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ABSTRACT: In 2021, the energy sector was put at risk by extreme weather in many different ways: North America and
Spain suffered heavy winter storms that led to the collapse of the electricity network; California specifically experienced
heavy droughts and heat-wave conditions, causing the operations of hydropower stations to halt; floods caused substantial
damage to energy infrastructure in central Europe, Australia, and China throughout the year, and unusual wind drought
conditions decreased wind power production in the United Kingdom by almost 40% during summer. The total economic
impacts of these extreme weather events are estimated at billions of U.S. dollars. Here we review and assess in some detail
the main extreme weather events that impacted the energy sector in 2021 worldwide, discussing some of the most relevant
case studies and the meteorological conditions that led to them. We provide a perspective on their impacts on electricity
generation, transmission, and consumption, and summarize estimations of economic losses.
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1. Introduction

The report published by the Intergovernmental Panel on
Climate Change in August 2021 defines an extreme weather
event as “an event that is rare at a particular place and time
of year” (Seneviratne et al. 2021). It is well known that ex-
treme weather has huge socioeconomic impacts (Lazo et al.
2020; Liu et al. 2020) and that climate change is exacerbating
it (Clarke et al. 2022). The study of extreme weather events
(EWEs) has become a research field in itself, and the Bulle-
tin of the American Meteorological Society has been pub-
lishing the annual series “Explaining Extreme Events”
since 2012 (Peterson et al. 2012). Although weather attribu-
tion science is now done in a rapid way, most of the aca-
demic work analyzing EWEs for 2021 has begun to appear
only recently.

The energy sector is critical in our society. Worldwide en-
ergy consumption increases steadily each year (International
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Energy Agency 2021b), surpassing now 400 EJ. This con-
sumption and electricity production are heavily connected to
weather and climate (e.g., renewable generation, water avail-
ability and temperature for thermal power plants) (Troccoli
et al. 2014; Aiiel 2015), transport, and demand (Baker 1985).
All these activities are tied to polluting emissions (CO,, CHy,
etc.) and, therefore, to anthropogenic climate change, and
poor air quality, which eventually result in health issues and
economic impacts (Im et al. 2018). Because of this, under-
standing the relationship between weather and the energy
sector is key: better knowledge and more awareness will lead
to improvements in the way we can adapt to climate change.

The impact of extreme weather on the energy sector is evi-
dent and has been reviewed in the literature (e.g., Troccoli
et al. 2010; DOE 2013; Axnel et al. 2017; Jackson and Gunda
2021). When it comes to energy production, geographical lo-
cation matters, and different regions of the world suffer differ-
ent types of EWESs. The viability of a power generation plant
must take into account this type of event, whether it is a crude
extraction well or a hydropower station.

For example, high temperatures increase the resistance of
power transmission lines and increase power losses (Bartos
et al. 2016). High temperatures also affect generation by re-
ducing the efficiency of gas- and oil-based generation plants.
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FIG. 1. Global distribution of the events studied here.

Situations can also be induced in which generation must be
stopped due to being above the temperature limit thresholds
allowed for a generation facility. Such incidents have hap-
pened in recent years in France with nuclear power plants due
to excessively warm temperature of the water used for cool-
ing. This phenomenon is becoming more frequent due to cli-
mate change and could cause an average annual generation
loss of up to 2.4% by the end of this century (Ahmad 2021).
Low temperatures, heavy snow, and ice buildup can cause
icing of wind turbines and the failure of overhead lines and
transmission towers, causing disruptions to the power grid.
They can also reduce electrical output by causing electrical
breakdowns. Strong winds during storms can cause failure
and damage to the overhead transmission and distribution
lines, either by collapsing distribution towers or by debris fall-
ing on the lines (Donaldson et al. 2023). On the other hand,
prolonged periods of calm wind conditions negatively affect gen-
eration by limiting wind production. Flooding during storms can
also impact substations. Therefore, improved resilience of power
generation plants is necessary to reduce weather- and climate-
related risks. The study and knowledge of the relationships be-
tween meteorology, energy production, and the power system
components make it possible to face situations (foreseen or not)
more efficiently, optimizing generation resources (Dubus et al.
2018). For this reason, a better understanding of the influence of
weather in the energy sector will result in a better ability to fore-
cast supply and demand.

Here, we provide evidence of the relevance of this relation-
ship by analyzing the EWEs that happened in 2021 and how
they affected the energy sector. In 2021, 350 million people
worldwide were affected by major energy outages (World
Economic Forum 2023), many of them caused by a few re-
markable meteorological phenomena. Cold waves in Texas
and Spain were especially relevant, as were extreme floods in
Australia, central Europe, and China. There was a heat wave
in the Pacific Northwest of North America, concurrent with
a heavy drought in California and wildfires from May to
October. Other less studied phenomena, such as a wind
drought in Europe, were relevant too. Data are also from pri-
vate companies in a sector for which access to and publication

of this type of information is not easy. We do not cover
“regular” hurricanes, tornadoes, monsoons, or typhoons here;
instead we focus on unusual high-impact EWEs that do not
happen annually.

The following sections outline the method used and provide
examples of various cases of EWEs that have impacted differ-
ent parts of the energy sector. This aims to give an overview
of the different types of EWEs that have occurred during
2021, attempting to integrate meteorological factors with their
societal impacts; such an integration is not commonly found
in current literature.

2. Method

We performed an extensive search for EWEs in 2021 that
impacted the energy sector. To do this, we used an already-
tested method for searches using keywords (Bayo-Besteiro
et al. 2022) and search engines (Google and Google Scholar).
Figure 1 and Table 1 list some of the most remarkable EWEs
impacting the energy sector in 2021. We have chosen these
case studies based on the rationale of the representativeness
of different meteorological phenomena associated with differ-
ent variables. In this way, we present temperature-related
phenomena (both cold waves and heat waves), precipitation
(including snow and floods), and wind. This allows us to pro-
vide a broad picture of different extreme phenomena occur-
ring throughout the year in different seasons. Also, selecting
these events provides comprehensive geographical coverage,
showing impacts all around the Northern Hemisphere. Last,
we consider that including a wind drought in our analysis is of
utmost relevance, as it is a phenomenon of great importance
for the energy transition, barely studied in the literature and
especially striking in 2021.

3. Case studies

a. Filomena and Uri winter storms

The beginning of 2021 featured two major winter storms,
separated by one month and in different parts of the Northern
Hemisphere. The first one was Filomena, which affected the
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TABLE 1. Extreme weather events with associated energy impacts in 2021, including the region affected, dates of occurrence,
impacts, and published works with information on them. The events in boldface are the ones reviewed here. The list is not

exhaustive and only includes those works with the most relevant information to this paper.

Type of event Region affected Dates Impacts Related works
Winter storm Central Spain 8-17 Jan Power lines down and AEMET (2021a), Tapiador et al.
Filomena need to balance the (2021), Smart (2021),
energy mix P. Zschenderlein and H. Wernli 2022

(unpublished manuscript, available at
https://doi.org/10.5194/nhess-2021-396),
Faranda et al. (2022),
Hou et al. (2023)

Winter storm Uri Texas 10-20 Feb Severe problems in Busby et al. (2021), Doss-Gollin et al.
generation; frozen (2021), FERC (2021), Mann et al.
pipelines (2021), Popik and Humphreys

(2021), Albers et al. (2022), Bolinger
et al. (2022), Davis et al. (2022),
Gruber et al. (2022), Lee and
Dessler (2022), Levin et al. (2022),
Millin and Furtado (2022)
Drought in California Feb-Nov Reduction in Hoell et al. (2022)
California hydropower
production
Floods in Eastern Australia 17-26 Mar Damage in power Australian Institute for Disaster
Australia infrastructure Resilience (2021), NASA (2021),
Reid et al. (2021), Kelly and
Kuleshov (2022), Wert et al. (2023)

U.K. wind West Europe Apr-Sep Decrease in wind power ECMWEF (2022), Kay et al. (2023)

drought production

Pacific Northwest Pacific Northwest Jun—Jul Damage in power Overland (2021), McKinnon and

heat wave America infrastructure and Simpson (2022), Philip et al. (2022),
power outages Schumacher et al. (2022), White
et al. (2023), Loikith and
Kalashnikov (2023), Heeter et al.
(2023)
Central Europe Central Europe 12-19 Jul Stops in power Eurelectric (2022), Koks et al. (2022),
floods generation; 200 000 Mohr et al. (2023), Ludwig et al.
people without power; (2023)
damage in
infrastructure and
power outages
Heat wave/ Siberia Jul-Aug Endangered hydropower Copernicus Atmosphere Monitoring
wildfires plant System (2021), Scholten et al. (2022)
Heat wave/ Greece Jul-Aug Excess electricity Founda et al. (2022), Giannaros et al.
wildfires demand; limitations to (2022), Fuckar et al. (2022)
electricity
consumption
Floods in Shanxi Northeast China 1-14 Oct Coal mine closures, Che et al. (2021), Feng et al. (2022),

stress in the supply
chain, and worldwide
increase of coal prices

Liu (2022), Zhou et al. (2022),
Gu et al. (2022), Hu et al. (2023)

Iberian Peninsula. The other one was “Uri,” which affected
several North American states, but especially Texas. Uri is
now probably one of the best-studied EWEs with impacts on
the energy sector because of the significant shocks it pro-
duced, including deaths. Common to both of these storms
were heavy snow accumulation and freezing weather. The
relationship with climate change in these episodes is unclear;
however, it is known that, for the case of Uri, the estimations
of the Electric Reliability Council of Texas (ERCOT) about
peak electricity demand clearly underestimated the risks that

winter storms pose in the current scenario of climate change
and EWEs (Lee and Dessler 2022).

1) METEOROLOGICAL CONTEXT

The meteorology associated with Filomena has been well
explained by the Spanish Meteorological Agency [Agencia
Estatal de Meteorologia (AEMET 2021a)]. It was an extra-
tropical cyclone in origin that formed on 1 January near
the U.S. East Coast, experienced an excursion to subtropical
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latitudes near the Canary Islands, and then, with moistened
air, moved north to the Iberian Peninsula. In this sense,
Filomena was different from the usual snow episodes on the
Iberian Peninsula, which are typically associated with excur-
sions of cold polar air masses. On 8 and 9 January, the warm
moist air that Filomena brought after its subtropical excur-
sion, extended over cold polar air previously brought over the
Iberian Peninsula. As a result, snow depths of 0.30-0.53 m
were recorded (AEMET 2021b). After it, a cyclone situated
over the Iberian Peninsula produced a cold spell for one addi-
tional week, with temperatures plummeting to values ranging
between —2° and —26.5°C (and lower at unofficial stations),
the lowest recorded in the previous 20 years (AEMET 2021a;
Smart 2021). Figure 2 shows the anomalies of the mean 2-m
temperature for 7-10 January 2021 and the historical records
of 4-day accumulated snowfall, putting into context how
extraordinary Filomena was.

The meteorological conditions associated with Uri have
been explained too, and the U.S. National Weather Service has
published a good account of it (NWS 2021). On 10 February, a
cold front moved over Texas, and 3 days later an Arctic cold
front reached the region too. The situation evolved to precipi-
tation in the form of snow and sleet and freezing temperatures
between 14 and 16 February. Without these conditions ending,
another winter storm with freezing rain joined, worsening the
conditions, which lasted 4 days more. However, the situation is
acknowledged to have had a stratospheric precursor, and it has
been shown that vertically propagating Rossby waves disrupted
the stratospheric polar vortex (Liberato et al. 2007; Castanheira
et al. 2009; Millin and Furtado 2022), ending in a major sudden
stratospheric warming (SSW) (Lee 2021; Lu et al. 2021). The
weakening of the stratospheric polar vortex allowed cold
polar air and high pressures to establish over Canada and
then move southward because of the wavy behavior of the jet
stream (Bolinger et al. 2022). In addition, it resulted in a neg-
ative pattern of the Northern Annular Mode (NAM), usually
associated with major SSWs and cold episodes over North
America (de la Torre et al. 2006; Lee 2021) as well as a cold
pattern (phase 7) of the Madden—Julian oscillation (MJO)
affecting the region (Lu et al. 2021). Moreover, it has been
shown that existing La Nifia conditions favored the event
(Albers et al. 2022).

Recent research has suggested that the temperature ex-
tremes combined with their duration have return periods
exceeding 50 years (Doss-Gollin et al. 2021; Albers et al. 2022).
Although these events are unusual in Texas, making it difficult
to establish a trend, climate change is not expected to favor them
(Nielsen-Gammon et al. 2021).

