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ABSTRACT 

 

Water quality monitoring is essential for effective water 

resources management. Present state of the art satellite 

sensors provide high spatial and temporal resolution required 

for operational monitoring of key water quality variables in 

coastal and inland waters. Nonetheless, most of the retrieval 

models currently available require regional tuning and are 

therefore not applicable to other geographic areas and not 

useful in detecting anomalies. This study introduces an 

operational model to process Sentinel-2 images from any part 

of the world and derive water quality indicators based on the 

analytical solution of the two-stream radiative transfer 

equations. The potential of the model for monitoring distinct 

water bodies is demonstrated with two case studies in Brazil 

and Kenya. Scientific and technical improvements to the 

model can provide additional robustness and usability. 
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1. INTRODUCTION 
 

While water quality is essential for the maintenance of 

ecosystem services provided by aquatic systems, human 

activities threaten it with different forms of pollution and 

alterations (e.g. agricultural runoff, wastewater, dredging, 

erosion, etc.) [1]. Knowing the current conditions and 

changes in a water body supports informed decisions 

regarding use, control and recovery actions [2]. Therefore, 

water quality monitoring is the corner stone of effective water 

resources management [3]. 

Remote sensing is a powerful complement to the 

customary labor-intensive in-situ monitoring of water 

quality. It can provide frequent and spatially comprehensive 

observations of water bodies of varied sizes, often free of 

charge. Although developed for land applications, the 

enhanced spatial and temporal resolutions of sensors such as 

the Sentinel-2 Multispectral Imager (MSI) and Landsat 8/9 

Operational Land Imager (OLI) offer opportunities for 

operational monitoring of key water quality variables in 

coastal and inland waters [4]. Inherent optical properties 

(IOPs) of water constituents, which can be derived from 

remote sensing, reflect physical and biological properties of 

the water column [5] and are therefore characterized as water 

quality indicators (WQIs). Despite the suitability, there is 

limited offer of a systematic processing chain to use Sentinel-

2 MSI and other high-resolution satellite images for water 

quality monitoring on a global scale. 

In this study, we introduce an operational model to 

derive water quality indicators at 10 m resolution from 

Sentinel-2-MSI images. The operational model is based on 

the analytical solution of the two-steam radiative transfer 

model of Salama and Verhoef [6]. The use of radiative 

transfer allows a better representation of the actual process of 

light attenuation in turbid media. Complemented with 

analytical solutions, the 2SeaColor model does not depend on 

empirical relationships, and provides a generic approach to 

derive water quality information from a diversity of water 

bodies with various optical complexities.  

This study demonstrates the suitability of the suggested 

operationalization of 2SeaColor model in deriving globally 

distributed WQIs in two distinctive systems: Conceição 

Lagoon (Brazil) and Lake Naivasha (Kenya). The results of 

the model have the potential of being used for different 

monitoring purposes by stakeholders at the local scale. 

 

2. MATERIAL AND METHODS 

 

2.1. The 2SeaColor Model 
 

The 2SeaColor solves the two stream radiative transfer and 

provides additional numerical stabilization as detailed in [6]. 

Validation has been performed for aquatic systems of varied 

characteristics across the world [6]–[9]. 

The model considers the diffuse and direct radiant 

fluxes and derives elegant formulation, as shown in Figure 1 

and Equations 1 and 2 (published in [6]) . For the diffuse 

component, the bi-hemispherical reflectance of the semi-

infinite water layer (𝑟∞) is: 

𝑟∞ =
𝑥

1 + 𝑥 + √1 + 2𝑥
 

 

1 

For the direct component, the directional-hemispherical 

reflectance of the semi-infinite water layer (𝑟𝑠𝑑
∞) is: 

𝑟𝑠𝑑
∞ =

√1 + 2𝑥 − 1

√1 + 2𝑥 + 2𝜇𝑤

 

 

2 

Where 𝑥 is the ratio between backscattering (𝑏𝑏) and 

absorption (𝑎) coefficients: 𝑥 = 𝑏𝑏/𝑎;  and 𝜇𝑤 is the cosine 

of the solar zenith angle beneath the water surface.  
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Figure 1. Schematic diagram of the radiant fluxes in 2SeaColor: 

downwelling direct irradiance (𝑬𝒅𝒔), downwelling diffuse 

irradiance (𝑬𝒅𝒅) and upwelling diffuse irradiance (𝑬𝒖). 

