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ARTICLE INFO ABSTRACT

Keywords: Only a few studies on the overall impact of climate change on offshore wind power production and wind power
Climate change ramps in the North Sea region have been published. This study focuses on the characteristics of expected wind
CORDEX power production and wind power ramps in the future climate aided by the classification of circulations patterns
ls\IeOl;-ﬂ;rZ:iizing maps using a self-organizing map (SOM). A SOM is used to cluster high-resolution CMIP5-CORDEX sea level pressure
Wind ramps data into 30 European area weather patterns. These patterns are used to better understand wind power pro-

duction trends and any potential changes. An increased frequency of occurrence and extended persistence of high
pressure systems lasting at least 24 h is projected in the future. Whereas a contrasting reducing tendency for low-
pressure systems is estimated. No significant evidence is seen for a change in wind power capacity factor over the
North Sea, though tentative evidence is seen for a reduction in wind power ramps. Annual energy production is
seen to be dominated by a small number of weather patterns with westerly, south-westerly or north-westerly
winds. Future wind power production is projected to become less from westerly winds and more from south-
westerly and north-westerly flows. Ramp up events are primarily associated with strong south-westerly winds
or weather patterns with a weak pressure gradient. Ramp down events have a stronger association with more
north-westerly flow. In a future climate, a reduction in ramp up events associated with weak pressure gradients is

projected.

1. Introduction

Renewable energy generation will play a significant role in the
aspiration to limit global temperature change to 1.5°;C above pre-
industrial levels [1]. The world needs a clear strategic plan to rapidly
shift from fossil fuels to cleaner, renewable energy sources. As a result,
European countries have been increasingly investing in developing
renewable energy sources, primarily solar and wind energy. Offshore
wind energy, in particular, has seen rapid growth in European waters.
Cumulative offshore wind power capacity was 2.5 GW in 2009 but had
reached 29.4 GW by August 2022 [2,3]. The North Sea, Irish Sea, Baltic,
and Atlantic Ocean have the greatest potential for European offshore
wind power production. Overall, a significant proportion of offshore
wind power is obtained from the North Sea, accounting for 77% (16.9
GW) of the total European offshore wind power production [2]. As
offshore wind will contribute an increasing fraction of future energy
needs, there is now interest in how climate change may affect the level
and characteristics of wind power production and wind power ramps, as
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this may have implications for future development and electricity grid
balancing.

Studies have shown that projected changes in future wind speed
patterns are highly uncertain, and there are significant disagreements
between different climate models in [4-8]. For example, the change in
the 50-year return period of near-surface wind speeds down-scaled from
the Bergen Climate Model (BCM) by the Rossby Centre Regional Climate
Model (RCA, ver.3 or RCA3) shows a significantly larger change than
when down-scaled using the High-Resolution Limited Area Model
(HIRHAMS5) over the eastern and central Mediterranean [4]. This
disagreement appears to be due to the poor choice of roughness length in
the planetary boundary layer scheme in RCA3 [9]. Moreover, in [4], it is
also shown that climate model uncertainty propagates from general
circulation models (GCMs) to regional climate models (RCMs), which
leads to spatial variation in the down-scaled projected wind speed
change. Significant spatial differences are observed in the projected
changes to the 50-year return period of wind speed values when using
the ECHAM5 GCM compared with the Bergen Climate Model (BCM)
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when downscaled by the same RCM (HIRHAMS5). The downscaled
ECHAMS predicts larger changes over the North Atlantic Ocean than the
downscaled BCM. In contrast, the down-scaled BCM predicts greater
changes over the Black Sea.

As well as future climate-driven changes to wind speed, a number of
studies (e.g. in [10-15]) have considered how this might translate to
changes in wind power in Europe. One such study has suggested that
wind power production will increase over much of northern-eastern
Europe, with the largest increases seen in the Baltic Sea. However, a
decrease is seen for Atlantic areas, and much of western and southern
Europe [11] and over the central Mediterranean Sea [12]. Here too,
there is significant disagreement between different models regarding the
sign of wind power changes. The work by [11] has shown that European
wind power production is expected to show a change of about + 15%
and + 20% by the mid and late 21st century, respectively [11]. A further
study found that the production of wind power derived from the
down-scaling of several GCMs using RCA (ver.4) for the Representative
Concentration Pathway (RCP 4.5) and RCP 8.5 scenarios [16] shows a
generally decreasing trend over the continent of Europe, with the
exception of a slight increase over the Baltic Sea region [15].

