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Wind droughts, or prolonged periods of low wind speeds, pose challenges for electricity systems
largely reliant on wind generation. Using weather reanalysis data, we analyzed the global distribution of
and trends in wind droughts using an energy deficit metric that integrates the depth and duration of
wind droughts. We identified regions with high power densities, low seasonal variability, and limited
weather fluctuations that favor wind power generation, such as the American Midwest, Australia, the
Sahara, Argentina, Central Asia, and Southern Africa. Northwestern Europe has high power densities
but experiences more frequent and prolonged wind droughts due to higher weather variability. We
found little evidence for strong trends in wind droughts over recent decades in most places. Rather, the
most severe wind droughts in many places occurred before wind power substantially penetrated
power systems, which suggests that historical weather data can be useful in designing reliable wind-

reliant electricity systems.

Wind power is one of the critical low-carbon energy sources that is expected
to play a substantial role in decarbonizing electricity generation. In 2021,
about 6.5% of the world’s electricity was generated from wind'; however,
under some energy transition scenarios’, onshore and offshore wind will
provide more than one-third of global electricity needs by 2050. In 2021,
multiple countries had a substantial share of electricity generated from wind,
much greater than the world’s average, including Denmark (48%), Uruguay
(32%), Ireland (31%), Lithuania (28%), Portugal (27%), Spain (23%), United
Kingdom (21%), and Germany (20%). Before 2000, no country had a share
greater than 10%; until 2007, only Denmark had a share greater than 10%’.

As we transition to larger penetrations of this highly variable renewable
energy source into our power systems, prolonged periods of low wind
speeds, herein referred to as “wind droughts”, can have severe consequences
for electricity systems that largely rely on wind. For example, Northwestern
Europe experienced a long period of low wind speeds through the summer
and early autumn of 2021*°. This wind drought further strained the Eur-
opean electricity system, which was already affected by depleted natural gas
reserves and increased natural gas prices. In 2015, the Western and Southern
United States experienced the lowest recorded windiness period in terms of
geographic extent and longevity since 1979 (the beginning of wide-
spread satellite measurements)®’. This event severely impacted wind power

generation in the Western United States, where at the time wind power
generated ~6% of electricity in the Western Interconnection®. In 2020, wind
power in India, with about a 4% share in the electricity mix, generated much
lower electricity than expected during the peak summer monsoon (about
24% lower energy generation compared to 2019)’. These events show how
the increasing use of this intermittent source can exacerbate the exposure of
national power systems to meteorological variability, potentially requiring
emergency intervention by the system operators.

It is important in energy system planning to understand the severity
and distribution of wind droughts and their trends in historical records. The
characterization of wind variability and droughts is commonly conducted
with intensity-duration-frequency analyses to quantify the occurrence of
continuous periods of wind speeds lower than a given threshold'™"". For
example, durations ranging from 1h to 20 days are typically considered,
showing that sustained 10- to 20-day periods of low levels of wind gen-
eration could have return periods of around 10 years. Such analyses, how-
ever, do not capture the combined effect of consecutive wind droughts that
are interrupted only by a few hours of normal wind generation. These
combined scarcity periods can be highlighted only by integrating the energy
deficit over a much longer period than the one associated with a single wind
drought. For example, Ruhnau and Qvist'* analyzed storage requirements as
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aproxy for the energy deficit created by multiple scarce periods of both wind
and solar generation that closely follow each other. This approach has the
potential to reveal combined energy deficits that span several weeks and
properly inform energy system planners about the real impact of prolonged,
consecutive periods of low generation from wind or other weather-
dependent energy sources.

In characterizing the severity and distribution of wind droughts, it is
also important to consider and quantify how much change there could be as
a result of a changing climate. The effects of climate change on winds have
been investigated in the past, but evidence for a significant change has not
been conclusive'’. Some studies suggest that by the end of the twenty-first
century, energy density may increase in Northern Europe'*'” and decrease
in the Southeast'®". An analysis of winds over the contiguous United States
indicates a tendency toward reduced values of annual wind speeds'®. These
changes are consistent with a global analysis of projected future surface wind
speeds that highlights a decrease across the mid-latitudes of the northern
hemisphere and an increase across the tropics and subtropics of the
southern hemisphere'”. However, wind speeds projected with global climate
models and regionally downscaled models show a high degree of sensitivity
to the boundary conditions™*”, leading to substantial uncertainties of wind
speed changes and limiting their usefulness for energy system planners™.

