 24 le-3 030 1.00 0.25 41 4 6 37 142.738  141.66
Conf. C: No-interpolation 26 le-3 0.25 1.00 0.35 80 7 6 37 142.738  141.66

Table A2: Selected hyper-parameters for specific models where we used the same strategy as the general model, but
the results were quicker to obtain because fine-tuning a model that has already been trained on similar data converges
towards the optimal solution quicker than a network trained from scratch.

Conf. Ep LR «a A Drop TT pPT IT TP MEM

(min) ()  (ms) () (MB)
Conf. C: Specific domain #2 25 1le-5 0.30 1.0 0.20 4 1 6 37 142.738  141.66
Conf. C: Zero domain #2 41 le4 025 1.0 0.35 9 1 6 37 142.738  141.66

Notes: Ibid as Al.

B Appendix B: Supplemental material

B.1 Interpolation versus non-interpolation strategy experiment

Here are all the results for domains #1 to #b5.
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Figure B1: RMSE, MAE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation
strategy, no-interpolation strategy), and baseline computed on the test set of configuration A for domain #1 with the
five domains in Eastern Québec and New Brunswick (2 899 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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The value at the top of each image is the average over the domain.

—— Bilinear interpolation 0.175
—— Nearest Neighbour interpolation
6x 10! —— No interpolation 0.150
] —— Baseline
= —— Ground Truth 0.125
£
c
8 0.100
s )
©
g ax0t *0.075
Q
w
] 0.050
2
S
& 3x10!
0.025
0.000
0.1 0.2 0.3 0.4 [ 5 10 15 20 25
Spatial Frequency (cycles per pixel) Wind Speed (m/s)
(b) Average Power Spectrum Density (PSD). (¢) Average Probability Density Function (PDF). Note

that the legend is the same as Figure B2b.

Figure B2: MAE, average PSD and average PDF on the test set for domain #1 of configuration A in Eastern Québec and
New Brunswick (2899 hourly samples from January 2024 to April 2024), for each downscaling model (bi-linear or nearest
neighbour interpolation strategy, no-interpolation strategy), and baseline. The ground truth in the PSD and PDF graphs
refers to the HR UV, i.e., the predictand.
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Figure B3: RMSE, MAE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation
strategy, no-interpolation strategy), and baseline computed on the test set of configuration A for domain #2 with the
five domains in Eastern Québec and New Brunswick (2 899 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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Figure B4: MAE, average PSD and average PDF on the test set for domain #2 of configuration A in Eastern Québec and
New Brunswick (2899 hourly samples from January 2024 to April 2024), for each downscaling model (bi-linear or nearest
neighbour interpolation strategy, no-interpolation strategy), and baseline. The ground truth is also shown in the PSD and
PDF graphs.
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Figure B5: RMSE, MAE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation
strategy, no-interpolation strategy), and baseline computed on the test set of configuration A for domain #3 with the
five domains in Eastern Québec and New Brunswick (2 899 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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Figure B6: MAE, average PSD and average PDF on the test set for domain #3 of configuration A in Eastern Québec and
New Brunswick (2899 hourly samples from January 2024 to April 2024), for each downscaling model (bi-linear or nearest
neighbour interpolation strategy, no-interpolation strategy), and baseline. The ground truth in the PSD and PDF graphs

refers to the HR UV, i.e., the predictand.
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Figure B7: RMSE, MAE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation
strategy, no-interpolation strategy), and baseline, computed on the test set of configuration A for domain #4 with the
five domains in Eastern Québec and New Brunswick (2 899 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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The value at the top of each image is the average over the domain.
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Figure B8: MAE, average PSD and average PDF on the test set for domain #4 of configuration A in Eastern Québec and
New Brunswick (2899 hourly samples from January 2024 to April 2024), for each downscaling model (bi-linear or nearest
neighbour interpolation strategy, no-interpolation strategy), and baseline. The ground truth in the PSD and PDF graphs
refers to the HR UV, i.e., the predictand.
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(c) SSIM.

