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ABSTRACT
Heavy precipitation events are a natural hazard that have significant socioeconomic implications, especially in sectors like ag-
riculture, namely viticulture. This study is the first to present a detailed climatology of extreme precipitation across mainland 
Portugal, leveraging hourly data gathered from 71 meteorological stations over 23 years, spanning from 2000 to 2022. To un-
derstand spatial variability, we focus on Douro and Alentejo, two major winemaking regions where extreme weather events 
may have significant adverse consequences. High spatial variability in the β-index patterns (mean ratio between over-threshold 
precipitation and total precipitation) shows that hourly precipitation between 10 and 20 mm h−1 contributes the most to winter 
and autumn precipitation, whereas events exceeding 20 mm h−1 play a more significant role in summer and autumn. Extreme 
events occur most frequently between September and December, with a secondary peak observed in April and May, particularly 
pronounced in Alentejo. The diurnal cycle, which displays a peak in the afternoon, exhibits a close relationship with the occur-
rence of thunderstorms. A more in-depth analysis was conducted to examine the dynamic and thermodynamic mechanisms 
that contributed to two extreme precipitation events caused by thunderstorms in the Douro and Alentejo winemaking regions. 
Differing synoptic environments led to unstable conditions at the origin of these events. The Douro event was driven by a cut-off 
low, whereas the Alentejo event was related to an extratropical cyclone, both in their final stages of development. The regional 
indices and seasonal patterns identified offer insights into spatial distribution and seasonality, essential for future research and 
applied climate adaptation strategies.

1   |   Introduction

The Iberian Peninsula (IP), owing to its location in South–west-
ern Europe, between the subtropical high-pressure belt and the 
mid-latitude eddy-driven westerly jet stream and to its com-
plex terrain features (e.g., several mountain ranges with inner 

sheltered plateaus), is a challenging region for the analysis of 
precipitation variability (Casado et  al.  2010; Ramos, Cortesi, 
and Trigo 2014). Different studies carried out on monthly and 
daily timescales (Belo-Pereira et  al.  2011; Cardoso et  al.  2013; 
Ramos, Trigo, and Liberato  2014; Ramos et  al.  2018) revealed 
pronounced seasonal precipitation regimes and accentuated 
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spatial gradients in IP, because of its orography, the influence 
of the ocean, and the diverse patterns of atmospheric circula-
tion (Mills  1995; Esteban-Parra et  al.  1998; Rodriguez-Puebla 
et al. 1998; Trıgo and Da Câmara 2000; Nieto et al. 2007; Santos 
et  al.  2007). Heavy precipitation events in the IP are usually 
associated with the presence of intense extratropical cyclones 
(Trigo 2006; Hawcroft et al. 2012; Liberato 2014; Liberato and 
Trigo 2014; Santos and Belo-Pereira 2022), which are more com-
mon from October to December. Extreme precipitation events 
may also be associated with squall lines favoured by upper-cold 
fronts (Pinto and Belo-Pereira 2020), or by mesoscale convective 
systems, originating in the Mediterranean Sea, under the pres-
ence of cut-off lows (Cohuet et al. 2011).

In particular, in mainland Portugal, located on the Atlantic-
facing side of the IP, precipitation is highly concentrated in 
the autumn and winter months (Santos et  al.  2005), mostly 
favoured by westerly/south–westerly air flows and embedded 
travelling cyclones developing over the North Atlantic (Trıgo 
and Da Câmara  2000; Santos et  al.  2005). The intra- and 
inter-annual variability of precipitation in Portugal is strongly 
linked to the variability of large-scale eddies (Santos, Andrade, 
et al. 2009; Santos, Pinto, and Ulbrich 2009; Ramos et al. 2015), 
connected to jet stream wave-breaking episodes (Woollings 
et al. 2011; Santos et al. 2013). Atmospheric rivers have been re-
lated to precipitation extremes in Portugal (Ramos et al. 2015, 
2018). In mainland Portugal, convective precipitation depicts 
a bimodal distribution (Santos and Belo-Pereira  2019), with 
maxima in April and October, though more pronounced in 
the latter and over the inner areas of the country (more conti-
nental climates). Moreover, the previous studies hinted at the 
strong spatial gradients of precipitation and its extremes over 
mainland Portugal, as well as the different temporal regimes, 
thereby justifying the selection of different locations in the 
country to be representative of this spatial and temporal vari-
ability. This variability was studied by Fonseca et  al.  (2023), 
using 17 climate extreme indices for Portugal's designated 
wine denomination regions and subregions. The study of pre-
cipitation variability is essential for viticulture, as water stress 
affects vine growth at its various developmental stages (Austin 
and Bondari 1988). Adequate moisture is crucial at the start of 
development for good growth and the formation of flowers and 
berries, whereas excess water at this stage can increase foliage 
density and the risk of disease. Between flowering and berry 
ripening, moderately dry conditions favour wine quality, as se-
vere water stress can reduce leaf area and cause flowers and 
clusters to drop (Hardie and Martin  2000; Paranychianakis 
et al. 2004; Fraga et al. 2012).

To understand and evaluate the spatial–temporal variability of 
precipitation, heavy precipitation indices are widely used, com-
monly based on the daily precipitation (Jones et al. 1999; Karl 
et al. 1999; Brunetti et al. 2001). However, due to the frequent 
lack of dense weather station (WS) networks over large areas, 
most studies on heavy precipitation indices rely on time series 
analysis for specific locations rather than analysing spatial–
temporal patterns (Kostopoulou and Jones  2005; Moberg and 
Jones  2005; Rodrigo and Trigo  2007; Costa and Soares  2008). 
Recently, Llasat et al. (2021) analysed the distribution and tem-
poral evolution of convective precipitation in the Mediterranean 
region of Spain using the β-index. They defined the ratio of 

convective precipitation to total precipitation, with an aver-
age 5-min intensity threshold of 35 mm h−1. Llasat et al. (2021) 
showed that convective precipitation can contribute, on average, 
up to 16% of the total annual precipitation, with summer being 
the most convective season. A similar approach is proposed in 
the present work, which involves calculating various heavy pre-
cipitation indices to analyse the spatio-temporal distribution 
of extreme precipitation events in mainland Portugal. These 
indices are derived from hourly precipitation totals, computed 
from 10-min observations, to allow for a standardised analysis 
of precipitation intensity. This analysis is carried out across dif-
ferent seasons using various precipitation thresholds, according 
to the warning criteria set by the Portuguese Weather Service 
(Instituto Português do Mar e da Atmosfera—IPMA—https://​
www.​ipma.​pt/​en/​index.​html).

