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Abstract: The extratropical cyclones that originate in the North Atlantic and propagate towards
Europe are one of the major natural hazards in mid-latitudes. In December 2019, three consecutive
extratropical cyclones named Daniel, Elsa, and Fabien affected Portugal. In this study, the synoptic
and upper-level dynamic conditions associated with these systems during their impact in mainland
Portugal are evaluated. The persistent intense zonal flow that crossed the entire Atlantic revealed
by the integrated vapor transport and the vertically integrated moisture flux favored these hydro-
meteorological systems. The patterns of mean sea level pressure, geopotential, potential vorticity,
total column water, and convective available potential energy were used to characterize the influence
of every system over mainland Portugal. A cluster analysis of monthly precipitation permitted the
classification of the country into four main regions named the Northwest, Centre West, Northeast and
Centre East, and South region on which the analysis was focused. The three storms affected every
region on consecutive days by the middle of December, producing extreme precipitation events and
significant effects on the accumulated rainfall and runoff, particularly in the Northwest, Centre West,
Northeast and Centre East regions. As consequence, multiple incidences of damage were reported
along mainland Portugal. However, an assessment of the Standardized Precipitation Index (SPI)
and the Standardized Precipitation-Evapotranspiration Index (SPEI) on time scales of 1, 3, 6, and
12 months revealed a positive impact of rainfall increase on the attenuation of short and long term
accumulated drought conditions, particularly in the center and north regions.

Keywords: extratropical cyclones; heavy precipitation; drought attenuation

1. Introduction

Extratropical cyclones are one of the most important characteristics of mid-latitude
climate of the Northern Hemisphere, as their passage is often associated with extreme
weather conditions such as heavy precipitation and intense winds [1-3]. They are among
the most severe weather phenomena that affect the western European countries and a
common phenomenon during the boreal winter. Their impacts have been usually associated
with considerable social and economic losses (e.g., flooding, landslides, extensive property
damage, and human fatalities) [4-9]. Thus, the importance of extratropical cyclones in
extreme precipitation events and floods has been analyzed in detail for Europe [10]. For
example, Donat et al. (2011) [11] found significant increases in both the strength and
frequency of winter storms over large parts of Europe. Furthermore, for the Iberian
Peninsula, Liberato and Trigo (2014) [12] showed that extreme precipitation events are
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usually triggered by poleward water vapor transport from the tropics and subtropics and
under certain conditions by extratropical cyclones. At the sub-monthly scale, extratropical
cyclones have a significant impact on the hydrological cycle of the Iberian Peninsula [13]
and are one of the primary causes of the occurrence of extreme events over the region
(e.g., [6,14]). Portugal and the rest of Europe have been prone to the occurrence of an
increasing number of storms with different manifestations and development. For example,
on 23 December 2009, the windstorm Xola struck mainland Portugal, causing serious
damage in a small area north of Lisbon and in the south region, inflicting economic losses
of over EUR 100 million [15]. The variability of the impacts of extratropical cyclones in
Portugal and Europe have been documented to depend largely on the influence of different
modes of climate variability such as the North Atlantic Oscillation (NAO), East Atlantic
(EA), and the Scandinavian Pattern (SCAND) [16]. In particular, the NAO modulates
the Atlantic storm tracks during the boreal winter time [17]. However, according to [18]
there is no strong evidence for an independent role of storm track variability on rainfall
over Portugal.

Several studies have investigated the impacts caused by extratropical cyclones. That
is the case of the vast damage caused by the 2017-2019 winter storms in the Azores,
Portugal, and other European regions [19-21]. When multiple triggers combine, the
impacts associated with extratropical cyclones are often amplified [22] due to multiple
hazards occurring simultaneously, such as floods and strong winds. Results of [23] also
provided a description and many new features of the sting jets within twenty-nine historic
windstorms that affected Europe, a phenomenon that represent a serious hazard. Previous
climatic conditions or events such as persistent precipitation can produce soil saturation
and increase the vulnerability of the system [24]. In many cases, when extreme weather
events occur simultaneously or sequentially, they can overwhelm the ability of natural
and human systems to cope, in turn creating social or environmental impacts [3]. The
accumulated precipitation from several consecutive cyclones may cause rivers to overflow
leading to flooding [25,26]. In this study we use the term consecutive extratropical cyclones
to denote two or more disasters that occur successively, and whose direct impacts overlap
spatially before recovery from a previous event is considered to be finished [26]. This can
include a broad range of multi-hazard types, such as compound events [22] and cascading
events [27,28].

