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ABSTRACT

Aims: The aim of this study was to analyse the use of remote sensing as an alternative in
monitoring water quality, and to analyse models that estimate the concentrations of chlorophyll-a
(Chl-a) in a reservoir in the semi-arid region.

Place and Duration of Study: Field campaigns were carried out at the Pereira de Miranda
reservoir, Pentecoste, in the State of Ceara (CE), at five sampling points, from December 2014 to
December 2015.

Methodology: Limnological and spectral data were used, which were collected using a
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spectroradiometer. The limnological attributes of Chl-a and suspended sediments were analysed in
the laboratory, and used to evaluate the spectral responses. Four three-band models were analysed

for estimating the concentrations of Chl-a.

Results: The models of Lopes [11] and Gitelson et al. [15] gave the best performance, with
respective satisfactory results for R2 of 0.75 and 0.79, MAE errors of 6.74 (ug.L™") and 6.51 (ug.L™),
an NSE of 0.74 for both models, and RMSE of 9.01 (ug.L-") and 8.93 (ug.L-'). From these results,
the models were selected and applied in the campaigns of April and September 2015.

Conclusion: The use of remote sensing is therefore viable in estimating concentrations of Chl-a,
collaborating to the development of research and in water resource management at lower cost.

Keywords: Limnological attributes; Chlorophyll-a; bio-optical models.

1. INTRODUCTION

Water is the most important resource, as it is
essential for the survival of all species on the
planet. It is also the natural resource that most
faces problems in terms of quality and quantity
[1]. The adequate management of water
resources, both the quantity available and the
quality, can be ensured by monitoring the
reservoirs. Remote-sensing data can help make
this more successful [2].

The use of remote-sensing data shows great
potential in the identification of water quality,
allowing monitoring at different spatial and
temporal scales [2]. The remote detection of
inland bodies of water can be used to evaluate
three main optically active components:
chlorophyll-a concentrations, suspended mineral
matter and dissolved organic matter [3].
According to [4], the chlorophyll-a concentration
is one of the most important attributes for
evaluating the state of water environments.

According to [2], with the use of remote sensing
through the spectral responses of continental
bodies of water, it is possible to verify the
composition of the water, as well as identify and
accompany problematic situations.

This relationship has been established with the
development of models that try to estimate the
concentrations of these attributes that have such
an influence on the spectral responses of the
water.

The methods of calculation are able to obtain
high correlativity between the spectrum and
chlorophyll-a; the only flaw is that the parametric
variability is large. The correlativity data for a
given body of water, or a certain period of a body
of water, are difficult to apply directly to another
body of water or to another period of the same
body of water [5].

The particularities that these models present
generally need to be reparametrised for other
regions than their own region, ensuring that
studies of their suitability can be made, and
seeking to identify specific factors for each
model.

Considering the great potential of using remote
sensing combined with the study of aquatic
environments, the aim of this research was to
evaluate the use of remote sensing as an aid to
monitoring water quality, and to analyse the
application of bio-optical models that estimate
concentrations of Chl-a in a reservoir of the semi-
arid region.

2. MATERIALS AND METHODS

The study area was the Pereira de Miranda
reservoir, also known as the Pentecoste
reservoir; this is the main reservoir of the Curu
Basin, with a watershed of 2,840 km? and a
catchment area of 57 km? [6]. The dam was
designed and built by the National Department
for Anti-Drought Works — DNOCS from 1950 to
1957.

The collection campaigns took place from
December 2014 to December 2015. During this
period, it was possible to observe changes that
occurred in the aquatic system together with
climate events in the semi-arid region, covering
the wet and dry seasons.

Five collections were made at five points spread
along the catchment area of the reservoir (Fig.
1). Point P01 - corresponds to the point closest
to the dam (water outlet), P02 - below the main
inflow of the waters of the Capitao-Mor River,
P03 - entrance to the Capitdo-mor River, P04 -
below the main inflow of the waters of the
Canindé River and P05 - entrance to the
Canindé River. Owing to the volume of the
reservoir at the year of 2014, the collection points
were defined on the superior third part of the
hydraulic basin (Fig. 1).
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Fig. 1. Location of the collection points in the Pereira de Miranda reservoir, Pentecoste CE

At each sampling point, collections were made
of spectral data, including ten radiance
measurements, and water samples for later
analysis of the limnological attributes. The
environmental conditions were also noted in situ.

