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Executive summary

Smart4RES is a research project funded under the H2020 programme. It aims to develop
and validate next-generation of RES forecasting tools, enabling an increase of at least
15% in RES forecasting performance.

The work package 2 of Smart4RES is dedicated to Next generation of weather forecasting
models for RES purpose. After a first deliverable D2.1 presenting the strategies
considered within the project to improve the prediction of atmospheric variables relevant
to RES forecasting using Numerical Weather Prediction (NWP) models, this document
presents and discusses the added value of disruptive NWP forecasts with higher spatial
and temporal resolutions.

This work is carried out by Météo-France and Whiffle. In Smart4RES, Météo-France
developed an enhanced version of its operational ensemble system Arome-EPS over
Europe, with a 1.3 km horizontal resolution and 5-minute temporal outputs (compared to
the operational version with a 2.5 km resolution and 1-hour outputs). Focusing on 100-m
wind speed and surface solar radiation, this high-resolution system is shown to increase
the performance of RES-oriented variables and events (such as wind ramps) by about 3-
4% on average.

In order to go deeper in the development of very high resolution NWP models, Whiffle ran
state-of-the-art Large-Eddy-Simulations (LES) with the GRASP Model, including a direct
modeling of wind farm effects. Comparison against ECMWEF forecasts indicates a
significant improvement for different use cases relevant for Smart4RES, which is mostly
the consequence of GRASP’s ability to represent a local wind climate better.
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Introduction

The development and advances of Numerical Weather Prediction (NWP) have certainly
been the main factor of progress for improving weather forecasts and in particular the
prediction of extreme events. NWP forecasts are also a key input to various weather-
sensitive sectors such as agriculture, air traffic management or energy production. NWP
models are constantly upgraded to improve the accuracy and timeliness of forecasts and
alerts. A more precise representation of the physical processes at play in the
atmosphere, increase in spatial resolution and the use of new weather observations are
the main avenues for further NWP improvements.

In this report we present the main impacts of enhanced NWP models specifically
developed for the Smart4RES project by Météo-France and Whiffle, with a focus on
increasing spatial and temporal resolutions. To this end, Météo-France's work is
dedicated to high-resolution probabilistic forecasting using state-of-the-art Ensemble
Prediction Systems. Another approach to numerical weather prediction is using Large-
Eddy Simulation (LES), which differs from traditional NWP models on a number of aspects,
but primarily in its treatment of turbulence and clouds. Whiffle has been pioneering the
use of LES for operational weather forecasting since 2016 and is making use of graphics
processing units (GPUs) to overcome the large computational cost associated with LES.

The assessment of Météo-France and Whiffle forecasts is performed on time periods and
case studies relevant for Smart4RES. In addition, in order to develop NWP forecasts
tailored to the RES sector, the forecast evaluation targets the users needs, with a focus
on RES-oriented variables, primarily global horizontal irradiance (GHI) and 100-meter
wind speed, and the development of user-oriented metrics such as wind ramps. The
associated improvements are also quantified and compared to the projet KPI 1.1 :
“improvement in continuous ranking probability score (CRPS) around 4-6% for radiative
variables and 5-10% for wind variables, compared to the baseline models, and for time
horizons from few hours up to hundred hours-ahead”.

10
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1. High-resolution ensemble prediction

1.1 Presentation of ensemble forecasts

The intrinsic predictability of atmospheric dynamics, and in particular of small-scale
phenomena such as those relevant for RES forecasting, is limited. In order to account for
the uncertainty of weather forecasts it is now of common practice to use probabilistic
forecasting, that aims at predicting the probability distribution of future atmospheric
states, instead of a single deterministic weather forecast.

Probabilistic forecasting is currently implemented with Ensemble Prediction Systems
(EPSs), that run in parallel multiple perturbed weather forecasts (also called “members”).
Each forecast uses slightly different initial conditions, boundary conditions and model
formulations in order to account for the different sources of uncertainty (Figure 1).

Initial condition — ]
uncertainty A ﬁ
A 2

a 2 515407085
Forecast /7 % Probability of

uncertainty 5 & precipitation (%)

Figure 1: Principle of Ensemble Prediction. Different NWP forecasts are issued from slightly
perturbed initial conditions. The resulting ensemble of forecasts samples the distribution of the
future atmospheric states.

Different EPSs have been developed by several National Weather Services worldwide. At
Météo-France, two EPS are used for operational forecasting, the Arpége-EPS and the
Arome-EPS. The Arpege-EPS is based on the global Arpége NWP model and provides
forecasts up to 96 hours. Each member of Arpege-EPS starts from different initial
conditions, designed with state-of-the-art methods including Singular Vectors (SV) and
Ensemble Data Assimilation (EDA). In order to account for the uncertainty of subgrid scale
processes each member uses a different package of physical parametrizations
(Descamps et al., 2015). The Arome-EPS is based on the regional high-resolution Arome
model, that runs over a Western Europe domain centred over France, and provides
forecasts up to 51h. For each Arome member, perturbed initial conditions are derived
from a specific Arome EDA, lateral boundary conditions are provided by a selected
Arpége-EPS member, and the model uncertainty is represented with stochastic
perturbations of physics tendencies (Bouttier et al., 2016). The characteristics of the
operational Arpege-EPS and Arome-EPS are detailed in the table of Figure 2.

11



)
o
LS

.’{oé'?%&:‘f D2.2 Report on improved NWP with higher spatial and temporal resolution
“2Smoart4RES

For the purpose of the Smart4RES project, enhanced configurations of Arpege-EPS and
Arome-EPS have been developed to improve the prediction of RES variables. These
enhanced configurations include a significant increase of the model horizontal resolutions
: from 7.5 km to 5 km for Arpége-EPS and from 2.5 km to 1.3 km for Arome-EPS.
Resolution increase is obtained with a refinement of the model discretization grid, while
the dynamical and physical settings of the models remain the same as for the operational
versions. In addition, the frequency of forecast outputs is strongly increased : from hourly
outputs to 4-minute outputs (Arpége) and 5-minute outputs (Arome). The size of the
Arome-EPS is also increased from 16 to 25 members. The 9 additional members are
designed following the same procedure as the 16 members of the operational Arome-EPS.
The 25 members are independent and identically distributed.

In order to meet the users needs, the relevant output weather variables and time periods
to produce have been defined with Smart4RES partners. Ensemble forecasts are made
available to the project over four months : October 2018, August 2019, and February-
March 2020. Only the 2019 and 2020 periods are considered in this document.

Arome-EPS Oper Smart Arpeége-EPS | Oper | Smart
Resolution 2.5km 1.3km 7.5km | 5km
Output 1h Smin 1h 4min
Size 16mb 25mb 35mb | 35mb
Lead time 51h 51h 96h 96h
LBCs Arpege oper | Arpege Smart

Figure 2: Characteristics of Arome-EPS and Arpége-EPS for the currently operational configuration
(Oper) and for the Smart4RES high-resolution configuration (Smart). In the next sections the
Smart4RES configurations are simply denoted “high resolution ensemble forecasts”.

Compared to EPSs currently used in operations the high-resolution configurations
developed for Smart4RES are disruptive and correspond to the forthcoming generation of
ensemble forecasts that will be available to RES partners in the next 5 years.

