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ABSTRACT

The main objective of this article is to compare remote sensing data with in situ measurements in order
to assess whether Sentinel-2 satellite imagery and the Case-2 Regional Coast Colour (C2RCC) MSI
processor can be used as a reliable tool for the ecological status assessment of stagnant water bodies as
an alternative to traditional monitoring methods. The area of interest in this study is the Nador Lagoon,
which is the largest lagoon within Moroccan territory and the second largest in North Africa after the El
Bidan Lagoon in Tunisia. The lagoon has an oval shape, with a maximum length of approximately 25
km, an area of about 115 km?, and a maximum depth of 8 m. Chlorophyll-a concentration was selected
as a key indicator for assessing the trophic status of the lagoon. In situ measurements were conducted at
18 locations across the Nador Lagoon on 22.02.2023, 09.05.2023, 09.08.2023, and 22.12.2023. The
satellite data used in this study consist of three Sentinel-2 images acquired on 22.02.2023, 05.05.2023,
and 03.08.2023. Due to the 4-day revisit cycle of the Sentinel-2 satellites, the time difference between
in situ sampling and satellite image acquisition was up to four days. The Sentinel Application Platform
(SNAP, version 9.0) and the Case-2 Regional Coast Colour (C2RCC) MSI processor were applied to
derive chlorophyll-a concentrations. Additionally, C2X neural networks were used due to the high
turbidity of the lagoon waters. The comparison between in situ measurements and satellite-derived data
shows a good correlation in chlorophyll-a concentrations, demonstrating that satellite-based monitoring
is a fast and promising approach for ecological assessment. The results indicate that remote sensing
techniques can serve as a cost-effective and efficient alternative to traditional water quality monitoring
methods, particularly for large and dynamic aquatic systems.
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INTRODUCTION

The Nador lagoon system, located in the northeastern region of Morocco, stands as the most
significant regional paralic hydrosystem situated between the Mediterranean Sea and the African
continent. Because of its importance, this lagoon is included in the list of the five Sites of Biological
and Ecological Interest (SIBE), and it has been protected under the international Ramsar Convention
since 2005 (Quaranta et al., 2021). The area of the lagoon represents a remarkable array of habitats,
including marshy areas, dunes, and shallow waters, of significant importance to numerous flora and
fauna species.

Among these species, the most predominant is the marbled goby (Pomatoschistus marmoratus,
Risso, 1810). Furthermore, this locality holds significant importance as a wintering and resting site for
more than 150 bird species (Dakki, 2003). Through its remarkable natural setting, the Nador Lagoon
stands as a valuable asset for the development of other revenue-generating activities, such as ecotourism
and various recreational activities (El Madani Farid, 2012).

The ecological status of the lagoon has been affected by numerous human activities, including
urbanization, agriculture, fishing, aquaculture, tourism, and leisure. The pressures from these practices,
coupled with uncontrolled discharges of wastewater, nutrients, organic matter, and heavy metals,
negatively affect the delicate ecological balance of the lagoon. These negative factors are responsible
for the widespread degradation of the lagoon ecosystem (Najih et al., 2017).

To protect the lagoon ecosystem and preserve the biological and ecological qualities of the water,
as well as to promote the development of tourist activities in the area, two water treatment facilities —
the Grand Nador and Arekmane purification stations —were built after 2010. Furthermore, a new channel
between the lagoon and the Mediterranean Sea was opened to enhance water exchange between the two
water bodies.

The undertaken measures have led to a noticeable improvement in the status of the lagoon,
transitioning it from a “suffocated lagoon” to an “anemic lagoon” (Hilmi et al., 2015).

Currently, the water quality of the lagoon is subject to monitoring, and several biological and
physico-chemical quality parameters are measured in situ three times per year. However, small, shallow,
polymictic water bodies are largely affected by weather and climate dynamics, which can lead to strong
fluctuations in their state.

Achieving reliable results for the environmental conditions in such lakes requires high-frequency
monitoring, which is a time- and cost-consuming task. On the other hand, various parameters such as
turbidity, chlorophyll-a concentration, and other indicators considered fundamental for water quality
assessment can be derived from satellite images. The use of remote sensing techniques represents a
valuable tool for mapping, detecting, monitoring, and assessing changes occurring within aquatic
ecosystems while taking into consideration different temporal and spatial scales (Graetz, 1990).

