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Abstract. Water clarity can be considered as the key information to assess water quality. This information can
be related to the vertical visibility, analogous to the Secchi disk depth (Zsp), which is measured manually with a
Secchi disk or by remote sensing. The second one uses bio-optical models, however, most of them were
calibrated for oceanic and coastal waters. The semi-analytical approach uses as input, the inherent optical
properties (IOPs) retrieved from the quasi-analytical algorithm (QAA) designed for seawaters. Therefore, we
hypothesized that error caused by the use of a semi-analytical designed for oceanic waters will prevent an
accurately Zg, estimation in an oligo-to-mesotrophic reservoir. Aiming to test this hypothesis, we used in situ
data collected in three different dates considering OLI/Landsat-8 bands. As result, we noticed that according to
the reservoir optical water quality, the estimation of Zg, returned Mean Absolute Percentage Errors ranging
between 12.23% and 28.10% when compared to in situ data. We also used a dataset (n = 6) collected two and
three days before OLI’s overpass in order to validate the model using satellite data and the errors were 9.18%
and 6.32% for the 2 and 3-day delay, respectively. These results showed that QAA designed for seawaters was
able to retrieve Zg,, in an oligo-to-mesotrophic reservoir, probably because the closed bio-optical properties from
both environments, assuming to be applicable to water clarity monitoring.

Palavras-chave: remote sensing, water quality, inland water, optical properties, sensoriamento remoto,
qualidade da 4gua, &guas interiores, propriedades Gticas.

1. Introduction

The attenuation of light with depth is dictated by water molecules, phytoplankton
productivity, particulate and dissolved matter distribution and can be described by the vertical
attenuation coefficient, K; (m~1) and the beam attenuation coefficient, ¢ (m™1) (Kirk 1975).
The vertical visibility, analogous to the Secchi disk depth (Zsp), is very common and an easy
way to measure light attenuation in the vertical direction as well as trophic state of a water
body. Many efforts have been done in order to estimate Zg, considering oceanic, coastal and
inland waters (Buiteveld 1995; Doron et al. 2007; Lee et al. 2015; Majozi et al. 2014).

Empirical and semi-analytical approaches were carried out aiming to derive K; and then
relate to Zsp, however, all the models were focused on seawater properties; therefore, the
optical water quality is different from that found in inland waters with high absorption
coefficients. Buiteveld (1995) showed a semi-analytical way to model Zg, and diffuse
attenuation of Photosynthetically Active Radiation (PAR), Kp4g, using data from four
eutrophic lakes in Netherlands. Recent studies showed good results of emipirical Zs, based
model in inland waters (Majozi et al. 2014).

In order to avoid aditional calibration and site-specific limitation, the semi-analytical
model from Lee et al. (2015) came up with a new reformulation approach to derive Zgp,
relying only on K, at a wavelength representing the maximum transparency. This new model
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was validated using a large dataset covering different optical environments such as oceanic,
coastal and lake waters. As input, the inherent optical properties (IOPs) were used and
predicted through the quasi-analytical algorithm (QAA). The main issue regarding this
method is that it was based on oceanic and coastal waters (Lee et al. 2002) and some authors
have highlighted important liminations of QAA for applications in inland waters.

We hypothesized that since the Zsp model form Lee et al. (2016) uses the QAA version
5 to estimate the total absorption coefficient, a, and the backscattering coefficient, by, in order
to estimate the K; and then the Zsp, the error caused by these estimation will prevent an
accuretelly Zsp estimation in a oligo-to-mesotrophic reservoir. To test this hypothesis, data
collected in three field trips were used in order to apply the Zsp model considering the spectral
bands from Operational Land Imager (OLI)/Landsat-8. Then, the aim of this work was to
validate the Zsp model for inland waters with trophic status varying from oligo-to-
mesotrophic conditions.

2. Materials and Methods
2.1 Study Area

Nav is a run-of-river reservoir (Figure 1) with a mean water level fluctuation lower than
0.50 m.year? and is also the fifth of six reservoirs situated along the Tieté River in the west
region of Sdo Paulo State, Brazil and started its activity in 1982 flooding an area of 210 km?
(at its maximum quota), with a usable volume of 3.8x108 m3, perimeter of 462 km, maximum
depth of 30 m, mean residence time of water of about 46 days and an average flow of 688
m3.s (Torloni et al. 1993).
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Figure 1. Maps of the study area emphasizing (a) the territory of Brazil highlighted by the
OLl/Landsat-8 tile, (b) the State of Sdo Paulo and the respective reservoirs along the Tieté
River starting with Barra Bonita, the first of the cascade followed by the downstream
reservoirs of Ibitinga, Bariri, Promissdo, Nova Avanhandava and Trés Irmdos, (c) the
sampling location in Nav reservoir and (d) monthly rainfall data from NASA’s GIOVANNI
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database for the period of 2000 — 2015.

