Earth Syst. Dynam., 17, 1365-1380, 2026
https://doi.org/10.5194/esd-17-1365-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Earth System
Dynamics

Everyday weather in a warmer world

Rhidian Thomas', Gilbert P. Compo??, Steve George!, Gabriele C. Hegerl*, Andrew Schurer®,
Theodore G. Shepherd’, Laura C. Slivinski’, Vikki Thompson®, and Ed Hawkins'

National Centre for Atmospheric Science, Department of Meteorology, University of Reading, Reading, UK
2Cooperative Institute for Research in Environmental Sciences,
University of Colorado at Boulder, Boulder, CO, USA
3NOAA Physical Sciences Laboratory, Boulder, CO, USA
4School of GeoSciences, University of Edinburgh, Edinburgh, UK
>Department of Meteorology, University of Reading, Reading, UK

Correspondence: Rhidian Thomas (r.h.thomas @reading.ac.uk)

Received: 3 May 2026 — Discussion started: 13 May 2026
Revised: 20 July 2026 — Accepted: 31 August 2026 — Published: 25 September 2026

Abstract. How would the weather of a year from history be experienced in a warmer world? We reconstruct the
weather of 1903 using a reanalysis system that assimilates only surface pressure observations (20CRv3) with ob-
served SSTs, and then reconstruct it again with increased SSTs and atmospheric CO; levels. By assimilating the
same pressure observations, the reanalysis experiments produce the same weather patterns, and so we translate
the weather of 1903 into a warmer context. We focus on changes in the everyday weather of four regions with
a high density of historical pressure observations, where the circulation is constrained and differences between
the experiments are due to the thermodynamic component of climate change. In these regions, nearly all days
are warmer in the warmer world experiments, but the largest increases occur on cold days (below freezing) and
hot days (above 20 °C). Daily rainfall becomes more variable, even in regions where total rainfall is reduced.
Fewer days experience light rain while more days experience heavy rain, and rainfall only increases on less than
1d in 10. This single year pair of reanalysis experiments also recovers common patterns of observed and pro-
jected long-term changes. For example, Western Mediterranean precipitation declines outside winter, but shows
a small increase in winter in the absence of storm track shifts. By anchoring our analysis in weather patterns that
have actually occurred, the reanalysis experiments point to how our day-to-day experience of the same weather

patterns may change in a warmer world, even if the weather patterns themselves do not.

1 Introduction

Climate change is affecting the frequency and intensity of
extreme weather, with implications for infrastructure adap-
tation and human health (Seneviratne et al., 2021). Over the
21st century, progress has been made in attributing the influ-
ence of climate change on individual extreme weather events
(Stott et al., 2004; Otto et al., 2012; Clarke et al., 2022). How-
ever, while much attention has focused on extreme weather,
less focus has been given to how climate change will affect
the experience of everyday, non extreme weather. Though
extreme weather is impactful, and can contribute dispropor-
tionately to the mean (Pendergrass, 2018), by definition it

represents weather on only a small number of days. Previ-
ous work has considered how climate change has and will
affect the occurrence of mild weather (van der Wiel et al.,
2017; Lin et al., 2019; Zhang et al., 2022) and the closely
related concept of “outdoor days” (Choi et al., 2024a, b), de-
fined variously as days with comfortable near-surface tem-
perature and/or clear skies and minimal precipitation. Model
projections broadly show an increase in mild conditions in
the mid-high latitudes and a decrease in the tropics (van der
Wiel et al., 2017; Choi et al., 2024b), albeit with substantial
regional variation. However, regional projections of temper-
ature and precipitation depend on uncertain future changes in
large-scale weather patterns (Shepherd, 2014).
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A different approach is to consider how the thermody-
namic aspects of climate change — those related to rising
temperature and humidity — will affect day-to-day weather,
given no change in weather patterns. Those effects represent
the most robust aspects of regional climate change. We adopt
a storyline approach (Shepherd, 2016) to explore changes in
the weather of a year from history. Hawkins et al. (2023a) re-
constructed an extreme event from 1903, Storm Ulysses, in
an atmospheric reanalysis system, and translated its impacts
into a warmer world. Using the same experiments, as well as
an additional novel reanalysis experiment described below,
we present a broader survey of changes across the 12 months
of 1903. The weather from all 12 months of 1903 is first
reconstructed using an atmospheric reanalysis system that
assimilates observations of atmospheric pressure (including
rescued pressure observations not available in the production
version of the reanalysis) and uses observed SSTs and sea
ice concentrations as lower boundary conditions (Slivinski
et al., 2019). Then, the model and data assimilation system
are completely re-run while assimilating the same pressure
observations, but altering the SST boundary conditions and
atmospheric CO; in order to translate the historical weather
into a warmer world. As the same pressure observations are
assimilated in each experiment, the experiments experience
the same weather patterns, minimising uncertainty due to
projected changes in atmospheric circulation. We then ex-
plore how the thermodynamic impacts of day-to-day weather
differ in a warmer and moister atmosphere. For example, in
the absence of circulation changes, how does a given ocean
warming affect the distribution of daily temperature? Do cold
days and hot days warm by the same amount? Does rainfall
become more or less frequent, and more or less variable from
day to day?

