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Abstract
The summers of 2018 and 2019 were characterized by unusually warm conditions over Europe. Here,
we describe the intense heatwaves striking the Iberian Peninsula in early August 2018 and late June
2019. The 2018 episode was relatively short-lived but outstanding in amplitude, particularly in western
Iberia. Similar to previous mega-heatwaves, the 2019 event was long-lasting and affected large areas of
western and central Europe, including eastern Iberia. During these events, many absolute temperature
records were broken in western and eastern Iberia, respectively (some of them standing since 2003). In
both cases, a cyclonic circulation off the coast in the northeastern Atlantic and a strong subtropical
ridge pattern over the affected area promoted the advection of an anomalously warm air mass. This
paper highlights the role of these very warm, stable and dry air intrusions of Saharan origin in the
western and eastern Iberia heatwave events. Using a thermodynamical classification based on the
geopotential height thickness and potential temperature, we show how the magnitude and poleward
extension of these Saharan intrusions were unprecedented in the period since 1948. The relationship
between Iberian heatwaves and Saharan warm air intrusions is discussed in the long-term context,
showing a closer link in southern sectors of the Peninsula. However, a consistent poleward trend in the
latitudinal extension of these subtropical intrusions reveals their increasing relevance for heatwaves in
northern sectors of Iberia and western Europe. This overall trend is accompanied by an apparent “seesaw” in the occurrence of subtropical intrusions between eastern and western Iberia on multi-decadal
scales.

1. Introduction
Some of the most well studied exceptionally hot summers in recent years in Europe have been those of
2003 (1 Schär et al., 2004, 2 García-Herrera et al., 2010) and 2010 (3 Barriopedro et al., 2011, 4 Dole et
al., 2011). In both cases, widespread above-average temperature anomalies were registered, and many
new all-time temperature records were set at the time. They were associated with “mega-heatwaves” (3
Barriopedro et al., 2011; 5 Miralles et al., 2014), which refer to outstanding heatwave (HW) events in
terms of duration, intensity and spatial extent. The recent European HW event of June 2017 was the
earliest summer mega-HW in the reanalysis period since1948 (6 Sánchez-Benítez et al. 2017). The end
of June 2019 also saw an exceptional HW in central and western Europe. Despite occurring in the very
early summer, large areas of France and Spain exceeded the temperatures registered during previous
mega-HWs. The June 2019 HW had large repercussion on the media and, as it evolved before summer
holidays, national governments activated contingency plans and deployed resources to minimize
impacts (e.g. 7 The Guardian, 2019). Over Iberia, the event was particularly severe in the eastern part,
where some regions recorded absolute temperature records, whereas western Iberia experienced
relatively milder conditions. Other recent summers, such as 2015 (8 Russo et al. 2015) and 2018, did not
feature European mega-HWs, but did feature regional extreme events. During the summer of 2018,
media coverage was particularly focused on persistent record-breaking temperatures in northernmost
sectors of Europe. However, southwestern Europe was also struck by the occurrence of unprecedented
temperature values during the first week of August. The intensity and relevance of the early August
2

Iberian HW was masked by relatively wet and cool conditions in June and July 2018, resulting in nearaverage seasonal mean temperature anomalies in the region. Unprecedented absolute temperatures were
recorded, particularly over Portugal, where all-time records were broken in many places, including
most of those standing since the 2003 mega-HW (9 Instituto Português do Mar e da Atmosfera,
hereafter IPMA, 2018).
Unlike the prolonged mega-HW events that occurred in August 2003 (10 Trigo et al., 2006) or June
2019, the early August 2018 heat episode was short-lived and more regional. Intense warm spells of
this type display a more transient behavior than mega-HWs, which are associated with quasi-stationary
pervasive anomalous conditions. In particular, local temperatures often exhibit abrupt increases that
reach outstanding figures, being sometimes interrupted by non-extreme values. Mega-HWs and sharp
HW events are difficult to diagnose from classical approaches, which follow a local perspective, often
disregarding concomitant conditions in surrounding points and the discontinuous occurrence of
extremes. Recent studies have proposed a semi-lagrangian approach that allows to identify nearby
regions under HW conditions and track them in space and time (6 Sánchez-Benítez et al. 2018). This
perspective provides a better frame to characterize the life-cycle of HWs and, in particular, the
associated atmospheric circulation.
Regarding the synoptic conditions that led to the 2018 and 2019 HW events, a very warm air mass
intrusion presenting dust concentrations (above normal daily reference levels) and originating from the
Sahara led to weather warnings being issued by the national meteorological agencies, widely
broadcasted in media with a few days in advance (11 Publico, 2018; 12 El Tiempo Hoy, 2018; 13 BBC,
2019). Among the distinct weather systems associated with HWs affecting Iberia (e.g. 2 Garcia-Herrera
et al., 2010), few studies have explicitly addressed Saharan warm air intrusions (hereafter SIs; e.g. 14
Díaz et al., 2017). In fact, literature on SIs has mainly focused on their health impacts due to aerosol
and dust transport (15 Salvador et al., 2014) and relatively less attention has been paid to their
thermodynamical effects. As so, there is an incomplete description of the relationship between such air
masses originated in the desertic region of northwestern Africa and HW episodes in Iberia. This is
particularly notable in climatological studies, stressing the need of a historical record of SIs to
characterize coherently their effects on the Iberian Peninsula (IP). Here we explore this issue, through
relatively straightforward criteria for the detection of SIs based on air mass thermodynamical properties
derived from meteorological reanalysis data. Accordingly, the main objectives of this work are:
1) Characterize the exceptionality of the extreme heat episodes that affected western and eastern
IP in early August 2018 and late June 2019, respectively;
2) Describe the synoptic pattern and its spatio-temporal evolution during the events, with
special emphasis on the occurrence of SIs, which are identified and tracked by designing an automatic
algorithm;
3) Analyze the link between SIs and other Iberian HWs, as well as the long-term trends in the
frequency of SIs affecting the Iberian Peninsula.
In Section 2 the Data and Methods employed in this work are presented. Section 3 characterizes the
extreme episodes of August 2018 and June 2019, and its exceptionality when compared with previous
episodes. In Section 4, we explore the life-cycle and unprecedented nature of the SI during each HW.
Section 5 assesses the relationship between the occurrence of SIs and regional HWs in Iberia, as well
3

