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Abstract

Cartagena Bay, a coastal estuary in northern Colombia, receives significant sediment inputs
from the Canal del Dique, an artificial channel with average discharge rates of 55 m®/s
during the dry season and 250 m?/s during the rainy season. This study presents the vari-
ability of turbidity in Cartagena Bay for 21 years (2002-2022) using MODIS satellite imagery.
Turbidity series were determined by using a remote sensing empirical algorithm developed
for Cartagena Bay in 2024. In the present study, this algorithm was validated using MODIS
data, demonstrating an adequate performance (R? = 0.88, RMSE = 3.1, MAPE = 29.5%).
Spatial and temporal turbidity patterns were analyzed for three representative months:
February (dry season), July (low precipitation), and November (high rainfall). The role of
the El Nifio—Southern Oscillation (ENSO) on the dynamics of the Canal del Dique discharge
and turbidity levels was studied through anomaly analysis and Fourier Transform Analysis
(FTA). Results highlight a marked spatial variability in turbidity, with the highest turbidity
levels observed near the canal mouth from April to September. FTA revealed a domi-
nant annual cycle in turbidity and discharge, with additional semi-annual and multi-year
periodicities linked to the rainfall periods and ENSO. Turbidity variability appears pri-
marily driven by seasonal and local hydrodynamic processes, with a long-term increasing
trend in turbidity. This approach can be applied to other tropical estuaries under strong
fluvial influence.

Keywords:
Transform Analysis

turbidity; El Nifo-Southern Oscillation; MODIS; anomalies; Fourier

1. Introduction

The Cartagena Bay is an estuary located in northern Colombia that receives an average
discharge of 55 m®/s during the dry season and 250 m3/s in the rainy season, carrying
high sediment loads from the Magdalena River (1528 km) through the Canal del Dique
(113 km), an artificial channel [1]. It is connected to the Caribbean Sea through two inlets,
one to the north (Bocagrande-Escollera Submarina) and the other to the south (Bocachica),
through which water exchange occurs [2].

Cartagena Bay has been identified as one of the highest-priority monitoring areas in
Colombia due to its ecological and economic importance and pollution [3]. Starting in
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2001, INVEMAR (Instituto de Investigaciones Marinas de Colombia) has been monitor-
ing Cartagena Bay twice a year at 12 stations using in situ measurements as part of the
REDCAM (Water Quality Monitoring Information System), an interinstitutional program
to monitor marine and coastal pollution. Monitoring has identified the main sources of
contamination and the trends of several water quality parameters, with suspended solids
playing a crucial role due to the significant sediment input into the bay through the Canal
del Dique (approximately 1.7 million tons of sediments annually) [2]. These monitoring
efforts, however, have not been suitable for long-term water monitoring, since they provide
only a snapshot of water quality at two dates per year, each representing a different season.
Conventional methodologies for collecting such data in coastal waters are based on field
campaigns, which are expensive to maintain, especially for developing countries [3-5].
Furthermore, data limitations have made it challenging to understand long-term spatial
and temporal variability of water turbidity patterns within the bay and their consequences
for water quality and sediment transport. More research and data collection should be
conducted in Cartagena Bay, as it is essential to improve the understanding of complex
interactions and assess their ecological implications [5].

Several studies on the hydrodynamics and distribution of sediments in Cartagena
Bay have been conducted to assess its water quality [6-9]. These studies indicate that
sediment dispersion in Cartagena Bay increases considerably during periods of high flow
in the Canal del Dique. Furthermore, through observations derived from numerical models
that analyzed specific years (2002, 2006, and 2008), each representing various climatic
conditions associated with El Nifio-Southern Oscillation (ENSO), certain patterns were
identified as strengthening or weakening, respectively, during the cold and warm phases
of the ENSO [6].

Although observational and model-based studies in the bay have provided valuable
insights into hydrodynamic behavior and sediment transport during different ENSO phases,
their scope is limited to specific periods or individual events. A deeper understanding of
temporal variability and the long-term influence of climate oscillations on water quality
requires the incorporation of extended time-series analyses [10,11]. This type of analysis
can reveal persistent trends and episodic anomalies that remain hidden in short-term
approaches. In the case of Cartagena Bay, despite notable research efforts, there is a clear
need to strengthen the assessment of long-term turbidity dynamics, particularly concerning
the spatial and temporal variability associated with ENSO episodes.

This study, focused on Cartagena Bay during the period 2002-2022, specifically ad-
dresses this gap by combining MODIS-derived turbidity data with Dique Channel dis-
charge records and ENSO indices to unravel seasonal and interannual turbidity patterns in
a tropical environment with strong fluvial influence and hydrodynamic complexity.

Globally recognized for its high temporal resolution, the MODIS remote sensing sensor
has been applied in the study of spatio-temporal variability of water biogeochemical param-
eters and for assessing the impact of ENSO on both coastal and inland waters. The use of
MODIS in this study is supported by its long-term record, broad spatial coverage, and prior
successful applications in turbid coastal waters. Also, Turbidity retrievals from remote
sensing are among the most reliable, low uncertainty developed methodologies as shown
by similar approaches that have been applied in other coastal systems: Nechad et al. [12]
calibrated and validated a multisensor algorithm including MODIS for turbidity in Eu-
ropean coastal waters; Dogliotti et al. [13] proposed a generic algorithm for coastal and
estuarine waters; Petus et al. [14] used MODIS to analyze the spatio-temporal variability of
the Adour River turbid plume in the Bay of Biscay, France, Chen et al. [15] used MODIS to
monitor turbidity in Tampa Bay, USA; Yang et al. [16] applied MODIS 250 m imagery to es-
timate turbidity in Darwin Harbour, Australia; Yunus et al. [11] to monitor Total Suspended
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Solids in Chesapeake Bay for 18 years (2002-2020), and recently Faria de Sousa et al. [17]
for monitoring turbidity in Guanabara Bay (Brazil). These studies demonstrate that MODIS
provides reliable estimates of turbidity in diverse turbid coastal environments, supporting
its use for deriving long-term satellite time series in Cartagena Bay.

This study uses MODIS sensor data to conduct a temporal analysis of turbidity in
Cartagena Bay, Colombia, to understand its spatial and temporal dynamics. To fulfill this
objective, the study employs an empirical remote-sensing turbidity algorithm developed
specifically for the bay [18]. The article also provides a turbidity variability analysis and
its relationship with the Canal del Dique flow, and the effect of the El Nifio Southern
Oscillation (ENSO) using MODIS data obtained over 21 years (2002—2022).