Our approach is similar to other storyline attribution meth-
ods, such as nudging experiments where the large-scale
winds are relaxed towards specified values (Wehrli et al.,
2020; van Garderen et al., 2021; Sanchez-Benitez et al.,
2022; Feser and Shepherd, 2025), and the pseudo global
warming (PGW) method, where the boundary conditions for
regional climate models (RCMs) are adjusted to reflect the
effects of climate change (Schir et al., 1996; Brogli et al.,
2023; Lenderink et al., 2025). These adjustments, often re-
ferred to as PGW “deltas”, are chosen such that the imposed
dynamical driving at the RCM boundaries is unchanged in
the warmer world simulation. Similarly to the reanalysis ex-
periments, there is no change in intraannual variability be-
tween the control and “counterfactual” (nudged or PGW)
simulations, which allows robust signals to be extracted from
shorter simulations than are typically required with free-
running climate models (Sato et al., 2007). The main dif-
ferences between these two methods are in how the circu-
lation is constrained: in PGW, typically the 3D dynamics are
imposed only at the edge of the RCM domain, while large-
scale nudging can be performed globally or across a smaller
regional domain in the free troposphere (Wehrli et al., 2020;
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van Garderen et al., 2021); in the reanalysis experiments, the
synoptic circulation at the surface is constrained through the
assimilation of surface pressure observations. Long historical
records of surface pressure and SST observations allow the
reanalysis approach to study periods that occurred before the
advent of widespread upper-air observations in the mid-20th
century. As in some nudged simulations, the reanalysis ex-
periments are also global, allowing multiple locations to be
studied in a single run. The reanalysis experiments in this pa-
per thus offer an additional and computationally efficient line
of evidence regarding the thermodynamic effects of warming
on regional weather and climate.

We begin by describing the reanalysis system and assim-
ilated pressure data before presenting a global overview of
changes in the warmer world experiments. The available
pressure observations from 1903 are not distributed evenly in
space, which restricts the regions we can study in detail using
this approach for this particular year. We therefore focus on
four regions with a high density of pressure observations in
1903. Our results are summarised in the final section.

2 Reanalysis experiments

We reconstruct the weather of 1903 using the NOAA-
CIRES-DOE 20th Century Reanalysis version 3 data assimi-
lation system (20CRv3, Slivinski et al., 2019). Using an En-
semble Kalman Filter, 20CRv3 assimilates observed pressure
values with a NOAA atmospheric model to provide a best
estimate of the atmospheric state at each point in time. The
atmospheric model used is the NOAA GFS v14.0.1. The at-
mospheric model is coupled to the Noah land surface model,
which incorporates a 4-layer soil model and dynamic frac-
tional snow cover (Ek et al., 2003). An 80-member ensemble
of 3-hourly atmospheric fields is produced on a 0.7° Gaus-
sian grid. SSTs and sea ice concentrations are prescribed
from observed values. The system assimilates pressure ob-
servations taken over land and ocean as well as tropical cy-
clone central pressures from best-track datasets (see Slivinski
et al., 2019, for details of the boundary conditions and pres-
sure observations).

We present results from three reanalysis experiments. The
first experiment, denoted 20CRv3T, is identical to the im-
proved reanalysis in Hawkins et al. (2023a). It consists of
a reconstruction of 1903 using the same SST and radia-
tive forcings as in the production version of 20CRv3, with
two further changes: a refinement of the data assimilation
scheme, and the inclusion of many additional rescued pres-
sure observations over Europe. These changes sharpen fea-
tures of the weather fields and improve the utility of the re-
constructions; see the appendices of Hawkins et al. (2023a)
for details. Figure 1 shows the pressure observations used in
the 20CRv3™ experiment. Some regions are much richer in
historical pressure observations than others. We expect the
atmospheric circulation to be better constrained in these re-
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20CRv3™* pressure observations (1903)

Figure 1. Available pressure observations for the 1903 reanalysis experiments. Red circles denote land stations, blue dots denote pressure
observations from ships, and orange crosses denote tropical cyclone best-track pressures. Blue boxes show well-observed regions used for
analysis in later sections. 97.1 % of all pressure observations in 1903 were successfully assimilated in the 20CRv3™ experiment. Note that
some land stations have multiple observations per day and some have fewer.

gions than in regions with fewer pressure observations, and
so we focus most of our analysis on four regions with a
high density of observations in 1903, shown by the blue
boxes in Fig. 1. These regions cover northwestern Europe
(NW_Europe), the western Mediterranean (Western_Med),
the East Coast of the US (US_East_Coast), and Southeastern
Australia (SE_Aus).

In addition to 20CRv3™T, two further experiments are per-
formed to translate the weather of 1903 into a warmer world.
The first, denoted +2 K, is as in Hawkins et al. (2023b):
a uniform 42K perturbation is added to the SSTs, with
radiative forcings kept at 1903 values. In the second, de-
noted +2 K+ CO», in addition to the 42K SST perturba-
tion, global atmospheric CO, concentration is increased to
530 ppm. Differences between the two warmer world exper-
iments therefore indicate the direct role of the CO; radia-
tive forcing. Sea ice boundary conditions are unchanged in
the warmer world experiments compared to 20CRv3™. Sen-
sitivity tests suggest that this can cause spurious signals near
the ice edge, but these effects do not extend far from the
ice edge due to the strong constraint of prescribed SSTs and
the assimilation of pressure observations (not shown). The
SST, CO,, and sea ice conditions are idealised and do not
reflect observed or projected patterns of change — they are
chosen to illustrate the role of ocean warming and atmo-
spheric composition on the weather of 1903 in a simple way.
In both experiments, the same pressure observations are as-
similated as in 20CRv3™, so that the atmospheric flow is sim-
ilarly constrained in all three experiments; we thus isolate
the thermodynamic impacts of the perturbations on the re-
constructed weather of 1903. We analyse 12 months of data
(from January to December 1903) in each experiment. Each
warmer world experiment is spun up for 6 months prior to
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January 1903 to allow the atmosphere to adjust to the per-
turbed boundary conditions. The 20CRv3™ and +2 K exper-
iments are as in Hawkins et al. (2023a) and Hawkins et al.
(2023b), while the +2 K + CO; experiment is novel.

