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We need your feedback

This year, the WMO team has launched a process to gather feedback on the State of the
Climate reports and areas for improvement. Once you have finished reading the publication,
we ask that you kindly give us your feedback by responding to this short survey. Your input
is highly appreciated.



https://forms.office.com/e/g0qSTNasbU

Foreword

The annually averaged global mean near-surface
temperature in 2024 was 1.55 °C = 0.13 °C above
the 1850-1900 average. This is the warmest year
in the 175-year observational record, beating the
previous record set only the year before. While a
single year above 1.5 °C of warming does not indicate
that the long-term temperature goals of the Paris
Agreement are out of reach, it is a wake-up call that
we are increasing the risks to our lives, economies
and the planet.

Over the course of 2024, our oceans continued to
warm, sea levels continued to rise, and acidification
increased. The frozen parts of Earth’s surface, known
as the cryosphere, are melting at an alarming rate:
glaciers continue to retreat, and Antarctic sea ice reached the second-lowest extent ever
recorded. Meanwhile, extreme weather continues to have devastating consequences
around the world.

In response, WMO and the global community are intensifying efforts to strengthen early
warning systems and climate services to help decision-makers and society at large be more
resilient to extreme weather and climate. We are making progress but need to go further
and need to go faster. Only half of all countries worldwide have adequate multi-hazard early
warning systems. This must change.

Investment in National Meteorological and Hydrological Services is more important than ever
to meet the challenges and build safer, more resilient communities. Authoritative scientific
information and knowledge is necessary to inform decision-making in our rapidly changing
world, and this report provides the latest science-based update on the state of our knowledge
of key climate indicators.

(Prof. Celeste Saulo)
Secretary-General



Key indicator

Atmospheric carbon dioxide

KEY MESSAGES

¢ In 2023, the atmospheric concentration of carbon dioxide, as well as those of methane
and nitrous oxide, reached the highest levels in the last 800 000 years.

e Real-time data from specific locations show that levels of these three main
greenhouse gases continued to increase in 2024.

STATE OF THE INDICATOR

The global annual average mole fraction of carbon dioxide (CO,) in the atmosphere -
the atmospheric concentration — reached a new observed high in 2023, the latest year
for which consolidated global annual figures are available (Figure 1). At 420.0 + 0.1 parts
per million (ppm), the concentration in 2023 was 2.3 ppm more than in 2022 and 151% of
the pre-industrial concentration (in 1750)." The concentration of 420 ppm corresponds to
3 276 Gt CO, in the atmosphere.

Between 1 January 2023 and 31 December 2023, the concentration of CO, increased by
2.8 ppm, the fourth largest within-year change since modern CO, measurements started in
the 1950s. The rate of growth is typically higher during El Nino conditions due to an overall
increase from fire emissions and reduced net terrestrial carbon sinks (see Climate Driver —
El Nino—Southern Oscillation).

Concentrations of methane (CH,) and nitrous oxide (N,0), two other key greenhouse gases, also
reached record high observed levels in 2023. The concentration of CH, reached 1934 + 2 parts
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Figure 1. Annual mean globally averaged atmospheric mole fraction of carbon dioxide from 1984 to 2023 in parts per million (ppm)

Source: Data are from the World Data Centre for Greenhouse Gases (WDCGG). See Datasets and methods.



per billion (ppb), 265% of pre-industrial levels, and that of N,O reached 336.9 + 0.1 ppb, 125%
of pre-industrial levels. Real-time data show that levels of CO,, CH, and N,O continued to
increase in 2024.

INDICATOR BACKGROUND

The human-caused increase in the concentration of CO, in the atmosphere is the largest driver
of climate change. CO, accounts for around 66% of the radiative forcing by all long-lived
greenhouse gases since 1750 and about 79% of the increase over the past decade.? Current
atmospheric concentrations of CO, are higher than at any time in at least 2 million years.®
Concentrations of CH, and N,O are higher than at any time in at least 800 000 years.

The concentrations of greenhouse gases presented here (Figure 1) are estimated from
measurements made across a globally coordinated network covering the period 1984-2023.
Pre-industrial concentrations (in 1750) are estimated using air trapped in ice cores.

Atmospheric concentrations of CO, reflect a balance between CO, sources and sinks. The
anthropogenic sources of CO, are related to the burning of fossil fuel and cement production
along with land use changes such as deforestation. Sinks of CO, include uptake by vegetation
and the ocean.

The portion of CO, emitted by human activities that remains in the atmosphere is known
as the airborne fraction. It varies from year to year due to the high natural variability of
CO, sinks, in particular those on land. Natural sources and sinks of CO, are also affected by
climate change via increasing temperature, and changes in precipitation and susceptibility
to biomass burning.

During the 2014-2023 period, 48% of the total emissions from human activities remained in
the atmosphere, driving the increase in atmospheric concentration. The estimated ocean sink
accounted for 26% of emissions and the estimated land sink accounted for 30%.4

Atmospheric CO,
Enhanced Ocean Variation in Changes to . .
Greenhouse Acidification Crop Nutrient Air Pollution
Effect Productivity Content
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Key indicator
Global mean near-surface
temperature

KEY MESSAGES

e The annually averaged global mean near-surface temperature in 2024 was
1.55°C +0.13 °C above the 1850-1900 average used to represent pre-industrial conditions.

The year 2024 was the warmest year in the 175-year observational record,
clearly surpassing the previous warmest year, 2023 at 1.45 °C + 0.12 °C above
the 1850-1900 average.

For global mean temperature, each of the past ten years, 2015-2024, were individually
the ten warmest years on record.

STATE OF THE INDICATOR

The annually averaged global mean near-surface temperature in 2024 was 1.55 °C + 0.13 °C
above the 1850-1900 average. The year 2024 was the warmest year in the 175-year observational
record. The previous warmest year was 2023 with an anomaly of 1.45 °C + 0.12 °C. Each of the
past ten years, 2015-2024, were individually the ten warmest years on record. The analysis
is based on a synthesis of six global temperature datasets (Figure 2).

A single year with an annual global mean temperature over 1.5 °C above the 1850-1900
average does not indicate that we have exceeded the warming levels from the Paris Agreement
(see Monitoring global temperature for the Paris Agreement).
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Figure 2. Annual global mean temperature anomalies relative to a pre-industrial (1850—-1900) baseline shown from 1850 to 2024

Source: Data are from the six datasets indicated in the legend. For details see Datasets and methods.



Global mean temperature in 2024 was boosted by a strong El Nino which peaked at the start of
the year. However, temperatures were already at record levels in 2023 (see sidebar on Global
mean surface temperature anomalies in 2023/2024). In every month between June 2023 and
December 2024, monthly average global temperatures exceeded all monthly records prior to 2023.

INDICATOR BACKGROUND

Global mean near-surface temperature is an index of the temperature near the surface of the
Earth averaged across its whole surface. It is estimated using air temperatures measured at
weather stations at a height of around 1.5 to 2 m and sea-surface temperatures measured
by ships and ocean buoys. Data are quality controlled and corrected for changes in how
temperatures were measured, then gaps are filled using statistical methods. Global mean
temperature can also be calculated using reanalyses, which use a weather forecasting system
to combine many kinds of measurement, including satellite measurements. Reanalysis-based
estimates are representative of air temperature across land and ocean.