as the long-term trends in the frequency of SIs. Finally, in Section 6 the main results are summarized
and discussed.
2. Data and methods
2.1 Meteorological data
Daily maximum temperature series from the E-OBS gridded dataset were used to characterize extreme
values and anomalies during the August 2018 and June 2019 events. E-OBS is an European land-only
high-resolution gridded observational dataset, using the European Climate Assessment and Dataset
(ECA&D) blended daily station data, and is presented on a horizontal resolution of 0.25º×0.25º, starting
from 1950 (16 Haylock et al., 2008). Here, files are replaced in monthly updates until each full update of
the E-OBS dataset. Accordingly, small changes might occur between these releases, after new data
and/or stations are added. The E-OBS data available until June 2019 was used here.
To better characterize the exceptionality of the more regional 2018 HW event, we also used maximum
and minimum temperature series from continental weather stations provided by IPMA over the
westernmost sector of the Peninsula, where it was more significant.
Meteorological fields were retrieved from the NCEP/NCAR reanalysis daily dataset (17 Kalnay et al.,
1996) on a 2.5º×2.5º horizontal resolution grid, starting from 1948. The following variables were
considered for pressure levels between 1000 and 500 hPa: air temperature, geopotential height,
zonal/meridional wind components and vertical velocity. These fields were used to: i) characterize the
HW events; ii) derive a catalogue of subtropical ridges; iii) identify SIs, as explained next.

2.2 Spatio-temporal heatwave detection
To characterize the 2018 and 2019 HWs, we have adopted a semi-lagrangian perspective, following the
methodology developed recently by 6 Sánchez-Benítez et al. (2018) for the diagnosis of HW events.
This methodology focuses on the spatio-temporal evolution of extreme temperature patterns (using the
850hPa temperature, T850), instead of considering HWs as isolated local surface extremes. This
enables the temporal monitoring of the spatial extent of HWs affecting distinct areas during their life
cycle. The algorithm identifies HW events, defined as areas larger than 500,000 km2 with daily mean
T850 above the local daily 95th percentile (with respect to 1981–2010) that persist for at least 4
consecutive days. Additional information on this methodology can be found in 6 Sánchez-Benítez et al.
(2018).

2.3 Subtropical ridge catalogue
Here, a subtropical ridge catalogue (18 Sousa et al., 2018) was used to characterize the large-scale
atmospheric circulation during the HW events. Subtropical ridges are diagnosed as regions between
35°–55°N displaying more than 75% of the grid points above the 80th percentile of the Z500
climatological fields, while no more than 50% of grid points located further north surpass that threshold
(to avoid overlaps with high-latitude blocking). Following the climatological assessments of 18 Sousa et
4

al. (2018), ridges occurring between 15ºW and 15ºE were considered. Specific details on the detection
algorithm and the derived catalogue can be found in the abovementioned work.

2.4 Saharan air mass classification
A classification of air masses originated at low latitude subtropical desertic areas was performed
relying on simple thermodynamical air properties: the 1000-500hPa layer geopotential thickness (19
Galvin, 2016) and the mean 925-700hPa layer potential temperature (θ). Based on the climatological
(1948-2018) mean summer (June-August) values of these variables for each grid point, the following
conditions were considered to identify air masses of subtropical origin:
i)
ii)

1000-500hPa thickness > 580 decameters (19 Galvin, 2016);
925-700hPa θ > 40ºC.

Grid points satisfying both criteria correspond to low density, warm, stable and very dry air masses,
with the potential to be additionally warmed by downward advection processes (20 Wallace and Hobbs,
2006). This approach allows us to classify the mean climatological location and extension of desertic
air masses for all summer days, as well as to identify temporary intrusions towards higher latitudes (e.g.
the Iberian Peninsula) on a daily basis. In particular, SIs are detected over western (eastern) Iberia when
the abovementioned criteria are verified in grid points north of 35ºN and between 15ºW-5ºW (5ºW5ºE). Note that some SIs can affect both sectors of Iberia simultaneously. Additionally, the longitudinal
position of each SI was also computed on a daily basis, by searching for the longitude with the
maximum value of geopotential thickness.

