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Abstract
In March 2026, an intense and spatially extensive heatwave affected a large portion of the North
America. Here, we assess the influence of anthropogenic climate change and natural variability on
the event using the ClimaMeter analogue-based attribution protocol applied to ERA5 reanalysis.
We compare present-day circulation analogues (1988–2025) of March 2026, with analogues from a
cooler past climate (1950–1987). We find that events similar to the March 2026 heatwave are asso-
ciated with near-surface temperatures that are typically 1 ◦C to 3 ◦C warmer in the present climate
than in the past, with locally larger increases. By looking at natural variability modes, we observe
that human-driven climate change substantially amplified the thermal hazard of the event, while
natural variability had only a limited influence on the circulation pattern associated with the event.
We further integrate the meteorological attribution with an exposure analysis, combining the heat
hazard with gridded population and gross domestic product. We find that nearly 50 million peo-
ple and more than 2.5 trillion USD in economic assets were located in areas where the heat hazard
coincided with a statistically significant climate change amplification of temperature. This under-
scores the growing contribution of anthropogenic climate change to heat risk amplification across
the North America.

1. Introduction

Amplified heatwaves are among the most impact-
ful manifestations of ongoing climate change. Across
North America, observed warming has increased
both the frequency and intensity of hot extremes, and
further warming is expected to increase the occur-
rence, duration and severity of such events [1]. At
the regional scale, Central America has experienced
consistent warming trends [2], reflecting a climate
system in which rising mean temperatures system-
atically shift the distribution toward more frequent

hot extremes [1]. Previous attribution studies have
shown that greenhouse gas forcing has increased the
likelihood of heatwaves over Mexico and the United
States [3, 4]. These regions exhibit strong and con-
sistent warming signals [5], with well-documented
increases in the frequency of hot days [6] alongside
substantial changes in nighttime temperatures [7].

Recent extreme heat events in North America fur-
ther highlight this context. The 2021 North American
heatwave was an exceptional event, during which
temperatures in major western U.S. cities exceeded
climatological maxima by 10 ◦C–20 ◦C [8]. The
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event arose from the interaction between slow and
fast atmospheric circulation patterns, in combina-
tion with pre-existing soil moisture deficits [9], and
was further intensified by nonlinear land-atmosphere
feedbacks [10]. This heatwave has been extensively
investigated [11–13], with studies showing that
anthropogenic climate change significantly increased
both its likelihood and intensity [14]. Also in 2023,
the southwestern United States and northern Mexico
experienced a record-long heatwave with major soci-
etal and economic impacts, driven by a persistent
anticyclonic blocking pattern lasting over six weeks
and linked to exceptionally warm Atlantic sea surface
temperatures [15]. These results support a framework
in which warming and persistent circulation anoma-
lies act jointly, in line with evidence that changes
in recurrent weather patterns can intensify regional
extremes and amplify long-term warming trends
[16].

The societal consequences of heatwaves are also
increasing [17]. Heat-related mortality in the North
America has risen in several regions [18, 19], in
some cases outpacing traditional measures of hazard
severity [20]. Exposure is especially important where
strong thermal anomalies overlap with densely pop-
ulated or economically important areas [21, 22]. In
addition, early-season heatwaves can produce dispro-
portionate health impacts because populations are
not yet physiologically and socially acclimatized to
high temperatures [18, 23, 24]. For this reason, inte-
grating physical attribution with an exposure-based
perspective provides a more comprehensive under-
standing of how climate change amplifies not only the
hazard itself, but also its potential impacts.

In the second half March 2026, a record-breaking
heatwave affected large parts of the North America,
with temperatures far exceeding typical early-season
values across several regions. The early-season tim-
ing of this event makes it particularly noteworthy, as
anomalous heat in this period can catch populations
and ecosystems unprepared, with potentially severe
societal and economic consequences. Rapid assess-
ments, including those performed within the World
Weather Attribution framework [25], indicate that
such an event would have been extremely unlikely in
a pre-industrial climate.

