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Abstract: In the context of climate change, extreme meteorological events such as severe
storms produced by an isolated high-level atmospheric depression (known in Spanish as
“Depresión Aislada en Niveles Altos”—DANA) are becoming increasingly frequent in the
Mediterranean region, posing significant risks to ecosystems and human infrastructure.
This study evaluates the impact of a DANA event in October 2024 on the water quality
of Albufera Lake (Spain), a crucial Mediterranean wetland. A comprehensive evaluation
was conducted by combining field data on physicochemical and biological parameters
with satellite observations (Sentinel-2 and Landsat-8) to assess alterations before and after
the event. Variables such as conductivity, nitrate, and total solids exhibited significant
reductions immediately following the DANA, with conductivity decreasing by 82% com-
pared to pre-event levels. These alterations signify a substantial renewal of the lake system
driven by heavy rainfall and subsequent water releases. However, the lake demonstrated
signs of recovery toward pre-event conditions over the following month. These results are
consistent with previous findings, underscoring the system’s resilience and the necessity
of periodic water releases to maintain ecological balance. The use of remote sensing tools
effectively captured these dynamics, offering valuable insights for the long-term moni-
toring of water quality. This study highlights the urgent need for proactive management
strategies to mitigate the effects of increasingly intense meteorological disturbances.

Keywords: water quality; water renovation; extreme weather events

1. Introduction
The Albufera de Valencia is a shallow, hypertrophic coastal lagoon located south of the

city of Valencia (Spain), about 7.5 km from the mouth of the Turia River [1]. The lagoon was
formed by sediment inputs from the rivers, which resulted in the formation of a sandy shoal,
closing the original marine gulf. This process is estimated to have begun approximately
8000 years ago, with the formation of successive dunes [2]. Five ravines flow into the
lake: Poyo–Torrent–Massanassa, Picassent–Beniparrell, Barranquet, Hondo–Tramusser,
and Agua–Alginet [1]. It is important to note that these ravines undergo changes in their
nomenclature during their course, thus the various names by which they are indicated here.
Presently, these watercourses continue to carry substantial quantities of anthropogenic
sediments and eroded materials of their basin, which further contribute to the sediment
load [3] due to the lack of stabilization in their basins. The total closure of the lagoon to the
sea occurred in the 18th century, coinciding with the commencement of artificial regulation
of water outflow to the sea through the installation of floodgates [4]. Concurrently, the
marshes adjacent to the lagoon underwent conversion to rice fields [1]. The lagoon of
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the Albufera and the surrounding marshland is part of a wetland of about 210 km2 that
was protected as a Natural Park in 1986 in accordance with Spanish legislation, mostly
dedicated to rice cultivation [5].

The most significant ecological alteration of the Albufera was caused by the extension
of the “Acequia Real del Júcar” (from the siphon of the river Magro to Albal) to supply
fresh water for irrigation of crops in the area [4]. Consequently, the salinity of the lagoon
was altered due to the constant influx of freshwater from agricultural runoff, which already
possessed an almost complete barrier that prevented the entry of seawater [6,7]. The second,
eutrophication, occurred in the second half of the 20th century (1972–1974) when urban and
industrial growth began in the towns located to the west of the Albufera, and contributions
of allochthonous organic matter and inorganic nutrients (mainly nitrogen and phosphorus)
began, leading to its current hypertrophic condition [8–11].

It is important to note that the residence time in the lake also has a negative effect due
to its high value (average of 42.9 days) for a shallow flushing lagoon, as demonstrated by
Soria et al. [10,12]. However, it has been demonstrated that heavy rainfall and flooding can
cause a significant change in the surface flow regime, and when such runoff reaches a lake,
water turnover can increase rapidly [13]. However, in lakes situated within areas of high
urban density, such as the Albufera, this natural surface water function can be influenced
by human intervention [14].

Nevertheless, there is a sporadic occurrence of events categorized as ’flash floods’,
constituting a natural phenomenon of an extreme Mediterranean weather type that is
an integral component of the hydrological cycle. These events are attributable to hydro-
morphological conditions inherent within the basin, in conjunction with intense and ex-
treme rainfall and anthropogenic activity within river basins [15]. In the Mediterranean
region, flash floods are considered the most dangerous and destructive natural processes,
occurring in small basins and ephemeral streams and resulting in the highest number of
casualties [16]. Moreover, the economic losses resulting from these events have been shown
to have a significant impact on regional economic activity, particularly due to the human
occupation of the affected territories [17]. A further significant feature is the brevity of the
events, which typically span a mere four to six hours, resulting in limited infiltration but
important runoff [18]. The frequency of these events in the Spanish Mediterranean is very
high, and in the last seven centuries, 2647 cases of severe floods have been reported in
these basins [19]. However, between 1950 and 2019, 395 extreme events were recorded in
19 Mediterranean countries, resulting in the deaths of over 9900 people and significant harm
to 12 million individuals, according to the Emergence Events Database [20]. Concerning
Spain, the research conducted by López et al. [21] estimates that between 1995 and 2014,
there were 311 victims due to floods and economic losses, amounting to EUR 3.4 billion.

The meteorological situation conducive to heavy and persistent rainfall, resulting in a
flash flood, is known as deep low pressure. This typically coincides with a cyclonic low
pressure over the western Mediterranean and an anticyclone over the British Islands. How-
ever, the characteristics of the Mediterranean region result in the cyclone’s isolation from
the atmospheric circulatory flow, leading to its maintenance in a fixed position for several
hours, thereby inducing a constant wind from the sea inland. This phenomenon, known
as the Foehn effect, occurs when the flow of intense, humid air reaches the mountains
near the coast and undergoes persistent condensation [22]. This phenomenon was previ-
ously referred to as a ’cold drop’; however, it is now designated as an isolated high-level
atmospheric depression (DANA).

