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Abstract

Catchment hydrological responses to precipitation inputs, particularly during excep-

tionally large storms, are complex and variable, and our understanding of the associ-

ated runoff generation processes during those events is limited. Hydrological

monitoring of climatically and hydrologically distinct catchments can help to improve

this understanding by shedding light on the interplay between antecedent soil mois-

ture conditions, hydrological connectivity, and rainfall event characteristics. This

knowledge is urgently needed considering that both the frequency and magnitude of

extreme precipitation events are increasing worldwide as a consequence of climate

change. In autumn 2018, we installed water level sensors to monitor stream water

and near-stream groundwater levels at two Mediterranean forest headwater catch-

ments with contrasting hydrological regimes: Font del Regàs (sub-humid climate,

perennial flow regime) and Fuirosos (semi-arid climate, intermittent flow regime).

Both catchments are located in northeastern Spain, where the extratropical cyclone

Gloria hit in January 2020 and left in ca. 65 h outstanding accumulated rainfalls of

424 mm in Font del Regàs and 230 mm in Fuirosos. During rainfall events of low

mean intensity, hydrological responses to precipitation inputs at the semi-arid

Fuirosos were more delayed and more variable than at the sub-humid Font del Regàs.

We explain these divergences by differences in antecedent soil moisture conditions

and associated differences in catchment hydrological connectivity between the two

catchments, which in this case are likely driven by differences in local climate rather

than by differences in local topography. In contrast, during events of moderate and

high mean rainfall intensities, including the storm Gloria, precipitation inputs and

hydrological responses correlated similarly in the two catchments. We explain this

convergence by rapid development of hydrological connectivity independently of

antecedent soil moisture conditions. The data set presented here is unique and con-

tributes to our mechanistic understanding on how streams respond to rainfall events

and exceptionally large storms in catchments with contrasting flow regimes.
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1 | INTRODUCTION

Investigating the variability in hydrological responses to precipitation

inputs across climatic settings can shed light on many of the unsolved

questions in catchment hydrology (Blöschl et al., 2019). For example,

our understanding of the impacts of extreme precipitation events on

catchment hydrology and associated solute export is still limited,

despite their known adverse consequences for ecological and socio-

economic systems (Kunkel et al., 1999; Llasat et al., 2010). On one

hand, predicting the occurrence of extreme precipitation events is still

highly uncertain due to their limited spatial coherence (Alexander

et al., 2006; Hartmann et al., 2013), even after recent improvements

in the quality and resolution of satellite and meteorological station

data used in climatic models (Hartmann et al., 2013; Morbidelli

et al., 2020). On the other hand, hydrological responses associated

with this type of events are complex and diverse (Kaushal et al., 2018;

McMillan et al., 2018). Thus, uncertainty persists regarding timing,

duration, intensity, frequency, and spatial extent of precipitation

events, particularly extreme rainfall events (Rojas et al., 2011), and

regarding the associated catchment hydrological responses. Resolving

how catchments respond under extraordinary circumstances is

urgently needed considering that the frequency and magnitude of

extreme precipitation events have increased globally in recent years

and are likely to further increase in coming decades as a consequence

of climate change (Hartmann et al., 2013; Huntington, 2006).

At the regional scale, hydrological responses to precipitation

inputs and extreme events can be highly variable. In natural,

unregulated systems, this variability is usually attributed to a combina-

tion of factors. Among these factors, local climate and topography

stand out as the most important ones because they in turn control

antecedent soil moisture conditions and hydrological connectivity

(Barker et al., 2016; Bracken et al., 2013; Marchi et al., 2010;

McMillan et al., 2018). Accordingly, climatic and topographic features

ultimately determine the predominant hydrological regime within a

catchment, and also its resulting hydrological resilience, that is, its

ability to buffer the impact of external forcings such as extreme pre-

cipitation events (Botter et al., 2013). It has been proposed that per-

sistent flow regimes, characteristic of perennial streams with

extensive catchment hydrological connectivity, usually show higher

sensitivity and lower stability to climate anomalies than erratic flow

regimes, typical of intermittent streams with low-mean discharges and

low-catchment hydrological connectivity (Botter et al., 2013). There-

fore, streams with contrasting flow regimes might exhibit different

hydrological responses and sensitivity to rainfall events, including

extreme precipitation events. Rainfall event characteristics play an

important and complex role in this context. For example, mean rainfall

intensity rather than rainfall amount has been proposed to drive the

development of hydrological connectivity through non-linear

responses, especially in intermittent streams located in arid and semi-

arid areas (Azarnivand et al., 2020; Gomi et al., 2008).

The western Mediterranean region is characterized by a broad

range of local climates and topography that favours the occurrence of

locally intense rainfall episodes and results in catchments with differ-

entiated flow regimes. Consequently, this region offers high potential

to investigate catchment hydrological responses under contrasting

flow regimes and during extreme precipitation events. Indeed,

extreme events are more frequent in the western than in the eastern

Mediterranean region and the rest of Europe (Llasat et al., 2010;

Marchi et al., 2010). For example, as many as 4.6 flood events per year

were recorded in eastern Spain (located in the western Mediterra-

nean) between 1990 and 2006, whereas only 0.7 flood events per

year were recorded in Greece (located in the eastern Mediterranean;

Llasat et al., 2010). Long-term records (>100 years) indicate that

extreme precipitation events in the western Mediterranean region

occur mostly in autumn and winter, and can be accompanied by dra-

matic increases in water levels and flooding of extensive areas (Llasat

et al., 2010; Toreti et al., 2010). However, despite the associated eco-

logical and socioeconomic impacts of these episodes, appropriate

observational hydrological data is still lacking, and most of the avail-

able information is based on post-event reconstruction analyses

(Gaume et al., 2009; Marchi et al., 2010). The establishment of long-

term environmental monitoring programmes that incorporate the use

of high-frequency in situ sensors can help to improve our mechanistic

understanding of the effects of such extreme events on catchment

hydrology, not only in this region, but also in other sites worldwide

(Kaushal et al., 2018).

Here, we present a hydrological monitoring effort recently

established at two Mediterranean forest headwater catchments

located in northeastern Spain (i.e., in the western Mediterranean

region): Font del Regàs and Fuirosos. The two catchments show con-

trasting hydrological regimes (perennial vs. intermittent) linked to their

contrasting local climates (sub-humid vs. semi-arid). Thus, they offer

the possibility to investigate hydrological responses to precipitation

inputs under contrasting flow and climatic conditions. Monitoring of

hydrological variables, namely stream water and near-stream ground-

water levels, started in September 2018. The period since then has

been exceptionally wet, including several large rainfall events. Of par-

ticular interest was the ‘extratropical cyclone’ Gloria that hit eastern

Spain in January 2020. The storm Gloria approached the Iberian Pen-

insula from the open Atlantic Ocean, and it stalled in the western

Mediterranean Sea for several days until it slowly drifted southwest,

passed over the Strait of Gibraltar and dissipated (Martín-Vide, 2020).

