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Compound drought and heat wave events (CDHWs) are weather and climate hazards whose frequency is
increasing in many regions across the globe. Here, we applied a novel Lagrangian atmospheric moisture and heat
tracking framework to the outputs of the Lagrangian FLEXPART model driven by the ERA5 reanalysis to quantify
the moisture and sensible heat flux anomalies for CDHWs occurred in the Iberian Peninsula in the extended
summer (May-October) from 1991 to 2022. CDHWs are identified based on the 95th percentile of daily
maximum and minimum temperatures and the self-calibrating Effective Drought Index. The Lagrangian frame-
work is then applied to the top 20 CDHWs affecting more than 50% of continental Iberian Peninsula. Our analysis
reveals that these events endure on average 10.35 days, with 2022 achieving the highest number of days (46
days) under dry and hot conditions. CDHW events are generally associated with blocking situations and high-
pressure systems, whose effects can be amplified by the local land-atmosphere feedback. The results indicate
that the Iberian Peninsula itself is the principal moisture source for the low summertime precipitation, followed
by the North Atlantic Ocean corridor and the western Mediterranean Sea, but their total moisture contribution
decreases by about 56% during the CDHWs. Moreover, the sensible heat sources pattern exhibits a local-to-
regional origin, with ~35% above the climatological value during the dry and hot events. Overall, this study
provides new insight into the underlying mechanisms of CDHWs, which could be useful for helping in under-
standing these events in the context of global warming.

1. Introduction

There is a very wide agreement that global warming can alter
weather and climate variability on global, regional, and local scales
(IPCC, 2021). In particular, global warming may intensify the frequency
and severity of extreme weather phenomena, e.g., droughts and heat
waves, which will have more noticeable impacts on the Earth system in
the future (e.g., Barriopedro et al., 2011; Perkins-Kirkpatrick and Lewis,
2020; Zscheischler et al., 2020). For instance, droughts and heat waves
often result from the interactions of several physical processes,
achieving more significant impacts when they occur as a compound
event rather than a single event (Zscheischler et al., 2018). Such

compound drought and heat wave events (hereafter CDHWSs) have
received more attention in recent years due to their increasing frequency
in many regions across the globe and their major implications for
social-ecological systems (Chen et al., 2019; Zhang et al., 2019;
Mukherjee et al., 2020; Sutanto et al., 2020; Wang et al., 2021; Rousi
et al., 2023). These events exacerbated by climate change affect agri-
culture, water availability and public health (Neumann et al., 2017;
Lloret and Kitzberger, 2018; Barichivich et al., 2019; Bras et al., 2021;
Knutzen et al., 2025). Prolonged droughts intensify water resource
scarcity, reducing agricultural productivity and increasing wildfire risk
(e.g., Kuwayama et al., 2019; Venkatappa et al., 2021). Furthermore,
extreme heat waves can cause thermal stress and even mortality in
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humans and animals (e.g., Perkins-Kirkpatrick and Lewis, 2020;
Garcia-Leon et al., 2021; Salvador et al., 2023).

Previous studies have extensively documented past extreme
droughts and heat waves in different regions around the world. For
example, the summers of 2003, 2010, 2015, 2017, 2018, and 2022
achieved not only extreme droughts but also numerous heat-related
deaths and extensive forest fires in west-central Europe and west
Russia (Christensen and Christensen, 2003; Fink et al., 2004; Barriope-
dro et al., 2011; Hauser et al., 2016; Turco et al., 2017; Hao et al., 2020;
Molina et al., 2020; Tripathy and Mishra, 2023; Ramos et al., 2023).
Additionally, several works (e.g., Russo et al., 2015, 2019;
Sanchez-Benitez et al., 2018, 2020; Tripathy and Mishra, 2023) have
pointed out that Euro-Mediterranean droughts and heat waves are
becoming more frequent and intense, being the Iberian Peninsula (IP)
one of the most affected areas (Russo et al., 2019; Tripathy and Mishra,
2023). Indeed, future projections for the IP reveal an increase in water
scarcity and frequency of more severe drought episodes (Ojeda et al.,
2021; Moemken et al., 2022; Alvarez et al., 2024) and high extreme
temperatures (Molina et al., 2020; Carvalho et al., 2021; Lorenzo et al.,
2021).