An example of everyday weather in a well-observed re-
gion is shown in Fig. 2, which shows 3-hourly time se-
ries of 2 m-temperature and precipitation in 20CRv3™ and
the +2 K 4 CO; experiment averaged over Central England
(the boxed area in Fig. 8b—d) for January and July 1903.
The equivalent plots for the 42 K experiment are shown in
Fig. S1 in the Supplement. Temperatures in 20CRv3™ are in
good agreement with observed daily values from the Cen-
tral England Temperature series (CET) (Legg et al., 2025),
which represents observed average temperatures over a sim-
ilar region. As no temperature observations are assimilated,
this comparison provides an independent verification of the
reanalysis skill in reproducing observed weather in this re-
gion. The warmer world simulations show day-to-day fluc-
tuations in temperature and precipitation in phase with those
of 20CRv3™, which indicates that the synoptic circulation
is well constrained by the assimilated observations (the ex-
periments experience the “same” weather). Temperatures in
the warmer world experiments are consistently warmer than
in 20CRv3™, with little overlap between the 20CRv3™" and
warmer world ensemble shading, especially in January. The
grey dashed line in the top panel indicates the air frost thresh-
old (0 °C). Eight nights in the 20CRv3" ensemble-mean dip
below this threshold, while only five do in the +2 K+ CO;
experiment — a reduction of 60 % in this small sample. For
comparison, the annual number of air frost days in the UK
has declined by around a quarter since the 1980s (Kendon
et al., 2025). Precipitation peaks in the warmer world ex-
periments generally line up with those in 20CRv3™, though
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Temperature and rainfall over Central England in 1903
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Figure 2. Time series of 3-hourly 2 m-temperature (dotted line) and precipitation rate (solid line) averaged over central England (3-0° W,
51.5-54.0° N, see boxed region in Fig. 8). The 20CRv3™ experiment is in black and the +2 K 4+ CO, experiment is in red (see Fig. S1 in
the Supplement for the +2 K experiment). Lines show the ensemble-means and shading denotes the 10 %—90 % range across the ensemble.
Blue markers show daily-mean temperatures from the Central England Temperature (CET) series (Legg et al., 2025), plotted at 09:00 UTC
each day. Vertical bars on each marker indicate the CET daily maximum and minimum temperatures. The grey dashed line in the top panel

indicates the air frost threshold (0 °C).

rainfall is less well constrained by the assimilated pressure
observations than is near-surface temperature.

In addition to Central England, we also show a version
of Fig. 2 for a region over northern Patagonia with far fewer
nearby land-based pressure stations (Fig. S2, the green boxed
region in Fig. 1). Day-to-day variations in temperature and
precipitation are surprisingly similar in both experiments,
despite the much weaker observational constraint than over
Central England (Fig. 1). Although we restrict most of the
later analysis to well-observed regions, Fig. S2 suggests that
even a small number of nearby observations (from ships in
this case) can constrain the circulation relatively well in the
reanalysis system. This is particularly noteworthy given that
the markers in Fig. 1 represent observations across all of
1903; within a single assimilation window, the density of
ship-based observations will be much lower than that shown
in Fig. 1.

Focusing on the year 1903 allows us to exploit the existing
reanalysis experiments of Hawkins et al. (2023b). Globally,
1903 was a cold year: it is the 3rd coldest in the 175-year
HadCRUTS.1 dataset (Morice et al., 2021, Fig. S3a), and it
is in at least the coldest third of years in each of the four well-
observed regions we analyse in later sections (the lowest rank
is 57th/175 in NW_Europe, i.e. 32nd percentile; Fig. S3b—e).
The eruption of the Santa Maria volcano in October 1902 —
one of the largest tropical volcanic eruptions of the century
(Robock, 2000) — presumably contributed to the generally
cool conditions (Self et al., 1981). Note that the volcanic
aerosol forcing is identical in all of our experiments. The
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cold baseline conditions in 1903 mean that the perturbed cli-
mates in the warmer world experiments are not much warmer
than some of the later years in the original 20CRv3 dataset,
for which the system’s performance has been validated. This
builds confidence in the ability of the reanalysis system to
plausibly represent the warmer world climates in our experi-
ments.

3 Overview of global changes

Before focusing on regional aspects, we first present a global
overview of changes in the warmer world experiments. Fig-
ure 3 shows globally and annually averaged 2 m-temperature,
precipitable water (PWAT) and precipitation rate in each
experiment. The distributions show the spread of values
across the 80 ensemble members. The spatial patterns of the
ensemble-mean temperature and precipitation changes are
shown in Fig. 4. As seen in Fig. 3a, globally, the +2 K ex-
periments are 2.1 K warmer than 20CRv3™ in the ensemble-
mean, with the additional 0.1 K of warming arising due to
enhanced warming over land (Fig. 4a). This highlights the
prominent role of oceanic warming in driving continental
temperatures, even in the absence of changes in CO; forcing,
such as through the moistening of continental air and hence
enhanced downwelling longwave (LW) radiation over land
(Compo and Sardeshmukh, 2009). Interestingly, however, we
also find an important role for direct CO,-induced warming,
with a further 0.2 K of global warming in the +2 K+ CO»
experiment due to additional enhanced warming over extra-
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Global, annual mean climate statistics in 1903
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Figure 3. Globally and annually averaged 2 m-temperature (a),
total-column precipitable water (PWAT) (b), and precipitation
rate (c) in the reanalysis experiments. Curves show the density of
values across the 80 ensemble members in each experiment.

tropical land (Fig. 4b). This corresponds to a larger global
land/ocean warming ratio (1.35 in +2 K+ CO, compared
to 1.21 in +2K). Both warming ratio values are notably
smaller in the warmer world experiments than in climate
models and observations (e.g. Sutton et al., 2007; Compo
and Sardeshmukh, 2009; Byrne and O’Gorman, 2018); the
warmer world experiments are idealised and differ from ob-
served climate change in several ways, including the uniform
SST increase and the lack of changes in other forcing agents
such as tropospheric aerosols (which are constant at mod-
ern day levels in 20CRv3), so we would not expect the ra-
tios to match the real world values precisely. Another ide-
alised design choice is the unchanged sea ice fields in the
warmer world experiments, which is likely the reason for the
weak Arctic warming in Fig. 4a. Keeping sea ice fixed in the
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warmer world experiments will result in a smaller increase
in global-mean temperatures than if more plausible reduc-
tions in sea ice concentration had been specified (Fig. 3a).
Enhanced warming also occurs over regions of high eleva-
tion including the Andes and Himalayas (Fig. 4a-b), con-
sistent with thermodynamic mechanisms such as a reduction
in snow albedo and Planck feedbacks (Pepin et al., 2015).
The direct CO»-induced warming is small over tropical land
(Fig. 4b—c), likely due to masking of its radiative forcing
by high clouds and upper-tropospheric water vapour (Merlis,
2015). It has a larger warming effect in the extratropics, par-
ticularly over arid regions such as the Sahara and the Western
US. In the latter region, additional warming of 0.6 K or more
is seen due to the higher CO; levels, which is around a fifth
of the total warming in the 42 K 4 CO» runs. This is likely to
be a purely radiative consequence of the CO» forcing, as the
high density of pressure observations in the Western US will
strongly constrain the circulation in each experiment (Fig. 1).
Thus, even in the absence of circulation changes, the direct
warming effect of atmospheric CO» varies regionally and can
be large in the extratropics.