Building on these initial findings, we analyse
the March 2026 United States heatwave using the
ClimaMeter analogue-based attribution framework
[26]. In particular, we focus on three key aspects:
(1) the characterization of an exceptionally early-
season extreme; (2) the application of an analogue-
based rapid attribution framework; and (3) the link-
age between the physical hazard and population and
economic exposure. We first evaluate how circula-
tion patterns analogous to the event differ between
a warmer present climate and a cooler past climate,
and how these differences translate into changes in
near-surface temperature, precipitation, and wind

speed. We then assess whether the large-scale cir-
culation associated with the event is exceptional,
both for this time of year and in the context of
the full annual variability. Finally, we combine the
meteorological attribution with gridded population
and gross domestic product (GDP) data to quantify
the extent of present-day exposure located in areas
where climate change has significantly increased the
heat hazard.

2. Data andmethods

The methodology follows the ClimaMeter analogue
based framework for rapid conditional event attribu-
tion, previously described in detail in [26]. In brief,
we identify atmospheric analogues of the March
2026 North American heatwave using European
Centre for Medium Range Weather Forecasts
Reanalysis version 5 (ERA5; [27]) 500 hPa geopo-
tential height anomalies over North America, com-
paring analogue composites between a past climate
(1950 to 1987) and a present climate (1988 to 2025).
Composite differences in temperature, precipita-
tion, and circulation fields are interpreted as the
thermodynamic contribution of anthropogenic cli-
mate change under similar dynamical conditions.
Statistical significance is assessed through a boot-
strap resampling procedure [28] applied to the ana-
logue sets, while the potential role of large scale cli-
mate variability is evaluated using indices of the El
Niño Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO), Atlantic Multidecadal Oscillation
(AMO), North Atlantic Oscillation (NAO), Arctic
Oscillation, and East Atlantic pattern (EA). This
approach is consistent with recent data driven studies
investigating the modulation of regional extremes
by large scale climate modes [29]. Full method-
ological details, preprocessing steps, analogue selec-
tion criteria, sensitivity analyses, statistical proce-
dures, and data sources, including the National
Oceanic and Atmospheric Administration Climate
Prediction Center, Extended Reconstructed Sea
Surface Temperature version 5 dataset, National
Centers for Environmental Information, and
Koninklijk Nederlands Meteorologisch Instituut
Climate Explorer [30], are provided in the supple-
mentary material.

We quantify socioeconomic exposure to tempera-
ture hazards enhanced by climate change by crossing
event-day hazard masks with spatially gridded pop-
ulation and GDP data over North America domain.
Population data are derived from the global human
settlement layer for 2025 and regridded at 0.5◦ spa-
tial resolution [31], and GDP per capita from a global
gridded dataset at the same resolution [32]. The haz-
ard is defined from detrended and deseasonalized
temperature anomalies and restricted to areas where
the ClimaMeter analysis shows a significant positive

2



Environ. Res. Lett. 21 (2026) 144006 D Faranda et al

Figure 1. figure 1: (a) Maximum 2 m air temperature (◦C) over the period 18–22 March 2026, based on ERA5 reanalysis.
(b) Corresponding percentile of the 5 d maximum temperature relative to the 1950–2025 ERA5 climatology for the same cal-
endar period.

temperature change. Three nested intensity levels
(where intensity refers to the local magnitude of the
temperature hazard relative to the grid-cell climato-
logical distribution) are defined using the 0.98, 0.99,
and 0.995 quantiles (moderate, severe, and extreme).
Specifically, the moderate class includes hazard values
between the 0.98 and 0.99 quantiles, the severe class
includes values between the 0.99 and 0.995 quan-
tiles, and the extreme class includes values above the
0.995 quantile. Exposure is computed by aggregating
population and GDP within each class under present-
day conditions (see [33] for complete explanation).

