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1 | INTRODUCTION
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Abstract

With global warming and sea level rise, many coastal systems will experience increased levels of
inundation and storm flooding, especially along sandy lowland coastal areas, such as the Northern
Adriatic coast (Italy). Understanding how extreme events may directly affect groundwater hydrol-
ogy in shallow unconfined coastal aquifers is important to assess coastal vulnerability and quan-
tify freshwater resources. This study investigates shallow coastal aquifer response to storm
events. The transitory and permanent effects of storm waves are evaluated through the real time
monitoring of groundwater and soil parameters, in order to characterize both the saturated and
unsaturated portions of the coastal aquifer of Ravenna and Ferrara (southern Po Delta, Italy).
Results highlight a general increase in hydraulic head and soil moisture, along with a decrease
in groundwater salinity and pore water salinity due to rainfall infiltration during the 2 days storm
event. The only exceptions are represented by the observation wells in proximity to the coastline
(within 100 m), which recorded a temporary increase in soil and water salinity caused by the
exceptional high waves, which persist on top of the dune crest during the storm event. This gen-
erates a saline plume that infiltrates through the vadose zone down to the saturated portion of
the aquifer causing a temporary disappearance of the freshwater lens generally present, although
limited in size, below the coastal dunes. Despite the high hydraulic conductivity, the aquifer sys-
tem does not quickly recover the pre-storm equilibrium and the storm effects are evident in
groundwater and soil parameters after 10 days past the storm overwash recess.
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Werner & Simmons, 2009). For an unmitigated future increase in
emissions (Representative Concentration Pathways, RCP8.5), IPCC

With global warming and sea level rise, many coastal systems will
experience increased levels of inundation and storm flooding, accel-
erated coastal erosion, seawater intrusion into fresh groundwater,
encroachment of tidal waters into estuaries and river systems, and
elevated sea surface and ground temperatures. Particularly at risk
are the large delta regions and midlatitude temperate coasts, often
comprising lowland coastal plains and barriers and soft sedimentary
cliffs (IPCC, 2001). In particular, sea level rise associated with cli-
mate change (by way of changes to atmospheric pressure, expan-
sion of oceans and seas as they warm, and melting of ice sheets
and glaciers) is one potentially significant process that is very likely
to play a major role in seawater intrusion in coastal aquifer
(Ketabchi, Mahmoodzadeh, Ataie-Ashtiani, & Simmons, 2016;

predicts a global sea level rise by 52-98 cm by the end of this cen-
tury (IPCC, 2013). In addition, a changing climate leads to changes
in the frequency, intensity, spatial extent, duration, and timing of
weather events, which can result in unprecedented extreme events
(IPCC, 2012).

Understanding how extreme events may directly affect groundwa-
ter hydrology in shallow unconfined coastal aquifers is important when
assessing the vulnerability of coastal zones and freshwater resources.
Coastal aquifers are complex because of the combined influences of
marine oscillations and landward groundwater gradients (Vallejos, Sola,
& Pulido-Bosch, 2015). Coastal groundwater hydrodynamics are the
result of combined forces from tidal motion (Guo, Jiao, & Li, 2010),

wave setup and wave run-up (Nielsen, 1999), atmospheric pressure



variations (Balugani & Antonellini, 2011), storm surges (Yang, Graf,
Herold, & Ptak, 2013), and wind setup (Giuliano & Manda, 2012).

Extreme storm events and the subsequent wave overwash have
the potential to result in severe consequences for freshwater
resources because of salt contamination (Anderson, 2002). During
and following overwash inundation, saltwater contamination can occur
through infiltration of seawater through the vadose zone (lllangasekare
et al., 2006); the saltwater plume moves downward through the shal-
low freshwater lenses due to the density and hydraulic gradients that
drive coastal groundwater flow (Holding & Allen, 2015; Terry &
Falkland, 2010).

