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Abstract: Coastal lagoons are transitional ecosystems with complex spatial and temporal variability.
Remote sensing tools are essential for monitoring and unveiling their variability. Turbidity is a water
quality parameter used for studying eutrophication and sediment transport. The objective of this
research is to analyze the monthly turbidity pattern in a shallow coastal lagoon along two years with
different precipitation regimes. The selected study area is the Albufera de Valencia lagoon (Spain).
For this purpose, we used Sentinel 2 images and in situ data from the monitoring program of the
Environment General Subdivision of the regional government. We obtained Sentinel 2A and 2B
images for years 2017 and 2018 and processed them with SNAP software. The results of the correlation
analysis between satellite and in situ data, corroborate that the reflectance of band 5 (705 nm) is
suitable for the analysis of turbidity patterns in shallow lagoons (average depth 1 m), such as the
Albufera lagoon, even in eutrophic conditions. Turbidity patterns in the Albufera lagoon show a
similar trend in wet and dry years, which is mainly linked to the irrigation practice of rice paddies.
High turbidity periods are linked to higher water residence time and closed floodgates. However,
precipitation and wind also play an important role in the spatial distribution of turbidity. During
storm events, phytoplankton and sediments are discharged to the sea, if the floodgates remain open.
Fortunately, the rice harvesting season, when the floodgates are open, coincides with the beginning
of the rainy period. Nevertheless, this is a lucky coincidence. It is important to develop conscious
management of floodgates, because having them closed during rain events can have several negative
effects both for the lagoon and for the receiving coastal waters and ecosystem. Non-discharged solids
may accumulate in the lagoon worsening the clogging problems, and the beaches next to the receiving
coastal waters will not receive an important load of solids to nourish them.
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1. Introduction

Coastal lagoons are transitional ecosystems between inland and coastal waters. They are shallow
water bodies separated from the ocean by a barrier and connected, at least intermittently, to the ocean
by one or more restricted inlets [1]. Given these characteristics, they exhibit complex spatial and
temporal variability. They are usually part of wetland ecosystems and are among the most endangered
ecosystems, especially in coastal areas, due to several anthropogenic threats [2]. These ecosystems are
characterized by a high variability due to both natural intrinsic variability and anthropic pressures
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variability (e.g., man-controlled hydrological cycle, wastewater discharge, etc.). In situ monitoring
programs (e.g., Water Framework Directive) have difficulty diagnosing their quality status and the
effectiveness of restoration measures. Remote sensing is a complementary tool to the traditional
on-site approach that allows constructing a synoptic view that is not possible otherwise. During the
last decades, several studies have aimed at monitoring indicator parameters of water quality both in
inland and in coastal waters using satellite images. However, the spatial and temporal scale have been
constraints for small sized and highly variable ecosystems such as coastal lagoons. High temporal
resolution sensors (1-3 days) such as Moderate Resolution Imaging Spectroradiometer (MODIS) or
MEdium Resolution Imaging Spectrometer (MERIS) have a limited spatial resolution (250/500 m).
Higher spatial resolution sensors such as Landsat Thematic Mapper (TM) (30 m) or SPOT have a low
temporal resolution (16 days) not enough for the highly dynamic coastal lagoons [3,4]. The Copernicus
Sentinel-2 mission of the European Space Agency (ESA) comprises a constellation of two polar-orbiting
satellites, and the first one, Sentinel-2A is operational since June 2015. This mission combines both a
high spatial (10-60 m) and a high temporal resolution (5 days) that are necessary to monitor coastal
lagoons [4,5].

