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Quasi-Analytical Algorithms (QAAs) are based on radiative transfer equations and have been used to
derive inherent optical properties (IOPs) from the above surface remote sensing reflectance (Rys) in aquatic
systems in which phytoplankton is the dominant optically active constituents (OACs). However, Colored
Dissolved Organic Matter (CDOM) and Non Algal Particles (NAP) can also be dominant OACs in water
bodies and till now a QAA has not been parametrized for these aquatic systems. In this study, we com-
pared the performance of three widely used QAAs in two CDOM dominated aquatic systems which were
unsuccessful in retrieving the spectral shape of IOPS and produced minimum errors of 350% for the total
absorption coefficient (a), 39% for colored dissolved matter absorption coefficient (acpy) and 7566.33%
for phytoplankton absorption coefficient (apyy, ). We re-parameterized a QAA for CDOM dominated (here-
after QAAcpom) Waters which was able to not only achieve the spectral shape of the OACs absorption
coefficients but also brought the error magnitude to a reasonable level. The average errors found for the
400-750 nm range were 30.71 and 14.51 for a, 14.89 and 8.95 for acpy and 25.90 and 29.76 for app, in
Funil and Itumbiara Reservoirs, Brazil respectively. Although QAAcpom showed significant promise for
retrieving IOPs in CDOM dominated waters, results indicated further tuning is needed in the estimation
of a(A) and a,p, (2 ). Successful retrieval of the absorption coefficients by QAAcpom would be very useful
in monitoring the spatio-temporal variability of IOPS in CDOM dominated waters.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorophyll-a (chl-a, refer to Table 1 for symbols and acronyms)
concentration is essential for monitoring water quality in aquatic
systems since it is an estimator of their trophic state. It is also an
indicator of primary production and algal blooms, especially toxic
cyanobacterial blooms in reservoirs, lakes, and estuaries (Reinart
and Kutser, 2006). Chl-a is often considered as a proxy for algal
biomass and has been used as an indicator of ecological health of
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waters. Traditional monitoring methods of chl-a are based on field
sampling and laboratory analysis which are expensive and time
consuming (Duanetal.,2010). Moreover, their spatial and temporal
heterogeneity make point field sampling inadequate for monitor-
ing large areas (Gons, 1999). Remote sensing techniques have been
extensively used for monitoring chl-a in aquatic inland systems
(Dall’Olmo and Gitelson, 2005; Gitelson et al., 2007, 2008, 2009; Le
etal.,2009a,2011; Mishra and Mishra, 2012). Advantages in remote
monitoring are: (1) synoptic view of satellite images allow the
acquisition of data from the entire aquatic system; (2) the capability
of obtaining information from remote and sometimes inaccessible
regions; and (3) the availability of historical series of data allow-
ing the extraction of information from the past (Hadjimitsis and
Clayton, 2009). Accordingly, Gons (1999) observed that the use of
remote sensing techniques were time saving, cost-effective, and
scientifically rewarding alternative.
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Table 1
List of symbols and acronyms on bio-optical modeling.

Symbol/acronym Description Unit

I0Ps Inherent optical properties -

AOPs Apparent optical properties -

QAA Quasi-analytical algorithm -

CDOM Colored dissolved organic matter -

NAP Non algal particles -

CDM Colored detritus matter (CDOM + NAP) -

chl-a Chlorophyll-a -

PC Phycocyanin -

Q Light distribution factor ST

f Geometrical light factor

Rys Remote sensing reflectance above water sr!
surface

Trs Remote sensing reflectance below water sr!
surface

Ly(0-, 1) Spectral Upwelling radiance below water Wm2sr!
surface

Loky(0~, 1) Sky radiance Wm2sr!

Lref(07, 1) Spectralon reference panel radiance Wm2sr!

Ly(0-, 1) Water leaving radiance Wm2sr!

Eq(0-, A) Spectral downwelling irradiance bellow water Wm=2sr-!
surface

Es(0*, A\) Spectral incident irradiance above water Wm2sr!
surface

a(A) Spectral total absorption coefficient m-!

ap(X) Spectral absorption coefficient of particulate m-!
matter

Appy(A) Spectral absorption coefficient of m-!
phytoplankton

anap(A) Spectral absorption coefficient of non-algal m-!
particles

acpm(X) Spectral absorption coefficient of colored m!
detritus matter

acpom(A) Spectral absorption coefficient of colored m-!
dissolved organic matter

aw(A) Spectral absorption coefficient of pure water ~ m~!

bp(A) Spectral total backscattering coefficient m-!

bpw(X) Spectral backscattering coefficient of pure m-!
water

by p(1) Spectral backscattering coefficient of m-!
particulate matter

by phy(1) Spectral backscattering coefficient of m!
phytoplankton

by nap(X) Spectral backscattering coefficient of non-algal m-!
particles

[chl-a] Chlorophyll-a concentration wg/L

[NAP] Non algal particles concentration mg/L

Remote sensing of chl-a is based on relating different spectral
characteristics of chl-a such as absorption, scattering, and fluores-
cence in mathematical or physical algorithms. These algorithms,
also known as bio-optical models, have been applied on aquatic
systems worldwide and can be classified into three categories:
semi-empirical, semi-analytical, and quasi-analytical (Odermatt
et al., 2012). Semi-empirical algorithms such as red-near infrared
(NIR) band ratio (Dall’Olmo and Gitelson, 2005; Moses et al., 2009),
fluorescence line height (Gons et al., 2008; Hu et al., 2005), three-
band tuning algorithms (Dall’Olmo and Gitelson, 2005; Gitelson
et al., 2007, 2008, 2009), four-band algorithms (Le et al., 2009b)
and Normalized Difference Chlorophyll Index (NDCI) (Mishra and
Mishra, 2012) have been used to monitor chl-a in inland waters.
However, they are usually limited to the environmental conditions
of the specific aquatic system and empirical calibrations are often
required (Matthews et al., 2010). On the other hand, analytical
algorithms are based on radiative transfer equations and since it
is based on physical principles, they should be useful in different
water bodies (Li et al., 2013). Therefore, the International Ocean
Colour Coordinating Group (IOCCG) suggested deriving inherent
optical properties (IOPs) rather than directly estimating chl-a con-
centration from the above-surface remote sensing reflectance (R;s)
for highly turbid inland waters (IOCCG, 2006; Li et al., 2011, 2013,

2015; Gonsetal,,2002; Mishraetal.,2013,2014). That way, the esti-
mated absorption coefficient of phytoplankton (appy ) can be used to
quantify chl-a concentration (Gilerson et al., 2010; Li et al., 2013).
These IOP decomposition algorithms first proposed by Lee et al.
(2002) are termed as quasi-analytical algorithms (QAA).

QAAs have been proposed to estimate the IOPs from ocean
waters (Lee et al., 2002, 2009) and several re-parameterized ver-
sions have been used for in inland waters (Li et al., 2013, 2015;
Mishra et al., 2014). However, all the previously published versions
of QAA in the literature are found to be calibrated and validated in
aquatic systems in which apy,, was the dominant I0P. Therefore, the
use of those QAAs for monitoring chl-a in aquatic systems in which
phytoplankton is not the dominant component is still a challenge
(Gons et al., 2008; Li et al., 2013), mainly due to the dominance
of other optically active constituents (OACs) such as colored dis-
solved organic matter (CDOM) and non-algal particles (NAP). These
two constituents have absorption features that usually overlap with
chl-a mainly in the blue and green spectral channels. These charac-
teristics do not allow the existing QAAs to accurately retrieve IOPs
in waters dominated by CDOM and NAP, since most of the bands
used in the QAAs are located in the blue and green wavelengths.

The main goal of the present study was to parameterize an exist-
ing QAA to retrieve the IOPs in CDOM dominated waters, since to
the best of our knowledge, there has not been any semi-analytical
model or QAA developed or parameterized specifically for CDOM
dominated tropical inland waters. The objectives of this research
were: (1) to evaluate the performance of the existing QAA using
in situ and bio-optical dataset acquired from two CDOM domi-
nated tropical reservoirs; and (2) to re-parameterize a QAA for
estimating IOPs in these waters. We anticipate that the success-
ful re-parameterization and implementation of a QAA for CDOM
dominated waters will be widely applicable to many inland and
shallow marine and estuarine environments where phytoplankton
is not the dominant OAC.

