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Abstract: Dissolved organic matter (DOM) is a crucial component of continental aquatic ecosystems.
It plays a vital role in the carbon cycle by serving as a significant source and reservoir of carbon in
water. DOM provides energy and nutrients to organisms, affecting primary productivity, organic
composition, and the food chain. This study presents empirical bio-optical models for estimating the
absorption of colored dissolved organic matter (aCDOM) in the Negro River using in situ remote
sensing reflectance (Rrs) data. Physical-chemical data (TSS, DOC, and POC) and optical data (aCDOM
and Rrs) were collected from the Negro River, its tributaries, and lakes and empirical relationships
between aCDOM at 440 nm, single band, and the ratio bands of Rrs were assessed. The analysis
of spectral slope shows no statistically significant correlations with DOC concentration or aCDOM
absorption coefficient. However, strong relationships were observed between DOC and aCDOM
(R% =0.72), aCDOM and Rrs at 650 nm (RZ > 0.80 and RMSE < 1.75 m~1), as well as aCDOM and the
green/red band ratio (R? > 0.80 and RMSE < 2.30 m~!). aCDOM displayed large spatial and temporal
variations, varying from 1.9 up to 20.1 m~!, with higher values in rivers of the upper course of the
Negro basin and lower values in rivers with total solids suspended > 10 mg-L~!. Environmental
factors that influence the production of dissolved organic matter include soil type, dense forest cover,
high precipitation, and low erosion rates. This study demonstrated that aCDOM can serve as an
indicator of DOC, and Rrs can serve as an indicator of aCDOM in the Negro basin. Our findings offer
a starting point for future research on the optical properties of Amazonian black-water rivers.

Keywords: black-water river; dissolved organic matter; floodplain; colored dissolved organic matter

1. Introduction

Dissolved organic matter (DOM) plays a pivotal role in continental aquatic ecosystems,
contributing significantly to various biogeochemical processes that govern the interaction
between the biosphere and the atmosphere [1,2]. This influence is particularly noteworthy
in processes associated with the carbon cycle. The presence of DOM in aquatic environ-
ments acts as a key factor regulating dissolved oxygen levels, acidity, and the availability
of nutrients and pollutants [3]. Additionally, DOM influences the attenuation of light in the
water [4,5]. In aquatic systems, the quantification of organic matter is primarily achieved
through total organic carbon (TOC) and its subdivisions, namely dissolved organic carbon
(DOC) and particulate organic carbon (POC).

Continental aquatic ecosystems have a crucial role in the storage, processing, and
transport of terrestrial-derived organic matter to the oceans through rivers. They serve

Remote Sens. 2024, 16, 613. https:/ /doi.org/10.3390/rs16040613

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs16040613
https://doi.org/10.3390/rs16040613
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-5219-8635
https://orcid.org/0000-0003-3281-8512
https://orcid.org/0000-0001-6103-5192
https://orcid.org/0000-0002-1172-9636
https://doi.org/10.3390/rs16040613
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16040613?type=check_update&version=2

Remote Sens. 2024, 16, 613

20f19

as essential natural freshwater reservoirs and habitats for a diverse range of animal and
plant species. The study of these environments is crucial to our understanding of the global
carbon cycle, as they actively contribute to the emission of carbon dioxide and methane [6].
Notably, the Amazon Basin, the world’s largest river system, exports an estimated 22 to
27 Tg of dissolved organic carbon to the Atlantic Ocean [7,8].

Given the high cost associated with processing dissolved organic carbon (DOC) data
in the laboratory and logistical challenges in collecting samples over large aquatic environ-
ments, remote sensing data have emerged as a valuable quantitative indicator of colored
dissolved organic matter (CDOM) [4,9-12]. CDOM, considered the optically active portion
of DOM, can be remotely monitored over extensive areas using bio-optical models that
relate the absorption coefficient of CDOM (aCDOM) to radiometric data [13,14], primarily
utilizing remote sensing reflectance (Rrs) [11,15,16].

In recent years, the remote sensing community has faced significant challenges in
understanding the origin and processing of dissolved organic matter in continental, coastal,
and ocean sources. To address this issue, emphasis has been placed on the use of orbital and
in situ radiometric data. Recent studies have developed models to analyze the temporal
and spatial variability of CDOM, including empirical [17-20], semi-analytical [21-24], and
machine learning models [25-27].

Empirical algorithms, while simple to implement and computationally efficient
[10,11,13,28], rely on observational data and are limited to specific contexts, compromising
their ability to generalize to diverse conditions. It is important to note that the most com-
monly used Rrs band ratios in empirical algorithms are those associated with the green to
red [10,29,30] or red to blue [28,31] ranges. Semi-analytical algorithms, on the other hand,
incorporate both theoretical and statistical techniques, as well as observational elements.
Their modular structure makes them suitable for regional customization [32], allowing for
optimization of the empirical relationships on which they are based [33]. However, their
implementation demands substantial computational resources due to their complexity [13].
The use of semi-analytical methods, e.g., QAA models, in inland waters with intricate
absorption characteristics often results in low precision and requires complex parameteri-
zation compared to empirical models based on Rrs (either single-band or band ratio) and
CDOM [28]. Machine learning-based algorithms, known for their ability to generalize in
complex and variable patterns, require extensive and representative datasets and a more
intricate interpretation of their outcomes [34].