While several studies have investigated turbidity dynamics in estuarine and coastal
systems worldwide, such as along an estuary-to-coast gradient in New Zealand [10] and in
turbid freshwater plumes influenced by the El Nifio-Southern Oscillation (ENSO) along
the Oregon coast [19], few studies have focused on tropical bays affected by complex
fluvial inputs, regarding inflow flux and biogeochemical characteristics based on long-term
satellite analyses spanning more than two decades. For instance, the seasonal variability
of the maximum turbidity zone has been documented in the Yangtze Estuary [20], and
the effects of extreme climatic events on hydrological parameters, including turbidity,
have been analyzed along the Brazilian Amazon coast [21]. Similarly, a 15-year MODIS-
based study in the Rio de la Plata Estuary demonstrated strong seasonal and interannual
variability in turbidity associated with river discharge and wind forcing [22]. However,
none of these studies integrates a 21-year satellite time series to systematically explore
both seasonal and interannual turbidity variability in relation to river discharge and ENSO
influences within a tropical bay system. This type of analysis is particularly relevant for
estuarine environments in the tropics, where intense rainfall, substantial freshwater inputs,
and dynamic land-sea interactions promote transient stratification primarily controlled
by salinity rather than temperature [23]. The present research, focused on Cartagena Bay
for the 2002-2022 period, addresses this gap by combining MODIS-derived turbidity data
with discharge records from the Canal del Dique and ENSO indices to unravel the seasonal
and interannual turbidity patterns in a tropical system characterized by highly dynamic
fluvial inputs.

2. Materials and Methods
2.1. Study Area

Cartagena Bay is an estuarine system located in the Colombian Caribbean in the
northwest of South America (Figure 1). It covers an area of approximately 82 km? [8], with
average depths ranging from 5.3 m to 30.3 m [24]. The bay is characterized by two distinct
entrances, Bocachica and Bocagrande, which are separated by the island of Tierrabomba.
The Bocagrande entrance is partially obstructed by a submerged breakwater, locally known
as “Escollera,” with depths ranging from 0.6 m to 2.1 m. In contrast, the Bocachica inlet
comprises three narrow channels, with the primary navigation channel being the widest,
approximately 100 m wide and 15 m deep [25].

The water quality and morphology of the Cartagena Bay have been altered as
a consequence of the contribution of sediments from the Canal del Dique, which is a branch
of the Magdalena River that flows into the Cartagena Bay [2], which has produced a delta
that has increased over time and has influenced the sediment dynamics of the bay, becoming
a threat to coral reefs and the operation of ports and navigability [8].

The region in which Cartagena Bay is located experiences two climatological seasons:
a dry period from December to March and a rainy season from April to November. In
particular, the highest levels of rainfall are observed during the months that span from
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September to November [26]. It is well-documented that during the rainy season, the bay
experiences its highest levels of turbidity, primarily due to increased sediment input from
the Canal del Dique [6,7,18,27].
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Figure 1. Location of Cartagena Bay.

The hydrodynamics of Cartagena Bay are mainly influenced by wind patterns, saline
stratification resulting from freshwater flow through the Canal del Dique, and microtidal
variations in sea level [28]. During the dry season, especially in February and March, the
Canal del Dique registers its lowest flows (Figure 2), while consistent northeast trade winds
persist with average speeds exceeding 4 m/s (Figure 3). From April to July, canal flows
experience a slight increase, accompanied by less intense winds blowing from various
directions (north, northeast, east, and southeast) (Figure 3). As the rainy season sets in from
August to November, canal flows significantly escalate (Figure 2), while predominantly
weak winds from the southwest prevail (Figure 3).
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Figure 2. Monthly Canal del Dique discharge for the 2002-2022 period. The boxplots represent the
distribution of flow values, with boxes indicating the interquartile range (25th—75th percentiles),
whiskers showing the minimum and maximum values, and the horizontal line within each box
representing the median. The solid line depicts the multiannual mean flow for the same period.
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Figure 3. Monthly wind rose diagrams for the period 2015-2019 at the Rafael Nufiez Station. Each
panel represents the distribution of wind direction and wind speed frequencies for a given month.
Wind speed categories are color-coded: blue (<1 m s7h, yellow (>1-2.5m s7h, green (>2.5-4 m s7h,
and red (>4 m s~!). Radial axis indicates relative frequency (%).

2.2. Image Processing

MODIS imagery was selected for its high temporal resolution and the availability of
a consistent 21-year data series (2002-2022), which ensures the robustness of long-term
trend analyses. This period also aligns with the operational period during which MODIS
data retained high radiometric quality before the noted decline in 2023 [29]. Other sensors,
such as Sentinel and Landsat, were considered; however, their lower temporal resolution
or shorter temporal coverage limit their applicability for consistent multi-decadal time
series analyses.

Reflectance data from MODIS imagery were accessed, processed, and down-
loaded using Google Earth Engine (GEE). For turbidity estimation, the MOD09GA.061
product—Surface Reflectance 500 m Daily—was employed, which provides atmospheri-
cally corrected surface reflectance (R) at a spatial resolution of 500 m [30]. Although this
atmospheric correction approach is not considered the most robust for water quality studies,
it has been widely applied in similar studies [11,31].

The processing of the MODIS images involved several sequential steps (Figure 4).
This processing method is based on the one proposed by De Sousa [32] (https:/ /github.
com/felipefariadesousa) (accessed on 22 May 2024). Initially, data filtering was performed,
covering the period from 1 January 2002, to 31 December 2022. Subsequently, the dataset
was clipped using the polygon outlining the bay’s geometry. Additionally, the scaling
factor applied by Google Earth Engine (GEE) in the MODIS product was applied, and
negative values potentially originating from noise or atmospheric conditions in the image
were eliminated.
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198 points inside the bay

products

repository for MODIS

Hedley et al. (2005).

Figure 4. Processing Images Methodology. Steps related to cloud masking and glint removal were
based on Principe [33] and Hedley et al. [34], respectively.

A crucial step in the processing phase was the filtering of data that could compromise
the accuracy of the results, such as those affected by cloud cover, cirrus clouds, or shadows.
To address this, the GEE tools recommended by Principe [33] were used. This tool uses
a bit mask within MODIS images to identify pixels affected by clouds, generating a cloud-
masked dataset. This approach enabled the extraction of cloud-free surface reflectance
values, ensuring that subsequent analyses were based exclusively on reliable data. The
selection of this method was based on its demonstrated applicability in similar estuarine
optical conditions [17]. All pre-processing steps and their assumptions were selected based
on prior validation in similar environments.

