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Abstract Heatwaves pose increased risk to ecosystem and society. Advanced event-based detection
methods offer novel insights into the spatiotemporal dynamics of heatwaves. However, robust assessments of
heatwave trends remain challenging due to the sensitivity of results to parameter selection, including connected
structure, area threshold, and overlap ratio. Here, we employed 3-dimensional connected detection algorithm
(3DCDA) to explore the dependency of heatwave identifications on various parameter combinations. The
results indicate that heatwave metrics are sensitive to 3DCDA parameters, with the appropriate combination for
large-scale heatwaves being overlap ratio of 40%—50%, area threshold of 10° km?, and 10-connected structure.
Based on this configuration, we discovered significant increasing trends in heatwave frequency, projection area
and total magnitude, while observed a decrease in maximum intensity and area mean intensity both annually and
during summer. These findings highlight the critical importance of parameter selection in 3DCDA for robust
analysis of heatwaves and other extreme events.

Plain Language Summary Heatwaves pose serious threats to ecosystem and society. Understanding
how heatwaves evolve is important. Previous studies have primarily examined heatwave evolution at individual
grids, neglecting the propagation of heatwaves across neighboring regions. Although recent research has
recognized this phenomenon, the utilization of different detection methods has led to inconsistent results. To
address this issue, we first use the 2021 Northwestern Pacific Heatwave as a case study. Our findings indicate
that an excessively high overlap ratio only captures the peak stage of the heatwave, while an excessively low
overlap would merge unconnected heatwaves into an event. We then examined all heatwaves from 1959 to 2023
and ultimately recommended the following criteria for large-scale heatwaves: the affected region should overlap
by 40%—50% from one day to the next, the coverage area should be larger than 10° km?, and the analysis should
consider both neighboring regions on the same day and closely connected regions across consecutive days.
Applying these parameters, we discover increasing trends in heatwave frequency, areal coverage and total
magnitude. These results highlight the importance of carefully selecting parameters in the 3DCDA, which can
also serve as a valuable reference for identifying other types of extreme events.

1. Introduction

Heatwaves, defined as periods of extreme high temperature lasting more than three consecutive days, have
profound impacts on labor productivity (Zander et al., 2015), human health (Xu et al., 2016; Ye et al., 2012),
public infrastructure (McEvoy et al., 2012; Riibbelke & Vogele, 2011) and the economy (Kjellstrom, 2015; Tang
et al., 2023). The frequency, intensity, and formation mechanisms of heatwaves have been extensively studied at
both global and regional scales (Kornhuber et al., 2019, 2020; Perkins, 2015; Perkins et al., 2012; Rousi
etal., 2022). However, these studies focus on individual grid points, overlooking the spatiotemporal continuity of
heatwaves by reducing the three-dimensional (time X latitude X longitude) attributes to one or two dimensions.
This reduction limits a comprehensive understanding of their spatiotemporal evolution.

To address the spatiotemporal dynamics of heatwaves, various algorithms have been developed to characterize
heatwave metrics (He et al., 2023; Liu & Zhou, 2023; Lyon et al., 2019; Song et al., 2022; Vogel et al., 2020; Wu
et al., 2024). One approach clusters two-dimensional latitude—longitude grid points and subsequently utilizes an
overlap ratio to merge or split extreme events (Fang & Lu, 2020; Kong et al., 2024; Wang & Wang, 2023).
Another approach directly identifies events in three-dimensional spatiotemporal space and applies specific rules
for event identification (Luo et al., 2022; X. Wang, Luo, et al., 2022). For example, utilizing the 3D connected
component algorithm (CC3D), researchers have identified 3D heatwave events both regionally and globally (Luo
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et al., 2022, 2024; Wu et al., 2024). Recently, with the emergence of machine learning algorithms, Liu
et al. (2023) utilized 3D-DBSCAN to identify the 2022 heatwave in the Yangtze River Basin and explore the
sensitivity of parameter selection in this algorithm. However, the physical relevance of parameter choice in such
algorithms remains inadequately explored.