Coastal aquifer processes and response of the salt-freshwater
interface under intensified wave conditions caused by storms and
time-varying wave forcing conditions have been widely investigated
by numerical (Cartwright, Li, & Nielsen, 2004a; Holding & Allen,
2015; Robinson, Xin, Li, & Barry, 2014; Xin, Robinson, Li, Barry, &
Bakhtyar, 2010), as well as physical models (Cartwright, Nielsen, & Li,
2004b). Few are available regarding the impact of wave overwash on
vadose zone (Holding & Allen, 2015). Although these studies well sim-
ulate the hydrodynamic processes, they are not based on field data and
are not supported by monitoring observations.

Coastal areas and coastal aquifers are thus highly vulnerable envi-
ronments and may experience severe impacts from coastal storms.
This is particularly true along the sandy lowland coastal area of the
Emilia-Romagna region (Italy), where coastal inundations due to storm
waves and surges are capable of flooding large areas (both natural and
urbanized) causing major devastation (Ciavola et al., 2007; Harley et al.,
2015). In this context, the objective of this study is to investigate the
shallow coastal aquifer response to exceptional storm events that
brought to unexperienced flooding conditions. The study is based on
an interesting dataset that allowed studying aquifer dynamics during
storm events in both saturated and vadose zones. The transitory and
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permanent effects of the storm waves and the concurrent inundation
were evaluated by real time monitoring of groundwater and soil
parameters, in order to disentangle the complex dynamics of both
the saturated and unsaturated portions of the coastal aquifer. The
monitoring was done in two different sites located in low-lying areas
at the south of the Po Delta, along the Northern Adriatic coast (Italy).

1.1 | Study areas

The study areas are located in the coastal floodplain of the Po River, in
northern Italy (Figure 1). Generally, it is a complex territory character-
ized by an important environmental value (dunes, pine forests, wet-
lands, etc.) where different socioeconomic interests coexist (tourism,
industry, agriculture, port activities, etc.) and interfere with natural geo-
morphological processes, increasing chances for erosion and causing
environmental stress to the dune-beach system (Sytnik & Stecchi,
2014). Most of the territory is reclaimed land with flat topography at
or below the sea level, with an altitude ranging from 5 to 11 m above
sea level. The dune systems, palaeodunes, and river banks are the only
topographical elevated structures of the area. The surface hydrographic
system and water discharge towards the sea is guaranteed by a capillary
drainage network. Several natural and anthropogenic features threaten
this area: saltwater intrusion in the unconfined aquifer and seawater
encroachment inland along the rivers (Giambastiani, Antonellini, Oude
Essink, & Stuurman, 2007); palaeo-seawater upward seepage through
the hypersaline aquitard (Caschetto, Colombani, Mastrocicco, Petitta,
& Aravena, 2016; Colombani, Osti, Volta, & Mastrocicco, 2016a); natu-
ral and anthropogenic land subsidence (Taramelli, Di Matteo, Ciavola,
Guadagnano, & Tolomei, 2015); soil salinization (Colombani et al.,
2016b); high demand of water during the tourist season; insufficient
aquifer recharge; and sea level rise (Antonellini et al., 2008).

These low-lying coastal areas are susceptible to marine inundation
from severe storm events (Masina, Lamberti, & Archetti, 2015; Perini,
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Location of the two study sites in the Po Plain: the coastal aquifers of Ferrara (Nazioni Lake, Area 1) and Ravenna (Lido di Dante pine

forest, Area 2). Two cross sections (right side) perpendicular to the coastline, show the location of the monitoring points and the hydrogeological

setting of the shallow coastal aquifer



Calabrese, Salerno, Ciavola, & Armaroli, 2016). Coastal protection is
achieved by groynes and breakwaters offshore and, during the winter
season, by artificial sand embankments built in front of the beach to
prevent inundation and damage by strong winter storms. Prior to the
beginning of the summer tourist season, the sand is mechanically
redistributed along the beach profile, which can be considered
completely artificial (Armaroli et al., 2012).

