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Key messages
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Europe is the fastest-warming of all the WMO
regions, warming twice as much as the global
average since the 1980s. In 2022, the annual
average temperature was between the second
and fourth highest on record, depending
on the data set used, and summer was the
warmest. In many countries in western and
south-western Europe, 2022 was the warmest
year on record.

Precipitation was below average across much
of the region in 2022. It was the fourth dry
year in a row on the Iberian Peninsula, and
the third consecutive dry year in the mountain
regions of the Alps and Pyrenees.

The lack of precipitation, in particular
winter snow, combined with high summer
temperatures, contributed to the largest loss
of glacial ice recorded in the European Alps.

The Greenland Ice Sheet continued to lose
mass during 2022, and in September periods
of exceptional warmth led to widespread
surface melt.

In 2022, sea-surface temperatures across
the North Atlantic area of the WMO Europe
region were the warmest on record and large
portions of the region’s seas were affected
by strong or even severe and extreme
marine heatwaves. The rates of surface
ocean warming, particularly in the eastern
Mediterranean Sea, the Baltic and Black Seas,
and the southern Arctic were more than three
times the global average.

High-impact weather and climate events in
2022 resulted in more than 16 000 reported
fatalities, almost entirely attributed to the
exceptional heatwaves Europe experienced

during the summer. The most severe heatwave -
occurred in mid-July, with record-breaking
temperatures in many locations. The
temperature reached 40-2C in the United -
vith a readlng of ;-

Kingdom for the firsttime,.
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Drought also affected much of the region,
particularly during spring and summer. The
combination of dry conditions and extreme
heat fuelled numerous wildfires and the
second largest burnt area in the region on
record. Large wildfires occurred in France,
Spain, Portugal, Slovenia and Czechia.

Storms and floods led to dozens of fatalities,
with many cases of localized flooding from
intense rainfall, a derecho (a long-lived band
of thunderstorms and destructive winds) that
affected parts of southern and central Europe
in August, and three successive storms in
one week of February in north-west Europe.

Despite the year being characterized by
warm conditions, some areas were affected
by cold spells and heavy snowfall, including
Tirkiye, the Syrian Arab Republic, Greece and
Montenegro. A widespread cold spell also
affected much of northern and western Europe
in December. Reykjavik, Iceland, recorded the
coldest December for 100 years.

Wind and solar power represented 22.3%
of European Union electricity in 2022,
overtaking fossil gas (20%) for the first time.
More electricity was generated by these two
renewable resources than by any other power
source. Monitoring and understanding their
temporal and spatial variability is increasingly
important due to the growing importance they
have for the European energy mix.

Climate information is an important element
of improving the resilience and operations
of energy systems. While 80% of WMO
Members in Europe are providing some
climate information for the energy sector,

" less than 50% prOVlde\ monthly to seasonal

climate predictions for

ergy sector,

greater climate resilience oftge ener




Foreword

The WMO State of the Climate in Europe 2022 is the second
of an annual series successfully launched last year. This joint
publication by the WMO Regional Association for Europe
(WMO RA VI) and the European Union’s Copernicus Climate
Change Service summarizes the state of the climate, and
a the extreme and high-impact weather and climate events in
ORLD - 2022 for the WMO RA VI (Europe) domain, in the context of
METEOROLOGICAL ey i long-term climate variability and climate change.
ORGANIZATION -
The report makes use of climate observing systems and
brings together valuable contributions from Members, while
supporting their needs on climate monitoring, climate change
and climate services. The latest data and information on
impacts, risks and policy from United Nations agencies and
European Union (EU) partners complement the physical science overview. The present report also considers
the scientifically robust findings from the recent Sixth Assessment Report (AR6)" and Synthesis Report
(SYR)? of the Intergovernmental Panel on Climate Change (IPCC), and from the Copernicus European State
of the Climate 2022® report.

Europe is the fastest-warming of the six defined WMO regions and in 2022 many countries in western and
south-western Europe had their warmest year on record. Summer was the hottest ever recorded: the high
temperatures exacerbated the severe and widespread drought conditions, fuelled violent wildfires that
resulted in the second largest burnt area on record, and led to thousands of heat-associated excess deaths.

Early warnings are fundamental in anticipating and reducing the impacts of the increasing number of extreme
events. WMO, along with the United Nations Office for Disaster Risk Reduction (UNDRR), International
Telecommunication Union (ITU) and the International Federation of Red Cross and Red Crescent Societies
(IFRC), is leading the United Nations Early Warnings for All initiative, launched by United Nations Secretary-
General Antonio Guterres during the World Leaders Summit at the 2022 United Nations Climate Change
Conference, COP27. The action plan will strengthen Earth system observations and monitoring, predictive
and warning capabilities globally, with benefits for populations and economic sectors.

Energy is the focus area of the climate policy section in the present State of the Climate in Europe 2022
report, and there is some good news. For the first time in the EU, more electricity was generated by wind
and solar than by fossil gas. Increasing use of renewables and low-carbon energy sources is crucial to
reduce dependence on fossil fuels, and provides an important contribution towards climate neutrality and
mitigation of human-induced climate change. Climate services play a key role in ensuring the resilience of
energy systems to climate-related shocks, in planning operations, and in informing measures to increase
energy efficiency, among other relevant applications.

| take this opportunity to congratulate the lead authors, experts and scientists for their excellent contributions
to this report. | also thank the National Meteorological and Hydrological Services (NMHSs), the WMO Regional
Climate Centre Network for Europe, the Copernicus Climate Change Service (C3S), sister United Nations
agencies, EU partners and all contributing institutions for their outstanding support to this publication.
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Prof. Petteri Taalas
Secretary-General, WMO



Preface

The societal value of a systematic analysis of the changing
climate is becoming increasingly more evident, as it allows
us to better anticipate future extremes and prepare for the
impacts of a warmer world.

The State of the Climate in Europe 2022 provides, once more,
a detailed and accurate account of a series of unprecedented
climate events that have affected our region. The year-to-year
variability of the climate is apparent when comparing the
2021 report — where our attention was inevitably drawn to
the severe storms and devastating flooding which affected
western Europe - to the current report, where extreme high
temperatures and prolonged drought came to the forefront.

The record-breaking heat stress that Europeans experienced in 2022 was one of the main drivers of
weather-related excess deaths in Europe. Unfortunately, this cannot be considered a one-off occurrence
or an oddity of the climate. Our current understanding of the climate system and its evolution, clearly
presented in the latest report of the Intergovernmental Panel on Climate Change (IPCC), informs us that
these kinds of events are part of a pattern that will make heat stress extremes more frequent and more
intense across the region.

With the steady growth in the renewable fraction of the European energy mix comes a closer dependency
of our system on the variability of weather and climate. Describing these changes and understanding
the drivers behind such fluctuations is becoming more important. The present report provides valuable
information on the climate as a resource to support our transition towards a net-zero society.

| encourage readers to go beyond the informative figures and the clear statistics contained in these pages
and take this as a stimulus to fundamentally alter the way in which we look at the data describing the world
around us.

The Copernicus Climate Change Service (C3S), funded by the European Commission, has been working
along with WMO towards the operationalization of climate service provision so that every citizen in the
region can have easy access to high-quality, open and free data about the world we live in. The present
reportis a key step in this process, as it allows this data to speak for itself. The climate is rapidly changing,
and we need to use all the tools we have to adapt to the conditions we will face in the years to come.

The report is the result of a collective effort involving many individuals and institutions across the entire
region. | would like to thank the lead authors and the editorial team, but also the many people behind the

scenes who made the publication of this report possible.
M/f

Dr Carlo Buontempo
Director, Copernicus Climate Change Service
European Centre for Medium-range Weather Forecasts (ECMWF)



Global climate context

The global annual mean near-surface temperature in 2022 was 1.15 °C [1.02 °C to 1.28 °C] above the 1850-1900
pre-industrial average. The year 2022 was either the fifth or the sixth warmest year on record according to
six data sets,* despite the cooling effect of La Nifa. The years 2015 to 2022 were the eight warmest years
on record in all data sets.®

Atmospheric concentrations of the three major greenhouse gases reached new record observed highs
in 2021, the latest year for which consolidated global figures are available, with levels of carbon dioxide
(CO,) at 415.7 + 0.2 parts per million (ppm), methane (CH,) at 1 908 + 2 parts per billion (ppb) and nitrous
oxide (N,O) at 334.5 + 0.1 ppb - respectively 149%, 262% and 124% of pre-industrial (before 1750) levels
(Figure 1). Real-time data from specific locations, including Mauna Loa® (Hawaii, United States of America)
and Kennaook/Cape Grim’ (Tasmania, Australia) indicate that levels of CO,, CH, and N,O continued to
increase in 2022.

