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Figure 76: Impact of November teleconnection indices on surface solar radiation downward, 2
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Figure 77: Impact of December teleconnection indices on surface solar radiaton downward, 2
meters temperature and solar power capacity factor. Each image shows the correlation
between the four EuroAtlantic Teleconnection indices (columns) and surface solar
radiation (SSRD), 2 meters Temperature (2m T), the capacity factor indicar (CF PV).
Hatches indicate statistical significance at 99% confidence level..................c....cooee. 124
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Figure 85: Impact of Euro Atlantic weather regimes on SSRD (first row), 2 meters temperature
(second row) and CF (third row) during September 1981-2016. Hatches indicate that
anomalies are significant at the 95% confidence [eVel...........cccccceeiiiiiiiiiiiiie e 129

Figure 86: Impact of Euro Atlantic weather regimes on SSRD (first row), 2 meters temperature
(second row) and CF (third row) during October 1981-2016. Hatches indicate that
anomalies are significant at the 95% confidence level.............cccoviiiiiiiiies 130

Figure 87: Impact of Euro Atlantic weather regimes on SSRD (first row), 2 meters temperature
(second row) and CF (third row) during November 1981-2016. Haches indicate that
anomalies are significant at the 95% confidence [eVel............cccccceiiiiiiiiiniiiee 130

GA n°776787



2. S2S4E P32
QA L ey
Figure 88: Impact of Eurc Atlantic weather regimes on SSRD (first row), 2 meters temperature

(second row) and CF (third row) during December 19812016. Hatches indicate that

anomalies are significant at the 95% confidence [eVel............ccccceeiiiiiiiiiiiiiee 131

Figure 89: February normalised anomalies of demand, demandnet-wind (DNW) and demand-
net-renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of fields relative to the 1981
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Figure 90: March normalised anomalies of demand, demandnet-wind (DNW) and demand-
net-renewables (DNWS) associated with each of the traditonal weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as compasites of fields relative to the 1981-
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Figure 91: April normalised anomalies of demand, demand net-wind (DNW) and demand-net-
renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed amalies
for each regime are also presented (expressed as composites of fields relative to the 1981
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Figure 92: Maynormalised anomalies of demand, demand-net-wind (DNW) and demand-net-
renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlartic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of fields relative to the 1981
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Figure 93: June normalised anomalies of demand, demandnet-wind (DNW) and demand-net-
renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of fields relative to the 1981
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Figure 94: July normalised anomalies of demand, demandnet-wind (DNW) and demand-net-
renewables (DNWS) associated with each of the traditional weatter regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of Blds relative to the 1981-
L0 1 0= o 139
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Figure 95: August normalised anomalies of demand, demand net-wind (DNW) and demand-
net-renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of fields relative to the 1981
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Figure 96: September normdised anomalies of demand, demand-net-wind (DNW) and
demand-net-renewables (DNWS) associated with each of the traditional weather regimes:
The two phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking
(SCAND) and the East Atlantic Pdern (EA). MSLP, 2m temperature and 10m wind speed
anomalies for each regime are also presented (expressed as composites of fields relative
10 the 1981-2016 MEAN).......ccce e e e e e e e e e e aeas 141

Figure 97: October normalised anomalies of demand, demand net-wind (DNW) and demand-
net-renewables (DNWS) associated with each of the traditional weather regimes: The two
phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking (SCAND)
and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed anomalies
for each regime are also presented (expressed as composites of fields relative to the 1981
2016 IMEBAN)....eeeeeeeeieieetete ettt et e e e e e e e e ettt e et e e e e e e e s s s bt be e e ettt e e e e e e eaaa s n b b nb e e e e e e e e e e e e e e nnnnrrne e 142

Figure 98: November normalised anomalies of demand, demandnet-wind (DNW) and
demand-net-renewables (DNWS) associated with each of the traditionalweather regimes:
The two phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking
(SCAND) and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed
anomalies for each regime are also presented (expressed as composite®f fields relative
10 the 1981-2016 MEBAN).....eiiiiiieeeiiiiiiit ettt e e e e e e e e et r e e e e e e e e e s s r e et aaaeeeeesannneeeees 143

Figure 99: December normalised anomalies of demand, demandnet-wind (DNW) and
demand-net-renewables (DNWS) associated with each of the traditional weather regimes:
The two phases of the North Atlantic Oscillation (NAO+, NAO-), Scandinavian Blocking
(SCAND) and the East Atlantic Pattern (EA). MSLP, 2m temperature and 10m wind speed
anomalies for each regime are also presented (expressed as composites of fields relative
t0 the 1981-2016 MEAN)......cei e e e et e e e eeas 144

Figure 100: Impact regimes constructed from February normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
(] LN Z= T A (=T |10 = 146

Figure 101: Impact regimes constructed from March normalized daily demand anomalies.
Corresponding anomaly composites of meteoro logical fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
(] (oA Z= T A (=T |10 = 147
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Figure 102: Impact regimes constructed from April normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are give below the
FEIEVANT FEOIME. ...iiiiiiiieiieeeeeeee et e e e s e e e e e e e e e e e e aaaaaaaaaaaaeaaeaeeeeeeeeeeeeeeens 148

Figure 103: Impact regimes constructed from May normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
FEIEVANT FEOIME. ...iiiiiiiieiieeeeeeee et e e e s e e e e e e e e e e e e aaaaaaaaaaaaeaaeaeeeeeeeeeeeeeeens 149

Figure 104: Impact regimes constructed from June normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperaure,10m wind speed are given below the
FEIEVANT FEOIME. ...oiiiiiiiieieeee et e e s e e e e e e e e e e e e aaaaaaaaaaaaeaeaeeeeaeeeeeeeeeeens 150

Figure 105: Impact regimes constructed from July normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
FEIEVANT TEIMIE. ...eiiiiiii ettt e e e e e e e e s s r et e e e e e e e s s s bbb rrreeeeeeeesanans 151

Figure 106: Impact regimes constructed from August normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
FEIEVANT FEIME. ...ttt e e e e e e e s s bbb e et e e e e e e e e s e bbb e e e e e e eeeeeeeaaans 152

Figure 107: Impact regimes constructedfrom September normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
FEIEVANT FEIME. ...ttt e e e e e e e s s bbb e et e e e e e e e e s e bbb e e e e e e eeeeeeeaaans 153

Figure 108: Impact regimes constructed from October normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
(] LN Z= T A 1= |10 = P 154

Figure 109: Impact regimes constructed from Novemer normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
(=] LAV T Y =T 110 T 155

Figure 110: Impact regimes constructed from December normalized daily demand anomalies.
Corresponding anomaly composites of meteorological fields relative to the climatological
mean (1981-2016) for MSLP, 2m temperature, 10m wind speed are given below the
(] LN Z= T A (=T |10 = 156

Figure 111: Impact regimes constructed from February normalized daily demand net-wind
(DNW) anomalies. Corresponding anomaly composites of meteorological fields relative to
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Summary

Atmospheric variability is known to affect t he energy system as a whole in many aspects, and
the importance of this dependency is only to keep growing with higher shares of renewable
energy entering the electricity mix. Therefore it is crucial to understand the impacts that
atmospheric variability at climatic scales can have to electricity production and demand. In this
document the atmospheric variability is described in terms of different climate oscillations or
variability modes, and the relative importance of each of these modes of variability for the wind
power, solar power, hydro power generation and demand are evaluated. The atmospheric
variability has been studied from reanalysis datasets employing Eure Atlantic teleconnections
and weather regimes methodologies. Both Essential Climate Variable (ECVs) (e.g. wind speed
or temperature) and impact indicators derived from those ECVs (e.g. wind power capacity factor
or energy demand) have been considered.