Although climate projections reveal an overall decrease in total 
precipitation in the IP, an increase in heavy precipitation events, 
in terms of both frequency and intensity, accompanied by a 
significant increase in dry spell lengths, is expected over wide 
areas of the IP (Cardoso et al. 2019; Lee et al. 2023). The per-
sistent and recurring dry spells reduce soil moisture, favouring 
soil degradation and desertification, making the IP increasingly 
susceptible to heavy precipitation events, soil erosion and loss 
(Pachauri et al. 2014; Lee et al. 2023). The occurrence of flood-
ing in the Mediterranean region is indeed strongly connected 
to these extreme events (Cortès et al. 2018). The study of heavy 
precipitation events on a regional basis is of paramount impor-
tance for various purposes, such as for planning and forecasting 
floods (Prata Gomes et al. 2016), landslides (Moreno et al. 2024), 
soil erosion (Prachowski et al. 2024) and socioeconomic impacts 
(Frame et al. 2020). The present study is focused on the wine-
making sector in Portugal because of its socioeconomic rele-
vance and high susceptibility to extreme precipitation events. 
The increase in extreme precipitation events, accompanied 
by an increase in prolonged droughts, makes the winemaking 
sector particularly vulnerable (Santos et  al.  2020; Straffelini 
and Tarolli  2023), especially in regions characterised by steep 
slopes (Wang et  al.  2022). Such events can lead to severe soil 
erosion and loss, landslides, or even the collapse of vineyard 
terraces, among many other damages to infrastructures (Santos 
et al. 2015). They may also lead to increased disease prevalence 
and higher production costs while reducing grapevine yields 
(Sanderson et al. 2023).

Therefore, the present study aims to: (1) Characterise the 
spatial–temporal distribution of heavy precipitation events 
throughout Portugal and (2) develop a climatology of these 
events based on 10-min observations from surface WSs for 
the period 2000–2022 (23 years). These data will allow us to 
characterise the risk of extreme events for different regions, 
namely in wine regions, which are exposed and particularly 
vulnerable to their occurrence. They can also be used as an 
example of the applicability of this research, as a better un-
derstanding of these events can support decision-making and 
represent an important added value to a major socioeconomic 
sector in Portugal. In summary, the analysis is illustratively 
applied to two wine-growing regions in Portugal, with differ-
ent climatic conditions, one in the north (Douro) and one in 
the south (Alentejo), though this method can be easily repli-
cated for any other regions. The third objective of this study 
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is to analyse two heavy precipitation events, one from each 
targeted region as case studies, to diagnose and elucidate their 
dynamic and thermodynamic drivers. These two extreme 
events were selected in close collaboration with two winemak-
ing companies, of which one is based in the Douro/Port wine 
region (Quinta do Bomfim—Symington Family Estates) and 
the other in the Alentejo wine region (Herdade do Esporão). 
The severity of these events, as well as the damage they caused 
in the vineyards, were taken into account. These events serve 
not only as case studies of heavy precipitation but also as ex-
amples for understanding the specific weather conditions and 
atmospheric dynamics associated with such severe weather 
patterns. This knowledge can be used to improve the perfor-
mance of IPMA's weather forecasting system. Section  2 will 
describe the datasets and applied methodologies, whereas the 
results will be presented in Section 3. A discussion of the out-
comes and main conclusions will be drawn in Section 4.

2   |   Data and Methods

2.1   |   Observational Data

This study uses observations from 71 WSs distributed over 
mainland Portugal, covering 23 years from January 2000 
to December 2022, with a 10-min temporal resolution. The 
complete list of WSs is provided in Table S1, along with their 

codes, designations, geographical coordinates (latitude and 
longitude) and elevation. The geographical distribution of the 
WSs throughout Portugal shows a relatively high density and 
uniformity, with fairly good coverage of the territory, a partic-
ularly important factor given that the elevation varies signifi-
cantly between the northern region, with complex orography, 
and the southern region, characterised by lowland or smooth 
hilly areas (Figure 1).

The WSs, maintained by the Portuguese Weather Service 
(IPMA), provide 10-min observations of different atmospheric 
variables, including total precipitation (mm), air tempera-
ture (°C), mean sea level pressure (hPa), relative humidity 
(%), wind speed (m s−1) and direction (°), as well as wind gust 
(m s−1) and gust direction (°). Preliminary data quality analy-
sis, isolation of inhomogeneities, and the removal of errone-
ous or inconsistent values are routinely carried out by IPMA 
(Santos and Belo-Pereira 2022). Since the automatic WSs were 
installed in different years, some of them present significant 
data gaps for the selected period (2000–2022), that is, the mea-
sured records of the WSs are frequently shorter than the full 
reference period.

