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Abstract Climate change is increasing the frequency of extreme heat events, including outside of the
expected heat season. Unusually early or late extremes can create outsized impacts as individuals may be less
acclimated to intense heat or unprepared to employ cooling strategies. Here we characterize the global
seasonality of extreme dry and humid heat and quantify how seasonality is changing over time. We define local
baseline heat seasons as the 3 months with the highest fraction of extreme heat events during 1980–1989. This
extreme heat season is distinct from meteorological summer for many regions and captures most observed
extreme heat days, even in the tropics where the amplitude of temperature seasonality is low. Over the last
45 years, extreme dry and humid heat seasons have significantly expanded over 50% and 48% of the global land
area, respectfully, and this expansion is primarily asymmetric. Regions including the western United States,
eastern China, northern Africa, and eastern Europe experienced a greater increase in the fraction of extreme dry
and humid heat events following the historical extreme heat season, while regions that experienced a larger
increase in the fraction of extremes preceding the extreme heat season include western Europe, southern Africa,
and northwestern India. These observed asymmetrical changes in extreme heat occurrence in the shoulder
seasons are generally not explainable by an intensification of preexisting seasonality driven by annual mean
warming. These results highlight the need for extended heat alert systems and prompt further study of
compound events where extreme heat seasons are increasingly overlapping with wildfire and hurricane seasons.

Plain Language Summary Extreme heat events can be more dangerous when they occur at
unexpected times of year. However, we do not yet fully understand how the timing of heat extremes during the
calendar year is changing. To address this challenge, we develop a definition of extreme heat seasonality distinct
from other seasonal metrics and evaluate how these seasons have shifted over the past 45 years. We find that
extreme dry and humid heat seasons have expanded over roughly half of the world and that this expansion has
been asymmetric, with most regions experiencing greater increases in extreme heat frequency in the months
after (western United States, eastern China, northern Africa, and eastern Europe) or before (western Europe,
southern Africa, and northwestern India) the traditional extreme heat season. While we might expect that rising
temperatures associated with climate change will make it easier for extreme heat events to occur during months
that have historically been warmer on average, we find that this is insufficient to explain the observed changes in
extreme heat seasonality. Understanding when in the calendar year extreme heat events are becoming more
frequent is essential to managing risk, especially if extreme heat increasingly occurs alongside other seasonal
climate hazards.

1. Introduction
Extreme heat can create outsized impacts when it occurs during unexpected times of year. When extreme heat
takes place before the typical heat season, individuals may not have acclimated to higher temperatures or prepared
adaptation strategies, such as installing air conditioning units or locating cooling centers (Anderson & Bell, 2010;
Hajat et al., 2002; Lee et al., 2014). In contrast, extreme heat that occurs after the primary heat season may result
in an accumulated heat burden which is more physiologically strenuous if it temporally compounds with earlier
heatwaves during the heat season (Baldwin et al., 2019). Heat extremes occurring at new times of year are also
detrimental to ecosystem health and agricultural yields when intersecting with growing seasons (Parker
et al., 2020) and can cause compounding impacts when they extend into periods dominated by other seasonal
hazards, such as hurricanes and wildfires (Fan et al., 2023; Matthews et al., 2019).
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Extreme heat exceptional in its seasonality has reoccurred recently in Phoenix, AZ. In 2024, the city experienced
an unprecedented 113 consecutive days above 100°F during the summer season, followed by 21 days in a row of
all‐time high temperatures in the month of October (Chow, 2024; Freedman, 2024; Figure S1 in Supporting
Information S1). While daily maximum temperatures above 100°F are not unusual for Phoenix in terms of ab-
solute magnitude, the duration of these high temperatures and their extension into the fall was record‐breaking.
Heat monitoring and cooling center operations were extended in response to the unusual fall temperatures
(Gonzalez, 2024), demonstrating the increased management costs of a prolonged heat season. Further, the
expansion of the 2024 extreme heat season is reflected in the seasonal distribution of heat‐related mortality in the
surrounding Maricopa County. As reported by the Department of Public Health, only 46% of the 608 reported
heat‐related deaths in 2024 occurred in July (the hottest month of the calendar year) in comparison to 64% in 2023
(Rubio et al., 2025). More recently, a regional and persistent heatwave in March 2026 shattered records in
Phoenix and much of the western United States (Davis‐Young, 2026; Erdman, 2026). In Las Vegas, the record
breaking average March 2026 temperatures were also hotter than the previous record for the month of April. Nine
days reached over 100°F in Phoenix during this heatwave, which had only happened once previously during the
month of March in the historical record.

In addition to timing, whether extreme heat is simultaneously dry or humid also constrains its impacts. Dry heat
tends to be more detrimental for plant and ecosystem health (Schauberger et al., 2017; Ting et al., 2023), while
humid heat more strongly influences human health due to its limitation on the efficiency of sweat‐based cooling
(Mora et al., 2017; Parsons, 2006). Differentiating between these two types of heat is essential because they
require different adaptation strategies for reducing heat exposure (Matthews et al., 2025) and because their timing
and seasonality are often distinct (Ivanovich et al., 2024, 2026; Raymond et al., 2020; Rogers et al., 2021).
Identifying how the timing of dry versus humid heat events are changing is thus essential for developing targeted
adaptation strategies and management plans.