Figure B9: RMSE, MAE and SSIM boxplots for each downscaling model (bi-linear or nearest neighbour interpolation
strategy, no-interpolation strategy), and baseline, computed on the test set of configuration A for domain #5 with the
five domains in Eastern Québec and New Brunswick (2 899 hourly samples from January 2024 to April 2024). In each
boxplot, the black dot and line represent respectively the mean and the median, the upper and lower box limits indicate
the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above
Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different strategies and the baseline. The colorscale is capped at the max MAE of the
three strategies, which makes the baseline’s values higher than the maximum of the scale to saturate in some locations.
The value at the top of each image is the average over the domain.
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Figure B10: MAE, average PSD and average PDF on the test set for domain #5 of configuration A in Eastern Québec
and New Brunswick (2899 hourly samples from January 2024 to April 2024), for each downscaling model (bi-linear or
nearest neighbour interpolation strategy, no-interpolation strategy), and baseline. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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B.2 Domain configuration experiment

Here are all the results for domains #1 to #13. Configuration A includes domains #1 to #5, configu-
ration B includes domains #1, #6, #7, #11, and #13 and configuration C includes all configuration

B domains in addition to domains #3, #8, #9, #10, and #12.
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(c) SSIM.

Figure B11: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #1 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #1 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B12: MAE, average PSD and average PDF on the test set over domain #1 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B13: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #2 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #2 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B14: MAE, average PSD and average PDF on the test set over domain #2 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B15: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #3 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #3 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B16: MAE, average PSD and average PDF on the test set over domain #3 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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Figure B17: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #4 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #4 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B18: MAE, average PSD and average PDF on the test set over domain #4 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B19: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #b5 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #5 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B20: MAE, average PSD and average PDF on the test set over domain #5 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B21: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #6 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #6 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B22: MAE, average PSD and average PDF on the test set over domain #6 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B23: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #7 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the

1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #7 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B24: MAE, average PSD and average PDF on the test set over domain #7 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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Figure B25: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #38 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #8 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B26: MAE, average PSD and average PDF on the test set over domain #38 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B27: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #?9 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #9 for the downscaling model (U-Net) trained with each configuration along with
the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration if the
U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE reaches
higher values than the maximum of the colorscale in some locations. The value at the top of each image is the average
over the domain.
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Figure B28: MAE, average PSD and average PDF on the test set over domain #9 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B29: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #10 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) on domain #10 for the downscaling model (U-Net) trained with each conﬁguratlon along
w1th the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration
if the U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE
reaches higher values than the maximum of the colorscale in some locations. The value at the top of each image is the
average over the domain.
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Figure B30: MAE, average PSD and average PDF on the test set over domain #10 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).



Les Cahiers du GERAD G-2024-67 54

3.84
3.6 T [ Configuration A
3.4+ [ Configuration B
3.24 3 Configuration C
3.09
2.8
2.6
2.4+

2.0
E184
1.6
1.4
124

J——
| = om T

0.6 4

0.2
0.0

U-Net A U-Net B U-Net C Baseline

(a) RMSE.

3.0

2.6
2.4

2.0
18
“u1le6
14
1.2
10

[
o -] B
1 1

0.4

0.0
U-Net A U-Net B U-Net C Baseline

(b) MAE.

10
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

-0.1
U-Net A U-Net B U-Net C Baseline

(c) SSIM.

Figure B31: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #11 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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(a) P1xe1—w1se MAE (m/s) on domain #11 for the downscaling model (U-Net) trained with each configuration along
with the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration
if the U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE
reaches higher values than the maximum of the colorscale in some locations. The value at the top of each image is the
average over the domain.
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Figure B32: MAE, average PSD and average PDF on the test set over domain #11 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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Figure B33: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #12 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the

1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #12 for the downscaling model (U-Net) trained with each configuration along
with the baseline’s. The colorscale is capped at the maximum MAE of the downscaling model for each configuration
if the U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE
reaches higher values than the maximum of the colorscale in some locations. The value at the top of each image is the
average over the domain.
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Figure B34: MAE, average PSD and average PDF on the test set over domain #12 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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(c) SSIM.