Aside from spatial variation, projected changes in wind speed also
show seasonal dependence. Some studies have indicated an increasing
trend in wind power production during Winter, particularly over central
and north-western Europe, while wind power production during the
summer may decrease [6,14,17]. A model ensemble of down-scaled
ECHAMS output also shows similar seasonal behavior at the end of
the 21st century over northern Europe [13,18]. In the European winter,
wind power production is at full capacity for a significant amount of the
time. By contrast, during the summer, the output is more often at partial
load or around cut-in. Higher winds in Winter may have little impact on
output or indeed require more curtailment in times of high production
and low demand. In contrast, during the summer, lower winds may
require more backup capacity from other sources or increased energy
storage [14].

Changes in the future temporal variation in wind power, such as
wind power ramps, associated with rapid changes in wind speed, could
impact supply and integration into the grid. Few studies have been
carried out to quantify potential changes in future wind power ramps. A
study conducted in Japan projected a significant reduction in ramp
down events under a high warming scenario, with the largest reduction
in all ramp events during the autumn [19]. However, to date, there has
been no similar study for Europe or the projected European offshore
wind power fleet. This is the motivation for this present study which
looks at the change in the projected future frequency of wind power
ramps over the North Sea region.

The characteristics of wind speed and wind speed ramps (along with
the associated changes in wind farm output, including wind power
ramps) can be associated with particular weather patterns. Therefore,
future changes in large-scale synoptic circulation systems are of concern
when wishing to understand potential changes in the characteristics of
wind farm production. Such changes can manifest as a change in the
frequency of particular weather patterns, a change in the mean spatial
value of certain variables, or a shift in the position of a particular feature
associated with a weather pattern, such as a high or low-pressure center.

Studies have indicated potential changes in the seasonal mean of
mean sea level pressure (MSLP) under a future climate [5,20,21]. For
instance, in winter (DJF), the projected MSLP over the Mediterranean
region shows an increasing trend, while any change is expected to be
small in summer (JJA) [5]. It was shown that the seasonal change in
MSLP could contribute to a decrease in wind speed during winter over
this region but that the signal was unclear in summer. Therefore,
exploring the projected changes in weather patterns could help to un-
derstand the factors contributing to wind speed, wind power, and power
ramps under the influence of future climate change.

A self-organizing map (SOM) has been used widely for identifying
weather patterns in the field of meteorology [22] showing itself to be a
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powerful tool for reducing data dimensions. SOMs have the advantage
that similar patterns remain close to each other in the output map.
Previously, SOMs have been used to identify prevailing weather patterns
over Europe [23,24], and it was shown that SOM-based weather patterns
captured the dominant circulation systems which could then be used to
study spatial and temporal wind speed trends. Based on these findings,
the approach taken in this work is to use a SOM to identify 30 distinct
weather patterns using historical and projected sea level pressure data.
The map is then used to study changes in the prevalence of each pattern
and the impact this may have on future projected mean wind speed,
wind power and ramp event frequency.

Specifically, the objectives of this study are: (i) to identify European
weather patterns using three-hourly MSLP data from multiple climate
model for 1970-2077, (ii) to quantify changes in the prevalence of these
patterns in the 2006-2041 and 2042-2077 periods compared with the
base period, 1970-2005 and (iii) to quantify the impact any changes
may have on mean wind speed, wind power and wind power ramps
events under future projected climate change.

2. Data

This study uses near-surface wind speed and MSLP data from
downscaled GCMs, Coordinated Regional Downscaling Experiment
(CORDEX). CORDEX was a globally coordinated project that produced
simulated future climate data using several GCMs which were then
downscaled using different RCMs. Different initialization states and
physical parameterizations were used to generate ensemble predictions
of the future climate. The aim of the CORDEX project was to generate
regional-scale climate projections for impact assessment and adaptation
studies worldwide, and the data are available from the Earth System
Grid Federation (ESGF) LIU portal [25]. The European CORDEX
(EU-CORDEX) model outputs which are available at a spatial resolution
of 0.11 degrees (EUR-11, 12.5 km) and three-hourly temporal resolu-
tion are used in this study [26]. In total, output data from six RCA (ver
4.1) downscaled GCMs for the historical period 1970-2005 and the
future period from the Coupled Model Intercomparison Project Phase 5
(CMIP5), 2006 — 2077 are used (Table 1). CMIP5 projections are made
using different Representative Concentration Pathway (RCP) scenarios,
and in this study, the medium RCP scenario, RCP4.5, is used. The
RCP4.5 scenario results in an increase of global temperature of about
2°C at the end of 21° century [27]. The dataset is split into three periods,
1970 — 2005 (referred to henceforth as P-0), 2006 — 2041 (P-1), and 2042
- 2077 (P-ID).

For this study, wind speed and wind power values were calculated
based on the three-hourly data for each of the six models in Table 1.
These values were also averaged over the six models and are henceforth
referred to as ensemble averages.