 

The irradiance reflectance just beneath the water surface (𝑅∞) 

is then calculated according to the fraction of diffuse light (𝑓): 

𝑅∞ = 𝑟∞𝑓 + 𝑟𝑠𝑑
∞(1 − 𝑓) 3 

Ultimately, the forward model gives the above surface 

remote sensing reflectance (𝑅𝑟𝑠) considering the differences 

between the two media (air and water): 

𝑅𝑟𝑠 =
𝑡(𝑎, 𝑤)𝑡(𝑤, 𝑎)

𝑛𝑤
2[1 − 𝑟(𝑤, 𝑎)𝑅∞]

×
𝑅∞

𝑄
 4 

Where 𝑄 is the radiance to irradiance conversion factor equal 

to 3.25 sr-1 [10], 𝑛𝑤 is the index of refraction of water, 𝑡(𝑎, 𝑤) 

and 𝑡(𝑤, 𝑎) are respectively the air-to-water and water-to-air 

Fresnel transmittances and 𝑟(𝑤, 𝑎) is the water-to-air Fresnel 

reflectance.  

Parametrizations are implemented as in [7]. Spectral 

optimization based on non-linear least-squares fitting is used 

for the inversion of the model and retrieval of water quality 

indicators: diffuse attenuation coefficients-𝑘𝑑, absorption by 

chlorophyll-a-𝑎𝑐ℎ𝑙𝑎(440), absorption by combined detritus 

and coloured dissolved organic matter-𝑎𝑑𝑔(440),  

backscattering by suspended particulate matter-𝑏𝑏𝑠𝑝𝑚
(440), 

spectral slope of 𝑎𝑑𝑔-S and spectral slope of 𝑏𝑏𝑠𝑝𝑚
-Y.  

Initialization values for those are defined based on [11].  

 

2.2. Operationalization 

 

The implementation of the operational 2SeaColor is carried 

out in Python and it is available on the following GitHub 

repository:  https://github.com/suhybsalama/2SeaColor 

The code is optimized for parallel computing and 

processes Sentinel-2 Level 2 images to produce WQIs maps 

according to the flowchart in Figure 2. 

 

2.3. Application 

 

Two Case Studies are shown to demonstrate the suitability of 

the operational model for different systems and purposes: 

▪ Case I – Conceição Lagoon: Brackish coastal lagoon in 

Southern Brazil; for identifying main spatial-temporal 

patterns of WQIs. 

▪ Case II – Lake Naivasha: shallow freshwater lake in 

Kenya; for detecting floating vegetation. 

 

 
Figure 2. Operational 2SeaColor flowchart 

 
3. RESULTS 

 

3.1. Case I - Conceição Lagoon 

 

The operational 2SeaColor model was applied to a time-

series of 139 Sentinel-2 images acquired between 2019 and 

2021 for Conceição Lagoon.  

Figure 3 shows an RGB composite of the mean 

𝑎𝑐ℎ𝑙𝑎(440), 𝑎𝑑𝑔(440) and 𝑏𝑏𝑠𝑝𝑚
(440) (stretched for 0.5 

standard deviation in each channel) for the period, which give 

an indication of the main spatial patterns of the WQIs in the 

area. It is possible to observe that absorption by organic 

matter is higher in the south segment and the northernmost 

branch of the lagoon compared to the rest of the lagoon. This 

is supported by evidence that the south segment is strongly 

influenced by freshwater inputs from intensely occupied 

basins and there is reduced exchange with the rest of the water 

body, whereas the north branch is where the largest watershed 

(João Gualberto river) empties [12], [13]. On the western 

margins of central-north lagoon the absorption by 

chlorophyll-a is comparatively high, while in the middle of 

central lagoon all of the constituents show high relative 

contributions to the attenuation process. 

Useful information can also be inferred from the trend 

of WQIs. In this case, a linear trend was calculated via least-

square fitting for the time-series (95% confidence). 

Backscattering of suspended material had a uniform negative 
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trend throughout the lagoon for that period (not shown here). 

It could indicate solids deposition in response of mixing 

dynamics of the lagoon, mainly influenced by wind and 

hydrological conditions [12]. For 𝑎𝑑𝑔(440) a positive trend 

is seen especially in the south lagoon, where urbanization is 

strongest (Figure 3 b). 