To obtain the most complete precipitation time series possible, 
thus minimising the percentage of missing values, data from 
the closest stations (< 5 km in flat-terrain areas) were grouped 
into a single time series (station clusters), considering the 

FIGURE 1    |    (a) Hypsometric chart of mainland Portugal (elevation in meters), with the blue lines representing the major rivers. (b) Representation 
of the two major winemaking regions, located in the northern region (Douro—represented in green) and south-central area (Alentejo—represented 
in magenta) and spatial distribution of the surface weather stations in mainland Portugal. Light grey squares identify surface weather stations with 
equal or less than 5 years of data. Grey circles and dark grey diamonds represent surface weather stations with data between 6 and 14 years and equal 
or more than 15 years, respectively. Spatial distribution of five Advanced Lightning Sensors (LS7002) (represented in orange) and of the TLP (total 
lightning processor) system (represented in blue).
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following criteria: (i) A missing value is considered when none 
of the stations in the same cluster present data (missing data 
are not replaced but are instead discarded from the analysis), 
(ii) if only one of the stations in a given cluster has a precipita-
tion observation, this is the value considered, and, finally, (iii) 
if several stations in a given cluster present precipitation data, 
the maximum recorded value is eventually considered. After 
clustering the stations, a network of 63 observation sites was 
achieved (Figure  1b). All information on the WS, as well as 
the corresponding percentages of missing data on the 10-min 
timescale, are shown in Table S1.

After assessing the amount of missing data for each WS, the 
quality of the precipitation series from the 63 WS was also eval-
uated. Following the methodology described by (Santos and 
Fragoso 2013), potential inhomogeneities were identified using 
the number of wet days, defined as days with precipitation ex-
ceeding 1 mm. This metric tends to show lower variability than 
annual precipitation totals, particularly in regions with a high 
contribution from convective precipitation.

As proposed by (Santos and Fragoso  2013), for the analysis, 
four absolute homogeneity tests were applied using XLSTAT 
software, all with a 5% significance level: the Pettitt test 
(Pettit  1979), the SNHT—standard normal homogeneity test 
(Alexandersson  1986), the Buishand test (Buishand  1982) and 
the Von Neumann test (Von Neumann 1941). The final classifi-
cation of series quality was designated as ‘useful’ when the series 
was considered homogeneous by all tests; ‘potentially useful’ 
when the series failed only one test but remained homogeneous 
in the others; and ‘rejected’ when two or more tests indicated 
inhomogeneity. Initially, the rejected series were re-evaluated 
by checking for the presence of linear trends, which were sub-
sequently removed as they may be related to physically mean-
ingful climate change trends rather than to inhomogeneities in 
the time series. The homogeneity tests were applied again to the 
new time series.

The results of the homogeneity assessment are presented in 
Table  S2, where 44 series were classified as ‘useful’ and 9 as 
‘potentially useful’, failing only one of the tests. Ten series were 
not tested because their sampling period was less than 10 years. 
However, the absence of these tests does not impact the main 
results, as the objective is the identification of extreme precipita-
tion events, not the analysis of trends.

Lastly, data on atmospheric electrical discharges (AED) were 
also analysed. In mainland Portugal, the Network for the de-
tection and localisation of AED, operated by IPMA, is cur-
rently composed of five Advanced Lightning Sensors LS7002 
(Vaisala 2024a), installed in Bragança, Braga, Castelo Branco, 
Santa Cruz and Olhão (Figure  1b and Table  S3). A TLP (total 
lightning processor) system (Vaisala 2024b) has been installed 
at the IPMA headquarters in Lisbon. The detection and local-
isation process also benefits from AEMET's network (with 
6 sensors near the Portuguese–Spanish border). This sys-
tem has a detection efficiency greater than 90% for cloud-to-
ground discharges and 50% for intra-cloud electrical discharges 
(Vaisala 2024b) and a location accuracy of 250 to 1000 m, with 
decreasing accuracy from north–east to south–west in mainland 
Portugal (Schulz et al. 2016).

2.2   |   Hourly Precipitation Events

For the spatial–temporal characterisation of the precipitation 
events in Portugal, hourly precipitation totals were calculated 
for the selected meteorological stations. These values were 
obtained by summing 10-min amounts and were discarded 
when a missing value occurred in the period. Using hourly 
data facilitates the application of the different thresholds con-
sidered in the criteria for issuing weather warnings by IPMA 
(IPMA 2024). As such, hourly precipitation was defined in the 
following classes: 10 ≤ I < 20 mm h−1 (yellow warnings [YWs]) 
and I ≥ 20 mm h−1 (orange–red warnings [ORW]). A compari-
son with the hourly precipitation percentiles for all hours with 
I ≥ 0.1 mm h−1 revealed that the 95th percentile varies approxi-
mately from 2 to 6 mm h−1, whereas the 99th percentile ranges 
from 6 to 12 mm h−1. The 99.5th percentile varies between 7 
and 16 mm h−1 and the 99.9th percentile varies between 9 and 
35 mm h−1, values closer to the ORWs (Table S2). Therefore, the 
selected events herein correspond to precipitation intensities 
above the 99th percentile, thus highlighting their exceptional-
ity. Furthermore, the use of percentile-based thresholds makes 
comparing stations and regions difficult to assess, as the precip-
itation intensities corresponding to the same percentile can vary 
significantly in Portugal. Additionally, the fixed-value thresh-
olds can be directly compared to previous studies and agree with 
the current weather warning definition.

2.3   |   ERA5 Reanalysis

To categorise the two selected case studies according to the 
synoptic-scale environment, the fifth generation of atmospheric 
reanalysis (ERA5) products, produced by the European Centre 
for Medium-range Weather Forecasts (ECMWF), were used. 
This reanalysis blends heterogeneous observational and nu-
merical weather prediction (NWP) model information through 
data assimilation, where the model information is provided by a 
short forecast initiated from a previous cycle (Hacker et al. 2018; 
Hersbach et al. 2020). In ERA5, the assimilation system uses a 
12-h window, in which observations are used from 0900 to 2100 
UTC and from 2100 to 0900 UTC of the next day. ERA5 data is 
defined over a 0.25° latitude × 0.25° longitude grid, correspond-
ing to a spatial resolution of 20–30 km. Data were retrieved 
from the Copernicus Climate Change Service (C3S, https://​cds.​
clima​te.​coper​nicus.​eu/​, accessed on 18 May 2023) (Hersbach 
et  al.  2023a, 2023b) Climate Data Store platform, within the 
Euro-Atlantic geographical sector (30°–60° N, 30° W–10° E), 
with hourly resolution.