3. Methods
3.1. Wind power estimation

The CORDEX wind speed speed data are provided at 10 m above the
surface. The wind speed is extrapolated to a hypothetical turbine hub
height of 100 m using the log law following the example of other re-
searchers e.g. [35]. The surface roughness length is chosen as 0.0002 m
to be representative of open sea as this work is primarily focused on
offshore wind power.

The extrapolated wind speed value is used to estimate wind power
production by using a hypothetical 8 MW power curve [36]. The power
curve has a cut-in wind speed of 4 m/s, a rated wind speed of 12.5 m/s,
and a cut-out wind speed of 25 m/s. To simplify the analysis of wind
power production and wind power ramps characters, the wind power is
normalised to the rated power to generate a capacity factor.
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3.2. Detection of wind power ramps

The detection of wind speed ramps and wind power ramps is chal-
lenging given that there is no agreed definition of what actually is a
ramp or how to distinguish a ramp from uncorrelated random fluctua-
tions. In the literature, several ramp detection algorithms have been
proposed in recent years [37-41]. In [37], a novel approach was pro-
posed employing wavelets in conjunction with randomly shuffled sur-
rogates. The approach was illustrated using observational data from the
Belgian aggregated offshore wind farms. We have adopted this approach
for the present study which involves using a wavelet transformation of a
time series of wind power capacity factor values and a large number of
randomly shuffled data realisations. The wavelet coefficients from the
random realisations are used to discriminate the wavelet coefficients of
the original time series based on a maximum wavelet scale (a,,x) and a
discrimination level (W;). In Fig. 1, four examples are shown for the
detection of ramp events based on a maximum wavelet scale a,,x = 20
and four discrimination levels of Wr. It can be seen that by reducing the
value of W;. from 10% to 1%, fewer ramps are detected. In this study, we
use a discrimination level of W; = 5% to provide a good balance be-
tween detecting a power ramp event whilst excluding uncorrelated
random fluctuations.

3.3. Clustering of weather patterns

Based on the results of a previous study [24], we used a SOM to
cluster three-hourly CORDEX MSLP data into 30 distinct weather pat-
terns using the SOM_PAK software package [42]. The MSLP output data
from each of the six downscaled GCMs for the full period, 1970 — 2077
(comprising P-0, P-I, and P-II datasets), were first concatenated. They
were then fed into the software sequentially, and the SOM neuron
weights initialized randomly from the spatial MSLP data. Sequential
training was carried out in two phases. The first phase, known as rough
training, was used to arrange the weight vectors of the SOM neurons
topologically. This training phase used a large initial learning rate
(ap=0.05) and neighborhood radius size (6p=6). With training time,
both values were decreased linearly as a function of iteration time which
was set to about 400,000 time steps. In the fine-tuning phase, training
was initialised using the output from the rough training phase. In this
phase, a smaller initial learning rate (@p=0.02) and neighborhood radius
size (0p=3) were used which were also decreased linearly. Finally, a

1.5 (a) 1
0.8
8
- 05 0.6 —
[a W
05 0.4
0.2
15 : S S EE——
012 3 45 6 7 8 9101112131415
t (days)
1.5 (C) 1
0.8
- 0-5 0.6 +
Ay
05 0.4
0.2
1.5 L

SN R S N
0123456 7 8 9101112131415
t (days)

Energy and Climate Change 4 (2023) 100113

Sammon mapping projection [43] was used at different iteration steps
until the neurons were not twisted, which indicated that the SOM was
trained sufficiently. Once the topological order of the weight vectors was
determined, the best matching unit corresponding to the input data was
determined based on the minimum Euclidean distance between the
weight of the neurons and the input data vectors.

4. SOM-based weather patterns

Fig. 2(a) shows the 30 generated weather patterns. Due to the nature
of a SOM, similar circulation systems cluster close together on a map.
Many weather patterns show distinct circulation types, e.g., cyclonic,
anti-cyclonic, zonal, and meridional flow. At the top of the map, the
weather patterns are dominated by meridional flow (b1) and high-
pressure systems (cl, d1, el, and f1). Weather patterns at the bottom
of the map are mainly characterised by low-pressure systems (a5 — d5).
Weather patterns to the left of the map are mainly characterised by
northeasterly flow (al and a3) with low pressure over Scandinavia.
Weather patterns on the right are characterised by southwesterly flow
(f4 and f5) with high pressure over the European continent and Scan-
dinavia. The most distinct weather pattern systems are located at the
edges of the map.

