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Abstract. Satellite imagery was used to assess the suspended sediment concentration (SSC) of the plume 

at the Grijalva river mouth, Gulf of Mexico. The SSC was calculated with the algorithm of Topliss. The 

algorithm was created for Lansdast 5 MSS. For this study it was validated the results for Landsat 7 ETM+ 

and Landsat 8 OLI. The depth of the ocean floor was measured using the speedtech sounder. The spectral 

response was registered with a GER-1500 spectroradiometer (with a measurement range of 

296.71‒1092.08 nm). The spectral responses were used to determine the size of the suspended particles 

and to perform the atmospheric correction. Spectral responses indicate that silt size particles predominate 

near the river mouth, whereas clay overtakes further towards the open sea. The trend in the river when 

water meets seawater, means an increase of suspended sediment towards the surface due to the lower 

density of fresh water, and the amount of sediment rises in the open sea. The correlation between the 

measurements in situ and SSC values produced by the algorithm demonstrates that the operation is 

suitable to estimate suspended sediments. 

Keywords: Grijalva River, spectral response, sediments decrease, particles size, speedtech sounder 

Introduction 

Suspended sediments in the plume of a river mouth control the delta morphology and 

ecology. In water bodies suspended sediments are quantified as a concentration, as the 

total amount of solids suspended in the mixture water-sediment, generally expressed in 

mg/l (Carbonneau and Piégay, 2012; Qu, 2016). 

The importance of the study of suspended sediment concentration (SSC) in the delta 

and sediment plume of the Grijalva River, southwestern Gulf of Mexico, lies in the 

volume of water transported (140 km3 per year; the river length: 1521 km), and the 

vulnerability that it represents in physical-geographic terms (Kemp and Piégay, 2016). 

A serious vulnerability issue in the delta is the coastline retraction; this phenomenon 

occurs at the State of Tabasco, southern Mexico, from Sanchez Magallanes (3 to 5 m 
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per year) to the mouth of the San Pedro River, with 8‒9 m per year (Hernández et al., 

2008; Nooren et al., 2017). 

The assessment of SSC could be done with sensors capable of detecting the 

electromagnetic radiations that arrive at Earth’s surface from the atmosphere, where its 

reflectance can be recorded and processed (Sobrino, 2000; Zhou et al., 2017). Remote 

detection of water body’s properties, as suspended and diluted matter, is based in the 

interaction between the electromagnetic waves and the molecules of water and its 

components (Bukata et al., 2018; Domínguez et al., 2011). Sediments suspended in 

water produce an increase in reflection of visible radiation, varying for different particle 

diameters, mainly in the blue and green bands (Chuvieco, 2008). Hence, remote sensing 

techniques have been used to measure the SSC, through models and algorithms showing 

potential at regional, multi-temporal and synoptic levels; costs involved in this 

procedure are considerably lower than those of in situ sampling and laboratory analysis 

(Nooren et al., 2017; Ritchie et al., 1987; Topliss et al., 1990; Wang, 2007; Long and 

Pavelsky, 2013). 

Algorithms for SSC quantifying can be used in some cases to predict sediment 

concentrations under other rivers with similar conditions (Long and Pavelsky, 2013). 

Some studies had developed universal algorithms to estimate suspended sediments 

using sensors such as MODIS and MERIS; however, such algorithms require a 

minimum calibration (Ritchie and Cooper, 1991; Nechad et al., 2015). 

Topliss et al. (1990) developed an algorithm to quantify the SSC for concentration 

ranges of 5–100 and 100–1000 mg/l with the Landsat MSS sensor (bands: green, red 

and infrared). The data derived from Landsat 7 ETM+ and Landsat 8 OLI TIRS—the 

sensors employed in this study—are compatible with the data at level 1 (orthorectified) 

created using Landsat 1 to 5 (Ariza, 2015). 