One of the major environmental problems of coastal lagoons is eutrophication, and one of the most
commons parameters used to monitor their ecological status is chlorophyll a (Chla) concentration [3,6,7].
Consequently, recent studies have applied the advances in remote sensing to study temporal and
spatial evolution of Chla using Sentinel-2 images [8]. A very recent study has applied Sentinel-2
images also to study phycocyanin concentration, which is an indicator of cyanobacterial blooms [7].
Turbidity is also a water quality parameter used as a eutrophication indicator [9]. Turbidity reduces
the availability of light underwater, and thus limits light availability for phytoplankton growth and
primary productivity [9,10]. Moreover, it is also important for nutrient dynamics, pollutants, and
sediment transport [9]. According to the ASTM-International definition, turbidity is an expression
of the optical properties of a liquid that causes light rays to be scattered and absorbed rather than
transmitted in straight lines through a sample. Turbidity, suspended particulate matter (SPM), and
Secchi disk depth are three variables closely related. Frequently, turbidity is used as an estimation
of SPM concentration [9,11]. In fact, traditionally, turbidity is estimated visually using a Secchi disk
depth or measured directly with nephelometry [10]. The analysis of turbidity is especially important in
optically complex waters where phytoplankton and SPM do not covary, and sediment contribution can
result in an overestimation of Chla [12,13]. Previous research applied remote sensing to map turbidity
in complex coastal waters. The authors of [14] used Landsat 8 and SPOT images in the Mar Menor
(Spain); in [4] the authors applied Landsat 5, 7, and 8 in the turbid Gironde and Loire estuaries (France);
the authors of [10] used Landsat 8 in Cam Ranh Bay and Thuy Trieu Lagoon (Vietnam), and in [9] the
authors applied a multisensory approach in the Danube Delta (Romania). Recently, the trend is to
apply Sentinel 2 advantages to monitoring highly variable ecosystems [5,12,13,15].

Determining turbidity in shallow waters requires the use of spectral bands that are sensitive to
turbidity and have a limited depth penetration to avoid substantial interference from the bottom [15].
Water absorption increases rapidly from red (645-700 nm) to red edge NIR (700-780 nm) [16]. This
absorption limits the light received from the bottom, while it returns light scattered by suspended
materials. These bands offer a good balance between turbidity detection and bottom detection [17].
Several studies have already indicated that these spectral bands are appropriate for monitoring
turbidity or suspended solids in optically complex regions [15,17,18]. According to [15], the 704 nm
wavelength gives the greatest return of light to the sensor at depths between 1 and 2 m. However, at
longer wavelengths, sensitivity to suspended material is lost in shallow and very turbid waters [15].

The objective of this research is to analyze the monthly turbidity pattern in a shallow coastal
lagoon along two years with different precipitation regime. The selected study area is the Albufera
de Valencia lagoon (Valencia, Spain). This lagoon faces a eutrophication problem, and it is at risk of
disappearing due to the accumulation of sediments. The analysis of turbidity is important to unveil
the sediment transport dynamics. For this purpose, we used Sentinel 2 images and in situ data from
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the monitoring program of the Environment General Subdivision of the regional government, which
has been implemented since year 1995. Remote sensing is the only way to obtain a synoptic view of
the entire lagoon due to the high spatial complexity and the varying water quality of the more than
60 tributaries.

2. Materials and Methods

2.1. Study Area

The Albufera de Valencia lagoon is a shallow turbid coastal lagoon, located in the Mediterranean
coast, 10 km south of the city of Valencia (Figure 1) [19,20]. It has an average depth close to 1 m (1-3 m)
and covers an area of approximately 24 km? [6]. This water body is characterized as hypertrophic, with
average annual Chla levels of 167 ng L1 (4-322 ug L) and Secchi disk depth of 0.34 m (0.18-1 m) [6].
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Figure 1. Study area, the Albufera de Valencia lagoon and surroundings. Numbered black points
are sampling stations from the monitoring program of the Environment General Subdivision of the
Valencian government.

It is part of the Albufera de Valencia coastal wetland, which is one of the most representative
wetlands in the Mediterranean basin, and holds several protection figures at national and international
level, such as Spanish Natural Park, Special Protection Areas (SPAs) for birds, Sites of Community
Importance (SCIs), and Ramsar Site.