3. Event overview

The March 2026 heatwave was a record-breaking heat
wave that affected several major cities in the south-
western United States, with temperatures far above
seasonal averages [34]: (1) in Phoenix (AZ), tem-
peratures reached about 38◦C, setting a new March
record; (2) Las Vegas (NV) recorded around 34◦C,
marking its highest March temperature ever; (3) in
downtown Los Angeles (CA), temperatures climbed
to approximately 35◦C, also breaking daily records;
(4) even higher-elevation areas such as Flagstaff (AZ)
experienced unusually high temperatures, reaching
about 24◦C.

The spatial extent and persistence of the event
are further highlighted in figures 1(a) and (b), which
present the maximum temperature during the 18–
22 March 2026 period and the corresponding per-
centile relative to the 1950–2025 ERA5 climatology.
The 5 d maximum temperature field (figure 1(a))
confirms that large parts of the western and central
North America experienced sustained anomalously
high temperatures, with widespread values exceed-
ing 30 ◦C–35 ◦C. What is particularly striking, how-
ever, is the extremeness of the event in a climatolog-
ical context. As shown in figure 1(b), a vast contigu-
ous area of the United States falls within the highest

percentiles, with large regions exceeding the 99th per-
centile and extensive cores reaching the 99.5–100th
percentile range. This indicates that, when consid-
ering the full 5 d period, the event ranks among
the most extreme warm episodes on record for this
time of year. This is also highlighted by figure 2(e),
where temperature anomalies are shown. A very large
warm anomaly covers much of the western and cen-
tral United States, with a core broadly in the 10 ◦C–
15 ◦C range above climatology. Positive anomalies
extend well beyond the core into much of the central
and southern North America. The heatwave was asso-
ciated with a large-scale ridge (an extended region
of positive z500 anomaly) over western and central
North America. Figure 2(a) shows a broad positive
z500 anomaly centred over the western to central
United States, with values exceeding 200 m over the
core of the ridge and extending over a large part of the
continent. Negative anomalies are found to the north
and northeast of the ridge, as well as over the north-
eastern Pacific side of the domain. This is a canonical
configuration for widespread warm anomalies over
the United States. Observed impacts include marked
phenological anomalies across North America, with
early vegetation activity indicating biosphere involve-
ment and increased vulnerability to subsequent
frost.

4. Results

4.1. Changes in hazard intensity
The ClimaMeter diagnostics for the March 2026 heat-
wave are shown in figure 2. The past and present
analogue composites (figures 2(b) and (c)) both
reproduce a broadly similar large-scale circula-
tion structure. In both cases, the main positive
z500 centre is located over the western to central
United States. While the overall circulation pattern
remains largely unchanged between the two com-
posites, the difference between the present and past

3
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Figure 2. Z500 analogue attribution diagnostics for the March 2026 North America heatwave. Panels (a), (e) show the event
day fields for the period 18–22 March 2026: z500 anomaly, 2 m temperature anomaly. Panels (b), (f) show the corresponding
composite means for the past analogue period (1950–1987), while panels (c), (g) show the present analogue period (1988–2025).
Panels (d), (h) show the present minus past differences.

circulation fields (figure 2(d)) highlights a statisti-
cally significant negative anomaly (up to −30 m)
over the north-eastern portion of the domain.
This feature suggests a slight weakening of geopo-
tential heights in northern North America under
present-day climate conditions, whereas no substan-
tial changes are detected over the core region of the
ridge. Overall, the comparison indicates that the
dynamical configuration associated with the event
remains broadly consistent between past and present
analogues, with only limited regional differences.
Figure 2(a) shows that the z500 anomaly pattern
during the event exhibits higher positive values than
those in either analogue composite. Examining the
similarity between the event z500 anomaly map and
its analogues (supplementary figure S1(q)) reveals
that this similarity falls in the upper tail of the dis-
tribution, with respect to the self-similarity among
the analogues themselves (for a detailed discussion
of analogue quality, see [26]). This indicates that,
while the event’s circulation retains the spatial char-
acteristics of a familiar ridge pattern, its exceptional
intensity places it at the margins of what the observed
record of analogues can represent. As a result, the ana-
logue composites should not be interpreted as exact
reconstructions of the March 2026 event, but rather
as the closest available circulation-conditioned refer-
ence states within the ERA5 record. This limitation
increases uncertainty in the quantitative representa-
tion of the event magnitude, but it does not affect
the main conditional comparison between past and
present analogue sets. The key inference is therefore
that, for circulation patterns resembling the March
2026 ridge, present-day conditions are associated
with substantially warmer near-surface temperatures
than comparable past conditions.