This research has three main objectives. First, to determine the validity of new 

generation of Landast sensors (ETM+ OLI/TIRS) using the Topliss algorithm, which 

was designed and calibrated for Landsat 5 MSS sensor (Topliss et al., 1990). Second, to 

establish the statistical relationship of the algorithm for sensor OLI with the in situ SSC 

measurements in the Grijalva delta and plume. The third objective was to determine the 

size of the sedimentary particles suspended in river and sea water in the study area, 

through reflectance measurements obtained in the field by spectroradiometer, and to 

compare them with library theoretical signatures. Depending on the reflectance 

percentage the spectral signature, it is possible to determine of particle size and 

concentration of sediment. 

Review of literature 

So far there are only a few works available in the literature regarding suspended 

sediment concentration calculus. Most of the studies and algorithms developed, using 

satellite imagery, were carried-out in the 2000-2010 decade. Nevertheless, between 

current works, we can mention: 

He et al. (2013): the authors implemented a monitoring of diurnal dynamics of 

sediments in the ocean employing meteorological images of GOCI. The variables 

adjusted in the model were those related with the atmosphere. They found results with 

differences of less than 5000 mg/l, except during typhoon season. 

For the study areas of deltas connecting fresh water to the sea, Long and Pavelsky 

(2013) used MODIS imagery to determine SSC in the Peace-Athabasca, delta in 
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Canada. They applied 31 empiric equations using band 1 (620-670 nm) and band 2 

(841-876 nm), obtaining a Sperman’s correlation of ρ = 0.95 in 29 years of sampling. 

Loisel et al. (2014) studied, over a period of 11 years, the SSC in the west of the 

Vietnam Sea. They used MERIS (Medium Resolution Imaging Spectrometer) data, with 

a spatial resolution of 300 m. They applied three algorithms, which allowed to eliminate 

atmosphere interferences and to differentiate fluvial sediments from those of the sea. 

Time series allowed them to recognize the season of the year with the highest SSC 

(Monzoon season, in September-October). In November SSC starts to decrease, and in 

March and May is when drier periods appear. Results obtained with MERIS imagery 

were satisfactory, even with the spatial resolution of 300 meters per pixel. Algorithms 

employed has been successfully applied in other regions of the world, and with the 

modifications they made on some variables, they found a correlation coefficient of 0.7 

between remote sensing techniques and in situ measurements, which is a good result for 

a remote sensing methodology (Loisel et al., 2014). 

Material and methods 

Study area 

The delta and plume of the Grijalva river lie to the north of the Centla Municipality, 

State of Tabasco, southeastern Mexico (Fig. 1), between 525221.38 and 535316.162 m 

N and between 2066918 and 2054176 m W; (UTM North zone 15). The size of the 

study area is ~60 km2, and the furthest sampling point was 10 km away from the 

coastline. 

 

 

Figure 1. Plume and delta of Grijalva River, Southeast Mexico. This river flows into the Gulf of 

Mexico 

 

 

The climate is Am(w), that is, warm-humid with abundant rain in the summer, 

leading to marked periods of precipitation and drought (GET, 2006). Near the river 



Hernández-Cruz et al.: Algorithm to calculate suspended sediment concentrations using Landsat 8 imagery 

- 6552 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(3): 6549-6562. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1703_65496562 

 2019, ALÖKI Kft., Budapest, Hungary 

mouth there are coastal cords, roughly parallel to the coastline, formed by sediments 

supplied by the Grijalva River during the last 5000 years, since the stabilization of the 

current sea level. Vegetation grows between the cordons formed in the water. The type 

of vegetation is a riparian forest of white poplar (Populus alba) and tule 

(Schoenoplectus acutus) (Bueno and Santiago, 2005; Nooren et al., 2017; Psuty, 1965); 

there are, in addition, mangrove swamps in zones nearby the river mouth. 

 

Field data gathering and laboratory analysis 

Sampling points were selected considering the dynamic distribution of sediments in 

the plume when entering in contact with seawater (cf. Arche, 2010), to avoid the effect 

of the soil and vegetation of the riverbank, with at least 1000 m distance between points 

(Fig. 2). Timing of sample collection considered the passing of the Landsat 8 satellite 

together with the presence of optimal meteorological conditions. Both conditions were 

encountered on January 25, 2016, when sampling activity was performed. 

 

 

Figure 2. Historical distribution of the Grijalva river plume. The last map (January 25, 2016) 

corresponds to the date of sampling 

 

 

Samples between 0.6 and 1.0 l of water were collected at a depth of 15 to 30 cm. 

