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Introduction

An extreme precipitation event (EPE)
occurred on Madeira Island between 5
and 6 June 2023, setting a new daily pre-
cipitation record for Portugal of 497.5mm
(IPMA, 2023), surpassing the previous daily
record of 333.8mm recorded in February
2010 (Fragoso et al., 2012). This maximum
corresponds to the highest daily precipita-
tion measurement recorded in the entire
Portuguese network of meteorological sta-
tions since the beginning of systematic
measurements more than 150years ago.
This event holds significance not only due
to its daily record-breaking value, but also
because it occurred in early summer; most
of the EPEs over Madeira occur during the
winter months (e.g. Fragoso et al., 2012;
Couto et al., 2012).

Madeira Island (the largest of the
Archipelago of Madeira) spans an area of
740.7km? and is situated in the eastern sub-
tropical region of the North Atlantic Ocean.
The island’s topography is marked by an
east-to-west-oriented barrier, with the high-
est point reaching 1861m (Figure 1a). The
island’s orographic barrier stands nearly
perpendicular to the prevailing southwest-
erly winds. Consequently, there is a notable
contrast in temperature and precipitation
between the northern (more humid) and
southern slopes (Prada et al., 2009). The
mean annual precipitation across the
mountain varies considerably, ranging from
approximately 600mm in the Funchal district
(south part of the island) to nearly 3000mm
at the summit of the eastern mountain range

(Prada, 2000; Prada et al., 2009; Baioni, 2011).
There is a clear seasonal cycle in precipita-
tion, with the highest values being recorded
in the winter months, while the drier sum-
mer season only records an average monthly
rainfall in the range of 2.9-6.6mm (Instituto
de Meteorologia, 1999). The precipitation is
often very intense, with a concentration that
can reach values above 300mm in a single
day, especially in autumn and early spring
when very high-intensity rainfall occurs
within a very short time (Baioni, 2011).

EPEs occurring over the western coast of
the continental Iberian Peninsula (IP) dur-
ing the winter months have been historically
linked to major socio-economic impacts such
as flooding, landslides, extensive property
damage and human casualties. In continen-
tal IP, these EPEs are well documented (e.g.
Liberato et al., 2012; Casanueva et al., 2014;
Ramosetal., 2015, 2017); however, there have
been considerably fewer studies on their
occurrence over the Iberian Macaronesia
Archipelagos (Azores, Madeira and Canary
Islands), with exceptions related to cata-
strophic events (e.g. Andrade et al., 2008;
Fragoso et al., 2012; Ramos et al., 2018; Diez
et al., 2019). Flash floods constitute one
of the most dangerous natural hazards in
Madeira. Since 1800, at least 10 major events
of disastrous flash floods have occurred, with
the most recent outstanding event taking
place on 20 February 2010, which caused
51 fatalities (Fragoso et al., 2012).

Several studies have made a comprehen-
sive analysis of EPEs linked with atmospheric
rivers (ARs) on Madeira Island (e.g. Couto
etal.,, 2015; Ramos et al., 2018). ARs are long,
narrow, and transient corridors of strong hor-
izontal water vapour transport that are typi-
cally associated with a low-level jet ahead
of the cold front of an extratropical cyclone
(ETC; Ralph et al.,, 2018). The water vapour
within these systems has its origin in tropi-
cal and/or extratropical sources (Gimeno
et al, 2020; Pérez-Alarcén et al., 2022), the
former being related to tropical moisture
exports (Knippertz et al., 2013) and the lat-
ter related to the convergence of moisture
along its path (Hu and Dominguez, 2019).
In the last two decades, ARs have garnered
interest as they are linked to a wide range
of hydro-meteorological extremes, includ-
ing the severity and frequency of floods
and landslides, with large socio-economic
impacts (Liberato et al, 2012; Trigo et al.,
2016; Ferreira et al., 2025) and occasionally
defining the end of a drought period (e.g.