Although ERA5-land offers a finer spatial resolution than 
ERA5, ERA5-land only provides land surface fields such as pre-
cipitation, skin temperature, 2 m temperature and surface heat 
fluxes, among others (Muñoz-Sabater et  al.  2021). Therefore, 
ERA5 was chosen to analyse the synoptic-scale circulation and 
thermodynamic conditions associated with heavy precipitation 
events.

The analysed variables comprise the mean sea level pressure 
(MSLP), 10 m zonal (u) and meridional (v) wind components, 
total column cloud ice water (TCCIW) and total column cloud 
liquid water (TCCLW). The geopotential height (Z) and air 
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temperature (T) on different isobaric levels (850, 500, 350 
and 250 hPa) were analysed. Furthermore, the Convective 
Available Potential Energy (CAPE) (Bluestein and Jain 1985), 
convective inhibition (CIN) (Bluestein and Jain 1985), K-index 
(DeRubertis  2006) and TT (total–totals) index (Peppler and 
Lamb 1989) were also analysed (Table S4 and Figure S1). In 
addition to the variables mentioned, relative humidity and 
specific humidity at 850 hPa were also used for the calcula-
tion of equivalent potential temperature (�e), as described in 
Section 2.5.

2.4   |   Definition of Indices

Different indices were used to assess the climatology of pre-
cipitation events in Portugal, adapted from Llasat et al. (2021). 
To calculate the indices presented in this section, hourly pre-
cipitation totals were obtained by summing 10-min amounts 
from each WS (AcP—hourly accumulated precipitation). After 
calculating the AcP, a second sum was made, this time for the 
respective season (winter—DJF, spring—MAM, summer—JJA, 
autumn—SON) for each of the 23 years (2000–2022). Finally, to 
calculate the average, the sum was divided by 23, generating the 
climatological seasonal average of accumulated precipitation, 
according to the following equations:

•	 Seasonal mean precipitation (TPSeason): Climate-mean of 
total precipitation, in mm, observed in each season (winter, 
spring, summer and autumn):

where, i = year, n = 23 and AcP is defined by:

h = hour, m = number of hours per station and TP represents 
hourly precipitation totals.

•	 Beta mean (�Season): Climate-mean ratio between total pre-
cipitation in a given season (DJF, MAM, JJA, SON) and 
total annual precipitation:

This index was adapted for different thresholds of hourly precip-
itation intensity (I), namely for heavy precipitation events, that 
is, corresponding to yellow (10 ≤ I < 20 mm h−1), or orange and 
red warnings, the latter two being grouped into a single index 
(I ≥ 20 mm h−1):

2.5   |   Equivalent Potential Temperature

The wet-bulb potential temperature or equivalent potential 
temperature (�e), which are conserved for reversible moist adia-
batic processes, are commonly used to diagnose frontal systems 
(Dacre et al. 2012; Pinto and Belo-Pereira 2020) and to diagnose 
tongues of warm and moist air. In this study, the equivalent po-
tential temperature (�e) at 850 hPa was used, following the cal-
culation method presented by Bolton (1980):

TK, p and r are the absolute temperature (in K), pressure (in hPa) 
and mixing ratio (expressed in g kg−1) at 850 hPa, respectively. 
In this study, the mixing ratio (r) was replaced by specific hu-
midity (r ≈ q), because the mixing ratio and specific humidity 
(q) tend to be very similar (Peixoto and Oort 1984; Dee and Da 
Silva 2003). TL is the lifting condensation level temperature that 
can be obtained by (Bolton 1980):

TK and RH are absolute temperature (in K) and relative humidity 
(in %), respectively.

3   |   Results

3.1   |   Spatial–Temporal Characterisation 
of Seasonal Precipitation in Portugal

The characterisation of seasonal precipitation in Portugal is 
presented in Figure 2a–d, in which a large seasonal and spa-
tial variability is observed, with a strong north–west to south–
east gradient. The spatial variation was assessed through 
a spatial inverse distance weighting (IDW) of the recorded 
precipitation data from the surface WSs. This pattern can be 
largely explained by the greater exposure of the Atlantic-facing 
(windward side) mountain areas in the north to the maritime 
air masses from the North Atlantic, whereas inner areas are 
relatively sheltered from their direct influence (leeward side), 
besides the fact that higher latitudes are also more exposed to 
frontal systems. In effect, northward of the Tagus River, the 
east–west gradient is explained by the presence of the mountain 
ranges (Figure  1a) that promote condensation barrier effects 
(Trigo et al. 2008; Ramos, Trigo, and Liberato 2014; Santos and 
Belo-Pereira 2022). The observed gradient highlights the great 
influence of the orography on precipitation patterns and, con-
sequently, on the Portuguese landscape and ecosystems.