Over the past two decades, the ocean warming rate has increased, and the ocean heat contentin 2022 was
the highest on record. Ocean warming and accelerated loss of ice mass from the ice sheets contributed to
the rise of the global mean sea level by 4.62 mm per year between 2013 and 2022, reaching a new record
high in 2022. Between 1960 and 2021, the ocean absorbed about 25% of annual anthropogenic emissions
of CO, into the atmosphere,® and CO, reacts with seawater and lowers its pH. The limited number of long-
term observations in the open ocean have shown a decline in pH, with a reduction of the average global
surface ocean pH of 0.017-0.027 pH units per decade since the late 1980s. This process, known as ocean
acidification, affects many organisms and ecosystem services,® and threatens food security by endangering
fisheries and aquaculture.
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Figure 1. Top row: Monthly globally averaged mole fraction (measure of atmospheric concentration), from 1984 to 2021, of (a) CO, in parts per million,
(b) CH, in parts per billion and (c) N,0 in parts per billion. Bottom row: the growth rates representing increases in successive annual means of mole
fractions for (d) CO, in parts per million per year, (e) CH, in parts per billion per year and (f) N,0 in parts per billion per year



Regional climate

The following sections analyse key indicators of the state of the climate in Europe (WMO Region VI -Europe;
see the domain map in the Region domain subsection under Data sets and methods at the end of the report).
One such indicator that is particularly important, temperature, is described in terms of anomalies, or
departures from a reference period. For global mean temperature, the Sixth Assessment Report (AR6) of
the Intergovernmental Panel on Climate Change (IPCC)" uses the reference period 1850-1900 for calculating
anomalies in relation to pre-industrial levels. However, this pre-industrial reference period cannot be used
in all regions as a baseline for calculating regional anomalies, due to insufficient data for calculating region-
specific averages prior to 1900. Instead, the 1991-2020 climatological standard normal reference period is
used for computing anomalies in temperature and other indicators. Regional temperature anomalies can
also be expressed relative to the reference period 1961-1990. This is a fixed reference period recommended
by WMO for assessing long-term temperature change. In the present report, exceptions to the use of these
baseline periods for the calculation of anomalies, where they occur, are explicitly noted.

TEMPERATURE

The surface air temperature impacts human and natural systems. It can affect health, agriculture and energy
demand, as well as growth cycles in natural environments. Extreme temperatures have a particular impact
on human health. In Europe, temperatures have warmed significantly during the industrial era. Since the
1980s, Europe has warmed at a rate of +0.5 °C per decade, more than twice the global average, making it
the fastest-warming of the WMO regions."

The 2022 annual average temperature for Europe' was between the second and fourth highest on record,
with an anomaly of 0.79 °C [0.70 °C-0.91 °C] above the 1991-2020 average (Figure 2(a)) and an anomaly
of 1.83 °C [1.73 °C-1.92 °C] above the 1961-1990 average. Almost the entire region saw annual average
temperatures in 2022 above the 1991-2020 average by more than 0.5 °C; only north-western Iceland and
a small part of Tlrkiye saw temperatures slightly below average. The largest deviations from the average
occurred across the European part of the Arctic, and in the south-western parts of the region. Much of
south-western Europe was more than 1 °C above the 1991-2020 average in 2022, with some areas more
than 2 °C above average (Figure 2(b)).
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Figure 2. (a) Annual average surface air temperature anomaly (°C) over Europe, as defined by the WMO Region VI (see the Region domain subsection
under Data sets and methods), for 1900-2022, using data from six data sets (for land only), and (b) for 2022 from ERAS5 reanalysis, compared to the
1991-2020 reference period.

Source:(a) WMO. Note: HadCRUT5, Berkeley Earth, NOAAGIlobalTemp and GISTEMP are based on in situ observations. ERA-5 and JRA-55 are
reanalysis data sets. (b) ERA5 reanalysis from Copernicus Climate Change Service (C3S)/European Centre for Medium-range Weather Forecasts
(ECMWE). For details of the data sets and plotting, see the Temperature subsection under Data sets and methods at the end of the present report.



Europe as a whole also saw its warmest summer on record (based on seasonal anomalies dating back
to 1950)." Record high annual temperatures were reported in western and south-western Europe (where
several countries had their warmest year, including Belgium, France, Germany, Ireland, Italy, Luxembourg,
Portugal, Spain, Switzerland and the United Kingdom of Great Britain and Northern Ireland). The Arctic has
been warming at a rate well above the global average since the 1990s, and over north-western Siberia in
2022 annual average temperatures were more than 3 °C above the 1991-2020 average.

PRECIPITATION

Precipitation, an essential variable for monitoring climate, usually has more spatial and temporal variability
than temperature. Lack of precipitation leads to droughts, while its excess can cause floods and/or high
river discharge and soil moisture.

On average, the majority of WMO Region VI received below-average precipitation amounts in 2022
compared to the 1991-2020 reference period (Figure 3(a)). The largest annual precipitation deficits were
found to the south of the Gulf of Finland, in southern France and north-west Italy, and across the islands
in the Aegean Sea and the Middle East. Conversely, the highest annual precipitation excesses were seen
along the northern Scandinavian coast, from the Pripet Marshes (southern Belarus, north-west Ukraine) to
the Volga Uplands (European part of Russian Federation), around the Costa Blanca (Spain), Crete (Greece),
the Outer Hebrides (north-west of Scotland) and across the Faroe Islands (Denmark). The year 2022 was
the fourth drier-than-average year in a row for the Iberian Peninsula, and it was the third consecutive
drier-than-average year in mountain regions of the Alps and Pyrenees.

Anomalies of the highest daily precipitation total of the year (RX1) relative to the long-term 1991-2020
mean are shown in Figure 3(b). The largest regions with positive RX1 anomalies, as marked with blue
colours, are located in east Europe. There are further locations in other parts of Europe that had positive
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Figure 3. (a) Relative anomaly of the annual precipitation total in 2022 with reference to 1991-2020. Yellow, orange and red colours indicate a
precipitation deficit while blue regions experienced a precipitation excess. (b) Deviation of the highest daily precipitation amount (RX1) in 2022 from
the reference period 1991-2020. Blue indicates regions where RX1is higher than the annual mean, while in brownish coloured regions the RX1 was
below the long-term mean.

Source: (a)Global Precipitation Climatology Centre (GPCC), Deutscher Wetterdienst (DWD), Germany; (b) ECMWF ERA5



RX1 anomalies, even though the annual total was below normal (for example, in western, southern and
central Europe). On the other hand, not all regions with above-normal annual rainfall totals had positive
RX1 anomalies (for example, around the Costa Blanca).

CRYOSPHERE

The cryosphere is the frozen water part of the Earth system, including ice sheets, ice shelves, glaciers,
snow cover, permafrost (frozen ground), sea ice, and river and lake ice, all of which can be found within
the region. The cryosphere is experiencing large changes as the Earth warms, and it plays an important
role within the climate system, as summarized below'

GLACIERS AND GREENLAND ICE SHEET

Ice on land, in the form of ice sheets and glaciers, plays an important role in Earth’s climate system through
its ability to store vast amounts of water away from the oceans for long periods of time, and through its
effect on the surface albedo reflecting incoming short-wave radiation. Any change in ice mass stored on
land, such as when ice sheets and glaciers grow or shrink, has not only an impact on the local climate but
also affects the global mean sea level. Glaciers and ice sheets gain mass through accumulation of snow,
and lose mass mainly through surface melting via interactions with the atmosphere or at their frontal
regions via interactions with lake or ocean water.

In Europe, glaciers lost a volume of about 880 km®of ice from 1997 to 2022. Glaciers in the Alps recorded the
largest ice losses over this period, with an average reduction in ice thickness of 34 m (Figure 4).” In 2022,
glaciers in the European Alps experienced a new record mass loss of more than 3 m water equivalentin one
single year, caused by very low winter snow amounts and a very warm summer. Several dust storms led
to substantial deposition of Saharan dust on many European glaciers, which contributed to an accelerated
melting of the winter snowpack.®
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Figure 4. Cumulative glacier mass changes in Europe from 1967 to 2022, for glaciers with long-term records in nine different regions. Mass balance
values are given in metres of water equivalent (m w.e.), relative to 1997.

Source: Data from the World Glacier Monitoring Service (WGMS) (2021, updated). Graphic originally published as part of the C3S Climate Indicators —
Glacier Indicator, as at 20 April 2023: https://climate.copernicus.eu/climate-indicators/glaciers.
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The Greenland Ice Sheet lost 5 362 + 527 Gt of ice between 1972 and 2021, contributing 14.9 + 1.5 mm to
global mean sea-level rise.” In 2021, the latest year for which consolidated data are available (Figure 5),
the Greenland Ice Sheet lost 234 + 86 Gt of ice, which is less than in the record year of 2019, during which
ice losses in Greenland reached a peak value of 444 + 93 Gt, due to an intense surface melting event.
Independent estimates from different sources indicate that the Greenland Ice Sheet continued to lose
mass during the 2022 mass balance year.’® Further, in September 2022, Greenland experienced widespread
surface melt, with the largest September melt in more than two decades.