2) CONSEQUENCES

For the storm Filomena, in the region of Castilla-La
Mancha (southeast of Madrid, Spain), up to 27000 clients suf-
fered blackouts because of fallen transmission lines (Fresneda
2021), although most of these were minor incidents, and only
a few remained without electricity for up to four days (RTVE
2021). On the other hand, despite the cold weather, low solar
power production, high natural gas prices, and the associated
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FIG. 2. (a) Anomalies (°C) of the mean 2-m temperature for
7-10 Jan 2021 with respect to the historical mean (1979-2019) for
the same days; data are from the ERAS reanalysis hourly means
(Hersbach et al. 2020). (b) Four-day accumulated snowfall vs
snow-covered area of all winters from 1979 to 2019 in the Iberian
Peninsula (IBP). The red point represents the period 7-10 Jan
2021 (Filomena), label E2 marks the period 2-5 Jan 1997, and E3
marks the period 28-31 Jan 1986 [the plot is from P. Zschenderlein
and H. Wernli 2022, unpublished manuscript, available at https://
doi.org/10.5194/nhess-2021-396]. (c) Evolution of the demand and
prices of electricity in Spain for the month before and after Filo-
mena. Source: Red Eléctrica Espafiola.

high demand for electricity that brought rising prices (Fig. 2),
wind farms contributed substantially, with peaks of power
production covering up to 47% of the electricity demand in
the country (REVE 2021).

Despite this, during Filomena, the Spanish electricity sys-
tem showed remarkable resilience, with only 50 incidents
reported on transmission lines, mainly in the center of the
Iberian Peninsula. Increases in demand were up to 13%
relative to previous weeks. However, these were satisfied by
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energy imports from other countries (Red Electrica Espaiiola
2021). There is no estimation of costs specific to the energy
sector beyond the impact on the prices of electricity, which
were prohibitive for many people; however, Filomena caused
an estimated 1.2 billion U.S. dollars of damage (AON plc
2021).

In the case of Uri, the load on the electricity system in-
creased from around 40 GW to over 70 GW. This marked the
highest winter peak demand recorded in Texas and the first
time when the state experienced a greater winter than sum-
mer peak demand (Skiles et al. 2023). Uri resulted in a short-
age of power generation, the need for rolling blackouts that
affected more than 4 million people (some extending up to
four days), and prices spiking around $9,000 (MW h)~!. The
shortage of power production was a consequence of the incor-
rect estimation of the generation capacity by ERCOT (Busby
et al. 2021; Lee and Dessler 2022), frozen coal and gas power
plants, gas supply infrastructure, and water pumps in nuclear
power stations (U.S. Nuclear Regulatory Commission 2021)
after temperatures reached below —8.8°C and down to
—10.9°C (Gruber et al. 2022). Nearly 20% of the total U.S. re-
finery capacity was shut down (DOE 2021). The economic
cost of the power outages and disruptions in Texas has been
estimated in a range between 26.1 and 130 billion U.S. dollars
(Puleo 2021; NOAA/National Centers for Environmental
Information 2023).

b. Pacific Northwest heat wave and drought

Prolonged drought conditions have been suffered in
California several times over the last three decades. Some
have lasted multiple years such as from 2012 to 2015 (Olsen
et al. 2023) (and references therein). Southwestern North
America is a region that has been proven to be historically
prone to megadrought (drought events of exceptional length)
conditions, and climate change exacerbates them (Williams
et al. 2020). Also, EWEs have led to substantial socioeco-
nomic impacts in this region of the world. In 2021 the Pacific
Northwest suffered an episode of drought that lasted nearly a
year, combined with heat-wave conditions over the summer
(White et al. 2023). In this region, 2021 was the hottest year of
the last millennium (Derouin 2023). The city of Sacramento,
California, broke its record for consecutive days without rain-
fall, with 211 days, and Death Valley recorded the highest
temperature on Earth since 1930 (WMO 2022). Moreover,
compound EWEs are recurrent now in California (Pu et al.
2022), and the region faces worsening conditions of drought
and heat waves under climate change. Recent research has es-
timated that these extended conditions over 2020 and 2021 in-
creased sixfold because of anthropogenic climate change and
La Nifia conditions (Hoell et al. 2022).

1) METEOROLOGICAL CONTEXT

The meteorological situation for this event has now been
well described in the literature, especially for the heat wave
during June-July 2021 (Overland 2021; McKinnon and
Simpson 2022; Schumacher et al. 2022; White et al. 2023). An
omega-blocking situation developed; however, this was not
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enough to explain the extraordinary situation, where the
dryness of the soil played a key role, and the transport of la-
tent heat contributed to warming the middle troposphere
(Schumacher et al. 2022). The 500-hPa geopotential height
was greater than usual, with peak values over British Columbia,
Canada (Loikith and Kalashnikov 2023). A Canadian national
maximum temperature record was set in Lytton, British
Columbia, on three consecutive days (27-29 June), peaking at
49.6°C. According to the U.S. Drought Monitor (USDM; see
Fig. 3), the drought conditions in California began in February
2021 with a DO category (abnormally dry) and worsened through
the year, reaching a D4 value (exceptional drought) by the end
of November 2021, when conditions began to improve. The com-
pound interaction of heat waves and drought has been pointed out,
suggesting that the dry conditions, with low evapotranspiration,
were also crucial for the extreme heat during June (Philip et al.
2022).

Additionally, several wildfires happened: In British Columbia,
by late June and early July, after those days of extreme heat, dry
storms and more than 700000 lightning strikes sparked more
than 180 wildfires. In Beckwourth (Plumas County, California),
lightning also caused another wildfire, which lasted from
2 July to 1 August. Another one, the Dixie Fire, began on
13 July, expanded through five counties, and merged with the
Fly wildfire on 22 July. This merged wildfire lasted until
30 October, burning 187.562 ha, the second-largest wildfire
ever recorded in California. The Bootleg wildfire (Beatty,
Oregon) began on 6 July and was contained on 1 October,
burning an area of 1674 km? and had days of generating py-
rocumulus and therefore, its own weather (Amici et al.
2022).

2) CONSEQUENCES

The drought led to a significant reduction in hydropower
production. In 2020 the generation from this source in
California was 13.6% of California’s total power mix, which
was 44% lower than in 2019 (California Energy Commission
2021a), and then in 2021 was even lower, at 10.2%. The water
storage levels in reservoirs in California were very low. The
Oroville Reservoir (Butte, California) was below average
throughout the hydrological year (see Fig. 3), reaching values
below 30% by June, and staying at such low levels until
January 2022. The Hyatt hydropower station (which the pre-
vious year had supplied 60% of the power for Butte County,
California) was stopped for the first time since it became op-
erational in 1968, because Lake Oroville reached values of ap-
proximately 35% of its storage capacity and 45% of its
historical average, the minimum levels under which the sta-
tion can operate. The station became operational again on
4 February 2022 (L. Whitmore, California Department of
Water Resources, 2021, personal communication). A side ef-
fect was that the deficit of hydropower generation was cov-
ered with natural gas.

During the wildfire in Lytton, 90% of all the structures, in-
cluding power stations, were destroyed. This occurred during
a peak in demand for electricity, mainly for air conditioning
(Beugin et al. 2023). During the Bootleg wildfire, several
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FIG. 3. (a) Anomaly of mean annual precipitation in western North America for 2021 relative to the historical mean for 1971-2020
(values over the ocean are not plotted). The data source is ERAS monthly mean total precipitation. (b) Drought index for Butte County
(% of the county under drought conditions) for 2020-21; darker colors are indicators of greater drought level. Source: USDM. (c) Lake
Oroville storage levels from October 2020 to September 2022 (in acre feet; 1 acre ft = 1233.5 m®). The blue line shows the historical mean
storage. Source: California Department of Water Resources. (d) Satellite view of Oroville Lake on (left) 4 Jun 2019 and (right) 19 Jun

2021. The images are from Landsat-8, provided by the NASA Earth Observatory.

transmission lines supplying power to California were de-
stroyed (Amici et al. 2022). The most significant problems
happened on 8 July. On this day, the California power net-
work was saturated (and exacerbated by the fact that a gas
power station (Russell City Power Center), with a capacity to
supply 600 000 homes, became inoperative on 27 May after an
explosion), on the brink of scheduled rotating outages. Three
lines of the Oregon—California interconnection network fell,
reducing the imported energy by 4000 MW (almost 10% of
the peak demand on that day) (California Energy Commission
2021b). The capacity transported by the Pacific DC Inter-
connection, which runs through the state from north to south,
also had to be limited to prevent that line from suddenly falling.
Due to this, the deficit between the available energy and the
peak demand rose to 5500 MW.

During the nights (without solar power production), hydro-
power was used; however, its availability was limited because
of the drought. Lithium-ion batteries that stored energy from
solar power were used, providing between 500 and 1000 MW
over several hours. However, it was not enough, and a state of
emergency was declared, asking private utility companies to
prepare for continued blackouts. Air pollution requirements
were relaxed to let utilities resort to other fossil sources, such

as diesel backup generators, during grid stress. Measures such
as constructing temporary gas plants and improving existing
ones were approved to deal with the continuous energy short-
age. At the same time, the California Independent System
Operator (CAISO) called on the public to reduce power con-
sumption at peak demand hours when price spikes were ex-
pected. Also, the primary generation sources (natural gas and
nuclear plants) did not fail, and by relying on nonrenewable
sources, rotating blackouts were avoided. However, some re-
newable energy curtailments were necessary because of the
instability in power. During this situation, it was feared that the
same thing would happen as the previous year, 2020, when
CAISO was forced to make rotating blackouts during a heat
wave on 14-15 August (which affected some two million cus-
tomers). In that case, some industries had to stop operating be-
cause of outages. Also, there was an economic impact on clients,
as electricity prices in California reached $1,500 (MW h)~' on
16 August 2021 (CAISO 2021).

In British Columbia, record-breaking temperatures also
triggered a record power demand. According to the British
Columbia Hydro and Power Authority (BC Hydro), on
28 June, all-time records for peak summer demand were bro-
ken, with a peak of 8568 MW (600 MW more than the
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previous peaks) and 35% higher than the seasonal average.
The unplanned outages because of excess demand skyrocketed
on 28 June, reaching 400 outages and affecting more than 40 000
customers, as compared with a daily average in the week before
the heat wave of around 50 outages with 1000 customers af-
fected. The resilience of the British Columbia power production
system (where 80% of energy production comes from hydro-
power plants and which had not experienced severe droughts in
many years) meant that the increase in demand did not imply
significant changes in energy production, nor did it have to
resort to nonrenewable sources, which could have worsened
the situation.

Without specific estimations about the economic impact on
the energy sector, it is estimated that the drought cost about
9.1 billion U.S. dollars, and wildfires from June 2021 accounted
for another 10.8 billion U.S. dollars (NOA A/National Centers
for Environmental Information 2023).

c¢. U.K. wind drought

Wind droughts are phenomena that are getting increasing
attention over the last few years because of their relevance
for wind power production. As the number of wind farms con-
tinues to rise and expand worldwide, periods of low wind
speed become more evident, as recent research has shown
that in many regions, the most severe wind droughts occurred
before the expansion of wind power made them relevant
(Antonini et al. 2023). Related to it, under climate change
projections, globally, wind speeds at 10 m are expected to be
lower (Deng et al. 2022), although the impacts of climate vari-
ability often far outweigh the magnitude of the climate change
signal (Bloomfield et al. 2021a), and factors such as multideca-
dal climate variability or land-use change are as relevant as
anthropogenic emissions (Wohland et al. 2021).

One of the problems related to the lack of studies on these
phenomena is that there is no consensus definition of a wind
drought. For this case study, we focus on an overall decrease
in wind speeds, a meteorological variable relevant because of
the long period for which it happened and one that was very
obvious all along 2021. However, the few existing studies on
wind droughts focus primarily on other issues, which may be
more significant from the perspective of energy generation
such as percentiles of wind power generation, the two curtail-
ment speeds (high and low) that render the turbines inopera-
tive, or the duration of a period with low power generation
(e.g., Brown et al. 2021; Liu et al. 2023; Potisomporn et al.
2024).

Some work has been done on energy droughts from renew-
able sources in the United Kingdom, finding that wind
droughts (events with total power production from wind
lower than the 10th percentile) affecting the United Kingdom
are quite common, with between 6 and 12 events per season,
and lasting for 6-11 days (Otero et al. 2022). In summer 2021,
a wind drought affected most of Europe, especially the
United Kingdom, and the wind speed records in the British
Isles were substantially lower than the historical record aver-
age (1960-2020). By the beginning of September 2021, wind
power accounted for 7% of the electricity production mix in
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the United Kingdom, to a total of 14% by the end of the year,
as compared with 25% in 2020 and 26.8% in 2022 (Mellor
2021; National Grid 2023; Statista 2023).

