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Abstract

Suspended sediments (SS) are an important determinant of water quality in coastal zones. High load of
river-discharged sediments have been implicated in acute damage to coral reefs. SS reduce the light
available to aquatic vegetation and provide substrate for transport of nutrients, heavy metals and
pathogenic bacteria from rivers to coastal ecosystems. The study area of this research is the Caribbean
Sea of Colombia, in the discharge zone of the Magdalena and Sint rivers. This area includes one of
Colombia’s most important coral reef protected areas, Rosario and San Bernardo Islands. This region
suffers from scarcity of reliable in-situ data on SS and water optical properties. There is very little
remote sensing method that can be used to estimate SS and study their effects on aquatic ecosystem.
Thus the aim of this research is to estimate SS concentration with a single optical model based on the
diffuse attenuation coefficient (K,;), applied to multi-spectral (SeaWiFS and MODIS) spatio-temporal
images (1998 - 2008). Ocean optics modelling is based on K, using underwater optical measurements
of downwelling irradiance (E,) at two depths (50 and 100 cm) and in situ above-water leaving
reflectance (Ly). In situ measurements of SS concentration and fluorescence were made at 11 sites.
Coefficients were derived from a subset of these measurements to link ocean colour ratio to K,; for SS
in turbid waters. This empirical model was validated with independent in sitv measurements. The
model successfully reproduces the measured K, (R° > 0.98, mean relative error 1.1%). Multi sensors
derived K; were merged using error-weighted averaging (mean relative error 2.1%). In turn, SS
concentrations were derived from K490 and backscattering at 550 nm. SS below 26 mg I was
estimated with an RMSE of £3.3 mg I'' while SS with values higher than 56 mg I were poorly
estimated with an RMSE of 115 mg I"'. Limitations of the model are due to the small number of in
situ measurements, intrinsic uncertainties of satellite products, pixel size and within-pixel
heterogeneity. The methodology was implemented in a new computer code which automatically
calculates K; at 490 nm, IOP (¢ and b;) and SS from ocean color radiometric data from either
SeaWiFS, MODIS or their merged products. Time series analysis of SS has revealed fluctuation
patterns in the Rosario Island that can be related to specific peak in turbidity in the Magdalena/Sinu
rivers. The developed method thus promises to be useful for monitoring marine ecosystems, ultimately
contributing to adaptation strategies to climate and human-induced environmental change.
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1. Introduction

Suspended sediments (SS) are an important factor in water quality monitoring. Their variations in
coastal waters might imply problems such as, erosion of beaches, dynamic of coastline, alteration of
harbor basins and degradation of marine ecosystem. Presence of SS causes reduction of available light
to aquatic vegetation and provides substrate for transporting of organic and inorganic substance,
(including pollutants) and becomes the main substrata for biochemical processes (Doerffer et al.,
1989). This suspended matter can be from land-based runoff, coast erosion, atmosphere inputs and
from the bottom stirred up by waves and tidal currents.

In the Colombian Caribbean Sea, the main influence of SS is due of discharge of Magdalena and Sint
rivers, affecting extensively its water quality (Restrepo and Lépez, 2008; Restrepo et al., 2006). An
important characteristic of the region is the presence of a coral reef protected area, Rosario and San
Bernardo Islands, which is recognized as one of the most developed coral reef area in Colombia (Diaz
et al., 2000). Increasing sediment load due to rivers discharge is an important cause of coral reef
degradation and according to Restrepo et al (2006) both the entrained mud and the reduced salinity are
considered to have caused acute damage to the coral reefs. Studies made by Andrade et al. (2005) and
Bernal et al. (2006) analyze sedimentation process using sediment traps installed at Salmedina Bank
(sector of Rosario Islands). They found more significant sedimentation patterns at south of the coral
reefs, near to the mouth of one artificial arm of Magdalena river (Dique channel) and conclude that
both temperature and sedimentation are stress factors for coral development at the area.

Ocean colour sensors offer a suitable tool for monitoring water quality. The main advantage of these
techniques is the near-real time synoptic view of seawater biophysical properties for large regions
allowing an estimation of general tropic state of the water. The three active optical factors that affect
water quality are chlorophyll, suspended sediments and dissolved organic matter. Many studies have
been carried out for estimation of concentration and distribution of these factors. In particular, for
mapping distribution of SS a number of satellite instruments have been used, these include Coastal
Zone Colour Scanner (CZCS) (e.g. Clark et al., 1980; Tassan and Sturm, 1986), Advanced Very High
Resolution Radiometer (AVHRR) (e.g. Froidefond et al., 1993), Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) (e. g. Binding et al., 2003; Warrick et al., 2004), Moderate Resolution Imaging
Spectroradiometer (MODIS) (Miller and McKee, 2004) and more recently Medium Resolution
Imaging Spectrometer (MERIS) (e.g. Kratzer et al., 2008). According to Gordon and Wang (1994),
determination of water turbidity based on radiative transfer equations provides the best spatial
coverage possible and is the easiest way to observe water quality patterns in the marine environment.

From remote sensing viewpoint seawater might be classified in Case 1, in which concentration of
phytoplankton is high and Case 2, where inorganic particles or dissolve organic matter from land
drainage dominate (Gordon and Morel, 1983; Mobley, 1994). In near shore and coastal region with
coral reef presence, water quality has the largest gradients from clear oceanic water (case 1) to turbid
near shore waters (case 2) (Udy et al., 2005). Many studies have been made to provide a better
understanding of coastal water quality and coral reef ecosystem dynamic. Mumby et al. (2004) make a
broad review of environmental reefs properties that can be retrieved using ocean optics techniques.
They claim that at meso-scales, changes in the water quality beyond reefs are detected daily using
observations from ocean colour sensors. However, they affirm that further research is needed into the

1
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use of ocean colour instruments to detect changes in the water column integrating Case 2 waters and
shallow coastal regions where reflectance from seabed complicates the calculations of the water
optical factors.

Models of light attenuation as the diffuse attenuation coefficient is of particular interest because it
quantifies the presence of light and helps to characterize the water column. The use of diffuse
attenuation functions (K,) is promising (Smith and Baker, 1978) because it does not require absolute
radiometric measurements since they are defined as ratios; K, are strongly correlated with
phytoplankton chlorophyll concentration, thus they provide a connection between biology and optics;
about 90% of the diffusely reflected light from water body comes from a surface layer of water of
depth 1/Ky; thus K, has implications for remote sensing.

Radiative transfer theory provides several useful relations between the K, and other quantities of
interest, such as the absorption and beam attenuation coefficients and other AOP’s. In that sense, there
have been a numerous studies carried out combining K, assessment and remote sensing techniques
(Kratzer et al., 2008; Lund-Hansen, 2004; Mélin et al., 2005; Mishra et al., 2005; Mueller, 2000). In
particular, Udy et al. (2005) combine MODIS remote sensing image and sampling techniques to
characterise the spatial variability of suspended sediments, light attenuation and chlorophyll a
concentrations in the Great Barrier Reef of Australia. They found that K, values obtained from the
MODIS were in similar range as those determined by RAMSES measurement and similar to light
attenuation observed for other near- shore systems with a similar gradient in water quality. Also, Segal
et al. (2008) make a quantitative description of the processes that influence sediment to the Brazilian
reefs using combination of SeaWiFS K|, 490 product, Landsat TM images, and in situ data.

With respect to scattering and absorption of light in turbid waters, some studies have attempted to
understand their variability. Babin et al. (2003b) documented variations in the components of the
absorption coefficient in different coastal region and diversity of spectral signature of suspended
particle matters (SPM). They found exponential variations of dissolve organic matter and not algal
particles. As well, Babin et al. (2003a) studied the variation in the spectral scattering coefficient of
marine particles. They conclude that backscattering at 555 nm explains variations in suspended
particles despite these are dominantly organic, which may result from higher absorption relative to
scattering. Other studies have been carried out to asses these inherent optical properties (IOP) from
satellite data (Loisel et al., 2002; Mélin et al., 2005; Stramski, 1999).