Despite the interest in CDOM studies with remote sensing data dating back to the
1980s [35], few studies have been conducted in the Amazon Basin [12,36-38]. However,
estimating the concentration of DOM in large aquatic ecosystems is important for un-
derstanding primary productivity [39], greenhouse gas emissions [40], pH implications,
contaminant transport within the ecosystem, and the suitability of surface waters for
human use [11].

The Negro River and its floodplain (igapd forests) is the main black-water aquatic
ecosystem in the Amazon Basin, which is responsible for approximately 40% of the total
organic carbon transported by the Amazon River. Its waters have a high concentration of
DOC, acidic pH [40], and low total suspended solids concentration [41]. In this environment,
light absorption processes outweigh scattering, resulting in the dark appearance of the
water due to its low reflectance [36,42].

This study aims to evaluate the use of remote sensing reflectance in situ data to
estimate CDOM in the Negro River. It is important to consider the need for new in situ
studies to establish relationships between dissolved organic matter and remote sensing
data [11,43], as satellite data can only capture reflected energy and not absorbed energy.
The main objective of this article is to assess empirical bio-optical models for estimating
aCDOM using in situ remote sensing reflectance for the Negro River, a crucial ecosystem in
the Amazon Basin that harbors unique biodiversity, supporting an extraordinary number
of protected areas and indigenous communities. Additionally, it is the largest Ramsar site
on the planet [44]. Therefore, evaluating the quality and health of water bodies through
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aCDOM monitoring is a significant endeavor for developing conservation strategies for
the region [45].

2. Materials and Methods
2.1. Study Area

The data used in this study were collected from different sections of the Negro River
and its main tributaries, which are located in the northern part of the Amazon Basin
(Figure 1). The Negro River basin covers an area of 712,000 km? spanning Brazil, Colombia,
Venezuela, and Guyana. More than 80% of the basin is located within Brazilian territory and
is characterized by elevations below 200 m.a.s.1. This basin drains extensive regions of dense
tropical forest and open vegetation (grasslands and savannas) on geologically ancient Pre-
cambrian Guiana Shield terrains [46]. The Negro River flows over Cretaceous sedimentary
rocks [47], and its floodplain covers approximately 17% of the basin’s area [48]. The average
annual precipitation in the Negro River Basin averages over 2600 mm [49], and the average
annual net discharge near the mouth is approximately 30,000 m3-s~! [41], with higher
values between May and July (high-water season) and lower values in October-November
(low-water season).
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Figure 1. Location of the study area and sampling sections.

The Negro River and its main black-water tributaries exhibit a high concentration
of dissolved organic carbon (~8 mg-L~!) and low suspended solids when compared to
rivers like the Amazonas, Madeira, Tapajos, and Xingu. The Negro River has a total
suspended solids concentrations on the order of 5 mg-L’1 [42]. The black-water in this
basin, ranging in color from brown to reddish, is rich in humic substances, nutrient-poor,
acidic (pH 4-5), and has electrical conductivity less than 20 uS-cm 1 [45]. Black-waters
in these rivers primarily result from decomposed plant organic matter and the presence
of shallow podzol soils [50]. The primary tributary of the basin is the Branco River, a
clear-water river draining extensive savanna areas with its mouth located on the left bank
of the Negro River, characterized by slightly acidic to neutral pH (6-7) and an average
suspended solids concentration of 15 ngf1 [42].

In the Amazon Basin, dissolved organic carbon represents approximately 70% of the
total carbon, with concentrations ranging from 4 to 6 mg-L~! in the Solimdes, Amazonas,
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and Madeira rivers, and exceeding 10 mg-L~! in the Negro River [7,8]. The DOM present
in the Negro River is primarily derived from decomposed plant material in large areas with
soils that leach humic substances into the drainage channel [50]. DOM in this type of aquatic
environment plays a significant role in light absorption and attenuation within the water
column, limiting phytoplankton primary production (the chlorophyll-a concentrations
in this river is less than 01 ug-L~!), contributing to the production of significant carbon
dioxide fluxes [40].

2.2. On-Site Data Collection

This study analyzed 80 physical-chemical and optical datasets collected from 25 sam-
ple stations along a 1100 km reach of the Negro River, its tributaries, and connected lakes
(Figure 1). In each sampling station, triplicates of dissolved organic carbon (DOC) concentra-
tion, particulate organic carbon (POC), total suspended solids (T'SS) concentration, absorption
coefficient of CDOM (aCDOM), and remote sensing reflectance (Rrs) were obtained. After
collecting water samples from the sub-surface for DOC, POC, TSS, and CDOM analyses, we
conducted radiometric measurements simultaneously in the same spatial-temporal domain.
This dataset was collected during both high- and low-water periods between 2017 and 2021
(for details see Supplementary Materials Table S1).

The DOC and POC concentrations were determined in water samples filtered through
analytical filters—glass microfiber, resin-free, with a porosity of 0.7 um, 47 mm in diameter
(MERK S/A AP4004700; Merck Millipore, Darmstadt, Germany)—free from organic con-
tamination, as they underwent a decontamination process through calcination in a muffle
furnace at 450 °C for 4 h. The filtered samples were stored in amber glass bottles and kept
in refrigerators until the time of analysis. The DOC concentration was determined using the
Shimadzu TOC-VCPH (Kyoto, Japan) total carbon analyzer with the high-temperature com-
bustion method at 680 °C—Method 5310 B, High-Temperature Combustion Method [51].