On 29 October 2024, the Spanish Mediterranean coast suffered the impact of a DANA,
which was exacerbated by pre-existing atmospheric conditions, causing catastrophic flood-
ing, landslides, and significant damage to infrastructure, agriculture, and urban areas
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(Figure 1). With 225 deaths and economic losses estimated at more than 30 billion euros, the
2024 DANA is probably one of the largest natural disasters to hit the Valencian Community
and Spain in their histories.

Figure 1. Landsat-8 RGB map 30 October 2024. Red line indicates rice fields in Albufera Natural Park.
Labels name rivers and ravines, sampling point, and the city of Valencia. See different colors of water
with sediments depending on the source, and floating debris on the sea.

This event highlights the region’s vulnerability to extreme events and the need to
implement adaptation and mitigation measures. This cost is ten times greater than the
previous record of losses in 20 years [23]. As illustrated in Figure 1, the effects of the flash
food phenomenon observed in the areas south and southwest of the city of Valencia are
highlighted, with particular reference to the coastal lagoon of the Albufera de Valencia.

The primary objective of this study is to analyze the variations in hydrochemical
variables during the flooding period in the Albufera of Valencia coastal lagoon. This analy-
sis will facilitate comprehension of the immediate impacts and the resilience capacity of
the wetland following extreme disturbances. From a scientific standpoint, the research
will address a significant knowledge gap by providing insights into the effects of extreme
events on a Mediterranean wetland in near real-time. The study will also contribute to the
development of enhanced predictive models and adaptive management strategies in the
context of climate change, offering valuable insights to decision-makers. Moreover, the
study will contribute to raising awareness of the fragility of coastal ecosystems, demon-
strating the relationship between extreme events and water quality, as well as underlining
the importance of adopting conservation measures.
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2. Materials and Methods
2.1. Study Zone

The Albufera hydrological basin (Figure 2) is located on the Iberian Peninsula, on the
Mediterranean coast, in the province of Valencia. It covers an area of 917 km2 and exhibits
a pronounced altitudinal range, from the sea level of the lagoon to the mountains to the
west, which reach heights of approximately 1000 m above sea level over a distance of just
50 km. This creates a river basin with a substantial slope. The primary tributary is the
Poyo−Torrent ravine, an artificial confluence of natural ravines that culminated in a convex
alluvial cone, whose sediments, accumulated over millennia, have formed the present-day
plain in conjunction with the Turia and Jucar rivers. Following two severe floods in the 18th
century [24], an artificial riverbed was constructed to connect the Poyo and Gallego ravines.
This new riverbed was subsequently extended to the Horteta ravine. Consequently, the
watercourses that formerly flowed into the plain and subsequently into the Turia River
have since circulated along a novel watercourse (the contemporary Torrent ravine) that
traverses towards the Albufera and flows into the northeastern area of the lagoon.

Figure 2. CORINE Land Cover map of the region with the land uses; Albufera’s hydrographic
network (blue line) indicating name of intermittent ravines. The blue arrows indicate the three water
outflow channels towards the Mediterranean Sea. In the margin, UTM zone coordinates 30S.

To the west, the four so-called minor ravines of the Albufera extend 10 to 15 km
through the inland areas, ultimately flowing into the plain. The waters of these ravines
are channeled through wide channels that traverse the rice fields, ensuring the uniform
distribution and channeling of water to inundate the fields.

It is noteworthy that although the Jucar River does not typically drain into the Albufera,
there is a floodplain (see Figure 1) from the river that, during periods of overbank flooding,
carries water towards the lagoon. This drainage is conducted by the channels that flow into
the southeast of the rice fields and circulate towards the sea.

The Albufera basin exhibits a high level of land occupation in the immediate area,
where more than 400,000 people reside and where 20% of the region’s industrial and
service activities are concentrated (Figure 2). The plain, free from urban development and
industrial activities, is dedicated to irrigated agriculture and orange tree crops, while the
natural landscape is composed of inland and upland areas, accounting for 20% of the total
territory. The area surrounding the lagoon, a former marshland, is utilized for summer rice
cultivation and inundated during winter for waterfowl hunting.
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2.2. Hydrological Data

The precipitation measurement was obtained from the records of the Automatic
Hydrological Information System (SAIH) of the Jucar Basin Authority [25], which has a
wide network of rainfall gauges spaced approximately 10 km apart, forming a mesh that
covers the territory where the event occurred. The system records precipitation every five
minutes; however, for the purposes of this study, hourly and daily data from 29 October
2024 were utilized. The rainfall table, which includes the location of the stations and other
pertinent data on rainfall persistence, can be found in Annex 1.

The flow measurements have also been taken from the data of the Hydrological
Information System of the Jucar Basin Authority on the hydrological event [25], ubicated
at UTM coordinates 30S 730642 4358891 near one of the outlets to the Mediterranean Sea.
However, as the watercourses of the ravines experienced overflow prior to reaching the
Natural Park, not all of the measured flow through the watercourses reached the rice fields
and the Albufera. Furthermore, the Jucar River overflows over the rice fields towards the
Natural Park, resulting in a contribution from the south. Consequently, the volume of
water in the lagoon was estimated based on its surface area (23 km2) and the level reached
in the rice fields (103 km2), assuming homogeneity in both areas. The volume of water
stored was estimated with the average value on 30 October, based on the surface areas and
the increase in water level. The flow received was estimated from the mean volume and
the number of seconds per day to obtain the value in m3/s. Finally, the peak flow value
that could have arrived is calculated from the persistence of the rainfall.