In this study, we conduct a historical analysis of the global distribution
of and trends in wind droughts to investigate whether recent wind drought
events should be attributed to climate variability or long-term trends. We
analyze the ERA5 weather reanalysis (the fifth-generation atmospheric
reanalysis of the global climate by the European Center for Medium-Range
Weather Forecasts) for the period from 1979 through 2022, using an energy
deficit metric that integrates the depth and duration of wind droughts over
periods that may contain brief intervals with high winds. Here, we consider
periods spanning a single calendar year each, where multiple events of lower
than-expected wind generation can occur. By considering the wind power
density time series at each grid cell of the reanalysis product, we examine the
climatological mean seasonal cycle of the wind power density, which we call
“seasonal variability”; departures from the climatological mean seasonal
cycle of the wind power density, which we call “weather variability”; and the
wind droughts (see Methods for detailed mathematical definitions). We
quantify seasonal variability, weather variability, and wind droughts using
an energy deficit metric that is related to the amount of storage that would be
needed to overcome them. For each of these three quantities, we evaluate the
aggregated impact over the considered periods, which are all one calendar
year. Lastly, we analyze trends in annual mean power densities, weather
variability, and wind droughts to understand potential long-term changes in
wind resources. Results from the study ultimately provide a better under-
standing of the potential of wind power to contribute to the generation of a
reliable decarbonized electricity system.

Results

This section starts with an overview of global wind resources by showing the
distribution of mean power density, seasonal variability, and weather
variability around the world. Then, we quantify the distribution of these
variabilities as a function of the power density. By calculating the percentile
ranks of these variables for each grid cell, we show the places that are the
most favorable for energy generation from wind. Lastly, we provide a his-
torical analysis of wind droughts around the world, highlighting areas where
wind droughts are more frequent and severe and where the severity of wind
droughts has increased over the years.

Figure 1 shows mean wind power density (panel a), seasonal variability
(panel b), and weather variability (panel c). The color scale of each map is
divided according to equally spaced percentile intervals. To calculate the
percentile values for each location, we sorted power density in ascending
order, and the seasonal and weather variability in descending order, and
then assigned each a percentile rank. A location scores a high rank if it has a
high power density, a low seasonal variability or a low weather variability.
The mean wind power density and mean weather variability are calculated
as the average across the 44 years of data. Variabilities are plotted using the

energy deficit metric and normalized to the maximum theoretical deficit,
which is one calendar year. This energy deficit metric allows us to identify
regions that are characterized by low seasonal and weather variability, which
in turn are more attractive for wind energy generation. In each map, the
brighter the color, the better the location is for the plotted variable. To
highlight regions relevant for wind energy development, only grid cells over
land and coastal areas, excluding Greenland and Antarctica, are plotted (see
Supplementary Fig. 1 for the division of grid cells by regions). Maps that
show the distribution of each variable over the entire globe are plotted in
Supplementary Fig. 2.

We find that the American Midwest, Northeastern Canada, Australia,
the Sahara, Argentina, parts of Central Asia and Southern Africa, Northern
Russia, and Central and Northwestern Europe have relatively high power
densities, mostly in the range of 250 to 500 W m 2. Of these regions, we also
find that some are characterized by high amounts of seasonal variability,
such as Europe, mostly in the range of 0.15 to 0.25 (fraction of a year). Other
regions, such as part of the Amazon and Eastern Russia, have low seasonal
variability but relatively low power densities. Mean weather variability
appears more uniform across land and coastal areas, with low variability in
parts of Africa and Australia. These maps highlight the different char-
acteristics of the wind resources present in different locations, where some
have high mean power densities and low variability, but others have high
mean power densities and high variability.