The POC was quantified in the filtered material using an elemental analyzer following
the NF EN 1484 /IS0 8245 method [52]. The concentration of total suspended solids (TSS)
was determined using the SO-Hybam protocol [53], which is based on the difference in
weighing cellulose acetate filters with a porosity of 0.45 pm.

The absorption coefficient of colored dissolved organic matter (aCDOM) was deter-
mined using the hyperspectral spectrophotometer TriOS VIPER (Rastede, Germany), which
operates in the range of 350 to 750 nm with a resolution of 2.2 nm. Sample processing
in the spectrophotometer was carried out on the same day as the Rrs measurements and
water sample collection to determine DOC concentration. aCDOM was obtained using
Equation (1) [54]:

2303 x A(A)

aCDOM(A) = ===, (1)

where 2.303 is the conversion factor between the base 10 logarithm and natural logarithm,
A(A) is the absorbance value at wavelength A (nm), and L is the optical path length of the
spectrophotometer cuvette cell (0.1 m). Milli-Q water was used as a reference.

The remote sensing reflectance (Rrs in sr~1) was obtained using the simultaneous
operation of three TriOS RAMSES sensors, with two sensors measuring radiance and one
sensor measuring irradiance, all operating between 320 and 950 nm with a resolution
of 3.3 nm. These measurements were conducted with a 40° viewing angle towards the
water surface and a solar azimuth angle of 135° [55]. Rrs at different wavelengths (1) were
determined using Equation (2):

Li(A) — p(ws,aot, A).Ls(A)

Rys (/\) = E. (A) ’

@)

where E; is the incident irradiance at the water surface at 90°, L; is the upwelling radiance
from the water surface at 40° off-nadir, Ls is the radiance from the sky at 40°, p is a tabulated
multiplicative factor [56], ws is the wind speed measured in situ, and aot is the aerosol
optical thickness calculated using CAMS dataset [57]. Figure 2 shows examples of the
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collected Rrs in the study area during the high-water (Figure 2a) and low-water (Figure 2b)
periods. Further details on the Rrs processing can be found in Marinho et al. [42].
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0.020 —Black waters
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Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 2. Examples of Rrs collected in different sections of the Negro River (black-water), its
tributaries (black- and clear-water), and the Amazon River (white-water). (a) High-water period;
(b) low-water period.

2.3. Model Development and Analysis

aCDOM at 440 nm (aCDOM) data were used to analyze the spatial variability of
DOM and for the development of bio-optical models using empirical approach. Several
studies have evaluated the ratio of Rrs bands at wavelengths in the visible and infrared
spectrum to estimate aCDOM in coastal and inland waters [9-12,18,58]. To develop an
aCDOM algorithm, we divided the dataset of in situ data into two representative and
independent sub-datasets: 70% for calibration and 30% for validation. Linear and non-
linear statistical relationships were assessed between aCDOM (dependent variable) and the
ratio of Rrs bands (independent variables) to fit bio-optical models for estimating CDOM
in the study area.

Before creating a new customized aCDOM model, we evaluated the accuracy of three
existing empirical algorithms found in the literature that use the bands ratio (Ficek et al. [10])
and Sentinel-2 MSI simulated bands from the in situ measured Rrs [11,12]. Empirical mod-
els developed by Brezonik et al. [11] and Da Silva et al. [12] were assessed to estimate
aCDOM for the Negro River using simulated Rrs for Sentinel-2 satellite bands (MSI sensor).
The MSI bands were simulated using the in situ Rrs spectra measured in the study area
resampled using the relative spectral response function of this sensor. The resampling was
performed using Equation (3):

Z?: Rrs(/\l-) X RER(/\Z-
Rys(Ag) = 12?:1 e ), 3)

where R,#(A;) is the remote sensing reflectance MSI band simulated at wavelength j, and
RER is the relative spectral response of each spectral band of the MSI sensor.

The spectral slope (Equation (4)) is an index calculated between different wavelength
intervals that can be used to characterize the physical-chemical properties of dissolved
organic matter, such as its origin and molecular weight [59]. Based on the aCDOM spectra,
exponential functions were fitted to assess the values of spectral slope (S) in the following
intervals: 360 to 400 nm (S3¢0-400); 360 to 500 nm (S340-500); 400 to 460 nm (Sy00-460); and
380 to 700 nm (8380—700)'

acdom(A) = acdom (Aref)-e~S(A=Aref) ()
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where S represents the spectral slope (nm~!) within the wavelength interval from A to Aref,
and Aref is a reference wavelength (nm).

The uncertainties of the models, both from the literature and developed, were evalu-
ated by comparing the estimated and observed data using the coefficient of determination
R?, Root Mean Square Error (RMSE), and Mean Absolute Percentage Error (MAPE), as per
Equations (5) and (6), respectively:

L 2
RMSE — Z ('xl nxobs) , (5)
MAPE = Y |FLTebs 100, 6)
- Xobs

where x,;; and x; are the observed and estimated values of aCDOM, respectively, and 7 is
the number of samples.