1) METEOROLOGICAL CONTEXT

Wind power production in the United Kingdom has been
demonstrated to be strongly related to teleconnection pat-
terns (Brayshaw et al. 2011; Zubiate et al. 2017; van der Wiel
et al. 2019; Bloomfield et al. 2020b). During the period in
which this wind drought event occurred, the North Atlantic
Oscillation (NAO) index (Hurrell et al. 2003) showed mainly
negative values, which explains the persistent anticyclonic cir-
culation over the British Isles and the low wind speeds.
Figure 4 shows how negative NAO index values are well neg-
atively correlated to low values of wind energy production.
During the months where production has been lower (as seen
in the graph, July has been the most notable month), the val-
ues for the east Atlantic (EA) and Scandinavia (SCAND)
teleconnection patterns (Barnston and Livezey 1987) also
show high values. From April to September, the correlation
of wind power production in Scottish Power farms was a
remarkable —0.92 and —0.84 with the SCAND and EA pat-
terns, respectively, and —0.77 with NAO.

2) CONSEQUENCES

In the United Kingdom, wind power production was con-
siderably reduced for most of 2021, especially from April to
September. According to Scottish and Southern Energy
(SSE) plc, which operates in the United Kingdom and
Ireland, renewable power production (including hydropower)
was 32% lower than expected for this period mainly driven by
the wind drought (SSE plc 2021). According to Iberdrola/
Scottish Power, anomalies in production in their wind farms
in July were 43% below the historical monthly average for
1990-2019 (note that the wind speed data reported here were
not used to calculate the wind power output), being the sec-
ond year with lower production of the data series. The U.K.
government reported that wind power contributed 14% less
in 2021 than in 2020, despite the production capacity rising by
5.3%, due to lower wind speeds (0.6 m s~ ! below the average)
(Department of Business, Energy and Industrial Strategy
2022). As a result, the lack of wind power had to be covered
by other sources, including the restart of a coal plant,
which resulted in increased CO, emissions (Mellor 2021).
At the same time, there were problems with the French
interconnector, which was offline due to a line failure, so
regular nighttime supply from France was not available to sup-
port the challenging conditions. It also had an impact on elec-
tricity prices, as the demand had to be fulfilled with other fossil
fuel sources, which had suffered marked price increases because
of the postpandemic increase in demand.

d. Floods in Shanxi

In 2021, there were several EWEs in China. It is estimated
that convective weather events alone caused economic losses
in the country of 4 billion U.S. dollars (Li et al. 2022). At the
beginning of October 2021, record-breaking precipitation and
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floods happened over northern China, estimated to have re- The region most affected was the province of Shanxi. Over
turn periods of 1 in 1500 years (JBA Risk Management 2021).  northern China, the rainy season has generally occurred dur-
This extreme rainfall had huge impacts on the energy sector, ing the summer; however, it has been observed that the usual
mainly on coal extraction from mines and energy markets. rainy season in northern China has been extending into the
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autumn in recent years (Che et al. 2021). There are several
different mechanisms causing the timing shift, including, for
example, the phase of El Niflo-Southern Oscillation and the
Indian Ocean dipole (Xu et al. 2016).

During the rainy season (the transition to autumn), climate
change projections indicate that there will be an increase in the
amount of rainfall exceeding the 95th percentile on a single day.
Values of accumulated precipitation over five days, and the
number of days with precipitation above 20 mm are expected to
increase by 15%-20% by 2039-58 (Qin et al. 2021). Also, recent
work focusing on the episode of extreme precipitation for this
region the month before this case study has shown that climate
change increased their probability twofold (Hu et al. 2023).

1) METEOROLOGICAL CONTEXT

During the first two weeks of October (1-14 October), torren-
tial rains occurred in the Shanxi region (37.0°N, 112.0°E), with
the heaviest rainfall happening between 2 and 7 October. The
precipitation anomalies were up to 450% above the historical
mean (1980-2020) according to ERAS (see Fig. 5) (other sources
report values of 300%; Li et al. 2022). This precipitation came af-
ter a September in which it had already exceeded the historical
mean in northern China by 300% (Sun et al. 2023), and catch-
ments were saturated and susceptible to flooding.

Synoptically there was a stable situation (it lasted for sev-
eral days) over Shanxi with low pressures to the west and
high pressures to the east (Liu 2022). The western Pacific sub-
tropical high was located abnormally far north, and its west
ridge was abnormally far east, in a configuration that favored
the transport of warm and humid air to the region. This facili-
tated the precipitation for an extended period. An emergent
La Nifia event has been pointed out as an additional contrib-
uting factor (Che et al. 2021; Gu et al. 2022). The rainfall re-
corded between the evening of 2 October and the morning of
7 October was 119.5 mm, exceeding historical maximums
(Zhou et al. 2022). According to JBA Risk Management
(2021), in Taiyuan, the capital of the Shanxi region, cumula-
tive precipitation of 185.5 mm was recorded in 12 h. This is
more than triple the historical maximum recorded between
1979 and 2021 and more than 7 times the average October
rainfall of 25 mm observed between 1981 and 2010. In Daning
County, southwest of Shanxi, a cumulative precipitation of
285.2 mm was recorded in 12 h, breaking the seasonal record
by 7 times. During this episode, many meteorological stations
in the region recorded historical maximums of precipitation.
The precipitation recorded in Shanxi in five days was more
than triple the average monthly rainfall for October. The rain-
fall on 2 October caused the Fen River in Taiyuan to reach a
maximum water flow of 1100 m> s_l, which is more than
20 times its usual rate and the highest since 1996. Because of
this, several levees were breached, causing severe flooding in
Yuncheng in southwestern Shanxi, near the confluence of the
Fen He and Huang He rivers (Feng et al. 2022).

2) CONSEQUENCES

With more than 600 coal mines in the region, 30% of the
coal extracted in China comes from Shanxi. Because of the
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floods, approximately 10% had to stop operating, heavily stress-
ing the supply chain in a preexisting context of energy peak pri-
ces because of the industrial recovery after the COVID-19
pandemic (International Energy Agency 2021a). Given the
significant percentage that coal thermal power contributes
to the electricity mix in China (almost 55% in 2021; Ritchie
et al. 2022), as a consequence of the lack of coal, authorities
had to implement electricity outages in 20 of the 31 regions
of China. Also, the coal market registered record prices be-
cause of global demand, peaking at $269.5 t~! on 5 October
(see Fig. 5).

On 15 October, the situation worsened because of in-
creased demand associated with an episode of low tempera-
tures in most of China, with thermal power plants rushing to
stock up on coal. In response to the situation, the Council of
State requested mines increase their production, letting them
surpass the maximum annual allowances. As a consequence,
inflation rose by 0.91%, leading to a 1% rise in the producer
price index and a rise of 0.5% in the consumer price index
(Tianfeng Securities Co. 2021; Bloomberg News 2021), the
total cost of the Shanxi floods is estimated to be between 770
and 707 million U.S. dollars (Lalzoy 2021; Zhou et al. 2022).

4. Discussion

EWE:s pose a substantial risk to the energy sector, and cli-
mate change is increasing the number and risk of these events.
Therefore, preparedness and adaptation are necessary. Here,
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we have reviewed some of the more relevant cases in 2021,
showing that such events can be diverse and triggered by a
range of different meteorological drivers. Some of the events
show how seasonal and subseasonal forecasting represents an
opportunity to prevent and mitigate their impacts, which has
been extensively pointed out in previous research (e.g., Troccoli
et al. 2014; Anel 2015; Orlov et al. 2020; Bloomfield et al. 2021b;
Bayo-Besteiro et al. 2022; Domeisen et al. 2022). Some others
show how a better knowledge of the stratosphere and its cou-
pling with the troposphere plays a role (Afiel 2016). The finger-
print of La Nifia is present in three of the EWEs studied, and
other teleconnection patterns, such as NAM and the MJO, are
linked to others. Previous research on the “Beast from the
East” has already shown how the electricity demand in Europe
can be driven by these and other teleconnection patterns, jointly
with the phenomenon of polar vortex weakening and the associ-
ated excursion of polar air masses in midlatitudes (Beerli and
Grams 2019; Bloomfield et al. 2020a). This is similar to what
happened for winter storm Uri. Also, it is obvious that climate
change has a role in EWESs; however, for many of the cases pre-
sented here, the relationship has been studied, and it is obvious,
but for others it is not so clear. There are even cases that could
become less frequent, such as Filomena (Faranda et al. 2022).

The case studies presented here were quite prominent
in a year that featured an energy market struggling with gen-
eration and energy prices in a postpandemic scenario with
economic recovery and in a year with several relevant meteo-
rological and climatic features such as droughts, heat waves,
floods, wildfires, winter storms, a major SSW, and La Nifia.
However, one of the main problems when reviewing the im-
pacts of extreme weather on power systems is in finding infor-
mation on case studies from some regions. The lack of cases
for which we have found information for the Global South is
readily apparent and in stark contrast to the comprehensive
literature available about the winter storm Uri. Forensic anal-
ysis of these events, both from the meteorological and techni-
cal sides, is necessary for good future planning, even more so
under climate change, and no doubt beneficial for any region
and operator, not only those involved in the case studies. In
this way, more openness in data and reports regarding the im-
pacts of weather on the energy sector is desirable from stake-
holders and researchers in other regions less studied.

Other conclusions from this work are that despite existing
warnings and research results, stakeholders’ efforts in adapta-
tion can be clearly improved. In this regard, there are two as-
pects of grid resilience: meeting the electricity demand and
ensuring that the infrastructure to deliver electricity is resil-
ient to EWEs.

For the first aspect (meeting electricity demand), work pub-
lished more than 15 years ago had already pointed out how
heat waves under climate change can drive problems in the
power supply in California because of excess demand (Miller
et al. 2008). Diversification in power generation sources,
adoption of renewable sources and improvements in intercon-
nection in the electricity grid can increase resilience to EWEs
and climate change. For example, during Filomena, the
Spanish electricity generation and transmission system (with a
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substantial percentage of generation capacity in renewable
sources) coped well with both generation and demand. How-
ever, the high reliance of Texas on thermal power plants and
fossil fuels, with coal, nuclear, and gas accounting for almost
75% of the generation, and only 25% additional from wind
power (solar and hydropower generation is minimal) (DOE
2021) has been pointed out as one of the weaknesses that lead
to the disastrous impact of Uri (Popik and Humphreys 2021).
Additionally, it has been demonstrated that technologies such
as photovoltaic power are resilient to climate change, which is
unlikely to threaten their production (e.g., Jerez et al. 2015;
Bayo-Besteiro et al. 2022). Also, other technological solu-
tions, such as using storage systems (e.g., batteries for short
periods of time or reverse hydropumping reservoirs for long-
term storage), could help alleviate phenomena such as renew-
able energy droughts (Rinaldi et al. 2021).

For the infrastructure aspect, recommendations for weath-
erization and preparedness to EWEs in Texas had been made
by the U.S. Federal Energy Regulatory Commission (FERC)
based on up to three previous EWEs, including an excursion
of polar air masses similar to part of the Uri storm (FERC
2021). Also, the adaptation of the generation systems, trans-
mission lines and the market managed by ERCOT in Texas
did not consider extreme weather or possibilities for peak de-
mand during winter (Popik and Humphreys 2021), and this
played a key role in the disaster caused by the Uri storm. In
this vein, although very different in nature, the comparison
between the impacts of Filomena and Uri shows how the in-
vestment and preparation of the power generation system and
interconnection of transmission lines can be key to improving
the resilience of the energy system against EWEs. The eco-
nomic viability of the winterization of systems to avoid cases
produced by episodes such as the Uri winter storm has been
studied (Gruber et al. 2022), showing that the social cost of in-
action is tenfold the cost of adaptation. Increasing the use of
forecasts on potential weather risks for the energy sector
would be beneficial for adaptation. For example, the 2023
summer forecast of the North American Electric Reliability
Corporation reports on the potential impacts of heat waves
and wildfires across the United States (Scharping 2023). How-
ever, even if the issues caused by EWEs are acknowledged,
adaptation can still be a lengthy process. EWEs and climate
change have begun to be incorporated into official energy sys-
tem planning by utilities and governmental entities only in re-
cent years, and it is a work in progress. Also, stranded assets
play an important role in the energy sector, where invest-
ments in power generation plants and technologies need years
to pay off, and building new generation facilities can be some-
what slow because of politics or local opposition. In this re-
gard, adaptation and preparation of the energy sector for
EWE:s and climate change will benefit politics, favoring the
deployment of renewable energy installations.

In recent years, actions have begun to be carried out to
adapt the energy sector to climate change and EWEs. The
European Climate Adaptation Platform and the European
Union policy include energy security through renewables as a
key point (Climate-Adapt 2023). The International Atomic
Energy Agency published a review in 2019 on adaptation to
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climate change, discussing the role of EWEs (International
Atomic Energy Agency 2019). Also, the U.K. Third National
Adaptation Programme (Department for Environment, Food
and Rural Affairs 2023) published in July 2023 specifies the
mandate “to build climate and weather resilience” in the en-
ergy sector, and establishes floods, lack of water availability,
and extreme temperatures as the main risks for energy secu-
rity. Specific actions to adapt to these key risks are provided
and some of them are needed in the very short term. The fo-
cus on floods as one of the main risks for the energy sector
over the coming years coincides with the direction and wor-
ries exposed by the International Energy Agency (Lim 2023).
Additionally, recent actions to provide helpful climate serv-
ices with the engagement of stakeholders have been deployed.
These are an excellent way to adapt the energy sector against
EWEs and climate change according to its needs (Goodess
et al. 2019).