Despite the fact that cyclones are normally considered a weather hazard, after a long
drought, the rainfall associated with these systems constitutes an important source for
the re-establishment of freshwater hydric reserves on the continent, and they contribute
to the attenuation of drought conditions or even busting a drought, and so becoming a
benefit. This has been documented for tropical cyclones affecting the southeast and east of
the United States [29-31], but using a deep search, we did not find any studies regarding
the role of extratropical cyclones on the attenuation of drought for mainland Portugal.

During the recent winter of 2019-2020, Europe was hit by three consecutive storms
named Daniel, Elsa, and Fabien, which led to serious impacts on the economy, environment,
and society, particularly on the Iberian Peninsula (Portugal and Spain, [32,33]). According
to the Spanish Agency of Meteorology (AEMET) on the report of storms with great im-
pact for the 2019-2020 season [33], the storm Daniel was formed during the afternoon of
15 December from a secondary low that was located to the west and a few hundred kilome-
ters from Portugal [33]. Extreme rainfall and strong winds associated with storm Daniel hit
Portugal on 16 December 2019, which led to flash floods and extensive landslides [32,34,35].
Unlike Daniel, Elsa was formed in the North Atlantic Ocean from a low pressure system
formed in the Gulf of Mexico that moved northward along the coast of North America until
joining an intense zonal flow that crossed the entire North Atlantic [33], which is known as
an Atmospheric River (AR) [36]. In this environment, the system became a deep and wide
winter storm named Elsa by the Spanish Agency of Meteorology (AEMET), and it was
recognized on synoptic maps on 17 December 2019. The effects most directly associated
with Elsa (severe flooding and extreme gusts) occurred in Spain and Portugal from 18
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to 20 December 2019. At the end of the life cycle, throughout the 21st of December, Elsa
dissipated and was absorbed by the larger circulation of Fabien [33]. The storm Fabien
was formed within the same very intense and humid zonal flow (an AR) that crossed
the entire Northern Atlantic basin and that a few days before had led to the formation of
Elsa. Storms Elsa and Fabien overwhelmed Portugal and Spain with a high amount of
precipitation, killing nine people as the countries were hit by widespread flooding and
damage [33,37,38].

In this study we present a comprehensive assessment of the synoptic and dynamic
characteristics associated with storms Daniel, Elsa, and Fabien during their impact in
mainland Portugal, and a description of some of the major damage caused. In addition,
we aim to assess the cascading impacts of heavy rainfall on the hydrological cycle of
mainland Portugal.

2. Datasets and Methods
2.1. Datasets

The European Centre for Medium Range Weather Forecasts (ECMWF) Reanalysis [39]
datasets, namely, mean sea level pressure (MSLP), the vertical integral of northward
and eastward water vapor flux, Vertically Integrated Moisture Flux divergence (VIMEF),
geopotential height (HGT) at 500 hPa, Total column water, Convective Available Potential
Energy (CAPE), and the Potential Vorticity (PV) at 250 hPa have been used to analyze the
synoptic and dynamics conditions associated to Daniel, Elsa, and Fabien storms during
their major impact on mainland Portugal. These fields were extracted for December 2019 at
a full temporal (six-hourly) scale, with a horizontal spatial resolution of 0.25°. The vertical
integral of northward and eastward water vapor flux which represents the total water
vapor flux in the zonal and meridional directions, respectively, are computed on model
levels using the specific humidity and zonal and meridional winds, and they are used to
calculate integrated vapor transport (IVT). Daily runoff data from ERA5 Land were also
used. ERA5 Land is a replay of the land component of the ERA5 climate reanalysis with a
higher spatial resolution (~9 km).