In its wake, Gloria carried extraordinarily high and persistent winds

and rainfalls, causing large floods and widespread environmental and
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economic damage (Amores et al., 2020). This extreme precipitation

event brought, during a period of ca. 65 h, outstanding accumulated

rainfalls of 424 mm in Font del Regàs and 230 mm in Fuirosos. In this

study, we present the hydrological data that we reconstructed from

this massive storm, together with the hydrological data from the mon-

itoring activity from September 2018 until March 2020.

Our main objective was to investigate overall differences in

hydrological responses to precipitation inputs between these two

contrasting headwater catchments, and relate these differences to

rainfall event characteristics. We expected larger variability and less

responsiveness to precipitation inputs in the intermittent stream,

which is characterized by a marked seasonality in stream discharge

and hydrological connectivity compared with the perennial stream.

We also aimed to examine specific differences in hydrological

responses between the two catchments during the storm Gloria, and

highlight the uniqueness of this data set by putting this extreme pre-

cipitation event into a broader climatic context. These aims are impor-

tant because they can contribute to advance our understanding of the

processes controlling catchment hydrological responses to precipita-

tion inputs, including extreme events, across climatic settings.

2 | MONITORING SITES

The two monitoring sites are headwaters of the 865 km2 Tordera

catchment, which flows into the western part of the Mediterranean

Sea in northeastern Spain (Figure 1). The pronounced altitude gradi-

ent in the Tordera catchment, ranging from 0 to 1706 m above sea

level (a.s.l.), results in a mosaic of orographic features and microcli-

mates with contrasting local temperature, precipitation, and evapo-

transpiration regimes. This climatic gradient translates into a mosaic

of hydrological regimes that includes perennial, intermittent, and

ephemeral headwater tributaries. These characteristics make the

Tordera catchment an exceptional field laboratory to study hydro-

logical responses under contrasting conditions within the same geo-

graphical region. Our two monitoring catchments, Font del Regàs

and Fuirosos, are similar in size and represent two endmembers of

such contrasting conditions despite being separated by only

ca. 15 km. The two sites are located in separate mountains and thus

have distinctively different precipitation patterns: Font del Regàs is

located in the Montseny massif, whereas Fuirosos is located in the

Montnegre i el Corredor range (Figure 1). Anthropogenic activity at

F IGURE 1 Location of the Tordera catchment within Spain and relative position of the two monitoring headwater catchments Font del Regàs
(perennial stream) and Fuirosos (intermittent stream), as well as of the meteorological stations Viladrau (953 m a.s.l.) and Dosrius (460 m a.s.l.)
used in this study. The locations of the monitoring sensors for stream water and near-stream groundwater levels within each catchment are also
shown
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both sites is low, given their location in natural protected forest

areas.

The Font del Regàs catchment, located in the Montseny Natural

Park (outlet at 41�50’ N, 2�280 E), includes a total drainage area of

15.5 km2 that ranges between 405 and 1603 m a.s.l. (Figure 1). The

local climate is sub-humid Mediterranean with mild winters, wet

springs, and dry summers. Long-term (1940–2000) average annual air

temperature was 12.1 ± 2.5�C (average ± SD), whereas average

annual precipitation during this period was 925 ± 151 mm year�1

(Lupon, Bernal, et al., 2016). A vegetation gradient follows the altitude

gradient in the catchment. Deciduous European beech (Fagus sylvatica

L.) forest and a small proportion of heathlands (Calluna vulgaris L. and

gramineae) dominate the upper, steeper parts of the catchment

(800 to 1600 m a.s.l.), whereas evergreen oak (Quercus ilex) forest

dominates in the lower half of the catchment (400 to 1000 m a.s.l.). A

well-developed (10–20 m wide) riparian forest, composed of a mix-

ture of tree species including black alder (Alnus glutinosa L.), black

locust (Robinia pseudoacacia L.), European ash (Fraxinus excelsior L.),

and black poplar (Populus nigra L.), is found in near-stream zones in

the lower, U-shaped part of the valley (500–750 m a.s.l.; Lupon,

Bernal, et al., 2016; Poblador et al., 2017). No riparian vegetation

exists in the upper, V-shaped part of the catchment. Annual potential

evapotranspiration rates depend on the forest type and correspond to

550–650 mm year�1 in the evergreen forest, 600–750 mm year�1 in

the deciduous forest, and 750–1000 mm year�1 in the riparian forest

(Àvila et al., 1996; Llorens & Domingo, 2007; Lupon et al., 2018). The

overall potential evapotranspiration in the catchment as estimated

with the Penman-Monteith equation is ca. 750 to 800 mm year�1

(Lupon et al., 2018). Upslope soils are sandy, with a 3–5 cm-deep O

horizon followed by a 5–20-cm deep A horizon and a > 100 cm-deep

B horizon. Groundwater in the upslopes flows more than 1 m below

the soil surface (b.s.s.) and percolates rapidly through the soil towards

the stream by preferential flow paths (Àvila et al., 1995). The catch-

ment is drained by a perennial stream that exhibits a persistent flow

regime (sensu Botter et al., 2013). The geomorphology of the stream-

bed changes along the stream; at the upper parts of the catchment

the streambed is composed by rocks and cobbles and wetted width is

ca. 1.5 m, whereas sands and gravels predominate at the valley bot-

tom, where wetted width is ca. 3.5 m. Monitoring of hydrological data

at Font del Regàs, including stream discharge and groundwater levels,

was previously limited to a few years in the early 2010s (see

e.g., Lupon et al., 2018; Lupon, Bernal, et al., 2016).

The Fuirosos catchment, located in the Montnegre-Corredor Nat-

ural Park (outlet at 41�43’ N, 2�340 E), includes a total drainage area

of 16.5 km2 that ranges between 80 and 758 m a.s.l. (Figure 1). The

seasonality of temperature and precipitation at Fuirosos is similar to

that of Font del Regàs, but the overall climate is warmer and drier,

typically semi-arid Mediterranean due to the high evapotranspiration

in relation to the precipitation (Medici et al., 2008). During the period

2009–2019, average annual air temperature was 13.9 ± 0.5�C and

average annual precipitation was 658 ± 216 mm year�1, as measured

by a nearby meteorological station. Catchment forests are dominated

by evergreen species, including cork oak (Quercus suber L.), Aleppo

pine (Pinus halepensis L.), and maritime pine (Pinus pinaster L.). Small

proportions of deciduous forests are present in the upper parts of the

catchment and include chestnut (Castanea sativa L.), hazel (Corylus

avellana L.), and downy oak (Quercus pubescens L.). Lower parts of the

stream channel are embedded in sandy alluvial deposits and flanked

by a well-developed riparian zone, which is 10–20 m wide and con-

sists mainly of plane tree (Platanus hispanica L.) and black alder (Bernal

et al., 2005). Annual potential evapotranspiration for the overall catch-

ment ranges between 975 and 1418 mm year�1, as estimated with

the Penman-Monteith equation for different periods between 1999

and 2006 (Bernal et al., 2012; Medici et al., 2008). Upslope soils are

poorly developed, with a thin organic O horizon, or more frequently

an Ao horizon that transition into a B horizon at ca. 5 cm depth.