While there are several different definitions for droughts, they can be
generally seen as prolonged periods of precipitation shortage, frequently
caused by precipitation deficits or high evaporative demand and can
extend from several months to years or decades (Vicente-Serrano et al.,
2020; Zhang et al., 2022). In addition, heat waves in the European re-
gion are extremely high temperatures events often linked to the influ-
ence of atmospheric blocking situations linked to high-pressure,
anticyclonic surface systems, which may last from days to weeks and
induce extreme events (Di Luca et al., 2020; Kautz et al., 2022; Hao
et al., 2022). The predictability of blocking situations remains a chal-
lenge (e.g. Quandt et al., 2019), and thus the predictive skill to deter-
mine the onset and evolution of droughts and heat waves remains
limited. However, it is widely accepted that CDHWs are frequently
triggered by anomalies in local land-atmospheric (Santanello et al.,
2017; Miralles et al., 2019; Barriopedro et al., 2023) and in the
large-scale atmospheric and oceanic circulations (Hao et al., 2018).
Overall, from the thermodynamic framework, heat waves result from
temperature advection (e.g., Garfinkel and Harnik, 2017; Tamarin--
Brodsky et al., 2020), adiabatic compression (e.g., Bieli et al., 2015;
Zschenderlein et al., 2019) and diabatic heating through surface sensible
heat fluxes (e.g., Miralles et al., 2019; Zhou and Yuan, 2022).

Geographical regions under CDHWs can be characterized by atmo-
spheric blocking situations, with downward large-scale winds sup-
pressing cloudiness, and reduced moisture in the lower atmosphere (e.
g., Mukherjee et al., 2020; Kautz et al., 2022). While the thermodynamic
processes associated with heat waves and drought events are to a large
extent known, there is limited understanding in terms of dynamical
aspects, different regional forcings and feedbacks (e.g., Barriopedro
et al., 2023; Rousi et al., 2023). In general terms, the large-scale and
regional conditions result in enhanced evapotranspiration (Liu et al.,
2015; Miralles et al., 2019). Furthermore, the limited moisture avail-
ability during a CDHW event hinders evaporative cooling, limiting
latent heat fluxes over land surfaces (Berg et al., 2014). Typically, this
would lead in turn to an amplification of preexisting hot and dry con-
ditions through further increasing diabatic heating (Stéfanon et al.,
2014). Therefore, CDHW events are also characterized by anomalies in
the surface energy budget. However, which source regions exhibit
negative anomalies in moisture support and above-average sensible heat
contributions during these extreme events remains an open question.

Lagrangian moisture tracking methods have been extensively used to
identify moisture sources for precipitation events in many regions of the
world (see Gimeno et al., 2020; and references therein) and for highly
precipitating weather systems, such as cyclones (e.g., Papritz et al.,
2021; Peérez-Alarcon et al., 2022, 2023) and atmospheric rivers (e.g.,
Ramos et al., 2016; Algarra et al., 2020). Lagrangian trajectories provide
a picture of source regions, typical transport patterns, and physical
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processes in the air masses for temperature extremes (Bieli et al., 2015;
Santos et al., 2015; Zschenderlein et al., 2018). Following this approach,
Schumacher et al. (2019) identified heat sources for mega heat waves,
and Schumacher et al. (2020) showed the advantages of a combined
diagnosis of heat and moisture source regions to understand dry and hot
conditions during compound events. Recently, Li et al. (2024) per-
formed a combined Lagrangian moisture and heat sources analysis to
investigate the occurrence of yield deficits over the largest rainfed wheat
belt in Australia, while Zhou et al. (2024) followed the heat tracking
approach from Schumacher et al. (2019) to investigate connection be-
tween upwind droughts and heat waves over East China.

Given the disastrous impacts of CDHWs and the need for an
improved understanding of this extreme under global warming, the aim
of this study is to utilize a novel Lagrangian framework to trace the
origins of sensible heat and moisture for quantifying moisture and sen-
sible heat flux anomalies during the CDHW events that occurred in the IP
from 1991 to 2022. The remainder of this paper describes data and
methods in Section 2 to identify CDHW events in the IP and the
Lagrangian moisture and sensible heat sources identification. Results
and discussion are presented in Section 3, while Section 4 summarizes
the main findings and describes plans for future works.

2. Materials and methods
2.1. Data

Daily maximum and minimum temperature and total precipitation
from the European Centre for Medium-Range Weather Forecasts ERA5-
Land reanalysis (Munoz-Sabater et al., 2021) were used to identify
CDHW events over the IP. ERA5-Land shares with ERAS reanalysis
(Hersbach et al., 2020) most of the parameterizations, which guarantee
the use of the state-of-the-art land surface modelling, but has the
advantage of improved horizontal resolution up to ~10 km. According
to Munoz-Sabater et al. (2021), this reanalysis exhibits an added value in
describing the hydrological cycle by comparing against independent in
situ observations, global models or satellite-based datasets.