The clearest attribution signal appears in near-
surface temperature. The past analogue composite
(figure 2(f)) already shows positive temperatures over
the same broad region, but these are much weaker,

with values generally around a few degrees above cli-
matology and a much less intense core. The present
analogue composite (figure 2(g)) remains similar
in spatial structure to panel f, but is systematically
warmer, more spatially extensive across the western
and southern areas of the domain.

This difference is made explicit in figure 2(h).
The present-minus-past 2m temperature difference is
positive over almost the entire North America region.
Themost common values appear to lie between about
1◦C and 3 ◦C, with locally higher values over parts of
the western and southern United States and not sig-
nificant differences across large parts of the Central
regions. The signal is broad and spatially coherent.
Importantly, there are almost no large-scale regions
of cooling over the continental United States. This is
the strongest evidence in figure 2 that anthropogenic
climate change amplified the thermal intensity of the
event. A comparison with the mean climatological
2 m temperature change between the present and past
periods over March–June (supplementary figure S13)
shows a broadly similar spatial pattern and magni-
tude, indicating that the analogue-basedwarming sig-
nal is consistent with the regional background ther-
modynamic warming.

We also observe upper-level winds strengthen-
ing and slight reorganization of the midlatitude jet
over North America in the recent period (supple-
mentary figure S14). Concurrently, low-level rela-
tive humidity (supplementary figure S15) exhibits a
widespread increase, particularly over the southwest-
ern United States. Vertical profiles (supplementary
figure S16) further indicate enhanced near-surface
moisture, especially in coastal regions, consistentwith
a more humid lower troposphere.

4.2. Seasonality and natural variability
The diagnostics in figure 3 provide complementary
information on the timing of analogue occurrence
and the role of large scale climate variability.
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Figure 3. Seasonality and natural variability diagnostics for the March 2026 heatwave. Panel (a) shows the monthly frequency of
analogue occurrence in the past (1950–1987) and present (1988–2025) periods. Panel (b) reports p values from a Cramér–von
Mises test comparing the distributions of major climate indices between analogue sets, with reference lines at the 0.05 and 0.10
levels.

Panel (a) shows the seasonal distribution of
analogue occurrences in the past (1950–1987) and
present (1988–2025) periods, with the analysis
restricted to the extended spring season (March–
June; the corresponding 12 month configuration is
reported in the supplementary material as a sen-
sitivity test). In the present climate, the events are
clustered mainly in March, with smaller contribu-
tions from April and May. In contrast, under the
past climate, the distribution is more evenly spread
throughout the season. The largest differences are
observed in March and June: factual analogues are
more concentrated in the early part of the season,
whereas counterfactual analogues occur more fre-
quently in the later part. Secondary contributions
from the wintermonths (December–February),more
pronounced in the past period, are visible in the
12 month configuration (supplementary figure S4)
and are consistent with the late-winter/early-spring
character of the event. Taken together, these results
indicate that the March 2026 event belongs to a late-
winter to mid-spring regime that is dynamically dis-
tinct from summer heat extremes over the region—
consistent with the absence of summer analogues in
both configurations—and that, between the past and
present periods, the analogue distribution has shifted
towards earlier calendar dates by approximately one
month. This earlier-season shift is potentially signif-
icant from an impact perspective, as societies and
ecosystems are typically less prepared for extreme
heat occurring outside the conventional warm season.