The skill of sub-seasonal and seasonal forecasting models at predicting the teleconnection
indices and weather regimes, and the usability of the teleconnection indices and weather
regimes to anticipate the energy generation and energy demand at sub-seasonal to seasonal
will be employed later on in the project (WP4). Therefore, it is important to use methodologies
that can be applied also for prediction systems.

First, time-series of monthly Euro-Atlantic teleconnection (EATc) indiees have been produced
using ERAinterim reanalysisfor the period of 1981-2016. The reproduced EAT patterns show
high similarities to the Climate Prediction Center patterns with only a few exceptions. Then
Pearson correlation analysis has been employed to analyze the impact of identified main
variability modes on the ECVsand energy indicators. The results show that for all the ECVs and
energy indicators not only NAO is important but also the other modes have substantial
correlations. Additionally , two long-term products, ERA20C ard the 10 ensemble members of
CERA20C have been used to investigate the long-term variability of atmospheric
teleconnections since 1900. The relative contributions of the four main patterns are found to
vary similarly over the period 1900-2010, but the range is larger at the beginning of the 20st
Century.

Secondly, weather regimes (WRs) have been classified using different machine larning
techniques. Three different classifications have been produced: one for atmospheric variability
over Europe, another for impact -indicator variability over European country aggregates, and
another one for hydrological assessmentsof snow-driven hydropower production in Sweden.
The impact of a monthly weather regime on wind-power and solar-power generation have
been assessed by averaging the ECVs and energy indicators for all days associatedglith a given
weather regime and month. For hydrology two skill scores have been used to assess the
performance of synthetic inflows that are conditioned using climate variability modes. The
energy-impact regimes illustrate how difficult it is to match supp ly and demand on a particular
day, i.e., thestress on the system.
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The impact of EATG/WRSs on energy sectors exhibit strong inter-annual variations. For wind
generation the impact in winter months (i.e., DecMar of EATc and SeptMar of WRs) is much
higher compared to that in summer months. The corresponding energy capacity factor looks
very similar to their impact on wind speed. For solar generation the SSRD is highly correlated
with the leading atmospheric variability mode in almost all the months with a p redominant
effect of NAO in winter, EA/WR in winter and spring, SCAND and EA in summer. The patterns
of correlation of solar power capacity factor are identical to the pattern of correlation of solar
radiation, with temperature having almost no effect. For hydropower generation both
teleconnections and weather regimes outperform the traditional ensemble streamflow
predictions (ESP) but show strength in different aspects. Teleconnections and weather regimes
complement each other quite well and this helps to characterize part of the climate variability
in different areas and different time period s.

The impact regimes are able to reproduce features consistent with the weather regimes; they
however have much stronger connections to the surface impacts of interest (demand, demand-
net-wind, etc.) than the pure weather regimes. Due to time constraints, the development of
impact-pattern technology has focused on the daily regimes timescale. This is consistent with
the patterns being most relevant to sub -seasonal forecasting given such forecasts typically
offering greater immediate opportunities for skillful forecasts (see Deliverable 4.1). Initial
analysis has been conducted for monthly-to-seasonal impact teleconnections (not shown),
though the methodology remains u nder development. It is expected that impact-
teleconnections it will be discussed further in subsequent deliverables (Deliverable 4.2 and
Deliverable D4.3).
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1 Background and motivation

European climate variability is often assessedthrough the role of atmospheric teleconnection
indices. They aretypically derived from the first few principal components of seasonal -mean,
or monthly -mean upper-atmosphere geopotential height or mean -sea level pressure (Barnston
and Livesy, 1987). The first four modes of European climate variabity are commonly referred
to as North Atlantic Oscillation (NAO), East Atlantic Pattern(EA) Scandinavian pattern(SCAND)
and EastAtlantic West Russian Pattern(EA/WR) Eachof these patterns is known to imprint
different surface temperature, wind speed and precipitation condition s which can, in turn, be
associated with particular impacts on the European energy system (Brayshaw et al., 2011,
Cradden et al., 2017, Zubiate et al., 2017).

&1 | Gl £d iz7 ACzd+ A+xWxlzl | £ AGzIl ¢ "1 ctioniCenten W" 1 Wi
(CPC), and have gained popularity in the climate arma to describe and monitor climate
variability. These teleconnections are computed at CPC with a Rotated Empirical Orthogonal
Function (REOF) analysis: the 10 leading EOF modes of northern meispheric 500 hPa
geopotential height anomalies are computed for each month and then a Varimax rotation is
applied (Barnston and Livezey 1987). However, the associated teleconnection patterns are only
made available as images by CPC. This prevents computip the indices from seasonal
predictions or other reanalysis datasets through a projection. Moreover, selecting the four
Euro-Atlantic Teleconnections from the ten rotated modes is challenging as they do not appear
always in the same order, and CPC removeshe spurious modes and then does a Least Squares
regression to obtain the indices. To overcome these limitations, a similar methodology has
been employed here to recreate those teleconnection indices and patterns (see section 3.1)
This is a crucial step or the work to follow in WP4.

Another limitation of the REOF methodology to assess climate variability is that it enforces

symmetric variability patterns (i.e. the positive and negative patterns of an oscillation need to

be identical). However this is not the case sometimes, and a alternative description of

variability that does not enforces symmetry is provided by classifying synoptic-d, | " W+ ~ 3y +" AC+
1 +6Gd+dqd -seales oX<Edys. These regimes were historically calculatedbased on

professional knowledge of atmospheric motions such as GrossWetterlagen (Baur et al., 1944).

However more recently it has become common practice to calculate regimes objectively, e.g.,

using machine learning techniques such as clustering or fuzzy logics As with low frequency
teleconnection patterns, it is reasonable to expect a close link between the circulation patterns

associated with weather regimes and European energy system impacts (Brayshaw et al., 2012,
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Gramms et al., 2017, Thornton et al., 2017, Bloomfield et al., 2018)he impact of each weather

regime is assessed through composite maps (also known as stratifications).