Figure B35: RMSE, MAE and SSIM boxplots for the downscaling model (U-Net) predictions on the test set, which
consists of hourly samples from January 2024 to April 2024, i.e. respectively 14 495 for configuration A for domain #13 in
Eastern Québec and New Brunswick, and 14 495 and 28 990 for configurations B and C across Canada. RMSE and SSIM
boxplots for the baseline model (bi-linear interpolation of the low resolution UV onto the predictand grid) are presented
alongside. In each boxplot, the black dot and line represent respectively the mean and the median, the upper and lower
box limits indicate the first (Q1) and third (Q3) quartiles and the whiskers depict the highest (lowest) value within the
1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) on domain #13 for the downscaling model (U-Net) trained with each configuration along
with the baseline’s. The colorscale is capped at the maximum MAE of the downscahng model for each configuration
if the U-Net is trained on that specific domain, else it is ignored from the maximum calculation. The baseline’s MAE
reaches higher values than the maximum of the colorscale in some locations. The value at the top of each image is the
average over the domain.
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Figure B36: MAE, average PSD and average PDF on the test set over domain #13 (2 899 hourly samples from January
2024 to April 2024), for the downscaling model (U-Net) trained with configuration A (five domains in Eastern Québec
and New Brunswick), configuration B (five domains across Canada) or configuration C (10 domains across Canada), along
with the baseline (bi-linear interpolation of the low-resolution UV onto the predictand grid).
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B.3 Transfer learning experiment

Here are all the results for domains #1 to #13 where domains #2, #4 and #5 were not in configura-
tion C used for training.
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Figure B37: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #1, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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Figure B38: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #1,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B39: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #2, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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saturation. The value at the top of each image is the average over the domain.
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Figure B40: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #2,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B41: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #3, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁC and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B42: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #3,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B43: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #4, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).



Les Cahiers du GERAD

G-2024-67

68

General model: Specific model:
0.77 m/s 0.60 m/s

11 11
1.0 1.0
0.9 0.9
08 0.8
0.7 0.7
0.6 0.6
0.5 0.5

Zero model:
0.63 m/s

4

Baseline:
0.90 m/s

11
10
0.9
¥ 0.8
0.7
06
05

(a) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
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saturation. The value at the top of each image is the average over the domain.
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Figure B44: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #4,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF

graphs refers to the HR UV, i.e., the predictand.
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Figure B45: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #5, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeClﬁC and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B46: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #5,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.



Les Cahiers du GERAD G-2024-67 71

2.3
2.1+
199
171

159 —I—
% 1319 o
114
-

0.9

*
0.71 hd

L : 1

General Specific Zero Baseline

(a) RMSE.

0.5
0.3+
0.11

0.61 * °

0.4+
0.29 ——
Genéral Spe‘cific Zelro Basél\ne

(b) MAE.

1.0

o T T

0.8

0.6
0.5

0.4

0.3

0.2
0.1

0.0 —

-0.1
General Specific Zero Baseline

(c) SSIM.

Figure B47: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #6, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁc and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing

saturation. The value at the top of each image is the average over the domain.
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Figure B48: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #6,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF

graphs refers to the HR UV, i.e., the predictand.
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Figure B49: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #7, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁc and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing

saturation. The value at the top of each image is the average over the domain.
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Figure B50: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #7,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF

graphs refers to the HR UV, i.e., the predictand.
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Figure B51: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #8, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
Spemﬁc and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B52: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #8,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B53: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #9, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁC and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B54: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #9,(2 899
hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B55: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #10, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁC and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B56: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #10,(2
899 hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B57: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #11, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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(a) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
Specific and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing

saturation. The value at the top of each image is the average over the domain.
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Figure B58: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #11,(2
899 hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B59: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #12, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
Spemﬁc and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B60: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #12,(2
899 hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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Figure B61: RMSE and SSIM metrics box plots for the model predictions on the test set for domain #13, (2 899
hourly samples from January 2024 to April 2024), for specific, generic, and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. In each graph, the black dot and lines
represent respectively the mean and the median, the upper and lower box limits indicate the first (Q1) and third (Q3)
quartiles and the whiskers depict the highest (lowest) value within the 1.5x (Q3-Q1) above Q3 (below Q1).
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) Pixel-wise MAE (m/s) for the different models and the baseline. The colorscale is capped at the max MAE of the
SpeCIﬁc and Zero models. The baseline’s MAE exceeds the maximum value of the colorscale in certain locations, causing
saturation. The value at the top of each image is the average over the domain.
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Figure B62: MAE, average PSD and average PDF graphs for the model predictions on the test set for domain #13,(2
899 hourly samples from January 2024 to April 2024) for specific, general and zero models, and for baseline obtained from
interpolating the predictor grid on the predictand grid using bi-linear interpolation. The ground truth in the PSD and PDF
graphs refers to the HR UV, i.e., the predictand.
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