Higher surface temperatures are associated with increased
atmospheric moisture content in the warmer world exper-
iments, as seen in globally averaged precipitable water
(PWAT, Fig. 3b). The PWAT increases follow the same order-
ing as the temperature distributions. Accounting for the addi-
tional warming in the 42 K 4+ CO; runs, the relative increase
in PWAT is similar in both experiments and is broadly in line
with Clausius-Clapeyron scaling at 8.5 % K—! and 8.2 % K~!
respectively (Trenberth et al., 2005; O’Gorman and Muller,
2010; Wan et al., 2024).

Global precipitation also increases in the warmer world
simulations (Fig. 3c), but more slowly than atmospheric
moisture. Latent heating from precipitation is balanced glob-
ally by LW cooling of the atmosphere, which increases as the
surface and atmosphere warm. This explains why a smaller
precipitation increase is seen in the +2 K 4+ CO; experiment
than in +2 K, despite a larger increase in atmospheric mois-
ture: additional CO; reduces LW emission to space and thus
a smaller increase in precipitation is required to balance it.
Hence, in isolation, the higher CO, concentration acts to
blunt the precipitation increase that arises due to surface
warming (Allen and Ingram, 2002; Pendergrass and Hart-
mann, 2014a). The increase of 2.4 % K~ !in the +2 K+ CO,
experiment is notably similar to values seen in climate model
experiments (Allen and Ingram, 2002), despite the lack of
strict energy conservation in the reanalysis system due to the
inclusion of analysis increments.

The spatial pattern of precipitation change is shown in
Fig. 4d—e. In many respects, the pattern of change in the
warmer world simulations resembles the canonical projected
response to greenhouse warming in comprehensive climate
models (Semenov and Bengtsson, 2002; Lee et al., 2021), de-
spite the specificity of the 1903 SST boundary conditions and
atmospheric circulation. Precipitation increases over much of
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Annual mean 2m-temperature changes
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Figure 4. Annual-mean changes in 2 m-temperature (a—c) and precipitation (d—f) between the reanalysis experiments. Changes are shown
as differences between experiments for temperature, and as percentage changes between experiments for precipitation. The value at the top
right of each plot is the global (area-weighted) average of the changes at each gridpoint (note that this is different to the changes in the
global-mean shown in Fig. 3). Hatching obscures non-significant changes at the 5 % level using a two-tailed Student’s ¢ test. The colour bar
in panels (a)—(b) is centred on a change of +2 K as this is the perturbation applied to the SSTs.

the extratropics, while drying is seen over the Mediterranean
and subtropical ocean basins. Precipitation intensity over
land increases everywhere, but land areas including Africa,
the western US, and Mediterranean experience fewer wet
days (Fig. S4). Much of the drying over subtropical oceans
is due to the inclusion of CO, (Fig. 4f), which may reflect
a shift of convection from ocean to land in association with
the enhanced land warming driven by increased CO; (He and
Soden, 2017). The sparse observations over much of the trop-
ics mean that the atmospheric circulation is less constrained
in these regions; in the following sections, we therefore fo-
cus on changes in the four well-observed regions identified
in Fig. 1.

4 Regional changes in everyday weather

4.1 Temperature changes

Annual-mean temperatures in the warmer world experiments
are consistently higher than in 20CRv3". But do cool and
warm days change by the same amount? Figure 5 shows the
pairwise change in near-surface temperature in the warmer
world experiments compared to 20CRv3™, as a function of
the 20CRv3* daily-mean temperature, for the four well-
observed regions indicated in Fig. 1.

Fewer than 1 % of points in each bin become cooler in the
+2K or +2K+ CO; experiments compared to 20CRv3™
(not shown). In the +2 K experiment, temperatures increase

Earth Syst. Dynam., 17, 1365-1380, 2026

by 2-2.5 °C on what could be considered typical days in each
region (between the 20th and 80th percentiles of daily tem-
perature in 20CRv3™). Higher CO; in the +2K + CO, ex-
periment leads to a roughly constant additional warming of
0.2-0.4 °C on these days. However, three of the four regions
show much larger temperature increases on cold days (partic-
ularly days below freezing; Fig. 5a—c) in both the 42 K and
+2 K+ CO; experiments. Analysis of the surface heat bud-
get reveals a reduction in the fraction of solar radiation that
is reflected by the land surface on days below 5 °C in these
regions (Fig. S5), likely due to reduced snow cover. Thus, in
the warmer world simulations, proportionally less sunlight is
reflected by snow and more is absorbed by the darker land
surface, leading to amplified warming of cold days. The lack
of cold-day amplification in SE_Aus (Fig. 5d) is consistent
with the low occurrence of freezing temperatures.