In order to identify the origin of moisture and heat for the CDHW
events, we used the atmospheric parcels trajectories from the global
outputs from the Lagrangian FLEXible PARTicle (FLEXPART v10.3)
dispersion model (Pisso et al., 2019). In this simulation, FLEXPART has
been driven by the 3-hourly meteorological data from the ERAS5 rean-
alysis at 0.5° x 0.5° grid spacing and 137 vertical levels. The model
homogeneously divided the atmosphere into 30 million air parcels with
equal mass (Vazquez et al., 2024). Overall, FLEXPART represents the
flowing atmosphere and enables the identification of moisture (e.g.,
Ramos et al., 2016; Gimeno et al., 2020; Pérez-Alarcon et al., 2022,
2023) and heat (e.g. Schumacher et al., 2020; Li et al., 2024) origins
through parcel property changes along their trajectories when moved
throughout the atmosphere by the 3D wind field.

2.2. Identification of drought conditions

Drought conditions have been widely identified using several
indices, such as the Standardized Precipitation Index (McKee et al.,
1993), Standardized Precipitation Evapotranspiration Index
(Vicente-Serrano et al., 2010), Palmer Drought Severity Index (Palmer,
1965) or the self-calibrated Palmer Drought Severity Index (Wells et al.,
2004). As they focus on different aspects of drought, they may produce
different results (Mishra and Singh, 2010; Zhao et al., 2017; Hoffmann
et al., 2020). These indices have been commonly used to detect dry
periods at a monthly or longer scales, thus they are often not appropriate
to monitor the daily condition of cumulative antecedent precipitation
deficits (Park et al., 2022). As we are interested in CDHWSs, we used the
self-calibrating Effective Drought Index (scEDI; Park et al., 2022) to
determine the onset and demise of drought conditions at the daily scale.
The scEDI is a modification of the Effective Drought Index (Byun and
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Wilhite, 1999) by using a rolling 30-year period (the preceding 30 years)
to compute the effective precipitation normalcy. Further details on
scEDI formulation can be found in Park et al. (2022).

By using the scEDI, a dry period starts when the scEDI value is lower
than —0.5 and ends when the index is higher than 0.5, which leads to a
more reliable assessment of drought frequency and duration (e.g., Kam
et al., 2021). Furthermore, we defined the drought intensity by taking the
minimum index value over the drought duration, in agreement with pre-
vious studies (e.g., Park et al., 2015; Kam et al., 2019). Based on the
drought intensity, the events can be categorized into moderate (—1.5 <
scEDI < —0.5), severe (—2.5 < scEDI < —1.5), and extreme (scEDI < —2.5).
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2.3. Identification of heat waves

There are several definitions and metrics to describe and define heat
waves (e.g., Russo et al., 2015; Sutanto et al., 2020; Becker et al., 2022;
Diaz-Poso et al., 2023). In this study, the identification of heat waves
consists of four steps. Firstly, we computed the daily maximum (mini-
mum) temperature threshold for each grid point as the climatological
95th percentile of the daily maximum (minimum) air temperature on a
31-day window centred for the reference period 1991-2020. Secondly,
we identified a warm event over a grid point if, at least during three
consecutive days, the daily maximum and minimum temperatures
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Fig. 1. (a) Time series of daily self-calibrating Effective Drought Index (scEDI, solid black line), daily maximum (solid orange line) and minimum (solid blue line)
temperature and daily precipitation (green bars) extracted from the European Centre for Medium-Range Weather Forecasts ERA5-Land reanalysis from 1991 to 2022,
for a single grid cell located in the southeastern IP. The dashed brown and purple lines show the daily 95th percentile of the maximum and minimum air temperature,
while the dashed black line illustrates the threshold for the onset of a dry period. (b) Zoom of the pink box in (a) to illustrate the identification of a warm and dry

event for the same grid cell from January 2005 to December 2006.
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exceed the corresponding thresholds. Thirdly, a warm day in the study
region is identified if at least 10% of the considered grid points show
positive anomalies. It is worth noting that as heat waves are typically a
synoptic-scale phenomenon (Stéfanon et al., 2014; Zschenderlein et al.,
2019), we discarded small areas of high-temperature extremes by
considering an affected area of at least 10%. Finally, three consecutive
warm days must occur to have a heat wave.