As far as is known, reliable ocean optics algorithms to retrieve suspended sediments are currently
limited to sensors, season and site-specific. Colombia suffers from scarcity of reliable in-situ data on
SS and water optical properties. There too few remote sensing method that can be used to estimate SS
and study their effects on aquatic ecosystem. Optical colour applications have been done mostly for
Case 1 waters using CZCS, NOAA and SeaWiFS (e.g. Andrade, 1995; Andrade and Barton, 2005). As
well, quantification of suspended sediments distribution has been carried out using numerical
modelling and mostly considering only the Magdalena river discharge (Cafion and Santamaria del
Angel, 2003; Restrepo and Kjerfve, 2000; Restrepo and Lopez, 2008).

Due to these facts, this study affords a new local optical model that relates the diffuse attenuation
coefficient to concentration of SS and observed remote sensing reflectance for the Caribbean Sea
offshore in Colombia. This approach is proposed because K, establishes the link to marine biology,
and thus the effect of SS on marine environment can be directly assessed. Multi sensors data provides
a more complete temporal coverage avoiding data gabs due to cloud coverage. And the time series of
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ocean color data help to understand the temporal variations of SS, some persistent patterns and the
response of coral reef protected areas to high discharge of SS from Sinti and Magdalena rivers.

This model provides maps that facilitate monitoring of the temporal and spatial variations of the
suspended sediment and contributes to the knowledge on multi spatial and spectral data assimilation
techniques in tropical waters, specifically for suspended sediments applications.

This research is part of a larger study of Marine and Coastal Research Institute of Colombia
(INVEMAR) and the National Centre for Scientific Research of France (CNRS). It aims to fulfill four
main objectives: a) in situ measurements of the vertical flux using sediments trapping methods; b)
simulate the muddy marine snow with numeric modelling; c) describe the hydrodynamic forces
controlling the system, temperature, SS and sea coral bottom characterization using remote sensing
and d) estimate vulnerability of coral reef to degradation. This study contributes in third and forth
objectives.

1.1. Research objectives

The aim of the research is to retrieve suspended sediments concentration using optical modelling based
on diffuse attenuation coefficient (K,) and multi spectral, spatial and temporal data in coastal waters of
the Caribbean sea, Colombia.

1.1.1. Specific objectives

e Developing a ocean colour ratio model to estimate the diffuse attenuation coefficient (K,;) for
the Caribbean offshore affected by the discharge of Magdalena and Sinu rivers, Colombia.

e Measuring the threshold of available light in the study area using the diffuse coefficient at
490nm (K;490) and merging multi spatial and spectral data.

e Estimating IOP and suspended sediments concentrations based on K490 local model.

® Assessing the spatial and temporal variability of the suspended sediment in the study area over
the period of last 10 years (1998 — 2008).

11.2. Research questions

e Can empirical ocean colour ratio model estimate the diffuse attenuation coefficient for the
study area?

e What are the values of the diffuse attenuation coefficient (K;) for the Caribbean offshore
affected by the discharge of Magdalena and Sinu rivers, Colombia?

e Can we relate the K490 directly to the IOP of suspended sediment in the study area?

e How the multi spatial and spectral data assimilation techniques can enhance retrieved
information SPM on the temporal and spatial distribution for a better management of marine
ecosystems?

e How is the spatial and temporal variability of suspended sediments in the study area over the
period 1998-2008?

1.1.3. Hypothesis

Is feasible to develop an ocean colour local model to estimate the diffuse attenuation coefficient for the
Caribbean offshore affected by the discharge of Magdalena and Sint1 rives in Colombia.
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Using the diffuse attenuation coefficient at 490 nm is likely to measure the threshold of available light
in the study area.

Relation between K490 and absorption and backscattering coefficients allows retrieving suspended
sediments concentration in the study area.

Multi spatial and spectral data assimilation techniques are suitable to measure the variability of the
suspended sediments and they can be used as a tool for better management of marine ecosystems.

Variability of suspended sediments due to discharge of Magdalena and Sinu rivers is possible to be
assessed for the period 1998 — 2008.

1.2. Thesis structure

The document is structured by chapters (Figure 1). First chapter describes the introduction including
literature review and research objectives. Second chapter explains the method and theoretical
background of this approach. Third chapter shows description of study area and the dataset employed
during the research. Fourth chapter shows main findings and contributions of the research. In the fifth
chapter the project is discussed and finally in chapter six conclusions and recommendations are
expressed.
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2. Methods

21. Proposed approach

The ocean optics modelling of this research is based on average diffuse attenuation coefficient (Ky),
using underwater optical measurements of downwelling irradiance (£,) in two depths (50 and 100 cm)
and in situ measurements of water leaving reflectance (Ly). In addition, concentrations of suspended
sediments and chlorophyll-a were calculated.
The research approach is compound by two parts, the diffuse attenuation coefficient retrieval, and IOP
and SPM concentrations retrieval. The so called empirical algorithm of Mueller (2000), is calibrated
with new set of in situ measurements to define a suitable reflectance ratio (specifically for SPM) and
to derive the regression coefficients (a, ). Appropriate wavelength 4, to relate K, to SPM, is defined
during the research.
The model is of the form
Y/}

K,(490)= K, (490)+ a[%%)] (D
Where Ky is the downward diffuse attenuation coefficient of water molecules.
Error analysis between measured and estimated K, values was made based on a validation set of in situ
measurements. Subsequently, MODIS and SeaWiFS remote sensing images are acquired and the
monthly average was calculated. We used the model of Gordon & Clark (1981) to relate measured to
observed radiometric quantities. The results from both sensors are then merged using the weighted
average model of Pottier et al. (2006). The weights are estimated from the relative errors between
derived and measured products for the model and each sensor. Finally, K(490) model is applied to the
set of images making error analysis.
Based on K, values retrieved in the first part and using the Loisel and Stramski (2000) model, is
performed the derivation of absorption and backscattering coefficients (a, bs). Afterwards, scatter plot
is used to analyse the relationship between in situ concentration data and IOP values (a, b;). Error
analysis is made using a validation in sifzv data set. That relationship is the base of the algorithm to
retrieve the suspended sediments concentrations from the images. Finally, in order to understand the
variability of SS in relation with coral reef waters, time series analysis is performed by wavelet model
(Torrence and Compo, 1998).

2.2. Diffuse attenuation coefficient Ky

Under typical conditions, the various radiances and irradiances all decrease approximately (when
elastic scattering is neglected) exponentially with depth, at least when far enough below the surface
(and far enough above the bottom, in sallow water) to be free of boundary effects (Mobley, 1994). The
depth dependence of downward irradiance (£,) is governed by the Beer-Lambert Law, using the
diffuse attenuation coefficient k ,(z; 1) as:

E/(z2)= E,/(O:ﬂ)exp[‘ ]K a (2';/1)d-"1 (2)

Solving K ,(z;A) gives
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dinE, (z,A
K{,(z;ﬂ):—%

And defining x(A-,1) as the average diffuse attenuation coefficient for a water layer with 4z

(3)

thickness, it can write as:

(A ___1_ Ed(zlil). 2
K(Az,2)= ml"—E,,(:,,/l) |z > |2 (4
2.3. Water leaving radiance Lw (A) and normalized water leaving radiance

Lwn (N)

Most of the variables involved in the remote sensing of the ocean colour are based on, or derived from,
the basic radiometric quantity often called water-leaving radiance Ly (A), defined as the radiance
which emerges from the ocean, determined just above the water-air interface at a level 0° (Morel and
Mueller, 2003). However, as Ly{()) is dependent on the surface boundary conditions and IOP of the
water body, Gordon and Clark (1981) attempting to account its bidirectionality condition, defined the
normalized water-leaving radiance Lyy (1), that is the radiance which would be observed if the sun
was at zenith and at mean earth-sun distance and there was no atmosphere.

Ly (’1) =

Ly(A= E(OT)FO

Where £, is the solar irradiance at the top of the atmosphere at the mean sun-earth distance (d)).

(5)

24. Empirical algorithm for Ky at 490 and radiance ratio

The diffuse attenuation coefficient K,(490) has been developed by Mueller (2000) based on the ratio
of water leaving radiances at 490 and 550 nm. Some variations in coefficients have been proposed by
Berthon et al. (2002) that seems an alternative more suitable for coastal waters (0.15645 by 0.205 and
-1.5401 by -1.754).

—1.3401
K,(490)=0.016+0. 1564S[M] (6)
Ly (550)

The offset of 0.016 m’' is the constant adopted for pure seawater.