2. Background
2.1. IOP derivation

Several models have been developed to accurately derive the
IOPs from the apparent optical properties (AOPs) such as Ry
(Maritorena et al., 2002; Lee et al., 2002, 2009). Semi-analytical
and QAAs derivation of IOPs is commonly based on the reflectance
model shown in Eq. (1) (Gordon et al., 1975, 1988).

Ly (0, 1) by (1) by(M)  \?
r“(“zEd(O:AFg](a(x)+bb<x))*gz(a(mbb(k)) (1

where, r5(A) is the remote sensing reflectance just beneath the
water surface, a(A) is the spectral total absorption coefficient, by(A)
is the spectral total backscattering coefficient, L,(0~, A) and E4(0~,
A) are upwelling radiance and downwelling irradiance, respec-
tively, and g; and g, are geometrical factors.

Based on Eq. (1), several semi-analytical and QAA models have
been proposed for deriving the IOPs from ocean waters (Roesler
and Perry, 1995; Maritorena et al., 2002; Lee et al., 2002). For inland
waters, semi-analytical and QAAs have recently been proposed by
Simis et al. (2005, 2007), Li et al. (2012, 2013, 2015), and Mishra
etal.(2014). The main difference between semi-analytical and QAA
is based on the estimation of a(A) and by()) (Lee et al., 2002). In
QAA, the estimation of a(A) does not involve absorption coeffi-
cients of individual constituents such as a,p,(A), spectral absorption
coefficient of non-algal particles (anap(2A)), and spectral absorp-
tion coefficient of color dissolved matter (CDM) (acpp(A)). On the
contrary, in semi-analytical algorithms (Roesler and Perry, 1995;
Maritorena et al., 2002), a(A) is usually estimated by the sum of
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the absorption coefficients of other constituents including spectral
absorption coefficient of pure water (ay(A)) as show in Eq. (2).

a(A) = aw (A) + aphy (A) + anap (A) + acpom (A) (2)

where, acpom(A) is the specific absorption coefficient of CDOM.
On the other hand, in QAA, a(}) is calculated as given in Lee et al.
(2009)'s QAA version 5 (QAAV5).

o ) = L1 00) o () 0, (1) o
u (M)
where, u is calculated from Eq. (4); bp,w(A) and by,p(2) are the

spectral backscattering coefficients of pure water and particulate
matter, respectively.

by

u:a+bb “)

Estimation of by(A) in semi-analytical algorithms is usually
expressed as the sum of the backscattering coefficients for all opti-
cally active constituents in water except for CDOM, as given in Eq.

(5).

by (A) = by w (A) + [chl — a] b}

b,phy ()‘)+ [NAP] b;;,NAp ()‘«) (5)

where, by* pp,(A) and by* Nap(A) are the spectral specific backscat-
tering coefficients for phytoplankton and NAP, respectively and
[chl-a] and [NAP] are the concentrations of chl-a and NAP, respec-
tively.

In QAA (QAAV5), by(A) is also calculated differently as given in
Eq. (6) (Lee et al., 2009).

n
by (A) = bp,w () + bp,p (20) <);TO> v

where, Ag is the reference wavelength, and 7 is the spectral power
for backscattering coefficient of particulates and calculated as:

n=2 (1 —1.2exp (70.9%)) (7)

2.2. QAA applications for retrieving appy(A)

QAA (Lee et al., 2002) is a multi-band inversion algorithm that
uses Rys(A) spectra to retrieve a(A) and by, (A). It has been exten-
sively validated for ocean waters using both simulated and field
datasets from different geographic regions (Lee et al., 2002; Lee and
Carder, 2004; Le et al., 2009a). Due to its high accuracy in retriev-
ing IOPs in coastal and open ocean waters, it has been recently
re-parameterized to retrieve a,p,(A) ininland waters (Lietal., 2013,
2015; Mishra et al., 2014). Mishra et al. (2014) re-parameterized
the QAA for extremely turbid hypereutrophic temperate waters in
the United States, where app,(443) (3.44-37.67 m~!) contributes
>54% of the a(443) (4.99-47.21m™!). Their model was able to
retrieve a,p,(A) with an average percentage error of 27.2% within
the 413-665nm range. Similar error values were found by Li
et al. (2015) which calculated the relative root mean square error
(rRMSE) for the estimations of a,y, at three different wavelengths
(443, 620 and 665 nm). They showed that their model could esti-
mate app,, with an rRMSE of 28.79, 26.60 and 30.45% for the band
centers at 443, 620 and 665 nm, respectively. These two previous
studies were able to estimate app,, with rRMSE values between 25%
and 31%in the visible range, in environments where phytoplankton
was the dominant OAC.

3. Materials and methods
3.1. Study sites

Our study was conducted in two different tropical hydroelectric
reservoirs in Brazil. The datasets used in this study, in situ spec-
tral data and pigment concentration, were collected by following
established protocols for spectral measurements and laboratory
analysis.

3.1.1. Itumbiara hydroeletric reservoir

The Itumbiara Hydroelectric Reservoir (18°25'S, 49°06'W)
located in central Brazil, between the Minas Gerais and the Goias
States (Fig. 1), was sampled over two field campaigns conducted
during May and September of 2009 (Nascimento, 2010). The reser-
voir was developed by building an embankment dam on the
Paranaiba River near Itumbiara in Goias, Brazil. The region is typ-
ically a tropical grassland savanna and its geomorphology helped
the reservoir to develop a dendritic pattern with an area of approx-
imately 814 km? and a volume of 17.03 x 109 m? (Alcantara et al.,
2010). The reservoir’s is situated 520 m above sea level (m.a.s.l) and
has a major axis of 30 km, and a maximum width of approximately
15km. Its depth ranges from 0.5 to 78 m, with a mean depth of
32 m (Curtarelli et al., 2013a). The climate of the region is defined
by two seasons: dry and cold (May-October) and wet and warm
(December-April). The peak of monthly precipitation during the
dry season (austral winter) is around 5 mm while for the wet season
(austral summer) the peak reaches up to 250 mm (Alcantara et al.,
2010). The average air temperature during the wet season ranges
from 24 to 26°C, while during the dry season, average tempera-
ture stays below 20 °C (Curtarelli et al., 2013a).The average relative
humidity shows a similar pattern to the air temperature, however,
it shows a small shift in the minimum value towards September
(47%) (Curtarelli et al., 2013b).

3.1.2. Funil hydroeletric reservoir

Funil Reservoir (22°32’S and 44°45'W) drains water from the
hydrographic basin of Paraiba do Sul river, in Southeast Brazil
(Fig. 1), and it is located between the cities of Itatiaia and Resende in
the state of Rio de Janeiro. This hydrographic basin connects three
economically important Brazilian states including Minas Gerais, Rio
deJaneiro, and Sdo Paulo. The reservoir has a 16,800 km? catchment
area, surface of 40 km?2, mean depth of 22 m, maximum depth of
70m and total volume of 8.9 x 10° m3. The retention time varies
from 10 to 50 days according to the season of the year (Rocha et al.,
2002). The field trip in this study site was conducted in April 2013.

Funil Reservoir was constructed during the late 1960s with the
purpose of being an important hydroelectric power generation
source (Ogashawara et al,, 2013). However, Branco et al. (2002)
pointed out that the Funil reservoir also serves as the primary
source of drinking water for domestic supply, irrigation, indus-
trial self-supply systems, and aquaculture. Moreover, the reservoir
drains the waste from one of the main Brazilian industrial areas
with a large range of industries: 19 chemical, 26 siderurgical and
metallurgical, 5 electric and electronic, 1 petrochemical, 3 paper
and cellulose, and few others food and textile industries (Primo,
2006). Additionally to these industrial waste, Dittmar et al. (2012)
found that the Paraiba do Sul River carries 2700 tons per year of dis-
solved black carbon (DBC) originated mainly by fire-return cycle of
sugarcane plantations. The authors also found high concentrations
of organic carbon and DBC in the soil of the Paraiba do Sul water-
shed which could load the aquatic systems in the watershed with
organic matter.
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Fig. 2. Normalized R;s spectra by the value at 555 nm (dotted line) collected in (A) [tumbiara Reservoir; and (B) Funil Reservoir.

