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Abstract

Sections

Numerous weather and climate extremes have broken long-standing
observed records. These record-breaking (or record-shattering if the
marginis large) events have substantial socioeconomic impacts and
pose adaptation and planning challenges. In this Review, we assess
observed and projected changes in record-breaking climate extremes.
Record occurrence can be understood with statistical considerations,
and their changes quantified as the record ratio — the observed
frequency of record events relative to a stationary climate. Many climate
variables have witnessed changes in their record-breaking frequency.
For example, all-time daily hot records onland are more than four times
higherin 2016-2024 than expected without climate change, and all-time
cold records two times lower; similarly, daily maximum precipitation
records and monthly dryness records are more than 40% and 10% higher,
respectively. In the future, slowing the rate of warming reduces record
ratios, highlighting the benefits of mitigation. For instance, by the

end of the century, multimodel mean record hot events are projected
tobe15.7 morelikely thanin a stationary climate under SSP3-7.0, but
only~2.9 and ~1.8 more likely for SSP1-2.6 and SSP1-1.9, respectively,
lower than those observed today. New record cold will become virtually
non-existent under all emission scenarios. Among others, records

have also been broken for ice loss, seaice and ocean heat content, but
quantifying record statistics is challenged by data availability, duration
and quality. Addressing these data challenges and developing statistical
methods to account for multivariate records are research priorities.
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Introduction

Numerous weather and climate extremes have reached intensities
that are unprecedented in the observational period. These so-called
record-breaking events span many aspects of the climate system, per-
haps most prominent for extreme heat. For instance, hot extremes
in the Pacific Northwest in June and July 2021 (refs. 1-4), multimonth
heatin Siberiain 2020 (refs. 5,6), large parts of Chinain summer 2022
(refs. 7,8) and the UK in summer 2022 (the first temperature >40 °C)°
shattered all-time observed records. Many of the largest record margins
occurredin2021-2024,aperiod of rapidly increasing global mean tem-
peratures, but other events breaking records by the largest normalized
marginsinclude the 2003 European heatwave and the 2010 heatwave
in Western Russia'®™" (Fig.1). Likewise, several rainfall events have bro-
ken records by large margins, including over Australia in February
and March 2022 (ref. 14), monsoon rainfall in Pakistan in August 2022
(refs.15-17) and across Germany, Belgium and the Netherlands inJuly
2021 (ref. 18) (Supplementary Fig. 2).

Many of these record-breaking events had severe impacts on
society, ecosystems and economies. For instance, the 2003 heatwave
in western Europe led to about 70,000 heat-related deaths across
Europe, crop loss, challenges to energy demand and supply and
wildfires?’; the 2021 Pacific Northwest heatwave had similarimpacts®.
Record-breaking heavy precipitation events also have substantial
impacts, including fatalities as witnessed in Pakistan in 2010 (ref. 21),
northwestern Germany in 2021 (ref. 18) and near Valencia in 2024. Of
course, notall events have societal impact given their occurrence over
sparsely populationregions, as for record rainfall intensity at a rainfall
gaugein NorthernItaly in 2021 (ref. 22) or the record-breaking spring
heat anomaly in Antarctica during 2022 (ref. 23).

The very large number of record-breaking events across the cli-
mate systemis remarkable.Indeed, inastationary climate, records are
expected tobecomerarer the longer ameasurement series. However,
asthe climateis non-stationary and rapidly warming, record hot events
have been declining slower since the 1980s and even increasing since
the late 1990s over land and oceans® . Many of these events since
2000 were even record-shattering heat events*? — a subgroup of
record-breaking events wherein the existing recordis broken by alarge
margin, typically more than1standard deviation of annual maximain
thereference period. Record-breaking events have also been common-
placeinheavy precipitation and dryness**~*>and minima for Arcticand
Antarctic seaice extent and volumes of glacier and ice sheets.

In this Review, we assess the current understanding of record-
breaking events in a warming climate. We begin with a theoretical
consideration, examining the statistics of record behaviour and its
dependence onthe underlying changesin the distribution of different
variables. We follow by quantifying past and projected future changes
indifferent types of record-breaking events, including hotand cold, wet
anddry events, and thosein other climatic variables. Next, we discuss
the relevance of different record-breaking event characteristics for
impacts on society, economy and ecosystems. We end with a discus-
sion of knowledge gaps and recommendations for future research to
address key challenges.

Record statistics

Statistically defining the occurrence or likelihood of record events have
long been of interest. For example, the so-called 1990 Hansen bet*
quantified the likelihood that one of the next three years would be the
hottestin100 years globally*. Inastationary climate (and assuming no
temporal autocorrelation), the odds for such anevent were around 5%

(ref. 33), but under the more realistic assumption of non-stationarity
owing to forced climate change and temporal autocorrelation, the
odds could be as high as 75% (ref. 33). The global temperature record
wasbrokenin1990. Since then, the statistics behind record events have
expanded in climate extreme research. Key theoretical and statistical
considerations of record-breaking events are now discussed.

Record occurrence probability and record margins

By definition, records are supposed to be rare events, at least under
stationary conditions. Thus, their statistical properties are closely
linked to the statistics of extremes® . For aunivariate time series with
asequence of nconsecutive observations X, ..., X,, the last observation
issaid tobe arecord if it exceeds all past observations. That is, if’

X, > max(Xy, ..., X;-1). )

If all observations are independent and identically distributed
(i.i.d.) random variables, any of them is equally likely to be the sample
maximum. Therefore, the probability of arecord eventin equation (1)
at time step nis simply 1/n, irrespective of the distribution of X,. The
record probability thus decreases at afast rate withincreasing sample
size over time (n). Moreover, the expected number of records up
to time n is approximately y +log(n) for large n, with y = 0.577,
the Euler-Mascheroni constant. Hence, a given i.i.d. time series of
n =100 samples would be expected to contain on average about
y+10g(100) =5.18 record events. This expected record number
corresponds to adding the sum of the odds for each time step, that is:
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However, the number of expected events does not increase sub-
stantially with record length®?**, reaching 7.48 when n=1,000 and
9.79 when n=10,000. These results express the rarity for records to
bebrokeninthei.i.d.setting if nis sufficiently large.

The reality of climate change challenges these simplistic assump-
tions. Records for certain climate variables, such as hot extremes,
occurmuchmore frequently (and cold extremes less frequently) than
expected under a stationary climate®*°~*?, Indeed, under a Gaussian
distribution with alinear trend (v) in the mean and a constant standard
deviation (0), records are broken at an approximate rate of 1/n +K(n), in
which K(n) varies with n very slowly and is proportional to the ratio of
the trend to the standard deviation*2 For large nand smallv/g,

1 v2/m n?
Pr(record) = Pr{X, > max(X,, ..., X,_1)} = P el Iog(snj. 3)

Hence, with a long-term increasing linear trend, the record
probability will be larger than expected in the simplistici.i.d. setting.