Panel (b) reports p-values from a Cramér–von
Mises test comparing the distributions of the ENSO,
NAO, PDO, AMO, EA, and Arctic oscillation indices
between the past and present analogue sets, with hori-
zontal reference lines at the 0.05 and 0.10 significance
levels. In the reference configuration, all the climate
variability indexes have p-values above 0.10.

These results should be interpreted alongside the
sensitivity analyses reported in the supplementary

materials, which assess the stability of each mode
under variations in the analogue-selection threshold
(20, 35, and 60 analogues) and in the analysis setup
(reference configuration, shorter period, smaller
search domain, and full 12 month pool). Across
these tests, the identified modes generally do not
exhibit significant differences, with the exceptions
of the NAO in the full 12 month pool experiment
and the PDO in the shorter-period sensitivity test.
These discrepancies can plausibly be explained by
the characteristics of the respective modes. Including
the full annual cycle may introduce a stronger influ-
ence of the NAO, which is most pronounced dur-
ing winter, whereas reducing the analogue search
period by approximately one decade may affect the
representation of the PDO, given its variability on
longer timescales. Taken together, these findings sug-
gest that natural variability plays only a limited role
in shaping the differences between the two periods,
which can therefore be largely attributed to anthro-
pogenic climate change. Accordingly, the large-scale,
spatially coherent warming signal in 2 m tempera-
ture observed between past and present analogues
remains robust across all sensitivity configurations
and can be interpreted as evidence of thermody-
namic amplification driven by anthropogenic climate
change.

4.3. Socioeconomic exposure to climate intensified
heat
Figure 4 shows the exposure analysis for population
and GDP. In panels (a) and (c), the gre yscale back-
ground gives the spatial distribution of population
and GDP, while the coloured overlays identify the
areas where the temperature hazard coincides with
a statistically significant positive ClimaMeter signal.
The three nested classes are shown as orange for
moderate (98th percentile), red for severe (99th per-
centile) and purple for extreme (99.5th percentile).

5
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Figure 4. Socioeconomic exposure to climate-intensified temperature hazards during the March 2026 North America heatwave.
Panels (a) and (c) show the spatial distribution of population and GDP in greyscale, respectively. In both panels, the same hazard
overlay is shown, representing three nested temperature hazard intensity classes: moderate (orange, values between the 0.98 and
0.99 quantiles), severe (red, values between the 0.99 and 0.995 quantiles), and extreme (purple, values above the 0.995 quantile).
Only areas where the heat hazard overlaps with a statistically significant positive temperature change in the ClimaMeter anal-
ysis are retained. Panels (b) and (d) show the corresponding totals of exposed population and exposed GDP. In both cases, the
extreme class dominates total exposure.

The first striking feature is the size of the extreme
hazard footprint (figure 4(a)). The area experienc-
ing extreme temperatures covers a vast region extend-
ing from the southwestern United States across the
central states and toward the western side of the
Mississippi basin. It is surprising that it is not just a
small inner core surrounded by broad lower inten-
sity rings. On the contrary, it occupies most of the
attributed hazard region. The moderate and severe
classes are visible mainly as thinner outer bands
around the extreme class region, together with a few
patches over the Southwest and Mexico. This geom-
etry already suggests that the total exposure is domi-
nated by the extreme class.

The population bar chart (figure 4(b)) shows
that of the total exposed population of 50.33 mil-
lion people, the extreme class accounts for roughly
37 million, whereas the moderate and severe classes
each contribute only around 6 million. This means
that about 74% of all exposed population lies in the
extreme class. This is an important result. It means
that the event did not simply produce a broad region
of modest climate amplified heat. Instead, most of
the exposed population was located where the heat

hazard exceeded the highest threshold considered
here.

The GDP exposure (figure 4(d)) is even more
concentrated. Among the total exposed GDP of
2728.12 billion USD, the extreme class represents
more than 2000 billion USD, while the moderate and
severe classes are each below 500 billion USD. The
economic exposure therefore has the same structure
as the population exposure, but with an even stronger
dominance of the extreme class. This indicates that
the strongest climate amplified heat overlapped not
only with populous areas, but also with highly pro-
ductive parts of the United States economy.

