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ABSTRACT. Reservoirs are essential sources to ensure water supply, especially in regions with a semiarid climate, prone to prolonged
drought periods and water scarcity. An exemplary case is the semiarid region of Paraiba State, Brazil. Monitoring of water surface re-
flectance (WSR) and total suspended solids (TSS) is indispensable to address issues such as erosion, sediment transport, depo sition,
reservoir siltation, water pollution, and associated human health risks, ultimately aiding in water resources management. This study in-
troduced a novel approach to estimating the spatiotemporal dynamics of WSR and TSS, utilizing automated methods and MODIS images
over 17 years (2000 ~ 2016) for the Epitacio Pessoa Reservoir. Three models, (a) model 1 (M1), (b) model 2 (M2), and (¢) model 3 (M3),
were employed to estimate WSR and TSS, chosen for their replicability, mathematical simplicity, and ecosystem similarity. A total of
775 images from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite, along with observed data,
were used for the estimation. Model M3 yielded the best performance for estimating TSS, with values ranging from 270 ~ 961 mg/L (r
=0.57). Furthermore, a strong correlation (r > 0.93) was observed between the mean reflectance values for pixels sampled using two dis-
tinct extraction procedures (longitudinal profile and specific sampling points). This strong correlation underscores the potential utility of
MODIS images for effective monitoring of WSR and TSS in comparatively smaller bodies of water in the Brazilian semiarid region. Im-
portantly, this study represents one of the first applications for estimating WSR and TSS for a reservoir situated in a semiarid climate re-
gion. The estimates of WSR and TSS could hold significant implications for environmental monitoring and water management of such
reservoirs. In conclusion, automated estimation of WSR and TSS could serve as a valuable tool for decision-makers in predicting silting,

sediment yield, and reservoir water quality.
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1. Introduction

Reservoirs in the Brazilian semiarid region are critical for
water supply due to the persistent water scarcity resulting from
frequent drought periods (Zhang et al., 2016; Viana et al., 2021;
Lima Neto et al., 2022). Factors such as low average rainfall, ex-
tended drought periods (Azevédo et al.,2017; Yunus et al.,2021),
high evapotranspiration rates, and extreme rainfall events that
transport large volumes of sediment (Brasil Neto et al., 2022)
contribute to high stress on the volume of water in these reser-
voirs. The reservoirs serve as the primary source of water storage
for many urban areas and a significant portion of agricultural ac-
tivities in the Brazilian semiarid region (Silva et al., 2020; Assis
etal., 2021; Sousa et al., 2021) and are susceptible to climate
variability and intense modification of land use and cover (Fon-
seca et al., 2022; Luo et al., 2022). These modifications have di-
rect impacts on the water quality and transported sediment. Es-
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timating turbidity and total suspended solids (TSS) in inland wa-
ters can help monitor sediment discharge and, more generally,
the sediment budget within catchments and its seasonal variabil-
ity and evolution over time. Therefore, knowing the behavior of
the seasonal variability of the TSS is essential for better manage-
ment of water resources and planning of water use to meet the
demands (Condé et al., 2019; Jiang et al., 2021). The assessment
and monitoring of TSS is crucial information for effective reser-
voir management. Extreme rainfall events and inadequate land-
use management influence the sediment yield and the silting pro-
cess in the reservoirs in a semiarid environment. The manage-
ment of TSS and associated contaminants in the rivers requires
knowledge of the sediment sources (Isidro et al., 2018).

However, conventional monitoring techniques for hydro-
logic studies, despite their importance, can be expensive, time-
consuming, and offer limited spatiotemporal frequency. These
limitations highlight the need for alternative methods, such as
the estimation of water surface reflectance (WSR) and total sus-
pended solid using MODIS images, which offer a more efficient
and cost-effective means of collecting data for monitoring wa-
ter quality in large bodies of water over time (Santos et al., 2021).
Thus, the use of remote sensing applied to water resources stands
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out. The use of remote sensing demonstrates the potential for
generating data with greater temporal representation in water
quality monitoring and sediment dynamics estimation (Pinto et
al., 2014; Bernardo et al., 2016). Several empirical methods have
been developed to retrieve TSS using remote sensing (Han et al.,
2006; Sahoo et al., 2022). For instance, Tassan (1993) and Zhang
etal. (2010) used an empirical relationship to map the TSS con-
centration using Landsat TM data. Brown et al. (2008) and Miller
and McKee (2004) used MODIS products to monitor TSS. Mao
et al. (2012) showed the potential of the TSS model enhanced
by a combination of semi-analytical and empirical approaches
and introduced a new model by a combination of an empirical
and semi-analytical algorithm to estimate the TSS concentration.
Nechad et al. (2010) developed a multisensor model to recover
the TSS concentration in turbid water using a hyperspectral cal-
ibration to identify the best spectral range from reflectance data
collected by MERIS, MODIS, and SeaWiFS sensors. Pinto et
al. (2014) monitored the inflow of sediments using MODIS im-
ages, the MOD3R algorithm, and observed data. Manoppo and
Budhiman (2017) applied the Landsat OLI/TIRS to estimate
TSS concentrations in coastal waters. All these works presented
empirical methods and have been applied to various optical satel-
lite data. To this end, the reflectance at different bands is deter-
mined, and then statistical relationships between observed and
remote sensing data are generated. Thus, the relationship be-
tween the measured remote sensing reflectance data in various
spectrum portions is a common empirical method to estimate
TSS and WSR.