3. The record breaking events of August 2018 and June 2019
Several European areas (~6%) registered new absolute maximum temperature values during the JuneAugust 2018 period (Figure 1a), with a mean observed anomaly in Europe of ~+1.8ºC (Supplementary
Figure S1a), according to the E-OBS dataset. While records occurring in June 2018 were restricted to
the British Isles, larger areas in Scandinavia and central Europe registered new extreme values
throughout the remaining summer months. In particular, August 2018 stood out by the extreme
conditions observed in western Iberia, as observations from this dataset indicate a large record-breaking
area the region, with several stations registering values higher than 45ºC (Fig. 1a). Unprecedented
values were mainly confined to continental Portugal, contrasting with the mean summer anomaly in
this region, which was close to zero (Supplementary Fig. S1a). To analyze in more detail the
exceptionality of the event and frame it in the historical context we used temperature observations from
the Portuguese Met Office station network.
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Fig. 1 – Absolute maximum 2 meter temperature (color shading) observed in Europe during: a) the 2018 summer (JJA);
b) June 2019 according to the E-OBS gridded dataset. Hatched areas denote regions where new all-time maximum
temperature records were set, with the grey scale denoting in which month the record occurred.

The average daily maximum, minimum and mean daily air temperature values for continental Portugal
during the 2018 summer (formed from a representative set of eighty meteorological stations from
IPMA) are presented in Figure 2a. Extreme conditions occurred in early August 2018, following a
sudden rise in temperatures. Prior to the event, temperatures were near-normal or slightly below
average, except for a warm episode in mid-June. The warmest spell at national level occurred from 2 to
4 August, when the maximum temperature averaged for mainland Portugal exceeded 40ºC and daily
mean temperatures were above the climatological mean of the maximum temperatures. During 1-6
August, more than half of the stations reached values above 40ºC and 17 stations registered values
higher than 45ºC (9 IPMA, 2018). As a consequence, 43 stations broke their previous historical
maximum temperatures in Portugal (circa 40% of the country’s official observation network) (see Fig.
2b). Also, ~30% of the Portuguese stations registered their all-time highest minimum temperature
during that period.
The highest values (>45ºC) were observed relatively close to the westernmost sectors of Iberia, in precoastal central Portuguese provinces. In Fig. 2c the temperature exceedance over the previous records
is also presented, highlighting the exceptionally of the event. Taking Lisbon - the capital of Portugal as an example, the previous record of 42.0ºC (established during August 2003) was surpassed by 2ºC,
setting a new absolute value of 44ºC. These results reinforce the more extreme, yet shorter-lived, nature
of the 2018 episode over western Iberia, when compared to the less extreme, but longer-lived two-week
event in 2003. Despite being relatively short-lived, the 2018 August event was so intense that it
contributed decisively to place that month as the second warmest August on record in the country (after
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2003) in terms of mean air temperature, and the warmest month ever in terms of maximum
temperature, with a mean value of 32.4ºC (+3.6º anomaly).

Fig. 2 – a) Evolution of mean temperature in Portugal throughout the 2018 summer (thick lines), compared with the
climatological mean (stippled lines), relying on IPMA surface stations. Highlighted values correspond to the dates
enclosing the heatwave event (as classified by IPMA, 1-6 August). b) New all-time temperature records (in ºC)
established during early August 2018 in surface stations in Portugal (IPMA). c) Difference (in ºC) between the observed
maximum temperatures during the event and the previous all-time records. Note that only stations with unprecedented
values are presented.
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Differently to the more regional 2018 event, the late June 2019 HW was long-lasting and affected
different European regions between late June and early July, contributing to set the hottest June ever
recorded in Europe, with a mean temperature anomaly of ~+2.3ºC with respect to 1981-2010. New
records in maximum temperature were shattered across Europe (~4%) during June alone, mostly France
and Spain, but also Switzerland, Germany, the Czech Republic or Poland (Fig. 1b). Extreme
temperatures also occurred across central Europe later in July 2019, expanding the percentage of
summer record-breaking European areas, although full summer data is not yet available at the time of
this publication. In southwestern Europe, the HW peaked during 24-30 June, when temperatures were
up to ~l0ºC above normal over some areas of France and Spain. It was the first time temperatures
exceeded 45ºC in France, where the HW was made at least five times more likely as a result of
anthropogenic climate change (21 Oldenborgh et al. 2019). Unlike the 2018 HW, the Spanish named
“hell-is-coming” event of June 2019 registered the highest temperature anomalies in northeastern Iberia
(Fig. 1b), where local temperatures climbed to more than 43ºC. Comparatively, southwestern Iberia
was less affected by this HW, displaying weak temperature anomalies during that period. As this is also
the climatological warmest region of Spain and Portugal, the 2019 event did not leave new all-time
national records. In addition, the 2019 event was preceded by a cold temperature episode by mid-June,
more intense over western Iberia, which contributed to lower the monthly mean temperatures therein
(Fig. S1b). Due to these spatially and temporally contrasting temperatures, June 2019 was not among
the warmest months on record for Spain and Portugal. Still, the Spanish Meteorological Agency
(hereafter AEMET) recorded the warmest maximum temperatures of June in 29 stations of the main
network including major cities such as Madrid and Barcelona (22AEMET 2019). New all-time absolute
records were also set in five of these stations (some of them having data back to 1920), with
temperature exceedances over their previous records of up to 3ºC. Interestingly, before this event only
seven Spanish stations had their all-time maximum temperatures in June, some of them corresponding
to the June 2017 event. Regarding minimum temperatures, 10 stations in Spain reported new records
for June, and two of them saw their warmest nights since records started, with minimum temperatures
above 25ºC.