Amplified warming is also seen for the hottest days in the
Western_Med, US_East_Coast, and SE_Aus regions, with
increases of 3°C or more on days above 30°C (Fig. 5b—
d). In all regions, an increase in evaporative cooling is seen
in the +2 K experiment for days below the 70th percentile
(Fig. S5); however, for the hottest days, the evaporative cool-
ing increase is smaller. In the US East Coast region, the sign
reverses, with a sharp reduction in evaporative cooling seen
in the 42 K experiment for days above the 97th percentile
of temperature (Fig. S5¢). Negative soil moisture anomalies
can amplify heat waves, as the land surface is less able to
lose heat through evaporation (Seneviratne et al., 2006; Fis-
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Figure 5. Change in ensemble-mean, daily-mean 2 m-temperature in the warmer world experiments versus 20CRv3 ¥, as a function of
temperature percentile in 20CRv3 1. The pairwise difference between experiments is calculated for every (lat, lon, day) pair and is then
binned according to the temperature value of that (lat, lon, day) in 20CRv3*. Solid lines show the mean difference in each bin. The blue
dotted line shows the pairwise difference between the +2 K 4+ CO, and +2 K experiments (again binned according to 20CRv3™ temperature).
Only land gridcells are used. The horizontal dashed line indicates a change of +2 °C and the vertical dotted lines show absolute temperatures

in 20CRv3™.

cher et al., 2007). This suggests that the hottest days in the
US_East_Coast region are days with low soil moisture and
thus reduced ability for the land surface to cool evaporatively,
leading to larger increases in near-surface air temperature.
In the Western_Med, evaporative cooling is also reduced on
days above approximately the 70th percentile of temperature,
but not on the very hottest days (matching the weaker ampli-
fication of warming in the 42 K experiment on these days).
Changes in latent heat flux contribute less to amplified warm-
ing of hot extremes in NW_Europe — perhaps indicating that
the hottest days are less limited by soil moisture — and in
SE_Aus, where the amplification of hot extremes appears re-
lated to reduced cloud cover and increased warming from
incident solar radiation (Compo and Sardeshmukh, 2009).
Heat waves and cold spells as experienced in nature of-
ten coincide with particular atmospheric circulation patterns,
such as the well-known relationship between cold air out-
breaks over Northern Europe and the negative phase of the
North Atlantic Oscillation (Sui et al., 2020). Long-lived anti-
cyclones in the summer months can similarly lead to heat
waves in the extratropics (Pfahl and Wernli, 2012; Wehrli
et al., 2019). Feedbacks between the atmospheric circula-
tion and land surface can also precondition the land surface
in ways that amplify hot extremes, such as by reducing soil
moisture in the months prior to a heatwave (Fischer et al.,
2007). Changes in the number of hot and cold days can, in
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general, be due to changes in the occurrence of such per-
sistent weather patterns, in addition to the direct thermody-
namic effects of increased radiative forcing. The reanalysis
experiments suggest that, even if large-scale weather patterns
remain unchanged, daily cold and hot extremes will experi-
ence amplified warming in a warmer world. This highlights
the role of land surface feedbacks in addition to the atmo-
spheric circulation in amplifying extreme heat events (Wehrli
et al., 2019).

4.2 Precipitation changes

Next we analyse how the global precipitation changes in
Figs. 3 and 4 compare to changes in the well-observed re-
gions. Additionally, are changes in mean precipitation ac-
companied by changes in variability? Figure 6a—d show the
change in mean precipitation and daily precipitation variabil-
ity in +2 K+ CO; compared to 20CRv3™ for our selected
regions. The global increase in annual-mean precipitation is
also seen in the NW_Europe, US_East_Coast, and SE_Aus
regions. The distribution spread is notably wider in SE_Aus
than in the other regions, which may reflect the lower obser-
vation density (Fig. 1) and hence more weakly constrained
circulation.

In contrast to the other regions, mean precipitation de-
clines in Western_Med. This is consistent with climate model
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Figure 6. (a—d) percentage changes in mean and variability of daily
precipitation in the 4+2 K 4+ CO, experiment compared to 20CRv3+
across the whole year. Variability is calculated as the standard de-
viation of daily precipitation. The dashed grey lines indicate the lo-
cal Clausius-Clapeyron scaling at 7 % KL (e-h) Changes in mean
Western_Med precipitation in each season compared to 20CRv3+.
Each quantity is calculated at each grid cell before being averaged
over the region, using all 12 months in each experiment. Only land
grid cells are used. The violin bodies show the range of changes
possible by resampling the 80 ensemble members in each experi-
ment, and the horizontal violin bars indicate the median, 5th and
95th percentiles.

experiments which show a reduction in Mediterranean pre-
cipitation in response to anthropogenic forcing. Observations
also show a decline in Mediterranean precipitation, although
at present the forced signal may be difficult to distinguish
from multidecadal variability (Vicente-Serrano et al., 2025).
In models, precipitation reduction is often associated with
poleward expansion of the subtropical dry zones leading to
fewer Mediterranean cyclones (Zappa et al., 2015b, a), which
is not represented in our experiments. Changes in large-scale
circulation are more important in winter (Brogli et al., 2019),
whereas the summer precipitation response is due mainly to
thermodynamic factors such as changes in humidity and the
land/sea warming contrast (Brogli et al., 2019; Barcikowska
et al., 2020). We find that the annual-mean change in Fig. 6b
is due to reduced rainfall outside winter (Fig. 6f—h), with
little change in DJF (Fig. 6e). The reanalysis experiments
therefore suggest that local thermodynamic factors can drive
a reduction in annual-mean precipitation over the Western
Mediterranean, even in the absence of large-scale circulation
changes. Figure 6e-h also show that, while the SST warming
causes a small increase in winter rainfall but a decrease in the
other seasons, the additional CO; in the +2 K 4 CO; exper-
iments always reduces rainfall in our experiments regardless
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of season. As the SSTs are the same in both warmer world
experiments, the main effect of the CO, is to enhance land
warming at the expense of the ocean, potentially leading to
reduced relative humidity over land and reduced precipita-
tion.

Despite a decline in total precipitation, daily precipita-
tion variability increases in Western_Med as well as in all
other regions, meaning the warmer world experiences larger
swings in rainfall from day to day (Fig. 6a—d). An increase
in precipitation variability is consistent with modelling and
theory (Pendergrass et al., 2017; Zhang et al., 2021) and with
trends emerging in observations (Zhang et al., 2024). Vari-
ability increases more than the mean in each region, but by
less than the availability of moisture as defined by the local
Clausius-Clapeyron scaling (grey dashed lines in Fig. 6a—d).
Precipitation is proportional to the product of moisture and
vertical motion (Sardeshmukh et al., 2015) and so, for fixed
vertical motion, precipitation variability scales with moisture
availability (Pendergrass et al., 2017). Thus, the lower rate of
increase in the warmer world experiment indicates a change
in the distribution of vertical motion (Pendergrass and Ger-
ber, 2016). This suggests that, although the synoptic circula-
tion in the reanalysis experiments is constrained by the pres-
sure assimilation, there is some flexibility for the statistics
of vertical velocity to change, which may explain why the
precipitation amplification in Fig. 2 is less robust than the
temperature response.