Previous studies have provided valuable insights into vari-
ous aspects of water quality monitoring and sediment dynamics
estimation using remote sensing techniques (Pinto et al., 2014;
Bernardo et al., 2016). However, there is a gap in the research
as most studies have focused on large water bodies and made
use of single-model applications, leaving a gap in understand-
ing the efficacy of these techniques when applied to smaller
water bodies in semiarid regions. Moreover, the focus of most
previous research has been on monitoring rather than estima-
tion, with limited attention to the importance of accurately es-
timating WSR and TSS in the context of water management
(Condé et al., 2019; Jiang et al., 2021).

Recently, several studies have been conducted to estimate
chlorophyll using satellite images (Chen et al., 2015; Watanabe
et al., 2015; Kim et al., 2017), turbidity (Pahlevan and Schott,
2012; Robert et al., 2016), cyanobacteria and phytoplankton pig-
ments (Becker et al., 2009). In recent decades, there has been a
growing use in the application of MODIS images to estimate
suspended sediments in oceanic waters, rivers, large lakes, and
estuaries (Dorji et al., 2016; Kumar et al., 2016; Isidro et al.,
2018), and many studies have demonstrated a strong correla-
tion between WSR and TSS. However, the nature of the rela-
tionship between TSS and reflectance varies from place to place
due to the varying nature of the optical properties of different
bodies of water and the procedure for collecting field samples
during different seasons (Kumar et al., 2016). Currently, there
is a need for more studies on TSS and WSR for the Brazilian
semiarid region. For instance, Pereira et al. (2019) evaluated the
concentration of WSR and TSS using only one model to estimate

TSS in an intermittent river, typical of the Brazilian semiarid
region using high to medium spatial resolution images. The re-
sults showed that the hydrological characteristics of intermittent
semiarid rivers generate difficulties in monitoring TSS using
optical satellite remote sensing.

Three models are considered for this study: model 1 (M1)
(Miller and McKee, 2004), model 2 (M2) (Villar et al., 2013),
and model 3 (M3) (Robert et al., 2017). They were chosen based
on their replicability, mathematical simplicity, and applicabili-
ty to environments similar to those in the semiarid regions, es-
pecially for continental waters. Each model uses the same input
data, MOD09Q1 V006, and operates within a minimum TSS
amplitude of 60 mg/L. While these models have been tested in
humid environments by their authors, their effectiveness has
yet to be confirmed under the unique conditions of the semiarid
region of northeastern Brazil, characterized by extreme rainfall
and drought events.

This research addresses the existing gap in the literature
by applying these three models to estimate the spatiotemporal
dynamics of WSR and TSS in a semiarid region. The Epitacio
Pessoa Reservoir serves as the case study for this research, with
the models applied to MODIS images spanning from 2000 to
2016. The aim of this research extends beyond merely moni-
toring the reservoir; it seeks to accurately estimate WSR and
TSS, with the goal of providing data that can inform decision-
making in water resource management in similar contexts. By
enhancing the understanding of reservoir dynamics through the
estimation of the spatiotemporal dynamics of WSR and TSS, this
study intends to contribute to more informed decision-making
and effective planning for future water use and reservoir man-
agement in the Brazilian semiarid region.

2. Materials and Methods

2.1. Study Area

The Epitacio Pessoa Reservoir (Figure 1), built in 1957, has
a maximum design volume capacity of 411,686,287 m?. It is lo-
cated between the coordinates 07°25'10" ~ 07°32'15" S, and
36°0720" ~ 36°20'05" W. It is important to note that reservoir
construction is a public policy in Brazil, implemented to miti-
gate the effects of drought (Silva et al., 2021). This policy pro-
vides significant relief to the vulnerable population in the Brazil-
ian semiarid region (Dantas et al., 2020). The reservoir is a pri-
mary water source for 19 cities in the Paraiba State, the most im-
portant of which is Campina Grande (AESA, 2016). Situated in
the Brazilian semiarid region, specifically in the central portion
of Paraiba State on the Borborema Plateau, the Epitacio Pessoa
Reservoir experiences a warm semiarid climate (BSh), according
to the Kdppen-Geiger classification, with a dry season between
June and December (Silva et al., 2021). The mean annual rain-
fall ranges from 500 to 750 mm, typically occurring between
January and May (Medeiros et al., 2019). The Epitacio Pessoa
Reservoir is among the main reservoirs within the semiarid area
of Paraiba State and serves as the primary water source for mil-
lions of users in the region. With a significant socioeconomic
and environmental impact, the reservoir supplies water to about
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1 million inhabitants. Therefore, understanding the siltation level
and water quality in this reservoir is crucial for regional water
management and the security of the population that depends on
this reservoir.

