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Abstract. Heatwaves are among the most impactful climate extremes in Europe. Their recurrence, defined as sequences of
heatwaves separated by short breaks, is projected to increase disproportionately under climate change, yet remains poorly
understood. This is in part because recurrence emerges from interacting processes operating across spatial scales, from local
land—atmosphere feedbacks to large-scale atmospheric circulation, and studies often focus on only one scale at a time. We
develop a unified framework to investigate heatwave recurrence across local, object, and continental scales over Europe using
the European Centre for Medium-Range Weather Forecasts ERAS reanalysis for 1950-2024.

Our results reveal complementary insights at each spatial scale. Local recurrence, that is heatwaves at one location separated
by less than seven days, exhibit weaker daily temperature and soil moisture anomalies than isolated events. However, recurrent
heatwave objects, defined as spatially contiguous heatwave objects corresponding to strong local recurrence, show higher
soil moisture depletion and higher temperatures compared to single events. They further persist longer, cover larger areas,
and are more frequently associated with European blocking in July and August. Continental recurrence reflects summers in
which multiple heatwave objects overlap spatially, affecting large areas or striking the same regions repeatedly. It emerges as a
distinct dimension of summer heat extremes rather than simply reflecting anomalously warm conditions. Summers with high
continental recurrence feature more heatwaves, larger affected areas, higher temperature anomalies, and earlier, more persistent
soil moisture depletion compared to summers with isolated events. Further, despite some overlap between high continental and
high local recurrence, both represent distinct and complementary perspectives on heatwave recurrence.

These findings demonstrate that recurrence is a cross-scale phenomenon and highlight the importance of integrating comple-
mentary spatial perspectives to better understand compound heat extremes and the coupled atmospheric—land surface processes

that govern them.
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1 Introduction

Weather and climate extremes such as heatwaves pose an increasingly severe burden on human health, ecosystems, and
economies worldwide (Calvin et al., 2023). Even modest increases in mean temperature can lead to disproportionately large
increases in the frequency, intensity, and spatial extent of extreme heat events (Perkins, 2015; Leén-FonFay et al., 2026). In
particular, Europe has emerged as a hotspot for heatwaves under ongoing climate change (Perkins, 2015; Barriopedro et al.,
2023). As extreme events can exceed the coping capacity of natural and human systems, understanding the physical processes
that drive their occurrence remains a key scientific challenge (Calvin et al., 2023). Accurate prediction and attribution of heat-
waves are therefore essential, yet they depend on a detailed understanding of the complex interactions among atmospheric
circulation, land—atmosphere coupling, and background climate conditions.

Heatwaves arise from the interplay between large-scale atmospheric circulation anomalies and land—surface processes (Bar-
riopedro et al., 2023). In Europe, heatwaves are frequently associated with persistent anticyclonic circulation patterns, including
atmospheric blocking, which inhibit the zonal propagation of weather systems and promote subsidence, clear-sky conditions,
and warm air advection (Santos et al., 2015; Bieli et al., 2015; Kautz et al., 2022; Lemburg et al., 2026; Dillerup et al., 2026).
Land-atmosphere interactions, particularly soil moisture—temperature feedbacks, can further amplify heat extremes by limiting
evaporative cooling and enhancing sensible heat fluxes, with the strength of this coupling depending on antecedent soil mois-
ture conditions and varying across regions and events (Seneviratne et al., 2010; Liu et al., 2020; Benson and Dirmeyer, 2021;
Maraun et al., 2025). When such processes persist or recur in close succession, heatwaves may exhibit a compound nature, as
earlier events can precondition the land surface and amplify subsequent extremes.

While the characteristics and drivers of individual heatwaves have been widely studied, comparatively little attention has
been paid to recurrent heatwaves, that is, repeated heatwave occurrences separated by short breaks (Hughes et al., 2018;
Baldwin et al., 2019; Zhang et al., 2025). Importantly, the relative roles of atmospheric circulation and land—surface feedbacks
in governing recurrent heatwave behavior remain incompletely understood (Zscheischler et al., 2020; Barriopedro et al., 2023).
This research gap is notable, as heatwave sequences are projected to increase disproportionately in a warming climate, even
beyond the increase in single events (Baldwin et al., 2019; Zhang et al., 2025). In addition, global warming may extend the
heatwave season in Central Europe into October (Hundhausen et al., 2023), further enhancing the potential for prolonged
heatwave sequences. From an impact perspective, such sequences are particularly critical: an initial heatwave can precondition
the land surface, heighten vulnerability, and reduce recovery capacity, thereby amplifying the impacts of subsequent events on
health, ecosystems, and infrastructure (Hughes et al., 2018). It has further been shown that sequences of heatwaves interact
with the urban heat island (Zhang et al., 2025).

Despite their growing relevance, recurrent heatwaves over Europe remain insufficiently understood. Previous studies have
largely focused either on individual events or on grid-cell-based recurrence (Baldwin et al., 2019; Zhang et al., 2025), making
it difficult to disentangle local cumulative impacts from the dynamics of spatially coherent heatwave objects. A comprehensive

understanding of recurrent heatwaves and their links to atmospheric circulation, land—atmosphere interactions, and impacts
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instead requires an explicit consideration of multiple spatial scales. However, to our knowledge, no study has systematically
examined recurrent heatwaves over Europe across multiple spatial scales.