The latest version of the daily gridded observational precipitation dataset over Europe
(E-OBS v.23.1e) was also used in this study. E-OBS comes as an ensemble dataset available
with a longitudinal and latitudinal resolution of 0.1° [40] and is freely available at https:
/ /surfobs.climate.copernicus.eu/dataaccess/access_eobs.php (Accessed on 24 May 2021).
Due to their high resolution, these datasets have been widely utilized to investigate extreme
hydro-meteorological events in Europe [41,42]. However, it has been proved that EOBs tend
to underestimate the extremes and soften the spatial pattern of precipitation in Europe [43]
and particularly in Portugal due to the sparse observational network [44]. For this reason,
the ERA5 hourly data of precipitation [45] was used to compute daily mean precipitation
values and compare them against E-OBS records. The total precipitation of ERA5 is the
sum of large-scale precipitation and convective precipitation. The 95 percentile criterion
of daily precipitation of December from 1980 to 2019 was utilized as a threshold to show
those days with extreme precipitation in December 2019.

Monthly precipitation, maximum, and minimum temperature obtained from daily
values of the E-OBS v.21e dataset from 1980 to 2019 were used to calculate the Standard-
ized Precipitation Index (SPI) [46] and the Standardized Precipitation-Evapotranspiration
Index (SPEI) [47] at temporal scales of 1 (SPI1, SPEI1), 3 (SPI3, SPEI3), 6 (SP16, SPEI6), and
12 (SPI12, SPEI12) months. These datasets were chosen because they provide both precipi-
tation and temperature observational data necessary for the computation of the SPI and
SPEI thus minimizing errors that could arise due to the mixing of different datasets. The
SPI and SPEI indices were used to assess the impact of precipitation associated with the
storms Daniel, Elsa, and Fabien in December 2019 on short and long term accumulated
dry/wet conditions.
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2.2. The Ward's Method

The Ward’s minimum variance (Ward’s method) [48,49] was used to identify homo-
geneous precipitation zones within Portugal. Ward’s method is the most commonly used
hierarchical clustering method in climate research which differs from other methods due
to the application of the variance analysis approach to estimate the distance between
the clusters [50-52]. This method computes the mean values of all variables within each
cluster, then computes the Euclidean distance to the cluster mean of each case, and at the
end sums all cases. The criterion for selecting which pair of groups will combine in each
step is minimizing the sum of squared distances between the points and the centroids of
their groups. The Euclidean distance coefficient determines the distance between units
where greater distance indicates making different managerial decisions. The result of
this method is a tree diagram, showing each phase of hierarchical clustering. Usually,
the best number of clusters is not obvious and according to Wilks 2011 [49] establishing
the number of groups necessitates a subjective choice that depends on the objectives of
the analysis. Ferreira and Hitchcock 2009 [53] compared the performance of different
hierarchical clustering techniques such as single linkage, complete linkage, average linkage,
and Ward’s method. According to their study, the Ward’s method did better overall than
other hierarchical methods.

2.3. Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration
Index (SPEI)

The SPI [46] and the SPEI [47] were utilized to assess the impact of precipitation
associated with the storms Daniel, Elsa, and Fabien in December 2019 on short and long
term accumulated dry/wet conditions. Both indices are widely used to monitor and follow
dry/wet conditions and are used in a great number of studies [54-63]. The principal
difference between these two indices is that the SPI is based on precipitation while SPEI
considers the effects of temperature through the atmospheric evaporative demand in the
climatic water balance. Therefore, the SPEI combines the changes in the atmospheric evap-
orative demand with the multiscalar nature of the SPI [64]. The SPI measures anomalies of
precipitation comparing observed total precipitation amounts for an accumulation period
of interest (1, 3, 6, or 12 months), with the long-term precipitation record for that period.
This precipitation record is fitted to a Gamma probability distribution, to transform the
original values to standardized units that are comparable in space and time and at different
SPI time scales [63,65].

Time series of SPEI for 1980-2019 are calculated using monthly precipitation (PRE)
and evapotranspiration (ETo) values averaged over every subregion of Portugal according
to the cluster analysis, with the purpose to identify the domain-scale wet and dry climate
periods occurrence. The SPEI follows the same conceptual approach of SPI, but it is based
on a monthly climatic water balance represented through the Equation (1):

D = (PRE — ETo) (1)

where D is the water balance over a given period of time, PRE is the precipitation that
represents water availability, and ETo represents the atmospheric water demand. The
resultant D values in Equation (1) were aggregated at different timescales, following the
same procedure as the SPI.