2.2. Images and Data Processing

This study involved an automated selection, filtering, cloud
cleaning, and estimation of WSR and TSS, using models from
the existing literature to estimate TSS values in a reservoir lo-
cated in a semiarid climate. The MODIS surface reflectance pro-
duct MOD09Q1 V006, which provides calibrated reflectance for
bands at 250 m resolution, was employed. The MOD09Q1 V006
includes four different types of products: (a) Rrep reflectance
layer in the red spectrum (620 ~ 670 nm), (b) Rnir reflectance
layer in the near-infrared spectrum (841 ~ 876 nm), (c) state flag
quality layer, and (d) quality control layer. MODIS surface re-
flectance 8-day composite data from March 2000 to December
2016 were downloaded from the USGS/NASA LP DAAC digi-
tal collection. A total of 775 images, averaging 46 images per
year, were analyzed. Each image is a pixel-by-pixel composite
product that has undergone geometric correction. The best pixels
are selected within an 8-day time interval that demonstrated the
best quality with respect to the absence of noise, such as clouds
and shadows (Vermote et al., 1997). These images have atmos-
pheric effect corrections and are georeferenced in sinusoidal pro-
jection (Vermote, 2015). As Robert et al. (2016) indicated, com-
posite images were chosen for longterm monitoring because the
8-day composite aligns with the 5- and 7-day field measurement
sampling frequency. Moreover, these images moderate the bi-
directional reflectance effects and atmospheric artifacts.

Data processing was executed as depicted in Figure S1, start-
ing with preprocessing. This stage involved converting the HDF
extension image database (*.hdf) to the GeoTIFF image format
(*.tif) and transitioning from the sinusoidal projection (SIN) to
Universal Transverse Mercator (UTM) plane coordinates. Sub-
sequently, the spatial clipping of the tiles (h14v09) was per-
formed, and the output was converted to ASCII extension.

Before extracting the reflectance values of Rrep and Ruir,
all 775 scenes were filtered by comparing their reflectance bands
with the state flag layer. This procedure followed the steps il-
lustrated in Figure S1. A Matlab script was developed to filter
out cloud-free pixels (Cloud-Free — F-1). This script effectively
compared each pixel of the Rrep and Rnir bands to the corre-
sponding state flag pixel across all scenes, thereby only extract-
ing cloud-free pixels. The most stringent condition was applied
by evaluating the binary values of each pixel’s 2" and 3™ bit-
strings; only pixels with a value of ‘00’ (indicating clear condi-
tions) were considered acceptable.

Following the filtering process, it was discovered that, due
to the geometry and seasonality of the reservoir’s water surface,
some pixels seemed to reflect objects other than water or dis-
played spectral mixing. To identify and discard these instances,
a second filtering step, referred to as F-2 (Figure S1), was imple-
mented. This step involves the selection of the most frequently
occurring pixels in the water surface throughout the analyzed
time series, i.e., those that are water pixels with a higher homo-
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geneity content. To identify these sampling points, it was nec-
essary to procure complementary multispectral products from
other satellites, including Landsat 5, 7, and 8§, CBERS 2, and
RapidEye 3A. These satellites offer more refined spatial resolu-
tions (between 5 and 30 m), and their images were obtained
from the INPE (http://www.dgi.inpe.br/CDSR/) and GeoCata-
logo/MMA (http://geocatalogo.mma.gov.br/) platforms. This
study also utilized the Shuttle Radar Topography Mission (SRTM)
radar altimetry from the United States Geological Survey (https:
//earthexplorer.usgs.gov/) with a 90 m resolution, and field ba-
thymetry (https://metadados.snirh.gov.br/) produced by the Na-
tional Water and Sanitation Agency of Brazil (ANA, 2013). Af-
ter georeferencing, the multispectral images facilitated (a) the
vectorization of the reservoir surface area for each year (Figure
2a), (b) the definition of the reservoir’s longitudenal/thalweg
profile using the bathymetry (Figure 2b), and (c) the selection
of the spatially distributed pixels throughout the reservoir sur-
face area (Figure 2c¢). Using the vectorized mask of each year
in the series (step F-2), it was possible to exclude the pixels not
located within the reservoir surface area.

To determine the longitudinal profile, 57 continuous pix-
els along the thalweg, representing the line of lowest elevation
within the channel, were selected (Figure 2b). After this, 46 pix-
els within the reservoir surface area were chosen as sampling
points (Figure 2¢). The selection was based on equidistant spa-
tial distribution criteria, and such pixels should be as far away
as possible from the reservoir surface area margins. This result-
ed in 103 reflectance time series (Figure 2). However, only the
time series with at least 10% of cloud-free pixels were considered
in this study, yielding 39 and 37 time series, respectively.

2.3. WSR and TSS Estimation Models

In this study, the estimation and comparison of WSR and
TSS were performed using the models M1, M2, and M3. The
M1 model has been applied in various humid environments (e.g.,
lakes, deltas, and meanders), showing a strong linear relation-
ship between Rgep reflectance and field data of TSS concentra-
tion (R2=0.89; N = 52; MSE =4.74; range = 0 ~ 60 mg/L) (Mil-
ler and McKee, 2004). This model has been replicated in other
studies (Mishra, 2010; Chen et al., 2015; Kumar et al., 2016)
with regional data calibration, delivering satisfactory results.

The M2 model, developed by Villar et al. (2013), is de-
signed to estimate TSS values specifically for the Madeira River
in the Amazon River basin. It utilizes the relationship between
the reflectance pairs of the Rrep and Rnir bands, showing a
good correlation of 0.78 between the band balance and suspend-
ed sediment data, with the correlation between field reflectance
and observed suspended sediment data being 0.95.

