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Abstract Precipitation over the Iberian Peninsula (IP) is highly sensitive to atmospheric rivers (ARs)—long
corridors of anomalous horizontal and poleward moisture transport from lower latitudes. This study aims to
deepen the understanding of the mechanisms behind Iberian ARs and to quantify their contribution to
precipitation over a long‐term period. We identify ARs affecting the IP in the ERA5 reanalysis with a 31‐km
horizontal resolution and covering a 42‐year period (1979–2020). Additionally, we explore their association
with the fronts of extratropical cyclones. Impact on IP precipitation is evaluated using regional observational
gridded products (E‐OBS, IB01) and global reanalysis (ERA5). Three AR events (unnamed storm in October
1979, Storm Gong in January 2013, and Storm Ana in December 2017) were selected as case studies and
analyzed in detail. During 1979–2020, the IP was affected by 580 persistent ARs (lasting at least 18 hr) with an
annual mean of 13.8 ± 2.8 ARs and the northern IP coast being the most affected region. The year 2013 is
marked by the highest total number of persistent ARs (20). Cold fronts were found more often in the vicinity of
ARs than warm fronts. Case studies highlight changes in the relationship between ARs and fronts throughout
their lifecycle. Precipitation associated with persistent ARs exhibits a strong north‐south gradient in the western
IP with the highest contribution to annual precipitation occurring in the northern region (∼30%). Our study
demonstrates the important role of ARs in the Iberian precipitation using the latest high‐resolution reanalysis
and observational data.

Plain Language Summary Atmospheric rivers (ARs) are long corridors of strong water vapor
transport that can cause heavy rain and snow when they reach land. In this study, we investigate the ARs
affecting the Iberian Peninsula and quantify their contribution to total precipitation in this region. We have
identified 580 ARs that affected the Iberian Peninsula between 1979 and 2020 (∼14 ARs per year). These ARs
are more often associated with cold fronts than warm fronts. We find that ARs are responsible for up to 30% of
the precipitation in some areas of the Iberian Peninsula. This study highlights the importance of ARs for water
availability in the Iberian Peninsula and advances our knowledge of the processes behind Iberian ARs.

1. Introduction
Precipitation in the Iberian Peninsula (IP) is characterized by great spatial, seasonal, and interannual variability
(Cardoso Pereira et al., 2019; Parracho et al., 2016). The IP position in relation to the Atlantic Ocean and the
Mediterranean Sea as well as its orographic structure are decisive for the predominant climate in this region,
which is classified as Mediterranean in the south and in the east and oceanic temperate in the north (Andrade &
Corte‐Real, 2017). Summer rainfall is caused by convective storms triggered by local factors such as soil heating,
high moisture content, and atmospheric instability (Serrano et al., 1999). Most of the IP precipitation occurs,
however, between October and May especially across western Iberia and mountainous areas, and it is influenced
by the North Atlantic winter storm track and accompanying frontal systems (Trigo et al., 2004, 2008). Many
storms, described previously in literature, have affected the IP with large socioeconomic impacts associated with
extreme precipitation events and strong winds, such as Klaus (January 2009), Xynthia (February 2010), Stephanie
(February 2014), Ophelia (October 2017), Emma (March 2018), and Daniel (December 2019) (Liberato
et al., 2011, 2013; Stewart, 2018; Stojanovic et al., 2021) among many others. Events like Gong (January 2013),
Ana (December 2017), Elsa and Fabien (December 2019), and Filomena (January 2021) were also associated with
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atmospheric rivers (ARs) (Liberato, 2014; Smart, 2021; Stojanovic et al., 2021) that favored an explosive
development of the cyclone (Ferreira et al., 2016).

An AR is “a long, narrow, and transient corridor of strong horizontal water vapor transport that is typically
associated with a low‐level jet stream ahead of the cold front of an extratropical cyclone” (Ralph et al., 2018). An
average midlatitude AR has a width of about 850 km (varying from 300 to 1,000 km), an average length between
2,100 and 3,000 km, a vertical extent of 3 km, and a total water vapor flux of 5 × 108 kg s− 1 (Gimeno et al., 2016;
Neiman et al., 2008; Ralph et al., 2018; Ramos et al., 2015).

ARs represent the dominant pathway for horizontal water vapor transport in the midlatitudes (Ralph et al., 2018),
making them key components of the global hydrological cycle. They can cause extreme precipitation with some
areas in Western Europe having eight of the 10 largest rainfall events related to ARs (Lavers & Villarini, 2013)
and with the most extreme precipitation days in the Iberian Peninsula (IP) associated with ARs (Ramos
et al., 2015). The precipitation associated with this phenomenon is normally caused by the uplift of the moisture‐
rich air in the AR typically as part of the warm conveyor belt associated with an extratropical cyclone (Dacre
et al., 2015; Eckhardt et al., 2004; Pfahl et al., 2014) or when it impinges on orographic barriers (Lavers &
Villarini, 2013). In the latter case, the efficiency of the conversion of water vapor into precipitation depends on the
angle with which the flow impinges on the local topography with more orthogonal impingement resulting in
higher efficiency (Hu et al., 2017). Related to both extreme precipitation and compound events, ARs are also
known to cause flood events across several European regions, including the Iberian Peninsula (Gimeno
et al., 2016; Lavers & Villarini, 2013; Ramos et al., 2015). Study of the ARs and their impacts is highly relevant
and urgent, especially as climate projections demonstrate an increase in intensity and frequency of ARs along the
European coast, including the IP, during the 21st century (Ramos, Tomé, et al., 2016). This suggests an increased
risk of intense precipitation and floods in these regions.

The identification of ARs is usually based on the integrated water vapor (IWV), which can be applied both to
model outputs and satellite measurements (Neiman et al., 2008) or based on the vertically integrated horizontal
water vapor transport (hereafter, integrated vapor transport, [IVT]) computed from reanalysis data sets (Lavers &
Villarini, 2013; Lavers et al., 2012; Ramos et al., 2015, 2018). Multiple algorithms have been developed for the
identification and tracking of ARs using various methodologies with different requirements (e.g., length, width,
shape, intensity threshold, and time dependence) and applied to different meteorological variables and regions
(Shields et al., 2018). The different criteria used by the AR algorithms result in a wide range of AR frequency,
duration, and seasonality, which thus introduces some uncertainty into the analysis of AR impacts (Rutz
et al., 2019).