The ETo was calculated using the Hargreaves method [66]. Begueria et al. 2014 [64]
described that, compared with the Thornthwaite equation, the SPEI estimated by the
Hargreaves equation is very close to that of the Penman—Monteith equation. This method
computes ETo as a function of minimum and maximum temperature and extraterrestrial
radiation. For calculation of ETo was used the following Equation (2):

ETo = 0.0023 - Ra - (\/Tx - Tn) - (Tm +17.8) @)
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where 0.0023 is a constant value; Ra is the extra-terrestrial radiation (derived from the
latitude and the month of the year); and Tx, Tn, and Tm are the maximum, minimum,
and mean temperature, respectively. Detailed information for calculating SPEI can be
found extensively described in [47] and [64]. For the calculation of the SPI and SPEI, the
R package is used (http:/ /cran.r-project.org/web /packages/SPEI) (Accessed on 24 May
2021). It includes all the recommendations proposed by Begueria et al. [64].

3. Results
3.1. Regionalization of Mainland Portugal Precipitation

Many studies have shown that the distribution of mean annual precipitation in Portu-
gal represents a contrast between north and south as well as between coastal and inland
regions [67-69]. The precipitation regionalization made through Ward’s method reveals
four different regions that are shown in Figure 1a, while the graphical representation of
the different districts of Portugal that belong to each region is shown in Figure 1b. The
results show that Viana do Castelo, Porto, and Braga represent districts of Portugal with
homogeneous precipitation and are classified here as the region named Northwest (NW) re-
gion. Viseu, Aveiro, Coimbra, and Leiria belong to the Centre West (CW) region. Northeast
and Centre East (NE-CE) region includes Braganca, Vila Real, Castelo Branco, and Guarda
while Setubal, Portalegre, Evora, Beja, Faro, Santarém, and Lisboa districts of Portugal
belong to South region.

Ward's method
Euclidean distances

-
H
]
+

= Viana do Castelo

Porto

c| 3 0 ® ©O|l® F Q©Q S| F © ©®© ®© O ©
|38 £ 5§ 2|83 3 8|E 5525 § 8
&S 2 E 9 =4 r s ¢ % % G 9 v g 9 I NW region
8 © § Cg O|lw 5 s - I CW region
o ° o @ I NE-CE region
o [ South region
(6]
W region CW region NE-CE region South region

Figure 1. (a) Graphical illustration of Ward’s method—the tree diagram with the assigned clusters and (b) schematic

representation of the assigned clusters.

3.2. Synoptic Evolution and Upper-Level Dynamic Conditions

Six-hourly maps of the MSLP (shaded) and VIMF (Figure 2a, Figure 3a, and Figure 4a)
in addition to the map of the integrated water vapor transport (IVT) that allows us to
identify the water vapor/moisture associated with these 3 storms (Figure 2b, Figure 3b,
and Figure 4b), the geopotential height (HGT) at 500 hPa and potential vorticity (PV) at
250 hPa (Figure 2c, Figure 3¢, and Figure 4c) and the CAPE (Figure 2d, Figure 3d, and
Figure 4d) for December 16, 19, and 21 are analyzed.
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Figure 4. As Figure 2; Figure 3 but for the storm Fabien on 21 December 2019.

The configuration of the MSLP and the geopotential at 500 hPa patterns on December
16 at 00 UTC (Figure 2a,c) reveals a deep trough observed from the surface to upper levels
to the west and near of mainland Portugal, which is also visible at higher levels by the
intense PV that is mainly observed to the southwest of mainland Portugal (Figure 2c).
This trough is the fingerprint of a cold front associated to a low pressure system. At
06:00 UTC a closed isobar is already visible to the southwest of Portugal. To the east of
this region and over all of mainland Portugal prevail the vertical upward motions and
moisture convergence. The VIMF and IVT (Figure 2a,b) reveal that moisture contribution
from the tropical Atlantic favored the formation of Daniel and its development during
the following hours, when travelled over the Iberian Peninsula. Previous studies have
confirmed that atmospheric water vapor transport revealed by the IVT plays a crucial role
on the storms’ development [70]. Moreover, the unstable atmospheric conditions diagnosed
by CAPE (Figure 2d), show favorable conditions to the development of clouds of vertical
development (e.g., cumulonimbus) and consequently for convective precipitation.