As a final step, “deglinting” was performed to reduce the effects caused by the specular
reflection of the sun on surfaces such as water. This involved applying the method proposed
by Hedley et al. [34], which follows these steps:

First, representative areas of the image exhibiting a wide range of sun-glint intensities
are selected, avoiding shaded or dark regions. The minimum Near-Infrared (NIR) bright-
ness (MinNIR) within the sample is determined to represent the NIR reflectance free of glint.
For each sunlit band (i), a linear regression is performed between NIR brightness (x-axis)
and the band reflectance (R;, y-axis) using the selected pixels. The slope of the regression
line (b;) quantifies the degree to which glint in the NIR band affects the corresponding
band i.

The reflectance of each pixel is then corrected according to the following equation:

Reorr = Ri — bi(Ryr — MIinNIR), (1)

In essence, this formula involves reducing the reflectance value of the pixel in band i
(Ry) by the product of the regression slope (b;) and the difference between the pixel’s NIR
reflectance value (Ryjr) and the ambient NIR level (MinNIR).

2.3. Turbidity Time Series

For the development of the time series, a spatial grid of 198 points was defined
across Cartagena Bay, with each coordinate corresponding to the center of a MODIS pixel.
This configuration ensured that the extracted reflectance data were not affected by land
contamination, thus eliminating the need for additional masking procedures. The overall
workflow for data extraction, algorithm application, and time-series generation is presented
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in Figure 5, which outlines the sequential steps used to derive continuous turbidity records
from MODIS imagery.

Extraction of MODIS
Remote Sensing
Reflectance (Rrs 645) for ——>
each date and coordinate
of the spatial grid

Application of Turbidity

Algorithm —> Turbidity Series

Figure 5. Turbidity Time-series Generation Workflow.

Turbidity was estimated using the algorithm proposed and validated by
Eljaiek-Urzola et al. [18] for Cartagena Bay (Equation (2)), developed from radiometric
and water quality data collected during field campaigns.

For the development of the algorithm, Eljaiek-Urzola et al. [18] used twenty-one in
situ data pairs consisting of turbidity (FNU) and remote sensing reflectance (Rys), measured
in Cartagena Bay using a Hanna Turbidity Probe and an Ocean Optics spectroradiometer,
respectively. Of these, sixteen samples were collected from areas outside the sediment
plume and five from within. The calibration of the empirical turbidity model was performed
using Monte Carlo (MC) simulations, where ten of the twenty-one samples were randomly
selected for calibration by applying a linear relationship between R,s and turbidity. This
process was repeated 300,000 times, generating slope, intercept, and R? values for each
iteration. The selection of algorithms involved analyzing the R? histogram to identify
equations within the most frequent range. From these, equations with slope and intercept
values near the mode (mode + standard deviation) were shortlisted, and those with the
highest R? values were chosen.

T = 707.98 X R;s(645 nm) + 0.03, (2)

where T is turbidity (FNU), and Ry (665) is the remote sensing reflectance at a wavelength
of 665 nm.

To support the application of this algorithm across the full 2002-2022 period, its perfor-
mance was also validated using in situ turbidity measurements collected in Cartagena Bay
during field campaigns conducted in 2019, 2021, and 2022. These more recent observations
(representing different hydroclimatic conditions) served to confirm the algorithm’s robust-
ness under variable environmental scenarios. This validation step ensured the consistency
of the model before applying it retrospectively to the full satellite time series, as further
detailed in Section 3.2. These campaigns were carried out by public institutions: Univer-
sidad de Cartagena, Aguas de Cartagena, and the Instituto de Investigaciones Marinas y
Costeras (INVEMAR).

The resulting dataset comprised 55 paired observations, each corresponding to the
exact day of the satellite overpass (matchups). Field measurements were consistently
collected during morning hours, which correspond with the satellite overpass time. While
a larger dataset is always advantageous for enhancing statistical robustness, the number
of matchups obtained in this study is consistent with those used in similar coastal optical
algorithm validations reported in the literature (N = 63 and 46 for MODIS Aqua and MODIS
Terra in Rio de la Plata [22], N = 24 for Cienfuegos Bay [35], N = 49 for MERIS in Southern
North Sea [12]. The empirical algorithm employed in this research was therefore developed
and validated specifically for the optical characteristics of Cartagena Bay, based on these
locally acquired field measurements. To evaluate the performance of the algorithms, the
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root mean square error (RMSE) and the Mean Absolute Percentage error (MAPE) were
estimated with the following equations:

1 2
RMSE = \/ EZ?:l(Tmi — Teal;)?, (3)
1wwn |Tmy— Tealy
MAPE = -y 7 =71 4
1’121:1 Tmi 4 ( )

where T, and Tr, represent the turbidity values calculated from MODIS data and the in
situ measured turbidity for each sample i, respectively.

2.4. Seasonal and Spatial Turbidity Variability

For the spatial analysis of the entire bay, a total of 768 MODIS images acquired between
2002 and 2022 were selected, applying the filtering method described in Section 2.2 to
exclude images with excessive cloud cover. The analysis was completed by 2022, as NASA’s
Ocean Biology Processing Group noted that the scientific quality of MODIS-Aqua and
MODIS-Terra Ocean color data products declined significantly starting in 2023. The decline
is due to the difficulties associated with tracking and correcting instrument calibration
changes as the platforms depart from their nominal orbital node crossing times [29].

Considering the frequent cloud cover in the region that encompasses Cartagena Bay,
which limits the number of images available for the entire bay, a spatial analysis of the
whole bay was conducted utilizing data from three months representing distinct seasons:
February (dry season), July (month with low precipitation), and November (month with
heavy rainfall). These months were chosen for their extensive coverage of satellite data.

Given the pronounced spatial and seasonal variability of hydrodynamic conditions in
Cartagena Bay, together with the frequent cloud cover that constrains satellite image avail-
ability, five strategic stations were selected for the seasonal turbidity analysis (Figure 6).
The selection was designed to capture the main environmental gradients of the bay, consid-
ering proximity to the Canal del Dique’s mouth, differences in depth, and exposure to tidal
and circulation patterns. Although the tidal range in Cartagena Bay is relatively small, tidal
forcing plays a significant role in water renewal and circulation, particularly in constricted
sectors such as Bocachica and Bocagrande (near the Mamonal station).