2.2 Laboratory Analysis

The field trips were carried out in the dry (Austral Autumn, April 28 to May 2) and wet
seasons (Austral Spring September 23 to 26) of 2014 and the dry season (Austral Autumn,
May 9 and 14) of 2016. The first and second field collections resulted in 19 data points each,
and 18 for the third one (see Figure 1 for sampling stations location). The chlorophyll-a (chl-
a) was extracted with 90% acetone solution and analyzed spectrophotometrically at 663 and
750 nm (Golterman et al. 1978). The total suspended solid (TSS) concentration was
determined through the method described by APHA (1998). A Secchi disk with a diameter of
30 cm was used for Zgp measurements. To estimate the CDOM absorption coefficient
(acpom), the method from Tilstone et al. (2002) was used and to derive the total particulate
absorption coefficient (a,), non-algal particle coefficient (aysp) and the phytoplankton

absorption coefficient (ag), Tassan and Ferrari (1995, 1998) approaches were applied.

2.3 In-situ Radiometric Data

The remote sensing reflectance (R,,sr~1) spectrum was estimated from radiometric
measurements taken at each sample station. Below and above water radiometric
measurements were acquired using hyperspectral radiometers RAMSES TriOS® (TriOS,
Germany) operating in the spectral range between 400 and 900 nm. The acquisition geometry
follows the protocol described by Mueller (2000) and Mobley (1999) and aimed to meet
requirements to avoid the effects of radiance and specular boat shading. The R, values were
calculated from the radiometric quantities collected in the water surface in accordance with
Mobley (1999) (Equation 1):

Le(M)-pLs(D)
Res@) =00 1)

where p is the proportionality factor that considerer the wind speed, sky radiance distribution,
directions seen by the sensor and reflected by the water target. The value applied was 0.028
once the average wind speed did not exceed 5 m.s! during data collection and the geometry of
acquisition was kept the same as Mobley (1999).

The R, is the main input data for models to retrieve optically significant constituent
(OSCs) concentration. However, it is necessary to match the hyperspectral data with those
from satellite data by convoluting the spectral response functions of Operational Land Imager
(OLI) from Landsat-8 bands to derive the band-weighted reflectance data (Gordon 1995)
(Equation 2):

1 S Rrs (D)
Ai rs
ROM(3) = 2 @
f; sS@

where RCL stands for the remote sensing reflectance convoluted from OLI spectral bands; A;
and A; are the lower and upper limit of the band A, respectively. S(}) is the spectral response
function of the ith spectral band of OLI (Barsi et al. 2014).

2.4 Z¢p Modeling

The Zgp, retrieval has been linked to K. Lee et al. (2015) came up with a new theoretical
model to interpret Zg,, based on K,;(A) (Equation 3):
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Kq() = (1 +mo x 8)a(A) + (1 - y%) X my X (1 —m, x e"ms*e@)p, (7) 3)

where my_5; and y are equal to 0.005, 4.26, 0.52, 10.8 and 0.265, respectively. Zg, is then
retrieved as Lee et al. (2015) (Equation 4):

_ 1 |o.14—R£§|)
Zsppqs = 2.5Min(K5") ln( 0.013 )

where K/ is the diffuse attenuation coefficient of downwelling irradiance in the spectral
transparent window and here represents the minimum value within the visible domain (443 —
665 nm) and RZ% represents the remote sensing reflectance of this wavelength.

2.5 Estimating 10OPs from QAA

The QAA approach was initially designed to estimate the 10Ps in clear waters, assuming
an a(440) < 0.3 m™! (Lee et al., 2002). Since then, modifications were carried out in order
to better describe particularities of inland waters, such as those from Le et al. (2009), Yang et
al. (2013) and Mishra et al. (2014) using as reference wavelength (4,) the band closed to 708
nm. However, these inland waters were classified as eutrophic to hipereutrophic with
a(440) >» 0.3 m™1, such as the QAA from Mishra et al. (2014), designed for a very turbid
cyanobacteria-dominated water with ag(443) ranging between 3.44 and 47.21 m*
representing more than 54% of the a(443). Therefore, the former approach was not tested,
only QAA from Lee et al. (2009) and here called as QAA,s using bands from OLI/Landsat-8
and with slight modifications in the following two steps (Equations 5 and 6):

