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ARTICLE INFO ABSTRACT

Keywords: This study analyses the contribution of the tropical-origin cyclones (TCs) to monthly rainfall amounts in the
Tropical cyclones Euroregion Galicia—Northern Portugal (EG-NP) from 1980 to 2018, while simultaneously determines the mois-
Precipitation

ture sources that generate this TCs-related precipitation over the EG-NP region. We quantified the amount of
rainfall contributed by TCs using the high resolution Multi-Source Weighted-Ensemble Precipitation dataset,
and the identification of the sources of moisture was performed by applying a Lagrangian diagnostic method. The
EG-NP region was impacted by 30 TCs during the study period, distributed from August to November, with
September and October showing the highest frequency, with 10 and 13 TCs respectively. Mostly, TCs influenced
the study region after undergoing an extratropical transition, however, a few well know events, such as Ophelia
(October 2017) and Leslie (October 2018) still impacted with hurricane category 1 on the Saffir-Simpson wind
scale. On average, the TCs-related precipitation accounted for ~4.2% of mean rainfall from August to November,
although September with ~7.1% exhibited the largest contribution. Likewise, the highest TCs-related rainfall
was found towards the western and northern region of EG-NP. Furthermore, during the passage dates, TCs ob-
tained most of the precipitating moisture (~75%) from the subtropical North Atlantic Ocean. On the other, the
traditional climatological moisture sources for the EG-NP came from the Atlantic coast of Morocco and the
Iberian Peninsula during August and October, from the western Mediterranean Sea in September, and a weak
pattern from the Cantabrian Sea in November. These findings could be useful for future studies on understanding
the possible impacts caused by TCs in this region in a warmer climate.
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mid-level humidity), microscale cloud microphysical processes and
vortex-scale convective circulations (Wang and Wu, 2004; Hendricks

1. Introduction

Tropical-origin cyclones, known as tropical cyclones (TCs), are
weather systems that every year not only provoke natural disasters in
tropical regions but also in mid-latitudes (Evans et al., 2017; Zhao et al.,
2018; Bieli et al., 2019; Keller et al., 2019). The increasing population
density in coastal areas, the significant modification of coastal zones and
the development of infrastructures in these areas increase the vulnera-
bility to TCs impacts.

The formation and development of TCs are controlled by atmo-
spheric and ocean large-scale circulations (e.g. weak vertical wind shear,
sea surface temperature, ocean surface feedback, ocean heat content and

et al.,, 2010; Montgomery and Smith, 2017). Additionally, it is well
known that climate variability modes influence TC activity by control-
ling large-scale atmospheric and ocean conditions. As expected, the El
Nino - Southern Oscillation (ENSO) coupled pattern plays a major role
in terms of TC variability. For example, during the warm phase (El Nino)
the genesis of TCs is reduced in the North Atlantic Ocean (NATL), but it
is enhanced during the cold phase or La Nina (Landsea, 2000; Bell et al.,
2014; Patricola et al., 2014; Boudreault et al., 2017; Klotzbach et al.,
2017). Meanwhile, several authors have confirmed that the positive
phase of the North Atlantic Oscillation (NAO) suppresses the frequency
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of TC genesis in NATL (Elsner et al., 2000; McCloskey et al., 2013; Zhang
et al., 2022). In addition, TCs trajectories are modulated by the large-
scale steering flow linked to the strength and position of the North
Atlantic Subtropical High (NASH) pressure system. Colbert and Soden
(2012) noted that during El Nino and positive NAO, the NASH weakens
and shifts eastward, which results in anomalous cyclonic flow in the
eastern mid-Atlantic, increasing the frequency of recurving TCs and thus
the probability that a TC may impact western Europe.

1.1. Motivation and state of the art

Despite their destructive capacity, TCs play a key role in the hy-
drological cycle over the tropical and mid-latitudes regions (Jiang and
Zipser, 2010; Kam et al., 2013; Khouakhi et al., 2017; Yang et al., 2018),
contributing significantly to total rainfall amounts. For example, TCs-
related precipitations represent ~10-30% of total rainfall over East
Asia (Guo et al., 2017), ~20-40% over northern Australia (Dare et al.,
2012), ~11% over Cuba (Fernandez-Alvarez et al., 2020), and ~ 8-12%
along the southeastern United States coast (Prat and Nelson, 2013).
Khouakhi et al. (2017) found that TCs account for 35% - 50% of the
mean annual rainfall in northwestern Australia, southeastern China, the
northern Philippines, and Baja California (Mexico). Xu et al. (2017)
showed that the NATL basin and Eastern Pacific TCs contributed ~14%
and ~ 19% of total moisture flux onto North America, respectively.
Through a global study, Jiang and Zipser (2010) found that the TCs'
contribution to total rainfall accounted for ~3-4%, ~5%, ~7%, ~7-8%,
~8-9%, and ~ 11% in the South Pacific, Northern Indian Ocean, East
Central Pacific, Southern Indian Ocean, NATL, and Western North Pa-
cific basins, respectively. This study also revealed that TCs contribute
approximately 5% of the mean annual rainfall in the Iberian Peninsula
(IP), especially in the Euroregion Galicia — Northern Portugal (EG-NP).
Most recently, Baker et al. (2021) studied the variability of NATL
tropical and post-tropical cyclones over mid-latitude regions, revealing
that ~25% and ~10% of TCs made landfall across northeastern North
America and Europe, respectively, and Tan et al. (2022) noted that rapid
intensification process in TCs tend to increase TC-related extreme
rainfall over land.