With ongoing anthropogenic climate change, extreme heat around the globe is increasing in frequency, intensity,
and duration (Domeisen et al., 2022), but changes in the timing and seasonality of extreme heat are less well
understood. Previous literature has shown that mean temperature seasonality is shifting in some regions of the
globe. The warm season is lengthening across the Northern and Southern Hemisphere midlatitudes, and this
extension of the warm season is expected to continue with future climate change (Christidis et al., 2007; Lin &
Wang, 2022; Park et al., 2018; Scott et al., 2026; Wang et al., 2021; Weller et al., 2020). However, studies
disagree on the degree to which changes in the date of summer onset versus withdrawal contribute to this
lengthening of the warm season due to differences in seasonal definitions (Scott et al., 2026). Further, these
studies do not evaluate the seasonality of extreme heat events, which may not align with seasonal mean changes
(Lewis & King, 2017). Many regional studies have explored the drivers of out‐of‐season extreme heat events in
areas such as North America (Ennis & Milrad, 2024; Milrad et al., 2025; Schwarz et al., 2020), South America
(Ivanovich et al., 2025; Marengo et al., 2025; Perkins‐Kirkpatrick et al., 2024), Europe (Lemus‐Canovas
et al., 2024; Sulikowska & Wypych, 2021), West Africa (Sambou et al., 2021), South Asia (Sanap et al., 2025;
Zachariah et al., 2023), and East Asia (Wu et al., 2023). Additionally, global changes in heatwave intensity,
frequency, and duration have been decomposed into patterns for individual meteorological seasons (Orlowsky &
Seneviratne, 2012). Together, the existing body of literature identifies the potential increasing risk for extreme
heat events outside of the summer season, but does not characterize overall global extreme heat seasonality or
how it is changing over time.

To address these gaps in the literature, we develop a novel method for quantitatively defining extreme dry and
humid heat seasonality. We apply this definition to characterize the heat seasons for a 1980–1989 baseline period
and determine whether this seasonality has changed over the past 45 years. We then evaluate whether these
changes to local heat seasons can be explained by a simple intensification of baseline seasonality associated with
local annual mean warming. These results provide evidence of emerging risk for extreme heat at new times of year
around the globe, with direct implications for risk management.

2. Methods
2.1. Data Set and Variable Selection

The primary data set used for this analysis is the Modern‐Era Retrospective analysis for Research and Appli-
cations, Version 2 (MERRA‐2). Due to the global scale of the analysis and the need to identify daily scale extreme
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heat events, reanalysis is the ideal data set type due to its continuity between variables and its high temporal and
spatial resolution. Further, MERRA‐2 has been widely used to investigate extreme dry and humid heat events
(e.g., Bekris et al., 2023; Engdaw et al., 2022; Raymond et al., 2024). From this data set, we retrieve hourly 2‐m
temperature, 2‐m dew point temperature, surface pressure, 10‐m eastward wind, 10‐m northward wind, surface
incoming shortwave flux, surface net downward shortwave flux, surface absorbed longwave radiation, and
surface net downward longwave flux.Where applicable, these hourly time series are aggregated to daily mean and
daily maximum values.

We select wet bulb globe temperature (WBGT) as our humid heat metric because it has been shown to better
reflect humans' experience of heat stress compared to other humid heat metrics (Budd, 2008; Buzan et al., 2015).
Its widespread use in heat stress monitoring in the United States for applications such as outdoor sports, occu-
pational hazards, and military training further motivates its use in the present study (Binkley et al., 2002; “OSHA
Technical Manual,”, 2017). WBGT is expressed as,

WBGT = 0.7Tw + 0.2Tg + 0.1Ta (1)

where Tw is the natural wet bulb temperature, Tg is the globe thermometer temperature, and Ta is the dry bulb
temperature. We calculate hourlyWBGT using the thermofeel toolbox (Brimicombe et al., 2022) and aggregate to
daily maximum values.

Because reanalysis products have unique biases, particularly in surface moisture variables (Hirschi et al., 2025),
we validate the patterns identified in the main text using the European Center for Medium‐Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERA5). Reproductions of all global seasonality plots using ERA5 are
included in Figures S2–S4 in Supporting Information S1. We find that the overall interpretation of our results is
robust to the reanalysis product selected.

2.2. Methodologies

2.2.1. Extreme Heat Seasons and Shoulder Seasons Definitions

We define extreme dry and humid seasonality separately using dry bulb temperature and WBGT as our base heat
metrics, respectively. We define local extreme dry heat seasons by first identifying 95th percentile daily
maximum dry bulb temperatures (T95) across the full calendar year in a baseline period from 1980 to 1989 (the
earliest decade in the MERRA‐2 data set). We then calculate the 3 months of the calendar year with the highest
frequency of T95 events. If these 3 months are consecutive, they are defined as the extreme dry heat season,
designed to match the length of meteorological summer. If these 3 months are nonconsecutive, we mask the
associated grid cell out of the seasonal analysis. We then define the shoulder seasons as the “pre‐season” and
“post‐season,” referring to the 2 months before and after the locally‐defined extreme heat season, respectively. In
regions where there are four distinct seasons, the pre‐season (post‐season) is analogous to spring (fall). We select
a 2‐month shoulder season length in order to capture events occurring on the edge of the baseline extreme heat
season, to which we find most of the expansion of heat seasons is constrained across most of the globe. We repeat
these methods using 95th percentile daily maximumWBGT (WBGT95) to define the extreme humid heat season
and the humid heat shoulder seasons.