The lagoon is surrounded by an agricultural area with an approximate surface of 223 km? primarily
used for rice cultivation [6]. The local water council, under the direction of farmers, controls the
hydrological cycle in the watershed to meet the needs of rice crop [6,8]. Farming contributes about
60% of the inputs to the Albufera through 63 irrigation channels that carry water from the Turia and
Jacar rivers [21,22]. Other sources of water are treated wastewater from the urban and industrial
areas nearby, groundwater contributions, direct precipitation on the lagoon, and potential indirect
contributions of seawater through sea connections [3].
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The lagoon is connected to the Mediterranean Sea through three floodgates, “Golas” in Spanish,
from North to South, Gola de Pujol, Gola del Perell6, and Gola del Perellonet (Figure 1). The local
water council operates them according to the needs of the rice cycle. They are open from January to
March to allow the water level of the lagoon to increase for irrigation. During the rice growing season
(April-September) the floodgates remain closed to allow field flooding and with an insignificant flow
to the lagoon. Gates open in September to allow rice fields to dry for rice harvest. Finally, gates
close again in November to allow flooding of harvested rice fields, which favors the mineralization of
nutrients [23].

The eutrophication of the lagoon is an old problem that dates back to the 1960s. Since then, the
system shifted from a clear state to a turbid stable state that was consolidated by the almost total
disappearance of macrophytes in the early 1970s [24]. The turbid state has prevailed since then,
although some studies report short clear water events one or twice a year, with Chla concentrations
below 5 mg/m? [6]. In addition, sediment deposition threatens the lagoon with clogging showing the
importance of studying turbidity patterns.

2.2. Precipitation and Wind Data

The first step was to select one year with total precipitation above the annual average and
one year below the annual average, to analyze turbidity patterns in different precipitation regime
conditions. The closest stations to the Albufera lagoon with full available data from 1995 to 2018
are the Valencia Airport station (north) and the Polinya del Xtuquer station (south), which belong to
the State Meteorological Agency (AEMET) (Figure 1). This period was selected because the in situ
monitoring data began to be compiled in 1995. Within the Albufera Natural Park, there is a station that
belongs to the Valencian Association of Meteorology (AVAMET), called Tancat de la Pipa station. There
are available data for this station since 2016. We selected the year 2017 as a year below the average
precipitation, and 2018 as a year above the average, comparing the data from Tancat de la Pipa station
with historic records. Wind data were obtained from the Tancat de la Pipa station.

2.3. Secchi Disk and Suspended Matter

Secchi disk depth (SDD) (cm) and suspended particulated matter (SPM) (mg/L) were measured
monthly from 1995 to 2018 by the monitoring program of the Environment General Subdivision
of the Valencian government. There are five sampling stations in the Albufera lagoon, shown as
dots in Figure 1. These data are available online: http://www.agroambient.gva.es/es/ (accessed on
6 October 2019).

SDD was measured with a 30 cm diameter black-and-white disk, which was submerged in the
water until it was no longer visible to an observer on the surface [25,26]. Secchi disk depth is inversely
proportional to the amount of dissolved and/or particulate matter present in the water column; thus, is
a turbidity indicator. SPM was determined following the Standard Methods (2005) procedure, 2540D,
for surface waters.

SDD and SPM were standardized using the following Equation

X—X
Z= Sk 1)
where x is the month datum of year i, X is the month average from 1995 to 2018, and SD is the monthly
standard deviation from 1995 to 2018.

The standardized values were classified as follows: (1) values in the interval (-1, 1) indicate
normal values; (2) values in the interval (1, 1.6) are above normal conditions, and (3) values (>1.6)
are highly anomalous. The limit of the anomalous conditions was based on an Inverse Cumulative
Distribution Function (ICDF), in a normal distribution, which defines 1.6 standard deviations as the
limit of values without noise with 95% confidence [27,28].
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Then, the month average of the standardized values from 1995 to 2018 was calculated to characterize
each month. The purpose is to characterize the temporal transparency pattern, which depends on the
rice cultivation cycle.

2.4. Satellite Data

We obtained Sentinel 2A and 2B images for the years 2017 and 2018 from the Sentinel Scientific
Data Hub available online: https://scihub.copernicus.eu/ (accessed on 6 October 2019) (Table 1). Only
cloud-free images were used to observe the spatial variation. The images were subset to the exclusive
area of the Albufera lagoon based on a shapefile before further processing.