Many lessons have been learned from the cases reviewed in
this paper and the actions to avoid them happening again.
Preparedness against floods and an increase in the share of
renewable energy in the mix are two of the main measures
being deployed worldwide. Some cases have undergone
“forensic” analysis, and measures have been proposed. For
example, after the Uri storm, the city of Austin and Travis
County requested a report (City of Austin Homeland Security
and Emergency Management 2021); however, it focused on
the emergency response. The references to the measurements
regarding the disruptions in the grid are only from the side of
the causes of disruption, and the recommendations are limited
to increasing the existence of in situ backup power generators
that do not depend on external electricity sources. On the
other hand, California publishes its climate adaptation strat-
egy every three years, the last one in 2021; In April 2022,
after the heat wave the previous year and public consultation
in 2021, it released a separate extreme heat action plan
(California Natural Resources Agency 2022). This plan con-
tains a wide number of actions for the energy sector, such as
continuing to include extreme heat and its impacts on energy
demand into Integrated Energy Policy Report forecasts, to
protect energy systems from the impacts of extreme heat and
increase energy resilience during extreme heat events through
improvements for grid reliability (some of which were already
completed by the publication of the plan) and to increase
“reserve margin” power resources. It also includes a goal to
develop enhanced demand forecasts that consider the likeli-
hood of EWEs.

Note also that the energy sector is one of the most vulnera-
ble to risks derived from compound EWEs (Niggli et al. 2022)
and that EWEs with energy sector impacts can also impact
human lives and can exacerbate social inequalities (Nejat et al.
2022; Zanocco et al. 2022). At the same time, improved EWE
warning systems can help reduce CO, emissions through a
more efficient and safe use of energy. These are some of the
reasons to devote efforts to studying EWEs and investing in
increasing the resilience of the energy sector to them.

This study elucidates the impact of meteorology on society
through the lens of EWEs and their influence on the energy
sector. We delve into the varied consequences of distinct
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events that unfolded in 2021, framing them within their mete-
orological context. A specific focus is the inclusion of phe-
nomena such as wind droughts, an area that is relatively
unexplored and emerging. Moreover, results are based on ex-
clusive data from a private wind energy company, offering in-
sights that are typically not readily accessible. Overall, this
paper provides a comprehensive overview of the pivotal me-
teorological events of the year 2021 and their implications for
the energy sector.

This study underscores the crucial role of weather forecast-
ing in society, particularly within the energy sector. By consid-
ering potential risks, the adaptation and resilience of energy
production and transmission systems are enhanced. These as-
pects not only present an opportunity to optimize the eco-
nomic aspects of the energy system but also help in averting
potential damage mitigation costs. Additionally, they provide
a foundation for making informed political decisions geared
toward system optimization. The tangible manifestation of
this issue is observed on a global scale year after year. A nota-
ble instance is the 2023 floods in Libya (Nagraj and Benny
2023), a country heavily reliant on hydrocarbons for energy.
Such extreme phenomena resulted in a significant spike in oil
prices, showcasing the real-world implications of weather-
related challenges. Events like fires have far-reaching impacts,
evident in the 180 million U.S. dollars losses incurred in the
photovoltaic solar energy sector in the United States between
January and March 2021. Such incidents underscore the need
for robust fire prevention and extinguishing policies in areas
lacking current measures. In the Indian context, Dumka et al.
(2022) exemplify how Earth observation data, coupled with
passive and active remote sensing techniques and model simu-
lations, offers a realistic representation of atmospheric effects
on solar energy production during fire periods. The phenome-
non of a wind drought, or periods of stillness, demands dedi-
cated study due to its adverse effects on the energy sector,
particularly in reducing wind production. This issue is gaining
prominence globally, as the International Energy Agency
highlighted in its 2023 Energy Efficiency Report (International
Energy Agency 2023). The report emphasizes the global
relevance of weather-related challenges, exploring their impli-
cations and associated risks, especially in situations of excep-
tional warmth linked to surges in demand and the ensuing
risks within the energy sector.

Acknowledgments. The EPhysLab is funded by the Xunta
de Galicia under Grant ED431C 2021/44 “Programa de Con-
solidacion e Estructuracion de Unidades de Investigacion
Competitivas” (Grupos de Referencia Competitiva).

Data availability statement. ERAS data analyzed in this
study are openly available online (https:/cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-eraS-complete). The data on
water storage were obtained from the California Department of
Water Resources web page (https://water.ca.gov/). The electric-
ity price and demand data for Spain were obtained from Red
Electrica Espaiiola (https://www.ree.es). The wind power gener-
ation data for the United Kingdom are property of Iberdrola

Unauthenticated | Downloaded 04/27/

25 08:01 PM UTC


https://cds.climate.copernicus.eu/cdsapp#&hx0021;/dataset/reanalysis-era5-complete
https://cds.climate.copernicus.eu/cdsapp#&hx0021;/dataset/reanalysis-era5-complete
https://water.ca.gov/
https://www.ree.es

364

S.A. and cannot be redistributed. The coal carbon prices were
obtained online (https:/tradingeconomics.com/) and cannot be
redistributed.

REFERENCES

AEMET, 2021a: Borrasca Filomena. AEMET, https://www.aemet.es/
en/conocermas/borrascas/2020-2021/estudios_e_impactos/filomena.

——, 2021b: Enero 2021 en Madrid. Avance Climatolégico Mensual,
5 pp., https://www.aemet.es/documentos/es/serviciosclimaticos/
vigilancia_clima/resumenes_climat/ccaa/comunidad-de-madrid/
avance_climat_mad_ene_2021.pdf.

Ahmad, A., 2021: Increase in frequency of nuclear power outages
due to changing climate. Nat. Energy, 6, 755-762, https://doi.
org/10.1038/s41560-021-00849-y.

Albers, J. R, M. Newman, A. Hoell, M. L. Breeden, Y. Wang,
and J. Lou, 2022: The February 2021 cold air outbreak in the
United States: A subseasonal forecast of opportunity. Bull.
Amer. Meteor. Soc., 103, E2887-E2904, https://doi.org/10.
1175/BAMS-D-21-0266.1.

Amici, S., D. Spiller, L. Ansalone, and L. Miller, 2022: Wildfires
temperature estimation by complementary use of hyperspec-
tral PRISMA and thermal (ECOSTRESS & L8). J. Geophys.
Res. Biogeosci., 127, €2022JG007055, https://doi.org/10.1029/
2022JG007055.

Arfel, J. A., 2015: On the importance of weather and climate
change for our present and future energy needs, edited by
Troccoli, Dubus and Ellen Haupt. Contemp. Phys., 56, 206~
208, https://doi.org/10.1080/00107514.2015.1006251.

——, 2016: The stratosphere: History and future a century after
its discovery: A review of the physics of the stratosphere, by
Goody. Contemp. Phys., 57, 230-233, https://doi.org/10.1080/
00107514.2015.1029521.

——, M. Fernandez-Gonzélez, X. Labandeira, X. Lopez-Otero,
and L. de la Torre, 2017: Impact of cold waves and heat
waves on the energy production sector. Atmosphere, 8, 209,
https://doi.org/10.3390/atmos8110209.

Antonini, E., E. Virguez, S. Ashfaq, L. Duan, T. Ruggles, and
K. Caldeira, 2023: Historical analysis of global distribution of
and trends in wind droughts. 2023 EGU General Assembly,
Vienna, Austria, European Geosciences Union, Abstract
EGU23-5419, https://doi.org/10.5194/egusphere-egu23-5419.

AON plc, 2021: Global catastrophe recap—January 2021. AON
plc Tech. Rep., 10 pp.

Australian Institute for Disaster Resilience, 2021: 18 March—
1 June 2021 New South Wales floods. Australian Disaster
Resilience Knowledge Hub, https:/knowledge.aidr.org.au/
resources/flood-new-south-wales-2021/.

Baker, A. B., 1985: Load forecasting for scheduling generation on
a large interconnected system. Comparative Models for
Electrical Load Forecasting, D. W. Bunn and E. D. Farmer,
Eds., Wiley, 57-67.

Barnston, A. G., and R. E. Livezey, 1987: Classification, season-
ality and persistence of low-frequency atmospheric circula-
tion patterns. Mon. Wea. Rev., 115, 1083-1126, https://doi.
org/10.1175/1520-0493(1987)115<1083: CSAPOL>2.0.CO;2.

Bartos, M., M. Chester, N. Johnson, B. Gorman, D. Eisenberg,
I. Linkov, and M. Bates, 2016: Impacts of rising air tempera-
tures on electric transmission ampacity and peak electricity
load in the United States. Environ. Res. Lett., 11, 114008,
https://doi.org/10.1088/1748-9326/11/11/114008.

WEATHER, CLIMATE, AND SOCIETY

VOLUME 16

Bayo-Besteiro, S., M. Garcia-Rodriguez, X. Labandeira, and J. A.
Aiel, 2022: Seasonal and subseasonal wind power characteri-
zation and forecasting for the Iberian Peninsula and the
Canary Islands: A systematic review. Int. J. Climatol., 42,
2601-2613, https://doi.org/10.1002/joc.7359.

Beerli, R., and C. M. Grams, 2019: Stratospheric modulation of
the large-scale circulation in the Atlantic-European region
and its implications for surface weather events. Quart. J. Roy.
Meteor. Soc., 145, 3732-3750, https://doi.org/10.1002/qj.3653.

Beugin, D., D. Clark, S. Miller, R. Ness, R. Pelai, and J. Wale,
2023: The case for adapting to extreme heat: Costs of the
2021 B.C. heat wave. Canadian Climate Institute Tech. Rep.,
88 pp., https://climateinstitute.ca/wp-content/uploads/2023/06/The-
case-for-adapting-to-extreme-heat-costs-of-the-BC-heat-wave.pdf.

Bloomberg, 2021: China coal futures surge to record amid flooding
in key mine hub. Bloomberg News, 11 October, https://www.
bloomberg.com/news/articles/2021-10-11/china-coal-futures-surge-
to-recordamid-flooding-in-key-mine-hub.

Bloomfield, H. C., C. Suitters, and D. Drew, 2020a: Meteorologi-
cal drivers of European power system stress. J. Renewable
Energy, 2020, 5481010, https:/doi.org/10.1155/2020/5481010.

——, D. J. Brayshaw, and A. J. Charlton-Perez, 2020b: Character-
izing the winter meteorological drivers of the European elec-
tricity system using targeted circulation types. Meteor. Appl.,
27, 1858, https://doi.org/10.1002/met.1858.

——, ——, A. Troccoli, C. M. Goodess, M. De Felice, L. Dubus,
P. E. Bett, and Y.-M. Saint-Drenan, 2021a: Quantifying the
sensitivity of European power systems to energy scenarios
and climate change projections. Renewable Energy, 164,
1062-1075, https://doi.org/10.1016/j.renene.2020.09.125.

——, ——, P. L. M. Gonzalez, and A. Charlton-Perez, 2021b:
Sub-seasonal forecasts of demand and wind power and solar
power generation for 28 European countries. Earth Syst. Sci.
Data, 13, 2259-2274, https://doi.org/10.5194/essd-13-2259-
2021.

Bolinger, R. A., and Coauthors, 2022: An assessment of the ex-
tremes and impacts of the February 2021 south-central U.S.
Arctic outbreak, and how climate services can help. Wea. Cli-
mate Extremes, 36, 100461, https://doi.org/10.1016/j.wace.2022.
100461.

Brayshaw, D. J., A. Troccoli, R. Fordham, and J. Methven, 2011:
The impact of large scale atmospheric circulation patterns on
wind power generation and its potential predictability: A case
study over the UK. Renewable Energy, 36, 2087-2096, https:/
doi.org/10.1016/j.renene.2011.01.025.

Brown, P. T, D. J. Farnham, and K. Caldeira, 2021: Meteorology
and climatology of historical weekly wind and solar power re-
source droughts over western North America in ERAS. SN
Appl. Sci., 3, 814, https://doi.org/10.1007/s42452-021-04794-z.

Busby, J. W., and Coauthors, 2021: Cascading risks: Understand-
ing the 2021 winter blackout in Texas. Energy Res. Soc. Sci.,
77, 102106, https:/doi.org/10.1016/j.erss.2021.102106.

CAISO, 2021: Summer 2021 reliability monthly report. CAISO
Rep., 22 pp., http://www.caiso.com/Documents/Summer-2021-
Reliability-Monthly-Report-Dec-21-2021.pdf.