The added value of enhanced spatial resolution for ensemble forecasting has been
documented in several studies for surface weather variables (Raynaud and Bouttier 2017,
Hagelin et al. 2017, Schwartz and Sobash 2017), but its relevance for RES purposes
remains to be explored. On the other hand, the value of very high temporal resolution for
ensemble forecasting has not yet been adressed in the literature.

In the remainder of this section the impact of the spatio-temporal resolution increases of
Arome-EPS is presented for two variables of interest for RES applications : 100-meter
wind speed and global horizontal irradiance (GHI).

1.2 Impact of increasing the horizontal resolution

In this section the value of increasing the Arome-EPS resolution from 2.5 km to 1.3 km is
assessed. In order to focus on the spatial resolution increase only, the operational and
high-resolution ensembles are both used with the baseline output frequency of one hour.

= :
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Visual examination

To better understand the differences between 2.5 km and 1.3 km simulations, Figure 3
presents Arome-EPS forecasts of 100-meter wind speed for a specific date of winter 2020,
on a subpart of the Arome domain. The high-resolution forecast locally provides slightly
larger wind speed values and, as expected, it has a finer representation of orography.

{'discipline': 0, 3, typeO! + 103, ‘level': 100}
000310 15:00:00

0.
3631
33.01
2071
26.41
2
1
1
1320
0.00

Figure 3: 100-meter wind speed forecast (percentile 90) valid on 10 February 2020 at 12 UTC. (left) Operational Arome-EPS
(right) high-resolution Arome-EPS. Unit : m/s.

{discipline': 0, 'parameterCategory": 2, : 2, 'typeOfFi : 103, level: 100}
2020-02-10 12:00:00

W o SE 10°E

Evaluation metrics

In addition to visual inspection, the impact of horizontal resolution is measured by
computing standard performance scores applied to probabilistic forecasts (Wilks 1995),
including :

- the spread/skill ratio, a measure of the dispersion of ensemble forecasts. Spread
corresponds to the standard deviation of ensemble members, while skill is the root-mean-
square error of the ensemble mean. A properly-dispersed ensemble has a spread/skill
ratio of 1, while an under-dispersed (resp. over-dispersed) ensemble has a spread/skill
ratio below (resp. above) 1.

- the Receiver Operating Characteristic (ROC) curve, that represents the True Positive
Rate (TPR) as a function of the False Positive Rate (FPR) of a binary event, obtained when

varying the decision threshold P,,. The TPR and FPR are defined as follows :

TP FP
TPR=———— FPR=——
+FN) 2 [FP+TN |

with TP the true positives (i.e forecasted event is observed) ; FN the false negatives (i.e
observed event is not forecasted) ; FP the false positives (i.e forecasted event is not
observed) ; TN the true negatives (i.e event is neither observed nor forecasted). A good
forecast has a ROC curve close to the upper left corner (i.e. a high detection rate with a
low false alarm rate).

This project has received funding from the European Union’s Horizon 2020 research and 13
innovation programme under grant agreement No 864337
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- the Continuous Ranked Probability Score (CRPS), that measures the distance between
observation and forecast distributions. Let F=P|X<x| be the cumulative distribution

function associated with an ensemble forecast X and F,=1,_, be the distribution

function associated with the reference observation X, (which is then a step function), the
CRPS is defined by :

CRPS|F,Fy|=[ [F-F,[ dx
R

The lower the CRPS the better the forecast.

Evaluation of 100-meter wind speed forecasts

Dataset

At the time the evaluation was done (early 2021), the large observations dataset
provided by the Smart4RES project partners was not available. As a consequence a
reduced dataset of only 21 stations across Europe has been used (Figure 4). These
measurements were provided by meteorological masts from the Integrated Carbon
Observation System (ICOS, see References), LIiDAR data from the SOFOG3D
measurement campaign in Southwestern France (see References), and SoDAR data from
another network in France that can not be described for reasons of confidentiality. An
assessment of the quality of these measurements was performed to ensure the reliability
of the reference chosen for the evaluation of the forecasts. As a result, five stations were
blacklisted and not included in the computations of the scores “on all stations”.

The measurements were available at various heights between 10 and 200 meters: they
were therefore vertically interpolated, using a locally adjusted multiplying factor, to
match the closest model level (10, 50, 75 or 100 meters, although only the results at 100
meters are presented here since they were the main focus of the study).

The Arome-EPS forecasts used were extracted at the nearest grid point from each station.
To properly compare operational and high-resolution forecasts, outputs are extracted
from a common grid with a 2,5 km resolution and at a hourly time-step.

Denmark
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Netherlands

£50 yod German
Belgium é
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@® =59 @ & Cze(.:hia.

Erance Switzeplanc

Austria &
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A 4 \
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Italy,
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Figure 4: Locations of the ICOS and
Southwestern France measurement
stations used for the evaluation of 100-
meter wind speed.
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Results

Figure 5 presents the ROC curves for operational and high-resolution Arome-EPS
forecasts, computed over February 2020. One can notice that for the three events
considered (wind speed above 20 km/h, 30 km/h and 40 km/h), the high-resolution EPS is
slightly better than the operational one. This improvement is even more visible in March
2020, but no significant improvement in ROC scores was found in August 2019, as shown
in Figure 6 for the 20 km/h threshold for instance. In addition, the dispersion is increased
for the high-resolution ensemble at almost all forecast ranges (Figures 7 and 8-left), but
the ensemble remains under-dispersive. More work would be needed on the model
physics package and the representation of model uncertainty to fix this under-dispersion.
Finally, the CRPS, which provides a global measure of forecast performance, also
indicates an improvement coming from the high resolution throughout the forecast period
(Figures 7 and 8-right), reaching maximum values around 3%. The reliability of the
forecasts was also examined with reliability diagrams (not shown here), that assess the
agreement between forecasted probabilities and observed probabilities for specific
events. They showed a slight degradation for the high-resolution version compared to the
operational version, which is directly linked to the increase in the number of members.

ROC curves - WS 100m - February 2020
Threshold 20 km/h Threshold 30 km/h Threshold 40 km/h

Hit Rate
\
\

e —s— ROC HR - area under curve 0.77978 e —+— ROCHR - area under curve 0.86539 e —e— ROC HR - area under curve 0.90081
e —e— ROC OPER - area under curve 0.76497 Vs —e— ROC OPER - area under curve 0.84999 L —e— ROC OPER - area under curve 0.87967

00 0.2 0.4 06 08 10 0.0 02 0.4 0.6 08 10 00 0.2 04 06 0.8 10
False Alarm Rate

Figure 5: ROC curves for operational (dark blue) and high-resolution (light) Arome-EPS computed over February
2020. Three events are considered : wind above 20km/h (left), 30km/h (middle) and 40km/h (right). Each point
on the curve represent the hit rate and false alarm rate for a given probability decision threshod (from 0 to 1).

ROC curves - WS 100m - Threshold 20km/h
August 2019 February 2020 March 2020

Hit Rate

ke —— ROC HR - area under curve 0.80464 ke —e— ROC HR - area under curve 0.77978 e —e— ROCHR - area under curve 0.80340
e —e— ROC OPER - area under curve 0.79665 ~ —e— ROC OPER - area under curve 0.76497 s —e— ROC OPER - area under curve 0.78111

00 00+ 0.0
0.0 02 0.4 06 08 10 0.0 0.2 04 06 08 10 00 02 04 06 08 10

False Alarm Rate

Figure 6: ROC curves for operational (dark blue) and high-resolution (light) Arome-EPS, for the event “wind
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Spread/skill ratio - WS 100m - February 2020 CRPS - WS 100m - February 2020
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Figure 7: Left : spread/skill ratio as a function of forecast range for operational (dark blue) and high-resolution
(light blue) Arome-EPS, computed for February 2020. Right : same for CRPS.
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Figure 8: Same as Figure 7 for August 2019.

