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Abstract

Studies for the determination of the relative concentration of sediments (RcS) in bodies of water such as rivers,
marshes and river deltas require specialized equipment, field work and laboratory analyses of samples, all with
high economic costs. Remote sensing, in regions of the optical electromagnetic spectrum, particularly in the
visible range between 0.4 and 0.6 pm, shows radiometric contrasts associated with the relative concentration
of sediments in water bodies. This work presents an analysis of the principal spectral, spatial and radiometric
properties or characteristics of remote sensors for the determination of the relative concentration of sediments
in bodies of water, a methodological process for its cartography at a given time or an established period of
time. This cartography is based on digital processing of images rather than direct measurements in the field.
Lastly, applications are presented for the delta coast of the southwestern area of the Colombian Caribbean
between Barranquilla and Punta Piedra and in the lacustrine area of the Guajaro Reservoir and the Jobo and
Capote Wetlands in the upper Canal del Dique, Colombia.
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La determinacion de la
concentracion relativa de
sedimentos en cuerpos de agua por
la metodologia de sensores remotos

Resumen

Los estudios para la determinacién de la
concentracién relativa de sedimentos (CRS) en
cuerpos de agua como rios, ciénagas o deltas fluviales
requieren equipos especializados, trabajo de campo

y andlisis de laboratorio de muestras con altos costos
econdmicos. Los sensores remotos, en regiones del
espectro electromagnético 6ptico, particularmente
en el rango visible entre 0.4 y 0.6 pm, permiten
determinar contrastes radiométricos asociados a la
concentracién relativa de sedimentos en cuerpos de
agua. En este trabajo, se presenta un analisis de las
principales propiedades o caracteristicas espectrales,
espaciales y radiométricas de los sensores remotos
para la determinacién de la concentracién relativa

de sedimentos en cuerpos de agua, un proceso
metodolégico para su cartografia en un momento
determinado y en un periodo de tiempo establecido.
Esta cartografia estd basada en el procesamiento
digital de las imagenes pero no en mediciones directas
en campo. Finalmente se presentan aplicaciones en el
litoral costero y deltaico de la parte suroccidental del
mar Caribe colombiano entre Barranquilla y Punta
Piedra y en la zona lacustre del Embalse del Gudjaro
y las Ciénagas del Jobo y Capote en la cuenca alta del
Canal del Dique, Colombia.

Palabras clave: Caribe colombiano, concentracién
de sedimentos, sensores remotos.

A determinacao da concentracao
relativa de sedimentos em
corpos d'agua pela metodologia
de sensores remotos

Resumo

Os estudos para a determinagdo da concentragdo
relativa de sedimentos (CRS) em corpos d’agua
como rios, pAntanos ou deltas fluviais requerem de
equipamentos especializados, trabalho de campo e
andlise de laboratério de amostras com altos custos
econdmicos. Os sensores remotos, em regides do
espectro eletromagnético 6tico, particularmente
na faixa visivel entre 0,4 e 0,6 pm, permitem
determinar contrastes radiométricos associados

a concentracio relativa de sedimentos em corpos
d’agua. Neste trabalho, apresenta-se uma analise
das principais propriedades ou caracteristicas
espectrais, espaciais e radiométricas dos sensores
remotos para a determinacio da concentragdo
relativa de sedimentos em corpos d’agua, um
processo metodolégico para sua cartografia num
momento determinado e num periodo de tempo
estabelecido. Esta cartografia estd baseada pelo
processamento digital das imagens, mas ndo

por medi¢des diretas em campo. Finalmente,
apresentam-se aplica¢des na costa maritima e
deltaica da parte sudoeste do Caribe colombiano
entre Barranquilla e Punta Piedra, na drea lacustre
da barragem do Guajaro e nos pantanos Jobo e
Capote na bacia alta do Canal del Dique (Colémbia).