We define extreme heat events using fixed thresholds during a set baseline period in order to evaluate how events
of a magnitude we have historically viewed as extreme are expanding into new times of year. This is in contrast to
using a moving or detrended threshold for our extreme event definition, which would instead explore how the
most extreme events per year are distributed throughout the calendar year. These most extreme events defined
using moving or detrended thresholds may be expected to be more tightly constrained to the peak heat season
throughout the historical record. Additionally, to evaluate the influence of the percentile threshold we select, we
perform a sensitivity test using a slightly lower 90th percentile threshold for temperature and WBGT, recreating
Figures 2–4 of our analysis as Figures S5–S7 in Supporting Information S1. We find strong overall agreement in
the patterns identified using 95th and 90th percentiles, though the overall seasonal spread of extreme heat events
is larger using the looser 90th percentile threshold in both dry and humid heat. We choose to retain the 95th
percentile threshold for our definition of extreme heat events in the main manuscript due to its better reflection of
truly unusual conditions.
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2.2.2. Measuring Changes in Heat Seasonality

Wemeasure changes in extreme heat seasonality by comparing the distribution of T95 andWBGT95 events in the
baseline period (1980–1989, “early period”) to the most recent decade in the historical record (2015–2024, “late
period”). In each period and for both dry and humid heat, we sort extreme heat events into 52 bins for each week of
the calendar year based on their date of occurrence. In order to account for the cyclic calendar year for locations
whose heat season crosses the end of one year and start of the next, we shift the seasonal distribution by sub-
tracting the week number with the highest frequency of extreme heat events in the historical record. If there is a tie
between multiple weeks, we center the distribution on the middle week with peak frequency (rounding down in
the case of even numbers). We then quantify measures of the center and spread of this seasonal distribution by
computing the median and interquartile range (IQR) of the day of year of extreme heat events (repeated using
mean and standard deviation in Figure S8 in Supporting Information S1). We also measure the asymmetry of
observed changes in extreme heat seasonality based on the change in fraction of annual events occurring in the
pre‐ versus post‐seasons in the early and late periods.

The calculation of differences in the seasonal distribution of extreme heat events between two 10‐year periods
allows for a comparison of changes in conditions over the relatively short observational period of 45 years
provided in the MERRA2 data set. However, interpretation of the changes observed between these two 10‐year
periods may be complicated by internal climate variability. We thus evaluate whether these patterns of change are
robust against two additional calculation methods. We first perform a sensitivity test using 15‐year periods,
measuring changes between 1980–1994 and 2010–2024. We also calculate the linear trends from 1980 to 2024 in
the counts of T95 and WBGT95 events during the pre‐ versus post‐seasons. Our results are in broad agreement

Figure 1. Seasonal distributions of T95 andWBGT95 events in early and late historical periods for Phoenix, AZ. Bars show the fraction of extreme events happening per
week in the periods 1980–1989 (blue) and 2015–2024 (maroon). Box plots show the median and interquartile range for each period. The extreme heat season is defined
as the 3 months per year with the highest fraction of extreme events in the baseline 1980–1989 period (gray). Pre‐season (post‐season) shown in green (purple) shading is
defined as the 2 months before (after) the heat season.
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across these calculation methods, and the results of these additional analyses are presented in Figures S9–S11 and
S17 in Supporting Information S1, respectively.

2.2.3. Asymmetry Explained by Baseline Seasonality Intensification

We test the degree to which observed changes in extreme heat seasonality are explained by an intensification of
baseline seasonality. To do so, we calculate the annual mean temperature difference between the early and late
periods at each grid cell:

ΔT = Tmean2015− 2024 − Tmean1980− 1989 (2)

We then add this temperature delta to all days in the baseline period, creating a synthetic time series which in-
tensifies existing baseline extreme heat seasonality based on the annual mean warming at each global land grid
cell. We then calculate the seasonal distribution of extreme heat events during this synthetic period and compare
with that of the observed late period.

We first evaluate whether we can reject the null hypothesis that the seasonal distribution of extreme heat events
across the full calendar year in the synthetic and observed late periods are pulled from the same distributions. We
do so by performing a Kolmogorov–Smirnov (KS) Test between these two periods. For all grid cells whose KS‐
Test results in a p‐value below 0.05, we accept that the observed distribution of extreme heat events throughout
the full calendar year during the most recent 10 years of the historical record is significantly different from an
intensification of baseline seasonality associated with local annual mean warming.