3.2. Inssitu Ry

The normalized R;s shown in Fig. 2 were measured using two
different spectroradiometers, due to this, Rs was calculated dif-
ferently for each spectroradiometer, since one used submerged
and above the surface measurements and the other used only the
above the surface measurement. For the Itumbiara Reservoir, we
used an ASD field spectrometer (Analytical Spectral Devices, Inc.,
Boulder, CO, USA) during 12-13 May and 09-11 September of
2009. The measurements were made by following Fougnie et al.
(1999)’s method without a polarizer filter. Upwelling radiance (L, ),
sky radiance (L), and spectralon reference panel radiance (L)
were measured nine times at each sampling station to reduce noise
variability. R;s was then computed following Mobley (1999) as:

Lw(0%) _ (Lu(0%) = plyy (04))

Res = Eq(0%) — E4(0F) ®

where, L, is the water-leaving radiance, p represents the
reflectance of the skylight from air-water interface which was con-
sidered as 0.028 (Mobley, 1999), and E;4(0*) is the downwelling
irradiance above water surface and is defined as:

Eq (0%) = Lees (M) 7fe (9)

where, f is the factory generated calibration coefficient of the ref-
erence panel.

For the Funil Reservoir, the field radiometric measurements
were acquired during 2-5 April 2013 using the RAMSES hyperspec-
tral radiometers (TriOS GmbH, Oldenburg, Germany) as described
in Ogashawara et al. (2013). E; measures from the RAMSES hyper-
spectral radiometers were normalized (Eq. (10)) by the incident
surface irradiance (Es) as proposed by Mueller (2000).

_ Eq(zm)Es(t(z1))

) (10)
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where, E'j(zm) is the normalized downwelling irradiance at that
depth (z;); E4(zm) is the original downwelling irradiance at depth
(zm); Es(t(z1)) is the downwelling irradiance measured at time t(z;)
and Es(t(zp)) is the downwelling irradiance measured at time t(zy, ).

Rs was finally calculated based on Gitelson et al. (2009) using
the calibrated L, and E’'; measures from the RAMSES hyperspectral
radiometers (Eq. (11)).

Ly (07)
© n2E 4 (0F)

where, t is the water-to-air transmittance; n is the refractive index
of water relative to air and 7 is used to transform the irradiance
reflectance, R, into remote-sensing reflectance, Rys.

The use of different methodologies and equipment for the com-
putation of Ry, did not change the intensity of the spectra (Fig. 2),
however, there was noise (variation in the intensity of the spec-
trum) in the data from Itumbiara Reservoir — observed mostly in
the blue and NIR region of the spectra. This is probably due to the
fact that the data were acquired only from above the water using
a sensor with a different integration time while in Funil Reservoir
the data was also acquired under the air-water interface.

(11)

s

3.3. Limnological variables

The same methodology was followed for samples from both
sites in deriving the concentrations of chl-a and TSS during the
laboratorial analysis. The water samples were stored in 1L Niskin
opaque bottles at cool temperature until their delivery at the
laboratory. For chl-a concentration, water samples were filtered
through Whatman GF/F filters and stored frozen (—20°C) until
further analysis. Filters were analyzed following Nush (1980) pro-
cedure which involved the extraction of chl-a pigment using 80%
ethanol followed by a thermal shock of the substance before the
absorbance reading using a U-3010 Hitachi (Hitachi, Tokyo, Japan)
spectrophotometer. Concentrations were calculated according to
Lorenzen (1967) protocol. TSS values were determined based on the
procedure proposed by Wetzel and Likens (1991). This approach
also used a filtering procedure of 1000 mL of water using a pre-
ashed (at 480°C) and pre-weighed GF/C filter. Filters were stored
in desiccators over silica gel until the filtering procedure. In the
laboratory, the filter was dried at 60°C for 24h and weighed to
determine TSS. The filters were calcined at 480°C for 1h and
reweighed to determine inorganic particle concentration for each
sample. For Dissolved Organic Carbon (DOC) the concentrations
were determined using an infrared detector on a total organic car-
bon analyzer (Shimadzu TOC-5000).

3.4. Absorption coefficients estimates

For the determination of acpop(A), water samples were filtered
immediately after collection, through a 0.2 pwm nucleopore mem-
brane. Filtrates were stored in a cooler in amber color glass bottles
till analysis in the laboratory. Filtered samples were allowed to
reach ambient room temperature to minimize temperature bias
between samples and blank (Milli-Q water) before absorption
measurements. For Itumbiara Reservoir, acpom(A) was measured
from discrete samples using the high performance U-3010 Hitachi
spectrophotometer with 10cm quartz cells and within 300 and
750 nm range with 1 nm spectral resolution. For the Funil Reser-
voir, acpom(*) was measured with a Lambda 35 UV/Vis system in
a transparent cuvette with Millipore Milli-Q water in the reference
cell. The absorbance data were corrected for baseline fluctuations
by subtracting the mean value from the absorbance of the Milli-Q
water measured at each wavelength (Mueller et al., 2002).

For the spectral absorption coefficients of particulate mat-
ter (ap(1)), appy(1), anap(A), water samples were collected in 1L

Niskin bottles. Samples were filtered onto 0.7 pm Whatman GF/F
filters. The volume of water filtered was 250mL for all sam-
ples and their replicates. For the Itumbiara Reservoir, a,(A) was
determined using standard quantitative filtration technique (QFT)
procedure as described in (Mueller et al., 2002). A UV-2450 Shi-
madzu spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
with an integrating sphere was used to scan the samples within a
spectral range from 300 to 750 nm. For Funil Reservoir, ay(1) was
measured using the filter pad method and Perkin Elmer Lambda 35
UV/Vis Systems spectrophotometer with a Perkin Elmer integrating
sphere attachment following the method described by Tassan and
Ferrari (1995). For the aysp(X) measurement in both study sites,
samples were de-pigmented by soaking the filters in a 1% solution
of sodium hypochlorite (NaClO) to remove the phytoplankton pig-
ments. The aysp(2X) was measured by the same procedure followed
for ap(2) using the bleached filters. Further, a,,(A) was computed
by subtracting ayap(A) from ap(A). The absorption coefficient of
CDM (acppr) was calculated by the sum of acpop(A) and anap(A).

3.5. Error estimators

To compare the QAAs and to evaluate the re-parameterized
QAAcpowm for Itumbiara and Funil Reservoir, we calculated error
estimators between the measure and estimated absorption coeffi-
cients. RMSE and NRMSE were calculated for accuracy assessment
using Eqgs. (12) and (13).

N 2
. a —a,
RMSE — \/W (12)

NRMSE (%)

N 2
. (Amea — Gest) -1
=100 (\/W - (@mea,max — Ameq,min) (13)

where, ameq is the measured absorption coefficient; aes; is the esti-
mated absorption coefficient; N is the number of samples; ameq, max
is the maximum measured absorption coefficient; and ameq,min is
the minimum measured absorption coefficient.

4. Results and discussion
4.1. Environmental characteristics

The limnological datasets collected from the water samples for
the two study sites varied considerably as observed in the summary
statistics (Table 2). For example, average chl-a in Funil Reservoir
was found to be 19.49 (wg/L), whereas, at the Itumbiara Reser-
voir, average chl-a reading was 1.54 and 3.93 (g/L) during May
and September respectively (Table 2). Similar concentration differ-
ences between both study sites were observed for TSS, showing
higher concentration in Funil Reservoir than in Itumbiara Reser-
voir. Average DOC concentrations also showed to be higher in
Funil (2.28 mg/L), which was approximately twice higher than in
Itumbiara Reservoir (0.78 and 1.16 mg/L for May and September
campaign, respectively). These differences in concentrations were
also observed in the standard deviation for each water quality
parameter (Table 2). The standard deviation for chl-a in Itumbiara
Reservoir were 0.39 and 3.03 for May and September datasets,
while in Funil Reservoir the chl-a standard deviation was 14.79.
TSS standard deviation also showed the difference between the
two datasets: 0.25 and 0.40 for the Itumbiara Reservoir and 1.22
for the Funil Reservoir. For the DOC data, the standard deviation
also showed to be higher in Funil (0.99) than in [tumbiara Reservoir
(0.15 and 0.32, for May and September campaign, respectively).
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Table 2
Summary statistics of chl-a, TSS and DOC variables for the two study sites.
Itumbiara Funil
Period May, 2009 (n=25) September, 2009 (n=25) April, 2013 (n=16)
Chl-a (pg/L) Minimum 0.68 0.25 4.92
Maximum 2.70 10.02 52.78
Range 2.02 9.77 47.86
Average 1.54 3.93 19.49
Standard Deviation +0.39 +3.03 +14.79
TSS (mg/L) Minimum 0.6 0.25 4.50
Maximum 1.54 1.81 9.50
Range 0.94 1.56 5.00
Average 1.04 112 6.86
Standard Deviation +0.25 +0.40 +1.22
DOC (mg/L) Minimum 0.53 0.99 0.91
Maximum 1.17 2.59 6.30
Range 0.64 1.61 5.39
Average 0.78 1.16 2.28
Standard Deviation 0.15 0.32 0.99