Depth was measured with a Speedtech instrument and spectral response of the 

suspended sediments with a GER-1500 spectroradiometer whose measurement range is 

between 296.71 and 1092.08 nm in intervals of ~1.5 nm (Fig. 3). 

In the laboratory, sediments were separated by a gravimetric method according to the 

Mexican norm NMX-AA-034-SCFI-2015. The method allows the quantitative 
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measurement of the solids, dissolved solids, as well as the amount of organic matter 

contained in natural waters, residual, and treated wastewater. 

In concordance with international standards, above mentioned norm coincides with 

ISO 11923:1997, Water quality – Determination of suspended solid by filtration 

through glass-fiber filters. However, some differences between them are found in the 

concepts; international method principle broaden solids determinations, drying device is 

different, reference suspension used has major concentration, and storage time of the 

sample is larger in the ISO standard. Mexican Norm maintains calculations for total 

suspended solids and incorporate them to another species not covered by ISO (Norma 

Oficial Mexicana, 2016). 

Regarding the samples, every crucible with a Whatman 2 µm filter had a constant 

weight. A vacuum pump in a flask was used to filter 100 ml of each sample. A constant 

weight of sediment on a Whatman filter (2 µm) in a filtering crucible was dried in a 

stove at 105 °C for more than 12 h. From the weight of the residue, the concentration of 

suspended solids (mg/l) was calculated. Correlation and regression analyses compared 

these data with those obtained by remote sensing. 

 

 

Figure 3. Distribution of sampling sites in the Grijalva river sediment plume 

 

 

Remote sensing data 

Satellite imagery of the study area (U.S. Geological Survey, 2016) corresponds to 

Path 22 and Row 47 for OLI sensor, and Path 21 Row 47 for ETM+. The ETM+ sensor 

revisit the same place with a difference of eight days. Imagery with adequate 

meteorological conditions was searched from various dates with no clouds present (0% 

of clouds). The image that corresponds to the date of sampling was obtained on January 

26, 2016 for Landsat 8, with the time in the central scene at 16:35:21 hours and 
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February 03, 2016 with a time in the central scene at 16:13, for ETM+. Downloaded 

images were geometrically corrected with the cartographic projection WGS 1984 UTM 

zone 15 N. 

 

Atmospheric corrections 

The atmospheric conditions affect the radiometric response of the recorded images 

(Richards, 2013). Radiometric and atmospheric corrections eliminate these effects and 

convert digital levels in physical and biophysical variables (Padró et al., 2017). In the 

present study, images were corrected using physical models of radiative transference, 

usually based on a series of standard atmospheres (Chuvieco, 2008; Sobrino, 2000). 

The FLAASH method (Fast Line-of-sight Atmospheric Analysis of Spectral 

Hypercubes) eliminates the effects of the atmosphere, the illumination, and other factors 

in the reflectance of the surface, and thereby generates more precise values; it combines 

directly the code of atmospheric radiative transference MODTRAN4, which allows 

direct selection of atmospheric models such as MODTRAN standard, and the diverse 

types of aerosols. Furthermore, the method can be applied to correct the adjacency 

effect and to calculate the visibility in the whole image (Liang and Wang, 2012). 

 

Image processing 

After the atmospheric and radiometric corrections, the image was cut according to 

the study area. The so-called salt and pepper error was corrected applying a media filter 

with a 3 × 3 kernel. 

Land covers not belonging to water were masked with the application of NDVI and 

NDWI indexes. In the first case the water presents values less than zero and helps in the 

separability; in the second one higher values correspond to the water. NDWI method is 

based in the quotient of the reflectance of the near-infrared and the radiation emitted in 

the green portion of the visible part of the electromagnetic spectrum. This enhancement 

minimizes the reflectance of the soil and vegetation, highlighting water bodies (Feeters, 

2013). NDVI index was developed to separate the reflectance of the green portion of 

vegetation from any other surface. However, it was proven useful to detect water 

surfaces (Rokni et al., 2014). 