We then evaluate whether the observed changes in the fraction of extreme heat events occurring during the
shoulder seasons are significantly different from what would be expected from an intensification of baseline
seasonality. We calculate the post‐ versus pre‐season asymmetry in the synthetic versus observed late historical
period at each grid cell and compute the fraction of observed asymmetrical changes in extreme heat seasonality
which are explained by this intensification of existing baseline seasonality. Testing whether these changes in
shoulder season asymmetry are significant is complicated by the small sample size of events. For example, about
60% of land grid cells experienced zero extreme dry and humid events in the baseline period during at least one of
the shoulder seasons. In order to evaluate significance while balancing these limitations to sample size, we
perform a bootstrapping test. At each grid cell, we group all 10‐years of data from the synthetic time series and
calculate a probability density function (PDF) of the seasonal distribution of extreme heat events throughout the
calendar year. This PDF is then used to define a cumulative density function (CDF) of the fraction of extreme heat
events that have occurred by each day of the year. We then randomly resample with replacement from this CDF
5,000 times to generate another realization of the synthetic distribution's PDF. We repeat this resampling 1,000
times to generate a set of 1,000 PDFs from which we calculate the difference in the number of extreme heat events
occurring in the post‐ versus pre‐seasons, representing shoulder season extreme event asymmetry. We finally
calculate the 5th and 95th percentiles in this measure of asymmetry and evaluate whether the observed asymmetry
in the late period from 2015 to 2024 is outside of these confidence intervals. If so, we determine that the observed
distribution of extreme events in the shoulder seasons cannot be explained by a simple intensification of baseline
seasonality alone. We additionally perform a sensitivity test evaluating the impact of the number of times the CDF
is resampled (between 500 and 10,000) and the number of PDFs generated (between 100 and 2,000), and we find
that the sample size for both of these selections are sufficient for the present evaluation of significance, as the
distributions do not change meaningfully at larger sample sizes. Example sensitivity test results are shown for grid
cells with significant and insignificant differences in Figure S12 and S13 in Supporting Information S1.

We note that this analysis does not directly attribute changes in extreme heat seasonality to climate change. In
addition to increasing annual mean temperature and WBGT, anthropogenic climate change can result in a wide
variety of local dynamic and thermodynamic changes which differentially affect seasonal warming rates, vari-
ability, and persistence. In this analysis, we isolate the influence of annual mean warming on the intensification of
existing temperature and WBGT seasonality and quantify any resulting asymmetrical changes to these seasonal
distributions.
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3. Results
3.1. What Is the Historical Seasonality of Extreme Heat and How Has It Changed?

As an example visualization of our approach to analysis and interpretation, we plot our results first for the grid cell
closest to Phoenix, Arizona (Figure 1). We also include a mirrored example for a humid, tropical city—Phnom
Penh, Cambodia—for comparison in Figure S14 in Supporting Information S1. In Phoenix, the baseline
(1980–1989) dry heat season begins in June (Figure 1a, blue bars), while the humid heat season begins a month
later in July (Figure 1b, blue bars), in agreement with previous literature using alternative seasonal definitions
(Ivanovich et al., 2026). During this baseline period, T95 and WBGT95 events are concentrated within their
respective heat seasons (99% of T95 events and 98% of WBGT95 events), with the highest frequency of both dry
and humid heat extremes occurring in July. Zero extreme dry or humid heat events occur in the post‐season during
the baseline period, while two T95 events occur in the dry heat pre‐season and three WBGT95 events occur in the
humid heat pre‐season.

Having identified well‐constrained baseline extreme dry and humid heat seasons, we next evaluate whether this
seasonality has changed over the historical period. We plot the distribution of T95 and WBGT95 events
throughout the calendar year during the most recent 10 years in the historical record (maroon bars), from 2015 to
2024, alongside those of the baseline period and measure the change in the overall seasonal distribution of ex-
tremes. In Phoenix, the median date of dry heat extremes shifts significantly later by 10 days, while the median
date of humid heat extremes shifts significantly earlier by 5.5 days (gray vertical lines in box plots; significance
measured using a two‐sided Wilcoxon Rank Sum Test). Further, the IQR of dry heat extreme dates increases by
7.5 days, while the change in spread of humid heat extremes is 4 days (edges of blue vs. maroon box plots), but
these changes are both statistically insignificant (as measured using a two‐sided Ansari‐Bradley Test). We isolate

Figure 2. Global climatological extreme heat seasonality during the baseline period, 1980–1989. (a) Month with peak frequency of T95 events. Fraction of 1980–1989
T95 events happening during the locally defined (b) extreme dry heat season and (c) dry heat shoulder seasons. (d–f) Same as (a–c), but forWBGT95 events. The second
and third rows have different colorbar ranges in order to better visualize spatial heterogeneity in each measurement. Black shading indicates grid cells without a
consecutive 3‐month heat season.
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the asymmetric changes in shoulder season extremes by calculating the change in the fraction of annual extreme
events which take place in the pre‐ and post‐seasons between the early and late periods. We find that in Phoenix,
the percent of annual T95 events taking place in the pre‐season decreases from 2% to 1%, while the percent of
events in the post‐season increases from 0% to 6%. The share of WBGT95 events occurring in the pre‐season
increases from 3% to 7% over the historical period, while no WBGT95 events happen in the post‐season in
either time period. Together, these patterns indicate that in Phoenix, the dry heat season is expanding in length
asymmetrically through an extension into the post‐season. We note that this is in contrast to previous literature
which has demonstrated that seasonal mean shifts in temperature are moving earlier in the calendar year or
expanding symmetrically (Christidis et al., 2007; Lin & Wang, 2022; Park et al., 2018; Scott et al., 2026; Wang
et al., 2021; Weller et al., 2020). However, the humid heat season in Phoenix is shifting earlier into the pre‐season,
but is not lengthening.