Although the characteristics of ARs are relatively well known, many questions remain about their formation
mechanisms and the sources of the water vapor present in ARs. The term “atmospheric river” can be interpreted as
an existence of a continuous feed of moisture from the subtropics to the extratropics; however, the importance of
both subtropical moisture sources and local moisture convergence, including continental moisture sources and
recycling, have been shown by many studies (e.g., Algarra et al., 2020; Bao et al., 2006; Knippertz et al., 2013;
Nusbaumer & Noone, 2018; Ramos, Nieto, et al., 2016; Terpstra et al., 2021). Further, Dacre et al. (2015)
suggested that these structures are the footprints left behind by poleward traveling extratropical cyclones. In fact,
they showed that warm and moist air in the warm sector of extratropical cyclones is swept up by the cold front, as
it catches up with the warm front, narrowing the warm sector and creating an elongated band of high water vapor
transport. Within this band, moisture is then transported northward as part of a warm conveyor belt of the
extratropical cyclone (Dacre et al., 2015).

Thus, although there can be different moisture origins and drivers maintaining the ARs, they are typically related
with extratropical cyclones and with the fronts associated with these cyclones. In the case of the ARs that affect
the IP, they are related to extratropical cyclones that are formed in the North Atlantic and then move toward
Europe and the IP. The activity of the extratropical cyclones is influenced by the position of blocking systems,
which can result in a bifurcation of the storm tracks to north and south of their usual paths, and consequently,
change the precipitation distribution over the continent (Sousa et al., 2017).

The main objective of this study is to better understand the governing mechanisms behind ARs affecting the IP
and their contribution to precipitation. To achieve this goal, an AR identification algorithm was applied, aiming to
identify the ARs that affected the IP during the 1979–2020 period. The characteristics and statistics of the events
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identified as ARs are analyzed as well as their connection with the cold and
warm fronts associated with extratropical cyclones and their relationship with
precipitation over the IP.

This article is structured as follows: In Section 2, the AR algorithm, the data
sets used, and the methodology are presented. In Section 3, three selected
illustrative case studies of ARs that affected the IP are analyzed. In Section 4,
a climatological analysis of the ARs that affected the IP between 1979 and
2020 is performed. Finally, the main conclusions are summarized in
Section 5.

2. Data and Methods
2.1. AR Identification

In this study, we used the European Centre for Medium‐Range Weather
Forecasts (ECMWF) ERA5 reanalysis (Hersbach et al., 2020), with a spatial
resolution of 0.25° × 0.25° (∼31 km), during 1979–2020, in order to calculate
the fields needed as input to an AR detection algorithm. Although ERA5
reanalysis is available with hourly temporal resolution, we used 6‐hourly data
for the identification of ARs, due to our focus on persistent AR cases (lasting
at least 18 hr) and to increase algorithm efficiency. The ERA5 variables
retrieved to identify ARs were the vertical integrals of eastward and north-

ward water vapor flux (zonal and meridional components of IVT, respectively) at 00:00, 06:00, 12:00, and
18:00 UTC. Total precipitation and mean sea level pressure were also retrieved for the analysis presented in
Sections 3 and 4.

To detect the ARs that affected the IP, an algorithm based on IVT was applied to ERA5, following the meth-
odology by Lavers et al. (2012), Lavers and Villarini (2013), and Ramos et al. (2015) with some modifications.
After the calculation of the total IVT fields and considering as ARs striking the IP those which cross the 9.5°W
meridian between 36°N and 43.75°N latitudes (coastal IP domain, red line in Figure 1), the following method-
ology steps were applied to identify the ARs:

1. The maximum IVT at 12:00 UTC on each day from 1979 to 2020 in the coastal IP domain was found. An IVT
threshold was computed using the 85th percentile of the maximum IVT distribution. The threshold obtained
was 418 kg m− 1 s− 1 and this value was used as the threshold for the identification of ARs. The 85th percentile
of the maximum IVT distribution at 12:00 UTC was chosen following the work of Lavers et al. (2012), where
the authors showed that it corresponded to the IVT value of the most intense ARs.

2. The maximum IVT along the IP domain was calculated at each 6‐hr time step. If the maximum IVT exceeded
the IVT threshold, the maximum IVT location and time step were recorded.

3. For those time steps that exceeded the IVT threshold, the grid points that potentially belonged to an AR
(hereafter, AR points) were identified. A grid point was classified as an AR point if its IVT value exceeded the
IVT threshold and if it was connected to at least one AR point (to ensure the AR spatial continuity). An
example of the points classified as AR points is shown in Figure 1.

4. A spatial criterion was applied to the identified points to determine if they have the minimum length necessary
to be considered an AR. If a time step has 81 or more consecutive longitude points above the IVT threshold (80
intervals X 0.25° = 20°), that time step is considered an AR time step. Considering that at 40°N the length of a
degree of longitude is ∼85 km, then the minimum required length to be classified as an AR is, approximately,
1,700 km.

5. Furthermore, temporal criteria were applied to identify persistent ARs, that is, ARs that have at least 18 hr of
duration (three 6‐hr time steps). Hence, if an AR event occurred for three or more consecutive time steps, it was
considered a persistent AR event and was flagged. Moreover, two persistent ARs were considered distinct
events only if they were separated by more than 1 day. As the AR detection scheme uses an Eulerian
framework, the assumption that two events are separated by more than 24 hr may allow two distinct objects to
be identified as part of the same persistent AR event. Nevertheless, the 24‐hr window ensures that all identified
objects are associated with the same synoptic situation.