SEA ICE

Sea-ice extent in the European Arctic sector' remained relatively close to its 1991-2020 average from
January until mid-May, before falling rapidly to below-average levels in early June, and levelling off around
mid-July (Figure 6). At its annual minimum in September, the monthly mean extent was 6% below average,
the fourteenth lowest in the 1979-2022 satellite record. It then remained consistently below average
from October onwards. September 2022 was in sharp contrast with September 2021, when sea ice in the
European Arctic sector reached its lowest extent on record, at 40% below average. The 2021 record came
from record low extent in the Greenland Sea. In 2022, sea-ice extent in this part of the domain remained
relatively close to average throughout the year. The rapid drop in late May and early June 2022 resulted
from warm southerly winds over the Barents Sea which caused a rapid northward drift and retreat of the
sea-ice edge. Sea-ice extent in this part of the European Arctic sector remained below average until the
end of the year, mainly due to much below-average sea-ice cover between Svalbard (Norway) and Franz
Josef Land (Russian Federation).

Sea-ice extent in the Baltic Sea is often characterized by its winter maximum extent. During the 2021/2022
winter, a maximum of about 93 000 km? was reached in early February, making the season a “weak ice
winter”.2° This was the tenth lowest maximum extent within the last four decades and fifty-fifth lowest
within the full data record of more than 300 years.?!
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Figure 5. Cumulative mass balance of Greenland Ice Sheet and the corresponding contributions to global mean sea level, between 1972 and 2021
(year label indicates the start of the year). The shading represents the cumulative uncertainty.
Source:Data from the Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE): http://imbie.org/
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Figure 6. Total daily sea-ice extentin the European Arctic sector for 2021 (blue) and 2022 (black). The plot shows in grey shades the daily median
(solid line), interdecile range (light shading) and interquartile range (dark shading) during the 1991-2020 reference period, as well as the daily minimum
and maximum during 1979-2022 (dashed lines). The European Arctic sector is outlined in red on the inset map.

Source: Sea-ice extent derived from the EUMETSAT Ocean and Sea Ice Satellite Application Facilities (0S| SAF) Global Sea Ice Concentration
(Interim) Climate Data Record v3.0: https://osi-saf.eumetsat.int/products/osi-430-a

OCEAN

WMO Region Vlincludes several major ocean basins, subregions and big lakes: the eastern Atlantic sector
of the Arctic, the North, Baltic, Mediterranean and Black Seas, as well as part of the Caspian Sea. These
play a major role in determining the climate and weather conditions of the region and are highly impacted
by the globally and regionally changing climate.

SEA-SURFACE TEMPERATURE

The sea surface is the boundary between the ocean and atmosphere. Its temperature is key to monitoring
the flows of energy between the two and to understanding the role the oceans are playing in shaping the
weather and climate. Sea-surface temperature (SST) provides a key indication of ocean warming, and
ocean heat content provides information about warming at depth. There has been an overall warming of
all major ocean basins of the region during the industrial era, although the rate of warming differs.

The year 2022 was the warmest on record for average SST across the North Atlantic area of the WMO Europe
region, following the long-term trend of an increase of 0.23 °C + 0.04 °C per decade (Figure 7(b), 1)). By
comparison, global mean SST has increased over recent decades at a rate of 0.15 °C + 0.01 °C per decade.
The area-wide SST trend is exceeded at the subregional level, with the highest rates in the Black Sea, at
0.54 °C + 0.10 °C per decade, followed by the Baltic Sea, at 0.48 °C + 0.11 °C per decade, and then by the
Mediterranean Sea, at a rate of 0.38 °C + 0.05 °C per decade (Figure 7(b), 2) to 4)). Likewise, the highest
rates of surface ocean warming regionally, exceeding the global mean warming rates by 3 to 4 times, are
observed in the eastern part of the region, such as in the southern Arctic, the entire Baltic and Black Seas,

11



https://osi-saf.eumetsat.int/products/osi-430-a

and the eastern basin of the Mediterranean Sea (Figure 7(a)). The rest of the Mediterranean basin is affected
by warming 2 to 3 times the global mean surface ocean warming rate, whereas the north-west European
Shelf area is warming at a rate of 0.1 °C-0.2 °C per decade. At the most western margin, slight cooling is
reported from the past quarter of a decade, which is associated with variations in this area, referred to as
the North Atlantic warming hole or cold blob, and which is further discussed in the Ocean heat content section.

OCEAN HEAT CONTENT

Oceans have taken up to 90% of the extra heat induced by the anthropogenic emission of greenhouse
gases. This has resulted in a noticeable warming which will be irreversible on centennial to millennial
timescales.?22324 The IPCC has concluded that “It is virtually certain that the global upper ocean (0-700 m
depth) has warmed since the 1970s and extremely likely that human influence is the main driver”.?

In recent years the average warming of the upper ocean (0-700 m depth) in the region (see area in black line
as indicated in Figure 8(a)) has been dominated by year-to-year variations in the subpolar North Atlantic,
superposing the long-term warming trend.? The uncertainty of the warming rate is high and the trend is
not significant (Figure 8(b)). At the regional scale, this heating is most evident in the Mediterranean Sea,
reaching up to more than 2 W m=2 in the eastern basin. At the Atlantic margin, regional ocean warming
rates are around 0.5-1.0 W m~2. More precisely, the area at the most western edge of the WMO Region VI
domain is characterized by decadal-scale cooling and reaches up to more than -2 W m-2 over the 1993-2022
period (Figure 8(a)). Changes in this area are associated with the so-called North Atlantic warming hole,
also called the North Atlantic cold blob — a feature which has been linked to phenomena such as changes
in the high-latitude ocean circulation and air-sea processes linked to changes in low cloud coverage.?’?
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Figure 7. (a) Trends in SST (°C per decade) over the period 1982-2022. (b) Area-averaged time series of SST anomalies (°C) relative to the 1982-2022
reference period for the areas indicated on 7(a): 1) North Atlantic; 2) Baltic Sea; 3) Black Sea; and 4) Mediterranean Sea. The WMO area for Europe is
indicated with a black line.

Source: Copernicus Marine Service/Mercator Ocean International, France. Derived from the remote sensing product for 1982-2021 (see https://doi.
0rg/10.48670/moi-00168), and for 2022 (see https://doi.org/10.48670/moi-00165), downloaded from the Copernicus Marine Service.
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Figure 8. (a) Regional ocean heat content (0—700 m depth) anomalies for 2022 (relative to 2005-2022 climatology). The WMO area for Europe is
indicated with a black line. White areas indicate regions where the ocean is shallower than 300 m, which have been excluded in this analysis due to
limitations in ocean measurement density. (b) Ocean heat content annual anomalies over the period 1993-2022 (relative to 2005-2022 climatology).
Source: Copernicus Marine Service/Mercator Ocean International, France, from an observational-based product distributed by the Copernicus Marine
Service (https://doi.org/10.48670/moi-00052)

SEA LEVEL

Changes in mean sea level reflect both the thermal expansion of the ocean in response to warming, and the
loss of mass from ice sheets and glaciers.?® Long-term and interannual variations in sea level are observed at

global and regional scales. These

variations can affect coastal
6.0 communities, where sea-level
variations can be superimposed
on the effects of land subsidence
and uplift, and can be a hazard in
the form of increased risk from
coastal inundation for those
exposed and vulnerable.®® Since
15 1993, global mean sea level has
increased at an average rate of

4.5

3.0

oo & 3.4+0.3mml/year.® Regionally,
E absolute sea-level trends as seen
from satellites show spatial
F-L> variations, with trends from
2-4 mm/year over most of the

L 3.0 European seas®? (Figure 9).33

Period: 01 Jan 1993 - 23 June 2022, Credit C3S/ECMWF/CMEMS, Created: February 2023
Figure 9. Sea-level trends (mm/year) from satellite altimetry from January 1993 to June 2022. The data have not been adjusted for glacial isostatic

adjustment nor for the TOPEX-A instrumental drift. The red line indicates the WMO Region VI — Europe.
Source: Copernicus Marine Environment Monitoring Service (CMEMS) Ocean Monitoring Indicator, based on the C3S sea-level product
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Major atmospheric circulation
patterns of the region in 2022

In terms of the regional climate, despite the warming trends over decadal timescales, year-to-year variability
does occur in response to certain climate drivers. Throughout most of 2022, the monthly mean temperature
averaged over WMO Region VI was warmer than normal. The North Atlantic Oscillation (NAQO), which
describes changes in the strength of two recurring pressure patterns in the atmosphere over the North
Atlantic, has a key role in climate variability in the Europe region.