To address this gap, we introduce a unified framework that integrates grid-cell-based recurrence, object-based heatwaves, and
continental-scale recurrence. At the local scale, recurrence manifests as repeated temperature exceedances at a fixed location
separated by short breaks. This perspective captures land-atmosphere recovery processes, such as soil moisture replenishment,
and directly reflects cumulative exposure relevant for human health, ecosystems, and agriculture. However, observing recur-
rence at a single location does not reveal why certain regions experience repeated extremes. Heatwaves are not purely local
phenomena; they are shaped by large-scale atmospheric circulation patterns that organize temperature anomalies over broad
areas (Kautz et al., 2022; Barriopedro et al., 2023). To relate local recurrence to these dynamical drivers, an intermediate
scale is needed. We therefore introduce an object-based perspective, in which adjacent or nearby exceedances are grouped into
coherent heatwave objects. This scale makes it possible to distinguish between heatwave objects that generate repeated local
extremes and those that do not. In this way, local cumulative exposure can be linked to the properties and dynamics of spatially
coherent events. Beyond individual objects, recurrence can also emerge from the succession of multiple heatwave systems
within a single summer. At the continental scale, this reflects the seasonal organization of extreme heat across Europe. High
continental recurrence can indicate either that large areas of the continent are affected by multiple heatwaves or that smaller
regions experience repeated heatwaves.

This approach allows us to capture the multifaceted nature of recurrent heatwave activity and its links to atmospheric circu-
lation and land—atmosphere interactions, as each spatial scale highlights complementary aspects of recurrence. By explicitly
distinguishing recurrence across spatial scales, the study aims to improve understanding of the frequency, timing, and spatial
organization of recurrent heatwaves, providing a more nuanced picture of extreme heat in a warming climate.

In particular, this study addresses the following research questions:

— Local scale: How do locally recurrent heatwaves differ from isolated heatwaves in terms of temperature and soil-moisture

anomalies?

— Object scale: Which physical characteristics and atmospheric circulation patterns distinguish heatwave objects with

strong versus weak local recurrence?

— Continental scale: How does the recurrence of heatwave objects within a summer shape their characteristics across

Europe, and how does continental-scale recurrence relate to local heatwave recurrence?

Section 2 describes the data, indices, and methods for computing recurrent heatwaves accross spatial scales. Section 3.1
analyzes local-scale recurrence and regional variability, Section 3.2 assesses object-scale characteristics and atmospheric cir-
culation patterns, and Section 3.3 examines continental-scale differences between summers. Section 4 summarizes the findings

and their implications.
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2 Data and Methods
2.1 Data

We used the ERAS reanalysis dataset provided by the European Center for Medium-Range Weather Forecasts (ECMWF)
over the period 1950-2024 on a 31km grid. The chosen domain spans 11°W-30°E, 40-60°N to focus on Central Europe. The
considered variables are: daily maximum temperature (tasmax) and soil moisture in the upper soil level (0-7cm) (swvll).
Daily means were computed for swvll, and anomalies were defined for both tasmax and swlv1 relative to a smoothed daily

climatology using a 21-year running window mean.
2.2 Weather regimes

Weather regimes are used to characterize low-frequency variability of the large-scale atmospheric circulation (Hannachi et al.,
2017) associated with recurrent heatwaves. We employ the year-round weather regime classification of Grams (2026), derived
from ERAS geopotential height anomalies at 500 hPa over the Atlantic—European sector (80°W—40°E, 30°N-90°N). The clas-
sification is based on EOF analysis and k-means clustering of normalized, low-pass-filtered Z500 anomalies and identifies
seven canonical regimes: three cyclonic regimes (Atlantic Trough, Zonal, Scandinavian Trough) and four blocked regimes (At-
lantic Ridge, European Blocking, Scandinavian Blocking, Greenland Blocking). The Zonal and Greenland Blocking regimes
are related to the positive and negative phases of the North Atlantic Oscillation, respectively. The regime patterns are displayed
in Supplementary Figure S1.

For each time step, the similarity between instantaneous Z500 anomalies and the regime patterns is quantified using the
weather regime index I, (Michel and Riviere, 2011). Following Grams (2026), active weather regime occurrences are iden-
tified from periods of sustained high similarity, and each day is assigned to the dominant weather regime or to a no-regime

category.
2.3 Heatwave definition

A variety of methods exist to detect heatwaves (Robinson, 2001; Perkins and Alexander, 2013; Russo et al., 2015; Becker et al.,
2022; Messori et al., 2024), which all require the exceedance of a temperature threshold. To remove the long-term warming
trend, we first detrend daily maximum temperatures in each grid cell using a second-order polynomial. Then we follow the
procedure for the HWMid index (Russo et al., 2015) by computing the 90th percentile of the detrended daily maximum
anomalies for each grid cell using a 31-day running window over the 1991-2020 reference period. A heatwave is defined as a
sequence of at least three days exceeding this threshold. We further allow for a single non-exceedance day within the sequence.

While this heatwave detection provides a robust grid-point—level definition, our aim to connect heatwaves to the large-scale
atmospheric circulation requires a complementary spatial approach, in which geographically contiguous heatwave regions are
constructed from adjacent heatwave grid points following Messori et al. (2024). At each timestep, regions consisting of four

or fewer connected grid cells are discarded. This is consistent with previous studies that removed isolated grid cells at coarser
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spatial resolution (1°), and serves to suppress grid-scale noise. For each group of neighboring heat wave grid cells, a centroid is
computed. If the distance between the centroids is smaller than 1000 km, the regions are merged into one, as it is not expected
that different physical drivers lead to geographically contiguous heatwaves. Finally, a minimum area criterion of 2+10°km? is

applied. The remaining heatwaves at each grid cell are referred to as (local) heatwaves throughout this study.
2.4 Heatwave object definition

To define heatwave objects, we track geographically contiguous heatwave regions across multiple timesteps. Precisely, we
apply an object-tracking algorithm to the remaining clustered regions (centroids within 1000km). A region at time t2 is con-
sidered part of the same heatwave object as a region at tl if it overlaps by at least 20% of the smaller of the two areas. This
overlap threshold is lower than in previous studies (Sdnchez-Benitez et al., 2020), which used 50%, but we do not impose
additional criteria for significant pattern changes, as in Sdnchez-Benitez et al. (2020). Our sensitivity tests show that the results
are robust to small variations in the overlap criterion (10-30%, slight variations for 50%), motivating the choice of a smaller
threshold. If no overlap is found, the following timestep t3 is tested against t1 to account for single-day gaps in the heatwave
object definition.

