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Summary

In this study an algorithm was developed to correct satellite imagery using cloud and shadow

image features without the assumption of atmospheric optical properties as input for the visible

bands. The method was able to retrieve optical properties of the atmosphere from hyperspectral

satellite imagery. The atmospheric correction scheme was also able to perform atmospheric

correction on high spatial resolution satellite (Ikonos) and high spectral resolution satellite (Hy-

perion) imagery. The atmospheric correction results from Ikonos data was validated by field

measurements of water reflectance, while that from Hyperion was compared with corrected re-

flectance by well-known atmospheric correction scheme (TAFKAA).

An inversion algorithm was also developed to retrieve optical properties of both shallow and

deep turbid waters in Singapore. The inversion algorithm uses spectral windows where light

has the least transmittance in water to minimize the influence from the sea bottom. This algo-

rithm was validated by in-situ measurements of absorption and scattering coefficients performed

in the area of interests in the coastal waters of Singapore.

The algorithm to retrieve absorption and backscattering coefficients termed as IOPs was devel-

oped for the turbid coastal waters of Singapore. The algorithm was designed to retrieve IOPs in

the presence of contributions from the sea bottom reflection to the remote sensing reflectance.

The results were validated by in-situ measurements and further substantiated with a simulated

dataset, which covers a wide range of IOPs and remote sensing reflectance of water. This dataset
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has been used as a benchmark for evaluating retrieval algorithms for IOPs. The algorithm was

also tested against one that used the full spectral window to evaluated the validity of using se-

lected spectral window.

Optical properties of aerosols such as optical thickness and scattering transmittance, were re-

trieved from satellite imageries. An atmospheric correction scheme was used to correct the

atmospheric effects by aerosol and gas absorption. The scheme made use of cloud and shadow

features in high spatial and spectral resolution images, such as those collected with Ikonos and

Hyperion satellite respectively. The radiances over cloud and shadows were used to derive the

path radiances with minimal inputs, such as aerosol optical thickness and type.

This correction scheme is able to to derive water reflectance with small errors in spite of large

uncertainties in radiometric calibrations for these two satellite instruments. Optical properties

such as path reflectance, scattering transmittance and gaseous transmittance were also derived.

The accuracy of these properties are directly related to how well the atmospheric correction

has been performed. The validation for the Ikonos derived water reflectance was done by com-

parision with concurrent field measurements. For the validation of HYPERION data, it was

compared to well known atmospheric correction schemes such as TAKFAA and one that cor-

rects for Rayleigh scattering.

The optical properties of atmospheric transmittance, optical thickness and aerosol type were

derived by fitting the derived path reflectance to look-up tables bearing these parameters from

TAFKAA. The scattering and gaseous transmittance was also derived from the corrected cloud

radiance, which is divided, by extra-terrestrial irradiance. The scattering transmittance obtained

vii



from these two methods was compared for additional validation.

The algorithm was able to perform atmospheric correction without the assumption of atmo-

spheric properties necessary with other methods that used cloud and shadow image features.

In addition, the method was able to derive optical properties of the atmosphere such as optical

thickness, aerosol type and transmittance. Optical properties of water were retrieved with a split

window approach that avoids spectral bands where the sea bottom and the attenuating effect of

shallow water contributes to the water reflectance.

viii



List of Figures

2.1 Schematic Diagram showing radiance measured by sensor . . . . . . . . . . . 12

2.2 Atmospheric Transmittance due to gaseous absorption . . . . . . . . . . . . . 16

2.3 Absorption coefficient of Water . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Absorption coefficients of phytoplankton. The spectra are generated with dif-

ferent values of aφ(440) at 0.01, 0.05, 0.10, 0.15, 0.3 and 0.5 m−1 . . . . . . . 24

2.5 Backscattering coefficient of water . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Locations of Study Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Field Measured points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Schematic Diagram of Measurements . . . . . . . . . . . . . . . . . . . . . . 38

3.4 Typical radiance measurements obtained . . . . . . . . . . . . . . . . . . . . . 39

3.5 The Cage encasing the equipments . . . . . . . . . . . . . . . . . . . . . . . . 40

3.6 Schematic diagram of AC-9 from the manual . . . . . . . . . . . . . . . . . . 41

3.7 Absorption and attenuation Measurements made with AC-9 . . . . . . . . . . 43

3.8 Scattering and backscattering(estimated) measurements made with AC-9 . . . 45

3.9 Field Measurements of Rrs(λ) . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.10 Field Measurements of Rrs(λ) at P.Hantu . . . . . . . . . . . . . . . . . . . . 47

ix



3.11 Example of fitted CDOM and Phytoplankton absorption, site H2D . . . . . . . 49

3.12 Histogram of derived S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.13 Exampled of fitted CDOM and Phytoplankton absorption . . . . . . . . . . . . 52

3.14 Histogram of derived Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.15 Criterions for Case-1 Waters . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 Figure depicting the scenario with cloud and shadow features . . . . . . . . . . 66

4.2 Computed α(λ) for Maritime and Urban aerosol types and optical thickness,

τ(550) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3 Atmospheric Transmittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4 Ikonos image used for study . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.5 Spectrums from Ikonos image (Cloud,Shadow and Water in Raw counts) . . . . 79

4.6 Derived L′p(λ)from 100306 with different α(780) used . . . . . . . . . . . . . 80

4.7 Derived L′p(λ)from 280606 with different α(780) used . . . . . . . . . . . . . 81

4.8 Derived L′p(λ) from the two images . . . . . . . . . . . . . . . . . . . . . . . 82

4.9 Derived α(λ) from the two images . . . . . . . . . . . . . . . . . . . . . . . . 83

4.10 Hyperion image used for implementation, with blue region denoting cloud areas

sampled for test, the red and green region denoting the shadow and water region 86

4.11 Typical Spectrums from Hyperion image (Cloud, Shadow and Water in Raw

counts) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.12 L′p(λ) derived with different values of α(854) . . . . . . . . . . . . . . . . . . 88

4.13 L′p(λ) derived . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.14 α(λ) derived . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

x



4.15 Ikonos images used for study . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.16 Pt IKA1 from image IKA, with derived reflectance with different value of

α(780) and field measured reflectance . . . . . . . . . . . . . . . . . . . . . . 92

4.17 Pt IKA2 from image IKA, with derived reflectance with different value of

α(780) and field measured reflectance . . . . . . . . . . . . . . . . . . . . . . 92

4.18 Pt IKB1 from image IKB, with derived reflectance with different value of α(780)

and field measured reflectance . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.19 Pt IKB2 from image IKB, with derived reflectance with different value of α(780)

and field measured reflectance . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.20 Pt IKB3 from image IKB, with derived reflectance with different value of α(780)

and field measured reflectance . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.21 Hyperion image showing various ROIs . . . . . . . . . . . . . . . . . . . . . . 96

4.22 Atmospheric Correction Results I from Hyperion . . . . . . . . . . . . . . . . 97

4.23 Atmospheric Correction Results II from Hyperion . . . . . . . . . . . . . . . . 98

4.24 Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance

map and scatter plot at 500 nm . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.25 Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance

map and scatterplot at 550 nm . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.26 Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance

map and scatterplot (600 nm) . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.27 Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance

map and scatterplot (650 nm) . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.28 Fitted and Derived ρpath(λ)/T ↑↓(λ) . . . . . . . . . . . . . . . . . . . . . . . 107

xi



4.29 Scattering transmittance obtained by fitting ρpath(λ)/T ↑↓(λ), derived total trans-

mittance and computed gaseous transmittance are shown. . . . . . . . . . . . . 108