We show the distribution of variability as a function of the mean power
density in Supplementary Fig. 3. Panels a—c, show the distribution of sea-
sonal variability, while panels d-f show the distribution of weather varia-
bility. We separated the grid cells over land (panels a and d), over coastal
areas (panels b and e), and over sea and ice sheets (panels ¢ and f). The ice
sheets include Greenland and Antarctica, which are excluded from the
panels that include land areas. Most of the grid cells over land are char-
acterized by mean power densities less than 200 W m™ and a seasonal
variability with energy deficits in the range 0f 0.04 to 0.20 (fraction of a year),
with a higher probability of being in the range of 0.08 to 0.16. Over coastal
areas, mean power densities are higher and most frequent in the range of 200
to 600 W m 2, while normalized deficits associated with seasonal variability
are mostly uniformly spread over the range of 0.04 to 0.20. Over sea and ice
sheets, mean power densities are the highest, with most values in the range of
300 to 1500 W m™ (the windiest regions of the world are over the Indian
Ocean and Antarctica). The seasonal variability over these regions is typi-
cally characterized by normalized deficits in the range of 0.04 to 0.20, with a
higher probability of being in the range of 0.08 to 0.12. While the dis-
tribution of the mean power density is substantially different among land,
coast, and sea, the distribution of normalized seasonal variability appears
mostly in the range of 0.04 to 0.24. Weather variability is typically char-
acterized by normalized energy deficits in the range 0f 0.04 to 0.16, narrower
than the range of seasonal variability.

In Fig. 2, we show the minimum percentile rank across mean power
density, seasonal variability, and weather variability, where low rank means
less and high rank means more. In Supplementary Figs. 4-9, we show in
more detail the distribution of the minimum percentile rank for each
continent. This minimum percentile rank highlights regions that score a
relatively high value for all three variables and can, therefore, be considered
attractive for high and sustained wind energy generation. We find that the
American Midwest, Northeastern Canada, Australia, the Sahara, Argentina,
parts of Central Asia, and Southern Africa are the regions that have the
highest minimum percentile ranks. Central and Northwestern Europe,
although characterized by relatively high power densities, do not score high
overall because their variability is not as low as that of the other regions
previously mentioned. Regions that have a zero or close to zero value for at
least one of the variables under consideration are the equatorial regions in
South America, Africa, and Southeast Asia, and mountainous regions.

To show our results regarding the prevalence of wind droughts, we first
plot in Fig. 3 the distribution across years of the fraction of the region
affected by the most severe wind droughts. Only places on land or coastal
areas with a mean power density greater than or equal to 150 W m ™ are
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Fig. 1 | Global distribution of power density, seasonal variability, and weather
variability. Panel a shows the mean power density, panel b the seasonal variability,
and panel c the weather variability. The color scale of each map is divided according
to equally spaced percentile intervals. The mean wind power density and weather
variability are calculated as the average across the 44 years of data (1979-2022).
Variabilities are plotted using the energy deficit metric and normalized to the

maximum theoretical deficit, which is one calendar year. Only grid cells over land
and coastal areas, excluding Greenland and Antarctica, are plotted. High mean
power densities, with low seasonal and weather variabilities, would tend to make a
location more attractive for wind generation. Color maps in all panels are such that
lighter colors indicate better quality of wind resources.

considered. Their extension accounts for ~48% of the total land and coastal
areas, excluding Greenland and Antarctica. For each continent, horizontal
bars show the fraction of the area in that continent that experiences the most
severe wind drought in any particular year of the 44-year period under
consideration. Bars in each vertical column sums to 100%. In Asia, the most
severe wind droughts occurred in the late 2000s and 2010s. In North
America and Oceania, the fraction of the area affected by the worst wind
droughts appears to be more uniformly distributed across the years under

consideration. In South America, there is evidence of three large wind
droughts in 1985, 1998, and 2016. Africa experienced most of its most severe
wind droughts in the 1980s and 1990s, while its largest wind drought
occurred more recently in 2010. In Europe, the most severe wind droughts
occurred in the 1980s and 2010s, with the two largest events in 2009 and
2010. This figure shows that the most severe wind droughts in many places
occurred well before wind power generation started to penetrate power
systems.
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Fig. 2 | Areas with abundant and reliable

wind power. The map shows the minimum per-
centile rank across mean power density, seasonal
variability, and weather variability. To indicate
regions with potential for relatively strong and
reliable wind generation, we give a high score if it has
a high power density, a low seasonal variability, and
a low weather variability, using the minimum of the
percentile rankings shown in Fig. 1. Areas that this
metric identifies as having good wind resources are
shown in orange and red colors.
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Fig. 3 | Distribution across years of the fraction of continents affected by the most
severe wind droughts. For each continent, horizontal bars show the fraction of the
area in that continent that experiences the most severe wind drought in any parti-
cular year of the 44-year period under consideration. Only places on land or coastal
areas and with a mean power density greater than or equal to 150 W m > are con-
sidered. Their extension accounts for ~48% of the total land and coastal areas,
excluding Greenland and Antarctica, and are illustrated in the map in the top-right
corner. Bars in each vertical column sum to 100%. This figure shows that the most
severe wind droughts in many places occurred before wind power generation started
to penetrate power systems.