The purpose of this research is to use freely available data from Sentinel-2 missions and to analyze
these data using the Sentinel Application Platform (SNAP) and its incorporated optical water processors,
which can generate information on optically determined water quality parameters, including
chlorophyll-a and total suspended matter, and to compare these data with in situ measurements in the
Nador Lagoon.

Over the past few decades, numerous studies related to water quality have been conducted using
remote sensing technology, and they have demonstrated a good relationship between in situ
measurements and water quality parameters derived from remote sensing data. For example, Toming et
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al. (2016), Ansper et al. (2018), and Kazakov et al. (2020) reported a strong relationship between in situ
data and Sentinel MSI data along a trophic state gradient.

STUDY AREA

The area of interest is the Nador Lagoon (Fig. 1), which is known by various names, such as Sebkha
de Bou Areg or Marchica (the “small sea”), and stands as the most imposing lagoon expanse within
Moroccan territory and the second largest in North Africa after the El Bidan Lagoon in Tunisia. This
geographical feature stretches along the western coast of the Mediterranean Sea and is situated between
Cap des Trois Fourches and Kariat Arekman (35° 09’ 36" N, 2° 50’ 24" E). It is an oval-shaped lagoon
with a maximum length of up to 25 km.

The lagoon encloses an area of approximately 115 km?, and its depth fluctuates between 5 and 8 m
in the central part, gradually diminishing towards the shores.

A 25-kilometre-long sand bar separates Marchica from the Mediterranean Sea. This barrier
incorporates an artificially built inlet, 300 m wide and 6 m deep. This artificial channel reduces the water
renewal interval of the lagoon to approximately 15 days, which is a significant improvement compared
to the 57-day water circulation cycle associated with the previous natural channel (Maicu et al., 2021).

According to data from the National Meteorological Directorate (Morocco Meteo), the average air
temperatures observed in the area of the Marchica Lagoon range between 8 °C and 30 °C. The average
minimum air temperatures generally fall around 8 °C during the winter and autumn seasons, increasing
to approximately 10 °C—20 °C during the spring and summer periods.

The average relative humidity is 71.25%, indicating a relatively high level of humidity typical for
the region. October is the wettest month, with a monthly average humidity of up to 74.6%, while August
is the least humid month, with relative humidity of approximately 69% (Jouamaa et al., 2022).

The salinity of the lagoon ranges between 33 and 40%, and because mixing of the water column is
limited, a well-developed stratification of the lagoon water is observed. The annual precipitation rate is
around 300 mm, while the prevailing winds originate from the west-northwest and the east, roughly
aligning with the lagoon’s primary axis (Maanan et al., 2015).

The hydrological equilibrium of the lagoon is defined by three main sources: (a) marine waters
entering the lagoon through the artificial channel, (b) freshwater inflow originating from two extensive
groundwater reservoirs, namely Gareb, located south of the Selouane River, and Bou Areg, situated near
the southern margin of the lagoon, and (c) surface waters from ten small streams, commonly referred to
as “oueds” (Jeyar et al., 2015).

Among these, the Selouane River stands out as the most significant tributary flowing into the lagoon
and is also one of the main sources of pollution, due to the large amounts of municipal and industrial
wastewater discharged into the river as it passes through the village of Selouane (Maanan et al., 2015;
Ruiz et al., 2006).
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Fig. 1. Study area - Nador lagoon and the sampling spots.
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MATERIALS AND METHODS

Field measurements at 18 locations (Table 1) along the Nador Lagoon were conducted four times
in 2023 —on 22.02.2023, 09.05.2023, 03.08.2023, and 22.12.2023.

The samples were collected at 0.5 m below the surface, and water quality parameters such as
dissolved oxygen, saturation, chlorophyll-a, turbidity, salinity, pH, and surface water temperature were
measured. Chlorophyll-a concentration was determined spectrophotometrically after extraction in 96%
ethanol.