Table 1. List of Sentinel 2A and 2B images used in this study by date.

were selected.

Only cloud-free images

Year 2018 Year 2017
11 January 16 January
20 February 5 February
27 March 17 March
26 April 16 April
21 May 16 May
20 June 15 June
10 July 10 July
19 August 4 August
13 September 13 September
3 October 13 October
27 November 22 November
22 December 17 December

Software SNAP version 5 (Brockmann Consult) was used for image processing. All images were
downloaded in L1C product in order to use the same atmospheric correction for all of them, by means
of the Sen2Cor processor. This processor provides good results in eutrophic waters [8,20,29].

Following [5] results, we used band 5 (705 nm) to estimate turbidity with 20 m of spatial resolution.
The reflectance values of band 5 (705 nm) were spatially standardized following Equation (1), where x
is the month datum of sampling station i pixel, x is the month average of all Albufera lagoon pixels,
and SD is the monthly standard deviation of all Albufera lagoon pixels. The spatially standardized
results were transformed into raster format for mapping. The purpose was to characterize the spatial
turbidity pattern under different precipitation regime.

Chla concentration was estimated from L1C products with the “Case 2 Regional Coast Colour”
(C2RCC) processor of the SNAP software. Chla concentration was mapped to better understand the
contribution of phytoplankton to turbidity patterns in the Albufera lagoon.

The Spearman correlation test was used to test the statistical significance of the correlation between
remote sensing and in situ data. We contrasted the 2017 and 2018 standardized reflectance values
(band 5, 705 nm) with the monthly standardized data of SDD for the complete study period (1998 to
2018) for each sampling station. The remote sensing data of each pixel containing a sampling station
was extracted to compare with the historical in situ data.

7

3. Results

In Figure 2, monthly precipitation in 2017 and 2018 is compared for the following three
meteorological stations: Polinya del Xiiquer (south of study area), Valencia Airport (north of study area),
and Tancat de la Pipa (study area) (Figure 1). The three stations show the same precipitation trend and
similar values, except in the autumn of 2018 where Tancat de la Pipa experienced more rain. Then, the
average monthly precipitation from 1995 to 2018 was built with the average of the nearest stations with
available data, Valencia Airport and Polinya del Xiiquer. In this Mediterranean-type climate region, the
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main rainy period is autumn and the average annual precipitation is 487.7 mm. In Figure 3, the average
monthly precipitation is represented (bars) against the monthly precipitation of years 2017 (orange
line) and 2018 (black line). The last data was obtained from Tancat de la Pipa station. In this station, the
total precipitation for 2017 was 307.0 mm being approximately 180 mm lower than average annual
precipitation. The total precipitation for 2018 was 709.8 mm, which was more than 200 mm above
the average annual precipitation. During the autumn months, September to November, accumulated
precipitation was only 45.8 mm in 2017, while in 2018 it was 561.0 mm exceeding the annual average.
October 2018 recorded the maximum precipitation with 287.6 mm, with 232.2 mm measured in a single
day (18 October 2018). In this area, prevailing wind direction shows a marked seasonal variability.
During the warm months the winds of the East and Southeast (winds to the west) prevail, while during
the rest of the year the winds of the West prevail (winds to the east), especially from the Southwest
(Northwest only in October).
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Figure 2. Monthly precipitation (a) 2017 and (b) 2018, comparison of the three meteorological stations:
Polinya del Xiiquer (Polinya), Valencia Airport (Airport), and Tancat de la Pipa (Tancat).
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Figure 3. Average monthly precipitation (1995 to 2018) calculated from Polinya del Xiiquer and Valencia
Airport stations (grey bars). Monthly precipitation 2017 (orange line) and 2018 (black line) at Tancat de
la Pipa station.