4.2. Optical properties

The differences in optical characteristics can also be noticed in
the normalized Ry spectra collected as described in section 3.2 for
Itumbiara and Funil Reservoirs (Fig. 2). Rrs data from both study
sites showed a peak in the green channel, at approximately 550 nm,
which is commonly due to the scattering from algal cells and rela-
tively low absorption by chl-a (Gitelson, 1992). [tumbiara Reservoir
does not show any prominent signs of phytoplankton pigments,
such as the absorption of chl-a around 675nm (Dall’Olmo and
Gitelson, 2005) or the reflectance peak around 700 nm (Fig. 2A).
These spectral features can be easily correlated to the environmen-
tal characteristics presented in Table 2, which showed that chl-a
concentrations were significantly different at both study sites with
a much higher concentration at Funil Reservoir. Funil Reservoir,
on the other hand, showed the spectral signs of another pigment,
phycocyanin (PC) which could be observed by the narrow absorp-
tion feature around 620 nm (Fig. 2B; Simis et al., 2005) and by the
reflectance peak at 650 nm caused by the prominent absorption
on both sides, 620 nm (PC) and 670 nm (chl-a), and also because
of the PC fluorescence maximum at around 640-660 nm (Mishra
and Mishra, 2014; Mishra et al., 2009; Schalles and Yacobi, 2000).
Rrs data from Funil Reservoir also showed a strong phytoplankton
presence because of the prominent 700 nm peak which appears due
to the strong absorption on either side, by chl-a at 675 nm and by
water at 740 nm (Fig. 2B; Mishra and Mishra, 2012). Overall, the
water quality parameters (chl-a and TSS) at Itumbiara Reservoir
was much lower compared to Funil Reservoir. This noticeable vari-
ance in the optical properties of these two reservoirs highlight the
importance of developing a parameterization of a QAA, since the
previous algorithms for inland waters (Mishra et al., 2013, 2014; Li
et al.,, 2015) were calibrated and validated for in aquatic systems
with similar optical properties.

IOPs such as the absorption coefficients were used to further
differentiate optical properties of the water from both study sites.
Fig. 3 shows a ternary plot of the absorption coefficients of phyto-
plankton, NAP, and CDOM at three different wavelengths: 443, 560,
and 665 nm for each study sites. These wavelengths were chosen
to fit MERIS spectral bands, as well as to fit the spectral features of
CDOM, NAP and chl-q, respectively. In both ternary plots (Fig. 3A
and B), acpoy is the dominant coefficient of absorption, mainly at
the lower wavelengths. It was also observed that the points on the
ternary plot were closer to the CDOM edge in the Funil Reservoir,
which indicates that the dominance of acpoy is higher in the Funil
Reservoir (Fig. 3B) than in Itumbiara Reservoir (Fig. 3A). Table 3

Table 3
Standard deviation of the absorption coefficients for different spectral ranges.
Itumbiara Funil

Range (nm) Aphy Adcpom Aanap Aphy dcpom anap
400-750 0.013 0.070 0.026 0.092 0.951 0.106
400-500 0.003 0.066 0.014 0.088 0.814 0.076
500-600 0.006 0.013 0.009 0.016 0.217 0.030
600-750 0.007 0.003 0.003 0.045 0.092 0.010

shows the standard deviation of absorption coefficients (a,py, dcpom
and ayap) for different spectral ranges: 400-750 nm, 400-500 nm,
500-600 nm and 600-750 nm. These spectral ranges were selected
to evaluate the performance of the algorithms for different spec-
tral regions, such as: the visible and NIR, blue, green and red-NIR
spectral ranges. For the Itumbiara Reservoir the standard deviation
for the full spectral range (400-750 nm) showed higher value for
acpom (0.07) compared to apy, and ayap at 0.013 and 0.026 respec-
tively. A similar pattern in the IOPs for Funil Reservoir was observed
where the standard deviation values for acpoy was much higher
(0.951) compared to a,p, and ayap at 0.092 and 0.106 respectively.
For the other spectral ranges, acpop consistently showed the high-
est values in Funil Reservoir, however, in Itumbiara Reservoir the
range 600-750 nm showed that a,p,, was the dominant coefficient
(Table 3). Although there is a significant difference in app,, between
both datasets, the IOP analysis suggests that both reservoirs can
be classified as CDOM dominated. acpops was the dominant opti-
cal property for Funil Reservoir in all spectral ranges analyzed in
this study (Table 3). For Itumbiara Reservoir, acpop; was the domi-
nant optical property in most of the wavelength ranges except for
the 600-750 nm range, which is usually characterized by the low
absorption of CDOM. Therefore, both reservoirs in a way are very
different from the water bodies used for the development of recent
QAAs, such as: open ocean waters with ap,, dominance (Lee et al.,
2002), hypereutrophic catfish ponds with ap,, dominance (Mishra
et al., 2014), and mesotrophic reservoirs with ap,, dominance (Li
et al., 2015).

4.3. QAAs comparison

To check the accuracy of existing variants of QAA in CDOM dom-
inated waters, performance of three different QAAs: QAA g9 (Lee
et al., 2009), QAAum14 (Mishra et al., 2014) and QAA(;5 (Li et al.,
2015), were assessed by using the Funil Reservoir dataset which
showed to be the most dominated by CDOM. This dataset also
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Fig. 3. Ternary plots of the absorption coefficients in three different wavelengths: 443, 560 and 665 nm for (A) Itumbiara Reservoir (n=42); and (B) Funil Reservoir (n=11).
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Fig. 4. Comparison among measured and estimated a(A) spectra from Funil Reservoir: (A) measured spectra; (B) estimated spectra from Lee et al. (2009); (C) estimated

spectra from Mishra et al. (2014); and estimated spectra from Li et al. (2015).

showed high variance in the values of a(A) from the visible to the
NIR spectral regions, which is ideal to assess the potential of the
algorithms. The estimation accuracy of a(A) from the three QAAs
is shown on Fig. 4. The reference a(A) measured in the laboratory
from the filter pad method (Fig. 4A) is compared to the estimated
a(A) spectra from: QAALgg (Fig. 4B), QAAM14 (Fig. 4C), and QAA[15
(Fig. 4D). a(A) values are presented in logarithmic scale for compar-
ison of all three algorithms output in terms of shape and intensity.

Results show that all three QAAs failed to retrieve an accurate over-
all spectra of a(A), overestimating the a(A ) values mainly in the blue
spectral range. The average RMSE and NRMSE were computed for
each model (Table 4) using Funil dataset in four different spectral
ranges: 400-750 nm, 400-500 nm, 500-600 nm, and 600-750 nm.
The estimation accuracy of a(A) for the 400-750 nm range was rel-
atively higher using QAAp14 with an NRMSE of 389.96% compared
to QAALOQ (49978%) and QAA]_]5 (407771 %). However, QAA]\/[14
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Table 4
Average RMSE and NRMSE comparison among the three QAAs evaluated.
Lee et al. (2009) Mishra et al. (2014) Li et al. (2015)
a(400-750nm) RMSE (m~1) 19.95 16.27 169.53
NRMSE (%) 499.78 389.96 4077.71
a(400-500 nm) RMSE (m~') 36.62 30.17 317.59
NRMSE (%) 1120.71 885.58 9356.60
a(500-600 nm) RMSE (m~') 0.45 0.33 2.05
NRMSE (%) 63.42 46.30 277.89
a(600-750 nm) RMSE (m~') 5.33 3.09 2.51
NRMSE (%) 280.20 164.91 133.67
acpm(400-750nm) RMSE (m~') 42.63 35.51 1.74
NRMSE (%) 1019.59 820.27 39.74
acpm(400-500 nm) RMSE (m~') 78.86 65.75 2.95
NRMSE (%) 2650.41 2145.32 94.06
acpm(500-600 nm) RMSE (m~1) 12.35 10.08 1.14
NRMSE (%) 1515.93 1188.75 135.95
acpm(600-750 nm) RMSE (m~1) 1.38 1.04 0.57
NRMSE (%) 389.87 270.29 156.11
pny(400-750nm) RMSE (m~') 27.63 23.04 170.66
NRMSE (%) 10452.45 7566.33 57763.24
@pny(400-500 nm) RMSE (m~') 49.67 41.65 319.71
NRMSE (%) 24393.92 17954.46 1421071
phy(500-600 nm) RMSE (m~1) 12.39 1043 2.74
NRMSE (%) 22852.78 16793.26 4726.80
Aphy(600-750 nm) RMSE (m~1) 5.52 3.34 2.54
NRMSE (%) 5327.63 2804.82 2263.63