Six datasets, including two reanalyses, were used to assess global temperature in this report
(see Datasets and methods). Together they cover the period from 1850 to the present, though
not every dataset covers the whole period from 1850 (Figure 2). There are minor differences
between the series, and they show largely the same variations during the period in which
they overlap. Differences are larger earlier in the record, leading to small differences in their
assessment of long-term change (around 0.1 °C). These differences are factored into the
uncertainty estimates for anomalies relative to 1850-1900.

Global mean temperature is the basis for the Paris Agreement long-term temperature goal.
However, the Paris Agreement is generally considered to refer to long-term changes (decadal
or longer) and not individual years. A summary of the issues can be found in the sidebar
Monitoring global temperature for the Paris Agreement.
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Key indicator

Ocean heat content

KEY MESSAGES

In 2024, ocean heat content reached the highest level in the 65-year observational
record, exceeding the previous record high set in 2023.

Over the past eight years, each year has set a new record for ocean heat content.

The rate of ocean warming over the past two decades, 2005-2024, is more than
twice that observed over the period 1960-2005.

STATE OF THE INDICATOR

In 2024, observed global ocean heat content set a record, exceeding the previous record set
in 2023 by 16 + 8 ZJ (Figure 3). Over the past eight years, each year has set a new record for
ocean heat content. Instrumental records start around 1960.

The rate of ocean warming over the past two decades (2005-2024), 0.99-1.07 W m=2or 11.2-12.1 ZJ
per year, is more than twice that observed over the period 1960-2005 (0.27-0.34 W m~2 or
3.1-3.9 ZJ per year).

The latest Intergovernmental Panel on Climate Change (IPCC) report concluded that it was
virtually certain that ocean heat content had increased since the 1970s and extremely likely
that the main driver was human influence. Based on the datasets used here, global ocean
heat content increased at a rate of 0.6 + 0.1 W m~2 (6.8 ZJ per year) averaged over the area of
the ocean from 1971 to 2024, which is consistent with the IPCC report.®
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Figure 3. Annual global ocean heat content down to 2000 m depth for the period 1960—2024, in zettajoules (10?' J). The shaded area
indicates the 2-sigma uncertainty range on each estimate. For details see Datasets and methods.



INDICATOR BACKGROUND

Observed ocean warming indicates that the Earth is currently out of energy balance. The
rate of warming reveals how rapidly the Earth system is trapping surplus energy in the
form of heat from climate forcings. Around 5% of that surplus energy is warming the land,
1% is warming the atmosphere, and 4% is warming and melting the cryosphere. However,
the majority, around 90%, goes into warming the ocean.® The indicator of ocean heat content
is therefore a key indicator of climate change.

The integration of ocean temperatures from the surface to the deep ocean - typically down
to 2000 m - provides a measure of ocean heat content.”® Ocean temperatures have been
measured by research ships for over a century, but observations are too sparse to form
a global average before 1960. Additional measurements have been made using expendable
devices launched from ships since the 1970s. Since around 2005, near-global coverage down
to 2000 m has been provided by autonomous Argo buoys.

The time series of ocean heat content at a global scale shows that the global ocean is clearly
warming. Changes in global ocean temperature are irreversible on centennial to millennial
time scales, and climate projections show that ocean warming will continue over the rest of
the twenty-first century and beyond, even for low emission scenarios.®

Ocean warming has wide-reaching consequences, such as degradation of marine ecosystems,
biodiversity loss and reduction of the ocean carbon sink. It fuels tropical and subtropical
storms and exacerbates ongoing sea-ice loss in the polar regions. Ocean warming together
with ice loss on land is causing sea levels to rise.”
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Key indicator

Global mean sea level

KEY MESSAGES

e |n 2024, global mean sea level reached a record high in the satellite record
(from 1993 to present).

e The rate of global mean sea-level rise in the past 10 years (2015-2024) was more
than twice the rate of sea-level rise in the first decade of the satellite record
(1993-2002).

STATE OF THE INDICATOR

The long-term rate of sea-level rise (Figure 4) has more than doubled since the start of
the satellite record, increasing from 2.1 mm per year between 1993 and 2002 to 4.7 mm
per year between 2015 and 2024. In 2024, global mean sea level reached a record high in
the satellite record (from 1993 to present).

The year-to-year variability of global mean sea level around the long-term trend is correlated
with the El Nino—Southern Oscillation (ENSO). The rise and fall of global mean sea level due to
El Nino and La Nina arise because of the characteristic shifts in rainfall patterns that exchange
water between the ocean and land as well as local changes in ocean heat content.2
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Figure 4. Seasonal global mean sea level change from 1993 shown for 1993-2024. The seasonal cycle has been removed from the
data. The shaded area indicates the uncertainty.

Source: Data from AVISO CNES. For details see Datasets and methods.



The strong 2023/2024 El Nino temporarily raised global mean sea level by several millimetres,
reaching its peak in the northern hemisphere winter 2023/2024. The temporary drop in global
mean sea level in the early part of 2024 corresponded to the end of the El Nino and a return
to neutral conditions, though there may have been other contributory factors.

INDICATOR BACKGROUND

Global mean sea level is measured by satellites using radar altimeters that record the time
taken for a radar signal to reach the sea surface and return to the satellite. Longer records
of global mean sea level exist based on tide gauge measurements made along coastlines
around the world since the late nineteenth century.

The warming of the ocean causes the water to expand and global mean sea level to rise. The
melting of ice on the land also contributes to sea-level rise. Because warming of the oceans
will continue for centuries even if emissions of greenhouse gases cease, sea level will continue
to rise on the same time scale.

Changes in sea level have wide-ranging effects on coastal areas and communities. Sea-level rise
will bring cascading and compounding impacts® resulting in losses of coastal ecosystems and
ecosystem services, groundwater salinization, flooding and damage to coastal infrastructure.
These impacts cascade into risks to livelihoods, settlements, health, well-being, food and
water security, as well as cultural values in the near- to long-term.
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Key indicator

Ocean pH

KEY MESSAGES

e Acidification of the ocean surface has continued over the past 39 years as shown
by the steady decrease of global average ocean surface pH.

e Regionally, ocean acidification is not increasing uniformly.

STATE OF THE INDICATOR

Globally, ocean surface pH has changed at a rate of —-0.017 + 0.001 pH units per decade over the
period 1985-2023 (Figure 5). The year 2023 is the latest year for which we have consolidated
global figures. The decline in pH is referred to as ocean acidification. The rate of change in
pH is consistent with the estimate of the latest IPCC report.’

Regionally, ocean acidification has not proceeded uniformly. The most intense decreases
in regional surface pH are observed in the Indian Ocean, the Southern Ocean, the eastern
equatorial Pacific Ocean, the northern tropical Pacific and some regions in the Atlantic Ocean.
In these areas, which amount to 47% of the sampled global ocean, the surface of the ocean
is getting more acidic at a faster rate than the global average.”®
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Figure 5. Annual global mean surface ocean pH 1985 to 2023. The dark line is the central estimate and the shaded area is the
uncertainty range.

Source: Data from Copernicus Marine Environment Monitoring Service (CMEMS). For details see Datasets and methods.