The NAO was positive from the start of the year well into March, contributing to the warm start of the year
for much of Europe and the warm spell in northern Europe in March (see Figure 10, monthly NAO index in
2022). The associated strong jet brought some of the named storms in February, and a blocking situation
which occurred in spring 2022 was associated with a cold snap in April.

During summer, consistent with a positive NAO index, a band of high pressure, extending over the central
North Atlantic, western Europe and north-eastern Europe, contributed to record-breaking temperatures and
dry conditions across these regions. The prolonged periods of anticyclonic conditions, and the persistent
lack of precipitation in large areas of Europe from winter to summer, enhanced the occurrence of heatwaves
during the summer.

3.0

2.0
1.0 .

0.0- ---— l--_
-1.0

-2.0

-3:0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 10. North Atlantic Oscillation (NAQ) index monthly mean values, in 2022
Source:Data from the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC)
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Extreme events and their
Impacts

OVERVIEW

In the region, 2022 was characterized by several weather-, climate- and water-related extreme events. A
selection of some exceptional events is described in the following subsections.

Based on information in the Emergency Events Database (EM-DAT)3* there were 40 meteorological,
hydrological and climate-related hazards in Europe in 2022, which resulted in 16 365 reported fatalities and
156 000 people directly affected (Figure 11). About 67% of the events were flood- and storm-related, leading
to dozens of fatalities and accounting for 99.9% of the total economic damages (about US$ 2 billion, which
is much less compared to the US$ 50 billion total in 2021 mainly due to the floods in July 2021 in western
and central Europe). Much more severe, in terms of mortality, were the heatwaves (13% of all events) for
which 16 305 excess deaths were reported, representing 99.6% of all fatalities. Impacts of extreme events
in 2022 might have been worse, if not included in the database due to data unavailability.

Reported events Deaths Affected people Economic damage
0.4% 0.2% 12.8%
J (other) (landslide)
10%
13%
40 16 365
@
(heatwaves)
m Storm m Flood = Wildfire Landslide Extreme temperature = Drought

Figure 11. Weather-, climate- and water-related extreme events in Europe during 2022. Note: Impact numbers for some disaster occurrences may be
lacking due to data unavailability. Some transnational events may be reported individually by the affected countries.
Source:Data from EM-DAT

HEAVY PRECIPITATION AND FLOODS

On 11 January, Storm Diomedes over the eastern Mediterranean caused heavy rain especially in Greece,
and in particular the eastern region of Thessaly, the Sporades islands and neighbouring prefectures of
Macedonia. The National Observatory of Athens meteorological station in the village of Portaria recorded
more than 340 mm of rainfall in a period of 16 hours, a value that approaches the annual rainfall total of
Athens (378 mm at Thissio station near the centre of Athens). Two people died in floods in the Central
Macedonia region, while another fatality occurred in Karditsa city in the Thessaly region.

A number of locations around southern Europe were affected by heavy rain and flooding during September.
In central Italy, torrential rain triggered flooding in the Marche region on 15-16 September. Many areas were
left without electricity, telecommunications or drinking water. People took refuge on the roofs of houses and
in trees to escape the flooding. Rain totals amounted to 419 mm in 12 hours, the equivalent of four months’
worth of average rainfall. Several streams and rivers broke their banks. On 16 September, the Italian Council
of Ministers declared a state of emergency for 12 months. In Croatia, at the end of September, a total of
287.5 mm of rain fell in 24 hours in Rijeka (from 0500 UTC on 28 September to 05600 UTC on 29 September).
This exceeds the previous highest 24-hour precipitation value recorded at this station in September 2013
(248.9 mm). The rain caused damaging flash floods, with one fatality in Rijeka.
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Heavy rain and hail caused severe damage in eastern and central Spain in November. Flooding was reported
in the Valencia, Castile and Ledn regions. Valencia airport was closed due to flooding. Totals of 150-300 mm
in 48 hours were measured in several places in these regions, including, for example, 208.4 mm at Valencia
airport. Several November precipitation records were broken at the airport: the most intense shower
(66.1 mm in one hour), daily total precipitation (148.4 mm) and total precipitation for November (211.1 mm).

On 12 December, Storm Gaia brought heavy rain of over 200 mm in 24 hours, causing flooding in parts
of Antalya province in Turkiye. Finike in Antalya recorded 253.8 mm of rain in 24 hours. The rain caused
several streams to overflow, resulting in damaging floods and transport problems. Flooding caused damage
to around 500 vehicles, around 100 houses, and over 1 200 hectares of crops and farmland.

DROUGHTS

Drought affected much of Europe throughout the year. Due to the positive winter NAO and blocking conditions,
drought prevailed in large regions of south-western Europe in winter (December 2021 to February 2022)
(Figure 12(a)). By the end of February, 96% of Portugal was under severe or extreme drought.

In spring, precipitation and soil moisture deficits were affecting very broad areas of Europe, except on the
Iberian Peninsula where precipitation led to improved conditions temporarily (Figure 12(b)). The extent of
drought conditions reached a peak at the beginning of August. This came after western and central Europe
had also recently experienced drought in the summers of 2018, 2019 and 2020.

Low flows were recorded in some of Europe’s major rivers. Low water levels on the River Po affected crop
production and allowed seawater to intrude almost 40 km inland, affecting river ecosystems. The extremely
poor snowfall season also contributed to the critically low levels of the River Po and other rivers. On 4 July,
the Italian Government declared a state of emergency for five regions, home to 42% of the Italian population.
Insufficient water availability led to a reduction in both hydro- and thermo-electric power production. In
some regions, such as Lombardy, the scarcity of precipitation reduced total water reserves (lakes, reservoirs
and water equivalent of snow) below the minimum observed in the last 15 years.

Data: GPCC Monitoring Product © DWD 30/04/2022 Data: GPCC Monitoring Product © DWD 30/07/2022

20 40 60 80 100 125 167 250 500 20 40 60 80 100 125 167 250 500
[%] [%]

Figure 12. (a) Precipitation (percentage of the 1991-2020 average) for winter 2021/22 and (b) spring 2022
Source: Global Precipitation Climatology Centre (GPCC), DWD, Germany
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In mainland France, by mid-August, 71 out of 96 departments were affected by water-use restrictions due to
drought alerts. Some areas experienced a total lack of running water. Farmers could no longer irrigate their
fields, with serious consequences on agricultural production. France had its driest January to September,
and the United Kingdom and Uccle (Belgium) had their driest January to August since 1976.

Both hydro- and thermo-electric power production were reduced due to well below-average precipitation
leading to low levels of rivers and water reservoirs. In France, low river flows and high river-water
temperatures led to output being reduced at some nuclear power stations.%®

In Portugal and Spain, the hydrologic year (October 2021 to September 2022) precipitation deficit was
reflected in water reservoir levels. The Spanish water reserve decreased to 41.9% of its total capacity by
26 July, with even lower capacity in some basins, such as the Guadalquivir in southern Spain, at 25.6%.

Drought was also extensive in central Europe, with impacts on agriculture. In Germany, harvest was
reduced for cereals, and later in summer, for sugar beets, maize and grapes. Several locations on the
Rhine River registered new local record low water levels. Three states in west-central Germany had their
driest summer on record, in a region which had experienced extreme flooding the previous summer. In
Poland, around 64% of the water gauge stations in the national observation network recorded low water
levels in rivers. The period from May to mid-August was the second driest in western Switzerland since
measurements began in 1864.

The second driest summer, followed by the second warmest autumn led to the formation of dry conditions
and water deficit in Armenia, starting from the end of July to September. Towards the end of the year, a
severe drought started developing in Tlrkiye and persisting over the Syrian Arab Republic. The continuing
unusually dry conditions led to water deficits. Food prices in the Syrian Arab Republic almost doubled
compared to 2021, a situation that was further exacerbated by the conflict in Ukraine. In the Syrian Arab
Republic, 13.9 million people (64% of the population) faced food insecurity.3¢

HEATWAVES AND WILDFIRES

Europe experienced several exceptional heatwaves during the summer (Figure 13). The most severe
occurred in mid-July, with record-breaking temperatures in many locations. The temperature reached 40 °C
in the United Kingdom for the first time, with a reading of 40.3 °C in Coningsby on 19 July, 1.6 °C above the
previous national record (38.7 °C at the Cambridge Botanic Gardens on 25 July 2019). In Ireland, 33.0 °C
on 18 July at Phoenix Park, County Dublin, was the highest temperature since 1887. Numerous locations
broke previous records by more than 3 °C, particularly in northern England and western France. The daily
mean Central England Temperature was 2.8 °C above its previous highest value in 250 years of daily data.
In Germany, 40.1 °C in Hamburg-Neuwiedenthal on 20 July was the northernmost 40 °C reading on record.
The heat extended as far north as Sweden, where 37.2 °C in Malilla on 21 July was the country’s highest
temperature since 1947. North-east Europe had major heatwaves in mid-August, with records set in Finland,
Estonia, Latvia and western Russian Federation, where temperatures reached 31.1 °C in St. Petersburg.