Moreover, along the Emilia-Romagna coast, dune systems have
been damaged or destroyed over the last century, mainly as a result
of tourism development; nowadays, residual dune systems are found
only along the Ravenna and Ferrara coasts (Corbau, Simeoni,
Melchiorre, Rodella, & Utizi, 2015). Dunes not only provide a reserve
supply of sand for protection against storm events and beach erosion
but also absorb the impact of storm surge and high waves preventing
or delaying flooding of inland areas and damage to inland structures
(Ciavola et al., 2007).

Area 1 in Figure 1 is located in the Ferrara coastal area, close
to Nazioni Lake, which is a man-made shallow coastal lagoon.
Nazioni Lake runs parallel to the coast and is separated from the
Adriatic Sea by the 0.5-km wide Nazioni spit. Initially connected
to the sea by a channel closed in the 1970s, now it receives inter-
mittent freshwater discharge through a narrow channel regulated
by a flood gate (Mistri & Rossi, 1999), located on the mouth of
the Po di Volano, an artificial canal that drains water from most
part of the Ferrara Province (Castaldelli et al., 2013). The water
temperature ranges between 29.9 °C (summer) and 2.3 °C (winter),
and salinity ranges between 24 and 31 g/L with an average con-
centration of 27 g/L (ARPAe, 2010).

Area 2 in Figure 1 is located in the Ravenna coastal area, close to
Lido di Dante and the adjacent coastal pine forest that grows on the
remains of the natural dune belt. This nonnative coastal forest was
planted at the beginning of the 20th century to stabilize the sand
and protect inland crops from sea spray. In July 2012, a large fire dev-
astated 56 hectares of the natural reserve and 19 hectares of the for-
est were completely destroyed and left with bare soil and neither pine
trees nor bushes. This natural environment and the beach-dune sys-
tem represent the only recharge area for the coastal aquifer, because
here the aquifer is unconfined and rainfalls can infiltrate. Due to the
low topography, a high rate of natural and anthropic subsidence and
a heavy drainage system across the pine forest and the agricultural
crops, the coastal aquifer is completely compromised by marine ingres-
sion, with brackish to saline groundwater (Giambastiani, Greggio,
Pacella, lodice, & Antonellini, 2014).

1.2 | Winter storm event (February 5 6, 2015)

On February 5-6, 2015, a deep barometric pressure low on the
western part of Italy produced abundant snowfall and rain in the allu-
vial plain of the Emilia-Romagna region causing severe damage.
Abundant rainfall events occurred especially on the Ferrara and
Ravenna territories, with daily rainfall in excess of 100 mm/day.
The results were flooding situations both across the Apennines and
the alluvial plain areas.

Concomitantly with this event, an intensification of the NE winds
on the coast (bora wind with speed of 33-44 km/hr, with gusts up to
86 km/hr) lasting for 2 days, created rough sea conditions with waves

up to 4 m. These conditions, in combination with a sea level surge of
1 m, produced a ruinous storm all along the Emilia-Romagna coast
(ARPAe, 2015). This storm event was exceptionally strong, with a
recurrence interval of 100 years for seawater level and 10 years for
wave height (Perini, Calabrese, Lorito, & Luciani, 2015). This is particu-
larly evident when compared with historical time series, especially for
the combination of wave height and seawater level, which both
remained above the threshold of criticality identified for the alert
event (wave height exceeding 2 m and sea level exceeding 0.7 m) for
a total of 21 hr over 3 days (ARPAe, 2015).

1.3 | Hydrogeological setting

The stratigraphy of the area records the depositional evolution from
low-stand continental accumulation to marine transgression and
high-stand progradation occurring during the eustatic and climatic
fluctuations that controlled the Quaternary environmental evolution
and sequence stratigraphy of the Po Delta (Amorosi, Maselli, &
Trincardi, 2016).

The hydrogeological setting (Figure 1) of the coastal aquifer is
characterized by two sandy units, transgressive bay and barrier
deposits at the base, and prograding sandy deltaic lobes and strand
plains at the top of the aquifer, intercalated by fine prodelta sediments
with alternations of silt, clay, and sand layers (Amorosi, Colalongo,
Pasini, & Preti, 1999). Fine alluvial sediments at the bottom of sand
deposits form the impermeable and confining unit.