Groundwater in the upslopes flows more than 2 m b.s.s. and perco-

lates rapidly through the soil towards the stream by preferential flow

paths (Butturini et al., 2003). The catchment is drained by an intermit-

tent stream that exhibits an erratic flow regime (sensu Botter

et al., 2013). No surface runoff is observed during the driest months

of the year, typically from late June to late September (Bernal

et al., 2002). The streambed is dominated by sand, rocks, and boulders

and mean wetted width increases along the stream from 1.5 to 2.5 m

during the months with observable surface runoff. Stream discharge

and groundwater levels were previously monitored during the late

1990s and the 2000s (see Vázquez et al., 2013 and within

references).

3 | MATERIAL AND METHODS

3.1 | Field installations and available data

In September 2018, we established a parallel monitoring programme

for hydrological data collection at both Font del Regàs and Fuirosos.

We used a series of water level data logger sensors (HOBO®

U20-001-04) to record high-frequency stream water and near-

stream groundwater levels at both catchments. All sensors were set

to record measurements at 10-min resolution. In this study, data

until 3 March 2020 are presented. The impossibility to access either

of the sites during and a few days after the storm Gloria (20–23

January 2020) prevented measurements of stream discharge during

the extreme flow conditions associated with this event. We built rat-

ing curves for both Font del Regàs and Fuirosos, but only with obser-

vations made during relatively low stream discharge conditions.

Hence, these rating curves did not provide estimates of stream dis-

charge with acceptable limits of uncertainty for this study and we

based our analyses on raw stream water level measurements, from

which, in any case, stream discharge values are ultimately derived.

Therefore, we argue that hydrological response evaluations can be

made in terms of water levels without the need to invoke discharge

data as both the measurement (i.e., water level) and the derived

product (discharge) would be positively related (e.g., stream peak dis-

charge and the highest stream water level during an event will

always coincide).
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Stream water levels at Font del Regàs were measured near the

outlet, at a location draining an area of 14.2 km2, from September

2018 to November 2019. The sensor used to record water levels was

attached to a concrete block and placed on the middle part of the riv-

erbed. However, reliable data were only available from September

2018 to September 2019, including periods of data loss between

December 2018 and April 2019 (Table 1). Because of drastic changes

in riverbed sediment, in November 2019 we moved the monitoring of

stream levels to a different location 900 m upstream, draining an area

of 13.0 km2. Unfortunately, data from this new location were lost

because the storm Gloria damaged the installation and sensor, which

was attached to a small manmade wall built on one side of the stream

channel. An additional sensor was installed in a 1.2 m-deep monitoring

well placed 2 m from the stream channel in the riparian zone nearby

the first stream location. Groundwater levels were recorded here from

September 2018 to March 2020, except for a period of data loss in

February 2019 and a period in which the sensor was stolen between

mid-December 2019 and early January 2020.

At Fuirosos, stream water levels were measured at a location

draining the upper 9.9 km2 of the catchment by a sensor attached to

a concrete block and placed on the middle part of the riverbed. Except

for a few gaps, data were recorded from October 2018 to January

2020, when the sensor was scoured by the storm Gloria and pre-

cluded a full time series until March 2020 (Table 1). Groundwater

levels were recorded in a 1.2 m-deep monitoring well located close to

the stream channel in the riparian area adjacent to the stream sensor

location, from October 2019 to March 2020. Groundwater levels

measured at both catchments will be referred to as ‘near-stream
groundwater levels’ hereafter.

For this study, we used precipitation and temperature time series

from two meteorological stations managed by the Servei Meteorològic

de Catalunya (SMC, Catalan Meteorological Service), which is the most

important institution managing meteorological stations regionally,

uses state of the art equipment and technology, has exhaustive qual-

ity controls, and thus produces high quality data. Precipitation is mea-

sured by tipping buckets and temperature by thermocouple sensors.

We considered Viladrau station, located in the Montseny massif,

ca. 4 km northwest the outlet of Font del Regàs, and only a few hun-

dred meters from the northern end of the catchment, as the best

source of meteorological data representing this site. For Fuirosos, we

considered the data from Dosrius station as the best source of meteo-

rological data. Dosrius is located in the Montnegre i el Corredor range,

ca. 13 km southwest our stream water level monitoring station in

Fuirosos (Figure 1). Both Viladrau (953 m a.s.l.) and Dosrius (460 m a.

s.l.) are located at intermediate elevations with respect to Font del

Regàs and Fuirosos catchments, respectively. In both cases, the avail-

able data goes back to the beginning of 2009 and consisted of 1-hour

(January 2009–April 2014) and 30-min (April 2014–March 2020) res-

olution accumulated precipitation (SMC, 2020).

In this study, both the magnitude and, more notably, the timing of

the precipitation were important to pursue our objectives. We

assessed the uncertainty in both the timing and the magnitude of the

precipitation estimates from Viladrau and Dosrius stations by taking

into account additional precipitation data from other nearby SMC sta-

tions and from other local sources (Supporting Information, Figure S1,

Table S1, Figure S2, Table S2). In order to assess uncertainty in precip-

itation timing, we compared the starting time of the rainfall events

identified for Viladrau and Dosrius within the study period

(September 2018–March 2020) with the starting time of the

corresponding events for the nearby stations considered in each case.

Similarly, in order to assess uncertainty in precipitation magnitude, we

compared the total accumulated precipitation at Viladrau and Dosrius

with that of the corresponding nearby stations, for the study period

or for periods with overlapping data. These analyses showed that, for

both catchments, the uncertainty in precipitation timing is negligible

(<30 min) and the uncertainty in precipitation magnitude is low

(<10%; see Supporting Information for full details). Therefore, we are

confident that the data from both Viladrau and Dosrius stations repre-

sent well the timing and magnitude of the precipitation falling in Font

del Regàs and Fuirosos, respectively.

3.2 | Data treatment and statistical analyses

Precipitation data was used to identify rainfall events at each monitor-

ing catchment for the study period (September 2018–March 2020).

For this assessment, we considered that rainfall events (i) consisted of

a minimum accumulated precipitation of 5 mm and (ii) were separated

TABLE 1 Available 10-min resolution hydrological data from the two monitoring headwater catchments Font del Regàs (perennial stream)
and Fuirosos (intermittent stream) presented in the study. The percentages of missing dates within the available data periods are also shown. The
extratropical cyclone Gloria took place on the period 20–23 January 2020. The date format is dd/mm/yyyy in all cases

Catchment Hydrological data Available data periods Missing dates (%)

Font del Regàs Stream water level 17/09/2018 to 27/12/2018;

29/01/2019 to 13/02/2019;

17/04/2019 to 21/09/2019

25.4%

Font del Regàs Near-stream groundwater level 17/09/2018 to 13/02/2019;

06/03/2019 to 16/12/2019;

13/01/2020 to 03/03/2020

8.6%

Fuirosos Stream water level 11/10/2018 to 13/02/2019;

06/03/2019 to 19/03/2019;

01/04/2019 to 22/01/2020

7.2%

Fuirosos Near-stream groundwater level 31/10/2019 to 03/03/2020 0.0%
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from each other for periods without precipitation of at least 24 h. We

chose this threshold for defining a rainfall event because hydrological

responses to precipitation inputs below 5 mm are generally

undetectable in Mediterranean catchments (Gallart et al., 2002). In

addition, the conservative 24-hour inter-event period selected

followed Azarnivand et al. (2020) and Ledesma et al. (2021) and aimed

to ensure that the hydrological responses studied in connection with

the rainfall events did not overlap between events.