The heat also spread to the east and south. In Slovakia, the daily maximum air temperature on 21 July
(40.0 °C) represents the third highest value for July and the fourth highest ever in the history of measurement
there. A new monthly record was reached in Slovenia (39.4 °C) on 23 July, and the second hottest day
since 1881 occurred in Zagreb in Croatia (39.1 °C). In Portugal, temperatures reached 47.0 °C in Pinhao in
July, the highest July temperature recorded in the country. A number of June record high temperatures
were set in Italy, including 40.0 °C at the Roma-Urbe station (Rome) on 27 June. On 13 August, numerous
records were broken for the highest monthly maximum and minimum temperatures on the Balearic Islands
in Spain. For the first time, temperatures at the Ibiza airport station exceeded 40 °C.

Estimated mortality due to heat alone is hard to establish, as mortality rates were also affected by COVID-
19. Nevertheless, official estimates place the number of excess deaths at around 4 600 deaths in Spain,¥
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Figure 13. The 23 most severe heatwaves in Europe, 1950-2022, numbered in order of severity from 1-23. Heatwaves in 2022 are coloured dark red.
Source: DWD: https://www.dwd.de/EN/ourservices/rcccm/int/rccem_int_hwkltr.html. See also note on methodology here.

4500 in Germany,* 2800 in the United Kingdom (among those aged 65 years and older),*® 2 800 in France*®
and 1 000 in Portugal.*

Heat and drought conditions fuelled numerous wildfires across the region, resulting in the second largest
burnt area on record (after 2017). Large wildfires occurred in France, Spain, Portugal, Slovenia and Czechia,
and many other countries also saw larger-than-average burnt areas during 2022. The European Forest Fire
Information System (EFFIS) estimated a total burnt area across the EU of more than 800 000 hectares.*?

Armenia experienced the second warmest autumn since 1935, while the warm spell observed in the second
half of November produced record-breaking daily maximum temperatures at more than 10 stations.
Temperatures at the stations located above 1 km above sea level reached 22 °C.

MARINE HEATWAVES

A marine heatwave is a relatively long period of unusually high ocean temperatures in a region.*® Such
heatwaves are emerging as pervasive stressors to marine ecosystems globally. Marine heatwaves pose a
threat to important ecosystems at the individual, population and community levels, especially to coral reefs
and seagrass beds. They can trigger the migration of species and mass extinctions and lead to significant
economic losses in fisheries and aquaculture. The frequency, duration and intensity of marine heatwaves
are increasing significantly with current anthropogenic global warming.**

In 2022, large portions of the region were affected by strong or even severe and extreme marine heatwaves.
Some marine heatwave periods lasted approximately 4-5 months, such as in the western Mediterranean
Sea, the English Channel, the southern Arctic and the northern Barents and Kara Seas (Figure 14). Other
areas affected by severe to extreme marine heatwaves lasting about 1-2 months include the western
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Figure 14. Map showing (a) the highest marine heatwave category (for definitions, see the Marine heatwave and marine cold spell subsection under
Data sets and methods) experienced at each pixel in 2022 and (b) the maximum duration of marine heatwaves over the year 2022

Source: Mercator Ocean International, France. Derived from the remote sensing product https://doi.org/10.48670/moi-00168 for 1982-2021, and
https://doi.org/10.48670/moi-00165 for 2022, downloaded from the Copernicus Marine Service.

Mediterranean Sea, the Barents and Kara Seas, the south-western Baltic Sea, the North Sea and large
parts of the North Atlantic Ocean (including to the south-west of Ireland and the Bay of Biscay area). For
example, in the Mediterranean Sea, sea-surface temperature anomalies for summer 2022 (June-August)
reached values as high as +4.6 °C locally, exceeding the values of summer 2003, which held the previous
record high.*® The heatwave intensity was highest in the northern parts of the western Mediterranean,
decreasing to the south and to the east. In the Ligurian Sea, the maximum intensity of the heatwave was
reached on 21 July and continued to be notable into September.

COLD WAVES, HEAVY SNOW AND FREEZING

Although the year 2022 was characterized by numerous warm spells, a few significant cold events and
heavy snowfalls occurred.

In south-eastern Tlirkiye, snowfall and cold temperatures on 18-19 January left vehicles stranded on a major
highway, with aid being delivered by helicopters. Such weather conditions are rare for the region, with
temperatures of -3 °C recorded in Gaziantep (where the 1991-2020 mean minimum is 0.4 °C), and -34.4 °C
in the Ozalp district at high elevation. These wintry conditions also affected the north-western Syrian Arab
Republic and hundreds of refugee camps along the Turkish border. The temperature in Aleppo dropped to
-2 °C, and in Kamishli to -9.8 °C. Many tents were unable to withstand the weight of the snowfall.

A severe winter storm named Elpida (or Elpis) affected Greece, including the capital Athens, on 24-26 January
with temperatures dropping to —-14 °C, and heavy snow. Authorities closed schools, public offices and all
private businesses in the capital, except supermarkets, pharmacies and gas stations. At least 200 000
homes and businesses in Athens were without power, some of them for several days. While snow is rare
in central Athens and on the Aegean islands, this was the second time within 12 months that this region
experienced an intense snowstorm and disruption to traffic. The previous occurrence was in February 2021.
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Storm Elpis also affected Israel, leading to heavy snow. Jerusalem experienced the largest snowfall since
2015, with snow depth reaching 15-25 cm.

For the second consecutive year, widespread frosts in early April resulted in crop losses in western and
central Europe. Damage to agriculture was widespread, but less severe than during a similar episode in
2021. The worst affected countries were France, Germany, Spain and Austria, with orchards and vineyards
particularly badly affected. The nationally averaged minimum temperature in France dropped to -1.5 °C
on 4 April, marking the country’s coldest April morning since 1947.

A cold spell also impacted north-west Europe in December, the most significant cold event since December
2010. Iceland recorded its coldest December since 1973, and in the capital, Reykjavik, the coldest December
for 100 years.

SEVERE WINDSTORMS

In the last week of January, storms from higher latitudes moved past Scandinavia and continued further to
the south-east, passing eastern central Europe. The most powerful of them was Storm Malik, which crossed
eastern central Europe on 29-30 January. At least six people were killed after the winter storm brought
hurricane-force winds to northern and central Europe, causing coastal surges and leaving hundreds of
thousands without power. The worst affected were the United Kingdom, Denmark, Poland and Germany,
where homes and cars were destroyed, bridges shut, trains cancelled and ferries docked, as coastal surges
led to flooding. Gusts of around 110-140 km/h were measured in coastal regions and on islands in the
German North Sea and Baltic Sea, and of around 100 km/h between Hamburg and Berlin. The storm also
caused damage in Poland and Czechia, with fatalities and widespread power outage. In Janos Hill, Budapest,
wind speeds of 127.4 km/h were recorded, setting a new national record for Hungary (the previous record
was observed at Orsdd station, Budapest, in 1979).

From 16-21 February, three successive windstorms passed western Europe and northern central Europe.
The most significant of them was Storm Eunice, which crossed Ireland, England and Wales on 18 February.
A gust of 196 km/h at The Needles (on the Isle of Wight) was the highest on record in England. Four deaths
occurred during the storm in the United Kingdom, one death in Ireland and a further two in Belgium, while
more than a million households in England and Wales lost power.

An exceptional derecho, a long-lived band of thunderstorms and destructive winds, affected parts of
southern and central Europe on 18 August, bringing severe winds and heavy rainfall, on a track which
extended 1 600 km from the Balearic Islands (Spain) across Corsica (France), Italy, Slovenia, Austria and
Czechia. The system reached its peak severity over Corsica, where wind gusts of 225 km/h were recorded,
the strongest reliably observed wind gust on record for metropolitan France. Five deaths were reported.
There was also significant damage in Italy, where hail reached 8 cm in diameter.

On 23 October, an EF3 tornado (the third most intense rating for a tornado on the Enhanced Fujita Scale)

crossed northern France and caused significant damage. Its path length was 206 km, the longest recorded
in France.
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Climate policy and climate
action in the energy sector

The focus in this year’s report — on climate policy and climate action in the energy sector — was chosen
because of the importance of this sector for low-carbon energy transitions. This is expanded upon below,
followed by an analysis of current efforts to deploy renewable energies, as well as an analysis of the
meteorological potential for renewables. The importance of climate services for the energy sector, in
particular for solar and wind renewable resources and also for nuclear energy, as well as the growing
impacts of extreme weather, are highlighted. This section is supplemented by a sidebar on the use of
renewable energy sources for agrifood systems.

