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Abstract. The Weather Extremes Archive (WEXA) is a global, event-based dataset designed to systematically detect, track,
and document persistent weather extremes. In its initial release, WEXA focuses on heat waves and cold spells identified from
2-m air temperature in ERAS reanalysis data from 1979 to present. Cold and warm extremes are defined using seasonally
varying 10th and 90th percentile thresholds derived from a fixed 1991-2020 climatological baseline. Periods of at least three
consecutive extreme days are grouped into coherent spatiotemporal heat waves or cold spell events using three-dimensional
connected component labelling. WEXA delivers a global catalogue of all detected individual heat wave and cold spell events,
providing standardized diagnostics of their timing, duration, spatial extent, and intensity. The archive is openly accessible at

https://doi.org/10.5281/zen0do.20550615 and https://wexa.jamstec.go.jp, permitting the exploration of event statistics and

visualizations through an interactive analysis tool.

1 Introduction

Temperature extremes exert severe socio-economic impacts including strain on energy supply, damage to infrastructure,
disruption to agriculture, adverse effects on natural ecosystems as well as posing substantial risk to human health (Chen et al.,
2013; Lei et al., 2022; Pantavou et al., 2008; Perkins, 2015). The severity of these impacts typically scales with their duration,
with prolonged events disproportionately leading to larger consequences (Anderson and Bell, 2011; Li et al., 2024; Miller et
al., 2021). Depending on the polarity of the persistent anomalies, prolonged events are typically classified as cold waves (or

cold spells) and heat waves (or hot spells).

Given the substantial socioeconomic impacts of heat waves and cold spells, a consistent and robust framework for defining
and quantifying these temperature extremes is essential. In the literature, heat waves and cold spells are typically, though not
universally, defined as periods during which temperatures exceed or fall below specified thresholds (e.g., the 90th percentile
for heat waves and the 10th percentile for cold spells) for several consecutive days (typically at least three) (Bunting et al.,
2024; Perkins, 2015). Definitions, however, differ widely in the choice of temperature variable (e.g., daily maximum,
minimum, mean, or apparent temperature) and in the methods used to quantify event magnitude. While some studies focus on

a single aspect such as intensity, duration, or frequency to characterize event magnitude, others employ composite indices that
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integrate multiple aspects of heat-wave behaviour (Russo et al., 2015). Since the review paper of Perkins (2015), more variants
of heat-wave definitions have been proposed, often based on broadly similar detection principles (Lavaysse et al., 2018;
Perkins-Kirkpatrick and Lewis, 2020; Russo et al., 2015). Similar to heat waves, cold spells are frequently defined based on
duration requirements typically ranging from two to six days, and thresholds set at specific percentiles (e.g., Sth or 10th) or

standard deviations (e.g., -1.25 to -2 SD; Table 1).

Building on the earlier standardization efforts by Frich et al. (2002), the Expert Team on Climate Change Detection, Monitoring
and Indices (ETCCDI),which has since concluded its formal mandate, established a suite of 27 climate extreme indices to
ensure consistency in climate extreme analysis (Alexander et al., 2006). While these indices, such as the Warm Spell Duration
Index (WSDI), which quantifies the occurrence of consecutive days of extreme heat, are instrumental for assessing long-term
trends, they are typically aggregated at monthly resolution (Dunn et al., 2020). Consequently, they often mask the precise
timing, spatial evolution, and life cycle of individual events. This limitation hinders a deeper physical understanding of

extremes and the full assessment of their socio-economic impacts.

Several recent initiatives have sought to provide more detailed information on thermal extremes. The Thermal Trace
application, developed by the Copernicus Climate Change Service (C3S) and ECMWF, enables interactive analysis of global
hourly thermal stress data based on “feels-like” temperature, a metric closely related to human thermal comfort

(https://climate.copernicus.eu/thermal-trace-decades-heat-and-cold-stress-data-your-fingertips). However, this application

does not comprehensively catalogue historical extreme events. Another initiative, the Copernicus European Drought

Observatory (EDO) Heat and Cold Wave Index (HCWI; https://data.jrc.ec.curopa.cu/dataset/c9¢06815-0c52-4£f5-b596-

89ec169996¢b), aims to analyse the spatial and temporal evolution of temperature-related hazards over Europe (Lavaysse et
al., 2018). In this framework, heat waves are defined as periods of three or more consecutive days during which both daily
minimum and maximum temperatures exceed the calendar-day 90th percentile, with an analogous definition applied to cold

spells. This effort, however, is limited to the European sector.