4. Regional atmospheric circulation
4.1 Evolution of the heatwaves
In this section, the spatio-temporal evolution of the IP HWs is examined, from prior to onset until the
decaying phase, as shown in the panels of Figures 3 and 4. Both events displayed some similarities,
including the occurrence of a high-low pressure dipole over northeastern Europe-eastern Atlantic. In
the case of the 2018 HW, a persistent blocking event occurred in Scandinavia throughout July 2018,
which was accompanied by extreme conditions over large parts of central and northern Europe (top
panels of Fig. 3). At this stage, the positive Z500 anomaly associated with the block extended towards
southwestern Europe, prompting the start of the warm Iberian event. By early August, the IP was
affected by a subtropical ridge (detected in our ridge catalogue between 2-6 August). During the same
period, the Z500 anomaly associated with the Scandinavian blocking cut-off, being later re-fed by the
8

split of the Iberian ridge in two structures, due to a low-pressure system west of the British Isles. The
HW algorithm detected an event between 2 and 7 August affecting a widespread area between the
Madeira archipelago offshore Morocco and southeastern Scandinavia. For this 6-day period, the land
area experiencing the highest number of days with HW conditions was western IP, where extreme
temperatures persisted for 5 consecutive days (between 2 and 6 August, see Supplementary Figure
S2a).

Fig. 3– Daily anomalies of temperature at 850 hPa (ºC, shading) and geopotential height at 500 hPa (m, contours, with
contour interval of 40 m starting at ±40 m and solid/dashed contours indicating positive/negative anomalies) between
30 July and 7 August 2018, using the NCEP/NCAR reanalysis dataset. Dots identify regions under heatwave conditions
according to our algorithm, with blue crosses displaying the mass center of each heatwave pattern, which is defined as
the averaged longitude and latitude of the gridpoints displaying heatwave conditions, weighted by the amplitude of the
temperature anomalies.

Regarding the late June 2019 HW, it was also preceded by a high pressure system and extreme heat
over northeastern Europe (top panels of Fig. 4). This positive Z500 anomaly center merged with
another one that had already prompted HW conditions in northern Africa and extended towards the
9

northeast as a subtropical ridge (detected between 22 and 30 of June). By 24 June, both centers merged
over the western Mediterranean. Similar to the 2018 HW, the low-pressure system located over the
eastern Atlantic stretched and intensified the subtropical ridge. However, in the 2019 HW, the Atlantic
low was unusually displaced to the south, which allowed the high pressure system of central Europe to
merge with an Atlantic blocking, extending HW conditions to the UK. The deepening of the Atlantic
low occurred timely with the intensification and westward shift of a Siberian low-pressure system
towards Scandinavia by the end of June (middle panels of Fig. 4), which contributed to set the
subtropical ridge over western Europe. The last stage of the 2019 HW (bottom panels of Fig. 4)
featured a transient evolution towards southeastern Europe, coinciding with the northward shift of the
Scandinavian low. The HW algorithm detected a long-lasting event between 20 June and 3 July
affecting large areas of Europe, from Ireland to Turkey and from the Mediterranean to southern
Scandinavia. During this 14-day period, eastern IP, France, the Benelux or Switzerland were among the
most affected regions, recording extreme temperatures for more than 7 days (see Fig. S2b). The
outstanding intensity, duration and spatial extent of the 2019 HW are comparable to those typically
observed during European mega-HWs (6 Sánchez-Benítez et al. 2018).

Fig. 4- As Fig. 3 but for the 2019 event, between 19 June and 5 July 2019, every two days
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To address the relative role of distinct thermodynamical factors, we quantified the contribution of the
horizontal/vertical temperature advection and diabatic processes to the temperature tendency over
western and eastern IP during their respective HW events, by using the approach described in 18 Sousa
et al. (2018). The temporal evolution of these three terms in the period spanning 7 days before and after
the HW onset over Iberia (2 August 2018 and 24 June 2019, respectively) is presented in Fig. 4. Again,
despite some specificities of each episode, it is important to stress that both HW events showed
similarities. Prior to the HWs, a balance between cold horizontal advection and diabatic heating
maintained temperatures relatively stable. In the case of the 2018 HW, this was probably enhanced by
the typical summer land-sea breeze circulation (e.g. 23 Soares et al., 2014). A large and sustained
increase in horizontal temperature advection was observed three days prior to the onset of the HWs
over the IP, and became positive the day before. This was mainly due to the northward advection of a
warm air mass towards the IP (see the poleward migration of warm anomalies from northern Africa to
Iberia in the top panels of Figs. 3 and 4). This is a typical fingerprint of SIs, which also transport
significant volumes of dust and other aerosols to mid latitudes. The occurrence of a SI during both HW
events is further supported by satellite imagery (Supplementary Figure S3) illustrating large amounts
of dust over western and eastern Iberia.
Since the early stages of the 2018 HW, the advected Saharan air mass got “trapped” over western Iberia
around an anticyclonic vortex (as shown in Supplementary Figure S4). Accordingly, during most of
this event, vertical temperature advection (suggesting enhanced subsidence) contributed to maintain the
high temperatures against cold horizontal advection, which was present since 3-4 August 2018 (Figure
5a). This westerly horizontal advection, carrying cooler Atlantic air, was the main responsible for the
return to near-normal conditions over western Iberia in the 2018 HW event. Differently, vertical
temperature advection was predominantly negative over eastern Iberia during the 2019 HW (Fig. 5b).
As compared to the 2018 HW, the reduced contribution of this term is in agreement with a relatively
larger dispersion of dust (Supplementary Figure S5), the poleward location of the largest Z500 center
anomaly (and associated regional maximum in subsidence) and the unusual shift of the Atlantic low
towards the southeast (Fig. 4). Although the vertical term acted against the temperature rise, its effect
was overwhelmed by the warm horizontal advection and the diabatic warming, which sustained the
temperature increase during the first days of the late June 2019 HW (coinciding with the reorganization
and intensification of the subtropical ridge). Warm advection was unusually intense and persisted
several days after the onset of the 2019 HW over eastern Iberia, thus explaining the longer duration of
this event, as compared to that of 2018.
The temperature tendency during the build-up of the early August 2018 HW exceeded the 1-sigma level
associated with the climatology of all August HWs affecting western IP (not shown), and it was close
to that threshold when considering all summer HWs over western IP (Fig. 5a). The temperature
tendency during the late June 2019 HW was well beyond the 1-sigma level of all summer eastern IP
HWs, mainly during the first days of the HW. In both cases, these exceptional values were largely due
to the contribution of the horizontal advection term. As such, in the next subsection we turn our
attention to this warm air advection from lower latitudes by focusing on the assessment of the SIs.
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Fig. 5– Daily evolution of the 1000-850 hPa mean temperature tendency (dTdt, black line) and its contributors (colored
-1
lines) (in K day ) from lag -7 to +7 days of the: a) August 2018 heatwave event; b) June 2019 heatwave event. These
terms were averaged over land gridpoints of a) western Iberian Peninsula ([ 7.5, 5 ]ºW and [ 37.5, 42.5 ]ºN) and b)
eastern Iberian Peninsula ([ 2.5, 0 ]ºW and [ 37.5, 42.5 ]ºN), using the NCEP/NCAR reanalysis dataset. Thermodynamical
factors include horizontal (adv_h, red) and vertical (adv_v, blue) advection and diabatic processes (diab, green). Grey
shading indicates the ±1 σ for temperature tendency as obtained from all 1948-2017 summer heatwave events that
affected western/eastern Iberia. The vertical line represents the first day of the event over Iberia. A 3-day smoothing is
applied to the series.