Hence, the two indexes together allow a better separation and identification of water 

bodies. Finally, the algorithm proposed by Topliss et al. (1990) was applied, this being a 

transformation of images to generate new variables not available on the original 

imagery. 

Results 

Dispersion graphics 

The correlation coefficient between the SSC obtained in the laboratory and the SSC 

captured from satellite imagery using the algorithm (Fig. 4a) was 0.47; thus, the 

relationship between the two measurements is low. The determination coefficient R² 

was 0.228, which suggests that the model explains 23% of the variance. Results from 

Landsat 7 were very similar, correlation coefficient was 0.52, with a lineal coefficient 

R2 of 0.279. 

However, if 9 points (80, 81, 83, 84, 87, 90, 91, 92 and 95) were ruled out, because 

they had depths less < 15 cm. It is possible to have an interference with the basement in 
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shallow depth. The correlation coefficient without the discarded samples is 0.65, with 

R² = 0.42; this increases the possibility of the estimation of the sediments using the 

algorithm, since the model here explains 42% of the variance. Results from Landsat 7 

without the discarded samples were R² = 0.34 and the correlation coefficient 0.58 

(Fig. 4b). 

 

 

a 

 
b 

Figure 4. Dispersion diagrams of SSC measured in situ vs. results obtained by algorithm. a 

Results with 29 samples. In these plots data obtained from OLI sensor (left) and from ETM+ 

sensor (right) are shown. b Results with 20 samples are depicted on the left with data obtained 

from OLI sensor and on the right with data gathered from ETM+ sensor 

 

 

The mean squared root (MSR) error between the two methods was 38.71 mg/l, in 

agreement with the poor correspondence between the algorithm results and the 

observations, as indicated by the correlation coefficient. When the anomalous points are 

omitted, the MSR error falls to 17.01 mg/l. The correlation levels indicated by P values 

suggest that the test statistics are significant and that it is possible to apply the 

algorithms for Landsat 7 ETM+ and for Landsat 8 OLI. 
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Mapping SSC 

The measurements recorded in situ were geographically represented by kriging 

interpolation. Maps of the SSC distribution in the delta and the plume of the Grijalva 

River on 25 January 2016 (Fig. 5A) show concentrations to be low at the river mouth 

and gradually increase as the stream flows out to the open sea. The results of 

measurements show that SSC at points on the continental shelf are greater than those at 

the river mouth or in the river channel. This suggests that sediments moving along the 

river are transported by the water column likely near the bottom, and that when fresh 

water encounters seawater the difference in their densities causes former to rise, 

carrying the sediments up towards the surface. These sediments are subsequently 

distributed to form the plume of the river. 

The concentration of suspended sediments measured in the laboratory (Fig. 5B) and 

mapped using kriging interpolation gradually increased in the direction of the open sea. 

Nevertheless, the result of the interpolation does not show the whole structure of the 

plume, particularly between 2062000 N and 2066464 N, because this method estimates 

the data of non-sampled spaces and therefore does not adhere to the shape of the plume. 

 

 

Figure 5. Cartographic representation of (A) results in laboratory and (B) Kriging 

interpolation 

 

 

Spectral response analysis 

In the spectral response analysis of suspended sediments, a comparison of in situ 

spectral signature against that one extracted from Landsat 8 was carried-out. A 

covariance between these two variables was found (Fig. 6). It is important to mention 

that the spectral response of Landsat 8 image was obtained using only seven 
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atmospherically corrected bands, meanwhile with the spectroradiometer, 316 bands with 

intervals of approximately 1.5 nm were used. 

Figure 6 shows the spectral responses of the five sampling sites where the 

spectroradiometer was used; one point with the spectral response obtained from the 

satellite image is located 35.5 km before of the end of the plume of sediments and 

another is in the river mouth, where the water is practically free of suspended materials 

(Fig. 6). 

At Point 91, the spectroradiometer showed the highest reflectance (16.5%; Fig. 6a). 