To account for the intensity of a heat wave, Russo et al. (2015)
proposed the percentile-based Heat Wave Magnitude Index daily
(HWMId) as the sum of the magnitude of the consecutive days
composing the event, with the daily magnitude calculated as follows:

Tq — Taoypos

HWMId(d) 7lf Ty > T30y‘p25, OtherWISe7HWMId(d) =0

T30y.p75 — T30y.p2s

where Ty is the maximum temperature of the day d and T3oy,p25 (T3oy,
p7s) represent the 25th (75th) percentile of that calendar day computed
from all 31-day centred time series of maximum air temperature within
the reference period 1991-2020.

2.4. Identification of compound drought and heat wave events

A CDHW event is defined as a concurrent heat wave and drought in
terms of location and time. As an example, following the identification
criteria of droughts and heat waves, Fig. 1a displays the time series of
the daily maximum and minimum air temperature, daily precipitation
and scEDI from 1991 to 2022 at a single random grid point located in the
southeastern IP, and Fig. 1b illustrates an instance when a warm and dry
event takes place in late June 2005 at that grid point. If such a pattern is
observed in at least 10% of the grid points, it will be considered a CDHW
event. It is also important to remark that as heat waves frequently occur
in the summer season in the IP (Sanchez-Benitez et al., 2020), we
focused on CDHWs within the extended summer (May to October).
Furthermore, multiple heat waves may exist within the same drought
period. Therefore, if this was the case, those events are considered as
different CDHW events.

2.5. Lagrangian moisture and heat sources identification

To identify moisture sources, we backtracked up to 10 days the
precipitating air parcels residing over the affected area (the target re-
gion) of each CDHW event in the IP. Air parcel trajectories were
extracted from the global simulations of the Lagrangian FLEXPART
model (Vazquez et al., 2024), as described above. Several authors (e.g.,
Numaguti, 1999; van der Ent and Tuinenburg, 2017; Gimeno et al.,
2021) have noted that about 10 days is the mean water vapour residence
time in the atmosphere from evaporation to precipitation. In addition,
previous studies (e.g., Li et al., 2024; Pérez-Alarcon et al., 2024a) have
used a trajectory length of 10 days to identify sensible heat sources
during heat wave events. Precipitating parcels were identified following
Fremme and Sodemann (2019) as those parcels in which the relative
humidity was higher than 80% over the target region and the specific
humidity (q) decreased more than 0.1 g/kg in the 6 h before arrival at
the region of interest. Additionally, we did not apply any distinction for
moisture uptake (Aq > 0) within and above the boundary layer. Mois-
ture changes along the parcel trajectory can occur due to evaporation or
precipitation. Thus, we proportionally discounted moisture losses in
route to all previous moisture uptake to obtain an objective picture of
the origin of moisture that finally arrived at the target region, in
agreement with Sodemann et al. (2008). Further details on the
Lagrangian moisture source diagnostic method can be found in Sode-
mann et al. (2008) and Fremme and Sodemann (2019).

To account for heat sources, we followed an analogous method for
moisture sources, quantifying the overall changes in the dry static en-
ergy (DSE) along the parcel trajectory, as described by Schumacher et al.
(2020). Inline with Schumacher et al. (2020), only air parcels arriving at
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the target region in the atmospheric boundary layer (ABL) were fol-
lowed backwards in time up to 10 days to determine the origin of
advected heat in the atmosphere. Additionally, air parcels that remained
below the maximum ABL height between two consecutive 6-hourly
periods during DSE uptakes were considered, and only 6-hourly
changes in DSE >1 kJ/kg (corresponding to a potential temperature
increase of 1 K) were diagnosed as a sensible heat uptake. Similarly to
the moisture sources diagnostic, heat uptakes were corrected by linearly
discounting cooling in route to all previous heat uptakes. Further details
on the Lagrangian heat sources diagnostic approach can be found in
Schumacher et al. (2020).