2.3. Sampling Methodology

From 29th October 2024, navigation was prohibited in the lagoon to facilitate the work
of the rescue teams who were seeking the bodies of those who had gone missing during the
DANA. The methodology involved the collection of samples approximately on a weekly
basis from a quay situated in proximity to the lagoon’s center during the month following
the incident (Figures 1 and A1). The UTM coordinates are 30S 730606 4358937. The point
under consideration is of strategic importance due to its ease of access and its utilization as
a sample site for this and other previous studies for forty years [1,8,12]. This sampling point
does not offer a comprehensive representation of the spatial variability of the lake, as we
can see in the thematic maps of Section 3.4, but it does provide a valuable indicator of the
lagoon’s condition and its temporal heterogeneity [10] because it is located near the main
outlet of the water body to the Mediterranean Sea. The environmental technical services
of the Valencia City Council (owner of the lake) and the management of the Natural Park
also carry out the sampling at this point, so the series of results that are preserved are
very robust and homogeneous. Our research team has pre-storm data from the same point
obtained during previous samplings carried out in the Albufera during 2024.

In the lagoon, a water sample was collected for physicochemical analysis in
the laboratory, and temperature and conductivity were measured in situ using an
EC/TDS/Temperature Tester (Hanna Instruments, Smithfield, RI, USA). Water trans-
parency was measured using the Secchi disk depth of view.

2.4. Laboratory Analysis

The gravimetric method described in APHA [26] is used for suspended solids. A
known volume of water is filtered from the samples through pre-weighed Whatman 934-
AH glass fiber filters. The filters are dried again at 105 ◦C and reweighed. The difference in
weight between the filter before and after filtration gives the concentration of suspended
solids present in the water sample. Finally, they are incinerated at 460 ◦C in an electric
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furnace to remove the organic matter (loss of ignition (LOI) or particulate organic matter
POM), leaving only the inorganic part.

To estimate the concentration of photosynthetic pigments in the samples, a known
volume of each sample is filtered through Whatman GF/F glass fiber discs and extracted in
a 1:1 solution of dimethyl sulphoxide and 90% acetone [27]. The absorbance of the samples
is then measured in a spectrophotometer between 400 and 800 nm. The equations of Jeffrey
and Humphrey [28] are used to calculate chlorophyll-a and the formula of Strickland and
Parsons [29] for carotenes. These results are useful to indirectly know the biomass and
composition of the phytoplankton community.

Total phosphorus is determined by acid digestion, according to Murphy and Riley [30].
Molybdenum blue is then formed using a mixed reagent prepared by mixing a solution of
ammonium molybdate, sulphuric acid, and antimony potassium tartrate with ascorbic acid.
The absorbance is measured at 882 nm [31]. For soluble phosphorus, digestion is simply
omitted because filtered water is used.

To calculate the nitrate concentration, the method consists of measuring the ultraviolet
(UV) absorbance of filtered water samples using a spectrophotometer and a 10 mm optical-
pitch quartz cell. Nitrate is determined from the second derivative of the absorbance peak
at ~224 nm [32].

2.5. Remote Sensing

The Copernicus program, which utilizes the twin Sentinel-2A and Sentinel-2B satellites,
offers a unique instrument for environmental monitoring thanks to its capacity to capture
multispectral images with a resolution of up to 10 m and a revisit time of approximately
5 days [33]. This high frequency and resolution facilitate comprehensive monitoring of
phenomena such as DANA. Conversely, Landat-8 and Landsat-9 imagery obtained from
the United States Geological Survey (USGS) has provided visual documentation of the
extent of flooding on 30th October 2024 (Figure 1).

The utilization of SNAP 9.0 software (Brockmann Consult, Hamburg, Germany),
employing the specific equations derived from prior studies, enables the generation of
water masks and quality maps encompassing variables such as chlorophyll-a, transparency,
and suspended solids. This approach facilitates the analysis of the lake’s evolution before,
during, and after the event, thereby enabling the identification of patterns and trends from
a more comprehensive and detailed perspective, thus complementing in situ data.

The equation for chlorophyll-a concentration, indicative of the total phytoplankton
biomass, is as follows [34]:

[Chl − a]
(

mg m−3
)
= 104.1 × TBDO2 + 221.14·TBDO + 2 (1)

where TBDO is
TBDO = R740 ×

(
R665−1 − R705−1

)
(2)

Total suspended solids (TSS), which refers to the total amount of solid particles
suspended in water, including both organic and inorganic matter, and whose measurement
is crucial for assessing water quality, can be estimated in the Albufera of Valencia using the
following equation [35]:

[TSS]
(

mg L−1
)
= 705.98 × R783 × R705 × R490−1 (3)
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The Secchi disk depth (ZSD) is defined as the vertical distance at which the Secchi
disk, an instrument used to measure water transparency, is no longer visible to the human
eye. This measurement is an important indicator of water clarity and is related to the
penetration of light into the water column. The following equation can be used to estimate
the ZSD in the Albufera of Valencia [36]:

ZSD(m) = 0.4242 × R560
R705

− 0.0577 (4)

2.6. Data Analysis

In order to undertake a statistical analysis, the normality of the data was initially
assessed using the Shapiro–Wilk test. Subsequently, a logarithmic transformation (base
10) was applied to all variables in order to ensure homogeneity in the analysis, except
pH. Later, a linear regression fit was performed for each variable to explore possible
temporal relationships. Furthermore, the non-parametric Mann–Kendall test was utilized
to identify significant trends within the specified time range, thereby assessing alterations
in water quality variables prior to, during, and following the DANA event. Additionally, a
principal component analysis (PCA) was conducted on the normalized data to ascertain
whether the samples exhibited clustering according to the differences between the pre- and
post-DANA periods.

To ascertain whether there were significant differences between means before and after
the DANA event, the samples immediately before the event and the three samples after the
event were selected. These samples were then grouped into two sets: one corresponding to
the pre-event values and the other to the post-event values. For variables that followed a
normal distribution, the t-test was applied to compare the means between the two groups.
For variables that did not follow a normal distribution, the Mann–Whitney test was used to
compare the distributions of the two groups, as this test does not require the data to follow
a normal distribution.