In Supplementary Fig. 10, we present more extensive results of our
historical analysis of wind droughts. Panel a shows the year of the most severe
wind drought, panel b shows the duration of the most severe wind drought in
hours of energy deficit, and panel c shows the probability of having a year with
wind droughts causing more than 400 h of deficit. Our energy deficit metric
identifies in Northwestern Europe in 2010 (blue color) a wind drought deeper
than the one experienced in 2021, which does not appear as one of the most
severe from our analysis. In the American Midwest, extensive wind droughts
occurred in the 1980s and 1990s well before wind power generation was
adopted. Our energy deficit metric also captures recent wind droughts, such
as the one that occurred in India in 2021 (purple color on Indian coastal areas)

or in the Western United States in 2015 (dark purple color over the coastal
areas of California). The most severe wind droughts occurred over Central
Asia, Northwestern Europe, the Mediterranean Sea, and Northern Canada,
with lengths of a few weeks of energy deficit (2000 h are about 12 weeks).
Northwestern Europe, the Mediterranean Sea, Northern Canada, and
some parts of Northern Russia are among the regions with the highest
probability of experiencing severe wind droughts causing more than 400 h of
energy deficit (400 h are about 17 days). For example, Northwestern Europe
has a probability between 60 and 80% of experiencing such an energy deficit
when we consider a climatological target power generation. Regions with the
lowest probability of long wind droughts include the American Midwest, the
Sahara, Argentina, and Australia.

In Fig. 4, we calculate trends in power density, weather variability, and
drought severity. For each grid cell, we performed a linear regression on the
annual values of each variable. In this figure, we show the distribution of
trends also over oceans and ice sheets to highlight potential spatial patterns.
Parallel lines indicate regions where the linear regression has a p-value greater
than 0.05, meaning that the trend is not statistically significant. The power
density exhibits significant positive trends in some regions over the Tropics
(between 0.1 and 3%), Central North America (between 0.1 and 1%), Central
Africa (between 0.1 and 3%), the Amazon (between 0.3 and 3%), and the
Indian Ocean (between 0.1 and 0.3%), whereas negative trends are present in
Central Europe and India (between —0.1 and —1%). Weather variability does
not exhibit significant changes over the years of our analysis, except in a few
small regions in North America (between —0.3 and —1%), the Amazon
(between —0.3 and —3%), Eastern Europe (between —0.3 and —3%), and
Western Africa (between 0.3 and 3%). Changes in wind drought severity,
which combine both the effect of power density and weather variability, are
statistically significant and negative in some regions over the oceans in the
Tropics (between —1 and —10%), Central North America (between —1 and
—3%), the Amazon (between —1 and —10%), and Africa (between —1 and
—10%). Increasing wind drought severity is present in India and Western
Africa (between 1 and 3%). Overall, regions with statistically significant
changes in wind drought severity resemble the areas with statistically sig-
nificant changes in power density, suggesting its more prominent role played
in contrast to changes in weather variability. Note that the percentage of land
and coastal areas that have a mean wind power density greater than or equal
to 150 W m™~ and have a statistically significant trend is 11% when con-
sidering the trend in wind power density, 4% when considering the trend in
weather variability, and 7% when considering the trend in wind droughts.
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Fig. 4 | Global trends in wind power density, weather variability, and wind
drought severity. Panel a shows trends in wind power density, panel b trends in
weather variability, and panel ¢ trends in wind drought severity. For each grid cell, we
performed alinear regression on the annual values of each variable. Parallel lines on a
white background indicate regions where the linear regression has a p-value greater
than 0.05, meaning that the trend is not statistically significant. All colored regions

are statistically significant. There are no statistically significant regions with white
color. Note that while there is evidence for statistically significant trends in wind
power density in some regions (panel a), there is little evidence for widespread trends
in weather variability (panel b). The long-term trends in wind droughts (panel c) are
nearly opposite in sign to the long-term trends in wind power density (panel a).