To obtain the total moisture and heat uptake during the CDHW
event, we aggregated (averaged) the daily transport of moisture (heat)
from surrounding and remote source regions over the event length. Both
Lagrangian approaches were coded in Python in the Lagrangian atmo-
spheric moisture and heat tracking (LATTIN) tool (Pérez-Alarcon et al.,
2024b). Furthermore, as noted above, the target region was defined as
the affected area by the CDHW event. Therefore, we only applied the
Lagrangian heat and moisture sources diagnostic to all events affecting
an area higher than 50% of the IP, guaranteeing a good representation of
the study region for the climatological analysis. Finally, to compute the
climatological sources for each event, we performed the Lagrangian
analysis for the 6-hourly event dates from 1991 to 2020. The moisture
(heat) transport anomalies were then estimated as the difference be-
tween the total moisture (heat) uptake during the event and the corre-
sponding climatological value.

3. Results and discussion
3.1. Overview of CDHW events in the Iberian Peninsula

A total of 116 CDHW events (~3.6 events/year, Supplementary
Table S1) were detected in the IP in the extended summer (May-Oc-
tober) from 1991 to 2022, leading to 729 days (~22.7 days/year) under
dry and hot conditions. On average, a single event affected the IP for
approximately 6.3 days. Note that, by definition, a CDHW should last for
at least 3 days. Additionally, by a simple inspection of the CDHW time
series, we detected the highest number of CDHWs in 2009, with 10,
followed by 2018, with 9. Meanwhile, the extended summer of 2022
achieved the highest number of dry and hot days, namely 88. However,
some years (e.g., 1996, 1997, 2007, 2010, 2013 and 2019) appear
without any CDHW event, which can be presumably related to the
generally wet, cold and generally unsteady conditions over the region. A
seasonal analysis also revealed that August recorded the highest number
of events, with 29, and September the lowest, with 9. Previously,
Sanchez-Benitez et al. (2020) detected a similar seasonal distribution for
heat waves in the IP. Fig. 2 displays the spatial distribution of the annual
frequency of CDHWs in the IP, revealing the highest number of events
(2.4-3.2 events/year) in the central-eastern IP region.

After filtering the events that affected more than 50% of IP, we
retained the top 20 CDHWs, which occurred in 10 singular years within
the 32-year study period. The highest number (4 events) was recorded in
2012, followed by 2015 and 2022, with 3 events. Again, 2022 registered
the highest number of days under extreme dry and hot conditions, with
46 days, while the average duration of each top 20 CDHW was 10.35
days. Table 1 summarizes the main characteristics of these events. Note
that the event ranked first (June 17, 2005, duration: 12 days) affected
approximately 87.2% of the IP, while the ranked eighteenth (July 9,
2022, duration 18 days) registered the highest maximum and mean
temperature and HWMI of all, although only extended for 51.3% of the
area of the study region.

Fig. 3 shows the affected area, maximum temperature anomalies and
drought intensity for the events in the top five, while Supplementary
Figs. S1 and S2 illustrate these metrics for the remaining events. Overall,
the air temperature anomalies during these CDHWs varied from 2 to
8 °C, and droughts can be categorized as moderate and severe, except for
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Fig. 2. Annual frequency of compound drought and heat wave events in the Iberian Peninsula from 1991 to 2022.

Table 1

Main characteristics of the 20 CDHWs that affected more than 50% of the IP in the extended summer (May—October) from 1991 to 2022. HWMI: Heat wave magnitude
index, DI: Drought intensity. Tmax and Tmean represent the highest maximum temperature and the average maximum temperature recorded during the event,

respectively.
Rank Start Duration (days) Tmax (°C) Tmean (°C) HWMI DI Area (%)
1 June 17, 2005 12 40.5 37.5 51.2 -3.1 87.2
2 June 24, 2012 7 43.3 41.8 31.8 —-2.2 75.7
3 August 17, 2012 13 42.2 39.3 54.1 —2.6 68.7
4 October 26, 2009 7 30.8 29.7 24.3 —2.2 63.7
5 September 15, 1991 10 38.5 35.7 37.6 -1.7 63.3
6 May 10, 1991 5 37.7 34.6 25.4 -1.6 60.4
7 May 1, 1995 9 32.1 29.7 58.9 —2.4 60.4
8 September 16, 2012 8 35.2 33.6 31.2 -3.0 59.1
9 June 8, 2017 18 42.3 39.4 70.5 -2.1 58.7
10 July 12, 2015 12 41.5 40.0 48.9 -1.9 58.6
11 June 9, 2022 12 42.4 40.7 57.9 -1.8 57.1
12 May 26, 2006 5 36.9 34.8 25.4 —2.6 55.8
13 September 1, 2006 11 41.1 37.4 50.1 —2.6 55.3
14 July 29, 2022 16 41.6 39.6 64.1 -2.7 53.5
15 October 25, 1995 4 31.8 29.8 15.0 -2.1 52.0
16 June 26, 2015 14 43.5 41.0 59.2 -1.4 51.4
17 May 9, 2012 10 37.8 35.5 35.8 —-2.3 51.4
18 July 9, 2022 18 44.2 42.1 83.8 -2.0 51.3
19 May 22, 2017 7 35.9 34.3 53.8 2.7 50.8
20 June 1, 2015 9 37.4 35.6 31.3 -2.0 50.3