INDICATOR BACKGROUND

Around a quarter of the CO, emitted by human activities during the decade 2014-2023 was
absorbed by the ocean.'® This process has caused a shift in the carbonate chemistry of the
ocean, leading to a drop in pH. Ocean pH is above 7, so ocean water remains slightly alkaline,
but the observed decrease in pH is referred to as ocean acidification.

Climate projections show that ocean acidification will continue to increase in the twenty-first
century, at rates dependent on future emissions. Changes in deep-ocean pH are irreversible
on centennial to millennial time scales."”

It is well established that ocean acidification is affecting marine life. The responses of marine
organisms to the compound effects of acidification, ocean warming and deoxygenation occur
at different metabolic levels for different groups, and include respiratory stress and reduction
of thermal tolerance.'

The effects of ocean acidification on habitat area, biodiversity, ecosystem function and
ecosystem services have already been clearly observed, and food production from shellfish
aquaculture and fisheries has been adversely affected.'®

Warm-water coral reefs and rocky shores dominated by immobile, calcifying organisms that
produce shells and skeletons, such as corals, barnacles and mussels, are also affected by
extreme temperatures and changes in pH.2° The monitoring of surface ocean pH has become
a focus of many international scientific initiatives and constitutes one target for Sustainable
Development Goal (SDG) 14.
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Key indicator

Glacier mass balance

KEY MESSAGES

e Glacier mass loss from 2021/2022 to 2023/2024 represents the most negative
three-year glacier mass balance on record, and seven of the ten most negative
annual glacier mass balances since 1950 have occurred since 2016.

Exceptionally negative mass balances were experienced in Norway, Sweden,
Svalbard and the tropical Andes.

STATE OF THE INDICATOR

Data on glacier mass balance — the amount of mass gained or lost by glaciers — for the
2023/2024 hydrological year (September—-August) are not yet fully available, but preliminary
observations from about 90% of the glacier data that are reported annually to the World
Glacier Monitoring Service indicate that 2023/2024 was another year of extremely negative
mass balance worldwide (Figure 6).

Exceptionally negative mass balances were experienced in Norway, Sweden, Svalbard and
the tropical Andes. Only 2 out of the 141 glaciers reporting to date (out of a possible total of
around 160) had a positive mass balance, and the composite value from the subset of 58 out
of around 60 global reference glaciers indicates an average mass loss consistent with the
exceptionally negative mass balance years 2021/2022 and 2022/2023, projected to be close
to -1.1 metres water equivalent.

This continues a trend of accelerated glacier mass loss in the 2020s. The last three years
(2021/2022-2023/2024) represent the largest negative three-year mass balance on record,
and 7 of the 10 largest negative mass balance years since 1950 have occurred since 2016.
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Figure 6. Cumulative annual mass balance of reference glaciers with more than 30 years of ongoing glaciological measurements.
Annual mass change values are expressed in metres water equivalent, which corresponds to tonnes per square metre
(1000 kg m=?). The 2024 value is preliminary. For details see Datasets and methods.
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INDICATOR BACKGROUND

Glaciers are formed from snow that has compacted to form ice, which then deforms and flows
downhill. Glaciers comprise two zones: an accumulation zone where accumulation of mass
from snowfall exceeds ice loss, and an ablation zone where ice loss (ablation) from melting
and other mechanisms exceeds accumulation. Where glaciers end in a lake or the ocean, ice
loss can occur through melting where the ice meets the water, and via calving when chunks
of the glacier break off.

Glacier mass balance — the amount of mass gained or lost by the glacier — is commonly
expressed as the annual thickness change averaged over the glacier area, expressed in metres
water equivalent. One metre water equivalent is approximately the same as one tonne per
square metre. Ice loss from glaciers contributed around 21% of the total sea-level rise over
the period 1993-2018, around half the contribution from expansion due to ocean warming
(42%) but larger than contributions from melting of the ice sheets in Greenland (15%) and
Antarctica (8%).

The mass balances of individual glaciers are affected by changes in temperature, precipitation,
humidity and cloudiness. The IPCC Sixth Assessment Report (AR6) concluded that human
influence is very likely the main driver of the global retreat of glaciers since the 1990s, stating
that “[tlhe global nature of glacier retreat since the 1950s, with almost all of the world’s
glaciers retreating synchronously, is unprecedented in at least the last 2 000 years (medium
confidence)”.??

Melt rates are also strongly affected by the glacier albedo, the fraction of sunlight that is
reflected by the glacier surface. Exposed glacier ice is darker and therefore has a lower
albedo than the seasonal snowpack; it is also sensitive to darkening from mineral dust, black
carbon, algal activity and fallout from forest fires. Reduced snow cover, long melt seasons
and wildfire activity all concentrate darker material on the glacier surface, decreasing its
albedo and thereby increasing the rate of melting.
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Key indicator

Sea-ice extent

The minimum daily extent of Arctic sea-ice in 2024 was the seventh lowest
in the observed record (1979 to present).

The 18 lowest Arctic sea-ice extent minima in the satellite record all occurred
in the past 18 years.

The annual minimum and maximum of Antarctic sea-ice extent were each the
second lowest in the observed record (1979 to present).

STATE OF THE INDICATOR

The extents of sea-ice in the Antarctic and Arctic regions in 2024 were both below their
respective 1991-2020 averages throughout the annual cycle (Figure 7).

The minimum daily extent of sea-ice in the Arctic in 2024 was 4.28 million km? on 11 September,
which is the seventh lowest extent in the 46-year satellite record. This is 1.17 million km? below
the average minimum daily extent from 1991-2020. The 18 lowest minima in the satellite
record all occurred in the past 18 years.

The minimum daily extent of sea-ice in the Antarctic region in 2024 was 1.99 million km?2 on
20 February, which tied for the second lowest minimum in the satellite era?®* and marked the
third consecutive year that minimum Antarctic sea-ice extent dropped below 2 million km?2.
These are the three lowest Antarctic ice minima in the satellite record.

Antarctic ice extent remained below the 1991-2020 average throughout the year and reached
its annual maximum daily extent of 17.16 million km?2 around 19 September. Six days of missing

Antarctic sea-ice extent 1979-2024
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Figure 7. Monthly Arctic (left) and Antarctic (right) sea-ice extent anomalies (difference from the 1991-2020 average) in millions
of square kilometres from 1979 to 2024

Source: Data from NSIDC and 0S| SAF. For details see Datasets and methods.

13




data near the maximum mean there is some uncertainty in the exact extent and date. The
observed maximum was 1.55 million km? below the average Antarctic maximum daily ice
extent from 1991-2020 and is the second lowest maximum ice extent on record; only in 2023
was it lower. The year ended with extents slightly below the 1991-2020 average.

INDICATOR BACKGROUND

Sea ice is frozen sea water that floats on the surface of the ocean. Sea-ice cover expands in
Earth’s polar regions each autumn and winter, as ocean water freezes in response to cooling of
the atmosphere and ocean. Summer warming melts much of this seasonal ice, with annual sea
ice minima in each hemisphere typically recorded in late summer or early autumn (September
in the northern hemisphere, February in the southern hemisphere). Changes in sea-ice cover
can affect ocean circulation, atmospheric dynamics and surface heating.

Sea-ice extent is defined as the area of the ocean with at least 15% ice cover. This is a dynamic
quantity, which changes in response to both thermodynamic growth (freezing) and decay
(melting) as well as when the ice pack moves with winds and ocean currents. Sea-ice extent
and sea-ice cover are mapped using microwave satellite imagery.