0.01xryg(coastal)+r,g(blue)
=1 s s 5
X 8 <rrs(/10)+0.005x::ssgg?)xrrs(red)> ( )
_ _ _ rys(coastal)
n=22{1-12 exp[ 0.0 } (6)

2.6 OLI/Landsat-8 Atmospheric Correction

Application of imagery data to retrieve information of water bodies requires high quality
atmospheric correction. Classical methods such as FLAASH (Fast Line-of-sight Atmospheric
Analysis of Hypercubes) were tested due to their simplicity of use and reasonable success in
retrieving OSC in inland waters. Besides, the ACOLITE, which is an atmospheric correction
and processor for the OLI/Landsat-8 data, was also evaluated. Recently, the Provisional
Landsat 8 Surface Reflectance (L8SR) product, which is produced using specialized software
and acquired through the Earth Explorer on demand service, has been applied in aquatic
environments to retrieve water quality parameters (Concha and Schott 2016).

2.7 Accuracy Assessment

To retrieve Zgp values in Nav, the semi-analytical approach described by Lee et al.
(2015) was used and as input, the simulated R,.; from OLI/Landsat-8 was also applied. Once
the main goal was to verify the accuracy of the original model for retrieving Zs, in inland
water such as Nav, which is an oligo-to-mesotrophic reservoir, data from three field trips were
used. In order to validate the model based on satellite data, six samples from the first field
campaign (collected on 1 and 2 May 2014) were used to extract the values from the
atmospherically corrected data, acquired on 4 May 2014 (Path 222, Row 075). The statistical
indicators used for validation were the total root mean square difference (RMSD), the mean
absolute percentage error (MAPE), and bias (Equations 7, 8 and 9, respectively).
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N 1
bias = ;Z?:l(xest,i - xmeas,i) ©)

where n is the number of samples, x5 ; and x,.q45; represent the estimated and measured
values, respectively.

3. Results and Discussion
3.1 Biogeochemical and Optical Characterization

The water quality parameters are displayed in Table 1 and it shows how homogenous are
the data except when compared with those from the third field trip. The data from 2014 did
not show statistical differences from Autumn to Spring exhibiting a seasonal independence.
However, data from 2016 showed a statistical change indicating the influence of the rainfall
condition (see Figure 1d for rainfall data). The TSS and chl-a concentrations from all the field
trips are peculiar of an oligo-mesotrophic environment. These results imply that some factor
led to the differentiation of water quality properties from 2014 to 2016 and according to
Coelho et al. (2015), the southeast of Brazil experienced a major drought event in 2014,
affecting the water quality and water availability in this region. In 2016, the precipitation rate
turned back to normal providing the increase of surface runoff and therefore the input of
sediment loads into the reservoir.

Table 1. Descriptive statistic from the three field trips carried out in Nav (the notations in the
table stand for: Aver: average, SD: standard deviation, Min-Max: minimum-maximum).

Nav 1 Nav 2 Nav 3
(n=19) (n=19) (n=18)
TSS Aver £ SD 1.00 £ 0.64* 1.00 £0.58 2.83 £ 0.65**
(mg I Min-Max 0.10 - 2.60* 0.50-2.80 1.87 - 3.67**
chl-a Aver £ SD 6.30 £ 2.53 9.01+4.21 26.56 + 7.03**
(ngl-l) Min-Max 2.46 —12.56 4,51 —-20.48 15.84 — 38.59**
Turbidity Av_er +SD 1.63+0.42 1.73+0.41 -
(NTU) Min-Max 1.01-2.47 1.01-256 -
Zgp Aver £ SD 3.19+0.62 3.41+0.62 2.97 £0.63
(m) Min-Max 2.29-4.80 2.45 - 4.65 1.91-3.80
a(443) Aver £ SD 0.75+0.12 0.80£0.22 0.99+0.18
(m?) Min-Max 0.49-1.06 0.42 -1.45 0.65-1.37
a,(443) Aver £ SD 0.17 £0.07 0.24 £ 0.09 0.29+0.13
(m?) Min-Max 0.10-0.38 0.10-0.43 0.11-0.57

*n=16,**n=09

The 10Ps provide information about the contribution and dominance of certain OSC in
the water and can also assist in the estimation of these components using proper algorithms
(Mishra et al. 2014; Riddick et al. 2015). At 443 and 560 nm the NAP dominated the total
absorption coefficient except the water component (a;_,,) in the first field trip with 42.90 £
6.51% and 48.69 + 7.61 %, respectively and at 655 nm the phytoplankton contributed with
44.18 + 9.91 % (Figure 2).
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Figure 2. Ternary graphs depicting the absorption budget at three wavelengths in the visible
region (a) blue — 443 nm, (b) green — 560 nm and (c) red — 655 nm.