Assessment of statistical records is not limited to these basic
scenarios. Record-breaking and record-shattering extremes under
more complex forms of non-stationary forced scenarios have also
been investigated®®*, as has the precise probabilistic behaviour of
record occurrences for stationary but temporally correlated Gauss-
ian sequences**. Record statistics have also been exploited to provide
evidence for awarming climate*’, and in the context of detection and
attribution under both ‘factual’ and ‘counterfactual’ scenarios®™,
giventhatany deviation from the 1/ntrend is a potential sign of climate
changeif dataareindependent.
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South America — 2023 (3-day anomaly associated with
severe Atlantic marine heatwave)

Pacific Northwest — 2021 (5-day anomaly)

Europe — 2003 (91-day anomaly impacts: excess
mortality, wildfires, agriculture)
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Fig. 1| Example record-shattering hot extremes. The largest record hot
margins (that s, the difference from the previous record, expressed as standard
deviations) in ERAS (ref. 160) since the year 2000. Annual maxima of 1-day, 3-day,
5-day, 7-day, 11-day, 21-day, 31-day, 61-day and 91-day running mean temperatures
are standardized with the respective standard deviation over 1950-1980.
Regions where the record has not been broken since 2000 are in grey. For regions

where the record was broken at different timescales, the biggest record margin
across all timescales and years is plotted. Inlet panels illustrate the six largest
standardized record margins over land across all timescales over 2000-2024.
Alarge fraction of the globe has experienced record-shattering hot extremes
within the period 2000-2024. NA, not available.

The size of record margins is also an important consideration.
Intuitively, record margins (expressed in absolute units or standard
deviations) could be expected to decrease under stationarity. However,
thatisnot generally the case. Consider data following the generalized
Pareto distribution (GPD) with scale > 0 and shape £ parameters,
whichismotivated by extreme-value theory for modelling high thresh-
old exceedances®. Under thei.i.d. assumption (thus, stationarity), the
distribution of record margins will be constantin time for alight-tailed
GPD (namely, the exponential distribution arising when £ =0). By
contrast, record margins will tend to increase with time for a
heavy-tailed GPD with & > 0, whereas they will tend to decrease with
time for abounded-tailed GPD with £ < 0 (Supplementary information
and SupplementaryFig.3). Therefore, the behaviour of record margins
must be interpreted with care when used to infer the strength of the
climate change signal.

Record-shattering extremes

Beyond record breaking, a record-shattering extreme event is one
whose magnitude exceeds all previous observations by a fixed positive
marginof atleastc>0.Iftherandomvariables {X,; t=1, ..., n} are mutu-
ally independent with continuous cumulative distribution function,
F,, and with probability density function, f,, then the probability of a
record-shattering event®®is:

Pr(record-shattering event) = Pr{X,,> max(Xj, ..., X,_;) + ¢}
= Ex {PriX; <X, =C, o0, Xy <X = CIXp)}

= /{ M F:(X*C)}f,, (x) dx.

4)

When ¢ = 0, equation (4) corresponds to the standard prob-
ability of record breaking. The choice of the constant c used to define

Nature Reviews Earth & Environment | Volume 6 | July 2025 | 456-470

458


http://www.nature.com/natrevearthenviron

Review article

record-shattering extremes is somewhat arbitrary and application-
wspecific. As ageneral rule, it should be large enough to differentiate
record-shattering from record-breaking events, such as one stand-
ard deviation when the distribution F, is Gaussian-like or relatively
light-tailed — other choices might be more suitable for strongly skewed
and heavy-tailed distributions.

Althoughnoanalytical solutionof theintegral inequation (4) isavail-
ableingeneral, standard numerical techniques canbe used to accurately
approximate the corresponding probabilities. Hence, equation (4) can
be used to compute probabilities for various record-shattering thresh-
oldscand under changesinvarious distributional parameters over time
(location parameter or higher moments). However, such parameters,
which must be specified, might beimperfectly knownin practice.

In certain cases, extremes might be driven by different physical
mechanisms. The assumed marginal distribution, F,, thus becomes
a mixture of distributions rather than an individual distribution.
Nevertheless, equation (4) remains valid. For example, with frontal
and convective precipitation, the distribution F, might be a mixture
between two distributions with different tail heaviness. Forillustration,
assume that one of these mixture components (for example, convective
precipitation) has aheavy tail, whereas the other (frontal precipitation)
has a light tail; then, in this case and under a stationary climate, the
mixture component that has the heaviest tail will eventually dominate
the occurrence probability of record-breaking or record-shattering
events, and record statistics will thus only be affected (in the limit) by
asingle underlying mixture component (and its mixture probability).
Perhaps, the biggest difference in this case is that if p € (0, 1) denotes
the mixture probability of the heaviest-tailed mixture component and
nthe total sample size, there will be, on average, only roughly np <n
observations contributing to record events rather than n had they all
been drawn from the heaviest mixture component, slowing down the
record-breaking rate.

Illustration of record-shattering calculations
Record-shattering probabilities can be computed from equation (4)
forvarious datasets. Here, its functionalityisillustrated using arecord
of changes in the annual hottest 5-day period (Tx5d) averaged across
the Pacific Northwest in the 100-member Community Earth System
Modelversion2large ensemble (CESM2-LE) forced with SSP3-7.0 (Fig. 2;
‘scenario4’, Supplementary Fig.4), similar toref. 28; the mean trend and
standard deviation is smoothed using a spline-based additive model.
Theimpact of the warming trend on record-shattering probabilities is
alsoillustrated using three idealized temperature scenarios*: nowarm-
ing (Fig. 2; ‘scenario 1’); no warming followed by linear warming (Fig. 2;
‘scenario 2’); and nowarming followed by linear warming and stabiliza-
tion (Fig. 2; ‘scenario 3’). Allfour scenarios follow either the Gaussian or
the generalized extreme-value (GEV) distributionin anindependent but
non-stationary setting. These distributions are widely used and appear as
limiting models for averages and maxima, respectively; they thus cover
awiderange of situations and the results can be expected to be relatively
robust to the assumed distribution, atleast qualitatively. To each of these
scenarios, theimpactof the forced response on the annual probability of
arecord-shattering eventis assessed (Fig.2). For these examples, results
are presented for 1o-records, with c=1.67 in equation (4).