Applying our flexible definition for heat seasons across the globe captures the spatial diversity in the peak of
extreme dry and humid heat seasonality (Figures 2a and 2d). This method expands upon traditional definitions of
seasonality used for contextualizing extreme heat such as meteorological summer or the local three hottest months
of the year. While the peak extreme dry and humid heat seasons are similar around the world, they are offset by
1 month throughout much of the tropics and subtropics including the Arabian Peninsula, northwestern Mexico,
central India, and central Brazil—locations which are influenced by regional monsoon circulation.

Notably, extreme heat seasonality is well‐defined, even throughout much of the tropics where there is relatively
low overall seasonal temperature variability (Figures 2b and 2e). This is especially true for dry heat seasonality,
while humid heat extremes spread more throughout the calendar year. Over 93% (86%) of the world's land area
experiences over 80% of T95 (WBGT95) events during the local baseline extreme dry (humid) heat season. Most
events occurring outside of the heat season occur during the shoulder seasons. About 94% (85%) of land grid cells
experience more than 95% of T95 (WBGT95) events during the heat and shoulder seasons together (Figure S15 in
Supporting Information S1). The shoulder seasons experience the largest fraction of extreme events in the
Southern Hemisphere tropics and subtropics (Figures 2c and 2f). In the latitude band between 15 and 30°S, the
average fraction of T95 (WBGT95) events which occur in the shoulder seasons is 17% (19%), compared to only
4% (4%) in the rest of the global land grid cells. This hemispheric contrast may be due to the lower overall
seasonal amplitude of temperature and WBGT in the Southern Hemisphere associated with its lower land mass
relative to the Northern Hemisphere (Figure S16 in Supporting Information S1). A few locations do not expe-
rience a consecutive 3‐month heat season, as indicated by the black shading in Figure 2. Regions without a
consecutive 3‐month dry heat season include equatorial Africa and parts of the Amazon. These regions also lack a
consecutive 3‐month humid heat season, in addition to eastern Brazil and northeastern Africa. The larger overall

Figure 3. Change in the median and interquartile range of the day of year of extreme heat events from the early to late historical periods. Statistical significance for shifts
in median (IQR) measured by a two‐sided Wilcoxon Rank Sum (two‐sided Ansari‐Bradley) test at a p‐value <0.05.
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seasonal variability of extreme humid heat reflects the joint influence of temperature and moisture fluctuations in
driving humid heat extremes, as well as its lower seasonal amplitude relative to temperature around the globe
(Figure S16 in Supporting Information S1). These overall patterns are in broad agreement between the MERRA2
and ERA5 data sets (Figure S2 in Supporting Information S1), although ERA5 exhibits slightly more seasonal
spread in extreme dry and humid heat events throughout the calendar year.

We find asymmetric changes in the overall seasonal distribution of dry heat extremes in many regions throughout
the globe (Figure 3). Statistically significant median shifts toward later dates in the calendar year occur
throughout the southwestern and southeastern United States, northwestern Mexico, eastern Europe, northwestern
Africa, and Southeast Asia. The median date of dry heat extremes shifts significantly earlier in equatorial Africa,
South Africa, Pakistan, northern South America, and Eastern Australia. These median shifts are accompanied
primarily by significant increases in the spread of the dry heat season as measured by increasing IQR, except in
Pakistan where IQR is decreasing. The spread of extreme dry heat events is also increasing in the Arabian
Peninsula, central Europe, and the United States Midwest, but there is limited significant asymmetry in these
changes.

There are some distinctions between patterns observed for the dry and humid heat seasons. Significant shifts in the
median extreme humid heat dates toward later dates occur over a larger spatial area throughout central Mexico
and northern and central Africa relative to that of the dry heat season. Further, the median extreme humid heat date
shifts earlier in the year over the United States Gulf Coast, southern and eastern Africa, and the southern Arabian
Peninsula to a stronger degree than extreme dry heat events. Many regions experience extension of both the dry
and humid heat seasons as measured by increasing IQR, but there are larger significant changes for humid heat
seasons over the Maritime Continent and southern Mexico, while these expanded seasons are less significant in
the western United States and the southern Arabian Peninsula relative to the dry heat season. These distinctions

Figure 4. Change in the fraction of extreme heat events happening in the shoulder seasons. Top: Change in the fraction of annual events occurring in the pre‐season from
the early to late period. Middle: Change in the fraction of annual events occurring in the post‐season from the early to late period. Bottom: Difference in the fractional
change in shoulder season extreme heat events (post‐season minus pre‐season). Black shading indicates grid cells without a consecutive 3‐month heat season.
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between the changes in dry and humid heat seasonality demonstrate that seasonal changes in these two extreme
heat types are not always in sync due to their distinct drivers. The observed directions of change for dry and humid
heat seasons are broadly in agreement between regions with statistically significant changes between MERRA2
and ERA5 (Figure S3 in Supporting Information S1). Equatorial Africa is one region where the data sets disagree,
exhibiting significantly larger shifts in the median date of humid heat extremes toward the post‐season (pre‐
season) in MERRA2 (ERA5).