Irradiance measurements of the aquatic system
were carried out using the ASD FieldSpec®3 Hi-
Res Spectroradiometer with a field of view of 25°,
spectral resolution of 1.4 nm covering a spectral
band ranging from 350 to 2500 nm, and a
Spectralon reference plate as a Lambertian
surface for calibration; measurements were
taken between 10:00 and 14:00, corresponding
to the period with the lowest angle of solar
inclination and therefore with greater energy flow
in the field of irradiance.

The water samples were collected at a depth of
30 cm from the surface of the water, in properly
sterilised 1L plastic bottles, for later laboratory
analysis of the limnological attributes. The
attribute analysed in the laboratory was Chl-a, as
per the methodology of [7]. The total suspended
solids (TSS), fixed suspended solids (FSS) and
volatile suspended solids (SSV) were analysed
following the methodology of [8].

It is worth highlighting the climate characteristics
of the Curu River Basin, which has a rainfall
regime with irregular spatial and temporal
distribution. This is a characteristic phenomenon
of the region, not only due to the irregularity of
the rainfall, but also due to a rainfall period
considered below average over consecutive
years.

The collection dates corresponded to the dry and
wet periods in the region, and took place on 3
December 2014, and on 7 April, 13 July, 26
September and 4 December 2015. (Fig. 2)
shows the daily rainfall in mm and the stored
volume as a percentage for the Pereira de
Miranda reservoir during 2014 and 2015, as well
as the specific dates of each collection,
represented by vertical dotted lines.

The three-band models tested take into account
that the first wavelength (A1) should be located in
the region of greatest sensitivity to Chl-a.
According to [11], the second wavelength (A2)
should be around 700 nm, where the absorption
of chlorophyll is minimal and the effects caused
by the absorption of Tripton and CDOM can be
minimised.



For three-band models, [12] stipulated
wavelengths around 665, 709 and 754 nm, i.e.
for the second wavelength (A2), according to [5],
the spectral reflectance ranges from 690-760 nm.

However, backscattering is found in A1 and A2,
and in order to remove the effect, a third region
(A3) is defined, which should cover a range
where there is a minimum effect from absorption
by Tripton, CDOM and Chl-a. The spectral region
where such conditions occur is in the near
infrared (A3), around 730 nm [11].

The wavelengths for the models used, which
cover distinct regions, are described in (Table 1),
together with the values for the coefficient of
determination (R?).

The model by [13] was developed in Nebraska.
[14] developed a three-band model in a study
area of the Pearl River Estuary in China. Chl-a
concentrations in the estuarine waters of
Chesapeake Bay in the USA were estimated
using the three-band models of [15]. [4],
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developed one-, two- and three-band hybrid
algorithms to evaluate Chl-a concentrations in
five lakes in Asia. Other studies have been
developed for the semi-arid region of Brazil
[2,16].

In the statistical evaluation of model performance
for the attribute Chl-a, statistical indicators were
calculated by comparing the values estimated by
the models (Table 1) with those determined in
the laboratory.

The statistical indicators used in this evaluation
were the correlation coefficient (r), the coefficient
of determination (R2), the Willmott index (d),
Nash-Sutcliffe coefficient (NSE), mean absolute
error (MAE) and root mean square error (RMSE).

The Pearson correlation coefficient is a
measurement of the degree of linear relationship
between two quantitative variables. The precision
is given by the correlation coefficient that
indicates the degree of dispersion of the data in
relation to the mean, i.e. the random error [2].
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Fig. 2. Rainfall for the Pentecost station from January 2014 to December 2015 and collection
dates
Source: Portal Hidrolégico de Ceara [9,10].

Table 1. Three-band models tested for estimating chlorophyll-a concentrations using only
remote sensing data

Author Band (nm) R?