4.2 Unprecedented magnitude of the Saharan air mass intrusions
As displayed in Fig. 5, the onset of the IP HWs was prompted by the advection of an air mass that
originated in the desertic areas of northern Africa. At this point, we aim to characterize some of the
thermodynamical features of these air masses. Accordingly, we identified air masses with desertic
characteristics for all summer days from June 1948 to June 2019, following the methodology described
in Section 2.4. Figure 6 shows the climatological characteristics of such air masses (Fig. 6a) and the
corresponding daily fields for the 2018 (Fig. 6b-c) and 2019 (Fig. 6d-e) episodes.
12

Fig. 6 – a) Mean location and extension of typical desertic subtropical air masses during summer (JJA) computed for the
period 1948-2018, with shaded values depicting the mean potential temperature in the 925-700hPa layer, and the
dashed black line limiting the area with 1000-500hPa thickness above 580 dam. b, d) Number of days (shaded) when the
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Saharan intrusion was detected in each gridpoint between b) 1 and 7 August 2018 and d) 24 and 30 June 2019. Black
dots represent areas where such intrusions were unprecedented. Lines depict the composite for the 500 hPa
geopotential height for the days when our algorithm detected heatwave conditions over Iberia. c, e) Same
representation as in a), but for: c) 4 August 2018; e) 27 June 2019. The NCEP/NCAR reanalysis dataset was used for the
identification of Saharan intrusions.

Our classification highlights air masses usually located over northern Africa and the Middle East, as
shown in Fig. 6a. There are two preferred areas for the development of stable, dry and warm air
masses, namely western Sahara and the Arabic Peninsula. The typical summer geopotential thickness
field displays a meridional gradient north of those areas, leading to a mean southwesterly flow in the
vicinity of the IP that tends to keep desertic air masses relatively distant from the region, especially in
westernmost sectors. Nevertheless, disruptions of this usual synoptic configuration (in particular those
favoring southeasterly wind components) can be responsible for a northward intrusion of these air
masses (e.g. 15 Salvador et al., 2014).
The analyzed HW events featured a persistent and pronounced latitudinal extension of the 580dam
isohypse from western Sahara, as shown in Fig. 6b,d, indicating the occurrence of a SI. The full
tracking of these SIs is shown in Supplementary Figures S6 and S7. During their early stages, the
potential temperature of the air mass was clearly above the climatological mean over the genesis region
(northwestern Africa), stressing their remarkable thermodynamical properties. At the peak of the HW
events, the very warm dry air was transported towards western (Fig. 6c) and eastern (Fig. 6e) IP.
Figures S6 and S7 evidence that the anomalous location of the Atlantic low pressure system fostered
the northward displacement of the air masses towards Iberia. These SIs reached unusual northern
latitudes in western and eastern IP, where they partially cut-off with outstanding intensity (Fig. 6c,e),
matching the area of the most extreme surface temperatures.
The trapping of these SIs occurred further north of other SIs associated with relevant HWs in western
and eastern IP. This is shown in Supplementary Figure S8, which illustrates the SIs associated with
other historical extremely warm episodes that affected western and eastern Iberia. Some similarities
with the August 2018 and June 2019 events are found in the synoptic environment, in particular the
deformation of the thickness field with a zonal gradient immediately west of the SI. This configuration
favors a south-north flow that is often associated with a low pressure system or a mid-tropospheric
trough in the eastern Atlantic. In fact, this feature appears to play a critical role to initiate an anomalous
poleward advection of the relatively stationary warm air mass located over northern Africa. Despite
these commonalities, the visual analysis of the maps supports that: i) the SIs reached unprecedented
latitudes over western and eastern IP at the peak of the August 2018 and late June 2019 HW events
(actually, they extended further north than any other SI of the reanalysis period, Fig. 5b,d); ii) a
significant fraction of major IP HWs are related to SIs. The latter will be further assessed in the next
section.
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5. The relevance of Saharan intrusions in the Iberian Peninsula
5.1 Regional contribution to heatwave events
To objectively classify the level of exceptionality of the 2018 and 2019 SIs, as well as the relevance of
SIs to extreme heat episodes, we ranked all summer days since 1948 based on the highest values of the
following indicative variables (averaged over western and eastern IP separately): a) 925-700hPa mean
layer potential temperature; b) 850hPa temperature; c) 1000-500hPa geopotential height thickness.