2.5. Data merging

The merging of ocean color data sets allows data from multiple sensors to be used to derive unique
sets of products and, in essence, is the method for creating unified ocean color time series (Maritorena
and Siegel, 2005a). It can be performed either on radiometric quantities or biophysical derived
products. Pottier et al (2006) proposed a merging method for SeaWiFS and MODIS/Aqua using error-
weighted averaging. The method improved the spatial coverage by taking into account only the
existing satellite values and it consumed low CPU time.

The original proposal of Pottier et al. (2006) was made for Chlorophyll-a product considering
probabilistic function to measure the errors, present study modifies their method using K, product and
relative error as following:

%ES )
~ K, S+|1-
%EM +%ES + % EModel J ’ | %EM +%ES + % EModel

(7

r o
K ,merged = (1 YoEM JK :
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Where K, merged is the combined K, product, %E is the mean of relative error (%EX = (( K4
Measured- K; Estimated)/ K, Measured)*100%), S for SeaWiFS data, M for MODIS data and Model
for K, 490 ratio model. The errors were estimated from derived and measured K, values.

As MODIS and SeaWiFS Lyy products have different spatial resolution, downscaling process was
performed by averaging. Relation between pixel sizes is: 2x2 pixel MODIS = 1 pixel SeaWiFS.

2.6. Relation between K, IOP and R(0)

Loisel and Stramski (2000) developed a model based on radiative transfer simulations to estimate the
absorption g, the scattering b and the backscattering b, coefficients in the upper ocean from irradiance
reflectance just beneath the sea surface R(0') and the average attenuation coefficient for downwelling
irradiance K, between the surface and the first attenuation depth. An important feature of this model is
both R(0’) and K, can be estimated from satellite measurements of ocean color. Simulations performed
for a homogeneous water column and solar zenith angle lower than 60° (0° < 8 < 60°) the errors in the
model are on average 2.4% for a (maximum 6.5%), 8.5% for b (maximum of 23%) and 6% for b,
(maximum 20%).

Important aspect of present model is it takes into account the upper oceanic layer between the surface
and the first attenuation depth and generates 90% of the water leaving upward photons, which can be
detected by satellite sensors. Moreover, absorption and backscattering are considered as total.

In addition of R(0 )and K, measurements, the model requires knowledge of the solar zenith angle and
requires the hypothetical reflectance if there were no elastic scattering. Moreover, retrieval of a and b,
is weakly depended on possible variations of the particle scattering phase function in the ocean.
Estimation of the total scattering coefficient can be significant. The authors suggest caution to use the
model for estimating b. In IOCCG (2006) some modifications of this model are exposed and the
authors express that such modifications are for better retrieval of a and b, in the context of ocean color
remote sensing applications. The modify model is based on the following set of equations between a,
by, Kyand R(0):

uK, (8)
a= R(O- 05
1+ (254 6.5u, +19.894> RO
1-R(0")
b, = K,10°[R(0-)° (9)
a=(-0.83+534n —12.260*) + U, (1.013 —4.1247n + 8.088n° ) (10)
5=0.871+0.407 —1.837 (11)

where #vis the cosine of the refracted solar beam just beneath the surface and ,pis the ratio of
molecular scattering to the total scattering (b,/b).

For a and b, monthly calculations were assumed ¢ = 28 as monthly average according to MODIS
AQUA equator crossing time (1:30 pm) and n = 0.2 according to Mobley (1994).

2.7. Irradiance reflectance R(0-)

With the aim to estimate irradiance reflectance just below the sea surface R(0) from the irradiances
measurements (E;/ 007, E,50, E,0") was assumed an homogenous water column and constant diffuse
attenuation coefficient. Thus, relation among K, and E, is as follow:
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Erl (5 O_ )

e—Kd‘O 5

E,0 =

(12)

Then transferring the function from upward irradiance just below the sea surface £,(0) to above water
E07):

E0 =;E140+ (13)
0.543

where E, 0 is defined direct from relation E,0"=Lyn*E0".

On the other hand, to calculate the irradiance reflectance R(0-) from monthly Ly from images, the
water leaving reflectance Lyy is converted to remote sensing reflectance Rgs, using the following
relation:

Res(A) = Ly (A)/ Fy(A) (14)

where F) is mean solar irradiance. For standard processing NASA (2009) reports nominal band values
by sensor and wavelength (Table 1):

Table 1 Mean Solar Irradiance SeaWiFS and MODIS

SeaWiFS MODIS
Wavelength(nm) mW/cm”*2/um | Wavelength(nm) | mW/cm”2/um
412 171.18 412 171.18
443 188.76 443 188.76
490 193.38 488 194.18
510 192.56 531 185.94
555 183.76 551 187.00
670 151.22 667 152.44
765 123.91 748 127.60
865 95.965 869 94.874
Adapted from NASA (2009)

Therefore, Rgs is set in terms of irradiance reflectance R(0) using the relationship proposed by Morel
and Gentili (1993) and Lee et al. (1999):

% prO-
Rns(i)=‘}‘ X*R(07)

(15)
O1-Y*R(0")

Where Q =5 (Morel and Gentili, 1993) and X=10.54 - Y= 1.5 (Lee et al., 1999).

2.8. Time series analysis

In order to perform time series analysis was used a Wavelet Analysis tool developed by Torrence and
Compo (1998)'. This method is for analyzing localized variations within a time series by decomposing
them into time frequency space. It includes functions such as:
e Windowed Fourier Transform (WFT): to extract local frequency information from a signal.
e Wavelet Transform: to analyze time series that contain nonstationary power at many different
frequencies
e  Wavelet power spectrum: to show variations in the frequency of occurrence and amplitude of
specific events.

' Wavelet software available at URL: http://atoc.colorado.edu/research/wavelets/
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e Cone of influence: to understand the region of the wavelet spectrum edge effects become
important in terms of errors

e Scale-averaged wavelet power: to show average over all scales that gives a measure of the
average variance versus time. This tool is specific to examine fluctuation in power over a
range of scales and can be defined as the weighted sum of the wavelet power spectrum over
scales. It can be called time series of the average variance in a certain band. It is used to
examine modulation of one time series by another, or modulation of one frequency by another
within the same time series.

More details about wavelet analysis model approach in Torrence and Compo (1998).
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3. Study area and data sets

3.1. Study Area

The study area is located in the Caribbean Sea, northern part of Colombia (Figure 2). The coast line is
approximately 370 Km from southwest Caribbean coast in close proximity to Sinu river mouth (76.3
W, 9 N) until the Magdalena river mouth (74.7 W, 11 N). Its seawater is warm and relatively not very
deep, with complex environmental characteristics determining big amount of species and endemism.
This semi enclosed sea has a stable thermocline almost through the entire year, perturbed only by
winds and currents (INVEMAR, 2003).

One characteristic of the study area is the presence of the Rosario and San Bernardo Coral Reef
National Park. The weather conditions (winds, currents, etc) have originate numerous environments
and biotic associations that make this region one of the most developed coral reef area en Colombia.

Coral reef area is compound for three main subareas. Nuestra Sefiora del Rosario Islands, located at
southwest part of Cartagena city, characterized by a rich coral reef development bordering the
continent and around of Rosario Islands. There is evidence of some coral decline and even extinction
due to Dique channel load (artificial arm of Magdalena River). Tortugas Bank, located between the
two archipelagos, with an elongated shape (14 * 3.5 Km) growing up from the bottom at 100 m until 5
m of depth. Here there is a recent coral reef development. And San Bernardo Islands, the most
developed coral reef area located in the southern part of the Park. It is dominated by a huge diversity
of species in a superficial platform compound for 9 small islands (Diaz et al., 2000).

The Caribbean Sea is influenced by a considerable amount of fluvial contribution from Sierra Nevada
de Santa Marta, Magdalena, Atrato and Sinu rivers, all of them influencing silt distribution, material
exchange and dynamics of physical process (INVEMAR, 2003). Magdalena River is 1612 km long
and drains a 257.438 km® basin. It is the largest fluvial system in Colombia and its basin occupies a
huge portion of the Colombian Andes (Restrepo and Kjerfve, 2000). Sini River is born on west
mountain range and its longitude is 380 km draining 13700 km” (Ruiz-Ochoa et al., 2008).

The study area is characterized by moderate rainfall (mean 2050 mm yr -1). There are two dry seasons
of low rainfall on December-March and June-September, and two wet seasons of high rainfall on
March-May and October-November (Restrepo and Kjerfve, 2000).