A key property of both approaches (i.e., teleconnections and weather regimes) is that they
begin from a standpoint of atmospheric variability and then evaluate the impact of those
modes in the energy sector. Another approach has been also studied in S2S4Erather than
dissect variability at atmospheric level and then evaluate itsresponse in the impacted system,
a set of energy-impact regimes directly computed from indicator variability are investigated.
This method begins by identifying regimes in the impacted system (e.g., in maps of national
daily demand or demand-minus-wind across Europe) and only then seeks to associate these
to meteorol ogical circulation patterns. The resulting patterns are thus by construction closely
associated with significant impacts on the power system and are sensitive to the structure of
the power system itself (e.g., deployments of renewable technologies). Impad regimes are
therefore expected to provide a complementary view to the traditional meteorological analysis
(teleconnections, weather regimes), highlighting the patterns of weather which most strongly
characterize variations in the properties of the impacted system.
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2 Dataset and methods

2.1 Energy-relevant Essential climate variables

Essential Climate Variables (ECY that heavily impact the energy sectors include 2 meters
temperature (T2m) for electricity demand, surface solar radiation downward (SSRD) for solar
power generation, 10 meters surface wind speed (sfaVind) for wind power generation, and
adjusted precipitation (P) and adjusted 2 meters temperature (T) for hydropower generation.

Wind-power Solar-power Hydro-power Demand
ECVs sfcwind T2m & SSRD P&T T2m
Temporal resol. 6-hourly 6-hourly Daily Daily
Spatial resol. Gridded Gridded River basin Country-level
Dataset ERAinterim ERAinterim HydroGFD2.0 MERRA2

Table 1: Overview of ECVs in energy model s

Table 1 shows the datasets, the temporal and spatial resolution employed for each ECV for
investigating the link between climate variability and a number of energy subsectors in Europe.
For wind and solar energy sectors the ECVs come froma reanalysis product, the ECMWFERA
interim (Dee et al., 2011) Hydro-power generation highly relies on the quality of precipitation
and temperature, but precipitation is poorly simulated by most reanalysis products. An
adjusted global dataset that builds upon ERA-Interim, the HydroGFD2.0 Berg et al., 2018), is
therefore used to drive hydrological models for better representation of water balance
simulations. The reanalysis that has been used in the Demand modelling to complete the
impact regimes analysis is MERRA2 (Gelaro et al., 20173 comparison of several reanalyses in
terms of those ECVs has been undertaken in D3.1Although the MERRA2and ERAlnterim
reanalyses differ in some aspects, the qualitative synoptic scale circulation patterns in both
reanalysis are very similar, particularly over Europe where the reanalyss are strongly
constrained by observations. The results presented here are therefore believed to le
gualitatively insensitive to the choice of reanalysis dataset.

2.2 Energy indicators

We focus on three energy generation models (i.e., wind power generation, solar power
generation and hydropower generation) and one energy balance model (i.e., demand model).
Here, a brief overview of eachmodel is given. Full details of models can be found in ANNEX
A: Energy models while the impacts coming from climate variability are presented in section
4-7.

Wind power is calculated using 6-hourly 10m surface wind speedwith BSC wind power model
(Lled6 2017, Lledo et al. in prep.). The model egimates capacity factor (CF)at each grid point
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through three different power curves corresponding to three turbine classessuitable for low,

medium and high wind speed. The daily and monthly averaged sfcWind and CF are used to

evaluate the impact of the teleconnection indices and weather regimes on the wind power

sector.

Solar power is calculated using 2m temperature and incoming surface solar radiation with a

model from Bett and Thornton (2016), which is a modified version of Evans and Florschuetz,
1975. The model estimates hourly solar power capacity factors at each grid point. Again, the
monthly averaged T2m, SSRD andCFare used to evaluate the impact of climate variability on

the solar power sector.

Hydropower inflow volumes (synthetic observations) are calculated using a hydrological
model, which is typically the Hydrologiska Byrans Vattenbalansavdelningmodel (HBV) within
the hydropower sector in Sweden. HBV(Bergstrém, 195, Linstrom et al., 1997 is initialized by
driving it, for a spin-up period, up to the forecast initialisation date with observed

meteorologic al inputs. Historical daily precipitation and temperature time series in the period

from the initialisation date to the end of the analysisperiod, from previous years going back
to 1961 are then used as input to HBV. This results in an ensemble of forecats that are
climatological in their evolution from the initial conditions. Here, the Ume river system in the
northern Sweden is to be used as a cag study. The impact of the Euro-Atlantic teleconnection s
and weather regimes on the ability to model the seagnal inflow volumes to hydropower
reservoirs, using analogue forcing data, will be described by two scores, the mean absolute
error skill scores (MAESS) and the frequency of years score (FX The MAESS scorend the FY
score measure whether the conditioned forcing data ( CFD outperforms the reference or not.
Improved performance is indicative of the Euro-Atlantic teleconnections and weather regimes
having a non-trivial impact on the inflow volumes.

Electricity demand is calculated with a country-level multiple-linear regression model

containing parameters to capture both meteorological - and human-behavior. Each country has

a unique regression model, which is trained on two years of measured demand data (2016

2017) from the ENTSOe transparency plaiorm (https://transparency.entsoe.eu), and is then

applied retrospectively full reanalysis period (1980-2017). Two versions of the model output

"T+ 17 +x"K+|" KCt ~ioWW | xd"l| _2q¢gGlo "WW zi K
TN E"AGAE | £1 K | £d" 1| _ 3 CGI C-déyteé aNd ¢oaling degtedVi KC+
terms_ i.e., removes theimpacts of the day-of-week term and long term -trends). The temporal

resolution of the demand data is reported differently depending on the country, but all

datasets are converted into daily-mean demand for model training.
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3 Climate variability over Europe

3.1 Teleconnections

3.1.1 Euro-Atlantic teleconnections

Geopotential height anomalies at 500 hPa from the ERAiInterim reanalysis (Dee et al. 2011) for
the period 1981-2016 have been employedto compute the four Euro - Atlantic teleconnections

NAO, EA, SCAND and EA/WRHere the analysis has been restricted to theEuro-Atlantic domain

[90°W-60°E; 20-80°N] and only the first four REOF modes have beenconsidered. For each
month, the monthly anomalies of the previous and next month are also included in the REOF

analysis, dthough only the index for the central month is used. These three months are

included to increase the sample size and the robustness of the analysis.

The four obtained REOF modes have been reordered andheir sign has beenadjusted so that
the correlation patterns resemble as much as possible the positive phases of the NAO, EA,
EA/WR and SCAID patterns (in this order) as computed by CPC. The correlation patterns
obtained for the twelve months of the year can be seen inFigure 1 and Figure 2.
The results have been compared with the CPC patterns for each month, as illustrated for
Januaryin Figure 3. The correlation maps of the teleconnection indices with the anomalies of
500 hPa geopotential height are very similar. However, given thedifferences in period, region,
dataset and methodology used, it is not surprising to find differences for some months and
modes, namely:

u mode 2 differs from CPC EA pattern in April and May

u mode 3 does not resemble CPC EA/WR for February and March (weak pagrns in
CPC) and December (similar pattern to November)

u mode 4 differs from CPC SCANDiIn October

The impacts of those four variability modes have been assessed through correlation analysis
of the teleconnection indices with the ECVs and the energy indicators at monthly scale from
1981-2016. The correlation is based on the Pearson correlation coefficient at lag 0 and the
statistical significance is calculated by the twq tailed probabilit y of the Student-t distribution
at 99% of confidence. In section 4-6 a detailed explanation is given for the central month of
each season(i.e. January, April, July, and Octoberso as to present impacts coming from Euro-
Atlantic teleconnections on sfcWind, SSRD, T2m and precipitation from the HydroGFDFor the
sake of readability Januaryis used as an exampleto illustrate the dependence amongst climate
variability, ECVs andenergy indicators, while the figures for the other months are available in
the Annexes
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Figure 1: Correlation patterns between 500 hPa Geopotential heights and the four
Euro-Atlantic Teleconnection indices (columns) as computed in S2S4E, for the first six
months of the year (rows). Scratched area indicates statistical significance at 99%

confidence lev el. Source: ERA-interim.
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November