The share of extreme dry heat events occurring during the shoulder seasons is also changing asymmetrically
throughout much of the globe, though the causes of this asymmetry vary by region (Figure 4, left column). For
example, in regions such as the southeastern United States, the fraction of annual extreme events occurring in the
post‐season increases more strongly than in the pre‐season. However, in regions such as northeastern Africa and
eastern China, increases in the fraction of extremes occurring in the post‐season coincide with decreases in the
share of extremes during the pre‐season. Southern and equatorial Africa experience expansion in both pre‐ and
post‐season extreme heat, with a larger increase in the share of pre‐season extremes. In contrast, western Europe
and northern Brazil experience decreases in the fraction of extreme dry heat events occurring in the post‐season,
contributing to the observed pre‐season leaning asymmetry. Many of these regions also experience asymmetrical
changes in the fraction of extreme humid heat events occurring during the shoulder seasons, though not always
with the same asymmetry as the dry heat seasons (Figure 4, right column). This includes the Arabian Peninsula,
which experiences a larger increase in the fraction of humid heat extremes occurring in the pre‐season than post‐
season; and equatorial Africa, which experiences a decrease in the fraction of extremes occurring in the pre‐
season and an increase in the post‐season. The overall direction of shoulder season asymmetry is largely in
agreement with the difference in linear trends in the annual counts of T95 and WBGT95 events occurring in the
post‐ versus pre‐seasons, shown in Figure S17 in Supporting Information S1. Patterns identified using MERRA2
and ERA5 are again in strong agreement throughout most of the globe (Figure S4 in Supporting Information S1).

Figure 5. Seasonal distribution of extreme events in synthetic time series versus observed 2015–2024 period for Phoenix, AZ. Brackets highlight the data range tested by
each significance test: KS‐Test measures significance over full distribution; bootstrapping test measures significance over shoulder seasons.
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A few areas of disagreement include central Argentina and equatorial Africa for dry heat extremes, and north-
western South America and equatorial Africa for humid heat extremes. The repeated disagreement between these
reanalysis products in equatorial Africa has been previously highlighted (Engdaw et al., 2022), identifying
regional biases in MERRA2 extreme heat event identification.

3.2. Are These Changes Explained by an Intensification of Baseline Seasonality?

Changes in the share of extreme heat events taking place in the heat season versus shoulder seasons could be
explained by a simple intensification of local baseline seasonality due to secular warming trends. For example,
dry bulb temperatures in Phoenix on average are higher in September (1 month after the local dry heat season
demise) than they are in May (1 month before the local dry heat season onset). This suggests that a simple shifting
up of the annual average temperature will make it easier to cross the T95 threshold in the post‐season than the pre‐
season, resulting in an asymmetric change in the fraction of extreme heat events taking place in each shoulder
season. We test whether this intensification of local baseline seasonality can explain the observed global changes
to heat seasonality as described by our synthetic time series over the historical period using the method described
in Section 2.2.3 and visualized for Phoenix in Figure S18 in Supporting Information S1. This intensification of
existing dry (humid) heat seasonality results in an increase of 124 (127) extreme heat events during the heat
season, 5 (10) extreme heat events during the pre‐season, and 9 (0) extreme heat events during the post‐season in
Phoenix.

We then compare the distribution of extreme heat events throughout the calendar year in the synthetic distribution
(white bars, Figure 5) with the observed late period (maroon bars, Figure 5). In Phoenix, we find that the full
seasonal distributions of dry and humid heat for 2015–2024 are not significantly different from distributions from
our null warming case (two‐sided Kolmogorov‐Smirnov test; p≈ 1 for both the dry and humid heat distributions).
This indicates that changes in the overall seasonality of both dry and humid heat, dominated by changes in the
bulk of the distributions during their respective heat seasons, cannot be distinguished from changes associated
with the intensification of baseline seasonality resulting from background warming trends. However, observed
asymmetrical changes in the fraction of extreme heat events occurring in the shoulder seasons are significantly
different from those of the synthetic period for the extreme dry and humid heat seasons. For example, the 5th and
95th percentiles of the difference between the fraction of T95 events occurring in the post‐ and pre‐season
generated by this resampling of the synthetic distribution are − 0.009 and 0.003, respectively. The observed
difference during the last 10 years of the historical record in Phoenix of 0.05 is much greater than the 95th
percentile of the synthetic realizations, indicating that the expansion of the extreme dry heat season into the post‐
season cannot be explained by Phoenix's baseline temperature seasonality being intensified through annual mean
warming alone. Similarly, the observed difference between the fraction of WBGT95 extremes occurring in the
post‐ versus pre‐season (− 0.07) in the 2015–2024 period is lower than the fifth percentile of the synthetic re-
alizations (− 0.05), meaning the shift of the extreme humid heat season into the pre‐season also cannot be
explained solely by an intensification of baseline humid heat seasonality.