Fig. 2(b) shows the percentage frequency of occurrence of each
weather pattern. Fig. 2(c) shows the distribution of the duration of
weather pattern events based on consecutive three-hourly values for
weather patterns d1, c2, b5, and 5. The longest weather pattern events
persist for 14 days but those that persist more than six days are rare.
Furthermore, Fig. 2(d) shows the percentage fraction (Frac) of events by
weather pattern that persist for at least 24 h, i.e. nine or more consec-
utive three-hourly values. This is given by the fraction of weather
pattern events to the right of vertical dashed blue line in Fig. 2(c).
Weather patterns located at the edges of the map such as weather pat-
terns b5, f5, a3, d1, and a2 tend to occur more frequently and with
greater persistence than the weather patterns at the center. These outer
weather patterns tend to be associated with quite distinct circulation
features with relatively strong pressure gradients. The central weather
patterns display weaker pressure gradients, and their lower persistence
suggests that they are more likely to be transition states between the
outer weather patterns in the map.
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Fig. 1. Normalised wind power ramps (R) from 15 to 31 December 2005 based on a sample of three-hourly CORDEX downscaled CNRM data. Ramps are detected
using a wavelet-surrogate method with a maximum wavelet scale value of a,«=20 and discrimination levels, Wy of: (a) 10% (b) 5% (c) 2% and (d) 1%. Ramp up

events are shown in red and ramp down events in blue.
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Fig. 2. SOM-based weather patterns: (a) clusters based on three-hourly MSLP, 1970 — 2077. The shaded color is the MSLP in hPa and the contour line is MSLP in
3hPa intervals, (b) frequency of occurrence in (%), (c) distribution of the duration of events corresponding to weather patterns d1, a2, b5, and f5, and (d) fraction (%)
of events where a weather pattern persists at least 24 h. The vertical dashed blue line in (c) shows the threshold used to calculate the fraction of events in (d). N.B. The

rows (1 - 5) and columns (a - f) are used to label weather patterns.

4.1. Projected future SOM-based weather patterns changes

Fig. 3(a) and (b) show the projected change of weather pattern fre-
quency in P-I and P-II, respectively, relative to P-0. Overall, comparing
the two future periods, the projected change of weather pattern fre-
quency is greater in P-II compared to P-I. The weather patterns that are
mainly located at the top and right are characterised by an increasing
tendency, and the high-pressure and southwesterly flow characterises
these weather patterns. On the other hand, most of the weather patterns
that are located around the center and some of the weather patterns that
are located at the bottom are characterised by a weak spatial pressure
gradient and low-pressure systems. These weather patterns shows a
decreasing tendency in the future climate.Fig. 3(c) and (d) show the
change in the fraction of weather patterns which persist at least 24 h for
the two periods, P-I and P-II, relative to P-0. Overall, a similar trend is
seen, though some differences are seen near the top of the map. For

example, weather patterns c1 and el show an increasing frequency
based on all three-hourly values, whereas the corresponding weather
patterns that persist at least 24 h show a decreasing trend for c1 and for
el an increase in P-I and a decrease in P-II.

To further investigate the consistency of the temporal changes,
trends are analysed on a yearly basis in Fig.4. Fig. 4(a) shows the change
in weather pattern frequency per year over the entire study period based
on all three-hourly values, and Fig. 4(b) shows the same information but
for weather patterns persisting at least 24 h. Those patterns where the
trend is significant at the 5% level are indicated. Weather patterns that
are located at the left, top, and bottom right, with dominant high
pressure systems centred to the west and south of Europe show a sig-
nificant increasing trend, whereas those with a significant decreasing
trend are located at the center and bottom of the map which tend to have
a either weak pressure gradient or are dominated by low pressure sys-
tems centred to the west of Europe.
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Fig. 3. Projected changes in SOM-based weather pattern occurrence relative to P-0: (a) change in weather pattern frequency in P-I, (b) same as (a) but in P-II; (c)
change in the fraction of of events in P-I where a weather pattern persists at least 24 h; (d) same as (c) but in P-II.
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Fig. 4. Based on the entire study period: (a) change in weather pattern frequency per year based on all three-hourly data; (b) as (a) but for events of a particular
weather pattern that persist for at least 24 h; (c) annual frequency/year for patterns d1 and d3 based on all three-hourly values; and (d) as (b) but for events of a
particular weather pattern that persist for at least 24 h. The dots in (a) and (b) represent where the p-value of the trend <0.05.
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Fig. 5. (a) Spatial map of capacity factor based on mean wind speed values from the ensemble of the six downscaled models in Table 1 for P-0 showing grid points
close to offshore wind farm locations S1-S5; and (b) yearly ensemble values of the capacity factor for S2 for the entire study period 1970-2077 showing the best fit

linear trend and significance level.