December

Figure 2: Correlation patterns between 500 hPa Geopotential heights and the four
Euro-Atlantic teleconnection indices (columns) as computed in S2S4E, for the last six
months of the year (rows). Scratched area indicates statistical significance at 99%
confidence level. Source: ERA-interim.
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January

CPC patterns S2S4E patterns Time correlations

NAO EA EAWR SCA
mi 088 02 013 -0.11
m2-0.15 075 =02 0.17
m3 -0.56 -0.12 077 022
m4 -0.22 -007 -048 0.89

NAO

EA

Space correlations

EA/WR

NAO EA EAWR SCA
mi 084 033 021 -0.31
m2 -0.05 087 -032 029
m3 -0.58 -027 074 029
m4 -045 -01 -053 094

SCA

Figure 3: Comparison of patterns obtained correlating geopotential height at 500 hPa
anomalies with CPC and S2S4E indices for January in the period 1981 -2016. The tables
on the right summarize time and space correlations between the two methods.

3.1.2 Long-term variability of Euro-Atlantic teleconnections

Two long-term reanalysis products, the ERA20C reanalysis (Poli et al. 2013, 2015) and the 10
ensemble members of the CERA20C reanalysis (Laloyaux et al. 2018have been used to
investigate the long-term variability of atmospheric teleconnections. While ERA20C was
produced using an atmosphere-only model, CERA20C is a reanalysis produced by a couptd
model, which also provides 10 ensemble members. For this analysis, mean sea level pressure
(MSLP) instead ofgeopotential height at 500 h Pa (g500) is used, because the g500 for the
period 1900-2010 shows a trend due to global warming. We focus on December-January
February (DJF).

Figure 4 shows the correlation patterns between MSLP and the four main teleconnection
pattern for the three months average of DJF and the whole period from 1900 to 2010.
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pattern 1 (25.5% tot.var) pattern 2 (15.8% tot.var)
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Figure 4: Correlation patterns between mean sea level pressure anomalies (DJF from
1900-2010) and the four Euro-Atlantic teleconnection indices as computed in ERA -20C.

Pattern 1 resembles the negative phase of the Scandinavian 8CAND pattern, pattern 2 the
positive phase of the East Atlantic (EA) pattern, pattern 3 the positive phase of the NAO and
pattern 4 does not resemble any particular pattern.

The same analysisfor each of the 10 ensemble members of CERA20C has been done. Apart
from reversed signs patterns, they all look very similar to each other, and to ERA20C, but
somewhat different from what is obtained with ERAinterim. When the patterns are calculated
considering only the 1980-2010 period, the patterns are more similar (not shown here).

The evolution over time of these 4 teleconnection patterns in ERA-20C and CERA20C was
therefore considered (seeFigure 5).
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Figure 5: Time evolution of the four main teleconnection patterns in the ERA -20C

(black) and CERA-20C (blue) reanalyses. Each dot represents DJF for the winters 1902 -
2010 and the lines are the 10 years running average time series.

While the range across the 10 ensemble members of CERA0C is relatively narrow, the
differences with ERA20C, especially for pattern 1 and in generalat the beginning of the 20th
century, can be more substantial. However, the yearto-year and decadal variability in both re-
analyses varies in a similar way. IDeliverable 4.2the skill of seasonal hindcasts will be assessed
in the ASF20C dataset, and sihce this was produced using a similar modelling setup to the
ERA20C reanalysis, ERA0C will be the reference dataset (Weisheimer et al., 2017).

Next, the relationship between the main teleconnection patterns and temperature extreme in
Europe are investigated, as days with extreme cold/warm weather would be related to high
demand events in the model for different situations (e.g., heating/cooling systems). Extreme
temperature indices during the period 1981 -2010 were calculated in ERA20C and the Euro-
Atlantic teleconnection patterns are re-calculated for this period (Figure 6). Pattern 1 now
resembles the positive phase of the Scandinavian pattern, pattern 2 the negative of the EA,
pattern 3 the positive phase of the NAO and pattern 4 again does not correspond to any
particular known pattern.
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Figure 6: Correlation patterns between mean sea level pressure anomalies (DJF f rom
1981-2010) and the four Euro -Atlantic teleconnection indices as computed in ERA  -20C.

The daily Heat Wave Magnitude Index (HWMId) (Russo et al. 2015) and the daily Cold Wave
Magnitude Index (CWMId) are calculated similarly as in Brunner etal. (2018). A each grid point,

£" 1 C | " Gd | W' dqGi Gx| GAC+T "¢ " y"7d z1 | zW|
day (obtains a value of 0). Then for each DJF three months period, we obtain the sum of warm
and cold extremes at each grid point. The Spead " | ~ ¢, V"1 F 1 z717 +W" AGz | |z :

these two time series and the patterns indices is then calculated and shown in Figure 7 and
Figure 8. The positive phase of the two patterns explaining most of the total vari ance, pattern

1 (SCAND) and 3 (NAO), are associated with more cold extremes in Northern Europe, and less
warm extremes in these regions. The EA is associated with less cold extreme in the Scandinavian
Peninsula but not necessarily with more hot extremes. t is however associated with less cold
extremes in parts of France, Portugal, Spain, Italy and the Balkans, and more cold extremes in
Portugal, Spain, Italy and the BalkansHow these extreme temperature indices relate to energy
demand will be investigated in Deliverable 4.2.
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wave days during DJF for the period 1981 -2010. Only correlation coefficients
significant at the 5% level are shown.

3.2 Weather Regimes
3.2.1 Weather regimes

Weather regimes ( WRs) have been computed with the sea level pressure (SLP) fromERA
interim (Dee et al. 2011) during 19812016 periods (seeFigure 9 and Figure 10).

Daily-mean SLP was computed as an average of éhourly raw data (00, 06, 12 and 18 UTC)The
daily anomalies at each grid have been computed as deviations from the climatology which
have been filtered with a LOESS polynomial egression with a degree of smoothing U= 1 to
take into account the annual cycle and minimize the short-term variability of the climatological
estimates (Mabhlstein et al. 2015).Before classifying the WRs, daily gridded SLP anomalies were
weighted by the cosine of the latitude, in order to ensure equal area weighting at each grid
point. Principal Components Analysis (PCA) filtering was not applied in this work, to take into
account extreme SLP values.