Long-term changes in Arctic sea-ice extent have been seen throughout the seasonal cycle.
The downward trend in the minimum Arctic sea-ice extent from 1979 to 2024 is around 14%
of the 1991-2020 average per decade, equivalent to a sea-ice loss of 77 000 km? per year.

Until 2015, Antarctic maximum sea-ice extent had a small but positive long-term trend.
However, after recent low extents, that is no longer the case. While the last three years have
had anomalously low Antarctic ice cover, it remains to be seen if there has been a regime
shift in Antarctic sea ice.?*?®

Sea-ice extent
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Climate driver —
El Nino—Southern Oscillation

KEY MESSAGES

The strong 2023/2024 El Nino followed three consecutive years of La Nina from

late 2020 to early 2023.

El Nino conditions were established by mid-2023, became strong by the end
of 2023 and dissipated by the second quarter of 2024.

STATE OF EL NINO-SOUTHERN OSCILLATION (ENSO)

Following a prolonged La Nina, which lasted from 2020 to early 2023, an El Ninho became
well-established by September 2023. The event peaked during November 2023-January 2024
when the Oceanic Nino Index reached 2.0 °C, the highest peak since the 2015/2016 El Nifno
and the fifth highest peak since 1950, the start of the timeseries.

From January 2024, sea-surface temperature anomalies in the eastern tropical Pacific began
to decrease, returning to ENSO-neutral conditions around June. Neutral or weakly La Nina
conditions remained at the end of 2024.

Global temperatures in 2023 and 2024 were higher than the preceding years, which is typical
when El Nino conditions occur. Every month of 2024 saw record or near-record warmth, and
the annual mean temperature for the year was a record high. However, other factors were
likely at play too (see sidebar on Global mean surface temperature anomalies in 2023/2024).
Some of the rainfall patterns in 2024, such as the dry conditions over northern South America
and Southern Africa, were characteristic of El Niho (see Figure 8).

Typical impacts of El Nifo on precipitation January-June

- Drier tendency

- Wetter tendency

Figure 8. Typical El Nifio seasonal precipitation effects for January to June based on various sources, see Datasets and methods.
Note this is not a forecast; itis based on historical associations between El Nifio and precipitation.
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The transition from El Nino to neutral conditions during 2024 was also likely associated with
a temporary drop in global mean sea level.

DRIVER BACKGROUND

The El Nino-Southern Oscillation (ENSO) is one of the most important drivers of year-to-
year and seasonal variability in weather patterns worldwide. It is linked to changes in the
occurrence and distribution of hazards such as heavy rains, floods, and drought, heatwaves,
and cold spells.

El Nino is characterized by higher-than-average sea-surface temperatures in the eastern
tropical Pacific and a weakening of the trade winds in the region. The weakened trade winds
reduce upwelling of cooler waters along the coast of South America, which in turn leads to
higher sea-surface temperatures.

La Nina, which is characterized by below-average sea-surface temperatures in the central and
eastern tropical Pacific and a strengthening of the trade winds, has effects that are generally
the opposite of those of El Nino.

El Nino typically has a temporary warming influence on global average temperature, and
La Nina generally has a temporary cooling influence. The greatest warming or cooling effects
usually occur two to three months following the event peak because it takes time for the
excess heating or cooling in the ocean to spread to and through the atmosphere.

El Nino and La Nina have an influence on regional rainfall patterns around the world, which can
vary depending on the strength and timing of the event and other concurrent meteorological
factors. Figure 8 shows some typical precipitation anomalies that are favoured by El Nifno
conditions. However, each El Nino is different, and other factors also influence rainfall.

The change in rainfall patterns can also affect sea level, with higher global mean sea level
during El Nino events and lower global mean sea levels during La Nina events.

Please refer to the sections on Precipitation and High-impact events for more details of the

events in 2024. Details on the evolution of ENSO can be found in the WMO El Nino/La Nina
updates.
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Global patterns of
temperature and precipitation

TEMPERATURE

Most land areas were warmer than the long-term average (1991-2020) in 2024, with limited
areas of below-average temperatures around Iceland, parts of Antarctica and the southern
tip of South America (Figure 9). Record or near-record high annual mean temperatures were
observed across large areas of the tropics from South and Central America east to the western
Pacific. Other land areas outside of the tropics also experienced exceptionally high annual
temperatures, including eastern North America, North Africa and Europe, and southern and
eastern Asia.

Sea-surface temperatures reached record highs in the tropical and North Atlantic, tropical
Indian Ocean, parts of the western Pacific and parts of the Southern Ocean. Despite El Nino
conditions at the start of the year, cooler than average waters were observed along the west
coast of South America, with above-average temperatures more evident further west along
the equator.

50 -30 -20 -10 -05 -025 0 025 05 10 20 30 50 °C

Figure 9. Annual average temperature anomalies relative to the 1991-2020 average. The values shown are the median of six
global temperature datasets.

Source: Data from six global temperature datasets. For details see Datasets and methods.
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PRECIPITATION

In 2024, drier than average (1991-2020) conditions were observed (Figure 10) over much of
Southern Africa, some locations in coastal West Africa as well as along the North African
coast. Large parts of South America, from the Amazon lowlands and northern Andes to the
Pantanal wetlands, were also drier than normal. North-western Mexico, some islands in the
Caribbean and parts of northern North America had unusually low precipitation totals. Areas
along Australia’s southern coast, the northern parts of New Zealand, New Caledonia and
central and eastern islands in Polynesia had lower precipitation amounts than normal. Also,
South and South-east Europe were drier than usual.

Parts of the Sahel region and parts of Central and southern East Africa were wetter than normal.
Central and western Europe were also wetter than the long-term average. The western islands
of Polynesia, northern Melanesia as well as southern New Zealand and parts of eastern and
northern Australia were wetter than average. The Canadian Archipelago and some locations
around the Gulf of Mexico were wetter than usual. Higher-than-normal precipitation totals
were observed in large parts of North-east, East and Central Asia and to a smaller extent
also in South-east, South and South-west Asia.

Very dry Dry Wet Very wet
<10% <20% >80% >90%

Figure 10. Annual precipitation 2024 expressed as percentiles of the 1991-2020 distribution. Brown areas are unusually dry.
Green areas are unusually wet.

Source: Data from Global Precipitation Climatology Centre (GPCC).
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High-impact events

This section describes some notable high-impact weather and climate events from 2024 and
their socioeconomic impacts. For a more detailed list, please see the supplement on extremes
and the interactive extremes map.

Extreme weather events in 2024 led to the highest number of new displacements recorded in
a year since 2008. New, onward and protracted displacements affected significant numbers
of people in fragile and conflict affected contexts. Alongside the destruction of homes,
critical infrastructure, forests, farmland and biodiversity, such extreme weather events
undermine resilience and pose significant risks to people on the move and those already
living in displacement. The compounded effects of various shocks, such as intensifying
conflict, drought and high domestic food prices, drove worsening food crises in 18 countries
globally by mid-2024.2¢ Eight countries had at least 1 million more people facing acute food
insecurity in 2024 than during the 2023 annual maximum. The reduced global cereal harvest
is the result of widespread drought, linked in some regions, such as Southern Africa, to the
El Nino conditions.

