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Abstract:



This study focuses on the confluence of two major rivers of the world, the Solimões River (white waters) and Negro River (black waters). Surface suspended sediment samples (SSC) and spectroradiometer taken along transverse profiles at 500 m intervals over a distance of 10 km, as well as satellite images (MODIS) during the hydrological year, were used to follow suspended sediment variability. In January and February, the confluence is dominated by white waters from the Solimões River in the two banks, and in June and July in the right bank by black waters from the Negro River and in the left bank by clear waters from the Solimões River. We found that indirect tools, such as reflectance obtained by spectrometer or MODIS images, can be used to determine surface suspended sediments in a contrasting zone.






Keywords:


MODIS image; spectrometry; suspended sediments; Negro River; Amazon River; Amazon Basin












1. Introduction


The Solimões-Negro confluence is an important zone for studying the mixture of water from two major tropical rivers with different hydraulic and physiochemical characteristics. The Solimões River represents approximately 60% of discharge and suspended sediments in the Amazon River [1]. Its white waters are rich in suspended and dissolved sediments from the Andes Mountains, while the Negro River, with black water rich in organic matter but poor in suspended sediments, originating from the Guyana Shield, is considered the fifth-longest tropical River [2]. The mixing processes and changes in nutrients are significant for aquatic biodiversity, and their effects can be observed as much as 1000 km beyond Óbidos, the last gauging station before the Atlantic Ocean [3,4,5].



Using measurements in the field, Gualteri et al. [6] showed the velocity variability and energy generated by the velocity gradient through the M1 and M2 metric. They indicate that M2 best describes the hydrodynamic characteristics of the confluence, and the nutrients and species are accumulating in the area. Studies also show that during the period of rising waters (January to May) several fish species migrate from tributaries to the main River to spawn, and that turbulence and turbidity in the main River help protect fish larvae from predators [7]. In Lake Catalão, near the Solimões-Negro confluence, there is an increase in the number of species between January and February because of the high concentration of nutrients. The peak of suspended sediments in the Solimões River was observed during these months [8].



The hydraulic difference of tributaries in confluence determines geomorphologic changes such as the formation of islands, formation of large lateral bars, and zones of high turbulence [9]. The Solimões-Negro confluence presents the differences in hydraulic and physicochemical characteristics between the two rivers. The water from the Solimões River has a basic pH, while that of the Negro River has an acid pH. Conductivity exceeds 60 µS/cm in the Solimões River and in the Negro River this is below 20 µS/cm. The temperature of the black waters is two or three degrees higher than that of the white waters [10]. The velocity in the Solimões River (average 1.5 m·s−1) is two to three times greater that of the Negro River (average 0.4 m·s−1) [5,10]. Studies have shown that there are significant velocity changes in the first kilometer before the confluence [5,10,11,12,13]. During the dry period, the Solimões River arrives the confluence at an 80° angle and with a gradual increase in velocity to 2.5 m·s−1. This velocity then gradually decreases to 2.2 m·s−1. This decrease in velocity at the beginning of the confluence causes a decrease in the velocity of water on the right bank (the Solimões River) and an increase in velocity along the left bank (the Negro River). Because the Solimões River provides the suspended sediments, the decrease in velocity causes sedimentation, especially of coarse sediments.



Remote sensing techniques have been used to determine the spatial and temporal variability of water characteristics, such as suspended sediments, and dissolved organic carbon and chlorophyll, with good results [1,11,14,15,16]. Martinez et al. [14] and Espinoza et al. [15] show that water characteristics influence radiance, depending on particle size and the concentration of material. It is therefore important to calibrate the sensing method with field samples. The spectroradiometer is a good indirect technique for measurement in the field because of ease of operation once it is calibrated [17]. Using Moderate Resolution Imaging Spectroradiometer (MODIS) images, Park and Latrubesse [11] investigated the Solimões-Negro confluence and showed the interrelationship between the white and black waters. That study, however, did not consider a field survey in concomitance with MODIS data obtained at the confluence during the hydrological regime. Szupiany et al. [18] show that the different characteristics of rivers can influence suspended sediments and bed transport. Despite progress made in previous studies in this region using a Doppler current meter to understand hydraulic changes (velocity, bed shear stress, depth) at large confluences, there is a lack of studies that include sediment measurements to help explain and validate the results obtained so far and to better explain the suspended sediment dynamics.