LOW-CARBON ENERGY TRANSITIONS

One of the central goals of the Paris Agreement, ratified by 195 parties, is to strengthen the global response
to the threat of climate change by keeping a global temperature rise this century well below 2 °C above
pre-industrial levels, and to pursue efforts to limit the temperature increase even further, to 1.5 °C. The
IPCC ARG concluded that in global modelled pathways that limit warming to 1.5 °C (likelihood > 50%) with
no or limited overshoot, global CO, emissions reach net zero in the early 2050s.46 In view of this, many
governments in Europe have committed to pursuing paths to achieve carbon (“climate”)-neutrality by
2050-2070, with deep cuts in energy sector emissions, and remaining emissions compensated by carbon
capture and increasing sinks in the land-use sector. Energy systems need to integrate low- and zero-carbon
technologies through interplay of different technologies. The interconnection between technology and
sustainable energy sources, like wind and solar, highlights the importance of technology interacting
alongside innovation, research and global collaboration to attain carbon neutrality by 2050.

Transitioning to a low-carbon energy system requires deploying clean energy technologies and infrastructure.
This includes integrating renewable energy sources and energy storage technologies and enhancing grid
infrastructure while ensuring energy affordability and security. To achieve carbon neutrality, action is
needed to maximize the use of these technologies. Thus, efforts are needed towards identifying the right
technology interplay by raising awareness, developing policy frameworks and financing a just transition
towards carbon-neutral energy systems.

RENEWABLE ENERGIES — COMMITMENT

The EU has agreed to raise the binding renewable energy target from 32% to at least 42.5% by 2030, which
will represent almost a doubling from 2019 levels.#’ In addition, other European parties to the Paris Agreement
have included renewable energy targets in their Nationally Determined Contributions (NDCs). For example,
Albania is committed to reaching 42% of renewable energy in final energy consumption by 2030.

There is still a long way to go to achieve these goals. In 2019, in Europe the global share of renewable
energy sources amounted to 14.3% of the total final energy consumption (Figure 15). In 2022, in Europe
wind and solar generated 22.3% of EU electricity, for the first time overtaking fossil gas (20%), and coal
power (16%).%®¢ This was due to a combination of factors, including a significant increase in solar power
capacity installed in 2022. Additionally, the annual surface solar radiation recorded in Europe in 2022 was
the highest ever recorded since 1983 (beginning of the satellite data record), 4.9% above the average for
the 1991-2020 reference period.*®5°

RENEWABLE ENERGY POTENTIAL

The production of emission-free energy from solar, wind and hydropower is becoming increasingly
important. Therefore, the analysis of the associated meteorological variables — surface solar radiation,
wind speed and precipitation — are also of increasing interest.

21



59.1%

46.6%

11.4% 10.3%

Africa Asia South North, Central South West Europe SIDS LDC
America America and Pacific
Caribbean

B Modern renewables B Other renewables

Figure 15. Percentage share of modern renewable energy systems and other renewable systems in 2019, by region
Source: Data on Sustainable Development Goal (SDG) 7.2 — Renewable energy are sourced from the International Energy Agency (IEA), the International
Renewable Energy Agency (IRENA) and the United Nations Statistics Division (UNSD) and analysed by WMO to fit its regional classification.

Figure 16 shows the long-term average potentials for photovoltaic (PV), wind and hydropower. 5253 Generally,
more surface solar radiation is available in the south of Europe due to the solar angle and reduced cloud
coverage. Wind power potential is generally higher over the ocean, especially off the coast of Ireland and
Portugal. In addition, the Aegean Sea has higher wind speeds, which might be interesting for new wind
power plant installations. Hydropower is directly linked to the topography of Europe.

As these renewable energy sources are intermittent in nature, it is important to also look at their variability,
which is very different for the three meteorological variables that drive the potential for these energy sources.
This is highlighted by the monthly means of wind speed (-40% to +80%) and precipitation (+30%), which
are much more variable, compared to the long-term average, than surface solar radiation (about £15%).54
Solar and wind tend to complement each other throughout the year: solar radiation is higher in late spring
and summer while wind intensity is usually higher in winter. Monitoring and understanding the temporal
and spatial variability of these two important renewable energy resources is increasingly important due
to their growing importance for the European energy mix.

Over the 30-year period 1991-2020, surface solar radiation shows a clear positive trend for Europe, whereas
wind speed and precipitation do not show a significant trend.%® Over the last five years, a continuous
increase in surface irradiance was recorded, whereas less precipitation can be noticed for the same time
period, with emerging consequences for hydropower production in some regions.

CLIMATE SERVICES FOR THE ENERGY SECTOR

Climate variability from months to seasons to years, and long-term climate change are impacting every aspect
of the energy sector: the volume of and ways in which energy is consumed (“demand”); the productivity of
each energy-generating technology (“supply”); and the combined physical and non-physical infrastructure
that ensures safe and reliable operations (“the grid”). An inability to consider the full array of zero carbon-
emitting and climate resilient energy technology options could thwart the world’s ability to reach net zero
while maintaining the security of energy supply. The energy sector decision-making, regulations, plant
designs and operating practices must all be adapted to a climate volatile future.

Climate services — the provision and use of climate information in decision-making, encompassing data
collection, monitoring, analysis, predictions and projections of climate variables — play a key role supporting
global energy transition to achieve net zero. Climate services are essential for renewable energy, including

22



(b) [fwind power
density at

© Hydropower
capacity (kW)

| 10001 - 30000
L >30000

Figure 16. (a) Long-term average daily sum of electricity production from a 1 kW peak grid-connected solar PV power plant for the period 1994-2018;
(b) An estimate of mean wind power density at 100 m above surface level globally for the period 1998-2017; (c) An estimate of potential hydropower
(hydropower capacity)

Source: (a) Global Solar Atlas 2.0; (b) Global Wind Atlas, v.3; (c) Global Potential Hydropower Locations Research Dataset

for: site selection, resource assessment and financing; operations, maintenance, and management of energy
systems; electricity integration into the grid; and impact assessment of energy systems.

Furthermore, climate services are needed to ensure the resilience of energy systems to climate-related
shocks, and to inform measures to increase energy efficiency. Risk assessments addressing planning for and
early warning of extreme events affecting energy supply and demand can help the industry to anticipate,
absorb, accommodate, and recover from adverse impacts.

According to a survey of National Meteorological and Hydrological Services (NMHSs) conducted by the
WMO, 83% of Members in Europe reported providing climate services for energy. Only less than half of
Members provide climate predictions for the energy sector (Figure 17), bringing to light the untapped
potential of NMHSs in supporting energy transition, as well as the efforts required to ensure a greater
resilience of the energy sector.

NUCLEAR ENERGY

Increasingly frequent extreme weather conditions and rapidly growing shares of renewable energy
generation place a growing premium on climate-resilient energy sources. A diverse and resilient energy
foundation from decarbonized energy sources like nuclear, hydropower, geothermal and others will play
an important role in accommodating renewables and successfully decarbonizing global energy systems.
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Globally, interruptions to nuclear power operations due to adverse climatic conditions have increased over
the past three decades, with the steepest inclines seen between 2003-2006, and again from 2010-2018
but remain a small fraction of the overall output from nuclear power stations worldwide. Climate-related
energy losses make up a very small but growing share of total nuclear outages over time. In 2022, reported
weather-related production losses accounted for approximately 0.35% of global nuclear energy generation,
up from 0.29% five years earlier. Nearly 60% of reported weather-related nuclear production losses since
2017 were associated with plants located by rivers or lakes. Low river flows, but mainly the increasing
temperatures and hot extremes are the largest contributors to climate-linked full outages in western Europe.

Novel analysis pairing localized climate projections by the IPCC and nuclear site locations show that
under worsening climate scenarios in the long-term, southern Europe could see some of the largest
global percentage increases in extreme temperatures above 40 °C and in number of consecutive dry days.
This result, particularly for potential nuclear plant sites in southern Europe, underscores the necessity
of establishing adaptation provisions associated with strict safety revisions, if the decision is taken that
plants should continue to operate. It is worth noting that of the 100 GW of nuclear capacity currently under
construction or planned by IAEA Member States, more than 60% are located on the seacoast, so less
affected by cooling water issues.

IMPACT OF EXTREME WEATHER ON THE ENERGY SECTOR

Ever more frequent and destructive weather conditions have growing implications for the supply, demand
and infrastructure of the world’s energy system. Extreme heat, heavy precipitation, droughts, coastal and
river floods and tropical cyclones will make the design and the implementation of climate resilience plans
for the global energy system even more complex, but all the more necessary. On the demand side, climate
impact data and scenarios will help operators adjust their system monitoring to meet new demand patterns
altered by a changing climate. Seasonal and sub-seasonal forecasts can help to identify (with different levels
of confidence) anomalous climate patterns and conditions associated with the potential development of
extreme climate events, such as heatwaves and droughts, thereby supporting decision-making in advance
and contributing to ensure the continuity of grid services. In terms of supply, climate and energy system
modelling is increasingly necessary for plant and grid operators, with information needed at specific
localities and over diverse time horizons in order to consider the changing climate risks.