The M3 model was proposed for lakes in the Sahel, an Afri-
can semiarid region. Unlike M1 and other straightforward mod-
els, the M3 model takes into account the Rxir band. A correlation
of approximately 70% was found between orbital and field-ob-
served TSS data. It is noteworthy, however, that both orbital da-
ta from MODIS (60 samples) and Landsat satellite (37 samples)
were used in the modeling. Another important aspect is that the
observed TSS values ranged from 106 to 4,178 mg/L, highlight-
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Figure 1. (a) Geographic location of the Epitacio Pessoa Reservoir in Paraiba State and Brazil, and (b) time series of the reservoir
volume (2000 ~ 2016).
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Figure 2. (a) Integration of vector data with the SRTM drainage network; (b) longitudinal profile (thalweg) of the Epitacio Pessoa

Reservoir, depicted along with the bathymetry (shown in color); (c) selected sample pixels distributed throughout the reservoir’s
surface area, again accompanied by the bathymetry (shown in color).
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Figure 3. Examples of (a, b, ¢) interferences found during the extraction of WSR data in the reservoir and (d) quantity of pixels
after removal with the two filters.
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Figure 5. WSR values of the (2) Rgrep and (b) Rair bands, including annual and global averages for the Rrep band, across
longitudinal profile pixels (N = 39) from 2000 to 2016.

ing the considerable TSS amplitude in arid environments.

3. Results

3.1. Uncertainties in WSR Data

Figure 3 presents the interferences observed during the ex-
traction of WSR data in the reservoir and the temporal distri-
bution of pixels number after removal using steps F-1 and F-2
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(Figure S1). The results indicate that due to the geometrical char-
acteristics of the reservoir surface area and the topographic na-
ture of the region, some interferences in the pixel composition
often occur during the initial process of determining the pix-
els from time series with spectral mixing. The sources of these
uncertainties are visually represented in Figure 3. Figure 3a il-
lustrates the presence of vegetation at the boundary or aquatic
macrophytes. Figure 3b highlights the existence of surface is-
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lands within the reservoir. Additionally, potential bottlenecks
in the channel contribute to these uncertainties. Lastly, Figure
3¢ depicts the presence of clouds as another factor affecting the
uncertainties.

It is worth noting that step F-2 enabled an evaluation of
these uncertainties. The influence of annual mask vectorization
on the relationship between the spectral bands [(Rrs 859 nm) /
(Rrs 645 nm) > 1.5] is significant, as ratio values above 1.5 (Rnir
/ Rrep) indicate the presence of land and emerging vegetation in
the water. Therefore, the number of pixels with ratio values <
1.5 was analyzed (Figure 3d) using steps F-1 and F-2.

The results demonstrate significant pixel removal in cer-
tain years, particularly in the last years of the time series (2013
to 2016), which corresponds to a period of severe drought in
the region (Dantas et al., 2020; Silva et al., 2020). Conversely,
there is less intensity of removed values in other years, repre-
senting less than 8% of the total. Another noteworthy aspect is
the intense interannual variability of the water mirror area in
the study area. For instance, when comparing the minimum wa-
ter mirror area in 2016 to the maximum area in 2005, there is
an increase of 665%, a feature commonly found in reservoirs
of semiarid regions. Thus, defining a fixed water surface in such
areas presents a challenge.

3.2. Spatiotemporal Analysis of the WSR

Figure 4 illustrates the WSR time series (non-filtered, post-
filtered using F-1 and F-2) for the Rrep and Rk bands from 2000
to 2016. In general, the Rrep band dataset shows lower values
compared to the Rnir band dataset. For the Rnir band dataset, the
mean standard deviation of the reflectance ranged from 0.10 to
0.26, with an overall mean of 0.11. In contrast, for the Rnir band
dataset, the mean standard deviation of the reflectance ranged
from 0.30 to 0.32, with an overall mean of 0.13.

The results showed high reflectance values for water, rang-
ing from 0 to 25% in the Rrep band, which are consistent with
values observed in reservoirs within the Brazilian semiarid re-
gion. Upon comparing raw values after cloud filtering (step F-
1) and post heterogeneous pixels removal (step F-2), certain pe-
riods within the examined time frame exhibited under- and over-
estimated values of reflectance in raw data averages for both
bands. Particularly in 2013, the Rnir band showed the highest
sensitivity, with the final filtered values (using step F-2) being
lower than both the raw values and the cloud-filtered values (us-
ing step F-1). From a spatial perspective, Figure 5 presents the
average pixel values of the reservoir’s longitudinal profile in
both spectral bands, from the reservoir entrance to the dam wall
(Figure 2b), spanning a length of 16 kilometers. However, the
spatial analysis of the series for the longitudinal profile was not
fruitful due to significant gaps in removed pixels.

The results reveal the first and largest gap as a 4 km stretch
(from 1.2 to 5.2 km). This gap results from a high prevalence
of clouds in the pixels of this range throughout the time series,
leaving pixels without data after the F-1 filtering or with poor
usability. Meanwhile, the two other data gaps (at 8 km and be-
tween 11 and 13 km), shown in Figure 5, were due to the F-2
filtering step, corroborating the challenges of obtaining con-

tinuous spatial data owing to the geometric characteristics of
reservoirs in semiarid regions. Certain areas where pixels spa-
tially coincide with water mirror contractions, given the 250 m
spatial resolution, contain some pixels that exceed the area of
the water mirror.

Figure 6 shows the average values of each series (pixel)
from January to December for the longitudinal profile data (Fig-
ure 6a) and sampling points (Figure 6b). The results show that
the Rnir band values exhibited more variation concerning the
global mean values (represented by red and yellow lines) than
the Rgrep band did. Global mean WSR values ranged from 0.09
to 0.18, corroborating other studies in semiarid regions, with
peak values in February and minimum values in May, suggesting
an influence of rainfall over the reservoir drainage areas.