This study provides the scientific community with a data set of five cross sections, with a total of 40 sampling points, to understand the spatial distribution and temporal variability of suspended sediments at the Solimões-Negro confluence during the hydrologic regime. Field data also served to calibrate indirect measurements, such as radiometry and satellite images (MODIS), information that is also important for studies of ecology and geomorphology.




2. Materials and Methods


2.1. Study Area


The Solimões River, the name given to the Amazon River from the point where it enters Brazil until its confluence with the Negro River, drains an area of 2,147,740 km2, with a discharge at Manacapuru (the gauging station before the confluence) of 103,000 m3·s−1, and provides approximately 875 Mt·year−1 of suspended sediment flux. In contrast, the Negro River drains an area of 696,810 km2 with a discharge of about 28,400 m3·s−1 and provides an average of 8 Mt·year−1 of suspended sediment flux [19,20].



The monitoring was located 3 km from the beginning of the confluence of the Solimões and Negro rivers, with a length of 10 km and a total area of 80 km2. This area was divided into 5 cross sections spaced 2.5 km apart. Collection points were spaced at 500 m intervals along each line, for a total of 40 points in the gridded area (Figure 1A,B). Monthly samples were taken from May 2013 to February 2014. Figure 1C shows the hydrologic regime of the Solimões registered at the Manacapuru gauging station, located 30 km upstream from the confluence, and the estimation of the hydrological regime of the Negro River. This figure shows that the flood occurs in the Solimões River between May and July and in the Negro River between June and August. The lowest discharges are registered during September and October in the Solimões and between November and December in the Negro River.


Figure 1. (A) Amazon Basin, confluence location, (B) Solimões-Negro confluence and grid of sampling points, (C) Inter-annual mean monthly discharge in the Negro River, obtained from the difference between the Amazon River and Solimões River, Solimões River at Manacapuru gauging station (SO-HYBAM www.ore-hybam.org), and Negro River water level at the Manaus gauging station (Porto de Manaus www.portodemanaus.com.br).
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2.2. Surface Water Sampling


To determine the Suspended Sediment Concentrations (SSC), 500 mL of surface water were collected by bucket from the boat at each grid point. Each sample was filtered using a 0.45 μm porosity filter following the American Society for Testing and Materials [21] at the Amazonian Potamology Laboratory at the Federal University of the Amazon (Lapa-Ufam).




2.3. Spectroradiometer


At each grid point, reflectance data were taken from the surface water using a RAMSES model TriOS spectroradiometer, which operates between the ultraviolet and near-infrared spectral bands. It is composed of three sensors (two for radiance and one for irradiance) positioned outside the water in a geometric spatial distribution. The first measures upward water radiance (Lu) at 30° off nadir; the second, at 30° with the zenith, measures downward radiance from the sky reflected by the water (Ld); and the third, positioned at 90°, measures irradiance arriving at a specific point (Ed). To calculate reflectance, the following Equation (1) was used [15,22]:


Reflectance = (Lu − f × Ld)/Ed,



(1)




in which f is a factor that depends on the wavelength size and is used to correct a portion of blue from the sky reflected by the water; 0.028 is generally used, as suggested by [23].




2.4. MODIS (Moderate Resolution Imaging Spectroradiometer)


Two sensors located on Terra (MOD09) and Aqua (MYD09) satellites produce MODIS images; they were downloaded from the NASA website (https://lpdaac.usgs.gov/data_access/data_pool). To preprocess and analyze the monthly images for a period between 2013–2014, the methodology used was the same applied in [15].



Images were selected using ENVI 4.7, re-projected to geographic coordinates and WGS 1984 datum. The quality bands were then analyzed according to the NASA parameters for both products (MOD09 and MYD09). For this study, the 8-day composite images were used because they had better atmospheric results per pixel. When the best images of each month were selected, the values for the gray tones were used for the 40 grid points, and reflectance was analyzed for the red and near-infrared bands.