Figure  2e–h depict a great seasonal variation in the β-index, 
with the winter months presenting the highest share of total 
annual precipitation (high β-index values), highly contrasting 
with the much drier summer and spring seasons (low β-index 
values). During winter (DJF), the greatest contribution to total 
annual precipitation is observed in the westernmost coastal 
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areas (Figure 2e), with a maximum in the centre/south region 
(> 35%), highlighting the key role played by the Atlantic low-
pressure systems in the total precipitation. In spring (MAM), 
the spatial contribution to the total annual precipitation is more 
homogeneous throughout the country (Figure  2f), but with 
higher values occurring in the inner regions. These contribu-
tions range from 25% to 33%, particularly in Southern Portugal 
(Alentejo region), where values exceed 30%. In summer (JJA), 
a greater contribution is observed in the north–east region of 
Portugal (Figure 2g, Douro region), between 10.0% and 12.5%, 
with lower values in the centre and south regions (< 5.0%). The 
north–east of Portugal features complex orography, which is fa-
vourable to the generation of updrafts during relatively warm 
weather conditions, thus allowing the formation of cumulonim-
bus clouds (Ćurić et al. 2003). A consistently higher number of 
summertime lightning discharges in North–eastern Portugal 
was found (Santos et al. 2012; Sousa et al. 2013). Finally, during 
autumn (SON), the weather conditions in the inner regions are 
frequently influenced by the contrast between relatively cooler 
and moist air masses coming from the Atlantic Ocean and still 
warm Iberian continental air masses (Martín et al. 2004; Valero 
et al. 2009; Ramos et al. 2011), which promote instability and 
explain the highest values of the β-index (> 35%) over these areas 
(Figure  2h). These results are consistent with a recent study 
(Santos and Belo-Pereira 2022), which showed the existence of 
maximum occurrences of heavy precipitation associated with 
RemL (remote lows, centred near the British Isles or over the 
Bay of Biscay) events between October and November.

The contribution of mean seasonal precipitation taking into ac-
count the most severe precipitation thresholds, namely for YWs 

and ORWs, is presented in Figure 3. The identified patterns are 
identical to those described in Figure 2e–h, observing a greater 
contribution in the coastal region, with a maximum in the cen-
tral/south region in winter, > 11% for YWs (Figure 3a) and from 
1% to 2% for ORWs (Figure 3e). In spring (Figure 3b), a higher 
value of the β-index is observed in the south for YWs (> 7%), 
whereas it does not exceed 2% for ORWs in the central/south 
(Figure 3f). In summer, a greater contribution is observed in the 
north–east and central regions for YWs (Figure 3c), with a maxi-
mum of ~8% while being < 4% for the severest events (Figure 3g). 
As for winter, in autumn there is also a greater contribution of 
extreme events to total precipitation, mostly in the southern and 
centre regions, being > 11% for YWs (Figure  3d) and > 6% for 
ORWs (Figure 3h).

3.2   |   Climatology of Heavy Precipitation Events

3.2.1   |   Portugal

The interannual variation in the number of extreme precipi-
tation events related to YWs (10 ≤ I < 20 mm h−1) and to ORWs 
(I ≥ 20 mm h−1) is presented in Figure  4a, illustrating a large 
interannual variability, with the number of YW events vary-
ing between 100 in 2012 and 285 in 2022. ORW events vary 
between 11 (in 2000, 2001, 2004, 2015 and 2017) and 43 events 
(in 2010). Typically, years with fewer extreme precipitation 
events, namely 2004, 2005, 2012 and 2017, are associated with 
years in which severe/extreme meteorological drought condi-
tions occurred over most of the Portuguese territory (Drought 
Monitoring—IPMA 2024).

FIGURE 2    |    (a–d) Spatial representation of the precipitation seasonal mean (in mm) and (e–h) seasonal beta mean index (in %) for (a, e) winter, (b, 
f) spring, (c, g) summer and (d, h) autumn, derived from the 63 surface weather stations (see locations in Figure 1b).
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The seasonality in the number of extreme precipitation events 
in Portugal (Figure 4b) highlights a pronounced maximum be-
tween September and December for the (YW) events. For the 
ORW (ORW) events, one pronounced maximum is found in 

September–October and a secondary maximum in April–May. 
This is consistent with Santos and Belo-Pereira  (2019), who 
showed the existence of two maxima for the episodes associated 
with regional lows (RegL), thus suggesting a closer relationship 

FIGURE 3    |    Spatial representation of the seasonal beta mean index (in %) associated with hourly precipitation events for (a–d) 10 ≤ I < 20 mm h−1 
and (e–h) I ≥ 20 mm h−1 for (a, e) winter, (b, f) spring, (c, g) summer and (d, h) autumn, derived from the 63 surface weather stations (see locations in 
Figure 1b), where I is the hourly precipitation intensity.

FIGURE 4    |    Histogram of the (a) annual, (b) monthly and (c) hourly distribution of precipitation events identified for 10 ≤ I < 20 mm h−1 (grey, left 
axis) and I ≥ 20 mm h−1 (blue, right axis), (d) the number of precipitation events identified (grey gradient, left axis) and total percentage (blue gradi-
ent, right axis), for yellow, orange and red IPMA warnings, for a time lag of ∆t = 1 h, derived from the 63 surface weather stations (see locations in 
Figure 1b).
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of RegL events with convective systems. In summer, a lower 
number of occurrences of extreme events is shown, despite 
presenting a greater number of ORW events when compared 
to February–March. These occasional episodes are generally 
connected to strong local convective activity (Santos et al. 2012; 
Sousa et  al.  2013; Santos and Belo-Pereira  2019). This can be 
confirmed by the spatial distribution of the mean number of 
precipitation events for a 10-year period (Figure S2).

The diurnal cycle (Figure  4c) for YW events hints at a late-
afternoon maximum (17 UTC), decaying throughout the night. 
Furthermore, for ORW events, a noticeable maximum is clear 
in the afternoon. However, a slightly higher number of occur-
rences is also observed in the morning, with the maximum oc-
curring at 10 UTC. The prominent late-afternoon peak is related 
to the enhancement of convective activity favoured by daytime 
heating and subsequent mature convective systems (Hoinka and 
Castro 2003; Kaltenböck et al. 2009; Burcea et al. 2016).