For each individual month of the year, four regimes were classified, by clustering daily SLP
anomalies with the k-means algorithm (Hartigan and Wong 1979) with 30 random starts and
a maximum of 100 iterations over the Euro-Atlantic region (27°-81°N, 85.5°W-45°E). The k
means algorithm minimizes the sum over all clusters of the within-cluster SLP variance. Its main
caveat is that the optimal number of clusters (k) is not defined a priori. The number of regimes
k=4 was chosen in this work as it corresponds to the more robust regime partition during
winter months (Michelangeli et al 1995).

The impact of a monthly WR on energy production and demand are to be assessed by
averaging the ECVs and energy indicators for all days associated to a given weather regime
and month. A t-test is performed to assess the level of significance of the anomalies at 99%
level. In section 4-6 a detailed explanation is given to the middle month of each season (i.e.
January, April, July, and October) so as to present impacts coming fromweather regimes on
sfcWind, SSRD, T2m and precipitabn from the HydroGFD. Again, January is used as an
example to illustrate the dependence of ECVs andenergy indicators under the influence of
weather regimes.
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Figure 9: WRs (columns ) derived from k -means clusters using SLP durin g 1981-2016,

for the first six months of the year (rows). Scratched area indicates statistical
Source: ERArinterim.

significance at 99% confidence level.
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Figure 10: WRs (columns) derived from k -means clusters using SLP during 1981 -2016,
for the last six months of the year (rows). Scratched area indicates statistical
significance at 99% confidence level. Source: ERA-interim.

3.2.2 Hydrological WRs

Hydrological WRs have been classified based on the concept of fuzzy sets(Zadeh, 1965),using
imprecise statements to describe a certain system (in this case the climate systen). The
classification scheme follows four steps: 1) the transformation of large-scale data, e.g., the
MSLP; 2) the defintion of the fuzzy rules; 3) the optimization of the fuzzy rules and 4) the
classification of hydrological weather regimes. A detailed description of the methodology can
be found in Bardossy et al., 2002.

The anomalies of daily mean sea level pressure MSLP) from reanalysis data (i.e.ERAinterim)
serve as a predictor to derive precipitation -induced WRs. Daily-mean SLP was computed as an
average of 6-hourly raw data (00, 06, 12 and 18 UTCHht 3° resolution over Euro-Atlantic region
(27°-75°N, 100.5°W-73.5°E). Precipitation records, measured in the Ume river basin during
1981-2016 are used as local observations tooptimize each fuzzy rule that describes a type of
T " O+ Tvaridbiity of local climate in terms of the frequency and magnitude of precipitation
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events (hormal events and extreme events)via an iteration optimization process. In total, twelve
hydrological WRsfor the whole year are classifiedat a daily scale (seeFigure 11).

WRO1 WR02 WRO03

i
100W 100W

Figure 11: Anomaly maps of h ydrological WRs derived from fuzzy classification using
the MSLP during 1981 -2016. Source: ERArinterim.

A number of hydrological WRs show similarities to identified leading atmospheric variability
modes but with shifts in the location of cyclonic and anti-cyclonic centresand strength of MSLP
gradients.

A wetness index is used to evaluate the impact of individual hydrological WR on precipitation
amount and occurrence. Wet hydrological WRs (wetness index >1)indicates high precipitation
amount but with low frequency and dry WRs(wetness index >1) indicates opposite conditions.
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Seen from the wetness indices,WR02, WR)6 and WR12 aretherefore likely to cause more

extreme wet situations for the Northern Sweden, while WR02 and WR03 and WR12 are

dominant drivers for the wet situations in summer for the same area (not shown here).

3.2.3 Impact regimes

Impact regimes provide an alternative perspective on the meteorological drivers of the power
system compared to traditional teleconnection or weather regime analysis. Impact regimes
are constructed analogously to weather regimes (i.e., using clustering techniques), but with
input time -series corresponding to daily maps of a nationally-aggregated energy variable (i.e.,
demand, wind power generation or demand -net-wind) rather than a gridded meteorological
data set. As with the weather regime analysis, a unique set of clusters is constructed for each
calendar month.

By construction, the impact regimes are sensitive to the nature of the energy variable being

considered, with important implications for their interpretation. For example, an impact regime

based on raw national energy data time-series in Europe identifies the patterns associated wih

the largest absolute energy fluctuations (in GW) by country across Europe. However, while this

might be of interestto a hypotheticalpan -° 07 z A" | | £+ A3 z1 F zA+7 " Kz1 T ol |
network without transmission constraints, it fails to represent capture the variability of concern

to individual regional or national TSOs. In simple terms: a 1GW swing in France (representing

~2% of their annual-average demand) is likely to be less important to the French TSO than a

1GW swing in Romania is to the Rananian TSO (representing ~15% of their average demand).

Each energy variable is therefore normalized prior to the calculation of impact regimes to

reduce the over-dominance of larger national energy systems. A LOESS filter is first applied to

each country-aggregated daily energy variable time series to calculate a smoothed seasonal

cycle (the orange line in Figure 12), which is then removed to calculate the time-varying energy
O"1G"bWx "l zd" W | ° " |-s€ried iz theh Aivided by its"owreshhddfd A Gd *
deviation. A value of +1 in the resulting time -series therefore indicates a +1 standard deviation

departure above the seasonal cycle norm for that country. For demand or demand-net-
renewables, the normalized anomaly time series can therefore be considered to be an indicator

zi KCx "~ di dA+xd dAT +dd~ _Czx | GiiGlowWA GK Gd K=z
Hereafter, the de-seasonalised, normalizel energy variable time series are referred to as
l 27 d" WG x| 1 7061 "lzd"WG+td _+.6_."7 | zhd" WG #|

wind anomaly).
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Figure 12: 36-year mean daily demand for France (blue) and the corresponding LOESS
filter (orange).

Impact regimes have been calculated for demand, demand-net-wind (DNW; demand . wind
power generation). Demand-net-solar, demand-net-wind-net-solar impact regimes were also
calculated however, these were not included in the deliverable as the relatively modest amount
of installed solar generation across Europe (compared to wind power generation) results in the
patterns looking very similar to those for demand and demand -net-wind respectively. It is
noted here that it should be recalled that the demand data used in this analysis is modelled
demand, "I | | A+l | d =zl Wi =zl K+dA+1 " KoVl +x _Cx" KGlo6_1 z:
and long term trend terms are removed to reduce noise. In this analysis each countries
installed wind power and solar power capacities are taken from those reported on the ENTSOe
transparency platform. Future work will also investigate if the impact regimes are significantly
different if plausible future installed wind and solar capacities are used. This data 5 available
data from the eHighway2050 (2015) scenarios

For each energy variable weather-impact regimes are calculated separately for each calendar
month using data from 1981-2016. The regimes are calculated using the kmeans clustering
algorithm with 4 clusters. The choice of 4clusters is arbitrary and is chosen to be comparable
with the weather regimes previously discussed, but further research will seek to apply
guantitative measures to determine optimal cluster numbers.