3. Results

This study analyzed a dataset of 80 samples of CDOM from different hydrological
periods. Of these, 58 samples were acquired during low-water periods and 22 during
high-water periods. The sampling locations covered diverse areas within the basin, in-
cluding the Negro River channel (48 samples), the Amazon River (08 samples), lakes
connected to the Negro River (04 samples), and tributaries along the left and right banks
of the Negro River (20 samples). Additional details about this dataset can be found in
Table S1 of the Supplementary Materials.

3.1. Optical and Chemical Properties of Negro River and Tributaries Waters

The absorption of light in the water column can be explained by the sum of pure water
absorption, suspended solids, phytoplankton, and CDOM. In the Negro River basin, the
highest absorption coefficients among the Amazonian rivers stand out, mainly because its
waters are strongly marked by the high CDOM and low TSS. Figure 3 presents the dataset
of aCDOM from the Negro River and its tributaries, in which we highlight the high values
in the violet region (400 nm) and its exponential reduction towards longer wavelengths.

Table 1. Average values of DOC, POC, TSS, and aCDOM at the sampling stations in the Negro River
and its tributaries. Please refer to the station locations in Figure 1. The acquisition dates and number
of samples used in this study are available in Supplementary Table S1.

Section River Name DOC POC TSS aCDOM at 440
(mg-L—1) (mg-L—1) (mg-L-1) (m~1)
RN1 to RN13 Negro 10.03 0.33 4.67 8.97
ICA Icana 15.45 0.46 3.21 13.36
UAU Uaupés 9.47 0.40 9.64 4.16
CUR Curicuriari 18.40 0.16 2.55 18.80
MAE Marié 20.10 0.30 4.60 15.18
CAU Cauaburi 8.17 0.47 14.58 8.69
MAR Marauia * 0.50 15.14 3.16
TEA Tea 14.76 0.47 3.12 10.17
UNE Uneixi 12.70 0.37 2.90 8.50
DEM Demini 6.23 0.55 10.27 6.30
BCO Branco 4.94 0.70 12.03 1.84
JAU Jau * 0.67 * 7.08
LAK Apacu Lake 7.32 0.35 8.48 494
TAR Taruma * * 12.41 5.68
RS1 Amazon 3.05 1.52 50.80 2.15

* Data not available.
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Figure 3. aCDOM of the Negro River (a) and tributaries (b). Note that the Y-axis scale in (a) is
different from the Y-axis scale in Figure 3b. Refer to Table 1 for the names of the sections in (b).

In the dataset of the Negro River (Figure 3a), the aCDOM at 440 nm exhibited an aver-
age value of 8.97 m~!, ranging from 6.10 m~! (station RN6) downstream of the confluence
with the Branco River to 10.64 m~! (station RN9) downstream of the Jau River. In the
stations located in the tributaries (Figure 3b), were observed average values of aCDOM
at 440 nm of approximately 5.39 m~!, but with a greater range, varying from 0.61 m~!
(BCO station) in the Branco River to 18.80 m~! (CUR station) in the Curicuriari River,
respectively. The ratio between maximum and minimum values of aCDOM at 440 nm was
approximately 10.22, indicating a high spatial variability of CDOM in this basin.

The average concentration of DOC in the Negro River was 10.03 mg-L~!, ranging from
4.22 mg-L~! (station RN6) in its middle course to 14.76 mg-L~! (station RN2) in its upper
course. It is worth noting that the low DOC concentration at station RN6 is related to the
influence of the Branco River, which is the main river of the Negro basin with clear water
and the highest concentration of total suspended solids (Table 1). Like the aCDOM data,
the tributaries of the Negro River show high spatial variation in DOC concentration values,
with the lowest concentration (4.20 mg~L’1) observed at station PBC, a narrow channel
influenced by the Branco River. The Branco River has an average DOC concentration of
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around 5.18 mg-L~!. The highest DOC concentrations were observed at stations MAE
(20.10 mg~L’1) and CUR (18.40 mg-L’l), which are both rivers located on the right bank,
draining the tropical forest-covered plain with an annual average precipitation exceeding
3200 mm year.

Regarding the concentration of POC, an average value of 0.33 mg-L~! was observed
in the Negro River, with values ranging from 0.14 mg-L~! in the upper basin (section RN1)
to 0.65 mg-L~! in its middle course (section RN5). The average concentration of POC in the
tributaries was slightly higher than that in the Negro River, approximately 0.45 mg-L~!,
varying from 0.16 mg-L~! in the CUR section to 0.70 mg-L~! in the BCO section (Table 1).
In general, it was observed that POC in the Negro basin accounts for an average of 7.33%
of TSS, with higher proportions observed in the Tea, I¢ana, and Uneixi rivers, all of which
drain extensive dense forest plains on the right bank.