Dettinger, 2013). In particular, extreme pre-
cipitation in Madeira was analysed between
1980 and 2010 for the extended winter
months by Ramos et al. (2018), showing that
40% of the precipitation extremes occur in
the presence of ARs in the region. In addi-
tion, Couto et al. (2015) analysed 10-year
daily accumulated precipitation on Madeira
and its relation to the meridional water
vapour transport (occurring in ARs) between
September 2002 and November 2012. Their
findings show that ARs favour the occurrence
of precipitation, although their presence is
not the sole factor favouring high rainfall
episodes in Madeira. Couto et al. (2015) sug-
gest that the speed at which the moisture
flux reaches the island, combined with the
steep topography, may trigger certain physi-
cal processes that could intensify the precip-
itation occurrence. Fragoso et al. (2012) and
Couto et al. (2012) concluded that the winter
of 2010 was one of the wettest in Madeira,
culminating in the AR-related event in
February 2010, which was responsible for
numerous landslides and flash flood events
in the urban area of Funchal. In the case of
June 2023, several impacts were recorded:
at least 95 people were displaced from their
homes (Hughes, 2023), the Madeira Airport
experienced significant disruptions, and the
Regional Civil Protection Service reported
over 160 incidents (Gannon, 2023).

The EPE analysed in this study was associ-
ated with the occurrence of an ETC named
Oscar (IPMA, 2023), centred at 36°N and
22°W in the early hours of 6 June 2023.
This storm, and associated AR, resulted in
substantial and prolonged precipitation,
concurrent with intense wind gusts reach-
ing 100kmh~"in the highlands and 80kmh™"
in coastal regions (IPMA, 2023). This study
aimed to unravel the synoptic conditions
that led to the outstanding record-breaking
extreme precipitation event over Madeira.
The main objectives of this work are (1)
to evaluate the spatial and temporal evo-
lution of the precipitation associated with
storm Oscar, and (2) to identify key ele-
ments of atmospheric circulation and the
corresponding physical mechanisms that
induced the record-breaking precipitation
event observed on Madeira Island.

Data and methods

The large-scale data used in this study are the
ECMWEF (European Centre for Medium-Range
Weather Forecasts) ERA5 reanalysis (Hersbach
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Figure 1. (a) Topography of the Madeira Island (Portugal) where black dots represent the locations of the rain gauge stations used in this study
(names and description in Table A1). (b) Number of hours with precipitation above 10mm between 5 June, 0900 urc and 6 June, 0900 urc in 2023. (c)
Total daily precipitation in Madeira from 5 June, 0900 utc to 6 June, 0900 urc in 2023. (d) Sliding 24h total accumulated precipitation from 5 June,
1400 urc to 6 June 1400urc in 2023 (the 24h highest precipitation measurement). Red dots (on panels b, ¢, and d) represent the locations of the rain
gauge stations used in this study (same points as a); names and description in Table AT.

et al., 2020). Several fields were extracted
from both surface and specific atmospheric
pressure levels. The former includes the
mean sea-level pressure (SLP) and the sea
surface temperature (SST). The latter include
the zonal and meridional components of the
vertically integrated water vapour transport
(IVT, considering the entire atmospheric col-
umn); 200/850hPa divergence; 900hPa tem-
perature; 250/850hPa wind; 850hPa specific
humidity; and precipitation.

Data from 20 automated stations over
the island were provided by the Portuguese
Institute for Sea and Atmosphere (IPMA)
with a 10min temporal resolution. To
extend the assessment of this EPE to the
entire island, we employ an inverse dis-
tance weighting approach (IDW - ArCGIS
Pro n.d.). This method, also known as the
inverse distance-based weighted interpola-
tion, uses a weighted mean of nearby obser-
vations to estimate unknown values.

For the detection of AR events, we have
implemented and adapted the global
AR tracking method developed by Xu
et al. (2020) and widely used in recent
years (e.g. Fernandez-Alvarez et al., 2023;
Ferreira et al., 2025). The detection algo-
rithm searches for ARs on an anomaly field
that is calculated at each time step. In each
IVT time step, the algorithm replaces each
grid point with the minimum value that sur-
rounds it; that is, it searches for the lowest
value within the eight grid points around it.