"1 C dzl AC~ dgxamikid igdkidially, afidicamposites of MSLP, 2m temperature and
10m wind speed are made from the data corresponding to the days allocated to each cluster,
and can be compared with equivalent compaosites for the weather regimes. This report will
exclusively focus on January but analysis from other calendar months can be found in the
ANNEX F: Influence of climatevariability on energy demand.
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4 Wind power generation

4.1 Imp act of Euro-Atlantic Teleconnections

Figure 13 and Figure 14 show the impact of Euro-Atlantic teleconnections on surface wind
speed for every calendar month. The analysis follows the methodology described in section
3.1.1

In general, the Euro-Atlantic teleconnections and wind speed variability appear to be related,

with correlation coefficients as high as r=+0.9 in some specific areas and months. The more
significant correlations are observed in northern, central and western Euiope for a period from

December to March.

In January NAO significantly influences the wind speed over most part of Europe, with positive

influence in northern Europe (in particular in the British Isle, the southern Scandinavia, and the
Baltic Sea countrieg and negative influence in southern Europe. EAhas a strong influence on

wind speed over Southern Europe (i.e., positive correlation in the Iberian Peninsula and
negative correlation in the Balkan Peninsula). EAWR d, Gl i Wo 1 | Gl & "1 #,"
the UK, most part of France and Germany and the northern Scandinavia, in which positive
correlation is observed in contrast to the negative correlation in other influencing regions. The
correlations between SCAND and wind speedare mostly negative and significant in Eastern

Europe and positive and significant in the Iberian Peninsula.

In April only EA/WR and SCANDshow correlations higher than £0.3 over the whole European
region. The former has a widespread negative impact overWestern Europe and a positive one
over Scandinavia. The latter has a spatial correlation distribution similar to EA/WR, but with
opposite sign.

In July NAO exhibits negative and significant correlations over central and Western Europe. On
the contrary, EAhas limited impact that is restricted to positive and significant correlations over

the UK, southern Scandinavia and Denmark. EA/WR showmpacts on South Europe, with

negative correlations over southwestern Europe and positive ones over southeastern Europe
even if rarely significant. SCAND is characterized by an area with negative and significant
correlations over northern Europe.

In October NAO shows negative correlations over most part of Europe (except Scandinavia,
Greece and northern UK) but they only appear to be significant in central Europe. EA presents
negative and significant correlations over Italy and Greece, and positive over UK. EA/WR only
exhibits significant anomalies over Eastern Europe.SCAND presents a clear north-south
gradient, with negative and significant correlations over northern Europe and positive and
significant ones over Iberian Peninsula.
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Impact of Teleconnections on Surface Wind in 1981-2016
NAO EA EAWR SCA
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Figure 13: Impact of E uro -Atlantic Teleconnections (columns) on surface wind speed in
the first 6 months (rows) in 1981 -2016.
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Impact of Teleconnections on Surface Wind in 1981-2016
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Figure 14: Impact of Euro-Atlantic Teleconnections (columns) on surface wind speed in
the first 6 months (rows) in 1981 -2016.

The spatial distribution of the impact of teleconnections on capacity factor is very similar to
their impact on wind speed, regardless of the type of turbine installed. The calculated
correlation maps for each month are included in B.1: Impact of EATcon wind speed and
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capacity factors. The most striking differences are observed for the indicator CF iec3 indicator
in January (see figures inFigure 15) where CF iec3 correlations with all the four teleconnection
indices are of opposite sign of those of the other two indicators CF iecl and CF iec2 in the
north Atlantic region close t o north -western UK and in the North Sea.

Impact of Euro-Altantic Teleconnections on Wind Speed and CF in January 1981-2016
NAO EA EA/WR SCA

g500

sfcWind

CFiec 1

CFiec2

CFiec3

‘4 09 08 07 06 05 04 03 02 0 0 01 02 03 04 05 06 07 08 09 1

Figure 15: Impact of January teleconnection indices on wind speed and wind power
generation. Each image shows the correlation between the four Euro-Atlantic
Teleconnection indices (columns) and 500 hPa geopotential height ( g500), surface wind

speed (sfcWind) and the three capacity factor indicators. Hatches indicate statistical
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significance at 99% confidence level.

4.2 Impact of weather regimes

The impact of a monthly WR on wind speed and CF was measuredollowing the methodology
described in section 3.2.1 Wind speed anomalies were normalized with the climatological wind
speed value (i.e. averaging wind speed at a given point in 19812016). This allows to better
discern the impact of the WRs over land, where wind speed is usually lower (in absolute value)
than over the sea.

Like teleconnections, the impad of WRs on wind speed exhibits strong inter-monthly variations
(see Figure 16 and Figure 17). WRs can significantly influence average wind speed in Europe,
locally up to +50% of its climatological value for certain WRs and months, especially in winter
months. From September to March the WR impact on wind speed is high, significant and more
widespread, particularly in Northern, Central and Western Europe.

Northern, western and southeastern Europe wind speed is often affected in a different way by
WRs. Their spatial impact patterns ofen exhibit a bipolar structure with a mostly north -south
gradient, when the SLP patterns of the WR resembles those of the wintertime NAO+ or NAO-
regime (as in case of regimes 1 and 2 in winter months). Regime 3 is characterized by a higher
than normal SLPover Scandinavia and for this reason its impact from August to March patterns
usually show a significant decrease of wind speed over central Europe. Regime 4 greatly varies
its impact patterns through the year.

In January all regimes have a strong impacton wind speed. Regime 1 influence exhibits a north-
south gradient over a widespread area of positive and significant wind anomalies over central
and northern Europe, that can be locally very intense (>26% average wind speed). Negative
and significant anomalies are observed mostly over the Iberian Peninsula. Regime 2 shows
another spatial gradient of its impact on wind speed, with negative and significant anomalies
over UK and positive and significant ones over the Mediterranean basin. Regime 3 is
characterized by widespread negative and significant wind anomalies over most part of Europe.
By contrast, areas with positive and significant wind anomalies are measured over Greece,
Adriatic Sea and northern Scandinavia. Regime 4 exhibits mostly positive and signficant
anomalies over the Iberian Peninsulaand western France, and weak negative anomalies over
the rest of continental Europe.

In April regime influence on wind speed is very low over continental Europe: regime 1 and 3
show significant anomalies almost only over the British Isle. The influence of regime 2 over the
wind speed is restricted to Iberian Peninsulaand Greece. Lastly, regime 4 presents weak but
widespread negative anomalies over most part of Europe.

In July regime influence over the wind speed in Europe is determined mainly by regime 1 and
2: the former presents mostly negative and significant anomalies over most part of Europe, the
latter mostly positive and significant ones.
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In October all regimes have a strong influence on wind speed. Regimel exhibits widespread
positive and significant wind anomalies over central and northern Europe and negative and
significant over the Iberian Peninsula Regime 2 is characterized by positive and significant
anomalies over EasternEurope and negative and significant ones over the UK. Regime 3 leads
to a significant reduction of wind speed over most part of central, western and northern Europe,
except Greece and northern Scandinavia, where the impact has the opposite sign. Regime 4
shows positive and significant anomalies over Iberian Peninsula western France and the UK
and weak negative anomalies elsewhere.
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Impact of WRs on Surface Wind in 1981-2016
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Figure 16: Impact of weather regimes (columns) derived from k

speed in the first 6 months (rows) in 1981
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Impact of WRs on Surface Wind in 1981-2016
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Figure 17: Impact of weather regimes (columns) derived from k -means on surface wind
speed in the last 6 months (rows) in 1981 -2016. Source: ERA-interim.