Globally, changes in the overall distribution of extreme heat events throughout the full calendar year are pre-
dominantly explainable by intensification of existing heat seasonality due to local annual mean warming. Only
14% of land grid cells experience a change in their overall extreme dry heat season which is significantly different
from that of their associated synthetic distribution, in regions including the southeastern United States, the
Amazon, and central and eastern Africa. Similarly, only 16% of land grid cells have experienced shifts in the
overall seasonal distribution of extreme humid heat significantly different from an intensified baseline seasonality
in regions including the southeastern United States, northeastern Africa, northwestern India, and eastern China.
These significant changes occur in regions which experience shifts in the same direction both within the heat
season and into the shoulder seasons (Figures 3 and 4, Figure S19 in Supporting Information S1). For example,
extreme humid heat in eastern China experiences a shift in the median date of occurrence, an asymmetrical change
in the first and last months of the heat season, and an asymmetrical change in the shoulder seasons which all shift
toward later dates in the calendar year.

In contrast, intensification of baseline extreme heat seasonality cannot explain most observed changes in extreme
heat occurrences in the shoulder seasons around the world. The number of extreme dry and humid heat events in
the pre‐ versus post‐seasons are significantly different from that expected from an intensification of baseline
seasonality associated with local annual mean warming in about 80% of land grid cells (Figures 6c and 6d, purple
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and green grid cells). Further, about 99% of grid cells that have experienced asymmetrical changes in shoulder
season extremes (where the observed asymmetry as shown in Figures 4c and 4f is greater than 5%) now expe-
rience extreme event distributions in the shoulder seasons which are significantly different from what would be
expected from an intensification of existing seasonality (Figures 6c and 6f). Indeed, many regions which would be
expected to experience larger increases in T95 events during the pre‐season because of higher baseline tem-
peratures in those months instead experience a greater increase in post‐season T95 events (e.g., eastern Europe,
the southwest United States, and northern Canada). The opposite is also true: western Australia and northern
Russia experience greater expansion of the dry heat season into the pre‐season while an intensification of baseline
seasonality would have predicted a larger shift into the post‐season. Similar patterns hold for the extreme humid
heat season. Observed asymmetrical changes in the fraction of WBGT95 events occurring in the shoulder seasons
act in the opposite direction to expectations from baseline seasonality in regions including the northwest United
States, eastern Europe, eastern China, and northern Africa (baseline seasonality facilitates pre‐season extremes;
post‐season asymmetry observed), northern Russia, and western Canada (baseline seasonality facilitates post‐
season extremes; pre‐season asymmetry observed).

Figure 6. Evaluation of whether seasonal extreme heat frequency changes can be explained by an intensification of baseline seasonality. Locations across the globe
where existing seasonality in the 1980s shifted up by annual mean warming does not explain observed changes in (top) overall extreme heat seasonality as measured by a
Kolmogorov–Smirnov Test with a p‐value below 0.05 and (middle) shoulder season asymmetry as measured by bootstrapping test. Green (purple) shades indicate that
observed asymmetry is larger in the pre‐season (post‐season) than predicted by intensification of baseline seasonality. Darker shades of each color indicate that the
observed asymmetry is in the opposite direction than in the synthetic distribution. Bottom: Box plots showing the share of asymmetry explained by intensifying existing
extreme heat seasonality, categorized by whether that asymmetry favors pre‐ or post‐season extremes. Only grid cells which exhibit at least a 5% shoulder season
asymmetry as measured by Figures 4c and 4f are included.
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4. Discussion and Conclusion
We have demonstrated that, for most global land areas, dry and humid heat seasonality is well‐defined and distinct
from typical definitions of summer, even across low latitude regions where seasonal temperature variation is low.
Further, we show that extreme heat seasonality has changed significantly over the past 45 years, with extreme dry
and humid heat seasons expanding throughout much of the world and asymmetric changes in extreme heat
occurrence during the shoulder seasons. An intensification of baseline seasonality due to local annual mean
warming associated with anthropogenic climate change is insufficient to explain the observed asymmetric
changes in the fraction of extreme heat events which now occur during the shoulder seasons. Instead, other
regional processes are driving spatially heterogeneous increases in the fraction of extreme heat events occurring
before and after the traditional dry and humid heat seasons.

Our results showcase how extreme heat seasonality is distinct from the warm season in many regions and that
changes in the seasonality of extreme heat do not always align with changes in other conventional seasonal di-
agnostics. Several studies (Christidis et al., 2007; Lin & Wang, 2022; Park et al., 2018; Scott et al., 2026; Wang
et al., 2021; Weller et al., 2020) have demonstrated that the warm season is lengthening throughout the mid-
latitudes, but disagree on whether this lengthening is symmetric. The seasonal definitions in these studies
calculate summer onset using daily mean temperature records, smoothing them with a polynomial or Fourier
series and calculating summer onset and withdrawal as the first and last day above a locally defined 75th
percentile temperature threshold. Studies reporting asymmetric lengthening of Northern Hemisphere midlatitude
summer find these changes are dominated by earlier onset dates (Park et al., 2018; Wang et al., 2021). We
demonstrate in the present analysis that smoothed seasonal changes do not necessarily align with changes in the
timing of individual extreme heat events. Changes to pre‐season extreme events (analogous to spring in the
midlatitudes) do dominate the asymmetrical changes in heat occurrence in regions including western Europe and
northeastern Russia, but much of the United States, eastern Europe, and eastern China have experienced changes
in shoulder season extreme heat frequency that are dominated by increases in fall extremes. Additionally, while
previous studies indicate that the average warm season length is increasing significantly in the midlatitudes, our
results show that this is not necessarily the case for the extreme heat season and regions including eastern Russia
have even experienced contracting extreme heat seasons.