To handle split and merged events, we implemented a full-history merging approach: any regions that merge or split at any
point are assigned a common heatwave object ID throughout their lifetime. While this may produce unusually long heatwave
objects, it avoids artefacts due to fluctuations in centroid distances. That is, cases in which centroid distances of different
heatwave regions fluctuate close to the threshold. We also tested a proximity criterion by which regions merge or split when the
distance between their centroids exceeds a 1000km threshold, but found that the above-mentioned fluctuation issue introduced
artificial discontinuities in our identification of heatwave objects. Importantly, our main conclusions remain robust to the choice
of tracking method (Supplements S3.2, S3.3).

For each heatwave object, corresponding to a single heatwave ID, we record the centroid and the heatwave object start and
end dates, hereafter referred to as the onset and decay. Additionally, we define the peak of the heatwave object as the maximum
area-weighted sum of daily maximum temperature anomalies across the heatwave object region. These metrics enable an
analysis of the heatwave object life cycle.

To ensure that heatwave objects intersecting the boundaries of the target region are properly tracked, we perform the tracking
over an extended domain (35-70°N, 17°W—-40°E), including both land and ocean. Next, the results are restricted to the target
region by discarding days for which the heatwave object centroid lies outside the target domain.

For the subsequent analysis, a land—sea mask is applied to the heatwave objects. Objects with zero land area at all times are
discarded. The onset and decay dates are adjusted to the first and last time steps with non-zero land area. As a result, a given

heatwave object may exhibit a temporal gap if it does not intersect land during part of its lifetime.
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2.5 Types of heatwave recurrences

In this study, we take a multi-scale approach to heatwave recurrence, progressing from the local, grid-cell scale to the synoptic
scale of heatwave objects and finally to the continental scale. Each scale addresses complementary research questions. The

definitions of the three recurrences are schematically illustrated in Figure 1.
2.5.1 Local recurrence

We first examine local (grid-cell) recurrent heatwaves, defined as heatwaves occurring in close succession at the same location,
because their impacts on humans, ecosystems, and infrastructure may differ from those of single heatwaves due to the limited
recovery time.

Baldwin et al. (2019) define local temporally compound heatwaves as a 3-day temperature exceedance, followed by a 1-day
break, and at least a 1-day exceedance thereafter. Similarly, Zhang et al. (2025) require a 3-day exceedance, a maximum 3-day
break and another 3-day exceedance. We modify this approach to focus specifically on recurrent heatwaves by requiring that
an initial heatwave must be followed by a short break and a subsequent heatwave, rather than a single additional exceedance
day. No explicit minimum duration is imposed on either heatwave, as this requirement is already embedded in our grid-cell
heatwave definition (minimum duration: 3 days). We set the maximum break duration between heatwaves to 7 days. This longer
maximum break criterion, compared with Baldwin et al. (2019), is justified because our heatwave definition already permits a
one-day interruption in temperature exceedance. In addition, recovery periods vary widely across systems, such as vegetation
or ecosystems, and may extend over several weeks (Sharpe et al., 2019; Sales et al., 2021; Polazzo et al., 2024; Giuliani et al.,
2025). Nevertheless, our results remain robust to different maximum break durations (Supplement S3.1).

Note that local recurrent heatwaves may be part of the same heatwave object or belong to different heatwave objects. We treat
local recurrent heatwaves equivalently regardless of their heatwave object numbers. Local heatwaves that are neither preceded

nor followed by another local heatwave within 7 days are referred to as single heatwaves.
2.5.2 Object recurrence

Because local recurrence can arise from multiple heatwave objects with different physical origins, linking recurrence to the
large-scale atmospheric circulation driving heatwaves is challenging at the local scale. We thus complement the local analysis
with an object-based approach by classifying heatwave objects according to their degree of local recurrence. Note that such
local recurrence must occur within an individual heatwave object and thus represents a subset of the previously identified
local recurrences. Specifically, we quantify the fraction of the heatwave object’s area that experiences local recurrence at
any time during the heatwave object, considering land grid cells only. Then, the upper and lower quartiles of this percentage
are determined across the lifetime of the heatwave object, restricting the analysis to heatwave objects with at least one local
recurrent heatwave. Heatwave objects above the upper quartile (or below the lower quartile) will hereafter be referred to as

strongly (or weakly) recurrent heatwave objects. A sensitivity analysis is provided in Supplement S3.2.
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Figure 1. Schematic of the computation of the three recurrence types.

2.5.3 Continental recurrence

While the object recurrence provides a link between local recurrence and large-scale drivers, it does not provide insights
into how multiple heatwave objects collectively shape seasonal patterns across the European continent. To address this, we
define continental heatwave recurrence by identifying summers in which different heatwave objects repeatedly affect the same
locations, regardless of the time interval between them. For instance, one region may experience a heatwave in June and
another in August, neither of which must be associated with local or object recurrence. This perspective provides a domain-
wide characterization of summers prone to repeated exposure, complementing the local- and object-scale perspectives.

In order to distinguish summers with many heatwave objects, also referred to as strongly recurrent summers, from those
with few, we consider only the grid cells that experience at least two different heatwave objects within the May-September
period of a single year. For each of these grid cells, the number of distinct heatwave objects affecting it is multiplied by the grid

cell area, and the resulting values are summed across all selected grid cells. The final yearly sum is shown in Figure 2. Years
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Figure 2. Yearly sum of area-weighted number of heatwave objects per grid cell for grid cells with at least two heatwaves. Colors indicate

strongly recurrent summers (red) above the upper quartile, neutral years (orange) in between the quartiles and weakly recurrent summers

(grey) below the lower quartile.

exceeding the upper quartile of the yearly sum are classified as strongly recurrent summers (red), while years falling below
the lower quartile are defined as weakly recurrent summers (grey). Over the 75-year analysis period, 19 years fall into each
of the strongly and weakly recurrent categories, with the remaining 37 years classified as neutral. A sensitivity analysis of the

summer-selection procedure is provided in Supplement S3.3.