(Dall’'OImo and Gitelson, 2005) [13] (A1) =671; (A2) =710; (A3) = 740 0.94
(Gitelson et al. 2007) [15] (A1) =675; (A2)=695; (A3) =730 0.81
(Chen et al. 2011) [14] (A1)=684; (A2)=690; (A3)=718 0.81
(Lopes, 2013) [11] (A1) =660; (A2)=690; (A3) =717 0.88




The coefficient of determination, R? is the
percentage variation of the dependent variable

explained by the independent variable(s),
equation 1.
where the coefficient of determination is

interpreted as the ratio of total variation of the
dependent variable Y that is explained by the
variation of the independent variable X [11].

| X))
=%))L& -7)

The Willmott index (d) was calculated from
equation 3, [17], whose values range from zero
for no agreement, to 1 for perfect agreement.
Values greater than 0.75 are considered
satisfactory.

R

(1)

> (Pi-0ip
> (pi-oil+|oi-0|f

Where: d is the Willmott index of agreement; Pi
expresses the estimated value of the variable; Oi
represents the observed value; and O defines
the mean of the observed values.

d=1-

()

The coefficient defined by [18] translates the
similarity in variability between two variables, and
is an indicator of similarity quantification and an
important statistical criterion for evaluating model
precision [19]. It was determined with equation 3.

NSE =1- [%g%ﬂ (3)

Where: NSE - Nash & Sutcliffe coefficient, (-«~<
NS <1); Ym - measured value; Yc - calculated
value; and ¥ - mean of the measured values.

The mean absolute error (MAE) is defined as the
difference between prediction and observation,
divided by the number of observations - equation
4.

MAE =%ZHX; - X (@)

Where: Xi - measured data; Xi- estimated data;
N - even number of points used.
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The root mean square error (RMSE) indicates
the degree of similarity between the measured
and estimated data using the models, with the
ideal value being equal to zero. The RMSE was
obtained with equation 5.

[
RMSE = \/szﬂ X, -x, b (5)

Where: Xi - measured data; Xi- estimated data;
and N - even number of points used.

3. RESULTS AND DISCUSSION

The dynamics seen in the aquatic system of a
reservoir are closely related to terrestrial
systems. It should be noted that all the results
show a direct relation to seasonality and climate
factors in the region. The concentrations showed
high values in all the collection campaigns (Fig.
3). This fact reveals impacts on the reservoir,
since Chl-a concentrations are related its trophic
state as well as to water quality.

The concentrations of chlorophyll-a (ug.L™) in the
Pereira de Miranda reservoir are all classified as
eutrophic to hypereutrophic according to the [20]
limits of classification.

It can be seen that the smallest concentrations of
Chl-a are at points P04 and P05, except for the
fifth collection, where the concentration at P05 is
the highest, approximately 100 ug.L'1. This result
is associated with the lack of anthropogenic
management processes along the banks of the
reservoir.

These processes also directly influence the
concentration of suspended sediments. Fig. 4
shows the dynamics for the concentrations of
total, fixed and volatile suspended solids.

The collection showing the highest concentration
included a rainy period in the region, which
consequently led to an increase in stored volume
during the second collection (Fig. 2), and which
explains the above result, since the rainfall that
occurs prior to a collection is responsible for
transporting soil sediment, organic matter and
pasture residue into the reservoir by means of
runoff.

Concentrations in the Pereira de Miranda
reservoir are within the limit established by
CONAMA Resolution 357/05 for total suspended
solids for Freshwater Classes 1 and 2, which is



500 mg L. At most sampling points, much lower
values are seen. This resolution is original from
the National Council of Environment, agency
subordinated to the Ministry of the Environment
(Portuguese acronym for the Conselho Nacional
do Meio Ambiente - CONAMA).

The range between 400 and 900 nm was used
for spectral analysis, as this presents less noise
and corresponds to the range of interest for
identifying the optically active components of the
water. The data shown demonstrate the spectral
behaviour of the waters of the Pereira de
Miranda reservoir during the rainy and dry
seasons of 2014 and 2015.
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The behaviour of the spectral curves when in the
presence of Chl-a follow a certain pattern, with
peaks of absorption as well as reflectance
depending on the concentrations found. The
collection carried out April, which is
representative of the rainy season in the state,
was chosen for analysis of the spectral data, with
September representing the dry period.