We compared (i) accumulated precipitation (mm), (ii) total event

duration (h), (iii) mean rainfall intensity (as the accumulated precipita-

tion divided by the event duration, mm h�1), and (iv) maximum 30-min

rainfall intensity (determined by the resolution of the meteorological

station data and expressed in mm h�1) of the rainfall events from Font

del Regàs (sample size, N = 46) and Fuirosos (N = 41) using Wilcoxon

rank-sum tests. The Wilcoxon rank-sum test is a non-parametric test

(i.e., no assumptions are made about how the data are distributed)

used to determine whether two groups of samples come from the

same population (same percentiles), or differ only in location (central

value or median; Helsel & Hirsch, 2002). In other words, the method

tests whether one group tends to produce larger observations than

the second group. With this analysis we examined whether there

were differences in rainfall event characteristics between the two

catchments during the study period. For each rainfall event descriptor,

we also performed a paired Wilcoxon signed-rank test to further

assess differences in rainfall characteristics between events occurring

simultaneously at the two catchments (i.e., starting within 24 h of

each other, N = 31). The paired Wilcoxon signed-rank is similar to the

Wilcoxon rank-sum test but applied to two groups of samples with

paired observations and is used to determine whether the median dif-

ference between paired observations equals zero or not (Helsel &

Hirsch, 2002). Mean and maximum 30-min rainfall intensities were

further classified according to the Spanish State Meteorological

Agency definitions into ‘light’ (≤ 2 mm h�1), ‘moderate’ (2–

15 mm h�1), ‘heavy’ (15–30 mm h�1), ‘very heavy’ (30–60 mm h�1),

or ‘torrential’ (≥ 60 mm h�1; Llasat, 2001).

The four hydrological time series that were recorded at 10-min

intervals (i.e., stream water and near-stream groundwater levels at

both Font del Regàs and Fuirosos; Table 1) were integrated into

30-min resolutions in order to be compared with the corresponding

precipitation time series through cross-correlation (Brockwell &

Davis, 1991). Cross-correlation is used to evaluate the statistical cor-

relation between two data time series at different lag times and

thereby to explore the lag time in the synchronicity between an

explanatory time series (e.g., precipitation) and a response time series

(e.g., water levels; Lee et al., 2006; Padilla & Pulido-Bosch, 1995).

Here, cross-correlation was used to explore the lag times of stream

water and near-stream groundwater levels that maximized the corre-

lation with precipitation inputs at Font del Regàs and Fuirosos for

each identified rainfall event. The analysis was done for all instances

when complete data series were available (e.g., no cross-correlation

was possible at Fuirosos during the summer dry period) and extended

from the beginning of the corresponding rainfall event to 8 h after the

end of the event. This 8-hour margin was included in order to ensure

that the potential lag time in the hydrological response with respect

to the precipitation input was covered. Varying the 8-hour margin by

±4 h led to similar results (not shown). Cross-correlations were com-

puted using the ccf function in R version 3.6.3 (R Core Team, 2012).

In addition, for each identified rainfall event, we further charac-

terized the associated hydrological response for the available data by

inspection of the stage hydrographs. Specifically, we considered that

the beginning of the hydrological response coincided with the time

when either stream water or near-stream groundwater levels

increased at least 0.4 cm between two consecutive hydrological

records (i.e., between a 30-min interval) following the beginning of

the associated rainfall event. In turn, the end of each hydrological

response was defined as the time when stream water or near-stream

groundwater levels decreased less than 0.1 cm over four consecutive

records (i.e., a 2-hour period). For each hydrological response identi-

fied, we also recorded the time of the stage hydrograph peak.

Using Wilcoxon rank-sum tests, we examined differences in the

hydrological response to rainfall events between Font del Regàs and

Fuirosos by comparing: (i) the lag time of the hydrological response

that maximized the correlation with precipitation inputs, (ii) the time

lapse between the beginning of a rainfall event and the beginning of

the associated hydrological response, (iii) the time to reach the stage

hydrograph peak from the beginning of the hydrological response,

and (iv) the total duration of the hydrological response. Additionally,

we aimed to test whether the average lag time of the hydrological

response that maximized the correlation with precipitation inputs dif-

fered between the two catchments. To do so, we performed a Tukey's

honestly significant difference (HSD) test, which compares pairs of

means between different groups of samples (Quinn & Keough, 2002).

The test is suitable for groups that have unequal sample sizes and can

be used when distributions are normal or approximately normal, as it

was the case here. These analyses were done separately for stream

water and near-stream groundwater data. Moreover, we used

Wilcoxon rank-sum tests to assess whether hydrological responses

described by the four descriptors differed between stream water and

near-stream groundwater levels for each individual catchment.

Finally, we investigated relationships between rainfall event char-

acteristics and hydrological responses in each catchment by using lin-

ear, segmented linear, and non-linear regression models between the

four rainfall event descriptors (accumulated precipitation, total dura-

tion, mean rainfall intensity, and maximum 30-min rainfall intensity)

and the lag time of the hydrological response that maximized the cor-

relation with precipitation inputs. These analyses were done by com-

bining stream water and near-stream groundwater data in each

catchment. The significance level for all statistical analyses was set

at p < 0.05.

4 | RESULTS

4.1 | Precipitation inputs and hydrological
responses during the monitoring period

During the study period, the total precipitation at Font del Regàs and

Fuirosos was 1923 and 1365 mm, respectively, equivalent to 1277
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and 906 mm year�1. These values are well above the long-term

annual averages at both catchments, although the study period only

covered one spring–summer season and two autumn-winter seasons,

which are generally wetter (Figure 2a,b). Both stream water and near-

stream groundwater levels responded to precipitation inputs, except

for a particularly long period of no observable surface runoff at the

intermittent Fuirosos that lasted almost 4 months, from the 30 June

to 23 October 2019 (Figure 2c–f).