The environmental and anthropogenic significance of each station further guided
their selection. Varadero was included due to the presence of a coral reef, representing
an ecologically sensitive area. Bocachica corresponds to a recreational and bathing zone,
reflecting touristic pressures. Mamonal is in Cartagena’s industrial sector, an area with
intense port and industrial activities. Mouth was chosen at the outlet of the Canal del
Dique, capturing the influence of fluvial inputs and sediment discharges. Finally, Man-
zanillo represents the northern sector of the bay, where interactions with the open sea and
coastal circulation processes occur. Together, this spatial configuration provides a robust
framework to assess turbidity dynamics across regions with contrasting environmental
and hydrodynamic conditions.

2.5. ENSO-Related Anomaly Analysis

The analysis of the average turbidity time series of the bay was compared with the
temporal analysis of the flow and the Southern Oscillation Index (SOI) to identify and
evaluate anomalous periods in the data series. The SOI is defined as a standardized index
of the difference in sea level pressure between two points, one located at Tahiti and the
other at Darwin, Australia. SOI measures fluctuations in air pressure between the western
and eastern tropical Pacific during El Nifio and La Nifia events. Other indices include the
ONI (Oceanic Nifio Index). SOI was selected because the index data is available monthly.
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Flow time series data were obtained from the IDEAM hydrometeorological database,
specifically from the Santa Helena II K84 station located along the Canal del Dique (Figure 1).
The measured flow series was obtained by 12 December 2022, because the measurements
were finished. The Santa Helena II hydrometeorological station was selected because of
its location within the Canal del Dique, making it the closest station to the bay’s entrance.
Additionally, this station offers the highest availability of data for the area.

A standardized anomaly analysis was performed for comparison with the SOL
The standardized anomalies were generated according to the methodology described
by Santamaria-del-Angel et al. [36], employing the Z transformation, defined by the

following equation: -
(Xi — X)

Z= W/ (5)

where X; represents the value of the variable under study, X and SD, denote the mean and
standard deviation of each data series, respectively.

To complement this study, a frequency analysis was conducted using Fourier Trans-
form Analysis (FT), a mathematical tool that decomposes time-domain signals into their
constituent frequency components. This transformation provides a frequency-domain
representation of the data, enabling the identification of dominant frequencies and their
corresponding amplitudes, thereby offering insights into the underlying temporal pat-
terns [37,38]. The spectral analysis provided by the FT was used to detect cycles or periodic
patterns in the data, such as seasonal trends in the time series.
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Figure 6. Selected Stations.

3. Results and Discussion
3.1. MODIS Images

A total of 107, 49, and 34 cloud-free MODIS satellite images were used for the spatial
analysis of turbidity across Cartagena Bay for the months of February, July, and November,
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respectively, during the 2002-2022 period (Table 1). The highest number of usable images
occurred during the dry season (December—March), when cloud cover is generally lower.

Table 1. Number of MODIS images per Month (2002-2022) used for Turbidity Analysis at Each
Monitoring Station and for the Entire Bay.

Month St. Varadero St. Bocachica St. Mamonal  St. Manzanillo St. Mouth Entire Bay
Jan. 181 213 212 101 218 223
Feb. 91 105 111 32 101 107
Mar. 39 57 66 14 58 57
Apr. 36 35 30 11 34 22
May 31 24 27 11 23 9
Jun. 43 54 43 19 47 28
Jul. 42 63 56 41 63 49
Aug. 38 31 41 29 55 33
Sep. 25 24 20 14 36 13
Oct. 13 25 19 11 27 12
Nowv. 35 59 39 34 58 34
Dec. 132 180 188 93 184 181
Total 706 870 852 410 904 768

Table 1 also shows the number of MODIS images used for turbidity analysis at each
monitoring station: 410 for St. Manzanillo, 870 for St. Bocachica, 852 for St. Mamonal,
706 for St. Varadero, and 904 for St. Mouth. These values vary across stations, as only cloud-
free observations over each specific location were selected. Notably, the number of images
for certain stations, such as St. Mouth, exceeds that used in the full-bay spatial analysis.
This discrepancy arises from the selection criteria: while the bay-wide analysis included
only images with <40% total cloud cover over the entire bay (in tropical coastal regions
such as Cartagena Bay, cloud cover is highly recurrent, and adopting a stricter criterion,
such as 30% would have considerably reduced the number of usable images, limiting the
temporal representativeness of the analysis), the station-based analysis incorporated all
images without cloud cover over the respective site.

It can be observed that the months with the highest number of cloud-free images are
December and January (dry season), reflecting lower cloud cover during this period. The
months with the lowest number of available images are May, September, and October,
which correspond to the rainy season. The station with the fewest available images is
Manzanillo, and the months with the lowest number of images are April, May, and October,
each with 11 images over the 21 years. The station with the highest number of images is
Mouth, while May presents the lowest number of images throughout 21 years (23 images).

3.2. Validation of Algorithm with MODIS Data

For validation, the calculated and measured turbidity values were compared, yield-
ing an R? of 0.857, a Pearson correlation coefficient of 0.926, an RMSE of 2.58, and
a MAPE of 22.5%. These results indicate that the algorithm performs well with MODIS
data and aligns with values reported in the literature for similar studies in other bays
worldwide [39-41] (Figure 7).



Water 2025, 17, 3447

11 of 25

22 — R2 = 0.857

. r=0.926
20 — RMSE = 2.58
. MAPE =225

calculated [F N U]
I
|

10 <
H— 8—_ ° 5e* *

6 Ve °

44 e "

2 .'.o..

L I L AL LA L B B
1012141618202224

I
8
Tmeasured [F N U]

Figure 7. Scatter plot of MODIS-derived vs. in situ measured (FNU) turbidity.
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The findings suggest that the algorithm exhibits good performance under low-to-
moderate turbidity conditions, closely approximating the 1:1 relationship. However, at
turbidity values greater than 12 FNU, there was an underestimation likely due to optical
saturation effects [13,42], the relatively limited number of calibration samples in this
turbidity range, and the limits of MODIS's relatively spatial resolutions, which exacerbate
mixed-pixel effects in coastal waters while also reducing sensitivity to high turbidity
values. Nevertheless, despite these limitations, MODIS provides an accurate assessment
of turbidity variability in Cartagena Bay and is suitable for quantifying variability both in
seasonal and spatial terms.