The temporal evolution of warming in each scenario has a direct
distinctimpact on record-shattering probabilities (Fig. 2c). Figure 2c
displays the corresponding record-shattering probabilities when
assuming that F, is the Gaussian distribution with mean g, driven by
the trends displayed in Fig. 2a and a changing standard deviation

o,shown in Fig. 2b as estimated from the CESM2-LE*® or set to the
displayedidealized scenarios.

Fast mean temperature increases lead to increasing record-
shattering probabilities. The record-shattering probability is thus
dependent on the forced warming rate or speed of warming. This
effectis seeninthe CESM2 simulations (onset of fast warming around
1975) and scenarios 2 and 3 with a fast warming onset in 2000 (Fig. 2c,
redand orangelines). Trends that flatteninstead lead to a quick decline,
asapparentinthe no-warmingscenariolafter 1850, and for scenario 3
after temperature stabilization in 2050 (Fig. 2¢). In addition to the
effect of the warmingrate, increases in the standard deviation lead to
increasesinrecord-shattering probabilities. This effectis seen for the
CESM2 simulations: there is a noticeable difference when the stand-
ard deviation is treated as non-stationary, and the more flexible fully
non-stationary Gaussian model captures large record probabilities
more accurately in this case (Fig. 2¢, solid and dotted lines). Similar
conclusions can be drawn based on scenarios 2 and 3.

Extreme-value theory motivates the use of the GEV distribution
for modelling extreme events defined as annual maxima®”, soitis a
natural distributionto consider to assess theimpact of the tail heaviness
onrecord-shattering behaviour. The distribution F,is thus now speci-
fied as the GEV distribution with location fi, scale 6, > 0 and shape §
parameters. A GEV modelis fitted using a generalized linear model in
which ji, =B, + B x} with covariate x/ being the smoothed CESM2-LE
mean and where §, is treated either as constant or modelled as
G, =Y, + ¥/ with covariate x,” being the smoothed CESM2-LE standard
deviation. The shape parameter € is kept constant over time. The cor-
responding estimated lo-record probabilities fit the empirical record
curve even slightly better than the Gaussian distribution (Fig. 2d). To
assess the effect of the GEV shape parameter in more detail, it is now
fixedto&=-0.3, ..., 0.3(from bounded upper tails to heavy tails), and
the GEV model is refitted in both g, and &,. The resulting
record-shattering probabilities (Fig. 2e) illustrate that tail behaviour
hasanimpact on record probabilities: bounded tails (with £ < 0) initially
exhibit fast reductions in record-shattering probabilities, whereas
heavy tails (with & > 0) instead decline more slowly. Interestingly, the
warming trend impacts record-shattering probabilities more under
bounded tails than under heavy tails (for which the behaviouris more
‘stable’ with time). With the increasing location and scale parameters
overtime, GEV distributions withintermediate shape parameters (zero
orslightly negative) show the highest record-shattering probabilities
around the end of the century.

Compound records

In some events, records are broken simultaneously in multiple
impact-relevant variables*. For instance, a record heat and dry event
was observed during the 2018 growing season in Germany. Thus, it is
important to consider compound record-shattering probabilities for
bivariate extreme events, which can be computed as:

Pr(compound record-shattering event)
=Pr{X,,> max(Xj, ..., X,-;) + ¢, and ¥,> max(V, ...

= //{ ”:: F,(xfcx.y*cy)}fn (x,y) dx dy,

y Yn,1)+Cy} (5)

inwhich{(X,, Y,)'; t=1, ..., n}is now asequence of independent bivari-
aterandom vectors withjoint cumulative distribution function F,and
joint probability density function f, for some constantsc, >0, ¢,> 0.
To examine how the dependence between X, and Y, affects the
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Fig. 2| Statistical characteristics of record extremes. a, Mean trend of the hottest
5-day period per year in the Pacific Northwest region as simulated by climate model
and prescribed inidealized statistical scenarios. Smoothed CESM2-LE mean trend
asan estimate of the forced response that is the change to external forcings in the
absence of internal variability (CESM trend; black; same domain as ref. 143), and
selected idealized scenarios with no warming (scenario 1; blue), no warming followed
by linear warming (scenario 2; red) and no warming followed by linear warming and
stabilization (scenario 3; orange). b, Asin panel a, but the forced trend in the standard
deviation (SD). ¢, Annual probability of 1o-records computed empirically (black
dashed), and for each scenario displayed in panels aand b, assuming a Gaussian
distribution with changing SD (solid) or constant SD (const SD; dotted). d, 1o-record
probabilities based on ageneralized extreme-value (GEV) distribution using the

non-stationary CESM2-LE mean trend as a covariate to the location parameter

(solid black), non-stationary mean and variance (dotted black) and computed
empirically asin panel ¢ (black dashed). e, Asin panel d butillustrating the sensitivity
oflo-records to different GEV shape parameters £ =— 0.3, ..., 0.3 (red to purple lines)
and estimating smooth location and scale parameters using generalized additive
models (GAMs). f, Compound record-shattering probabilities, assuming a bivariate
GEV distribution in which margins are both Gumbel distributions with non-
stationary location and scale parameters (driven by CESM2-LE smooth trends)
and with logistic extreme-value dependence structure with parametera - 0,
a=0.3,0.6,0.8,1(purpletored curves from perfect dependence toindependence,
respectively). The record probability is highly dependent on the warming trend and
the characteristics of the statistical distribution of a variable.

probability of compound record events, both margins are set to the
fitted GEV distribution with non-stationary i, and 6, and constant&=0
(Fig. 2), choosing the same non-stationary light-tailed marginal
behaviour for X,and Y,. The dependence structure between X,and Y,
is further specified as the logistic extreme-value model*°, para-
metrized by a single dependence parameter a € (0, 1] (assumed to be
time constant) interpolating between perfect dependence (a > 0) and
independence (a=1).

Theresulting record-shattering probabilities (Fig. 2f) reveal that
the strength of dependence between X, and Y, largely determines the
occurrence probability ofjointrecords. Thisrelationship arises because
ahigher dependence leads to more compound exceedances*’, which
should therefore be accounted for when assessing risks of compound
extreme record events.

Hot and cold records
Record-breaking hot and cold events often lead to serious socio-
economic and ecological impacts. Their occurrence is dependent

on the event duration (daily up to annual timescales); whether they
are all-time records (Fig. 3a) or records for a particular day, month
(Supplementary Fig. 5) or season; and the length of the observational
record (equation (2)). Changesin the frequency of temperature records
can be quantified using the record ratio: the ratio of the observed fre-
quency of record events to the one theoretically expected inastation-
ary climate (Fig. 3a). Using the record ratio, observed and projected
changes in record-breaking heat and cold are now discussed.