The aCDOM at 440 nm is the most used indicator to characterize the concentration
of colored dissolved organic matter in natural waters. The relationship between DOC
and aCDOM was assessed and Figure 4 shows the positive linear relationship (R? = 0.72)
obtained, making it possible to separate rivers dominated by black-water (DOC > 6 mg-L~1)
from rivers with white-water (TSS > 12 mg-L~!, orange and green dots in Figure 3).

s O RN
O P AICA
) m UAU
e 0 CUR
o N OMAE
o CAU
*e’ o TEA

' .“ ® UNE

_.-’"., DOC = 0.8944x + 2.6418 DEM
. R2=0.7265 e BCO

,° e LAK
RS1

5 10 15 20 25
aCDOM at 440 nm (m™)

Figure 4. DOC versus aCDOM in the Negro River Basin. The dashed black line indicates a 1:1
relationship. Please refer to Table 1 for the names of the sections.

The aCDOM/DOC ratio indicates that light absorption at 440 nm increases with
DOC concentration. The comparison between observed DOC data and DOC estimated
based on aCDOM indicated an RMSE of 2.73 mg-L~!, with a tendency to overestimate the
concentrations (Figure 4).

The analysis of the average spectral slope over different intervals in the UV-visible
region showed variations ranging from 0.014 to 0.016, with no significant differences
between high-water (0.016) and low-water periods (0.015). The spectral slope for the
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wavelength range of 380 to 700 nm (S3s0-700) had a wider range, with minimum values of
0.009 (UNE section) to maximum values of 0.038 (MAR section), as shown in Table 2.

Table 2. Spectral slope mean values for different ranges of UV-visible. Please refer to the station
locations in Figure 1 for specific details.

Water Type Section S360-400 S360-500 S400-460 S380-700

RN 0.016 0.015 0.016 0.015

ICA 0.016 0.015 0.016 0.012

UAU 0.015 0.015 0.017 0.016

CUR 0.016 0.015 0.016 0.013

MAE 0.016 0.015 0.016 0.011

Black CAU 0.015 0.015 0.016 0.022
TEA 0.016 0.015 0.016 0.010

UNE 0.016 0.014 0.015 0.009

JAU 0.016 0.015 0.017 0.012

LAK 0.015 0.015 0.016 0.011

TAR 0.015 0.014 0.015 0.011

MAR 0.015 0.017 0.018 0.038

Clear DEM 0.015 0.014 0.015 0.012
BCO 0.017 0.016 0.015 0.012

White RS1 0.017 0.018 0.021 0.011

It was observed that the spectral slope of samples collected in black-water rivers was
lower than those from rivers with higher concentrations of total suspended solids. In
general, we found that the spectral slope calculated in different UV-visible ranges did not
exhibit significant relationships with DOC concentration and aCDOM.

3.2. Empirical Models to Estimate aCDOM

We evaluated three models available in the literature for estimating aCDOM from
remote sensing reflectance (Table 3). The performance of each model was assessed consid-
ering the Rrs in situ data collected during both high- and low-water hydrological periods
in the Negro River Basin.

Table 3. Performance of empirical models for aCDOM at 440 nm (aCDOM). hw = high water. Iw = low
water. For the scatter plots of the match-ups between aCDOM models see Supplementary Figure S1.

Author Model R? RMSE MAPE (%)

hw Iw hw Iw hw Iw

Ficek et al. [10] aCDOM = 3.65 [Rrs(570)/Rrs(655)] ~19%3 061 063 545 625 134 54
Brezonik etal. [11]  In(aCDOM) = 1.872 — 0.830 In(MSI-2/MSI-6) 052 067 402 667 97 69
DaSilvaetal. [12] aCDOM = 4.39 MSI=2/MSI=3) , (59 (MSI-6/MSI-5) _ ¢ g7 056 008 569 740 73 73

The R2, RMSE, and MAPE are metrics used to assess the goodness of fit, accuracy, and
precision of the model’s predictions. R? indicates the proportion of variance in aCDOM that
can be predicted from Rrs. RMSE measures the average magnitude of the residuals, while
MAPE evaluates the accuracy of predictions in terms of percentage errors. Both the Ficek and
Brezonik models tend to overestimate the estimated aCDOM and the Da Silva et al. model
shows higher dispersion during low- and high-water periods (refer to Figure S1).

The performance of models developed in previous studies and applied to the rivers in
the Negro basin showed R? values ranging from 0.08 to 0.67 in the relationship between
aCDOM and ratios between Rrs bands (Table 3). The highest percentage error (MAPE of
134%) was obtained with the Ficek et al. [10] model for the high-water period data. On the
other hand, this model had the lowest MAPE value for the low-water period data due to
the higher Rrs at 570 observed in the BCO and LAK sections (see Figure 2). The models
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aCDOM440 (m-!)

of Brezonik et al. [11] and Da Silva et al. [12], which use Sentinel-2’s blue (MSI-2) and
near-infrared (MSI-5 and MSI-6) simulated bands, were not suitable for monitoring colored
dissolved organic matter in the Negro basin.

Figure 5 shows the coefficients developed in this study that consider the relationship
between aCDOM and the ratio between Rrs at green and red bands. The functions ob-
tained in both low- and high-water periods exhibit a negative exponential shape, with R
coefficients exceeding 0.80. The model obtained with high-water data had an RMSE of
2.29 (m~!), while the model obtained with low-water data had an RMSE of 1.96 (m~!). The
MAPE was 58% for high-water data and 34% for low-water data.