the event ranked first, third and eight (Fig. 3 and S2), which exhibited
extreme drought conditions in most of the affected area. Interestingly,
events in October and May generally recorded relatively low maximum
air temperatures (Table 1). However, they registered high maximum
temperature anomalies, probably favoured by the severe dry conditions.
As previously noted by Stéfanon et al. (2014), the lack of moisture in the
lower atmosphere and soils (Supplementary Fig. S3) during drought
episodes leads to a positive feedback favouring the dry and hot
conditions.

3.2. Climatological heat and moisture sources

By taking the shaded areas in Fig. S1 as target regions for the
Lagrangian analysis of each CDHW event, we computed changes in

specific humidity and DSE using the 10-day backward trajectories from
the global outputs of the FLEXPART model of all precipitating air parcels
over the target region for moisture sources and all parcels arriving
within the ABL at the target region for heat sources, respectively.
Several studies (e.g., Gimeno et al.,, 2010; Rios-Entenza and
Miguez-Macho, 2014; Liu et al., 2022; Alvarez-Socorro et al., 2023) have
identified the origin of precipitation over the IP. The most important
moisture source regions are the subtropical North Atlantic corridor, the
IP itself throughout the recycling process and the Mediterranean Sea. On
this basis, Fig. 4 displays the climatological accumulated moisture up-
take from the Lagrangian backtracking analysis for the dates of the
CDHW events listed in Table 1 and supports these previous results. Note
that the climatological moisture contribution to the target regions
defined by the affected area of the CDHW events generally decreases as
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Fig. 4. Climatological accumulated moisture uptake (shaded) for the same dates (month and day) of the CDHW events listed on Table 1 from 1991 to 2020. Contour

lines denote the climatological mean sea level pressure during each event.

its distance to them increases. Fig. 4 also shows that the subtropical high
controls the atmospheric circulation over the IP, suggesting that the
descending air associated effectively leads to suppression of cloudiness
and thus to a noticeable decrease in the summertime precipitation by
reducing the moisture contribution from the Atlantic Ocean, as previ-
ously found by Liu et al. (2022). Likewise, the moisture arriving from the
Mediterranean Sea is small or negligible in most of the cases. These
mechanisms highlight the recycling process, and consequently local
convective events, as a key mechanism for precipitation summer, as
revealed by the climatological moisture source patterns in Fig. 4.
Similarly, climatological heat sources cover the entire IP, further
extending into the northern Atlantic Ocean and encompassing some
parts of northern Africa and western Europe (Fig. 5), although the heat
contribution from the later sources is noticeably weak. Santos et al.
(2015) applied the Lagrangian analysis tool LAGRANTO (Sprenger and
Wernli, 2015) and detected that air parcels crossing the northern
Atlantic Ocean contribute to extremely warm summer temperatures
over the IP. However, while these authors accounted for all temperature

changes along the parcel’s trajectories, we only accounted for those
changes within the ABL. It is well-known that subsidence increases air
mass temperature through adiabatic compression heating, as also shown
for the IP (Bieli et al., 2015; Santos et al., 2015; Zschenderlein et al.,
2019). Therefore, parcels travelling above the ABL and rapidly
descending over the target region play a crucial role in extreme tem-
perature events (Santos et al., 2015). This relationship is evident by
counting the number of air parcels residing over the affected area during
each CDHWSs. While the total number of parcels over the target region
ranged from 25 000 to 30 000 at each 6-hourly time step, approximately
~13% (Fig. S4) of them were within the ABL and used for the
Lagrangian sensible heat sources identification.

Overall, the westerly and northwesterly flow from the northern
Atlantic basin associated with the northern branch of the high-pressure
system leads to advection of the warmed air parcels to the target regions.
Furthermore, the climatological heat source patterns shown in Fig. 5
confirms the local-to-regional origin of sensible heat flux for IP, in
contrast to the remote origin of warm air masses for central and northern
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Fig. 5. Climatological daily sensible heat flux during the same dates (month and day) of the CDHW events listed on Table 1 from 1991 to 2020. Contour lines denote

the climatological mean sea level pressure during each event.