Table 1

CORDEX downscaled GCMs by RCA (ver.4.1) and the downscaled ensemble members.
Driving Model Calendar days Ensemble” References
CNRM-CERFACS-CNRM-CM5 (CNRM) 366 rlilpl [28]
ICHEC-EC-EARTH (ICHEC) 366 r12ilpl [29]
IPSL-IPSL-CM5A-MR (IPSL) 365 rlilpl [30]
MOHC-HadGEM2-ES (MOHC) 360 rlilpl [31]
MPI-M-MPI-ESM-LR (MPI) 366 rlilpl [32]
NCC-NorESM1-M (NCC) 365 rlilpl [33,34]

@ rN is the index of ensemble members, iN is the index of initialization states, and pN corresponds to the index of physical parameterizations used.

For two of the weather patterns that show a significant increasing
and decreasing trends, a yearly plot is shown. Fig. 4(c) and (d) show the
annual frequency per year of weather patterns d1 (a pattern dominated
by high pressure) and d3 (a pattern with a relatively weak low pressure
system) based on all values and where a pattern persists for at least 24 h,
respectively. The trends are clear for both weather patterns though there
is a large degree of inter-annual variation.

5. Future wind power production and wind power ramps
5.1. Projected changes in wind power production

Capacity factors were first calculated based on the wind speed values
from each of the six downscaled models in Table 1 and then a mean of
these values evaluated from the ensemble of the six. Fig. 5(a) shows the
six-model ensemble capacity factor over the North Sea for P-0. Five grid
points close to offshore wind farm locations are selected to analyze the
temporal trend and variability of the wind power capacity factor over
the North Sea area in more detail and these are marked on the map as: S1
(Belwind), S2 (Borssele), S3 (Hornsea 1), S4 (Gode Wind 1 and 2) and S5
(Horns Rev 3). In order to show the level of inter-annual variability,
Fig. 5(b) shows the annual capacity factor and trend line over the period
1970 — 2077 for S2. For each of the sites S1 to S5, a trend line is fitted to
the mean annual capacity factors and the slope along with the p-value of

Table 2

the fit (in brackets) is shown in Table 2. Where the p value of the slope is
< 0.05, the values are highlighted in bold. For the capacity factors
calculated based on the mean model ensemble wind speed values, there
is no significant trend for any of the sites. For the downscaled ICHEC
model, all sites show a significant decreasing trend and for the down-
scaled MPI model, two of the sites (S2 and S3) show a significant
decreasing trend.

Fig. 6(a) and (b) show the change in MSLP over Europe for the P-I
and P-II periods, respectively, compared with the base period. A pro-
gressive increase in pressure is seen over the Atlantic extending over the
continent and the North Sea region with reducing pressure over north-
eastern Europe.

Fig. 6(c—f) show the change in wind speed and capacity factor over
the North Sea region for P-I and P-II relative to P-0 based on the mean six
model ensemble wind speed values. For P-I, Fig. 6(c) shows an
increasing trend in wind speed over the south, southeast, and east of the
region and a decreasing trend over the north and northwest. By contrast,
for P-II, Fig. 6(d) shows wind speed strongly decreasing over the north
and northwest, and a weaker increase over the south, southeast and east
of the region. This is consistent with the change in MSLP where during P-
I, the increase in pressure in the Atlantic initially contributes to an in-
crease in pressure gradient which then weakens over the western North
Sea during P-II once the increase in pressure becomes more widespread
over the continent. Fig. 6(e) and (f), show the corresponding projected

The best-fit linear trend (x 10™) and p-values based on the capacity factor over the entire study period for each model at sites S1 to S5. The text in bold indicates that

the estimated slope is significant at p < 0.05 where the p-values are shown in parentheses.

Models S1 S2 S3 S4 S5

Ensemble — 1.8(0.656) — 2.8(0.430) — 8.0 (0.793) — 2.1 (0.589) — 5.0(0.890)
CNRM 16(0.116) 14.7(0.133) 11.9(0.185) 14.2(0.121) 10.6(0.230)
ICHEC — 22.4(0.013) — 22.4(0.010) — 22.2(0.009) —19.9(0.015) — 24.2(0.03)
IPSL 8.1(0.560) 4.9(0.654) 13.3(0.188) 19.0(0.102) 21.3(0.062)
MOHC 2.1(0.850) 3.4(0.750) 0.8(0.935) 5.0(0.635) 3.0(0.062)
MPI —17.0(0.053) — 24.0(0.004) —19.6(0.019) 14.6(0.127) 16.4(0.091)
NCC 2.5(0.781) 6.7(0.425) 10.7(0.193) 8.7(0.373) 8.8(0.362)
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Fig. 6. Projected change relative to P-0 in: (a) average mean sea level pressure for P-I, (b) average mean sea level pressure for P-II, (c) average wind speed for P-1, (d)
average wind speed for P-II, (e) average capacity factor for P-I, and (f) average capacity factor for P-IL,. All values are based on mean values from an ensemble of the

six models in Table 1.

changes in capacity factor for P-I and P-II, respectively. It can be seen
that the trends are similar though slightly less pronounced than the
spatial changes in wind speed due to the non-linear nature of the power
curve where power output is constant over the range of wind speeds
between rated and cut-out.