20 20
y = 1.8763x"-1.6423 y = 4.4018x"-1.5184
R2=0.81 Rz=0.81
154 154
E
=
I
10 = 104
Q
@)
&)
<
54 5
0 T T y T 0 T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0

Rrs at 560 nm / Rrs at 665 nm

Rrs at 560 nm / Rrs at 665 nm
(a) (b)

Figure 5. Relationship between aCDOM at 440 nm and the ratio of Rrs for MSI bands simulated at
560 nm and 665 nm in the high-water period (a) and low-water period (b). The blue lines are 95%

confidence intervals.

As highlighted earlier, during low-water periods, there are higher values of Rrs at 560 nm
over the waters of the Branco River and lakes connected to the floodplain of the Negro River,
resulting in values exceeding 1.00 in the ratio between green and red bands (Figure 5b).

This study also obtained a good correlation between Rrs at 665 nm and aCDOM at
440 nm, considering an exponential fit (Figure 6). Using only Rrs at 665 nm to estimate
aCDOM, the R? values range from 0.84 to 0.88, and the RMSE was 1.75 (m~!) for the model
obtained with high-water data (Figure 6a) and 0.88 (m~!) for the model obtained with
low-water data (Figure 6b). The MAPE was 34% for high water and 12% for low water. This
indicates that the red band exhibits good sensitivity to monitor the spatial and temporal
variation of CDOM in the Negro River basin.

The R? values indicate that around 88% and 84% of the observed variation in Rrs
at 665 nm is associated with changes in aCDOM concentration during high-water and
low-water periods, respectively. The regression slope that Figure 6 models is negative,
indicating that Rrs decreases as aCDOM concentration increases, particularly during low-
water periods. This behavior is a result of aCDOM'’s ability to absorb sunlight, which
reduces the amount of light that reaches the water’s surface and is reflected.
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Figure 6. The relationship between aCDOM at 440 nm and the Rrs for MSI band simulated at
665 nm for the high-water period (a) and low-water period (b). The blue lines represent the 95%
confidence intervals.

4. Discussion

Obtaining the spatial distribution of CDOM is crucial for inferring biogeochemical
processes occurring in aquatic environments and obtaining insight into the dynamics
of large aquatic ecosystems with complex optical properties, such as the Negro River.
Mapping CDOM in different regions allows for a better understanding of how DOM in
rivers can be influenced by environmental factors like temperature, salinity, and pH. This
information contributes to a deeper comprehension of biogeochemical processes, water
quality, and aquatic ecosystems. Furthermore, it can provide valuable insights into the
management and conservation of water resources.

This study analyzed the connections between the spectral properties of water surfaces
and the functional characteristics of complex wetland ecosystems. It identified unique
interactions between solar radiation and the Amazonian rivers. This assessment allows
for the visualization of biogeochemical dynamics in aquatic systems with increasing detail.
It leverages the capabilities of new satellite generations, such as Landsat-8, Sentinel-2,
Landsat-9, PRISMA, ERMAP, and Planet Tanager, to detect subtle changes in inland water
spectral behaviors at higher spatial, spectral, and temporal resolutions. Despite these
advancements, identifying carbon inputs and fluxes in inland waters remains a pivotal
focus for future remote sensing investigations [13]. Rivers play a fundamental role in the
global carbon cycle, underscoring the importance of developing early warning systems to
monitor and understand carbon dynamics in these vital ecosystems.

The presence of CDOM significantly affects water quality in both continental and
coastal aquatic ecosystems. In the case of the Negro basin, the high CDOM at 440 nm in the
rivers reduces the single scattering albedo and alters its physical and chemical properties.
For example, the average temperature of the Negro River is approximately 1 °C higher than
that of the Amazon River [60]. CDOM also affects water acidity (pH), nutrient retention
capacity, and the formation of complex chemical compounds through chemical reactions.
These changes in the physical and chemical properties of water due to CDOM affect the
availability of nutrients in aquatic ecosystems, photosynthesis, as well as the diversity and
composition of the biological community [61].

CDOM is an important photoactive component of dissolved organic matter that
strongly absorbs ultraviolet and visible light [36]. It is formed by a combination of acid-
soluble substances leached from the soil, primarily originating from the degradation of
vegetation in the soil [5], and can influence the amount of light available in the water
for photosynthesis [13].
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CDOM plays an important role in aquatic ecosystems because the absorption of light
by dissolved organic matter influences the availability of radiant energy for photosyn-
thesis and other biological processes in aquatic ecosystems. Additionally, the interaction
of CDOM with light can also affect water temperature and the photodegradation and
photosensitization processes. The black-water rivers in the Negro River basin have a
high concentration of humic acids [50,62,63]. The humic substances present in aquatic
environments in the basin, along with the high concentration of dissolved organic carbon,
can create conditions to act as a buffer and affect the chemical equilibrium of the aquatic
environment and nutrient availability [64].

The soils in the Negro basin are nutrient-poor, with extensive areas of sandy texture,
covered by dense equatorial forest [65]. A typical soil in the Negro basin is Podzol, mainly
found in the upper courses of the Negro and Branco rivers, characterized by its low chemical
fertility due to its high acidity, abundant quartz, and low clay content. Along the floodplain,
Gleysols predominate [66]. Clayey soils are the main source of dissolved silica, while sandy
soils are considered the primary source of organic compounds and mineral particles [63].