California Energy Commission, 2021a: 2020 total system electric
generation. California Energy Commission, https://www.
energy.ca.gov/data-reports/energy-almanac/california-electricity-
data/2021-total-system-electric-generation/2020.

——, 2021b: A peek at net peak. California Energy Commission,
https://www.energy.ca.gov/data-reports/energy-insights/peek-net-
peak.

Unauthenticated | Downloaded 04/27/25 08:01 PM UTC


https://tradingeconomics.com/
https://www.aemet.es/en/conocermas/borrascas/2020-2021/estudios_e_impactos/filomena
https://www.aemet.es/en/conocermas/borrascas/2020-2021/estudios_e_impactos/filomena
https://www.aemet.es/documentos/es/serviciosclimaticos/vigilancia_clima/resumenes_climat/ccaa/comunidad-de-madrid/avance_climat_mad_ene_2021.pdf
https://www.aemet.es/documentos/es/serviciosclimaticos/vigilancia_clima/resumenes_climat/ccaa/comunidad-de-madrid/avance_climat_mad_ene_2021.pdf
https://www.aemet.es/documentos/es/serviciosclimaticos/vigilancia_clima/resumenes_climat/ccaa/comunidad-de-madrid/avance_climat_mad_ene_2021.pdf
https://doi.org/10.1038/s41560-021-00849-y
https://doi.org/10.1038/s41560-021-00849-y
https://doi.org/10.1175/BAMS-D-21-0266.1
https://doi.org/10.1175/BAMS-D-21-0266.1
https://doi.org/10.1029/2022JG007055
https://doi.org/10.1029/2022JG007055
https://doi.org/10.1080/00107514.2015.1006251
https://doi.org/10.1080/00107514.2015.1029521
https://doi.org/10.1080/00107514.2015.1029521
https://doi.org/10.3390/atmos8110209
https://doi.org/10.5194/egusphere-egu23-5419
https://knowledge.aidr.org.au/resources/flood-new-south-wales-2021/
https://knowledge.aidr.org.au/resources/flood-new-south-wales-2021/
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.1088/1748-9326/11/11/114008
https://doi.org/10.1002/joc.7359
https://doi.org/10.1002/qj.3653
https://climateinstitute.ca/wp-content/uploads/2023/06/The-case-for-adapting-to-extreme-heat-costs-of-the-BC-heat-wave.pdf
https://climateinstitute.ca/wp-content/uploads/2023/06/The-case-for-adapting-to-extreme-heat-costs-of-the-BC-heat-wave.pdf
https://www.bloomberg.com/news/articles/2021-10-11/china-coal-futures-surge-to-recordamid-flooding-in-key-mine-hub
https://www.bloomberg.com/news/articles/2021-10-11/china-coal-futures-surge-to-recordamid-flooding-in-key-mine-hub
https://www.bloomberg.com/news/articles/2021-10-11/china-coal-futures-surge-to-recordamid-flooding-in-key-mine-hub
https://doi.org/10.1155/2020/5481010
https://doi.org/10.1002/met.1858
https://doi.org/10.1016/j.renene.2020.09.125
https://doi.org/10.5194/essd-13-2259-2021
https://doi.org/10.5194/essd-13-2259-2021
https://doi.org/10.1016/j.wace.2022.100461
https://doi.org/10.1016/j.wace.2022.100461
https://doi.org/10.1016/j.renene.2011.01.025
https://doi.org/10.1016/j.renene.2011.01.025
https://doi.org/10.1007/s42452-021-04794-z
https://doi.org/10.1016/j.erss.2021.102106
http://www.caiso.com/Documents/Summer-2021-Reliability-Monthly-Report-Dec-21-2021.pdf
http://www.caiso.com/Documents/Summer-2021-Reliability-Monthly-Report-Dec-21-2021.pdf
https://www.energy.ca.gov/data-reports/energy-almanac/california-electricity-data/2021-total-system-electric-generation/2020
https://www.energy.ca.gov/data-reports/energy-almanac/california-electricity-data/2021-total-system-electric-generation/2020
https://www.energy.ca.gov/data-reports/energy-almanac/california-electricity-data/2021-total-system-electric-generation/2020
https://www.energy.ca.gov/data-reports/energy-insights/peek-net-peak
https://www.energy.ca.gov/data-reports/energy-insights/peek-net-peak

JUL-SEP 2024

California Natural Resources Agency, 2022: Protecting Californians
from extreme heat: A state action plan to build community
resilience. CNRA Tech. Rep., 72 pp., https:/resources.ca.gov/-/
media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-
Final-Extreme-Heat-Action-Plan.pdf.

Castanheira, J. M., M. L. R. Liberato, L. de la Torre, H.-F. Graf,
and C. C. DaCamara, 2009: Baroclinic Rossby wave forcing
and barotropic Rossby wave response to stratospheric vortex
variability. J. Atmos. Sci., 66, 902-914, https://doi.org/10.1175/
2008JAS2862.1.

Che, S., X. Li, T. Ding, and Gaohui, 2021: Typical summer rain-
storm occurred in mid-autumn: Analysis of a disastrous con-
tinuous rainstorm and its extreme water vapor transport in
northern China in early October 2021. Trans. Atmos. Sci.,
44A, 825-834, https://doi.org/10.13878/j.cnki.dqkxxb.202110
29001.

City of Austin Homeland Security and Emergency Management,
2021: City of Austin and Travis County Winter Storm Uri
After-Action Report & Improvement Plan Technical Report.
Tech. Rep., 115 pp., https://www.austintexas.gov/sites/default/
files/filessHSEM/Winter-Storm-Uri-AAR-and-Improvement-
Plan-Technical-Report.pdf.

Clarke, L., and Coauthors, 2022: Energy systems. Climate Change
2022: Mitigation of Climate Change, P. Shukla et al., Eds.,
Cambridge University Press, 613-746, https://doi.org/10.1017/
9781009157926.008.

Climate-Adapt, 2023: Energy. Climate-Adapt, https:/climate-adapt.
eea.europa.eu/en/eu-adaptation-policy/sector-policies/energy/
index_html.

Copernicus Atmosphere Monitoring System, 2021: Wildfires
wreaked havoc in 2021, CAMS tracked their impact. https://
atmosphere.copernicus.eu/wildfires-wreaked-havoc-2021-cams-
tracked-their-impact.

Davis, N. A., J. H. Richter, A. A. Glanville, J. Edwards, and E.
LaJoie, 2022: Limited surface impacts of the January 2021
sudden stratospheric warming. Nat. Commun., 13, 1136,
https://doi.org/10.1038/s41467-022-28836-1.

de la Torre, L., L. Gimeno, J. A. Afel, and R. Nieto, 2006: Study
of troposphere-stratosphere coupling through the Northern
Annular Mode. J. Atmos. Sol.-Terr. Phys., 68, 989-998,
https://doi.org/10.1016/j.jastp.2005.12.003.

Deng, K., W. Liu, C. Azorin-Molina, S. Yang, H. Li, G. Zhang,
L. Minola, and D. Chen, 2022: Terrestrial stilling projected to
continue in the Northern Hemisphere mid-latitudes. Earth’s
Future, 10, e2021EF002448, https://doi.org/10.1029/2021EF
002448.

Department of Business, Energy and Industrial Strategy, 2022:
UK Energy in Brief 2022. Department of Business, Energy
and Industrial Strategy Tech. Rep., 49 pp., https://assets.
publishing.service.gov.uk/media/63ca75288fa8f51c836cf486/UK _
Energy_in_Brief 2022.pdf.

Department for Environment, Food and Rural Affairs, 2023: The
Third National Adaptation Programme (NAP3) and the
Fourth Strategy for Climate Adaptation Reporting. Tech.
Rep., 138 pp., https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/1172931/The_Third_
National_Adaptation_Programme.pdf.

Derouin, S., 2023: In the Pacific Northwest, 2021 was the hottest
year in a millennium. Eos, 104, https://doi.org/10.1029/2023
EO0230179.

DOE, 2013: U.S. energy sector vulnerabilities to climate change
and extreme weather. U.S. Department of Energy Tech.

REVIEW

365

Rep., 84 pp., https://www.energy.gov/articles/us-energy-sector-
vulnerabilities-climate-change-and-extreme-weather.

——, 2021: Extreme cold & winter weather: Update #6—FINAL.
U.S. Department of Energy Tech. Rep., 10 pp., https://www.
energy.gov/ceser/articles/extreme-cold-winter-weather-hub-situation-
update-6.

Domeisen, D. 1. V., and Coauthors, 2022: Advances in the subsea-
sonal prediction of extreme events: Relevant case studies
across the globe. Bull. Amer. Meteor. Soc., 103, E1473—
E1501, https://doi.org/10.1175/BAMS-D-20-0221.1.

Donaldson, D. L., E. J. S. Ferranti, A. D. Quinn, D. Jayaweera,
T. Peasley, and M. Mercer, 2023: Enhancing power distribu-
tion network operational resilience to extreme wind events.
Meteor. Appl., 30, 2127, https:/doi.org/10.1002/met.2127.

Doss-Gollin, J., D. J. Farnham, U. Lall, and V. Modi, 2021: How
unprecedented was the February 2021 Texas cold snap? En-
viron. Res. Lett., 16, 064056, https://doi.org/10.1088/1748-9326/
ac(0278.

Dubus, L., S. Muralidharan, and A. Troccoli, 2018: What does the
energy industry require from meteorology? Weather & Cli-
mate Services for the Energy Industry, A. Troccoli, Ed.,
Palgrave Macmillan, 41-63, https://doi.org/10.1007/978-3-319-
68418-5_4.

Dumka, U. C., P. G. Kosmopoulos, P. N. Patel, and R. Sheoran,
2022: Can forest fires be an important factor in the reduction
in solar power production in India? Remote Sens., 14, 549,
https://doi.org/10.3390/rs14030549.

ECMWEF, 2022: European State of the Climate 2021: Low winds.
Copernicus Climate Change Service, https://climate.copernicus.
eu/esotc/2021/low-winds.

Eurelectric, 2022: The coming storm—Building electricity
resilience to extreme weather. Tech. Rep., 39 pp., https://cdn.
eurelectric.org/media/6254/the-coming-storm-h-SCAOBY9BE.pdf.

Faranda, D., S. Bourdin, M. Ginesta, M. Krouma, R. Noyelle,
F. Pons, P. Yiou, and G. Messori, 2022: A climate-change
attribution retrospective of some impactful weather extremes
of 2021. Wea. Climate Dyn., 3, 1311-1340, https://doi.org/10.
5194/wed-3-1311-2022.

Feng, H., L. Zhang, J. Dong, S. Li, Q. Zhao, J. Luo, and M. Liao,
2022: Mapping the 2021 October flood event in the subsiding
Taiyuan Basin by multitemporal SAR data. /[EEE J. Sel.
Top. Appl. Earth Obs. Remote Sens., 15, 75157524, https://
doi.org/10.1109/JSTARS.2022.3204277.

FERC, 2021: The February 2021 cold weather outages in Texas
and the south central United States. FERC Tech. Rep., 313
pp., https://www.naesb.org/pdf4/ferc_nerc_regional_entity_
staff_report_Feb2021_cold_weather_outages_111621.pdf.

Founda, D., G. Katavoutas, F. Pierros, and N. Mihalopoulos,
2022: The extreme heat wave of summer 2021 in Athens
(Greece): Cumulative heat and exposure to heat stress. Sus-
tainability, 14, 7766, https://doi.org/10.3390/su14137766.

Fresneda, D., 2021: Temporal Filomena: Tres dias sin luz ni cale-
faccion en plena ola de frio:” Pedimos ayuda, muchos may-
ores necesitan conectarse a oxigeno” (Temporary Filomena
Three days without electricity or heating in the middle of the
cold wave: “We ask for help, many older people need to
connect to oxygen”). RTVE, https://www.rtve.es/noticias/
20210111/tres-dias-sin-luz-ni-gas-plena-ola-frio/2064923.shtml.

Fuckar, N.-S., M. Allen, and M. Obersteiner, 2022: Dynamics and
attribution of exceptional Mediterranean heatwave in August
2021. 2022 EGU General Assembly, Vienna, Austria, Euro-
pean Geosciences Union, Abstract EGU22-10936, https://doi.
org/10.5194/egusphere-egu22-10936.