The data processing was conducted utilizing the Microsoft Excel spreadsheet program,
while descriptive and multivariate statistics were performed using PAST 4.05 software.

3. Results
3.1. Hydrology, Precipitation, and Rainfall

The rainfall accumulated on 29 October 2024, the comprehensive list of which is
provided in Table A1, constitutes a historical record at certain measuring stations. Eleven
stations recorded rainfall volumes in excess of 200 mm within a 24 h period, with two
stations even surpassing 400 mm. The intensity of the precipitation is emphasized, as the
observed accumulations (corresponding to the 24 h period) were produced within a limited
timeframe, indicating the persistence of the rain in a maximum of twelve hours in one
case, nine to ten hours in two cases, and less than nine hours in the remaining cases. This
provides a quantitative indication of the intensity of the precipitation during the specified
period. Figure 3 presents the cumulative rainfall map, which has been interpolated from
the data collected by the State Meteorological Agency (AEMET) and included in this study,
as well as from other unofficial yet contrasted rainfall gauges.
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Figure 3. Map of daily accumulated rainfall (mm) as recorded on 29 October 2024. Modified from
AEMET [37]. UTM corner coordinates zone 30S.

The rainfall dropped subsequently became runoff, which circulated through the vari-
ous watercourses that flow into the Albufera. This resulted in a net increase in the level
recorded by the Jucar Basin Authority measuring station, with an average daily rise of
84 cm being observed with respect to the previous day. The record for this rise is presented
in Figure 4, with the maximum value observed on 30 October and a slight decrease on
the 31st. It is noteworthy that on these two days, the lagoon’s level remained elevated
and exhibited minimal fluctuations, with the outflow gates to the sea in a maximum open
position. This resulted in an inflow-by-outflow phenomenon, whereby the level increased
until the maximum draught was attained, and the lagoon discharged an equivalent volume
of water into the sea as it received, a process that can only be gauged through the outflow
through the channel to the sea at approximately 300 m3/s.

The maximum level attained by the lake between 29 and 30 October, as indicated by
the marks recorded on the wall where the measuring scale is situated, was 1.20 m above
sea level. The lake’s lowest point, designated as the bottom, is recorded at −0.70 m below
sea level. The average increase in level from the 29th to the 30th of October was 84 cm. We
estimated the area of flooded rice fields using the water mask from the Landsat-8 image of
30 October 2024 (Figure 1) as 126 km2. Utilizing the surface area of the lake and the rice
fields as parameters, the ensuing results were obtained:

• Increase in volume in the lake: 19.32 × 106 m3;
• Increase in volume in the rice paddies: 86.5 × 106 m3;
• Average inflow to the whole of the Natural Park plus the lagoon on 30 October,

including the estimated inflow-by-outflow of water during the hours when there is no
increase in level, was 1525 m3 s−1;
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• The maximum flow discharged to the sea on 1st November was 380 m3 s−1 without
considering the possible inflows to the system by runoff from the flooded area outside
the Natural Park, where the water level was not measured.

Figure 4. Average daily level (m.a.s.l.) of the Albufera (source: Water Information System of the Jucar
Basin Authority [25]).

3.2. Hydrochemical Results

Table 1 displays the values obtained for the various physicochemical and biological
variables on the dates sampled prior to and following the DANA event. These include
water quality-related variables such as conductivity (Cond), suspended solids (TSS), organic
matter (LOI), nitrate, total phosphorus (TP), carotenoids (Car), chlorophyll-a (Chl-a), and
colored dissolved organic matter (CDOM).

Table 1. Results of physicochemical and biological variables before and after DANA.

Date Tª
(◦C) pH Cond

(µS cm−1)
TSS

(mg L−1)
LOI

(mg L−1)
Chl-a

(mg m−3)
Nitrate

(mg L−1)
TP

(mg L−1)
Car

(mg m−3)

CDOM
(µg ESQ

L−1)

21 August 2024 29.9 8.4 2626 66.00 55.80 115.15 2.56 0.08 85.59 2966.13
27 September

2024 22.6 8.0 1821 75.69 38.15 114.05 1.66 0.18 78.99 2812.77

17 October 2024 21.4 8.4 2961 237.69 80.26 185.27 2.26 0.20 143.14 2458.90
31 October 2024 20.2 - 539 45.60 6.37 2.81 7.94 0.11 2.06 3297.69

07 November
2024 22.4 7.5 861 60.18 8.96 52.70 6.96 0.15 22.36 3038.47

18 November
2024 16.9 8.4 1117 38.00 18.90 105.52 6.04 0.13 50.90 3302.61

26 November
2024 - 8.1 1060 91.13 17.93 134.60 4.18 0.16 63.08 3399.26

The results demonstrate a substantial decline in conductivity following the DANA
event (see Figure 5), with a minimum value of 539 µS cm−1 recorded on 31 October, just
two days after the event. Previously, between September 18 and 21, there had already
been significant rainfall, with an accumulated 68 mm, which produced the first moderate
decrease in conductivity from 2626 µS cm−1 on 21 August to 1821 µS cm−1 on 27 September.
Subsequently, only 10 mm of precipitation was collected in the following month (from
22 September to 22 October), so that on October 17, the conductivity was 2961 µS cm−1.
During November, the conductivity increased slowly to the usual values on some days.



Diversity 2025, 17, 119 10 of 23

Figure 5. Temporal evolution of conductivity in the Albufera lake.

Although conductivity began to increase in the following weeks, one month after
the event, on 18 November, the values barely reached 1117 µS cm−1, still far from typical
values. These results reflect the extraordinary impact of the event on the water renewal of
the lake, whose salinity remains significantly lower even long after the event.