During poleward propagation, TCs lose their tropical characteristics
and often undergo extratropical transition caused by colder ocean water
and changes in the mid-latitude environment (Hart and Evans, 2001;
Evans et al., 2017). Nevertheless, some TCs can influence the weather in
western Europe with strong winds and intense rainfall (Hickey, 2011).
The last decade has been characterized by a rise of TCs in the NATL
sector, with an increase in TCs that describe a trajectory that brought
them closer to the Azores archipelago or even the northwestern IP (Lima
et al., 2021). Some TCs recurving to the northeastern in the central
NATL are steered by the westerly winds to the vicinity of the IP coast and
Great Britain. For example, TC Ophelia, in October 2017, rose further
northern than any other category 2 Hurricane (maximum sustained
wind speed on surface ranging from 154 to 177 km/h) on the Saffir-
Simpson wind scale and eventually struck Ireland with strong winds of
approximately 190 km/h, killing at least three people (Altman et al.,
2018; Stewart, 2018). Another important example of TCs that moved
circa the western IP coast was TC Lorenzo on October 2019, which is
considered the most intense TC observed in the eastern NATL basin
(Zelinsky, 2019; Lima et al., 2021). Recently, remnants TC Danielle in
September 2022 caused heavy precipitation on the western coast of
Portugal (see Floods in Portugal at https://floodlist.com/europe/po
rtugal-floods-manteigas-september-2022).

Studies related to TCs in mid-latitudes have been commonly focused
on the analysis of the structural changes during extratropical transitions
(Studholme et al., 2015; Evans et al., 2017; Bieli et al., 2019; Laurila
et al., 2019). Several authors have also pointed out that the rising of the
sea surface temperature (SST) due to global warming modifies the
incidence of TCs (Emanuel et al., 2008; Emanuel and Sobel, 2013;
Manganello et al., 2014; Balaguru et al., 2016; Knutson et al., 2019) and,
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thus, it is expected an increase in the risk of damage caused by these
events in mid-latitudes (Haarsma et al., 2013). Indeed, previous research
findings (Zhao and Held, 2012; Murakami et al., 2012; Daloz and
Camargo, 2018; Sharmila and Walsh, 2018; Studholme and Gulev,
2018) highlighted that global warming causes a poleward and eastward
extension of the TCs genesis areas in the NATL basin, explained by
changes in convection or the poleward extension of the Hadley Cell
circulation (Sharmila and Walsh, 2018; Studholme and Gulev, 2018).
These projections imply that future TCs could increasingly influence
extreme storm conditions in mid-latitudes, and thus, an increased like-
lihood of western Europe being hit by strong storms is expected
(Haarsma et al., 2013; Dekker et al., 2018). In addition, Baatsen et al.
(2015) showed from model simulations that future TCs reattain a lower
warm core when impacting Europe, which implies the hazards of both
tropical and extratropical systems.

Based on projections for TC activity in a warmer climate, the
geographical position of the IP makes it more vulnerable to the impact of
these storms (Baatsen et al., 2015). In this context, it is expected to
observe an increment in the contribution of TCs to the precipitation
totals in the IP, which could be more noticeable in the EG-NP. Therefore,
this study seeks to examine the contribution of TCs to monthly rainfall
amounts in the EG-NP. This goal will be addressed using a gridded
precipitation dataset and identifying the moisture contributions for
precipitation associated with TCs over the EG-NP. For the latter purpose,
the extensively used Lagrangian approach (see Gimeno et al., 2012,
2020, and references therein) was applied using the FLEXible PARTicle
(FLEXPART) dispersion model (Stohl et al., 2005), due to its skillful for
tracking atmospheric particles in space and time (Winschall et al.,
2014). This approach has been previously used to study the moisture
source for meteorological systems such as low-level jets (Algarra et al.,
2019; Zhang et al., 2019; Braz et al., 2021), atmospheric rivers (Liberato
etal., 2012; Algarra et al., 2020), and a range of cyclone types, including
extratropical (Liberato et al., 2013; Papritz et al., 2021; Coll-Hidalgo
et al., 2022a), Mediterranean (Flaounas et al., 2019; Coll-Hidalgo et al.,
2022b) and tropical (Pérez-Alarcon et al., 2022a, 2022b, 2022c¢, 2022d)
cyclones.

The results should contribute to a better understanding of the ex-
pected changes in the hydrological cycle in the EG-NP region linked to
TCs activity under a warmer climate. The paper is organized as follows.
Section 2 provides a detailed description of the data, methods and the
Lagrangian moisture source identification method, while the results and
discussion are presented in Section 3. Finally, the paper ends with the
conclusions and plans for future works in Section 4.

1.2. Study area

The EG-NP, with a surface of 50,853 kmz, is a cross-border region
located at northwestern IP (Pardellas and Padin, 2017) characterized by
a complex terrain (Curi¢ et al., 2003). Politically it englobes the
autonomous northwest Spanish community of Galicia (composed by
four Provinces: Pontevedra, Ourense, Coruna and Lugo) and the north-
ern region of Portugal (composed by the sub-regions of Minho-Lima,
Cavado, Ave, Grande Porto, Tamega, Entre Douro e Vouga, Douro,
and Tras-os-Montes e Alto Douro regions). The EG-NP extends from
40.5°N to 44°N in latitude and 6°W to 9.5°W in longitude (Fig. 1).