Evaluation of global solar irradiance forecasts

Dataset

In this part, observations used for the evaluation come from the ground stations equipped
with pyranometers from the Météo-France RADOME network (Figure 9, 223 stations are
used). Since the quality of these observations is already regularly monitored by Météo-
France’s meteorological observations department, all stations were considered reliable
enough to be used for this study.

The forecasts were extracted the same way as for the 100-meter wind speed evaluation:
nearest grid point, 2.5 km resolution and hourly outputs.
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Figure 9: Locations of the GHI
measurements used for the evaluation of
Arome-EPS.

Results

Figure 10 (left) presents the spread/skill ratio for both operational and high-resolution
Arome-EPS. Scores are naturally non-zero only at daytime, and a small increase in spread
is obtained with the high-resolution system (but the ensemble remains under-dispersive).
The ROC curve in Figure 10 (right) also indicates a small improvement with the increased
resolution. An improvement in CRPS is also noticeable in Figure 11, especially in August
2019 for days 1 and 2. Figure 12 summarizes the CRPS improvement coming from the
high-resolution for the three months, an average value of ~ 4% is obtained, with a peak
around 10% at the end of day 1 (mainly due to the months of August 2019 and March
2020).

This project has received funding from the European Union’s Horizon 2020 research and 17
innovation programme under grant agreement No 864337
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Figure 10: Left : Spread/skill ratio for operational (purple) and high-resolution (green) Arome-EPS as a function
of forecast range. This score is computed over a 3-month period (including August 2019, February and March
2020). Right : ROC curve for operational and high-resolution Arome-EPS computed over February 2020).
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Figure 11: CRPS of global solar irradiance for operational (purple) and high-resolution (green) Arome-EPS as a
function of forecast range, computed over August 2019 (left), February 2020 (middle) and March 2020 (right).
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Figure 12: CRPS change obtained with the high-resolution
Arome-EPS as a function of forecast range. Positive values
indicate an improvement compared to the operational
Arome-EPS.
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Discussion

The results presented in this section indicate that an increase of horizontal resolution of
the Arome-EPS from 2.5 km to 1.3 km provides a consistent ensemble performance
improvement around 3-4% on average for the two variables considered, and across the
three metrics evaluated. This improvement is almost in line with the KPI 1.1 of the project
“absolute improvement of high-resolution Arome-EPS from few hours up to hundred
hours-ahead : 4-6% CRPS for radiative variables; 5-10% CRPS for wind variables”.

This study could be extended to improve the robustness of the results and their statistical
significance (not assessed in the present study). For wind speed it would be useful to
increase the observation dataset, using for instance the VESTAS measurements that are
now available to the project partners. Regarding global horizontal irradiance other types
of measurements could also be considered, such as satellite products or pyranometers
installed at solar farms.

It is also worth mentioning that increasing spatial resolution is not the only way of
improving forecasts. Other NWP refinements are currently under development and
evaluation to further improve forecasts performances. At short-term, Arome-EPS will
benefit from a new radiative scheme (ecRad, Hogan et al., 2018) and from a new model
error representation scheme based on the perturbation of uncertain Arome physics
parameters (Wimmer et al. 2021), which is likely to improve the performance of both
wind and GHI forecasts. First results from the PhD work of Meryl Wimmer indicate that
this new model error scheme allows for an improvement of 10-meter wind speed
dispersion and CRPS by 35% and 7% respectively, and for an improvement around 15%
for GHI.

Another way to improve forecast performances is by applying a statistical post-processing
(H&dmaldinen et al. 2020; Schulz et al 2021; Worsnop et al. 2018). However, the training
of such methods requires larger datasets of forecast/observation pairs than those
available in Smart4RES (only four months).

Finally, one limitation of the current evaluation is that it does not disentangle the impacts
of the resolution increase from those of the ensemble size increase. It is thus likely that
part of the improvement obtained is due to the increase of Arome-EPS from 16 to 25
forecasts.

1.3 Evaluation of high-frequency forecasts

In this section we assess the ability of the high-resolution Arome-EPS to represent
realistic high-frequency variations (5 minutes), for both 100-meter wind speed and global
horizontal irradiance. The added value of 5-minute ouputs (compared to hourly outputs)
is also examined for the prediction of wind ramp events, which are particularly relevant
for wind energy production.
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Data and metrics

Dataset

The dataset used for this evaluation consists of :

— 100-meter wind speed measurements from anemometers installed on the nacelles
of 121 VESTAS wind turbines with hub heights between 95 m and 105 m (Figure
13a),

— Global horizontal irradiance measurements from pyranometers installed at 72
meteorological stations of Météo-France's observational network (Figure 13b),

— The 100-meter wind speed and global horizontal irradiance from the the high-
resolution Arome-EPS, taken at the nearest gridpoints to the observations
locations.

Evaluation of the high-frequency forecasts is performed over periods spanning from the
01/08/2019 to the 31/08/2019 and from the 02/02/2020 to the 16/03/2020, hereafter
denoted Summer 2019 and Winter 2020 respectively. Figure 14 summarizes the dataset
used in the study.

uuuuuuuu

longitude

Figure 13: (a) Locations of wind turbines at level around 100m from which wind speed observations are available.
(b) Locations of meteorological stations from which global horizontal irradiance are available.

As the observations and ensemble forecasts do not have the same frequency (see table
in Figure 14) we apply the following pre-processing :
- Observations of GHI are linearly interpolated in time to obtain values every 5 minutes.

- For 100-meter wind speed, we use forecasts every 10 minutes to be consistent with the
observations frequency.

Observations
Wind PV High-Res Arome-EPS
Vari Between 95 and 105m . 100m wind speed,
ariable . Irradiance .
wind speed Irradiance
Locations 121 wind turbines 72 meteqrological Closest gridppints
From VESTAS dataset | Stations in France To observations
Anemometers
Nature on wind turbines Pyranometers NWP outputs
Nacelle
Periods Summer 2019 & Winter 2020
Frequency 10min | 6min | 5min

Figure 14: Summary of dataset for high-frequency evaluation.

= x



D2.2 Report on improved NWP with higher spatial and temporal resolution

¥Smart4RES

Evaluation methods

In the remainder of this section, we denote N the size of the ensemble, and t the forecast
horizon. x and y respectively correspond to observations and forecasts. Recall that a
forecast is issued every day at 21:00 UTC, with a maximum horizon T of +48h, and a
timestep 6, of 5 minutes.

High-frequency and low-frequency signals

In order to assess the representation of the high frequency signal of the variables
considered in the ensemble forecasts, each variable is decomposed into a low frequency
signal (LF) and a high-frequency signal (HF) (Ren et al, 2018). For this purpose, we apply
a 1-hour rolling mean filter centred around t to the observations and to each member in
the ensemble to obtain :

—3 X — y
X[_XI+€t and yl_yt+€t

With x and y the LF signal of x and y; and with ¢* and ¢” the residuals, i.e the HF signal
of xand y.