Palavras-chave: Caribe colombiano, concentracio
de sedimentos, sensores remotos.
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Introduction

Remote sensing is a tool with great potential to deter-
mine the relative concentration of sediment in water
bodies. The most noteworthy studies and work relate
to (Ji, Zhang, and Wylie 2009) which show an analysis
of the sensitivity of this index through Landsat ETM +,
SPOT-5, ASTER and MODIS sensors resulting in the cal-
culation of the ndwi as: (Green — SWIR) / (Green + SWIR)
presents the most stable thresholds for its calculation,
without forgetting that it is important to calibrate the
index for the different geographical positions carried
out. A practical example of the use of this indicator is
presented in Tragsatec (2011) in which the levels and area
of the Guadalquivir wetlands are established through
remote sensing techniques.

Ledesma et al. (2013) perform linear regression mod-
els based on images from Landsat 5TM and 25 sampling
stations located on the Rio Tercero reservoir. The con-
struction of the regression models was made for param-
eters of concentration of chlorophyll-a and the depth of
the secchi disk with bands 2 and 4 of the sensor; good
results were obtained for the evaluation of material de-
posits and the functional capacity of the reservoir. In
2012, Bonansea et al. carried out a preliminary exercise
on the Rio Tercero reservoir with images from the CBERS-
2B sensor and 15 sampling sites to relate chlorophyll-a
conditions and the limit of the photic zone with regres-
sion models and principal components analysis. These
results were compared with the conditions of the first
exercise, giving optimal results for the evaluation of the
reservoir quality.

Breunig et al. (2007) related total solids in suspension,
the components of chlorophyll a, b and ¢, water trans-
parency and the spectrum of bi-directional reflectance
in 21 field points with optical images from CBERS-2/CcCD
and Landsat 5/TM sensors. The relationships between
the different wavelengths were found through linear
relationships with low correlations, unlike the work
carried out in Argentina, because of the low variability
of the reservoir.

Bourgoin et al. (2007) presented an analysis of
the temporal dynamics of sediments between the
floodplain of Curuai and the Amazon River (Brazil)
relating the network of stations of measurement of
sediment throughout the Rio. Martinez et al. (2009),
assessed the increase in sediments suspended by
discharge in the Amazon River using MODIS images
in a segment similar to Rio 1 presented by Bourgoin

et al. (2007), from which direct relationships were
built through the measuring stations on the river
and the spectral bands of the sensor with a regres-
sion analysis. Finally Park and Latrubesse (2014),
modelled the patterns of sediment distribution in
the Amazon River with MODIS images, describing the
annual behavior of sediments suspended over the
main channel and the chain of interconnected lakes
in the fluvial system; this was accomplished through
the construction of regression relations (exponential
and linear) between data of the sensor and stations
that monitor the main channel.

Aurin, Mannino and Franz (2013) show an exam-
ple in different geographical areas (Amazon River,
Mississippi River, Yangtzé River and Chesapeake Bay)
for the evaluation of the dispersion of sediments in the
plume of rivers, coastal systems and continental wa-
ter through MODIS images, with the establishment of
field data regressions and the behavior of the satellite
images. A complement to the evaluation of sediment
by MODIS sensors is presented by Kava, Philpot and
Steenhuis (2014) on historical reproduction of sedi-
ment concentration in Lake Tana in Ethiopia; as in
previous studies regressions were built between field
data and the selected images on the same date of the
samplings in the field.

The combination and use of different satellites
are also seen during the search for sediment analysis
with remote sensing, as shown in (Mantas et al. 2013),
which monitored the quality of water in the estuary of
the Rio Modego in Portugal with Landsat T™ images.
These were compared with MODIS through regression
relations for the different elements of concentration
and sediment. Previous research has used sensors
other than the currently preferred MODIS sensors, as
shown in Doxaran et al. (2002), which quantified the
suspended particles from SPOT images by determin-
ing its spectral signature to high turbidity.

Long and Pavelsky (2013) in their study of concentra-
tion of suspended sediments in a complex of marshes in
Canada, presented the relationships between the MODIS
sensor and the behavior evaluated in field. Their greatest
contribution is the theoretical review and presentation
of the theoretical regression relationships for different
sensors currently known under the review of the 31 au-
thors presented.