The water discharge and sediment load of Magdalena and Sinu rivers are depicted in Figure 3. For
Magdalena River it was used the data of hydrological station named Calamar, located 112 km
upstream from the Caribbean’. According to data for period 1941 — 2000, there is a mean annual water
discharge of 6361 m’s” with a mean low discharge of 4068 m’s"' in March and a mean high discharge
of 10287 m’s™ in November. These values differ to reported by Restrepo and Kjerfve (2000) and
other studies, where a mean discharge is 7100 m’™'. The reason of the difference possibly is related

* Information system of Institute of Hydrology, meteorology and environmental studies (IDEAM, Colombia), URL: http://ideam.org.co/
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with the period of time (1975-1995). In terms of sediment load for Calamar station are two high values
one in November of 690 x 10° t day” and other in June 443 10° t day™.
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Figure 2 Study area (Source cartography INVEMAR (2008))

On the other hand, for Sini River, water discharge and sediment load data are from Cotoca Abajo
station, located 43 Km upstream from the Caribbean. According to the data, the annual water
discharge of Sinti River is 233 m’s”, the mean low discharge in March of 75 m’s” and maximum
discharge in October of 348 m’s™ (Figure 3), although the water discharge is showing high values
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between July and November. Sediment load data indicates two peaks in July and November; this last
is showing a high standard deviation due to high load in some atypical years (1992, 1998) that could
be related with El Nifio phenomena.
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Figure 3 Monthly mean and standard deviation of water discharge (1941-2000) and sediment load (1984-
2000) of Magdalena (a,b) and Sinu rivers (c,d)

3.2. Data sets
3.2.1. In situ measurements

The in situ data were acquired from 20 to 25 September, 2008. Radiometric variables measured were
water leaving reflectance Lw (A), downwelling irradiance E,(0") and downwelling irradiance E (z,4) in
two depths (z; = 50 cm, z; = 100 cm). As well, water samples were taken for calculation of suspended
sediments concentration in all stations and chlorophyll-a concentration only for Magdalena river
stations (Table 2). Other ancillary data such as fluorescence, transparency, depth, salinity, sky and sea
conditions, locations of the stations and cloud coverage were also measured in situ. At the end of each
journey filtering process was performed using the filtration set.
Three sampling sites were selected according to the runoff of the Magdalena and Sint rivers and the
locations the coral reef area. In order to set sampling sites were followed next criteria:
e Locations and accessibility of Magdalena and Sini mouths
e Bathymetry avoiding bottom reflectance
e Distance to the coastal line avoiding adjacency effect from the land
¢ Profiles from optically shallow to optically deep waters, making lines among 5 to 20 km with
1 kilometer of distance between sampling points. Direction and longitud of transects were
estimated using a Landsat image of 2002 (Figure 4)

13
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¢ Distance between points chosen as a trade off different spatial resolutions of the used EO data,
varying between | and 9 km

Table 2 Measurements taken in the field

Measurements Variable Instruments*
Above-water
Water leaving radiance Ly (A)
Radiometric Above water downwelling irradiance Eq(0".4) USB4000 spectrometer
In-water
Under water downwelling irradiance
E 0.5,4), Eil, 1)
Suspended sediments concentration Filtration set
Biophysical properties Fluorescence Turner
Chl-a concentration
Transparency Secchi depth
Depth Sounding line
Salinity Refractometer
Ancillary data Sea state and sky conditions Photo camera
Location of station GPS Garmin 76s
% Cloud cover
Name, date, observations.

*Instruments and materials detailed in Appendix A

e Site 1: Sini River mouth (Tinajones delta)

It was measured 17 stations distributed in three lines located in front of the Tinajones delta (Figure 4).
The first line had 11 points located in perpendicular direction to the coastal line. These points included
clear and turbid waters. Other two lines were located following the river plume border, mainly
between medium and high turbidity. First day of sampling the weather conditions were mainly rainy
and the cloud coverage was 100% most of the time. On second day the cloud coverage varied between
20 to 70%.

e Site 2: Magdalena River mouth (Puerto Colombia and Bocas de Ceniza)

In Magdalena river site were measured 16 stations, 6 in front of Puerto Colombia city and 10 in the
mouth of the river, region named Bocas de Ceniza (Figure 4). On first day of measurement, it was
searching the Magdalena river plume in northeast direction, according to Landsat image of 2002. After
25 km of ride the plume did not become visible because it was in northwest direction. For this reason,
first transect was in front of Puerto Colombia city where it was found mainly low turbid waters. For
second day, the route started in the Magdalena River itself, going out to Bocas de Ceniza. The weather
and sea conditions were ideal to make the first station approximately S00 meter to the coastal barrier.
Around mid day there was a 2 hours storm which changed the water conditions and plume direction
(southwest). In order to include data from high and low turbid waters, it was followed two parallels
lines of 5 km to southwest direction, crossing the plum. For this station group was taken water samples
to determine chlorophyll-a concentration.

e Site 3: Rosario Islands

In Site 3 it was measured 10 stations on a straight line with northeast direction. First station was
located | kilometer from Tesoro Island. Most of the time cloud coverage was near to 0% and waves
and currents were soft. All the data was taken avoiding sea bottom reflectance, the depth in the area is
more than 70 meter.
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3.2141. Analysis of in situ data

After field work, some activities were completed with the purpose of preparing the data for further
steps.

In terms of biophysical measurements, first was performed the calculation of total suspended solids
concentration for 43 water samples of 500 ml. Samples were filtered through a pre-washed and
weighed Whatman 1.6 pm Microfiber filters under suction. Filters were washed with distilled water,
while still under suction, to remove salts and then placed in aluminium envelope (tasks made directly
in the field). After that, filters and envelopes were dried for 24 hours at 105°C oven. Next, filters were
removed from envelopes and weighed using an analytic balance (0.0001 g), the total suspended solids
concentration was determined in mg 1"'. For the process it was followed standard protocol of Marine
and Coastal Research Institute in Colombia (Garay et al., 2003)

With respect to Chlorophyll -a concentration, the 10 water samples of 2 liters were sent to a
Laboratory two hours after collection. Spectrophotometric standard method (AWWA/APHA/WEF/ED
21 10200 H) was used. Unfortunately 6 of 10 samples were under detection threshold (0.10 mg m™)
consequently it was unfeasible to make the calibration curve of fluorescence measurements and Chl-a
concentration.

Biophysical, radiometric and ancillary data were saved in a personal data base in Excel.

In total 43 point were measured which were evaluated and some of them ignored following exclusion
criteria (Appendix B):

1. Weather conditions: the measurements taken in rainy days were discarded, in particular for
measurements of first and fourth day.

2. Irradiance measurements saturation: the Ocean Optics USB4000 had some problems of
saturation mainly in high turbid irradiance samples, those measurements were not considered.

3. Consistency between SS concentration, transparency and water colour: based on scatter plot of
transparency and SS concentration and water colour (using pictures) were rejected some
inconsistent points (Figure 5).

4. Consistency between SS concentration and K{4): average of diffuse attenuation coefficient
(equation 4), was carried out for 490, 555 and 670 nm, considering diffuse attenuation
coefficient of pure sea water as 0.0212 (Mobley, 1994). Comparing K1) and SS
concentration some points were rejected taking into account the expected fitting with a
logarithm function (Figure 6).

5. Water leaving reflectance saturation: the reference files for L, were incorrectly saved
presenting saturated reflectance curves. In order to figure it out, white (R,) and dark (D;)
references in equation (16) were replaced by standard solar irradiance and the minimum of the
ratio of S, / R;, respectively.

%Luw,y, = f; ~Ds +100% (16)

A i

After above evaluation process, 11 stations remained with a correct and complete radiometric and
biophysical data. This in situ dataset was divided in two groups, one for calibration (6 stations) and
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one for validation (5 stations). Moreover, 9 stations with only irradiance measurements used for K (1)
average calculation and SMP concentration validation.
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3.2.2, Satellite data

The satellite product used in this study was the Normalized Water Leaving Radiances (Level 2)
obtained from SeaWiFS (Sea Viewing Wide Field of View Sensor) for 1998 — 2008 and MODIS
(Moderate Resolution Imaging Spectroradiometer) for 2002-2008. Some technical specifications of
these two sensors are illustrated in Table 3.