Tropical cyclones were responsible for many of the highest-impact events of 2024. Typhoon Yagi
in early September made landfall in northern Viet Nam after first crossing the Philippines and
the southernmost parts of China. Casualties?” and displacements were reported in Viet Nam,
the Philippines, the Lao People’s Democratic Republic, Thailand and Myanmar.2® Significant
wind damage occurred in China and the Philippines.

In the United States of America, Hurricanes Helene in late September and Milton in October
both made landfall on the west coast of Florida as major hurricanes. Both had major impacts
at landfall, and Helene went on to produce exceptional rainfall and extreme flooding in the
interior south-east of the United States, especially western North Carolina. Both hurricanes
had economic impacts of tens of billions of dollars. Over 200 deaths?® were associated with
Helene, the most associated with a mainland United States hurricane since Katrina in 2005.

In the southern hemisphere in December, Tropical Cyclone Chido crossed the French Indian
Ocean department of Mayotte before making landfall in Mozambique and moving onwards
to Malawi, with major damage and significant loss of life in all three. In Mozambique, Cyclone
Chido displaced around 100 000 people,*® destroyed homes, and severely damaged roads and
communication networks, hampering relief efforts in areas already hosting large numbers of
displaced people. Similarly, vulnerable communities in Mayotte faced increased risks because
of the destruction brought by Cyclone Chido.3"3233

Afghanistan and neighbouring areas of Pakistan and the Islamic Republic of Iran suffered
a succession of disasters in late winter and spring, with abnormal cold and highland snow in
late February and early March 2024, then several flood events over the following months, the
worst of which affected Afghanistan between 10 and 17 May. Around 35 000 ha of cropland
were flooded on 30 May.3* Several hundred deaths were reported in the flooding,3® and the
cold wave also resulted in significant loss of life.

From mid-year onward, an abnormally active monsoon brought major flooding to many parts
of the Sahel in Africa. Almost every country in the region reported significant impacts, with
flooding affecting large areas of cropland?®® and leading to a significant number of deaths.
Between March and May, floods mostly impacted®339 equatorial East Africa, with major
loss of life in countries such as Kenya and Tanzania as well as displacements, destruction of
croplands and loss of livestock. Lake Victoria reached record high water levels, with resultant
downstream flooding badly affecting South Sudan later in the year.
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In contrast, dry conditions in what is usually the wet season in late 2023 and early 2024
resulted in significant drought in north-western Africa and many parts of interior Southern
Africa,* particularly Zimbabwe, Zambia,* Botswana and Namibia. The severe drought led to
significant impacts on agriculture and hydroelectric production.

Chile suffered destructive wildfires early in the year. A fire around the city of Vina del Mar
on 2-3 February resulted in over 300 deaths*? and damages to several thousand properties,
amongst the worst losses in a wildfire anywhere in the world this century. It was also a
very active wildfire season in Canada,*® where wildfire carbon emissions were the second
highest on record (2003-present),** and the area burned was one of the five highest on record
(1983-present). The western United States also had an active wildfire season. In total, over
300 000 displacements were reported across both countries.*®

Drought affected many parts of the Americas; severe drought in Mexico and parts of Central
America in 2023 persisted into the early months of 2024,%¢ while there was also significant
drought in much of interior South America. The Rio Negro at Manaus and the Paraguay River
at Asuncion both reached record low levels, and the number of wildfires in the Brazilian
Amazon was the largest since 2010.

An exception to the generally dry conditions in South America was the flooding in early May
in Rio Grande do Sul state of southern Brazil. Persistent heavy rainfall resulted in flooding
which inundated large parts of the city of Porto Alegre and many surrounding areas with
significant effects*” on agriculture and fisheries as well as over 200 deaths.*®

Extreme rainfall resulted in severe flash flooding in the Valencia region of Spain on 29 October,
associated with an upper-level cold pool over southern Spain. Turis in the west of Valencia
reported 185 mm of rain in one hour, a Spanish national record. In six hours, 621 mm of rain
fell, and 772 mm was recorded in 24 hours. The rainfall led to exceptional flooding downstream,
particularly affecting the southern part of the Valencia metropolitan area. Over 200 deaths*®
and severe damages were reported in the Valencian Community and surrounding areas.

There were numerous significant heatwaves in 2024, with many featuring prolonged periods of
heat and records broken at many stations over large areas. According to the WMO 2023 State
of Climate Services report,’® the impacts of extreme heat and heatwaves are underestimated,
and heat-related mortality could be many times higher than current estimates.

During the northern hemisphere summer, areas particularly affected by heatwaves included
East Asia, South-east Europe, the Mediterranean and Middle East, and the south-western
United States. This followed record-breaking heat in many parts of the northern hemisphere
tropics during the pre-monsoon period from late March to May, including South-east Asia,
West Africa and the Sahel, and Central America, as well as northern India.

Amongst the most significant events was the June heatwave in Saudi Arabia, when temper-
atures near Mecca reached 50 °C during the Hajj pilgrimage. Many casualties were reported
during the pilgrimage, the large majority of which were partially or wholly attributable to
the extreme heat.

Early warning systems have proved to be efficient systems that governments can use to
move communities out of harm’s way before a disaster or manage the event in situ. Reliable
data and effective disaster risk reduction policies are crucial to saving lives. Disaggregated
data — showing the frequency, triggers and sequence of displacement — can help response
and development planners mitigate impacts on displaced people and host communities.
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Monitoring global temperature
for the Paris Agreement

Individual years with annual global mean temperatures exceeding 1.5 °C above the 1850-1900
average do not mean that the goal of “pursuing efforts to limit the temperature increase
to 1.5 °C above pre-industrial levels” as stated in the Paris Agreement is out of reach.

Global temperature does not increase smoothly from one year to the next (Figure 2). In addition
to the long-term warming principally driven by greenhouse gas emissions (Figure 1), there is
considerable year-to-year natural climate variability caused by phenomena such as El Nino
and La Nina, volcanic activity and changes in ocean circulation.

The IPCC defines climate change as a change in the state of the climate that persists for
an extended period, typically decades or longer. The exceedance of the 1.5 °C and 2.0 °C
warming levels referred to in the Paris Agreement should therefore be similarly understood
as an exceedance over an extended period, although the Agreement itself does not provide
a specific definition.

As the world continues to warm there is a policy-driven need to clearly define, measure
and monitor warming relative to the goal specified in the Paris Agreement. The latest IPCC
assessment report defines future global warming levels in terms of 20-year averages relative
to the average for 1850-1900. The year of exceedance of a particular level, such as 1.5 °C, is
the midpoint of the 20-year period that first exceeded that level.

By this definition, 1.5 °C of warming would only be confirmed once the observed temperature
has reached that level over a 20-year period, 10 years after the year of exceedance. Thus,
there would be a 10-year delay in recognizing and reacting to exceedance of the long-term
temperature goal. Even taking a shorter average of 10 years, as done in IPCC AR6 and the
First Global Stocktake, would result in a 5-year delay.