5.1 Absorption coefficients of water sampled in Singapore . . . . . . . . . . . . . 118

5.2 Scatterplot of retrieved absorption vs input absorption at 440 nm . . . . . . . . 121

5.3 ScatterPlot of input backscattering vs retrieved backscattering at 550 nm . . . . 122

5.4 Rrs(λ) used for IOPs retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.5 Absorption coefficients used to validate IOPs retrieval . . . . . . . . . . . . . . 127

5.6 Backscattering coefficients used to validate IOPs retrieval . . . . . . . . . . . 128

5.7 Retrieved Absorption versus Measured Absorption, using SWIM . . . . . . . 129

5.8 Retrieved Absorption versus Measured Absorption, using MIM . . . . . . . . 130

5.9 Retrieved backscattering versus measured backscattering coefficients, using SWIM

132

5.10 Retrieved backscattering versus measured backscattering coefficients, using MIM

133

5.11 Retrieved IOPs for deep water, depth of 10 meters . . . . . . . . . . . . . . . . 141

5.12 Retrieved IOPs for shallow water, depth of 1 meters . . . . . . . . . . . . . . . 142

5.13 [Measured and modeled Rrs(λ) . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.14 IOPs errors vs depth (440 nm) . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.15 Plot of IOPs errors vs depth (488 nm) . . . . . . . . . . . . . . . . . . . . . . 145

5.16 IOPs errors vs depth (550 nm) . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.17 Reflectance spectra were generated with different bottom reflectance, depths are

shown in figure, ranging from 1 to 7.5 m, in steps of 0.5 m . . . . . . . . . . . 149

xii



5.18 Plot of errors vs ψ(λ,H) (440 nm) with bottom reflectance of 0.3 . . . . . . . 150

5.19 Plot of errors vs ψ(λ,H) (480 nm) with bottom reflectance of 0.3 . . . . . . . 151

5.20 Plot of errors vs ψ(λ,H) (550 nm) with bottom reflectance of 0.3 . . . . . . . 152

5.21 Retrieved IOPs for shallow water, depth = 3 m, bottom reflectance = 0.1, ψ(440, H)

=0.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.22 IOPs errors vs ψ(λ,H) (440 nm) with bottom reflectance of 0.1 . . . . . . . . 154

5.23 IOPs errors vs ψ(λ,H) (480 nm) with bottom reflectance of 0.1 . . . . . . . . 155

5.24 IOPs errors vs ψ(λ,H) (550 nm) with bottom reflectance of 0.1 . . . . . . . . 156

5.25 IOPs retrieved from HYPERION . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.26 IOPs retrieved from HYPERION . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.27 ROI A-F Fitted Rrs(λ) compared with HYDROLIGHT . . . . . . . . . . . . . 161

5.28 ROI G-J Fitted Rrs(λ) compared with HYDROLIGHT . . . . . . . . . . . . . 163

5.29 RMSE computed as a comparision for HYDROLIGHT simluated data and at-

mospherically corrected reflectance . . . . . . . . . . . . . . . . . . . . . . . 164

A.1 Wetview program used to acquire absorption and attenuation data . . . . . . . 185

B.1 Noise in absorption channel 412 nm, with spikes . . . . . . . . . . . . . . . . 191

xiii



List of Tables

3.1 Details of field measurements P.Hantu . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Details of field measurements P.Semakau . . . . . . . . . . . . . . . . . . . . 33

3.3 Details of field measurements Cyreene Reefs . . . . . . . . . . . . . . . . . . 33

3.4 Derived values of ag(440), aφ(440) and S from P. Hantu sites . . . . . . . . . 50

3.5 Derived values of ag(440), aφ(440) and S from P. Semakau sites . . . . . . . . 51

3.6 Values of bbp(555) and Y from P. Hantu sites . . . . . . . . . . . . . . . . . . 55

3.7 Values of bbp(555) and Y from P. Semakau sites . . . . . . . . . . . . . . . . . 56

4.1 R2 values for the different regressions. The first regression was done between

the cloud and shadow corrected reflectance and the TAFKAA corrected re-

flectance. The second is for the linear line fitted in the scatterplots shown in

earlier figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.1 RMSE errors of IOPs retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.2 RMSE comparison between algorithms reported in the IOCCG report, current

algorithm for synthetic data set. . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3 RMSE of absorption coefficients from SWIM and MIM . . . . . . . . . . . . . 131

5.4 RMSE of backscattering coefficients from SWIM and MIM . . . . . . . . . . . 134

xiv



5.5 Retrieved ag(λ), aphi(λ), S, bbp(555) and Y from P.Semakau and Cyreene

Reefs, using SWIM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.6 Retrieved ag(λ), aphi(λ), S, bbp(555) and Y from P.Semakau and Cyreene

Reefs, using MIM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.7 Retrieved ag(λ), aphi(λ), S, bbp(555) and Y from P.Hantu, using SWIM . . . . 137

5.8 Retrieved ag(λ), aphi(λ), S, bbp(555) and Y from P.Hantu, using MIM . . . . . 138

A.1 Values used for correcting effects due to absorption and salinity (Zaneveld et al.,

1992) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

xv



List of Symbols

Symbol Description Units

Rrs(λ) Above Remote Sensing Reflectance Sr−1

Lw(λ) Water Leaving radiance Wm−2Um−1Sr−1

Ed(λ) Downwelling Irradiance Wm−2Um−1

rrs(λ) Underwater Remote Sensing Reflectance Sr−1

ρw(λ) Water leaving reflectance −

Fd(λ) Extra-Terrestial Solar Irradiance Wm−2Um−1

LTOA(λ) Top-of-atmosphere radiance Wm−2Um−1Sr−1

Lpath(λ) Path radiance Wm−2Um−1Sr−1

T ↑s (λ) Upward Scattering Transmittance −

T ↑g (λ) Upward Gaseous Transmittance −

ρTOA(λ) Top-of-atmosphere Reflectance −

ρr(λ) Rayleigh Path Reflectance −

ρa(λ) Aerosol Path Reflectance −

aw(λ) Absorption coefficient of pure water m−1

ag(λ) Absorption coefficient of CDOM m−1

aφ(λ) Absorption coefficient of Phytoplankton m−1

bw(λ) Backscattering of Pure water m−1

bbp(λ) Backscattering of Suspended Particulates m−1

Lc(λ) Cloud top radiance Wm−2Um−1Sr−1

Ls(λ) Shadow area radiance Wm−2Um−1Sr−1

xvi



Chapter 1

Introduction

Satellite imagery over the ocean can be used to derive important optical properties of both the

atmosphere and the ocean. The optical properties from the ocean can be used to relate to water

quality parameters such as turbidity. The optical properties of the atmosphere such as optical

thickness can also be used as a proxy to quantify the amount of suspended particulates in the

atmosphere. Satellite imagery is able to offer large spatial coverage of these parameter and

would be advantageous for monitoring purposes.

This thesis describes several several techniques to derive optical properties of the atmosphere

and ocean using radiance measured by satellite sensors. This techniques are known as inverse

modeling techniques where physical quantities can be inferred from the measured data, in this

case the radiance from satellite imagery. Atmospheric effects were removed by an algorithm,

which uses cloud and shadow image features without the assumption of atmospheric optical

properties as input for the visible spectral bands. The method is able to retrieve optical prop-

erties of the atmosphere from hyperspectral satellite imagery. It should be pointed out that

1
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the satellite sensors used here were not designed specifically for ocean colour remote sensing.

Ocean viewing sensors usually demand high Signal to Noise Ratio (SNR) and accurate radio-

metric calibration. The atmospheric correction results from IKONOS data was validated by

field measurements of water reflectance, while those from Hyperion data were compared with

retrieved reflectances by a well known atmospheric correction scheme, such as (TAFKAA). The

optical properties from ocean, in this case turbid coastal waters of Singapore, were derived. The

retrieval algorithm used spectral windows where the bottom reflectance has least contribution

to the measured signals. Validation was done with in-situ measurements of optical properties,

such as the absorption and scattering coefficients measured in field trips made in Singapore

waters. The method was also applied to atmospherically corrected hyperspectral images. The

hyperspectral images were corrected by the cloud and shadow method developed in this thesis.