To better understand the event duration, we analysed the dis-
tribution of precipitation events applying specific time lags: 
∆t = 1 h, ∆t = 3 h and ∆t = 6 h, that is, precipitation events lagged 
by less or equal to 3 h (∆t = 3 h) were treated as a single event and 
the same for 6 h intervals (∆t = 6 h). This analysis helps identify 
how the frequency and intensity of precipitation events evolve 
when considering consecutive intervals, which is critical for 
assessing their persistence and impact over short-term periods. 
The distribution of the number of events for a time lag of ∆t = 1 h 
(Figure  4d) associated with YW presents a pronounced maxi-
mum in autumn (1906), that is, ~50% of the total number of YW 
events, followed by winter with 22%. Further, for orange warn-
ings (20 ≤ I < 40 mm h−1), a higher percentage of occurrences is 
found in autumn (281), followed by spring (71 events, 16%). For 

red warnings (I ≥ 40 mm h−1), autumn also has a higher percent-
age of occurrences (11 events, 33%), followed by winter (9 events, 
27%). The distribution of the number of precipitation events for 
the different thresholds and the respective percentage for a time 
lag of ∆t = 3 h and ∆t = 6 h is shown in Figure S3a,b. For yellow, 
orange and red warning events, the outcomes are very simi-
lar regardless of the time lag; noteworthy, a greater difference 
between ∆t = 1 h and ∆t = 3 h is observed. However, a steeper 
decrease in the number of events from yellow to orange and 
red warnings is observed, suggesting that events with higher 
precipitation amounts usually have a relatively short lifecycle. 
Moreover, events associated with orange and red warnings tend 
to contribute more to total daily precipitation (Figure S4). Red 
warning events have a greater contribution in summer and au-
tumn, 86% and 58%, respectively, with their contribution being 
less significant in spring (47%). Orange warning events also hint 
at a higher contribution in summer (75%) and spring (61%), also 
showing the highest contributions to total daily precipitation in 
spring. YW events depict a smaller contribution to total daily 
precipitation, with the highest contribution in summer (60%).

3.2.2   |   Douro Region

A more detailed characterisation of the Douro region is now 
presented (Figure  5). This region is characterised by smooth 
annual variability (Figure  5a), with 2003 and 2021 present-
ing 10 YW events, followed by 2000, 2002 and 2010, with nine 
events. In turn, the largest number of ORW events occurred in 
2006 and 2018, with three events each. The seasonal cycle for 
YW (Figure  5b) presents one pronounced maximum between 
September and December and a secondary peak between April 
and June, this second maximum overlapping with the ORW 

FIGURE 5    |    Histogram of the (a) annual, (b) monthly and (c) hourly distribution of precipitation events identified for 10 ≤ I < 20 mm h−1 (grey, left 
axis) and I ≥ 20 mm h−1 (blue, right axis), (d) the number of precipitation events identified (grey gradient, left axis) and total percentage (blue gradient, 
right axis) for yellow, orange and red IPMA warnings, for a time lag of ∆t = 1 h, for the three surface weather stations that characterise the Douro 
region.
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maximum. The diurnal cycle (Figure 5c) presents a greater num-
ber of occurrences for mid-afternoon (16 UTC), which is veri-
fied in the two thresholds. At last, the number of precipitation 
events (Figure 5d) associated with YW peaks in autumn with 44 
events, corresponding to 41%, with the remaining seasons pre-
senting 21 events each. For orange-warning (20 ≤ I < 40 mm h−1) 
events, 5 events in both spring and summer are found, 4 in 
autumn and no events in winter. No red-warning events were 
identified. Concerning the time lags of ∆t = 3 h and ∆t = 6 h, for 
the Douro region, the results were similar to those found for the 
whole country, despite the necessarily lower number of occur-
rences (Figure S3c,d).

3.2.3   |   Alentejo Region

According to the climatology for Alentejo (Figure  6), this re-
gion is characterised by high annual variability (Figure 6a). The 
highest number of YW events (40) occurred in 2006, followed 
by 2008 (29). As for ORW, the maximum number of events was 
recorded in 2003 (27), followed by 2020 (6). The seasonal cycle 
(Figure 6b) presents one pronounced maximum in October for 
the YW events (100). For ORW, two maxima are observed, the 
first in April, with 27 events and the second in October, with 
18 events. The diurnal cycle (Figure  6c) related to YW events 
displays two maxima in the afternoon, the first between 13 and 
15 UTC and the second between 17 and 18 UTC. For ORW, three 
maxima are apparent, the first in the late morning, followed by 
two others in the afternoon, at 15–16 UTC and 19–20 UTC. The 
distribution of the YW events for the 1-h time lag (Figure 6d) re-
veals a pronounced maximum in autumn (144), that is, approx-
imately 46% of events, followed by spring with 24%. Moreover, 
for orange warnings, autumn presents a higher percentage of 

occurrences (23 events, 54%), followed by spring (14 events, 
32.6%). For red warnings, spring also reveals a higher percent-
age of occurrences (43%), followed by winter (29%). The distri-
bution of the number of precipitation events for the different 
thresholds and the respective percentage for 3- and 6-h time lags 
(Figure S3e,f) reveals a more marked decrease for YW events, 
remaining nearly constant for ORW.

3.3   |   Case Studies

3.3.1   |   Douro Region

This section examines in detail the synoptic environment as-
sociated with a heavy rainfall event in the Douro region. The 
selected event occurred on the afternoon of 28 May 2018, in 
which precipitation values of around 90 mm were recorded in 
less than 2 h, also accompanied by heavy hailfall, inflicting se-
rious damage to vineyards and grapevines—evidence reported 
by the winemaking company (https://​portt​oport​wine.​blogs​pot.​
com/​2018/​, accessed on 3 January 2025).