Figure 7 shows the correlation between the annual and
monthly averages of the two data/pixel sampling forms. The
presented results show the similarity between the pattern of the
independently extracted temporal (monthly and annual) aver-
ages data (longitudinal profile and sampling points) and a very
strong correlation (> 0.93). As previously mentioned, in the tem-
poral behavior, the data (inter- and intra-annual) showed signs
of reflecting the rainfall behavior of their drainage basins. Thus,
the results were compared with data from two rain gauges with-
in the region (Figure 8).

According to AESA (2018) and Silva et al. (2021), the
Epitacio Pessoa Reservoir basin is influenced by two climatic
phenomena: A wet period in the first four months of the year
(January ~ April) and recurring precipitation in June in parts of
the region. The Monteiro rainfall station (MT, Figure 9a), lo-
cated in the southwest portion of the basin, presents rainfall pat-
terns as described in the first phenomenon, whereas the Campina
Grande station (CG, Figure 9a), situated in the central-east of
the basin (near the basin), indicates peak current precipitation
in June.

The results (Figure 8a) indicate that the highest monthly
reflectance averages (WSR) occur from January to March and
in June for the Rnir band, with a slight reduction for the Rrep
band (exhibiting lower values in December). Consequently, it
is evident that the reservoir responds to the rainfall patterns that
occur in Paraiba State.

Another significant characteristic is the annual reflectance
averages (Figure 8b). In most years, the WSR values of the Rxir
band are higher than those of the Rrep band, except in 2004 and
2008, with a more pronounced disparity in 2004. This is likely
due is the sudden changes in reservoir volume (Figure 1b), which
from 2003 to 2004 increased by over 300 hm?, and from 2007 to
2008 saw an increase of over 150 hm®. Both periods (2004 and
2008) were marked by overflow and drop in water levels, prob-
ably as a result of droughts. Changes in the reservoir volume
over a short period, coupled with the prevalence of droughts, lead
to a change in the type of sediment carried, thereby impacting
the spectral response (WSR).

Therefore, in this regard, further investigation in the area
is recommended. This could include an analysis of sediment
fractions (volatile, fixed, dissolved, particle size, among others)
to evaluate changes in the sediment composition of water that,
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as a result, affect the spectral response of its sediment surface
reflectance. Moreover, the last four years (Figure 8b) showed
the highest WSR values of the Rnir band, as well as the largest
deviations from the corresponding WSR values of the Rrep band
and the average pixel values, with more significant standard de-
viations observed in 2015. These indicators reaffirm the influ-
ence of prolonged droughts, with reductions in water volume and
potential resuspension of sediments, reflected in the increase of
WSR.

3.3. TSS Estimation

Figure 9 displays monthly TSS estimates based on the three
models (M1, M2, and M3) and mean precipitation from 2000 ~
2016. Due to the unavailability of observed monthly TSS data
in the reservoir, the analysis was based on the rainfall patterns
within the basin. The M1 model showed average TSS values of
128.8 £16.96 mg/L. Its monthly behavior mirrored the aver-
age data discussed for WSR values, possibly because the model
is a linear regression.

The M2 model produced highly variable and disparate val-
ues for solids in water, with figures reaching nearly 8,000 mg/L
in July and an average of 4,346.06 + 1,665.53 mg/L, making it
the model with the greatest fluctuation in monthly TSS aver-
ages. Despite the high TSS values, M2 showed a graphical pat-
tern related to the precipitation values at the Campina Grande
station (Figure 8a), with peaks in June, July, and August. There-
fore, in an analysis of the monthly TSS average, M2 exhibit-
ed the graphical behavior that best matched one of the basin’s
weather conditions.

The M3 model estimated higher average TSS values during
the first four months, followed by a decrease in May and an in-
crease in June, aligning with the previously discussed average
reflectance values. Unlike M1, its function is exponential, with
a global average of 595.85 + 201 mg/L and a maximum value in
April (962.06 mg/L). In the annual analysis, the a priori model
that most closely correlated with the observed field data was M3,
showing a similar range in average TSS values: 270 to 961 mg/L
for the estimates and 320 to 803 mg/L for the field data, with a
linear correlation of 0.570. M1 was the model that presented the
smallest TSS interval for annual averages, between 84 and 187
mg/L. The M2 model once again showed high TSS values, ex-
ceeding 20,000 mg/L in 2014. A possible explanation for the be-
havior of the monthly and annual M2 averages TSS might be the
relationship between the Rxir/Rrep bands.

This spectral performance suggests the effect of physical,
chemical, and biological differences in the sediment of the Brazil-
ian semiarid region compared to the sediments produced in the
Amazon basin, which experiences different climates and biomes,
including the Caatinga biome. To represent different rainfall con-
ditions, three years of the estimated TSS time series were se-
lected based on Figure 8b (blue and green lines) and Santos et
al. (2018): (a) rainy: a year with above-average rainfall, (b) av-
erage: a year with near-average rainfall, and (c) drought: a year
with below-average rainfall), as shown in Figure 10.

For M1, the estimated TSS spatial distribution was similar
in the three conditions. For the dry year, the contrast was more
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pronounced, while the rainy year also showed a higher TSS con-
centration near the dam wall. The M2 interpolation indicated
lower TSS values across most reservoir surfaces during wet
conditions (the year 2000) and average rainfall (the year 2003),
around 2,350 mg/L, whereas the maximum values were ob-
served during the dry condition.