Accumulated precipitation, total event duration, mean rainfall

intensity, and maximum 30-min rainfall intensity were not statisti-

cally different between the rainfall events identified at Font del

Regàs and Fuirosos (Figure 3, Table S3, Table S4). All descriptors

showed a wide range of values, which were similar between the

two catchments. Medians (interquartile ranges, IQR) were: 15 (6.6–

35) and 19 (7.5–34) mm for accumulated precipitation, 8.0 (4.0–26)

and 9.0 (3.0–23) h for rainfall event duration, 1.9 (1.0–3.2) and 2.2

(1.3–3.5) mm h�1 for mean rainfall event intensity, and 8.2 (4.0–15)

and 11 (5.3–17) mm h�1 for maximum 30-min rainfall event inten-

sity at Font del Regàs and Fuirosos, respectively. Over 20% of the

rainfall events were longer than 24 h in both catchments and only

one event in each case had a mean rainfall intensity classified as

‘heavy’. The rest of the events were either ‘light’ (57% in Font del

Regàs and 46% in Fuirosos) or ‘moderate’ (41% in Font del Regàs

and 51% in Fuirosos) according to their mean rainfall intensity. Nev-

ertheless, maximum 30-min rainfall intensities were ‘heavy’ and

‘very heavy’ in eight events at Font del Regàs (18% of the total)

and 15 events at Fuirosos (37% of the total). In addition, two ‘tor-
rential’ maximum 30-min rainfall intensities were recorded at Font

del Regàs. When the comparison between catchments was

repeated for the paired rainfall events (N = 31), accumulated pre-

cipitation at Font del Regàs was statistically higher than at Fuirosos

(mean difference = 21.5 mm, p = 0.002, Figure S3). None of the

other three rainfall event descriptors was statistically different

between the two sites for the paired comparison (Figure S3).

F IGURE 2 Time series of (a, b) precipitation and (c, d) available 10-min resolution stream water level, and (e, f) near-stream groundwater level
during the study period for the two monitoring headwater catchments Font del Regàs (perennial stream, left-side panels) and Fuirosos
(intermittent stream, right-side panels). Pink arrows indicate the time when the extratropical cyclone Gloria took place (20–23 January 2020)
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Stream water and near-stream groundwater level responses to

precipitation inputs showed a wide range of values, especially at

Fuirosos (Figure 4). The lag time of the stream water level response

that maximized the correlation with precipitation inputs was signifi-

cantly longer and more variable (wider IQR) at Fuirosos, that is, 8.5

(5.9–12.1) h (N = 26) than at Font del Regàs, that is, 4.8 (4.0–6.0) h

(N = 26; Wilcoxon test, p < 0.001; Figure 4a). A similar pattern was

observed for the near-stream groundwater level data, where median

lag times were 9.0 (5.0–13.1) h (N = 6) at Fuirosos and 5.0 (4.5–7.0) h

(N = 43) at Font del Regàs, although in this case the difference was

not statistically significant because of the small sample size of the

near-stream groundwater level data at Fuirosos (Wilcoxon test,

p = 0.075). Average (±SD) values of lag times were significantly higher

at Fuirosos than at Font del Regàs for both stream water (9.7 ± 5.5

vs. 5.9 ± 4.0 h; Tukey HSD, p = 0.007) and near-stream groundwater

(9.6 ± 5.6 h versus 6.1 ± 3.3 h; Tukey HSD, p = 0.031) levels.

The time lapse between the beginning of a rainfall event and the

beginning of the associated hydrological response was not statistically

different between the two catchments (Wilcoxon tests, p = 0.39 for

stream water level data, p = 0.84 for near-stream groundwater level

data; Figure 4b). However, the time lapse for the stream water level

was perceptibly longer (larger median) and more variable at Fuirosos,

that is, 5.0 (2.5–7.5) h (N = 19), than at Font del Regàs, that is, 3.5

(3.0–6.0) h (N = 23). A similar pattern was observed for the near-

stream groundwater level data, where median time lapse was 4.0

(2.0–6.2) h (N = 5) at Fuirosos and 3.5 (3.0–5.5) h (N = 35) at Font del

Regàs. On the other hand, the time to reach the stage hydrograph

peak was significantly longer and more variable at Fuirosos, that is,

11 (5.5–28) h (N = 19), than at Font del Regàs, that is, 5.5 (3.5–8.5) h

(N = 23), for the stream water level data (Wilcoxon test, p = 0.040;

Figure 4c). For the near-stream groundwater level data, the time to

reach stage hydrograph peak was not statistically different between

the two catchments (Wilcoxon test, p = 0.62), but Fuirosos showed

again a longer median and more variability, that is, 11 (3.5–25) h

(N = 5), than Font del Regàs, that is, 5.5 (3.5–12.5) h (N = 35). Finally,

the total duration of the hydrological response was not statistically

different between Font del Regàs and Fuirosos (Wilcoxon tests,

p = 0.44 for stream water level data, p = 0.74 for near-stream

groundwater level data), but Fuirosos showed higher variability for

both the stream water, that is, 23 (12–68) h (N = 18) versus 22 (11–

35) h (N = 22), and near-stream groundwater data, that is, 20 (12–

399) h (N = 5) versus 24 (14–39) h (N = 35), than Font del Regàs,

respectively (Figure 4d).

There were no statistical differences between stream water and

near-stream groundwater within each individual catchment for any of

the four hydrological response descriptors (Wilcoxon tests, p > 0.25 in

all cases). Indeed, stream water and near-stream groundwater levels

showed similar dynamics and the associated hydrological response

descriptors were highly linearly correlated between the two compart-

ments (R2 > 0.9 in all cases except for lag times in Font del Regàs,

where the correlation was R2 = 0.6; Figure S4).

Lower mean rainfall event intensities at Fuirosos led to a broad

range of lag times, whereas higher mean rainfall event intensities led

to more restricted and generally shorter lag times. This behaviour was

best captured by a two-segment negative linear regression with a tip-

ping point at 1.6 mm h�1 for the combined stream water and near-

stream groundwater data from Fuirosos (Figure 5a). We reanalysed

this segmented linear relationship for five subsets of events by ran-

domly removing ca. 20% of the data (i.e., 7 out of 32 observations) in

each subset and found that the relationship held, with statistically

F IGURE 3 Characterization of rainfall events (≥ 5 mm) at the two headwater catchments font del Regàs (perennial stream, N = 46) and
Fuirosos (intermittent stream, N = 41) identified between September 2018 and March 2020 using distributions of (a) accumulated precipitation,
(b) total event duration, (c) mean rainfall intensity, and (d) maximum 30-min rainfall intensity. On each box, the central mark indicates the median,
and the bottom and top edges of the box indicate the 25% and 75%, respectively. The whiskers extend to the most extreme data points not
considered outliers, which are data points exceeding a distance of 1.5 times the interquartile range below the 25% or above the 75%. p-values
corresponding to Wilcoxon rank-sum tests are shown in each case. The pink dots represent the corresponding values for the extratropical cyclone
Gloria (20–23 January 2020)
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significant tipping points varying between 1.6 and 1.9 mm h�1 (-

Table S5). This pattern was not observed for the Font del Regàs data

and no other relevant linear, segmented linear, or non-linear relation-

ships between rainfall event characteristics and lag times were found

for any of the catchments (not shown). Further, the average lag time

associated with mean rainfall event intensities lower than 1.6 mm h�1

at Fuirosos was significantly longer than that associated with mean

rainfall event intensities higher than 1.6 mm h�1, as well as longer

than the average lag time from the Font del Regàs catchment

irrespective of mean rainfall intensity (Tukey HSD, p < 0.01;

Figure 5b). To make the case stronger, we repeated the comparison

using a threshold of 1.9 mm h�1 (instead of 1.6 mm h�1) and obtained

the same result (not shown).