3 Results
3.1 Local recurrence

In this section, differences in temperature and land-atmosphere anomalies are examined between single and recurrent local
heatwaves. Our hypothesis is that such differences may result from soil moisture depletion caused by an initial heatwave,
which can amplify temperatures during a subsequent heatwave.

We first analyze daily maximum temperature anomalies, stratified by month (Figure 3a), for single heatwaves, as well as
for first and subsequent recurrent heatwaves. Single heatwaves exhibit slightly higher temperature anomalies than recurrent
ones in early summer, and values comparable to first events during peak and late summer. Subsequent recurrent heatwaves
consistently show similar or lower anomalies than their preceding heatwaves. These results indicate that, at the local scale,
following heatwaves are not necessarily hotter than preceding ones, suggesting no temperature amplification in subsequent

recurrent heatwaves.
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Figure 3. Daily maximum temperature anomalies (a) and soil moisture anomalies in the upper layer (b) during single heatwaves and the first
and following local heatwaves in recurrent heatwaves, stratified per month. All local heatwaves are assigned to their start month. Pairwise
two-sided Mann—Whitney tests at the 5% level were performed to assess statistically significant differences between distributions of the
different event types. All distributions are significantly different except daily maximum temperature and soil moisture between first and

subsequent heatwaves during May.

To examine whether this pattern is also reflected in soil moisture, Figure 3b shows the monthly soil moisture anomalies for
single and recurrent heatwaves. Throughout the extended summer season, single heatwaves are associated with the greatest
soil moisture depletion, in line with their high temperature anomalies. In recurrent heatwaves, the first heatwave shows smaller
anomalies, while subsequent ones display comparable (e.g., May) or slightly enhanced depletion (June-September), indicating
a subtle preconditioning effect. Interestingly, this accumulation of soil moisture depletion in recurrent heatwaves does not
correspond to higher temperatures, in contrast to single heatwaves, where strong drying coincides with the hottest conditions.
This suggests that factors beyond local soil moisture shape the temperature anomalies of recurrent heatwaves, whereas single
heatwaves demonstrate a more direct soil moisture—temperature feedback.

As heatwave duration may influence the soil moisture depletion and temperature during heatwaves, the monthly mean
durations of single, first and subsequent recurrent heatwaves are shown in Table 1, together with their relative proportions.
For single heatwaves, mean durations increase by roughly 1 day from May to July, reaching 6.59 days, then declining toward
September, reaching a minimum of 4.79 days. First recurrent heatwaves show a similar seasonal pattern, with the shortest
durations of around 3 days occurring in September and May, and longer durations during peak summer months. The longest
mean durations are observed in August at 7.5 days, while July values are lower than those in June and August. Subsequent
recurrent heatwaves have the shortest durations in May and June, around 3 days, with increasing durations later in the summer.
The highest mean duration and variability occur in July, at 6.69 days. Unlike the other two classes, September recurrent
heatwaves display the second-highest durations, at 5.6 days, highlighting a distinct seasonal behavior. Overall, mean durations
of recurrent heatwaves have stronger seasonal fluctuations, varying by about 4 days for first and 3 days for following heatwaves,

compared to the roughly 1-day variation in single heatwaves. Standard deviations generally range between 1 and 3 days, with
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Table 1. Monthly durations and proportions of single, first and following recurrent local heatwaves during May to September.

heatwave type May Jun Jul Aug Sep
duration [d] single 5.64 £1.48 585+£2.18 6.59 £ 2.85 6.34 £2.50 479 £1.33
(mean = std) first 333+£0.82 6.02 + 3.06 4.63 £1.83 7.51 £2.63 2.86 £1.03
following 3.17 £ 0.41 3254+1.05 6.69 +4.42 422 +2.44 5.60 +2.97
proportion single 75.0 75.3 72.3 71.0 78.5
of events [%] first 13.3 11.9 13.6 12.8 7.2
following 11.7 12.8 14.1 16.2 143

lower values for recurrent heatwaves in May and a notably high variability of 4.4 days for the following recurrent heatwaves
in July. Considering soil moisture anomalies, higher depletion in following heatwaves compared to first ones does not clearly
correspond to longer or shorter durations. Likewise, variations in duration of first or following heatwaves are not reflected in
the magnitude of temperature anomalies.

We further examine whether the relative frequency of different heatwave types may explain some of the above results (Table
1). The data show that the majority of local heatwaves occur as single heatwaves. Recurrent local heatwaves account for 21.5%
to 29.0% of all local heatwave days, with the highest proportions in July and August and the lowest in September. Except
for May, each month exhibits a higher number of following recurrent heatwave days than first recurrent heatwaves. Over the
extended summer months, this difference increases. Correspondingly, the soil moisture and temperature anomalies of following
heatwaves tend to diverge more from those of the first heatwaves throughout the extended summer, except in September.

Therefore, the number of recurrent heatwave days may influence the observed temperature and soil moisture anomalies,
whereas no systematic relationship with heatwave duration is evident. Importantly, the results presented in this section remain
qualitatively consistent across different maximum break lengths between local recurrent heatwaves (Supplement S3.1). To
further explore the mechanisms underlying local recurrence, we examine a larger scale where heatwaves form spatiotemporally

coherent objects and therefore may be more easily linked to the large-scale atmospheric circulation.
3.2 Object recurrence

In the object-based perspective, we define heatwave objects with substantial fractions of locally recurrent grid cells as strongly
recurrent heatwaves. In total, 34.5% of all heatwave objects exhibit local recurrence. By conditioning on the fraction of the
object area affected by local recurrence, we explicitly link local recurrence with synoptic-scale coherence, which cannot be
resolved at the purely local scale. Precisely, heatwave objects with a local recurrence fraction above 17.4% (upper quartile) or
below 1.8% (lower quartile) are selected, among those containing at least one local recurrent heatwave. This restriction ensures
that only objects of sufficient duration to permit local recurrence are considered.