According to Gordon and Wang (1994), the normalized water leaving radiance is the product used in
algorithms to produce geophysical values, such as chlorophyll and suspended sediment concentration.
It is defined as the radiance that would be measured exiting the flat surface of the ocean with the Sun
at zenith (directly overhead) and the atmosphere absent since about 10% of the total light detected by a
satellite aimed at the ocean is water-leaving radiance, while the other 90% of the light is due to
atmospheric effects. Once the radiance signal has been corrected for atmospheric light scattering, the
signal is then corrected for the solar zenith angle.
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Table 3 Specifications of satellite data

SeaWiFS MODIS
Name Sea-viewing Wide Field-of-view Sensor ModSEE Resolupon Imaging
Spectroradiometer
Agency NASA (USA) NASA (USA)
Satellite OrbView-2 (USA) Aqua (EOS-PM1)
Launch date 01/08/97 04/05/02
Swath (km) 2806 2330
Resolution(m) 1100 1000
# Of Bands 8 36
Spectral coverage (nm) 402-885 405-14385
Center wavelength 443, 490, 510, 555, 670 443,488, 531, 551, 667
Adapted from I0CCG (2008)
3.2.3. Marine and coastal water quality database

The water quality database, REDCAM has been implemented by Marine and Costal Research Institute
in Colombia since 2000. The REDCAM is developed for monitoring marine and coastal water quality
by measuring systematic variables in superficial coastal waters and continental waters (Garay et al.,
2001). In the study area for period 2000-2007 there are 16 stations with around 150 measurements of
SS. About 86 measurements are from marine waters. Sampling strategy is half-yearly, measuring
between March and June for first semester, and between September and October for second semester.
Data are available online in www.invemar.org.co.
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4. Results

This chapter describes the main finding of present research. It starts with description of the results
obtained by application of the developed model for K, retrieval. The application includes calibration,
validation and data merging. Then, results of IOP and SPM estimation and its implications are
explained. Finally we carried out wavelet time series analysis.

4.1.
4.1.1.

K retrieval

Calibration of local ratio model

Calibration of K490 ratio model was performed with in situ measurements and regression analysis.
Three ratios, Lyn490/550, Lyy 490/555 and Ly 490/670 were tested to find the suitable reflectance
ratio specifically for SPM, since original Mueller (2000) empirical model was proposed for range of
K, between 0.016 to 0.25 m™' while present study handles a higher K, range 0.07 to 2.1 m (Figure 7).
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Figure 7 Ratio model calibration, (a) 550, (b) 555 and (c) 670 nm

The results have shown higher correlation coefficient (R?) for 555 nm and lower for 670 nm, however
difference between 550 and 555 is not significant (Table 4).

4.1.2.

Table 4 Regression coefficients three Lj/(4) ratios derived from calibration

a B R’
Ratio L»490/550 0.3438 | -2.262 | 0.89
Ratio Ly»490/555 0.3679 | -2.119 | 0.90
Ratio L»490/670 0.647 -1.281 | 0.28

Validation of local ratio model

Validation was performed with 5 points calculating relative error, mean square error, root mean square
error and correlation coefficient. As well, models of Mueller (2000) and Berthon et al. (2002) were
tested using same validation data set and using whole data set (11 points). Results are described in
Table 5. Although, correlation coefficients for the three models are significantly good, near to 1, the
mean relative error is significantly improved for present study comparing with other two models, it
varies from 59,8% using Mueller’s model to 1.15%.
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Table 5 Validation K; Model
Validation data set
Present Study Mueller (2000) Berthon et al. (2002)
a 0.3679 0.1564 0.2050
B -2.119 -1.5401 -1.7540
Mean relative error (%0) -1.150 -59.884 45.533
MSE 0.024 0.247 0.166
RMSE 0.154 0.497 0.408
R’ 0.982 0.982 0.996
Calibration + Validation data set
Mean relative error (%) -52.270 -36.624
MSE 0.576 0.446
RMSE 0.759 0.668
R’ 0.822 0.825

Therefore, K, calculation was performed on MODIS and SeaWiFS monthly images following equation
( 1), values adopted for a and B were 0.3679 and -2.119. The results are monthly K490 images for
each sensor.

SeaWiFS Ly images presented a persistent error in monthly average. This was probably caused by
missing data or troubles in Level 2 algorithm. It made impossible to employ those images in K,
calculations. To figure it out, it was derived the ratio Lyy 490/550 from K, 490 SeaWiFS product.
Additionally, for further calculations in IOP model, was derived the SeaWiFS Ly555 based on
relationship between the ratio Ly»490/555 and Lyn 555 in MODIS. Such relation fit with a logarithmic
function (R = 0.78).

4.1.3. Data merging for K490

With the purpose of calculation of relative errors associated with K, values from MODIS and
SeaWIiFS, locations were extracted (row and column) of the matchups for in situ data. Matchups are
considered as these coincident in time and coverage observations between in situ and satellite
measurements (Pottier et al., 2006). For K, (satellite data) the monthly average of September 2008 was
considered and for in situ data the average of coincident points per pixel. Then, associated relative and
absolute errors were measured (Appendix C). Based on these errors and using equation  ( 7), Ky
merged product was determined. Previous to K, merged calculation, MODIS images were
dimensioned to SeaWiFS size (4 km).

Error analysis for K; merged product was performed as well using matchup in situ points, results are
showed in Table 6. The analysis indicated high mean relative error for K, MODIS, more than 50% of
underestimation, and considerably low for K; SeaWiFS (3.3%). After merging process the relative
error is significantly improved with positive value of 2.5%.

Table 6 Relative errors for K, MODIS, SeaWiFS and merge

Errors MODIS | SeaWiFS Merge

MSE 0.094 0.077 0.085

RSME 0.306 0.277 0.291

Mean relative error (5%) -50.555 -3.311 2.541

In spite of the losses of information due to downscaling, evident information was gained in cloud
covered areas. Figure 8 shows two examples of K, monthly products from MODIS (upper part),

SeaWiFS (middle) and merged product (lower part) where is possible to observe this fact.
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Figure 8 Examples of MODIS, SeaWiFS and Merged K,490 images (July-2002 and Sept-2008)

4.2. IOP and SPM estimation

This section shows the results of IOP model application for calculation of absorption and
backscattering coefficients (equations 8 to 11) and their relationship with SPM. IOP were computed
directly from in situ data and then computed on MODIS, SeaWiFS and Merged images.

As the present study is focused on calculating SPM concentration, backscattering is considered purely
from particular matter and absorption from pigments. It is based on that assumption that SPM do not
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absorb. However, here is showed the relationship between SPM and both absorption and
backscattering without go deep in how absorption is affected by SPM.

Figure 9 is showing the absorption coefficient estimated for in situ data compared to SPM and

fluorescence. Here was evident that most wavelength fitted significantly well an exponential function,
same as suggest Babin et al.(2003b).
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Figure 9 Comparison of absorption coefficient with SPM and Fluorescence at 440, 555 and 670 nm

In terms of backscattering coefficient estimation, the wavelength 555 nm is considering as the
minimal absorption by particulate matter, thus it is selected for an overall examination of the
relationship between scattering and particular matter concentration (Babin et al., 2003a). In this case
linear relationship is applied to in situ data showing higher correlation coefficient for 555 nm.
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Figure 10 Comparison of backscattering coefficients with. SPM concentrations at 440, 555 and 670 nm)

Therefore, from relations above, were tested models for SPM from absorption and backscattering as
following:
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SPM(b,)=13.797*(5,555)+9.5174 an

SPM (a) = 8.1018% ¢! 7o (18)

Validation of SPM estimated from IOP model, was made using in situ measurements (whole
calculation in Appendix D). From backscattering model the relative error is lower than absorption
coefficient model (Table 7). However, correlation coefficient R” is better for a(440) than by(550). This
error analysis is showing that in general both models are underestimating SPM concentrations values
in relation with in situ data. Backscattering (b,) model shows RSME of 5.2 mg I"' while absorption
model (a) of 6.7 mg 1"

Table 7 Validation of SPM model (validation data set)

SPM from a(440) SPM from bb(555)
MAE 46.031 27.701
RMSE 6.785 5.263
Mean relative error (%) -56.913 -49.260
Correlation 0.942 0.852

As well, error estimation was done using concentrations of SPM from INVEMAR water quality
database REDCAM. This data base contains concentration of SPM from 2000 along the coastal line in
not fix locations and with gaps in some years. It was selected 10 locations from different years
between 2000 and 2007 completing a data set of 46 points (stations location in Figure 2).