For Elsa, the analysis was done for 19 December 2019. On this day, the mainland
Portugal received the maximum precipitation of the month (Figure 3). As appreciated in
the field of MSLP (Figure 3a), the system moved to the east across the North Atlantic Ocean
impacting western Europe. In the four hours, the IVT reveals the fingerprint of a narrow
belt of moisture flux from the east coast of North America crossing the Atlantic almost
parallel to the isohypse on the HGT 500 hPa map, to finally feed the cyclone. According to
AEMET [33] there was a connection between the intensification of Elsa and the moisture
flux associated with an Atmospheric River (AR) that crossed the Atlantic, transporting
strong water vapor quantity, which may be associated with the IVT narrow belt already
described (Figure 2a). The highest values of IVT are centered in the Atlantic Ocean, where
mean IVT values range from 800 to 1200 kg/m-s. The four IVT patterns during the influence
of Elsa on 19 December differ greatly in the magnitude of moisture transport from the
North Atlantic with regard to the climatological pattern of the month (Figure S1. However,
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the IVT reaching the mainland Portugal from the east is common both for this day and in
the climatological pattern.

At 00 UTC a through is observed in the geopotential and PV fields (Figure 3c) to the
west of mainland Portugal, over the Atlantic Ocean. In the following hours, the strong
moisture convergence and high CAPE values over mainland Portugal (Figure 3) in addition
to high water content in the atmosphere (Figure S2) are the perfect combination to the
occurrence of heavy precipitation.

In Figure 4a the field of MSLP reveals the position and temporal displacement of
Fabien during 21 December 2019. At 00 UTC a closed isobar of 974 hPa reveals the center
of Fabien at approximately 47° N to the northwest of the Iberian Peninsula over the North
Atlantic Ocean. In the following hours, the system moves eastwards affecting mainly the
north of the Iberian Peninsula with intense rains, strong winds (>140 km/h), and waves of
more than 9 m [71]. As can be seen in the figures, the moisture convergence at the cold front
is observed further from the cyclone center and occur over almost all mainland Portugal at
00 and 06 UTC.

In the Iberian Peninsula region, the IVT mean values reach between 600 and 800 kg/ms.
The pattern of IVT, VIMF and total column water (Figure S2) reveal that moisture content
downstream from the tropical Atlantic Ocean enhanced Fabien development. The mois-
ture flux convergence along the cold front favored great water content in the atmosphere
(Figure S2¢) and convective clouds (according to the CAPE values) that prevailed over
southern mainland Portugal on 21 December at 00 and 06 UTC, almost over all mainland
Portugal on 21 December at 12 UTC, and at 18 UTC over the northern. The result of the
combination of these atmospheric and dynamic conditions is to favor the occurrence of
heavy precipitation.

3.3. Precipitation Assessment

The daily mean precipitation from October 2019 to January 2020 and the climatological
daily precipitation for each of the 4 regions of Portugal is shown in Figure 5a—d. To do
it, for each region of study the sum of the total daily precipitation of each grid point
was calculated and divided by the total number of these grids, respectively. Thus, a
precipitation value is obtained that characterizes the entire study area of each region. High
precipitation over the four regions of study on day 16 of December was associated with the
storm Daniel. The greater rainfall occurred in the NW, followed by the CW, NE-CE, and
the south region. However, these values could be underestimated, as already described
in Section 2.1. Indeed, the precipitation from ERAS5 for this day (Figure S3) was greater
than that obtained from E-OBS for each subregion. In the following days, the contribution
of Elsa and Fabien is observed. The accumulated rainfall on December 19 stands out due
to the influence of Elsa, with extreme values above the 95th percentile in all regions. On
this day, the major rainfall occurred in the NW region, followed by the CW, NE-CE, and
south region. The ERAS also reflects greater values than those obtained with E-OBS after
19 December, but daily precipitation values for December of 1980 to 2019 from both
datasets show a positive, high (>0.92), and statistically significant correlation in each region
(Figure S3). These results are in correspondence with those published by the Instituto
Portugués do Mar e da Atmosfera o (IPMA) in its climatological report for December
2019 [32].