This sampling point also coincides with the site of the highest SSC obtained in the 

laboratory (123 mg/l). However, according to the theoretical signature of SSC, at this 

point concentration should be 600–1000 mg/l. Measured concentration from the field 

sample compared against theoretical signature value registered a difference of 

±870 mg/l. At point 100 (Fig. 6b), reflectance was 8.1% and the concentration was 

15 mg/l, whereas the theoretical value is 100–150 mg/l (Jensen, 2007; Rose et al., 

2015). In this point, measured difference in the field sample and theoretical oscillated 

between 85 and 135 mg/l. At point 107 (Fig. 6c), reflectance was 12.5% and the 

concentration was 16 mg/l, whereas the theoretical value is ±500 mg/l. Thus, difference 

of concentrations between field sample and theoretical value was 484 mg/l. Difference 

between theoretical and in situ reflectance of the SSC gave a high correlation, R2 = 0.71. 

From a comparison of in situ observations of spectral responses (Fig. 6) and 

theoretical signatures, the size of suspended particles can be estimated (Jensen, 2007). 

The measured reflectance (> 5%) suggests that particle sizes correspond to silt or mud. 

However, in the response extracted from the image at a point almost at the end of the 

plume (Fig. 6d) reflectance is < 5%, indicating that the dominant particles are clays. 

Discussion 

Values obtained in the measurement of the suspended sediments in the laboratory are 

greater than those calculated using the algorithm proposed by Topliss et al. (1990); 

Chen et al. (1992) found a high correlation (R2 = 0.98 with n = 29; R2 = 0.83 with 

n = 20) between the SSC and the reflectance measured in the laboratory, where the 

environmental effects are scarce. However, correlation between the SSC and the 

reflectance at the ocean surface was weak (R2 = 0.46), because of the environmental 

effects (atmosphere, aerosols, tides etc.) (Qu et al., 2016). Data obtained in the delta of 

the Grijalva river using Landsat 7 and the most recent Landsat 8 satellites, has a 

correlation of R2 = 0.279 with 29 samples and R2 = 0.334 with 20 samples of Landsat 7 

and R2 = 0.228 with 29 samples and R2 = 0.423 with 20 samples of Landsat 8. 

Results obtained for Landsat 5 with the algorithm proposed by Topliss et al. (1990), 

has an average correlation coefficient of R2 = 0.70 (Harrington et al., 1992; Ritchie and 

Cooper, 1991; Lodhi et al., 1998). The algorithm showed a very good correlation in 

lakes and the sea, but in 2013 this satellite was no longer acquiring images. Actually, 

Landsat 7 and Landsat 8 have similar spectral bands, which allowed us to apply the 

algorithm developed by Topliss et al. (1990) although the results have very low 

correlations for both satellites. 

First calculations of sediments concentrations were based mainly on atmospheric 

variables due to the fact that they represented major variations in these estimations, 

however, between 1950 and 1970, rivers in the world with big flows started to show a 
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decrement in the sediments they were transporting, this provoked that spectral responses 

had variations (Qu et al., 2016; Tessler et al., 2015). 

In 1983 building of hydroelectric dam Chixoy, caused a decrement in the 

concentration of the sediments transported by the Grijalva River. Between 1983 and 

2009 accumulation of sediments drop from 158 × 106 m3 to 6.1 × 106 m3 yr-1 (Nooren et 

al., 2017). Nowadays, the algorithms and models developed to calculate SSC take into 

account changes in the spectral response of the sediments, as well as atmospheric 

variables (Lu et al., 2013; Qu et al., 2016; Zhang et al., 2015). 

 

 

Figure 6. Three spectral responses in situ and the last spectral response using landsat 8. The 

blue line is the Fig. 6a; the red line is the sample 100 is the Fig. 6 b and the green line is the 

Fig. 6c 

 

 

In the dispersion diagram the relationship between both variables is low due the high 

atmospheric interference between the satellite and water surface; additionally, water 

vapor and aerosols are present, which causes the sensor not to detect the total 

reflectance of the sediments. 

It is possible that the algorithm cannot be applied at latitudes far from the one for 

which it was proposed (45° North). Furthermore, the climate where the algorithm was 

originally applied (Dfc, subpolar without dry season; and ET, tundra) differs from the 

tropical conditions of the present study, where suspended solids dominate. Under tundra 

climate bottom loading dominates (Arche, 2010). Hence, in the present study area, 

prediction of suspended sediments by the algorithm is less precise than that obtained in 

the laboratory. 