The main purpose of atmospheric correction of satellite imagery over the ocean is to derive the

underlying water reflectance in the midst of the dominating path reflectance which arises from

the multiple scattering of solar radiation by molecules and particulates in the atmosphere. In

this work an atmospheric correction scheme was implemented on two types of satellite images,

the IKONOS and Hyperion. IKONOS has high spatial resolution of 4 meters in the multispec-

tral mode, Hyperion has high spectral resolution. While Hyperion has has 220 spectral bands

covering the wavelength range of 400-2500 nm. For ocean colour remote sensing, it is sufficient

to use the visible bands (400-900 nm) which have 10 nm bandwidth. Both sensors’ radiometric

calibration do not meet the requirements of 95 % accuracy for ocean colour application. It is

known that with an accuracy of 95 %, errors of up to 50 % would occur for retrieved water

reflectance (Reinersman et al., 1998). The signal recorded from clouds and shadows present in
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the images were used to derive atmospheric parameters that is needed to perform atmospheric

correction. In this approach the values of the calibration constants were not used for channels

in the visible spectral region but only in the near infrared region. The error incurred would be

less and expected to be limited to the calibration error in this channel only.

The standard atmospheric correction schemes for ocean viewing sensors typically use huge

lookup tables. The generation of these lookup tables requires extensive computations to build

look-up tables (Gordon, 1978; Gordon & Clark, 1981; Gordon & Wang, 1994b). The look-up

tables were constructed with numerous models of aerosol and atmospheric parameters as inputs

to radiative transfer codes. In this work, minimal computations were used and most of the in-

formation needed to perform atmospheric correction is obtained from the image itself, hence

relinquishing much of the need to have information input like aerosol type, amount and water

vapour content. Furthermore, the optical properties of the atmosphere were derived from imag-

ing data.

An algorithm was also developed here to retrieve inherent optical properties (IOPs) from water

reflectance. Water reflectance is mainly influenced by IOPs such as absorption and backscat-

tering coefficients. Numerous algorithms have been formulated to retrieve such properties from

water reflectance (Lee et al., 1994, 1998a,b, 2002; Hoge & Lyon, 1996; Hoge et al., 1999a,b;

Wang et al., 2005). Such algorithms usually use the whole visible spectral range to derive the

IOPs. The usage of the whole visible spectra range in principle would allow IOPs over the

whole spectra range to be derived. However when the water is shallow, the reflectance of the

sea floor would contribute to the total reflectance measured.
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In this study, an algorithm was implemented to tackle this problem by selecting spectral win-

dows to minimize the influence from the sea bottom. A matrix inversion technique was used

to derive the IOPs from these spectral windows. The algorithm developed in this study is also

able to derive the IOPs over the whole visible spectral region despite the omission of spectral

windows where light is more penetrable in water.

The algorithm to retrieve IOP was calibrated and validated using in situ measurements in the

area of study in Singapore waters. In this case, islands with coral reefs were chosen and mea-

surements were made around these areas. The parameters measured include absorption, attenu-

ation and backscatttering coefficients. Radiometric measurements of the water leaving radiance

were made and water reflectance was then derived based on standard protocols (Mueller et al.,

2003). From the absorption and attenuation coefficients, the visibility could be estimated. More-

over from such measurements the dominant bio-optical components could be deduced. Such

bio-optical components are :phytoplankton, CDOM , detritus and suspended sediments.

The measured optical parameters also provided a deeper understanding on the types of water

in the area of study. It is of interest to examine how far the water sampled deviate from case

1 waters where most algorithms have been developed to retrieve optical properties over case 1

waters (O’Reilly et al., 1998). There are several definitions for case 1 waters and not all are

uniform (Lee & Hu, 2006). However, it is generally known that the IOPs are largely dependent

on the concentration for chlorophyll in phytoplankton (Preisendorfer, 1976). From the radio-

metric measurements, a simple evaluation was done to see if the waters sampled belonged to
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the Case-1 type of waters. The resulting data was also made to achieve measurements (Werdell

& Bailey, 2005) around the world and compare to the Singapore waters.

Chapter 2 gives a brief overview of the equations describing the radiative transfer of light

through the atmosphere and ocean. An overview for the various IOPs and how they are re-

lated to the water leaving reflectance measured by satellite or handheld sensors will be covered.

In Chapter 3, experimental results from field measurements made in the area of interests are

presented. It is found that that the water with large absorption coefficient also has large high

backscattering coeffcient. The water leaving reflectance measured also exhibits a strong resem-

blance to water which has high absorption and backscattering coefficients. This was evident

from the spectral shape and magnitude of the reflectance spectra. Two criteria were tested on

field measured data to see if they belonged to Case-1 or Case-2 waters. A brief discussion

would be made on the problems faced in the field measurements, which may provide useful

information for other co-workers performing measurements in similar environment.

Chapter 4 describes the atmospheric correction scheme implemented on Hyperion and IKONOS

images. The algorithm makes use of cloud, water and shadow image features in an image. The

corrected reflectance from IKONOS images was compared to field measured reflectance as val-

idation. For corrected Hyperion data , it was compared to data corrected by an atmospheric

correction package, TAFKAA. It is a well known atmospheric correction code developed by

NRL for hyperspectral remote sensing of ocean color (Gao et al., 2000; Montes et al., 2003;

Mobley et al., 2005). Apart from correcting atmospheric effects, one of the important param-
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eters that can be retrieved by the cloud and shadow method are atmospheric properties, such

as atmospheric transmittance and aerosol type. In the implementation, two separate methods

were used to derive the properties. One was fitting the derived path reflectance to TAFKAA

generated data and obtaining the scattering transmittance, aerosol type and loading. The other

was making use of the corrected cloud radiance and normalizing it with extraterrestrial solar

irradiance. The properties derived by the two independent methods were compared and shown

to coincide well, hence suggesting validity of these two approaches.

Lastly, chapter 5 discusses the retrieval of IOPs from the reflectance of shallow and deep waters

by implementing the algorithm on spectral regions which is opaque to light. This algorithm is

known as SWIM (Split-window inversion method). SWIM was applied to three different data

sets. The first data-set was simulated and was used as a benchmark for many algorithms. This

data set was reported recently in an IOCCG report (Lee, 2005). The data-set was generated by

using a numerical radiative transfer code known as HYDROLIGHT, which had been used ex-

tensively for developing IOPs retrieval algorithm (Lee et al., 1998a,b; Albert & Mobley, 2003).

Our algorithm was also implemented on field measured reflectance and was validated with in-

situ measurements. The abililty of SWIM to reduce the contribution of sea floor reflectance

and hence to increase the accuracy of IOPs retrieved was also evaluated. This was done by

implementing an algorithm known as MIM (Matrix inversion method) even for spectral regions

where light is not opaque. The errors of the retrieved IOPs were compared to the method de-

veloped in this thesis. The comparision was done on field measured data and HYROLIGHT

simluated data which included a sea bottom at different depths. The comparision showed that

SWIM is indeed able to retrieve IOPs with smaller errors. The atmosphere-corrected Hyperion
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data was used for algorithm test.



Chapter 2

Remote Sensing of Sea Water Reflectance

2.1 Introduction

The radiance signal measured by a sensor on a satellite platform consists of light reflected by

the earth surface and also light scattered from the atmosphere. In order to obtain the radiance

emanating from the ocean, there is a need to correct for the effects of the atmosphere. The

light signal that emanates from the ocean is also attenuated due to scattering and absorption by

molecules and particulates. The first step in atmospheric correction is to compute the parame-

ters describing such effects.