Evaluating the HF signal with standard metrics such as RMSE or bias at every time step is
not appropriate since the predictability of this signal is likely to be low. Indeed, km-scale
NWP models are not intended to accurately represent temporal variations at the minute
scale, however they can provide a useful indication on the range of high-frequency
variations over a given time-window. Hence, we adopted a statistical approach to
evaluate the ability of Arome-EPS to represent the amplitude and temporal structure of
the HF signal, using the following two diagnostics :

- Probability density function (PDF) of observed and forecasted HF signals

The comparison of observed and forecasted PDFs allows to assess the ability of the
forecasts to reproduce the amplitude of the HF (and LF) signal.

- Autocorrelation function of observed and forecasted HF signals

The comparison of observed and forecasted autocorrelations allows to assess the ability
of the forecasts to reproduce the time structure of the HF (and LF) signal. For instance,
we expect the autocorrelation of the HF signal to decay rapidly with the time lag.

Detection of wind ramp events

For wind speed, the quality of high-frequency forecasts is also assessed through their
ability to properly detect wind ramps. Ramping events are defined by a large and sudden
change in production due to abrupt variations of the resource (and/or cut-out exceeding),
and their prediction is very important for RES applications. This study is limited to the
wind speed variations, and thus does not address non linearities induced by
transformation from wind to power. However, it highlights the added value of using 5
minutes outputs rather than hourly outputs for detecting this kind of event.

Several ways to define and detect ramping events exist in the literature. We use the so-
called “fixed time interval” method for ramp detection (Bianco et al. 2016). This simple
method is based on the derivative of the wind speed over a given time window

(t,t+6t,t+ A[), to measure the increase or decrease of the wind speed :
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Sltl=y[t+4 )~ ylt]

The function S is then tested regarding a threshold S, to decide whether a positive or

negative ramp event occurs or not. We define the two timeseries [* and [ of positive and
negative ramps occurrence, respectively :

Iwa= [ 1if S[t]=S,

0 elsewhere

liwa= [ LifSltl< =S,

0 elsewhere

Note that if I, is filled by a 1 at an iteration step, the value 1 can not be changed

afterward. A schematic example of filling 1" is shown in Figure 15. In a first step, we apply

this detection method to the observed wind speed and to each member of the ensemble.
In a second step, we compute the proportion of members forecasting a ramp at any
leadtime of the forecast, to obtain a probability of ramp at each timestep of the forecast.
For instance, for positive ramps the probability is given by :

+

Plramp+=- 3 I,

Wind speed
(observation/member) I+
&t

| |
S(t+251)<$0

T T
S(t+51)>50

10,
t=0  t+5t t+At leadtime

Figure 15: Schematic example of the filling of I+. The blue
curve represents the wind speed (y-axis on the left), and
the red line represents I+ (y-axis on the right). At the first

iteration (in yellow), a ramp is found, so that I+ is filled by
1 over t:At ; at the second iteration, a ramp is still found,

so that a 1 is added at timestep t+At+6t ; at the third
iteration, no ramp is found : I+ is set to O for timestep
t+At+26t.

This project has received funding from the European Union’s Horizon 2020 research and 22
innovation programme under grant agreement No 864337
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In a third step, we compute the timeseries [*and [for the ensemble itself by comparing

Pt(ramp +]and Pt[ramp-)to a threshold P,. A common tool to evaluate the ability of the
forecast to predict such binary event is the ROC curve, as defined in section 1.2.

Evaluation of 100-m wind forecasts

Figure 16 displays the distributions of the observed and forecasted LF (top) and HF
(bottom) wind speed computed using all forecasting dates, locations and leadtimes. The
LF wind speed is slightly overestimated by the ensemble over both Summer 2019 and
Winter 2020 (Figure 16-(a,b)). The LF wind speed is stronger in Winter than in Summer,
with larger extreme values linked to the occurrence of mid-latitude storms. Regarding the
HF signal, Figures 16(c)-(d) indicate that the model reproduces the observed distribution
quite well for both summer and winter, although large values are slightly under-estimated
for both seasons.

(a) - Summer 2019 (b) - Winter 2020
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Figure 16: Distribution of observed (blue) and forecasted (red) LF wind speed (a) for
Summer 2019, (b) for Winter 2020 ; and of HF wind speed (c) for Summer 2019, (d) for

Winter 2020.

Figure 17 displays the autocorrelation functions of the observed (blue) and forecasted
(red) LF (top) and HF (bottom) wind speed, computed using all forecasting dates,
locations and leadtimes. As expected, the autocorrelation of the HF wind speed reaches
zeros rapidly after about 30 minutes. This behaviour is well reproduced by the ensemble
forecasts, although the decorrelation time scale is slightly over-estimated. The
autocorrelation of the LF wind speed is well reproduced by the ensemble forecast as well.

23



-.'.t“'.“ D2.2 Report on improved NWP with higher spatial and temporal resolution

(a) - Summer 2019 (b) - Winter 2020
(a) - Summer 2019 (b) - Winter 2020
1.0 1.0
0.9 0.9 4
E‘é 0.8 0.8
2
28
g5 0.7 0.7 4
=8
>
52 06 0.6
0.5 0.5 4
0.4 0.4 .0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
(c) (d)
1.0 1.0
0.8 0.8 4
‘:’é 0.6 0.6
ERs
TE 04 0.4 4
£8
&2
22 0.2 0.2 4
0.0 F—————= Qg o= e 0.0 T=————= NN G- —====—=———c oo
-0.2 -0.2 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Lag (hours) Lag (hours)

Figure 17: Autocorrelation of observed (blue) and forecasted (red) LF wind speed (a) for
Summer 2019, (b) for Winter 2020 ; and of HF wind speed (c) for Summer 2019, (d) for
Winter 2020. The autocorrelation is given for lags from 0 to 3 hours.

In order to evaluate the added value of using high frequency ensemble forecasts for the
detection of wind ramps, two ramps forecasts are compared :

- a high-resolution one, using the high-frequency 10-minute ensemble wind forecasts

- a low-resolution one, using only hourly ensemble forecasts and a linear interpolation to
the 10-minute frequency

These two forecasts are compared to the observed ramps, computed using the 10
minutes observations. We apply ramp event detection to both ensemble forecasts as

described previously, with ramp characteristics set to A,=3h and S,=6m/s. We compute

TPR and FPR for each ensemble and for P, varying from 0 to 1, with increment 1/N to

plot the ROC curve displayed in Figure 18. The figure shows that using high-frequency
forecasts leads to a larger detection rate than using lower-frequency forecasts, for both
positive and negative ramping events.

(a) - Positive ramps (b) - Negative ramps
1.0 1 —¢ PE-Arome HR 1.04
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Figure 18: ROC curve obtained from ramping event detection with the high-frequency ensemble
forecast (blue) and with lower-frequency ensemble forecast (green) over the Winter 2020 period, (a)
for positive ramps, (b) for negative ramps. Each cross on the curves represents the hit rate and false

alarm rate for a specific decision threshold (ranging from 0 to 1 with an increment of 1/N).
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Evaluation of global horizontal irradiance forecasts

Figure 19 shows the distributions of the observed and forecasted LF (top) and HF
(bottom) surface irradiance. Nighttime values have been artificially removed to avoid too
high peaks of probability around zero. Both distributions of the LF and HF surface
irradiance are well reproduced by the ensemble forecasts.
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Figure 19: Distribution of observed (blue) and forecasted (red) LF GHI (a) for Summer 2019, (b) for
Winter 2020 ; and of HF GHI (c) for Summer 2019, (d) for Winter 2020. Note that nighttime values
have been artificially removed to avoid too high peaks of probability around zero.