To the best of our knowledge, no existing initiative provides an up-to-date global catalogue of heat waves and cold spells that
explicitly tracks their spatiotemporal evolution - that is, their detailed development over time, including changes in affected
areas as events propagate and decay. While several methodological frameworks for tracking spatiotemporal extremes have
been proposed (Lo et al., 2021; Osmolska et al., 2025), they have not yet been applied to create a comprehensive, operational
global inventory. Addressing this limitation, the objective of the dataset presented here is to introduce a global, event-based
dataset designed to systematically detect, track, and document the spatiotemporal evolution of these persistent heat waves and
cold spells. It is based on established, percentile-based definitions of heat waves and cold spells (90th and 10th percentiles,
respectively, with 3-day persistence requirement), applied to ERAS reanalysis data (Hersbach et al., 2020). The dataset is

produced in near-real time, with a latency of only a few days, and is made accessible through a web platform
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(https://wexa.jamstec.go.jp), which provides pre-computed diagnostics from 2020 onward as well as an interactive analysis

system archiving events from 1979 onward (https://wexa.jamstec.go.jp/home/interactive). This interactive system enables

filtering and analysis of events based on various search criteria. By providing a comprehensive, spatiotemporally resolved
catalogue of temperature extremes, this dataset aims to accelerate scientific discovery, support decision-makers with advanced

statistics on extreme-event occurrence, and facilitate accurate media reporting of recent extreme weather events.

Table 1: Threshold and minimum duration criteria of some cold-spell definitions reported in the scientific literature. SD denotes a
definition based on a departure for the mean value measured in standard deviations and % denotes a definition based on percentiles.

Reference Threshold Minimum duration (days)
Alam et al. (2023) 10% 2
De Vries et al. (2012) 10% 5
Osmolska et al. (2025) 5% 3
Smith and Sheridan (2019) -1.25SD 5
Tringa et al. (2022) 5% 3
Vavrus et al. (2006) -2 SD 2

2 Detecting extremes
2.1 Data

For the detection of temperature extremes, temperature at 2 meters above the surface (hereafter T,,,; units of K) is obtained

from the ERAS reanalysis (Hersbach et al., 2020) at hourly intervals on a 0.5° x 0.5° horizontal grid.

2.2 Definition of extremes

With a focus on persistent weather extremes, the first step is to compute daily averages from the hourly data. This reduces
high-frequency noise associated with short-term weather variability and lowers computational costs for subsequent analyses.
Next, we determine the thresholds used to identify temperature extremes. These thresholds correspond to the 10" and 90"
percentiles of the temperature distribution calculated over a fixed 30-year baseline period (1991-2020) as per WMO
recommendations (WMO, 2017). These thresholds have often been used to define cold spells and heat waves (Bunting et al.,
2024; Lavaysse et al., 2018; Perkins, 2015). The percentiles are estimated separately for each grid point and calendar day,
using a 7-day moving window to smooth sampling variability arising from the limited sample size. The thresholds thus obtained
are referred to as T;0 and T2, denoting respectively the 10" and 90™ percentiles of Ts,,, and are functions of calendar day
(d), longitude (1) and latitude (¢). Figure 1 illustrates T5y averaged in December-January-February (DJF) and June-July-

August (JJA) and its departure from the seasonal median temperature, while Figure 2 shows the same for T,2. It can be seen

3



https://doi.org/10.5194/essd-2026-434
Preprint. Discussion started: 5 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIqg

88 that the thresholds fluctuate in response to seasonal temperature changes, with warmer threshold temperatures in the summer
89 hemisphere compared to the winter hemisphere, as well as to regional differences such as warmer temperatures in the tropics
90 compared to the extratropics. We also note that the threshold mirrors the typical range of temperature at each location, with
91 larger differences from the seasonal median over land masses where temperature variations tend to be larger in comparison to
92 ocean bodies (Fig. 1c,d and Fig 2¢,d).

93

a) Average heat wave threshold for DJF by Average heat wave threshold for JJA
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95 Figure 1: (top) The threshold to define warm extremes, T, is shown for (left) DJF and (right) JJA. (bottom) The difference of these

96 thresholds from the seasonal median is shown for the same seasons. Thresholds are defined from the 1991-2020 baseline period.
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a) Average cold spell threshold for DJF b) Average cold spell threshold for JJA
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98 Figure 2: Same as Fig. 1 but for the threshold of cold extremes, T15.