Figure 1. Example of a detected atmospheric river (AR) at 00:00 UTC 18
January 2013 (during the Storm Gong): integrated vapor transport intensity
(kg m− 1 s− 1, color shading) of the points considered as belonging to this AR
and domains used for the detection of ARs (the coastal IP domain shown by
red line and the Atlantic pre‐IP domain shown by blue line).
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Although this AR algorithm is based mainly on the methodology described by Ramos et al. (2015), some dif-
ferences exist in the definition of the IVT threshold in this work. Ramos et al. (2015) analyzed extreme pre-
cipitation events in the IP during the winter, so they used only the extended winter months (October–March)
maximum IVT distribution for the calculation of the IVT threshold. In Ramos et al. (2018), the authors did a
similar study during summer and used only the extended summer months (April–September) to compute the IVT
threshold. Here, we use the maximum IVT distribution for the entire year (a single IVT threshold), which results
in an IVT threshold lower (higher) than a winter (summer) based threshold. Therefore, in this study, we expect to
detect a higher (lower) number of ARs than in a winter (summer) based study.

Applying the previous set of criteria, a total of 4,671 AR time steps affecting the IP in the period 1979–2020 were
identified of which 3,810 corresponded to 580 distinct persistent AR events. In this study, only persistent ARs
were considered in the analysis of results. The persistent AR events identified in this study are available in an AR
detection catalog at https://doi.org/10.5281/zenodo.15120540 (Luís et al., 2025).

The same algorithm was also run for a new domain at 19.5°W and between 31°N and 48.75°N (the Atlantic pre‐IP
domain, blue line in Figure 1) but using the IVT threshold obtained for 9.5°W (the coastal IP domain) with the
objective of identifying the AR time steps before the AR strikes the IP. After the identification of the ARs at
19.5°W (half the minimum length of the AR west of the IP), we retained only those ARs that also struck the IP at
least during 3 consecutive time steps. This condition guarantees that a persistent AR at 19.5°W will be also a
persistent AR at 9.5°W. Applying the AR detection algorithm to the Atlantic pre‐IP domain allowed the iden-
tification of 3,102 new AR time steps, corresponding to the early stages of the ARs life cycle before reaching the
IP. These additional AR time steps were only used in the analysis presented in Section 4.2, as only the AR time
steps impacting the IP were analyzed in the remaining sections of the study.

2.2. Extratropical Fronts

To study the relationship between ARs and extratropical fronts, a slightly modified version of the front detection
algorithm described by Jenkner et al. (2010) and Sprenger et al. (2017) was applied to ERA5 reanalysis with a
spatial resolution of 0.5° × 0.5° during 1980–2019. The applied algorithm defines fronts as regions where the
horizontal gradient of equivalent potential temperature (θe) at 700 hPa is higher than 4 K/100 km and the front
exceed a minimum length of 500 km. Schemm et al. (2015) concluded that the methodology used by this al-
gorithm is reliable in identifying fronts in strong baroclinic cases, such as the case of classical North Atlantic low‐
pressure systems that affect the IP. The identified fronts were divided by type into cold, warm, and indefinite
fronts using an advection criterion. The indefinite category includes all frontal regions where the algorithm was
not able to distinguish the type of front. An example of the identified fronts and respective type together with the
θe and ∇θe ERA5 fields used by the front detection algorithm is shown in Figures S1 and S2 in Supporting
Information S1.

Using the location of frontal regions in ERA5, a search for the number of AR points that have a front in the
proximity was performed for each persistent AR time step identified. It was considered that an AR point has a
front in the vicinity if it is located at 2° or less of distance (following Ralph et al. (2004)). After performing this
search for each time step and for each AR point, the AR points flagged with a front in proximity were summed and
divided by the total number of AR points in that time step to calculate the fraction of AR points that have a front in
their proximity. These calculations were repeated posteriorly considering only cold, warm, and indefinite fronts.
It was assumed that an AR point could be in the proximity of more than one type of front simultaneously.

2.3. Precipitation in the Iberian Peninsula

The analysis of precipitation in the IP, including the contribution of ARs to precipitation, was based on three data
sets: the global reanalysis, ERA5, and the regional observational gridded products, E‐OBS, and Iberia01 (IB01).
In this study, ERA5 hourly total precipitation values between 1979 and 2020 were analyzed over the region
between latitudes 35°N and 45°N and longitudes 15°W and 5°E. The E‐OBS gridded data set is from the Eu-
ropean Climate Assessment & Dataset project network (Cornes et al., 2018), covering 1950 to the present with a
daily temporal resolution. Total precipitation from the ensemble E‐OBS data set, version 23.1e, was used (using
the mean across the ensemble) for the period 1979–2020 with the same horizontal resolution as ERA5
(0.25° × 0.25°). Finally, the data set with the highest horizontal resolution, 0.1°× 0.1°, is IB01, which was created
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especially for the IP (Herrera et al., 2019). The IB01 also has daily temporal resolution and covers the period from
1979 to 2015 a total of 37 years within our study period.

To estimate ARs contribution to the total precipitation in the IP, the outputs of the AR detection algorithm
described in Section 2.1 were used, namely the day of the event, the start and end time (i.e., 00:00, 06:00, 12:00, or
18:00 UTC), and the area affected by the AR event. For ERA5, the exact start time of the event was considered,
and it was assumed that, after the period in which the event was detected by the algorithm, the precipitation
persists over the IP for another 12 hr. On the other hand, E‐OBS and IB01 have daily temporal resolution and
follow different temporal approaches. For E‐OBS, the daily precipitation over Spain on day n is the accumulated
value from 07:00 UTC on day n to 07:00 UTC on day n + 1. For IB01, the accumulation period differs: pre-
cipitation is accumulated between 07:00 UTC on day n − 1 and 07:00 UTC on day n. Moreover, for data over
Portugal, the 24‐hr periods begin and end at 09:00 UTC. However, this distinction does not affect the analysis, as
the ARs can only start at 00:00, 06:00, 12:00, or 18:00 UTC due to the input data used. Thus, regardless of
whether the accumulation period is from 07:00 to 07:00 in Spain or from 09:00 to 09:00 in Portugal, the pre-
cipitation associated with ARs is captured consistently. Finally, considering the accumulated precipitation from
the beginning to the end of the AR event and ensuring that the varying timeframes across data sets were aligned
with the AR detection periods, an intersection was made with the area affected by the AR event in order to es-
timate the associated precipitation. The area affected by each AR event was determined as follows: for each 6‐hr
time step identified as AR, an ARmask was created containing the grid points belonging to the AR; then, for each
AR event, the AR masks of that event were added up to obtain all grid points affected by the AR during the event.
Precipitation outside the AR event mask was not included in the estimate of AR‐associated precipitation.