Although in situ turbidity data for algorithm validation were only available for three
years (2019, 2021, and 2022), the empirical model was developed and calibrated specifically
for Cartagena Bay using local field measurements. The optical conditions of the bay are
strongly influenced by sediment-rich discharges from the Canal del Dique, which maintain
a relatively stable optical regime over time. Similar approaches in data-scarce coastal
or estuarine systems have relied on partial validation periods when persistent optical
conditions could be reasonably assumed (e.g., [13,19,43]). Additionally, the observed
consistency between the long-term turbidity series and known hydrological or ENSO-
driven anomalies supports the temporal robustness of the applied algorithm. This approach,
while acknowledging its limitations, has been successfully used in other estuarine systems
where continuous in situ validation is impractical or impossible.

3.3. Seasonal and Spatial Turbidity Patterns

The southern zone of the bay (Varadero and Bocachica stations) has the highest
turbidity values in March, April, and May (average values of 12 to 15 FNU), as shown
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in Figure 8. This is the time of the year when the north and northeast winds still prevail,
possibly carrying sediment plumes to this area and thus raising the turbidity. The dry
season is characterized by currents flowing mainly southwest in the bay, with greater
intensities observed on the western side of the Canal del Dique mouth (0.2-0.35 m/s) [6],
where the Varadero and Bocachica stations are located. The flow from the Canal del Dique
slows down as it enters the bay and merges with the coastal current in the south. The
influence of tidal currents on these flows is minimal due to the microtidal regime [6].
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Figure 8. Turbidity Trends (2002-2022) at Varadero and Bocachica Stations. Data represents the
median and the 25th and 75th percentiles of the monthly turbidity averages for the years 2002-2022.
At the Mamonal station, an opposite pattern is observed, where the lowest turbidities
occur in March, at approximately 10 FNU (Figure 9). This pattern occurs when the Canal
del Dique has the least discharge, and the currents from the southwest are prevalent in the
bay [6]. However, during the rainy season, the turbidity in this zone reaches its highest
levels, averaging about 15 FNU and a maximum of 30 FNU, possibly due to low wind
speeds and a northwesterly direction of the currents in Cartagena Bay [6]. In turn, the
sediment plumes in the bay mainly move toward the north.
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Figure 9. Turbidity Trends (2002-2022) at Mamonal and the mouth of the Canal del Dique Stations.
Data represents the median and the 25th and 75th percentiles of the monthly turbidity averages for
the years 2002-2022.
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Near St Mouth, average turbidity values remain relatively stable. During the period
from April to September, values are highest, ranging from approximately 20 FNU, with
peak values between 45 FNU and 53 FNU in August and September (Figure 9). This area of
St. Mouth experiences a slight decrease from October to December, which also coincides
with the months of highest channel flow (Figure 2). The turbidity drop may be due to
dilution processes associated with high discharge of the Canal del Dique.

In the Manzanillo area, turbidity levels significantly rise in April (approximately to an
average turbidity of 15 FNU) (Figure 10). This increase coincides with the onset of the rainy
season, when Canal del Dique’s flow begins to increase (Figure 2). This period of the year
also coincides with weaker winds (Figure 3) and prevailing south-to-north currents [6,28],
allowing sediment plumes to move northward into the bay. Additionally, during the
peak discharge period (September to December), turbidity levels decrease (falling below
10 FNU). This could be attributed to reduced sediment transport due to lower bay currents
resulting from decreased flow velocities or even bay flushing through the Bocagrande inlet,
which connects to the Caribbean Sea, as net residual surface flow exits the bay through the
Bocachica and Bocagrande inlets during the rainy season [6]. However, it is important to
note that in September, maximum turbidity levels of 35 FNU were recorded.
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Figure 10. Turbidity 2002-2022 in Manzanillo. Data represents the median and the 25th and 75th
percentiles of the monthly turbidity averages for the years 2002-2022.

Comparing the stations, the mouth station showed the highest median values and the
widest interquartile range, indicating significant temporal variability and frequent high
turbidity events. This pattern is likely due to its proximity to the Canal del Dique, which
supplies large amounts of fluvial sediments. Mamonal station recorded the second-highest
turbidity levels, with values ranging from 0.97 FNU to 30.9 FNU and a median of 13.8 FNU.
In contrast, Manzanillo station exhibited turbidity values from 1.2 FNU to 35 FNU, with
a lower median of 9.1 FNU (Figure 11).

The relationship between turbidity at the Canal del Dique’s mouth and other monitor-
ing stations in Cartagena Bay exhibited moderate correlations, supporting the important
influence of sediment discharge from the Canal. The strongest correlations were with Ma-
monal (R? = 0.5528, p <0.001), Varadero (R% = 0.5324, p <0.001), and Bocachica (R? = 0.5129,
p < 0.001), showing the impact of sediment-laden water in the southern area of the Bay.
Although the correlations with Manzanillo and the average turbidity in the Bay were lower,
they were also statistically significant (R2 = 0.3, p = 0.0011 and R? = 0.3204, p = 0.0005,
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respectively). These findings suggest that the sediment discharge from Canal del Dique
is an important factor in the variability of observed turbidity in the bay, while also being
subjected to the influence of tides, sediment suspension, and local hydrodynamic processes.
The statistically significant correlations observed between the canal mouth and monitoring
stations point to the Dique Canal’s ability to serve as a primary source of sediment input to
Cartagena Bay and, therefore, an important contributor to spatial and temporal turbidity
observations. The variation in correlations observed within the varying positions of the
Bay is reflective of the complexities involved in sediment transport dynamics.
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Figure 11. Turbidity Data Distribution Summary for Each Station (2002-2022).

3.4. Turbidity Spatial Distribution in Cartagena Bay

As illustrated in Figure 12, during the dry season (February), average turbidity levels
in the bay (2002-2022) ranged between 2 and 18 FNU. Since this is the month when the
Canal del Dique presents the lowest flow, sediment inflow to the bay is also lower. The
maximum turbidity level occurs nearest to the mouth of the Dique Canal, generating
a small plume towards Bocachica; conversely, turbidity levels are lower in Bocagrande.
This behavior is influenced by the trade winds that predominate during this season (strong
winds), blowing from the north and northeast (Figure 3).

It can also be noted that the range of turbidity values between 1 FNU and 13 FNU
encompasses the 25th percentile of the dataset, indicating that 25% of the data falls within
this range and below. The range between 5 FNU and 20 FNU covers the 75th percentile,
indicating that 75% of the data falls within this range and below. These percentiles provide
insights into the distribution of turbidity values within the dataset, with the 25th percentile
representing relatively lower turbidity levels and the 75th percentile representing higher
turbidity levels.