In (Fig. 5), which corresponds to the rainy
season, high reflectance can be seen with the
increase in wavelength in the visible region (500
to 700 nm), this behaviour being related to
elevated concentrations of inorganic particles
suspended in the water column.

28/09/2015  04/12/2015

Collection Period

Fig. 3. Chlorophyll-a concentrations (ug.L-1) in the Pereira de Miranda reservoir CE, from
December 2014 to December 2015
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Fig. 5. Spectral response of the aquatic system of the Pereira de Miranda reservoir CE. 7 April
2015

According to [11], such behaviour may be a
function of the backscattering coefficient, which
in turn is highly correlated with the concentration
of suspended solids. The increase in sediment
concentration is due to the increase in
substances that can be carried into the reservoir
due to the rains that occurred during the rainy
season, together with an increase in the volume
of the reservoir on nearby dates (Table 1).

Points P04 and P01 show the greatest
reflectance, since even though they do not have
the highest concentration of suspended solids,
they have lower concentrations of Chl-a.

—P01  —P02

Bidirectional reflectance factor

400

This behaviour of high reflectance dispersion is
explained in studies developed by [21], where he
points out that the main factor for dispersion are
the dissolved substances and suspended
particles of different size and optical activity in
the liquid medium.

A different result is seen in (Fig. 6), which shows
lower reflectance and more-uniform curves, a
result of the FSS concentrations. The lower
reflectance at P03, also seen in (Fig. 4), can be
explained by the low concentration of fixed solids
and higher concentrations of Chl-a.
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Fig. 6. Spectral response of the aquatic system of the Pereira de Miranda reservoir CE. 28
September 2015



To identify the spectral positions having the
highest correlation with the chlorophyll-a
concentrations, the correlation was determined,
as shown in the correlogram (Fig. 7).

There is a low correlation between the spectral
data and concentrations of chlorophyll-a, it is
therefore not possible to estimate chlorophyll-a
concentrations using a one-band spectral model
only; this justifies the use of two- and three-band
models in the study, as with the single band
model there is a weak and inverse linear
correlation between variables.

According to [5], it is possible to obtain high
correlation between the spectrum and Chl-a data
for a given body of water, but there are
limitations due to high parametric variability; this
makes it difficult to apply the models directly to
another body of water.

The models tested (Table 1) demonstrate
significant results by means of the complex
correlation coefficient, which ranges from r =
0.87 to 0.89 (Fig. 8), and may be evaluated for
estimation of the Chl-a concentration. However,
all the parameters under study should be taken
into account when validating the models, the root
mean square error (RMSE) and the mean
absolute error (MAE) being determining factors in
model application.

In their research, [13] obtained a value for R? of
0,94; in this study, the model presented a value
for R? of 0.75 and RMSE of 14.18 pg L™ (Fig.
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8A). With the model of [15], an R? of 0,81 was
found, giving a satisfactory value as this was
higher than the value observed by the authors of
the model (0.79). However, the Mean Square
Error (8.93 ug L") was lower than that found with
the [13].

For the models of [14], the R? was 0.80, similar to
that seen by the authors (0.81), but with a value
for RMSE of 12.14 ug L™. [11] obtained an R? of
0.88, showing inferior performance in application,
since the resulting coefficient has a value of 0.75
(Fig. 8D).

Model performance was also evaluated taking
into account the values of the NSE coefficient,
which is considered adequate and good if the
value exceeds 0.75, and acceptable for values
between 0.36 and 0.75. The models of [15] and
[11] had the highest values, both with an NSE of
0.74.

Considering the results, the models that
presented the best performance with the smallest
error were those of [15] and [11]. They were
used to estimate chlorophyll-a concentrations at
the five collection points in April and September
of 2015.