This co‐occurrence approach has some limitations particularly regarding precipitation that is spatially displaced
from the area classified as an AR. One possible approach to minimizing this limitation is to use complex network
techniques (Vallejo‐Bernal et al., 2023). In this study, we opted for a simpler solution and the total area affected
by the AR during the event was considered for precipitation attribution instead of the area of each time step.
Nevertheless, some precipitation potentially associated with AR events fell outside the AR mask and was not
considered in AR precipitation estimates. An example of this situation is shown and discussed in Section 3.1.

3. Analysis of Case Studies
3.1. Storm on 4–6 October 1979

The first event occurred in October 1979 and is an exemplar of an AR with a structure very close to the one
typically presented as an AR illustration in textbooks. According to the AR intensity and impacts scale (Eiras‐
Barca et al., 2021; Ralph et al., 2019), this event was classified as a “strong” AR in some regions of the IP (AR3
category on a scale from AR1 to AR5). The analysis of IVT and sea level pressure fields for this event (Figure 2)
shows that an extratropical cyclone was located in the North Atlantic, west of the British Isles, with a high‐
pressure ridge to the east (over Scandinavia and north‐eastern Europe). Although an eastward displacement of
the cyclone was blocked, the cold front associated with this extratropical cyclone moved cyclonically toward the
warm front, sweeping the warm and moist air in the warm sector and consequently creating an elongated band of
strong water vapor transport similarly to the mechanism described by Dacre et al. (2015).

Analyzing in more detail the relation between the AR and frontal regions, Figure 2a (18 hr before the landfall)
shows the AR located between the cold and warm fronts with 73% of AR points in the proximity of a front (i.e., at
2° or less distance of a front). This percentage increased along the AR approach to the IP, as the cold front swept
the AR warm and moist air toward the warm front. At the AR landfall (Figure 2b), 96% of AR points were near a
front (79% in the proximity of a cold front and 43% near a warm front). During the AR lifetime, with the
movement of the cold front, the AR width progressively decreased until 12 hr after the landfall (Figure 2c). After
this time step, the algorithm does not detect an AR time step until 18 hr later (Figure 2d), when the IVT is still
high, but with a shorter extent, affecting the southern part of the IP. According to the set of criteria listed in
Section 2.1, this last time step is still considered to be part of the AR event. Thus, the AR event duration
considered for precipitation analysis is from 5 October 1979, 06:00 UTC to 6 October 12:00 UTC.

The total precipitation amount accumulated over the IP during this event is shown in Figure 3. Both IB01 and
ERA5 data sets show a similar spatial distribution with larger precipitation amounts over central and southern
Portugal and over central Spain. However, the different data sets exhibit a very different magnitude of values.
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According to IB01 (Figure 3a), accumulated precipitation during the event has values above 50 mm in almost the
entire Portuguese territory with maximums reaching over 120 mm in the central and southern regions. The central
region of Spain reaches accumulated values above 110 mm. According to ERA5 reanalysis, the accumulated
precipitation during this event is below 70 mm across the whole IP (Figure 3b). E‐OBS data have also been
analyzed (Figure S3a in Supporting Information S1), exhibiting maximum accumulated values ranging from 60 to

Figure 2. Integrated vapor transport direction (vectors) and intensity (kg m− 1 s− 1, color shading), sea level pressure (hPa,
contours), and cold, warm, and indefinite fronts (blue, red, and magenta points; respectively) at: (a) 12:00 UTC 4 October
1979, (b) 06:00 UTC 5 October 1979, (c) 18:00 UTC 5 October 1979, and (d) 12:00 UTC 6 October 1979. The orange
contour shows the atmospheric river (AR) shape identified by the AR algorithm.

Figure 3. Accumulated precipitation (mm) over the IP during the October 1979 atmospheric river (AR) event (06:00 UTC 5
October 1979–12:00 UTC 6 October 1979): (a) IB01 data set and (b) ERA5 reanalysis. A gray dotted line shows the
boundary of the AR mask identified by the AR algorithm (total area affected by the AR during the event duration) and the
hatched area shows precipitation outside the AR mask.
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80 mm over Portugal. These discrepancies in magnitude could be partly explained by the topographical differ-
ences captured by each data set. IB01, with its higher spatial resolution, is better suited to reflect the influence of
complex terrain, where orographic effects are known to enhance precipitation. In contrast, the coarser resolution
of ERA5 may smooth out these features, leading to lower precipitation estimates in areas where topography plays
a significant role. Note that, for both data sets, the high precipitation accumulations over central Spain are outside
the AR mask and are therefore not considered as associated with the AR. This is a limitation of the methodology
used in this study and will likely cause an underestimation of the contribution of ARs to the total precipitation in
the IP calculated in Section 4.3.

3.2. Storm Gong on 17–19 January 2013

The second event selected as a case study is Storm Gong, which affected Portugal on 18–19 January 2013. Gong
was classified as an explosive cyclone, or a “bomb” with a very rapid strengthening supported by the presence of
an atmospheric river over the North Atlantic. As Storm Gong moved with the associated AR toward the IP, it
caused considerable socio‐economic losses and fatalities (Liberato, 2014). This AR event reached the AR4
category (“extreme” AR) in several areas of the IP.