did not performed consistently better for all spectral ranges, for
600-750 nm range, QAA[15 produced a lower NRMSE (133.67%).
These variations in the performances among the three algorithms
pointed to the fact that the ones developed for inland waters
(QAAM14 and QAA|15) have an advantage over the ones developed
for ocean and coastal waters (QAALq9). However, overall errors in
a()) estimation by all three algorithms were too high and unac-
ceptable for our study sites. It was concluded that none of the
QAAs were able to accurately estimate a(A) and produced some
of the highest errors in the range between 400 and 500 nm which
happens to be the major CDOM absorption band indicating that
these models should not be used in their current form to retrieve
I0Ps in CDOM dominated waters. The comparatively better perfor-
mance of QAA 15 for the 600-750 nm range can be related to the fact
that a(A) derived from QAA( 5 is actually the non-water absorption
coefficient (as-w). Therefore, a(1) for QAAL15 was computed as the
sum of a;-w and pure water absorption coefficient (aw). aw was (i)
obtained by linearly interpolating the data presented in Pope and
Fry (1997) for the range of 380-730 nm and Smith and Baker (1981)
to complete the data until 750 nm to calculate the total absorption
coefficient by the sum of all other absorption coefficients.

Since in a QAA, a()) is decomposed to retrieve acpp(A) and
appy(2), the estimation of acpy(A) from the three selected QAAs
were also compared (Fig. 5). The measured acpy(A) in the Funil
Reservoir (Fig. 5A) was plotted against the estimated acpy(A) from
QAALOQ (Flg 5B), QAAM14 (Flg 5C), and QAAL]_r, (Flg SD) QAALOQ
and QAAp14 showed estimated acpy(A) spectra ten times higher
than the measured one, whereas QAA15 significantly underesti-
mated acpy(A). Besides these differences in the magnitude of the
spectra, it was observed that the three algorithms computed the
same shape, a decreasing value from lower to higher wavelengths.
The lowest NRMSE value for the full range (from 400 to 750 nm)
was produced by QAA|15 (39.75%). This algorithm also showed a
better performance among the three tested QAAs for the other
spectral ranges with NRMSE of 94.06%, 135.95% and 156.11% for

400-500 nm, 500-600 nm and 600-750 nm respectively (Table 4).
Although the comparative performance by QAA| 15 was better than
the other QAAs for acppy (A ), NRMSE for shorter spectral ranges were
still close to 100% error which is not acceptable. Moreover, QAA 15
showed that there is not a large variance from low to high wave-
lengths, which is the opposite of the measured acpy(A) (Fig. 5A),
therefore QAA 15 is not suitable for estimation of acpy(A). The dif-
ference in intensity between QAA[ ;5 and the other two QAAs, is
based on the fact that QAA15 does not estimate acpy(A) from
a(A), but from the subtraction between a;-,, and the absorption
coefficient of chlorophyll (a.-¢)- Li et al. (2015) introduced two
constants in the accurate estimation of a4, however, the estima-
tion of acpp(A) by the model was not able to detect the variation
of CDOM. Thus, although NRMSE showed that QAA[ ;5 had the best
performance, it failed in the identification of acpy(A) variance and
intensity, therefore, none of the algorithms were able to retrieve
acpp(A) from Funil Reservoir.

appy(A) predicted by the three QAAs were also analyzed (Fig. 6)
by comparing the measured spectra (Fig. 6A) to the spectra esti-
mated from QAA g9 (Flg GB), QAAM14 (Flg 6C), and QAA( 5 (Flg GD)
Visually it is clear to observe that none of the QAAs were able to
retrieve a,p,(A) accurately. QAALgg and QAAy 14 produced similarly
shaped a,p,(A) spectra (Fig. 6B and C), but they were very differ-
ent in magnitude compared to the measured apy,(A) (Fig. 6A). The
shape of the a,p,(A) produced by QAA( 15 (Fig. 6D) was completely
different when compared to the lab data and other two QAAs, which
could be related to the structural difference in QAA( 5 design, as it
considered that at 665 nm the in vitro phytoplankton absorption
coefficient (ay,) is the only absorption coefficient in this wave-
length. Other differences is that QAA15 does not calculate a, but
instead it calculates a;-w (A ). Due to these differences compared to
the QAAs developed based on Lee et al. (2002) algorithm, the shape
is different than the ones produced by QAA|g9 and QAAp14. Nev-
ertheless, QAArg9 and QAAy;14 were not able to estimate app, (1)
accurately either; both showed negative values and a shape that
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is completely different from the reference (Fig. 6A). This can be
explained by the structure used to calculate a,p,(A), which is based
on the subtraction of acpy(A) from the a(2A). Since the estimation
of both absorption coefficients showed problems, the estimation of
appy(2) will not be accurate.

The performance of the three algorithms in retrieving apy,(2)
in Funil Reservoir were tested for different wavelength ranges:
400-750 nm, 400-500 nm, 500-600 nm and 600-750 nm (Table 4).
The lowest NRMSE among the QAAs was 2263.63% which indi-
cated that none of the algorithms were able to accurately retrieve
appy(2). These results highlight the need for a re-parameterization
of a QAA for CDOM dominated sites such as Funil and Itumbiara
reservoirs. Since the absorption coefficients of the OACs in QAA
are derived from a(}), its estimation is important to the perfor-
mance of the algorithm. The comparative analysis showed that all
algorithms were overestimating a(A ), mainly in the 400-500 nm
range, the dominant CDOM absorption band. Since several water-
sheds have a well-developed soil which is usually rich in organic
matter, it is important to account for the influence of CDOM in the
water column. This assessment will also help improve the estima-
tion accuracies of a,p, (1) and ayap(2) in these type of waters. Based
on the results from the comparative analysis, the models originally
developed for inland waters (Mishra et al., 2014; Li et al., 2015)
showed better performance than QAAgg9 which was developed for
coastal/oceanic waters. QAAy14 algorithm showed the best perfor-
mance to retrieve a(A), therefore, it was used as a starting point
to re-parameterize the algorithm for CDOM dominated tropical
reservoirs referred to as QAAcpom hereafter.

4.4. QAA model inversion

4.4.1. Re-parameterization

The QAAcpom for CDOM dominated waters follows the math-
ematical steps of the algorithm proposed by Mishra et al. (2014).
Therefore, the derivation of IOPs starts with the transformation of
Rys to s as shown below:

Ris ()

Irs (A) = (0.52 + 1.7Rys (1)) (14)
I's is then used to calculate u, as follows:
— 2 .
u(n) = —8oV (&) +481 s (3) (15)

2g1
where: gg and g1 are constant with values of0.089 and 0.125 respec-
tively (Mishra et al., 2014).

Further, the QAAcpowm estimates a(Aq) following Eq. (16). In this
study, we used 560 nm as reference wavelength (A¢) in (Eq. (16))
and the exponent values from Lee et al. (2009). The choice for the
use of the traditional 560 nm as the XAq, instead of 709 nm (Mishra
etal., 2014) was based on the fact that at this wavelength the infer-
ence of I0OPs, mainly acpopm(2), is minimized (Babin et al., 2003).
Moreover, Mishra et al. (2014) did not observe a drastic improve-
ment when the Ay moved to 709 nm.

a(o) = aw (M) + -10—1.146—1.366)(—0.469)(2 (16)

where, ¥ is calculated by Eq. (17) which uses the spectral bands
matching with the Medium Resolution Imaging Spectrometer
(MERIS) and upcoming Sentinel-3’s Ocean Land Color Instrument
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(OLCI). Eq. (17) follows the structure from QAA_v5 (Lee et al., 2009),
however, few changes were made to emphasize the CDOM effect
on the water, for example, rrs at 412 nm was used instead of 443 nm
due to the higher absorption of CDOM at lower wavelengths (Kutser
et al., 2005) and absorption peak of phytoplankton around 443 nm
(Ciotti et al., 1999). Moreover, the s at 560 nm was added in the
numerator to compensate for the variability introduced by CDOM
absorption on rs, while in the numerator, the values were based on
the chl-a absorption at 443 and 665 nm.

x =log 17)
<rrs (Ro) + 510533 1rs (665)

Trs (412) + 175 (560) )

The QAA then analytically retrieved by,(Ao), as described in Lee
et al. (2002).

u(ro)a(nro)

by, (Ao) = 1= (ko)

—bw (20) (18)
where, u(Ag)was derived from Eq. (15), a(Ag) was derived from Eq.
(16), and by (XAg) was used as given in Morel (1974).