Figure 20 displays the autocorrelation functions of the observed (blue) and forecasted
(red) LF (top) and HF (bottom) signals. As for the wind speed, the autocorrelation of the
HF GHI rapidly reaches zero after less than 1 hour. It becomes negative afterward due to
the daily cycle, to finally remain almost null after 1.5 hours. We also note that the
decorrelation time scale is slightly under-estimated. The autocorrelation of the LF GHI is
well reproduced by the ensemble forecasts, although a small over-estimation.
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Figure 20: Autocorrelation of observed (blue) and forecasted (red) LF surface irradiance (a) for
Summer 2019, (b) for Winter 2020 ; and of HF surface irradiance (c) for Summer 2019, (d) for
Winter 2020. The autocorrelation is given for lags from 0 to 3 hours.
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Conclusions

The value of high-frequency forecasts from a high-resolution Arome-EPS has been
evaluated for the first time in the context of the Smart4RES project.

Using a decomposition of the wind speed and surface irradiance into LF and HF signals,
the high resolution ensemble is shown to reproduce the high frequency variability of the
two RES-relevant variables quite well. For the wind speed, the high-resolution Arome-EPS
slightly under-estimates the amplitude of the HF signal and over-estimates its
decorrelation timescale. For the surface irradiance, the amplitude of the HF signal is well
predicted and the decorrelation timescale is slightly under-estimated.

In order to perform a user-oriented evaluation, a detection of ramping events has also
been developed, following the methodology proposed in previous works. A major result is
that high frequency forecasts allow for a higher detection rate of these events than
standard hourly outputs.

These results on the high-resolution information content are very promising and could
lead to the development of new forecasting products to inform on the high-frequency
variability of the wind and solar resources.

Overall, combining high spatial resolution and high-frequency outputs should clearly
improve the value and utility of Arome-EPS forecasts for RES purpose.
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2. High-resolution weather forecasting for
renewables with Large-Eddy Simulations

Large-eddy simulation is traditionally used in academic settings, for example to study
NWP cloud or turbulence parameterizations (De Roode S.R., 2012) or wind farm flow
physics (Stevens and Meneveau, 2017). Advances in scientific computing have paved
the way for using LES in an operation context. Two use cases are particularly relevant for
renewable energy: 1) wind or solar resource and annual energy production (AEP)
assessments and 2) short-term forecasting.

Based on pioneering work at TU Delft (Schalkwijk et al., 2012, Schalkwijk et al.,
2015), Whiffle has further developed an LES model that runs almost entirely on
Graphics Processing Units (GPU). This model, abbreviated with GRASP (GPU-Resident
Atmospheric Simulation Platform), has been used for operational wind farm forecasts
since 2016, using input data from the European Centre for Medium range Weather
Forecast (ECMWF) High Resolution (HRES) model. Run-time constraints are dictated by
the time between ECMWF forecasts become available. Typically, the operational GRASP
forecast models are run on a resolution between 50m-100m, which, on a modern GPU,
results in a runtime of less than an hour for a 48h horizon forecast. See Gilbert et al.,
2020 for more information about the performance and an offshore wind farm case
study.

In this report, we focus on the application of the GRASP LES model in a day-ahead
forecasting setting for a number of locations of interest for the Smart4RES project. We
give a concise description of selected aspects of the model formulation in section 2.1
and present the case study set-up and results in section 2.2. The results section
focusses on a comparison of forecasted meteorological variables with observation data,
i.e. the conversion of power forecasts has not been considered in this document.

2.1 Introduction into atmospheric LES

In the following paragraphs, we provide a brief overview of some aspects of LES in the
context of forecasting for renewables. LES differs from numerical weather prediction
(NWP) mainly in its treatment of turbulence and clouds. The idea behind LES is to
resolve the energy carrying part of the turbulent spectrum by solving the filtered
Navier-Stokes equations and cloud thermodynamics. In this way, LES does not have to
rely on cloud and boundary layer turbulence parameterizations like traditional NWP
models.

Governing equations

We present the most important governing equations below. More details can be found
in Heus et al., 2010, Bding, 2014 and Schalkwijk et al., 2015. We follow Einstein’s
summation notation, with xi, X2, X3 = X, y, z for the coordinates and ui, u;, us = u, v,
w for the wind components. The continuity equation reads:

d
T\‘J{-p”f =0

In the anelastic approximation employed in GRASP, the density p = p(z) represents a base
density profile depending on height only.
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In the Navier-Stokes equation above, we denote buoyancy with B. The pressure gradient
term has been written as a geostrophic wind uge. Further, we have the turbulent stress T;
which needs to be modeled with an appropriate turbulence closure. One of the main
challenges in LES modeling is the closure problem: expressing the sub-grid contributions of
momentum transport (T;) in terms of resolved quantities. There is a wide variety of sub-
grid models, of which a significant class use the concept of eddy viscosity:

T;j = —2KnSi;

Where S; is (symmetric part of) the strain-rate tensor, or, more descriptive in the context of
fluid dynamics: the velocity gradient tensor.

g 1 (du; du;
e 5 c),\‘j + &\‘,‘

GRASP has several options for the eddy viscosity model, the simplest being the
well-known Smagorinsky model. Transport of moisture is described by:

dq; B d Pyl jqy aF;g L
Proe =7 ox,  ax;

Where g: = g, + g, + q; denotes the conserved variable total specific humidity, being
the sum of vapor, liquid and ice water. Sub-grid fluxes or humidity are denoted F? and
other sources of of humidity are denoted by S, .

Transport of heat is described by:

819; Jp,,.,u,‘ﬁ; (]F,'ﬁ

; =— — — 5. +5
Po5: ox;  ox; Y
Where we use a temperature: ;
i
U =——Tp
Cp

that is based on moist static energy h;:

hy=c,T +gz—L,q; —Lig;

This is a conserved variable for moist adiabatic ascent.
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Boundary conditions

Large-scale NWP When coupling the LES to a large-scale model, several terms are

adjusted/added: IS
du; _ 5’11 du; 1 o
POt = e g~ ) — S S ST (i )
-]
LS
W0 _ s OO s9%i 1 (0 ~4)
dt toox; dz J

Where ¢ denotes a conserved scalar variable (temperature or humidity). The terms with
superscript LS thus have to be diagnosed from the large-scale model. Currently we use
ECMWEF for that, but in principle other models could be used.

Precursor LES without orography LES with orography and
and periodic boundary conditions boundaries from precursor

ECMWF initial conditions
ECMWF dynamic tendencies

p

Figure 21: Schematic view of ECMWF boundary conditions, a precursor simulation and a nested domain.

Lower boundary conditions GRASP uses a modified version of the ECMWF TESSEL
scheme for its lower boundary condition (ECMWF, 2017; Tiggelen, 2018). In this scheme,
the surface fluxes are parameterized using Monin-Obukhov (MO) similarity theory.
Obstacles and orography are represented using the immersed boundary conditions
method in combination with a displacement height in the MO functions. The
representation of soil properties is done by a user defined mapping of a high-resolution
land-use dataset (in the case of Europe: the Corine Land Cover data) to the TESSEL soil
classes.