A system-level approach is paramount, including the improvement of effective risk management measures
involving a wide array of stakeholders to ensure a heightened level of coordination.
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Figure 17. Percentage of European NMHSs providing climate services to the energy sector, by type of product
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Use of renewable energy sources
for agrifood systems=

Energy is essential for food security and development. Finding green and resilient solutions that can support
sustainable agrifood system transformation and its innovation is an important goal. However, there is a big
challenge: to disconnect fossil fuel use from food system transformation without hampering food security.

Renewable energy can play a critical role in meeting needs for electricity, not only in primary production,
but also in secondary activities, such as drying, cooling, storage, transport and distribution of food. Various
renewable energy applications being deployed along agrifood chains are demonstrating the benefits of
such solutions. As an example, solar irrigation is being widely adopted to improve access to water. Life-
cycle emissions for solar-powered water pumping are estimated to be 95% to 98% lower than for pumps
powered by grid electricity or diesel fuel.

In Europe, over the past two decades, energy consumption in agriculture has remained stable, even as
production has grown, thanks to increased efficiencies and agronomic progress (Figure 18). Between 2000
and 2012, energy intensity in agriculture fell by 20% (increase of energy efficiency). At the same time,
continuing to meet energy needs through fossil fuels poses significant problems in terms of accessibility,
affordability, resilience to supply and price shocks, and environmental effects, particularly climate change.

The agrifood sector is one of the contributors to greenhouse gas emissions, which will need to be strongly
reduced along the agrifood chain. Mitigation strategies additionally rely on energy efficiency improvements.
In Europe, significant opportunities to improve energy efficiency can be found in production activities.
Beyond mitigation, integration of renewables in agrifood systems also strengthens adaptation, adding
resilience to the extreme weather events and resource shortages caused by climate change.

Scaling-up the use of renewable energy in agrifood systems will require concerted efforts between government,
the private sector, financing institutions, academia, and international and non-governmental organizations.
Governments will continue to play a crucial role through public financing to facilitate deployment, and by
investing in an enabling ecosystem that promotes technological innovation; sets standards and ensures
quality; imparts knowledge and skills; raises awareness among stakeholders and the public; and builds
infrastructure for market access. When effectively designed and implemented, use of renewable energy
in agrifood systems has the potential to contribute to multiple Sustainable Development Goals.
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Figure 18. On-farm energy used (energy consumption) in agrifood systems, by region, 2000-2020
Source:Data from the Food and Agriculture Organization Corporate Statistical Database, FAOSTAT
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Observational basis for climate
monitoring

Climate monitoring is performed by a network of observing systems covering the atmosphere, the ocean,
hydrology, the cryosphere and the biosphere. Each of these areas is monitored in different ways by a
range of organizations. Cutting across all these areas, satellite observations provide major contributions
to global climate monitoring.

In 1992, the Global Climate Observing System (GCOS) was established by WMO, the Intergovernmental
Oceanographic Commission (IOC) of the United Nations Educational, Scientific and Cultural Organization
(UNESCO), the United Nations Environment Programme (UNEP) and the International Science Council
(ISC) to coordinate and facilitate the development and improvement of global climate observations. GCOS
has identified a set of Essential Climate Variables (ECVs) that together provide the information necessary
to understand, model and predict the trajectory of the climate as well as plan mitigation and adaptation
strategies (Figure 19). The status of the observational basis for these ECVs is published in regular status
reports. GCOS also identifies in implementation reports what is needed to improve the system.

In 2022, GCOS released its latest Implementation Plan®” in response to the findings of the 2021 GCOS Status
Report, to the implications arising from the IPCC Sixth Assessment Report and to recent scientific studies
on the climate cycles. The publication provides recommendations for a sustained and fit for purpose Global
Climate Observing System.
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Figure 19. ECVs identified by GCOS and the climate cycles. Many ECVs contribute to understanding several different cycles —this figure only
indicates the main links.
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Data sets and methods

REGION DOMAIN
The focus of this report is WMO Region VI, the extent of which can be seen on the map in Figure20.5%6°

Where possible, numbers for Europe refer to this region; however, in some cases aggregated data refer
to other similar but slightly different regions, such as the European Union,®" World Health Organization
(WHO) European Region®? or United Nations Economic Commission for Europe (UNECE) region.®® Where
this is the case, the region name is explicitly mentioned.
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Figure 20. Map of WMO Regional Association (RA) areas. WMO Region VI is the focus of the present report.

TEMPERATURE

Six data sets (cited below) were used in the calculation of regional temperature. Regional mean temperature
anomalies were calculated relative to 1961-1990 and 1991-2020 baselines using the following steps:

1. Read the gridded data set;

2. Regrid the data to 1° latitude x 1° longitude resolution. If the gridded data are higher resolution, then
take a mean of grid boxes within each 1° x 1° grid box. If the gridded data are lower resolution, then
copy the low-resolution grid box value into each 1° x 1° grid box that falls inside the low-resolution
grid box;

3. For each month, calculate the regional area average using only those 1° x 1° grid boxes whose
centres fall over land within the region;

4. For each year take the mean of the monthly area averages to get an annual area average;
5. Calculate the mean of the annual area averages over the periods 1961-1990 and 1991-2020;
6. Subtract the 30-year period average from each year to get anomalies relative to that base period.
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The following six data sets were used:

Berkeley Earth — Rohde, R. A.; Hausfather, Z. The Berkeley Earth Land/Ocean Temperature Record.
Earth System Science Data 2020, 12, 3469-3479. https://doi.org/10.5194/essd-12-3469-2020. The data are
available here.

ERAbL - Hersbach, H.; Bell, B.; Berrisford, P. et al. The ERA5 Global Reanalysis. Quarterly Journal of
the Royal Meteorological Society 2020, 146 (730), 1999-2049. https://doi.org/10.1002/qj.3803. The data
are available here.

GISTEMP v4 — GISTEMP Team, 2022: GISS Surface Temperature Analysis (GISTEMP), version 4.
NASA Goddard Institute for Space Studies, https://data.giss.nasa.gov/gistemp/. Lenssen, N.; Schmidt, G.;
Hansen, J. et al. Improvements in the GISTEMP Uncertainty Model. Journal of Geophysical Research:
Atmospheres 2019, 124 (12), 6307-6326. https://doi.org/10.1029/2018JD029522. The data are available
here.

HadCRUT.5.0.1.0 — Morice, C. P; Kennedy, J. J.; Rayner, N. A. et al. An Updated Assessment of
Near-Surface Temperature Change From 1850: The HadCRUT5 Data Set. Journal of Geophysical
Research: Atmospheres 2021, 126 (3). https://doi.org/10.1029/2019JD032361. The data are available here.

JRA5G5 — Kobayashi, S.; Ota, Y.; Harada, Y. et al. The JRAbB5 Reanalysis: General Specifications and
Basic Characteristics. Journal of the Meteorological Society of Japan. Ser. 11 2015, 93 (1), 5-48. https://
doi.org/10.2151/jmsj.2015-001, https://www.jstage.jst.go.jp/article/jmsj/93/1/93_2015-001/_article. The data are
available here.

NOAAGIobalTemp v5 - Zhang, H-M.; Huang, B.; Lawrimore, J. et al. NOAA Global Surface Temperature
Dataset (NOAAGIlobalTemp), Version 5.0. NOAA National Centers for Environmental Information. doi:
10.25921/9qth-2p70. Huang, B.; Menne, M. J.; Boyer, T. et al. Uncertainty Estimates for Sea Surface
Temperature and Land Surface Air Temperature in NOAAGIlobalTemp Version 5. Journal of Climate
2020, 33 (4), 1351-1379. https://journals.ametsoc.org/view/journals/clim/33/4/jcli-d-19-0395.1.xml. The data
are available here.

Temperature in situ data from National Meteorological and Hydrological Services were also used.

PRECIPITATION
GPCC: see https://gpcc.dwd.de for a description of the GPCC data sets

ERA5 - Hersbach, H.; Bell, B.; Berrisford, P. et al. The ERA5 Global Reanalysis. Quarterly Journal of the Royal
Meteorological Society 2020, 146 (730), 1999-2049. https://doi.org/10.1002/qj.3803. The data are available here.

Precipitation in situ data from National Meteorological and Hydrological Services were also used.

Note: In Figure 3(a), Iceland is shown as being drier than the long-term average. In fact, it was wetter than aver-
age in Iceland during the year (see the annual report from Iceland: https://www.vedur.is/um-vi/frettir/tidarfar-arsins-2022).
The discrepancy is likely due to a change in the way that real-time data are processed.