The EG-NP is bounded by the North Atlantic Ocean and the Canta-
brian Sea, which implies a high oceanic influence on the climate of
coastal and adjacent areas (Lorenzo et al., 2010a, 2010b), with mild
summers and rainy winters; however, the interior of the region is
characterized by a continental climate, with dry summers and cold
winters (Gomez-Gesteira et al., 2011). This region is commonly
impacted by extratropical cyclones (Trigo, 2006) and cut-off-low sys-
tems (Nieto et al., 2007), and the intensity of winter precipitation is
influenced by the orography near the coastline. Furthermore, the
advection of cold and moist air masses from the North Atlantic Ocean
frequently characterize its autumn season (Valero et al., 2009). Previous
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Fig. 1. (a) Geographic location of Euroregion Galicia — Northern Portugal (EG-NP, red box) in the Iberian Peninsula. (b) Zoom of EG-NP region. The boundaries of
Galicia provinces and northern Portugal subregions are delimited with solid black line, while the blue solid line represents the boundary between Spain and Portugal
in the EG-NP region. The topography data was obtained from https://www.ngdc.noaa.gov/mgg/global/global.html (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

studies have shown that the variability of precipitation and temperature
is influenced by climatic variability modes such as NAO and also by
ENSO (Lorenzo and Taboada, 2005; de Castro et al., 2006; Trigo et al.,
2008; Lorenzo et al., 2010a; Ramos et al., 2010). In addition, Sori et al.
(2020) noted that hydrological droughts are mainly controlled by dry
and wet conditions at shorter and mid-to-long-term temporal scales,
with a marked influence during the rainy months (December—April).

2. Materials and methods
2.1. Data

The North Atlantic hurricane database (HURDAT?2; Landsea and
Franklin, 2013) was used to extract the TCs position every 6 h. This
database contains TC data since 1851. However, according to several
authors (Vecchi and Knutson, 2008, 2011; Kossin et al., 2013; Schreck
et al., 2014; Delgado et al., 2018; Bhatia et al., 2019), the quality and
robustness of these historical records is considerably higher after the
beginning of the meteorological satellite era in the later 1970s. The TC
size was obtained from the TCSize database developed by Pérez-Alarcon
et al. (2021, 2022d) using the radial wind profile developed by Wil-
loughby et al. (2006).

To determine the rainfall amounts that the TCs produced in com-
parison with the monthly climatology over the EG-NP and to compute
the Standardized Precipitation Index (SPI), the daily precipitation totals
from the Multi-Source Weighted-Ensemble Precipitation (MSWEP)
database in version 2 (Beck et al., 2019) was used. The MSWEP has a
spatial resolution of 0.1° x 0.1° in latitude and longitude, and 3 h of
temporal resolution. This dataset combines data from many sources such
as gauge stations, satellite and reanalysis data, and it is freely available
from 1979.

To identify the moisture sources for TCs-related precipitation over
the EG-NP, the global outputs from the FLEXPART model (Stohl et al.,
2005) were used. FLEXPART simulations were performed by the Envi-
ronmental Physics Laboratory (EPhysLab) of the Universidade de Vigo,
Spain. These FLEXPART model outputs have been used extensively for
similar purposes by this research group in the last decade (see Gimeno
et al., 2012, 2020 and references therein). The model was fed by the 6-
hourly ERA-Interim reanalysis (Dee et al., 2011) from the European
Centre for Medium Range Weather Forecasting (ECMWF) at 1° x 1° of
horizontal resolution and on 61 vertical levels. For the model simula-
tions approximately 2 million particles were homogeneously globally
distributed and dispersed following the 3D wind fields. The model runs

were performed in a spacing grid of 1° in latitude and longitude and the
same vertical levels of the input data. In addition, as global models are
unable to resolve individual convective cells, the model used the con-
vection parameterization proposed by Emanuel and Zivkovi¢-Rothman
(1999) to account for subgrid-scale convective transport. Likewise, to
account for turbulence in the planetary boundary layer (PBL), FLEX-
PART solved Langevin equations for Gaussian turbulence (Stohl and
Thomson, 1999). The PBL height was determined using a combination of
the Richardson number and the lifting parcel technique (Vogelezang and
Holtslag, 1996). The FLEXPART outputs (including parcel position and
specific humidity) are available every 6 h from January 1980 to July
20109.

Based on the time span of the different datasets, the study period was
set from 1980 to 2018. Furthermore, to gain a physical insight of the
moisture transport mechanisms that transported the atmospheric hu-
midity from the moisture sources towards the TCs location and the EG-
NP, the vertical integrated moisture flux (VIMF) was computed every 6 h
from the vertically integrated northward and eastward moisture fluxes
from ERA-I reanalysis data. Additionally, as the recurving TCs frequency
is modulated by ENSO and NAO (e.g. Colbert and Soden, 2012;
McCloskey et al., 2013; Sainsbury et al., 2022), the Oceanic Nino Index
(ONI) based on Nino 3.4 region (5°S-5°N, 170°~120°W) and the NAO
index (Jones et al., 1997) were used to investigate if these modes
modulate the frequency of TCs in the EG-NP region.

2.2. Methodology

2.2.1. Identification of TCs that reached the Euroregion Galicia — Northern
Portugal and assessment of its impacts

In this study, a TC was conserved to have influenced the EG-NP re-
gion if, along its trajectory, at least once, the region was inner the TC
outer radius. Previous studies used ~500-600 km as a distance fixed
threshold for the TC outer radius definition (Englehart and Douglas,
2001; Jiang and Zipser, 2010; Dominguez and Magana, 2018; Zhang
et al., 2018; Fernandez-Alvarez et al., 2020), although all of them were
performed for tropical regions. According to previous works, TCs in-
crease in size during their poleward propagation as a response to envi-
ronmental changes that favor baroclinic growth at the expenses of the
more compact and symmetric barotropic behavior of typical TCs (Hart
and Evans, 2001; Kimball and Mulekar, 2004; Pérez-Alarcon et al.,
2021). Therefore, the outer radius of TCs from the TCSize database was
used as distance threshold to determine if a TC impacted the EG-NP
region.


https://www.ngdc.noaa.gov/mgg/global/global.html

A. Pérez-Alarcon et al.

To evaluate the influence of ENSO and NAO on TC passage over or
near the EG-NP region, TC events were grouped during the positive and
negative phase of both climate modes. A TC season was classified as El
Nino, La Nina or neutral phase using the ONI. That is, if there are five
consecutive months of the year in which the 3-month running mean ONI
is greater (lower) than 0.5 °C (—0.5 °C), that year was classified as an El
Nino (La Nina) season. Otherwise, it was categorized as a neutral TC
season. This approach has been previously applied in several works (e.g.
Colbert and Soden, 2012; Bhardwaj et al., 2019). In addition, TCs that
influenced the EG-NP were separated into positive and negative phases
of NAO (without a neutral class), according to the NAO phase at the TC
genesis time, in agreement with Colbert and Soden (2012).