In July (rainy season), an increase in turbidity levels in Cartagena Bay can be observed,
with an average ranging between 6 FNU and 22 FNU. During this month, sediment
distribution occurs across almost the entire bay due to the increase in flow rate and,
consequently, sediment load. The hydrodynamic conditions of the bay during the rainy
season, characterized by predominantly weak winds blowing from various directions, also
contribute to this sediment dispersion.
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It is also worth noting that the range of turbidity values between 2 FNU and 20 FNU
encompasses the 25th percentile of the dataset, indicating that 25% of the data falls within
this range and below. In this case, it is observed that the highest turbidity values are located
very close to the mouth of the canal. Similarly, the range between 8 FNU and 22 FNU
covers the 75th percentile, indicating that 75% of the data falls within this range and below,
suggesting higher turbidity levels throughout almost the entire bay.

In November (rainy season), the behavior is like July, with turbidity levels averaging
between 6 FNU and 20 FNU. However, there is less sediment distribution in the bay due
to a slight decrease in flow rates from the Canal del Dique (Figure 2) and, consequently,
sediment load. This results in a turbidity pattern that is slightly more concentrated at the
mouth of the canal.
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Figure 12. Turbidity Spatial Distribution in Cartagena Bay (2002-2022).

Overall, during the rainy season, higher turbidity levels are observed with a plume
pattern directed towards the northern part of the bay. This phenomenon is influenced by
the hydrodynamic conditions of the season, which are governed by winds coming from the
south and west. In the dry season, the bay experiences lower turbidity levels due to the
reduced sediment load from the Canal del Dique (Figure 2).
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3.5. Turbidity Trends in Cartagena Bay

Analyses conducted using Mann-Kendall revealed statistically significant positive
trends for discharge from Canal del Dique and turbidity at three stations in the study area
of Cartagena Bay for the period 2002-2022 (Figure 13). Discharge exhibited a significant
positive trend for the period of record, with Z =2.54, p = 0.011, and Sen’s slope of 0.42 units
per time step, which shows the fluvial discharge of water to the bay steadily increased over
the 21 years. Sediment turbidity also exhibited significant positive trends at all three of
study stations of Mamonal (Z = 3.45; p = 0.00056, Sen’s slope = 0.016), Bocachica (Z = 3.47;
p = 0.00053, Sen’s slope = 0.012), and Mouth (Z = 4.04; p < 0.001, Sen’s slope = 0.022)
suggesting that more suspended sediments may be transported to the center area of the
bay as discharge of freshwater increased. The stations of Manzanillo (Z = 0.71, p = 0.47)
and Varadero (Z = —1.54, p = 0.12) did not show any significant trends. Manzanillo
St. (with some data gaps) is close to Bocagrande inlet, which directly connects to the
Caribbean Sea. The ongoing exchange of water and flushing sediments in this area may
be influencing turbidity trends. Varadero, although located near the mouth of the bay, is
strongly influenced by coastal and tidal exchanges due to its proximity to the Bocachica
inlet. These hydrodynamic interactions likely contribute to the variability in the dilution
and dispersion of suspended sediments.

3.6. ENSO Influence on Turbidity Variability

The influence of the Southern Oscillation Index (SOI) on both the flow rate of the
Canal del Dique and the precipitation regime is evident (Figure 14). It can be observed
that during La Nifa events (blue area in the SOI diagram), flow rates and precipitation are
higher than during El Nifio events (uncolored area in the SOI diagram). This behavior is
also reported by other researchers, who found that El Nifio-Southern Oscillation (ENSO)
events are one of the main factors controlling precipitation [44] and the variability in fluvial
discharge of the Magdalena River [45] in Colombia.

The analysis of monthly anomalies from 2002 to 2022 (Figure 14) reveals a general
pattern in which La Nifia events (positive SOI values) are commonly associated with
increased precipitation and higher discharge from the Canal del Dique, often coinciding
with peaks in average turbidity in Cartagena Bay. However, during intense La Nifia phases
in the rainy season, heavy rainfall can produce a dilution or flushing effect that decreases
sediment concentration, leading to unexpectedly low turbidity values despite the elevated
discharge. Conversely, El Nifio phases are typically characterized by reduced rainfall and
lower discharge, which generally result in decreased turbidity levels.

This overall pattern is consistent across several events (e.g., 2008; 2010-2011; 2022),
although notable exceptions occurred during neutral or even El Nifio conditions, such as in
early 2005, late 2015, and mid-2019, when significant turbidity anomalies were recorded
despite negative or near-zero SOI values.

The relationship between the average turbidity of the bay and key climatic vari-
ables associated with ENSO was analyzed using Spearman’s rank correlation, as this
non-parametric method is suitable for assessing monotonic relationships between variables
that may not follow a normal distribution or exhibit linear behavior. Results from the
Spearman rank correlation analysis indicate that average turbidity in the bay is moderately
and significantly correlated with both precipitation (p = 0.4748, p < 0.001) and discharge
from the Canal del Dique (p = 0.4733, p < 0.001). These findings suggest that increased
rainfall and canal flow are generally associated with elevated turbidity levels. However,
the reliance on a single-point precipitation measurement may underestimate the spatial
variability of rainfall across the watershed that contributes to the Canal del Dique’s flow.
Moreover, it is important to consider that other environmental drivers (such as tidal fluctu-
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ations, residual currents, and wind-induced circulation) can resuspend and redistribute
sediments, potentially altering the direct influence of fluvial inputs on turbidity dynamics

within the bay.
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Figure 13. Trends of Turbidity in different stations of Cartagena Bay (2002-2022). Scatter is the
turbidity and the red line in the trend.
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Figure 14. Time series of the Southern Oscillation Index (SOI), Canal del Dique flow anomalies,
precipitation anomalies, and turbidity anomalies from 2002 to 2022. Positive SOI values (shaded
in blue) indicate La Nifia, the cold phase of the ENSO cycle, typically associated with enhanced
precipitation in northern South America. Negative SOI values (shown without shading) correspond
to El Nifio, the warm phase of ENSO, generally linked to reduced regional rainfall.

