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Abstract: The use of satellite images for the observation and measurement of marine turbidity has been developed 
mainly with ocean colour sensors, such as MODIS. These images have a maximum spatial resolution of 250 m in their 
visible and infrared bands. In this research, images of the SPOT sensors were chosen as an alternative to overcome 
this limited spatial resolution. The objective was to prove the suitability of SPOT to measure turbidity in areas with 
great spatial variability. As a first step, all the images were standardized and the SPOT wavelength that had the largest 
association in the Principal Component Analysis was chosen (PCA). The results show that the bands of a SPOT 
multispectral image are highly redundant. The wavelength of the 610-680 nm (S2610-680) obtained the best association in 
89% of the 73 images analysed. The SPOT reflectance (Rrs) (S2610-680) was compared with MODIS 620-670 nm (M1620-670), 
which has already been tested in other research and has proved to be adequate for measuring turbidity. Both sensors 
performance was similar for low and moderate reflectance but for high reflectance, SPOT (S2610-680) had a better 
performance than MODIS (M1620-670). Additionally, the SPOT Rrs (S2610-680) was associated with standardized Secchi disk 
depth  data, which were measured in situ, to check SPOT suitability. SPOT Rrs (S2610-680)images were classified into: 1) 
cold or warm season,  2) spring tide or neap tide and 3) water flux or reflux. These constructed scenarios allowed to see 
the result of the Standardized Space Anomalies, which showed the continuous presence of low and medium values in 
the most oceanic region of the Upper Gulf of California (UGC) and very high values in all the scenarios in the intertidal 
zone. This research has shown that SPOT Rrs (S2610-680) is useful for observing, differentiating and measuring turbidity 
patterns in areas with very high spatial variability. 
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Reflectancias de imágenes multiespectrales de SPOT asociadas a la turbidez en el Alto Golfo de 
California
Resumen: El uso de imágenes de satélite para la observación y medida de la turbidez marina se ha desarrollado 
principalmente con sensores de color del océano como MODIS. Estas imágenes tienen una resolución espacial 
máxima de 250 m en las bandas visible e infrarroja. En esta investigación, se eligieron imágenes del sensor SPOT como 
alternativa para superar esta limitada resolución espacial. El objetivo es probar la validez de SPOT para medir turbidez 
en áreas con gran variabilidad espacial. Como primer paso se normalizaron todas las imágenes y se eligió la longitud 
de onda de SPOT que mejor ajuste obtuvo a partir del Análisis de Componentes Principales (ACP). Los resultados 
mostraron que las bandas de una imagen multiespectral SPOT tienen una alta redundancia (buena correlación) entre 
sí. La longitud de onda de los 610-680 nm (S2610-680) fue la que obtuvo el mejor ajuste en 89% de las 73  imágenes 
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1. Introduction

In ocean remote sensing monitoring, optically 
complex waters are defined as those that have an 
important influence not only of phytoplankton 
and related elements, but also of other substanc-
es, such as inorganic particles in suspension and 
dissolved organic matter (IOCCG, 2000). In very 
turbid water, dispersion of the incident light by the 
Suspended Particulate Matter (SPM) may have an 
inhibitory effect on primary production (Gordon 
and McCluney, 1975). Thus, the knowledge of 
distribution and variability of turbidity in coastal 
waters is important for understanding some bio-
logical processes (Doxaran et al., 2002). 

Likewise, turbidity estimation is important to 
quantify the rivers contribution of sediments to the 
ocean (Froidefond et al., 1991; Anji Reddy, 1993; 
Forget et al., 1999; Moore et al., 1999; Doxaran 
et  al., 2002). The role that these contributions 
play in the marine ecosystem is fundamental both 
for the maintenance of productivity and for the 
survival of delicately balanced ecosystems such 
as the deltas. In addition, the quantification of 
turbidity can also provide very useful information 
for the management and planning of dredging 
in ports, canals and navigable estuaries (Gippel, 
1995; Doxaran et al., 2006).

The cost of in situ marine monitoring programs, 
developed to identify the natural variability in wa-
ter quality parameters (such as turbidity), is very 
high. There are very few places that have monitor-
ing programs with continuity, at best with monthly 
or bi-monthly frequency (for example the marine 
monitoring network for Latin America Antares 

(www.antares.ws), the cooperation network for 
the Northeast Atlantic OSPAR (www.ospar.org), 
The Bermuda’s Atlantic Time Series BATS 
(http://bats.bios.edu/) and Hawaii Ocean Time-se-
ries HOT (http://hahana.soest.hawaii.edu/hot/) or 
four-monthly (for example, the California Cur-
rent Marine Monitoring Network CALCOFI 
(www.calcofi.org). In addition, in  situ sampling 
generally leads to underestimation of loads and 
requires too high sampling frequency to char-
acterize temporal trends (Gippel, 1995; Nechad 
et al., 2010). Remote sensors are a valuable tool 
for identifying and monitoring the distribution of 
suspended sediments at a lower cost and more fre-
quently, allowing to build a synoptic description 
of the variability of turbidity patterns (Nechad 
et al., 2010).