 

 

 
Figure 3. a) RGB composite of 𝒂𝒄𝒉𝒍𝒂(𝟒𝟒𝟎), 𝒂𝒅𝒈(𝟒𝟒𝟎) and 

𝒃𝒃𝒔𝒑𝒎(𝟒𝟒𝟎) stretched for 0.5 standard deviation and b) Trend 

of 𝒂𝒅𝒈(𝟒𝟒𝟎) per day for the 2019-2021 period in Conceição 

Lagoon 

 

3.2. Case II - Lake Naivasha 

 

The model was applied to three images of Lake Naivasha in 

October 2021. From the RGB composites of 𝑎𝑐ℎ𝑙𝑎(440), 

𝑎𝑑𝑔(440) and 𝑏𝑏𝑠𝑝𝑚
(440) (Figure 4) it is possible to identify 

features appearing in white color, which reflect high values 

for all of the WQIs. According to local expertise, these are 

likely associated with spotted floating mats of invasive 

vegetation species of water hyacinth during the same period 

of the images acquisition. The model can therefore be useful 

for monitoring the mats and how they develop and move over 

time. 

 

4. DISCUSSION 

 

The results indicate the potential of the operational model for 

different monitoring purposes in distinct systems. 

Nevertheless, there are still scientific and technical 

limitations that need to be addressed for a wider use of the 

tool.  

Firstly, due to its analytical solution, the 2SeaColor is 

sensitive to noise in reflectance, often caused by sun glint, 

clouds and atmospheric correction issues [14]. At the current 

stage, the model uses atmospherically corrected Sentinel-2 

(Level-2) images, processed with sen2cor, which was mainly 

developed for land studies.  

 
Figure 4. RGB composites of 𝒂𝒄𝒉𝒍𝒂(𝟒𝟒𝟎), 𝒂𝒅𝒈(𝟒𝟒𝟎) and 

𝒃𝒃𝒔𝒑𝒎(𝟒𝟒𝟎) in Lake Naivasha  

 
Improvements in that sense can therefore include 

atmospheric correction of the Level-1 images with Polymer, 

specifically designed to deal with water bodies under sun 

glint conditions [15]. A more efficient algorithm for cloud 

and cloud shadow masking over coastal and inland waters, 

such as WiPE [16], could also benefit the model. 

Furthermore, the 2SeaColor still relies on some 

a) b) 
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simplifications. For instance, it assumes an infinitely deep 

water layer, and hence does not yield accurate values in 

optically shallow waters.  

Regarding the technical aspects, the code still requires 

relatively high processing capabilities. To make it more 

accessible and user-friendly, a cloud computing version of 

the code in Google Earth Engine platform shall also be 

implemented. 

 

5. CONCLUSIONS 

 

With this study, a physically-based inversion method 

founded on the solution of the two-stream radiative transfer 

equations, was presented as an operational tool for water 

quality monitoring. With two case studies we show that the 

model is capable of deriving water quality indicators in fresh 

and saline, inland and coastal waters without the need for 

regional tuning. The capability of the model in detecting 

floating mats of water hyacinth in fresh water was also 

demonstrated. Finally, the model is module and can be 

extended to include the bottom reflectance of shallow waters 

and the atmosphere effect. 
 

 
 REFERENCES 

 
[1] B. Grizzetti, D. Lanzanova, C. Liquete, A. Reynaud, 

and A. C. Cardoso, “Assessing water ecosystem 

services for water resource management,” Environ 

Sci Policy, vol. 61, pp. 194–203, Jul. 2016, doi: 

10.1016/J.ENVSCI.2016.04.008. 

[2] S. Behmel, M. Damour, R. Ludwig, and M. J. 

Rodriguez, “Water quality monitoring strategies — 

A review and future perspectives,” Science of The 

Total Environment, vol. 571, pp. 1312–1329, Nov. 

2016, doi: 10.1016/J.SCITOTENV.2016.06.235. 

[3] B. A. Schaeffer, K. G. Schaeffer, D. Keith, R. S. 

Lunetta, R. Conmy, and R. W. Gould, “Barriers to 

adopting satellite remote sensing for water quality 

management,” Int J Remote Sens, vol. 34, no. 21, 

pp. 7534–7544, 2013, doi: 

10.1080/01431161.2013.823524. 

[4] S. Groom et al., “Satellite Ocean Colour: Current 

Status and Future Perspective,” Front Mar Sci, vol. 