Nesting GRASP allows user to nest different simulations during runtime, for example to
run a higher resolution LES in a region of interest. Over a user-specified boundary region,
the values of the inner nest simulation’s variables are nudged towards the parent
simulation, also referred to as a precursor simulation. A typical set-up for a simulation
with heterogeneous terrain is shown in Figure 21.

Radiation

Radiative transfer calculations are important for the atmospheric heating rates and the
surface energy balance. In addition, for solar energy applications, downwelling solar
radiation is the most important forecast variable. GRASP radiation can be run in two
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modes: 1) off-line, in which the radiation calculations are done based on the hosting
NWP atmospheric variables and 2) interactively, in which the GRASP cloud/temperature
variables are being used. The off-line mode has the benefits that it is much faster.
GRASP uses the ECMWEF radiation settings based on RRTMG with the Tegen climatology
for aerosols and greenhouse gases (ECMWF, 2017). Currently, an upgrade to ECrad with
the CAMS aerosol climatology is being implemented (Hogan & Bozzo, 2018).

Wind turbine parameterization

For wind energy forecasts, the LES model offers the possibility to include windturbines in
the simulation using a so-called actuator disk model. This models the turbine as semi-
permeable disk that exerts forces on the flow that are consistent with the thrust curve of
the wind turbine. In this way, wind farm wake effects are taken into account. In addition,
using the turbine power curve, the turbine parameterization allows to directly simulate
power output per turbine on a high temporal resolution. Readers are referred to Meyers
and Meneveau, 2010, Stevens et al., 2014 and Gilbert et al., 2020 for more details on
actuator disk models in LES models of wind farms.

2.2 Case studies

Within the Smart4RES project, a number of case studies focussing on LES based
renewable energy forecasts have been performed. They cover both wind and solar
energy forecasts over a range of sites. Below we present the set-up and the results of
the four case studies. In all cases, a comparison will be made with the ECMWF model,
since this is both a useful benchmark forecast in itself, but also the model from which the
boundary conditions are derived to drive the LES model. A reasonable requirement for any
meso- or micro-scale or model is that it should not deteriorate the forecast skill of the
hosting model. Furthermore, the runtime should not be excessive, so that the forecasts can
be disseminated quickly after receiving the hosting model data. In an operational setting,
GRASP receives the ECMWF data around 07 UTC time and then for most RES related
purposes has a maximum of two hours of runtime. For day-ahead trade, the forecasts usually
need to be delivered well before 12h local time, which is often the gate closure time of the
day-ahead market. The forecast has to cover at least the 24h period starting from 00h local
time after the day-ahead market closure to the next 00h local time. Seen from the starting
point of the ECMWF data-assimilation cycle, this forecast thus covers a period of +24h to
+48h ahead (save the time difference of local time and UTC). Figure 22 shows the timeline
of this forecasting process in a schematic way.

p End of the day-ahead
Cl f day-ahead Start of the day y
% ﬁqarzta e ahead trade period trade period
S S Covered by GRASP forecast >
run run
e OERnHTE 12:00:LT 00:00 LT 12:00 LT 06:00 LT 254 h

Figure 22: Schematic of forecasting timeline.
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Rhodos

The Greek island of Rhodos forms a case study because data of a number of wind
farms are available in the Smart4RES consortium. Figure 23 shows the island and the
four wind farms. Two are located in relatively mountaineous terrain at a distance of
roughly 10 km to the coast. The other two are much closer to the coast in less

mountaineous terrain. More detailed orography and land use maps of the four sites are
shown in Figures 24, 28 and 30.

Rhodes
80 —

yf [km]

0 T T T
0 20 40 60 80
xf [km]
0 300 600 200 1200

Figure 23: Overview of the terrain height of Rhodes
and the locations of the four windfarms.

Aeiforiki The Aeiforiki windfarm is situated in complex terrain conditions, on a pronounced
mountain ridge, with up to 600m height differences within an area of 10km x 10km.

Setup The domain size is chosen as 15.4km x 15.4km. Further domain settings can be

found in Appendix A. The wind farm situation, surrounding orography and land cover can
be seen in Figure 24.
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Figure 24: Height map and land use of the Aeiforiki domain.

Results Figure 25 shows scatter plots and error metrics of the Aeiforiki wind farm for
both GRASP and ECMWF data. On all error metrics, GRASP forecasts have signicantly
better scores. Figure 25a shows that the ECMWF forecast suffers from a particularly
large bias (underprediction) of 2.4 m/s or nearly 30% of the observed mean wind speed.
This bias weighs heavily in the RMSE and MAE scores, too. In the GRASP forecasts, the
bias is almost completely removed: 0.3m/s or 0.37 m/s or 4.5%, which leads to marked
improvements in MAE and RMSE. The correlation coefficient and RMSD scores of GRASP
are also better, but the difference with ECMWF is less pronounced than for the bias-
senstive metrics.

To gain more insight in the observed differences between GRASP and ECMWF, we show
wind speed distributions and fitted Weibull parameters in Figure 26. Whereas the mode
of the distribution lies around 7.5 m/s for all three datasets, we observe that ECWMF
completely lacks wind speeds larger than 15 m/s. GRASP still shows a small
underestimation of wind speeds larger than 12.5 m/s, but captures overall the
distribution better.

As an illustration, we have plotted hourly mean wind speeds for a randomly selected hour of
the dataset: in this case the 3rd hour of the first day of the dataset, i.e. 2018-01-01
03:00h UTC. Figure 27 shows a horizontal wind speed map at 80m above the terrain
height and a vertical cross-section (with dimensions x-distance, or east-west distance,
and height) of wind speed at a plane at half the domain size. In Figure 27a one can
distinguish the terrain features such as the acceleration over the mountain ridges. We
recall that a single ECMWF grid-box covers roughly the entire domain shown in Figure
27a, so these terrain details cannot be resolved by the ECMWF model. This partly
explains the bias of the ECMWF model. Figure 27b shows the vertical cross-section of
wind speed. The acceleration over the ridge is clearly visible and is most pronounced on
the west side (right side in the figure) of the domain.
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Figure 25: Scatter plots of ECMWF and GRASP vs. SCADA hourly mean wind speeds for the Aeiforiki wind

farm.
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Figure 26: Wind speed distributions and fitted Weibull parameters for GRASP, ECMWF and SCADA

measurements at the Aeiforiki wind farm.
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Figure 27: Horizontal and vertical wind speed maps of Aeiforiki wind farm for 2018-01-01 03:00h.

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 864337
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Because GRASP is a turbulence resolving model, its output contains turbulent fluctuations
on a high temporal resolution. Figure 28 shows four 48-hour time series of observed and
forecasted wind speed for one of the turbines in the Aeiforiki wind farm. The time
resolution of all data sources is one minute and the ECMWF hourly values have been
linearly interpolated.
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Figure 28: Time series of Aeiforiki SCADA data, GRASP forecasts and ECMWEF forecasts for two days in January
(top left), April (top right), July (bottom left) and October (bottom right).

Upon visual inspection of the time series, GRASP shows turbulent fluctuations of
comparable magnitude than the observed ones. Both GRASP and the SCADA
measurements show periods of markedly lower turbulence such as in the night of July 1st
between 00h and 06h.