The primary change in optical properties caused by the high CDOM values in the
analyzed rivers is the increase in the absorption of solar radiation in the water column,
which, in turn, influences the physical properties of the water near the surface (average
temperature of 30.20 °C; pH of 4.88; and dissolved oxygen of 7.42 mg-L~!). These extreme
conditions can intensify with global warming scenarios and affect water quality and the
capacity to support aquatic life in the igapds of the basin.

In the Negro River and right-bank tributaries, DOC accounts for more than 97% of the
total carbon, while in the Branco River, this proportion reduces to 86%. The ratio between
POC concentration and TSS concentration can be used to understand the relationship
between the amount of suspended material and the amount of particulate organic carbon
in the water. Higher ratios (POC/TSS > 10%) were observed in the data collected from
the Icana, Tea, and Uneixi rivers, indicating that in these tributaries, there is a greater
contribution of POC compared to suspended material compared to other rivers in the basin.

The light absorption by CDOM can provide information about the allochthonous
(terrestrial source) or autochthonous (algae, microbes) origin of DOC. The CDOM in the
Negro River predominantly has an allochthonous origin [67], with a higher degree of
aromaticity and larger molecular weight. Absorption spectra of CDOM typically exhibit
properties like absorption near 280 nm and fluorescence around 360-400 nm, which are
common characteristics of DOC from terrestrial sources. In contrast, dissolved organic
matter produced by algae and/or microbes generally shows high absorption around
254 nm and weaker fluorescence around 400-500 nm [4]. Analyses of the spectral slope
of the absorption in these regions of the electromagnetic spectrum can provide important
information about the origin of DOC [4,12]. The acids present in the aquatic environment
of the Negro basin are dark compounds primarily derived from the decomposition of local
vegetation that has primarily developed on podzolic soils [67,68].

As presented in Table 2 and observed in previous studies [11,12,59,69], the spectral
slope values tend to remain within a narrow range. In the case of the Negro River, the
spectral slope was around 0.015, a value close to data obtained in oceanic [70] and terrestrial
waters [12,69]. It is interesting to note that when evaluating the relationship between
aCDOM and spectral slope about the origin of CDOM, it was not possible to observe a clear
pattern in terms of temporal or spatial variations in this basin. However, it is important to
highlight that this analysis had limitations due to the unavailability of SUVA and spectral
slope calculated near 220 nm for a more comprehensive and detailed characterization of
these relationships.

The presented dataset in this study focuses on water quality and remote sensing, with
a predominance of black-water in the Amazon Basin. The results show a strong relationship
between aCDOM and DOC concentrations (Figure 4), as well as between aCDOM and Rrs
at 560 nm/Rrs at 665 nm (Figure 5), which is consistent with previous studies [11,12,18,71]
conducted in different aquatic environments. Empirical algorithms were chosen for their
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effectiveness in capturing the simple relationships between in situ remote sensing data and
aCDOM in this environment. The simplicity and practicality of empirical models make
them well-suited for our study, allowing us to efficiently assess the accuracy and feasibility
of this approach for aCDOM estimation in optically complex inland waters.

The observed positive correlation between CDOM and DOC concentrations can be
explained by the fact that CDOM primarily originates from DOM. The wide range of
DOC and aCDOM values in the rivers of the basin (0.61-18.80, see Table 1), as well as the
predominantly terrestrial origin of DOM, further support this relationship. This correlation
has allowed for the development of empirical predictive models to estimate aCDOM, which
can be used to predict CDOM in the study area based on red and green bands.

The aCDOM at 440 nm exhibited spatial and temporal variation in the study area, with
higher values in the right-bank tributaries (Curicuriari, Icana, and Marié rivers) located in
the upper course of the Negro basin and lower values in white-water rivers with higher
TSS concentrations (Branco, Marauid, and Amazon rivers). This spatial variation followed
the pattern of DOC presented in Table 1, with higher values observed in the upper course
tributaries. During the high-water period, we noticed lower values of the green/red band
ratio (<1), which can be related to the greater absorption of light by CDOM in the water
during the flooding period. In this basin, the fluvial regime’s variability causes water levels
to vary by up to 10 m between high-water and low-water periods [41].

This study’s results demonstrate that seasonality affects the green/red band ratio. Dur-
ing the high-water period in the Negro basin, there is a higher concentration of dissolved
organic carbon (DOC), resulting in reduced reflectance across the visible spectrum [36]. It
is noteworthy that Da Silva et al. [12] estimated aCDOM in lakes located in the Amazon
floodplain with a strong influence of suspended solids from the Amazon River, using simu-
lated in situ Rrs from the MSI sensor (Sentinel-2). The evaluation of this model using blue-,
green-, and red-edge bands with data from the Negro basin showed good performance
for data collected during the high-water period (refer to Table 2). However, models that
use the blue band to estimate aCDOM may perform poorly due to the strong influence of
atmospheric constituents in this spectral region [19,72].

The aCDOM values at 440 nm observed in this study are higher than those obtained
in previous studies in the Amazonian floodplain [12,36], lakes, and rivers with different
trophic states [69], as evident in Table 4. The soil, a dense forest cover, high precipitation,
and low erosion rates observed in the Negro basin are the primary environmental factors
explaining CDOM in this region.