99
100  The occurrence of temperature extremes is evaluated at each time step (t), longitude (1), and latitude (¢) by comparing Tom
101 to the threshold value for the corresponding calendar day (d(t)). Warm extremes (WE) and cold extremes (CE) are defined as
102 follows:

1, Tom(t, A, @) > T2 (d(L), A,
103 WE@® A ¢) = { 2M(O q;)therjv"ils(e ©%0) M

1, Tom(t 4 9) < Tin(d(t), 4, @)
104 E(t, A, = 2m 2m 2
0 CE®A, ) { 0, otherwise 2)
105

106 WE and CE are binary indicators, where a value of 1 indicates the presence of an extreme event and 0 indicates its absence.
107  The temporal average of WE and CE yields the frequency of warm and cold extremes, which, by construction, is 10% over
108 the baseline period.

109

110 Next, we identify persistent extreme events at each grid point, i.e. heat waves (HW (t, A, ¢)) and cold spells (CS(t, A, ¢)). Here,
111 a heat wave (HW) is defined as any period in which three or more consecutive days are classified as warm extremes (i.e.,
112 WE = 1). This minimum duration is often used to identify heat waves and cold spells (Bunting et al., 2024; Lavaysse et al.,
113 2018; Perkins, 2015). All days within such a sequence are labelled as part of a heat wave (HW = 1). Cold spells (CS) are

114 identified with CE in the same manner. All other days are labelled with a value of 0. In contrast to daily extremes (WE and
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CE), the frequency of HW and CS does not average to 10% over the baseline period. Rather, 10% represents an upper bound,
while the actual occurrence depends on the likelihood of observing consecutive extremes. This likelihood varies across regions
and seasons depending on the persistence of the weather systems driving these extremes and processes leading to interactions
between the lower atmosphere, land, and ocean surfaces (Fig. 3). For instance, persistent extremes tend to be less frequent over
tropical rainfall zones and storm-track sectors, particularly in the winter hemisphere. In contrast, they occur more frequently
over the eastern tropical Pacific, possibly modulated by the El Nifio-Southern Oscillation (ENSO), and over subtropical high-

pressure zones like the Sahara and southern Africa.

a) Cold spell frequency DJF b) Cold spell frequency JJA
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Figure 3: Frequency of (top) cold spells (CS) and (bottom) heat wave (HW) events in (left) DJF and (right) JJA for the 1991-2020
baseline period.

2.2 Grouping extremes into spatiotemporal events

The method described above for detecting heat waves and cold spells provides detailed spatiotemporal information on the
occurrence of these weather extremes. Driven by the evolution and movement of atmospheric weather systems, these extremes
tend to form spatially and temporally coherent patterns (Lo et al., 2021; Osmolska et al., 2025). Thus, as a next step, we group
these coherent patterns into HW and CS spatiotemporal events. To systematically identify and group such contiguous regions,

we apply connected component labelling (CCL), which enables the classification of neighbouring grid points into distinct
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spatiotemporal extreme events based on their spatial and temporal continuity. CCL is well-established method in image
processing (Rosenfeld and Pfaltz, 1966) and has been used for climate applications (Knippertz et al., 2015), including the
grouping of marine heat waves into spatiotemporally coherent events (Bonino et al., 2023). CCL is applied here to the three-
dimensional (t, A, @) binary arrays of heat waves (HW) and cold spells (CS) to identify individual spatiotemporal coherent
events. This method was implemented using the label function from the skimage.measure module of the scikit-image Python
library (Van Der Walt et al., 2014). While more advanced spatiotemporal tracking methodologies have recently been proposed
(Lo et al., 2021; Osmolska et al., 2025), CCL’s relative simplicity facilitates reproducibility and improves the transparency
and interpretability of the detected events database. We use a version of CCL that connects grid points or time steps that are

directly adjacent or diagonally adjacent.