Discussion

In this study, we conducted a historical analysis of the global distribution and
trends in wind droughts from a purely geophysical perspective. We defined an
energy deficit metric that integrates the depth and duration of wind droughts,
to show places favorable for wind generation with low seasonal and weather

variability, and highlight any trends in these droughts. To calculate this energy
deficit and reliably characterize wind resources and their historical trends, we
used 44 years of wind speed, pressure, and temperature time series retrieved
from reanalysis data. These wind speeds are provided at a 100-m height,
which is consistent with the hub height of many modern wind turbines.
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There are limitations to our analysis. The 100-m wind speeds
obtained from reanalysis data can display a wide range of biases and errors
that can be the effect of terrain orography, poor coverage of assimilated
inputs, and model resolution” . The 0.25°x 0.25° spatial resolution
(~30km in the mid-latitudes) does not allow for consideration of the
orographic effects of topography at this scale and below. The hourly time
resolution does not allow to capture more extreme and rapid events, such
as wind gusts, that may be important for voltage stability in electricity
systems. Boundary layer parametrization related to the model repre-
sentation of stability has been shown to be a cause for a substantial
decrease in wind speed accuracy. Furthermore, 44 years of data may not
be enough to capture multidecadal wind variability. The Earth’s atmo-
sphere is characterized by different modes of variability that span large
temporal and spatial scales. A study of German wind power generation
highlighted the effect of a multidecadal maximum of wind energy gen-
eration that overlaps with some of the years of the reanalysis data”. This
multidecadal variability cycle maylead to incorrect interpretation of long-
term resource changes. Lastly, in our analysis, we assess wind droughts at
the grid-cell level by considering only wind generation over year-long time
periods. A spatial aggregation over large geographic regions may leverage
the spatial and temporal variations in the occurrence of wind droughts in
different grid cells to mitigate their overall impact™. A similar mitigation
could be achieved by co-planning wind power with other generation
technologies like solar to meet a variable electricity demand”.

Despite these limitations, our analysis provides insight into the wind
resources of various regions. For example, we showed (Fig. 1) that the
central parts of North America, southern parts of South America, and the
central parts of Australia are characterized by relatively high power
densities and low seasonal and weather variability. These regions are
being and already have been exploited for electricity generation from
wind. North American onshore wind installations accounted for about
155 GW in 2021 (contributing to 9% of the electricity generation), with the
planned addition of about 46 GW over the following 5 years™; Argentina
produced about 10% of its electricity from wind while Australia almost
12%’. Other parts of Asia, such as Turkmenistan and Tajikistan or some
regions in Eastern Russia, are also characterized by favorable wind
resources. In Africa, the Sahara and South Africa have relatively high
power densities, and low seasonal and weather variability. The potential
wind power of these regions in Asia and Africa remains mostly untapped
in 2021.

The Central-to-Northwestern Europe region is characterized by
relatively high power densities but relatively high seasonal and weather
variability, which explains the higher probability of having severe wind
droughts. Wind speed variability in Northwestern Europe is closely linked
to the North Atlantic Oscillation, which is a prominent atmospheric mode
that affects the strength and direction of westerly winds across the North
Atlantic. Several studies have linked this oscillation as well as other
Atlantic-European weather regimes, to over and under-generation from
wind relative to the climatological seasonal mean®*""”. Such variability
and wind drought frequency may result in several system integration
challenges for the large wind turbine fleets that are expected to be installed
in those regions—for example, nine North Sea countries aim to install
120 GW of offshore capacity by 2030, and 300 GW by 2050™. To
understand the potential order of magnitude of the impact of wind
droughts, we can hypothesize a mean capacity factor of 0.4 for these
installations, a representative, although probable, wind drought resulting
in 400 h of energy deficit over an operational year, and temporal and
spatial homogeneity of wind droughts in that region. The actual energy
deficit incurred by such a 300-GW wind power system would then be
of 48 TWh with respect to a power generation that follows the climato-
logical seasonal cycle. This energy deficit would then need to be provided
by energy storage or generation from other sources. For context, the total
cumulative electrochemical battery and chemical storage capacity in the
world up to 2021 amounted to about 16 GWh™.