After the water leaving radiance has been derived from the total radiance measured at the top-

of-atmosphere, water optical properties such as absorption and scattering coefficients can be

retrieved. The optical properties of sea water are dependent on the contributions from the var-

ious optically active constituents. These various constituents are found at different abundance

level and dependent on geographical and climatoral factors. Models used to retrieve these opti-

8
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cal properties are usually built on semi-analytical equations that relate them to remote sensing

reflectance (Gordon et al., 1988; Lee et al., 1998a; Gordon et al., 1988; Mobley, 1994, 1995).

2.1.1 Remote sensing reflectance of water

The radiance emanating from the surface of water is known as the water leaving radiance,

Lw(λ). The radiance is dependent on the amount of downwelling light at the surface and the re-

flectivity of the water. The remote sensing reflectance of water which would be used extensively

in this thesis is defined as,

Rrs(λ) =
Lw(λ)

Ed(λ)
(2.1)

where Ed(λ) is the downwelling light at the surface of water. Due to transmittance across the

water-air boundary, and the internal reflection effect, the water reflectance measured just below

the water surface would be different from Rrs(λ), which is the reflectance measured just above

the water surface. Rrs(λ) relates to the under water remote sensing reflectance rrs(λ) (Lee

et al., 1998a; Gordon et al., 1988; Mobley, 1994),

Rrs(λ) =
ζrrs(λ)

(1− Γrrs(λ))
(2.2)

where ζ and Γ are parameters dependent on viewing angle and water properties while rrs(λ)

is the underwater remote sensing reflectance. The transmission of light from air to water and

water to air is accounted for in Eq.(2.2) by ζ while the internal reflection of light from water to

air is accounted for by 1− Γrrs(λ). The term ζ is given as ,

ζ =
t+t−

n2
(2.3)
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where t+ is the diffuse transmittance of light from water to air and t− is the diffuse transmittance

of light from air to water. n is the refractive index of water.

The underwater remote sensing reflectance is related to the absorption coefficient of water

atot(λ) and backscattering coefficient bb(λ) (Gordon et al., 1988),

rrs(λ) = g0u(λ) + g1u(λ)2 (2.4)

where

u(λ) =
bb(λ)

bb(λ) + atot(λ)
(2.5)

The quadratic relation in Eq.(2.4) was obtained using monte carlo simulation (Gordon et al.,

1988) and the terms g0 and g1 are dependent on the scattering phase function of the suspended

particles in water (Lee & Carder, 2001). This quadratic form relating rrs(λ) and u(λ) has been

widely used (Lee et al., 1998a,b) in IOPs retrieval algorithms.

From Eq.(2.2) - Eq.(2.5), it can be seen how the absorption coefficient atot(λ) and bb(λ) backscat-

tering coefficient are related to water leaving radiance Lw(λ). The water leaving reflectance is

usually written as (assuming Lw(λ) is lambertian),

ρw =
πLw(λ)

Fd(λ)
(2.6)

where Fd(λ) is the extra-terrestial solar irradiance. The water reflectance can also be written as,

ρw(λ) = πRrs(λ) (2.7)

The next section will show how the water leaving radiance is related to the signal measured by

the satellite sensor.
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2.2 Signal Measured from space

The top-of-atmosphere (TOA) radiance, LTOA(λ), that is measured by the sensor over the ocean

is a sum of several terms (Gordon & Wang, 1994a; Gordon, 1997),

LTOA(λ) = T ↑g (λ)
[
T ↑s (λ)Lw(λ) + Lglint(λ)

]
+ T ↑g

↓(λ)Lpath(λ) (2.8)

where T ↑s (λ) is the upward transmittance due to atmospheric scattering, T ↑g (λ) is the upward

transmittance due to gaseous absorption and T ↑g
↓(λ) the upward and downward transmittance

due to gaseous absorption. The path radiance, Lpath(λ) results from scattering in the atmo-

sphere. The component due to specular reflection of the direct sunlight is the term Lglint(λ).

For remote sensing purposes, the sunglint term is usually ignored as sunglint contaminated im-

ages are usually discarded due to the signal overwhelming the image (Gordon, 1997). It is to

note that the transmittance terms are dependent on the sun and view angle of the sensor, the

upward direction is dependent on the view angle while the downward on the sun angle.

A diagram of radiance measurement from a satellite is illustrated in Figure 2.1 where the differ-

ent lines show the signal measured at the sensor. Ray 1 is depicted by Lpath(λ), ray 2 shows the

sunglint reflected spectrally off the sea surface. Ray 3 shows light being scattered along the path

as it reaches the water body and backscattered out of water and scattered along the way to the

sensor. The scattering along the path as it reaches the sensor is termed as diffuse transmittance,

T ↑s (λ).

The water leaving radiance, Lw(λ), emanating from the ocean is influenced by both environ-

mental conditions and also the inherent optical properties (IOPs) of water. These environmental
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FIGURE 2.1: Schematic Diagram showing radiance measured by sensor

factors include wind speed, downwelling light, sea state, etc. One of the more notable during

the field influcences was incoming storm or light drizzle which can alter the downwelling light

field at the point of measurements. One of the challenges in remote sensing of water is to re-

move the signal which arises due to light interaction with the atmosphere. This procedure is

called atmospheric correction. In most cases, the total signal consists largely of the path radi-

ance, Lpath(λ). Typically 90 % of the signal is from Lpath(λ) and makes the task of deriving

Lw(λ) difficult. The problem is further complexed by several transmittance terms that need to

be modeled correctly. Proper retrieval of the remaining 10 % involves accurate and extensive
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modeling of the various terms in Eq.(2.8). This equation is usually converted into reflectance

units before actual atmospheric correction is implemented. Each component will be briefly

discussed in subsequent sections.

2.2.1 Conversion to reflectance

Radiance measured by the sensor is recorded in digital counts. The raw digital count is multi-

plied by a calibration factor to yield radiance. It is converted to reflectance units by,

ρTOA(λ) =
πLTOA(λ)

Fd(λ) cos(θs)
(2.9)

where Fd(λ) is the extra-terrestial solar irradiance and cos(θs) is the cosine of the sun angle ,

θs.

From Eq.(2.8), the TOA reflectance can be written as,

ρTOA(λ) = T ↑g
↓(λ)

[
T ↑s
↓(λ)ρw(λ) + ρpath(λ)

]
(2.10)

where,

ρw =
πLw(λ)

T ↓s Fd(λ) cos(θs)
(2.11)

and

ρpath =
πLpath(λ)

Fd(λ) cos(θs)
(2.12)

The total reflectance is affected by the error in calibration constant for each wavelength chan-

nel. A small 5% error in the calibration constant would imply a similar error in converting

to reflectance units, hence propagating the errors to the retrieved water reflectance. For clear
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ocean waters, water reflectance contributes about 10 % to the total reflectance. A small cali-

bration error of about 5 % would translate to about 50 % error in the derived water reflectance

(Reinersman et al., 1998).

2.2.2 Atmospheric transmittance

One of the parameters to be computed to perform atmospheric correction is the transmittance

of the atmosphere. The transmittance reduced the amount of light reaching the earth surface

and back to the sensor. The term T ↑s
↓(λ) is the transmittance arising from scattering of light in

atmosphere with air molecules and particulates. This term is determined by the amount of air

molecules and aerosol particles in the atmosphere. The scattering due to air molecules is known

as Rayleigh scattering.