Fig. 7 compares the annual capacity factor for each model based on
the grid point closest to S2. In each case, a best fit linear trend line is

shown along with its p value. CNRM, IPSL, MOHC and NCC show no
signicant trend, but ICHEC and MPI show declining values with p values
< 0.05. It is also notable that IPSL gives annual capacity factor values
which are significantly lower than the other models.

The best fit linear trend line and significant level (p) are calculated
for all the sites S1 to S5 for the ensemble and individual models as shown
in Table 2. The capacity factor based on the ensemble mean shows a
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Fig. 7. For the grid point closest to site S2, the best fit trend-line, equations and p-value values of wind power capacity factor for models: (a) CNRM, (b) ICHEC, (c)

IPSL, (d) MOHC, (e) MPI, and (f) NCC are shown.

declining trend for all sites though it is not significant. With the
exception of ICHEC and MPI, all models show a slight increasing trend
though this is not significant. ICHEC shows a significant declining trend
(p < 0.05) for all sites and MPI shows a significant declining trend for S2
and S3. The disagreement between the models is likely associated with
differences in GCM numerics and physical parameterizations which is
outside the scope of this study.

5.2. Projected changes in wind power ramps

Wind power ramps were calculated following the procedure
described in Section 3.2. First, the capacity factor was calculated for

(a) (b)

each model, then the total number of ramps per year was calculated for
each model and from this an ensemble average was determined. Fig. 8(a-
d) show spatial maps over the North Sea of the projected change in the
ensemble averaged ramp up and ramp down frequency for P-I and P-II
compared to P-0. The maps indicate a decreasing trend in wind power
ramps over some of the North Sea region especially off the eastern coast
of the UK and the Dutch coast. The trends for ramp up and ramp down
events are similar. For site S2, the annual frequencies of ramp up and
ramp down events are shown in Fig. 8(e) for the entire study period. The
trend lines are clearly negative and significant at p < 0.05 despite some
degree of interannual variability.

Fig. 9 shows the annual ramp frequency for each individual model
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Fig. 8. Projected changes compared to P-0 in model ensemble wind power ramp frequency: (a) ramp up events for P-1, (b) as (a) but for ramp down events, (c) as (a)
but for P-II, (d) as (c) but for ramp down events; and (e) annual ramp up and ramp down event frequencies at site S2 with best fit linear trend-line and p-value.
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Fig. 9. Annual wind power ramp up (red) and ramp down (blue) event frequencies for site S2, with best fit linear trend line and p-value of estimated slope based on

data from the models: (a) CNRM, (b) ICHEC, (c) IPSL, (d) MOHC, (e) MPI, and (f) NCC.

Table 3

Annual wind power ramp up frequency trend line slope and p-value (p) in parentheses by model for sites S1 to S5. The bold text indicates the estimated slope has a

significant level p < 0.05.

ramp up events

Models S1 S2

S3 sS4 S5

Ensemble — 0.215(0.00004) — 0.224(0.00010)

— 0.225(0.00047) — 0.147(0.00175) — 0.162(0.00984)

CNRM — 0.327(0.016) — 0.226(0.087) —0.111(0.386) — 0.035(0.796) — 0.109(0.409)

ICHEC —0.161(0.223) — 0.286(0.037) —0.292(0.033) — 0.315(0.050) —0.339(0.023)

IPSL — 0.462(0.003) — 0.386(0.014) — 0.323(0.030) — 0.277(0.071) — 0.209(0.187)

MOHC — 0.327(0.016) — 0.303(0.021) — 0.222(0.110) — 0.375(0.010) — 0.361(0.014)

MPI — 0.146(0.239) — 0.163(0.180) — 0.250(0.055) — 0.052(0.652) 0.007(0.948)

NCC 0.133(0.313) 0.022(0.874) — 0.154(0.256) 0.169(0.216) 0.042(0.747)
Table 4

Annual wind power ramp down frequency trend line slope and p-value (p) in parentheses by model for sites S1 to S5. The bold text indicates the estimated slope has a

significant level p < 0.05.

ramp down events

Models S1 S2 S3 sS4 S5

Ensemble — 0.232(0.00004) — 0.240(0.00010) — 0.202(0.00047) — 0.184(0.00984) — 0.142(0.00984)
CNRM — 0.352(0.013) — 0.265(0.047) — 0.090(0.493) — 0.044(0.739) 0.104(0.431)
ICHEC — 0.133(0.344) — 0.198(0.166) — 0.244(0.077) — 0.295(0.060) — 0.315(0.031)
IPSL — 0.449(0.003) — 0.419(0.007) — 0.314(0.027) — 0.368(0.020) —0.127(0.411)
MOHC — 0.389(0.003) — 0.329(0.015) — 0.187(0.187) — 0.373(0.008) — 0.389(0.007)
MPI — 0.012(0.920) — 0.244(0.049) —0.312(0.017) —0.172(0.149) 0.023(0.833)