The selected strongly and weakly recurrent heatwave objects differ in their temporal and spatial characteristics. Strongly
recurrent heatwave objects have longer mean durations (27.91 days) than weakly recurrent ones (8.58 days), indicating that

longer-lasting objects are more likely to shift spatially and subsequently return to some of the previously affected regions,

10



250

255

260

265

https://doi.org/10.5194/egusphere-2026-2453
Preprint. Discussion started: 12 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

a) b)

oac)

Figure 4. Spatial distribution of strongly (a) and weakly (b) recurrent heatwaves. Shown is the total number of different heatwave objects
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thereby generating local recurrences. This hypothesis is further supported by their size, with strongly recurrent objects cover-
ing a larger mean spatial extent (2.6%10° km?) than weakly recurrent ones (0.9%10° km?). In addition, the spatial distributions
of strongly and weakly recurrent heatwaves are compared in Figure 4a and b, respectively. The cumulative number of heatwave
objects affecting each grid cell is higher for strongly recurrent heatwaves, reflecting their larger spatial extent. Strongly recur-
rent heatwaves occur most frequently in north-eastern Central Europe, whereas weakly recurrent heatwaves are more common
in northwestern regions. This pattern is consistent with the predominance of local heatwave recurrence in north-eastern Central
Europe (Supplementary Figure S2).

Building on this spatial perspective, Figure 5 presents centered composites of the average daily maximum temperature (a-c)
and upper-layer soil moisture (d-f) anomalies for both strongly (left) and weakly (middle) recurrent heatwave objects, along
with their difference (right). Soil moisture depletion is significantly stronger during strongly recurrent heatwave objects, ex-
tending around the centroid and particularly toward the north-eastern sector. Moreover, depletion is more widespread than in
weakly recurrent heatwave objects, particularly northwest and southwest of the centroid. This may be influenced by the pres-
ence of ocean grid cells, reducing data coverage. Consistent with these soil moisture anomalies, daily maximum temperature
anomalies are up to 1°C higher, especially northeast of the centroid. This may be related to the longer duration of strongly
recurrent heatwave objects. In addition, similar to the soil moisture depletion, these higher temperature anomalies extend over
a larger area during strongly recurrent heatwave objects, notably toward the northwest and southwest, in line with the generally
larger continental area affected by these events. Thus, heatwave objects with a large fraction of local recurrence are char-
acterized by higher and more widespread soil moisture depletion and temperature anomalies compared to weakly recurrent
ones.

The apparent decoupling between soil moisture and temperature for recurrent local heatwaves is not present for strongly
recurrent heatwave objects. We hypothesize that local recurrences may occur more frequently at the edges of heatwave objects,
where small spatial shifts, reversed a few days later, enable local recurrence. Closer to the heatwave object centroid, single

local heatwaves are likely to prevail, as local recurrence would require larger spatial shifts. Therefore, the generally smaller soil
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Figure 5. Centered composites showing the difference (right) between strongly (left) and weakly (middle) recurrent heatwaves in soil mois-
ture anomalies in the upper soil layer (a-c) and detrended daily maximum temperature anomalies (d-f). Data is averaged for all heatwaves,
with the composites centered on the heatwave centroid and the data composited relative to the distance to it. Dots represent statistically
significant differences between strongly and weakly recurrent heatwaves based on a t-test at the 5% significance level following an FDR

correction.

moisture and temperature anomalies at the edges, compared to the center of the heatwave object, may explain the decoupling
between temperature and soil moisture for local recurrence.

In addition to soil moisture and temperature, the object recurrence perspective enables the investigation of atmospheric
circulation patterns associated with strongly and weakly recurrent objects. Figure 6 shows the monthly frequency of weather
regimes (see Supplement S1 for spatial clusters) for all heatwave object days, as well as for days associated with strongly and
weakly recurrent heatwave objects. This represents the most parameter-sensitive aspect of our study, as regime frequencies can
shift slightly depending on the tracking algorithm and the duration of local recurrence breaks, which may alter heatwave object
size or local recurrence fractions and thus affect event selection. For this reason, we focus only on the patterns in Figure 6,
which we have found to be robust to small parameter changes.

In the weather regime framework that we adopt, atmospheric blockings are captured by three blocked regimes: Greenland,
European, and Scandinavian Blocking. Overall, strongly recurrent heatwaves occur less frequently during Greenland Blocking
(GL) than weakly recurrent ones, which is robust for the peak summer months June, July and August. This difference may
partly reflect that strongly recurrent heatwaves occur more frequently at higher latitudes, where GL is associated with a low

pressure anomaly and thus negative temperature anomalies. In contrast, European Blocking (EuBL) becomes more prominent
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for strongly recurrent heatwaves in July and August, whereas it is less frequent in May and has the tendency to be less frequent
in September compared with weakly recurrent events. Scandinavian Blocking (ScBL) shows a different seasonal structure,
occurring robustly more frequently in July and less frequently in August. The contrasting seasonal patterns of the blocked
weather regime underscore the importance of analyzing summer months individually, as well as the added value of considering
a seven-regime classification as opposed to the canonical four-regime approach.