Although Gong cyclone's impact in terms of intensity of precipitation was the strongest in Portugal on 19 January
2013, the IP was being affected by an AR starting from 12:00 UTC on 17 January 2013 (Figure 4a). At this time,
two extratropical cyclones, both associated with strong IVT, were found in the North Atlantic: a cyclone directly
impacting the IP was situated west of the British Isles with well‐developed meridionally oriented fronts and a
second cyclone starting to develop and related to the future Storm Gong near the east coast of North America. In
the following hours, IP continued to be affected by high IVTs with predominantly zonal (eastward) moisture
transport (Figure 4b) enhanced when Storm Gong approached the IP and intensified (Figure 4c). Starting at
06:00 UTC on 18 January 2013, Gong underwent an explosive development when it was located north of the AR
and between the Azores and the IP. The rapid strengthening of Gong was attributed to the southerly displacement

Figure 4. As in Figure 2, but at: (a) 12:00 UTC 17 January 2013, (b) 12:00 UTC 18 January 2013, (c) 00:00 UTC 19 January
2013, and (d) 06:00 UTC 19 January 2013.
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of the polar jet stream, the interaction of the high‐level and low‐level diabatically driven potential vorticity
anomalies, and the extra moisture provided via the AR (Liberato, 2014). Near 00:00 UTC on 19 January 2013
(Figure 4c), when Storm Gong made landfall in the IP, it brought strong wind gusts and heavy precipitation
(Liberato, 2014), but after inland penetration it began to dissipate. The last time step identified as an AR by the
algorithm occurred at 06:00 UTC 19 January 2013 (Figure 4d) with a clear reduction in the AR length but with
high IVT values in a narrow band between the cold and warm fronts. Throughout the event, a high‐pressure
system was situated south of the Azores, which favored the water vapor flux direction toward the IP (Figure 4).

Regarding the connection with extratropical fronts, this AR was mainly affected by the frontal systems associated
with the two cyclones mentioned above: the cyclone located west of the British Isles and the Storm Gong. At the
early stages of the AR life cycle, the AR was affected only by the fronts associated to the first cyclone. In
Figure 4a, one can observe that at the landfall moment, the AR was between a warm front and a cold front
associated to the cyclone west of the British Isles. Around 18:00 UTC on 17 January 2013, as Storm Gong and its
fronts were moving faster to the east than the cyclone already affecting the IP, the high IVT zones of both cyclones
began to merge into a zonal‐oriented AR extending from the IP to near the coast of North America. Over the next
24 hr, Storm Gong advanced eastward toward the IP and the AR moved along with the storm while affecting the
IP. After the landfall of Storm Gong (Figures 4c and 4d), the length of the AR diminished with the AR bounded by
a cold front to the west and a warm front to the north.

This event had a significant impact on IP precipitation. Figure 5a, using IB01 data set, shows that the precipitation
affected a large portion of the IP with the most intense precipitation found along the northern coast of Spain and in
the Pyrenees mountains. In Portugal, maximum precipitation (between 40 and 70 mm) was found over central‐
western and northwestern Portugal, whereas total precipitation amounts accumulated in northern Spain and in the
Pyrenees reached 100–120 mm. Although the Pyrenees lie outside the defined AR shape, the region still expe-
rienced significant precipitation. This suggests that, although the AR itself did not directly cover the Pyrenees, the
broader moisture transport associated with the event likely contributed to the observed precipitation in this area.
The presence of moist air outside the AR boundaries can still enhance precipitation, particularly in regions like the
Pyrenees, where topographical effects play a crucial role in precipitation intensification.

Figure 5b shows precipitation based on the ERA5 reanalysis, where the maximum accumulated precipitation
(>120 mm) is found in the northern coastal Portugal and Galicia regions. E‐OBS shows precipitation spatial
distribution and magnitude similar to the ERA5 (Figure S3b in Supporting Information S1). It is noteworthy that
the maxima found along central and southern Spain in both IB01 and ERA5 data sets (Figure 5) are absent in
E‐OBS (Figure S3b in Supporting Information S1).

3.3. Storm Ana on 9–11 December 2017

The third case that we analyze in detail occurred on 10–11 December 2017 and was named Storm Ana. Heavy rain
and strong winds associated with this storm affected most of the IP; however, the biggest impacts were recorded in

Figure 5. As in Figure 3, but for the Storm Gong atmospheric river event (12:00 UTC 17 January 2013–06:00 UTC 19
January 2013).
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the northwestern Iberia with wind gusts of over 160 km hr− 1 registered in several stations in northern Spain and
232.0 mm of accumulated precipitation measured on 10 December at a station in Pontevedra (Galicia)
(AEMET, 2017). This part of Iberia was impacted by conditions that reached the highest category on the
AR‐strength scale (AR5, an “exceptional” AR). This storm had a significant socioeconomic impact causing one
fatality and more than 200 million euros in losses (Eiras‐Barca et al., 2021).

As in the previous event (Section 3.2), the landfall of an AR preceded the arrival of Storm Ana to the IP. An AR
affecting the IP was first detected at 12:00 UTC on 9 December 2017 (Figure 6a) with the AR located in the
southern part of the warm sector of an extratropical cyclone in the North Atlantic pushed from the south by a high‐
pressure system situated over the Azores. Similar to the previous case in 2013, the AR in the beginning of its life
cycle was in the precold frontal region (compare Figures 4a and 6a). During the early time steps identified as an
AR, this synoptic configuration supported a strong zonal moisture transport between the two margins of the
Atlantic Ocean (Figure 6b). On 10 December 2017, Storm Ana was formed around 45°N, 20°W–30°W through
explosive cyclogenesis (AEMET, 2017). Between 10 December 2017, 12:00 UTC (Figure 6c) and 11 December
2017, 00:00 UTC (Figure 6d), the atmospheric pressure in the center of Ana dropped by 24 hPa in 12 hr
(IPMA, 2017) when the storm was located on the northern edge of the AR. During this period, Storm Ana started
to move southward, pushing the AR from the northern to the southern IP. On 11 December 2017, 00:00 UTC
(Figure 6d), Ana reached its minimum pressure at its center (964 hPa), when it was located in the Bay of Biscay,
and then continued its rapid movement toward France. The last time step identified as an AR occurred on
06:00 UTC 11 December 2017 with Storm Ana located over Brittany (France) and the AR affecting southern IP
and the Balearic Islands.