2.5. Reflectance Calibration


Collected SSC were used to calibrate the reflectance data measured by the spectroradiometer. When the best calibration was found, it was used to estimate SSC through the remote-sensing reflectance. To correlate reflectance measured in the field with MODIS reflectance, band homogenization was needed. This was done because remote-sensing data use one band for red and another for near infrared, while the spectroradiometer measures 16 bands for red and 12 for near infrared. The units were also homogenized by multiplying the spectroradiometer reflectance by (10,000·π), because MODIS data are in area units and the measured reflectance is in stereo-radian units [15].





3. Results and Discussion


3.1. Water Samples


Table 1 lists the point data set collected monthly in the field during 2013–2014, and Figure 2 shows spatial and temporal variability of SSC. During the flood period between May and August, the SSC value shows less variability (21 to 29 mg·L−1). Nevertheless, the minimum SSC values were registered between June and August; this could be due to two processes: (i) The Solimões River is in a period of greater dilution because of the contribution of tributaries free of suspended sediments [24]; and/or (ii) the Negro River storage space expands in a north-south direction at the confluence, further strengthening the dilution process in this area.


Figure 2. Temporal variation of Suspended Sediment Concentrations (SSC) by interpolation of monthly SSC grid point values.
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Table 1. Values of Suspended Sediment Concentrations (SSC) obtained in the field every month during the 2013–2014 period. Geographic coordinates and data are in WGS 1984.





	
Points

	
Latitude

	
Longitude

	
SSC (mg·L−1)