Figure 4 illustrates the CCL procedure for identifying heat wave (HW) and cold spell (CS) spatiotemporal events. The situation
shown is not necessarily realistic, but it serves to demonstrate how the CCL rules operate. On day 0, three spatial clusters are
identified: two HW clusters in the west and one mixed cluster in the east containing both CS and HW grid points. According
to the CCL rules, all HW grid points in the western clusters are assigned the same identification number (#1). They are grouped
together because (1) they are adjacent either zonally, meridionally, or diagonally; and (2) they are temporally connected, since
the northwestern and southwestern clusters merge on day 1. In the eastern region, the CS and HW grid points are assigned
different identification numbers (#2 and #3, respectively) because they represent distinct event types. On day 1, a new HW
event appears to the southwest (#4), and the HW event #3 shifts north-eastward, illustrating that the diagonal-adjacency
criterion also applies in the three-dimensional space (t, A, ). The cold-spell event detected on day 0 (#2) splits into two separate
clusters on day 1. Despite becoming disconnected, both clusters retain the same identification number because they were

previously part of a single event.

Day 0 Day 1
o) o)
A
Heat wave (HW) No event Cold spell (CS)

Figure 4: Schematic diagram of the labelling of heat wave and cold spell spatiotemporal events with the CCL algorithm. Event
labelling is illustrated with latitudes (6) longitude (1) maps for two consecutive days (Day 0 and Day 1). Orange and blue shading
represents grid cells with HW=1 and CS=1, respectively. The numbers indicated at each grid cell correspond to unique event
identification numbers. The situation illustrated assumes that none of these events merge afterwards.
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A realistic illustrative example of spatiotemporal event detection using CCL is shown in Fig. 5. As expected from the CCL
algorithm, spatiotemporally-connected extremes are grouped into single events. At the onset of the event, two distinct regional
clusters, one to the south and another to the north, are observed. Despite being initially separated, these clusters are grouped
into a single event since they merge later in their lifetime (at t=3). Similarly, although not shown, some events may later split
into multiple sectors. It is nonetheless meaningful to treat these separate regions as part of the same event, as they are typically
generated by a common large-scale atmospheric circulation feature and therefore likely have similar formation and dissipation

processes.

The unique integer labels assigned to each spatiotemporal coherent event thus identified by the CCL are archived as functions
of time, longitude, and Ilatitude in NetCDF files, which are distributed via a dedicated server at

https://www.jamstec.go.jp/RID/thredds/catalog/testAll/ WEXA/catalog.html.
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Figure 5: Illustrative example of spatiotemporal event detection based on connected component labelling. Applying connected
component labelling on identified heat waves (HW) with dimensions of longitude (1), latitude (¢) and time (#) yields a volume of
spatiotemporally connected grid points that share the same unique identification number. For each time step, the region where the
event is labelled is shaded in green in the longitude-latitude plane and delimited with a black contour.
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To synthesize the detection process, Fig. 6 provides a flowchart of the complete WEXA algorithm. This diagram summarizes
the progression from raw data and threshold application to the final 3D grouping of events, providing a visual roadmap for the
methodology described above.

Input data: daily averaged 0.5°
by 0.5° 2m temperature from ERAS

|

Warm (WE) and cold (CE) extreme
detection: Ty, > 90" or T, ;, < 10"
percentiles (1991-2020 baseline)

|

Heat wave (HW) and cold spell (CS)
detection: periods in which 3 or more
consecutive days are WE or CE

|

Spatiotemporal events: grouping of
contiguous HW and CS grid points into
discrete event using 3D CCL

Figure 6: Flowchart of the WEXA event detection algorithm.
3 Statistics and visualizations

A standardized set of properties is reported for each spatiotemporal event and provided in JavaScript Object Notation (JSON)
files, with individual diagnostics defined in Table 2. All the files are compiled into a single comprehensive archive hosted at

https://doi.org/10.5281/zenodo.20550615 (Martineau et al., 2026). Several of these diagnostics quantify event intensity using

standardized T,,, anomalies. To obtain standardized anomalies, T,,, anomalies are first computed by subtracting the
climatological mean for the corresponding calendar day (d) from the daily T, values

Tzlm(t) = TZm(t) - TZm(d(t)) 3)
where overbar denotes a calendar-day mean. Standardized temperature anomalies are subsequently obtained by dividing daily
temperature anomalies by the standard deviation for each calendar day

TZm(t) = Tzlm (t)/oclim (d(t)) 4)
where 0,;;,, denotes the standard deviation for a particular calendar day. To reduce sampling noise in both the mean and the
standard deviation, T,,, and 6., are smoothed using a 7-day running mean centered on the target day.

Table 2: Event properties provided in JSON files for each spatiotemporal event. The JSON field is an identifier used to access each
variable in the dataset.