In relation to the presence of fronts, like in the previous event, this AR was affected by the frontal systems
associated with two extratropical cyclones. First, the ARwas located between the cold and warm fronts associated
with an extratropical cyclone south of Greenland (Figure 6a). In the following hours, the AR continued its
eastward course, following the movement of the warm front. Around 12:00 UTC on 10 December 2017

Figure 6. As in Figure 2, but at: (a) 12:00 UTC 9 December 2017, (b) 00:00 UTC 10 December 2017, (c) 12:00 UTC 10
December 2017, and (d) 00:00 UTC 11 December 2017.
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(Figure 6c), a cold front associated to Storm Ana was formed to the north of the AR. With the storm movement,
the very active cold front (AEMET, 2017) swept first the warm and moist air of the AR toward IP and then from
the northern to the southern IP. In the last hours of the AR life cycle (Figure 6d), it was again between the cold and
warm fronts of an extratropical cyclone (Ana) with the cold front almost catching up the warm front, thereby
narrowing and elongating the AR before dissipation.

Figure 7 presents the accumulated precipitation over the IP for the AR associated with StormAna. Since IB01 data
are not available for this event, we base our analysis on E‐OBS and ERA5 data sets. Figure 7a, based on E‐OBS,
shows that the maximum accumulated precipitation for this event (between 90 and 100 mm) was mainly affecting
northern Portugal and northwestern Spain. Important amounts of precipitation (40–80 mm) were also observed in
Central Portugal and in the Pyrenees. ERA5 (Figure 7b) shows a similar pattern of the accumulated precipitation
compared to E‐OBSbutwith highermagnitudes (withmaximumvalues above 120mm). It also shows the existence
of other maxima that were not identified by the E‐OBS (such as in northern Spain, Cantabrian Mountains region).
Overall, it is striking that the spatial pattern of the total accumulated precipitation for Storm Ana is very similar to
the Storm Gong with the accumulated precipitation for this event affecting mostly the northwestern IP. Further-
more, this event occurred after a prolonged and severe drought in the Galicia region, and the precipitation asso-
ciated with this AR was enough to fill water reservoirs in a single day (Eiras‐Barca et al., 2021).

4. Climatological Analysis
4.1. Characteristics and Statistics of Iberian ARs

Following the case studies showing details of the ARs association with fronts and precipitation over the IP, we
present a long‐term analysis of the persistent ARs (identified as described in Section 2.1) affecting the IP between
1979 and 2020 based on ERA5 reanalysis.

During this 42‐year period, the IP was affected by 580 persistent ARs corresponding to a mean value of 13.8± 2.8
ARs per year (Figure 8a). The minimum number of ARs in a year was reached in 2005 with only 7, and the
maximum occurred in 2013 with 20 ARs. For comparison purposes, the AR algorithm was also applied to
ECMWF's ERA‐Interim reanalysis (Dee et al., 2011) for the period 1979–2018. Although fewer ARs were
identified in ERA5 compared to ERA‐Interim (with the latter showing an average of 15.0 ± 3.4 ARs per year
based on the 40‐year period; more details in Text S1 in Supporting Information S1), the interannual variability
shows a good agreement between both reanalyses (Figure 8a).

Figure 8b shows the ERA5 monthly mean number of ARs that affected the IP in the 1979–2020 period and
respective percentage of the AR total. A strong seasonal cycle is observed in the monthly frequency of ARs with
the months of December (15.5%), October (14.0%), November (12.1%), and January (10.9%) being the months
with more AR activity (together have more than half of the ARs). Most of the ARs occur in the extended winter
months (66.9%) and the minimum in frequency of Iberian ARs occurs in April (4.1%). After April, a slight

Figure 7. As in Figure 3, but for the Storm Ana atmospheric river event (12:00 UTC 9 December 2017–06:00 UTC 11
December 2017): (a) E‐OBS data set and (b) ERA5 reanalysis.
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increase in the AR activity per month is observed throughout the extended summer months, until October, when
the number of ARs doubles compared with the previous month. The seasonal variability obtained agrees with the
seasonal variability of the extended winter months shown in Ramos et al. (2015). Regarding the extended summer
months, the increment in AR activity agrees with the results of Ramos et al. (2018), although in that study the
minimum in the frequency of Iberian ARs occurs in June. Seasonal variability in ERA‐Interim is similar to ERA5,
though a small increase in AR activity is observed in March and the minimum is reached in May (Figure S4 in
Supporting Information S1).

The ARs identified by the algorithm applied to ERA5 (at 6‐hourly temporal resolution) affected the IP, on
average, during 6.6 time steps (∼39 hr) with approximately 75% of the ARs lasting between 18 and 48 hr and with
21.2% of cases having the minimum duration required to fulfill the persistence criteria (18 hr). In terms of zonal
extension, the detected ARs had a mean zonal extension of 44° ± 16.7° of longitude (∼3,750 ± 1,420 km) and
with nearly half of the AR time steps having a zonal extension between 20° (∼1,700 km) and 40° (∼3,400 km).

Figure 9a shows the frequency of occurrence of AR events affecting the IP between 1979 and 2020. The
maximum number of Iberian ARs is found at northwest of the IP and its frequency decreases toward south. As
expected, the most affected region is the western coast of IP with an average of ∼12 ARs per year in the north of
Galicia and ∼5 ARs per year in the southern parts of Portugal. In Figure 9b, the composite average of IVT during

Figure 8. (a) Interannual variability of the number of persistent atmospheric rivers (ARs) that affected the IP computed with
ERA5 (black line) and with ERA‐Interim (dashed gray line), (b) seasonal variability of the number of ARs over the IP from
1979 to 2020 in ERA5.

Figure 9. (a) Average number of atmospheric rivers (ARs) affecting the IP per year from 1979 to 2020 in ERA5, (b) Mean
composites of ERA5 integrated vapor transport direction (vectors) and intensity (kg m− 1 s− 1, color shading) during the
occurrence of the ARs that affected the IP in the period 1979–2020.
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AR events affecting the IP in the period 1979–2020 is shown. The IVT
maxima are located over the ocean, northwest of the IP, which corroborates
the results of Figure 9a. The IVT direction shows a westerly water vapor
transport slightly tilted toward northeast. The pattern in Figure 9b is similar to
the one shown in Figure 5b of Ramos et al. (2015) using the extended winter
months in NCEP‐NCAR reanalysis.