A cold core cyclone at 500 hPa, centred over Western Iberia, 
is visible in Figure 7. At the surface, a low-pressure system is 
located south–east of the mid-level low, revealing a baroclinic 
structure (Figure 7a). The existence of this cold air mass aloft in 
North–western Iberia (Figure 7b), coupled with an increase in 
near-surface temperatures, ranging from 18°C to 25°C during 
the afternoon (not shown), enables the establishment of an im-
portant lapse rate, indicating thermodynamic instability, as will 
be evidenced by the instability indices. At 850 hPa, the low-level 
cyclonic circulation centred on IP (Figure 7b), extending to the 
western region of the Bay of Biscay, drives north–westerly winds 

FIGURE 6    |    Histogram of the (a) annual, (b) monthly and (c) hourly distribution of precipitation events identified for 10 ≤ I < 20 mm h−1 (grey, left 
axis) and I ≥ 20 mm h−1 (blue, right axis), (d) number of precipitation events identified (grey gradient, left axis) and total percentage (blue gradient, 
right axis) for yellow, orange and red IPMA warnings, for a time lag of ∆t = 1 h, for the four surface weather stations that characterise the Alentejo 
region.
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towards the north–west of IP, causing an injection of moist air 
from the Atlantic coastal area of IP (Figure  7c). In Northern 
Portugal, contributing to reinforcing the east–west contrast 
between the air masses, depicted by the zonal gradient of �e 
(Figure 7c). This low-pressure system is the result of the evolu-
tion of a cut-off low located north–east of the Azores archipelago 
on 21 May (Figures  S5a, S6a and S7a), which intensified as it 
moved south–east towards the Madeira Island and then moved 
north–east towards the IP, as demonstrated by the geopotential 
and temperature fields at 250, 350 and 500 hPa (Figures S5–S7).

The presence of atmospheric instability is diagnosed by the 
thermodynamic indices presented in Figure 8a–c, respectively. 
All these indices reveal higher instability in Northern Portugal. 

Nevertheless, the TT-index shows a larger area of instability, 
with maximum values in the north–west of Portugal, whereas 
CAPE and K-index display smaller areas, with greater values in 
the north–east region extending to Spain. The spatial distribu-
tion of the atmospheric lightning discharges, which affected the 
Douro vineyards, shows a greater agreement with the pattern 
of the K-index when compared to the other indices. The CIN 
index shows values of around 50–150 J kg−1 in North–eastern 
Portugal near the Spanish border, in areas where thunderstorms 
occurred, as shown by the lightning observations (Figure 8d). 
Given the complexity of the terrain in this area, it is not sur-
prising that the orographic forcing may have been sufficient to 
overcome the CIN, thereby allowing convective cells to develop 
and mature.

FIGURE 7    |    ERA5 reanalysis valid at 17 UTC on 28 May 2018, (a) mean sea-level pressure (MSLP) (in hPa, shading colours), and 500 hPa geo-
potential height (Z500) (in gpm, contour lines represented in black, with a spacing of 40 gpm), (b) 500 hPa temperature (in °C, shading colours), and 
850 hPa geopotential height (Z850) (in gpm, contour lines represented in black, with a spacing of 12 gpm), (c) 850 hPa equivalent potential temperature 
(�e 850 hPa) (in K, shading colours) and 850 hPa wind (vectors represented in black arrows).
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In the area where the thunderstorms occurred, one station re-
corded a precipitation intensity of 45 mm h−1 and another of 
21 mm h−1. The other stations in the vicinity recorded values 
between 1 and 5 mm h−1. Given the relatively small scale of the 
convective cells, it is very likely that the representativeness of 
the network of surface WSs may be insufficient to accurately 
capture the spatial distribution of the precipitation amounts that 
effectively occurred.

The amount of ice and liquid water in clouds is shown in 
Figure  8e,f, respectively. A greater concentration of ice and 
liquid water is observed in the northern inner region, despite 
a high dispersion of liquid water across land areas. Despite 
a slight spatial lag, the combination of the K-index with the 
presence of cloud ice water is useful for diagnosing the pres-
ence of deep convection, which is in accordance with Cruz 
et al. (2023).

3.3.2   |   Alentejo Region

For the Alentejo region, the selected event occurred in the 
early hours of 14 September 2021, in which hourly precipita-
tion values greater than 35 mm were recorded at the ‘S. Pedro 
do Corval’ station (EMA 840). Figures 9 and 10 show the evo-
lution of the synoptic conditions for the 3 days before the event 
date. On 11 September at 00 UTC, a frontal system is visible 
north–eastwards of the Azores (Figures 9a and 10a). At this 

stage, the mid-level low is located to the south–west of the 
low-pressure centre at the surface, thus favouring the develop-
ment of the system (Figure 9a). The warm sector is character-
ised by �e varying between 298 K and 302 K (Figure 10a). Over 
the next 36 h, the surface low deepens as the occlusion pro-
cess continues, with the warm sector becoming smaller and 
the mid-level low progressively aligned with the surface low-
pressure centre. On 13 September at 00 UTC, the low-pressure 
centre at the surface reached its maximum strength, with a 
minimum MSLP < 1006 hPa (Figure 9e), forming a cold core 
cyclone, with a minimum �e in its centre (Figure 10e), visible 
also at 500 hPa (not shown). In the next 36 h, the low-pressure 
system weakens as it approaches the IP (Figure 9e–h), favour-
ing the advection of relatively warm and moist air masses 
from the subtropical North Atlantic towards Western Iberia 
(Figure 10e–h).

These synoptic conditions fostered atmospheric instability 
and the occurrence of thunderstorms in mainland Portugal 
(Figure  11a–d). The atmospheric discharges are mostly con-
centrated in the south (Figure 11d), where hourly precipitation 
in some stations exceeds 20 mm h−1. This area also presents 
strong instability, illustrated by CAPE values > 800 J kg−1 
(Figure 11a) and high values of cloud ice and liquid water con-
tents (Figure  11e–f). Isolated thunderstorms have also devel-
oped over the sea and in Spain, in regions with low CIN values 
(< 50 J kg−1). In Spain, the area of thunderstorms corresponds to 
the areas with the highest TCCIW and TCCLW values.