2.2.2. Identification of moisture sources for TCs-related precipitation

To identify the origin of TCs-related precipitation along the TCs
trajectories during the considered days to the EG-NP region, the mois-
ture source diagnostic method developed by Sodemann et al. (2008) was
used. This moisture tracking method has been recently implemented in
the TRansport Of water Vapor (TROVA) tool (Fernandez-Alvarez et al.,
2022). Here we do not separate the moisture uptake obtained from the
atmospheric boundary layer and that from the free atmosphere. The
method is based on the Lagrangian approach to the humidity budget
(Stohl and James, 2004, 2005), in which the atmospheric moisture
content can be modified by moisture gains or losses due to evaporation
or precipitation, respectively. In contrast to Stohl and James (2004,
2005) formulation, TROVA proportionally discounts precipitation en
route to all earlier moisture uptakes (MUs) by evaluating individually
the particles backward trajectories from the end to the start point. The
air parcel trajectories from the previously described FLEXPART model
global outputs were used.

As our focus is the final precipitation within the TC outer radius, the
precipitant particles over the target region were backtracked in time for
up to 10 days (the mean water vapor residence time in the atmosphere

August

October
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(b)

September | 3

Atmospheric Research 285 (2023) 106640

(Numaguti, 1999; van Der Ent and Tuinenburg, 2017; Gimeno et al.,
2021)). The precipitant particles are defined as those in which the
specific humidity decreases by >0.1 g/kg before arriving at the target
region (Laderach and Sodemann, 2016). As commented previously, the
target region is the area enclosed by the outer radius of each TC position
according to the TCSize database during the TCs passages dates.

Furthermore, the kernel density estimation (KDE; Rosenblatt, 1956;
Parzen, 1962) was used to gain an overview of the trajectories of pre-
cipitant particles linked to TCs-related precipitation over the EG-NP
region. The KDE is a non-parametric technique for estimation of prob-
ability density function (PDF; Weglarczyk, 2018). The widely applied
Gaussian kernel (Wahiduzzaman and Yeasmin, 2020) was chosen for our
purposes as it is computationally efficient and assumes a uniform rela-
tionship between the variables under consideration (Eckert-Gallup and
Martin, 2016).

3. Results and discussion
3.1. TCs that impacted the Euroregion Galicia — Northern Portugal

The trajectories of the TCs that reached EG-NP during the study
period (1980 to 2018) are shown in Fig. 2a. During this period, 598 TCs
were formed over the NATL basin, but only 30 TCs (~5%) influenced the
EG-NP region according to our criterion. Previously, Baker et al. (2021)
using reanalysis datasets found that approximately 10% of NATL TCs
from 1979 to 2018 impacted the European coastline. The annual fre-
quency of TCs in the North Atlantic basin that impacted the EG-NP re-
gion (Fig. 2b) reveals that the highest frequency occurred in 1998 and
2018, with 4 and 3 TCs, respectively. Generically, those TCs influencing
the EG-NP region can be classified as “recurving ocean TCs”, according
to the track classification of Colbert and Soden (2012); interestingly,
only one TC formed in the Caribbean Sea (Michael (AL142018))
impacted the EG-NP. Fig. 2a also reveals that seven of the TCs identified

1-AL181981
2 - AL051986
3 - AL021987
4 - AL031991
5 - AL061992
6 - AL101992
7 - AL071993
8 - AL101995
9 - AL071997
10 - AL041998
11 - AL091998
12 - AL101998
13 - AL111998
14 - AL132000
15 - AL162000
16 - AL242005
17 - AL292005

5°N

Number of TCs
S = ONN

1980 1985 1990 1995
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18 - AL082006
19 - AL092006
20 - AL092009
21 - AL082012
22 - AL172012
23 - AL142013
24 - AL032014
25 - AL112015
26 - AL152017
27 - AL172017
28 - AL082018
29 - AL132018
2020 30 - AL142018

2005 2010 2015

TC seasons

Fig. 2. (a) Trajectory of the 30 TCs that impacted the Euroregion Galicia — Northern Portugal (EG-NP, highlighted in light-green). The dashed coloured lines (for
each genesis month) represent the full TC trajectory and the stars represent the genesis point. The trajectories in solid lines represent the part of the track where the
outer radio of each individual TC impacts the EG-NP region. (b) Annual frequency of TCs in the whole North Atlantic basin (in blue) and the subgroup that impacted
the EG-NP region (in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(~23%) made landfall in the IP and only one of them in the EG-NP
(Frances (AL101992)).

Additionally, the monthly frequency exhibits 5 TCs in August, 10 in
September, 13 in October and only 2 in November. It is worth noting
that TCs generally impacted the EG-NP region at the end of their lifetime
(see Fig. 2a), thus, the monthly genesis frequency of those TCs notably
differ from the monthly frequency of influence. Indeed, TCs that
impacted the EG-NP region were commonly formed in September (15
TCs), followed by August and October (6 TC each month), November (2
TCs) and July (only 1), as indicated in Fig. 2a.