Regarding the second field trip, CDOM contributed with 40.44 = 8.39 % at 443 nm,
followed by NAP with 46.00 + 9.68 % at 560 nm and 46.88 + 10.69 % at 655 nm. The third
field trip had NAP dominating the blue and green wavelengths with 62.74 + 9.31 % and 71.68
+ 13.13 %, respectively. At 655 nm the phytoplankton participated with 53.86 + 13.67 % of
the total absorption budget. At 443 nm, the samples were spread within the central zone of the
ternary plot indicating that all three absorption coefficients co-varied somehow. The first and
third field trips presented the predominance of a4 at 655 nm, which is considered a typical
diagnostic feature of phytoplankton and is also attributed to backscattering by CDOM
(Gitelson 1992). At all wavelengths, the third field trip presented low percentage contribution
of CDOM (less than 10%).

3.2 Atmospheric Correction Assessment

The methods showed different performances considering the coastal to red wavelengths.
FLAASH achieved the best result for coastal and green bands with MAPE = 26.49% and
34.12%, respectively while ACOLITE was better for blue and red bands (13.71% and
15.87%, respectively). L8SR showed consistent results (Figure 3a) with MAPE ranging
between 54.38% (coastal band) and 27.58% (green band). The latter model was picked
because ACOLITE error at coastal band was very high (108.84%) invalidating its use. The
comparison between FLAASH and L8SR showed better results for the second one. The
method was also used in studies of water quality in inland waters showing good outcomes in
terms of spatial modeling of water quality parameters (Concha and Schott 2016). Therefore,
this product was elected to display spatially the Z;, values.

3.3 Zgp Algorithm Accuracy and Validation Using OLI/Landsat-8 Data

In order to check the performance of Zs,, R, data from three different dates were used as
input. The IOPs were analytically derived from QAA,s and further applied to retrieve the Zsp,.
Figure 3(b) showed that values from Nav 1 and Nav 3 were close to the 1:1 line showing a
good agreement between in situ and estimated values, on the other hand, the values from Nav
2 were underestimated increasing the mean error. The errors were also low for those two field
campaigns (Nav 1: RMSD = 0.59 m, MAPE = 13.58% and bias = -0.38 m; Nav 3: RMSD =
0.52 m, MAPE = 12.23% and bias = -0.27 m), however, higher in Nav 2 (RMSD = 0.95 m,
MAPE = 28.10% and bias =-0.91 m).
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Figure 3. Comparison between estimated and in situ Zg, values using: (a) QAA,s and OLI
bands, (b) QAA,;1, and MSI bands, the red arrow indicates the outlier and (c) comparison
between estimated and in situ Zg,, values.

Samples from the first campaign (n = 6) were separated from the whole dataset in order
to validate the extracted image data. The semi-analytical model based on surface reflectance
OLI product (Figure 3c) showed to be suitable to retrieve Zg, values once the highest
uncertainty was found with the 2-day delay data (n = 3) with MAPE = 9.18%, RMSD = 0.32
m and bias = 0.06 m, while for 3-day delay samples (n = 3) the errors had MAPE = 6.32%,
RMSD = 0.19 m and bias = -0.06 m. The in situ and derived Zg,, were positioned close to the
1:1 line, indicating the accomplishment of the model in retrieving Zg,, values in an oligo-to-
mesotrophic reservoir such as Nav using OLI products. The results showed that this approach
can be successfully used in the monitoring of water quality in this type of environment using
orbital data with a temporal resolution of 16 days.

4. Final Considerations

A semi analytical model developed to estimate Zg, was evaluated in Nav using
simulated OLI/Landsat-8 bands from three field trips carried out in 2014 and 2016. For
validation, OLI image-based Z, was compared with in situ Zg, and a good relationship was
observed, strongly suggesting the use of OLI/Landsat-8 data to map water clarity in an oligo-
to-mesotrophic reservoir. The QAA,s outperformed presenting errors ranging between
12.23% to 28.10%. Taking into account that Nav is not a traditional productive turbid water
but an oligo-to-mesotrophic environment with very low TSS and chl-a concentrations, the
bio-optical properties are very close to that found in oceanic and coastal waters in which the
QAA was developed, that is why the success of QAA,s. Therefore, the Zg, showed to be
applicable to water clarity monitoring considering Nav’s water quality properties.
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