It is noteworthy that the interpolation for M2 was not sat-
isfactory as it estimated high negative values of TSS, which are
physically inconsistent with the estimated variable. Therefore,
the interval in Figure 10 was defined as 0 mg/L. The interpola-
tion of M3 showed lower TSS concentrations in almost all the
water bodies, except at the reservoir entrance. In the analysis
of water surface reflectance and TSS variables, it is therefore
possible to infer that both the conditions in a rainy year and dur-
ing a dry period (prolonged drought) may influence the increase
in TSS. In the first case, this is presumably related to the leach-
ing and sediment input process, while in the second, it could be
due to the reduction in water depth and volume, favoring the re-
suspension and higher concentration of sediments that are con-
tained by the dam, thus affecting the sediment flow. Tables 1
and 2 show descriptive statistics of the variability of annual and
monthly TSS estimates based on M1, M2, and M3 models. The
results reveal that M1 had the lowest means, standard deviation,
and mean deviation compared to the M2 and M3 models.

4. Discussion

4.1. Uncertainties and Difficulties of Water Surface
Reflectance Data in the Reservoir

While previous studies have made efforts to utilize in situ
remote sensing data and satellite data for water quality evalua-
tion (Pal and Mohanty, 2002; Kumar et al., 2016; Yunus et al.,
2021; Ashphaq et al., 2023), uncertainties and difficulties in ac-
quiring water surface reflectance data in reservoirs present sig-
nificant challenges. Various factors, including fluctuating wa-
ter quality, the presence of aquatic vegetation, surface rough-
ness, and atmospheric conditions, can impact data accuracy.
These complications can undermine reliable monitoring and as-
sessment of water quality, underscoring the need for robust tech-
niques to mitigate these uncertainties. According to Balasubra-
manian et al. (2020), these uncertainties can stem from vegeta-
tion at the boundary or aquatic macrophytes, surface islands
within the reservoir, bottlenecks in the channel, and clouds.

In this study, global mean WSR values ranged from 0.09
to 0.18, in line with other studies in semiarid regions (e.g., Pereira
et al., 2019). Peak values in February and minimum values in
May suggest the influence of rainfall over the reservoir drainage
areas. Furthermore, our results showed high reflectance values
for water ranging from 0 to 25% in the Rrep band, which is
consistent with values found in reservoirs in the Brazilian semi-
arid region (Mendonga et al., 2017), reservoirs of southeastern
Brazil (Pinto et al., 2014; Condé et al., 2019), and lakes in the
African semiarid region (Robert et al., 2017). These results re-
flect the data variability characteristic of the environmental con-
ditions in the semiarid region, particularly the high spatiotem-
poral variability of precipitation and frequent droughts (Brito
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Table 1. Descriptive Statistics Showing the Variability of Annual TSS Estimates (mg/L) Based on the Three Models Used

M1 M2 M3

Year i Sp ME Min Max M SD ME Min  Max M SD ME  Min Max

2000 1769 33.7 253 1072 2692 2.462.0 28713 18647 4551 12,1499 8285 6197 4764 86  2,8288
2001 155.1 349 286 1060 233.6 2,181.7 2,600.9 1,449.1 5415 13,0598 9612 1418.1 8382 207 6,440.2
2002 1455 348 259 895 2561 2,591.7 3,051.7 2,025.6 2538 13,9529 5818 693.5 4541 254 3,013.6
2003 139.8 269 20.1 63.8 1933 24721 3,827.4 1,679.7 6092 21368.6 4673 4333 3376 43  1,676.9
2004 1872 255 184 1243 2524 9316  687.6 5147 2061  3202.6 3992 2369 2007 36.1 912.1

2005 1287 423 310 569 2526 3,783.8 48500 2,757.5 8595 27.831.7 7181 6483 4909 172 2,601.2
2006 84.0 349 263 377 1893 34373 25720 2,0042 6731 123284 2679 3139 2412 23  1,268.0
2007 1112 333 269 50.5 1957 42751 28343 22122 1,186.7 142880 6758 5904 4202 459 2,879
2008 137.7 263 216 93.0 1838 1,617.3 1,163.5 7717 4855 59568 399.8 4219 3239 89  1,6282
2009 118.6 37.7 250 829 2778 2,6203 2,192.6 1,5948 6103 112027 5123 5202 3738 678 2,182.6
2010 985 30.1 225 149 1493 3.457.8 34250 2,142.1 7387 18278.1 4914 4180 3390 00 14147
2011 1146 309 234 593 1945 33450 29162 19903 8417 135140 4113 4380 3261 39  1,859.5
2012 917 465 27.1 242 3097 5,107.5 41088 2,768.0 13513 18,7804 526.1 9027 4872 0.6  4286.1
2013 1388 424 300 729 2794 7,770.5 64158 4,669.1 1,186.0 293459 883.6 1,057.6 5988 532 4.929.9
2014 111.1 353 282 450 1773 17,1850 17,8709 1,0281.1 3,041.3 91.668.1 687.5 539.7 4663 7.9  1,752.5
2015 1177 229 179 747 1624 81751 51123 3,856.9 3,647.7 203524 9525 1273.8 898.1 103.8 4.297.0
2016 1302 448 378 77.6 1723 7,580.9 52804 40368 3,163.6 16,1752 6360 5249 4347 32.1 1,228.0

Note: M is average, SD is standard deviation, ME is mean deviation, Min is minimum, and Max is maximum.