This work also explored the linkages between ENSO and NAO and
the frequency of TCs that impacted the EG-NP region, counting the
number of TCs during both warm and cold phases. We found that 23.3%
(20.0%) of TCs impacts occurred under El Nino (La Nina) conditions,
and no large differences were found during both phases of NAO, 43.3%
during positive NAO and 56.7% in the negative phase. These results
suggest that ENSO and NAO do not modulate TCs influence on the EG-
NP region.

The main characteristics of each single TC that impacted the EG-NP
region and their stage of evolution when they impacted the region are
displayed in Table 1. Most of the TCs impacted the EG-NP during their
extratropical stage (EX), with the exception of Ophelia (AL172017) and
Leslie (AL132018) that impacted first as hurricanes category 1
(maximum sustained wind speed on surface ranging from 119 to 153
km/h) on the Saffir-Simpson scale (HU1), and later during their extra-
tropical stage, Vince (AL242005) as tropical storm, and Gordon
(AL082012) as a low pressure system. The occurrence of a few hurri-
canes that have made landfall in recent years is in line with results by
Lima et al. (2021) that have confirmed the increasing occurrence of
stronger TCs and hurricanes in the region around Azores and Iberia.
Regarding their intensities, they ranged from 55 to 120 km/h during the
extratropical stage or tropical storm category, being higher, as it is ex-
pected, during hurricane category, from 120 to 148 km/h.

Table 1
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3.2. TC rainfall contribution to Euroregion Galicia — Northern Portugal

The spatial patterns of monthly rainfall over the EG-NP, from August
to November 1980-2018 are presented in Fig. 3. The climatological
average rainfall for each month (Fig. 3a) shows that August is the driest
month in the region, with mean rainfall amounts ranging from 40 to 50
mm in northern EG-NP, and <30 mm in the southern part. Besides, the
mean monthly rainfall ranges from 75 to 100 mm in September in the
central region, while in October and November the monthly rainfall
varies from 125 to 225 mm. In these last two months, the highest
accumulated precipitations are located in the central-western part of the
EG-NP in October and spread across the western coast in November.
Overall, the highest monthly rainfall is located towards the western EG-
NP. These results agree with previous studies (Lorenzo and Taboada,
2005; de Castro et al., 2006), who found that the precipitation in EG-NP
is characterized by a maximum in winter, from November to February,
and a minimum in summer, from June to August.

The monthly average rainfall only including those years in which
occurred a TC reaching the EG-NP is depicted in Fig. 3b. All four maps
reveal that the average precipitation is clearly higher than the corre-
sponding long-term average rainfall in the whole study period. In
October and November, the mean rainfall associated to the TCs reached
values higher than 275 mm in most of the EG-NP region. Meanwhile,
over the central-northern EG-NP ranged from 100 to 175 mm in August
and November.

Additionally, the monthly average TC-related precipitation, and the
percentage of the TCs contribution to the monthly average rainfall
concerning the years in which a TC passage occurred are shown in
Fig. 3c and Fig. 3d, respectively. In August, the average TCs-related
precipitation ranges from 3 mm to 5 mm in the most sectors of the
EG-NP (Fig. 3c), but reached up to 10-12.5 mm in western Galicia,
representing ~5-6% of total monthly mean precipitation (Fig. 3d).
September and October both showed a similar spatial pattern, with the

Tropical-origin cyclones (TCs) characteristics that impacted the Euroregion Galicia — Northern Portugal (EG-NP) from HURDAT2 database in the period 1980-2018.
The maximum wind (km/h) refers to the wind peak registered by the TC during the passage dates, and the stage indicates the TC phases, EX: Extratropical stage (TC
undergo extratropical transition), HU;: Category 1 hurricane (maximum sustained wind speed on surface ranging from 119 to 153 km/h) on the Saffir-Simpson wind
scale, TS: Tropical Storm, LO: low system that is neither a TC, a subtropical cyclone, nor an extratropical cyclone (of any intensity).

Year TC Code TC Name Impact start s Impacts ends Maximum wind (km/h) Stage
1981 AL181981 Irene 2 October 3 October 83.30 EX
1986 AL051986 Charley 25 August 26 August 92.50 EX
1987 AL021987 Arlene 25 August 28 August 83.30 EX
1991 AL031991 Bob 23 August 29 August 55.30 EX
1992 AL061992 Charley 28 September 29 September 83.30 EX
AL101992 Frances 29 October 30 October 74.00 EX
1993 AL071993 Floyd 11 September 13 September 115.2 EX
1995 AL101995 Iris 6 September 7 September 120.1 EX
1997 AL071997 Erika 18 September 19 September 111.1 EX
1998 AL041998 Danielle 6 September 6 September 111.2 EX
AL091998 Ivan 27 September 27 September 83.30 EX
AL101998 Jeanne 2 October 4 October 74.10 EX
AL111998 Karl 28 September 29 September 64.80 EX
2000 AL132000 Isaac 3 October 3 October 110.1 EX
AL162000 Leslie 10 October 10 October 111.0 EX
2005 AL242005 Vince 10 October 11 October 83.30 TS
AL292005 Delta 29 November 29 November 55.50 EX
2006 AL082006 Gordon 21 September 24 September 120.0 EX
AL092006 Helene 26 September 27 September 83.00 EX
2009 AL092009 Grace 5 October 6 October 101.7 TS, EX
2012 AL082012 Gordon 21 August 21 August 83.30 LO
AL172012 Rafael 24 October 26 October 74.00 EX
2013 AL142013 Melissa 23 November 23 November 64.80 EX
2014 AL032014 Bertha 9 August 9 August 64.80 EX
2015 AL112015 Joaquin 9 October 15 October 83.30 EX
2017 AL152017 Maria 2 October 2 October 55.50 EX
AL172017 Ophelia 15 October 16 October 148.0 HU,, EX
2018 AL082018 Helene 17 September 17 September 92.50 EX
AL132018 Leslie 13 October 14 October 120.0 HU,, EX
AL142018 Michael 10 October 15 October 101.7 EX