From December 15 occurred a cascading impact of precipitation that is observed in the
daily accumulated precipitation (Figure 5e). The precipitation over each region associated
with these systems from December 16 to 22 accounted for 58.27%, 75%, 70.98%, and 88.22
of the mean precipitation of the month and 22.39%, 28.25%, 31.79%, and 28.66% for each
cluster of the mean precipitation accumulated from October to December 2019 (Table 1).
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Figure 5. Daily mean precipitation from October to December 2019 (bars) and climatological daily mean precipitation over
4 regions of Portugal for 19802019 (lines) (a—d) and the daily mean accumulated precipitation from October to December
2019 and the monthly accumulated climatological precipitation for 19802019 (e).

Table 1. Percentage of the precipitation from 16 to 22 December with regards to mean precipitation
accumulated for December 2019, and from October to December 2019.

Accumulated . . . .
Precipitation (%) NW Region CW Region NE-CE Region South Region
December 2019 58.27 75 70.98 88.22
October to
December 2019 22.39 28.25 31.79 28.66

The spatial pattern of anomalies of precipitation calculated using E-OBS dataset,
ERAS dataset and runoff from ERA5 Land datasets in Portugal from 16 to 22 December
appears in Figure 6. Despite the fact that on December 15th the average accumulated
precipitation is significant over mainland Portugal, according to the Spanish Agency of
Meteorology (AEMET), the storm Daniel affected the Iberian Peninsula on December 16th.
On this day, positive anomalies of the precipitation occurred in all mainland Portugal, but
most intensely in the north. On 17 December, a decrease of the accumulated precipitation
brought negative anomalies at spatial scale in all Portugal mainland (Figure 6a). However,
the memory of intense rainfall in previous two days made possible the occurrence of
positive runoff anomalies, in the northwest and center west regions (Figure 6c). The major
precipitation occurred on 19 December. This day the most intense positive anomalies of the
precipitation and runoff occurred over the center and half north of Portugal. Similar but
less intense patterns of precipitation and runoff are observed until 22 December. This is in
agreement with [72], who found that frequencies of occurrence of cyclonic atmospheric
circulation regimes are largely dominant in the interannual variability of the winter rainfall
throughout mainland Portugal, but principally over the north.
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Figure 6. Precipitation anomaly (mm/day) calculated using EOBS data (a) ERA5 data (b) and runoff anomaly (mm/day)

(c) during Daniel, Elsa, and Fabien storms from 16 to 22 December 2019.

Because E-OBS precipitation has been characterized by underestimation, the spatial
anomaly of daily precipitation was also calculated using ERA5 data. The results shown in
Figure 6b show that there are some differences in the spatial pattern of the anomalies. For
December 16, ERAS also shows the highest values of anomalies in the central and northern
regions. However, the maximum values are located towards the coast and extreme north of
the country, while the E-OBS precipitation anomalies show the maximum value towards the
center of northern mainland Portugal. On the 17th, the anomalies of both data sets coincide
in the prevalence of positive anomalies throughout the territory. On the 18th, the anomalies
obtained by E-OBS exceed those obtained with ERA5 data, while on the 19th, under the
influence of Elsa, both patterns coincide in the occurrence of the largest anomalies, mainly
in the northern region of Portugal, although ERA5 shows higher values. In the following
days (20-22 December), it is also observed that the pattern of anomalies obtained with
ERADS is greater, especially on 20 December over the central region of Portugal.