The by(1) was then calculated (Eq. (19)) as given in Lee et al.
(2009):

n
by (1) = by (1) + By p (20 (2 (19)

where, 7 is the spectral power for backscattering coefficient and
calculated based on Mishra et al. (2014) as:

n=2 (1 —1.2exp (-0.9%)) (20)

a(A) was computed using a modified step from Lee et al. (2002).
We observed that the magnitude of a(}) estimated using the QAAs
based on Lee et al. (2002) were overestimated with a magnitude
order of 10-100 times higher than the measured spectra (Fig. 4).
Therefore, in QAAcpom, We added a factor to compute the influence
of CDOM based on a blue-green ratio (Cy ), as shown in Eq. (21).

1=u(N)) (bpw (N) +bp (N
FRRCEHU IR -

where, C; is the factor that computes the CDOM influence in the
water column and is calculated by the ratio between the r,5(443)
and r1,5(560) ((rrs (443) /rrs(SGO)) which exploits the differential
absorption of CDOM at those two bands, high at 443 nm and low at
560 nm (Babin et al., 2003). In CDOM dominated waters C; will be
lower compared to other waters, since it has a higher absorption
at 443 nm compared to 560 nm. The use of C; as a variable instead
of a constant (1.0 in Eq. (3)), will reduce the magnitude of by(A )for
CDOM dominated waters, and consequently reduce the estimation
magnitude of a(A) which was significantly overestimated by the
other QAAs (Fig. 4). The reduction in the magnitude of b, (1) can be
explained by the absorption due to CDOM, which is noticeable even
at the higher wavelengths for our study sites (Fig. 3). Thus, applying
C; to reduce the value of by(A) may lower the uncertainly associ-
ated with acpoy estimation for the entire spectrum and increase
the estimation accuracy of a(A) which is crucial for further spectral
decomposition to retrieve other IOPs.

From the total absorption spectrum, QAAcpom Wwas further
decomposed into acpp(A) which is the combined absorption by
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CDOM and NAP. acpy(A) can be calculated by using the power
spectral slope as described in Lee et al. (2009) in Eq. (22).

acom (N) = acom (ho)e S(A-443) (22)
where, S was calculated using Eq. (23) and acpy(Ag) was calculated
using Eq. (24) as:

0.002

S=0.015+
0.6 + 175 (443) /1rs (Mo)

(a(412) — ga(ro)) — (aw (412) — Zaw (412))

Ao) = 24
acpm (2o) F¢ (24)
where,

0.2
§= 074+ 5 8 (d43) /1 (o) (25)
£ = (Sa3-412) (26)

The estimation of a,p,(A) using the other QAAs was highly erro-
neous mainly because of the fact that Funil and Itumbiara waters
were not phytoplankton dominated. Therefore, since ap,y, was not
the dominant IOP, an algorithm that considered the phytoplankton
spectral features was used. a,p,(A) was modeled based on Lee et al.
(2010) which uses a normalized phytoplankton absorption coeffi-
cient (a*,py(A)) to provide the spectral shape of a,p,(A). Since the
work by Lee et al. (2010) was conducted in a phytoplankton domi-
nated environment, for the application of their algorithm in CDOM
dominated waters, it is necessary to correct the influence of CDOM
in the water column. Therefore, a factor (C,) based on the spectral
responses of CDOM and chl-a was incorporated to the algorithm to
increase the estimation accuracy of a,p, (1) (Eq. (27)).

aphy (M) = Aphy (Ao) ajy,, (A) - C2 (27)

where, a,py(Ao) can be calculated from Eq. (28); and a*py,(A) was
obtained from Roesler et al. (1989) and C, is the correction for
CDOM which is calculated by the absolute ratio between the a(665)
and a(412) multiplied by 10:

C, is sensitive to the absorption at 665 nm which is purely from
phytoplankton and at 412 nm which is mainly from CDOM. Since
the values of R;s at 412 nm would be lower than at 665 nm in CDOM
dominated environments, C, can be used to approximate the influ-
ence of CDOM in the computation of a,py(4o). If chl-a concentration
is higher, the ratio tends to be lower or equals to 1, which prevents
overestimation of the a,p,, (1) and vice versa. The multiplication fac-
tor of 10 used in the calculation of Gy, is to correct the a*,p, (1)
from Roesler et al. (1989) which varied from —0.006 to 0.027. This
factor is then used to correct the interference of CDOM on app, (1)
estimation.

a(560) —a(412)) — (&aw (560) — ay, (412
o G0) (£a(560) — a( ))s—(i w (560) — aw (412)) 08)

In summary, the major modifications in the QAAcpom compared
to QAA(g are: (i) the use of 560 nm as the Ag; (ii) adjustments in
the wavelengths to fit MERIS and OLCI spectral bands in Eq. (17);
(iii) the use of C; to correct for the CDOM effect on a()) estimation;
(iv) the computation of app, (1) based on Lee et al. (2010); (v) the
use of G, to correct the CDOM interference on apy,(A) estimation.

4.4.2. Retrieval of a())

Measured and QAAcpowm estimated a(A) spectra were compared
for Funil and Itumbiara Reservoirs (Fig. 7). Measured a(A) from
Funil Reservoir showed high absorption in the blue spectral range,
mainly caused by the high abundance of CDOM and a moderate
absorption in the NIR range due to the absorption by pure water
(Fig. 7A). For the Itumbiara Reservoir, the measured a(A) showed
a moderate absorption in the blue range and a high peak in the

NIR wavelengths both caused by CDOM and pure water absorp-
tions respectively (Fig. 7B). QAAcpom was able to retrieve a(A) and
achieve similar shape for both Funil (Fig. 7C) and Itumbiara (Fig. 7D)
datasets, with a high absorption in the blue spectral range for Funil
and in the NIR range for Itumbiara Reservoir. The magnitude of
QAAcpom estimated a(A) which was highly overestimated by the
existing QAAs for inland waters (Fig. 4) were similar to the mea-
sured a(X) in the range of 450-650 nm. Comparing the measured
and estimated spectra, QAAcpowm slightly underestimated the mag-
nitude of a(A) which is probably related to the calculation of u(A)
and the values of gy and g; (Fig. 7A-D). These values are empirically
derived and are related to the directional nature of the light distri-
bution factor (Q), and the geometrical light factor (f) which links
the magnitude of the irradiance reflectance to the IOPs. Aurin and
Dierssen (2012) showed that the tuning of gg and g; improve the
retrieval of IOPs, therefore, the underestimation could be related to
the use of fixed values of gg and g1. The adoption of these fixed val-
ues in the QAAcpow is justified to avoid the need of empirical tuning
to compute the IOPs. If it is successfully validated, the utilization of
the algorithm without an empirical tuning can be used to retrieve
information from places where we do not have any background
information, therefore it can be used as an operational method. The
relationship between estimated and measured a(2) for Funil and
Itumbiara reservoirs also showed a systematic underestimation, in
most cases, with the trend line parallel to the 1:1 line (Figs. 7E and
7F). However, when compared to other QAAs (Fig. 4), the QAAcpom
could appropriately retrieve not only the shape but also the magni-
tude of the spectra. RMSE and NRMSE values for QAAcpowm in Funil
and Itumbiara Reservoir (Table 5), compared to the values from
other QAAs (Table 4), showed a better performance in the full spec-
tral range (400-750 nm) with an average NRMSE of 30.71% for the
Funil Reservoir and 14.51% for the Itumbiara Reservoir. The high-
est error in estimation of a(A) in the Funil Reservoir was found
between 500 and 600 nm with an average NRMSE of 130.61%; and
for the Itumbiara Reservoir, the highest error was found between
400 and 500 nm with an average NRMSE of 31.84%. QAAcpom Seems
to work better in Itumbiara Reservoir, since for a(A) estimation the
NRMSE were lower than 35% for all spectral ranges while for Funil
Reservoir NRMSE values for the shorter spectral ranges were higher
than 35% (Table 5). This difference is mainly related to the fact that
acpm(A) for Funil Reservoir does not follow the typical exponen-
tial decrease feature due to the high concentration of CDOM, even
in higher wavelengths. As discussed earlier this characteristic has
influenced the others QAAs, however, utilizing the same dataset
QAAcpom Was able to significantly reduce the NRMSE to 30.71% for
the full spectral range (400-750 nm) which is a major improvement
over QAA]_OQ (49978%), QAAM14 (38996%), and QAA]_]s (407771%)