Table 2 summarizes data from the in situ monitoring program of the Environment General
Subdivision of the Valencian government, from January 2017 to December 2018. There is approximately
one measure of each variable (SPM, SDD, and Chla) per month. However, some data is missing; for
instance, December 2018 only has SDD data. The highest SPM values were observed in May and
June (June 2018 no data available), with values even higher than 100 mg/L, and SDD of about 17 cm
in all the sampling stations. The highest Chla values were observed in October 2017 (average about
150 mg m~3), and in October and November 2018 (average about 120 and 150 mg m™3 respectively).
To analyze if there is a monthly pattern associated to the irrigation cycle in the Albufera lagoon, we
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studied the in situ data of the entire period from 1995 to 2018. In order to detect anomalies above or
below the Albufera lagoon baseline, we calculated the standardized monthly averages of SDD (blue
bars) and SPM (brown bars) (Figure 4), in the five in situ sampling stations. In this figure, values above
zero standard deviations show higher values than the average, and values below zero are lower than
the average. SDD and SPM are inversely correlated variables [9,11], so months with high SDD have
low SPM. In general, from April to October SPM values are above the average, and the maximum
values are observed in May-June and October. However, sampling station 1 shows a different pattern,
with SPM values from March to August above the average, and the maximum values in April and
August. This can be explained due to East winds during warm months that may have a resuspension
and accumulation effect in this shallow area.

Table 2. Data from the monitoring program of the Environment General Subdivision of the Valencian
government. Suspended particulate matter (SPM), Secchi disk depth (SDD), and chlorophyll a (Chla).
nd = no data (missing data).

SPM (mg/L) SDD (cm) Chla (mg m~3)
Data Station
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
18 January 2017 28 34 40 60 60 3 3 3 25 30 10 37 69 64 39
9 February 2017 nd <1 <1 nd <1 nd 30 25 =nd 25 =nd 488 397 nd <01
14 February 2017 39 4 3 5 8 3 nd nd nd nd 201 141 156 111 183

20 March 2017 30 23 13 20 28 40 40 45 50 40 433 509 132 25 <01
3 April 2017 42 38 37 40 40 35 38 40 38 38 305 35 89 138 28
9 May 2017 98 nd 9 100 8 nd nd nd nd nd 466 nd 331 325 224
12 June 2017 67 140 97 60 105 18 20 14 17 20 339 276 889 747 577
11 July 2017 80 48 8 92 8 30 30 25 30 23 426 182 399 51 0.7

7 August 2017 25 nd 3 3 =nd 30 30 30 30 30 467 nd 491 49 nd

11 September 2017 35 3 26 38 43 3 30 3 30 25 <01 375 <01 482 <01
17 October 2017 nd 76 nd 67 72 30 20 nd 20 25 655 1574 nd 1979 172
20 November 2017 58 78 84 31 74 30 375 30 30 375 8 606 709 692 726
21 December 2017 nd 41 43 nd 48 32 30 30 =nd 30 612 735 75 nd 160
23 January 2018 52 52 50 =nd 60 28 30 35 =nd 25 843 714 82 nd 83.6
19 February 2018 <1 52 8 29 8 23 3 3 50 35 571 383 673 243 463

1 March 2018 73 64 8 8 103 20 31 30 30 29 1631 911 901 986 <0.1
17 April 2018 66 116 8 92 90 23 25 23 25 25 <01 1256 67 814 456
15 May 2018 108 130 130 130 130 30 17 17 20 17 306 1271 167.8 167.2 229.7
13 June 2018 <1 nd nd nd nd 40 25 25 25 25 225 nd nd nd nd
11 July 2018 28 22 18 34 40 30 3 35 30 30 101.1 429 263 413 362

20 August 2018 22 25 30 3 21 25 3 42 35 37 1084 262 235 257 231

18 September 2018  nd 8 nd 9 25 25 3 nd 35 35 nd 616 nd 1011 384
17 October 2018 46 38 53 51 50 =nd 30 30 30 30 nd 1301 923 137 1173
12 November2018 28 20 20 18 15 nd 30 30 30 30 nd 1578 1433 1721 1305