Among the measured water quality parameters, water transparency, chlorophyll-a, and phosphorus
concentration are the most commonly used indicators in the trophic status assessment of inland waters
(Kazakov et al., 1997; Carlson et al., 1997). With recent advances in remote sensing techniques based
on freely available satellite data from the Copernicus programme, some of these parameters, such as
chlorophyll-a, turbidity, and total suspended matter (TSM), can be measured remotely.

In this research, freely available data from Sentinel-2 missions and the Sentinel Application
Platform (SNAP), with its incorporated optical water processors, are used to generate data on
chlorophyll-a concentrations within the lagoon and to compare these data with in situ measurements in
the Nador Lagoon. The chlorophyll-a concentrations retrieved from satellite data and in situ
measurements are presented in Table 1.

Table 1. Chlorophyll-a concentrations (mg/L) retrieved from satellite data and in situ measurements at
16 sampling spots (S.SP.).
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8 64.16 | 19.58 1361 |2.88 3.22 3.22
9 80.29 | 8341 33.9 23.06 4.65 6.32
10 74.04 13032 5.18 8.27 5.6 10.27
11 23.57 | 19.74 6.52 2.11 12.4 17.79
12 4.86 20.65 3.43 12.13 5.5 34
13 9 15.12 2.77 4.98 125 9.95
14 5.37 4.2 3.44 3.98 5.23 4.45
15 8.69 14.37 3.18 1.81 2.23 2.04
16 5.49 29.94 0.91 12.97 2.18 13.58
17 3.48 2.26 2.57 1.69 4.2 1.13

Available satellite data from the Copernicus programme were used to determine chlorophyll-a
concentrations. This parameter is important because it can be used to evaluate the trophic state of the
lagoon. MSI Level-1C products extracted from satellite images captured by Sentinel-2 on 05.05.2023,
02.08.2023, and 22.02.2023 were downloaded from the Sentinel Browser and used for the analyses.
Unfortunately, due to extensive cloud cover over the lagoon area in December 2023, it was not possible
to identify a suitable satellite image matching the date of the December sampling campaign. Therefore,
in this study, only data acquired in situ on 22.02.2023, 09.05.2023, and 03.08.2023 were evaluated.

Due to the four-day revisit cycle of Sentinel-2, the time difference between in situ sampling and
satellite image acquisition was up to four days. The Sentinel Application Platform (SNAP, version 9.0)
and the Case-2 Regional Coast Colour (C2RCC) MSI operator were used for the determination of
chlorophyll-a concentrations, and due to the high turbidity of the lagoon waters, C2X neural networks
were also applied. As Sentinel-2 Level-1C products incorporate spectral bands with different spatial
resolutions, the products were resampled to a 20 m pixel resolution prior to image processing.

Sentinel-2 Level-1C products are not atmospherically corrected; however, atmospheric correction
is automatically performed within the C2RCC processor. The required in situ environmental parameters
for the operator, such as surface water temperature, salinity, and altitude, were also preset in the C2RCC
processor. Recent studies have reported a good relationship between in situ measurements and Sentinel
MSI data for chlorophyll-a concentrations (Kazakov et al., 2020; Toming et al., 2016; Ansper et al.,
2018), although atmospheric conditions and hydromorphological features of water bodies can
significantly affect the accuracy of the results (Coluzzi et al., 2018).
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Kazakov et al. (2020), based on their research in Lake Srebarna (Bulgaria) and the Malak Preslavets
swamp, proposed a methodological approach in which the in situ measured coordinates of sampling
locations were used for pixel match-up selection from Sentinel images, where 3 x 3 pixel windows were
extracted for each sampling station and average values were calculated.

In the study by Kazakov et al. (2020), all sampling spots were situated in the central parts of the
investigated water bodies; however, in the Nador Lagoon, the majority of sampling locations are situated
along the coastline, close to the shore. Because of this, if the pixel corresponding to a sampling point is
grouped with neighbouring pixels and average values are calculated, taking into consideration the pixel
size and the proximity of the shoreline, there is a risk that the averaged values will represent both pixels
located within the lagoon water body and pixels situated on land beyond the lagoon’s coastline, which
would compromise the reliability of the results.