4.2 | Precipitation inputs and hydrological
responses during the extratropical cyclone Gloria

During the single storm event Gloria, Font del Regàs received 424 mm

of precipitation in 64.5 h, which is nearly half of the long-term average

annual precipitation in the catchment and by far the largest rainfall

event during the study period (Figure 3a). The accumulated

F IGURE 4 Characterization of stream water and near-stream groundwater responses during rainfall events at the two headwater catchments

font del Regàs (perennial stream) and Fuirosos (intermittent stream) during the period September 2018–March 2020 using distributions of (a) lag
times of the hydrological response that maximized the correlation with precipitation inputs according to cross-correlation (N = 26, 26, 43, 6),
(b) time lapse between the beginning of a rainfall event and the beginning of the associated hydrological response (N = 23, 19, 35, 5), (c) times to
reach the stage hydrograph peak from the beginning of the hydrological response (N = 23, 19, 35, 5), and (d) the total duration of the hydrological
response (N = 22, 18, 35, 5). On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25% and
75%, respectively. The whiskers extend to the most extreme data points not considered outliers, which are data points exceeding a distance of
1.5 times the interquartile range below the 25% or above the 75%. Note the different scale in the y-axis for the two plots in panel (d). p-values
corresponding to Wilcoxon rank-sum tests are shown in each case. The pink dots represent, when available, the corresponding values for the
extratropical cyclone Gloria (20–23 January 2020)
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precipitation during the storm in Fuirosos was lower (230 mm in

66.5 h), but also amounted more than one third of the total precipita-

tion in a regular year and was also the largest during the study period.

The storm Gloria was the second longest of all recorded events during

the study period at Font del Regàs and the longest at Fuirosos

(Figure 3b). Yet, the mean rainfall intensity of the event was ‘moder-

ate’ in both cases and comparable with other events during the study

period (Figure 3c). In its turn, maximum 30-min rainfall intensity was

‘very heavy’ at Font del Regàs and ‘heavy’ at Fuirosos, also compara-

ble with other recorded events in this period (Figure 3d). Over a lon-

ger record, from January 2009 to December 2019, only another

three-day event in March 2013 accumulated a total rainfall amount

comparable with Gloria at Font del Regàs (357 mm, or 84% of the

amount accumulated during Gloria). The other four largest rainfall

events on record at this site showed values that were about half of

that registered during Gloria, that is, between 191 and 215 mm (-

Table S6). At Fuirosos, the five events showing the largest accumu-

lated rainfall amounts during the same 11-year period were small

compared to that registered during Gloria, varying between 117 and

153 mm (Table S7).

The near-stream groundwater levels at both Font del Regàs and

Fuirosos followed the pattern of precipitation during Gloria, which

consisted of three apparent subevents that led to three peaks in the

stage hydrograph in each case (Figure 6a,b). Notably, the last of the

subevents at Fuirosos was low in magnitude compared to that of Font

del Regàs. After the storm, near-stream groundwater levels at

Fuirosos decreased over a longer period than at Font del Regàs. The

near-stream groundwater level at Font del Regàs was above the soil

surface for 1.5 days, reaching a maximum water height of 43 cm over

the soil surface in the morning of the 23 January 2020 (Figure 2e,

Figure 6a). At Fuirosos, the near-stream groundwater level was above

the soil surface for 5.5 days, reaching a maximum height of 157 cm

over the soil surface in the morning of the 22 January 2020

(Figure 2f, Figure 6b). According to the cross-correlation analysis, the

lag time that maximized the correlation between precipitation inputs

and near-stream groundwater levels during Gloria was slightly longer

at Fuirosos (7.5 h) than at Font del Regàs (5 h; Figure 6c,d). The value

for Fuirosos was lower than the median value estimated for all events

during the study period, whereas the value for Font del Regàs cor-

responded to the median of the study period at this site (Figure 4a).

The time lapse between the beginning of Gloria and the beginning of

the associated near-stream groundwater level response and the time

to reach the stage hydrograph peak were long compared to other

recorded events at both sites (Figure 4b,c). The total duration of the

response was the longest of all events at both sites (Figure 4d).

5 | DISCUSSION

The monitoring strategy implemented at the two study sites, including

both stream water and near-stream groundwater levels, allowed us to

assess the variability in stream responses to precipitation inputs at

two contrasting Mediterranean headwater catchments. We found

that stream responses at the intermittent Fuirosos were more delayed

and more variable than at the perennial Font del Regàs, especially dur-

ing rainfall events of low intensity. In contrast, during intense rainfall

F IGURE 5 (a) Two-segment linear regression between mean rainfall event intensity and lag times of the hydrological response that
maximized the correlation with precipitation inputs according to cross-correlation (lag time max) for the combined stream water and near-stream
groundwater data from Fuirosos (intermittent stream). (b) Distributions of ‘Lag time max’ associated with mean rainfall event intensities lower
and higher than 1.6 mm h�1 at the two monitoring headwater catchments font del Regàs (perennial stream) and Fuirosos (intermittent stream)
(N = 30, 12, 39, 20). On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25% and 75%,
respectively. The whiskers extend to the most extreme data points not considered outliers, which are data points exceeding a distance of 1.5
times the interquartile range below the 25% or above the 75%. Connecting letters corresponding to a Tukey's HSD test are also shown. The pink
dots represent, when available, the corresponding values for the extratropical cyclone Gloria (20–23 January 2020)
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events such as the extratropical cyclone Gloria, stream responses at

the two catchments were similar. Here, we discuss the potential

drivers of the observed variability between the two catchments, as

well as the exceptionality of the storm Gloria within the climatic con-

text of this Mediterranean region.

5.1 | Variability in stream responses at Font del
Regàs (perennial) and Fuirosos (intermittent)

The implementation of a parallel high-frequency hydrological monitor-

ing programme at the Mediterranean headwaters Font del Regàs

(perennial) and Fuirosos (intermittent) and the comparative analyses

presented here revealed that responses to rainfall events at the semi-

arid catchment were slower and more variable than at the sub-humid

catchment. This pattern was clear for both stream water and near-

stream groundwater across the four hydrological response descriptors

investigated (Figure 4). We are confident that these results are robust

because the uncertainty in the timing of the precipitation at the two

selected meteorological stations representing the two catchments

was lower than the resolution of the data (i.e., 30 min; Supporting

Information, Figure S1, Table S1, Figure S2, Table S2). The observed

differences in stream responses between the two catchments could

be the result of differences in rainfall event characteristics, catchment

properties (such as soil moisture conditions and hydrological connec-

tivity), or a combination of both.