11 December 2018 nd nd nd nd nd nd 3 40 nd 50 nd nd nd nd nd

17 December 2018 nd nd nd nd nd nd 25 25 25 25 nd nd nd nd nd

Average 49 49 52 52 58 28 29 29 29 29 557 637 573 671 66.6

SD 32 40 38 3 38 14 11 14 15 11 419 50 458 59 631
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Figure 4. Standardized monthly averages of Secchi disk depth (blue bars) and suspended particulated
matter (brown bars) for the period 1995 to 2018, in the five sampling stations of the Albufera lagoon.
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Monthly turbidity is mapped in Figure 5 (year 2018) and Figure 6 (year 2017) to better analyze the
spatial pattern. Turbidity is represented as standardized reflectances of band 5 (705 nm) from Sentinel
2A and 2B. This reflectance represents turbidity as follows: values in the interval (-1, 1) indicate
average values (blue color); values in the interval (1, 1.6) are above average conditions (yellow color),
and values (>1.6) are highly anomalous (red color). Applying the spatially standardized anomalies
approach is important to be able to detect deviations from the baseline.

Turbidity (Standardized reflectances)

< 0 1 1.6 >

Figure 5. Monthly standardized reflectances band 5 (705 nm) from Sentinel 2A and 2B, year 2018,
in the Albufera lagoon. Turbidity is represented as follows: values in the interval (-1, 1) indicate
average values; values in the interval (1, 1.6) are above average conditions, and values (>1.6) are
highly anomalous.
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Turbidi ty (Standardized reflectances)

< 0 1 1.6 >

Figure 6. Monthly standardized reflectances band 5 (705 nm) from Sentinel 2A and 2B, year 2017, in
the Albufera lagoon. Turbidity is represented as follows: values in the interval (-1, 1) indicate average
values; values in the interval (1, 2) are above average conditions, and values (>1.6) are highly anomalous.

The spatial distribution of turbidity is quite heterogeneous. Despite the five in situ sampling
stations are located all around the lagoon, the high spatial variability is much better captured with
remote sensing. The correlation between remote sensing and in situ data was analyzed with the
Spearman correlation test. We contrasted the 2017 and 2018 standardized reflectance values (band 5,
705 nm) with the monthly standardized data of SDD for the complete study period (1998 to 2018) for
each sampling station (Table 3). We wanted to test if turbidity patterns mapped with remote sensing in
the studied years followed the monthly historical pattern. According to p-values, the correlation was
statistically significant (p-value < 0.05) for all sampling stations except sampling station 2, 2018.

It is important to remember that high turbidity values can be due to inorganic particulated matter
(sediments) but also to high phytoplankton values [12,13]. Monthly Chla concentration in the Albufera
lagoon is mapped in Figure 7 (year 2018) and Figure 8 (year 2017). Chla is used a phytoplankton
biomass indicator. In general, the highest Chla values do not coincide with the highest turbidity values,
which indicated the major importance of inorganic particles during high turbidity events. For instance,
April 2018 is characterized by high Chla values while turbidity is under the average (<0) in nearly all
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of the lagoon. Phytoplankton biomass behavior showed differences between a wet year (2018) and a
dry year (2017). In 2018, the highest phytoplankton biomass (Chla) was observed in April and affected
nearly the entire lagoon. In 2017, the highest biomass from May to July also affected nearly the entire

lagoon. Both years had a second Chla maximum in October.

11 0f 17

Table 3. Correlation between the monthly standardized data of Secchi disk depth and standardized
band 5 (705 nm) of Sentinel (for each year n = 12).

2017 2018
Sampling Spearman g Spearman g
Stations Correlation p-Value Correlation p-Value
1 0.613 0.034 0.614 0.034
2 0.860 0.000 0.557 0.060
3 0.887 0.000 0.665 0.018
4 0.897 0.000 0.658 0.020
5 0.622 0.031 0.594 0.042
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Figure 7. Monthly chlorophyll a concentration in the Albufera lagoon 2018.
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Figure 8. Monthly chlorophyll a concentration in the Albufera lagoon 2017.

To better analyze temporal variability and the effect of extreme meteorological events, we mapped
turbidity and Chla before and after the most important storm of the study period (Figure 9). This
storm was on October 18 and total precipitation was 232.2 mm. Before the precipitation, Chla levels
were above 75 mg m™~> in nearly the entire lagoon. After the precipitation, a generalized decrease

was observed.
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Figure 9. Chlorophyll a concentration and turbidity before and after a storm in the Albufera lagoon.
The storm was on October 18 and total precipitation was 232.2 mm.

