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A new reanalysis-based approach is proposed to exam-
ine how reconstructions of extreme weather events differ in
warmer or cooler counter-factual worlds. This approach of-
fers a novel way to develop plausible storylines for some
types of extreme event that other methods may not be suitable
for. As a proof of concept, a reanalysis of a severe windstorm
that occurred in February 1903 is translated into a warmer
world where it produces higher wind speeds and increased
rainfall, suggesting that this storm would be more damaging
if it occurred today rather than 120 years ago.

Whenever a severe weather event occurs with harmful
impacts in a particular region, it is often asked by disas-
ter responders, recovery planners, politicians, and journal-
ists whether climate change caused or affected the event. The
harmful impacts are caused by the unusual weather, but cli-
mate change may have made the weather event more likely,
more severe, or both. In those cases, the harmful impacts may
be partly or even mostly due to the change in climate. In some
cases, the worst consequences may be due to the vulnera-
bility or exposure of the local population or ecosystems, or
due to a combination of many other factors (e.g. Otto et al.,
2022).

Many methodologies exist to understand how climate
change has affected extreme events. These are broadly cate-
gorized into risk-based approaches and storyline approaches
(Stott and Christidis, 2023). The risk-based approaches as-
sess the change in likelihood and magnitude of a particular
class of event (e.g. Stott et al., 2004), whereas storyline ap-
proaches consider how climate change may have affected a
specific event (Trenberth et al., 2015; Shepherd et al., 2018).
Other studies consider the related question of what a plau-

sible worst-case event might look like in a particular climate
(e.g. Thompson et al., 2017). Some of these methods are now
regularly used to provide attribution statements soon after
events occur (van Oldenborgh et al., 2021).

Event storyline approaches attempt to quantify how an ex-
treme event would be different in an altered climate. This
can be achieved by producing reconstructions of the event as
it occurred and in counter-factual cooler or warmer climates
and comparing the consequences. Various approaches exist
for such analyses, including statistical methods (e.g. Catti-
aux et al., 2010), analogues (Ginesta et al., 2023; Faranda et
al., 2022), nudging a weather or climate model (e.g. Mered-
ith et al., 2015; van Garderen et al., 2021; Sánchez-Benítez et
al., 2022), and forecast-based approaches (e.g. Wehner et al.,
2019; Leach et al., 2021). Here, we propose a complemen-
tary reanalysis-based approach to translate extreme events
into different climates.

Specifically, we use the NOAA-CIRES-DOE 20th Century
Reanalysis v3 system (20CRv3; Slivinski et al., 2021) which
assimilates surface pressure observations into a NOAA
weather forecast model to reconstruct the atmospheric cir-
culation from 1806–2015 at 0.7◦ resolution using 80 en-
semble members. Boundary conditions of sea surface tem-
peratures (SSTs) and sea ice concentration are prescribed
in 20CRv3. We generate counter-factual reconstructions of
extreme events by rerunning the reanalysis for those events
with perturbed SST boundary conditions and assimilating
the same surface pressure observations. As atmospheric tem-
perature changes will be primarily mediated by imposed
changes to SSTs (rather than by direct radiative forcing;
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Figure 1. Translating Storm Ulysses into a warmer world. The columns represent the original 20th Century Reanalysis v3 (20CRv3; a, d, g),
the improved reanalysis (b, e, h), and the warmer-world reanalysis (c, f, i). The wet-bulb potential temperature (θw) at 850 hPa at 06:00 UTC
on 27 February 1903 (a–c) shows the synoptic structure of the storm as it passes over the UK and Ireland. 20CRv3 does not accurately
represent the intensity of the storm, but this is corrected in the improved reanalysis, mainly due to adding additional observations (Hawkins
et al., 2023). The warmer-world reanalysis shows a very similar atmospheric structure to the improved reanalysis and is warmer by about
2.5 K at 850 hPa. The thick lines indicate particular isotherms as labelled and the black dot represents the centre of the storm. The wind
footprint (d–f; maximum ensemble mean wind speed at 10 m during the storm) shows stronger peak wind speeds in the improved reanalysis
than 20CRv3, which are stronger again in a warmer world. The track of Storm Ulysses is shown with the thick black line. The rainfall during
the 2 event days of the storm increases in a warmer world (g–i). Figure S1 in the Supplement is an animated version of this figure which
shows the 850 hPa wet-bulb potential temperature, wind speed (with sea level pressure), and rainfall rate every 3 h during the storm for the
three experiments.