In this sense, MODIS, Terra and Aqua sensors, 
images have been used in research to determine 
the spatio-temporal variability of turbidity 
concentrations from their reflectances (Rrs) at a 
maximum spatial resolution of 250  m (Dogliotti 
et al., 2011; Shi and Wang 2007; Wang and Shi, 
2005). In these sensors, band has been associated 
with three optical properties: light transmittance in 
the water column, Secchi disk depth transparency 
and nephelometric turbidity, in the Bay of Biscay 
(Chust et al., 2006). 

Other images, such as Landsat, have been tested to 
improve spatial resolution. Landsat images have 
been associated with radiance (Doxaran et  al., 
2006), and signal penetration at different depths 
(Gordon and McCluney, 1975; Anji, 1993; Baeye 
et al., 2016; Lee et al., 2016). These images have 
been used to detect and quantify surface turbidity 

analizadas. Esta reflectancia (Rrs) (S2610-680) de SPOT fue comparada con MODIS (M1620-670). El comportamiento de 
ambos sensores fue similar para reflectancias bajas y medias, pero para altas reflectancias SPOT Rrs (S2610-680) tuvo 
un mejor rendimiento que MODIS. Además, la Rrs (S2610-680) de SPOT fue asociada con datos in situ normalizados de 
profundidad del disco de Secchi para comprobar la idoneidad del sensor SPOT. Las imágenes Rrs (S2610-680) de SPOT 
fueron clasificadas en: 1) época fría o cálida,  2) marea viva o muerta, y 3) flujo o reflujo de las aguas. Estos escenarios 
seleccionados permitieron ver el resultado de las Anomalías Espaciales Normalizadas, que dejaron ver la continua 
presencia de valores bajos y medios en la región más oceánica del Alto Golfo de California (AGC) y valores muy 
altos en todos los escenarios en la zona intermareal del AGC. El trabajo realizado permite concluir que la reflectancia 
Rrs (S2610-680) de SPOT es válida para observar, diferenciar y medir patrones de turbidez en áreas con una elevada 
variabilidad espacial. 

Palabras clave: Alto Golfo de California, Delta del Río Colorado, Turbidez, Imágenes multiespectrales, SPOT, MODIS, 
Disco de Secchi. 
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in estuaries (Ackleson et al., 1985; Gernez et al., 
2015, Jalón-Rojas et al., 2015 y Cai et al., 2015). 
Otherwise, SPOT images have been tested in 
optically complex waters to locate maximum 
concentrations of suspended material and areas 
of erosion and deposition (Doxaran et al., 2002, 
2006). This information can be obtained because 
turbidity plays as a tracer of current, and allows to 
observe hydrodynamic characteristics. Continuous 
use of high-resolution images allows detailed 
descriptions of tidal turbidity at multi-year time 
scales (Jalón-Rojas et al., 2016). 

The objective of this work was to identify the 
SPOT band wavelength which reflectances may 
be useful to detect and quantify turbidity level in 
marine waters, validating the use of SPOT, com-
paring it with MODIS and taking Zsecchi in situ 
data. To test SPOT effectiveness in describing 
temporal turbidity patterns for different scenar-
ios (season, tidal conditions, flow conditions) in 
coastal areas of optically complex waters.

2. Materials and methods 

2.1. Study area

This research was developed in the Upper Gulf 
of California (UGC) and Colorado River Delta 
(CRD) (Baja California, Mexico) (Figure 1). This 
area has several protection figures; among them 
it was declared as Biosphere Reserve in 1993. In 
addition, it is the habitat of endangered species, 
such as totoaba (Totoaba macdonaldi) and vaquita 
(Phocoena sinus) (Santamaría-del-Angel et  al., 
1994; Santamaría-del-Ángel 2017). This region 
is especially important for the reproduction, 
breeding and development of marine species eco-
nomically important, such as shrimp and yellow 
mouth croaker. This area is specially characterized 
by high concentrations of nutrients (Hernández-
Ayón et al., 2013) and high primary productivity, 
which holds a large food chain with high biomass 
in each of its levels, and thus, maintain high fish-
ing activity (Santamaría-del-Ángel et  al., 1996; 
Millán-Núñez et  al., 1999; CONANP, 2007; 
Mercado-Santana et al., 2017). Despite very high 
irradiances values in the area (Bastidas-Salamanca 
et  al., 2014), the high turbidity values limit the 
euphotic zone (Millán-Núñez et al., 1999). It has 
been reported that the phytoplankton communities 

presents adaptation strategies to this limited 
photic layer and a temporal space variability that 
is presumed to be linked to the turbidity patterns 
present in this area (Santamaría-del-Ángel et al., 
1996). So, understanding the turbidity patterns is 
key for this type of coastal ecosystems, because it 
regulates the base of the food chain, and therefore 
all the processes that derive from this (Doxaran 
et al., 2002).