A. Pérez-Alarcon et al.

@) Auggst September
PEPSY g s
PECYE i ‘ 43°N
42.5°N 4’4 ! 42.5°N
42°N 20 - ! 42°N
41.5°N ) } 41.5°N
e arn

9°W vﬁ.S“W 8°W 7.5°W 7°W  6.5°W 9°W :S.5°W 8°W  7.5°W  7°W  6.5°W

(b)

Atmospheric Research 285 (2023) 106640

October November

43.5°N 43.5°N

42.5°N 42.5°N

41.5°N 41.5°N

41°N

9°W B5W 8W 75W 7°W 65°W 9°W  8.5°W 8°W 7.5°W T7°W 6.5°W

43.5°N ~— 43.5°N 43.5°N 43.5°N
43°N 43°N 43°N 43°N
42.5°N 42.5°N 42.5°N 42.5°N
42°N 42°N 42°N 42°N
41.5°N 41.5°N 41.5°N 41.5°N
21°N 41°N 41°N 41°N
9°W 8.5°W  8°W  7.5°W  7°W  6.5°W 9W BSTW BW T5W 7UW 6.5°W oW 85°W 8°W 75W T°W 65°W W BSW BW TSW 7W 6.5°W
(© s -
43.5°N 43.5°N ul r L= 43.5°N = 43.5°N
43°N PECTE 43°N 43°N
L o
° ° 7 42.5°N y 42.5°N
42.5°N 42.5°N = ‘2
2 2
42°N 42°N | 42°N g 42°N
41.5°N 41.5°N 41.5°N 41.5°N
41°N 41°N 41°N 41°N
oW BSW BW TSW TW 6.5°W W BEW BW T5W W 65W W B5W 8W T5W TW  65°W 9°W  85°W 8°W 7.5°W 7°W 6.5°W
- ——mm
. . 7.5 10 125 15 17.5 20 225 25 30 35 40 50 60 75 100 125 175 225 275 325 400 600
43.5°N & 43.5°N J‘ 435 439N T2 w
43°N o 43°N 43°N 43°N
— 4 =
42.5°N (' — ; 42.5°N 42.5°N 4 42.5°N
~54 :
42°N P 42°N 42°N f -y v 42°N
41.5°N = " 41.5°N 41.5°N 41.5°N
41°N B 41°N 41°N Fo, & 41°N R

9°W  8.5°W 8°W 7.5°W T7°W 6.5°W 9°W  B5°W 8W T5W 7°W 6.5°W

9°W 85°W 8°W 7.5°W 7°W  6.5°W 9°W 85°W  8°W 7.5°W  7°W  6.5°W

%

___'m

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0 7.5 8.0 85 9.0 9.5

Fig. 3. (a) Climatological average monthly rainfall in the Euroregion Galicia - Northern Portugal in the period 1980-2018 from August to November, (b) Like (a),
but only including the years at which a TC passage occurred, (c¢) Average monthly TC-related precipitation during the TC passage days, (d) Percentage of contribution
of TCs to the monthly average rainfall, computed as the fraction between (c) and (b). Precipitation data from the MSWEP database for the period 1980-2018.

largest TC-related precipitation occurring in October, when the northern
EG-NP receives between 25 and 35 mm. Meanwhile, in September the
southeastern EG-NP accumulated between 20 and 30 mm (Fig. 3c). In
terms of percentage (Fig. 3d), the highest contribution to the monthly
rainfall occurred in September, ranging from 5% to 9% from north to
south, being higher than 9.5% in the southeastern EG-NP, while in
October the contribution varied in the opposite latitudinal direction,
with lower percentages being observed in the south than in the north,
ranging from 5% to 7.5%, respectively. In general, these findings
revealed that the western and northern coastal areas of the EG-NP

received the largest TCs rainfall contribution (in agreement with pre-
vious studies (e.g. Khouakhi et al., 2017)), which can be explained by
the TCs trajectories (see Fig. 2a) during the passage dates. In addition, as
TCs rarely impacts the study region in November (only two cases), the
TC-related precipitation represented less than ~1.0% of the mean
rainfall and confined to northern EG-NP.

A summary of these results can be appreciated in Fig. 4, that shows
the monthly average rainfall for August, September, October and
November (blue bars) and monthly mean TCs-related precipitation (red
bars) from the monthly rainfall only including years at which a TC
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Fig. 4. Average monthly rainfall over the Euroregion Galicia - Northern
Portugal including the years at which a TC passage occurred (blue bars) and
monthly mean TCs-related precipitation (red bars). These overall metrics were
calculated by averaging the rainfall on land grid points from the MSWEP pre-
cipitation database for the period 1980-2018. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

passage occurred in the EG-NP region. The increment in total mean
precipitation from August (105.3 mm) to October (399.9 mm) is quite
notably. Similarity, the TC-related precipitation increases from August
(3.5 mm) to October (25.2 mm), but notably decreases in November
(0.36 mm). The proportion of TC-induced rainfall accounted for ~3.3%
in August, ~7.1% in September, ~6.2% in October, and less than ~0.5%
in November. On average, the TCs-related precipitation amounts rep-
resented approximately 4.2% of the mean rainfall in these four months.
This finding agrees with the results of Khouakhi et al. (2017) in a global
scale study.