0, no. JUL, p. 485, 2019, doi: 

10.3389/FMARS.2019.00485. 

[5] Mhd. S. Salama, “Current Advances in Uncertainty 

Estimation of Earth Observation Products of Water 

Quality,” in Earth Observation, R. B. Rustamov and 

S. E. Salahova, Eds. IntechOpen, 2012. doi: 

10.5772/27365. 

[6] M. S. Salama and W. Verhoef, “Two-stream remote 

sensing model for water quality mapping: 

2SeaColor,” Remote Sens Environ, vol. 157, pp. 

111–122, Feb. 2015, doi: 10.1016/j.rse.2014.07.022. 

[7] X. Yu, M. S. Salama, F. Shen, and W. Verhoef, 

“Retrieval of the diffuse attenuation coefficient from 

GOCI images using the 2SeaColor model: A case 

study in the Yangtze Estuary,” Remote Sens 

Environ, vol. 175, pp. 109–119, Mar. 2016, doi: 

10.1016/J.RSE.2015.12.053. 

[8] B. Arabi, M. S. Salama, J. Pitarch, and W. Verhoef, 

“Integration of in-situ and multi-sensor satellite 

observations for long-term water quality monitoring 

in coastal areas,” Remote Sens Environ, vol. 239, p. 

111632, Mar. 2020, doi: 10.1016/j.rse.2020.111632. 

[9] B. Arabi, M. S. Salama, M. R. Wernand, and W. 

Verhoef, “Remote sensing of water constituent 

concentrations using time series of in-situ 

hyperspectral measurements in the Wadden Sea,” 

Remote Sens Environ, vol. 216, pp. 154–170, Oct. 

2018, doi: 10.1016/J.RSE.2018.06.040. 

[10] Z. Lee, K. L. Carder, C. D. Mobley, R. G. Steward, 

and J. S. Patch, “Hyperspectral remote sensing for 

shallow waters. I. A semianalytical model,” Appl 

Opt, vol. 37, no. 27, pp. 6329–6338, 1998. 

[11] Z. Lee, K. L. Carder, C. D. Mobley, R. G. Steward, 

and J. S. Patch, “Hyperspectral remote sensing for 

shallow waters: 2. Deriving bottom depths and 

water properties by optimization,” Appl Opt, vol. 38, 

no. 18, pp. 3831–3843, 1999. 

[12] V. E. C. Silva, D. Franco, A. Larissa Fonseca, M. 

Luiza Fontes, and A. Rodolfo Donnangelo, “Space 

time evolution of the trophic state of a subtropical 

lagoon: Lagoa da Conceição, Florianópolis Island of 

Santa Catarina, Brazil,” Brazilian Journal of Water 

Resources, vol. 22, 2017, doi: 10.1590/2318-

0331.011716027. 

[13] A. Cabral, M. V. Bercovich, and A. Fonseca, 

“Implications of poor-regulated wastewater 

treatment systems in the water quality and nutrient 

fluxes of a subtropical coastal lagoon,” Reg Stud 

Mar Sci, vol. 29, p. 100672, May 2019, doi: 

10.1016/j.rsma.2019.100672. 

[14] V. Sagan et al., “Monitoring inland water quality 

using remote sensing: potential and limitations of 

spectral indices, bio-optical simulations, machine 

learning, and cloud computing,” Earth Sci Rev, vol. 

205, p. 103187, Jun. 2020, doi: 

10.1016/J.EARSCIREV.2020.103187. 

[15] F. Steinmetz, P.-Y. Deschamps, and D. Ramon, 

“Atmospheric correction in presence of sun glint: 

application to MERIS,” Optics Express, Vol. 19, 

Issue 10, pp. 9783-9800, vol. 19, no. 10, pp. 9783–

9800, May 2011, doi: 10.1364/OE.19.009783. 

[16] D. D. Ngoc et al., “Coastal and inland water pixels 

extraction algorithm (WiPE) from spectral shape 

analysis and HSV transformation applied to Landsat 

8 OLI and Sentinel-2 MSI,” Remote Sens Environ, 

vol. 223, pp. 208–228, Mar. 2019, doi: 

10.1016/J.RSE.2019.01.024. 

  

https://proceedings.science/p/164480?lang=pt-br 1619
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/164480?lang=pt-br
http://www.tcpdf.org