As demonstrated in Figures 6 and 7, the temporal evolution of the inorganic nutrients
analyzed in this study is evident. Nitrate demonstrates a substantial increase, reaching
a concentration that is quadruple the initial level following the influx of water resulting
from the DANA. In contrast, the colored dissolved organic matter (CDOM) exhibited a
more moderate increase following the event. A few days later, its values decrease and
then recover and stabilize at levels slightly higher than those usually recorded, suggesting
complex dynamics associated with the mixing and renewal of water in the lake.

Figure 6. Temporal evolution of nitrate and CDOM in the Albufera lake.
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Figure 7. Temporal evolution of total phosphorus in Albufera lake.

The behavior of phosphorus in the lagoon (see Figure 7) following the DANA exhib-
ited a divergent pattern from that observed for nitrate. Prior to the DANA, phosphorus
concentrations remained within the range of 0.18–0.20 mg L−1; however, a significant
decline was observed, with concentrations dropping to 0.11 mg L−1, which is nearly half
of the initial level two days after the event. Thereafter, a gradual increase in values was
observed, reaching 0.16 mg L−1 on 26 November, suggesting a recovery process in the
system. However, these values are not considered favorable from an ecological standpoint.

As shown in Figure 8, the temporal series of photosynthetic pigments, total and organic
solids (LOI), reflects the significant impact of the DANA and the recovery dynamics of
the lake. A similar pattern is exhibited by both chlorophyll-a and carotenes, with an
increase just before the DANA, according to scarce rainfall during the previous month, as
explained in conductivity. After the flash flood occurs, there is a drastic drop associated
with the substantial water renewal and the opening of gates. Following the occurrence
of the DANA, both pigments exhibited a progressive recovery, although their November
values (134.6 mg m−3 for chlorophyll and 63.08 mg m−3 for carotenes) did not reach the
peaks recorded prior to the DANA (185.27 mg m−3 and 143.14 mg m−3, respectively), but
were close to the previous stable values (115 mg m−3 and 80 mg m−3 on 27 September).

Figure 8. Temporal evolution of the different fractions of suspended matter and photosynthetic
pigments in the Albufera lake.
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A similar pattern is evident in the total and organic solids (LOI), which undergo a
substantial decline following DANA. However, their November values (91.13 mg L−1 and
17.93 mg L−1) demonstrate a gradual convergence towards the stable levels observed in
previous months (70 mg L−1 and 40–50 mg L−1). However, the recovery of organic solids
is less marked compared to the rest of the variables.

3.3. Statistical Analysis Results

The analysis revealed that all the variables under analysis conformed to a normal
distribution, as indicated by the Shapiro–Wilk test (p > 0.05). However, the total suspended
solids variable exhibited a non-normal distribution (p < 0.05). Following the normalization
of the data, a multivariate analysis was conducted, which revealed no statistically significant
trends or adjustments for any of the variables within the specified time range (p > 0.05 in all
cases), with the exception of CDOM, which exhibited a statistically significant increasing
trend (p < 0.05).

In the principal component analysis (PCA), a clear separation between pre- and post-
DANA samples is observed (see Figure 9). The pre-event samples are observed to be
concentrated on the positive side of the first component, while the post-DANA samples are
distributed towards the negative side. This observation indicates a substantial modification
in the characteristics of the lake following the occurrence of the DANA event. In contrast,
the observation that the most recent samples are positioned closer to the pre-DANA samples
indicates a rapid recovery of the lake to its previous condition.

Figure 9. Two-dimensional representation of the principal component analysis (PCA) based on the
physicochemical and biological variables measured in the lake before (samples on the positive values)
and after the DANA (samples on the negative). The evaluated variables are represented as vectors,
indicating their contribution and direction within the multivariate space.

With regard to the variables, nitrate and CDOM are located on the negative side,
indicating an inverse behavior that is opposing to that of the other variables. This behavior
indicates that both variables experienced a noticeable increase after the DANA, in contrast
to the other variables, which displayed a decrease.

The application of both the t-test and the Mann–Whitney test revealed significant
differences in means (p-value < 0.05) before and after the DANA for conductivity, LOI,
nitrate, total phosphorus, carotenoids, and CDOM. Nitrate was found to be particularly
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remarkable, with a highly significant difference (p-value < 0.01). In contrast, total suspended
solids and chlorophyll-a did not show significant differences (p-value > 0.05), suggesting a
faster recovery after the event.

3.4. Thematic Maps

The study by remote sensing of the images prior to the storm (26 October) and after (31
October and 5, 10, and 20 November) allows us to appreciate the spatiotemporal variability
of the distribution of total suspended solids (TSS) through the rice fields and the Albufera
applying the Equation (3). As a numerical example, the values have been obtained in two
areas of the Albufera and in several rice fields in the southern area, the results of which are
represented in Figure 10. On the one hand, it is observed that the SW zone of the Albufera
had less renewal than the NE zone and that, practically, by November 10 (in just 12 days),
it had returned to the usual values of photosynthetic pigments. In the NE zone, near the
outlet to the sea, the pigments practically disappear, and their recovery is slower than in
the interior of the lagoon.

 
Figure 10. Distribution of chlorophyll-a and TSS after the DANA storm in two areas of Albufera
(NE and SW) and in the rice fields in the south area of the Natural Park (Rice Palm) estimated from
remote sensing Sentinel-2 images.

With respect to TSS, the values do not show differences in the Albufera. On the
one hand, on the 31st of October, the waters did not fully reach the Albufera, and the
values are within the usual range; this is not so in the rice fields of the South, where the
flood has already flooded them. However, on November 20, the values are very high
both in the Albufera and in the rice fields due to a few days with strong westerly wind
(average 22 km h−1, peak 51 km h−1), which contributes to resuspending the sediment in
all the systems.