In order to understand the associate errors of SPM estimation, points were classified in three groups
according to the measured SPM concentration values (Table 8). Error analysis shows that the model is
estimating the SPM concentrations with an accuracy of + 3.3 mg I"' for clear and relative turbid water
(< 26 mg 1'). In addition, an increment of errors is evident with more turbid waters (group 2 and 3)
where seems that the model is underestimating approximately half of concentration that was measured.
However, highest errors showed in the mouth of the rivers (group 3) probably are because the dynamic
of river plume at moment of taking the samples. In general, the underestimation might be related to
averaging of monthly data from the images.

Table 8 SPM Error analysis

Groupl Group2 Group3
(SPM <26mgl’) | (26 mgl'<SPM <56 mgl) (SPM >56 mg I
MAE 11.38331 461.29297 13381.71908
RMSE 3.37392 21.47773 115.67938
Mean relative error (%) -2.98320 131.0827021 397.46831
Correlation 0.48 0.35 0.15

Figure 11 is presenting an example of SPM map series from January to December 2007.
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Figure 11 Maps of monthly SPM (mg 1) for 2007

4.3. Time series analysis

Analysis of time series was made using the averaging in scale to understand fluctuations of time series
of SPM using variance average. For this exercise it was analyzed SPM concentration from 1998 to
2008 using the same 9 matchups for validation: 3 points in front of Sini River, 4 points near of
Magdalena river mouth and 2 points on Rosario Islands waters.

The purpose of this analysis was to understand if there is correlation between events presents in these
three locations, particularly SMP fluctuations in the coral reef waters and high turbidity events in
mouth of the rivers. Figure 12 shows variance averages fluctuation between 1998 and 2008 for the
nine points.
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In general, between 1999-2000 and 2002-2003 there are picks of high turbidity events for the points
located in the mouth of the rivers. One of the most interesting finding here is a delay fluctuation
patterns in Rosario Island in 2003-2004, which probably come out from those major turbidity events in
the rivers in 2002-2003. Other interesting aspect is a kind of accumulation pattern in Rosario Islands
which is showing a pick in 2008. It is probably due to small turbidity events occurred in both Rivers
during 2004-2007.

Nevertheless, this kind of analysis needs more inquire in order to define quantitatively the fluctuation
and periodicity of variation, which is out of the scope of this research. But indeed, this tool promise to
be useful in monitoring programs and adaptation strategies.

Complete output graphs for four locations in Magdalena and Sinu Rivers other in Rosario Islands are
in Appendix E.
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Figure 12 Scaled Average of SPM for 1998-2008 (9 points)
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4.4, Code development

The algorithm was implemented in a new computer code using Matlab v. 7.6.0 (R2008a). The method
is operational in the sense that it automatically provides the values of diffuse attenuation coefficient
using ocean color radiometric data from MODIS, SeaWiFS or their merged products (Figure 13). In
turn, these operational products are used to derive the absorption and backscattering coefficients and
their relation with SPM concentrations (Figure 14). Additional tools were implemented for both
modules to create image animation and for wavelet time series analysis.

. In situ
Remote Sensing Images
measurements

J/ Average ditfuse attenuation coefficient (K,)
Monthly average of Normalized water Water leaving radiance (L)
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Figure 13 Sequence diagram for K, and Merging

List of scripts:
1. Monthly average of Ly
K, computation MODIS & SeaWiFS
Downscaling K, & Lyy 555 MODIS
Array time series MODIS & SeaWiFS
Merging Lyn 555 & K, 490
Image animation K; from MODIS, SeaWiFS and merged product

DU oA W

26



MAPPING SUSPENDED SEDIMENT CONCENTRATIONS USING THE DIFFUSE ATTENUATION COEFFICIENT (K,) AND MULTI SPECTRAL

AND SPATIOTEMPORAL IMAGES IN CARIBBEAN COASTAL WATERS OF COLOMBIA

7. Array time series K; merged
8. Wavelet analysis adapted from Torrence and Compo (1998)

Ky retrieved In situ measurements

2
IOP (a. by) retrieval based on Sediments concentration
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! l
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Figure 14 Sequence diagram for IOP & SPM

List of scripts:
1. Absorption and backscattering computation MODIS, SeaWiFS and merged product
SPM estimation MODIS, SeaWiFS and merged product
Image animation SPM MODIS, SeaWiFS and merged product
Array time series SPM MODIS, SeaWiFS and merged product
Wavelet analysis adapted from Torrence and Compo (1998)
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5. Discussion

This study showed that available model of diffuse attenuation should be modified for SPM and
Colombian coastal waters. The time series analysis demonstrated the tele-connections pattern between
SS in the coral reef areas and Magdalene /Sin1 SS discharges. This chapter will discuss the major
findings and limitations of this research.

5.1. In situ data

In this research were collected data for cal/val of a K; model to be applied on the Colombian coastal
waters. This region suffers from scarcity of Cal/val data for earth observation missions. The collected
geo-biophysical and radiometric data set are considered a significant contribution of current research
to scientific community in Colombia and worldwide.

However, radiometric and biophysical data collection in coastal waters is a very sensitive issue.
Sampling strategies must take into consideration several factors that are imperative for quality of
measurements. Particularly, for Case 2 sampling strategy must be concerned with spatial and temporal
variability and vertical stratification. Radiometric instruments must follow minimum performance
characteristics like spectral resolution, radiometric responsivity and resolution, signal-to-noise ratios
(SNR), radiometric saturation and minimum detectable values, angular response and temporal
sampling resolution, linearity and stability.

Some of the above aspects were decisive in quality of in situ measurements for this study.
Unfortunately, the used radiometric instrument in field work, the Ocean Optics USB4000 had
saturation problems for irradiance and water leaving reflectance measurements causing rejection of
more than 50% of measurements.

Other factors influenced quality of in situ data were the weather conditions that caused constant
dynamic of plume of the rivers, mainly in Magdalena river mouth. In fact, field work has been done at
the end of September, on wet season when high rainfalls are more intense and frequent.

Another inconvenient of sampling strategy was for Chl-a concentration measurement, which were
mostly under threshold values making impossible to build calibration curve with fluorescence values.
Here is important to observe that number of samples was small (only 10) and strategy sampling was
not ideal due to complexity of transporting and processing samples at INVEMAR laboratory.

In spite of all theses difficulties, it was possible to build a radiometric and biophysical database with
11 points that facilitated calibration and validation processes. However, for future campaigns, more
attention should be paid to the reliability, performance and calibration of radiometric instruments.
Ideally, more samples should be taken in different seasons and water types.
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5.2. Diffuse attenuation coefficient model

The empirical ratio model proposed by this research was partially validated with in situ data set and
then compared with models of Mueller (2000) and Berthon et al (2002).

Muelier’s model is originally developed to estimate K, global product based on SeaWiFS water
leaving radiances at 490 and 555 nm. Essentially calibration and validation of the method were using
Case 1 waters. This means that SeaWiFS K490 data with values > 0.25 m"' must be handled with
caution. Our K, values are varying between 0.07 and 2.1 m™. In fact this large variation necessitates
new calibration of the K; model, i.e. finding new coefficients (o and B) for the study area.

One adaptation of Mueller’s model is Berthon’s approach, which is considered alternative more
suitable for coastal waters. If we compare coefficients a and B among the three models (see Table 5),
Mueller has lowest values while Berthon’s shows an increase in exponential and scope coefficients.
Coefficients of current proposal are the highest, which might represent further sensitivity in the ratio
model for turbid waters.

Our error analysis showed a good correlation between the three models. The R? value is larger than
0.98 for the three models. However, the values of the mean relative error were less than 1.5% for our
model and exceeding 58% and 44% for Mueller and for Berthon model respectively.

The above results show that the developed K.A90 model is more representative of light attenuation
processes in the area than the other two discussed models.

Recent developments of ocean color focus on merging spatial and spectral information in order to
overcome limitation such as gaps between swaths, sun glint and cloud cover. In this work, we merged
K, products using weighted averaging. The weights were estimated from the error in derived products
and model’s uncertainty.