The correlation between turbidity and the Southern Oscillation Index (SOI) Is weak
but statistically significant (p = 0.1289, p = 0.0412), suggesting a potential indirect influence
of ENSOQ, likely mediated by its effect on freshwater discharge from the canal. This rela-
tionship is supported by a moderate and significant correlation between SOI and canal
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discharge (p = 0.3933, p < 0.0001), showing a connection between phases of ENSO and
hydrological variability in the system. The relationship between SOI and local precipitation
is not statistically significant (p = 0.0729, p = 0.2483), which may be because data were
only taken from one meteorological station, not covering the entire area of the Canal del
Dique’s watershed.

A lag analysis was also performed to identify temporal delays among the main
hydroclimatic processes influencing turbidity dynamics in Cartagena Bay (Table 2). Cross-
correlation analysis revealed that turbidity responds to both local and regional forcings
operating at different time scales. The Canal del Dique discharge exhibited a delayed effect
of approximately one month (lag = +1, » = 0.47, p < 0.05), indicating a statistically significant
relationship in which turbidity increases after the time required for sediment transport,
dispersion, and mixing within the bay. In contrast, the direct correlation between ENSO and
turbidity was weak and not statistically significant (lag = +2, » = 0.17, p > 0.05), suggesting
that La Nifia conditions do not directly control turbidity levels but rather exert an indirect
influence through their modulation of the regional hydrological regime, particularly by
increasing discharge and sediment delivery from the Canal del Dique.

Table 2. Cross-correlation summary between climatic, hydrological, and Turbidity (2002-2022).

Relationship Lag (Months) r (Max) p-Value
SOI — Turbidity +2 0.17 0.28
SOI — Discharge 0 0.42 0.03
Rainfall — Discharge 0 0.55 0.01
Discharge — Turbidity +1 0.47 0.02

These findings emphasize the temporal complexity of the physical and climatic con-
trols linking large-scale climate variability to optical water properties in tropical estuarine
environments. Although hydrological inputs driven by the dominant phase of the ENSO
cycle are a major driver of sediment transport and turbidity, local hydrodynamic processes
(including residual circulation, wind-driven currents, and bathymetric features) also exert
a significant influence on turbidity dynamics throughout the bay.

The Fourier Transform (FT) analysis revealed a dominant annual cycle (12-month
periodicity) in both turbidity and Canal del Dique discharge (Figure 15), indicating that
seasonal forcing strongly influences these variables. The periodogram for Canal del Dique
discharge also displayed semi-annual (6-month) and multi-year (40-70-month) periodicities,
reflecting secondary and longer-term climatic influences (such as El Nifio/La Nifia events).
Although turbidity exhibited weaker multi-year variability, its dominant periodicity aligns
with the seasonal discharge cycle, suggesting that short-term processes (particularly sedi-
ment inputs from the Canal del Dique and local hydrodynamic conditions) predominate.
Overall, these findings indicate that canal discharge and estuarine hydrodynamics are the
main drivers of turbidity seasonality in Cartagena Bay.

As shown in Table 3, precipitation patterns respond differently to ENSO phases de-
pending on the specific geographic and climatic characteristics of each region. For example,
in the Rio de la Plata Estuary and Patos Lagoon (Brazil), El Nifio events are generally
associated with increased rainfall, while La Nifia tends to produce drier conditions. In
contrast, regions such as the Berau Coastal Shelf (Indonesia), Exmouth Gulf (Australia),
Cartagena Bay (Colombia), and the Hauraki Gulf (New Zealand) often experience above-
average rainfall during La Nifia phases and reduced precipitation during El Nifio events.
These diverse responses reflect the complex influence of ENSO on regional atmospheric
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circulation patterns, consistent with the historical precipitation anomalies reported by

Lenssen [46].

The influence of ENSO on turbidity and sediment dynamics varies considerably among
coastal and estuarine systems, reflecting the predominant role of local hydrodynamic and
climatic conditions in some regions (Table 3). In areas such as the Rio de la Plata Estuary,
Patos Lagoon, Exmouth Gulf, and the Berau Coastal Shelf, ENSO cycles exert a significant
influence on turbidity levels, primarily through changes in precipitation, wind patterns,
river discharge, and the concentration of sediments carried by freshwater inputs. In
contrast, in systems like the Hauraki Gulf and Cartagena Bay, the relationship between
ENSO phases and turbidity is weak or inconsistent. In these regions, sediment dynamics are
largely governed by local hydrodynamic processes, including tidal currents, wind-driven
circulation, and estuarine exchange, which can override the influence of large-scale climate
variability. Moreover, in Cartagena Bay, increased precipitation and higher river discharge
during La Nifia events may dilute sediment concentrations in freshwater inflows, limiting

the sediment available to the bay despite elevated discharge.
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Figure 15. Periodograms of Canal del Dique Flow and Average Turbidity in Cartagena Bay:

Dominant Cycles.
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Table 3. ENSO Influence on Turbidity and Sediment Dynamics Across Coastal and Estuarine Systems.

Study Region ENSO Phase  Study Period Data Source Effect on Turbidity/Sediments Reference
ENSO cycles have a significant influence on
. turbidity variability. Turbidity tends to
Nifia: Low Eixzclgfsﬁa decrease during El Nifio due to increased
Rio de la Plata Precipitation 2000-2014 aloorithm & freshwater discharge, while higher values [22]
Estuary Nino: High a & lied to are observed in some La Nifa years.
Precipitation PP However, the complex response of
MODIS data . - . .
tributaries results in spatially and temporally
variable sediment dynamics.
Wind speed was the most consistent factor
N Derived from a explaining turk'ndl't}'l varlablhty: ENSO
Nifia: Low . emerged as a significant factor in some cases,
1 G.u If of Precipitation remo’Fe SeSIE although its relationship with turbidity was
Mexico o o 20002014 algorithm . : . L [47]
Estuaries Nifio: High apolied to inconsistent and, in many cases, statistically
Precipitation pp questionable. River flow also proved to be a
MODIS data .
key factor, especially at the seasonal and
annual scales.
SPM levels in Patos Lagoon increase during
Nifia: Low Derived froma El Nifio events due to strong northeasterly
Patos Preci' itation remote sensing  winds, intensified rainfall, and greater river 5]
Lagoon. Brazil NiﬁoI') Hieh 2003-2019 algorithm discharge. In contrast, La Nifa conditions,
500 Preci. ; ta’:gion applied to marked by southwesterly winds, low
P MODIS data precipitation, and reduced discharge, lead to
significantly lower SPM concentrations.
Turbidity trends in the Gulf are strongly
influenced by the ENSO and IOD (Indian
Ocean Dipole) cycles, as well as winds from
adjacent land areas,
Nifia: Hieh Derived froma  Turbidity in the Gulf exhibits a strong spatial
Exmouth Gulf Preci. ; tatgion remote sensing  and temporal relationship with
Australia ! Niﬁol')Low 2002-2020 algorithm environmental variables such as wind, [48]
’ Preci' itation applied to waves, sea level, precipitation, and the global
p MODIS data ENSO and IOD climate cycles. However, the
magnitude and direction of these effects vary
within the Gulf, highlighting the complexity
of the hydrodynamic processes that control
water quality.
Coral Triangle Nifia: Hieh Derived froma Turbidity on the Berau coastal shelf is
Hotspot: The Preci. ; tatgion remote sensing  strongly influenced by regional climatic
Berau Coastal Niﬁol')Low 2003-2022 algorithm factors: La Nifia leads to increased turbidity [49]
Shelf, Preci' itation applied to and precipitation, while El Nifio results in
Indonesia P MODIS data decreased turbidity and precipitation.
Nifia: High Turbidity exhibits seasonal fluctuations that
New Zealand’s  Precipitation . are only weakly linked to ENSO due to the
Hauraki Gulf, Nifio: Low 1992-2013 In Situ combined effects of tidal currents and [10]
Precipitation localized precipitation.
Although ENSO moderately influences
freshwater discharge, no direct relationship
Nifia: Hich Derived froma  with turbidity levels in Cartagena Bay was
Preci' itatgion remote sensing  identified (especially during La Nifia events).
This study NiﬁoPLow 2002-2022 algorithm While the sediment input from the Canal del
Preci. itation applied to Dique plays a key role in turbidity, its spatial
P MODIS data distribution within the bay is largely