We found that the duration, mean rainfall intensity, and maximum

30-min rainfall intensity of the rainfall events were similar between

the two catchments during the study period (Figure 3). Therefore, a

priori, rainfall event characteristics do not appear to be good candi-

dates in explaining the overall delay and variability in stream

responses at Fuirosos compared to Font del Regàs. Yet, we found that

mean rainfall event intensity influenced the lag times at Fuirosos,

which were longer and more variable compared to the rest of the

F IGURE 6 Time series of 30-min resolution precipitation and near-stream groundwater levels during and 7 days after the 3-day extratropical
cyclone Gloria event for the two headwater catchments (a) Font del Regàs (perennial stream) and (b) Fuirosos (intermittent stream). (c) and
(d) show the cross-correlation between 30-min precipitation and 30-min near-stream groundwater levels for the 3-day Gloria event for the lag
time frame of 25 h for Font del Regàs and Fuirosos, respectively. The lag time with the highest correlation coefficient (Lag time max) is indicated
in each case. Negative lag time values correspond to preceding times of precipitation inputs in relation to hydrological responses. Positive values
correspond to the inverse and thus are not relevant in this case (not shown). Correlation values above the dashed line were statistically
significant (p < 0.05)
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Fuirosos data and to Font del Regàs when mean rainfall intensities

were lower than 1.6 mm h�1 (Figure 5). This threshold is close to that

established by the Spanish State Meteorological Agency delimiting

‘light’ and ‘moderate’ rainfall event intensities (i.e., 2 mm h�1) and

could be indicative of a tipping point for fundamental changes in

stream responses to precipitation inputs, at least in semi-arid catch-

ments such as Fuirosos.

We propose that, during rainfall events of light intensity, differ-

ences in soil moisture conditions preceding the events can explain the

delayed responses observed at the intermittent, semi-arid Fuirosos

compared with the perennial, sub-humid Font del Regàs. Antecedent

soil moisture conditions can strongly influence hydrological responses

within single catchments and along large drainage networks by con-

trolling groundwater tables and hydrological connectivity and, thus,

the transfer of water from catchments to streams (Àvila et al., 1992;

Zimmer & McGlynn, 2018). In our sites, riparian soil moisture averages

40 to 50% at Font del Regàs, whereas it rarely exceeds 20% at

Fuirosos (Butturini et al., 2002; Lupon, Sabater, et al., 2016). More-

over, riparian groundwater levels at Font del Regàs remain relatively

stable throughout the year, indicating that a permanent saturated

aquifer is connected even during summer (Lupon, Bernal, et al., 2016).

In contrast, riparian groundwater levels at Fuirosos experience large

seasonal fluctuations and can drop down in the summer and remain

disconnected from the stream for months (Butturini et al., 2003). Simi-

lar to other semi-arid catchments, previous modelling exercises identi-

fied two main groundwater storages at Fuirosos; (i) a perched, riparian

shallow aquifer that has the potential to transfer water to the stream

during the non-dry season, and (ii) a permanent, saturated deep aqui-

fer located well below the streambed that is generally disconnected

from the shallow aquifer and from the stream (Medici et al., 2008).

These two groundwater storages are connected only during the wet-

test conditions.

Accordingly, consistently drier conditions in semi-arid catchments

such as Fuirosos imply that a larger proportion of the catchment area

is hydrologically disconnected from the stream prior to rainfall events.

As a consequence, in this type of catchments, the spatial extent of

hydrologically connected areas (i.e., source areas from which stream

water originates) during the stream response to rainfall events of light

intensity likely increase gradually and during a longer period compared

to more humid catchments such as Font del Regàs, where the pre-

event spatial extension of hydrologically connected areas is larger and

stream responses can be independent of event size (Bracken

et al., 2013). Canopy interception can also contribute to limit the

development of hydrological connectivity in arid and semi-arid catch-

ments during rainfall events of low intensity (Pilgrim et al., 1988). Con-

versely, during events of higher mean rainfall intensities, stream

responses at Fuirosos became more similar to those observed at Font

del Regàs, likely because of a relatively more rapid development of

hydrological connectivity across the catchment. These results are in

line with previous observations and conceptualizations elaborated

across geographical areas that propose that hydrological connectivity

to streams increases with the intensity of precipitation inputs, espe-

cially in arid catchments with generally low connectivity (Azarnivand

et al., 2020;Bracken et al., 2013; McMillan et al., 2018). This effect

can be explained by ‘fill and spill’ mechanisms (Tromp-van Meerveld &

McDonnell, 2006), which can apply to semi-arid catchments with

perched aquifers such as Fuirosos and which, as we showed here, are

associated with non-linear threshold type relationships between rain-

fall intensity and hydrological responses (Bracken et al., 2013;

McMillan et al., 2018).

Ultimately, differences in antecedent soil moisture conditions and

associated hydrological connectivity at Fuirosos and Font del Regàs

could be explained by differences in either local climate or topogra-

phy, or a combination of both. Topographical characteristics do

explain differences in soil moisture patterns and hydrological connec-

tivity in some cases (Ali & Roy, 2010; Jencso et al., 2009; Musolff

et al., 2015; Zuecco et al., 2019). Yet, they cannot be invoked here

because main topographical variables including slope (7.5 ± 2.5%

vs. 7.2 ± 2.5%) and topographic wetness index (4.5 ± 1.6 vs. 4.2 ± 1.7)

are similar in the two catchments (Font del Regàs vs. Fuirosos, respec-

tively). On the other hand, differences in rainfall event characteristics

between the two catchments were significant in terms of precipitation

amount when rainfall events were paired, and showed that precipita-

tion was 39% lower at Fuirosos than at Font del Regàs. This differ-

ence is credible given the low estimated uncertainty in precipitation

magnitude (i.e., within 10%) and not surprising given that the local cli-

mate at Fuirosos is reportedly drier and warmer than at Font del

Regàs (e.g., 34% lower precipitation and 2.7 �C higher temperature

was reported at Fuirosos compared to Font del Regàs for the period

2009 to 2019). These differences translate into differentiated evapo-

transpiration rates (ca. 750 mm year�1 at Font del Regàs

and > 975 mm year�1 at Fuirosos; Bernal et al., 2012; Lupon

et al., 2018; Medici et al., 2008), eventually leading to higher water

losses at Fuirosos. Consequently, local climate is in this case the pri-

mary factor driving differences in antecedent soil moisture conditions,

hydrological connectivity, and stream responses, and defining the

characteristic perennial versus intermittent hydrological regimes of

the two study streams.

The flow regime at Fuirosos consistently includes a full season

without surface runoff and a characteristic non-linear hydrological

behaviour during the transitions between wet and dry conditions

(Medici et al., 2008). These hydrological features further contribute to

explain the overall delayed responses at Fuirosos compared to Font

del Regás, as well as the wider range of hydrological responses

observed in the semi-arid catchment (Figure 4). The observed large

variability in hydrological responses at Fuirosos is supported by previ-

ous studies in the catchment showing large variability in runoff coeffi-

cients during rainfall events (Bernal & Sabater, 2008), and fits into the

‘erratic hydrological regime’ categorization proposed by Botter

et al. (2013). In contrast, the more regular pattern observed for Font

del Regàs fits into the contrasting ‘persistent flow regime’ categoriza-
tion (Bernal et al., 2019). Botter et al. (2013) suggested that erratic

regimes are more resilient and thus less sensitive to, for example,

climate-induced changes than persistent regimes. Our results support

this idea by showing slower and more variable hydrological responses

at the intermittent than at the perennial stream. However, this
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conceptualization does not imply that transitions from perennial to

intermittent hydrological regimes expected from climate change and

other anthropogenic alterations are desirable, because they involve a

number of negative physical, biological, and socioeconomic impacts

(Magand et al., 2020). It simply implies that naturally-occurring inter-

mittent streams might have more intrinsic ability to buffer extreme

precipitation events and other climate and anthropogenic-related

changes than naturally-occurring perennial streams. This hypothesis

will need to be further examined by future research.