In addition to the blocked regimes, four cyclonic regimes are distinguished, which are more transient. The Atlantic Trough
(AT) occurs more frequently for strongly compared to weakly recurrent heatwaves in early summer (May and June), while the
Zonal Regime (ZO) is less frequent in September. Atlantic Ridge (AR) is less frequent during strongly recurrent heatwaves in
July, while the Scandinavian Trough (ScTr) tends to be more frequent in September.

In summary, strongly recurrent heatwaves occur less frequently under Greenland blocking, but more frequently under Euro-
pean blocking during the peak summer months, and more frequently under Scandinavian blocking in July, but less frequently
in August. As blockings are typically more persistent than transient regimes, and the longest heatwave durations are reached

in July (Supplement S1), this behavior may explain the longer heatwave durations for strongly recurrent heatwaves.
3.3 Continental recurrence

We next consider the recurrence of multiple heatwave objects within a single summer to assess continental-scale seasonal
recurrence. The continental definition of recurrence, based on the number of heatwave objects and the affected area, allows
for two types of strongly recurrent summer seasons. One possibility is a high number of heatwave objects occurring within a
relatively small region, while the other consists of a smaller number of heatwave objects affecting a large region. Both patterns
are equally captured under the continental definition of a strongly recurrent summer season.

However, since a strongly recurrent summer may also include a larger total number of heatwaves than a weakly recurrent
summer, this raises the question of whether strongly recurrent summers merely correspond to the hottest summers or whether
heatwave recurrence represents a distinct characteristic. Figure 7 addresses this aspect by presenting the yearly detrended daily
maximum temperature anomalies, colored according to the classification of weakly and strongly recurrent summers.

Visual inspection reveals a substantial overlap between strongly recurrent summers and the hottest summers (defined as
years with temperature anomalies above the upper quartile), as well as between weakly recurrent summers and the coldest
summers (below the lower quartile). However, the two classifications are not identical. Of the 19 strongly recurrent summers,
11 belong to the hottest category, corresponding to 57.89 %, while the remaining summers fall into the neutral category. Con-
versely, 13 out of 19 weakly recurrent summers occur during the coldest summers, corresponding to an overlap of 68.42 % and
none are among the hottest summers. Notably, several highly anomalous summers in terms of temperature, such as 2003 and
1996, are not exceptional with respect to recurrence. Summer temperature anomalies and recurrence are thus related but not

interchangeable.

Figure 8 provides an overview of heatwave characteristics across the summer months for strongly and weakly recurrent

summers, establishing a baseline for subsequent analyses. Strongly recurrent summers exhibit a higher total number of heat-
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Figure 6. Monthly weather regime frequencies for all, weakly recurrent, and strongly recurrent heatwave days. No hatching: all heatwaves;

dotted: weakly recurrent; striped: strongly recurrent. The spatial weather regime clusters are illustrated in Supplementary Figure S1.

wave objects than in weakly recurrent summers, particularly in July (Figure 8a). In both cases, the total number of heatwave
objects is lowest in September, and differences in object numbers during May and September are comparable to those in the
other months. To account for differences in heatwave object duration, Figure 8b presents the number of heat days per month.
320 The largest difference occurs in May, followed by July and September. Notably, although the number of heatwave objects in
strongly recurrent summers is not substantially higher in May or September, these summers experience considerably more heat
days in May and September. This pattern suggests that heatwave objects in May and September may be longer or begin earlier
in May and later in September in strongly recurrent summers, highlighting the role of transition months in shaping summer
heatwave dynamics. Analysis of heatwave object duration (Figure 8c) shows a slightly higher median duration in strongly

325 recurrent summers, although weakly recurrent summers exhibit a few exceptionally long heatwave objects. In addition, the
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Figure 7. Yearly detrended daily maximum temperature anomalies averaged over the extended summer months. Red indicates strongly
recurrent summers, grey weakly recurrent summers, and orange years which lie in between. The dashed lines represent the upper and lower

quartiles of detrended daily maximum temperature anomalies, as an indication of hot and cold years.

median area affected by heatwave objects in strongly recurrent years is almost 135,000 km? larger than in weakly recurrent
years (Figure 8d).

Overall, these results indicate that strongly recurrent summers are characterized by a higher number of heatwave objects
with slightly longer durations affecting larger areas, potentially increasing spatial overlap between heatwave objects. Although
the monthly occurrence of heatwave objects is similar across the two classes, the higher number of heat days in May and

September suggests a prolonged heatwave season for strongly recurrent summers.

Given that strongly recurrent summers feature a higher number of heat days while not being uniformly hotter, we further
examine the temperature characteristics of heatwave objects in strongly and weakly recurrent summers. To this end, averages
of detrended, deseasonalized daily maximum temperatures were calculated around the heatwave object centroids separately
for the two classes. The differences between objects in strongly and weakly recurrent summers at the onset, peak, and decay
phases are shown in Figure 9 (top). At the heatwave object onset, there is no significant temperature difference between the
two types of summers. During the peak phase, however, strongly recurrent summers exhibit significantly higher temperatures
(approximately +2.5K), particularly northwest of the heatwave object centroid. Finally, temperature differences are no longer
significant during decay, yet a slight residual warming remains around the centroid. Therefore, similar to object recurrence,
daily maximum temperatures are higher during heatwave objects in summers with a high continental recurrence.