3.4. Impacts on the Hydrological Cycle

The primary impact of intense rainfall on the evolution of dry/wet conditions in every
region of study due to the cascading influence of the extratropical cyclones Daniel, Elsa,
and Fabien were assessed. Figure 7 shows the temporal evolution of the SPI (left panel)
and the SPEI (right panel) at 1, 3, 6, and 12-months’ time scale for each study region of
Portugal in the period March 2019-February 2020. As observed, the SPI1 computed for
every region shows great variability, but also a great similarity among the regions. In
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December 2019, wet conditions are identified for every region, which were also observed in
the previous month. In both months, the major differences in the magnitude of the SPI are
appreciated between the northern regions and the south region. This difference increases
when comparing the magnitude of the SPI in the rest of the time scales, and more clearly
between the NW, CW, and the south region. The SPI3 reveals better the importance of
accumulated precipitation in November and December for the recovery of dry conditions
identified in September and October, whereas the SPI6 is better for those observed in
October. Highlighting October 2019, dry conditions, according to the SPI 3 and SPI6,
affected simultaneously all four regions, intensifying drought severity from the north to the
south of the country. The precipitation of November and December favored the recovery
of drought, with the highest positive values of the SPI3 and SPI6 in December indicating
moderate wet conditions in the NW, NE-CE, and CW regions. However, in the south region
are only identified wet conditions through the SPI1, while the SPI3 and SPI6 just reveal
near normal conditions. After December 2019, the SPI1, SPI3, and SPI6 all decrease. At
a longer temporal scale (12 months), the SPI remained negative previous to December,
indicating the prevalence of dry conditions. The effect of intense accumulated precipitation
during December permitted busting drought conditions accumulated from March 2019
(9 months) in the NW, NE-CE, and CW regions. However, the SPI12 of December 2019
for the south region revealed that despite becoming less dry than November, the SPI still
remains negative.

The SPI3 reflects short-term and medium-term moisture conditions and provides
a seasonal estimation of precipitation. It is primarily utilized for assessing agricultural
drought [65]. In addition, the SPI6 can be very effective in showing the precipitation over
distinct seasons and give information associated with anomalous streamflow and reservoir
levels, depending on the region and time of year [65]. This application of the index may be
utilized to disentangle the influence of precipitation associated with extratropical cyclones
on water volumes, river flows, reservoirs, and its importance for agriculture and generation
of electricity in Portugal.

The same analysis through the SPEI (Figure 7 right panel) reveals similar findings
as described with the SPI. However, the attenuation of accumulated drought conditions
revealed by the temporal evolution of the SPEI6 and SPEI12 is less abrupt than that
observed with the SPI6 and SPI12. The effect of evapotranspiration is noticeable in the
magnitude of drought conditions accumulated through the SPEI12. This is clearly observed
in December, when, despite large accumulations of precipitation especially in central and
northern Portugal, the SPEI does not reach positive values. After December 2019 and until
February 2020, the values of SPEI1, SPEI3, and SPEI6 decrease, as does SPEI12 for the south
region, but they increase in the other study regions in Portugal.

3.5. Socioeconomic Impacts of Daniel, Elsa, and Fabien

All three studied storms had strong winds with wind gusts of up to 150 km/h [32] that
caused numerous adverse impacts and several people were injured. Associated with strong
winds, these storms had large amounts of moisture and water vapor, which gave rise to
events of heavy precipitation, thus causing sudden floods in many places, and therefore
vast damage [32,33]. With the passage of the first storm, Daniel, the Portuguese civil
protection services registered 200 incidents, mainly floods [35]. Starting from December 19,
Elsa, the most severe storm out of these three storms, affected Portugal. This storm severely
affected Portugal, where it caused more than 6237 occurrences, including many fallen trees,
2 fatalities, and 70 people were forced to be evacuated from their homes according to the
National Emergency and Civil Protection Authority [73].

In the Coimbra District (Mondego River Basin) which belongs to the CW region, the
strong winds and heavy precipitation flooded rivers, brought down power lines, uprooted
trees, and disrupted rail across the regions. It was necessary to evacuate the local population
as a precaution due to the rising waters and risk of flooding. [74]. Figure 8 shows the flood
event delineation in the area of Coimbra after floods and a dike breach.
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Figure 7. Temporal evolution of the SPI (left) and the SPEI (right) at temporal scales of 1, 3, 6, and 12 months for mainland

Portugal for the period: March 2019-February 2020. Box of discontinued magenta lines indicates the month of impact
(December) by Daniel, Elsa, and Fabian in mainland Portugal.