Figure 1. Study area location, Upper Gulf of California 
and Colorado River Delta (Baja California, Mexico). The 
dark grey area was covered with SPOT images from year 
2008 to 2013. Tide stations used in this study were located 
in Golfo de Santa Clara, San Felipe and Puerto Peñasco 
coastal towns.

2.2. Processing of SPOT images

In this study we used 73 SPOT images of the sen-
sors 2, 4, 5 and 6 of the period between 2008 and 
2013. The following corrections were applied 
to images 1) radiometric correction, the images 
were compensated for sensor defects, variations 
in scanning angle and system noise at the time 
the image was produced, based on the number 
of pixels and the band number of each image (Le 
Gall et al., 2010; Lira-Chávez, 2010); 2) atmos-
pheric correction, the Fast Line-of-Sight Spectral 
Hypercubes Atmospheric Analysis (FLAASH) 
model was used  (Griffin and Burke, 2003), 
and the Marine Model was used to correct the 
visible wavelengths with the regions of the near 
infrared and the regions of infrared shortwave 
(Kaufmann et  al., 1991; Abreu and Anderson, 
1996; Berk et al., 1999; Matthew et al., 2000); and 
3) geometric correction, to homogenize images 
parameters to an UTM projection zone 11, with 
Datum WGS84 (NIMA, 2000).
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2.3. SPOT comparison with MODIS
In order to compare the images of MODIS and 
SPOT, SPOT multispectral images, which are at a 
resolution of 10 or 20 meters (Table 1), were con-
verted to the same spatial resolution as the visible 
band M1620-670  of MODIS, which is 250  meters. 
In addition, they were taken to a radiometric 
resolution of 8  bits to be able to have an image 
with 256 values (28=256), ranging from 0 to 255 
and related to the values of the MODIS images. 
According to Lira-Chavez (2010), the reason for 
using 256 levels is that this number is stored in 
an 8-bit byte of a digital computer, in addition to 
generating a 255 for the brightest instantaneous 
field of view (IFOV) of the scene, and a 0 for the 
darkest. 

The SPOT images used were from the coastal area 
of the UGC. In order to avoid confusion in the 
bands reflectance signal, the terrestrial area was 
masked, leaving only the sea area. This makes it 
possible to better distinguish the Rrs from the four 
bands of each of the SPOT images on the water 
body. 

2.4. Assessment of SPOT sensors 
wavelengths 

In order to determine which wavelength, and 
therefore which SPOT band, is most adequate 
to determine turbidity, we performed a PCA ac-
cording to Santamaría-del-Ángel et  al., (2011b) 
criteria. Table 1 shows the spectral characteristics 
of the SPOT sensor bands used in this work. 

According to Lira-Chavez (2010), there is an 
association between the bands of a multispectral 
image, in particular when these are contiguous. For 
close energy intervals the corresponding informa-
tion is similar. In other words, between adjacent 
bands there is a redundancy of information, which 

means that the covariance matrix of the original 
image has elements other than zero outside the 
diagonal. As the “eigenvalues” are arranged de-
creasingly, the information content of the image is 
redistributed among the components so that more 
information is concentrated in the first component 
or bands of the output image, while the remaining 
one has very little information and virtually all 
the noise contained in the original image. From 
the correlation matrix is derived the numerical 
resolution of the PCA, the Principal Components 
(PC) associated with the image bands, which were 
calculated as Standardized Empirical Orthogonal 
Functions (SEOF). This transformation is unitary 
and is therefore considered as an overall enhance-
ment to the image. Its advantage is that it does not 
require input parameters, but only uses the statis-
tical properties of the multispectral image set. In 
addition, each output band can have a physical 
interpretation, since the associated eigenvectors 
and eigenvalues have it.

In order to obtain comparable data between the 
SPOT bands, the MODIS data and the measure-
ments “in  situ”, the pixel values of the SPOT 
bands were standardized according to Santamaría-
del-Ángel et al., (2011b). 

2.5. SPOT scenario construction 
(mosaics)

SPOT images were classified according to oce-
anic conditions at the moment of the scene (neap 
or spring tide, in flux or in reflux, warm or cold 
season), in order to be able to study the turbidity in 
different conditions. Testing turbidity in different 
conditions will allow to prove the hypothesis that 
at higher turbidity higher the Rrs signal. To classify 
the images, we compared the date and time of 
each SPOT image, with the information contained 
in historical records of three tide stations of the 

Table 1. Spectral characteristics of the SPOT sensor bands used in this work. The table shows the spatial resolution in 
meters of each sensor, the wavelength range of each band and its identifier.