However, the relatively low average contribution of a few TCs to
monthly precipitation affecting the EG-NP region, as shown in Fig. 4,
can be slightly misleading. In fact, the few months that were indeed
affected by a TC may have registered an important contribution to the
monthly rainfall. Fig. 5a shows the contribution to the monthly rainfall
during the passage of each TC listed in Table 1. The TC Gordon
(AL082006) achieved the largest contribution in an individual month,
September 2006, accounting for ~51.7% (~60.1 mm) of mean monthly
rainfall. Conversely to the monthly average previously discussed, the
Gordon rainfall was higher on the southeastern EG-NP ranging from 75
to 105 mm (Fig. 5b), which represents approximately 65-80% of the
total precipitation of September 2006 in this area. The second and third
TCs that most contributed to the monthly rainfall in the EG-NP region
were Frances (AL101992, October 1992) and Leslie (AL132018, October
2018), respectively, which, according to historical records of the HUR-
DAT2 database (see Fig. 2a), the first made landfall in the northwestern
EG-NP and both dissipated over the study region. The average Frances
related precipitation (~45 mm) represented ~35% of the mean total
rainfall in October 1992, while the mean rainfall amount registered
during Leslie influence (~31.4 mm) accounted for ~31% of mean
rainfall total in October 2018. Fig. 5c and Fig. 5d also reveal the spatial
distribution of total precipitations during October 1992 and 2018, and
the contribution of Frances and Leslie, respectively. The higher rainfall
totals related to Frances (Fig. 5¢) were found across the northeastern EG-
NP, representing about 40-50% of the monthly rainfall. For Leslie,
although the largest amounts of precipitation were located northeast-
ward, the highest contribution (~35-45%) to monthly rainfall was
detected in the central mountainous region. Finally, it is worth high-
lighting the case of TC Bob (AL031991), which contributed ~30% to the
accumulated precipitations during August 1991 (Fig. 5a) with the
highest related precipitation being recorded in the northern half of EG-

Atmospheric Research 285 (2023) 106640

NP, with a maximum on the west coast of Galicia, providing between
~40-60% (Fig. 5b). However, Bob was responsible for most of the total
precipitation in parts of the southeastern corner of the EG-NP (>90%).
The contributions of the remaining TCs that impacted the EG-NP region
were <25%, and it is easily verified that the lowest contributions
correspond to TCs that passed furthest from the study region (see the
trajectories in Fig. 2a).

We would like to stress that the apparent low contribution of TCs
towards the precipitation in the EG-NP results to a large extent from the
type of comparison performed in both Figs. 3 and 5. In those figures, the
contribution of monthly precipitation (i.e. during months impacted by
TCs) towards the corresponding total monthly precipitation was evalu-
ated. The relatively small number of TCs influencing the precipitation in
this region implies that their contribution is restricted to just a few days
during a small number of years, and therefore, their overall contribution
to the total monthly accumulated precipitation is necessarily small
(<8%) as summarized in Fig. 4. However, if the same assessment is
performed, comparing the average EG-NP precipitation produced by TCs
with the climatological value for the same days, then its contribution
raises substantially to 82% (August), 272% (September) and 170%
(October). Nevertheless, we acknowledge that these apparently very
high values can also be misleading, as they result from the fact summer
months are climatologically dry in the EG-NP region. Thus, average
long-term precipitation of 3 mm can be easily doubled (6 mm) during
months affected by TCs.

3.3. The origin of TCs-related precipitations

To identify the origin of TCs-related precipitation during the dates of
TCs passage (Fig. 6 left panel) in the EG-NP region, the Lagrangian
moisture source diagnostic tool TROVA to the precipitant atmospheric
particle trajectories from the global outputs of the FLEXPART model was
applied. The right panel of Fig. 6 shows the monthly composite clima-
tological moisture uptake and VIMF patterns for the precipitation within
the TC outer radius.

No large differences are observed in the moisture sources for TCs-
related precipitation over the whole area influenced by the TC size
from August to November (Fig. 6, right panel). The highest moisture
contribution (~80%) came from the region spanning between 33°-55°
N and 0°-40° W in the mid-latitudes and subtropical North Atlantic
Ocean, close to the Atlantic IP coast. Nevertheless, the moisture uptake
pattern is more intense and widespread during September than during
October and August, probably due to the concentration of the TC tra-
jectories during the period of influence. Likewise, the core of moisture
sources is slightly shifted to the south in October respect to August and
September. In addition, TCs in September gained moisture from the
remote source located over the eastern coast of the United States,
meanwhile, the North Atlantic Ocean above 20° N of latitude and
around the nuclei of maximum moisture uptake weakly contributed.
Interestingly, the western part of the IP appears also as a moisture
source, being more significant in August (~3.5-4 mm/day) and
September (~2.5-3 mm/day) than in October (~1.5-2 mm/day). The
VIMF pattern during the period of TCs influenced the EG-NP region from
August to October (Fig. 6a-c).

As rarely TCs influenced the EG-NP region during November and the
trajectories described by the two TCs were different (Fig. 6d), the
moisture uptake pattern is notably different from that observed from
August to October. Despite this, again the central NATL acted as the
main moisture source, supplying more than ~65% of the atmospheric
humidity that caused the TCs precipitation. Moreover, the Cantabrian
Sea also supplied large amounts of moisture (~25%).