Taking into consideration the above-mentioned factors, in this study the chlorophyll-a
concentrations in the pixels corresponding directly to the sampling locations were used for further
correlation analysis. In this analysis, the in situ and satellite-derived data were compared to assess the
reliability of chlorophyll-a information for the lagoon obtained using the Case-2 Regional Coast Colour
(C2RCC) MSI processor.

RESULTS AND DISCUSSION

The analysis of the in situ measurements shows that surface water temperature ranged between 22.3
°C and 28.03 °C in spring (09.05.2023), between 27.1 °C and 30.08 °C in summer (03.08.2023), and
between 14.5 °C and 16.2 °C in winter (22.02.2023). Dissolved oxygen concentrations varied between
5.17 mg/L and 12.12 mg/L in spring, between 3.39 mg/L and 11.20 mg/L in summer, and between 7.09
mg/L and 9.76 mg/L in winter. The spatial distribution of chlorophyll-a concentrations across the
sampling locations indicates relatively low values during winter, ranging between 2.63 mg/L and 8.08
mg/L. Subsequently, values increased during spring, ranging between 0.91 mg/L and 33 mg/L, with
chlorophyll-a concentrations reaching maximum values of up to 80 mg/L during summer. The remaining
physico-chemical parameters exhibited similar seasonal dynamics throughout the year (Table 1).

The results from the satellite data analysis also confirmed a seasonal trend in chlorophyll-a
concentrations, with increasing values from winter (22.02.2023) to summer (03.08.2023). The lowest
chlorophyll-a concentrations were recorded during the winter sampling campaign, with values ranging
between 1.13 mg/L and 7.79 mg/L across the different sampling locations. These were followed by
increased upper values during spring, reaching up to 23.06 mg/L, while the maximum chlorophyll-a
concentrations were observed during the summer sampling period, reaching up to 83.41 mg/L (Table
1).

Both satellite-derived and in situ data indicate a heterogeneous state and a complex spatial
distribution of chlorophyll-a concentrations within the Nador Lagoon. Using both sampling approaches,
higher chlorophyll-a values were detected in the shallow nearshore areas, close to urban or agricultural
zones, whereas lower concentrations were observed in the deeper central parts of the lagoon (Figs. 2—
4).
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Fig. 3. Chlorophyll-a concentration retrieved from Sentinel - 2 data (09.05.2023).
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Fig. 4. Chlorophyll-a concentration retrieved from Sentinel - 2 data (03.08.2023).

The performed correlation analysis between the in situ and satellite-derived data revealed a high
relationship of chlorophyll-a concentrations during the summer (r = 0.63), a moderate relationship
during the spring (r = 0.46), and a low relationship during the winter sampling period (r = 0.31).
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Fig. 5. Correlation between in situ values of chlorophyll and Sentinel 2 MSI data generated with C2X
algorithm in C2RCC processor (summer sampling).
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Fig. 6. Correlation between in situ values of chlorophyll and Sentinel 2 MSI data generated with C2X
algorithm in C2RCC processor (spring sampling).
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Fig. 7. Correlation between in situ values of chlorophyll and Sentinel 2 MSI data generated with C2X
algorithm in C2RCC processor (winter sampling).

Chlorophyll-a concentrations during the summer and spring sampling campaigns revealed similar
mean values between Sentinel-2 data (21.0368 mg/L) and in situ data (20.26938 mg/L), as well as
comparable standard deviation (SD) values—26.67 for the in situ data and 21.58 for the Sentinel-2 data,
although the in situ SD was slightly higher. The same conclusion applies to the spring data, which
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showed mean values of 7.743125 mg/L for the Sentinel-2 data and 6.15125 mg/L for the in situ data;
again, the in situ data exhibited a slightly higher SD.

The mean chlorophyll-a concentrations in winter were also comparable, with values of 9.60 mg/L
according to Sentinel-2 data and 5.20 mg/L based on in situ measurements; however, in contrast to the
previous two sampling periods, the SD of the satellite-derived data during winter was higher than that
of the in situ data (8.04 mg/L compared to 3.17 mg/L).