The scattering transmittance can be computed using radiative transfer codes. Two examples are

MODTRAN (Berk et al., 1987) and 6S (Vermote et al., 1997). The input parameters include

the zenith and azimuth angle of both the sun and sensor. The particle size distribution of the

aerosol and its optical properties such as refractive index are also needed. These properties of

aerosol are needed to compute the phase function and the single scattering albedo using MIE

scattering. Most radiative transfer codes have preset aerosol models such as Maritime, Urban

and Continental at different relative humidity. The widely used size distribution and refractive

index of these various types of aerosols could be found in Shettle & Fenn (1979). Apart from

the types of aerosol, the concentration of the particulates are also needed. The concentration of

aerosol particles determines the visibility in the sky. The concentration is related to the aerosol

optical thickness at a reference wavelength (usually about 550 nm) is used in radiative transfer
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codes to indicate the amount of aerosol present in the atmosphere.

In this study, the atmospheric correction algorithm implemented was able to obtain the aerosol

type and optical thickness. This was done by using pre-computed transmittance and path re-

flectance values and fitted it to that derived from the implemented correction algorithm. The

models used were coastal-A, Maritime and Urban at relative humidity of 80 %, 90 % and 98 %.

The models used would not affect the atmospheric correction algorithm as such inputs are not

needed for the implementation.

The other term T ↑g
↓(λ) is due to the absorption of light by gaseous species such as water vapour,

carbon dioxide, nitrous oxide, carbon monoxide and methane. The absorption due to various

species can be computed by a line-by-line algorithm (Rothman et al., 2005) commonly imple-

mented in various atmospheric correction codes (Gao & Davis, 1997; Gao et al., 2000; Montes

et al., 2003). The concentration of each gaseous species is needed to compute the absorption or

rather, the transmittance. The concentration of each species is quite constant apart from water

vapour which varies temporally and spatially. In order to compute the transmittance, the con-

centration of water vapour and its vertical profile is needed. This makes the task of correcting

water vapour absorption difficult. The transmittance with gaseous absorption features can be

seen in Figure 2.2.

The transmittance was computed with the 6S radiative transfer code (Vermote et al., 1997).

Atmospheric profiles of tropical, mid-latitude summer and mid-latitude winter standard atmo-

spheres (McClatchey et al., 1972) were used to generate the transmittance. The profiles includes
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FIGURE 2.2: Atmospheric Transmittance due to gaseous absorption

the vertical distribution of air pressure, temperature, concentration of water vapour and ozone.

From Figure 2.2, variability could be seen for water absorption centered at 720, 860 and 920

nm. This variability is due to the different vapour amounts. Several methods use the band

ratios of well known water vapour bands (reflectance) to derive the water vapour amount in the

atmosphere(Gao et al., 1993; Kaufman & Gao, 1992).

2.2.3 Path reflectance

The path reflectance, ρpath(λ), consists of light that is scattered by air molecules and particulates

in the atmosphere and it constitutes a huge part of the top-of-atmosphere reflectance. Path
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reflectance can be written as a linear sum of several components (Gordon, 1997),

ρpath(λ) = ρr(λ) + ρa(λ) + ρra(λ) (2.13)

where ρr(λ) is the rayleigh path reflectance, ρa(λ) is the aerosol path reflectance and ρra(λ)

takes account of interaction between due to mixed layer scattering of aerosol and molecules.

The concentration for molecules is quite constant hence the values of ρr(λ) can be determined

quite accurately (Vermote & Tanre, 1992; Gordon et al., 1988; Gordon & Wang, 1992).

This aerosol path reflectance ρa(λ) varies temporally and spatially depending on the particle

concentration and the aerosol model. In order to compute ρa(λ) accurately to correct for atmo-

spheric effects, the correct optical thickness and aerosol model need to be determined.

The term ρra(λ) can also be computed (Deschamps et al., 1983) with some radiative transfer

codes like 6S (Vermote et al., 1997).

2.3 Atmospheric correction

The brief description of the various atmospheric terms pave the way to derive the water re-

flectance. The water reflectance can be obtained by rearranging Eq.(2.10),

ρw(λ) =
ρTOA/T

↑
g
↓(λ)− ρpath(λ)

T ↑s ↓(λ)
(2.14)

The main atmospheric term to be modeled is the ρpath(λ) term since it contributes significantly

to the total reflectance. One of the difficulties is to be able to estimate the correct aerosol model

and optical thickness in order to model the term ρpath(λ). Usually aerosol models from Shettle
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& Fenn (1979) are used as input models for aerosols.

The development of atmospheric correction schemes over the ocean stems from the first ocean

colour sensor, CZCS back in 1977. The sensor was launched upon the possibility of retriev-

ing chlorophyll concentration of phytoplankton from measurements of upwelling light radiance

(Clarke et al., 1970). The atmospheric correction implemented (Gordon, 1978) on CZCS as-

sumes single scattering and the water leaving radiance to be negligible at near infra-red spectral

bands. The reflectance at these spectral bands were fitted to pre-computed path reflectance cor-

responding to different aerosol models and optical thickness.

With a similar approach, the atmospheric correction (Gordon & Wang, 1994b) was implemented

on SEAWIFS and MODIS which have higher SNR as compared to the CZCS and additional

waveband at 860 nm. The same assumption is that, the signal from the water is zero at longer

wavelengths due to strong absorption by water. This is also known as the dark pixel assumption.

For the implementation in SEAWIFS and MODIS, multiple scattering of light with aerosol was

assumed. From the two channels centered at 760 nm and 860 nm, the ratio of these two channels

was used to estimate the aerosol type and also optical thickness from a pre-generated database

of aerosol models. With that, the path reflectance and the scattering transmittance were obtained

from a lookup table which was then used for atmospheric correction.

The dark pixel assumption, however, is not valid where highly backscattered water is present.

The signal from the water surface is not zero and would result in errors due to atmospheric

correction (Siegel et al., 2000; Hu et al., 2000). There are methods implemented to overcome
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this problem. For Case-1 water where the optical properties are dependent on chlorophyll, an

iterative method is used where initial values of chlorophyll concentration is derived and used

to obtain the water leaving reflectance at the NIR, on the assumption that the water leaving

reflectance is zero. In this initial estimation the aerosol model and optical thickness is derived.

After which the estimated chlorophyll concentration is used to compute the water leaving re-

flectance at the NIR spectral bands and the optical thickness was derived with the consideration

of this contribution from water. This process is repeated until the values obtain for chlorophyll

concentration converged (Siegel et al., 2000).

Another approach uses the area of an image where the water leaving reflectance is very small

to derive the aerosol model using the SEAWIFS approach. The derived model was used as an

input to the algorithm. With this model the optical thickness and backscattering coefficient of

water were used to fit the signal from areas of the image where the water leaving reflectance is

not zero (Hu et al., 2000).

In recent years, with the advent of hyperspectral sensors such as Hyperion and AVIRIS, atmo-

spheric correction schemes are needed to retrieve the water reflectance from the imagery. There

are many methods developed over the years to perform atmospheric correction of hyperspectral

images. TAFKAA has been widely used for hyperspectral images in littoral zones and coastal

waters (Montes et al., 2003; Davis et al., 2002). The earlier version of TAFKAA is based on

ATREM (Gao et al., 1997) which was built from 6S (Vermote et al., 1997) and does not take

into account of surface effects. The recent version takes into account of surface effects (Ah-

mad & Fraser, 1982) which includes surface glint and wind roughened surface. This version of
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TAFKAA is used in this thesis. TAFKAA uses pre-ran look-up tables of atmospheric optical

properties such as path reflectance, scattering transmittance and albedo. These parameters were

computed with inputs, such as, aerosol model, optical thickness and wind speed.