Unauthenticated | Downloaded 04/27/25 08:01 PM UTC


https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://doi.org/10.1175/2008JAS2862.1
https://doi.org/10.1175/2008JAS2862.1
https://doi.org/10.13878/j.cnki.dqkxxb.20211029001
https://doi.org/10.13878/j.cnki.dqkxxb.20211029001
https://www.austintexas.gov/sites/default/files/files/HSEM/Winter-Storm-Uri-AAR-and-Improvement-Plan-Technical-Report.pdf
https://www.austintexas.gov/sites/default/files/files/HSEM/Winter-Storm-Uri-AAR-and-Improvement-Plan-Technical-Report.pdf
https://www.austintexas.gov/sites/default/files/files/HSEM/Winter-Storm-Uri-AAR-and-Improvement-Plan-Technical-Report.pdf
https://doi.org/10.1017/9781009157926.008
https://doi.org/10.1017/9781009157926.008
https://climate-adapt.eea.europa.eu/en/eu-adaptation-policy/sector-policies/energy/index_html
https://climate-adapt.eea.europa.eu/en/eu-adaptation-policy/sector-policies/energy/index_html
https://climate-adapt.eea.europa.eu/en/eu-adaptation-policy/sector-policies/energy/index_html
https://atmosphere.copernicus.eu/wildfires-wreaked-havoc-2021-cams-tracked-their-impact
https://atmosphere.copernicus.eu/wildfires-wreaked-havoc-2021-cams-tracked-their-impact
https://atmosphere.copernicus.eu/wildfires-wreaked-havoc-2021-cams-tracked-their-impact
https://doi.org/10.1038/s41467-022-28836-1
https://doi.org/10.1016/j.jastp.2005.12.003
https://doi.org/10.1029/2021EF002448
https://doi.org/10.1029/2021EF002448
https://assets.publishing.service.gov.uk/media/63ca75288fa8f51c836cf486/UK_Energy_in_Brief_2022.pdf
https://assets.publishing.service.gov.uk/media/63ca75288fa8f51c836cf486/UK_Energy_in_Brief_2022.pdf
https://assets.publishing.service.gov.uk/media/63ca75288fa8f51c836cf486/UK_Energy_in_Brief_2022.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1172931/The_Third_National_Adaptation_Programme.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1172931/The_Third_National_Adaptation_Programme.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1172931/The_Third_National_Adaptation_Programme.pdf
https://doi.org/10.1029/2023EO230179
https://doi.org/10.1029/2023EO230179
https://www.energy.gov/articles/us-energy-sector-vulnerabilities-climate-change-and-extreme-weather
https://www.energy.gov/articles/us-energy-sector-vulnerabilities-climate-change-and-extreme-weather
https://www.energy.gov/ceser/articles/extreme-cold-winter-weather-hub-situation-update-6
https://www.energy.gov/ceser/articles/extreme-cold-winter-weather-hub-situation-update-6
https://www.energy.gov/ceser/articles/extreme-cold-winter-weather-hub-situation-update-6
https://doi.org/10.1175/BAMS-D-20-0221.1
https://doi.org/10.1002/met.2127
https://doi.org/10.1088/1748-9326/ac0278
https://doi.org/10.1088/1748-9326/ac0278
https://doi.org/10.1007/978-3-319-68418-5_4
https://doi.org/10.1007/978-3-319-68418-5_4
https://doi.org/10.3390/rs14030549
https://climate.copernicus.eu/esotc/2021/low-winds
https://climate.copernicus.eu/esotc/2021/low-winds
https://cdn.eurelectric.org/media/6254/the-coming-storm-h-5CA0B9BE.pdf
https://cdn.eurelectric.org/media/6254/the-coming-storm-h-5CA0B9BE.pdf
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.1109/JSTARS.2022.3204277
https://doi.org/10.1109/JSTARS.2022.3204277
https://www.naesb.org/pdf4/ferc_nerc_regional_entity_staff_report_Feb2021_cold_weather_outages_111621.pdf
https://www.naesb.org/pdf4/ferc_nerc_regional_entity_staff_report_Feb2021_cold_weather_outages_111621.pdf
https://doi.org/10.3390/su14137766
https://www.rtve.es/noticias/20210111/tres-dias-sin-luz-ni-gas-plena-ola-frio/2064923.shtml
https://www.rtve.es/noticias/20210111/tres-dias-sin-luz-ni-gas-plena-ola-frio/2064923.shtml
https://doi.org/10.5194/egusphere-egu22-10936
https://doi.org/10.5194/egusphere-egu22-10936

366

Giannaros, T. M., G. Papavasileiou, K. Lagouvardos, V. Kotroni,
S. Dafis, A. Karagiannidis, and E. Dragozi, 2022: Meteoro-
logical analysis of the 2021 extreme wildfires in Greece: Lessons
learned and implications for early warning of the potential for
pyroconvection. Atmosphere, 13, 475, https://doi.org/10.3390/
atmos13030475.

Goodess, C. M., and Coauthors, 2019: Advancing climate services
for the European renewable energy sector through capacity
building and user engagement. Climate Serv., 16, 100139,
https://doi.org/10.1016/j.cliser.2019.100139.

Gruber, K., T. Gauster, G. Laaha, P. Regner, and J. Schmidt,
2022: Profitability and investment risk of Texan power system
winterization. Nat. Energy, 7, 409-416, https:/doi.org/10.1038/
541560-022-00994-y.

Gu, W., L-J. Chen, Y.-G. Wang, H. Gao, L. Wang, and Y.-Y.
Liu, 2022: Extreme precipitation over northern China in
autumn 2021 and joint contributions of tropical and mid-
latitude factors. Adv. Climate Change Res., 13, 835-842,
https://doi.org/10.1016/j.accre.2022.11.008.

Heeter, K. J., G. L. Harley, J. T. Abatzoglou, K. J. Anchukaitis,
E. R. Cook, B. L. Coulthard, L. A. Dye, and I. K. Homfeld,
2023: Unprecedented 21st century heat across the Pacific
northwest of North America. npj Climate Atmos. Sci., 6, 5,
https://doi.org/10.1038/s41612-023-00340-3.

Hersbach, H., and Coauthors, 2020: The ERAS global reanalysis.
Quart. J. Roy. Meteor. Soc., 146, 1999-2049, https://doi.org/10.
1002/q;j.3803.

Hoell, A., and Coauthors, 2022: Water year 2021 compound pre-
cipitation and temperature extremes in California and
Nevada. Bull. Amer. Meteor. Soc., 103, E2905-E2911, https:/
doi.org/10.1175/BAMS-D-22-0112.1.

Hou, G., and Coauthors, 2023: Resilience assessment and
enhancement evaluation of power distribution systems sub-
jected to ice storms. Reliab. Eng. Syst. Saf., 230, 108964,
https://doi.org/10.1016/j.ress.2022.108964.

Hu, T., Y. Sun, X. Zhang, and D. Wang, 2023: Anthropogenic in-
fluence on the 2021 wettest September in northern China.
Bull. Amer. Meteor. Soc., 104, E243-E248, https://doi.org/10.
1175/BAMS-D-22-0156.1.

Hurrell, J. W., Y. Kushnir, G. Ottersen, and M. Visbeck, 2003:
An overview of the North Atlantic Oscillation. Geophys.
Monogr., Vol. 134, Amer. Geophys. Union, 1-36, https://doi.
org/10.1029/134GMO1.

International Atomic Energy Agency, 2019: Adapting the energy
sector to climate change. Tech. Rep., 131 pp., https:/www-
pub.iaeca.org/MTCD/Publications/PDF/P1847_web.pdf.

International Energy Agency, 2021a: Coal 2021: Analysis and
forecast to 2024. IEA Tech. Rep., 125 pp., https://iea.blob.
core.windows.net/assets/f1d724d4-a753-4336-96e-64679fa23bbf/
Coal2021.pdf.

——, 2021b: Key world energy statistics 2021. IEA Tech. Rep.,
80 pp., https://iea.blob.core.windows.net/assets/52f66a88-0b63-
4ad2-94a5-29d36e864b82/KeyWorldEnergyStatistics2021.pdf.

——, 2023: Energy efficiency 2023. IEA Tech. Rep., 126 pp.,
https://www .iea.org/reports/energy-efficiency-2023.

Im, U., and Coauthors, 2018: Assessment and economic valuation
of air pollution impacts on human health over Europe and
the United States as calculated by a multi-model ensemble
in the framework of AQMEII3. Atmos. Chem. Phys., 18,
5967-5989, https://doi.org/10.5194/acp-18-5967-2018.

Jackson, N. D., and T. Gunda, 2021: Evaluation of extreme weather
impacts on utility-scale photovoltaic plant performance in the

WEATHER, CLIMATE, AND SOCIETY

VOLUME 16

United States. Appl. Energy, 302, 117508, https://doi.org/10.
1016/j.apenergy.2021.117508.

JBA Risk Management, 2021: China floods: Record rainfall in
Shanxi. JBA Risk Management, https://www.jbarisk.com/
products-services/event-response/china-floods-record-rainfall-in-
shanxi/.

Jerez, S., and Coauthors, 2015: The impact of climate change on
photovoltaic power generation in Europe. Nat. Commun., 6,
10014, https:/doi.org/10.1038/ncomms10014.

Kay, G., N. J. Dunstone, A. Maidens, A. A. Scaife, D. M. Smith,
H. E. Thornton, L. Dawkins, and S. E. Belcher, 2023: Vari-
ability in North Sea wind energy and the potential for pro-
longed winter wind drought. Afmos. Sci. Lett., 24, e1158,
https://doi.org/10.1002/asL.1158.

Kelly, M., and Y. Kuleshov, 2022: Flood hazard assessment and
mapping: A case study from Australia’s Hawkesbury-Nepean
Catchment. Sensors, 22, 6251, https://doi.org/10.3390/s2216
6251.

Koks, E. E., K. C. H. van Ginkel, M. J. E. van Marle, and A.
Lemnitzer, 2022: Brief communication: Critical infrastructure
impacts of the 2021 mid-July western European flood event.
Nat. Hazards Earth Syst. Sci., 22, 3831-3838, https://doi.org/
10.5194/nhess-22-3831-2022.

Lalzoy, N., 2021: China’s Shanxi province inflicted $770 million
economic loss due to flood. Khaama Press, https://www.
khaama.com/chinas-shanxi-province-inflects-770-million-due-to-
flood-56784765/.

Lazo, J. K., H. R. Hosterman, J. M. Sprague-Hilderbrand, and
J. E. Adkins, 2020: Impact-based decision support services
and the socioeconomic impacts of winter storms. Bull. Amer.
Meteor. Soc., 101, E626-E639, https://doi.org/10.1175/BAMS-
D-18-0153.1.

Lee, J., and A. E. Dessler, 2022: The impact of neglecting climate
change and variability on ERCOT’s forecasts of electricity
demand in Texas. Wea. Climate Soc., 14, 499-505, https://doi.
org/10.1175/WCAS-D-21-0140.1.

Lee, S. H., 2021: The January 2021 sudden stratospheric warming.
Weather, 76, 135-136, https://doi.org/10.1002/wea.3966.

Levin, T., A. Botterud, W. N. Mann, J. Kwon, and Z. Zhou, 2022:
Extreme weather and electricity markets: Key lessons from
the February 2021 Texas crisis. Joule, 6, 1-7, https://doi.org/
10.1016/j.joule.2021.12.015.

Li, W., S. Zhao, Y. Chen, L. Wang, W. Hou, Y. Jiang, X. Zou,
and S. Shi, 2022: State of China’s climate in 2021. Atmos.
Oceanic Sci. Lett., 15, 100211, https://doi.org/10.1016/j.aosl.
2022.100211.

Liberato, M. L. R., J. M. Castanheira, L. de la Torre, C. C. DaCamara,
and L. Gimeno, 2007: Wave energy associated with the variability
of the stratospheric polar vortex. J. Atmos. Sci., 64, 2683-2694,
https://doi.org/10.1175/JAS3978.1.

Lim, J., 2023: Climate risk and impact assessments for energy
security. Seventh Int. Congress on Energy and Meteorology,
Padova, Italy, World Energy and Meteorology Council,
https://www.wemcouncil.org/ICEMs/ICEM2023/ICEM2023_
20230629_GIGANTI_1445_LIM.pdf.

Liu, F., X. Wang, F. Sun, and H. Wang, 2023: Wind resource
droughts in China. Environ. Res. Lett., 18, 094015, https:/doi.
org/10.1088/1748-9326/acea3s.

Liu, Y., 2022: Analysis of rainfall weather process in most of
China from 3-6 October, 2021. J. Geosci. Environ. Prot., 10,
184-193, https://doi.org/10.4236/gep.2022.1011012.