To gain more insight in the ability of GRASP to correctly represent typical wind speed
fluctuations, we analysed wind speed ramps over different time intervals. For an
averaging period At, we define the ramp as the difference in wind speed over two
consecutive averaging intervals: r(t;At)= M(t +At)—M(t), where the overline denotes a
time average over At. Because turbulence is a stochastic process, a point-by-point
comparison of forecasted and observed individual ramp events is not meaningful.
Instead, we are interested in whether the probability distributions of the forecasted ramps
are similar to the observed ones. Therefore, we compute the cumulative distribution
functions of the ramps over different averaging intervals.

Figure 29 shows the cumulative distribution functions of ramps of different averaging
intervals for GRASP and the observations from Aeiforiki. ECMWF values have been shown
for reference, but since they are linearly interpolated values from 1h data, the ECMWF
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ramps smaller than one hour should be interpreted with caution. For the fluctuations on
1-minute and 5-minute timescale, GRASP shows a good agreement with the observations.
For time-scales of 15 minutes to one hour, GRASP shows less fluctuations than the
observations. For the 3-hour time scale, both ECMWF and GRASP are closer to the
observations.
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Figure 29: Cumulative distribution functions of wind speed ramps over different averaging
intervals.

One hypothesis to explain the too narrow distribution of windspeed fluctuations of 15
minutes to 1 hour is that the current GRASP setup does not fully capture mesoscale
fluctuations. Small-scale turbulence is represented well and is circulated through the
domain by means of the periodic boundary conditions. Large-scale (1 hour) fluctuations
are mostly the result of the applied tendencies from the ECMWF boundary conditions. The
extent of the GRASP domain (15km) is too small to generate mesoscale dynamics.

Another instructive metric to compare time series is the autocorrelation function. In
Figure 30 we show the autocorrelation for the Aeforiki wind speeds and the two forecasts.
The autocorrelation of the GRASP signal first falls rapidly and then more slowly and with
roughly the same rate as that of ECMWF. Compared to the observations, the rate of
decorrelation in GRASP for the first few minutes is somewhat too strong, but after a lag of
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15 minutes the correlation remains too high. Again, this figure signals that mesoscale
dynamics may not be present in GRASP.
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Figure 30: Autocorrelation function up to a lag of 3 hours.

Diethnis Similar to the Aeiforiki windfarm, the Diethnis wind farm site is situated in
complex terrain conditions, on a pronounced mountain ridge. Orography and land use in
the domain are similar too.

Setup The domain size is chosen as 15.4km x 15.4km. Further domain settings can be
found in Appendix A. The wind farm situation, surrounding orography and land cover
can be seen in Figure 31.
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Figure 31: Height map and land use of the Diethnis domain.
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Figure 32: Scatter plots of ECMWEF (left) and GRASP (right) vs. SCADA hourly mean wind speeds for the
Diethnis wind farm.

Results Scatter plots and error metrics for the Diethnis wind farm are shown in Figure
32. The ECMWF wind speed shows a clear underestimation of wind speed with an overall
bias: 1.7 m/s. GRASP on the other hand overestimates wind speeds (with a bias of 0.9
m/s), and the scatter plot shows that the overestimation becomes larger for large wind
speeds. In bias sensitive error metrics RMSE and MAE, GRASP shows an improvement
compared to ECMWEF. This is also the case for the correlation coefficient, but not for the
RSMD. Potentially, additional filtering (smoothing) of the GRASP signal would improve
the RMSD score.

DehAnanewsimes and Eurowind Compared to the other two Rhodos sites, the
DehAnanewsimes and Eurowind wind farm sites are in somewhat lower mountains close to
the coast. Simulation details for the DehAnanewsimes and Eurowind windfarms are
given in Appendix A.

Setup The domain size is chosen as 15.4km x 15.4km. Further domain settings can be
found in Appendix A. The wind farm situation, surrounding orography and land cover
can be seen in Figure 33.
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Figure 33: Height map and land use of the DehAnanewsimes and Eurowind domain.
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Results Results of the DehAnanewsimes wind farm, located roughly 1.5 km from the
coast on a 300m hill, case are summarized in Figure 34, which shows scatter plots and
error metrics of GRASP and ECMWF against the SCADA observations. On all error metrics,
GRASP shows a consistent improvement w.r.t. ECWMF. However, GRASP still shows a

significant bias (underprediction) of 0.73 m/s, which is present accros the entire wind
speed range.
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Figure 34: Scatter plots of ECMWF and GRASP vs. SCADA hourly mean wind speeds for the DehAnanewsimes

wind farm.

Results for the Eurowind wind farm, located within a kilometer from the coast, are
presented in Figure 35. The results are similar to those of the nearby DehAnanewsimes
windfarm: GRASP improves on all error metrics compared to ECMWEF. In fact, the relative
improvements are even larger than in the DehAnanewsimes case. Also, GRASP captures
the general wind climate well, but has a bias of 0.38 m/s (underprediction).
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Figure 35: Scatter plots of ECMWF and GRASP vs. SCADA hourly mean wind speeds for the Eurowind wind

farm.
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La haute Borne

The La Haute Borne wind farm in the Meuse region in France consists of 4 Senvion
MM82 wind turbines. It is one of the few wind farms for which the wind turbine SCADA
data is made available to the general public
(https://opendata-renewables.engie.com/explore/dataset/01c55756-5cd6-4f60-9f63-
2d771bb25ala/information).

The aim of this case study was to compare the forecast skill of GRASP vs.
ECMWF forecasts. However, due to nonavailability of consecutive ECMWF
historical data in a time period corresponding to the SCADA period, we chose to
do the comparison based on ERAS reanalysis data. To this end, we performed a
l-year (2015) LES run of La Haute Borne with ERA5 boundary conditions.
Therefore, in the context of forecasting, the skill improvement of GRASP
demonstrated here should be interpreted with caution.

Run setup The LES domain for La Haute Borne wind farm covers 8.2km x 8.2km.
Figure 36 shows the layout of the wind farm, the orography and Corine land cover within
the chosen domain. An overview of the additional domain settings is given in Appendix A.
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Figure 36: Height map and land use of the La Haute Borne domain.

Results The results of the run for La Haute Borne wind farm are summarized in
Figure 37 by comparing both GRASP and ERA5 to the observations. From the scatter
plots it can be observed that the GRASP wind speed resembles the observations
better than the ERA5 data. This is reflected in the lower bias-sensitive error scores
RMDE and MAE. In terms of RMSD GRASP is not matching ERA5, which can
potentially be overcome by doing an additional filtering of the GRASP signal.
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Figure 37: Scatter plots of ERA5 and GRASP vs. SCADA hourly mean wind speeds of turbine R80711 at La
Haute Borne wind farm.

Portuguese sites

EDP operates a number of wind farms in Portugal, of which the SCADA data has been
made available for Smart4RES project partners. As with previous case studies, the aim
is to investigate the forecast skill of GRASP vs. The ECMWEF forecasts. We performed a
1-year (2018) run for 2 of the 11 Portuguese sites, using ECMWF high resolution BC, and
compared the results to SCADA data. The run setup and results for Bairro and Tocha will
be discussed in the next paragraphs.

Bairro Bairro wind farm is located in the Santarem district and consists of 11 Enercon
E82 wind turbines.