FIGURE 8    |    ERA5 reanalysis valid at 17 UTC on 28 May 2018, (a) convective available potential energy (CAPE) (in J kg−1, shading colours), (b) 
K-index (in °C, shading colours) and maximum precipitation observed in the hour before and after 17 UTC measured in the surface weather stations, 
(c) total-totals index (TT-index) (in °C, shading colours), (d) convective inhibition (CIN) (in J kg−1, shading colours) and lightning in the hour before 
and after 17 UTC (points represented in blue), (e) total column cloud ice water (TCCIW) (in g m−2, shading colours) and (f) total column cloud liquid 
water (TCCLW) (in g m−2, shading colours).
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4   |   Discussion and Conclusions

This study provides the first comprehensive analysis of extreme 
precipitation events in Portugal, based on hourly observations. 
This analysis covers the period from 2000 to 2022 (23 years) 

and uses 10-min precipitation observations from a network of 
71 surface WSs. In addition to the climatological characteristics 
of extreme precipitation events (spatial and temporal variabil-
ity, including seasonality and daily cycle), an analysis is also 
presented of their connections to the synoptic scale drivers, 

FIGURE 9    |    (a–h) Mean sea-level pressure (MSLP) (in hPa, shading colours), and 500 hPa geopotential height (Z500) (contour lines represented in 
black, with a spacing of 40 gpm). ERA5 reanalysis data from 00 UTC on 11 September 2021 to 06 UTC on 14 September 2021.
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through two case studies for two main wine-growing regions 
in Portugal.

The spatial distribution of precipitation reveals a high 
variability, with a south–east to north–west gradient, the 

north–westernmost region showing the highest precipitation 
amounts. The β-index, considering the most severe precip-
itation thresholds, also presents a large spatial variability, 
with winter showing a greater contribution to total precipi-
tation, associated with frequent travelling lows that cross the 

FIGURE 10    |    (a–h) 850 hPa equivalent potential temperature (�e 850 hPa) (in K, shading colours), 850 hPa geopotential height (Z850) (contour lines 
represented in magenta, with a spacing of 12 gpm) and 850 hPa wind (vectors represented in black arrows). ERA5 reanalysis data from 00 UTC on 11 
September 2021 to 06 UTC on 14 September 2021.

 10970088, 2025, 7, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8812 by C
ochrane Portugal, W

iley O
nline L

ibrary on [12/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 17 International Journal of Climatology, 2025

Atlantic, when compared to autumn, and particularly, to sum-
mer and spring.

The seasonality of the extreme precipitation events in main-
land Portugal presents a pronounced maximum between 
September and December and a secondary peak in April/
May, this latter being more pronounced in the southern inner 
region (Alentejo) when compared with the northern inner re-
gion (Douro). These results are consistent with the study by 
Santos and Belo-Pereira  (2019), which showed the existence 
of two marked maxima in spring and autumn associated with 
RegL events and a maximum in autumn for remote low events. 
Further, the diurnal cycle hints at a maximum in the afternoon, 
coherent with the highest frequency of thunderstorms during 
the afternoon (Santos et al. 2012; Sousa et al. 2013; Santos and 
Belo-Pereira 2019). Extreme precipitation events tend to make a 
greater contribution to total daily precipitation, mostly in spring 
and summer. The complex orography and the contrast between 
colder and moister air masses, coming from the Atlantic Ocean, 
with the typically warm and dry continental air masses rein-
force convection in summer and autumn (Ćurić et  al.  2003; 
Martín et al. 2004; Valero et al. 2009; Ramos et al. 2011).

The events of 28 May 2018 and 14 September 2021 were selected 
in close collaboration with two winemaking companies, one 
based in the Douro region (Quinta do Bomfim) and the other 
in the Alentejo region (Herdade do Esporão). These events are 
selected because of their reported severity. In the first case, the 

event of 28 May 2018 in the Douro region was associated with 
a cut-off low. The presence of a 500 hPa cold core centred over 
the surface low favours the presence of thermodynamic insta-
bility, which was identified by the stability indices derived from 
the ERA5 data. The K-index showed greater agreement with the 
spatial distribution of the observed lightning, suggesting greater 
skill in identifying favourable conditions to deep convection. 
The CIN showed values exceeding 100 J kg−1 in the vicinity of 
the areas where thunderstorms occurred, indicating that the 
orographic forcing may have been sufficient to overcome CIN, 
allowing convective cells to develop.

In the second case, the event of 14 September 2021 in the Alentejo 
region, the ERA5 reanalysis data revealed that this event was 
associated with a frontal system that developed north–east of 
the Azores and reached mainland Portugal in the final phase 
of its life cycle. In this case, thermodynamic indices based on 
ERA5 showed a clear agreement between the areas of greatest 
instability and the lightning spatial distribution.

These outcomes provide valuable information not only for fu-
ture research but also for several socioeconomic sectors in the 
country, such as viticulture, for which the occurrence of extreme 
precipitation events (heavy rainfall and hailfall) represents a 
major natural hazard, often resulting in significant damage and 
losses. The analysis of the temporal distribution of the number 
of extreme precipitation events, particularly on a regional basis, 
is crucial to support decision-making in agricultural planning 

FIGURE 11    |    ERA5 reanalysis valid on 06 UTC on 14 September 2021 (a) convective available potential energy (CAPE) (in J kg−1, shading colours), 
(b) K-index (in °C, shading colours) and maximum precipitation observed in the hour before and after 17 UTC measured in the surface weather sta-
tions, (c) total-totals index (TT-index) (in °C, shading colours), (d) convective inhibition (CIN) (in J kg−1, shading colours) and lightning in the hour 
before and after 17 UTC (points represented in blue), (e) total column cloud ice water (TCCIW) (in g m−2, shading colours) and (f) total column cloud 
liquid water (TCCLW) (in g m−2, shading colours).
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and other socioeconomic sectors. Furthermore, the analysis 
and identification of the β-index for different seasons and the 
various precipitation thresholds were defined according to the 
warning criteria set by the Portuguese Weather Service.
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