The study of the Albufera by remote sensing complements the observations made in
the field, in the spot measurements made along the edge of the lagoon. The heterogeneity
in the spatial distribution of chlorophyll-a and TSS, applying Equations (1) and (3), is
remarkably appreciated by comparing the image prior to the storm of October 26 with
those of two subsequent days, which correspond to November 10 and 20. As illustrated in
Figure 11A, the distribution of pigments and total suspended solids (TSS) within the lagoon
is found to be homogeneous, with the exception of the regions where water influx occurs,
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specifically in the north, southwest, and south zones. It is clearly observed in the thematic
map that where the water inflows to the lagoon, low pigment concentration is observed.

Figure 11. Spatiotemporal variation of chlorophyll-a and TSS on three different days. (A) 26 October
2024, before the storm. (B) 10 November 2024, twelve days after the storm. (C) 20 November 2024,
situation after two days of strong westerly wind, up to 40 km/h.

However, as demonstrated in Figure 11B, which was obtained twelve days after the
storm, the spatial heterogeneity can be discerned. This highlights how the interior area of
the lagoon, close to the west, where there have been no inflows during rainfall, maintains
high pigment values similar to those existing in the Albufera in a normal situation. On the
other hand, the flow of water continues to enter the northern area that maintains this area
with low concentrations of pigments, with a very low value at the entry point of the Poyo
ravine and the inflow in the southern zone canal.

In Figure 11C, the situation of chlorophyll-a remains similar to the previous image,
with maximum values in the range of 150 µg L−1. However, the influence of strong wind
on the TSS measure is remarkable. Some areas exhibit values close to 500 mg L−1, as has
been found in other previous studies [35]. Unlike pigments, the highest concentrations
are in the East, while the lowest values are in the West and South. It is an observed fact
that the suspended materials sediment in a few hours in the Albufera when the winds are
light or there are only sea breezes. But moderate and strong winds cause the sediment to
resuspend, and in the case of November 20, it is the fine materials provided by the storm
that have not yet settled on the bottom, so they return to the water column easily. Note that
at this date, the depth of the lagoon was the usual 1.15 m.

4. Discussion
Historical records indicate that Valencia has experienced numerous flood events [38].

One of the most significant recorded floods occurred in 1957 when the river Turia experi-
enced two flood peaks of approximately 2500 and 3700 m3 s−1 as it traversed the city [39].
In the final stretch of the river, the dual overflow led to substantial inundation, encom-
passing over 30 km2 of the urban area and the coastal regions. This event precipitated an
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unanticipated collapse of the metropolitan infrastructure, resulting in a substantial number
of victims (81 deaths, according to official records) and engendering considerable material
destruction [40]. The impact of the flood extended to hydrogeomorphology, resulting in
substantial sediment discharge [41].

The Tous dam, situated on the Jucar River, is a flood control structure that drains an
area of 21,600 km2 in central-eastern Spain [42]. In 1982, a collapse of the dam resulted in a
flow of 10,000 m3 s−1, causing a severe flood and the death of between 20 and 25 people in
the low basin areas [43,44]. This event led to the evacuation of over 100,000 individuals.
Moreover, economic losses of more than 330 million euros were also recorded at the
time [45,46]. At that time, the levels attained by the lake and the rice fields were comparable
to the present occasion, yet the inflows originated from the south as opposed to the north.
The drainage capacity of the lake remains unaltered, as the geometry of the channels
connecting it to the sea has remained constant for eight decades. Consequently, the level of
the marsh rises rapidly but recedes gradually, constrained by the capacity of the outlet to
the sea. The flood of 29 October 2024, which resulted in 225 fatalities [22], was significantly
higher than the two historical floods in Valencia previously documented [40,43,44].

In order to mitigate the risks posed by these floods, the Department of Urban Planning
of the Generalitat Valenciana initiated the preparation of the Territorial Action Plan for the
Prevention of Flood Risk in the Valencian Community, known as PATRICOVA [47]. The
objective of this initiative is to develop a Geographic Information System that combines
areas susceptible to flooding with urban development. The plan has established six risk
levels according to the three different return periods [48]. However, it is acknowledged
that the PATRICOVA currently exhibits a certain degree of conservatism, as evidenced by
the occurrence of flooding in areas not encompassed by its limits, notably in the October
2024 flood around Valencia City. This includes regions such as the area south of the city
center (Paiporta, Benetússer, Sedaví, Albal, etc.), certain areas to the west (Quart plain),
and a small area in the Magro river basin (Algemesí, Carlet) (Figure 12). Consequently, it is
imperative to incorporate these regions within the designated boundaries of risk due to
flood hazards.

Figure 12. View of the floodable areas in the Albufera and Jucar basin filled in pastel shades, according
to previous research [47], and delimitation of the flooded area during this DANA with blue line.
Obtained from Valencian Cartographic Institute [49].

Llasat et al. [38] conducted a comprehensive review of the mortalities and aggregate
economic losses incurred as a result of the various floods within the Mediterranean basin.
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One of the countries most severely affected is Algeria, primarily due to the 2001 flood.
This deluge was caused by a stratospheric intrusion in the troposphere, leading to a severe
cyclogenesis event that resulted in 700 fatalities and economic damages amounting to
millions of euros [50]. In France, a catastrophic flood occurred in 2002, precipitated by
heavy rains that caused some rivers to overflow, resulting in 23 fatalities and damages
estimated at 1.2 billion euros [51]. Furthermore, Italy has been identified as one of the
countries with the greatest losses, with material damage estimated at 29,136 million euros
for the period 1990–2006. The period was subject to approximately 40 floods. The most
disastrous of these was in 1992, which resulted in four fatalities and necessitated over
12 million dollars in urgent rescue operations [38]. A comparison of the flood in Valencia
on 29 October 2024, with the most prominent floods in the Mediterranean, reveals that the
flood in Algeria remains the most catastrophic in terms of the number of fatalities. However,
when juxtaposed with the most significant floods in France and Italy, the Valencia flood
emerges as considerably more substantial in terms of both fatalities and damage in Europe.