Europe (Santos et al., 2015; Sousa et al., 2019; Rousi et al., 2023).

3.3. Moisture and sensible heat flux anomalies during CDHWs

Dry and heat conditions are exacerbated during CDHWs. Figs. 6 and
7 illustrate the anomalies in terms of accumulated moisture uptake and
sensible heat flux for the top 20 cases, also depicting the mean sea level
pressure (MSLP) anomalies. A common pattern among all the events is
positive MSLP anomalies influencing the IP region, resembling the role
of subsidence in favouring extreme warm temperatures. Previously,
Sanchez-Benitez et al. (2020) addressed that IP heat waves generally
occur during weather regimes associated with ridge conditions in
western Europe.

The predominantly high pressures over the IP, either in the form of
an atmospheric blocking or a ridge, lead to a noticeable drop in the
summertime precipitation (e.g., Santos et al., 2009; Sousa et al., 2017;
Liu et al., 2022), decreasing more drastically during CDHWSs. Negative
accumulated moisture uptake anomalies are mostly observed among all

of the moisture sources during each event. Note that regions under
drought conditions (see shaded areas in Fig. S1) tend to provide less
moisture (Fig. S3), reducing the moisture recycling over the IP, which is
often a moisture source for precipitation in summer. It is important to
note that some footprints of positive anomalies are detected over
northwestern Africa and the eastern North Atlantic, especially for events
ranked seventh and fifteenth, respectively. Interestingly, all cases
showing above-average accumulated moisture supplied from some
source regions occurred in May or October, which can be linked to
changes in the atmospheric circulation patterns during these months.
In contrast to the moisture contributions, the sensible heat flux
anomalies shown in Fig. 7 reveal negative anomalies over the northern
IP and Atlantic Ocean during most of the CDWHs and positive ones
extending from southern IP to northern Africa. These patterns confirm
that the heat imported from northern Africa plays a crucial role in IP
heat waves, in agreement with Sousa et al. (2019). Despite the observed
negative anomalies, the heat waves were favoured by the reduction in
evaporative cooling due to the concurrent drought conditions and the
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consequently decrease in soil moisture (Fig. S3), intensifying the event
through land-atmosphere feedback, in agreement with e.g. Hauser et al.
(2017). This mechanism contributed to the intensification of the Russian
heat wave in 2010 (e.g., Barriopedro et al., 2011; Trenberth and Fasullo,
2012). In addition, according to Miralles et al. (2014), the soil moisture
deficit leads to the entrainment of warm air during the day and the
formation of a warm residual layer above the ABL at night retaining heat
over night. This heat can reenter into the mixed layer the next day. Note
that this heat stored above the ABL is not accounted for during the
Lagrangian tracking analysis, as we are interested in identifying sensible
heat sources. Therefore, this finding also stresses the importance of the
subsidence in the increasing temperature of air parcels, thereby
contributing to the development of heat waves over the IP. Indeed, the
soil-atmosphere feedback thought the diabatic heating effect induced by
the drought conditions may play a role in maintaining the high-pressure
conditions, in agreement with Rousi et al. (2023) and Zhou et al. (2024).

Despite the areas with negative anomalies in the sensible heat flux,

we can expect negative (positive) anomalies in the total contribution
from moisture (heat) sources. This hypothesis is confirmed in Fig. 8 by
computing the overall changes in the accumulated moisture uptake and
average daily sensible heat flux during each CDHW. In line with the
results in Fig. 6, Fig. 8a highlights that the total accumulated precipi-
tating moisture is reduced by 15%-80% when compared with its
climatological value. This means that the contribution to precipitation is
disproportionately low during CDHW events. The sensible heat contri-
butions show an increase for most of the events, being, on average, 5%—
75% higher than the climatological heat contribution and reaching
125% above normal for the event ranked twentieth (Fig. 8b). We
considered that these overall sensible heat flux positive anomalies
enhanced the diabatic heating and consequently the hot conditions,
which is aligned with previous studies on extreme heat waves (e.g.,
Hong et al., 2022; Liu et al., 2024; Zhou et al., 2019, 2024). However, it
is worth noting that events ranked fourth (R04; ~34%), sixth (R06;
~15%) and fifteenth (R15; ~35%) achieved an overall reduction in the
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total sensible heat contributions. These below-average events occurred
in May (event ranked sixth) and October (events ranked fourth and fif-
teenth), suggesting a different role of atmospheric circulation during
transitioning months. In addition, there is currently no agreement on the
relative contributions of physical processes (i.e., temperature advection,
adiabatic warming due to subsidence, and diabatic heating from surface
sensible heat fluxes) that lead to the development of a heat wave (e.g.,
Garfinkel and Harnik, 2017; Miralles et al., 2019; Wehrli et al., 2022).
Consequently, the negative sensible heat flux anomalies observed in
these CDHWs (R04, R06, R15) also suggest that these events were pri-
marily driven by adiabatic warming rather than temperature advection
or sensible heating. Indeed, Santos et al. (2015) highlighted the role of
adiabatic warming in driving heat waves in the IP.