——, J. Chen, T. Pan, Y. Liu, Y. Zhang, Q. Ge, P. Ciais, and J.
Penuelas, 2020: Global socioeconomic risk of precipitation

Unauthenticated | Downloaded 04/27/25 08:01 PM UTC


https://doi.org/10.3390/atmos13030475
https://doi.org/10.3390/atmos13030475
https://doi.org/10.1016/j.cliser.2019.100139
https://doi.org/10.1038/s41560-022-00994-y
https://doi.org/10.1038/s41560-022-00994-y
https://doi.org/10.1016/j.accre.2022.11.008
https://doi.org/10.1038/s41612-023-00340-3
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/BAMS-D-22-0112.1
https://doi.org/10.1175/BAMS-D-22-0112.1
https://doi.org/10.1016/j.ress.2022.108964
https://doi.org/10.1175/BAMS-D-22-0156.1
https://doi.org/10.1175/BAMS-D-22-0156.1
https://doi.org/10.1029/134GM01
https://doi.org/10.1029/134GM01
https://www-pub.iaea.org/MTCD/Publications/PDF/P1847_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/P1847_web.pdf
https://iea.blob.core.windows.net/assets/f1d724d4-a753-4336-9f6e-64679fa23bbf/Coal2021.pdf
https://iea.blob.core.windows.net/assets/f1d724d4-a753-4336-9f6e-64679fa23bbf/Coal2021.pdf
https://iea.blob.core.windows.net/assets/f1d724d4-a753-4336-9f6e-64679fa23bbf/Coal2021.pdf
https://iea.blob.core.windows.net/assets/52f66a88-0b63-4ad2-94a5-29d36e864b82/KeyWorldEnergyStatistics2021.pdf
https://iea.blob.core.windows.net/assets/52f66a88-0b63-4ad2-94a5-29d36e864b82/KeyWorldEnergyStatistics2021.pdf
https://www.iea.org/reports/energy-efficiency-2023
https://doi.org/10.5194/acp-18-5967-2018
https://doi.org/10.1016/j.apenergy.2021.117508
https://doi.org/10.1016/j.apenergy.2021.117508
https://www.jbarisk.com/products-services/event-response/china-floods-record-rainfall-in-shanxi/
https://www.jbarisk.com/products-services/event-response/china-floods-record-rainfall-in-shanxi/
https://www.jbarisk.com/products-services/event-response/china-floods-record-rainfall-in-shanxi/
https://doi.org/10.1038/ncomms10014
https://doi.org/10.1002/asl.1158
https://doi.org/10.3390/s22166251
https://doi.org/10.3390/s22166251
https://doi.org/10.5194/nhess-22-3831-2022
https://doi.org/10.5194/nhess-22-3831-2022
https://www.khaama.com/chinas-shanxi-province-inflects-770-million-due-to-flood-56784765/
https://www.khaama.com/chinas-shanxi-province-inflects-770-million-due-to-flood-56784765/
https://www.khaama.com/chinas-shanxi-province-inflects-770-million-due-to-flood-56784765/
https://doi.org/10.1175/BAMS-D-18-0153.1
https://doi.org/10.1175/BAMS-D-18-0153.1
https://doi.org/10.1175/WCAS-D-21-0140.1
https://doi.org/10.1175/WCAS-D-21-0140.1
https://doi.org/10.1002/wea.3966
https://doi.org/10.1016/j.joule.2021.12.015
https://doi.org/10.1016/j.joule.2021.12.015
https://doi.org/10.1016/j.aosl.2022.100211
https://doi.org/10.1016/j.aosl.2022.100211
https://doi.org/10.1175/JAS3978.1
https://www.wemcouncil.org/ICEMs/ICEM2023/ICEM2023_20230629_GIGANTI_1445_LIM.pdf
https://www.wemcouncil.org/ICEMs/ICEM2023/ICEM2023_20230629_GIGANTI_1445_LIM.pdf
https://doi.org/10.1088/1748-9326/acea35
https://doi.org/10.1088/1748-9326/acea35
https://doi.org/10.4236/gep.2022.1011012

JUL-SEP 2024

extremes under climate change. Earth’s Future, 8,
€2019EF001331, https:/doi.org/10.1029/2019EF001331.

Loikith, P. C,, and D. A. Kalashnikov, 2023: Meteorological anal-
ysis of the Pacific Northwest June 2021 heatwave. Mon. Wea.
Rev., 151, 1303-1319, https://doi.org/10.1175/MWR-D-22-
0284.1.

Lu, Q. J. Rao, Z. Liang, D. Guo, J. Luo, S. Liu, C. Wang, and
T. Wang, 2021: The sudden stratospheric warming in January
2021. Environ. Res. Lett., 16, 084029, https://doi.org/10.1088/
1748-9326/ac12f4.

Ludwig, P., and Coauthors, 2023: A multi-disciplinary analysis of
the exceptional flood event of July 2021 in central Europe—
Part 2: Historical context and relation to climate change. Nat.
Hazards Earth Syst. Sci., 23, 1287-1311, https://doi.org/10.
5194/nhess-23-1287-2023.

Mann, W. N, K. Biegel, N. E. Stauff, and B. Dixon, 2021: Feb.
2021 electricity blackouts and natural gas shortages in Texas.
Argonne National Laboratory Tech. Rep., 35 pp., https://doi.
org/10.2172/1822217.

McKinnon, K. A., and I. R. Simpson, 2022: How unexpected was
the 2021 Pacific Northwest heatwave? Geophys. Res. Lett.,
49, ¢2022GL100380, https://doi.org/10.1029/2022GL100380.

Mellor, S., 2021: The UK. went all in on wind power. Here’s
what happens when it stops blowing. Fortune, https:/fortune.
com/2021/09/16/the-u-k-went-all-in-on-wind-power-never-imaging-
it-would-one-day-stop-blowing/.

Miller, N. L., K. Hayhoe, J. Jin, and M. Auffhammer, 2008:
Climate, extreme heat, and electricity demand in California.
J. Appl. Meteor. Climatol., 47, 1834-1844, https://doi.org/10.
1175/2007JAMC1480.1.

Millin, O. T., and J. C. Furtado, 2022: The role of wave breaking
in the development and subseasonal forecasts of the Febru-
ary 2021 great plains cold air outbreak. Geophys. Res. Lett.,
49, €2022GL100835, https://doi.org/10.1029/2022GL100835.

Mohr, S., and Coauthors, 2023: A multi-disciplinary analysis of
the exceptional flood event of July 2021 in central Europe—
Part 1: Event description and analysis. Nat. Hazards Earth
Syst. Sci., 23, 525-551, https://doi.org/10.5194/nhess-23-525-
2023.

Nagraj, A., and J. Benny, 2023: Libya floods: Economic impact
will be ‘immense’ although energy outlook remains steady.
The National: Business, https:/www.thenationalnews.com/
business/economy/2023/09/23/libya-floods-economic-impact-will-
be-immense-although-energy-outlook-remains-steady/.

NASA, 2021: Australia floods 2021. NASA Earth Science
Applied Sciences, https://appliedsciences.nasa.gov/what-we-do/
disasters/disasters-activations/australia-floods-2021.

National Grid, 2023: Britain’s electricity explained: 2022 review.
ESO, https://www.nationalgrideso.com/news/britains-electricity-
explained-2022-review.

Nejat, A., L. Solitare, E. Pettitt, and H. Mohsenian-Rad, 2022:
Equitable community resilience: The case of winter storm
Uri in Texas. Int. J. Disaster Risk Reduct., 77, 103070, https://
doi.org/10.1016/j.ijdrr.2022.103070.

Nielsen-Gammon, J., S. Holman, A. Buley, S. Jorgensen, J. Escobedo,
C. Ott, J. Dedrick, and A. Van Fleet, 2021: Assessment of his-
toric and future trends of extreme weather in Texas, 1900-2036:
2021 update. Office of the Texas State Climatologist, Texas
A&M University Tech. Rep. OSC-202101, 44 pp., https:/
climatexas.tamu.edu/files/ClimateReport-1900to2036-2021 Update.

Niggli, L., C. Huggel, V. Muccione, R. Neukom, and N. Salzmann,
2022: Towards improved understanding of cascading and inter-
connected risks from concurrent weather extremes: Analysis

REVIEW

367

of historical heat and drought extreme events. PLOS Climate,
1, e0000057, https://doi.org/10.1371/journal.pclm.0000057.

NOAA/National Centers for Environmental Information, 2023:
U.S. billion-dollar weather and climate disasters. NCEI, accessed
6 September 2023, https:/doi.org/10.25921/stkw-7w73.

NWS, 2021: Valentine’s week winter outbreak 2021: Snow, ice, &
record cold. https://www.weather.gov/hgx/2021 ValentineStorm.

Olsen, J. R., M. D. Dettinger, and J. P. Giovannettone, 2023:
Drought attribution studies and water resources manage-
ment. Bull. Amer. Meteor. Soc., 104, E435-E441, https://doi.
org/10.1175/BAMS-D-22-0214.1.

Orlov, A., J. Sillmann, and I. Vigo, 2020: Better seasonal forecasts
for the renewable energy industry. Nat. Energy, 5, 108-110,
https://doi.org/10.1038/s41560-020-0561-5.

Otero, N., O. Martius, S. Allen, H. Bloomfield, and B. Schaefli,
2022: A copula-based assessment of renewable energy
droughts across Europe. Renewable Energy, 201, 667-677,
https://doi.org/10.1016/j.renene.2022.10.091.

Overland, J. E., 2021: Causes of the record-breaking Pacific
Northwest heatwave, late June 2021. Atmosphere, 12, 1434,
https://doi.org/10.3390/atmos12111434.

Peterson, T. C., P. A. Stott, and S. Herring, 2012: Explaining ex-
treme events of 2011 from a climate perspective. Bull. Amer.
Meteor. Soc., 93, 1041-1067, https://doi.org/10.1175/BAMS-D-
12-00021.1.

Philip, S. Y., and Coauthors, 2022: Rapid attribution analysis of
the extraordinary heat wave on the Pacific coast of the US
and Canada in June 2021. Earth Syst. Dyn., 13, 1689-1713,
https://doi.org/10.5194/esd-13-1689-2022.

Popik, T., and R. Humphreys, 2021: The 2021 Texas blackouts:
Causes, consequences, and cures. J. Crit. Infrastruct. Policy, 2,
47-73, https://doi.org/10.18278/jcip.2.1.6.

Potisomporn, P., T. A. A. Adcock, and C. R. Vogel, 2024: Ex-
treme value analysis of wind droughts in Great Britain. Re-
newable Energy, 221, 119847, https://doi.org/10.1016/j.renene.
2023.119847.

Pu, B., Q. Jin, P. Ginoux, and Y. Yu, 2022: Compound heat wave,
drought, and dust events in California. J. Climate, 35, 8133—
8152, https://doi.org/10.1175/JCLI-D-21-0889.1.

Puleo, M., 2021: Damages from February winter storms could be
as high as $155 billion. AccuWeather Inc., https://www.upi.
com/Top_News/US/2021/03/04/winter-storms-cost-texas/53716
14857716/.

Qin, P, Z. Xie, J. Zou, S. Liu, and S. Chen, 2021: Future precipi-
tation extremes in China under climate change and their
physical quantification based on a regional climate model and
CMIP5 model simulations. Adv. Atmos. Sci., 38, 460-479,
https://doi.org/10.1007/s00376-020-0141-4.

Red Electrica Espafola, 2021: Infraestructuras resilientes: La
fuerza de Red Eléctrica (Resilient infrastructure: The strength
of Red Eléctrica). REE, https://www.ree.es/es/sala-de-prensa/
actualidad/especial/2021/01/infraestructuras-resilientes-la-fuerza-
de-red-electrica.

Reid, K. J., T. A. O’Brien, A. D. King, and T. P. Lane, 2021: Ex-
treme water vapor transport during the March 2021 Sydney
floods in the context of climate projections. Geophys. Res.
Lett., 48, €2021GL095335, https://doi.org/10.1029/2021GL
095335.

REVE, 2021: The wind power during Filomena’s passage through
Spain has helped to contain the price of electricity. https://
www.evwind.es/2021/01/15/the-wind-power-during-filomenas-
passage-through-spain-has-helped-to-contain-the-price-of-
electricity/78965.