NCC — 0.058(0.651) 0.018(0.892) — 0.062(0.641) 0.148(0.254) 0.062(0.620)

for site S2. All but one of the models (i.e., except NCC) show declining
trends for ramp up and ramp down events over the study period. ICHEC,
IPSL, and MOHC show significantly declining ramp up events with p <
0.05 and CNRM, IPSL, MOHC, and MPI show significantly declining
ramp down events (there are some differences across the models in
terms of the absolute number of ramp events with CNRM projecting the
most and IPSL the least).

Tables 3 and 4 summarise the best fit trend line slopes to the annual
ramp up and ramp down event frequencies, respectively, over the study
period for each of the sites S1 — S5 by all the models and their ensemble.
For all sites, the ensemble average trend shows a significant decline
where the p value < 0.05. All of the sites show significant declining
trends according to at least some of the models, though not the majority.
The NCC model shows some evidence of increasing frequency at certain
sites and site S5 (the most easterly site) also shows evidence of an

increasing ramp up and ramp down frequency for some models, but
neither of these trends is significant.

6. The impact of future weather pattern changes on wind power
and wind power ramps

This section looks out how different weather patterns contribute to
wind power production and wind power ramps and how this is projected
to change in the future.

6.1. Impact on wind power

Fig. 10(a) shows how annual energy production (AEP) is distributed
amongst the different weather patterns for S1 — S5. It is notable that a
large fraction of the AEP (10%) is associated with pattern b5. This
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comprises a very strong low pressure system north of Europe with strong
westerly winds. Pattern a3, with a strong south-west to north-east
pressure gradient and north-westerly winds, also contributes a signifi-
cant fraction to overall AEP. Fig. 10(b) and (c) show the projected
changes in the distribution of AEP for P-I and P-II, respectively. The most
significant change in P-I is an increase in the contribution to AEP by b5.
The weather patterns in the middle row of the SOM show primarily
reducing contributions to AEP. The changes seen during P-II show
interesting trends. In this case, the AEP contribution from b5 is hardly
different from P-0. Much of the AEP has been redistributed in the form of
an increase associated with patterns a2 (similar circulation pattern to a3,
but with the high over the Atlantic and the low over Scandinavia dis-
placed more to the north-east) and f5 (similar circulation pattern to b5
but with the high over southern Europe and the low north of the UK
displaced further north) balanced by a decrease across the third and
fourth rows of the SOM, in particular d5 (similar circulation pattern to
b5 but with the high over southern Europe displaced more to the east
and the low north of the UK displaced more to the west, so winds move
from being mainly westerly to more south-westerly). Trends across the
sites S1-S5 are very similar. These trends broadly reflect the changes in
occurrence of the different weather patterns observed in Fig. 3.

6.2. Impact on wind power ramps

Fig. 11(a) shows the distribution of ramp up events during P-0 by
weather pattern for sites S1 — S5. The greatest single number of ramp up
events is seen for class f5. This is a relatively frequently occurring
pattern as seen in Fig. 3, however, not as frequent as the similar pattern
b5 which contributes far fewer ramp up events. Weather patterns in the
centre of the SOM with weak pressure gradients are also associated with
a relatively large number of ramp up events. Weather patterns domi-
nated by high pressure systems, and thus low wind speeds, seen at the
top right of the SOM, are associated with relatively few ramps and also
contribute little to AEP as seen in Fig. 10(a). Fig. 11(b) shows the change

S1 S2 S3

@
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in ramp up event distribution for P-I. The most notable change is a
reduction in the occurrence of ramp up events associated with weak
pressure gradients in the centre of the SOM. For period P-II, shown in
Fig. 11(c), the trend is similar, with additional significant decreases in
contributions from c4 and d5 where winds are driven by low pressure
systems. An increase in ramp-up events is seen for the first row of the
SOM with high pressure dominated systems and periods of low pro-
duction. Trends across the sites S1 — S5 are broadly similar.

Fig. 12(a) shows the distribution of ramp down events during P-0 by
weather pattern for sites S1 — S5. Trends are similar as the ramp up
events seen in Fig. 11(a), though there is a larger proportion of ramps
associated with weather patterns at the top and left of the SOM, espe-
cially a2, a3 and b4. These patterns are associated with relatively strong
north-westerly winds and weakening low pressure systems which are
known to contribute to ramp down events [24,44,45]. Fig. 12(b) and (c)
show the changes projected for P-I and P-II, respectively. The changes
seen are very similar to those expected for ramp up events in Fig. 11(b)
and (c¢).