4. Final remarks and conclusions
In this study we have examined CDHWSs over the IP during the

extended summer (May-October) from 1991 to 2022 by applying a
novel Lagrangian moisture and sensible heat tracking framework. The

10

analysis of the life-cycle of the top 20 events ranked by the affected area
revealed that they are relatively long-lived, achieving a mean duration
of ~10.35 days, with 2022 recording a total of 46 days under dry and
hot conditions. From a climatological viewpoint, CDOWHs over the IP are
generally associated with the influence of blocking situations charac-
terized by the presence at the surface of anticyclones and/or atmo-
spheric ridges. Fig. 9 summarizes climatological patterns of moisture
and sensible heat sources and the corresponding moisture and heat
contribution anomalies among all of the 20 events (listed on Table 1).
The moisture and heat tracking analysis revealed a climatological local-
to-regional origin of moisture (Fig. 9a) and heat (Fig. 9b) during the
event’s dates, being the IP itself the main moisture and heat source.
The spatial distribution of the accumulated moisture uptake anom-
alies (Fig. 9c) shows below-average moisture support during the CDHW
events, influenced by the persistent subsidence associated with the high
pressures over the IP. Additionally, negative anomalies were observed in
the heat contribution from the northern Atlantic Ocean and north-
western IP and positive anomalies in the remaining IP region further
extended to northern Africa (Fig. 9d). We hypothesize that the
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concurrent dry conditions are associated with low soil moisture
(Fig. S3), and thus a reduction of the evaporative cooling, which may
contribute to the development and persistence of the event through
land-atmosphere feedback (Barriopedro et al., 2023). Overall, during
CDHWs in the IP, the moisture contribution decreases by about 56%,
and the sensible heat support increases by approximately 35%.

Building on previous works mostly focused on atmospheric circula-
tion associated with dry and hot conditions in the IP and/or Western
Europe (e.g., Santos et al., 2015; Sanchez-Benitez et al., 2020; Liu et al.,
2022; Diaz-Poso et al., 2023; Rousi et al., 2023), this study emphasizes
the local-to-regional origins of moisture and sensible heat anomalies and
their amplification through land-atmosphere feedbacks during CDHW
events. While previous studies acknowledged the role of subsidence and
soil moisture deficits in CDHW events (e.g., Mukherjee et al., 2020;
Kautz et al., 2022; Hao et al., 2022; Barriopedro et al., 2023; Rousi et al.,
2023), this work integrates these dynamics with sensible heat and
moisture source contributions, offering a more comprehensive under-
standing of CDHW mechanisms. In particular, our results provided ev-
idence that the below-average moisture and above-average sensible heat
source contributions are linked and amplified by the predominately
high-pressure conditions and soil moisture deficits observed during such
extremes. Furthermore, the top 20 CDHWs could serve as case studies to
enhance our understanding of the underlying mechanisms of these
compound climate extremes. This work also highlights the added value
of the novel Lagrangian atmospheric moisture and heat tracking
framework for studying CDHWSs, which could be a powerful tool to
enhance regional risk assessments and to investigate future changes in
these extreme events under global warming. However, it is worth noting
that the Lagrangian model and moisture and heat tracking methods have
some uncertainties and limitations, such as the neglecting the mixing of
air parcels, the evaporation of precipitating hydrometeors, numerical
diffusion and numerical errors linked to the trajectory calculation.
Furthermore, the ABL is assumed to be well mixed, which means that
dry static energy increases reflect surface sensible heat fluxes, and the
moisture and heat tracking framework does not provide a comprehen-
sive causal relationship between the underlying mechanisms and CDHW
events. Therefore, future research should be performed to help in un-
derstanding the complex physical processes that contribute to CDHWs in
the context of global warming.
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