The most pronounced trend in wind power densities is a broad increase
over equatorial regions (Fig. 4). In contrast, India and Central Europe are
characterized by decreasing power densities and increasing wind drought
severity. Weather variability does not exhibit significant changes at the
regional scale over the years of our analysis, although there is some evidence
of decreasing variability over the Amazon region, small areas in North
America, and Eastern Africa. Our results provide evidence for increasing
wind drought severity in India and parts of Western Africa. Trends in
annual mean wind power density play a more prominent role than changes
in weather variability in most locations. Our analysis is unable to distinguish
the extents to which observed trends are the result of anthropogenic climate
change versus multidecadal natural variability, nor is it able to attribute
trends to changing atmospheric modes. Regional variations in wind patterns
can, in fact, be influenced by a combination of natural climate variability,
human-induced climate change, and local and regional factors. Factors like
land-use changes, aerosol pollution, and ocean-atmosphere interactions can
also play a role in shaping wind speeds over specific regions. Further studies
should aim to understand the complex interactions between natural
variability and human-induced climate change in driving changes in the
occurrence of wind droughts in selected regions.

The prevalence of wind droughts in the historical record, much of
them in areas that historically did not have substantial amounts of wind
power installations, combined with little evidence for strong trends in the
prevalence of wind droughts, suggest a statistical analysis of weather
reanalysis products could provide valuable guidance in designing wind-
reliant electricity systems that are robust to the future wind droughts that
will inevitably occur. For example, the energy deficit resulting from the
most severe wind droughts in many places was between 2 and 3 times
larger than the energy deficit resulting from the wind droughts of a typical
year. This ratio overshadows any of the trends that we observed in the
wind drought severity, which in most places in the world did not present
any significant change.

Assessing the wind resource adequacy, its variability and long-term
changes can provide strategic information for the sound and inclusive
planning of future energy systems. Electricity systems will rapidly move
into unprecedented territory, with intermittent renewable output gaining
larger shares in the generation mix. This historical analysis of wind
droughts can help to identify reliable locations for wind power generation
and inform the optimal planning of energy storage facilities and other
dispatchable generators needed to mitigate the worst impacts of severe
wind droughts.

Methods

To conduct our analysis, we used wind speeds, pressures, and temperatures
retrieved from the ERA5 dataset”. ERA5 is produced by the Copernicus
Climate Change Service (C3S) at the European Centre for Medium-Range
Weather Forecasts (ECMWF). ERA5 is the fifth-generation ECMWEF
atmospheric reanalysis of the global climate covering the period from Jan-
uary 1940 to the present. It provides hourly estimates of a large number of
atmospheric, land, and oceanic climate variables. The data cover the Earth
on a regular latitude-longitude grid of 0.25 degrees (about 30 km in the mid-
latitudes) and resolve the atmosphere using 137 levels from the surface up to
a height of 80 km. We retrieved the 100-m components of wind speed,
surface pressure, and 2-m temperature from January 1979 to December
2022 at hourly resolution, thus focusing our analysis on data that assimilate
widespread satellite-based observations. This translates to about 400 billion
data points for each of the four variables and about 3 TB of total data volume.
From the wind speed time series, we estimate the power density time series.
We then introduce an energy deficit metric to quantify the wind resource
variability and wind droughts. The energy deficit metric quantifies the
energy deficit of a wind-based power system over an annual time scale when
we set a target generation profile. Note that the target generation profiles that
we consider (constant or climatological) are aimed at characterizing the
wind resource and variability and do not intend to represent the potential
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complementarity of the wind generation profile with an actual electricity
demand profile or power system. In the next paragraphs, we define each of
the variables analyzed in this study and describe how we quantify them (see
Supplementary Figs. 11, 12 for illustrative examples).

Wind power density

For each grid cell, we calculate an hourly power density time series of the
wind energy resource. The power density is the mean power available per
square meter of swept area of a turbine. The 100-m wind power density time
series, WPD(t), is calculated as follows:

05D e
WPD(t) = 05 270 vty (1)

where p is the surface pressure, T the 2-m temperature in Kelvin, V the 100-
m wind speed, and R the universal gas constant for dry air. Using the power
density as a proxy for the wind resource does not allow us consideration of

wind turbine wake effects or geophysical limits to the energy extraction’.