Table 1 –Top 15 summer days (since 1948, using the NCEP/NCAR reanalysis dataset) averaged over western
Iberian Peninsula (a, between 15ºW-5ºW) and eastern Iberian Peninsula (b, between 5ºW-5ºE) for: the mean
925-700hPa potential temperature (in ºC); 850hPa level temperature (in ºC).; the 1000-500hPa geopotential
height thickness (in dam). Days of the early August 2018 and late June 2019 heatwave events in western/eastern
Iberia are highlighted.
a)

Western Iberian Peninsula

Rank

Date

Θ925-700hPa (°C)

Date

T850hPa (°C)

Date

Thick850-500hPa (dam)

#1
#2
#3
#4
#5
#6
#7
#8
#9
# 10
# 11
# 12
# 13
# 14
# 15

2018-08-04
2018-08-03
2018-08-05
1995-07-24
2013-08-01
2018-08-02
2003-08-02
2005-08-06
1981-06-14
2005-08-07
2013-07-07
2005-08-05
2012-06-26
2012-08-10
1995-07-23

46.0
45.7
45.1
44.5
44.5
44.2
44.2
43.9
43.8
43.7
43.7
43.6
43.6
43.5
43.3

2018-08-04
2018-08-03
2018-08-05
1995-07-24
2005-08-07
2003-08-02
2018-08-02
2003-08-01
1981-06-14
2005-08-06
2017-06-17
2018-08-06
2012-08-10
2012-06-26
2013-07-07

26.8
26.4
25.8
25.8
25.4
25.4
25.2
25.1
25.0
25.0
24.7
24.7
24.7
24.7
24.6

2018-08-03
2018-08-04
2018-08-02
2018-08-05
2017-08-20
2016-08-07
2013-07-07
2003-08-01
2005-08-05
1995-07-24
2005-08-06
1998-08-05
1998-08-06
2005-08-07
1998-08-06

583
582
582
581
580
580
580
580
580
580
580
580
580
580
580

Rank

Date

Θ925-700hPa (°C)

Date

T850hPa (°C)

Date

Thick850-500hPa (dam)

#1
#2
#3
#4
#5
#6
#7
#8
#9
# 10
# 11
# 12
# 13
# 14
# 15

1987-08-16
1980-08-03
1994-08-22
2005-07-17
1994-08-23
1987-08-15
1994-07-04
1980-08-02
2009-07-23
1983-07-30
2003-07-22
1982-07-07
2009-07-22
2009-07-24
2017-08-01

41.8
41.8
41.8
41.8
41.7
41.6
41.4
41.4
41.3
41.2
41.2
41.1
41.1
41.0
41.0

2019-06-26
1987-08-16
1987-08-15
1983-07-30
2005-07-17
1980-08-02
2019-06-27
2012-08-18
1982-07-07
1987-08-14
1994-08-22
1994-07-04
2005-07-16
1983-07-31
1999-08-25

27.6
27.5
27.3
27.2
27.2
27.2
27.0
26.9
26.8
26.8
26.8
26.8
26.6
26.6
26.6

1987-08-16
2005-07-17
1983-07-30
1980-08-02
2001-08-01
1980-08-03
1987-08-15
2005-07-16
2017-07-31
2019-06-26
1994-08-22
2015-07-27
2009-07-23
2017-08-01
2017-08-03

583
583
583
583
582
582
582
582
582
582
582
582
582
581
581

b)

Eastern Iberian Peninsula

The analysis of these three rankings clearly places the 2018 HW as the most extreme event in western
IP. In fact, the warmest day of the HW event (4 August 2018) is ranked first in 925-700hPa mean layer
potential temperature and 850hPa level temperature, and the days spanning between 2 and 6 August
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2018 also dominate these rankings, overwhelming past extreme days by a large margin (Table 1a).
Other historical HW events (as presented in Supplementary Fig. S8) with important socio-economic
impacts in western IP (e.g. 1981 or 2003 – 24 Trigo et al., 2009) are also listed within the top-15 of the
ranking. This matching shows how SIs are frequently related to extreme heat episodes in western IP. A
similar ranking analysis is presented for eastern IP in Table 1b. Despite being the strongest event ever
occurring in the western sector, the 2018 episode falls well below other previous events in eastern IP,
not being ranked even in the top-15. When both sectors are compared, the exceptionality of recent
episodes (since 2000) is considerably more noticeable in western IP, while there is a larger fraction of
pre-2000 events in the eastern IP rankings. The latter suggests some decadal variability in the intensity
of SIs. In spite of this, the intense June 2019 episode also appears in the top-15 ranking of eastern IP
SIs for 850hPa temperature and 850-500 hPa geopotential height thickness, being listed first for the
former diagnostic.
The results of Table 1 highlight differences between western and eastern IP SIs. To analyze in more
detail these regional differences in the relationship between the occurrence of HWs and SIs, we derived
a catalogue of regional HWs and SIs for each half of the IP, using the west-east division based on the
5ºW meridian. HW events were compared against SIs for each sector separately (Figure 7), thus
enabling a better comprehension of the relevance of SIs to regional IP HWs.
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Fig. 7 – Composites of 1000-500 hPa geopotential height thickness (contours, in m) and local heatwave frequency
(shading, in percentage of the total number of heatwave days) for: (a,c) Iberian heatwave days without Saharan
intrusions; (b,d) Iberian heatwave days with Saharan intrusions, over (a,b) western and (c,d) eastern Iberia. Thick
contour highlights the 580 dam thickness threshold employed in the identification of Saharan intrusions. The number of
cases in each composite is shown in the upper left corner of each panel. The numbers after the slash indicate the total
number of (a,c) heatwave and (b,d) Saharan intrusion days in (a,b) western and (c,d) eastern Iberia. The NCEP/NCAR
reanalysis dataset was used for the identification of Saharan intrusions.