The storm Elsa, between December 19 and 20, which was joined on December 21 by
the Fabien depression, caused damage to homes (roofs blown off), train lines, roads, and
the power lines, affecting the distribution of energy of thousands of people, especially
in the north and center of the country. The electricity distribution infrastructures were
significantly affected, nearly 2 million people registered that lost access to electricity as
a direct consequence of the event. These incidents were largely caused by high gusts of
wind in the north and center of the country which uprooted numerous trees, blew down
electricity masts, and blew roofs away. In the region of Fajao (Coimbra District) there
were reported gusts of 150 km/h, in Sao Pedro do Sul (Viseu District) of 145 km /h, and at
the Guarda District, 136 km/h. In addition to these values, the records of anemometers
installed in several wind farms were similar and also high, with 178 km/h in Arganil

(Coimbra District), 177 km/h in Vila Pouca de Aguiar (Vila Real District), and 173 km/h in
Ourém (Santarém District) [32,75].
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Figure 8. Floods area and dike breaches occurred in Coimbra—Mondego River Basin. The map (a) shows the flood event
delineation in the area of Coimbra District (Portugal) on 23 December 2019. The location of Coimbra District in Portugal (b).
Vector data obtained from [76].

Up until December 22 of 2019, the strong effects of severe weather had caused two
fatalities, one missing person, 144 people displaced, and 352 people displaced by pre-
caution, with over 11 600 occurrences in mainland Portugal, mostly floods and fallen
trees. Moreover, according to information from the Portuguese Insurance Association, the
damage caused by the storms Elsa and Fabien is around 34 million euros, in which almost
17,000 claims were covered by insurance policies [37].

These numbers allow us to see the severity of these meteorological phenomena. Firstly,
in Portugal and Spain, and then along with Europe, the impacts were many and the main
problem is that people are not prepared for these situations. Although the forecasts of
the meteorological systems are more and more accurate, it is not yet possible to predict
with total certainty its trajectory and the intensity of meteorological impacts. Thus, it is
extremely important to share information between meteorological services, the responsible
civil authorities, and populations, so that they can minimize the serious impacts associated
with these extreme events.

4. Conclusions

Three consecutive extratropical cyclones, named Daniel, Elsa, and Fabien affected
mainland Portugal during December 2019. The moisture contribution from the tropical
Atlantic was associated with the development before, and during, the impact of each
system. The patterns of the IVT revealed an atmospheric river associated with the Elsa and
Fabien development. From 15 December to 21 December the three systems were associated
with moisture convergence, high water content, and unstable atmospheric conditions over
mainland Portugal. It led to extreme precipitation events and consequently strong positive
anomalies of precipitation and runoff, which were mainly observed in the NW, NE-CE,
and CW regions. These regions were determined after a regionalization process applying a
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clustering method and using monthly values of precipitation for 18 districts occupying the
whole of mainland Portugal. The rainfall contribution of these systems represented more
than 58% of the mean precipitation of December 2019 in the NW, CW, and NE-CE regions,
but more than 88% in the South region.

The associated impacts of these systems were reported as negative. According to
official reports, the effect of heavy rainfall, strong winds, and waves associated with
these systems produced serious damage to the Portuguese economy, and other irreparable
damage due to the loss of human lives.

According to the temporal evolution of the SPI and the SPEI at temporal scales of
1, 3, 6, and 12 months, the contribution of heavy rainfall associated with Daniel, Elsa,
and Fabien significantly increased the precipitation of December 2019 in respect of the
climatological values. This favored the attenuation and busting of drought conditions
accumulated from previous months in all the study regions, but particularly in the south.
This is also seen more clearly in the 6- and 12-month time scale of both the SPI and SPEL. In
the following two months after the impact of Daniel, Elsa, and Fabien, both the SPI and
the SPEI values at temporal scales of 1, 3, and 6 months decreased. Nevertheless, it is less
noticeable in the SPI12, and does not happen with the SPEI12 for the northwest, northeast,
and center regions. This confirms that extratropical cyclones also play a crucial on the
country’s mainland hydrological cycle. Deep research is ongoing to address the impact
of the winter storm’s precipitation on the water balance at interannual time scales, the
attenuation of drought conditions, river levels, the amount of available fresh water storage,
and the possible impacts or benefit in agriculture and the hydro energy sector.
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Figure S2: The pattern of total column water (units: kg/ m?) for (a) the Daniel storm for 16 December
2019, (b) Elsa storm for 19 December 2019, and (c) Fabien storm for 21 December 2019 (every six
hours: 00, 06, 12, and 18 UTC). Figure S3: Daily precipitation from E-OBS (blue bars) and ERA5
(orange bars) for December 2019. R values represent the correlation between both series.
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