This ‘reconstructed’ field is then subtracted
from the original IVT, and the result (the
anomaly) is used to detect AR objects.
Afterwards, a threshold of 300kgm~'s™" is
applied to the anomaly field, and to each
region, the standard criteria for AR detec-
tion (length >2000km; width <1000km;
length/width ratio >2) are implemented.
More details on this method can be found
in Xu et al. (2020). Additionally, in order to
exclude tropical cyclone features from the
analysis, we apply both a circularity criterion
with a maximum value of 0.5 (following the
work of Mahto et al., 2023) and a minimum
value of 1000km to the distance between
the first and last points of the AR axis.

Data on the inflow, outflow and ascent
of moisture within the warm conveyor belt
(WCB) were provided by KIT (Karlsruhe
Institute of Technology). The method, devel-
oped by Quinting and Grams (2022), uses
convolutional neural networks to obtain
the footprints of the WCB inflow, ascent
and outflow stages by obtaining condi-
tional probabilities of WCB occurrences
from predictors derived from temperature,
geopotential height, specific humidity and
horizontal wind components. The WCB air
masses originate from the boundary layer in
the warm sector of ETCs (WCB inflow, below
800hPa), ascend across the cyclones’ warm
front (WCB ascent, at least 600hPa ascent in
48h) and reach the upper troposphere (WCB
outflow, above 400hPa).

The advanced detection methods
employed in this study, while robust, are
subject to specific uncertainties inherent
to their algorithmic design. The AR method
treats the IVT field as an image and applies
techniques like thresholding, smoothing
and connected-component labelling. While
displaying lower sensitivity to parameters
and a greater tolerance towards a wider
range of water vapour flux intensities,
the Gaussian smoothing applied to the
IVT fields can alter the boundaries of ARs,
either merging two nearby ARs or smooth-
ing out a narrow AR. In addition, if an AR’s
strength decreases below the threshold,
the algorithm might break a single long-
lived AR into two separate tracks. Related
to the WCB detection method, the most
significant uncertainty is that the model
provides a snapshot of WCB spatial foot-
prints (based on conditional probabilities)
but cannot discern the Lagrangian history
of the identified air masses. This means that
this method cannot directly quantify the
ascent rate or source region of the WCB
air; it is only possible to identify regions
with a high probability of ongoing strong
ascent. Despite these uncertainties, both
methods (AR and WCB) represent signifi-
cant advancements in objective feature
detection. Their use allows for a consist-
ent, reproducible and efficient analysis of a
large number of events, which is well-suited
for the purposes of this study.
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Record-breaking extreme
precipitation event

This section is focused on the assessment of
the temporal and spatial distribution of the
precipitation associated with this record-
breaking EPE during 5 and 6 June 2023.
The spatial pattern of accumulated precipi-
tation in Madeira from 5 June, 0900uTc to
6 June, 0900uTc is presented in Figure 1c
with the highest values obtained at the
stations located at altitude, including the
new daily record of 497.5mm that was set
for the Chao do Areeiro rain gauge station
(station 9, Figure 1a). The names of the 20
meteorological weather stations are listed
in Table A1. Historically, daily precipitation
accumulation at IPMA stations is calculated
between 0900utc of the previous day and
0900uTtc of the current day. However, when
considering a 24h time frame, the highest
value was measured from 5 June, 1400utc
to 6 June, 1400utc in the high-altitude sta-
tions, reaching 615mm at station Chéo do
Areeiro (Figure 1d). The spatial analysis
reveals the presence of two predominant
areas of exceptionally high precipitation,
with accumulated values ranging from 300
to 500mm. One area was situated across
the mountain and southern slopes of the
eastern mountain ranges, while the other
was centrally positioned over the plateau
sector. A closer look at Figure 1(d) indicates
that the Funchal urban area (Station 2) was
surrounded by extremely high values of pre-
cipitation associated with the south-eastern
peak. Besides the total accumulated precipi-
tation observed in several stations, this EPE
is also characterised by a prolonged period
of hours with significant precipitation val-
ues, shown in Figure 1(b) and showing
the total number of hours with precipita-
tion above 10mm from 0900 on 5 June to
0900utc on 6 June. The duration of intense
precipitation (>10mmh~') was particularly
long, ranging from 7 to 18 consecutive
hours, namely over extensive areas situated
in the highest regions of the island.