7. Discussions

Before concluding this paper, we would like to point out a few lim-
itations of the present study.

7.1. Vertical extrapolation of near-surface wind speeds

In this study, we make use of wind speed data from the Euro-
CORDEX project and only consider the RCP45 scenario. Even though
for other projection scenarios (e.g., RCP26 and RCP85), the Euro-
CORDEX database provides 100 m wind speed values, similar high-
altitude data are not available for the RCP45 case. Thus, we had to
extrapolate the 10 m wind speed values to 100 m, which is the hub
height of a hypothetical wind turbine. We used the adiabatic logarithmic
law of the wall, that is only valid for neutrally stratified conditions. For
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Fig. 12. (a) Distribution of ramp down events by weather pattern for S1-S5 in P-0, (b) projected change for P-I, and (c) as (b) but for P-II.
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non-neutral conditions, one should use either the Monin-Obukhov (M-
O) similarity formulation or one of its generalizations (e.g., [46]).
Another viable approach would be to use the so-called geostrophic drag
laws (e.g., [47]). For stable conditions, the boundary layer height could
be very shallow. Furthermore, low-level jets are often present under
stably stratified conditions. For such cases, the existing similarity for-
mulations perform rather poorly (see [48] and the references therein).
Given that the M-O and geostrophic drag law formulations require
additional input variables (e.g., momentum flux, sensible heat flux,
geostrophic wind speed), for simplicity, we opted to use the adiabatic
logarithmic law in this study.

7.2. Notable differences in CMIP5 and CMIP6 datasets

All the statistical analyses of the present study are based on the Euro-
CORDEX dataset downscaled from the CMIP5 runs. Recently, coarse-
resolution data from the next-generation CMIP6 project have become
publicly available. A few studies [49-51] have already compared the
trends of projected wind power production based on CMIP5 and CMIP6
datasets. Several significant differences have been reported. For
example, in contrast to CMIP5, CMIP6 predicts a decline in wind re-
sources for Northern Europe and most of Europe by the end of the
century (SSP5-8.5 scenario). At the same time, CMIP6 shows an increase
in wind resources during future summers in some regions of southern
Europe, whereas CMIP5 projects the opposite trend.

To the best of our knowledge, recent studies have yet to investigate
the trends of wind ramps in CMIP6. Once downscaled (high-resolution)
CMIP6 datasets become available, we will investigate this problem and
revisit other science questions addressed in our current paper.

7.3. Thermodynamic effects

The change in projected wind energy is influenced not only due to
the change in dynamics of large-scale meteorological systems but also
determined by atmospheric thermodynamics. Ohba [19] investigated
the influence of thermodynamics when studying wind ramp phenomena
over Japan. In our future work, we intend to extend the current study to
include thermodynamical influences.

8. Conclusions and recommendations

In this work, future changes in weather pattern occurrence, wind
power production and wind power ramps have been analysed based on
CORDEX data derived from the output from an ensemble of model used
as part of CMIP5 to predict the future regional climate under the RCP4.5
scenario. A SOM was used to classify MLSP data into 30 discrete weather
patterns to better understand the association between circulation pat-
terns and wind power production and wind power ramps. The CORDEX
data analysed were divided into three periods: a historic period (P-0), a
near future period (P-I) and a far future period (P-II).

An increase was projected in the occurrence of weather patterns
associated with high-pressure systems and north-easterly flows. By
contrast, there was projected to be a reduction in the frequency of
weather patterns associated with low-pressure systems and weak spatial
pressure gradients.

Five North Sea sites, characteristic of offshore wind farms, were
chosen to further study the spatial characteristics of wind power pro-
duction and wind power ramps. Overall, based on the CMIP5 model
ensemble, no significant change in wind power capacity factor was seen
over the entire study period (PO, P-I and P-II), although there was
tentative evidence of a reduction in wind power ramps.

Annual energy production is projected to be dominated by a small
number of weather patterns with westerly, south-westerly or north-
westerly winds. Changes in patterns of production in a future climate
are not entirely monotonic, but production is projected to become less
from westerly winds and more from south-westerly and north-westerly
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flows.

Ramp up events are primarily associated with strong south-westerly
winds or weather patterns with a weak pressure gradient. Ramp down
events have a stronger association with more north-westerly flow. The
most notable change in a future climate is a reduction in ramp up events
associated with weak pressure gradients.

The findings of this work are based on the assumption that a fixed
number of weather patterns can be used to classify circulation patterns
which are valid over a long period where the climate is changing.
Further work is required to determine the validity of this assumption.
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