GLACIERS

The cumulative mass balance estimates considered here are based on long-term in situ observations, which
are compiled by the World Glacier Monitoring Service (WGMS) in annual calls for data from a scientific
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https://data.giss.nasa.gov/gistemp/
https://doi.org/10.1029/2018JD029522
https://data.giss.nasa.gov/gistemp/
https://doi.org/10.1029/2019JD032361
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/current/download.html
https://doi.org/10.2151/jmsj.2015-001
https://doi.org/10.2151/jmsj.2015-001
https://www.jstage.jst.go.jp/article/jmsj/93/1/93_2015-001/_article
https://jra.kishou.go.jp/JRA-55/index_en.html
https://journals.ametsoc.org/view/journals/clim/33/4/jcli-d-19-0395.1.xml
https://www.ncei.noaa.gov/data/noaa-global-surface-temperature/v5/access/gridded/
https://gpcc.dwd.de/
https://doi.org/10.1002/qj.3803
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://www.vedur.is/um-vi/frettir/tidarfar-arsins-2022

collaboration network across more than 40 countries worldwide. The estimates given here are from a
subset of global and European reference glaciers (WGMS 2021, updated and earlier reports).

GREENLAND ICE SHEET
The Greenland Ice Sheet time series of mass change is compiled from 27 satellite-based estimates of ice

sheet mass balance as part of the Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE) (http://imbie.
org/) and is freely available at https://data.bas.ac.uk/metadata.php?id=GB/NERC/BAS/PDC/01477.

SEA-SURFACE TEMPERATURE

Four gridded data sets for sea-surface temperature (SST) were used:
ERSSTvb: Data and documentation
ESA CCI/C3S SST Climate Data Record v2.1: Data and documentation
HadISST1: Data and documentation
HadSST.4.0.1.0: Data and documentation

Graphics and information for SST of the European regional seas can be found at https://climate.
copernicus.eu/climate-indicators/sea-surface-temperature.

SEA ICE

The sea ice section uses sea-ice extent time series derived from the EUMETSAT OSI SAF Global Sea Ice
Concentration Climate Data Record (CDR) and Interim CDR v3.0 (0SI-450-a and 0SI1-430-a), as well as winter
maximum sea-ice extent data for the Baltic Sea from the Finnish Meteorological Institute: https://www.eea.
europa.eu/data-and-maps/figures/maximum-extent-of-ice-cover-2. Sea-ice extent is calculated as the area of ocean
grid cells where the sea-ice concentration exceeds 15%.

Baltic sea-ice winter description is available at: https://www.bsis-ice.de/Beschreibung_Eiswinter2022/Eiswinter2022en.
html

OCEAN HEAT CONTENT
CMEMS Ocean Monitoring Indicator based on the C3S sea-level product:
https://climate.copernicus.eu/climate-indicators/about-data#Sealevelindicator and

https://marine.copernicus.eu/access-data/ocean-monitoring-indicators/global-ocean-mean-sea-level-trend-map-observations
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http://dx.doi.org/10.5904/wgms-fog-2021-05
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http://imbie.org/
https://data.bas.ac.uk/metadata.php?id=GB/NERC/BAS/PDC/01477
https://www.ncei.noaa.gov/products/extended-reconstructed-sst
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-surface-temperature?tab=doc
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2002JD002670
https://www.metoffice.gov.uk/hadobs/hadsst4/data/download.html
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018JD029867
https://climate.copernicus.eu/climate-indicators/sea-surface-temperature
https://climate.copernicus.eu/climate-indicators/sea-surface-temperature
https://osi-saf.eumetsat.int/products/osi-450-a
https://osi-saf.eumetsat.int/products/osi-430-a
https://www.eea.europa.eu/data-and-maps/figures/maximum-extent-of-ice-cover-2
https://www.eea.europa.eu/data-and-maps/figures/maximum-extent-of-ice-cover-2
https://www.bsis-ice.de/Beschreibung_Eiswinter2022/Eiswinter2022en.html
https://www.bsis-ice.de/Beschreibung_Eiswinter2022/Eiswinter2022en.html
https://marine.copernicus.eu/access-data/ocean-monitoring-indicators/global-ocean-mean-sea-level-trend-map-observations

SEA LEVEL

CMEMS Ocean Monitoring Indicator based on the C3S sea-level product:
https://climate.copernicus.eu/climate-indicators/about-data#Sealevelindicator and

https://marine.copernicus.eu/access-data/ocean-monitoring-indicators/global-ocean-mean-sea-level-trend-map-observations

MARINE HEATWAVE AND MARINE COLD SPELL

Marine heatwaves (MHWs) are categorized as moderate when the sea-surface temperature (SST) is above
the 90th percentile of the climatological distribution for five days or longer. The subsequent categories are
defined with respect to the difference between the SST and the climatological distribution average: strong,
severe or extreme, if that difference is, respectively, more than two, three or four times the difference
between the 90th percentile and the climatological distribution average (Hobday et al., 2018). Marine cold
spell (MCS) categories are analogous, but are categorized with reference to sea-surface temperatures
below the 10th percentile. The baseline period used for MHWs and MCSs is 1982-2011.

Hobday, A. J.; Oliver, E. C. J.; Sen Gupta, A. et al. Categorizing and Naming Marine Heatwaves. Oceanography
2018, 317 (2), 162-173. https://doi.org/10.5670/0oceanog.2018.205.

NOAA OISST v2: Optimum Interpolation Sea Surface Temperature (OISST): Banzon, V.; Smith, T. M,;
Chin, T. M. et al. A Long-term Record of Blended Satellite and in situ Sea-surface Temperature for Climate

Monitoring, Modeling and Environmental Studies. Earth System Science Data 2016, 8 (1), 165-176. https://
doi.org/10.5194/essd-8-165-2016.

NORTH ATLANTIC OSCILLATION (NAO)

http://www.cpc.ncep.noaa.gov/products/precip/CWIink/pna/nao.shtml

DROUGHT
GPCC data (https://gpcc.dwd.de and https://www.dwd.de/EN/ourservices/rccem/int/rccem_int_spi.html), in situ
data from National Meteorological and Hydrological Services, and information from WMO RA VI Regional

Climate Centre (RCC)-Network Offenbach Node on Climate Monitoring (RCC Node-CM) (https://www.dwd.
de/EN/ourservices/rcccm/int/rccem_int_sse.html)

WILDFIRES

Information from RA VI RCC Node-CM: https://www.dwd.de/EN/ourservices/rcccm/int/rccem_int_sse.html

EFFIS burned area index for Europe: https://effis.jrc.ec.europa.eu/apps/effis.statistics/estimates/EU/2021/2006/2020
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COLDS SPELLS AND SNOW

In situ data from National Meteorological and Hydrological Services were used.

SEVERE STORMS WITH STRONG WINDS

Wind in situ data from National Meteorological and Hydrological Services were used.

EM-DAT DATA

EM-DAT data were used for historical climate impact calculations: http://www.emdat.be). EM-DAT is a global
database on natural and technological disasters, containing essential core data on the occurrence and
effects of more than 21 000 disasters around the world, from 1900 to present. EM-DAT is maintained by
the Centre for Research on the Epidemiology of Disasters (CRED) at the School of Public Health of the
Université catholique de Louvain located in Brussels, Belgium.

The indicators used for mortality, number of people affected, and economic damage are total deaths,
number affected and total damages (‘000 US$), respectively.

CLIMATE SERVICES

The WMO RA VI Regional Climate Centre (RCC) Network provides data, climate monitoring and long-range
forecasting services to WMO Members in the region. Access to the services is via https://www.rccra6.org.

The Copernicus Climate Change Service (C3S) provides data and climate monitoring for Europe, the Arctic
and the globe. Key monitoring products include the monthly Climate Bulletin and the annual European State
of the Climate report.

2022 State of Climate Services: Energy (WMONo. 1301)

WMO analysis of NDCs, based on the WMO analysis of parties’ NDCs and further complemented by the
United Nations Framework Convention on Climate Change (UNFCCC) synthesis report: UNFCCC. Nationally
Determined Contributions (NDC) under the Paris Agreement: Synthesis Report by the Secretariat; UNFCCC: Glascow, 2021.

Checklist for Climate Services Implementation (Members’ climate services capacity, based on responses
to this Checklist, can be viewed here under the tab “Services”)
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http://www.emdat.be
http://www.rccra6.org/
https://climate.copernicus.eu/
https://climate.copernicus.eu/climate-bulletins
https://climate.copernicus.eu/ESOTC
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https://community.wmo.int/en/members/profiles

List of contributors

MEMBERS’ NATIONAL METEOROLOGICAL AND HYDROLOGICAL SERVICES

Andorra, Armenia, Austria, Belarus, Belgium, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, Czechia,
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https://unece.org/geographical-scope
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