The exposure maps also show that the large expo-
sure totals are not due solely to the broad spatial
extent of the hazard. Although large portions of the
western United States are affected, the highest totals
arise because the heat footprint extends into cen-
tral and southern regions characterized by substan-
tial population density and economic activity. In this
sense, the March 2026 event combined three rele-
vant features: large spatial extent, a strong and statisti-
cally detectable warming signal, and substantial over-
lap with present-day socioeconomic assets.

6
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These exposure estimates should be interpreted as
indicators of spatial coincidence between hazard and
socioeconomic assets rather than as direct measures
of realized impacts. The analysis is based on static
present-day population and GDP fields aggregated
on the study grid and therefore does not account
for sub-grid urban structure, transient population
movements, differential vulnerability, infrastructure
sensitivity, adaptation capacity, or the fraction of
economic activity effectively disrupted by heat. GDP
exposure in particular should not be interpreted as
actual economic loss.

Overall, figure 4 shows that the exposure associ-
ated with this event is overwhelmingly concentrated
in the most intense class of climate amplified heat.
This strengthens the interpretation that the event rep-
resented not just a widespread warm anomaly, but a
very severe heat hazard across a large and socioeco-
nomically important part of the United States.

4.4. Discussion
The ERA5-based ClimaMeter analysis indicates that
anthropogenic climate change amplified the thermal
hazard associated with the March 2026 heatwave over
North America. The event developed in association
with a strong upper-level ridge over western and cen-
tral North America. From a dynamical perspective,
ridge-like circulation patterns of similar structure are
identified in both the past and present analogue peri-
ods; however, the z500 anomaly intensity during the
event itself exceeds that of both analogue compos-
ites making this pattern exceptional. The key dif-
ference between the two climate periods lies in the
near-surface temperatures associated with analogous
circulation states. Present-day analogues are system-
atically warmer than past analogues across the south-
western regions of North America, generally by about
1◦C - 3 ◦C and locally more.

Natural variability had a limited contribution to
the exact circulation setting of the event. The ana-
logue distributions do not differ significantly for all
the modes. These results suggest a primary role of cli-
mate change, indicating that similar large-scale circu-
lation patterns now yield substantially warmer condi-
tions than they did in the mid twentieth century.

The exposure analysis further shows that a very
large present-day population and a very large amount
of present-day economic activity were located in areas
where the heat hazard coincided with a statistically
significant warming signal. Exposure is dominated
by the extreme class, both for population and GDP.
The event therefore provides a clear example of how
anthropogenic climate change can amplify not only
thermal hazard itself, but also the amount of society
exposed to the strongest part of that hazard.

4.5. Limitations
The framework remains conditional on circulation
similarity. It does not use dedicated anthropogenic

external-forcing experiments and does not estimate
the unconditional probability of the event in a coun-
terfactual climate. Conditioning on dynamically anal-
ogous configurations removes much of the dynamical
contribution, so that the period-to-period difference
in temperature reflects predominantly the thermo-
dynamic response to a warmer background climate.
The ClimaMeter analysis should therefore not be
read as a standalone formal attribution of the March
2026 heatwave to anthropogenic forcing; it detects a
change between a cooler past climate and the present
rather than separating anthropogenic forcing from
internal variability. Taken on its own, it is one line
of evidence. It can, however, be combined with oth-
ers: the World Weather Attribution assessment [25],
which uses observations and climate-model simu-
lations to estimate changes in event likelihood and
intensity; regional trend and event studies; and the
well-established thermodynamic expectation that a
warmer atmosphere raises the temperatures associ-
ated with a given circulation pattern. Combined with
these, the present analysis contributes to a coherent
and physically consistent, albeit conditional, attribu-
tion statement. The convergence of these indepen-
dent lines of evidence is what licenses an attribution
conclusion; the conditional circulation-analogue esti-
mate presented here is complementary to, and rein-
forced by, the probabilistic assessment.