influenced by local hydrodynamic processes
such as tides and currents.

It is important to highlight that Cartagena Bay does not behave as a typical estu-

arine system. Unlike open estuaries with pronounced bathymetric gradients and direct
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exchanges with continental shelf waters, Cartagena Bay is a semi-enclosed, shallow embay-
ment with limited hydrodynamic connectivity to the open Caribbean Sea. Its morphology
resembles a basin or ‘bowl” with low flushing capacity, strong fluvial influence from the
Canal del Dique, and narrow inlets (Bocachica and Bocagrande). This unique hydrogeomor-
phological configuration leads to predominantly internal circulation, sediment retention,
and weak vertical mixing. As such, assumptions based on classical estuarine models (such
as stratification, tidal flushing, and estuarine mixing) may not be directly applicable. The
methodological choices and interpretation of results in this study were designed specifically
to reflect the dynamics of this system. In contrast to previous studies focused on shorter
periods or specific ENSO events such as those conducted in the Rio de la Plata Estuary [22],
Gulf of Mexico [47], Patos Lagoon [5], Exmouth Gulf [48], the Berau Coastal Shelf [49],
or New Zealand’s Hauraki Gulf [10], this research provides a unique, systematic 21-year
analysis of turbidity dynamics in a tropical bay. By combining a locally validated empirical
algorithm with high-frequency MODIS data, hydroclimatic indices, and river discharge
records, this approach captures both seasonal and interannual patterns of turbidity in
Cartagena Bay, a system dominated by complex fluvial interactions. This long-term, multi-
scalar framework not only identifies temporal lag effects between ENSO and turbidity
but also clarifies the dominant role of local hydrodynamic processes in modulating sed-
iment dispersion. The methodology developed here is transferable to other data-scarce,
sediment-influenced estuaries in tropical regions, providing a robust tool for water quality
assessment under increasing climatic and anthropogenic stressors.

4. Conclusions

This study provides a comprehensive analysis of the seasonal and interannual variabil-
ity of turbidity in Cartagena Bay and its relationship to climatic and hydrological drivers.
Cartagena Bay experiences high levels of cloud cover for much of the year, making it
difficult to obtain cloud-free MODIS images. The dry season (December to March) provides
the most available images, while the rest of the year has limited availability. Despite the
challenges in analyzing turbidity during the rainy season due to the limited number of
usable images, it was possible to conduct an analysis that revealed the general trend in
turbidity behavior during both the dry and rainy seasons.

The highest turbidity levels occurred near the mouth of the Canal del Dique, espe-
cially at the beginning of the rainy seasons, likely due to increased sediment input from
watershed runoff. In contrast, lower turbidity levels were observed in the northern sector
of the bay during March, when discharge is minimal and prevailing currents may limit
sediment intrusion.

A long-term upward trend in turbidity levels was identified in Cartagena Bay, which
can be attributed to increased flow of the Canal del Dique, likely exacerbated by land-use
changes or even hydroclimatic dynamics in the Canal del Dique watershed. It is well known
that as extreme rainfall events become more frequent in tropical basins, fluvial sediment
loads are expected to increase, exacerbating water quality degradation in downstream
estuarine systems. The findings of this research provide crucial evidence for environmental
managers, highlighting the need to incorporate hydro-sedimentary dynamics and climate
resilience into governance strategies in Cartagena Bay to design sediment management
policies, monitoring programs, and interventions aimed at reducing the vulnerability of
Cartagena Bay and similar coastal environments.

Fourier Transform Analysis revealed a cyclical pattern, identifying that sediment
discharge from the Dique Channel directly influences turbidity dynamics in Cartagena Bay.
Spearman correlations showed moderate and statistically significant relationships between
turbidity, precipitation, and channel discharge, highlighting the influence of fluvial inputs
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at the bay. However, the correlations between turbidity and ENSO phases were weak,
suggesting that ENSO exerts indirect pressure through precipitation and flow patterns.
During La Nifia episodes, the expected turbidity peaks were not always observed, likely
due to a flushing effect caused by high precipitation and runoff that can dilute sediment
concentrations before reaching the bay.

These findings highlight the complex interaction between climatic drivers and local
processes such as tides, residual currents, and winds in shaping turbidity dynamics in
Cartagena Bay. Beyond the regional context, this research provides insights applicable
to other tropical estuaries with strong fluvial influence, where sediment and freshwater
inputs drive high optical variability. The combined use of long-term satellite records
and hydrometeorological data offers a transferable framework for assessing the impacts
of climate variability and land-use change on water quality. This approach can be ex-
tended to other estuarine and deltaic systems worldwide, particularly those under similar
hydro-sedimentary pressures, supporting the design of monitoring programs and adaptive
management strategies that enhance the resilience of coastal ecosystems facing increasing
climatic and anthropogenic stressors.
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