Observed changes at global scale

Theoccurrence of hot and cold records has evolved markedly over the
observational eraand, since the1980s, deviates strongly from expecta-
tionsinastationary climate* 2", Over land, observations and reanaly-
sisindicate that the all-time heat record ratio during 2016-2024 was ~4.1
(Fig. 3a; red). That is, the global occurrence of daily hot records was
more than four times higher than expected without climate change;
values are similar for ERA5 and BEST observations. The highest record
ratio overlandwasin2023 and 2024, reaching 5.5and 6.2, respectively.
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Fig.3|Observed change inrecord hot and cold. a, The observed heat (red)
and cold (blue) record ratio in ERAS (ref. 160) (dashed) and BEST* (solid). The
record ratiois calculated as the probability of all-time daily record hot or cold
temperatures across global land regions relative to the theoretically expected
occurrencein astationary climate. Record frequencies are calculated at the

grid-pointlevel, averaged across global land regions and then smoothed with a
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9-year running mean. b, The maximum record-breaking hot margin (that s, the
difference from the previous record) over 2010-2024 from ERAS; grey values
indicate that no all-time record heat was observed. ¢, Asin panel b, but the all-
time cold record margin. A large fraction of the globe has experienced all-time
hotrecords, whereas a very small fraction has experienced cold records in the
period 2010-2024. NA, not available.

By contrast, the cold record ratio was ~0.5in ERA5 and -0.2 in BEST
during 2016-2024 and 2014-2022, respectively, suggesting that cold
record occurrence was 20-50% of that theoretically expected with-
out climate change (Fig. 3a; blue). Record ratios for daily records per
month rather than per year are broadly consistent (Supplementary
Fig.5). Looking spatially, 62% and 8% of the land surface witnessed
recording-breaking daily hot and record-breaking cold since 2010,
respectively (Fig.3b,c), further reinforcing therarity of new cold records
over land.

These findings are consistent with other literatures. Forinstance,
the observed record ratio (BEST gridded data set™) for monthly
mean hot temperatures was -5 in 2001-2010 (ref. 53) and reached -8
in 2011-2020 (ref. 54). For monthly temperature, the record ratio is
closely related to the ratio of warming trend to short-term standard
deviation**>*®, consistent with the fact that the record probability is
proportional totheratio v/o (equation (3)). Therefore, the record ratio
issubstantially larger and aclimate change signal can be detected ear-
lier over the tropics where day-to-day and year-to-year variability (o) is
lower thanin the highlatitudes®*’. Likewise, the record ratio is higher
for longer aggregation timescales such as monthly (Supplementary
Fig.7),seasonal or annual means, for which the variability is lower but
thesignalis broadly the same®®*,

These record hot and cold signals are equally or even more pro-
nounced over the oceans. Indeed, record-breaking heatwaves have
been observed in sea surface temperature across ocean basins®*,
where marine heatwave days have doubled between 1982 and 2016
(ref. 62). Hot records are more frequent in air temperature over
the ocean (record ratio ~5.5 in 2016-2024) and cold records less
frequent (record ratio ~0.3 in 2016-2024) than expected without
warming (Supplementary Fig. 6). These record ratios are as high or
even higher than over land owing to the proportionality of the trend
to variability v/o, which tends to be higher as a result of lower vari-
ability. In addition to the higher magnitude, the spatial area exhibit-
ing record temperatures is also higher than land areas (Fig. 3b,c).
Indeed, the frequency hot records were higher than expected with-
out warming in more than 87% of the world’s oceans?. The occur-
rence of these sea surface temperature records in any given year is
strongly affected by El Nifio/Southern Oscillation, as demonstrated
by various records being broken during the 1997/1998 El Niio. In
the ocean, there are also regions where record statistics distinctly
deviate from expectations of a homogeneous warming trend such
as parts of North Atlantic warming hole, where the record behaviour
is consistent with the expected lack of warming or even slight local
cooling trend”.
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Balance of hot events to cold events

Clear signals in record-breaking hot occurrence have also been iden-
tified at regional scales. These signals are particularly prominentin
the ratio of hot-to-cold records (hereafter, hot-to-cold record ratio),
defined as the frequency of hot divided by the frequency of cold
records; inastationary climate, the hot-to-cold record ratiois expected
tobe-1.

The hot-to-cold record ratio varies substantially by region. In
Europe, the USA and China, the hot-to-cold record ratio has deviated
from 1 (refs. 24-26,63), evolving at rates influenced by contrasting
warmingtrends and internal variability (proportionality withv/o). For
instance, in the USA (where there are relatively weak trends in annual
temperature maxima®*®), the hot-to-cold record ratio reached 2 in the
early 2000s**°>%’_In Australia, the ratio was about 12 over 2000-2014
(which cannot be explained by modes of variability in the Pacific®®),
and in China it was -3 over 1995-2004 (ref. 63). In Europe, the hot-to-
cold record ratio reached ~4 in 2010 (refs. 25,26,55) and continued to
increase thereafter; the higher changes linked to pronounced trends
inannual temperature maxima owing to anticyclonic conditions®>*°~"*
and declining aerosol concentrations’. Nevertheless, the observed
European hot-to-cold record ratio is still within the range of internal
variability, with projections that anthropogenic signals will emerge for
the summer seasoninthe 2020s". Although decadal variationsin ratios
couldregionally relate to internal decadal variability, aerosol-induced
cooling delayed the detectability of a substantial human contribution
to record-breaking hot extremes”. Methodological differences also
contribute to contrasts in regional hot-to-cold record ratios.

Increasesinthe frequency of hotrecordsare not the only factor con-
tributing to this rising hot-to-cold record ratio. Record cold events have
been declining faster than would be expected in stationary climate —
globally (Fig. 3b) and across many regions such as Europe*°*”*, the
USA** Australia®®” and China® — contributing to this change. There is
no observational evidence for more record cold events resulting from
cold air outbreaks or changes in atmospheric circulation”. Onthe con-
trary, inmany places, changes in coldest days and nights are even more
pronounced thanthe mean warming’” owing to aregional reduction of
winter temperature variability?®’>”’, Thus, thermodynamic changes are
the dominant factor leading to less cold records, consistent with the
observed reduction of very cold nights and days and the pronounced
warming of the cold nights and days®.