In the study areas, the shallow coastal aquifer thickness ranges
from 30 m in Area 1 to 25 m in Area 2. The hydraulic conductivity is
variable ranging from 10 2 at the top to 10 ® m/s at the bottom of
the aquifer depending on the sorting of sand and the relative amounts
of silt and clay (Giambastiani, Colombani, Mastrocicco, & Fidelibus,
2013; Mastrocicco, Giambastiani, Severi, & Colombani, 2012).

2 | METHODS

Two profiles, perpendicular to the coastline, were chosen in the two
study areas to monitor the shallow coastal aquifer (Figure 1). The pro-
file across the coastal aquifer of Ferrara (Area 1) was equipped with
three level-loggers LTC Solinst for monitoring head, temperature, and
electrical conductivity every 30 min. Two probes were installed in pie-
zometers P1 and P2 and one in the Nazioni Lake, at 20 m from the
shoreline (along a floating dock) and about -0.20 m below the water
surface. A 5TE TDR sensor (Decagon Devices, Inc., Pullman, WA) mea-
suring volumetric water content, temperature, and bulk soil electrical
conductivity (ECp) was installed 0.4-0.5 m below the ground (close to
P1) to monitor the unsaturated portion of the coastal aquifer. The
probe was connected to a data logger recording every 30 min.

The profile across the Ravenna coastal aquifer was equipped with
three piezometers (MF1-1, 1-3, and 1-4) each having one level-logger
LTC Solinst for monitoring, every 30 min, water level and groundwater
parameters, such as Area 1. The monitoring of the vadose zone was
done on three vertical transects (MF1-5, 2-2, and 2-3), each one
equipped with three 5TE TDR probes (Decagon Devices, Inc., Pullman,
WA) at the depth of -0.15, -0.40, and -0.70 m below the ground, for

real time monitoring of soil water content, temperature, and EC,.



The hydrostatic pressure data measured by level-loggers were
converted into water levels considering the atmospheric pressure data
recorded by the weather stations of Ravenna and Ferrara; subse-
quently, water levels were converted into equivalent freshwater heads
(Hy) on the basis of the equation reported in Post, Kooi, and Simmons
(2007), which takes into account variable density and salinity.

Electrical conductivity values (mS/cm) were converted into salinity
(g/L) using the conversion formula of Lewis and Perkin (1981).

Regarding soil parameters, EC,, (dS/m) measured by Decagon soil
probes was converted into pore water conductivity (mS/cm) and then
into pore water salinity (g/L) using the conversion formula in Hilhorst
(2000) and suggested in the Decagon Devises (2015).

Sea level and sea temperature were collected by the tide gauge of
Porto Corsini (Ravenna) included in the Permanent Service for Mean
Sea Level (http://www.psmsl.org/), and precipitation and air tempera-
ture data were derived from the Ravenna and the Volano weather
stations, both included in the Hydro-Meteo-Climate service of the
Emilia-Romagna region (Dexter system, http://www.arpae.it/).

The time interval of datasets considered in this paper goes from
January 23 to February 18, 2015 for including all data related to the
winter storm event that affected the whole Emilia-Romagna coast on
February 5-6, 2015.

3 | RESULTS

Results of the groundwater monitoring are reported in Figure 2 for
both study areas. The prestorm event H; in the Ferrara site shows an
appreciable difference between P1, P2, and the Nazioni Lake. This dif-
ference is due to an upward groundwater flux induced by confined
conditions of the aquifer below the silty-clay lens that divide the aqui-
fer (Figure 1). The H; measured at the bottom of the aquifer with a
straddle packer system was 0.35 m higher than in the upper portion

of the aquifer, thus inducing upward groundwater seepage prevalent
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to the horizontal groundwater flux (Colombani et al., 2016a). The
prestorm event H; in the Ravenna site shows an inland oriented
groundwater flow, with an H; mean gradient of approximately 2%o
decreasing landward. The latter features are quite common in this zone
(Antonellini et al., 2008). As regard the storm event perturbations, the
H¢ shows a rapid increase in all monitored piezometers (P1 and P2 in
Ferrara, Figure 2a; MF1-1, 1-3, and 1-4 in Ravenna, Figure 2b) and in
the Nazioni Lake due to the heavy rain events that occurred from
February 4 to 7 (95 mm in Ravenna and 50 mm in Ferrara). Previous
rain events were recorded in Ferrara, with a total of 28.5 mm between
January 30 and February 2, causing an initial increase in Hy.