Properties | JSON field Description

Event ID event_id A unique identifier based on: beginning_date, end date, longitude, and latitude

Event event_label Integer-valued grid identifier that uniquely labels each detected extreme event in space and
label time, consistent with the corresponding labels stored in the NetCDF dataset

Start date | start date First date on which grid points are under the influence of an event
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Last date on which grid points are under the influence of an event

Time elapsed (days) from the start date to the end date

An ongoing event denotes an event that lasts up to the latest data available. These events
are subject to change as newer data are added.

Latitude of the maximum time-integrated standardized T»m anomalies. Only Tom of the
same polarity as the events are considered (positive T,,, for a HW, for instance). The centre
is thus representative of both the severity and persistence of anomalies.

Same as above but for longitude

Formatted version of center latitude

Formatted version of center longitude

Westernmost longitude affected by event

Easternmost longitude affected by event

Southernmost latitude affected by event

Northernmost latitude affected by event

Type of the event detected

Variable used for the detection scheme

The area (in km?) encompassing all grid points under the influence of an event during its
lifetime.

The World Countries database (https://hub.arcgis.com/datasets/esri::world-countries/) is

used to obtain a list of all the countries affected by an event during its lifetime.

10
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The World Countries database (https://hub.arcgis.com/datasets/esri::world-countries/) is

used to obtain a list of all the continents affected by an event during its lifetime.
List of all IPCC regions affected. More details about these regions are provided at

https://www.ipcc.ch/report/ar6/wgl/downloads/factsheets/IPCC_AR6_WGI Regional F

act_Sheet_Introduction.pdf and the shapefiles describing these regions were obtained from

https://github.com/IPCC-WG1/Atlas/tree/devel/reference-regions

World Seas THO v3.shp dataset is used to obtain a list of all the ocean basins affected by

an event during its lifetime.

Polygon vertices describing the boundary of the event at each time step

Mean T, anomaly over entire duration

Maximum T,,,, anomaly recorded over entire duration

The daily evolution of maximum T,,,

The daily evolution of mean T,,,

The daily evolution of maximum T,,,, anomalies

The daily evolution of mean T,,,, anomalies

The daily evolution of maximum standardized T,,,, anomalies

11
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ed T2m
anomalies

Evolution | anom_scaled evo_ar | The daily evolution of mean standardized T,,,, anomalies
of mean eamean

standardiz

ed T2m

anomalies

All spatiotemporal events detected in the database with an area exceeding 50,000 km?, approximately the size of a 2.5° x 2.5°
grid cell at 50°N, and that occurred after January 1% 2020 are subjected to detailed examination through the advanced
production of illustrative figures. These events are allotted a special page on the archive’s webpage
(https://wexa.jamstec.go.jp/). Smaller events and those occurring prior to 2020 are not given their own page, but are

nonetheless accessible on the interactive analysis system described later.

3.1 Precomputed diagnostic figures

By default, three figures are generated for each spatiotemporal event. As a representative example, we present these figures
for the extreme heat wave known as the 2021 Western North America heat wave, which occurred in June 2021 (ID: 2021-
May-29 to 2021-Jul-20 241.5 49.0). This event shattered temperature records across multiple cities in the western United
States and Canada by substantial margins (Philip et al., 2022; Thompson et al., 2022). It caused significant excess mortality
with 619 heat-related deaths in British Columbia (Tetzlaff et al., 2024) and contributed to the devastating wildfires which
destroyed the town of Lytton, British Columbia (Philip et al., 2022).

The first figure (Fig. 7) summarizes the severity of the event by displaying the most intense 3-day rolling mean standardized
temperature anomalies (T5,,) observed over its lifetime (maximum for heat waves, as shown here, and minimum when this
figure is produced for cold spells). The 3-day rolling mean is used to capture persistent temperature anomalies and is consistent
with the persistence criterion applied in the detection of extreme events. The event primarily affected western Canada, the
western United States, and parts of Mexico, with additional impacts in the northeastern United States (green hatching) with
T, exceeding 40 over the West (color shading). According to our definition, the event center (magenta star) was located near
the Canada-US border, reflecting the intensity and persistence of anomalies at that location, as the event centre is defined by

the maximum time-integrated T,,, (Table 2).