SPOT  
Sensor

S0  
(Blue, 450-520 nm)

S1  
(Green, 500-590 nm)

S2  
(Red, 610-680 nm)

S3  
(Near Infrared  

(NIR) 780-890 nm) 

S4  
(Short-Wave Infrared 

(SWIR)1580-1750nm) 
2 (20 m)   √ √ √  

4 (10 m)   √ √ √ √

5 (10 m)   √ √ √ √

6 (2.5 m) √ √ √ √  
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UGC (Golfo de Santa Clara, Puerto Peñasco and 
San Felipe). The images were grouped in the fol-
lowing way to form mosaics of scenarios:

1) Neap tide (during the first and third quarter 
moon, when the moon appears “half full”, the sun 
and moon are at right angles to each other, bulge 
of the ocean caused by the sun partially cancels 
out the bulge of the ocean caused by the moon) 
(e.g. Figure 2) in flux (slow and continuous rise of 
the waters) or reflux (slow and continuous descent 
of the waters) (e.g. Figure 3). 

2) Spring tide (new and full moon, moon and sun 
are aligned and their effects are added) in flux or 
reflux

3) Season, warm or cold season.

The selection of these conditions is justified by 
the studies of Álvarez-Borrego (1975), Carriquiry 
et al. (1992) and Zamora (1993), that describe the 
variability of the turbidity patterns in the AGC 
according to a periodic pattern of semidiurnal 
character (ups and downs of tides) and a pattern 
of behaviour that responds to the variation of the 
tide cycle (neap tide - spring tide - neap tide). 
The sediment resuspension, caused by the action 

Figure 2. Tide behaviour between August 19 and 24, 2011 in Puerto Peñasco. a) SPOT image of August 19, 2011, 9:58 am 
local time, b) SPOT on August 24, 2011, 10:00 a.m. local time. (HT=High Tides; MSL= Mean Sea Level; LT=Low Tides).

Figure 3.  SPOT 4 images from Bahía de Adair, Sonora, near to Puerto Peñasco tide station: a) Image of August 19, 2011, 
9:58 a.m. local time, at neap tide at reflux, b) Image of August 24, 2011, 10:00 a.m. local time, at neap tide in flux.  
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of tidal currents, is considered as the governing 
mechanism of the variability of suspended partic-
ulate matter in estuaries (Carriquiry and Sánchez, 
1999).

Due to the time when the SPOT scenes were 
taken, some scenarios were better represented. It 
was not possible to obtain images of spring tides 
at reflux, so this condition could not be analysed 
in this work.

2.6. SPOT Association with MODIS

The MODIS band M1620–670 was chosen as the best 
one to determine areas and levels of turbidity (see 
results section) (Chen et  al., 2007; Chust et  al., 
2006; Dogliotti et  al., 2011; Miller and McKee, 
2004). A Match-up analysis was performed 
to associate SPOT Rrs(S2610–680) and MODIS 
Rrs(M1620–670) according to Santamaría-del-Ángel 
et al., (2011a) methodology. In this analysis, the 
standardized values were compared in order to 
deduce the degree of relationship existing between 
the two types of images and the behaviour of the 
different levels of Rrs.

The values of the standardized spatial anomalies 
were classified according to a normal distribu-
tion with a known mean and standard deviation 
(Santamaría-del-Ángel et al., 2015), and accord-
ing to the methodology Six Sigma, where the 
upper and lower limits are six standard deviation 
(SD) (from -3 to +3 SD) (Pyzdek, 2003). In this 
study, the lower and upper limits were fixed in 
2  SD, in order to be able to highlight the  in a 
more visible way, so that values below or above 
this limit will be highly anomalous values. Values 
were classified as: “Very Low “less than -2 SD; 
“Low” between 2 SD to 1 SD; “Medium Low” 
from -1 SD to 0; “High Medium” ranges from 0 to 
1 SD; “High” ranges from 1 SD to 2 SD and “Very 
High” values greater than 2 SD.

2.7. SPOT Association with Secchi Disk 
Depth

The second step to validate the suitability of 
SPOT for the detection of turbidity areas was its 
comparison with in situ measurements of Secchi 
disc depth in the UGC. Measurements were made 
during boat cruises, in a program called PANGAS 
conducted by the Phytoplankton Ecology group 

of the Autonomous University of Baja California, 
who attempt to have continuous monitoring at 
the UGC. These cruises were carried out in the 
years 2008  (June 3  to 16), 2010  (June 1  to 8), 
2011 (March 25 to April 1), 2012 (September 4 to 
9) and 2013 (June 11 to 17); in addition to a cruise 
of the Mexican Navy of 2012 (August 3 to 7) 
(Figure 4). The values of Secchi disk depth were 
classified according to the conditions that pre-
vailed at the time of sampling (neap tide or spring 
tide, warm or cold condition), to be compared with 
SPOT images at the same conditions. 

Figure 4. Distribution of sampling points during the crui-
ses of 2008, 2010, 2011, 2012 and 2013, where measure-
ments were taken from Zsecchi (2012 b refers to the cruise 
of the Mexican Navy).