	
2013

	
2014




	
May

	
June

	
July

	
August

	
November

	
December

	
January

	
February






	
01

	
−3.10351

	
−59.88511

	
2

	
2

	
12

	
4

	
4

	
7

	
16

	
14




	
02

	
−3.10799

	
−59.88559

	
2

	
2

	
7

	
3

	
4

	
5

	
17

	
67




	
03

	
−3.11246

	
−59.88612

	
3

	
20

	
10

	
9

	
9

	
5

	
115

	
215




	
04

	
−3.11693

	
−59.88662

	
58

	
59

	
70

	
38

	
179

	
198

	
208

	
213




	
05

	
−3.12140

	
−59.88712

	
58

	
33

	
64

	
55

	
137

	
181

	
210

	
216




	
06

	
−3.12589

	
−59.88766

	
47

	
33

	
58

	
70

	
134

	
176

	
199

	
193




	
07

	
−3.09014

	
−59.86569

	
5

	
8

	
-

	
10

	
8

	
41

	
37

	
98




	
08

	
−3.09459

	
−59.86626

	
15

	
6

	
10

	
8

	
22

	
16

	
109

	
79




	
09

	
−3.09903

	
−59.86674

	
11

	
9

	
17

	
17

	
18

	
7

	
13

	
12




	
10

	
−3.10346

	
−59.86734

	
75

	
61

	
51

	
58

	
120

	
121

	
189

	
266




	
11

	
−3.10793

	
−59.86792

	
38

	
44

	
76

	
86

	
93

	
159

	
172

	
191




	
12

	
−3.11238

	
−59.86851

	
50

	
30

	
40

	
46

	
92

	
138

	
176

	
182




	
13

	
−3.11683

	
−59.86903

	
28

	
37

	
63

	
61

	
108

	
120

	
149

	
152




	
14

	
−3.07429

	
−59.84523

	
4

	
6

	
11

	
13

	
6

	
42

	
65

	
96




	
15

	
−3.07873

	
−59.84581

	
7

	
6

	
7

	
9

	
6

	
44

	
69

	
106




	
16

	
−3.08318

	
−59.84646

	
9

	
7

	
7

	
5

	
16

	
57

	
78

	
108




	
17

	
−3.08762

	
−59.84700

	
17

	
10

	
8

	
8

	
45

	
85

	
80

	
133




	
18

	
−3.09205

	
−59.84761

	
16

	
18

	
29

	
19

	
87

	
34

	
71

	
90




	
19

	
−3.09650

	
−59.84821

	
29

	
56

	
67

	
38

	
87

	
149

	
162

	
169




	
20

	
−3.10093

	
−59.84881

	
25

	
31

	
37

	
31

	
83

	
152

	
162

	
171




	
21

	
−3.10537

	
−59.84941

	
33

	
15

	
71

	
37

	
82

	
140

	
156

	
164




	
22

	
−3.10981

	
−59.84993

	
33

	
11

	
75

	
53

	
-

	
-

	
-

	
-




	
23

	
−3.06486

	
−59.82632

	
6

	
49

	
9

	
8

	
8

	
35

	
68

	
95




	
24

	
−3.06930

	
−59.82687

	
4

	
27

	
9

	
6

	
9

	
33

	
64

	
89




	
25

	
−3.07375

	
−59.82751

	
8

	
5

	
5

	
16

	
13

	
39

	
68

	
91




	
26

	
−3.07821

	
−59.82805

	
8

	
6

	
6

	
11

	
38

	
44

	
76

	
93




	
27

	
−3.08269

	
−59.82861

	
12

	
12

	
10

	
13

	
46

	
51

	
71

	
85




	
28

	
−3.08714

	
−59.82922

	
11

	
51

	
17

	
29

	
70

	
51

	
68

	
116




	
29

	
−3.09161

	
−59.82977

	
21

	
21

	
56

	
41

	
82

	
59

	
110

	
147




	
30

	
−3.09607

	
−59.83037

	
25

	
30

	
53

	
55

	
75

	
130

	
158

	
148




	
31

	
−3.05534

	
−59.80712

	
4

	
7

	
8

	
10

	
7

	
39

	
61

	
86




	
32

	
−3.05980

	
−59.80768

	
5

	
4

	
8

	
6

	
16

	
42

	
63

	
83




	
33

	
−3.06424

	
−59.80830

	
5

	
3

	
14

	
10

	
16

	
46

	
70

	
89




	
34

	
−3.06869

	
−59.80888

	
9

	
7

	
21

	
7

	
67

	
50

	
93

	
94




	
35

	
−3.07313

	
−59.80950

	
11

	
16

	
27

	
16

	
93

	
80

	
84

	
113




	
36

	
−3.07760

	
−59.81009

	
20

	
24

	
39

	
53

	
118

	
85

	
92

	
114




	
37

	
−3.08200

	
−59.81070

	
58

	
20

	
56

	
51

	
90

	
93

	
94

	
134




	
38

	
−3.08646

	
−59.81134

	
22

	
15

	
56

	
44

	
69

	
119

	
155

	
151




	
39

	
−3.09091

	
−59.81191

	
24

	
19

	
55

	
70

	
85

	
128

	
149

	
164




	
40

	
−3.09533

	
−59.81251

	
24

	
21

	
27

	
32

	
89

	
127

	
145

	
157




	
AVERAGE

	
21

	
21

	
32

	
29

	
60

	
80

	
106

	
128










In the rising period, between November and February, the SSC increased twofold (60 to 128 mg·L−1). During this period, the Solimões River is dominant and expands in a south-north direction, pushing the black waters of the Negro River to the left bank, with black waters disappearing from the surface level in some areas. This dominance was also described by [11]. The processes of expansion and retraction of the two rivers in terms of SSC values can be understood from the dynamics of the hydrological regime of the Solimões and Negro River system. The discharge of waters from the Negro River is one-third that of waters from the Solimões River, and its backwater effect (natural dam caused by a main river over other minor before the confluence) starts in December and lasts for eight months [25]. This observation is evident from the water level at the Manaus gauging station on the Negro River. Its values follow the Solimões hydrological regime, and only during July to November does the water level correspond to the discharge of the Negro River (Figure 1C).



Park and Latrubesse show the same temporal and spatial variability, but do not show SSC values greater than 100 mg·L−1. This is because their study was conducted in April, June and September, and we observed that SSC peaks occur between January and February. It is also important to observe the transition period between the falling and rising periods (November and December). During these months, Solimões River dominance begins, as indicated by Gualtiere et al. [6], as the velocity begins to increase. This is an important fish spawning period.




3.2. Estimates of Suspended Sediment Concentration: Spatial Spectrometry Using MODIS Images


There is a relationship between SSC and reflectance (R2 = 0.76 for red and R2 = 0.84 for near infrared), however, the best relationship between SSC and reflectance is obtained with the spectroradiometer that directly with the MODIS images, this happens because the MODIS’s reflectance is the average of eight daily images, while the spectroradiometer‘s is obtained in the field in the same temp that is take the sampling. In the red band, it was observed that as of 100 mg·L−1 there is a wider dispersion between the SSC and spectroradiometer’s reflectance. So, this means the reflectance is above the saturation. This observation is valid to MODIS’ reflectance (Figure 3A,C). In this case, others studies [14,15,17,22,26] suggest using the infrared band, SSC exceeding 100 mg·L−1, in the confluence area, would be for the period from January to February (Figure 3E,G).