It is found that the spatial distributi on of the impact of WR's on capacity factor is very similar
to their impact on wind speed . However, the smilar discrepancies were also detected in the
case of the relationships between weather regimes and CF /ec3in January (see Figure 18),
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where the positive impact observed in the North Sea for wind speed and CF jeciland CF jec2
are negative. The analyticalmaps for other calendar month s are included in B.2: Impact of WRs
on wind speed and capacity factors.

Impact of WRs on Wind Speed and CF in January 1981-2016
Regime 1 Regime 2 Regime 3 Regime 4
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Figure 18: Impact of weather regimes (columns) derived from k -means on surface wind
speed (sfcWind) and capacity factors ( CFs) during January 1981 -2016. Values ranges
from -1 to 1 for both wind speed and CF. Impact on surface wind speed is expressed in
relative anomalies (with respect to the average wind speed).
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5 Solar power generation

5.1 Impact of Euro-Atlantic Teleconnections

The photovoltaic capacity factor mainly depends on the amount of the surface solar radiation
downward (SSRD) available, but is also influenced by other atmospheric variables that affect
the efficiency of the photovoltaic cells, which diminishes as their temperature increases (see
A.2: Solarpower model). Therefore, the correlation of the main four teleconnection indices
(NAO, EA, EAWR andsCAND) with SSRD,T2m and photovoltaic capacity factor (CF PV)has
been investigated expecting possible small effects of temperature on the photovoltaic capacity
factor during summer, with no effects in the other seasons. Figure 19 - Figure 22 show the
monthly correlation between the main teleconnection indices and ECVs.

In January the correlation between NAO and SSRD is significant and up to 0.6 over
Mediterranean region and over part of the Iberian Peninsula. Significant negative values of
correlation are located over Norway. The way the NAO influence the solar radiation variability
is mainly by controlling the storm track and the associated cloud cover (Pozo-Vazquez et al.
2004). NAO is positively correlated with cloud cover anomalies over the North of the British
Isles and the Scandinavian area, and maximum negative corriated with cloud cover anomalies
over Southern Europe (Trigo et al., 2002). The NA@associated spatial pattern of correlation of
solar radiation is opposite to the pattern of correlation of precipitation ( see Figure 29 and
Figure 30). Temperature correlation patterns are high and significant over Northern and Central
Europe, with almost no correlation in the Mediterranean basin. EA is mainly significantly anti-
correlated with solar radiation and significantly correlated with the surface temperature over
Iberian and Mediterranean basin. In Northern Europe, EAWR is strongly correlated (up to 0.8)
with solar radiation and anti -correlated with the temperature. The correlation between SCAND
and solar radiation is negative over Southern Europe.

In April there are no significant regions of correlation over Europe between NAO and SSRD,
temperature or PV CF. Solar radiation and PV CF are not affected by the EA, instead,
temperature is correlated (up to 0.5) positively over British Isles and Norway. In Northern and
Central Europe, SSRD and temperature show high values of correlatiorwith EAMWR. SSRD is
anti-correlated with  SCAND over Central Europe and Scandinavia. Temperature is amni
correlated with SCANDover Western Europe.

In July there are significant regions of correlation over Scandinavia and British Isles between
NAO and SSRD. Solaradiation and temperature are significantly anti-correlated with EA over

the British Isles. Temperature is positively correlated with EA in the eastern part of the
Mediterranean basin. Low values of significant positive correlation (up to 0.3) between EA/MR

index and solar radiation are found over Continental Europe. The highest pattern of positive

correlation with SSRD(up to 0.8) and temperature (up to 0.9) are shown over Northern Europe

for SCANDiIndex.
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In October surface solar radiation is positively correlated with NAO over North of France,
temperature is positively correlated over British Isles and Scandinavia. Small patch of negative
correlation between solar radiation and EA exists over Great Britain, Ireland and Southern
Scandinavia. Temperature $ positively correlated with EA over Northern Europe. There are not
significant regions of correlation between EA/WR and surface solar radiation. The temperature
is strongly anti correlated with EA/WR over Northern Scandinavia. SCAND index and solar
radiation are positively correlated over Northern Western Scandinavia and negative corelated
over Iberian Peninsula.

Impact of Teleconnections on SSRD in 1981-2016

January

February

March

April

May

June

Figure 19: Impact of Euro -Atlantic Teleconnections (columns) on SSRD in the first 6
months (rows) in 1981 -2016.
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Impact of Teleconnections on SSRD in 1981-2016
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Figure 20: Impact of Euro -Atlantic Teleconnections (columns) on SSRD in the last 6
months (rows) in 1981-2016.
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Impact of Teleconnections on 2m Temperature in 1981-2016
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Figure 21: Impact of Euro -Atlantic Teleconnections (columns) on 2 meters temperature
in the first 6 months (rows) 1981-2016.
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Impact of Teleconnections on 2m Temperature in 1981-2016
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Figure 22: Impact of Euro -Atlantic Teleconnections (columns) on 2 meters temperature
in the last 6 months (rows) in 1981-2016.

For all the months and teleconnection indices, it is found that the pattern of correlation of CF
PV is identical to the pattern of correlation of solar radiation, with temperature having almost
no effect. For example, in January (seerigure 23) pattern of correlation between NAO, EA,
EAMWR and SCAND indices and CF PV fully reflect in terms of amplitude and significance
patterns of correlation with SSRD. Pattern of SSRDgenerally show a dipolar structure with
gradient that is the same of temperature in spring and summer, but is opposite in winter and
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autumn. The correlation maps for other calendar month can be found in C.1: Impact of EATc
on solar generation related variables and capacity factors

SSRD

T2m

CF PV

correlation

[— | 1 I

DO S——
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 23: Impact of January teleconnection indices on  surface solar radiation, 2 meters
temperature and solar power capacit y factor. Each image shows the correlation
between the four Euro -Atlantic Teleconnection indices (columns) and surface solar
radiation (SSRD), 2 meters Temperature ( T2m), the capacity factor indicator (CF PV).
Hatches indicate statistical significance at 9 9% confidence level .

5.2 Impact of weather regimes

The photovoltaic capacity factor depends on the amount of the surface solar radiation
downward (SSRD) available and, in a limited mannerpn the ambient air temperature (seeA.2:
Solar-power model). The main factor of meridional variations of surface solar radiation is the
cloud cover variability, associated, for instance with the precipitation. The concept of weather
regimes is based on the idea of an earth atmosphere evolving between a limited numbers of
states that have specific consequences for local weather. Several studies over the North
Atlantic-European domain, demonstrate that weather regimes are highly correlated to
anomalies of local surface temperature and precipitation (Plaut and Simonnet, 2001, Yiou and
Nogaj, 2004, Herting et al.2014). Therefore,it is expected that clear spatial patterns of solar
radiation and photovoltaic capacity factor (PV CF) asseiated with those regimes.