By analysing ERA5 precipitation data
(Figure A1) on the same period as Figure 1c,
we observe that although the extreme pre-
cipitation values are not visible in the rea-
nalyses data, the highest values coincide
with IPMA’s in situ observations, located
at the island’s high-altitude stations. As
we move towards the ocean, precipitation
decreases; thus, we hypothesise that one of
the factors responsible for this event was
the topographic barrier of the island. While
the ERAS5 data is able to capture small-scale
high-intensity values not captured in lower
resolution reanalysis datasets due to the
small area of the island, it is still unable to
capture the observed values. Thus, while
the highest values observed in the ERA5
reanalysis are between 70 and 80mm, the
in situ measurements present values above
400mm on the top of the mountain.

In Table 1, a summary list of the most
relevant metrics is presented, showcasing
meteorological stations with the highest
values of daily precipitation (0900-0900 utc),
as well as for the maximum measurement
within 24h. Additionally, monthly values for
June and the annual climatology are also
presented, as well as past Junes’ extremes
and absolute extremes. Overall, results show
that the absolute daily precipitation record
for Madeira reached 497.5mm, surpass-
ing the previous absolute daily record of
333.8mm obtained on 20 February 2010.
Total precipitation for all represented sta-
tions significantly exceeded the climatologi-
cal monthly values for June, even surpassing
the previous June extreme event. Regarding
the absolute extreme value at the daily
scale, the June 2023 event only set a new
daily record for the station Chao do Areeiro.

The effects of strong and continuous pre-
cipitation (Figure A2 — hourly maps between
5 June, 1400utc and 6 June, 0900uTc) created
critical conditions that in the past have trig-
gered numerous landslides and other complex
slope movements in these areas (Baioni, 2011;
Fragoso et al.,, 2012). However, on this occa-
sion, such consequences did not occur, as this

EPE was isolated, occurring at the beginning
of the summer season following a sequence
of dry spring months (DREM, 2023). Moreover,
after the catastrophic event in February 2010,
the Madeira government implemented sev-
eral measures to make the island more resil-
ient to flood damage (Cordero, 2010). The
range of these measures included regulation
of the water courses, construction of huge
solid slit dams for sediment management,
redesigning and rebuilding drainage channels
and development of an early warning system
(Cordero, 2010; Caires et al.,, 2020).

Large-scale atmospheric
conditions

The synoptic evolution of the storm Oscar
(IPMA, 2023) and the key elements of large-
scale atmospheric circulation largely respon-
sible for the record-breaking precipitation
event are now analysed. The synoptic evalu-
ation using the IVT, AR characteristics, SLP
and WCB data are shown in Figure 2 for Days
5 and 6, at 0000 and 1200utc. By 5 June
0000utc (Figures 2a and b), two relatively
weak low-pressure systems were present
over the western and eastern sectors of the
North Atlantic Ocean, respectively. Both sys-
tems are connected by a very strong zonal AR
that covers most of the north Atlantic basin.
The air masses along the AR are character-
ised by very humid and hot air (potential
temperature above 320K, Figure A3) and are
positioned south of the cold front (Figure A4
- weather charts from the German Weather
Service, DWD, available at https://www.wette
r3.de/). Focusing now only on the eastern
North Atlantic Ocean storm, in the subse-
quent hours (Figures 2c and d), there was a
deepening of the low-pressure system Oscar,
presenting multiple centres while moving
eastwards. In addition, the maximum IVT
values inside the AR increased, from 1327
to 1518kgm™"s™, occurring close to the cen-
tre of the low-pressure centre. By 6 June
0000urtc (Figures 2e and f), the central pres-
sure of the eastern cyclone had decreased to