In Figure 2, the sea level shows a maximum value of 1.21 m at
11:40 p.m. on February 5, which is the highest level ever recorded
(since the beginning of 1900) by the tide gauge of Porto Corsini,
Ravenna (ARPAg, 2015). The previous maximum value recorded by this
station was 1.16 m on October 31, 2012, during another storm event
(Harley et al., 2015).

The storm peak was observed by all level-loggers installed in the
aquifer, with an increase in Hy of about 0.5 m and a maximum of
1.75 m in the piezometer MF1-1, which is the closest to the sea. After
the storm, the H; slowly returned to the initial value, but after 10 days
was still above the average winter value, indicating a persistent effect
of the storm event on the coastal aquifer.

It is important to note that the monitoring records in MF1-1 stop
on February 15 because the level-logger was removed by sea waves
that hit the dune crest.

The water level in the Nazioni Lake (Figure 2a) increased by
0.25 m suggesting hydraulic connection between surface and ground-
water, given that in such a period, no inflow from the canal was
allowed, that only 78.5 mm of rain fell, and that the flat topography
does not allow for large amounts of run-off.

Figure 3 shows the salinity values recorded in both study areas

and highlights the decrease in salinity at all observation points due to

(b) Ravenna
25 — — 8
9 -

15 —f ™ #
2, -
%) =
[u] " =

o
= n I [’ — 4 E
o -l MY =
ﬁ 0.5 T" n' i l‘ i §
I ¢
1 I_ p
-0.5 — L
-1 I T T I 0
12615 PV omns 1Y% ousps
Date
Precipitation MF1-1
MF1-4 sea (Porto Corsini)
— MF1-3

FIGURE2 Freshwater heads (m above sea level [a.s.l.]) measured in the piezometers of (a) Ferrara and (b) Ravenna (Area 1 and Area 2, respectively,
refer to Figure 1 for the locations) from January 23 to February 18, 2015. Sea level data (m a.s.l.) from the tide gauge of Porto Corsini and water
level (m a.s.l.) of the Nazioni Lake are reported on the left axes; precipitation (mm) from the Volano (Ferrara) and the Ravenna weather stations are

reported on the right axes
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FIGURE 3 Salinity (g/L) values recorded in the Nazioni Lake and in piezometers of both study areas (refer to Figure 1 for the location of the
monitoring points). Precipitations (mm) from the Volano and Ravenna weather stations are also shown

rainfall infiltration. However, in the Ravenna site, the MF1-1 showed a
rapid salinity increase of about 14 g/L, from 0.4 to 17.5 g/L during the
main storm event that occurred on February 5-6, 2015. The Nazioni
Lake recorded a little change in salinity during the storm event, from
23.8t0 22.6 g/L.

Figures 4 and 5 show results of the soil monitoring in both study
areas. During the storm event, the vadose zone underwent a concur-
rent increase in soil moisture and decrease in pore water salinity at
all observation points, except for MF2-2 in Ravenna (Figure 4b). This
piezometer is a distant 150 m from the coastline and was directly
impacted by sea inundation once the coastal dune was destroyed dur-
ing the 2 days storm event.

In the Ferrara site (Figure 4a), the pore water salinity decreased
about 64% and 67% following the two rain events (end of January
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and February 5-6 storm), and soil moisture values doubled and the
vadose zone became completely saturated. In the Ravenna site
(Figure 4b), the soil reacted similarly to the precipitation event, with
a decrease of the pore water salinity of about 30% except for the pie-
zometer MF1-1 on the dune crest where the pore water salinity
increased from 0.4 to 1.5 g/L. Again, as recorded in the Ferrara site,
the soil moisture increased reaching the complete saturation of the
vadose zone due to the rainfall infiltration.