3. Results and Discussion

The best association between the SPOT bands was 
derived from the PC and the correlation matrix, 
which were calculated as SFEO (Equation 1), 
where according to the methodology proposed by 
Santamaría-del-Ángel et  al. (2011b) the statisti-
cally significant SFEO are those with eigenvalues 
greater than 1.0. Eigenvalues smaller than 1.0 are 
not significant, and therefore the SFEOs associat-
ed with them are not valid because the percentage 
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of variability explained is infinitesimal. Thus, the 
first PC in each association was chosen as the 
component that explains the greatest amount of 
information.

SFEO
b S b S b S b S1 2 3 4A B C D1 1 1 1

1

# # # #

=
+ + +^^ ^ ^ ^h h h hh �(1) 

Where b1A,B,C,D are the eigenvalue of the first PC 
and S1, S2, S3, S4 are the values of each band that 
makes up an SPOT image.

Of the 73 SPOT images evaluated according to 
the described methodology, 69 images had a sin-
gle significant eigenvalue (> 1.0), that is, a single 
main component explained most of its variability. 
While, only in 4 of the images evaluated, two 
significant eigenvalues detected. Of the 69 images 
in which only one PC was significant, in 68 the 
sign of the values was the same for the four bands, 
which corroborates that the bands of the SPOT 
images are highly associated with each other. 
In 65 images of the 73 processed (89% of cases 
analysed), the Rrs(S2610-680) was the band with the 
largest association. Thus, this SPOT band is con-
sidered as the best one to represent the reflectance 
associated to turbidity.

This result is in concordance with previous re-
search done with SPOT in other areas. Doxaran 
et  al. (2002), observed that the reflectance 
increases with the concentration of turbidity, 
and that the SPOT bands are saturated to higher 
levels of suspended particles, in the Giron estuary 
(France). They used S1550-590 y S2610-680, visible 
bands, to determine turbidity concentrations, this 
choice of bands is corroborated in the results our 
PCA analysis. Also, Froidefond et al. (1991) used 
these bands to determine the structure of the turbid 
plume in this estuary. In particular, they compared 
the S2610-680 with the turbidity measurements, giv-
ing positive results on the variations of thickness 
of the turbid plume. Finally, in this estuary also 
Gernez et  al. (2015), performed a multi-sensor 
comparison with in  situ data to observe turbidi-
ty variations, and concluded that SPOT data are 
adequate to detect and quantify turbidity. In con-
trast, Sánchez-Carnero et al., 2014, used the band 
S1550-590 in the estuary of the Guadiana (Spain), but 
mainly in waters slightly turbid.

Thus, in this study, it was possible to corroborate 
the high redundancy of the different bands in a 
SPOT scene by other authors, allowing to con-
clude that all behave in a similar way. However, 
the S2610-680 was selected because it showed the 
greatest association in most cases, and also we 
sought to simplify data processing.

The state of the art of MODIS was revised to 
define the best band to study turbidity. Dogliotti 
et al., (2011), used three bands, two in the visible 
spectrum (M1620-670 and M15743-753), and the infrared 
band M16862-877. They observed that the reflectance 
saturation grows at a longer wavelength. In their 
research, Chust et  al. (2006) significantly corre-
lated the M1620-670 band reflectivity with the three 
optical properties (transmittance, Secchi disk 
transparency and nephelometric turbidity). Miller 
and McKee (2004) positively related the M1620-670 
band with total suspended material concentration, 
and Chen et al. (2007) also showed a close corre-
lation between M1620-670 band and in situ turbidity. 
Thus, the MODIS M1620-670 band was selected as 
the suitable one to detect turbidity in the water, 
and therefore the one to be compared with SPOT.

In order to compare SPOT Rrs(S2610-680) and 
MODIS Rrs(M1620-670), was key that both images 
had the same coverage and pixel number, to create 
a Pearson correlation matrix. In this step, the zero 
values associated with the image background were 
removed. According to the Match-up approach 
analysis (Santamaría-del-Ángel et  al., 2011a), 
standardized SPOT Rrs(S2610-680) values were com-
pared with MODIS Rrs(M1620-670).  

Figure 5 shows the distribution of the relationship 
between these two bands. Two areas are appre-
ciated, one that groups values below 3 Standard 
Deviations (SD), where the relationship tends 
towards the linearity, and an area where the anom-
alies are greater than 3 SD, where the behaviour 
ceases to be linear and shows a greater accumula-
tion of data towards SPOT Rrs(S2610-680).

The two sets of data were separated to better 
analyse the relationship between Rrs(S2610-680) and 
Rrs(M1620-670). Data below 3 SD had a Pearson 
correlation of 0.98 (Figure 6a). A slope analysis 
was performed based on a linear model, where the 
rate of change was 1 unit of SPOT Rrs(S2610-680) by 
0.99 of MODIS Rrs(M1620-670). The significance of 
the slope was high, it can be observed that there is 
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a close relationship between the data of MODIS 
Rrs(M1620-670) and SPOT Rrs(S2610-680). However, 
data greater than 3 SD had a Pearson correlation 
of 0.94 (Figure 6b). The rate of change in the slope 
analysis was 1 unit of SPOT Rrs(S2610-680) by 0.38 
of MODIS Rrs(M1620-670). The data were indexed to 
SPOT, which means that in high SPOT reflectanc-
es it had lower saturation and responded better.