A SI was detected in ~1/3 of western IP HWs (114 out of 331). This relationship becomes much
stronger in the southern half of western IP, where SIs are responsible for more than half of HWs
(shading in Fig. 7b), whereas northwestern IP HWs are more often unrelated to such intrusions (Fig.
7a). Consequently, the relevance of SIs to western IP HWs increases southwards. A similar north/south
preference is found for eastern IP HWs without/with SI (Fig. 7c-d). This is not surprising, considering
the common restriction of such intrusions to areas south of ~40ºN, only broken by the unprecedented
2018 and 2019 events (Section 4.2). For both regions, there is also a clear difference in the northward
penetration of extremely thick layers between HWs with and without SI (cf. thick lines in Fig. 7).
However, the ratio of SIs causing HWs in these regions is quite different. Overall, SIs are more
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frequent over central Mediterranean areas (15 Salvador et al., 2014) and hence they are more prone to
occur in eastern (868 cases) than western (295) sectors of the IP. However, SIs towards eastern IP are
often characterized by an accentuated SW-NE tilt in the mean position of the 580dam, which favors
HWs in central Mediterranean, with little incidence in eastern IP. As a consequence, the total number of
SIs causing HWs is similar in western and eastern sectors, but the probability of a SI to trigger HW
conditions is higher in western IP.

5.2 Long-term variability
Taking into account the links between IP HWs and SIs reported above and the increasing frequency of
IP HWs in the last decades, it is important to assess long-term changes in the characteristics of SIs. In
this section changes in the frequency of SIs during the 1948-2018 period are explored, by diagnosing
long-term trends in (Figure 8): i) the number of days with SI; ii) the number of days with mean 925700hPa θ above several thresholds; iii) the mean summer T850.

Fig. 8 – a) Hovmoller diagram representing the long-term evolution in the number of SIs affecting the Iberian Peninsula
(shading). The location of SIs is assigned based on the longitude of its maximum intensity. The reddish thick line
represents the evolution in the mean longitudinal position of subtropical ridges occurring within 15ºW-15ºE. The yellow
bars in the left represent the ratio between the frequency of SIs in eastern and western Iberia. b) Inter-annual
variability of the mean summer 850hPa temperature (thin red line), its smoothed 30-year-mean (thick red line), and of
the frequency of days with the 925-700hPa mean layer potential temperature above different thresholds (grey bars) in
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western Iberia (between 15ºW-5ºW). c) Same as b), but for eastern Iberia (between 5ºW-5ºE). The NCEP/NCAR
reanalysis dataset was used for the identification of Saharan intrusions.

Fig. 8a shows a marked increase in the number of SIs since 1948. Years where more than 6 SIs have
been registered have become relatively frequent in the last 3 decades, in contrast with the much smaller
frequencies observed prior to this. As discussed above, eastern IP is more prone to such intrusions,
when compared to western IP, as also inferred from the frequencies of 925-700hPa mean θ presented in
Fig. 8b-c. Both sectors present a noticeable increase in the frequency of exceedance for different θ
thresholds, in particular since the mid-1970s, albeit the steep increase seems to be attenuated in the
eastern sector after 2000 (Fig. 8c). Differently, the increase of SI-related properties in western IP has
remained unabated and even accelerated since the turning of the century (Fig. 8b). As a consequence,
and despite the occurrence of the outstanding June 2019 event, the frequency of western IP SIs relative
to that of eastern IP has increased in the last years (see the ratio of eastern vs western SIs in the yellow
bars of Fig. 8a). A similar behavior occurred in the mid-1960s and the 1970s, when a slightly decrease
of SIs occurred in eastern but not in western IP. Interestingly, these anomalous periods have been
accompanied by zonal shifts in the mean location of subtropical ridges (thick line in Fig. 8a), with
westward migrations of these systems concurring with relative increases in western IP SIs. Overall, the
corresponding evolution of the ratio between eastern and western SIs shown in Fig. 8a (yellow bars)
supports this. These results suggest that, superimposed on the long-term trends, there are inter-decadal
fluctuations in the relative frequency of western vs eastern IP SIs apparently mediated by subtropical
ridges. The SI-ridge link is supported by the fact that SIs are typically embedded within subtropical
ridges, which have been associated with the occurrence of extreme heat episodes in southern Europe,
particularly over the IP (18 Sousa et al., 2018).
Note that the abovementioned west-east shifts in the occurrence of SIs simply appear as modulating
factors of the long-term trends and hence they are compatible with the occurrence of record-breaking
events in any of the regions. To stress this, local trends in the summer frequency of SIs since 1948 have
been computed (Figure 9a). The results confirm the generalized increase of SIs reported in Fig. 8,
which is particularly notable in areas where the climatological occurrence is relatively low (e.g., to the
northwest of the Sahara desert), thus depicting a poleward expansion of desertic climates and associated
air masses, in line with previous results (e.g. 25 Thomas and Nigam, 2017). This is supported by the
regional trends in the northernmost latitude reached by summer SIs in western/eastern IP (Fig. 9b),
being the trend more notable in the western sector (+0.43º/decade). These long-term trends allow us to
frame the exceptionality of the August 2018 and June 2019 SIs, which reached latitudes further north
than those expected from their regional trends (particularly the 2019 event).
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Fig. 9 – a) Changes in the relative frequency of summer days with the presence of Saharan air masses (shaded) since
1948, using the NCEP/NCAR reanalysis dataset. Black lines represent the mean climatological absolute frequencies. b)
Trends for the yearly northernmost latitude of SIs in western (blue) and eastern (red) sectors of the Iberian Peninsula
during the same period. Trends are statistically significant at 95% confidence level.