The look-up tables employed in various atmospheric scheme available in TAFKAA were se-

lectable by user options. The atmospheric correction could be implemented on a pixel by pixel

basis, by assuming that the signal from certain bands in the NIR arises from atmospheric scat-

tering only. The signal was fitted to pre-computed path reflectance and was used to fit this

reflectance in the NIR. It also allows user intervention to key in aerosol model, optical thick-

ness, wind speed and concentration of atmospheric gases. In this study, TAFKAA will be used

as a benchmark to estimate the atmospheric correction scheme employed for HYPERION.

In this thesis, an atmospheric correction algorithm is developed which uses radiance detected

over cloud and shadow areas in satellite imagery. The algorithm is able to derive the water

reflectance without any assumptions of atmospheric conditions such as optical thickness and

aerosol model. Furthermore, the conversion to top-of-atmosphere is not required in the visible

spectrum. The algorithm is also able to derive optical properties of the atmosphere such as

aerosol model, path reflectance, optical thickness and transmittance from hypersepctral sensor.

The atmospheric correction would be performed over two sensors, one which is of high spatial

resolution sensor (Ikonos) and the other a hyperspectral sensor (HYPERION).
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2.4 Inherent Optical Properties

As shown in earlier sections, the water leaving radiance, Lw(λ), is dependent on the the absorp-

tion and backscattering coefficients of water. These coefficients are known as inherent optical

properties of water and affect the radiance emanating from the surface of waters. Inherent

optical properties are not affected by environmental conditions (Preisendorfer, 1976). The ab-

sorption and backscattering coefficients are affected by the concentration of various constituents

in water such as CDOM( Coloured Dissolved Organic Matter), detritus, phytoplankton and sus-

pended sediments. Each constituent has its own absorption and backscattering coefficient. The

optical properties of water is usually expressed as a linear sum of the contributions from various

constituents including water itself.

2.4.1 Absorption coefficient of Seawater

Absorption of light by sea water is determined by various optically active constituents. The total

absorption coefficient, atot(λ), is a linear combination of the various absorption coefficients of

CDOM acdom(λ) , detritus adet(λ), phytoplankton, aφ(λ) and water aw(λ) itself. The absorption

of sea water is given as a linear sum of the various components (Prieur & Sathyendranath, 1981;

Roesler et al., 1989; Carder et al., 1991),

a(λ) = aw(λ) + aφ(λ) + adet(λ) + acdom(λ) (2.15)

To accurately describe the absorption properties, especially the spectral variation over the wave-

length of 400 nm - 800 nm, thorough in-situ investigation has to be made over area of interests.
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2.4.2 Absorption coefficient of water

The absorption of pure water has been measured extensively by many co-workers in the field.

In recent years, measurements were made with integrating cavity absorption meter (Pope &

Fry (1997); Fry et al. (1992)), underwater spectroradiometer (Baker & Smith (1982)) and pho-

tothermal technique (Sogandares & Fry (1997)). Measurements from Pope & Fry (1997) were

often used in the field of ocean optics. The absorption of water is shown in Figure 2.3.

FIGURE 2.3: Absorption coefficient of Water

Water has very low absorption for wavelengths less than 600 nm hence, the absorption of the

various bio-optical components are more important for this wavelength range. The absorption

of water starts to increase dramatically after 700 nm. The high values of water absorption imply
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that the light that will be backscattered would be negligible at longer wavelengths.

2.4.3 Absorption coefficient of Phytoplankton

Phytoplankton are living organisms that undergo photosynthesis by light absorption in visible

spectral region. The absorption is most pronounced at the blue and red region of the visible

spectrum.

Since phytoplankton are living organisms, their absorption properties are highly dependent on

their physiological state. Their physiological state affects the absorption properties of the phy-

toplankton by packaging effect (Morel & Bricaud, 1981; Roesler et al., 1989). The absorption

properties are characterized by the specific absorption coefficient and is a measure of the ab-

sorption of phytoplankton per unit volume per unit concentration.

One such model for absorption by phytoplankton (Lee, 1994) is expressed as,

aφ(λ) = aφ(440)a0(λ) + aφ(440) ln(aφ(440))a1(λ) (2.16)

where a0(λ) and a1(λ) are basis functions. aφ(440) is a measure of chlorophyll concentration in

water. The model allows adjustments to be made to the absorption of phytoplankton due to self

shading effect by the second term in the equation. This model has been used quite extensively,

especially in the generation of test data for algorithm development (Lee, 2005). Absorption

spectra of phytoplankton generated using this model are illustrated in Figure 2.4

2.4.4 Absorption coefficient of CDOM and detritus

CDOM is dissolved organic matter while detritus is non-living inorganic particulate material.

They both exhibit high absorption in the UV region. In coastal waters, the main source of
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FIGURE 2.4: Absorption coefficients of phytoplankton. The spectra are generated with different values
of aφ(440) at 0.01, 0.05, 0.10, 0.15, 0.3 and 0.5 m−1

CDOM and detritus not only comes from the decay of phytoplankton but also from inland

fresh water draining into the ocean. Their absorption coefficients decrease exponentially with

wavelength which is expressed (Bricaud et al., 1981) as,

ag(λ) = ag(440)es(440−λ) (2.17)

where S is the spectral slope which governs the exponential decrease with respect to wave-

length. For retrieval purposes, the contribution from CDOM and detritus are usually expressed

together as one term as shown in Eq.(2.17) as both exhibit similar exponential spectral decay.

Studies have been conducted extensively (Bricaud et al., 1981; Zepp & Schlotzhauer, 1981;

Højerslev & Aas, 2001) throughout the world to find the value of S which characterize the

spectral variation of this term. Many independent studies (Zepp & Schlotzhauer, 1981; Bricaud
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et al., 1981; Højerslev & Aas, 2001) suggested values between 0.014 nm −1 and 0.015 nm −1 for

the value of S. However, other values of S were also reported from around the world suggesting

that values of S are dependent on the location where it was sampled.

2.5 Backscattering coefficient

The backscattering coefficient of sea water depends on the amount of phytoplankton and sus-

pended sediment present. It governs the amount of light scattered out of the water. Light

scattering in oceanic waters is mostly forward biased and typically 1.803 % is backscattered

measured (Petzold, 1972) for coastal waters. The total backscattering coefficient is a linear sum

of the backscattering of water and suspended particulates in water and is given as,

bb(λ) = bbw(λ) + bbp(λ) (2.18)

where bbw(λ) is the backscattering of water and bbp(λ) is the backscattering coefficient of sus-

pended particles.

A higher backscattering coefficient would mean that the reflectance of the water is higher as

more light scatters out of the water. For coastal water, the backscattering is usually higher as

compared to open waters due to higher concentration of suspended sediment.

2.5.1 Backscattering coefficient of Water

The backscattering coefficient of water can be seen in Figure 2.5 whereby the magnitude is very

low and consists of a small part of the total backscattering of coastal water.

The backscattering of water is only a small apart of the total backscattering for coastal waters.
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FIGURE 2.5: Backscattering coefficient of water

2.5.2 Backscattering coefficient of suspended particulates

Apart from the absorptive effects of various constituents in water, the suspended particulates in

water such as phytoplankton and sediment affects the signal of the water leaving reflectance.

The backscattering coefficient is usually modeled by (Morel & Prieur, 1977),

bbp(λ) = bbp(550)(
550

λ
)Y (2.19)

where Y governs the spectral behaviour of bbp(λ) and bbp(550) is the backscattering coefficient

of suspended particles at 550 nm.
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2.6 Case-1 water

Sea Waters are classified into either Case-1 or Case-2 waters according to their optical properties

(Morel & Prieur, 1997). For Case-1 water, the inherent optical properties are largely dependent

on the concentration of phytoplankton (Preisendorfer, 1976). The absorption and backscattering

coefficients are paramterized by the concentration of chlorophyll found in water (Gordon &

Morel, 1983; Sathyendranath & Arnone, 2000). For example, the absorption coefficient of

phytoplankton at 440 nm (Prieur & Sathyendranath, 1981),

aφ(440) = 0.06C0.65 (2.20)

where C is the concentration of chlorophyll-a.