To better evaluate the estimation of a(A), we compared the
measured and estimated values at three wavelengths in the blue
range of MERIS/OLCI spectral bands: 412, 443 and 490 nm. The
blue range was selected because it showed to have major problems
for the others existing QAAs. A scatter plot between the estimated
and measured a(412), a(443), and a(490) was used to evaluate the
performance for each study site (Fig. 8). For the Funil Reservoir
(Fig. 8A), QAAcpom underestimated a(A ) for the three wavelengths.
The linear regression analysis for these three wavelengths showed
a strong and significant correlation with a RZ of 0.76 (p <0.001). For
the Itumbiara Reservoir, QAAcpom showed no specific a(A) estima-
tion trend at the three wavelengths (Fig. 8B). The linear regression
analysis revealed a weak but significant correlation with a R% of
0.11 (p=0.002). Table 5 suggests that in the blue spectral range,
the QAAcpom performs better in Itumbiara Reservoir (NRMSE of
31.84%) than in Funil Reservoir (NRMSE of 51.01%); however, this
analysis showed that although the R? is higher for Funil Reservoir,
the scatterplot from Itumbiara Reservoir show to fit close to the 1:1
line (Fig. 8). The source of errors in the blue spectral range could be
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explained by the high values of acpop in Funil Reservoir, which also
have a large variance in this range. Itumbiara Reservoir has lower
errors since the absorption values in the blue spectral range do not
vary as much as in Funil Reservoir. Overall, QAAcpom Was not only
able to retrieve the spectral shape of a(A) but also the magnitude to
an significant extent compared to the measured values and exist-
ing QAAs. However, when analyzed for specific wavelength range,
the performance of the QAAcpom Was not satisfactory (Table 5). As
stated before, a large source of error in the estimation of a(2) is the
use of fixed values of g; and g in order to make the algorithm
easily operational. Further research should be done to evaluate
if fine tuning of g; and g, would improve the estimation of a(A)
in CDOM dominated waters. Nevertheless, the overall accuracy of

30.71% for the full spectral range (400-750 nm) was sufficient for
the decomposition and estimation of the others IOPs.

4.4.3. Retrieval of acppy(A)

Measured and estimated acpy(A) spectra for both study sites
were also compared (Fig. 9). The measured acpy(A) for Funil
(Fig. 9A) and Itumbiara (Fig. 9B) Reservoirs showed significant dif-
ferences in magnitude. Funil Reservoir exhibited acpy(2) values 10
times higher than Itumbiara Reservoir, however, both showed sim-
ilar spectral shape. The estimated acpy(A) spectra using QAAcpom
for Funil (Fig. 9C) and Itumbiara (Fig. 9D) Reservoirs, differ widely
from the ones estimated by other QAAs (Fig. 5), but were able to
produce similar spectral shape and magnitude as the measured
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Table 5
Average RMSE and NRMSE for the QAAcpowm in Funil and Itumbiara Reservoirs.

QAAcpom—Funil Reservoir

RMSE (m~!) a(400-750nm) 1.28 acpm(400-750nm) 0.63 phy(400-750nm) 0.08
NRMSE (%) 30.71 14.89 25.90
RMSE (m~!) a(400-500 nm) 1.77 acpm(400-500 nm) 0.68 aphy(400-5001m) 0.14
NRMSE (%) 51.01 23.12 54.78
RMSE (m') a(500-600 nm) 0.95 acom(500-600 nm) 0.68 aphy(500-60011m) 0.04
NRMSE (%) 130.61 80.38 79.42
RMSE (m~1) a(600-750 nm) 1.04 acpm(600-750 nm) 0.51 piy(600-750 M) 0.04
NRMSE (%) 55.62 139.63 23.51
QAAcpom—Itumbiara Reservoir
RMSE (m~') a(400-750nm) 0.20 acpm(400-750nm) 0.04 phy(400-750 nm) 0.01
NRMSE (%) 14.51 8.95 29.76
RMSE (m~1) a(400-500nm) 0.09 acpm(400-500 nm) 0.06 pny(400-500 nm) 0.01
NRMSE (%) 31.84 21.03 91.84
RMSE (m~1) a(500-600 nm) 0.04 acpm(500-600 nm) 0.03 piy(500-600 M) 0.01
NRMSE (%) 3043 2248 44.47
RMSE (m~1) a(600-750nm) 0.30 acpm(600-750 nm) 0.02 pny(600-750 nm) 0.01
NRMSE (%) 24.28 26.61 31.92
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Fig. 8. Scatter plot for the estimated and measured a(412), a(443) and a(490) for (A) Funil Reservoir and (B) [tumbiara Reservoir.

acpm(A) with high absorption in the lower wavelengths and an
exponential decrease in the higher wavelengths. Overall, the esti-
mation of acpy () for the spectral range between 400-750 nm
using QAAcpom showed a NRMSE of 14.89% and 8.95% for Funil and
[tumbiara Reservoir respectively (Table 5). For both study sites the
NRMSE values increased with wavelength. For the spectral ranges
of 400-500 nm, 500-600 nm, and 600-750 nm the NRMSE were
23.12%, 80.38% and 139.63% for the Funil Reservoir and 21.03%,
22.48% and 26.61% for the Itumbiara Reservoir. This difference can
be explained by the fact that acpy(2) in Funil Reservoir are domi-
nant with 57% of the total IOP budge at 665 nm in which it should be
low. For the Itumbiara Reservoir, the acpps(2) follows the expected
pattern of being minimal with almost a 0% contribution to the total
IOP budget at 665 nm (Fig. 3). The dominance of acpy(A) at higher
wavelengths increased the NRMSE of acpy(A) estimation in green
and red-NIR spectral ranges for Funil Reservoir.

Since the use of acpys () is usually based on its values in the blue
range (Kutser et al., 2005), the performance of QAAcpom Was ana-
lyzed in that wavelength range. QAAcpom produced an NRMSE of
23.12%and 21.03% in the blue spectral range for Funil and Itumbiara
reservoirs, respectively. Fig. 9E and F show the scatter plots
between estimated and measured acpy(A) for Funil and Itumbiara
Reservoirs. For the Funil Reservoir, the estimated acpy(A) spectra
showed consistent overestimation while in Itumbiara Reservoir the
estimated acpp(A) showed a greater spread around the 1:1 line.

The performance of QAAcpom in predicting acppy(N) for both
reservoirs were analyzed at three fixed wavelengths in the blue
spectral range: 412,443, and 490 nm. These wavelengths were cho-
sen to match to the spectral bands from the MERIS and OLCI sensors
(Fig. 10). For the Funil Reservoir (Fig. 10A), QAAcpom Was able to
predict acpy (A ) for the three wavelengths without showing a trend
of over or underestimation (R?2=0.77; p<0.001), whereas, a clear
trend of underestimation was observed for the [tumbiara Reservoir
(R2=0.49; p<0.001) (Fig. 10B). The NRMSE for the acpy(A) estima-
tion in the blue spectral range showed 23.12% for Funil and 21.03%
for Itumbiara Reservoir (Table 5). These values of NRMSE were con-
sistent to the scatterplots which showed that the regression line
was very close to the 1:1 line (Fig. 10). These results highlight the
accuracy of QAAcpowm for the blue spectral range, which is usually
the range used for the estimation of CDM.

4.4.4. Retrieval of app, (1)

Estimated and measured a,p, (1) spectra for both datasets were
compared to evaluate the performance of QAAcpom (Fig. 11). The
measured spectra for Funil (Fig. 11A) and Itumbiara (Fig. 11B)
showed a similar shape for both datasets, however, the magni-
tude of the a,p,(A) was different. The estimated spectra for Funil
(Fig. 11C) and Itumbiara (Fig. 11D) Reservoirs showed that the
QAAcpom was able to retrieve the shape of ap,(A) which was
not possible using the existing QAAs (Fig. 6). This was possible
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due to the unique use of a*p,(A) in the computation of apy,(A)
in QAAcpom. The absorption peak at approximately 665 nm was
observed in both estimated apy, (1) spectra, however, when com-
pared to the measured spectra, the blue range showed different
magnitudes and shape. This difference was also noticed in the
NRMSE values for different spectral ranges (Table 5). For the full
spectral range (400-750 nm), the NRMSE were 25.90% and 29.76%
for Funil and Itumbiara Reservoirs respectively; and the lower
spectral range (400-500 nm) showed NRMSE of 54.78% for Funil
Reservoir and 91.84 for Itumbiara Reservoir. For the ranges from
500 to 600 nm and 600-750 nm, the NRMSE values were 79.42%
and 23.51% for Funil Reservoir and 44.47% and 31.92% for [tumbiara

Reservoir. Since the chl-a absorption peak is around 665 nm, the
values of NRMSE for the range between 600 and 750 nm showed
to be appropriate if compared to others QAAs (Table 4). Fig. 11E
and F shows the relationship between estimated and measured
appy(2) for both reservoirs. Estimated app,, (1) spectra for both study
sites showed an overall trend of underestimation, probably because
of the high absorption of CDOM at 412 nm which influences the
estimation of apy,(Ag) (Eq. (28)).