Careful parameter selection is crucial for implementing the three-dimensional connected detection algorithm
(3DCDA), as different parameters can lead to significant variations in the results (Song et al., 2022; Vogel
et al., 2020). For example, the choice of fixed or moving thresholds significantly influences heatwave attributes
(Vogel et al., 2020). Similarly, overlap ratios are critical for ensuring spatial continuity in event detection (Li
et al., 2020). Studies have reported varying overlap ratios and resolutions for different extreme events, such as a
50% overlap ratio with a 3.75° X 2.5° resolution for heatwaves (C. Wang, Zheng, et al., 2022) and a 70% overlap
ratio with a 1° X 1° resolution for atmospheric blocking (Pfahl et al., 2015; Steinfeld & Pfahl, 2019), highlighting
the need to investigate its impact on event identification. Furthermore, different connected structures can yield
varying outcomes in heatwave detection (He et al., 2023). By setting a 250-km buffering zone at land boundaries,
minimal differences of heatwave characteristics are detected when ocean areas were included compared to land-
only analyses (Luo et al., 2024). However, Lo et al. (2021) cautioned that focusing solely on land could un-
derestimate heatwave size in island and coastal regions. To address these complexities, this study compares
heatwave identification at global and land-only scales to assess the influence of spatial scale on heatwave
detection. Understanding the sensitivity of parameter selection in the 3DCDA is crucial for investigating the
response of heatwaves and other extreme events to global warming.

This study provides a comprehensive assessment of parameter dependency in 3DCDA using the ERAS data set.
First, we conducted sensitivity experiments using the 2021 Northwestern Pacific heatwave as a case study (Oertel
et al., 2023; Schumacher et al., 2022). Subsequently, we extended these sensitivity experiments to analyze global
heatwave events from 1959 to 2023. Different parameter combinations can be used to identify various types of
heatwaves. Small-scale heatwave are often influenced by regional factors such as urbanization and land-use
changes, whereas large-scale contiguous heatwaves are primarily driven by atmosphere circulation. This study
focuses on large-scale contiguous heatwaves, as atmosphere circulation can induce more extensive and intense
extreme temperature events compared to regional factors. To systematically assess their response to global
warming, we employ a specific parameter combination, including a 40%-50% overlap ratio, a minimum pro-
jection area of 10° km? and a 10-connected structure. This analysis not only enhances our understanding of
heatwaves but also serves as a valuable reference for studying the spatiotemporal dynamics of other extreme
events, such as extreme precipitation, droughts, sandstorms and so on.

2. Methods
2.1. Surface Temperature Data

The surface temperature data used in this study is derived from the European Center for Medium-Range Weather
Forecasts (ECMWEF) reanalysis (ERAS) data set, covering the period from 1959 to 2023 with spatial resolutions
of 1° X 1°and 2.5° X 2.5°, which can be downloaded using the “grid” parameter (Hersbach et al., 2023). Although
ERAS provides a higher native resolution of 0.25°, we use two coarse resolutions in this study, as they are
sufficient for analyzing synoptic-scale heatwaves while optimizing computational efficiency. Daily maximum

temperature (7,,,,) is derived by calculating the highest temperature from hourly ERAS data for subsequent

ax

analyses.

2.2. Heatwave Definition and 3D-Connected Detection Algorithm

Unlike traditional detection algorithms that identify heatwaves over isolated grids and disregard the spatiotem-
poral continuity of heatwave events, a 3D-connected detection algorithm (3DCDA) was developed to address
these limitations (Figure S1 in Supporting Information S1). The algorithm involves the following steps: (a)
Threshold identification: Tmax is used for heatwave detection. The threshold for extreme temperature is set at the
90th percentile of a centered 15-day temporal window of Tmax from 1959 to 2023. (b) Connection determination:
For each day, regions where the two-dimensional temperature field exceeds the threshold and is contiguous with
neighboring grids are identified as heatwave areas. (c) Overlap Limit: Heatwave areas are preserved only if the
overlap area between adjacent days exceeds a specified overlap ratio; otherwise, they are excluded. (d) Persis-
tence Limit: After applying the overlap limit, events are identified using either a 10-connected structure or a 26-
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Figure 1. Introduction of the 26-connected structure, 10-connected structure, overlap, duration and projection area. Panel (a) illustrates the difference between the final
results for the 10-connected structure and the 26-connected structure. The different colors in panel (b) indicate the overlap area on different days, the bottom shadow
represents the projected area, and the arrow on the left signifies the duration.

connected structure (Figure 1a). Only heatwave events persisting for more than 3 days are preserved (Figure 1b).
(e) Area Limit: Following the persistence limit, events are further processed based on an area threshold
(Figure 1b). If the event spans an area exceeding a certain threshold, it is retained; otherwise, it is eliminated. (f)
Metric Diagnosis: Finally, heatwave metrics are determined, including duration, intensity properties, mobility
properties, and areal properties (Table S1 in Supporting Information S1). These steps ensure comprehensive and
accurate identification of heatwaves while accounting for their spatiotemporal continuity.