5.2 | Climatic and hydrological characterization of
the extratropical cyclone Gloria

Catastrophic and destructive floods in the western Mediterranean

region are usually linked with moderately intense rainfall events of

long duration (Doswell et al., 1998). These features adequately fit the

characteristics of Gloria and the general pattern of decreasing mean

rainfall intensity with increasing duration of rainfall event observed in

the historical records of the region (Llasat, 2001). Yet, such large

amounts of rainfall during a single precipitation event had not been

reported before in Font del Regás and Fuirosos (Bernal et al., 2019;

Butturini et al., 2002), and had not even been predicted for the future

under synthetic climate scenarios (Ledesma et al., 2021). For instance,

the most extreme precipitation events recorded at the two sites dur-

ing the preceding 11-year period only accumulated individually about

40–80% of the rainfall amounts recorded during Gloria, further indi-

cating that this was not a common event. In a broader spatial context,

the accumulated rainfall in Fuirosos is comparable with other extreme

events recorded in recent decades in the Mediterranean region, but

the 424 mm of accumulated rainfall in Font del Regàs (with a 24-hour

maximum of 209 mm between 21 January 2020 at 19:30 and

22 January 2020 at 19:00) are only comparable with 100-year return

period daily rainfall amounts (Doswell et al., 1998; Gaume et al., 2009;

Llasat et al., 2010). In this sense, the storm Gloria was extreme within

the extreme precipitation events in a region where extreme episodes

are relatively common (Llasat et al., 2010), highlighting the uniqueness

of the data presented here. Nevertheless, considering that the fre-

quency and magnitude of extreme precipitation events are likely to

increase in the immediate future as a consequence of climate change

(Hartmann et al., 2013; Huntington, 2006), Gloria might represent

events that are to be more frequent in the coming decades. In this

sense, the data presented here serve as a valuable reference for

catchments in the study region and in other areas with similar climate

and expected changes.

The data obtained from the sensors that were installed in the

near-stream monitoring wells give a further idea of the hydrological

magnitude of this massive storm. For example, the sensor located 2 m

from the Font del Regàs stream channel indicated a persistent

flooding of the riparian zone during ca. 1.5 days. According to our

records, the water column above the soil surface reached up to nearly

half a meter. Traces of floods such as accumulation of small quantities

of sandy sediments and woody debris have been previously observed

at this location, but never near the level observed during Gloria. Anal-

ogously, flooding of the soil at Fuirosos was recorded for a period of

ca. 5.5 days with a peak of over 1.5 m of water above the soil surface.

These large floods of near-stream areas associated with extreme pre-

cipitation events such as Gloria can have strong impacts on stream

morphology, riverbank and riparian soil erosion, riparian biota, and

microbial processes (Fisher et al., 1982; Friedman & Lee, 2002; Ou

et al., 2019; Tonkin et al., 2018).

Extreme precipitation events offer both an opportunity to

improve our understanding of catchment hydrology and a challenge

to be investigated, as they can be dangerous to study in situ and can

damage technical equipment and monitoring installations. In this

sense, the available stream water level data series at both catchments

were constrained by logistical challenges, especially at Font del Regàs

and specifically during Gloria, when some of our hydrological instru-

mentation was damaged or lost. However, given that stream water

and near-stream groundwater led to consistent results and the same

interpretation of the data within each individual catchment, we were

able to investigate the overall hydrological response of the two catch-

ments during the extreme Gloria event by using the available near-

stream groundwater level time series, even after the loss of in-stream

sensors. The time to reach the stage hydrograph peak and the dura-

tion of the hydrological response during Gloria were the longest or

second longest of all recorded events for both catchments. This

observation is not surprising given that these two descriptors are evi-

dently related to the duration and accumulated precipitation of rainfall

events. The time lapse between the beginning of Gloria and the begin-

ning of the associated hydrological response was relatively long in

both catchments, but this descriptor might relate to the rainfall event

characteristics of the beginning of the event and Gloria was particu-

larly light (<0.5 mm h�1) and accumulated little precipitation (<3 mm)

during its initial 3 h at both sites. More importantly, the lag times that

maximized the cross-correlation with the precipitation inputs at the

two catchments were relatively similar during this moderately intense

event (mean rainfall intensity at Font del Regàs and Fuirosos were

6.6 mm h�1 and 3.5 mm h�1, respectively). The lag time during Gloria

coincided with the median for all events at Font del Regás (5 h), and

was lower than the median across all events but coincided with the

median for events with mean rainfall intensity higher than 1.6 mm h�1

at Fuirosos (7.5 h). These results support our conclusion that intense

precipitation events such as Gloria can homogenize stream responses

in catchments with otherwise contrasting hydrological regimes.

6 | CONCLUSIONS

The results presented here shed light on our understanding of how

catchments with contrasting hydrological regimes (i.e., perennial

vs. intermittent) driven by contrasting local climates (i.e., sub-humid

vs. semi-arid) respond to precipitation inputs. Stream responses at the

semi-arid Fuirosos were more delayed and more variable than at the

sub-humid Font del Regàs during rainfall events of light intensity. Yet,

stream responses were relatively similar between the two catchments

LEDESMA ET AL. 13 of 16



during more intense events including the extratropical cyclone Gloria.

This convergence in hydrological responses during intense rainfall

events can be explained by rapid development of hydrological con-

nectivity independently of antecedent soil moisture conditions, which

is the likely driver of the observed differences during rainfall events of

low intensity. Furthermore, these patterns support the idea that inter-

mittent streams with erratic flow regimes and low catchment hydro-

logical connectivity characteristic of arid and semi-arid climates can

be less sensitive to climate-induced changes than perennial streams

with persistent flow regimes and extensive catchment hydrological

connectivity characteristic of more humid climates (Botter

et al., 2013).

We have shown that monitoring of both stream water and near-

stream groundwater levels can be used to evaluate stream responses

to precipitation inputs, including extreme rainfall events. Despite that

our data set is relatively short, it is also unique because it provides

observational hydrological data under exceptional climatic conditions

determined by the extratropical cyclone Gloria. A clear commitment to

scientific progress through public investment is required for esta-

blishing and running long-term monitoring programmes that can more

effectively capture such exceptional phenomena (Fölster et al., 2014).

This step is fundamental for improving hydrological understanding

and modelling and, potentially, for implementing more effective man-

agement strategies that can mitigate the ecological and socioeco-

nomic impacts of extreme precipitation events on riverine systems

and their contributing landscapes.
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