Compo and Sardeshmukh, 2009), this perturbation translates
the reanalysis of the events into a changed climate.

As a proof of concept, we have applied this approach to
a severe extratropical windstorm known as Storm Ulysses,
which occurred in February 1903, to examine how the con-
sequences of this historical event may have been different
had it occurred in a warmer world. Three experiments with
the same reanalysis system are considered: (1) the original
20CRv3, (2) an improved version of 20CRv3 with added
historical surface pressure observations and a small change
to the data assimilation scheme (Hawkins et al., 2023), and
(3) same as (2) but with a spatially uniform +2 K perturba-
tion added to the SST boundary conditions (Hawkins, 2023).
Sea ice, atmospheric greenhouse gas, and aerosol concen-

trations are unchanged. A 6-month spin-up period was run
prior to the windstorm to ensure that the atmosphere had ad-
justed to the counter-factual warmer SSTs. Experiments are
planned to explore the sensitivity of the findings to all these
different choices. For example, we plan to repeat the simu-
lations with atmospheric greenhouse gas composition repre-
sentative of a +2 K warmer world.

Storm Ulysses is not well represented in the original
20CRv3, but the improved reanalysis shows a far more in-
tense storm, mainly from adding new rescued pressure ob-
servations; it is a credible reconstruction of one of the most
extreme windstorms to occur over the British–Irish Isles in
the past 120 years (Hawkins et al., 2023). Figure 1 (top row)
shows the wet-bulb potential temperature at 850 hPa for one
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specific time during the storm for the different experiments.
The storm in the improved reanalysis has a hook-shaped
Shapiro–Keyser-type structure which is not present in the
original 20CRv3. As expected, the structure of the storm in
the warmer-world reanalysis is constrained to be very similar
to the improved reanalysis, except for a roughly 2.5 K off-
set. Specific humidity and surface air temperatures are also
higher (not shown).

The warmer-world reanalysis of the storm generates
stronger maximum winds (middle row) and increased rain-
fall (bottom row) compared to the improved reanalysis, sug-
gesting that the consequences of the same surface circula-
tion pattern would be more severe in a warmer world. The
reconstructed circulation has some limited flexibility to vary
given the observational coverage and uncertainties. While the
increase in wind footprint appears small over land (around
1 m s−1 in some places), it represents a significant increase
in damage (> 10 %; roughly related to the cube of the wind
speed; Klawa and Ulbrich, 2003). The total rainfall over land
during the storm increases by 26 %, i.e. around 10 % K−1

when using the temperature change at 850 hPa to normalize
the rainfall change, which is larger than might be expected
due to the Clausius–Clapeyron relationship alone. An ani-
mation of the storm is included in the Supplement.

These experiments have reconstructed an intense wind-
storm in different climates and demonstrated the potential of
using a surface-pressure-based reanalysis to develop heavily-
constrained storylines which examine the thermodynamic
and local dynamical changes in extreme weather events. A
wider range of events and experimental designs need to be
considered to examine the robustness and implications of the
findings presented, as well as to build understanding about
the types of weather events for which this approach is best
suited. Downscaling these simulations would also be possi-
ble to provide additional smaller-scale details. Although this
approach does not currently consider any large-scale dynam-
ical component to the changes, it may be of interest to poli-
cymakers as extreme historical (and modern) weather events
could be translated into warmer climates to construct exam-
ples of plausible worst-case events to aid planning. This ap-
proach also offers the opportunity to attribute changes in ob-
served weather events to human influence by translating re-
analyses of modern events into cooler worlds. The 20CRv3
reanalysis currently ends in 2015 but could be extended to
run in near real time to examine extreme events soon after
they occur.