Currently, alternative solutions are being sought for
the establishment of regression relationships from the
new methodologies presented by (Ibrahim et al. 2014),
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in their study of spatial resolution for characterization
of sediments based on Geostatistics, which takes into
account the spatial behavior of the analyzed variables
and their regression relationship with the sensor.

Studies of the distribution of sediments in a same
space are presented for the Yellow River in China and
the Bohai Bay in Qiao et al. (2010), which shows the
distribution and transport of suspended sediment
near the mouth of the Bohai Bay, based on regression
relationships between field data and selected satellite
imagery. Seasonal variation of sediment was consid-
ered in the Bi et al. (2011) study for the Strait of the
Bohai estuary using MODIS images as in the former.
The last monitoring during 2014 for the Yellow River
was made by Zhang et al. (2014) from Landsat tm and
ETM + images calculating regression relationships
with this sensor and compared this with the analysis
of previous years.

Contributions and advances in this work show new
simple methods for the analysis of satellite images with
different spatial, radiometric, spectral and temporal
characteristics.

Methodology

The sediments in suspension present in the bodies of
water are visibly seen by their coloring, which varies
depending on the concentration of the sediments from
dark brown to yellowish green, in contrast to water with-
out sediments (figure 1).

The water behaves as an electromagnetic energy
absorber (black body), giving to the images dark grey
to black tonalities in panchromatic or grey scale mode.
The presence of sediments in suspension gives rise to
great reflectance of the electromagnetic energy produc-
ing different radiometrics among the pixels present.
This spectral sensibility is seen in the satellite images,
particularly in the optical type in the visible spectral
bands (0,4-0,7 ).

This work presents an analysis of the radiomet-
ric, spectral, spatial and temporal characteristics of
the satellite images which permit cartographies
of the relative concentration of sediments in bodies of
water. The methodology presented comprises five
main phases: establishing of remote sensors, analy-
sis and evaluation of the physical elements of the
images, digital processing, application to bodies of
water and zoning of relative concentration of sedi-
ments (RcS) (figure 2).

Figure 1. Examples of seawater coloration due to
differences in concentration of sediments in suspension.
Caribbean Sea in the Canal del Dique area of influence.
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Figure 2. General Methodological Framework.

Passive and Active Remote Sensing

Of the types of satellite images that are applied to
the study of the natural resources and environment,
two important categories exist: the optical images of
passive sensors and the radar or microwaves images of
the active systems.

The passive systems differentially register the electro-
magnetic energy (of different wavelengths) originating
from the Sun as a product of the interaction (reflection,
dispersion, transmission, absorption) with a physical
element of the atmosphere, hydrosphere or terrestrial
surface. The water presents different contrasts defined
by variations of the radiometric values. These images
allow discrimination of sediments in the water by spe-
cific spectral ranges.

In the radar or microwave systems, the energy is ar-
tificially created with wavelengths between 1 cm and 100
meters and the water behaves as anenergy absorbent and
its contrasts are determined by the roughness of these

(flat or rough surfaces). In active or radar systems, the
radiometric contrast by concentration of sediments is not
operative and therefore they are not apt for the analysis.

Spectral Analysis

Spectral resolution in remote sensing is the capac-
ity to register bands with diverse wavelength ranges.
According to the remote sensing spectrum, wavelengths
of optical images of passive sensors range from visible
blue (0,4 p) to the thermal infrared (15 ). The spectral
bands determined by the wavelength display different
behaviors when they interact with the terrestrial ele-
ments of the atmosphere, hydrosphere, biosphere and
the lithosphere.

Taking into account that water with sediments is sen-
sitive to the visible bands (reflection) and in near and
medium infrared its behavior is homogeneous (energy
is absorbed, behaving as a black body) and in the ther-
mal bands is emissive due to its heat capacity (figure 3).
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Figure 3. Spectral behavior of water with sediments in different spectral bands from a Landsat LDCM image from 2014 in the region

of the Caribbean Sea, Gulf of Venezuela.

According to this analysis, the spectral bands that
best discriminate water with sediments are, in order of
decreasing reflectance, the visible blue, green and red
bands (0,4-0,7 ). herefore, the sensors that include the
blue band (0,4-0,5 ) must carry out the analysis with
this and where it is not recorded with the green band
(0,5-0,6 p) (figure 4).