Furthermore, the present phenomenon has also been remarkable in terms of its conse-
quences on the water quality of the Albufera of Valencia by reducing the water residence
time in the lagoon. Maps that illustrate the spatial variability of residence time, as defined
by Dronkers and Zimmerman [52], provide clear indications of the relevance of transport
processes in shaping the spatial patterns of nonconservative variables such as temperature,
conductivity, and chlorophyll-a. However, it is imperative to emphasize that comparisons
of local biogeochemical rates should be made with respect to the temporal dynamics of the
corresponding local transport processes, as opposed to relying on system-level measures of
transport, which may not accurately reflect local conditions [53].

In this specific case, the results obtained in the statistical analyses, both by difference
of means tests (Student’s t and Mann–Whitney) and principal component analysis (PCA),
clearly demonstrate that there was a significant alteration in the lake conditions before and
after the DANA event. These findings serve to reinforce the hypothesis that the DANA
event caused a significant alteration in water quality, the impact of which was temporary
but very marked. However, the absence of significant temporal trends in the analysis of the
variables may be attributable to the limited number of data points available, with a paucity
of samples collected before and after the DANA event. The limited time span between
samples, coupled with the high variability introduced by the event itself, poses a significant
challenge in detecting clear linear patterns.

Conductivity, in particular, exhibits noteworthy behavior. According to Soria et al. [54],
the mean value of conductivity was 2103 µS cm−1 between 1985 and 2018, with a standard
deviation of 603 µS cm−1. This study already highlighted that the conductivity in the
Albufera tends to decrease during periods of heavy rainfall and extraordinary water inputs,
due to the fact that rainfall and surface runoff bring fresh water to the lagoon, reducing the
concentration of salts.

For instance, the lowest conductivity values documented following heavy rainfall
were observed in December 1975, with a monthly value of 880 µS cm−1 [54], and on 19
November 1988, with punctual reductions of 60% in the west (510 µS cm−1) and 63% in
the south (470 µS cm−1) of the lagoon [55]. In the present study, although the minimum
conductivity recorded (539 µS cm−1) did not reach these historical levels, the reduction
with respect to the previous value was significantly greater, with a decrease of 82% from
2961 µS cm−1 on 17 October (11 days before the event) to 539 µS cm−1 on 31 October (two
days later).

These findings serve to reinforce the hypothesis that the present phenomenon has
been extraordinary, both with respect to the magnitude of water renewal and the reduction
of lake salinity.
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Following the DANA, nitrate and total phosphorus have exhibited differential be-
havior. While nitrate exhibited a fourfold increase in concentration, attributable to the
entrainment of pollutants from agriculture, urban areas, and industry, total phosphorus
levels underwent a substantial decline, ranging from values close to 0.18–0.20 mg L−1 to
0.11 mg L−1, subsequently exhibiting a gradual upward trend. This discrepancy can be
attributed to the divergent properties of the two nutrients. Nitrate is characterized by its
high solubility and mobility, which facilitates its transportation by water [56]. This attribute
is in contrast to the behavior of phosphorus, which is less soluble and mobile. Conversely,
phosphorus has been observed to bind to soil particles or sediments, which were likely
dislodged from the system upon the opening of the gates.

In relation to photosynthetic pigments, Soria et al. [12] observed a significant decline
in chlorophyll-a during a controlled lake renovation experiment, where 10 × 106 m3 of
high-quality water was introduced through the western channels. The levels of chlorophyll-
a remained within the range of 25–150 mg m−3 over the course of the experiment. In
the present study, a substantially larger release of water (80 × 106 m3 over 2–3 days)
was observed, resulting in a significant decrease in chlorophyll-a to 2.8 mg m−3, a level
comparable to that attained during the rare instances of clear phase in the Albufera.

This phenomenon, in conjunction with the findings of the 2015 controlled experiment,
lends support to the hypothesis that the inflow of substantial water inputs from the west, in
conjunction with the opening of floodgates, results in an augmentation of the lake’s renewal
rate. This is considered to be an efficacious strategy for the enhancement of water quality.

However, it should be noted that upon the conclusion of the event, the lake rapidly
reverts to its typical values [55]. In this case, within a mere 20 days (by November 18),
chlorophyll-a had reached 105.52 mg m−3, a level more typical of the lake and consistent
with previously documented data. This rapid rise in chlorophyll-a value is similar to that
observed during clear phases, indicating that internal nutrient recycling processes are
maintaining the poor trophic state.

Recent studies have been conducted in other lagoons around the world that have
been impacted by flash floods. Machado Toffolo et al. [57] examined the effects of flash
floods in the Mediterranean coastal lagoon of Mar Menor (southeastern Spain) in 2016 and
2019. These floods resulted in an influx of water containing elevated levels of nitrates and
suspended solids from the economic activities in the surrounding countryside of Cartagena,
similar to the situation observed in the Albufera. However, in these cases, an increase
in chlorophyll was observed, contrasting with the findings of this study. Castaño−Ortiz
et al. [58], with a focus on the 2019 flash flood event in the Mar Menor, did not emphasize
classical limnological variables. However, the study concluded that this event also favored
an increased input of pharmaceutical residues and their bioaccumulation in the system.
This issue has not yet been studied in the 2024 event in the Albufera.

Concurrently, Walukow et al. [59] in Lake Sentani (Indonesia) also concluded that
flash flood events increased the loading of phosphorus, nitrate, and total dissolved solids.
Conversely, the study by Ntangyong et al. [60] in the Nokoué lagoon (in Benin, located on
the Gulf of Guinea) observed that flash-flood events, particularly during the rainy season,
as seen in the Albufera, led to a substantial increase in the concentration of suspended
particulate matter in the water. This increase was accompanied by an escalation in the load
of nutrients, such as nitrates and phosphorus, which can be transported by heavy rain. The
discrepancy between the findings of these studies and our own can be attributed to the
distinct forms of phosphorus investigated. The studies referenced above focused on the
phosphate form (the soluble and mobile form), while our study examined total phosphorus.