Several approaches are under consideration by WMO and the international scientific community
to enable more timely reporting. These approaches fall broadly into three categories. The first
combines the most recent 10 years of observed historical temperature with climate model
projections for the next 10 years.%" The second fits a trend or function to the historical data
to better estimate where the long-term warming is today.%? The third estimates the human
factor in the historical change by estimating the underlying warming resulting from historical
changes in key human drivers of the climate system such as greenhouse gases (update of
Forster et al., 202453),
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The best estimates of current global warming from these three approaches are between
1.34 °C and 1.41 °C compared to the 1850-1900 baseline; however, given the uncertainty
ranges, the possibility that we have already exceeded 1.5 °C cannot be ruled out (Figure 11).
To further explore the issue, WMO has convened a team of international experts to define
a suitable metric, and propose a method for monitoring it aligned with IPCC approaches to
ensure consistent, reliable tracking of long-term global temperature changes.

Ultimately, it is essential to recognize that, regardless of the methodology used to track global
temperature, every fraction of a degree of warming matters. Whether it is at a level below
or above 1.5 °C of warming, every additional increment of global warming leads to changes
in extremes and risks becoming larger.

Best estimates of current global warming remain below 1.5 °C

1.0 °C 1.5°C 2.0°C
1.37 °C \
Current warming 2024 method 1
Average of previous 10 years and
projected next 10 years, 2015-2034
Current warming 2024 method 2
Statistical smoothing to 2024
1aac |

Current warming 2024 method 3
Human contribution to warming in 2024

IPCC AR6 method warming at 2019
Average of previous 10 years, 2015-2024

Figure 11. Three methods for establishing an up-to-date estimate of current global warming as of 2024, compared with the
IPCC AR6 method, which uses averages over the previous 10 years and is representative of warming to 2019. The best estimate
resulting from each method is shown as a dark vertical line, and the uncertainty range is shown by the shaded area.
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Global mean surface temperature
anomalies in 2023/2024: Towards
understanding the influencing factors

This section explores open science questions, and research on the topic is still evolving.

The records in global mean surface temperature set in 2023 and 2024 occurred in the context of
rising temperatures driven by a continued increase in emissions of anthropogenic greenhouse
gases (GHGs). However, despite the transition from La Nina to El Nino, the specific magnitudes
of the anomaly in 2023 (and to a lesser extent that in 2024) drew attention for being at the edge
of, or outside of, ranges from individual forecasts. According to some analyses (for example,
that of Rantanen and Laaksonen®*), they were at the far end of what has been expected from
climate model estimates of trends plus internal variability.

A number of additional factors might help explain these records: a faster-than-expected
onset of Solar Cycle 25, the developing impacts of the International Maritime Organization
(IMO) rules on shipping fuel sulfur content that came into force in January 2020, the eruption
of Hunga Tonga-Hunga Ha’apai (HTHH) in January 2022, and decadal decreases in aerosol
emissions from East Asia (Figure 12). Anomalous patterns of internal variability in Saharan
dust over the Atlantic and/or Antarctic sea-ice extents may also have played a role.
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Figure 12. (a) Annual global mean temperature. Estimates of relative temperature residuals for (b) 2023 and (d) 2024 attributable to ENSO and four distinct

forcings that were not (or were only partially) predicted. The (c) residuals are calculated by taking the difference between the annual global mean
temperatures and the 20-year loess smoothed curve fitted to the data through to 2022. Uncertainties are nominally the 95% confidence level.
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Determining the impact of each of these effects on global temperatures has been complicated by
the time needed to assemble estimates of historical emissions; hence, no fully comprehensive
syntheses have yet been published. Nonetheless, a rough estimate can be made by combining
the results of recent studies. For details of the methods, see Data sets and methods.

Here, we focus on “residuals” (Figure 12c), that is the differences from a smoothly rising trend
calculated over the period through to the end of 2022. The residuals for 2023 and 2024 are
0.18 °C and 0.26 °C, respectively. We estimate the contribution to the residuals in 2023 and
2024 from five quantifiable external drivers (GHGs, shipping aerosols, East Asian aerosols,
the HTHH volcanic eruption and the solar cycle), and additionally include an estimate for the
impact of ENSO, which went from a multi-year La Nina at the beginning of 2023 to El Nino at
the end of 2023 and back to neutral or mild La Nina conditions at the end of 2024. The impact
of GHGs on the residuals in these two years is small (<0.01 °C), as changes from GHGs are
represented in the smoothly rising trend line. They dominate the anomaly with respect to
the pre-industrial period.

In total, there is an additional radiative forcing from these drivers in recent years of ~0.14 W m=,
and the consequent warming (~0.1 °C) combined with the effect of ENSO come close to
explaining the residuals (taking into account the uncertainties), although this is more true
for 2024 than for 2023 (Figure 12(b) and (d)). The warming contribution of shipping and East
Asian aerosol reductions are likely to persist, contributing to a slight jump in long-term
temperatures not fully accounted for in existing projections.

Fuller analyses of these factors and the role of internal variability will require coordinated
Earth system model experiments, which are currently underway. The sensitivity of the
attribution to the strength of each model’s cloud feedbacks, aerosol-cloud interactions, etc.
remains to be seen. We stress that this is a preliminary estimate that will be refined as more
sophisticated studies are undertaken.
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Datasets and methods

Baselines are periods of time, usually spanning three decades or more, that are used as a fixed
benchmark against which current, and future, conditions can be compared. For scientific,
policy and practical reasons, several different baselines are used in the present publication,
and these are specified in the text and figures. Where possible, the most recent WMO
climatological standard normal, 1991-2020, is used as the baseline for consistent reporting.

For some indicators, however, it is not possible to use the standard normal owing to a lack of
measurements during the early part of the period. There are also two specific exceptions. First,
for the global mean temperature time series —and only for the global mean series — a reference
period of 1850-1900 is used. This is the baseline used by IPCC Working Group | (WG 1) in
its contribution to AR6 as a reference period for pre-industrial conditions and is relevant
for understanding progress in the context of the Paris Agreement and other considerations
in the United Nations Framework Convention on Climate Change. Second, greenhouse gas
concentrations can be estimated much further back in time than 1850 using gas bubbles trapped
in ice cores. The year 1750 is used in this report to represent pre-industrial greenhouse gas
concentrations in line with IPCC AR6 WG I.

GREENHOUSE GAS DATA

Estimated concentrations from the year 1750 are used to represent pre-industrial conditions.
Calculations assume a pre-industrial mole fraction of 278.3 ppm for CO,, 729.2 ppb for CH,
and 270.1 ppb for N,0.%°

Data and analysis from:

World Data Centre for Greenhouse Gases operated by the Japan Meteorological Agency, https://gaw.
kishou.go.jp/

World Meteorological Organization (WMO). WMO Greenhouse Gas Bulletin — No. 20: The State of
Greenhouse Gases in the Atmosphere Based on Global Observations through 2023.
Geneva, 2024.

GLOBAL TEMPERATURE DATA

GLOBAL MEAN TEMPERATURE SERIES

The method for calculating global mean near-surface temperature anomalies relative to an
1850-1900 baseline is based on the assessment of long-term change and its uncertainty in IPCC
AR6 WG 1. In 2021, IPCC AR6 WG | assessed change from 1850-1900 to other periods based
on an average of four datasets - HadCRUT5, Berkeley Earth, NOAA Interim and Kadow et al.
(2020) — which start in 1850 and are globally or near-globally complete in the modern period.