These results show that, although the small modifications to the AR algo-
rithm, the Iberian AR characteristics and statistics obtained in this work are
similar to the ones presented in previous studies (Eiras‐Barca et al., 2016;
Ramos et al., 2015, 2018) using different reanalyses. The alterations in the
IVT threshold definition allowed the detection of more ARs without changing
the characteristics of the identified structures. It is important to note that the
previous studies on Iberian ARs focused mainly on the association with
anomalous precipitation; although in this study, we are interested in all events
regardless of their magnitude.

4.2. Relationship Between Extratropical Fronts and Iberian ARs

Next, we explored a statistical relationship between extratropical fronts and
ARs affecting Iberia using all persistent AR time steps identified regardless of
whether they were affecting the IP in that instant or not. For this purpose, the

fraction of AR points with a front in its proximity was computed for each AR time step. As explained in Sec-
tion 2.2, it was considered that an AR point has a front in its proximity if a front was identified at 2° or less of
distance. The fraction value is between 0 and 1, where 0 means no fronts in the vicinity of the AR and 1 indicates
that all AR points were near a front.

Figure 10 shows the frequency ofAR time steps (%with respect to the total number of persistent AR time steps) as a
function of theARpoints fraction in the vicinity of a front of any type and, separately, by type of front. In case anAR
point was in the vicinity ofmore than one type of front at the same time, that point was counted only once. The black
curve in Figure 10 represents the fraction ofARpoints near all types of fronts and, as expected, shows higher values
than the other curves that represent a single front type. The highest frequency of AR cases (∼21%) had a fraction of
0.6–0.7 of its points in the proximity of a front. Approximately, 72% of the time steps hadmore than half of the AR
points nearby a front (of any type) and in more than 91% of the cases, the fraction was larger than 1/3.

Analyzing the relationship between extratropical fronts and Iberian ARs by
type of front, Figure 10 shows that the AR points fraction near cold fronts is
higher than near warm fronts: around 42% of the AR time steps had a fraction
of AR points in the vicinity of a cold front superior to 1/3, whereas this
percentage of cases for warm fronts is only ∼30%. Moreover, some ARs were
found near fronts of indefinite type.

Next, we analyzed the values of ERA5 precipitation for AR points near and
not near a front (Figure 11). We found higher precipitation values in the AR
points located in the vicinity of a front (median of 1.04 mm/6 hr) compared to
the AR points not in the proximity of fronts (median of 0.55 mm/6 hr). This
result is in line with previous studies on the attribution of precipitation to
atmospheric phenomena at global scale (Konstali et al., 2024; Prein
et al., 2023; Tsai et al., 2025) that found higher precipitation intensities during
the co‐occurrence of fronts and ARs. These studies did not distinguish be-
tween different types of fronts.

Our analysis shows greater precipitation values at AR points near cold frontal
regions (median of 1.53 mm/6 hr) than near warm frontal regions (median of
0.73 mm/6 hr). Both the differences between the distributions of total pre-
cipitation at the AR points found near a front and not near a front and found
near a cold front and near a warm front are statistically significant at the 1%

Figure 10. The fraction of atmospheric river points that have a front at 2° or
less of distance, in the period from 1980 to 2019, divided into 0.1 bin
intervals for all types of fronts (black line), cold fronts (blue line), warm
fronts (red line), and indefinite type (magenta line).

Figure 11. Boxplots of ERA5 total precipitation (mm/6 hr) at atmospheric
river points found near a front of any type (black bar), not found near a front
(gray bar), near a cold front (blue bar), near a warm front (red bar), and near a
front of indefinite type (magenta bar). The mean values of each distribution
are indicated by a cross. Outlier values are not shown.
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level (p‐value obtained using the Mann‐Whitney test). Higher precipitation
values near cold frontal regions are consistent with previous studies showing
that precipitation over oceanic storm‐tracks is predominantly associated with
cold fronts, whereas over continental regions in the Northern Hemisphere it
tends to be linked to warm fronts (Catto et al., 2012). Given that many of the
AR landfalls over the Iberian Peninsula occur close to the coastline, it is
plausible that cold frontal dynamics, often associated with stronger uplift
mechanisms, dominate in these cases enhancing precipitation rates when ARs
and cold fronts co‐occur. The stronger lifting mechanisms associated with
cold fronts, combined with the enhanced moisture transport by ARs, can lead
to more intense precipitation. In contrast, warm fronts are typically associated
with more gradual lifting and weaker convection, which may explain the
lower precipitation intensities observed.

4.3. Precipitation Associated to Iberian ARs

Finally, we analyze the contribution of the ARs to precipitation over the IP.
To obtain this contribution, the precipitation associated to each AR event (as
defined in Section 2.3) was integrated over the entire period of study for each
precipitation data set. In absolute terms, the maximum precipitation associ-
ated with ARs occurs in the northwest of the Iberian Peninsula regardless of
the data set used (Figure S5 in Supporting Information S1). This is due to the
highest frequency of the ARs landfalling in this region, maximum IVT, and
orographic enhancement. Based on the ERA5 and IB01 data sets, the
maximum absolute values occur in the north of Portugal near the Gerês
mountain range (in the Peneda‐Gerês National Park) where ARs contribute
with roughly 640 mm (ERA5) or 550 mm (IB01) during an average year.
Previous studies (Blamey et al., 2018; Gimeno et al., 2014) have shown
already that mountainous regions, especially the slopes, are affected by pre-
cipitation associated with ARs. According to E‐OBS, the maximum absolute
value of precipitation associated with ARs (roughly 510 mm) occurs at the
coast of Galicia (Spain), near Vigo and Pontevedra.

The IB01 regional product has the best spatial resolution among the three data
sets, allowing, for example, a better assessment of the orographic enhance-
ment of precipitation compared to E‐OBS and ERA5 (Figure S6 in Sup-
porting Information S1). However, this product has the most limited temporal
coverage (ending in 2015).