Data availability. Data are available from https://zenodo.org/doi/
10.5281/zenodo.7838018 (Hawkins, 2023).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/esd-14-1081-2023-supplement.

Author contributions. EH: investigation, formal analysis, writ-
ing (original draft), conceptualization. GPC: conceptualization,
writing (review and editing), resources. PDS: conceptualization,
writing (review and editing).

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. Valuable discussions with Philip Brohan,
Andrew Schurer, Ted Shepherd, Laura Slivinski, and Rowan Sut-
ton are gratefully acknowledged. We thank Davide Faranda,
Joseph Barsugli, and an anonymous reviewer for their suggestions
which helped improve the paper. Support for the Twentieth Cen-
tury Reanalysis Project version 3 dataset is provided by the U.S.
Department of Energy, Office of Science Biological and Environ-
mental Research (BER), by the National Oceanic and Atmospheric
Administration Climate Program Office, and by the NOAA Phys-
ical Sciences Laboratory. This research used resources of the Na-
tional Energy Research Scientific Computing Center (NERSC), a
U.S. Department of Energy Office of Science User Facility located
at Lawrence Berkeley National Laboratory, operated under contract
no. DE-AC02-05CH11231.

Financial support. Ed Hawkins is supported by the NERC
GloSAT project (grant no. NE/S015574/1) and by the Na-
tional Centre for Atmospheric Science. Gilbert P. Compo and
Prashant D. Sardeshmukh were supported in part by the NOAA
Cooperative Agreement with CIRES, NA22OAR4320151, and by
NOAA’s Physical Sciences Laboratory.

Review statement. This paper was edited by Gabriele Messori
and reviewed by Davide Faranda and one anonymous referee.

References

Cattiaux, J., Vautard, R., Cassou, C., Yiou, P., Masson-Delmotte,
V., and Codron, F.: Winter 2010 in Europe: A cold ex-
treme in a warming climate, Geophys. Res. Lett., 37, 20704,
https://doi.org/10.1029/2010GL044613, 2010.

Compo, G. P. and Sardeshmukh, P. D.: Oceanic influences
on recent continental warming, Clim. Dynam., 32, 333–342,
https://doi.org/10.1007/s00382-008-0448-9, 2009.

Faranda, D., Bourdin, S., Ginesta, M., Krouma, M., Noyelle,
R., Pons, F., Yiou, P., and Messori, G.: A climate-change
attribution retrospective of some impactful weather extremes

https://doi.org/10.5194/esd-14-1081-2023 Earth Syst. Dynam., 14, 1081–1084, 2023

https://zenodo.org/doi/10.5281/zenodo.7838018
https://zenodo.org/doi/10.5281/zenodo.7838018
https://doi.org/10.5194/esd-14-1081-2023-supplement
https://doi.org/10.1029/2010GL044613
https://doi.org/10.1007/s00382-008-0448-9


1084 E. Hawkins et al.: Translating historical extreme weather events into a warmer world

of 2021, Weather and Climate Dynamics, 3, 1311–1340,
https://doi.org/10.5194/wcd-3-1311-2022, 2022.

Ginesta, M., Yiou, P., Messori, G., and Faranda, D.: A methodology
for attributing severe extratropical cyclones to climate change
based on reanalysis data: the case study of storm Alex 2020,
Clim. Dynam., 61, 229–253, https://doi.org/10.1007/s00382-
022-06565-x, 2023.

Hawkins, E.: Ulysses Storm Data v2.0, Zenodo [data set],
https://doi.org/10.5281/zenodo.7838018, 2023.