Climatological seasonal wind power density

This quantity is obtained by averaging the same hour of all 44 years of the
power density time series to obtain an hourly mean power density time
series for each hour of the climatological year. In formulas,

Y
_, WPD,(t)

CSWPD(t) = 27‘1% )

where WPD , is the wind power density time series in the year y, and Y is the

number of years under consideration.

Seasonal variability

For each grid cell, we calculate an energy deficit metric of seasonal variability
that is related to the amount of storage that would be needed to supply
constant generation from climatological mean hourly wind generation. We,
therefore, consider a system that relies on the climatological seasonal power
density time series (Pgeperation) and aims to generate a constant profile
(Parger)- Both the input and target generation are normalized to have a mean
unit value. In formulas,

CSWPD(t)

P () = —
generatlon( ) CSWPDmean 9 (3)
Ptarget =1, (4)

where CSWPD,,,,., is the mean climatological seasonal wind power density.

mean
Weather variability

For each grid cell and year, we calculate an energy deficit metric of weather
variability that is related to the amount of storage that would be needed to
supply climatological mean hourly wind generation using the hourly power
density time series in the year under consideration. We, therefore, consider a
system that relies on the individual year power density time series
(Pgeneration,y) and aims to generate the climatological seasonal profile (P, pe,)-
We calculate an energy deficit for every one of the 44 years. Both the input
and target generation are normalized to have a mean unit value in the year
under consideration. In formulas,

Py () = o )
. t) = —_, 5
generation,y va])y‘mean
CSWPD(t)
Pigget(t) = o> (©)
target CSWPD, ...
where WPD, ..., is the mean wind power density in year y and
CSWPD,,,,, is the mean climatological seasonal wind power density.

Wind drought

For each grid cell and year, we calculate an energy deficit metric for
wind droughts that is related to the amount of storage that would be
needed to provide climatological hourly generation from a system sized
for the year with the least generation. We, therefore, consider a system that
relies on the individual year power density time series (Pgeperation ) and
aims to generate the climatological seasonal profile (P,,,,.,). We calculate
an energy deficit for every one of the 44 years. In this case, the target
generation is normalized to have a mean unit value, while the input
generation is normalized to the year with the lowest mean power density.
In formulas,

WPD, (t)
Pgeneration.y(t) =T/ \ (7)
Jmin (WPDy,mean)
CSWPD(¢)
Parge®) = ccvpp - ®)

mean

The input generation has, therefore, a mean unit value only in that year,
while it has greater mean values in other years. With this approach, we
estimate the combined effect of changes in power density and weather
variability on a system sized equally across all the years of our analysis. Note
that having a system with a mean generation higher than the mean target
generation in most of the years likely leads to conservative estimates of wind

droughts.

Energy deficit metric
To calculate our energy deficit metric (in hours of mean generation), we
consider the time series of the integral of the generation balance:

t
Edeﬁcit(t) = / [Ptarget(r) - Pgeneration(T)]dT with € [07 T]> (9)
0

where T is the period under consideration (e.g., 1 year). To fully capture the
wind speed variability that may be present at the extremes of the period
under consideration and that may go underestimated, we extend the time
series of the target and input generation, i.e., we generate repeated time series
of the target and input generation by concatenating two original time series.
For example, if the original time series of the input generation has 8760
timesteps, the repeated time series of the input generation will have 17,520
timesteps, where the values from timestep 8761 to 17,520 will be the same as
the ones from timestep 1 to 8760. Our energy deficit metric is the largest
energy deficit present in the generation balance integral over the period
under consideration:

Edeﬁcit,max = tlg[l(?%{Edeﬁcit(t) - trg[()lnt] |:Edeﬁcit (tp>:| } (10)
> €10,

Data availability

100-m components of wind speed, surface pressure, and 2-m temperature
from January 1979 to December 2022 at hourly resolution can be freely
downloaded from the Copernicus’s Climate Data Store at the following link:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels. Postprocessed results, including wind power densities and energy
deficits, can be freely downloaded from the following Zenodo repository:
https://zenodo.org/records/10082462.

Code availability

Python scripts that we wrote to process the ERA5 climate data, calculate
wind power densities and energy deficits, and generate the figures are
publicly available in the following GitHub repository: https://github.com/
eantonini/Global_wind_droughts.
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