Daily precipitation densities in the 20CRv3™ and
42K+ CO;, experiments are shown by the grey and red
points, respectively, in Fig. 7b and e. The curves follow a
similar shape in both NW_Europe and Western_Med (the
other regions are shown in Fig. S6), which approximately fol-
low a gamma distribution (Martinez-Villalobos and Neelin,
2018):

ps(s) s Texp[s/sL] (1)

where s is daily precipitation size, t is a power law expo-
nent, and st is a cutoff scale beyond which occurrence falls
exponentially. Warming leads to an increase in s, and there-
fore larger relative increases in the occurrence of heavier
precipitation (Neelin et al., 2017; Martinez-Villalobos and
Neelin, 2018). We find s1. increases approximately in line
with Clausius-Clapeyron scaling in our regions (Figs. 7c and
f, and S3c and f). However, this does not mean that the
number of days with heavy precipitation also increases by
7% K~ instead, the increase is exponential with precipita-
tion rate, as can be seen from the blue curves in Fig. 7b and e
which show the percentage change for each precipitation bin.
The number of days with moderate to heavy rainfall — above
the 90-95th percentile of all days in 20CRv3™ — increases
exponentially with precipitation rate in the warmer world.
On the other hand, the number of days with light to mod-
erate rainfall (below the 90-95th percentile in 20CRv3™) de-
creases slightly in the +2 K 4 CO; experiment. The magni-
tude of these changes is smaller than at heavy rain rates and
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Figure 7. Precipitation characteristics of the NW_Europe (a—c) and Western_Med (d—f) regions. (a, d) Number of dry days, defined as
days experiencing less than 1 mm of rain (here 1.04 mm due to numerical rounding). The median is shown by the horizontal line and the
violin shows the distribution of ensemble members. (b, €) Daily precipitation occurrence in 20CRv3 % and +2 K 4 CO,. The blue line shows
the percentage change in each bin in 42 K 4 CO;. Error bars show the 10 %—90 % range through sampling all combinations of ensemble
members, and vertical dashed lines show percentiles of the precipitation distribution in 20CRv37T. (¢, f) Ratio of large event cutoff si, in
+2K+CO; vs 20CRv3T (see text). Only land gridcells are used for all calculations. Bins in (b) and (e) are logarithmically distributed with
the smallest nonzero bin centred at 1.11 mmd—! and successive bin widths increasing by 14.7 %.

the sign of change is more uncertain, however the ensemble-
mean values show similar characteristics in all four regions
(see also Fig. S6b and e). This highlights the counterintu-
itive point, made previously by Allen and Ingram (2002),
that the time-mean precipitation increases seen in previous
figures (Figs. 3, 4, 6) occur only on less than 1d in 10, with
most wet days actually becoming drier in the warmer world
experiments.

The number of dry days in each experiment is shown in
Figs. 7a, d, S4a and d, defined as days experiencing less than
1 mm of rain as in previous studies (here 1.04 mm due to nu-
merical rounding; Polade et al., 2014; Douville et al., 2023).
The number of dry days also increases in three of the four re-
gions in +2 K+ CO,, with the exception of SE_Australia.
The additional CO, appears to be an important factor for
dry days over NW_Europe and Western_Med, but not over
US_East_Coast and SE_Australia. Previous studies have also
found an increase in the number of dry days in warmer world
experiments (Polade et al., 2014), as is also seen on the global
scale in the reanalysis experiments (Fig. S4a—c). One possi-
ble mechanism for this is a reduction in relative humidity
over land leading to increased convective inhibition (CIN)
and hence longer intervals between convective events (Dai
et al., 2020; Chadwick et al., 2022), although convective pre-
cipitation is likely to be less well constrained by the assimi-
lated pressure observations than rain associated with frontal
systems.
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5 October 1903: an extreme month

An advantage of the counterfactual reanalysis experiments is
the ability to look at changes in climate impacts over a vari-
ety of timescales, as the assimilation process means weather
patterns in the warmer world counterfactuals remain close to
the original (factual) reanalysis. While short, intense weather
events can lead to acute damages, extreme months or sea-
sons, or even sequences of seasons, can also be significant
for sectors such as agriculture (Noone et al., 2025). Here we
present an example of an event falling between the annual
timescales discussed in previous sections and the synoptic
timescales that are typically the subject of storyline attribu-
tion studies.

October 1903 is the wettest recorded calendar month for
the UK (220.0 mm, in a series back to 1836; Hollis et al.,
2019) and in the longer England and Wales Precipitation
series (218.1 mm, in a series back to 1766 (Alexander and
Jones, 2000)). Figure 8a shows the October 1903 rainfall to-
tal in a gridded observational product that interpolates be-
tween in-situ measurements (Hollis et al., 2019). Large parts
of Wales, Southwest England, and western Scotland recorded
rainfall totals exceeding 200 mm. These regions also receive
the most rain in 20CRv3™ (Fig. 8b), though the magnitude is
smaller in the reanalysis than in the observations. We would
not expect perfect quantitative agreement with the observa-
tions as the reanalysis grid is too coarse to fully resolve
the orography in these regions; similar underestimates are
seen over western regions of Great Britain in the case of
Storm Ulysses earlier in 1903 (Hawkins et al., 2023a). Out-
put from the reanalysis could be downscaled using regional