Spatial Analysis

Spatial resolution is the dimensions of the pixels of
the image with respect to the ground. Satellite images
have different spatial resolutions ranging from centime-
ters to kilometers and their use depends on the spatial
characteristics of the elements to be studied and the
availability of the images.

15000

Spectral profile for Idcm_ 1053_05_04_ 14.img

Pixel Value

5000

0 2 3 4 5 6

Blue Green Red Band #

Figure 4. Example of spectral behavior of water with sediments in a
Landsat LDCM image (visible and infrared) from 2014.
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Figure 5. Comparative analysis of spatial resolution in the analysis of sediment in MODIS 250 m (left), Landsat 30 m (center)

and RapidEye 5 m (right) images.

Images used for this analysis, depending on availability,
are Landsat images with resolutions between 60 and 28,5
meters and RapidEye 5 m/pixel images. Also evaluated
was the use of MODIS images that present good spectral
and temporal resolution, but their spatial resolution is
very low (250 m/pixel), which limits the study. Landsat
Images are free and have a medium resolution of 30 m
which permits good spatial reach; high resolution spatial
images such as Tkonos, Quickbird, and RapidEye have the
advantage of their spatial and spectral resolution, but
their greatest limiting factor is cost (figure 5).

Radiometric Analysis

The radiometric resolution of a satellite image is
determined by the capacity of the number of possible
values that a pixel can have. This value is determined in
bits. The radiometric value of Landsat imagery varies
from 6 bits for Mss, 8 bits (256 values) for TM and ETM
and 16 bits (65.536 values) for LDcM. RapidEye has a ra-
diometric resolution of 16 bits (figure 6).

Temporal Analysis

The temporal resolution of an image is determined by
its ability to record images from a same site on its way
through the orbit. Landsat has a temporal resolution of
16 days, which facilitates the obtaining of multi-temporal
images, RapidEye of 5.5 days and other satellites achieve
up to two daily scenes. Another important aspect is the
availability of images at a given period of time. Landsat
is the best sensor because of its recordings since 1973
which permit monitoring over a large period of time.
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Figure 6. Example of contrast of radiometric values on a RapidEye
image from 2013.

Digital Processing

This part presents the methodological procedures to
obtain cartography of the relative concentration of sedi-
ments in bodies of water in two scenarios: one scenario
at a specific time based on a recording of an image and
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another scenario which integrally shows the behavior
of the sediments at a specific time.

The digital processing of the images for the determi-

nation of the relative concentration of sediments at a
given moment or date from the recording of an image
is as follows (figure 7):

a.

b.

Identification of the scene or images to be individually
evaluated.

Import: the scenes or images are imported.
Georeferencing: images are ortho-rectified in this step
and reprojected to the corresponding mapping system
according to their local origin.

Radiometric enhancement: the dynamics of the image
are enhanced through radiometrically for greater ca-
pacity to discriminate pixels in the 8 bit to 16 bit range.
These processes are done through the application of
Stretching functions or standard deviation, linear,
Gaussian, and dynamic stretching processes.
Extraction of the subscene of the study area: the zone
corresponding to the area of interest is extracted
from the scene.

Extraction of the blue visible Band: over the zone of in-
terest the blue visible band is extracted.

Unsupervised Classification

g.

Extraction of bodies of water: a “mask” is created and
solely the zone of the body of the water to be stud-
ied is extracted.

Classification: an unsupervised classification process
is applied with thirty classes and ten interactions.
Edition and color of classes: a palette of concentration
classes is applied from blue (verylow) to red (very high).

To obtain a cartography that integrates in an image

map the behavior of the concentration of sediments
for a specific period, the following steps are carried out
(figure 8):

a.

b.

Various multitemporal images to be integrated in the
analysis are selected.

All the visible blue multitemporal spectral bands are com-
piled in an image file.

An application of principal components analysis is done
on this image file.

. Aprocess of non-supervised classification is made on the

results of the first principal component (30 classes and
10 interactions).