Record statistics can be used for detection and attribution to
anthropogenic warming* . The detectability tends to be higher for
hot-to-cold ratios than for the record ratio of cold and hot records indi-
vidually because thereis a climate change signalin both. Hot and cold
extremes (and thus records) are controlled by different mechanisms,
but both are affected by warming mean temperatures. Quantifying
the ratio of their occurrence is a way of optimizing the detectability
of awarming signal. The strongest signal has been identified in global
mean temperature record events (Supplementary Fig. 1) owing to the
large ratio of trend v to variability o*** (Fig. 3b).

Projected changes in temperature records

These observed trends towards more record hot and fewer record cold
events will continue and intensify in the near future****, For instance,
by theend of the twenty-first century, record ratios for daily all-time hot
records over globalland are projected toreach: ~19.7 for SSP5-8.5; ~15.7
for SSP3-7.0; 7.3 for SSP2-4.5; ~2.9 for SSP1-2.6 and ~1.8 for SSP1-1.9
(Fig.4a).Under all emission scenarios, the heat record ratio continues
to increase until the 2030s, before declining in the low (SSP1-2.6) and

very low (SSP1-1.9) emission scenarios, stabilizing in the intermedi-
ate emission scenario (SSP2-4.5) and increasing at pace in the high
(SSP3-7.0) and very high (SSP5-8.5) emission scenarios. In the low and
very low emission scenarios, record probability declines because the
record occurrence depends on the rate of warming. Thus, a slowing
mean temperature trend would lead to aslight reductioninthe record
ratio of hot extremes, and astabilization of mean temperatures would
lead to arapid reduction, highlighting the benefits of mitigation.

There is robust evidence from numerous studies for projected
increasesinthe occurrence of heat records with ongoing warming. For
instance, under anintermediate emission scenario, the global average
record ratio for monthly hot records is projected to exceed 12 by the
2040s>. Moreover, the annual hot record of the twentieth century
could be broken more than 99% of the Earth’s surface by 2080 (ref. 57).
More regionally in Europe, summer daily warm records are 10x more
likely by the end of the twenty-first century than before the 1980s in
CMIP5 models forced with RCP8.5, consistently projecting amplified
increasesinhotrecord occurrences over the Mediterranean basin®. Any
regional and seasonal differences largely relate to the signal-to-noise
ratio of the changes™*.

The occurrence of record-shattering hot extremes is also pro-
jected to increase**®, For instance, in a very high emission scenario
(RCP8.5), week-long hot extremes that break records by three or more
standard deviations are 2-7 and 3-21times more probable in 2021-2050
and 2051-2080 compared with 1981-2010, respectively. Likewise,
the probability of at least one monthly record breaking the previ-
ous record by more than1°Cis 8.9 in a very high emission scenario
and L.1in a low emission scenario®. Given the high ratio of trend v to
variability g, the probability of daily to weekly record-shattering hot
extremesis projected to be largestin the northernmid-latitudes® and
of monthly record-shattering extremes in the tropics®. The increase
inrecord-shattering extremes is consistent with theoretical statistical
considerations.

Although the frequency of record-breaking and record-shattering
heat continuesinthe future, the frequency of cold records diminishes
further. Cold records decline in all emission scenarios, with record
ratios for globalland reaching~0.07 and 0.09 for SSP1-1.9 and SSP1-2.6,
and less than ~0.05 for the other scenarios by 2050 onwards (Fig. 4b);
thus, thelikelihood of new cold records over land becomes negligible.
These changes are also evident regionally, including in Europe where
breaking anew daily cold record is projected to be extremely difficult
in the last three decades of the twenty-first century” and in the USA
where the hot-to-cold record ratio is projected to reach 20 and 50 by
the mid and late twenty-first century, respectively?.

Hydrological records

Along with temperatures, record-breaking events are also observedin
the water cycle. Indeed, precipitation variability is expected toincrease
across various timescales®, reflecting observed increasesin the inten-
sity and frequency of heavy precipitation extremes. Sucheventsinclude
the extreme downpours during the Copenhagen cloudburst 2011
(ref. 85), the Boscastle floods®®, the Henan floods¥, the 2021 European
rainfall record of Rossiglione?; the daily to multiday events such as the
UK wettest day on record in October 2020 (ref. 88) and the 2021 rain-
fall events in northwestern Germany, Belgium and the Netherlands's;
and the multiday events such as the 2005 flooding in the Alps*’. Some
of the most record-shattering precipitation extremes are illustrated
inSupplementary Fig. 2. Inaddition to amplifying heavy precipitation
extremes, climate change has contributed to increasesin agricultural
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b Projected record cold
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Fig. 4 |Projected changesinrecord hot and cold. a, Modelled heat record

ratio in CMIP6 simulations forced with historical (grey), SSP1-1.9 (light blue),
SSP1-2.6 (dark blue), SSP2-4.5 (yellow), SSP3-7.0 (orange) and SSP5-8.5 (dark red)
scenarios. The record ratio is calculated as the probability of all-time record daily
hot or cold temperatures across global land regions relative to the theoretically
expected occurrence in astationary climate. Probability ratios are calculated at

the grid-point level and area-weighted across the globe. Thick lines represent the
multimodel mean and shading the 5-95% range. b, As in panela but for record
cold events. Scenarios with rapid and high warming yield very high hot record
ratios, whereas scenarios with slowed warming or stabilized mean temperatures
yield declining hot record ratios.

andecological droughtsinsomeregions owing toincreased land evapo-
transpiration, and in some cases, a reduction in seasonal precipita-
tion. Observed and projected changes in record-breaking wetness
(heavyrainfall) and dryness (drought) are now discussed. Note, gridded
reanalysis and observational precipitation data include substantial
uncertainties and, as such, their respective record statistics need to
beinterpreted with caution.

Observed record-breaking heavy precipitation and dryness

Similar to hot temperatures, there has been a general tendency
towards increasing frequency of record-breaking heavy precipita-
tion. Although there is substantial observational uncertainty and large

internal variability®, this tendency is broadly consistent across data
sets (Fig. 5a). Over land, the annual 1-day maximum precipitation record
ratioduring 2016-2024 was ~1.45 for ERAS and ~1.41 during 2015-2023
for the REGEN gridded observational data set”’, meaning the num-
ber of precipitation records observed today is more than 40% higher
thanexpectedinastationary climate. Theseincreasesin precipitation
records have become more pronounced since the year 2000. Many of
therecord-breaking precipitation events were alsorecord-shattering
extremes, with distinct large record margins. This change is also due
tothetypically heavy-tailed distribution of hourly and daily precipita-
tion, which leads to anincrease in record margins over time evenin a
stationary climate and even more so in a warming climate. Spatially,