To include shorter datasets, which can help to better understand recent temperature changes,
in the present report, the estimate made by the IPCC for the temperature change between
1850-1900 and 1981-2010 is combined with estimated changes between 1981-2010 and the
current year from six datasets - HadCRUTD5, Berkeley Earth, NOAAGIobalTemp v6, GISTEMP,
ERA5 and JRA-3Q (see below) —to calculate anomalies for 2024 relative to 1850-1900. There
is good agreement among the datasets on changes from 1981-2010 to the present, as this is
a period with good observational coverage. The additional uncertainty from the spread of
the datasets is combined with that of the IPCC’s estimate of the uncertainty in the change
from 1850-1900 to 1981-2010.
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Global mean temperature anomalies were calculated relative to an 1850-1900 baseline using
the following steps starting from the time series of global monthly mean temperatures for
each dataset:

1. Foreach dataset, anomalies were calculated relative to the 1981-2010 average by subtracting
the mean for the period 1981-2010 for each month separately.

2. An annual mean anomaly was calculated from the monthly mean anomalies.

3. The amount of 0.69 °C was added to each series, based on the estimated difference
between 1850-1900 and 1981-2010, calculated using the method from IPCC AR6 WG |
(see the caption for Figure 1.12 in that report).

4. The mean and standard deviation of the estimates were calculated.

5. Theuncertainty in the IPCC estimate was combined with the standard deviation, assuming
the two are independent and assuming the IPCC uncertainty range (0.54 °C-0.79 °C) is
representative of a 90% confidence range (1.645 standard deviations).

The number quoted in this report for 2024 (1.55 °C = 0.13 °C) was calculated in this way,
with 1.55 °C being the mean of the six estimates and 0.05 °C the standard deviation.

ANNUAL TEMPERATURE MAPS

For the map of temperature anomalies for 2024, a median of six datasets was used, re-gridded
to the spatial grid of the lowest resolution datasets (NOAAGIlobalTemp and HadCRUTS5), which
are presented on a 5° latitude by 5° longitude grid. The median is used in preference to the
mean to minimize the effect of potential outliers in individual grid cells. The half-range of the
datasets provides an indication of the uncertainty. The spread between the datasets is largest
at high latitudes and in Central Africa, both regions with sparse data coverage.

GLOBAL MEAN TEMPERATURE ANOMALIES FOR 2024 RELATIVE TO OTHER PERIODS
Table 1 shows global mean temperature anomalies for individual datasets for 2024 relative to
four different baselines. The uncertainties indicated for the three modern baselines (1981-2010,
1991-2020 and 1961-1990) are the standard deviations of the available estimates multiplied
by 1.645 to represent the 90% uncertainty range.

Table 1. Global mean temperature anomalies for individual datasets for 2024 for four different baselines

HadCRUT5 1.52 0.83 0.63

NOAA GlobalTemp 1.53 0.84 0.66 1.15
GISTEMP 1.65 0.86 0.67 1.18
Berkeley Earth 1.54 0.85 0.65 1.20
ERA5 1.60 0.91 0.72 1.24
JRA-3Q 1.57 0.88 0.69 1.21

Mean of the six datasets 1.55+0.13 0.86+0.05 0.67 +0.05 1.19 = 0.05
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The following six datasets were used, including four traditional datasets:

Berkeley Earth: Rohde, R. A.; Hausfather, Z. The Berkeley Earth Land/Ocean Temperature Record. Earth
System Science Data 2020, 12 (4), 3469-3479. https://doi.org/10.5194/essd-12-3469-2020.

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.

HadCRUT.5.0.2.0: 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), e2019JD032361. https://doi.
0rg/10.1029/2019JD032361. HadCRUT.5.0.2.0 data were obtained from http://www.
metoffice.gov.uk/hadobs/hadcrut5 on 19 January 2025 and are © British Crown
Copyright, Met Office 2025, provided under an Open Government Licence, http://www.
nationalarchives.gov.uk/doc/open-government-licence/version/3/.

NOAA v6: Huang, B.; Yin, X.; Menne, M. J. et al. NOAA Global Surface Temperature Dataset
(NOAAGIobalTemp), Version 6.0.0. NOAA National Centers for Environmental Information,
2025. https://doi.org/10.25921/rzxg-p717.

And two reanalyses:

ERAG: Hersbach, H.; Bell, B.; Berrisford, P. et al. ERA5 Monthly Averaged Data on Single Levels from
1940 to Present; Copernicus Climate Change Service (C3S) Climate Data Store (CDS), 2023.
https://doi.org/10.24381/cds.f17050d7.

JRA-3Q: Kosaka, Y.; Kobayashi, S.; Harada, Y. et al. The JRA-3Q Reanalysis. Journal of the
Meteorological Society of Japan, Ser. 112024, 102 (1), 49-109. https://doi.org/10.2151/
jmsj.2024-004.

IPCC used an additional dataset:

Kadow et al.: Kadow, C.; Hall, D. M.; Ulbrich, U. Artificial Intelligence Reconstructs Missing
Climate Information. Nature Geoscience 2020 13, 408-413. https://doi.org/10.1038/
s41561-020-0582-5.

OCEAN HEAT CONTENT DATA

Note that global ocean heat content values are given for the ocean surface area between
60 °S-60 °N and limited to areas deeper than 300 m. A baseline of 2005-2021 is used for the
ocean heat content time series as near-global coverage is available for this period thanks to
the network of Argo subsurface floats. Warming rates in watts per square metre refer to the
ocean surface area. To get a number for the entire surface of the globe (as used, for example,
in the United Nations Educational, Scientific and Cultural Organization (UNESCO) State of the
Ocean report) multiply by 0.71. Ocean heat content changes are given in two sets of units:
watts per square metre and zettajoules (ZJ) per year (1 W m~2 corresponds to 11.35 ZJ per year).

The assessment for 2024 is based on the following three datasets:
Cheng, L.; Pan, Y.; Tan, Z. et al. IAPv4 Ocean Temperature and Ocean Heat Content Gridded

Dataset. Earth System Science Data 2024, 16 (8), 3517-3546. https://doi.org/10.5194/
essd-16-3517-2024.
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http://www.metoffice.gov.uk/hadobs/hadcrut5
http://www.metoffice.gov.uk/hadobs/hadcrut5
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://doi.org/10.25921/rzxg-p717
https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.2151/jmsj.2024-004
https://doi.org/10.2151/jmsj.2024-004
https://doi.org/10.1038/s41561-020-0582-5
https://doi.org/10.1038/s41561-020-0582-5
https://doi.org/10.5194/essd-16-3517-2024
https://doi.org/10.5194/essd-16-3517-2024

Miniere, A.; von Schuckmann, K.; Sallée, J.-B. et al. Robust Acceleration of Earth System Heating
Observed over the Past Six Decades. Scientific Reports 2023, 13, 22975. https://doi.
0rg/10.1038/s41598-023-49353-1.

von Schuckmann, K.; Le Traon, P.-Y. How Well Can We Derive Global Ocean Indicators from Argo Data?
Ocean Science 2011, 7 (6), 783-791. https://doi.org/10.5194/0s-7-783-2011.

SEA-LEVEL DATA

GMSL from CNES/Aviso+, https://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/
mean-sea-level/data-acces.html#c12195.