Figure 12 shows the precipitation associated with ARs, as a percentage of the
total annual precipitation, according to the three different data sets used in this
study. The spatial distribution shown in these maps is very similar to the one
of the total annual precipitation (Figure S6 in Supporting Information S1)
except at the north of Spain (where, based on the IP01, the mean total annual
precipitation reaches values higher than 1,500 mm near the Cantabrian and
the Pyrenees mountain ranges, with ARs contributing less than 12% to this
value). In relative terms, the highest ARs contribution to total precipitation
occurs at the northwest coast of the IP between Santiago de Compostela
(SCO) and Porto (OPO) where the mean total annual precipitation reaches
values higher than 1,500 mm, with ARs contributing more than 24% to this

value, regardless of the data set used. It should be noted that these values are derived from a 42 (ERA5 and E‐
OBS) or 37‐year (IB01) timeframe, and in certain years, the contributions may exhibit significantly higher values
than the average percentages shown here.

The relative mean contribution of ARs to total annual precipitation (Figure 12) shows a strong north‐south
gradient in Portugal and west‐east in Spain. At the eastern coast of Spain, near the Mediterranean Sea, the

Figure 12. Atmospheric rivers contribution (%) to IP total precipitation based
on: (a) IB01 data set during 1979–2015, (b) E‐OBS data set during
1979–2020, and (c) ERA5 reanalysis during 1979–2020. SCO—Santiago de
Compostela, OPO—Oporto, LIS—Lisbon, and FAR—Faro.
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contribution of ARs to total precipitation reaches its minimum level below
3%. Table 1 presents mean ARs contributions to annual precipitation at four
cities located on the western IP distributed from north to south: Santiago de
Compostela (SCO), Porto (OPO), Lisbon (LIS), and Faro (FAR).

According to these results, Santiago de Compostela, located about 40 km
from the Atlantic Ocean, has the highest contribution of ARs to the total
annual precipitation (ranging from 26.7% based on ERA5 to 31.1% based on
E‐OBS). Faro, in the Portuguese southern coast, has the lowest contribution
ranging from 13.5% (IB01) to 16.6% (ERA5). It should be noted that the
difference between the IB01 estimate and E‐OBS and ERA5 ones for Faro
cannot be explained by the different periods considered in the analysis, as
shown in Tables S1 and S2 in Supporting Information S1. These values align
with the results from Lavers and Villarini (2015), which attribute about
20%–30% of all precipitation in parts of Western Europe to ARs.

The significant contribution of ARs to the total annual precipitation in these cities shows, on the one hand, their
important role in sustaining local water resources and, on the other hand, also raises awareness of the potential for
enhanced risk of flooding and the need for resilient urban planning strategies.

5. Conclusions
In this work, an automatic AR detection algorithm was applied to IVT fields of ERA5 reanalysis for the period
1979–2020. The characteristics of persistent ARs (lasting at least 18 hr) affecting the IP, their relationship with
extratropical fronts, and their associated precipitation were analyzed for the entire study period and, in more
detail, for three case studies. Applying the same algorithm to ERA‐Interim shows similar results with the
climatology of the ARs affecting the IP in line with previous studies (Ramos et al., 2015, 2018). The use of ERA5,
with higher spatial and temporal resolution, shows an advantage both in AR tracking, association of ARs with
fronts and impact on IP precipitation.

The case studies show the presence of extratropical cyclones and associated fronts in different phases of the AR
life cycle. In the October 1979 AR event, one can observe an AR located between the cold and warm fronts with
the cold front moving cyclonically toward the warm front and sweeping the warm and moist air in the warm
sector, creating an elongated band of high IVT values, as described by Dacre et al. (2015). In the other two case
studies (storms Gong and Ana), the ARs were affected by two extratropical cyclones and respective frontal
systems. In both cases, the second cyclone formed through explosive cyclogenesis north of the AR after the
landfall of the initial cyclone. Long‐term analysis during 1979–2020 showed that most of the ARs affecting Iberia
are associated with extratropical cyclones and fronts. Furthermore, the analysis revealed that ARs are more
frequently located closer to the cold front rather than the warm front. The analysis of the relationship between
Iberian ARs and frontal regions also shows heavier precipitation located near fronts and higher values associated
with cold fronts compared to warm fronts.

The effects of the ARs on the IP precipitation were studied using ERA5 and two gridded observational data sets
(IB01 and E‐OBS) available at daily temporal resolution. Persistent ARs showed a significant contribution to the
total annual precipitation over IP with higher values in the northwestern region as well as in the mountainous
regions. The magnitude of this contribution is higher in the north of the IP and decreases toward the south with
persistent ARs being responsible for∼30% of the annual precipitation in Santiago de Compostela,∼27% in Porto,
∼20% in Lisbon, and ∼16% in Faro.

The results of this study demonstrate the key role that ARs play in the hydrological cycle of the Iberian Peninsula
and their importance for sustainable management of water resources in the study region. The importance of
extratropical fronts during an AR life cycle is also shown. This relationship needs to be further investigated, in
particular, how it evolves from AR formation until AR depletion.
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Table 1
Contribution of Atmospheric Rivers to the Total Annual Precipitation

City
IB01 E‐OBS ERA5

1979–2015 1979–2020 1979–2020

SCO 29.5 31.3 26.7

OPO 26.3 28.2 27.5

LIS 19.9 23.2 19.9

FAR 13.5 16.2 16.6

Note. Mean annual ARs contribution to total precipitation (%), for Santiago de
Compostela (SCO), Porto (OPO), Lisbon (LIS), and Faro (FAR), according to
Iberia01 (1979–2015), E‐OBS (1979–2020), and ERA5 (1979–2020) data
sets.
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Data Availability Statement
E‐OBS version 23.1e, ERA5, and ERA‐Interim data produced by ECMWF are available through the Copernicus
Climate Data Store (Copernicus Climate Change Service, 2020, 2023a, 2023b). The Iberia01 data are available
from Gutiérrez et al. (2019). The atmospheric river detection catalog is available at https://doi.org/10.5281/
zenodo.15120540 (Luís et al., 2025).
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