Table 2. Descriptive Statistics Showing the Variability of Monthly TSS Estimates (mg/L) Based on the Three Models Used

L M M2 M3

Month V' 'sp ME  Min  Max M SD ME Min Max M  SD ME Min Max

Jan. 1388 215 159 921 2090 3,050.1 1,723.0 12260 10709 87300 673.0 7897 4083 453 49373
Feb. 1584 269 208 938 2265 353862 20974 1,503.4 1,055.1 11,9649 803.6 782.5 521.8 326 40747
Mar. 147.8 263 214 1000 2051 3,569.4 1990.8 1,499.1 9627 90553 6752 8250 4799 329 44687
Apr. 1408 518 332 345 3214 3,530.8 36565 22965 1,0062 202375 962.1 1,600.0942.5 04  7,942.1
May 1087 28.6 213 485 1860 5901.6 5066.1 3,766.7 623.1 20,3882 377.1 4009 298.6 2.7  1,792.9
Jun. 1382 297 235  79.0 2137 7,0047 7,736.5 4811.1 6155  35698.1 7948 6713 4995 106.6 2,860.1
Jul. 1118 222 191 685 1535 7,753.6 6,143.5 43595 677.0 284857 5024 5379 3682 19 28205
Aug. 1297 360 270 812 2522 49679 34160 24599 9983 16,0902 688.7 6567 422.1 111.6 3,707.2
Sep. 1266 22.6 17.6 843 1895 34148 24126 1,6478 10996 13,6609 453.5 307.8 2494 87 13676
Oct.  130.1 268 207 740 1831 27527 21943 1,072.5 7720 143459 527.1 5302 3336 599 2,597.8
Nov. 1068 287 20.1 554 1944 33682 2,682.0 16247 542.6 159552 3638 4478 2950 03 23113
Dec. 1085 39.7 230 568 300.8 34529 18922 14241 8307 85482 3289 272.6 2253 7.6 9464

Note: M is average, SD is standard deviation, ME is mean deviation, Min is minimum, and Max is maximum.

etal., 2021; Neto et al., 2021).

Assessing water bodies, especially reservoirs, brings unique
challenges due to their volumetric and topographic conditions.
These challenges arise not from the methodology proposed in
this study but rather from the reservoir’s inherent volumetric and
topographic characteristics. These conditions preclude a contin-
uous analysis of WSR behavior between the reservoir inlet and
outlet. Studies by Pinto et al. (2014) and Condé¢ et al. (2019) re-
port a higher sediment input (i.e., reflectance) at the reservoir
entrance compared to the area near the dam wall, a result of the
hydrodynamic transition from lotic to lentic environments.

The monthly and annual averages of the filtered water sur-
face reflectance (WSR) series for the Rrep and Rnir bands re-
vealed certain patterns. The highest monthly reflectance aver-
ages in the WSR series are observed from January to March, as
well as in June for the Rnir band. For the Rrgp band, there is a

slight reduction in reflectance values, particularly in December.
These patterns suggest that the reservoir responds to rainfall pat-
terns in Paraiba State, as supported by Santos et al. (2018,2019)
and Neto et al. (2021). These authors analyzed TRMM data for
Cariri Paraibano from 1998 to 2015, specifically noting the max-
imum monthly averages in March and minima in recent months.

Moreover, a potential cause of the high WSR response in
the Rk band could be the presence of suspended algae due to
the prolonged drought period in the semiarid area (Braga et al.,
2015), especially in 2016. However, this effect might not be as
impactful. For instance, Cavalcante et al. (2017) reported chloro-
phyll-a (Chla) values below 10 pg/L in 2016, with low values in
September, August, and October. Furthermore, Dogliotti et al.
(2015) emphasize that chlorophyll-a only significantly inter-
feres with the spectral response when its concentration exceeds
30 pg/L.
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4.2. Spatiotemporal Variability of TSS

The main goal behind developing and fine-tuning a robust
TSS model was to evaluate the estimated sediment in the re-
servoir. The estimated results indicate high variations in the si-
mulated TSS values due to precipitation variability in the re-
gion. Villar et al. (2013), while identifying the optimal band for
generating the TSS model, concluded that there was a seasonal
dependence, likely due to changes in the sediment’s particle
size distribution over the annual cycle, most notably during the
flood period. Simultaneously, these authors demonstrated gra-
phically that the values of the Rrep band were consistently high-
er than those of the Rnir band. However, in this study, the be-
havior was the opposite; almost always, the highest averages
came from the Rnir band.

Mohanty and Pal (2001) attempted to predict TSS concen-
tration using LISS-I (IRS-IB) data and incorporated the Soil
Brightness Index (SBI). However, the coefficients used in their
algorithm were obtained from existing literature. It is important
to note that IRS data has limited sensitivity and temporal fre-
quency compared to MODIS data, which might impact the ac-
curacy and reliability of the TSS concentration mapping. MODIS
data offer numerous advantages over this specific product, in-
cluding high temporal resolution, high sensitivity with a 12-bit
radiometric resolution, cost-effectiveness, and, notably, exemp-
tion from the complexities associated with atmospheric correc-
tion (Kumar et al., 2016). Likewise, Robert et al. (2017) report-
ed changes in sediment concentration in the Gourma region
(Africa), suggesting wind resuspension during the drought pe-
riod. Although this phenomenon does not significantly influ-
ence the sediments of the Epitacio Pessoa Reservoir, as in the
case of Robert et al. (2017), the river regime in the Cariri region
is torrential and temporary, marked by violent floods, rapid re-
cession, zero discharge for most of the dry season, and years
with no runoff. The dry season is characterized by a gradual low-
ering of river levels until they dry out, punctuated by abrupt
floods (Nascimento and Alves, 2008).