Run setup The LES domain for Bairro wind farm covers 10.2km x 10.2km. Figure 38
shows the layout of the wind farm, the orography and Corine land cover within the
chosen domain. An overview of the additional domain settings is given in Appendix A.
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Figure 38: Height map and land use of the Bairro domain.
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Results The results of the run for Bairro wind farm are summarized in Figure 39. It is
observed that GRASP has a larger bias and therefore larger RMSE and MAE values. Also
the RMSD of GRASP is higher than that of ECMWF. A clear cause for the overestimation of
the wind speed has not been identified and would require further research. One
hypothesis is that pre-cursor wind speeds (nudged towards ECMWF values), that are
applied on the boundaries of the cursor domain, lead to an unrealistic speed-up over the
mountain ridges.
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Figure 39: Scatter plots of ECMWEF (left) and GRASP (right) vs. SCADA hourly mean wind speeds for
Bairro wind farm.

Tocha Tocha wind farm is located in the Coimbra district and consists of 5 Vestas V100
wind turbines.

Run setup The LES domain for Tocha wind farm covers 10.2m x 10.2km. Figure 40 shows
the layout of the wind farm, the orography and Corine land cover within the chosen
domain. An overview of the additional domain settings is given in Appendix A.
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Figure 40: Height map and land use of the Tocha domain.
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Figure 41: Scatter plots of ECMWEF(left) and GRASP (right) vs. SCADA hourly mean wind speeds for
Tocha wind farm.

Results Figure 41 shows the results of the run for Tocha wind farm. Comparing GRASP to
ECMWEF it is observed that GRASP reduces the bias and error scores. Also the RMSD is
reduced in the GRASP forecast. The correlation coefficient from the GRASP data is lower
than that of ECMWF. More research is required to determine the cause for this, but in
Gilbert et al., 2020 it was shown that time-filtering (smoothing) the GRASP signal can lead
to a higher correlation coefficient.

Oldenburg

The Oldenburg region in Germany is of interest for Smart4RES because it has a unique
measurement infrastructure for solar radiation purposes consisting of all-sky cameras and
other radiation measurements. Meteorologically, it is a challenging site due to the land-
sea transition that can give rise to small-scale phenomena. As an illustration, Figure 42
shows the forecasted and observed cloud field on 21-07-2021, a summer day in which
convective clouds devevelop over land. A visual comparison between the GRASP cloud
field and the satellite image demonstrates the GRASP skill in a qualitative manner. The
actual run settings and results for the Oldenburg site will be part of another deliverable
within the Smart4RES project.

Figure 42: Comparison of forecasted and observed cloud field for the Oldenburg region
for 2020-07-21.

This project has received funding from the European Union’s Horizon 2020 research and 42
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Conclusions

The materials presented in this document show how high-resolution weather forecasting
with LES can contribute to RES forecasting needs. We gave a concise description of the
governing equations and a high-level description of the relevant physics modules for RES
forecasting. Case studies for a selection of wind farms in Rhodes, France and Portugal
have been presented. In the results, we focus on a comparison with the ECMWEF
forecasts, which provide a useful industry benchmark and are also the large-scale
boundary conditions for the GRASP forecasts.

Results show that for most sites, GRASP hourly averaged error metrics improve with
respect to those of the ECMWF model. The improved error metrics are mostly the
consequence of GRASP’s ability to represent a local wind climate better. This results in a
lower bias and as a consequence an improvement of bias-sensitive skill scores. For some
sites, the hourly average GRASP forecasts have slightly higher errors than the ECMWF
forecasts. A clear cause for this has not been identified. In addition to lower errors of
hourly averaged quantities, GRASP output shows realistic high-frequency variance
associated with turbulent fluctuations. Results showed that small-scale turbulent
fluctuations with a timescale lower than 15 minutes are accurately captured. Meso-scale
fluctuations with time-scales between roughly 15 minutes and an hour are
underestimated. This could be the consequence of the simulation set-up with a domain
that is too small to generated meso-scale dynamics.

Further research is recommended to investigate the sources of error in GRASP.
Conditioning wind forecast errors on weather conditions and terrain characteristics could
provide more insights in the model errors. Such insights will also inform where model
improvements can be realised, for example in the handling of the lateral boundary
conditions, the lower boundary conditions and the representation of terrain and
vegetation or the sub-grid model formulation.
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Conclusion

In this report we have presented an evaluation of the high-resolution NWP models run for
the Smart4RES project.

Kilometre-scale Arome-EPS forecasts developed by Météo-France show improvements
over the currently operational configuration, for both 100-meter wind speed and global
solar irradiance. The improvements come from the combined effect of increased spatial
resolution, increased number of forecasts, and a valuable information on the rapid
variations of wind and irradiance. A more thorough evaluation using a larger set of
observations should be performed in future work to confirm these first results.

Météo-France is planning to upgrade the current Arome-EPS spatial resolution mid-2022.
This will thus allow the RES sector to benefit from the improvements highlighted in this
document in the next few months.

The performance gain provided by the enhanced Arome-EPS allows to reach the lower
bound of the project KPIs. However, several avenues for improvement are currently being
investigated to further improve the performance and achieve or even beat the higher
bound of the KPIs. These contributions focus on refinements of the Arome model physics
and uncertainty representation, and should be put into operations within the next 2
years.

LES simulations driven by ECMWF forecasts run by Whiffle for several wind farms also
indicated an enhanced ability to represent the local wind, compared to the reference
ECMWEF forecasts. For the considered sites, the average improvement over the ECMWF
baseline constitutes 9% for mean absolute error.

Whiffle is currently implementing a number of improvements that could reduce errors
further. The most important ones are 1) an improved method to apply the large-scale
boundary conditions from ECMWF in strongly heterogeneous terrain 2) multi-GPU
functionality to allow larger computational domains and 3) data assimilation to improve
the short-term forecast skill.

Key messages

- High-resolution ensemble NWP improves the forecast performance
of wind and solar irradiance

- High-frequency outputs include a useful information information
that could benefit to RES users

- LES forecasts outperforms state-of-the-art ECMWF NWP forecasts
for the representation of local wind
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A Appendix: LES domain settings

Diethnis

Precursor Run 1
Ay 80m 80m
Ay 80m 80m
A, 20m 20m
Lx 15360m 15360m
L, 15360m 15360m
L. 2560m 2560m
lat centre 36.2458 36.2458
lon centre  28.0554 28.0554

Aeiforiki

Precursor Run 1
A 80m 80m
JAVY 80m 80m
A, 20m 20m
Lx 15360m 15360m
L, 15360m  15360m
L. 2560m 2560m
lat centre 36.0358 36.0358
lon centre 27.8190 27.8190

DehAnanewsimes and Eurowind

Precursor Run 1
Ay 80m 80m
JAVY 80m 80m
A 20m 20m
Lx 15360m 15360m
L, 15360m 15360m
L. 2560m 2560m
lat centre 35.9287 35.9287
lon centre 27.7456 27.7456

Bairro

Precursor Run 1
Ay 80m 80m
Ay 80m 80m
A, 20m 20m
Lx 10240m 10240m
L, 10240m 10240m
L. 2560m 2560m
lat centre 39.590 39.590
lon centre -8.570 -8.570

innovation programme under grant agreement No 864337

La Haute Borne

Precursor Run1
Ay 64m 64m
A, 64m 64m
A 16m 16m
L 8192m 8192m
L, 8192m 8192m
L, 4118m 2558m

lat centre 48.4461 48.4461

lon centre 5.5925 5.5925
Tocha

Precursor Runl

Ay 80m 80m

A, 80m 80m

A, 20m 20m
Lx 10240m 10240m
L, 10240m 10240m
L, 2560m 2560m
lat centre40.319 40.319
lon centre -8.817 -8.817
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