For comparison between the two measurement methods in each sampling period, a paired two-
sample t-test for means was conducted. The analysis did not reveal substantial differences for the
summer and spring datasets; however, in contrast to these periods, the winter sampling data showed
statistically significant differences between values obtained using the two measurement methods (t Stat
=-2.33043, P(T <t) two-tail = 0.034151, t Crit. = 1.75, n = 16).

t-Test: Paired Two Sample for Means

Variable 1  Variable 2
Mean 20.26938  21.03688
Variance 711.6453 465.7864
Observations 16 16
Pearson Correlation 0.632081
Hypothesized Mean Difference 0
df 15
t Stat -0.14478
P(T<=t) one-tail 0.443404
t Critical one-tail 1.75305
P(T<=t) two-tail 0.886808
t Critical two-tail 2.13145

Fig. 8. Test: Paired Two Sample for Means — summer data.

t-Test: Paired Two Sample for Means

Variable 1~ Variable 2
Mean 6.15125 7.743125
Variance 65.81365  50.35646
Observations 16 16
Pearson Correlation 0.460228
Hypothesized Mean Difference 0
df 15
t Stat -0.80108
P(T<=t) one-tail 0.217795
t Critical one-tail 1.75305
P(T<=t) two-tail 0.435591
t Critical two-tail 2.13145

Fig. 9. Test: Paired Two Sample for Means — spring data.

—~ International Journal of Digital Research, VVolume 1, Issue 4, 2025



M. Ivanov, E. Varadinova, V. Dalgacheva, O. El Mekki, K. Tuefekchiev, V. Karadzhov — Remote Sensing
Based Assessment of the Water Quality in Nador Lagoon, Morocco

t-Test: Paired Two Sample for Means

Variable 1 ~ Variable 2
Mean 5.209375 9.60375
Variance 10.06835  64.75596
Observations 16 16
Pearson Correlation 0.351171
Hypothesized Mean Difference 0
df 15
t Stat -2.33043
P(T<=t) one-tail 0.017076
t Critical one-tail 1.75305
P(T<=t) two-tail 0.034151
t Critical two-tail 2.13145

Fig. 10. Test: Paired Two Sample for Means — winter data.

CONCLUSION

Taking into consideration the size of the Nador Lagoon, both measurement methods reveal
the heterogeneity of water conditions and the complex spatial and temporal distribution of
chlorophyll-a concentrations. However, the mean chlorophyll-a values derived from satellite
data were higher than those obtained using traditional monitoring methods, indicating a lower
trophic state when compared with the in situ data.

The observed differences between the two datasets may be attributed to the time lag
between field sampling (in situ measurements) and satellite image acquisition, which can reach
up to four days. This temporal mismatch can reduce data comparability, as water quality
parameters may change rapidly due to meteorological conditions, particularly variations in
water temperature, as well as wind strength and direction.

Satellite-derived estimates may also be influenced by the hydromorphological
characteristics of the lagoon, such as water depth and transparency. For example, in the shallow
areas of the lagoon, chlorophyll-a concentrations can be affected by the presence of submerged
or emergent macrophyte vegetation, as well as by bottom reflectance. In the case of the Nador
Lagoon, most sampling locations are situated close to the shoreline, where these factors can
significantly influence the reflectance values of the corresponding satellite pixels.

Despite these limitations, the statistical analysis revealed a moderate positive correlation
between in situ measured chlorophyll-a concentrations and satellite-derived data during the
summer and spring sampling campaigns. In contrast, although a slight positive correlation was
observed during the winter sampling period, the paired two-sample t-test indicated statistically
significant differences between the two datasets.

In conclusion, chlorophyll-a concentrations obtained using both methods showed generally
comparable results. Remote sensing based on Sentinel-2 MSI data can therefore be considered
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a valuable, time- and cost-efficient supplementary tool for water quality monitoring, capable of
identifying negative trends in water quality and trophic status. This approach is particularly
useful for large or remote water bodies, where frequent traditional monitoring is time-
consuming and costly; however, local validation remains essential for reliable application.
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