2.3. Sensitivity Experiments of the 3DCDA

To evaluate the robustness of the 3DCDA, sensitivity experiments were conducted to assess its performance
under varying conditions, including resolutions, spatial scales, connected structures, area thresholds, and overlap
ratios, both annually and during the summer season. Summer is defined as June to August in the Northern
Hemisphere and December to February in the Southern Hemisphere (Bathiany et al., 2018; Vogt et al., 2022).
While previous studies have primarily focused on heatwaves over land (Luo et al., 2022, 2024), the evolution of
heatwaves over oceans remains underexplored (King & Reeder, 2021). To address this gap, we compared results
on a global scale, including both land and ocean areas, with those confined to land areas. For a precise com-
parison, heatwave center positions located on land were extracted from the global-scale data. Additionally, the
algorithm's stability was examined with spatial resolutions of 1° and 2.5°.

2.3.1. Connected Structure Sensitivity

The choice of connected structure significantly affects the identification of heatwave events. A 10-connected
structure tends to segment a potential heatwave event into multiple smaller events, while a 26-connected
structure categorizes it as a single, cohesive event (Figure 1a). Given the stricter constraints imposed by the
10-connected structure, it is critical to understand its sensitivity in comparison to the 26-connected structure.

2.3.2. Overlap Ratio Sensitivity

The overlap ratio is another key parameter that affects the identification of extreme events. Variation in the
overlap ratio can lead to different outcomes in heatwave detection (Figure 2). The overlap ratio must balance the
atmospheric flow's influence and the spatiotemporal continuity of heatwaves. To evaluate its sensitivity, overlap
ratios ranging from 0% to 100% were tested using the 2021 Northwestern Pacific Heatwave as a case study.
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Figure 2. The sensitivity of heatwave duration and projection area to variations in overlap ratios. Panels (a—h) illustrate the spatial distribution of heatwave duration for
overlap ratios ranging of 0%—70%, where the filled contours indicate the duration of heatwaves from 20 June 2021, to 10 July 2021, and the black line represents the
heatwave trajectory. Circular markers with a brown-to-blue color gradient indicate the progression of time. Panel (i) shows the changes in projection area and duration
with increasing overlap ratio, with the red line indicating the projection area and the blue line representing the duration.

2.3.3. Area Threshold Sensitivity

To assess the impact of atmospheric circulation on heatwave evolution, experiments were conducted using area
thresholds of 10° km? (Barriopedro et al., 2011, 2023) and 0 km?. Smaller heatwaves are often more influenced by
local factors than large-scale atmospheric circulation, whereas an area of 10° km? is equivalent to a circle with a
radius of a Rossby wavelength (Osychny & Cornillon, 2004), providing a benchmark for analyzing the effects of
atmospheric circulation.

2.3.4. Resolution Comparison

Sensitivity experiments were conducted at spatial resolutions of 1° X 1° and 2.5° X 2.5° to validate the algorithm's
consistency across different resolutions.

Further details on these sensitivity experiments are provided in Figure 3 and Figure S8 in Supporting Informa-
tion S1. These experiments highlight the importance of parameter choices in 3DCDA for accurately capturing the
spatiotemporal dynamics of heatwaves.