As land-atmosphere interactions modulate heatwave temperatures, soil moisture anomalies in the upper soil layer are also

analyzed (Figure 9 bottom). Overall, heatwave objects in strongly recurrent summers exhibit statistically significant lower soil

15



345

350

355

https://doi.org/10.5194/egusphere-2026-2453
Preprint. Discussion started: 12 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

40
weakly recurrent summers weakly recurrent summers
35 mm strongly recurrent summers mmm strongly recurrent summers

o)
©

230
)
S

g 25
[
2
©

5 20
<
k]

o 15
@
£

E10
g

5

o0l 1
May Jun Jul Aug Sep May Jun Jul Aug Sep
month month

median strongly recurrent summers: 6.0 median strongly recurrent summers: 760299.7

median weakly recurrent summers: 4.0 median weakly recurrent summers: 626643.0
strongly recurrent summers W strongly recurrent summers
weakly recurrent summers weakly recurrent summers

|”|||L| L ||||| |‘||| m ||||l”|l| L 11
20 40 1.50

60 80 100 0.00 0.25 0.50 0.75 1.00 1.25 1.75 2.00
duration [d] area [km?] le6

-
N
o

v

o
—
o
o

N
=)

®

o

=)
o

N
o

number of heatwave objects
P
o

number of heatwave objects
w
o

—
o

N

=]

o

o

Figure 8. Basic statistics for strongly and weakly recurrent summers. (a) monthly number of heatwaves (with each heatwave assigned to the
month with the higher number of object heat days, if equal to the start month), (b) monthly number of heat days, (c) duration and (d) area

histogram of heatwave objects for all months with dashed lines indicating the median for both types of summer.

moisture than those in weakly recurrent summers during onset, peak, and decay phases. The difference between the summer
types is largest during the peak phase, followed by decay and onset. During the onset and decay phases, the largest differences
occur northeast of the heatwave object centroid. The spatial pattern during the peak phase is similar to that of the temperature
anomalies at peak, but is shifted slightly eastward.

We conclude that heatwave objects in strongly recurrent summers are characterized by higher peak temperatures, likely
amplified by greater soil moisture depletion. Soils are already modestly depleted at heatwave object onset in these summers,
indicating a distinct preconditioning compared to weakly recurrent years. The heatwave objects themselves further reduce soil
moisture more strongly in strongly recurrent summers, with differences during the decay phase being more pronounced relative
to onset.

Given that soil moisture anomalies already differ at heatwave object onset between strongly and weakly recurrent summers,
monthly soil moisture anomalies are analyzed as centered composites to assess the seasonal evolution (Figure 10). In both
summer types, soil moisture depletion occurs around the heatwave object centroid throughout the season, with the strongest

anomalies generally located northeast of the centroid. Depletion is consistently and statistically significantly greater in strongly
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Figure 9. Centered composites showing the difference between strongly and weakly recurrent summers in detrended daily maximum temper-
ature anomalies (a-c) and soil moisture anomalies in the upper soil layer (d-f) for the heatwave onset (left), peak (middle), and decay (right).
Data is averaged for all heatwaves, with the composites centred on the heatwave centroid and the data composited relative to the distance to

it. Dots represent statistically significant differences between strongly and weakly recurrent summers based on a t-test at the 5% significance
level following an FDR correction.

recurrent summers, particularly in the vicinity of the centroid. From May through July, the spatial extent of depletion is larger
in these summers, whereas in late summer, heatwave objects become more localized. In weakly recurrent summers, maxi-
mum depletion is reached in July, with lower anomalies persisting into August and September, whereas in strongly recurrent
360 summers, maximum anomalies decrease only marginally by September. Collectively, these results indicate that soil moisture
depletion during heatwave objects in strongly recurrent summers is already more pronounced and widespread in early summer,

and elevated anomalies persist throughout the season compared to weakly recurrent summers.
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Figure 10. Centered composites showing soil moisture anomalies in the upper soil layer relative to the heatwave centroid split into the months
May to September (rows). The left column corresponds to heatwaves in strongly compound summers, the middle column to heatwaves in
weakly compound summers and the right column to the difference between them. Data is averaged for all heatwaves, with the heatwave
centroid in the center and the data aligned and averaged relative to the distance to it. Dots represent statistically significant differences

between strongly and weakly recurrent summers based on a t-test and FDR correction.

18



365

370

375

380

385

390

https://doi.org/10.5194/egusphere-2026-2453
Preprint. Discussion started: 12 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

In summary, continental heatwave recurrence represents a distinct feature of summer rather than merely reflecting particu-
larly hot seasons. Strongly recurrent summers are characterized by a greater number of heat days, larger affected areas, higher
daily maximum temperatures during heatwave objects, and more pronounced soil moisture depletion throughout the extended
summer period. As continental recurrence does not impose a maximum break duration between two heatwave objects, the ques-
tion arises whether continental recurrence is linked to local recurrence or if the two represent complementary but independent

aspects of heatwave recurrence.
3.3.1 Link to local recurrence

To investigate the relationship between continental and local heatwave recurrence, the area-weighted sum of local recurrences
(as previously defined as heatwaves separated by maximum 7 days) is illustrated in Figure 11, colored according to the conti-
nental recurrence definition. Local recurrent heatwaves occur every summer. Summers with high local recurrence (above the
upper quartile) encompass 10 (52.63%) strongly recurrent, 6 (31.58%) neutral and 3 weakly recurrent summers (15.79%). In
contrast, summers with little local recurrence (below the lower quartile) comprise 10 (52.63%) weakly recurrent, 7 (36.84%)
neutral and 2 (10.53%) strongly recurrent summers. Therefore, local recurrence predominantly occurs in strongly recurrent
summers and is less frequent in weakly recurrent ones, indicating a relationship between local and continental recurrence.
However, a strongly recurrent summer does not necessarily imply a high number of local recurrent heatwaves, highlighting

that the two approaches capture distinct, complementary aspects of heatwave recurrence at different spatial scales.