12
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Most extreme temperature anomalies experienced
2021-May;2.9%t0¥ 02417 (1|22 0% SN 241.5°E,

150°W 120°W 90°W 60°W 30°W

-3.2 -1.6 oio 1.6 3.2
Standardized temperature anomaly
Figure 7: Map of the warmest 3-day mean T, (shading) observed during the 2021 Western North America heat wave.
The area defined as being under the influence of the event is hatched in green. The event center is shown with a magenta
star and the event ID (2021-May-29 to 2021-Jul-20, 49.0°N 241.5°E) is shown at the top of the map.

The second figure (Fig. 8.) illustrates the temporal evolution of 2-m temperature at the event centre. Three quantities are
shown: the raw temperature (T, ), the temperature anomaly (Ty,,) and the standardized anomaly (T5,,). They are overlaid on
the evolution of their respective probability distributions for the 1991-2020 baseline period. Values may fall outside the 0-100
percentile range for events occurring outside the baseline period, which is increasingly common for recent record-breaking
heat waves under ongoing global warming. During the illustrated heat wave, the western part of Canada-United States border
experienced an initial short-lived episode of exceptionally warm temperatures in early June, followed by a gradual

reintensification culminating in a record-breaking peak in late June with T,,, exceeding 40.

13



230

231
232
233

234
235
236
237
238
239
240

https://doi.org/10.5194/essd-2026-434
Preprint. Discussion started: 5 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIqg

Evolution of temperature relative to climatology
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Figure 8: Temporal evolution of temperature at the event centre. From top to bottom, T,,,, T5,,, and T,,, are shown (black lines).
The corresponding probability distributions for the 1991-2020 baseline period are illustrated with colour shadings delimited by the
0, 5, 10, 25, 50, 75, 90, 95, and 100" percentiles.

The third figure (Fig. 9) depicts the temporal evolution of the event, showing both T,,, and the spatial extent of the affected
region from onset to termination. The maps indicate that the event initially developed as two centers of activity: one over
western Canada and the western United-States, and another over the western North Atlantic in late May. These centers
expanded and intensified, merging in early June. Subsequently, the eastern lobe split and propagated into the central North
Atlantic, while a third lobe developed over Mexico around June 6 and gradually migrated northward. This southern feature
eventually amplified and contributed to the peak intensity over Western Canada and the United States in late June, after which

the event gradually dissipated.
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Figure 9: Maps of T,,, (color shadings) for selected days throughout the event. Areas under the event’s influence are indicated by
green contours and hatching. Dates are shown in each panel and the event centre is marked with a magenta star.

3.2 Interactive visualization tool

In addition to the pre-computed figures and statistics, an interactive visualization and analysis tool is available at

https://wexa.jamstec.go.jp/home/interactive/. The tool enables users to search and display spatiotemporal events in the

database according to various criteria, including affected countries, year and month of occurrence, event type, and severity
(Fig. 10). It includes a search panel, a map displaying areas affected by events, visualizations of event frequencies and weather
conditions, a table summarizing event properties, and several diagnostic figures illustrating event characteristics and temporal
trends. The interface is highly interactive, allowing users to rescale charts and maps, as well as select events from the figures

for further analysis.
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Figure 10: Screenshot of WEXA’s interactive visualization and analysis system. In this example, the system displays the 1000
strongest worldwide heat wave events occurring in June, July, and August, that lasted 10 days or longer between 1979 and 2026.
The event selection panel is shown at the top. Below, a map on the left illustrates the frequency of the selected events, while a table
on the right lists their properties. Below the table are two buttons that allow the user to download properties of the listed events in
csv and parquet formats. The lower section presents charts depicting the frequency and evolution of event characteristics over time.

|11|N| @

As an example of the platform’s more advanced analysis capabilities, we present a set of diagnostics that become available
upon selecting an event (Fig. 11), either by selecting one from the event table or from a map showing the areas affected by all
events that match the specified search criteria (Fig. 11a). For illustrative purposes, here we show the weather conditions that
occurred on June 28 2021 during the 2021 Western North America Heat Wave that was discussed in the previous section. To
find this event, users can select, for instance, the 50 strongest heat wave events that have affected Canada in June 2021. Upon
applying these search criteria, the “Events” map displays the sectors affected by all events found (Fig. 11a). For this specific

example, the targeted heat wave is shaded in green.