These values align closely with those obtained by Coelho
et al. (2017), who, while monitoring reservoirs in Ceara (locat-
ed in the Brazilian semiarid region), found TSS values ranging
between 2.3 ~ 129 mg/L during the rainy season in the Paus
Brancos Reservoir. However, these values are discordant with
those reported by Molisani et al. (2013), who found values rang-
ing from 0.72 to 25 mg/L in reservoirs in the same state. Mean-
while, six-monthly observed data from the State Environment
Agency of Paraiba (SUDEMA) at the analyzed reservoir ranged
from 288 ~ 1,094 mg/L. Thus, it is evident that even though they
are reservoirs in a semiarid region, these reservoirs can exhibit
vastly different values.

4.3. Challenges and Application

This study underscores the vital importance of estimating
TSS in reservoirs, a task that has often been challenging due to
insufficient monitoring, particularly in regions with intermit-
tent waterways. The present research employs remote sensing
products and geotechnological techniques for estimating WSR
and TSS in the Epitacio Pessoa Reservoir, addressing a signifi-

122

cant gap in our understanding of reservoir sediments. Practical
applications of these estimates range from assessing the pres-
ence of heavy metals in sediments to prevent health risks, to
monitoring water pollution, identifying erosion processes, and
estimating reservoir siltation. Comparatively, other studies ha-
ve used similar methods to estimate TSS in various environ-
ments, but estimates have been scarce in reservoirs in the Brazil-
ian semiarid region due to its unique climatic, floristic, and ge-
ological characteristics.

The geological characteristic of the watershed is one of the
key factors influencing TSS. Given its primarily crystalline bed-
rock composition, the study area lacks groundwater storage,
contributing to increased flow after intense rainfall events and
leading to the rapid transport of solid materials to rivers. In the
Brazilian semiarid region, it has been found that sediment trans-
port is often strongly disconnected, with high sediment loads
transported during extreme rainfall events. Estimating WSR and
TSS using MODIS images for reservoirs like Epitacio Pessoa
can lead to effective measures to protect and preserve water re-
sources. However, understanding the limitations of these tech-
niques is essential. Sources of uncertainty include the presence
of clouds, aerosols, nearby vegetation, and the need for calibra-
tion and validation of collected data.

However, the present study has demonstrated a strong cor-
relation between the annual and monthly averages extracted by
different sampled pixels, providing evidence for the efficacy of
this approach. Compared to the work of Zhang et al. (2014),
which used a radiative transfer model to estimate TSS, this study
leverages the temporal monitoring capabilities of MODIS im-
ages. Ultimately, the results of this study contribute significant-
ly to understanding sediment transport and its implications for
water policy in semiarid regions. It provides a novel, validated
approach for TSS and WSR estimation using MODIS images,
paving the way for improved water resources management in
areas where surface reservoirs are the primary water supply.

5. Conclusions

The study estimated the spatiotemporal dynamics of WSR
and TSS in the Epitacio Pessoa Reservoir from 2000 to 2016
using automated methods and MODIS images. Quantitative re-
sults reveal a strong correlation (R > 0.93) between the annual
and monthly averages extracted by different and independent
sampled pixels. The proposed methodology demonstrated sat-
isfactory performance, particularly when removing pixels with
total or partial cloud presence or solid indications of spectral
mixing, which was achieved through different vectorized masks.

The use of MODIS data in the Brazilian semiarid region
proved beneficial, primarily due to its high temporal data fre-
quency. However, its low spatial resolution presents a limita-
tion. The results revealed that this data has specific constraints
for the region. These issues must be carefully analyzed for each
object under study and research objective, such as the Epitacio
Pessoa Reservoir, which has a wide interannual variability of
its water mirror, varying nearly seven times its size throughout
the study period.
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The methodology was found to capture the reflectance vari-
ability in periods of contrast (dry and rainy) within the region
effectively. The near-infrared band reflectance values were
typically higher than the red band, except in 2004 and 2008,
when changes in the sediment type were observed due to the
sudden increase in reservoir volume. This reveals the method-
ology’s ability to reflect significant environmental changes in
the reservoir.

However, the limitations of this study include its depen-
dence on a single reservoir for testing the models, a variable
that may affect the generalizability of the results. The study al-
so primarily utilized MODIS images, and while this has proven
effective, future research could benefit from the inclusion of

different data sources to provide more comprehensive results.

The spatial resolution of the MODIS data also presents a poten-
tial limit to the precision of the results.

The results of this study could prove useful for public poli-
cies managing water resources in the region, including the inte-
grated water management plan of the Epitacio Pessoa Reser-
voir. Furthermore, the results could be used in future studies es-
timating silting and the amount of sediment yield in the basin
and its arrival in the reservoir.

Given the successful application of the methodology, it is
recommended for future research to consider testing new multi-
spectral image data, such as Sentinel-2, which has a spatial res-
olution of 10 m, for assessing TSS and WSR. Further, the re-
sults of this study might be applied to forecast silting, sediment
yield, and water quality in reservoirs within semiarid regions
using MODIS images.
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