Earth Syst. Dynam., 17, 1365-1380, 2026




1374

R. Thomas et al.: Everyday weather in a warmer world

October 1903 precipitation
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Figure 8. October rainfall in (a) observations (HadUKGrid at 60km resolution (Hollis et al., 2019)) and (b—d) the reanalysis experiments.
The value in the top right of panel (b) is the average rainfall over the UK and Ireland in 20CRv3 ™. The corresponding increase compared to
20CRv3T is shown in the top right of panels (c) and (d). Panel (e) shows daily rainfall over Central England (the red boxed region, also used
in Fig. 2; using reanalysis data from 09:00-09:00 UTC to match the observational definition). Shading shows the 10 %-90 % range across
the ensemble and grey dashed lines indicate all-year daily rainfall percentiles in 20CRv3™T for 1903. Note that the boxes used to define the
Central England region differ by a small amount in the observations compared to the reanalyses due to differences in the grids used (cf. the

boxes in panels a and b).

atmospheric models to better represent rainfall over moun-
tainous regions if desired. Historical daily gridded rainfall
observations are rarer outside the UK, so we also validate
20CRv3™ rainfall against station observations from each of
the well-observed regions in the Supplement (see Sect. S2 in
the Supplement).

Over flatter terrain, the reanalysis is in better agreement
with the observations, such as over a less mountainous region
in Central England (Fig. 8e). As no rainfall data is assimi-
lated, this represents an additional independent verification
of the reanalysis. Daily rainfall is shown in Fig. 8e for com-
parison with the observations, but the higher frequency rain-
fall data in the reanalysis reveals several intense, sub-daily
rainfall events during October that are obscured in the daily-
mean (e.g. the 3 h-rain rate centred at 6 October, 15:00 UTC
is 44mmd~"! in 20CRv3, Fig. S10).

Both warmer world experiments see increased rainfall
over the UK and Ireland (Fig. 8c and d). The increase of
17 % in the 42K experiment is equivalent to 8.8 % per K
of local warming, while the increase of 12 % in 42 K 4+ CO,
is somewhat smaller (equivalent to 6.0 % K~!). These values
are substantially larger than the increase in annual-mean pre-
cipitation of 3.0 % K~! over the larger NW_Europe region
in the 42K+ CO;, experiment (not shown). The increase
in October rainfall over the UK and Ireland is closer to, or
even above, the Clausius-Clapeyron scaling seen in extreme
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daily rainfall events (Fig. 7c). This likely reflects the unusu-
ally high occurrence of heavy rainfall events in this month,
with 5 distinct events above the all-year 95th percentile of
daily precipitation in 20CRv3™ (Fig. 8e). Rainfall totals in
extreme months or seasons may therefore scale much more
rapidly with warming than the annual-mean.

On sub-daily time scales, the largest changes in October
rainfall occur on wet days, whereas rain rates on drier days
are comparable in both experiments (Fig. S10). This sup-
ports the finding in the previous section that substantial in-
creases in time-mean rainfall can result from increased rain-
fall in a small number of heavy events. Notably, the warmer
world rainfall rate at 6 October, 15:00 UTC is 58 mmd~!,
an increase of 31 % over the value in 20CRv3™ or around
15% K~ — much greater than Clausius-Clapeyron scaling,
as has previously been found for sub-daily rainfall extremes
(Lenderink and van Meijgaard, 2008; Guerreiro et al., 2018).

6 Discussion and conclusions

How would the everyday weather of a year from history be
experienced in a warmer world? The reanalysis experiments
in this paper share the same weather patterns, but by perturb-
ing the SSTs and atmospheric CO; we can explore how the
weather of 1903 would be experienced in a warmer world by
residents of four well-observed regions (the boxed regions in
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Fig. 1). We focus on changes in two key meteorological vari-
ables which affect day-to-day perception of the weather: tem-
perature and rainfall. Residents of these regions would expe-
rience warmer near-surface temperatures nearly every day,
with 99 % of days becoming warmer than in the 20CRv3™
reconstruction of 1903. On a typical day, land areas would be
warmer by around 2-2.5 °C for a 2 K ocean surface warming.
However, increases of 2.5-3 °C are seen on hot days (temper-
atures around 20 °C or above), and larger increases of 45 °C
on days below freezing. The cold day response appears to be
due to enhanced absorption of solar radiation by the land sur-
face due to a reduction in snow cover; the warmer world ver-
sion of 1903 would also be one with substantially less snow
and ice. Mechanisms for the hot day response are mixed: in
the US_East_Coast region it is linked to reduced evaporative
cooling on the hottest days, while changes in cloud cover ap-
pear to be more important in the SE_Aus region.

The everyday experience of rainfall would also be differ-
ent in the warmer world. Even without substantial changes in
large-scale weather patterns, annual rainfall would increase
in NW_Europe and SE_Australia, decrease in Western_Med,
and show little change in US_East_Coast — but in each re-
gion, daily rainfall would become more variable, meaning
larger rainfall swings from day to day, with implications for
infrastructure and adaptation. Even in regions where the to-
tal annual rainfall increases, the increase would occur on
roughly 1d in every 10 (that is, on days above the 90th
percentile of rainfall). Instead, there would be fewer drizzly
days, and in three of the four regions an overall reduction
in the number of rainy days when the additional CO is in-
cluded. Conversely, the number of days in the heavier rainfall
bins grows exponentially with increasing rain rate.

We find that the October 1903 rainfall total over the UK
and Ireland, already the wettest month on record in England
and Wales, would be 12 %—17 % higher in a +2 K warmer
world. The reanalysis experiments presented here are ide-
alised experiments rather than best estimates of the current
climate, however they can give an indication of how much
more rain the weather conditions of October 1903 might
produce today. If we assume that global temperatures have
warmed by 1.5 °C since 1903 (as compared to 2.3 °C in the
42K 4 CO; experiment, Fig. 3a) then we estimate that the
weather conditions of October 1903 would produce an ex-
treme UK average rainfall of around 240 mm in the current
climate. The next wettest observed month is December 2015
at 216.3 mm (Hollis et al., 2019). Future planned work using
patterned SST perturbations and consistent CO, concentra-
tions will provide better estimates of how the impacts of his-
torical extreme weather events would be different in the cur-
rent climate. We will also perform additional experiments to
translate events into a warmer future climate to inform adap-
tation planning.