Table 4. Average values of aCDOM at 440 nm in rivers from different countries.

aCDOM at 440 nm aCDOM at 440 nm

Country River Mean (m-1) Range (m-1) Source
Brazil Negro and 8.97 4.94-20.10 This study
tributaries
Amazon 2.15 1.03-6.71
USA Altamaha 4.71 1.04-15.28
Ashepoo 14.59 6.52-21.08
Duplin 0.74 0.26-1.50
Edisto 8.45 2.22-12.98
Ogeechee 1.88 0.62-3.92 GLORIA [73]
Satilla 2.68 1.31-4.08
St. Jones 1.21 0.78-2.00
St. Marys 5.91 0.70-14.88
Vietnam Soai Rap 0.54 0.78-3.22

Figure 7 shows the longitudinal distribution of average CDOM along the Negro River,
Amazon River, and the coast of French Guiana, highlighting aCDOM at 440 nm values
exceeding 10 m~! along the entire Negro River, except for data observed in the Uaupés
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River, an upper-course tributary. It is interesting to note that the aCDOM values of the
Amazon River are not affected by the input of CDOM from the Negro River, indicating that
the high concentrations of total suspended solids in white-water rivers of the Amazon River
mask the spectral signature of CDOM [43,74]. Indeed, the area drained by the Amazon
River upstream from the mouth of the Negro River contributes significantly to the dissolved
organic matter exported to the ocean, but CDOM does not dominate the spectral response.
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Figure 7. Spatial distribution of aCDOM at 440 nm in the Negro basin, Amazon River, and the coast
of French Guiana. Source: This study and GLORIA [73].

During the low-water period, some of the water stored in the floodplain lakes during
the rainy season flows into the channels of the Negro River. This dynamic can influence the
concentration of DOC and, as a result, increase light absorption. Internal processes, such
as autochthonous CDOM production, primary production, photooxidation, and bacterial
decomposition, have a low influence on the colored dissolved organic matter in the Negro
River waters.

5. Conclusions

This study assessed the spatial and temporal variation of colored dissolved organic
matter (CDOM) in black-water rivers in the northwest Amazon Basin. Using a dataset of in
situ aCDOM at 440 nm, dissolved organic carbon (DOC), and remote sensing reflectance
(Rrs), empirical algorithms were evaluated and developed to estimate the aCDOM for
rivers in the Negro River basin, using the ratio of Rrs in the green and red bands. Robust
relationships were obtained between aCDOM and DOC, as well as between aCDOM and
the Rrs bands ratio.

It was shown that aCDOM can serve as a proxy for DOC, and Rrs can serve as a
proxy for aCDOM in the Negro basin. It is important to note that the correlation was lower
during the flood period. Additionally, we observed that the results in the model fits were
influenced by the presence of waters with widely distinct spectral responses.

Our results demonstrate the feasibility of using aCDOM and the Rrs ratio to monitor
colored dissolved organic matter in black-water rivers in the northwest Amazon Basin. The
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analysis of the relationship between the Rrs ratio in the green and red bands and aCDOM,
as observed in various studies, proves to be suitable for monitoring the colored dissolved
organic matter in the Negro River. Although the empirical relationships are only valid for
the analyzed dataset, the evaluated models suggest that Rrs can serve as a quantitative
indicator of DOC concentration in this basin. This enables the future evaluation and use of
orbital or airborne multispectral sensors.

This study shows that CDOM can be used to monitor organic carbon in the Negro basin,
and Rrs data can be used to map its spatial distribution with satellite images. However,
robust atmospheric correction is necessary. The water composition of black-water rivers
in the Amazon varies significantly due to the soil and vegetation characteristics of the
basin. These optical differences are reflected in the aCDOM and remote sensing reflectance.
Therefore, when analyzing rivers with significant optical differences, the empirical model
developed in this study considered the complexity of the water composition in this basin.
This consideration improved the accuracy of aCDOM estimates.

For different UV-visible ranges, we demonstrate that black-water rivers in the Amazon
basin exhibit a stable spectral slope with no significant variations, regardless of hydrological
and geographical variability, despite the wide variation in dissolved organic matter in these
rivers. These findings establish an initial baseline for future investigations into the inherent
optical properties of black-water rivers, as well as their relationship to carbon cycling
dynamics and other relevant ecosystem processes.

The distribution of aCDOM in the Negro River basin varies with the type of aquatic
environment (clear-, black-, and white-water) and the hydrological variability. Further
research is needed to better understand the factors that control the distribution of CDOM
in the Negro basin. Future investigation could focus on developing local empirical models
that combine more data from the main channel, tributaries, confluences, and/or lakes.
To enhance the analysis and monitoring of CDOM in optically complex inland waters, it
is recommended to develop semi-analytical, machine learning models and explore other
band ratios. Additionally, the developed models should be applied to multispectral and
hyperspectral orbital imagery. This approach is particularly useful for large rivers like
those observed in the Amazon Basin.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/rs16040613/s1, Table S1: Summary of in situ measurements
collected from 2017 to 2021. Figure S1: Comparison of aCDOM measured and estimated for the
models Ficek et al. (a), Brezonik et al. (b), and Da Silva et al. (c).
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