Table 1

Summary of meteorological stations with highest daily precipitation values registered during the 5/6 June 2023 event. June and annual
climatological (1971-2000) values are presented, along with the former June extremes and absolute extremes. Both records of this event are
presented in bold.
Daily 24h Previous June extreme Extreme absolute Since
max. max. Climatological ~ Climatological Date
Station (mm) (mm)  June (71-00)  annual (71-00)  (mm) (day-year)  (mm) Date Date
Santana 341 69.4 445 1399.6 134.0 06/1966 217.0 06/03/2001 01/01/1942
Bica da Cana 280.9 354.0 66.0. 2635.4 212.0 21/1964 327.2  26/01/2011 01/01/1961
Chéo do Areeiro 497.5 615.0 48.2 2620.0 282.3 01/1965 497.5 06/06/2023 01/01/1961
Lugar de Baixo 100.5 131.1 8.9 600.2 68.8 21/1964 111.9  26/11/2010 01/01/1961
Santa Catarina 105.9 121.0 9.0 693.6 67.9 06/2020 1474  21/02/2010 01/01/1961
Aeroporto
Funchal Obs. 116.0 134.0 6.4 596.4 57.8 21/1964 292.7  28/03/2021 01/01/1949
Porto Santo 36.3 6.0 7.0 361.3 324 13/2006 90.0 26/01/2011 01/01/1961
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Figure 2. (Left column) Spatial pattern of vertically integrated water vapour transport (IVT, shaded) and IVT vectors (blue contours), for 5 June,

0000 urc (a) and 1200 urc (c) and for 6 June, 0000 utc (e) and 1200urc (g). The SLP contour lines are represented in black. The bolder light-pink contour
around the highest values of IVT represents the AR spatial configuration. (Right column) Warm Conveyor Belt data, with the bolder contour lines
representing inflow (light-blue contour), ascent (pink contour) and outflow (blue contour), for 5 June, 0000 utc (b) and 1200 urc (d) and for 6 June,
0000urc (f) and 1200utc (h). The light-pink contour represents the AR spatial configuration. The green circle (on both columns) represents the Madeira
Island’s region, with the center corresponding to the location of the island.

996hPa, and the cold front approached the
warm front, leading to a gradual narrowing
4 of the warm sector (shown in Figure A4). At

this time step, Madeira Island is still outside
the detected AR but intense IVT values are
visible near the region, justifying the persis-

tent precipitation that occurred since 5 June
at 1300utc (Figure A2). On 6 June 1200utc
(Figures 2g and h), the central pressure fur-
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ther dropped to 991hPa, becoming stationary
west of the Madeira Islands for approximately
36h, carrying within its circulation a mass of
warm, unstable air with a high water vapour
content. The WCB region (Figure 2 right col-
umn) shows that Madeira Island was embed-
ded within a region of both inflow and ascent
of moisture. This strong, organised ascent
within the WCB is a key driver for upper level

(@)

2023-06-05 16

divergence, as mass is transported vertically
and then spreads out anticyclonically in the
upper troposphere. This divergence aloft, in
turn, promotes lower surface pressure and
intensification of the cyclonic circulation at
the surface (as seen on Oscar’s SLP data), hav-
ing its maximum intensity of 995hPa on Day
6, 1200utc (value stated by IPMA; observed
on Figure 2g with a value of 996hPa). Thus,

(b)

the presence of the WCB not only provided
the moisture reservoir and vertical uplift nec-
essary for the extreme precipitation but also
contributed to the dynamical forcing that
maintained the storm itself.

In order to analyse the possible dynamic
lifting, we show the horizontal wind diver-
gence at two different levels (250 and
850hPa) with the results being shown in

— 10m/s

2023-06-05 16

45°N

42°N

— 10m/s

2023-06-05 21

45°N

42°N

39°N

33°N

30°N

27°N

— 10m/s

2023-06-06 07

30 34 42 46
Wind 250 hPa (m/s)

9

Specific moisture content (107-3 kg/kg)

Figure 3. (Left column) Wind speed (colours, units in ms™') and divergence at 250hPa pressure level (contour lines, values higher than 0.3 x 10~*s7),

for 5 June 2023, 1600 urtc (a) and 2100 urc (c) and for 6 June, 0700urc (e). Light-pink contour line represents the AR area (once detected) and thin
green line inside represents its axis. (Right column) Wind speed (arrows, units in ms~'), specific moisture content (colours, units in 103kgkg~'), wind
convergence (contour lines, values lower than —0.3 x 10~*s™") at the 850hPa pressure level, for 5 June 2023, 1600 utc (b) and 2100 utc (d) and for 6
June, 0700 urc (f). Light-pink contour line represents the AR area (once detected). The pink circle represents the Madeira Island’s region, with the center