3. Results
3.1. The Critical Parameters in the 3DCDA

We developed a 3DCDA to identify spatiotemporally continuous heatwaves. According to this algorithm, a
heatwave is identified when it overlaps with adjacent days, persist for more than 3 days and covers an area
exceeding a specified threshold. The connected structure in this algorithm ensures that a heatwave occurring on a
given day can propagate to adjacent regions on subsequent days (Figure la). Specifically, a 26-connected
structure categorizes potential events as a single heatwave event, whereas a 10-connected structure may split
the same potential event into two distinct heatwave events. The overlap ratio further guarantees the spatiotem-
poral continuity of heatwaves, preventing different events from overlapping or intersecting within the “lati-
tude X longitude X time” space (Figure 1b). The persistence and coverage area of heatwaves serve as critical
indices for assessing their impacts at global and regional scales. Additionally, the total magnitude of a heatwave,
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Figure 3. Trends of the annual heatwave frequency (a), duration (b) and projection area (c) in the sensitivity experiments. The blue line represents the global scale, and
the orange line represents the land-only scale. The solid line represents a resolution of 1°, and the dashed line represents a resolution of 2.5°.

represented as the sum of temperature anomalies across heatwave days and areas, provides a concise metric for
quantifying its overall intensity, duration and extent.

3.2. A Case Study of the 2021 Northwest Pacific Heatwave

To evaluate the influence of overlap ratios on heatwave detection, we analyzed the 2021 northwestern Pacific
heatwave, an event that broke local historical records and caused substantial ecosystem damage (C. Wang, Zheng,
et al., 2022; Lin et al., 2022; White et al., 2023). A 10-connected structure was employed with overlap ratios
ranging from 0% to 100% to detect heatwaves globally from 1 January 2021, to 31 December 2021 (Figure 2). A
focused analysis was conducted for the period from June 20 to 10 July 2021. When the overlap ratio was below
20%, the algorithm produces unsatisfactory results, incorrectly identifying spatially disconnected regions as a
single event. This led to implausible outcomes, such as heatwaves covering an area of approximately
500 x 10° km? and persisting for 365 days (Figures 2a—2c and 2i). As the overlap ratio increased from 30% to
50%, the projection area and the duration of the detected heatwaves decreased to approximately 10 x 10° km* and
10 days, respectively, yielding more realistic results (Figures 2d-2f and 2i).

The incremental evolution curve of the projection area and duration in response to the overlap ratios revealed that
both metrics gradually decreased as the overlap ratio increased, with no heatwave detections beyond 80%
(Figure 2i). Specifically, the projection area and duration remained stable from 0% to 20%, sharply decreased
from 20% to 40%, and exhibited minor fluctuations from 40% to 50% and 50%—70% (Figure 2i). An overlap ratio
below 40% tended to erroneously classify spatially disconnected regions as a single event, whereas ratios above
50% suggested a quasi-stationary state of heatwaves (Figure 2i). Based on these findings, an overlap ratio of 40%—
50% was deemed appropriate for effectively capturing the development of large-scale contiguous heatwaves.
Compared to the global scale, the land-only scale only identified the peak stage of the heatwave and failed to
recognize its onset stage over the ocean (Figures S2 and S3 in Supporting Information S1). Additionally, the
choice between 10-connected and 26-connected structures had minimal impact on heatwave evolution, with
minor variations in genesis location observed between June 21 and June 22 (Figures S2a and S2b in Supporting
Information S1). This analysis highlights the importance of selecting appropriate parameters in heatwave
detection algorithms, as the appropriate parameter enhances the reliability of heatwave identification and provides
a more accurate depiction of their spatiotemporal dynamics.
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3.3. Sensitivity Experiments With Different Parameters of 3DCDA for Global Heatwaves

Building on the findings from the 2021 Northwestern Pacific Heatwave (Figures S2 and S3 in Supporting In-
formation S1), the analysis of heatwaves from 1959 to 2023 revealed consistent probability distribution of
heatwave duration and projection area across different connected structures, both annually (Figures S4 and S5 in
Supporting Information S1) and during summer (Figures S6 and S7 in Supporting Information S1). This con-
sistency indicates that the choice of connected structure does not significantly impact the distribution of these
metrics (Figures S4-S7 in Supporting Information S1). However, significant differences between the probability
distributions at the land-only scale and the global scale highlight the importance of including ocean regions in
such analyses.

To further explore parameter sensitivity, we compare heatwave metrics across various experimental setups
(Figure 3 and Figure S8 in Supporting Information S1). Experiment A is conducted with an overlap ratio of 50%,
an area threshold of 10° km?, and a 10-connected structure, but experiment B and C are conducted without overlap
limit using a 10-connected structure and a 26-connected structure. Experiment D and E do not consider the area
threshold, potentially allowing for the detection of smaller events compared to experiments B and C. Experiment
F also does not consider the area threshold but considers the effect of overlap.