<

4. Discussion

In our study, we applied the standardized anomalies approach to the analysis of spatial and
temporal patterns. According to the anomalies theory, the baseline is interpreted as the boundary
on which if a value is above it is described as a positive anomaly (or increase), while if a value is
below it indicates a negative anomaly (or decrement) [27,28]. The baseline was calculated from the
period 1995 to 2018, the available historical data that defines the recent average behavior. Thanks to
that analysis, in Figure 4, we can clearly distinguish the seasonal pattern. The temporal pattern in
the Albufera lagoon is highly dependent on the rice cycle regulation of water inflows. SPM is higher
from April to October in all sampling stations (except sampling station 1 from March to August), and
thus the SDD is lower from April to October (Figure 4). The rice growing season is approximately
from March-April to September. This period is characterized by high residence time of water in the
lagoon since floodgates are closed and freshwater inputs are minimum [3]. In September, floodgates
are opened to dry the fields for harvesting. The rainy season starts in September in this Mediterranean
area when the floodgates are open; this favors water renewal. During the study period, from 1995 to
2018, the lowest water transparency is in May-June and October in sampling stations 2 to 5. Sampling
station 1 exhibits slightly different behavior. A lower water transparency is maintained from March
to September and transparency only shows a recovery during November to January. This station is
located in the western area of the lagoon, which is the shallowest part (<0.9 m).
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In general, the turbidity temporal and spatial pattern is similar in a wet year (2018, Figure 5) than
in a dry year (2017, Figure 6). Thanks to the spatially standardized anomalies approach, it is important
easy to detect deviations from the baseline. The highest turbidity values were observed on the west
shore of the lagoon during most of the year. This agrees with the lagoon hydrological sectors proposed
by [30]. According to them, the Northwest and West sectors have the lowest water circulation, while
the Northeast and Southeast areas have the highest due to the proximity of the gates. The highest Chla
values are also observed very close to the western shore, as observed also by [3], but also the northern
shore reaches very high values.

The spatial distribution of turbidity observed in Figures 5 and 6 is closely related to meteorological
events. From September to November 2018, several heavy rain events carried more sediments to
the lagoon through surface runoff. In [22] the authors explained that heavy storms were one of the
main factors explaining the variation in the limnology of the Albufera lagoon. Storms may last only
a few hours in this Mediterranean area, and a single storm could double the annual mean rainfall
(e.g., October 2018 precipitation was higher than 2017 annual precipitation). During these storms, the
potential for soil infiltration is low, so runoff is very important. We observed high turbidity both in
the western sector of the lagoon and near the outflowing channels (eastern sector). In these areas, the
phytoplankton and sediments can be transported to the sea because the floodgates (Golas) are open.
These high turbidity values are mapped in yellow color (values above the average) and in red (highly
anomalous values). From July to September, during the rice growing season, when freshwater inflows
to the lagoon are greatly reduced, the most important variable is east wind. The wind dominant
direction from sea to land causes the accumulation of suspended material in the western area of the
lagoon. In April a false anomaly is observed, which was due to cloud presence. The study images
were selected taking into account the lowest cloud coverage to avoid these interferences, but no better
image was available in April 2018.