The significance assessment is pointwise and does
not explicitly correct for multiple testing across the
spatial field. The broad coherence of the positive
temperature signal supports the interpretation of the
main pattern, but isolated small-scale features should
be treated cautiously. The natural variability diag-
nostics are also indicative rather than mechanistic.
The p values in figure 3 identify modes that do not
differ between analogue sets, but they do not estab-
lish causal pathways linking those modes to event
magnitude.

The hazard intensity classification relies on
quantile-based cut-offs of the detrended and desea-
sonalized temperature anomaly distribution at the
0.98, 0.99 and 0.995 quantiles for the moderate,
severe and extreme classes. No unique physically
prescribed threshold exists, and any partition of the
upper tail involves a modelling choice. The selected
thresholds are internally consistent because their
exceedance probabilities {0.02,0.01,0.005} form a
geometric progression, their spacing is close to uni-
form on the natural tail scale τ =− log10(1− q), as
expected under Pickands–Balkema–de Haan asymp-
totic behaviour and the highest threshold retains
enough grid points for stable population- and GDP-
weighted aggregation. Alternative thresholds, includ-
ing 0.95/0.99/0.999 or return-period-based defini-
tions, would change absolute exposure values and
class shares. The qualitative ranking moderate <

severe < extreme and the main exposure hotspots
are expected to remain stable because they follow
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from the monotonic structure of the anomaly field.
A systematic sensitivity analysis to threshold choice is
left for future work.

The exposure analysis uses static present-day pop-
ulation and GDP datasets aggregated to the analysis
grid. It does not resolve sub-grid urban heterogene-
ity, temporary population movements, demographic
vulnerability, infrastructure sensitivity, behavioural
responses, or adaptation measures. Exposure should
therefore be interpreted as the spatial coincidence
between the hazard and socioeconomic assets, not
as realized human or economic impacts. GDP does
not measure economic activity disrupted by heat
and should not be interpreted as economic loss.
Future developments could include dynamic popula-
tion datasets, evolving socioeconomic exposure, vul-
nerability indicators, sector-specific economic met-
rics, infrastructure layers, and impact observations
such as excess mortality, labor productivity losses,
energy demand, or insured damages. Comparing
exposure across historical periods would also help
separate the roles of changing hazard, demographic
evolution, and socioeconomic development. The
supplementary information shows that the main
spatial patterns remain similar when neighboring
quantile thresholds are adopted or when the area,
analogue-search periods and seasonality are changed,
increasing confidence in the robustness of the
exposure estimates.

5. Conclusion

We applied the ClimaMeter analogue based attribu-
tion protocol to the March 2026 United States heat-
wave and complemented the meteorological analy-
sis with a population and GDP exposure assessment.
The event was associated with a strong ridge over
western and central North America and exception-
ally large positive near-surface temperature anoma-
lies across southern and western regions of the United
States. Comparing present day and past analogue sets
shows that similar circulation patterns now produce
substantially warmer conditions than in the cooler
past climate, with widespread positive differences in
2 m temperature of roughly 1 to 3 ◦C and locally
larger values. The results are compatible with the
World Weather Attribution framework [25], high-
lighting that such an event would have been extremely
unlikely in a pre-industrial climate.

The exposure analysis shows that this amplifica-
tion overlapped with very large present-day socioe-
conomic assets. A total of 50.33 million people and
2728.12 billion USD in GDP were located in areas
where the event coincided with a statistically signif-
icant positive temperature change signal, and most
of this exposure fell in the most extreme class.
The March 2026 heatwave therefore illustrates a
now recurrent pattern in North America: persistent

ridging remains the immediate dynamical driver of
extreme heat, but anthropogenic warming substan-
tially increases the temperatures reached under such
circulation states and thereby increases the scale of
exposure.
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