corresponding to the location of the island.
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Figure 3, where positive values correspond
to divergence and negative values to con-
vergence. The upper level wind speed (at
250hPa) and associated wind divergence (as
shown as values 0.3x1073s™") are analysed
specifically for the critical periods of intense
precipitation on 5 and 6 June (Figure 3 left
panels). The peak precipitation hour on
5 June was identified as occurring between
1500 and 1600utc (Figure A2). Results
show that, during this period, the upper
air jet stream (the subtropical jet stream)
was positioned over the Eastern Atlantic,
spanning latitudes between 30 and 35 N
(Figure 3a). By 2100urtc, the Madeira region
was located exactly beneath the northward
jet exit zone, a region known for generating
upper level divergence due to the decel-
eration of the wind flow. This divergence
is evident in the contours directly over
and near the island (Figure 3c), which is
a classic signature of large-scale upward
motion according to the quasi-geostrophic
theory (mass conservation requires ascent
below a region of upper-level divergence
to compensate for the horizontal spread-
ing of air). This observation supports the
hypothesis that large-scale forcing played a
pivotal role in triggering the high precipita-
tion that impacted Madeira between 2100
and 2200utc (Figure A2). In the subsequent
hours, the region with the most pronounced
upper air divergence shifted southwesterly;
however, Madeira continued to experience
favourable large-scale conditions condu-
cive to substantial vertical movements
(Figure 3e).

Finally, the lower 850hPa wind speed
fields and wind convergence (where values
of divergence below —0.3x1073s™") are also
analysed in Figure 3 (right panels). These
two low tropospheric fields are useful to
show if conditions for deep convection
were present during the event. They reveal
strong low-level southwesterlies, reach-
ing wind speeds of up to 20ms™ over the
region during the three time steps that

were analysed. Notably, this pressure level
corresponds roughly to the elevated ter-
rain of the island (Fragoso et al., 2012).
This circulation pattern, associated with the
presence of the AR, increased the advec-
tion of high values of humidity with a
southwest-northeast orientation (Figure 3,
AR area), located within the warm sector
of the cyclone (Figure A4). Consequently,
this notable surplus of humidity, within the
AR and illustrated by the specific humidity
at the 850hPa geopotential level, reached
the Madeira region when other favourable
dynamic mechanisms for deep convec-
tion were already in progress, including
upper level divergence and frontal uplift.
Figure 3 right panels also depict low-level
convergence, a robust indicator for large-
scale precipitation, suggesting that Madeira
experienced conducive large-scale condi-
tions between the afternoon of 5 June and
the early morning of 6 June.

Above, we have shown that the vari-
ous dynamic elements converged close
to Madeira, where the complex orography
characterised by an E-W-oriented mountain
range might have acted as an amplifying
factor for generating precipitation. Thus,
we are confident that the occurrence of an
extreme AR (with the maximum IVT higher
than 1000kgm~'s~' for more than 24h),
responsible for large southwesterly mois-
ture flux transport, combined with upper
air divergence, the relative position of the
jet stream, and the availability of a very
humid and hot air mass over the Madeira
region were key elements to account for the
occurrence of this strong event that struck
Madeira.

Finally, positive SST anomalies (in ref-
erence to the 1980 to 2022 climatology)
above 1°C occurred during the 2 weeks prior
to the event, across a wide region (Figure 4).
These abnormally high SSTs, often led to an
increase in the evaporation rates that con-
sequentially increase the atmospheric water
vapour content and also induce baroclinic

instabilities in the overlying atmosphere
(Tompkins, 2001; Ye and Tozuka, 2022), that
lead to the formation of both ETCs and ARs
(e.g. Trenberth and Fasullo, 2007).

Conclusions

In the early summer of 2023, Madeira
Island (Portugal) was struck by a complex
ETC, named Oscar, and an associated AR on
5/6 June 2023. This event led to a new daily
precipitation record, with 497.5mm meas-
ured at the highest peak of Madeira Island
(Station 9, Chéo do Areeiro, 1590m). Besides
becoming the new daily record for the
island (surpassing the previous 333.8mm in
February 2010), this value is also the high-
est measurement in the entire Portuguese
territory since the mid-nineteenth century.
Notably, this event occurred just 13years
after the 2010 record, much sooner than the
90-year return period estimated by Fragoso
et al. (2012).