Hawkins, E., Brohan, P., Burgess, S. N., Burt, S., Compo, G. P.,
Gray, S. L., Haigh, I. D., Hersbach, H., Kuijjer, K., Martínez-
Alvarado, O., McColl, C., Schurer, A. P., Slivinski, L., and
Williams, J.: Rescuing historical weather observations im-
proves quantification of severe windstorm risks, Nat. Hazards
Earth Syst. Sci., 23, 1465–1482, https://doi.org/10.5194/nhess-
23-1465-2023, 2023.

Klawa, M. and Ulbrich, U.: A model for the estimation of
storm losses and the identification of severe winter storms
in Germany, Nat. Hazards Earth Syst. Sci., 3, 725–732,
https://doi.org/10.5194/nhess-3-725-2003, 2003.

Leach, N. J., Weisheimer, A., Allen, M. R., and Palmer, T.:
Forecast-based attribution of a winter heatwave within the limit
of predictability, P. Natl. Acad. Sci. USA, 118, e2112087118,
https://doi.org/10.1073/pnas.2112087118, 2021.

Meredith, E. P., Semenov, V. A., Maraun, D., Park, W., and Cher-
nokulsky, A. V.: Crucial role of Black Sea warming in ampli-
fying the 2012 Krymsk precipitation extreme, Nat. Geosci., 8,
615–619, https://doi.org/10.1038/ngeo2483, 2015.

Otto, F. E. L., Zachariah, M., Saeed, F., Siddiqi, A., Shahzad,
K., Mushtaq, H., Arulalan, T., Krishna, A. R., Chaithra, S. T.,
Barnes, C., Philip, S., Kew, S., Vautard, R., Koren, G., Pinto,
I., Wolski, P., Vahlberg, M., Singh, R., Arrighi, J., van Aalst,
M., Thalheimer, L., Raju, E., Li, S., Yang, W., Harrington, L.
J., and Clarke, B.: Climate change likely increased extreme
monsoon rainfall, flooding highly vulnerable communities in
Pakistan, https://www.worldweatherattribution.org/wp-content/
uploads/Pakistan-floods-scientific-report.pdf (last access: 30
March 2023), 2022.

Sánchez-Benítez, A., Goessling, H., Pithan, F., Semmler, T.,
and Jung, T.: The July 2019 European Heat Wave in
a Warmer Climate: Storyline Scenarios with a Coupled
Model Using Spectral Nudging, J. Climate, 35, 2373–2390,
https://doi.org/10.1175/JCLI-D-21-0573.1, 2022.

Shepherd, T. G., Boyd, E., Calel, R. A., Chapman, S. C., Des-
sai, S., Dima-West, I. M., Fowler, H. J., James, R., Maraun,
D., Martius, O., Senior, C. A., Sobel, A. H., Stainforth, D. A.,
Tett, S. F. B., Trenberth, K. E., van den Hurk, B. J. J. M.,
Watkins, N. W., Wilby, R. L., and Zenghelis, D. A.: Story-
lines: an alternative approach to representing uncertainty in phys-
ical aspects of climate change, Climatic Change, 151, 555–571,
https://doi.org/10.1007/S10584-018-2317-9, 2018.

Slivinski, L. C., Compo, G. P., Sardeshmukh, P. D., Whitaker, J.
S., McColl, C., Allan, R. J., Brohan, P., Yin, X., Smith, C. A.,
Spencer, L. J., Vose, R. S., Rohrer, M., Conroy, R. P., Schuster, D.
C., Kennedy, J. J., Ashcroft, L., Brönnimann, S., Brunet, M., Ca-
muffo, D., Cornes, R., Cram, T. A., Domínguez-Castro, F., Free-
man, J. E., Gergis, J., Hawkins, E., Jones, P. D., Kubota, H., Lee,
T. C., Lorrey, A. M., Luterbacher, J., Mock, C. J., Przybylak, R.
K., Pudmenzky, C., Slonosky, V. C., Tinz, B., Trewin, B., Wang,
X. L., Wilkinson, C., Wood, K., and Wyszynski, P.: An evaluation
of the performance of the twentieth century reanalysis version 3,
J. Climate, 34, 1417–1438, https://doi.org/10.1175/JCLI-D-20-
0505.1, 2021.