We also find evidence of a direct CO; effect on everyday
weather. Higher atmospheric CO, leads to enhanced warm-
ing of extratropical land than from SST warming alone, con-
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tributing 19 % of the total warming over the Western US in
the +2 K+ CO; experiment. Higher CO; levels act to sup-
press global precipitation and reduce the number of rainy
days over NW_Europe, Western_Med, and US_East_Coast.

Our approach shares some of the limitations of other sto-
ryline attribution methods. The method in this paper makes
two implicit assumptions: (1) that the weather patterns that
occurred in 1903 could in principle occur in a world that
is 2K warmer; and (2) that assimilating the 1903 pressure
observations with the 20CRv3 system does not lead to in-
consistencies when the system’s boundary conditions (SST,
sea ice, and CO; levels) are perturbed. We can gain insight
into both by comparing the reanalysis assimilation statistics
from the 20CRv3" and +2 K+ CO, experiments. We find
that the innovation (i.e. observed value minus first guess) and
localisation length scales do not change substantially in the
+2 K+ CO; experiment (Figs. S11a—d and S12a-b). How-
ever, the assimilation system does reject more pressure obser-
vations in +2 K + CO; than in 20CRv3™" (Figs. S11le—f and
S12c). The relative increase is largest in NW_Europe, the re-
gion with proportionally the fewest rejections in 20CRv3,
and smallest in SE_Aus. An increase in the number of re-
jected observations may indicate that the model’s response
to the warming causes some inconsistencies with the pressure
observations, particularly where the density of observations
is high and hence the observational constraint is strongest, as
in NW_Europe. Note that tropical cyclone central pressures
are assimilated without opportunity for rejection in both ex-
periments.

However, the increased number of rejected observations
does not in itself mean that the simulated weather events are
necessarily implausible in a warmer world, even if they be-
come slightly less compatible with the model’s own forced
circulation response. The atmospheric circulation response to
warming is both uncertain theoretically and variable among
climate models (Shepherd, 2014), which suggests caution re-
garding how much weight we assign to the dynamical re-
sponse in 20CRv3. Even if the particular weather patterns
of 1903 were to become less likely in a warmer world, it
is difficult to argue that they would be impossible a priori,
notwithstanding certain features of the 1903 climate (e.g. the
eruption of the Santa Maria volcano in 1902, Fig. S3).

If changes in the atmospheric circulation do occur in fu-
ture, they could lead to much larger changes in extreme tem-
perature and precipitation, for example if persistent weather
patterns were to occur more frequently (Petoukhov et al.,
2013; Mann et al., 2017). The reanalysis experiments can
thus be considered a strongly conditioned form of attribu-
tion, as we consider only the effects of warming that are not
related to changes in the large-scale circulation (Thompson
et al., 2026). This also means that feedbacks from the warm-
ing onto the large-scale circulation are neglected. For exam-
ple, some studies have suggested that in heat waves arising
due to a persistent atmospheric block, soil moisture anoma-
lies can, in certain circumstances, feed back onto the atmo-

Earth Syst. Dynam., 17, 1365-1380, 2026




1376

spheric circulation pattern itself (Fischer et al., 2007; Merri-
field et al., 2019). Temperature increases on the hottest days
may thus be higher than estimated in Fig. 5 if the circulation
were allowed to respond. On the other hand, assimilating ob-
served surface pressure does not constrain the atmospheric
circulation entirely at all time and length scales — for exam-
ple, the super-CC scaling of short-duration rainfall extremes
in October 1903 (Fig. S10) indicate that sub-daily updraft
velocities can show large changes, even in well-observed re-
gions. Changes in vertical motion will also affect cloud be-
haviour, and may contribute to the cloud-mediated amplifi-
cation of hot days in the SE_Aus region (Fig. S5d). Future
work will compare where and how strongly the circulation
is constrained in the reanalysis experiments versus other es-
tablished methods such as spectral nudging (Feser and Shep-
herd, 2025).

In reality, the dynamics and thermodynamics of the sys-
tem cannot be cleanly separated, but in studies like ours it al-
lows us to focus our investigation on processes that we think
are better represented by the current generation of climate
models (thermodynamic effects) than others (such as persis-
tent weather regimes). This can offer insight into the robust
physical processes behind regional climate signals. For ex-
ample, Mediterranean precipitation declines in spring, sum-
mer, and autumn in the warmer world experiments, but in-
creases in winter, presumably due to local changes in atmo-
spheric stability and humidity. We also find that, in the ab-
sence of shifts in the Mediterranean storm track, seasonal-
ity in the Mediterranean precipitation response is driven en-
tirely by SST warming, as the direct effect of increased atmo-
spheric CO; is to reduce Mediterranean rainfall regardless of
season. Other Mediterranean climates are also projected to
dry, with atmospheric circulation contributing to the recent
Chilean “megadrought” (Garreaud et al., 2017, 2020). Forth-
coming experiments will consider the modern period where
there are more pressure observations over Chile and other
Mediterranean-like climates outside Europe.

This study has presented an exploration of a single year’s
weather. Our conclusions are restricted to regions with a high
density of historical pressure observations, and some may be
sensitive to the reanalysis system used — for example, there
are longstanding problems in the simulation of light rainfall
in numerical models (Chen et al., 2021), which limits con-
fidence in the reduction of light rainfall and overall rainfall
occurrence seen in the warmer world experiments. However,
it is notable that even in a single year, the reanalysis exper-
iments support changes in rainfall characteristics that have
been seen in multiple generations of coupled models (Hen-
nessy et al., 1997; Lau et al., 2013; Pendergrass and Hart-
mann, 2014b).

Data availability. Ensemble-means and ensemble-
standard deviations for 2m-temperature and precipitation
rate are available for each of the three experiments at
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https://doi.org/10.5281/zenodo.19949356 (Thomas, 2026).
The repository also includes the pressure observation text files used
to generate Fig. 1. Individual ensemble members can be provided
upon request.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/esd-17-1365-2026-supplement.
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