Figure 3. To red band: (A) Relationship between reflectance and SSC for spectroradiometer; (B) Mean monthly of SSC obtained by MODIS image to red band; (C) Relationship between reflectance and SSC for MODIS image; (D) Mean monthly of SSC obtained by MODIS image to red band; To infrared band: (E) Relationship between reflectance and SSC for spectroradiometer; (F) Mean monthly of SSC obtained by MODIS image to infrared band; (G) Relationship between reflectance and SSC for MODIS image; (H) Mean monthly of SSC obtained by MODIS image to infrared band.
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Estimates of SSC from MODIS images were made using the equation generated from the correlation of SSC values and reflectance measured by both spectroradiometer and MODIS. In the infrared band, the average monthly values calculated from reflectance are quite good for both the MODIS images and the spectroradiometer, especially during the May to December period, when SSC concentrations are below the threshold (Figure 3B,D). In the near-infrared band, MODIS overestimates SSC values, including for the months of January and February (Figure 3F,H). This could be related to the different discharge and SSC values in the confluence. Another factor that could influence those differences is atmospheric correction; the spectroradiometer sensors are installed a few meters above the water surface and are not affected by the atmosphere, but satellite data depend on favorable atmospheric conditions. This creates a need for complex corrections, which are integrated into the images used (products MOD09 and MYD09). The positive robustness of the atmospheric corrections of the MODIS sensors is well recognized [26]. In situations of low reflectance, however, such as backscattering from water in the near infrared, the accuracy of the corrections is reduced. Another factor that can generate noise by the response in the near infrared is the adjacency process that causes light photons from the edges (forest and urban zone) to mix with photons from the water surface. This process generates noise, particularly in a situation of low reflectance, which can change the reflectance values of the satellite over water. In addition, while the spectroradiometer captures the reflectance value at a specific point, the correlation is done using the reflectance value of the pixels of the MODIS images that have dimensions of 250 m × 250 m. These dimensions had never been a problem for previous works, because the methodology considered a single point in the center of the channel where the zone is reasonably homogeneous [26].



To assess SSC variability in the Solimões-Negro confluence, it was necessary to consider the hydrological period and concentration values due to the saturation of the red band. Because of lower concentrations between May and December, the red band equation was used for that period, while the equation for the near-infrared band was used during the high-concentration months of January and February. Figure 4 shows interpolated SSC values from sampling and MODIS image estimates to red and near infrared. MODIS data for December are incomplete because of atmospheric conditions. From June to August, on the surface, the Negro River takes on a larger portion of the left bank, while the right bank is dominated by the Solimões/Amazon. In contrast, from January to February, the surface of the confluence behaves like a white water River only; during this period, the confluence is controlled by the Solimões River, which changes flow direction due to an increase in velocity that may exceed 2 m·s−1 in the months of April/May [5].


Figure 4. Interpolate SSC values from samples and red and infrared bands of MODIS image.
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4. Conclusions


By taking monthly measurements during the hydrological year, the spatial and temporal variability of suspended sediments could be determined at the Solimões-Negro confluence. This is a contrast zone of suspended sediments that depends on the greater or lesser influence of its tributaries. Between January and February, the Solimões River dominates the confluence, while in July to August, the confluence presents characteristics of black waters.



This study shows that after calibration in situ, reflectance is a good tool for following spatial and temporal variability in a confluence where there are black and white waters. The MODIS images show a larger variance than the spectroradiometer, due to resolution and because the MODIS result is an average of eight daily images. The MODIS images have resolution problems during the rainy months due to low visibility; this period coincides with the peaks of suspended sediments.



It was necessary to consider the red band saturation; the near-infrared band should be used for high concentrations and the red band for lower concentrations.



These results provide important information for understanding others studies that examine aquatic life at the confluence of rivers.
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