Stott, P. A. and Christidis, N.: Operational attribution of weather and
climate extremes: what next?, Environ. Res.: Climate, 2, 013001,
https://doi.org/10.1088/2752-5295/ACB078, 2023.

Stott, P. A., Stone, D. A., and Allen, M. R.: Human contribu-
tion to the European heatwave of 2003, Nature, 432, 610–614,
https://doi.org/10.1038/nature03089, 2004.

Thompson, V., Dunstone, N. J., Scaife, A. A., Smith, D. M., Slingo,
J. M., Brown, S., and Belcher, S. E.: High risk of unprece-
dented UK rainfall in the current climate, Nat. Commun., 8, 107,
https://doi.org/10.1038/s41467-017-00275-3, 2017.

Trenberth, K. E., Fasullo, J. T., and Shepherd, T. G.: Attribu-
tion of climate extreme events, Nat. Clim. Change, 5, 725–730,
https://doi.org/10.1038/nclimate2657, 2015.

van Garderen, L., Feser, F., and Shepherd, T. G.: A methodology for
attributing the role of climate change in extreme events: a global
spectrally nudged storyline, Nat. Hazards Earth Syst. Sci., 21,
171–186, https://doi.org/10.5194/nhess-21-171-2021, 2021.

van Oldenborgh, G. J., van der Wiel, K., Kew, S., Philip, S., Otto,
F., Vautard, R., King, A., Lott, F., Arrighi, J., Singh, R., and van
Aalst, M.: Pathways and pitfalls in extreme event attribution, Cli-
matic Change, 166, 1–27, https://doi.org/10.1007/S10584-021-
03071-7, 2021.

Wehner, M. F., Zarzycki, C., and Patricola, C.: Estimating the
Human Influence on Tropical Cyclone Intensity as the Cli-
mate Changes, in: Hurricane Risk, edited by: Collins, J. and
Walsh, K., Springer, 235–260, https://doi.org/10.1007/978-3-
030-02402-4_12, 2019.

Earth Syst. Dynam., 14, 1081–1084, 2023 https://doi.org/10.5194/esd-14-1081-2023

https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.1007/s00382-022-06565-x
https://doi.org/10.1007/s00382-022-06565-x
https://doi.org/10.5281/zenodo.7838018
https://doi.org/10.5194/nhess-23-1465-2023
https://doi.org/10.5194/nhess-23-1465-2023
https://doi.org/10.5194/nhess-3-725-2003
https://doi.org/10.1073/pnas.2112087118
https://doi.org/10.1038/ngeo2483
https://www.worldweatherattribution.org/wp-content/uploads/Pakistan-floods-scientific-report.pdf
https://www.worldweatherattribution.org/wp-content/uploads/Pakistan-floods-scientific-report.pdf
https://doi.org/10.1175/JCLI-D-21-0573.1
https://doi.org/10.1007/S10584-018-2317-9
https://doi.org/10.1175/JCLI-D-20-0505.1
https://doi.org/10.1175/JCLI-D-20-0505.1
https://doi.org/10.1088/2752-5295/ACB078
https://doi.org/10.1038/nature03089
https://doi.org/10.1038/s41467-017-00275-3
https://doi.org/10.1038/nclimate2657
https://doi.org/10.5194/nhess-21-171-2021
https://doi.org/10.1007/S10584-021-03071-7
https://doi.org/10.1007/S10584-021-03071-7
https://doi.org/10.1007/978-3-030-02402-4_12
https://doi.org/10.1007/978-3-030-02402-4_12

	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