Once this event is selected, it becomes possible to visualize the associated meteorological conditions (Fig. 11b) by clicking
the “Weather” tab of the map panel. From this view it is possible to choose both the date (here June 28, 2021) and the variable
to display (here T,,,; choices include T,,, Ty, and T,,,). Selecting an individual grid point from this map (here illustrated for
51.25°N, 126.25°W, a location in Southern British Columbia) reveals additional diagnostics, such as the temporal evolution

of Ty, and Ty, (Fig. 11c), as well as a histogram of historical T,,, for the corresponding calendar day, showcasing the
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probability of the specific event (Fig. 11d). We can infer from these visualisations that the peak 2-m temperature anomaly of

this specific event, T,,, was about 12.5 °C above normal, which exceeded all previously recorded T,,, for that time of the

year.
a ) Events Frequency Weather b ) Events Frequency Weather
T2m anomaly
Date: 06/28/2021 Variable:
- -]
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& . . anom
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gj:')’ ® )
o 10
|
WY

T2m anomaly (°C)
Probability
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Higher than 100.0% on record for June 28
20

Figure 11: Screenshots of WEXA’s advanced interactive analysis capabilities. a) The spatial extent of events corresponding to
specific search criteria is shown with coloured shadings. b) 2-m temperature anomalies (T,,,; shading) for a selected date during an
event, with the event’s area contoured in black. c¢) 2-m temperature (T,,,; orange) and its anomalies (T,,,; green) centred on the
selected date for a selected geographical coordinate. The periods defined as heat waves are shaded in red. Cold spells would be shown
in blue. d) Histogram of T,,,, from 1979 to present (orange bars) with the corresponding Gaussian kernel density estimate (orange
line) overlaid. The T,,, experienced on the selected date and location is indicated with a vertical black dashed line.

4 A note on exceptionally persistent and large-scale spatiotemporal mega-events and the extreme heat waves of 2025

Some detected spatiotemporal events exhibit exceptionally long durations. The most extreme case identified in our dataset
persisted from October 15, 2022, to March 27, 2026, spanning 1,259 days. Notably, 27 March 2026 corresponds to the final
day available at the time of the current analysis; the event may therefore extend beyond this date. As discussed below, this

event affected a substantial fraction of the globe and thus can be classified as a mega-event.
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Figure 12 illustrates the evolution of this event. It originated over central Africa (Fig. 12a) in the mid-October 2022, and
moved toward North Africa approximately two months later (Fig. 12b). By January 2023, the event encompassed multiple
regions across the Northern Hemisphere (Fig. 12c¢), reflecting either fragmentation of the original structure or the merging of
previously distinct centres of action. By June 2023, the event exhibited centers of activity in both hemispheres (Fig. 12d), with
a particularly strong presence in the equatorial eastern Pacific. One year later (Fig. 12¢), the event continued to display multiple

centres of action, especially across the tropics and subtropics.

A particularly notable phase occurred in August 2025 (Fig. 12f), when large parts of Europe were affected. During this period,
the 2025 European heat wave set numerous temperature records across European cities and led to substantial socioeconomic
impacts, including widespread wildfires, disruptions to education systems, and excess mortality in the thousands (Clarke et al.,
2025). At the same time, warm anomalies developed over the eastern North Pacific, propagated eastward, and contributed to
a major heat wave over western Canada (Fig. 12g) (Rapid Extreme Weather Attribution system: Top heat events of summer
2025, 2026). By early 2026 (Fig. 12h), the mega-event maintained a strong and geographically extensive global footprint. A
detailed day-by-day evolution is provided in Supplementary Video 1, and readers are encouraged to explore the detailed

evolution of this mega-event using the interactive analyser described above.

The emergence of such mega-events is consistent with expectations under a warming climate. As the atmosphere warms, a
larger fraction of the Earth’s surface is expected to exceed fixed heat-wave thresholds, leading to increases in both the spatial
extent and temporal persistence of heat waves. This, in turn, raises the likelihood of large, spatiotemporally connected
structures such as the one illustrated in Fig. 12. The effect may be particularly pronounced for marine heat waves, which are
projected to become quasi-permanent by the late 21% century due to substantial increases in sea surface temperatures (Oliver

etal., 2019).

One possible strategy to moderate the detection of the apparent increase in event duration and extent would be to partition
mega-events into sub-events based on stages of their life cycle (e.g., splitting, temporary dissipation, and reintensification).
However, event subdivision criteria would inevitably involve a degree of subjectivity. For this reason, we do not subdivide
events in the present dataset. Instead, we recommend that users analyse the structure of these complex events by examining

their day-to-day evolution and adjust/crop them to their specific usage.