SPOT Rrs(S2610-680) and MODIS Rrs(M1620-670) data 
were classified into < 3 SD and > 3 SD (Figure 5) 
to better observe the anomalous values distribu-
tion. The highly anomalous data corresponded to 
the intertidal zones for both sensors. However, it is 

in MODIS Rrs(M1620-670) where there was a greater 
number of pixels above the 3 SD. This indicates 
that it is this sensor band the one which has a 
higher saturation towards the very high Rrs. This 
anomalously high signal was interpreted as high 
abundance of particulate material and detritus. 

Suspended material predominates in the Colorado 
River Delta area (CDR) and intertidal zones of the 
UGC. According to Carriquiry et  al. (2011), the 
suspended material is controlled by the hydrody-
namic processes that favour a net transport during 
the flow and the reflux. In addition, fine-grained 
material is further transported mainly along the 

Figure 5. Relationship between de MODIS Rrs(M1620-670) and SPOT Rrs(S2610-680) for the images of February 22, 2012. The 
data are divided into two groups, values below the 3 SD and values above the 3 SD.

Figure 6. Relationship between Rrs(M1620-670) and SPOT Rrs(S2610-680) for the images of February 22, 2012.  Detail of the two 
data groups, a) values below the 3 SD and b) values above the 3 SD.
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coast of Baja California by tidal currents, baro-
clinic circulation and gravity currents (Carriquiry 
et al., 1999). Alvarez and Jones (2004), attribute 
the high concentration of material in suspension to 
the erosion of bed sediments, since at present the 
discharge of the Colorado River is insignificant. 
The amount of particulate material suspended 
in the water column is controlled by tidal resus-
pension. The turbidity patterns obtained from the 
Secchi disk readings indicated that the concen-
tration of suspended material particles shows a 
persistent southward gradient with the highest val-
ues for CDR area and intertidal zone. The research 
of Aguilar-Maldonado et  al. (2017), showed the 
predominance of detritus against coloured dis-
solved organic matter and phytoplankton in the 
CDR area. Thus, the observed high reflectances 
are associated with suspended particulate matter, 
and higher turbidity.

The relationship between the standardized anoma-
lies of Rrs(M1620-670) and Rrs(S2610-680), provided the 
basis for stating that SPOT had the functionality to 
observe and discern values of turbidity, since their 

relation was always significant. Being significant 
those results in which the calculated value is great-
er than or equal to the critical value; r ≥ rcritica. The 
associations based on the Pearson correlation by 
year and by season (cold or warm) between these 
two bands, for (n=1000), with different confidence 
levels (CL), the critical value was: CL 90% = 0.052, 
CL 95% = 0.062, CL 99% = 0.081, they were in all 
cases positive relationships.

Secchi’s disk depths were interpolated to create 
a continuous surface from the sampling points 
values, the method used was nearest neighbour 
analysis (Sibson, 1981) (e.g. Figure 7). The result 
were 250 m resolution images of each sampling 
campaign, which were cut to the area and associ-
ated with the scenarios generated with SPOT. The 
images were classified from “Very Low” (lower 
depth of disk of Secchi) to “Very High” (greater 
depth of Secchi in meters). That is in inverse asso-
ciation with turbidity. 

SPOT Rrs(S2610-680) and Secchi disk depth stand-
ardized spatial anomalies were associated using 
Pearson’s correlation coefficient (Santamaría-del-
Ángel et al., 2011b). From the standardized values 
the correlation matrix was obtained, where each 
cruise was associated to its temporal scenarios 
(warm or cold season). The critical value that de-
fines the association as significant, according to 
the Pearson correlation table for a n of 1000 and 
a 95% confidence level, is 0.062 (Table 2). All 
values of the correlation were above the critical 
value, which indicates the significant association 
between the two variables. In situ measurements 
of Secchi disk, during warm conditions, were al-
ways performed during neap tides, to prevent the 
boat to be stranded. Thus in warm conditions the 
highest correlation occurs in the neap tides. The 
value of the transparency measured by Secchi disk 
was used as an estimate of the extinction of light in 
water (French et al., 1982). The extinction of light 
in aquatic environments comes from the amount 
of suspended particles, dissolved pigments and the 
water’s own characteristics (Verduin et al., 1976). 
Disk Secchi measurements have been related 
to the concentration of suspended particles and 
have been used as an indicator of water quality 
(Santamaría-del-Ángel et al., 2015).

The built scenarios, with mosaics starting from 
the prompting of the overlapping pixels, from the 
Rrs(S2610-680) allowed to observe the distribution 

Figure 7. Interpolation of Secchi disk data from the 2012 
monitoring cruise. The points indicate the location of the 
sampling stations
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and concentration of the turbidity, in cold condi-
tions (Figure 8) and in warm conditions (Figure 9).