Fig. 5| Observed and projected change in record heavy precipitationand
dryness over land. a, Observed record precipitation ratios in ERAS (ref.160)
(dashed) and REGEN?'. The record ratio is calculated as the probability of all-time
record 1-day precipitation across global land regions relative to the theoretically
expected occurrence inastationary climate. Record frequencies are calculated
atthe grid-point level, averaged across global land regions and smoothed

witha 9-year running mean. b, Asin panel a, but for record monthly maximum
(green) and minimum (brown) precipitation-minus-evaporation (P-E) in ERAS.
¢, The maximum record-breaking 1-day heavy precipitation margin (that s, the
difference from the previous record) over 2010-2024 from ERAS; grey values

indicate regions where the annual 1-day maximum precipitation record was not
broken.d, Asin panel ¢, but for monthly dry anomalies (a negative P-E record).
e, Modelled record precipitation ratios for all-time record 1-day precipitation
across global land regions as simulated in CMIP6 models forced with historical
(grey), SSP1-1.9 (light blue), SSP1-2.6 (dark blue), SSP2-4.5 (yellow), SSP3-7.0
(orange) and SSP5-8.5 (dark red) scenarios. Thick lines represent the multimodel
mean and shading the 5-95% range. f, As in panel e, but for record monthly
dryness (P-E). Observed and projected record ratios in heavy precipitation and
dryness show a signal of climate change. NA, not available.
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Fig. 6 | Evolution of hourly precipitation in the UK. a, Number of events per
year exceeding 20 mm h™at the 12 km scale from 1981 to 2080 in a convection-
permitting model. The thinner line represents the reference member, the thick
line the ensemble mean of 12 members and shading the ensemble min-max
range. Threshold exceedances occurring within a UK subregion on the same day
are considered part of asingle event. b, The highest annual maximum hourly

precipitationrecorded at any 12 km grid point across the UK since the start of the
simulationsin1980. The bold line represents the reference ensemble member
and the thin lines the individual ensemble members. The regional occurrence of
record precipitation is strongly affected by internal variability. Panel b adapted
with permission from ref.103.

changes are observed across many land regions (Fig. 5c), butindividual
records are typically broken over relatively small locations given the
scale at which precipitation extremes occur. Other analyses support
increases in 1-day heavy precipitation, including based on HadEX2
observationsin which the record ratio over 1981-2010 was ~1.2 (ref. 31).
These changes are in keeping with thermodynamic considerations
based on the Clausius-Clapeyron relationships.

Observed increases in heavy rainfall records are not limited
to 1-day totals. Indeed, the smoothed record ratio for global-mean
record-wet monthsisalmost1.2in2013, indicating that these extremes
are 20% higher than expected in a stationary climate®. This signal pri-
marily comes from pronounced changes in the northern mid-to-high
latitudes where the occurrence of record-wet months has increased
by up to 37% in Northern Europe*. Precipitation-evaporation (P—E)
wet monthsalso reveal record ratios of 1.35 from 2016 to 2024, provid-
ing further supporting evidence for increasing record-breaking wet
months (Fig. 5b).

At the other end of the hydrological spectrum, changes in the
frequency of record droughts have also been observed. Several con-
temporary droughts have been described asrecord breaking atleastin
the observational period*’ and, in some cases, even across parts of the
paleoclimate record®***. Assessing monthly P-E dry months in ERAS,
forexample, revealslarge decadal to multidecadal variations (Fig. 5b).
Yet, there seems to be a weak tendency towards a higher occurrence
of monthly dry records since ~2013 than expected in a stationary cli-
mate (Fig. 5b), such that the record ratio over 2016-2024 is1.12. These
record dry months are scattered across all global land regions with no
clear spatial pattern (Fig. 5d). Given the different types of droughts
(meteorological, hydrological, agricultural and ecological), their
contrasting timescales (short flash droughts to decadal ecological
droughts), complex spatial scales and potential low-frequency vari-
ability, assessing their record-breaking character is challenging’* and

can lead to conflicting statements’>”. Indeed, other record statistics
show variations even in the sign of the drought record ratio, perhaps
relating to the complex interactions between anthropogenic aerosol
forcing and greenhouse forcing”®?” in combination with unforced
internal variability. As such, it remains unclear to what extent changes
indrought record statistics are a climate change signal.

Projected changesinrecord-breaking extremesin the
water cycle
Along with warming temperatures, the intensity and frequency of pre-
cipitation extremes are projected to increase across most global land
regions. The annual 1-day maximum precipitation record ratio for
globalland regionsis -2 forall scenarios by 2050 (Fig. 5e). Record ratios
diverge thereafter, and by the end of the twenty-first century, multi-
model mean values reach ~5.6 for SSP5-8.5, ~4.3 for SSP3-7.0, ~2.7 for
SSP2-4.5,-1.8 for SSP1-2.6 and -1.6 for SSP1-1.9 (Fig. 5e). These changes
reflectincreasesin the year-to-year variability of precipitation maxima
with warming®**® and increases in the daily area fraction receiving
precipitation®, bothlinked to ongoing increases in the water-holding
capacity of the atmosphere'®°, Yet, these thermodynamically driven
changes canbe strongly modified by changes in atmospheric dynamics
regionally and seasonally'”, particularly in the subtropics where signals
canevenbereversed'’’>. Over most extratropicalland regions, a robust
increasein theintensity of annual extreme precipitationis projected®.
At smaller spatial scales, any long-term signals in extreme pre-
cipitation records are increasingly influenced by very large unforced
internal variability'®%, As such, record local rainfall levels do not often
follow a gradual smooth increase, but rather step-like changes: clus-
tered years of record-breaking events, some by a considerable margin,
followed by along pause inwhich the record level does notincrease'®.
For example, there is clear evidence towards more intense extreme
rainfall events over the UK as a whole (Fig. 6a), but when examined
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locally, record-breaking events could be followed by surprisingly long
periods, even up to multiple decades, when no new records are set
(Fig. 6b). Thus, changes in record-breaking probability become more
apparent after aggregating records over sufficiently large regions or
time periods.

Increases in the frequency of record drought across global land
regions are also projected in the future. Indeed, by the end of the
twenty-first century, multimodel mean record ratios for monthly
record dryness (P—E) over land are ~3.1 for SP5-8.5, ~2.7 for SSP3-7.0,
~2.1for SSP2-4.5,-1.6 for SSP1-2.6 and ~1.2 for SSP1-1.9 (Fig. 5f). Similar
to the heavy precipitation, scenarios tend to follow roughly the same
trajectory towards 2050 and diverge thereafter.