This study aimed to characterise the
exceptionally heavy rainfall during the June
2023 Extreme Precipitation Event (EPE) on
Madeira Island from two different perspec-
tives: the first focuses on the spatial and
temporal distribution of precipitation across
the island and the associated records, and
the second on the assessment of the synop-
tic situation that led to the event.

In relation to our first research objective,
the results show that the spatial extent of
precipitation was significant, with more than
50% of the island recording total precipita-
tion values exceeding 200mm (accumulated
between 0900utc of Day 5 and 0900 utc of
Day 6). Two main areas exhibited precipita-
tion accumulations ranging between 300
and 615mm: one located over the uplands
and southern slopes of the eastern moun-
tains, and the other centred over the central
plateau. Additionally, in the mountainous
regions, precipitation greater than 10mm
per hour was recorded for more than nine
consecutive hours.
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Figure 4. SST mean anomaly from 29 May to 5 June 2023 (29 May, 0000 utc to 4 June, 1800 utc), with reference to the 1980-2022 period.
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Regarding the mechanisms associated
with this event — our second research ques-
tion - the results show that strong upper
level divergence, combined with intense
low-level convergence and the unusually
low-latitude position of the jet stream, cre-
ated favourable conditions for the uplift of
moisture from the AR, leading to significant
precipitation. Furthermore, the WCB of the
ETC exhibited a clear convective circulation
directly over Madeira Island, characterised
by strong inflow and vertical moisture trans-
port, which also contributed to the excep-
tionally high precipitation totals.

In recent years, there has been a grow-
ing number of studies highlighting the
importance of ARs not only for freshwater
resources but also as key drivers of extreme
precipitation events with significant socio-
economic impacts (Dettinger et al., 2011;
Lavers and Villarini, 2013; Ralph et al., 2019).
Substantial efforts have been made to ana-
lyse the relationship between ARs and
large-scale atmospheric circulation. In this
study, we show that the presence of the
AR, along with the inflow and ascent within
the WCB, acted both as a moisture source
and an uplift mechanism, contributing to
the occurrence of the extreme event. While
the connection between WCBs and fronts
(e.g. Catto et al., 2015), as well as between
fronts alone (e.g. Catto et al., 2012; Catto and
Pfahl, 2013) and EPEs has been previously
established, the link between ARs and such
events has so far only been explored from
a climatological perspective (e.g. Sodemann
et al., 2020).

This study highlights the importance
of the connection between the WCB and
the AR in the occurrence of the extreme
precipitation event, by illustrating a pos-
sible link between the moisture advection
within the AR and the convective motion
associated with the ascent phase of the
WCB. An AR is identified as a filamentary
region of enhanced IVT, effectively mark-
ing the plume of moisture. In contrast, a
WCB is defined by the strong ascent of
air parcels within a cyclone, representing
a key dynamical process that forces this
moisture to ascend, cool, and precipitate.
While these features are physically linked
and often overlap - as WCBs are frequently
the mechanism responsible for the intense
precipitation within ARs — they are diag-
nosed using different criteria and highlight
different aspects of the system. The spatial
configuration observed in this case, with the
WCB ascent region located at the poleward-
leading edge of the AR, is a common feature
of mature cyclones. Analysing both allows us
to not only quantify the available moisture
(via the AR) but also to directly diagnose
the triggering mechanism for the EPE (via
the WCB). The interaction between ARs and
large-scale atmospheric circulation features,
such as ETCs, WCBs and frontal systems— has

been extensively studied in recent decades,
with the aim of improving the prediction
of these systems and the associated EPEs
(Lavers et al., 2020a,b; DeHaan et al., 2023).
Moreover, this study contributes to the
broader context of ongoing climate change,
where rising global mean surface tempera-
tures have increased the atmosphere’s
water-holding capacity (as described by the
Clausius—-Clapeyron relationship), thereby
enhancing both the likelihood and inten-
sity of both the AR development/intensity
and the occurrence of extreme precipitation
events (IPCC, 2021).
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