OCEAN pH DATA

This indicator is produced by the Copernicus Marine Service. References include:

Chau, T. T. T.; Gehlen, M.; Chevallier, F. A Seamless Ensemble-based Reconstruction of Surface Ocean
pCO2 and Air-Sea CO2 Fluxes over the Global Coastal and Open Oceans. Biogeosciences
2022, 19, 1087-1109. https://doi.org/10.5194/bg-19-1087-2022.

Gehlen M.; Chau, T. T. T.; Conchon, A. et al. Ocean Acidification. Journal of Operational Oceanography
2020, 73 (sup1), s88-s91. https://doi.org/10.1080/1755876X.2020.1785097.

GLACIER DATA

Global glacier monitoring information is provided by the World Glacier Monitoring Service:

World Glacier Monitoring Service (WGMS), 2024: Fluctuations of Glaciers Database. WGMS, Zurich,
Switzerland. https://doi.org/10.5904/wgms-fog-2024-01.

SEA-ICE DATA

Data are from the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT) Ocean and Sea Ice Satellite Application Facility (OSI SAF) Sea-lce Index v2.2
(based on Lavergne et al., 2019; https://osisaf-hl.met.no/v2p2-sea-ice-index) and the National
Snow and Ice Data Center (NSIDC) v3 Sea Ice Index (Fetterer et al., 2017). Sea-ice concentrations
are estimated from microwave radiances measured from satellites. Extent is the area of ocean
grid cells where the sea-ice concentration exceeds 15%. There are modest differences in the
absolute extent between datasets, but they agree well on the year-to-year changes and trends.
In the main text of the present report, NSIDC values are reported for absolute extents, and
rankings. Comparison figures for OSI SAF are given in Table 2.

Table 2. NSIDC values compared with EUMETSAT Ocean and Sea Ice Satellite
Application Facility figures for 2024

Arctic daily minimum 4.28 million km?, 11 September 4.64 million km?, 13 September
Arctic daily maximum 15.01 million km?, 14 March 15.02 million km?, 11 March
Antarctic daily minimum 1.99 million km?, 20 February 2.24 million km?, 18 February

Antarctic daily maximum  17.16 million km?2, 19 September 17.65 million km?, 28 September
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European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea
Ice Satellite Application Facility (OSI| SAF). Sea Ice Index 1978—-Onwards, Version 2.2, OSI-
420. EUMETSAT OSI SAF, 2023. Data extracted from OS| SAF FTP server: (1978-2025).

Fetterer, F.; Knowles, K.; Meier, W. N. et al. Sea Ice Index, Version 3. National Snow and Ice Data
Center (NSIDC): Boulder, USA, 2017. https://nsidc.org/data/G02135/versions/3.

Lavergne, T.; Sdrensen, A. M.; Kern, S. et al. Version 2 of the EUMETSAT OSI SAF and ESA CCI Sea-ice
Concentration Climate Data Records. The Cryosphere 2019, 13 (1), 49-78. https://doi.org/10
.5194/tc-13-49-2019.

PRECIPITATION DATA

The following Global Precipitation Climatology Centre (GPCC) datasets were used in the analysis:
e  First Guess Monthly, https://doi.org/10.5676/DWD_GPCC/FG_M_100

e Monitoring Product (Version 2022), https://doi.org/10.5676/DWD_GPCC/MP_M_V2022_100
e Full Data Monthly (Version 2022), https://doi.org/10.5676/DWD_GPCC/FD_M_V2022_100

e Precipitation Climatology (Version 2022), https://doi.org/10.5676/DWD_GPCC/CLIM_M
_V2022_100

ENSO MAP

The map of typical El Nino impacts on precipitation was based on information from various
sources, including:

¢ https://iridl.Ideo.columbia.edu/maproom/IFRC/FIC/EINinoandRainfall.pdf

e https://interagencystandingcommittee.org/sites/default/files/migrated/2019-02/inter
_agency_sops_for_early_action_to_el_nino_la_nina_episodes.pdf

e https://www.metoffice.gov.uk/binaries/content/gallery/metofficegovuk/images/
research/climate/global/el-nino-precip.jpg

e https:/climexp.knmi.nl/effects.cgi?id=someone@somewhere#precipitation
e https://ds.data.jma.go.jp/tcc/tcc/products/climate/ENSO/elnino.html
¢ https:/confluence.ecmwf.int/display/COPSRV/ENSO+impacts+on+Europe

e Famine Early Warning Systems Network (FEWS NET). E/ Nino and Precipitation;
Agroclimatology Fact Sheet Series; Vol. 1; 2020.
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SIDE BAR —
GLOBAL MEAN SURFACE TEMPERATURE ANOMALIES IN 2023/2024:
TOWARDS UNDERSTANDING THE INFLUENCING FACTORS

The global temperature series used is the average of the six global temperature datasets
described in Global temperature data. The smoothly rising trend was estimated using a
20-year loess smoothed curve fitted to the data through 2022 and projected to 2024.

The impact of ENSO on the temperatures can be estimated in multiple ways. A linear regression
of the annual mean relative anomaly on the February/March Nino 3.4 index is used here and
suggests an impact of —0.07 °C, 0.01 °C and 0.13 °C for 2022, 2023 and 2024, respectively
(95% CI, £0.13 °C). Some results from pre-industrial control climate model simulations®®
suggest a transition from triple-dip La Nina to El Nino can produce an anomalous jump of up
to 0.25 °C in the year of transition, but it is unclear how to apply this to 2023, since one would
need to condition the effect on the ENSO change that was actually experienced.

The IMO regulation change in 2020 led to a quick reduction of about 7 TgSO, per year and a
step change of radiative forcing of 0.15 [0.1-0.2] W m~2 (with a range estimated from a selection
of studies®”5859.60.67) The temperature impacts in 2023 calculated by the respective studies
reviewed are between 0.03 °C and 0.08 °C, and they are slightly larger in 2024.

Solar cycle 25 was both slightly earlier and slightly stronger than had been expected, and the
impact of the total solar irradiance (TSI) anomaly of 0.97 W m~2in 2023 relative to the mean of
the prior 20 years is a radiative forcing of approximately 0.177 W m~2 and an estimated impact
of 0.07 °C [0.05-0.10] °C on surface global mean temperatures with a one to two year lag.5?
Thus, the impacts on 2023 and 2024 are around 0.04 °C and 0.07 °C, respectively (+0.025 °C).

East Asian sulfate aerosol emissions have fallen sharply from their peak in 2006 (38 TgSO,
per year) — a third by 2014 (23 TgSO, per year) and then by an additional 50% since then
(in 2022 it was 11 TgSO, per year). On its own this would lead to additional radiative forcing
of 0.14 W m~2 and warming of 0.06 °C (+0.04 °C) in 2023 compared to a world where East
Asian aerosol emissions remained at 2006 levels. But some of this decline will have already
affected the long-term trends, and so the anomaly in 2023 relative to 2020 is only 0.01 °C
(calculated using the Finite Amplitude Impulse Response (FalR) model® (Leach et al., 2021)).

The HTHH volcanic event added both SO, and water vapour to the stratosphere (up to 56 km
in altitude). The rapid oxidation of SO, to sulfate aerosol dominated the radiative forcing
for the first two years after the eruption, and so the net radiative forcing at the tropopause
was likely negative: -0.04 W m=2 and -0.15 W m=2in 2022 and 2023, respectively, implying
a temperature impact of —0.02 °C [-0.01 °C to -0.03 °C], calculated using the FalR model.
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