These differences are sensitive to metric choice and seasonal definitions, the appropriate selection of which
depends on the impacts that are most relevant to researchers and stakeholders. Full seasonal changes as measured
by warm season onset and withdrawal may be more relevant to impacts on growing seasons, snowpack and water
availability, and drought which each operate over longer time periods (Evan & Eisenman, 2021; Körner
et al., 2023; Van Loon et al., 2014). In contrast, individual extreme heat days or heatwaves may more strongly
influence human and animal health, as the impacts of these hazards can manifest on much shorter timescales (Xu
et al., 2016, 2018). The shifting of extreme heat event timing can also create cascading indirect impacts including
limited potential to reduce electricity demand in schools during heatwaves which occur during the academic year
rather than on summer breaks (“Sustainability,” 2026) and increased demand for informal cooling strategies at
new times of year such as public pool seasons (Howard, 2025). The present analysis' focus on individual extreme
events also emphasizes that long term asymmetric changes in shoulder season extreme heat occurrence do not
preclude individual heatwaves in other times of year. For example, while extreme heat frequency in the city of Rio
de Janeiro is increasing more strongly in the fall, a record‐breaking and deadly spring heatwave occurred in this
city in 2023 (Collazo et al., 2025; Ivanovich et al., 2025; Marengo et al., 2025; Pampuch et al., 2025). This and
similar case studies emphasize that isolated extreme events must be evaluated individually and that unseasonable
extremes can still occur outside of new normals.

A limitation of this study is the small sample size in shoulder season extreme events. Extreme event statistics
require careful evaluation due to the fact that extreme events are inherently rare. By investigating extreme heat
events happening during months when they have historically been unusual or unprecedented, we further restrict
the sample size for analysis. This limits the use of many traditional methods for evaluating statistical significance,
which we address by developing a bootstrapping technique to increase the number of synthetic time series re-
alizations. This approach is imperfect but provides a best estimate of statistical significance using only reanalysis
data sets. In future analyses, these challenges could be addressed using global climate models by first evaluating
whether the observed asymmetric changes in extreme heat seasonality are well‐captured by models, and then
leveraging large ensembles to directly evaluate the statistical significance of these changes. Such analyses could

AGU Advances 10.1029/2026AV002516

IVANOVICH ET AL. 12 of 16

 2576604x, 2026, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026A

V
002516 by C

atherine Ivanovich - N
Y

U
 M

edical C
entral L

ibrary , W
iley O

nline L
ibrary on [21/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



also evaluate whether observed changes in shoulder season extreme heat frequency are projected to continue in
the future.

Regional analyses investigating the dynamics of the observed changes in extreme heat seasonality are beyond the
scope of the present paper, but would help improve our understanding of the potential process drivers of the
asymmetric and spatially heterogeneous changes we documented. Indeed, the local mechanisms generating in-
creases in the frequency of extreme dry versus humid heat in the pre‐ and post‐seasons are likely distinct. For
example, the summer and fall of 2024 were unusually dry in Phoenix (Freedman, 2024), conditions that intensify
extreme heat during the fall in this region (Ivanovich et al., 2026) and could have contributed to the record
breaking heat along with longer‐term drivers including anthropogenic climate change and El Niño (Jha
et al., 2025). In contrast, the record‐shattering March 2026 temperatures in Phoenix and the broader Southwest
United States were associated with a particularly persistent high pressure system, though rapid attribution esti-
mates that the recorded regional temperatures would have been virtually impossible without the influence of
climate change (Clarke et al., 2026). These individual events motivate further investigations into how seasonal
trends in circulation and surface moisture (as observed for the Southwest United States in Jacobson et al., 2024)
may be driving distinct seasonal trends in extreme dry and humid heat frequency. The role of large scale modes of
climate variability should also be assessed in the role of temporal variability of extreme heat seasonality,
particularly as it complicates interpretation of long term trends. Other local drivers of extreme heat seasonality
including changes to land cover and land use change should also be explored, given human action associated with
irrigation and agricultural production can differ seasonally throughout the calendar year (Singh et al., 2018).

Future regional analyses should also explore the implications of changes in the seasonal distribution of extreme
heat events for increasing risk of compound extremes. In the western United States, for example, extension of the
extreme heat season into the fall increases the overlap in the extreme heat and wildfire seasons (Chen et al., 2024;
Jones‐Ngo et al., 2025), while in the southeastern United States, more rapid expansion of the extreme heat season
into the fall increases overlap in the extreme heat and Atlantic hurricane seasons (Feng et al., 2022; Matthews
et al., 2019). Because compound extremes cause socioeconomic impacts far greater than the sum of their parts
(AghaKouchak et al., 2020; Zscheischler et al., 2018), understanding their potentially increasing risk is essential
for disaster management and adaptation planning.
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