Daily anomalies of SSRDT2m and CF are calculated by removing the seasonal cycle from 1981
to 2016. The impact of a monthly weather regime (as calculated in Section3.2.1) on surface
solar radiation downward, temperature and CF PV was measuredollowing the methodology
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described in section 3.2.1. A t-test is performed to assess the level of significance of the

anomalies. Figure 24 - Figure 27 show the correlation between the weather regimes and ECVs

for each calendar month.

In January (see Figure 25 and Figure 27), averaged composite of SSRD anomalies relative to
Regime 1 has a dipole structure with north-south gradient. Anomalies are positive and
significant over Mediterranean basin (about 10 W m-2) and Iberian Peninsula (up to 20 W m-
2). Negatives significant values over Northern Europe are below 8 W m2. Temperature
anomalies are positive over Northern Europe with values up to 5 °C. The influence of Regime
2 leads to negative anomalies over Balkan region and postive anomalies over British Isles.
Northern Europe temperature is largely affected by Regime 2 (negative anomalies up to 4 °C).
Positive significant anomalies of about 10 W m-2 over Central Europe and Portugal are due to
Regime 3, that influences mainly Ea&tern Europe temperatures. Regime 4 largely influences
SSRD negative values over Iberian Peninsula, (about20 W m-2), Alps region (about-12 W m-
2) and Balkan region (about -8 W m-2). Instead, positive surface changes in temperature are
localized over Northern France and Balkan.

In April (see Figure 25 and Figure 27), strong negative and significant anomalies of SSRD related
with Regime 1 are localized over Ireland, Great Britain and Scandinavia. Positive anomalies are
significant only over Iberian Peninsula. Temperature is influenced significantly by Regime 1
only over Northern Eastern Europe. Negative SSRD anomalies over Iberian region and Alps
region and positive SSRD anomalies over Ireland and Eastern Mediterranean basin are
associated with Regime 2. he averaged composite of SSRD anomalies associated with Regime
3 has a dipole structure with a gradient oriented from North -West to South-East similarly to
the gradient of temperature anomalies. Regime 4 influences Western European SSRD with
positive anomalies in the South and negative anomalies in the North.

In July (see Figure 26 and Figure 28), the averaged composite of SSRD anomalies associated to
Regime 1 is positive over Northern Central and Eastern Europe (up to 16 W m2) and negative
(about 8 W m-2) over Southern Eastern Europe. Significant temperature anomalies below 2 K
are localized over Northern Continental Europe. SSRD anomalies associated with Regime 2
have a large dipolar structure with a gradient of about 35 W m-2 from North to South.
Temperature anomalies reflect the same dipolar structure with the amplitude of the anomalies
below 2/3°C. Changes in temperature follow the same South East to North-West structure
and are less than 1 °C.

In October (see Figure 26 and Figure 28), the SSRD posite and significant anomalies over
Southern Europe are always below 12 W m2, except over Iberian Peninsula (up to 20 W m2).
Regime 2 influences SSRD over Central Europe (negative anomalies) and Temperature over
British Isles and Scandinavia. The averagedomposite of SSRD anomalies associated with
Regime 3 is positive and significant over Northern Europe and negative over Mediterranean
basin. The low changes in temperature are significant over all Europe except Iberian Peninsula.
Regime 4 impacts SSRD ovekVestern Europe with negative anomalies below 20 W m 2.
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The averaged anomalies of the photovoltaic capacity CF PV resembles the averaged anomalies
of SSRD. For instance, and associated change in CF PV of about 0.018 over Iberian Peninsula.
In January (seeFigure 29), CF PV anomalies associated with Regime 1 are larger over Iberian
Peninsula (about 0.02) where the SSRD is larger. The Regime 2 leads to lower values of solar
radiation over over Balkan region as well as lower CF PV. The positive variations of EPV (below
0.01) due to Regime 3 are localized over Central Europe and Portugal, where the SSRD
anomalies are larger. The most relevant changes in CF PV are over Iberian Peninsula (about
/+ 0.020) and are due to Regime 1 and Regime 4, associated with ananalies of SSRD of about
20 W m-2.

The influence of WRs on the surface solar radiation downward can be greater than 20 W m
2per day and the CF anomalies can reach up to 0.03. Changes in solar radiation associated with
WR are due to the enhanced cloudiness wth consequent dimming (Chiacchio and Wild 2010;
Pozo-Vazquez et al. 2011). Regime 1 during winter and autumn is associated with above
normal temperature over northern Europe and Scandinavia and above-normal solar radiation
over Southern Europe. Regime 2is associated with Solar radiation lower than normal in Central
Europe and above than normal over Balkan region in spring and summer. Regime 3 is
associated with solar radiation above than normal in Northern Europe and lower than normal
in Mediterranean basin, especially in summer and spring. Regime 4 mainly affects Solar
radiation in the Iberian Peninsula with values below than normal in winter and autumn and
above than normal in spring.
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Impact of WRs on SSRD in 1981-2016

Regime 3 Regime 4

Figure 24: Impact of weather regimes (col umns) derived from k -means on SSRD in the
first 6 months in 1981 -2016
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Impact of WRs on SSRD in 1981-2016
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Figure 25 Impact of weather regimes (columns) derived fromk  -means on SSRD in the
last 6 months in 1981 -2016
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Impact of WRs on 2m Temperature in 1981-2016
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Figure 26: Impact of weather regimes (columns) derived from k  -means on 2 meters
temperature in the first 6 months in 1981 -2016
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Impact of WRs on 2m Temperature in 1981-2016
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Figure 27: Impact of weather regimes (columns) derived from k  -means on 2 meters
temperature in the last 6 month sin 1981-2016
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Figure 28: Impact of weather regimes (columns) derived fromk  -means on SSRD (first
row), 2 meters temperature (second row) and CF (third row) during January 1981 -2016.
Hatches indicate that anomalies are signific ant at the 95% confidence level.

6 Hydropower generation

6.1 Impact of Euro -Atlantic Teleconnections

Precipitation data from the HydroGFD has been used to investigate the impact of Eurc Atlantic
teleconnections on precipitation over the European domain. The analysis follows the
methodo logy described in section 3.1.1 and the resultsare presented in Figure 29 and Figure
30.

In January NAOhas a positive and significant correlation on precipitation over parts of northern
Europe while showing negative and significant correlations over the Mediterranean region and
to the north of the Black Sea. EA has a weaker influence on precipitation across the domain.
However, there are a few areas where the influence is significant i.e. positive correlation over
the western part of the Iberian and negative correlations over southern Germany, Czech
Republic, and Austria. EA/WR has a negative and significant correlation over the British Isles,
Southern Scandinavia, France, and the northern parts of Germany and Poland. Two small
regions of strong positive correlations are found over the northern Norwegian coast and the
Spanish Mediterranean coast. SCAND has a negative and significant correlation over the
northern Scandinavia, Finland, the Baltic States, and parts of northern Russia, while it has a
negative and significant impact on precipitation over the Iberian Peninsula, southern France,
and ltaly.
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