For the cold season the following spatial coverage 
and turbidity intervals were observed (Figure 8): a) 
spring tide in flux, spatial coverage was 7275 km², 
of which 30% had low turbidity; b) neap tide in 
flux, spatial coverage was 7440  km² of which 
30% had very low turbidity; and c) neap tide in 
reflux, spatial coverage was 7027  km² of which 
38% had medium low turbidity.  Thus, during the 
cold season, the range of turbidity from very low 
to medium low prevailed in all cases.

For the warm season the following spatial cov-
erage and turbidity intervals were observed 
(Figure 9): a) spring tide in flux, spatial coverage 
was 8011 km², of which 24% had low turbidity; b) 
neap tide in flux,   spatial coverage was 5767 km² 
of which 30% had low turbidity; and c) neap tide 
in reflux, spatial coverage was 5972 km² of which 
31% had medium low turbidity. Thus, during the 
warm season, the low range of turbidity prevailed 
in all cases.

Low turbidity values predominated in all scenar-
ios. However, it is evident from the coverage that 
the intertidal zone, both in the Adair Bay (Sonora) 

Table 2. Scenarios built with the depths of Secchi disk, which was associated with the same scenarios built with SPOT. The 
biggest association by scenario is shaded.
Cruises Conditions (Scenarios) Related Pixels (n) Correlation Confidence interval  95% 

June 2008
Warm spring tide in flux 63905 0.821 √
Warm neap tide in flux 65299 0.908 √

Warm neap tide in reflux 42957 0.813 √

June 2010
Warm spring tide in flux 44722 0.854 √
Warm neap tide in flux 53145 0.872 √

Warm neap tide in reflux 29788 0.713 √

March 2011
Cold en spring tide in flux 46588 0.933 √

Cold neap tide in flux 43192 0.894 √
Cold neap tide in reflux 39578 0.806 √

September 2012
Warm spring tide in flux 41310 0.840 √
Warm neap tide in flux 47827 0.917 √

Warm neap tide in reflux 31547 0.916 √

June 2013
Warm spring tide in flux 89439 0.886 √
Warm neap tide in flux 97973 0.956 √

Warm neap tide in reflux 57755 0.940 √

Figure 8. Scenarios of turbidity concentration in cold conditions estimated with SPOT Rrs(S2610-680), tide conditions were: 
a) spring tide in flux, b) neap tide in flux, and c) neap tide in reflux.
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and the CRD areas, very high values of turbidity 
were observed in almost all scenarios (Figure  8 
and 9). As the distance from the coast increases 
the turbidity values decrease, but without reaching 
the very low values. This high observed turbidi-
ty coincides with studies carried out in the area 
(Carriquiry et al, 1992; Zamora, 1993; Cupul, 
1994; Carrquirry and Sánchez, 1999). The high 
and very high turbidity values are due to two 
opposite coastal transport components along the 
Sonora and Baja California coasts. With some 
local exceptions, sediment transport along the 
Sonora coast is from SE to NW, and along the 
coast of Baja California from N to S. This dynamic 
seems to indicate the existence of a large counter 
clockwise circulation cell in which sediments 
transported north along the coast of Sonora drift 
westward into the delta region and then toward the 
south along the coast of Baja California. 

The AGC and the CRD are considered an 
extremely turbid place due to sediments resus-
pension, with Zsecchi values between 0.15 and 
1.5  m (Santamaría-del-Ángel et  al., 1996), light 
extinction coefficient as low as -0.05  m-1 and a 
maximum sedimentary load of 8 g/L (Carriquiry 
and Sánchez, 1999). According to, Carriquiry 
et  al. (1992), in general, the concentration of 
turbidity tends to increase as the tide decreases, 
because the reduction of the depth in the channel 
is combined with the intensification of the reflux 
current, increasing the concentration of sediment 
in suspension.

In this work, the use of several sensors of the 
SPOT constellation allowed to raise the temporal 
resolution, being able to have a greater number of 
images of smaller time intervals, increasing the 
coverage and allowing to observe the dynamics of 
the turbidity in a coastal area with optically com-
plex waters. The time series used in various works 
related to turbidity and particulate material using 
low spatial resolution images of ocean colour had, 
in general, a lower temporal resolution: one or two 
very specific dates (Shi and Wang, 2007), a pair of 
images of the same year (Simon and Shanmugam, 
2012), two-year series of images with different 
sensors (Doxaran et al., 2014), monthly images of 
only one year (Huot and Antoine, 2016); and at 
the best, time series of two or three years (Chen 
et al., 2007). With high spatial resolution sensors, 
the time series observed in other works have also 
been shorter or sensors have been combined in 
order to complete larger series (Ruddick et  al., 
2008; Sánchez-Carnero et al., 2013; Lafon et al., 
2014), or even used a single image during their re-
search (Doxaran et al., 2002; Mohd-Hasmadi and 
Norsaliza, 2010). Our research analysed a 6-year 
time series with a number of images greater than 
all the works reviewed. Specifically, the diversity 
of dates allowed us to observe the turbidity behav-
iour under a wide variety of scenarios in cold and 
warm conditions.  Even so, some scenarios were 
incomplete, due to the time of the satellite pass, 
which is usually at the times when the sun is closer 
to the zenith, which caused areas to exist uncov-
ered in scenarios that did not match the satellite 
pass.