Record behaviour across the climate system
Record-breaking events are not limited to temperature or rainfall. In
principle, they can occur for any climate variable for which there is a
pronounced thermodynamic contribution from climate change. How-
ever, although individual record-breaking events have been reported
(for example, for geopotential height and the elevation of the zero
degree line'”), characterization of record statistics is limited outside
temperature and precipitation owing to data concerns (absence, length
and inhomogeneities). Evidence of record behaviour in other parts of
the climate system is now discussed, focusing on ice sheets, glaciers,
seaice, ocean heat contentandsealevel, although records are prevalent
across many other components too.

Record behaviour has been observed for Greenland Ice Sheet
(GrlS) and Antarctic Ice Sheet (AIS) mass loss. Although experiencing
large interannual variability, signals are integrated across theice sheets
(owingto their size and inertia) to provide a high signal-to-noise ratio.
Before 2000, the GrIS was relatively balanced year to year, with a net
cumulative change of near zero. Every year since, however, has wit-
nessed record values of cumulative ice mass loss'**'%°, corresponding
toal3.6 mm contribution to global sea-level rise from the GrIS by 2021.
Relatedly, all years from 2000 until 2013 have experienced runoffthat
isoutside the range of reconstructed runofffor the previous 200 years
of 225+ 26 Gt per year"’, including three record runoffyears in 2003
(352 Gt per year), 2011 (378 Gt per year) and 2012 (389 Gt per year). Ice
discharge (ice lost by calving) has also been increasing, with record
discharge rates in 9 of the years since 2010 and a maximum value of
507 Gt per year in 2021 (ref. 111). Accumulation has only increased
marginally during this time, meaning records related to mass loss
can be expected to increase as warming continues"*"? For the AIS,
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Fig.7|Observed changesin Arcticseaice extent and records. Standardized
monthly seaice extentanomaliesin the Arctic over 1979-2024. Anomalies are
based on the NSIDC sea ice index data set' and expressed relative to the 1979-2024

most mass loss can be attributed to basal melting below the floating
ice shelves, as there is not yet a clear trend in the surface forcing' or
astrongtrend in discharge. The AlS is, nonetheless, losing mass ata
highrate, leading to record values of cumulative mass loss every year
and acontribution to global sea-level rise of 7.4 mm by 2021 (ref. 108).

AsinGreenland and Antarctica, there is observational evidence for
record masslossin mountain glaciers around the world. Inthe Southern
Alps of New Zealand, for example, record-high mass loss was observed
in 2011 and 2019 (refs. 115,116). Similarly, record glacial loss occurred
inthe European Alps in 2022 (ref. 117), including in Switzerland which
experienced the greatest annual ice mass loss since the beginning of
measurements (as also in 2023) with 10% of the total glacier volume
lostinonly 2 years"s,

Looking beyond land ice, record minima have occurred for sea
ice in both the Arctic and the Antarctic. For example, Arctic seaice
extent (SIE) experienced 93 monthly record minimabetween 1979 and
2020 (ref.119), roughly 6-8 times more record minima than expected
without climate change (Fig. 7). Prominent sea ice minima occurred
in 2005, 2007 and 2012 and have been related to anomalous atmos-
pheric circulation patterns and excess solar radiation absorbed by
openocean?'%, Conversely, there has been no single monthly record
maximum Arctic SIE since 1986 (refs.119,126) (Fig. 7). Antarctic SIE has
not experienced a comparable long-term decline'”. Instead, there
were 3 consecutive years with record high Antarctic SIE in 2012, 2013
and peaking in September 2014 with 20.2 million km? (ref. 119). These
record maxima were followed by a series of record minima after 2017
(refs.128-130), with the lowest Antarctic SIE of 1.77 million km?reached
inFebruary 2023 (ref. 131).

Records are also being broken in the ocean. Beyond SST, record
high global ocean heat (OHC) has been observed since 1955 (ref. 132).
Forinstance, atleast17 of the years since 2000 have seen record annual
mean OHC values, culminatingin a peakin 2023 and 2024. Given that
the OHC time series has roughly been following alinear positive trend
since the late 1980s and variability is low, the large proportion of
records canbe expected to continue. Moreover, cumulative increases
inicemasslossand OHC (and thereby thermal expansion) also contrib-
ute to regular record sea levels”**"**, The positive trend in sea level

has primed the system for record flooding and storm-surge events'>.

Anticipating record events for adaptation

Record-breaking and record-shattering extremes often have large
impacts on society, economy and ecosystems. Their impacts can be

.
]

mean and standard deviation. Record high and low values for the corresponding
month are marked with + and —, respectively. Plenty of record minimain Arctic sea
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so substantial because planning efforts often primarily rely on the
observational record. Thus, depending on how well the possibility of
alarge record margin was quantified or how large the safety marginsin
planning were, the vulnerability to such events, unprecedented in the
observational record, could be particularly large. These events, there-
fore, necessitate and drive adaptation. For instance, in the aftermath
of arecord-shattering event, governments and individuals usually act
quickly toreducerisk through short-term adaptation**%, But to proac-
tively adapt before (rather than after) record-breaking events, reliable
information on potential future events is crucial, particularly given
projected increases in the population exposed to such extremes'.

Physical climate storylines provide one such opportunity. In
addition to probabilistic return level estimations'’, these storylines
anticipate the potential intensity, duration or spatial extent of future
record-shattering events''™'*, The approaches to develop event sto-
rylines include statistical methods, such as empirical importance
sampling, in which statistical weather generators use atmospheric
flow analogues from reanalysis to sample very extreme and persistent
sequences of weather patterns (including persistent blocking anticy-
clones conducive to heatwaves)***%*_Other approaches are based
on searching large ensembles of initialized weather forecasts from
numerical weather prediction models and subseasonal to seasonal
or decadal prediction systems for very extreme weather and climate
events'**1*8715° Sych events that were predicted based on observed
atmospheric states but never materialized in reality might provide
guidance on plausible high returnlevel events that could happen under
today’s conditions.

Although the aforementioned approaches benefit from histori-
cal evidence used for constructing analogues or initializing models,
they could potentially be overly conservative in cases inwhich unseen
conditionsinthe oceans andland emerge, which have not occurredin
the past. Thus, plausible very high return events can also be searched
forin multimodel or single-model initial condition large ensembles of
fully coupled Earth system models that sample ocean states that have
not been observed in recent decades. Earth system models can also
be used as atool to specifically search for potential worst-case events
using rare eventalgorithms'>"* or ensemble boosting'**"*2. Inrare event
algorithms, aclimate modelis perturbed and the most extreme model
trajectories are selected and perturbed again. This process is repeated
tosimulate very extreme events and calculate their probability*>*'. In
ensemble boosting, the most extreme events from a long simulation
areselected and the corresponding simulations are re-initialized with
random perturbations to specifically sample the tail of the model
distribution. Such tools can be used to inform and develop physical
climate storylines that characterize the spatial extent, intensity and
time evolution for potential future record-shattering extremes. Each
of these different tools has strengths and weaknesses and involves
substantial uncertainties. Thus, ideally the lines of evidence from dif-
ferent tools are combined to produce robust climate information for
decision-making. Independent of the approach, it is vital to take into
accountthatthe currentlevel of warming, and in many regions the rate
of warmingis unprecedented in the observational record.