Edition and color of classes: a palette of concentration
classes s applied from blue (very low) to red (very high).

* Mask of body of water

No sediments

Very low

Low

Moderate

High Color map and selection
Very high class name

Figure 7. Process of digital processing of image for the cartography of the relative concentration

of sediments at a given moment
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f

Unsupervised classification

Principal components

Figure 8. Digital processing of images for the integral cartography of the relative concentration

of sediments at a given period of time.
Source: Author.

Applications

As examples of these methodological processes, appli-
cations were made in coastal zones, river deltas
and wetlands.

Application in coastal areas

The behavior of sediments in coastal areas depends
on several factors such as the geometry and depth of
the coastal seabed, the presence of beaches, oceano-
graphic conditions, (particularly tides and marine
currents), contribution of sediments from river flows
or deltas, the morphology and geology of the coast,
among others.

The regional application of the relative concentration
of sediments by remote sensing in the Caribbean Sea
between Barranquilla and Punta Piedra to the south of
the Sinu River delta was done using a mosaic of Landsat
ETM images from 2001 (figure 9).

From the behavior of the relative concentration of
sediments in this area, it can be established that:

+ The sediments in the south-western part of the
Caribbean coast come from three important sources: the
Magdalena River at its delta (Bocas de Ceniz), the river
system of the Canal del Dique and the Sinu River delta.

+ There is a significant migration of a sediment bar in
the coastal zone descending towards the sw from
Barranquilla to Puerto Velero.

+ The high concentration of sediments contributed
by the river system of the Canal de Dique notably
affects the Cartagena and Barbacoas Bays, at times
reaching the Islas del Rosario.

Direct field measurement references for the concen-
tration of sediments show values of 144 mg/lin the Bay
of Cartagena near the plume of sediments of the Canal
del Dique, of 51 mg/lin the northern part of the island
of Tierrabomba, of 35 mg/l in the Bay of Barbacoas, in
the Bocachica sector, of 43 mg/l in the plume of the
Cafio Matunilla and of 32 mg/l in the distal part of its
plume toward the Sw. Between Peninsula of Barbacoas
and the Island of Rosario, total sediment concentration
registers 34 mg/l.
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Figure 9. Map of the relative concentration of sediments in the southwest coastal Caribbean.

Application in Wetlands

This process of multitemporal analysis was applied to
the system of wetlands of the upper basin of the Canal
del Dique corresponding to the Guajaro Wetlands or
Reservoir, the Jobo Wetlands and the Capote Wetlands
(figure 10). The behavior of sediments in the floodplains
of the Canal del Dique is variable and depends on several
factors such as: contributions from mountain areas by
diffuse and laminar runoff, exchange of water with the
Canal del Dique, air contributions due to wind effects
and anthropogenic activities, among others.

The influence of the contribution of sediments from the
mountain ranges of the Sint and San Jacinto that border
these wetlands is determined by the morphology of theland,
the type of lithological materials, the density of the hydro-
graphic network, the type and density of vegetation cover
and the presence of stripping processes such as erosion and
mass removal. Some other specific observations of the rela-
tive concentration of sediments in these bodies of water are:

In general there is an increase in the concentration

of sediment from 1978 to 2014.

Sedimentation in the wetlands and the Reservoir is

spatially and temporally dynamic.

In 1989, there was a decrease in the concentration

of sediment in the wetlands of Capote and El Jobo,
an evident increase in the Guajaro Reservoir and the

wetlands of the right bank of the Canal del Dique

in the middle part. The highest concentration was

in the Palotal and Juan Gomez delta.

In 1998, the El Nifio phenomenon, in general, de-
creased the concentration of sediment in the wet-
lands. Capote, El Jobo and Guajaro Reservoir showed

a predominantly moderate concentration.

In 2002, there was a notable increase in the concentra-
tion of sediment in the wetlands of Capote, El Jobo

and the sw part of the Guajaro Reservoir (very high).
In the middle and the delta there was a slight reduc-
tion in sediments.
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In 2013, there was a slight decrease in the concentra-
tion of sediment in the wetlands of Capote, El Jobo
and the Guajaro Reservoir (moderate to high). In the
middle and the delta the concentration went from
generally very low to nil.