For the collection made in April (Fig. 9), the rainy
season, it can be seen that the concentrations
estimated by the models are close to those
measured in the laboratory, with the exception of
point P04 using the model by [11], where the
Chl-a concentration was overestimated.
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0,0

Correlation coefficient (r)

-0,6 -
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400 500 600 700 800 0
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Fig. 7. Correlogram for reflectance factor and concentrations of chlorophyll-a
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Lopes [11]. April 2015



80
70
60
50
40
30
20

Measured Chl-a (ug.L-")

10

Mendoncga et al.; JEAI, 19(1): 1-12, 2017; Article no.JEAI.37913

PO1 P02

m Estimated Chl-a (ug.L-') mGitelson et al. (2007) mLopes (2013)

P03
Points

P04 P05

Fig. 10. Estimates of chlorophyll-a concentrations using the models of Gitelson et al. [15] and
Lopes [11]. September 2015

For the collection made in September (Fig. 10),
note that points P01, P03 and P05 show values
that are more dispersed. For P01, the striking
behaviour is that both models underestimate the
concentrations, whereas for P03 and P05, the
values are overestimated.

The results for both models indicate that this
behaviour may be related to a greater complexity
of the aquatic system, i.e. other attributes and
factors influence the dynamics of water quality
and consequently the spectral response. Due to
the characteristics of the region, such behaviour
may also be related to factors such as wind
speed at the time of collection.

4. CONCLUSION

A remarkable point concerns the concentrations
of chlorophyll-a in which the greatest values are
observed at the last campaign, such fact related
to the big sequence of dry days, what contributed
to the phytoplankton proliferation in virtue of the
favorable conditions to the development of such
organisms, straightly related to the pigment of
chlorophyll-a.

The fractions of suspended solids varied
according to the response of the pluviometric
regimen, in which is observed the increment of
the fractions of total and fixed solids during the
period of collection, when it is observed the
greater pluviometric heights, illustrating the
impact of sediments of mineral origin leaching to

10

the hydraulic basin of the reservoir Pereira de
Miranda.

The use of remote sensing to quantify the
concentrations of chlorophyll-a in the waters of
artificial reservoirs through the analysis of
optically active factors is a necessary and viable
alternative  for monitoring water quality.
Therefore, the spectral responses collected in
situ have revealed great performance in the
difference between the collected points and the
evaluated periods, being able to differ according
to the concentrations of the active optical
components.

The bio-optical models, both analysed and
applied, presented parameters with satisfactory
values, with an R? of 0.75 and 0.79, MAE of 6.74
(g.L") and 6.51 (ug.L™"), NSE of 0.74 for both
models, and RMSE of 9.01 (pg.L'1) and 8.93
(pg.L'1). Although it can be seen that for some
points the values that were found either
overestimated or underestimated the actual
concentrations of Chl-a due to the aquatic
dynamics of the system, the models proved to be
a viable alternative to be explored in monitoring
water quality in the reservoirs of the semi-arid
region.

COMPETING INTERESTS

Authors have declared
interests exist.

that no competing



REFERENCES

1.

Batista AA, Meireles ACM, Andrade EM,
Izidio NSC, Lopes FB. Seasonal and
spatial variation of the trophic state of the
Orés reservoir, Ceara, Brazil. Revista
Agroambiente On-line. 2014;8:39-48.
Lopes FB, Barbosa CCF, Novo EMLM,
Andrade EM, Chaves LCG. Modeling
water quality from hyperspectral remote
sensing. Brazilian Journal of Agricultural
and Environmental Engineering (Online).
2014;18:13-19. English

Chernetskiy M, Shevyrnogov A, Shevnina
S, Vysotskaya G, Sidko A. Investigations
of the Krasnoyarsk reservoir waters based
on the multispectral satellite data.
Advances in Space Research. 2009;206—
213.

DOI: 10.1016/j.asr.2008.04.002

Matsushita B, Yang W, Yu G, Oyama Y,
Yoshimura K, Fukushima T. A hybrid
algorithm for estimating the chlorophyll-a
concentration across different trophic
states in Asian inland waters. ISPRS J.
Photogramm. Remote Sens. 2015;102:28—
37.