In general, there is an evident improvement in the merged products. However in terms of RMSE, the
K, merged product has higher error (0.291) than SeaWiFS which actually has the lower error among
the three (0.277). This larger error of merged values is probably due to the spectral shift in ratio K490
model. This model was originally developed for SeaWiFS spectral bands. With respect to MODIS,
there is a spectral difference (555 for SeaWiFS and 551 for MODIS) that might cause such variation.
The differences in derived products from both sensors was reported by many studies (e.g. Darecki and
Stramski, 2004; Patissier et al., 2004). Some study has suggested spectral data merging (Maritorena
and Siegel, 2005b).

Besides the improvement in terms of relative errors after merging, there was an evident benefit related
to cloud cover areas and missing data. In fact, this kind of advantage is the aim of the merging process,
an improvement in the coverage in space and time exploiting redundancy in coincident ocean color
missions (Gregg and Woodward, 1998).

5.3. IOP and SPM

The applied IOP model considers absorption and backscattering as total and does not decompose them
into their different components: pigments, SPM and CDOM. Since main aim of this research is to
retriecve SPM concentration, we made some considerations about backscattering and absorption
coefficients.

Backscattering is considered only from particular matter. The 555 wavelength was chosen because this
wavelength correspond to the minimal absorption by particular matter and is low impacted by
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absorption of green pigments (Kirk, 1994; Mobley, 1994). For simplicity is assumed that SPM are
mineral and clay origin and CDOM and chlorophyll, are not affecting the backscattering at this
specific band. This assumption is however a crud simplification because CDOM and SPM have
considerable influence at this spectral region. Also, measurement of CDOM and SPM absorption in
this study area are not available.

Moreover, SPM model based on absorption at 440 nm was tested. The model uses the exponential fit
found by others studies (e.g. Bowers et al., 1996; Kratzer et al., 2000). In spite of this relationship, is
assumed that SPM do not absorb. There are evidences that absorption of SPM might help to
understand the diversity of SPM spectral signature (Babin et al., 2003b). This approach would help to
overcome the mixed spectral response of water constituents in Case 2 waters.

The strong relationship showed between SPM and absorption coefficient which should be considered
in future research.

Validation of SPM model with REDCAM database showed that the model provided good estimates of
SPM with accuracy of £3.3 mg 1" for waters with SPM concentration below 26 mg I and up to £115
mg "' for rivers mouths with SPM above 56 mg 1"

This high error could be explained by:

e Temporal and spatial averaging of Ly is a generalization of one pixel of 4 x 4 km in the field
represents an area between 1- 10 m. According to Mueller (2003), in Case 2 waters, pigment
concentration derived from spatially averaged satellite radiance data will systematically
underestimate the true spatial average concentration by as much as a factor of 2 when sub-
pixel variability is significant.

e Particularly in Magdalena river mouth, the REDCAM database has a long variation in SPM
measurements (26 to 600 mg 1"') that can be influencing the error quantity.

e Considered threshold of SPM concentration, since saturation problems in radiometric

measurements resulted in exclusion of some points with the highest SPM concentration
values.

¢ Finally, spatial and temporal variability of the plume in sampling time.

Regarding to SPM time series analysis, the average scale analysis has revealed very interesting results.
It has shown some fluctuation patterns in Rosario Island in 2003, can be related with specific high
turbid events in Magdalena and Sinu River in 2002.

One of the most interesting finding was the time-lag fluctuation patterns in Rosario Islands. This time
lag is most likely related to climate conditions and local / global circulation pattern. Is probably that
these fluctuation would be related with El Nifio phenomena. Effects of El Nifio on Colombia have
been reported for coincident periods of peak turbidity, 1998-1999, 2002-2003 and 2006-2007. Main
effect in these periods is the increase in rainfall intensity about 20-30% of regular values.

Other important factor for determining the degradation risk of marine ecosystem is the level of
exposure, environmental indicator defined as concentration and duration of the terrestrial flux into reef
system. Somehow, results of time series analysis might be used as input for coral reef monitoring and
promise to be useful for monitoring marine ecosystems and ultimately contributing to adaptation
strategies of climate and human-induced environmental changes.
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54.

Limitations

Errors are originated from uncertainty in the measurements and introduced assumptions. Large errors
in derived products are limiting factors to the applicability of any developed model. In this section we
discuss the limitations in the context of in sify measurements, satellite measurements uncertainties and
introduced assumptions.

Some of these limitations could be avoided with additional in sitz measurements.

Main limitation of this model is due to the limited number of calibration/ validation sites.
The model should further be improved taking more measurements in very turbid waters
and during dry season.

The difference in satellite pixel size and point measurements is another source of
uncertainty. Matchup field data usually characterize an area of around 1-10 m® while the
satellite spatial scale is 4 kilometers. This environment mismatch in scales introduces an
uncertainty that is often hard to quantify (IOCCG, 2006)

Many steps are integrating the whole modeling process; each potentially produces an error
that is propagated to the second step. Some of these errors were calculated: K, model
(RMSE = 0.154 m), K, merged images (RMSE = 0.291 m™"), SPM model (RMSE = 5.26
mg 1"). Nevertheless, another errors were unfeasible to estimate, for instance for
irradiance reflectance R(0°), a and b, and SeaWiFS Lyy 555 estimation.

Model is assuming generalization by monthly Lyy average and MODIS downscaling
averaging that as well are sources of uncertainties.

Finally the model is considering three main assumptions, vertical and horizontal
homogeneity, spectral independency and constant error for all radiometric quantities.
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6.1.

Conclusions and recommendations

Conclusions

Biophysical and radiometric measurements data set for Case 2 waters in Colombia can
contribute to the on going validation calibration efforts of ocean color products.

The standard K, model should be adapted form the Colombian waters. The modified model in
this study succeeded in deriving good estimates of K, from ocean color ratio with R* above
0.98 and RMSE of 0.154 m™. In comparison with others K490 models present model has
better performance.

Merged K, products from SeaWiFS and MODIS has improved accuracy of K,; with mean
relative error less than 2.1%. A second advantage of the merging is filling the missing data
due to cloud cover

Validation of SPM using external measurements (the REDCAM database) has shown that
model estimates SPM with an accuracy of +£3.3 mg I'' for waters with concentration below 26
mg 1"'. However model underestimates SPM concentrations in the rivers mouths (SPM > 56
mg I"') with an RMSE 115 mg I"".

Validation of SPM using external measurements (the REDCAM database) has shown that
model estimates SPM with an accuracy of +3.3 mg I"' for waters with concentration below 26
mg 1. However model underestimates SPM concentrations in the rivers mouths (SPM > 56
mg I'') with an RMSE 115 mg I'".

Limitations of the model are related to amount i» sity measurements for calibration/validation,
size of pixels and local heterogeneity, intrinsic uncertainties in ocean Level 2 products,
uncertainties propagation, monthly L average and MODIS downscaling averaging,

The model provided maps of SPM concentrations that facilitate monitoring of the temporal
and spatial variations of the suspended sediment that might be use to evaluate its effects on
marine ecosystem in the study area.

SPM time series analysis for period 1998-2008 showed some fluctuation patterns in Rosario
Island that can be related to specific turbid events in Magdalena and Sinu River. This
information promise to be useful for monitoring marine ecosystems and contributing to
adaptation strategies in the face of human induced environmental changes.

The methodology was implemented in a new computer code for the study area and is
operational in the sense that it automatically provides the values of diffuse attenuation
coefficient at 490 nm, IOP (a and b;) and SPM using ocean color radiometric data from
SeaWiFS, MODIS or merged products.
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6.2.

Recommendations

More radiometric and biophysical measurements should be taken in high turbid waters and
during dry season. Sampling data will improve model performance making more realistic
SPM concentration values mostly in rivers mouth areas.

Sampling strategies should follow carefully technical specifications and standard calibration in
order to avoid instrumental errors in field measurements. In this way wrong data and
uncertainties due to i sifv measurements will be reduced.

Spectral and spatial data merging using MERIS images would help to improve optical
information of water constituents in turbid tropical waters. Using more spatial resolution
uncertainties due to size of pixels and local heterogeneity will be reduced. As well, more
spectral information will help to understand the satellite spectral signature of SPM.