Backscattering coefficient of suspended particles (Gordon & Morel, 1983) is,

bbp(λ) = B[chl − a]0.62 550

λ
(2.21)

where B represents empirical values of 0.3,1.0 and 5.0, ranging from open to turbid waters.

These relationships are empirical and can be used to compute optical properties of water.

For Case-1 waters, the backscattering is expressed as a function of the concentration of chloro-

phyll in phytoplankon. However in the remote sensing of Singapore coastal waters, the value of

bbp(550) was set as a parameter to be retrieved hence, decoupling the dependency on C as the

central parameter for the IOPs for various constituents found in water.

For Case-2 waters, the IOPs of water are not solely determined by the amount of C but on the

various constituents optical properties. In later chapters that the waters surveyed in field trips
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are Case-2 Waters, the amount of C was found in small amounts as evident from the small

absorption of phytolplanton. As such, the absorption coefficient of phytoplankon, CDOM and

detritus were set as parameters to be retrieved from the measured Rrs(λ) instead of using C as

the key parameter to be retrieved.



Chapter 3

Quantifying Optical Properties of

Surveyed Waters

3.1 Introduction

This project aims to develop algorithms for retrieval of water optical properties from remote

sensing reflectance applicable to turbid coastal sea waters. Several field trips were conducted in

Singapore coastal waters to collect field data. The use of field-measured data were for testing

and validating the algorithms. Though ultimately the algorithms would be applied to reflectance

data measured by sensors on satellite platforms, the use of field-measured reflectance spectra

would allow testing and validating of the retrieval algorithms without having to worry about

the influences of the intervening atmosphere that would be present in satellite data. The field

data collected include the above-surface water reflectance measured by a hand-held spectrora-

diometer and the absorption and scattering coefficients of sea water measured by a submersible

absorption-attenuation meter.

29
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The field measured water reflectance was found to be bright and the total scattering and backscat-

tering coefficients measured concurred the high values found. The measured absorption is in-

dicative of high CDOM loading and little phytoplankton absorption. This conclusion came

from the low absorption peak at 675 nm which is characteristic of phytoplankton absorption.

The exponential decreasing spectral behaviour of the absorption coefficients measured indicates

the presence of CDOM absorption. A further decomposition of the total absorption into phy-

toplankon and CDOM components further indicate that the absorption is indeed dominated by

CDOM with little contribution by phytoplankton. The field measured reflectance was also used

to determine the deviation of the Singapore coastal waters from Case-1 type waters.

3.2 Study Site

The field trips were conducted in the vicinity of two islands, Pulau Hantu and Pulau Semakau

which are located about 10 nautical miles southwest of the Singapore main island see Figure

3.1. Pulau Hantu is a favorite site for diving while Pulau Semakau has been developed into an

off-shore landfill. P. Semakau was originally a lush mangrove island, and most of the island’s

natural environment and biodiversity have been preserved. The water depth in the study site

ranges from less than 1 m to 20 meter. This range of water depth is especially useful in the

study of the effects of the bottom reflectance on the retrieval algorithms.

Pulau Hantu consists of of two islands separated by a lagoon. The lagoon is about 100 m wide

and the bottom is mostly sandy. The waters is relatively clear near Pulau Hantu. The sea bottom
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is visually discernible where the water depth is 3 m or less. The visibility of the water near Pulau

Semkau is considerably lower. Typically, the absorption coefficient measured at Pulau Hantu is

about 0.3 m−1 to 0.4 m−1 while that at Pulau Semakau is about 0.7 m−1 to 1.0 m−1. The wide

range of water depth will provide dataset that will be useful to test IOPs retrieval algorithms,

especially in this study, where spectral windows were selected to minimize the bottom effect.

Six field trips were conducted between 2005 to 2006. There are 24 sampling sites where con-

incdental IOPs and water reflectance measurement are made. However there are only 22 sites

where water reflectance measurements coincides with IOPs measurements. There were some

points that were sampled on the first field trip, which is located at cyreene reefs. The loca-

tion at this point is marked out by the yellow square in Figure 3.1(a). However they will not

be included in this section for discussion but the IOPs and reflectance would be used for the

validation of the IOP retrieval algorithm.
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The details of the position , water depth and time of sampling are shown.

TABLE 3.1: Details of field measurements P.Hantu

S/N Date, Time (GMT +8) Lat Long Depth (m)

H1A 2005-10-18, 9:56 N.A N.A 11

H1B 2005-10-18, 10:28 1.2276 N 103.7489 E 2.5

H1C 2005-10-18, 10:53 1.2236 N 103.7508 E 1.9

H1D 2005-10-18, 10:53 1.2244 N 103.7466 E 2.7

H1E 2005-10-18, 11:30 1.2231 N 103.7498 E 3.5

H2A 2006-03-10, 10:37 1.2247 N 103.7468 E 1.3

H2B 2006-03-10, 11:32 1.2220 N 103.7476 E 24.0

H2C 2006-03-10, 15:33 1.2229 N 103.7499 E 9.4

H2D 2006-03-10, 16:24 1.2271 N 103.7513 E 8.0

H3A 2006-05-16, 10:41 1.2292 N 103.7498 E 17.0

H3B 2006-05-16, 13:36 1.2231 N 103.7509 E 3.0

The sampling sites (S/N) shown in Table 3.1 and Table 3.2 are labeled according to the sampling

locations for which they were sampled. For example, S1A represents the first field trip for

P.Semakau while H1A represents the first trip at P. Hantu. For some of the points the Latitude

and Longitude were not available and hence labeled as N.A. The Sonar depths are sounded and

given in the column for depth. The points at cyreen reefs are shown Table 3.3.
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TABLE 3.2: Details of field measurements P.Semakau

S/N Date, Time (GMT +8) Lat Long Depth (m)

S1A 2005-06-10, 12:35 1.2080 N 103.7540 E 3.0

S1B 2005-06-10, 13:00 N.A N.A 5.4

S1C 2005-06-10, 15:05 1.2141 N 103.7485 E 6.0

S2A 2005-06-30, 10:16 1.2036 N 103.7546 E 5.0

S2B 2005-06-30, 10:45 1.2099 N 103.7516 E 5.0

S2C 2005-06-30, 11:07 1.2050 N 103.7536 E 6.7

S2D 2005-06-30, 11:30 1.1985 N 103.7570 E 10.0

S2E 2005-06-30, 14:15 1.2097 N 103.7554 E 5.5

S2F 2005-06-30, 14:42 1.2068 N 103.7527 E 5.0

S2G 2005-06-30, 15:08 1.2174 N 103.7548 E 4.7

S2H 2005-06-30, 15:25 1.2140 N 103.7540 E 3.0

S3A 2005-07-29, 15:25 1.2080 N 103.7533 E 3.9

S3B 2005-07-29, 15:42 1.2137 N 103.7568 E 2.0

TABLE 3.3: Details of field measurements Cyreene Reefs

S/N Date, Time (GMT +8) Lat Long Depth (m)

M1A 2005-06-10, 10:00 1.2553 N 103.7549 E 10.1

M1B 2005-06-10, 10:32 1.2559 103.7545 E 9.2

M1C 2005-06-10, 10:59 1.2586 N 103.7658 E 6.8
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(a) Location of Study Site

(b) Satelite Image of Study Site

FIGURE 3.1: Locations of Study Site
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(a) Field points at P.Hantu

(b) Field points at P.Semakau

FIGURE 3.2: Field Measured points
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3.3 Measurement of water reflectance

Field trips were conducted usually between 9 am to 12 noon, and resumed from 1.30 pm to 5pm

to avoid measurements when the sun zenith angle is less than 200 as recommended (Mobley,

1999). This is to reduce contamination due to sunglint and to minimize the variability of the

reflected skylight from the sea surface.