Distribution analysis of the suspended sediments by kriging showed anisotropy in the 

river mouth because water transport usually is in one direction (Fig. 5). However, the 

zone with the highest SSC was distinct because the prediction suffered a circular 

tendency differing from the other points. Nevertheless, water discharged by a river 

generally has a preferred direction of flow (Arche, 2010). 

The SSC can increase along the route to the open sea because a sediment wedge 

forms in the river mouth (Arche, 2010), where the superficial layer is fresh water 

brought by the river and this water column also carries suspended sediments that are 

subsequently exposed. The smaller particles (clays) travel a long distance before sinking 

to the bottom of the sea. 
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The analysis of spectral responses obtained in situ with the spectroradiometer and 

those obtained with the bands of the image allow calculating the increase in reflectance 

due to suspended sediments. Likewise, determination of the size of particles in 

suspension allows the comparison with the signatures allocated in spectral libraries or in 

the literature that match a reflectance value (%) to the SSC in mg/l (Novo, 1989; Jensen, 

2007). 

Based on the reflectance, the particle size that dominates in the river mouth 

corresponds to silt. On the other hand, the signature extracted from the image (Fig. 6), 

with a reflectance value less than 5% at the end of the plume, shows that particle size 

that dominate are clays (Jensen, 2007). The low percentage of reflectance encountered 

in clayey sediments is due to the organic matter content. 

According to the spectral responses measured in situ at the sampling points, 

concentrations are lower than those supposed to be present regarding the volume of 

sediments, which increase the value of the reflectance (Novo, 1989). Because of the 

above and the low linear relationship between both variables, there are two important 

points to consider: 

a) Since solar radiation interacts with organic and inorganic compounds in the 

water, the suspended sediments in the water column should be sampled 

according to the penetrating capacity of the bands in the visible spectrum or at 

established depths down the column. 

b) The relative positions of the Sun and the sensor should be considered because 

reflection by water surface can be specular. The sensor receives the maximum 

reflected energy from the surface only if it is situated in the direction of the 

reflection angle. In the present study the relative positions of the Sun (43° from 

the horizon) and the satellite precluded measuring all the radiation reflected 

from the water surface. Consequently, in situ reflectance is 2‒4% greater than 

the reflectivity of the spectral bands of the image. Therefore, the amount 

estimated by the algorithm is lower than that quantified in the laboratory. 

Additionally, local variations such as tides can suddenly change the 

transportation of suspended sediments. 

 

In this study it was shown that the SSC estimation of sediments travelling in the 

surface can be done using bands 3 and 4. If sampling is performed by water column, the 

SSC are overestimated and could be calculated using the red and infrared bands for a 

range of concentrations of 100 to 1000 mg/l. 

Conclusions 

Although suspended sediments are usually quantified by in situ sampling, this task is 

time consuming and not economically viable for studies in remote areas. Thus, a good 

alternative is to use remote sensing techniques for quantification of SSC through 

spectral images. 

This study used a spectroradiometer to obtain spectral responses in situ; real 

reflectance values at the water surface could be compared with values derived from the 

atmosphere-corrected image. Additionally, silt and clay particle size were determined in 

situ. Likewise, in situ reflectance indicated that most of the suspended particles were 

travelling in the water column rather than on the surface. 
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Cartographic representation of the SSC, calculated with satellite imagery and through 

interpolation with in situ data, indicated a gradual increase in SSC along the route to the 

open sea, despite the low linear relationship between those two measurements. 

For analysis of superficial sediments, according to the statistical significance 

obtained, the algorithm proposed by Topliss et al. (1990) can be used, with green and 

red bands. For sediments sampled within the water column, at concentrations exceeding 

100 mg/l, red and infrared bands would be used. 

Taking into account the recent changes of the sedimentary regime and fluvial 

dynamics of the Grijalva River, the spectral responses of the sediments are mixed with 

the water, the shallow oceanic floor, and the predominant minerals. Therefore, it is 

necessary to carry-out a more extensive sampling in the study area to modify the 

algorithm of Toppliss et al. (1990) based in spectral mixtures of the SSC. 
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