6. Discussion
In this work we have analyzed the heatwave events that affected the IP during early August 2018 and
late June 2019. An analysis based on a semi-lagrangian HW tracking algorithm complemented the
observational assessment of these events, which were unprecedented in terms of near-surface
temperatures over western and eastern IP, respectively. Despite their differences (a short-lived 2018
HW vs a 2019 mega-HW), these extraordinary events were associated with a Saharan warm air
intrusion over western and eastern IP, respectively. Both SIs occurred under a strong southerly flow
prompted by a subtropical ridge and a low pressure system over the eastern Atlantic. This configuration
led to anomalously warm tropospheric conditions associated with warm horizontal advection from
subtropical latitudes, which is a well-known typical setup for the occurrence of HWs in the region (10
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Trigo et al. 2006; 26 Pereira et al., 2005; 27 Tomczyk et al., 2017). The intensity and persistence of the
warm advection episode largely determined the life-cycles of the August 2018 and June 2019 HWs, as
well as their differences.
To better characterize SIs, we designed an approach that detects and classifies desertic air masses based
on thermodynamical properties (1000-500hPa geopotential height thickness and potential temperature
in the 925-700hPa layer). Our results show that the poleward extension of the August 2018 and June
2019 SIs reached the northernmost latitudes of western and eastern IP, respectively, affecting areas
where such intrusions had never been detected in the long-term record (since 1948). The anomalous
extension of these SIs, together with their unprecedented intensities (in terms of temperature and/or
geopotential height thickness) explains the exceptional meteorological observations. Actually, some of
the characteristics of the SIs were unprecedented as compared to those registered during all previous
HWs affecting western and eastern IP, including the outstanding episodes of 2003 and 2017.
Based on their exceptional signatures, the August 2018 and June 2019 events may be considered the
most prominent and exemplificative links between the advection of a desertic air mass and extreme
temperatures in western and eastern IP, respectively. A more detailed assessment of these relationships
reveals regional differences in the relevance of SIs to the occurrence of HWs for the two halves of the
IP. Although SIs are more frequent in eastern IP (due to its geographical location), the incidence of
HWs under SIs is similar in both sectors, making this mechanism more efficient in western IP. This
seems to be related to the enhanced SW-NE tilt of SIs in the eastern sector.
We also report an increasing frequency of SIs over both eastern and western IP in the long-term record.
This overall trend is in agreement with long-term thermodynamical changes (i.e. warming and
expansion of the troposphere) related to global warming (28 Staten et al., 2018; 29 IPCC, 2013; 30 Lu et
al, 2007), and with regional observational trends of extreme heat events in Portugal (31 Cardoso et al.,
2018; 32 Ramos et al., 2011) and Spain (33 Gonzalez-Hidalgo et al., 2015; 34 del Rio et al., 2011).
Superimposed on the long-term trend of SIs, our results also suggest multidecadal variations in the
relative frequency of such intrusions over western and eastern IP. This variability seems to act in
concert with zonal shifts in the mean location of subtropical ridges affecting the IP, and modulates the
regional trends of SIs. Accordingly, we report a recent steeper trend of SIs in western IP, and a
relatively less marked trend in eastern IP. While in the former region, the most extreme SIs have
occurred in the 21st century, in the latter numerous 20th century events still remain as top SIs, despite
the occurrence of the June 2019 event. A deeper analysis of the links between SIs and subtropical
ridges, the multi-decadal variability of SIs and the possible causes behind the zonal shifts in subtropical
ridges should be performed in future studies.
Summing up, our results demonstrate that SIs play a critical role for the occurrence of HWs,
particularly those affecting the southern sectors of the Iberian Peninsula. Although SIs are generally
less relevant for northern IP HWs, the unprecedented latitude reached by the early August 2018 and late
June 2019 events and the reported poleward trend of summer SIs anticipate an increasing role of SIs
also in northernmost areas of the IP and other western European regions. Accordingly, there is a critical
need for increased awareness and prevention about impacts related to public health issues (35 Achebak
et al., 2018; 14 Díaz, 2017), wildfires (36 Sousa et al., 2015) or drought management (37 Guerreiro et al,,
2017; 38 Páscoa et al., 2017), amongst other hazards directly or indirectly related with the
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abovementioned observed (and projected under global warming – 29 IPCC, 2013) rising trend in
extreme HWs, particularly under the Mediterranean environment (39 Fischer and Schär, 2010).
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