In May 2013 the concentration of sediments in the El
Jobo wetlands went from low to high, in the Capote
wetlands it continued moderate to high with more
predominant sediment on its western side. In the
Guajaro Reservoir the concentration diminished in
the northern part and there was a greater concen-
tration of sediments in the Sw area.

On February 25, 2014, a significant increase in
the concentration of sediments in the El Jobo
wetlands was seen, going from high to very high.
There was a slight lessening of sediments in the
Capote wetlands and a high concentration in the
NW part of the Guajaro Reservoir.

On March 13, 2014, there was a decrease in the
concentration of sediment in the El Jobo (from
very high to high) and Capote (high to moderate)
wetlands and the Guajaro Reservoir (very high to
high-moderate). In the delta there was a slight in-
crease in sediments.

On March 29, 2014, there was an increase in the con-
centration of sediment in the Capote and El Jobo
wetlands and the Guajaro Reservoir (in the Sw part
from high to very high).

On April 1, 2014, there was a slight decrease in the
concentration of sediment in the Capote and El Jobo
wetlands and the Guajaro Reservoir (in the northern
part from moderate to high).

Field measurements between 1996 and 1997
(Corredor and Castro 2008) in this sector show
total sediment transport values between 0,340 to
4,904 kg/m3.

Categories

B Unclasiffied No sediments

I Class 1
- Class 2
- Class 3
- Class 4
[ classs
[ Class6
| | Class7
[ Class8
[ Class9
[ class 10
- Class 11
[ Class12 Low
[ Class13
[ Class 14
- Class 15
- Class 16
| Class 17
[ Class18

Class 19

Class 20

Class 21

Class 22

Class 23

Class 24

Very low

Moderate

Class 25
Class 26
B Class 27
[ | Class28 High

- Class 29

I Class 30 Very high

Figure 10. Example of the multitemporal behavior of the relative concentration of sediments in wetlands.
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Application in Rivers

The larger rivers mainly in the zones of confluence
with other fluvial channels show important differences
in sediment loads in suspension and depth. This meth-
odological process obtains relative reflectance values
in water bodies to determine the relative concentra-
tion of sediments suspended on the surface. For this
case, an application was carried out in the confluence
of the Cauca River with the lower Magdalena River in
the Momposina Depression (figure 11).

In this case, the radiometric values of the water
measured on the 16 bit RapidEye image from 2015
showed ranges between 2.869 and 18.972, with an
average value of 4.873. Spatially, the relative con-
centrations of sediments are very high in the Cauca
River which affects the lower Magdalena River. Field
measurements between 1998 and 2002 (Corredor
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and Castro 2008) in this sector show total sediment
transport values in the Armenia sector before the
confluence of the Cauca River between 0,255 to 1,14
kg/m3, in the Cauca River at the confluence with
the Magdalena between 0,275 to 1,678 kg/m3, and
at Coyongal after the confluence of the Cauca River
between 0,235 to 1,48 kg/m3.

Conclusions

The methodologic work presented here permits a rapid
diagnostic and monitoring of the relative concentra-
tion of sediments in water bodies. It satisfactorily ap-
plies to images with medium (30 m/pixel) to high (50
cm) spatial resolutions and over visible blue, green or
red spectral bands, with best results in the first band

(0,42 0,5 um).
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Figure 11. Relative concentration of sediments in Cauca and Magdalena Confluence Rivers.

Source: Vargas Cuervo 2016.
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Determination of the Relative Sediment Concentration in Water Bodies Using Remote Sensing Methodology

The ease of acquiring Landsat images every 16 days,
their free cost, and their spectral characteristics make
monitoring of these processes over time and space quite
accessible. The digital processing of the images presented
here is simple and can be replicated by professionals and
technicians without need for significant knowledge of
remote sensing.

The ease of cartographic observation of the relative
concentration of sediments permits establishment of
zones, focal points or sources contributing sediments
to bodies of water. As well, it is useful in the environ-
mental monitoring and diagnostic of coral areas or
fragile ecosystems.
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