QAAcpom outperformed others QAAs in retrieving not only the
shape but also the magnitude of a,p,, (). We evaluated the accuracy
of a,p, (1) estimation at three fixed wavelengths based on the spec-
tral bands of MERIS and OLCI sensors; 560, 620, and 665 nm. Scatter
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plots between the estimated and measured app,(560), app,(620),
and a,p,(665) from both study sites are shown in Fig. 12. Both lin-
ear trend lines showed a pattern of underestimation for the three
wavelengths. Linear regression showed a RZ of 0.38 (p=0.001) for
Funil Reservoir and a R? of 0.25 (p<0.001) for Itumbiara Reser-
voir. Overall results demonstrate that QAAcpom (Fig. 12) has the
potential to estimate app, () accurately compared to other QAAs
(Fig. 6) in CDOM dominated waters when using the full spectral
range. However, for specific wavelength ranges, the performance
of the QAAcpom may not seem satisfactory (Table 5). The varia-
tion in errors among spectral regions can be related to the residual
interference of CDOM, since errors for a,p,(4) were lower at higher
wavelengths. Moreover, the use of a a*p,,(A) computed for marine
phytoplankton can also be a source of error in the estimation of
appy(2). Future research should be focused on further evaluating the
differences between a*pp,, (1) computed from marine and freshwa-
ter phytoplankton to improve the estimation of app,(A).

It is important to highlight that QAAcpom performance was
evaluated for two different aquatic systems with distinct optical
properties. Although both reservoirs can be considered as CDOM
dominated waters, the differences on the OAC composition was
easily noticeable. In accordance with that conclusion, QAAcpom
showed to perform the best when CDOM dominance was not
extreme such as for Itumbiara Reservoir. However, even in sites
where CDOM dominance is extreme, such as Funil Reservoir, it was
possible to retrieve a(A), acpym(A) and appy(A) with NRMSE less than
31% for the full spectral range (400-750 nm). Possible sources of
errors in QAAcpom could be related to the rs computation, since
different instruments were used to measure in situ E; and L, In
addition, human errors in the quantification of the reference mea-
surements should also be considered.

In summary, a(t) estimation for the 400-750 nm range had
a NRMSE of 30.71% and 14.51% for Funil and Itumbiara Reser-
voir, respectively; acpy(A) estimations for the same spectral range
produced NRMSE of 14.89% and 8.95% for Funil and Itumbiara
Reservoir. apy, (1) estimation, compared to other QAAs, showed a
much improved performance with a NRMSE of 25.90% and 29.76%
for Funil and Itumbiara Reservoirs in the spectral range from 400
to 750 nm mainly due to the use of a*,,,(A) from Lee et al. (2010).

5. Conclusions

In this research, three existing variants of QAA (Lee et al., 2009;
Mishra et al., 2014; Li et al., 2015) were applied to two CDOM dom-
inated tropical reservoirs to estimate [OPs. However, none of the

QAAs were able to successfully retrieve the IOPs. a,p, () retrieval
errors were the highest for the three tested QAAs when compared
to the measured spectra. The poor performance highlighted the
need for a re-parameterization of the QAAs for CDOM rich tropi-
cal waters such as Funil and Itumbiara Reservoirs. QAAcpom Was
developed by parameterizing the QAA proposed by Mishra et al.
(2014) to predict IOPs from CDOM dominated inland water bod-
ies using proximal remote sensing data. The wavelengths used in
QAAcpom Were chosen to match the spectral bands of MERIS and
OLCI sensors. The primary difference among previous QAAs and
QAAcpom Wwas associated with the retrieval of a,p,(A) based on the
algorithm proposed by Lee et al. (2010) and the use of the nor-
malized phytoplankton absorption coefficient from Roesler et al.
(1989). It is the first time, to the best of our knowledge, that such
an modification was used in a QAA, and it was proposed to improve
the prediction of a,p,(4) which simply failed when implement-
ing existing QAAs. Existing QAAs performed poorly because the
study sites used to develop those QAAs were eutrophic to hyper-
eutrophic waters. Therefore, the re-parametrization of an existing
QAA for CDOM dominated waters needed a novel approach to esti-
mate dpp,(A) which would enhance the phytoplankton signal and
that was possible due to the use of the normalized phytoplankton
absorption coefficient. Other improvements included the addition
of two factors, C; and C; to correct for the high absorption by CDOM.
These factors which were used to minimize the CDOM interference
were tuned based on the ratio between the r5(443) and r5(560) for
C; and the absolute ratio between the a(665) and a(412) multiplied
by 10 for G,. It is also important to highlight that QAAcpom was
able to outcompete other QAAs applied in tropical reservoirs even
in datasets that used different methodologies for the computation
of in situ IOPs and R;s. This fact showed that QAAcpow is applicable
even when there is a variation in equipment used and methodolo-
gies employed for analytical extraction of IOPs. Nevertheless, this
can also be a source of uncertainty for the algorithm mainly using
different instruments for measuring the R;s. Therefore, considering
these facts the achieved results in the estimation of IOPs seems sat-
isfactory with average NRMSEs of average 30.71% and 14.51% for
a(400-750), 14.89% and 8.95% for acpy(400-750) and 25.90% and
29.76% for a,p,(400-750) in Funil and Itumbiara Reservoirs, Brazil
respectively.

Overall performance of the new QAAcpom Wwas better than
the existing QAAs, however, it is clear that further tuning and
validation of QAAcpom iS necessary, particularly for a(A) and
appy(A)estimation, by incorporating optical data from water bodies
over broad geographic areas to increase its IOP prediction accu-
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racy. The major modifications from the original QAA in its 5th
version (Lee et al., 2009) are: ‘(i) the use of gg and g, values pro-
posed by Mishra et al. (2014); (ii) the use of different wavelengths
for the calculation of x (Eq. (17)) in order to fit MERIS and OLCI
spectral bands as well as the water type (CDOM dominant); (iii)
the use of a factor to compute the influence of CDOM based on
a blue-green ratio (Cy) to calculate a(A) (Eq. (21).); (iv) the inclu-
sion of a semi-analytical methods to compute the a,p,(A) (Eqs. (27)
and (28)). The tuning of C; and C, using data from widely vary-
ing geographic areas should enhance the performance of QAAcpom
in high CDOM waters. The results from Funil and Itumbiara Reser-
voirs highlight the importance of these factors since itimproved the
estimation of the IOPs. While the QAAcpom Worked well for tropi-

cal CDOM dominated waters, the validation of the algorithm with
additional data from other water bodies is necessary to enhance
its accuracy and make it operational for CDOM dominated waters.
Therefore, a global database of inland water optical properties is
needed to improve the accuracy of our proposed algorithm since it
will increase the variability in the CDOM concentration. Also, a bet-
ter tuning of the factors C; and C, can be achieved by calibrating
them based on the percentage of in CDOM dominance. QAAcpom
was developed using a hyperspectral sensor, however, all the spec-
tral bands used in the algorithm were chosen to match the spectral
bands of MERIS and OLCI sensors. Thus, a field campaign with a
concomitant satellite image acquisition is necessary to evaluate the
applicability of QAAcpom to orbital sensors.
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Future research studies should attempt to apply QAAcpom to
MERIS or OLClimagery in order to evaluate the potential of the algo-
rithm as a regular product for satellite data. To further evaluate the
algorithm in a global scale, databases such as the Lake Bio-optical
Measurements and Matchup Data for Remote Sensing (LIMNADES)
are essential to enhance the variability within the tested dataset.
Moreover, future research can also evaluate the proposed structure
of QAAcpom to apply it to different waters types (dominated by
other constituents) by only changing the factors C; and G,. It could
lead to a more operational use of QAA since only the water type
would be necessary for its application to different aquatic systems.
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