Unauthenticated | Downloaded 04/27/25 08:01 PM UTC


https://doi.org/10.1029/2019EF001331
https://doi.org/10.1175/MWR-D-22-0284.1
https://doi.org/10.1175/MWR-D-22-0284.1
https://doi.org/10.1088/1748-9326/ac12f4
https://doi.org/10.1088/1748-9326/ac12f4
https://doi.org/10.5194/nhess-23-1287-2023
https://doi.org/10.5194/nhess-23-1287-2023
https://doi.org/10.2172/1822217
https://doi.org/10.2172/1822217
https://doi.org/10.1029/2022GL100380
https://fortune.com/2021/09/16/the-u-k-went-all-in-on-wind-power-never-imaging-it-would-one-day-stop-blowing/
https://fortune.com/2021/09/16/the-u-k-went-all-in-on-wind-power-never-imaging-it-would-one-day-stop-blowing/
https://fortune.com/2021/09/16/the-u-k-went-all-in-on-wind-power-never-imaging-it-would-one-day-stop-blowing/
https://doi.org/10.1175/2007JAMC1480.1
https://doi.org/10.1175/2007JAMC1480.1
https://doi.org/10.1029/2022GL100835
https://doi.org/10.5194/nhess-23-525-2023
https://doi.org/10.5194/nhess-23-525-2023
https://www.thenationalnews.com/business/economy/2023/09/23/libya-floods-economic-impact-will-be-immense-although-energy-outlook-remains-steady/
https://www.thenationalnews.com/business/economy/2023/09/23/libya-floods-economic-impact-will-be-immense-although-energy-outlook-remains-steady/
https://www.thenationalnews.com/business/economy/2023/09/23/libya-floods-economic-impact-will-be-immense-although-energy-outlook-remains-steady/
https://appliedsciences.nasa.gov/what-we-do/disasters/disasters-activations/australia-floods-2021
https://appliedsciences.nasa.gov/what-we-do/disasters/disasters-activations/australia-floods-2021
https://www.nationalgrideso.com/news/britains-electricity-explained-2022-review
https://www.nationalgrideso.com/news/britains-electricity-explained-2022-review
https://doi.org/10.1016/j.ijdrr.2022.103070
https://doi.org/10.1016/j.ijdrr.2022.103070
https://climatexas.tamu.edu/files/ClimateReport-1900to2036-2021Update
https://climatexas.tamu.edu/files/ClimateReport-1900to2036-2021Update
https://doi.org/10.1371/journal.pclm.0000057
https://doi.org/10.25921/stkw-7w73
https://www.weather.gov/hgx/2021ValentineStorm
https://doi.org/10.1175/BAMS-D-22-0214.1
https://doi.org/10.1175/BAMS-D-22-0214.1
https://doi.org/10.1038/s41560-020-0561-5
https://doi.org/10.1016/j.renene.2022.10.091
https://doi.org/10.3390/atmos12111434
https://doi.org/10.1175/BAMS-D-12-00021.1
https://doi.org/10.1175/BAMS-D-12-00021.1
https://doi.org/10.5194/esd-13-1689-2022
https://doi.org/10.18278/jcip.2.1.6
https://doi.org/10.1016/j.renene.2023.119847
https://doi.org/10.1016/j.renene.2023.119847
https://doi.org/10.1175/JCLI-D-21-0889.1
https://www.upi.com/Top_News/US/2021/03/04/winter-storms-cost-texas/5371614857716/
https://www.upi.com/Top_News/US/2021/03/04/winter-storms-cost-texas/5371614857716/
https://www.upi.com/Top_News/US/2021/03/04/winter-storms-cost-texas/5371614857716/
https://doi.org/10.1007/s00376-020-0141-4
https://www.ree.es/es/sala-de-prensa/actualidad/especial/2021/01/infraestructuras-resilientes-la-fuerza-de-red-electrica
https://www.ree.es/es/sala-de-prensa/actualidad/especial/2021/01/infraestructuras-resilientes-la-fuerza-de-red-electrica
https://www.ree.es/es/sala-de-prensa/actualidad/especial/2021/01/infraestructuras-resilientes-la-fuerza-de-red-electrica
https://doi.org/10.1029/2021GL095335
https://doi.org/10.1029/2021GL095335
https://www.evwind.es/2021/01/15/the-wind-power-during-filomenas-passage-through-spain-has-helped-to-contain-the-price-of-electricity/78965
https://www.evwind.es/2021/01/15/the-wind-power-during-filomenas-passage-through-spain-has-helped-to-contain-the-price-of-electricity/78965
https://www.evwind.es/2021/01/15/the-wind-power-during-filomenas-passage-through-spain-has-helped-to-contain-the-price-of-electricity/78965
https://www.evwind.es/2021/01/15/the-wind-power-during-filomenas-passage-through-spain-has-helped-to-contain-the-price-of-electricity/78965

368

Rinaldi, K. Z., J. A. Dowling, T. H. Ruggles, K. Caldeira, and
N. S. Lewis, 2021: Wind and solar resource droughts in
California highlight the benefits of long-term storage and
integration with the western interconnect. Environ. Sci. Tech-
nol., 55, 62146226, https://doi.org/10.1021/acs.est.0c07848.

Ritchie, H., M. Roser, and P. Rosado, 2022: Energy. Our World
in Data, https://ourworldindata.org/energy.

RTVE, 2021: TOLEDO paralizada por la nieve y SIN ELECTRI-
CIDAD en 27.000 hogares y negocios. RTVE, https://www.
youtube.com/watch?v=8ntYqTbLBxQ.

Scharping, N., 2023: Summer heat waves could cause blackouts
across the country. Eos, 104, https:/doi.org/10.1029/2023EO
230231.

Scholten, R. C., D. Coumou, F. Luo, and S. Veraverbeke, 2022:
Early snowmelt and polar jet dynamics co-influence recent
extreme Siberian fire seasons. Science, 378, 1005-1009, https:/
doi.org/10.1126/science.abn4419.

Schumacher, D. L., M. Hauser, and S. 1. Seneviratne, 2022: Driv-
ers and mechanisms of the 2021 Pacific Northwest heatwave.
Earth’s Future, 10, €2022EF002967, https://doi.org/10.1029/
2022EF002967.

Seneviratne, S. 1., and Coauthors, 2021: Weather and climate ex-
treme events in a changing climate. Climate Change 2021:
The Physical Science Basis, V. Masson-Delmotte et al., Eds.,
Cambridge University Press, 1513-1766, https:/doi.org/10.
1017/9781009157896.013.

Skiles, M. J., J. D. Rhodes, and M. E. Webber, 2023: Observations
of peak electric load growth in ERCOT with the rise of elec-
trified heating and its implications for future resource plan-
ning. arXiv, 2302.01304v1, https://doi.org/10.48550/arXiv.2302.
01304.

Smart, D., 2021: Storm Filomena 8 January 2021. Weather, 76,
98-99, https://doi.org/10.1002/wea.3950.

SSE ple, 2021: Notification of closed period. SSE, https://www.sse.
com/news-and-views/2021/09/notification-of-close-period/.
Statista, 2023: Electricity generation from wind in the United King-
dom (UK) from 2015 to 2022. Statista, accessed 6 September
2023, https://www.statista.com/statistics/590851/energy-mix-

contribution-wind-uk/.

Sun, Y., J. Li, H. Wang, R. Li, and X. Tang, 2023: Extreme rain-
fall in northern China in September 2021 tied to air-sea
multi-factors. Climate Dyn., 60, 1987-2001, https://doi.org/10.
1007/s00382-022-06439-2.

Tapiador, F. J., and Coauthors, 2021: A Satellite view of an in-
tense snowfall in Madrid (Spain): The storm ‘Filomena’in
January 2021. Remote Sens., 13, 2702, https://doi.org/10.3390/
1513142702.

Tianfeng Securities Co., 2021: Chinese investment banking.
Accessed 6 September 2023, https://www.tfisec.com/.

Troccoli, A., M. S. Boulahya, J. A. Dutton, J. Furlow, R. J. Gurney,
and M. Harrison, 2010: Weather and climate risk management
in the energy sector. Bull. Amer. Meteor. Soc., 91, 785-788,
https://doi.org/10.1175/2010BAMS2849.1.

WEATHER, CLIMATE, AND SOCIETY

VOLUME 16

——, L. Dubus, and S. E. Haupt, Eds., 2014: Weather Matters for
Energy. Springer-Verlag, 528 pp.

U.S. Nuclear Regulatory Commission, 2021: Event notification
report for February 16, 2021. NRC, https://www.nrc.gov/
reading-rm/doc-collections/event-status/event/2021/20210216
en.html.

van der Wiel, K., H. C. Bloomfield, R. W. Lee, L. P. Stoop,
R. Blackport, J. A. Screen, and F. M. Selten, 2019: The influ-
ence of weather regimes on European renewable energy pro-
duction and demand. Environ. Res. Lett., 14, 094010, https://
doi.org/10.1088/1748-9326/ab38d3.

Wert, J. L., F. Safdarian, A. Gonce, T. Chen, D. Cyr, and T. J.
Overbye, 2023: Wind resource drought identification method-
ology for improving electric grid resiliency. 2023 IEEE Texas
Power and Energy Conf., College Station, TX, Institute of
Electrical and Electronics Engineers, 1-6, https://doi.org/10.
1109/TPEC56611.2023.10078708.

White, R. H., and Coauthors, 2023: The unprecedented Pacific
Northwest heatwave of June 2021. Nat. Commun., 14, 727,
https://doi.org/10.1038/s41467-023-36289-3.

Williams, A. P., and Coauthors, 2020: Large contribution from an-
thropogenic warming to an emerging North American mega-
drought. Science, 368, 314-318, https://doi.org/10.1126/science.
2az9600.

WMO, 2022: State of the Global Climate 2021. WMO/TD-1290,
54 pp., https://library.wmo.int/doc_num.php?explnum_id=
11178.

Wohland, J., D. Folini, and B. Pickering, 2021: Wind speed stilling
and its recovery due to internal climate variability. Earth
Syst. Dyn., 12, 1239-1251, https://doi.org/10.5194/esd-12-1239-
2021.

World Economic Forum, 2023: Fostering effective energy transi-
tion 2023 edition. Tech. Rep., 71 pp., https://www.weforum.
org/reports/fostering-effective-energy-transition-2023/.

Xu, K., C. Zhu, and W. Wang, 2016: The cooperative impacts of
the El Nifo-Southern Oscillation and the Indian Ocean di-
pole on the interannual variability of autumn rainfall in
China. Int. J. Climatol., 36, 1987-1999, https://doi.org/10.1002/
joc.4475.

Zanocco, C., J. Flora, and H. Boudet, 2022: Disparities in self-
reported extreme weather impacts by race, ethnicity, and
income in the United States. PLOS Climate, 1, 0000026,
https://doi.org/10.1371/journal.pclm.0000026.

Zhou, T., and Coauthors, 2022: 2021: A year of unprecedented cli-
mate extremes in eastern Asia, North America, and Europe.
Adv. Atmos. Sci., 39, 1598-1607, https://doi.org/10.1007/
s00376-022-2063-9.

Zubiate, L., F. McDermott, C. Sweeney, and M. O’Malley, 2017:
Spatial variability in winter NAO-wind speed relationships in
western Europe linked to concomitant states of the east
Atlantic and Scandinavian patterns. Quart. J. Roy. Meteor.
Soc., 143, 552-562, https://doi.org/10.1002/qj.2943.

Unauthenticated | Downloaded 04/27/25 08:01 PM UTC


https://doi.org/10.1021/acs.est.0c07848
https://ourworldindata.org/energy
https://www.youtube.com/watch?v=8ntYqTbLBxQ
https://www.youtube.com/watch?v=8ntYqTbLBxQ
https://doi.org/10.1029/2023EO230231
https://doi.org/10.1029/2023EO230231
https://doi.org/10.1126/science.abn4419
https://doi.org/10.1126/science.abn4419
https://doi.org/10.1029/2022EF002967
https://doi.org/10.1029/2022EF002967
https://doi.org/10.1017/9781009157896.013
https://doi.org/10.1017/9781009157896.013
https://doi.org/10.48550/arXiv.2302.01304
https://doi.org/10.48550/arXiv.2302.01304
https://doi.org/10.1002/wea.3950
https://www.sse.com/news-and-views/2021/09/notification-of-close-period/
https://www.sse.com/news-and-views/2021/09/notification-of-close-period/
https://www.statista.com/statistics/590851/energy-mix-contribution-wind-uk/
https://www.statista.com/statistics/590851/energy-mix-contribution-wind-uk/
https://doi.org/10.1007/s00382-022-06439-2
https://doi.org/10.1007/s00382-022-06439-2
https://doi.org/10.3390/rs13142702
https://doi.org/10.3390/rs13142702
https://www.tfisec.com/
https://doi.org/10.1175/2010BAMS2849.1
https://www.nrc.gov/reading-rm/doc-collections/event-status/event/2021/20210216en.html
https://www.nrc.gov/reading-rm/doc-collections/event-status/event/2021/20210216en.html
https://www.nrc.gov/reading-rm/doc-collections/event-status/event/2021/20210216en.html
https://doi.org/10.1088/1748-9326/ab38d3
https://doi.org/10.1088/1748-9326/ab38d3
https://doi.org/10.1109/TPEC56611.2023.10078708
https://doi.org/10.1109/TPEC56611.2023.10078708
https://doi.org/10.1038/s41467-023-36289-3
https://doi.org/10.1126/science.aaz9600
https://doi.org/10.1126/science.aaz9600
https://library.wmo.int/doc_num.php?explnum_id=11178
https://library.wmo.int/doc_num.php?explnum_id=11178
https://doi.org/10.5194/esd-12-1239-2021
https://doi.org/10.5194/esd-12-1239-2021
https://www.weforum.org/reports/fostering-effective-energy-transition-2023/
https://www.weforum.org/reports/fostering-effective-energy-transition-2023/
https://doi.org/10.1002/joc.4475
https://doi.org/10.1002/joc.4475
https://doi.org/10.1371/journal.pclm.0000026
https://doi.org/10.1007/s00376-022-2063-9
https://doi.org/10.1007/s00376-022-2063-9
https://doi.org/10.1002/qj.2943