4 Summary and discussion

In this study, we investigated heatwave recurrence across Europe at multiple spatial scales. At the local scale, we analyzed soil
moisture and temperature anomalies associated with recurrent heatwaves, defined as repeated heatwaves separated by short
breaks at a fixed location. To link local recurrence to larger, coherent structures, we then examined heatwave objects exhibiting
strong and weak local recurrence. Their relationship with the large-scale atmospheric circulation, temperature and soil moisture
anomalies was analyzed. Finally, at the continental scale, we explored the recurrence of multiple heatwave objects across
Central Europe within a summer season and assessed how these patterns relate to local heatwave recurrence. This multi-scale
approach to heatwave recurrence captures how phenomena at different spatial scales collectively influence the characteristics

of heat extremes across Europe. The main findings, framed by our research questions, are as follows:

— How do locally recurrent heatwaves differ from isolated heatwaves in terms of temperature and soil-moisture anomalies?
Local recurrent heatwaves generally display weaker daily maximum temperature and soil moisture anomalies than single
events, though subsequent recurrent heatwaves show stronger negative soil moisture anomalies than the first heatwaves
(except May). No systematic link with heatwave duration is observed. However, as the proportion of subsequent recurrent
heatwaves increases and peaks in August, soil moisture and temperature anomalies increasingly diverge from those of
the first recurrent events. Overall, recurrent local heatwaves account for 21.5% to 29.0% of all local heatwaves, peaking

in July-August and reaching a minimum in September.
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— Which physical characteristics and atmospheric circulation patterns distinguish heatwave objects with strong versus
weak local recurrence?
Heatwave objects with substantial local recurrence last longer, cover a larger region, and are associated with higher soil
moisture and daily maximum temperature anomalies. The northeastern part of the analysis domain, corresponding to the
Baltic states, Belarus, and eastern Poland, experiences a higher incidence of strongly recurrent heatwave objects, in line
with the spatial distribution of local recurrences. Further, the objects recur more frequently under European Blocking in
July and August, and under Scandinavian Blocking in July, while they recur less frequently under Scandinavian Blocking

in August and Greenland Blocking in the peak summer months.

— How does the recurrence of heatwave objects within a summer shape their characteristics across Europe, and how does
continental-scale recurrence relate to local heatwave recurrence?
While roughly two-thirds of strongly (weakly) recurrent summers coincide with hot (cold) conditions, exceptional tem-
perature anomalies and heatwave object recurrence are not equivalent, demonstrating that recurrence represents a distinct
facet of summer heat extremes. Further, strongly recurrent summers experience slightly more heatwave objects compared
to weakly recurrent ones, particularly in July, and notably more heat days in May and September. Heatwave object-
affected areas are larger and daily maximum temperature anomalies are higher, although durations are only slightly

longer. Soil moisture depletion during heatwave objects in strongly recurrent summers is more pronounced through-
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out the summer season, more widespread in early summer, and shows a slight eastward shift relative to temperature
anomalies. The approximately 50% overlap between strongly recurrent summers and those exhibiting high local recur-
rence highlights that continental and local recurrence are complementary yet distinct dimensions of heatwave recurrence,

despite their partial interrelation.

This study provides a novel perspective on heatwave recurrence by examining it across multiple spatial scales. Our approach
enables the connection between local recurrent heatwaves and larger-scale structures, such as the large-scale atmospheric
circulation. It demonstrates how recurrence manifests differently at local, object, and continental scales, and how interactions
across larger regions influence the characteristics of recurrent heatwaves. To our knowledge, no prior study has investigated
heatwave recurrence across multiple spatial scales, nor heatwave objects with varying levels of local recurrence or recurrence
at the continental scale within a summer season.

Previous studies, such as Baldwin et al. (2019) and Zhang et al. (2025), have investigated recurrent or so-called temporally
compound heatwaves at the grid-cell scale globally and over China, respectively. Both show a trend in more recurrent heatwaves
in a warming climate. Their definition of temporally compound heatwaves is conceptually similar to ours, with small variations
in the exact duration thresholds. Zhang et al. (2025) show that the increasing trend in compound heat events results in greater
heat stress compared to single events, mainly due to prolonged sequences of extreme hot days. Consistently, our results indicate
that locally recurrent heatwaves are not systematically hotter than single events. We hypothesize that lower soil moisture
depletion and milder temperatures during local recurrent heatwaves may result from their spatial position relative to heatwave
objects. For a local recurrence to occur, a heatwave object must cease and then return to the same region. Consequently,
local recurrences may occur near the edges of heatwave objects, thus experiencing lower peak temperatures. Breaks between
local recurrences may be associated with troughs and precipitation, which could explain the reduced soil moisture depletion
compared to single heatwaves. However, our study did not explicitly test this hypothesis, leaving the precise mechanisms
underlying these patterns as open questions for future research.

While providing a novel perspective on heatwave recurrence, this study has several limitations and opens opportunities for
future work. The heatwave definition and recurrence metrics are relatively complex and, to date, are not directly comparable
with other studies, given the lack of multi-scale analyses. Therefore, we do not claim these definitions are optimal; however,
sensitivity tests confirm that the results are robust to parameter choices. The primary aim was to introduce a unified multi-
scale framework and examine differences between recurrent and non recurrent heatwaves at different scales. Therefore, our
methodology does not explicitly address causal mechanisms, and the precise relationships between soil moisture, atmospheric
circulation, and other potential drivers remain to be investigated. Further, our analysis is limited to heatwave hazards. A more
complete assessment of heatwave risks, including exposure and vulnerabilities would provide insight in support of mitigation
and adaptation strategies. Extending this analysis to other regions globally could further clarify the generality of the observed
patterns.

As shown by Hundhausen et al. (2023), increasing global warming may extend the heatwave season in Central Europe to
October, thereby increasing the potential for longer sequences of recurrent heatwaves across multiple spatial scales. In parallel,

locally temporally compound heatwaves are projected to become more frequent under a warming climate (Baldwin et al., 2019;
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Zhang et al., 2025), emphasizing the need to better understand their underlying mechanisms. The multi-spatial-scale framework

that we present in this study serves as a basis for future investigations into the processes underlying recurrent heatwaves.
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Data availability. The ERAS reanalysis data can be downloaded from https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2023). The

weather regime classification is available through Grams (2026).
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