Furthermore, experiments and models have been conducted to investigate the poten-
tial impact of a hypothetical flood event on other lagoons worldwide. A notable example
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is the experiment by Courboulès et al. [61] in the Mediterranean coastal lagoon of Thau
(France) in May 2021. This experiment utilized a mesocosm design to simulate an overland
runoff event. The most significant results on the effects of the flash flood in the Thau
lagoon also include an increase in nutrients, such as nitrates and silicates, and suspended
matter. Simultaneously, a decline in salinity was observed within the lagoon, a finding that
aligns with the present study’s observations. Ligorini et al. [62] conducted two experiments
in microcosms designed to simulate the natural conditions of the Mediterranean coastal
lagoon of Santa Giulia (Corsica, France). One of the experiments simulated a sudden
dilution to simulate a freshwater input, similar to what occurs during a flash flood. The
outcomes of these experiments indicated a decline in salinity and chlorophyll levels, with
the analysis focusing on the subunit chlorophyll-b.

The evidence obtained underscores the necessity for the implementation of periodic
inflows of clean water as a pivotal strategy for the sustainable management of the Albufera
de Valencia. These flows enable a greater renewal rate of the lake, thereby reducing the
accumulation of nutrients and salinity, which are factors that contribute to the deterioration
of its ecological state. Although the lagoon tends to swiftly regain its normal values after
the cessation of these flows, their periodic implementation could be pivotal in mitigating
the deleterious effects of eutrophication and progressing towards sustainable management
of the wetland whilst concomitantly exploring methods to reduce internal recycling.

5. Conclusions
The DANA that occurred in October 2024 in Valencia is one of the most significant

extreme weather events recorded in the Mediterranean region in terms of human and material
impacts. This phenomenon underscores the imperative to fortify monitoring and management
strategies, particularly in light of its potential escalation in both frequency and intensity, as
predicted by climate change models. A comprehensive analysis of the water quality of
the Albufera lagoon post-event revealed substantial alterations in key variables, including
conductivity, nitrate levels, and total solids, indicative of a significant water renewal following
substantial rainfall and the subsequent opening of floodgates. Despite the magnitude of
the initial impact, the results confirm that, within 20–30 days, the lake recovers conditions
similar to those prior to the event, a behavior consistent with previous studies on its resilience.
This finding underscores the significance of effective water management strategies, including
periodic water releases, in ensuring the preservation of water quality. Furthermore, the study
demonstrates that changes in water quality can also be monitored using remote observation
tools. The employment of Sentinel-2 imagery has led to a substantial augmentation in
spatiotemporal coverage, thereby complementing field data and furnishing a comprehensive
perspective on the repercussions of extreme events on aquatic ecosystems.
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Abbreviations
The following abbreviations are used in this manuscript:

DANA
“Depresión aislada en niveles altos” (in Spanish), the translation is an isolated high-level
atmospheric depression

TSS Total suspended solids
LOI Loss of ignition (organic solids)
TP Total phosphorus
Chl-a Chlorophyll-a
Car Carotenoids
CDOM Colored dissolved organic matter

Appendix A

Table A1. Location of the studied rain gauges, accumulated rainfall on 29 October 2024, and
persistence in hours of rainfall greater than 10 mm/h. Values in bold font are greather thar 200 mm,
and represented in Figure 3.

Gauge Station UTM X UTM Y Rainfall (mm) Persistence (h)

Aliaguilla 643422 4400560 160 4
Alzira-La Casella 721052 4336255 115 3

Andilla 687787 4409574 63 2
Antella 707982 4328433 87 2

Benagéber * 662946 4399134 249 9
Bugarra 690375 4386379 238 9
Buseo 676776 4384935 406 12
Calles 675275 4398542 200 8

Carlet * 712208 4344841 274 6
Casinos 696110 4396390 68 2

Castelló_Ribera * 714814 4326998 149 5
Caudete_Fuentes 649579 4377018 143 7

Chelva 672008 4404906 127 6
Chiva 694817 4369992 491 10

Contreras 629181 4377410 29 1
Cortes_Pallás 679391 4347985 73 3
Cueva Santa 704705 4413125 38 3

Domeño 675926 4396845 232 8
Enguidanos 619171 4393352 55 1

Estubeny 705846 4321601 21 1
Forata 684087 4356683 255 10

Guadassuar 718363 4342129 164 7
Huerto Mulet 723728 4340864 129 3

La Muela 678787 4345359 112 4
Landete 638503 4419060 130 7

Loriguilla 678994 4392754 71 1
Manises 714187 4377332 30 1
Manuel 716733 4324341 113 5
Marines 708415 4397655 37 1
Millares 695867 4343938 33 1

Naranjero 685094 4350037 220 8
Pedralba 699707 4386873 106 3
Picassent 716986 4363362 18 0

Quart_Poblet 720280 4373629 8 0
Real_Montroy 708911 4354134 244 6

Requena 661991 4371531 177 7
Ribarroja 707809 4372098 217 8

Riola 729852 4342428 10 0
Salvacañete 626486 4440355 77 2
Sierra Ave 691610 4352998 261 9

Siete Aguas 680661 4373122 291 11
Sueca 732542 4341308 10 0
Tous 703536 4334057 151 4
Utiel 660401 4388365 133 4

Vilamarxant 704385 4384009 142 3
Villatoya 643503 4354798 41 1

* Rainfall also includes some hours from the day before.
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Figure A1. (a) Quay in Albufera of Valencia, where the sampling point is ubicated on 13 May 2024;
(b) the same location on 30 October 2024 after the flash flood.
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