Cheng Q, Wu X. Estimation of chlorophyll
a and total suspended matter
concentration using Quickbird image and
in situ spectral reflectance in Hangzhou
Bay, China. Proceedings of the SPIE.
2010;7858.
Available:http://dx.doi.org/10.1117/12.8689
57

DNOCS - National Department of Works
against Drought. Pentecost.
Available:http://www.dnocs.gov.br/~dnocs/
doc/canais/barragens/Barragem%20d0%2
OCeara/pentecoste.htm

(Accessed on: 09 March 2016)

Jones JG. A guide to methods for
stimulating  microbial numbers  and
biomass in fresh waters. London: Fresh
Waters Biological Association; 1979.
APHA/AWWA/WEF. Standard methods for
examination of water and wastewater.
American Public Health Association,
American Water Works Association and
Water Environment Federation. 21st Ed.,
Washington, USA; 2005.

FUNCEME. Cearense foundation of
meteorology and water resources.
Monitoring Networks.
Available:http://www.funceme.br
(Accessed on: 25 March 2016)

Mendoncga et al.; JEAI, 19(1): 1-12, 2017; Article no.JEAI.37913

1"

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

COGERH - Water Resources Management
Company.
Available:http://www.hidro.ce.gov.br/munici
pios/chuvas-diarias

(Accessed on: 15 March 2016)

Lopes, Fernando Bezerra. Use of remote
sensing to support the monitoring of
surface water quality in the semi-arid
region of Brazil. 202 f. Thesis (Doctorate in
Agricultural  Engineering)  -Department
of  Agricultural Engineering. Federal
University of Ceara, Fortaleza; 2013.
English

Dall’Olmo G, Gitelson AA, Rund, Quist DC.
Towards a unified approach for remote
estimation of chlorophyll-a in  both
terrestrial vegetation and turbid productive
waters. Geophys. Res. Lett. 2003;30.
Available:http://dx.doi.org/10.1029/
2003GL018065

Dall'Olmo G, Gitelson AA. Effect of bio-
optical parameter variability on the remote
estimation of chlorophyll-a concentration in
turbid productive waters: Experimental
results. Appl. Opt. 2005;44:412—-422.

Chen S, Fang L, Li H, Chen W, Huan W.
Evaluation of a three-band model for
estimating chlorophyll-a concentration in
tidal reaches of the Pearl River Estuary,
China. Journal of Photogrammetry and
Remote Sensing. 2011;66:356-364.
Gitelson AA, Schalles JF, Hladik CM.
Remote Chlorofyll-a retrieval in turbid,
productive estuaries: Chesapeake Bay
case study. Remote Sensing of
Enviromment. 2007;109:464-472.

Lopes FB, Novo EMLM, Barbosa CCF,
Andrade EM, Ferreira FD. Simulation of
spectral bands of the MERIS sensor to
estimate chlorophyll-a concentrations in a
reservoir of the semi-arid region.
Agro@mbiente On-line. 2016;10:96-106.
Willmott CJ, Ackleson SG, Davis RE,
Feddema JJ, Klink KM, Legates DR, Rowe
CM, O’Donnell J. Statistics for the
evaluation and comparison of models.

Journal of Geophysical Research.
1985;90:8995-9005.
Nash JE, Sutcliffe JV. River flow

forecasting through conceptual models,
Part | -A discussion of principles. Journal
of Hydrology. 1970;10:282-290.

Machado RE, Vettorazzi CA, Cruciani DE.
Simulation of runoff in a watershed
using techniques of modeling and
geoprocessing. Brazilian Journal of Water
Resources. 2003;8:147-155. Portuguese



20.

Lamparelli MC. Degree of trophy in
water bodies in the State of Sé&o
Paulo: Evaluation of monitoring
methods. Thesis (Doctorate in Ecology) —
Institute of Biosciences, University of
Sado Paulo, Sao Paulo. 2004;207.
Portuguese

Mendoncga et al.; JEAI, 19(1): 1-12, 2017; Article no.JEAI.37913

21.

Corazza R. Relationship between spectral
and limnological variables in the reservoir
of the Dona Francisca-RS hydroelectric
power plant. Dissertation (Master's Degree
in Geography) -Universidade Federal de
Santa Maria, Santa Maria. 2010;102.
Portuguese

© 2017 Mendonga et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://sciencedomain.org/review-history/22168

12