A second option would be to adopt a stricter definition of extremes (e.g., the 95th percentile instead of the 90th percentile).
This would reduce the spatial extent of detected extremes and decrease the likelihood of large-scale clustering into persistent
mega-events. However, this approach has two limitations: (1) it would lead to under-detection of events in the earlier portion

of the record, and (2) it would not eliminate mega-events under continued warming, but merely delay their emergence.
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A third approach is to allow the baseline climatology to evolve over time (evolving baseline), thereby reducing exceedances
driven by long-term warming. Such shifting-baseline frameworks have been proposed for marine heat waves (Smith et al.,
2025). However, this approach remains debated, as it may misleadingly suggest that the frequency of extremes is unchanged
under a globally warming climate (Sen Gupta, 2023). In this study, we therefore report events identified using a fixed baseline
(1991-2020). Nevertheless, evolving-baseline approaches may be appropriate for specific applications, and its inclusion in

future dataset versions remains under consideration.
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Figure 12: Selected snapshots illustrating the evolution of the 2022-Oct-16_to_2026-Mar-27_294.0_10.5 event. Shading represents

the threshold exceedance (T,,,, — T5), with black contours marking the 0-exceedance boundary. Regions of positive exceedance are

outlined in black while those satisfying the persistence criterion are hatched in black. The sectors included in the 2022-Oct-
16_to_2026-Mar-27_294.0_10.5 event are highlighted with magenta contours.

5 Summary

The Weather Extremes Archive (WEXA) is a global, event-based dataset designed to systematically identify, characterize, and
visualize persistent temperature extremes, with an initial focus on heat waves and cold spells. Using 2-m temperature from

ERAS reanalysis data, extremes are defined relative to seasonally- and spatially-varying percentile thresholds derived from a
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fixed 1991-2020 climatological baseline period. Persistent events are detected by identifying consecutive daily extremes and
subsequently grouped into spatiotemporally coherent heat wave and cold spell events using connected component labelling in

three-dimensional space (time, latitude, longitude).

For each spatiotemporal event, WEXA provides a standardized and comprehensive set of diagnostics describing its timing,
duration, spatial extent, intensity, and evolution. Event intensity is quantified using both raw and standardized temperature
anomalies, enabling meaningful comparisons across regions and seasons. Events exceeding a minimum spatial extent and
occurring since 2020 are further documented with dedicated web pages and precomputed figures illustrating their severity,

temporal development, and spatial progression.

In addition to the static archive, WEXA offers an interactive visualization and analysis platform that allows users to search,
filter, and explore events based on multiple criteria, including location, season, event type, and intensity. Advanced diagnostics
enable users to examine meteorological conditions at selected times and locations, view historical temperature distributions,

and place individual events within a broader climatological context.

By providing a consistent, transparent, and user-friendly framework for analysing persistent temperature extremes, WEXA
serves as a valuable resource for climate monitoring, event attribution, and impact-oriented studies. In addition, it may also
serve as an information resource for the public. Access to the various components of WEXA is summarized in Table 3. Future
releases will extend the archive to include additional categories of hydroclimatic extremes, such as marine heat waves and cold

spells, further broadening its applicability.

Table 3: Summary of WEXA’s components and access method

Component  Description URLs
Website Main website of WEXA from https://wexa.jamstec.go.jp (main website)
which all other components are  https://wexa.jamstec.go.jp/home/recent-extreme-weather-events/ (most

accessible and where pre- recentevents)
processed diagnostics of all
events starting from 2020 are
archived. Event properties
stored in JSON format are

accessible from these pages.

Interactive  Interactive analysis system for https://wexa.jamstec.go.jp/home/interactive/

analyser extreme events. It is possible to
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generate .csv and .parquet files
containing event properties after

applying search criteria.

NetCDF Data server for the gridded https://www.jamstec.go.jp/RID/thredds/catalog/testAll/ WEXA/catalog.html

server NetCDF files containing event
labels.
Digital The data is permanently https://doi.org/10.5281/zenodo.20550615

repository archived on Zenodo

6 Data availability

In addition to an official permanent repository for WEXA’s data hosted at https://doi.org/10.5281/zenodo.20550615

(Martineau et al., 2026), all data can be accessed from WEXA’s official website (https://wexa.jamstec.go.jp). See Table 3 for

more information on the different components of WEXA.
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