Figure 5 displays soil, air, sea surface, and groundwater tempera-
tures. Soil and sea surface show a similar temperature trend, with diur-
nal oscillations, which are similar but more attenuated than air
temperature oscillation. One exception to such behaviour is the
MF1-5 filter port 3, where after the main storm event on February

5-6, 2015 a sudden pulse increase in temperature was recorded.
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FIGURE 4  Soil moisture (m®/m®) and pore water salinity (g/L) recorded at the depth of about 0.4-0.5 m below the ground in both study areas
(refer to Figure 1 for the location of the monitoring points). Soil moisture curves refer to the left axes, and pore water salinity curves refer to

the right axes
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Regarding groundwater temperature, the storm event caused a
general and rapid decrease of 1-2 °C, with a maximum decrease of
5 °C recorded in P1 at the Ferrara site and 4 °C in MF1-1 at the
Ravenna site.

4 | DISCUSSION
The storm event on February 5-6, 2015 caused a general increase in
the hydraulic head of the shallow coastal aquifer (Figure 2). The closer
to the coastline, the stronger was the impact on the H; (MF 1-1;
Figure 2b), but the effect was already limited about 300 m from the
coastline (P2 in Figure 2a and MF2-3 in Figure 2b).

The storm caused a general and temporary decrease in groundwa-
ter salinity along the coastal aquifer, except for the piezometer MF1-1,
which is the closest to the coast (only 80 m from the coastline). The

extreme salinity decrease in P1 at the Ferrara site (Figure 3a) was most

probably due to a losing storm water and household collector system,
located at approximately 5 m from P1, which led to preferential infiltra-
tion of rainwater in the fully screened monitoring well, inducing artifi-
cial mixing within the monitoring well (Colombani, Volta, Osti, &
Mastrocicco, 2016c). This is also witnessed by the sharp salinity
decrease of approximately 10 g/L that occurred on January 28,
2015, without any precipitation recorded by the nearby meteorologi-
cal station. On the other hand, the salinity peak shown in Figure 3b
is caused by the storm waves that persisted right on the dune crest
and that caused infiltration of saline water through the vadose zone
down to the saturated portion of the aquifer. This upper saline plume
formed by storm waves on the dune crest is evident in Figure 3b
(MF1-1) and Figure 4 (MF2-2b) and was also observed in previous
studies (Holding & Allen, 2015; lllangasekare et al., 2006). This increase
in pore water salinity through the vadose zone and the temporary dis-
appearance of the freshwater lens that is generally present confirm the
dominant role of the dune system, not only as a physical barrier to



inundation but also as a freshwater reservoir in coastal areas. A well-
preserved dune system (topographically elevated, with stable profile
and vegetation) would better resist to extreme events, avoiding the
deterioration of freshwater resources in coastal areas. This would be
true not only for Mediterranean climatic conditions but also for tropi-
cal climatic conditions often affected by cyclones (Smith, Cable, &
Martin, 2008) and especially in view of the projected climate changes
(Cayan et al., 2008). As suggested in Holding and Allen (2015), the
hydraulic properties of the vadose and saturated zones (Figures 4
and 5) control the flow of water and mass transport of salt within
the aquifer. The hydraulic properties of the vadose zone determine
the extent and advective velocity of saltwater contamination occurring
during the inundation and the formation of the saline plume caused by
storm waves impacting directly on top of the dunes. If the vadose zone
has relatively high hydraulic conductivity, as in these sandy coastal
dunes, the mass transport of salt into the aquifer is facilitated during
the inundation, resulting in a large saltwater plume. Soil and water
parameters in the vadose zone (Figure 2) recovered quickly after the
storm ended. As highlighted by lllangasekare et al. (2006), high hydrau-
lic conductivities, as those measured in the investigated coastal aqui-
fer, can help freshwater lenses to recover quickly due to increased
advective movement of the saltwater plume down to the aquifer. Thus,
after the washover event ceased, the saline plume migrated downward
and dispersed over time. On the other hand, despite the high hydraulic
conductivity, the aquifer system did not quickly recover: in fact, the
storm effects were still evident in both groundwater (H and salinity)
and soil parameters in the vadose zone (temperature, soil moisture,
and pore water salinity) even after 10 days since the storm-wave
washover had ceased.