As regional warming intensifies, previously isolated heatwaves are becoming interconnected, leading to a
decrease in heatwave frequency but an increase in both duration and projection area at land-only scale when the
overlap limit is not applied (Experiments B and C in Figure 3 and Figure S8 in Supporting Information S1). In
contrast, when the overlap limit is considered, both heatwave frequency and projection area exhibit a consistent
increase, while duration exhibit minor variations at both global and land-only scales (Experiments A and F'). This
suggests that global warming is driving more contiguous heatwaves, affecting a larger spatial extent but not
necessarily extending their duration (Figure 3 and Figure S8 in Supporting Information S1).

Localize warming leads to an increase in small-scale heatwaves when the area threshold is removed (Experiments
D and E in Figure 3a and Figure S8a in Supporting Information S1). This is further confirmed by the relatively
minor variations in heatwave projection area and duration in experiments with area limits compared to experi-
ments without area limits. Specifically, the increase in these small-area, short-duration heatwaves leads to minor
variation of heatwave duration and projection area in Experiments D and E, while larger-scale heatwaves show an
increasing trend in both duration and projection area in Experiments B and C (Figures 3b and 3¢ and Figures S8b
and S8c in Supporting Information S1).

These findings underscore the critical role of the parameter selection in heatwave detection. The area limit
effectively filters out smaller, localized heatwave, while the overlap ratio limit prevents the merging of unrelated
heatwaves on a global scale. Despite using the identical experiment configurations, heatwaves exhibit distinct
trends at global and land-only scales. Therefore, the parameters selection of 3DCDA should be based on the type
of heatwaves (e.g., fast-moving, large-scale and so on).

3.4. Trends in Large-Scale Contiguous Heatwaves

We focus on large-scale contiguous heatwaves due to their high impact. Using the appropriate parameter com-
bination of a 50% overlap ratio, an area threshold of 10° km?, and a 10-connected structure, global large-scale
heatwaves were identified based on ERAS data set both annually (Figure 4) and during summer (Figure S9 in
Supporting Information S1). The results revealed extensive regions experiencing significant heatwave impacts,
predominately in the high latitudes of the Northern Hemisphere. In contrast, heatwaves in the Southern Hemi-
sphere typically covered smaller areas, less than 10 x 10° km?, with total magnitudes below 20 x 10°°C km?
(Figure 4a).

The frequency of heatwaves nearly doubled between 1959 and 2023, increasing at a rate of 7.71 events/decade
annually and 2.32 events/decade during summer (Figure 4b and Figure S9b in Supporting Information S1).
However, the duration of heatwaves exhibits an insignificant trend of —0.003 days/decade annually and
0.08 days/decade during summer (Figure 4c and Figure S9c in Supporting Information S1). Projection area
showed a significant increase with the rates of 0.48 x 10° km? per decade annually and 0.5 X 10° km? per decade
during summer (Figure 4d and Figure S9d in Supporting Information S1). Consequently, the total magnitude of
heatwaves increases significantly by approximately 5.98 x 10° km? °C/decade annually and 6.43 x 10° km? °C/
decade during summer (Figure 4g and Figure S9g in Supporting Information S1). By contrast, the average
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maximum intensity of heatwaves exhibited an insignificant change, declining by approximately —0.09°C/decade
annually and —0.02°C/decade during summer (Figure 4e and Figure S9e in Supporting Information S1), whereas
the most severe heatwaves are becoming more intense, as evidenced by the increasing trend in the annually
highest recorded heatwave maximum intensity (Figure S10 in Supporting Information S1). This decline in the
average intensity can be attributed to the occurrence of heatwaves in historically less affected regions, which
typically experience lower intensity compared to traditional heatwave-prone regions. Meanwhile, the area-mean
intensity decreases significantly with rates of —0.19°C/decade annually and —0.17°C/decade during summer
(Figure 4f and Figure S9f in Supporting Information S1). This decrease is primarily driven by the spatial
expansion of heatwaves, which incorporates regions with lower temperature anomalies, thereby reducing the
overall intensity when averaged across the entire affected region. Unlike the increasing heatwave duration re-
ported by Luo et al. (2022), our results indicate minimal changes in heatwave duration, which is consistent with
the stable duration of large-scale atmospheric circulation patterns such as atmospheric blocking. This finding
underscores the critical importance of selecting appropriate parameters for heatwave detection. Moreover, the
significant changes in heatwave characteristics over the past several decades, reflecting the complex responses of
heatwaves to global warming.