In recent decades, a clear water phase (CWP) has been observed yearly, but it does not show a
regular pattern, either temporally or spatially in the lagoon [30,31]. During this phase cyanobacteria
plankton is substituted by other microalgae, especially diatoms, which are consumed by filter-feeders
such Daphnia magna [31]. The authors of [8] studied with Landsat images a CWP event that happened
in March 2000. They observed that the re-eutrophication process started from the northwest shoreline,
which is the area with lowest circulation [30]. A CWP was reported in January 2017 [7]. As shown
in Figure 5, we observed an area of high transparency next to the west shoreline and a highly turbid
area in the southeast part of the lagoon. In this month, an important rain event was the most possible
cause of sediment transport towards the floodgates. In [7] the authors found two annual minima of
cyanobacteria (March and September), which is the dominant phytoplankton in this hypereutrophic
lagoon. These minima coincide with the maximum area of transparency in Figure 5, and with low
Chla values in Figures 7 and 8. However, in 2017 the lowest Chla values were detected in February.
The authors of [7] observed one cyanobacteria maximum in May. Then, they describe a sharp
decline in primary production that contrasts with other authors such as [3], who found that Chla
concentrations increase from May to August 2006 due to the low water circulation. We can appreciate in
Figures 4 and 5 an increase in turbidity from March to May, and a decrease in turbidity from May
to August, which is more marked in 2018 (Figure 5). In our results, the Chla pattern is different
each studied year, in 2017 high Chla levels are constant from May to July, while in 2018 there is an
important decrease after April. The main difference between both years was an important precipitation
event of 82.6 mm on 3 June 2018. This shows the importance of meteorological events on the lagoon
dynamics. To analyze this further, Figure 9 shows Chla concentration before and after the most
important precipitation in October 2018. The decrease in Chla after the storm and the water quality
improvement can be explained by rapid flushing. If we compare Figures 5 and 6 with Figures 7 and 8,
the highly anomalous values of turbidity cannot be attributed to Chla, which suggests the importance
of inorganic particulated matter, and indicates sediment transport.



Remote Sens. 2019, 11, 2926 15 0f 17

The analysis of turbidity gives information about organic and inorganic suspended materials, that
is, about phytoplankton and inorganic particles. Previous remote sensing research [8,32] focuses mainly
on Chla study, which is an indicator of phytoplankton biomass. Our study of turbidity patterns provides
important supplementary information to those previous studies. The authors of [30] demonstrated
that flushing pulses are key to improve water quality and to remediate eutrophication. In our study,
we demonstrated that during important rain events the turbidity pattern shows higher values towards
the floodgates “Golas”. Then, it is important that during rain events the connection between the
lagoon and the sea remains open to allow sediment discharge and prevent clogging of the lagoon.
Dredging the lagoon to remove the sediments has been considered by the managers for several years
to solve both eutrophication and clogging problems [33]. However, dredging is a desperate measure,
very costly, and with environmental consequences. An improved water management, with increased
flushing pulses frequency would be a good management measure that could help in alleviating not
only eutrophication problems but also lagoon clogging. For that reason, it is essential to maintain the
freshwater inflow to this lower part of the Jticar and Turia rivers. In recent years, three constructed
wetlands have been developed in the Albufera lagoon (Tancat de la Pipa, Tancat de Milia, and Estany
de la Plana), but their functioning is not maximizing the removal of phytoplankton, phosphorus, and
nitrogen [6,34]. A better understanding of turbidity patterns can provide relevant information to
choose the most suitable location for future restoration measures.

5. Conclusions

In our study, we applied the standardized anomalies approach to the analysis of spatial and
temporal patterns of turbidity. This methodology allows comparing variables measured with different
units, such as SPM and SDD in this study, and detecting deviations from a baseline. Thanks to this
approach we can define the seasonal pattern of turbidity, which is not possible by the analysis of
an isolated year or a reduced number of study years. In addition, we can define the areas with the
highest values above the spatial baseline, which means we can identify the lagoon areas with the most
anomalous values.

Turbidity patterns in the Albufera lagoon show a similar trend in wet and dry years, which is
mainly linked to the irrigation practice of rice paddies. High turbidity periods are linked to higher
water residence time and closed floodgates. However, precipitation and wind also play an important
role in the spatial distribution of turbidity. During storm events, phytoplankton and sediments are
discharged to the sea, if the floodgates remain open. Fortunately, the rice harvesting season, when the
floodgates are open, coincides with the beginning of the rainy period. Nevertheless, this is a lucky
coincidence. It is important to develop a conscious management of floodgates, because having them
closed during rain events can have several negative effects both for the lagoon and for the receiving
coastal waters and ecosystem. Non-discharged solids may accumulate in the lagoon worsening the
clogging problems, and the beaches next to the receiving coastal waters will not receive an important
load of solids to nourish them.
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