A comprehensive climate risk assessment needs to account for
low-likelihood high-impact events. Such low-likelihood high-impact
events can occur from single rare events or events that arise from
unlikely combinations of factors, processes or even events. Tipping
pointsare one suchexample, in which the system crosses a threshold.
Also, events that used to be very rare might occur more frequently in
thefuture, perhapsin combination as compound events, cluster within

short time periods or co-occurinspace, amplifying theirimpacts. How-
ever,impacts are not purely consequences of the physical climate haz-
ards butalso of exposure and vulnerability that can be partly reduced
through adaptation. Storylines are tools that allow us to explore
these potential chains of causal factors that canlead to low-likelihood
high-impact events and worst-case scenarios™>.

In all storyline approaches, the plausibility of the estimated
record-shattering and unprecedented events needs to be carefully
evaluated. For example, potential physical mechanisms leading to
such extreme events in weather and climate models must be inves-
tigated, and their impacts compared with more moderate observed
events. Once plausibility is sufficiently evaluated, such approaches
can become powerful tools for stress testing the resilience of flood
protection measures, public health plans, energy grids or food security
torecord-shattering extremes.

Summary and future perspectives

Statistically, the behaviour of record-breaking and record-shattering
extremesis well understood, and their probability is directly related to
the signal-to-noiseratio. Changesin the occurrence of record-breaking
climate eventsis simply and usefully captured by the record ratiorela-
tive to a stationary climate. Indeed, the assessment of record ratios
indicates that climate change has altered, and will continue to alter the
occurrence of record-breaking and record-shattering events across
the climate system. For example, on land, all-time daily hot records,
annual 1-day maximum precipitation records and monthly dryness
(P-E) records are ~4.1 (Fig. 3a), -1.4 (Fig. 5a) and ~1.12 (Fig. 5¢c) times
more frequent now (2016-2024) than expected inastationary climate,
respectively; all-time daily cold records are less than half as frequent
(Fig.3a). There are also clear observed signals of climate change in
the record behaviour of low Arctic sea ice extent, melting glaciers
andice sheets. These changes directly relate to the high rate of forced
warming, which will yield more record-shattering records in coming
years as many places have not yet experienced anything close to the
most intense extremes expected in the coming decades. Indeed, with
ongoing warming (based on SSP3-7.0), record ratios by the end of the
twenty-first century could reach ~15.7 for all-time daily heat (Fig. 4a),
nearly O for all-time daily cold (Fig. 4b), 4.3 for 1-day maximum pre-
cipitation (Fig. Se) and ~2.7 for monthly dryness (Fig. 5f). Emissions
reductions and thereby a slowing of the forced warming trend would
offer early benefits by rapidly reducing record ratios across many
climate variables.

Despitein-depth knowledge about these record-breaking events,
substantial knowledge gaps and challenges remain. Data availabil-
ity is one such limitation. Robustly quantifying the occurrence of
record-breaking events requires long, homogeneous observational
records or reanalyses. Yet, a lack of appropriate data, inhomogenei-
ties or gaps in the observational records and internal variability all
hinder or limit record statistics. Efforts to continue coherent observa-
tional and monitoring networks, to develop observational networks
in many data-sparse regions (such as parts of Africa), to rescue data
from historical archives and to homogenize data will thus be particu-
larly valuable for the monitoring of record-breaking extremes. Large
multimodel and initial condition ensembles have become animportant
additional tool and add to the understanding of record events, but
they also need to be carefully evaluated against observational prod-
ucts. Machine-learning-based methods, augmenting existing high-
resolution climate model experiments, could allow better sampling of
record-breaking events™*.
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Fromastatistical perspective, there are appropriate knowledge and
tools to assess record events in the univariate case. However, there is a
need toextend some of these frameworks to multivariate records thatare
relevant to compound climate events, including spatially co-occurring
records, record-breaking clustering of events or compound records such
as combined drought and heat or combined wind, extreme precipitation
andstormsurge. If compound eventsrelate to multiple variables that are
affected by climate change, records might change particularly rapidly
in a warming climate. To this end, it is essential to adequately account
for the dependence structure across variables and potential changes
thereof'inawarming climate. This point could be achieved by exploiting
modelling approaches fromthe statistics of multivariate and/or spatial
extremes>"¢ and letting dependence parameters evolve over time
according to arange of climate change scenarios™""*%,

Further efforts are also needed to understand and quantify plau-
sibleintensities of future record-shattering or worst-case eventsin the
near future. Quantitative methods such as the use of rare event algo-
rithms, weather generators, ensemble boosting or targeted exploration
ofinitialized hindcasts are promising first steps. These methods canbe
complemented by qualitative process-based storylines, in which nar-
ratives of worst-case scenarios are developed using the understanding
of causal factors and plausible combinations of these.

In addition to the development of physical climate storylines,
more research is needed on how adaptation and planning can take
into account potential large record margins and novel combinations
of compound record-breaking events. Strengthening resilience can
be performed across different layers ranging from addressing imme-
diate threats through improved short-term disaster preparedness to
transformative adaptation enhancing long-termresilience™’.

Extreme anomalies occur randomly by chance. Nevertheless,
there have been first attempts to quantify where the most intense
record-shattering extremes could occur. This quantification can be
done by evaluating where the current record level in observations
most strongly deviates from a high return level**2, Following statis-
tical considerations (Fig. 2), it is clear that the forced warming rate
and potential changes in variability, which can be estimated from
observations, reanalysis or model experiments, are important fac-
torsin quantifying the probability of experiencing record-shattering
extremes.

The large number of record-breaking extremes, their very large
record margins and often large impacts on society, economy and eco-
systems highlight the need for greater attention from the science
community. Evidence from statistical considerations and model experi-
ments explains why the probability of such events is higher today and
compared with a stationary climate. To increase resilience and better
preparefor future events, it will be crucial tocombine different statisti-
caland model-based tools, develop storylines of weather and climate
extremes and their impacts and closely collaborate across the many
relevant science disciplines.

Published online: 29 May 2025
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