The probability density function (PDF) of atmospheric particles tra-
jectories that precipitate over the EG-NP region from August to
November, calculated by applying the kernel density estimation (KDE) is
shown in Fig. 7. As can be seen, the precipitant atmospheric particles
over the EG-NP in August (Fig. 7a), frequently traveled from the vicinity
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Fig. 5. (a) Average monthly rainfall over the Euroregion Galicia - Northern Portugal (blue squares) during the TC passage month, average TC-related precipitation
(blue stars) and the percentage of its contribution (green bars) for each TC. In subplots (b-e) are represented the spatial distribution of total rainfall during the TC
passage month (left), TC-related precipitation (center) and its contribution in percentage (right) for (b) TC Gordon (AL082006), ¢) TC Frances (AL101992), (d) TC
Leslie (AL132018), and (e) TC Bob (AL1991). Rainfall data was obtained from the MSWEP database for the period 1980-2018. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

of the Canary Islands, in the Atlantic Ocean, bordering the Atlantic
Morocco coast and over the western IP coast. In September (Fig. 7b), the
highest density of trajectories was observed over the IP, in a
southeastern-southwestern direction. This pattern suggests that the
western Mediterranean Sea is an important moisture source for the
precipitation over EG-NP associated with TCs, despite that it has weakly
contributed to supplying moisture for the total precipitation over the
area within the TC size, as noted above. Furthermore, some precipitating
particles arrived at the EG-NP describing a similar trajectory to that
observed in August, although with less frequency, and others from the
northwestern with origin in the subtropical NATL. During October
(Fig. 7c), the highest density of trajectories was found on the Atlantic
coast of the IP, while November, again exhibited a totally different
pattern to previous months. Due to the small frequency of TC influence
on the EG-NP in this last month, note the weak pattern of the trajectory
density of precipitant particles from the Cantabrian Sea to the northern
EG-NP. Therefore, the analysis for November is of less significance.
Our findings agree with the results from previous studies related to

the origin of the precipitation over the whole IP. According to Gimeno
et al. (2010), the tropical-subtropical North Atlantic Ocean and the
western Mediterranean Sea are the two most important moisture source
regions for IP precipitations, however the moisture contribution from
these two sources varies throughout the year. The tropical-subtropical
North Atlantic Ocean supplied moisture for the IP in winter, but
throughout the year for the EG-NP, while the role of the Mediterranean
Sea as a moisture source for the precipitation in the study region was
restricted to the summer.

4. Summary and conclusions

In this study, we investigated the contribution of tropical-origin cy-
clones (TCs) to the monthly-accumulated rainfall in the Euroregion
Galicia — Northern Portugal (EG-NP), which is located at the north-
western Iberian Peninsula (IP), as well as the origin of TCs-related pre-
cipitation during the dates of TC influencing the EG-NP region. To
quantify the TC-related rainfall the Multi-Source Weighted-Ensemble
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(right panel) for a) August, b) September, ¢) October and d) November.

Precipitation (MSWEP) dataset was used, and to identify the moisture
sources for the precipitation associated with TCs the Lagrangian mois-
ture sources diagnostic method implemented in the TRansport Of water
Vapor (TROVA) tool was applied. The study period was set from 1980 to
2018 according to the availability of the different databases.

The EG-NP constitutes the westernmost part of Europe, being

exposed to the periodic passage of Atlantic storms, i.e., including TCs at
the end of their lifetime (Lorenzo et al., 2010b). During the study period,
30 TCs impacted the EG-NP region, which represented ~5% of TCs
formed over the North Atlantic basin. Thus, the study region was
annually impacted by approximately 0.77 TCs. A simple assessment on
the impact of major patterns of ocean-atmosphere circulation was
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performed. However, we did not find that the climatic variability mode
El Nino — Southern Oscillation, neither the North Atlantic Oscillation
directly modulated the annual frequency of TC passage. Moreover, the
monthly distribution of TC influence ranged from August to November,
although September and October exhibited the highest frequency, with
13 and 10 TCs, respectively and November the lowest with 2 TCs. As a
general feature, a large fraction of TCs that impacted the EG-NP region
often do so after undergoing an extratropical transition. Recently, two
important events, Ophelia (A1122017) and Leslie (AL132018), affected
western Iberia initially as category 1 hurricane on the Saffir-Simpson
wind scale, and later during the extratropical stage.

The contribution of TCs to mean rainfall totals in the EG-NP
accounted for ~3.3% in August, ~7.1% in September, ~6.3% in
October and less than ~0.5% in November, and an average contribution
of 4.2% from August to November. Additionally, the spatial distribution
of TCs-related precipitation revealed that the largest contribution
occurred in the coastal areas of the western and northern portions of the
EG-NP region. On a more individual analysis of important TC events it is
worth stressing that Gordon (AL082006) and Frances (AL101992) ach-
ieved the largest fractional contribution over the entire study region,
accounting for ~51.7% and ~ 34.6% of mean rainfall amounts of
September 2006 and October 1992, respectively. Overall, the results
show that the western and northern sectors of EG-NP received the
largest TCs rainfall contribution.

Finally, the Lagrangian approach used in this study allowed the
identification of the origin of the moisture that became TC-related
precipitation within the TC outer radius. The precipitant moisture
(~75%) mainly came from the subtropical North Atlantic Ocean, espe-
cially from the oceanic area close to the coast of IP, driven by the cir-
culation of the North Atlantic Subtropical High pressure system.
Likewise, the western Mediterranean Sea and the eastern coast of the
United States also contributed, but with less than ~10%. The moisture

10

uptake pattern was almost similar from August to October and slightly
different in November, which could be associated with the low fre-
quency of TC passage in this month. Regardless these moisture sources,
the atmospheric particles associated with the TCs that precipitated over
the EG-NP region traveled from the subtropical North Atlantic Ocean,
bordering the Atlantic coasts of Morrocco and IP in August and October.
Meanwhile, the western Mediterranean Sea acted as the principal origin
of precipitant particles in September, which crossed in southeastern —
northwestern direction the IP; and the Cantabrian Sea in November.

It is worth noting that, as TCs do not impact every year the EG-NP
region, these findings should be interpreted as an approximation of
the role played by TCs on the hydrological cycle in this region and could
also support hydrometeorological forecasting for this area. Based on
climate projections, these results could be useful for understanding the
possible impacts caused by the TCs on the hydrological cycle in the EG-
NP under a warmer climate in association with the projected rise of the
moisture availability in the atmosphere and precipitation rates of TCs.
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