4. Discussion and Conclusions

Several studies have emphasized the need for a standardized definition and comprehensive assessment of heat-
wave characteristics (Perkins & Alexander, 2013; Perkins-Kirkpatrick & Lewis, 2020; E. Russo &
Domeisen, 2023). Despite these efforts, a wide range of methodologies continue to be used, and a systematic
comparative analysis of these methods remains largely absent. This study represents the first comprehensive
global analysis of heatwave characteristics employing the 3DCDA across various experimental setups. Our
findings demonstrate that parameter selection significantly influences the identification of large-scale contiguous
heatwave. Using a parameter combination of a 50% overlap ratio, an area threshold of 10° km?, and a 10-connect
structure for the 3DCDA, we observed significant increases in heatwave frequency, projection area and total
magnitude annually and during summer (Figure 4 and Figure S9 in Supporting Information S1). The following are
key findings of the study:

1. Land-only versus Global scale analyses:
It is not possible to artificially separate the evolution of heatwave over the ocean and land. Specifically, land-
only analysis may overlook the onset of heatwave events, such as the 2021 Northwest Pacific heatwave, while
still capturing the peak stage of heatwaves (Figures S2 and S3 in Supporting Information S1). This discrepancy
underscores the importance of including ocean regions in global heatwave analyses.

2. Impact of overlap ratio:
An insufficient overlap ratio erroneously groups separate regions into a single heatwave event, while an
excessive overlap ratio only captures the peak stage of heatwaves, often indicating a quasi-stationary state of
the heatwave over land (Figures 2g and 2h), potentially associated with the presence of a heat dome in the
region (C. Wang, Zheng, et al., 2022; White et al., 2023). This behavior aligns with the detection of atmo-
spheric blocking, which typically uses a 70% overlap ratio as a criterion (Pfahl et al., 2015; Steinfeld &
Pfahl, 2019). An overlap ratio between 40% and 50% strikes a balance, effectively capturing both the onset and
peak stages of heatwaves.

3. Role of area and overlap limits:
Significant discrepancies among the six experiment setups highlight the critical influence of area limit and
overlap ratio limit on heatwave detection results at both global and land-only scales. Eliminating the area limit
increases the detection of small, localized events driven by local mechanisms rather than atmospheric cir-
culation, decreasing global-scale heatwave metrics. And disregarding the overlap limit causes unrelated
heatwave events to merge, reducing global heatwave frequency, duration, and projection area.

4. Minimal influence of resolution and connected structure:
Our analysis revealed that variations in data resolution and connected structure had minimal impact on the
results compared to area and overlap limits.

Unlike previous studies that focused on individual sites or isolated grids (Meehl & Tebaldi, 2004; Perkins, 2015;
Perkins et al., 2012), our research provides a robust trend analysis of large-scale contiguous heatwaves over
historical period. With continued warming due to anthropogenic forcing expected throughout the twenty-first
century (Hansen et al., 2000), we anticipate further increases in heatwave frequency, projection area and total
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magnitude. Heatwaves originating over oceans and propagating to land may carry higher moisture content,
resulting in humid heatwaves that amplify the impact of humidity on human health (Budd, 2008; Ha et al., 2022;
Raymond et al., 2020; Russo et al., 2017). However, the amplifying effects of humidity on heatwaves were not
investigated in this study, as our primary focus was on parameters selection for heatwaves identification. Future
research should incorporate humidity metrics to better assess the impact of humid heatwaves. Given the profound
impact of heatwaves on local economies, human health, and agriculture, investigating the mechanism driving
accelerated heatwave trends is crucial for developing effective mitigation and adaptation strategies.

Data Availability Statement

The ERAS data set is available from Hersbach et al. (2023). All code used to produce the results and figures of this
paper is available from the corresponding author upon reasonable request.
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