Chui and Terry (2012) showed how highly permeable sands retain
minimal moisture in the unsaturated zone, leaving ample pore space to
allow rapid seawater ingression during washover by storm waves. This
could explain the rapid increase in groundwater salinity in MF1-1
(Figure 3b). The storm event was able to fill up the unsaturated zone
(flooded areas were observed also a couple of days after the storm)
and cause salinization of the freshwater lenses present before the
storm. Nonetheless, the seawater storm waves affected directly just
a relatively small area, because only one monitoring piezometer placed
near the coast recorded such variations. All other monitoring piezome-
ters recorded a decrease in salinity due to the heavy recharge from
rainfalls that occurred during the storm event. Moreover, the long
screen monitoring well P1 in the Ferrara site showed misleading results
with respect to the shallow piezometers that accurately represented
the actual Hy and salinity present at the top of the aquifer. The Nazioni
Lake recorded no change in salinity during the storm event, and this
was due to its large inertia induced by faster lake water mixing rate
compared to groundwater.

Regarding temperature dataset, soil and sea surface show a sim-
ilar temperature trend, although more attenuate than air tempera-
ture oscillations (Figure 5ab), with the only exception of
piezometer MF1-5 filter port 3, which recorded a sudden pulse
increase in temperature after the storm event, most probably due
to the groundwater upwelling induced by the storm (Figure 2).
Groundwater, in fact, was at higher temperature with respect to

the infiltrating rainwater (Figure 5).

The storm event caused a rapid decrease in groundwater temper-
ature (Figure 5c,d), and the maximum decrease in P1 at the Ferrara site
can be explained by the rapid water infiltration from the storm water
and household collector system, witnessed by the extreme rise of the
groundwater temperature up to 22 °C on January 28, 2015, when
some household warm water was leaked in the system.

The temperature recorded in the Nazioni Lake was influenced by
air temperature because of the shallow position of the level-logger,
about -0.20 m below the water surface, gently smoothing the daily
temperature variations that occurred throughout the monitoring
period. Overall, the employed monitoring techniques are limited in
space and should be corroborated by nonpoint data such as geophys-
ical measurements to extend the observed high-quality data in
between the monitored points. Thus, future works will need to tackle
better this point using for instance time-lapse geophysical measure-

ments to extend laterally the observed results.

5 | CONCLUSIONS

This research brings new data and insight on the effects of extreme
storm events on unconfined coastal aquifers. The data were evaluated
comparing two different sites pertaining to the same coastal aquifer of
the Emilia-Romagna region, Italy.

The storm effects were evaluated by monitoring both the satu-
rated and vadose zone parameters such as equivalent freshwater
heads, temperature and salinity of groundwater and soil temperature,
and salinity and volumetric water content. This database allowed
inferring the magnitude and extent of the extreme storm event on
the coastal aquifer. The main outcomes are a general increase in
hydraulic head and soil moisture, along with a decrease in groundwa-
ter salinity and pore water salinity due to the rainfall infiltration dur-
ing the 2 days storm event. The noticeable exceptions are
represented by the observation points in proximity to the coastline
(within 100 m), which recorded a temporary increase in soil and
water salinity caused by the exceptional high waves, which persist
right on top of the dune crest during the storm event. This generates
an upper saline plume that infiltrates through the vadose zone down
to the saturated portion of the aquifer causing a temporary disap-
pearance of the freshwater lens generally present below the coastal
dunes. Despite the high hydraulic conductivity, the aquifer system
does not quickly recover itself and the storm effects are still evident
in groundwater and soil parameters after 10 days past the end of the
storm-wave washover. The above-mentioned effects due to storm
events are likely to occur in other similar sedimentary coastal settings
throughout the world.
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