More understanding of relationship between SPM and absorption coefficient would help to
improve the knowledge trends and variability of particles in Case 2 waters. Moreover, it will
help to differentiate SMP from the other water constituents, mostly CDOM that has similar
signature.

Uncertainties budget estimation would benefit quantification of associate errors in ocean optic
modeling. Mostly those that are assumed know or insignificant such as in siru data
uncertainties or pixel size and local heterogeneity.

Using techniques of tele-connections and identifying persistent patterns in order to increase
the knowledge of effect of climate change on the water quality

Connection between earth observation products and marine ecosystems will facilitate
monitoring of coral reefs through extraction of health indicators.
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8. Appendixes

Appendix A. Instruments and materials

The field work was fully supported by the Marine and Coastal Research Institute (INVEMAR).
Radiometric instruments and materials were provided by ITC, CNRS, INVEMAR, and others
designed by present research.

Instruments and materials

Name Source
USB4000 Miniature Fiber Optic Spectrometer CNRS
USB4000 Miniature Fiber Optic Spectrometer ITC
LS-1-CAL Calibrated Tungsten Halogen Light Source ITC
WS-1-SL White Reflectance Standard with Spectralon ITC
CC3 Cosine corrector ITC
Optical cable 400 micron, QP400-2-UV/BX ITC
Aluminum arms PLOZANO
Laptop Dell INVEMAR
Laptop Toshiba PLOZANO
Spectra suite (Software) CNRS
Fluorometer (Turner) ITC
USB cable CNRS
Sounding line INVEMAR
Refractometer INVEMAR
Secchi disck INVEMAR
GPS Garmin 76s INVEMAR
Suction bomb INVEMAR
Filtration set and plastic bottles INVEMAR
Microfibre filters (GF/A, 47mm 1820 047) Whatman ® 1.6 uym INVEMAR
Photo camera CGARCIA
Electric adaptor and cables PLOZANO
Car battery PLOZANO
Battery recharger INVEMAR
Transparent plastic bottles (500 ml) INVEMAR
Black plastic bottles (2 litter) INVEMAR
Acrylic tables INVEMAR
Pens, Pencils, sticking plaster, plastic 2*2 m, silicon PLOZANO
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OO0 Spectrometer

For measurements at:
100 cm: arm longitude 115 cm
50 em: arm longitude 56, 43 cm

Aluminum arm design for underwater irradiance measurements
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MAPPING SUSPENDED SEDIMENT CONCENTRATIONS USING THE DIFFUSE ATTENUATION COEFFICIENT (Ks) AND MULTI SPECTRAL
AND SPATIOTEMPORAL IMAGES IN CARIBBEAN COASTAL WATERS OF COLOMBIA

Appendix C. K; model

Relative errors

Point location
Column | Row Stations K, Sept MODIS | K; Measured* | Error Relative error %
50 110 11 0.217 0.736 0.269 -70.471
48 109 12 0.272 0.357 0.007 -23.770
49 110 14,13,15 0.429 0.501 0.005 -14.448
50 109 16 0.357 0.399 0.002 -10.382
74 71 18 0.174 0.400 0.051 -56.510
74 72 19, 20 0.279 0.709 0.186 -60.721
76 71 25,31,27,29,30,26 NaN** 1.111 - -
55 91 34,37 0.108 0.597 0.239 -81.949
54 91 38 0.097 0.356 0.067 -72.905
54 90 40,43 0.075 0.208 0.018 -63.835
Mean Relative error %
MSE K,;MODIS | 0.094 -50.555
RMSE 0.306
Point location
Column | Row Stations K; Sept SeaWiFS K; Measured Error Relative error %
25 56 11,14,15 0.462 0.633 0.029 -26.960
25 55 12,13 0.399 0.349 0.002 14.331
26 55 16 0.412 0.399 0.000 3.330
38 36 18,19,20 0.740 0.606 0.018 22.144
39 36 25,26 2.043 1.419 0.390 44.033
38 36 27,29,30,31 0.740 0.957 0.047 -22.604
28 46 34,37,38,40 0.167 0.393 0.051 -57.448
Mean Relative error %
MSE K,SeaWiFS 0.077 -3.311
RMSE 0.277
Point location
Column | Row Stations K,; Sept Merged K, Measured Error Relative errors %
25 56 11,14,15 0.462 0.633 0.029 -26.960
25 55 12,13 0.420 0.349 0.005 20.577
26 55 16 0.424 0.399 0.001 6.458
38 36 18,19,20 0.740 0.606 0.018 22.144
39 36 25,26 2.043 1.419 0.390 44.033
38 36 27,29,30,31 0.740 0.957 0.047 -22.604
28 46 34,37,38,40 0.175 0.393 0.047 -55.364
Mean Relative error %
MSE K,;Merged 0.085 2.541
RMSE 0.291

* Ky Measured = average of K,; 490 values for number of stations located in 1 pixel; ** NaN= no data
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MAPPING SUSPENDED SEDIMENT CONCENTRATIONS USING THE DIFFUSE ATTENUATION COEFFICIENT (Ks) AND MULT1 SPECTRAL
AND SPATIOTEMPORAL IMAGES IN CARIBBEAN COASTAL WATERS OF COLOMBIA

Appendix D. 10P and SPM model

Sun zenith angle

Station Longitude Latitude Date Time Sun zenith angle |
18 -74.94647474 | 11.0655581 | 23/09/2008 | 9:40:00 a.m. 34.7147
19 -74.94643089 | 11.05619079 | 23/09/2008 | 10:20:00 a.m. 25.5452
20 -74.94559097 | 11.04674548 | 23/09/2008 | 10:37:00 a.m. 21.2164
21 -74.94376814 | 11.03626373 | 23/09/2008 | 11:00:00 a.m. 17.2349
23 -74.97002218 | 10.99460634 | 23/09/2008 | 12:00:00 p.m. 11.5726
25 -74.86193217 | 11.09966182 | 24/09/2008 | 9:45:00 a.m. 34.7015
28 -74.88173425 | 11.08059369 | 24/09/2008 | 12:36:00 p.m. 16.9597
27 -74.87537733 | 11.08711313 | 24/09/2008 | 12:16:00 p.m. 13.8642
29 -74.88579985 | 11.0884025 | 24/09/2008 | 1:05:00 p.m. 22.8866
30 -74.8859843 | 11.08789927 | 24/09/2008 | 1:40:00 p.m. 29.8175
31 -74.88036884 | 11.09623642 | 24/09/2008 | 2:03:00 p.m. 35.2936
32 -74.87481519 | 11.1027323 | 24/09/2008 | 2:22:00 p.m. 38.8291
35 -75.74406231 | 10.2510081 | 25/09/2008 | 12:30:00 p.m. 14.4672
36 -75.75141359 | 10.25710906 | 25/09/2008 | 12:47:00 p.m. 17.0092
38 -75.7643144 | 10.26960822 | 25/09/2008 | 1:25:00 p.m. 25.2684
40 -75.77655926 | 10.28179811 | 25/09/2008 | 2:10:00 p.m. 35.5999
42 -75.78847173 | 10.29435105 | 25/09/2008 | 2:50:00 p.m. 45.1205
43 -75.7951204 | 10.30047852 | 25/09/2008 | 3:10:00 p.m. 49.9387

Relative errors
SPM(a440) Est. SPM Meas. Relative error (%) Error
22.036 12.800 ~72.158 85.307
14.966 9.800 -52.717 26.691
12.843 6.000 -114.046 46.823
32.943 24.600 -33.915 69.608
12.514 11.200 -11.729 1.726
MAE 46.031 Mean relative error (%) -56.913
RSME 6.785 Correlation 0.942
SPM(b,555) Est. SPM Meas. Relative error (%) Error
15.237 12.800 -19.039 5.939
18.008 9.800 -83.757 67.374
13.985 6.000 -133.076 63.754
25.546 24.600 -3.846 0.895
11.937 11.200 -6.583 0.544
MAE 217.701 Mean relative error (%) -49.260
RSME 5.263 Correlation 0.852
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MAPPING SUSPENDED SEDIMENT CONCENTRATIONS USING THE DIFFUSE ATTENUATION COEFFICIENT (Ka) AND MULTI SPECTRAL
AND SPATIOTEMPORAL IMAGES IN CARIBBEAN COASTAL WATERS OF COLOMBIA

Appendix E. Complete results of Wavelet Analysis
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