Figure 9. Scenarios of turbidity concentration in warm conditions estimated with SPOT Rrs(S2610-680), tide conditions were: 
a) spring tide in flux, b) neap tide in flux, and c) neap tide in reflux.
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The positive association of SPOT Rrs(S2610-680) 
with MODIS and Zsecchi, shows that this SPOT 
band is suitable for defining patterns and areas of 
turbidity. The use of satellite imagery does not 
exclude in situ data collection, combining satellite 
data with field observations improves understand-
ing of turbidity dynamics (Doxaran et al., 2014). 
Secchi disk data is simple to acquire and the in-
formation it provides enables complex analyses of 
the optical properties of the ocean, such as water 
turbidity, directly associated with transparency 
(Santamaría-del-Ángel et al., 2015).

Time series information is basic for taking sound 
management decisions. Unfortunately, these 
series are not always available for many param-
eters, and in the marine environment less than in 
terrestrial environments due to high costs mainly. 
This is the case of turbidity. In spite of remote 
sensing technology advances, we only have short 
records and more accurate data for oceanic waters 
than for coastal ones. Cozzoli et  al. (2017) ob-
served that extensive data series of field collected 
observations, including both hydromorphological 
and biological measurements, are virtually never 
available with an extent that is relevant compared 
to the morphodynamic scales, which reduces 
the possibility to fit and field-validate predictive 
models.

 As observed by other researchers, turbidity levels 
are increasing in many coastal regions due, not 
only to marine activities, but to terrestrial activities 
such as large scale land clearance (Gibbs, 2013). 
However, there is no information, or not enough, 
about turbidity background levels to be able to 
discriminate the effects of coastal infrastructures 
from natural variability or terrestrial origin ef-
fects. Environmental monitoring programs of 
these infrastructures, i.e. ports, prescribe turbidity 
measures usually during the dredging operations, 
which is very time limited information (Gibbs, 
2013). Coastal environments are characterized 
by large internal heterogeneity which should be 
known to reduce the uncertainty in predicting 
the environmental consequences of new coastal 
infrastructures. As Cozzoli et  al. (2017) said: 
“the realization of new coastal infrastructure is 
an unrestrainable need of human society” and 
as an example of this, over the past decade, the 
global dredging market increased by nearly three-
fold.  This same trend has been observed by other 

authors such as Dafforn et  al. (2015) who high-
lighted: “the need for improved defences around 
ports, harbours, and coastal cities as protection 
from both rising sea levels and increasingly severe 
coastal storms and flooding” or Hill (2015) who 
added other factors that are likely to increase in-
vestments in coastal infrastructure such as higher 
rates of salinization of water supplies. The effects 
on the geomorphology and ecology of coastal sys-
tems of both the construction and operation phases 
of these artificial coastal structures is undeniable. 
The alteration of sediment transport dynamics and 
turbidity levels can severely affect biotic commu-
nities. Thus, is key the development of capacities 
for acquiring a better knowledge of temporal and 
spatial patterns. This is what has been tested in 
this research that the high spatial resolution SPOT 
sensor offers.

4. Conclusions

The highly turbid waters of the UGC allowed to 
have a series of contrasting characteristics to test 
the spectral capacity of the sensors SPOT. The 
analysis of a six-year series of images allowed to 
define SPOT Rrs(S2610-680) as the optimal band to 
detect and quantify turbidity in optically complex 
waters. The Principal Component Analysis proved 
to be a useful tool to discriminate the most adequate 
band. The statistically significant relationship of 
SPOT Rrs(S2610-680), with MODIS Rrs(M1620-670) and 
in situ Disk Depth of Secchi validated the suita-
bility of SPOT for turbidity analysis in this type 
of water. The high spatial resolution of the SPOT 
sensor allows locating the sediment transport 
gradients and the accumulation zones, represent-
ed by the areas with the highest reflectances. In 
addition, the high temporal resolution allowed to 
observe the different conditions of tide and flow, 
factors with greater influence on turbidity in this 
type of ecosystems. To evaluate the performance 
of a specific sensor, the previous classification of 
images according to oceanographic conditions is a 
key factor. A good sensor should provide accurate 
results under all the variability conditions studied. 
The analysis of different conditions showed that 
the response of SPOT Rrs(S2610-680) is similar to 
MODIS Rrs(M1620-670) for low and medium turbid-
ity concentrations, but for high concentrations the 
SPOT response was better. Finally, it should be 
noted that continuous on-site monitoring allowed 
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a sufficient number of data to validate the remote 
sensing analysis methodology. Field data are criti-
cal to corroborate remote sensing data. Long time 
series are essential for the study of oceanographic 
phenomena, such as turbidity patterns. 
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