A hand-held spectroradiometer (GER1500, Spectra Vista Inc.) was used to measure the up-

welling radiance, Lu(λ), emanating from the water surface. The spectroradiometer consists of

a silicon based detector array with 512 channels. The spectral range of the equipment is from

350 nm to 1050 nm with a nominal band width of 1.5 nm. The measured raw data is digitized

to 16 bits. The spectrometer is fitted with a 30 field of view fore-optics. The measured radiance

Lu(λ) also includes the sky radiance Lsky(λ) reflected off the water surface,(Mobley, 1999;

Koepke, 1984; Fougnie et al., 1999; Austin, 1974),i.e

Lu(λ) = Lw(λ) + ρLsky(λ) (3.1)

where Lu(λ) is the upwelling radiance emanating from the water surface. ρ is the proportion-

ality factor that relates the radiance measured when the detector views the sky to the reflected

sky radiance measured when the detector views the sea surface (Mobley, 1999) .

The remote sensing reflectance of water (Mobley, 1999) is defined as

Rrs(λ) =
Lw(λ)

Ed(λ)
(3.2)

where Ed(λ) is the downwelling irradiance at the surface of water.
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The remote sensing of water is given,

Rrs(λ) =
Lu(λ)

Ed(λ)
− ρLsky(λ)

Ed(λ)
(3.3)

In order to obtain Rrs(λ), the values of Lu(λ), Lsky(λ), Ed(λ) and ρ need to be measured

or estimated. In field trips, Lu(λ), Lsky(λ) and Ed(λ) were measured. The measurements

were made with the boat positioned between 900 (Carder & Steward, 1985; Lee et al., 1997)

to 1350 (Mobley, 1999; Fougnie et al., 1999) relative to the sun azimuth angle. However this

was typically diffcult as the boat though anchored was subjected to strong underlying tidal

currents. The measurements of Lu(λ) from the water surface were made with sensor view angle

of about 300 (Carder & Steward, 1985; Lee et al., 1997) to give Lu(λ) on a diving platform

which provides easy and close access to the sea water, likewise, with the same angle to the

vertical, Lsky(λ) was measured. Ed(λ) was not measured directly but the measurements were

made on a white lambertian plate (SpectralonTM ) with known reflectance as a reference. The

radiance reflected off the reference plate and is subjected to the same irradiance is measured.

The irradiance is then given by (Mueller et al., 2003; Mobley, 1999),

Ed(λ) =
πLg(λ)

Rg

(3.4)

where Lg(λ) is the radiance measured from white reflectance plate and Rg is the reflectance of

the plaque which is 0.97. The measurements are illustrated in Figure 3.3

In order to derive Rrs(λ), ρ needs to be estimated and this term is dependent on environmental

conditions such as cloud cover, wind speed, sea state and also downwelling light field at the sea
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(a) Measurement of Ed(λ) (b) Measurement of Lu(λ)

FIGURE 3.3: Schematic Diagram of Measurements

surface (Mobley, 1999). The value of ρ is reported to range from 0.02 to 0.028 for view angle

of 30 to 40 under uniform sky radiance distribution (Austin, 1974). Other studies recommend a

wide range of values to be used under different environmental conditions. This term was found

to be ranging from 0.026 to 0.043 for view angle of 400 under different wind conditions (Mob-

ley, 1999). In this study a value of 0.022, following the recommendation by SeaWifs protocol

(Mueller & Austin, 1995) was used. For a relatively calm sea surface, this value is also the

theoretical Fresnel reflectance for a view angle of 300.

At each sampling site, seven or more sets of Lu(λ), Lsky(λ) and LG(λ) were acquired. The

averaged values were used to derive Rrs(λ) according to Eq.(3.3). For each set of spectrum, the

outliers were removed by rejecting values which differed from the mean value by 5%. Typical

measurements are shown in Figure 3.4.

In most cases even with the removal of the reflected skylight from the total signal to yield

Rrs(λ) there is still residual remaining (Mobley, 1999). This is due to in exact estimation
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FIGURE 3.4: Typical radiance measurements obtained

in ρ which is highly variable since the water surface reflecting the sky light is usually not

perfectly smooth. There has been recommendations of zeroing the residual amount by simply

subtracting a constant value from the reflectance (Carder & Steward, 1985). The assumption

is that the residual amount is spectrally flat and that the water is dark at wavelength above 750

nm. Any non-zero reflectance value at 750 nm can be considered to be the residual value and

this can be subtracted to yield true reflectance. However for turbid waters, or waters with high

backscattering, this method may not work (Sydor & Arnone, 1997; Sydor et al., 1998; Lee et al.,

1997) since the Rrs(λ) is not necessarily zero at 750 nm. There has been recommendations to

use longer wavelengths for the residual offset (Hooker et al., 1999). In this work the longest

wavelength possible was used to perform the residual offset. Because of the large noises for
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bands beyond 820 nm, the residual offset was performed at 820 nm.

3.4 In-situ measurements of absorption and attenuation co-

efficients of water

The inherent optical properties (IOPs) of sea water measured during the field trips were the

absorption and attenuation coefficients. These parameters were measured using a submersible

absorption-attenuation meter (AC-9, WetLabs) at 9 wavelengths ranging from 412 nm to 715

nm. The scattering coefficient is subsequently obtained from the difference between the at-

tenuation and absorption coefficients. The AC-9 is mounted in a cage together with a pump

which draws sea water into the two measuring tubes of the instrument (Figure 3.5). The cage is

attached to a 10-m rope for deployment into the water. There is also an additional safety line at-

tached directly to the AC-9 equipment. A backscattering meter (BB2F, WetLab) for measuring

backscattering coefficient was also mounted in the casing together with the AC-9. However, the

BB2F malfunctioned most of the time and therefore was not used subsequently in this study.

FIGURE 3.5: The Cage encasing the equipments
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3.4.1 Absorption and Attenuation Measurements

The AC-9 is a spectrophotometer that measures light from a built-in incandescent source trans-

mitted through water inside two 25-cm long flow tubes as shown in Figure 3.6. Water is pumped

into these two tubes by a submerged pump. One of the tubes is coated black in the interior wall

while the other tube has a highly reflective wall. The non-reflective tube measures the atten-

uation coefficient while the reflective tube measures the absorption coefficient. A filter wheel

splits the light into 9 wavelength bands centered at 412, 440, 488, 510, 532, 555, 650, 676 and

715 nm with a bandwidth of about 10 nm . The AC-9 instrument is powered by a lead-acid

battery on-board the ship via a submersible cable which also provides the communication and

data transfer link between the instrument and a laptop computer.

The raw data from the attenuation and absorption channels can be viewed real-time on the

FIGURE 3.6: Schematic diagram of AC-9 from the manual
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laptop using a graphical user interface program provided by WETLABS. The absorption and

attenuation coefficients measured by the AC-9 have been zeroed by the corresponding coeffi-

cients of pure water at 250C. Therefore corrections need to be made for salinity and temperature

at which the measurements have been made. Absorption of water is affected by salinity (Pegau

et al., 1997) and temperature (Pegau & Zaneveld, 1993). They are corrected by using salinity

dependence coefficients given by the manufacturer (Zaneveld et al., 1992) and temperature de-

pendence coefficients (Pegau et al., 1997). The raw data is first corrected for temperature and

salinity effects. The data from the absorption channel are also corrected for scattering effects

(Zaneveld et al., 1992) due to light being scattered by suspended particles out of the path while

traveling from the transmitter optics to the detectors, resulting in an over estimation of the ab-

sorption. One of the key points to note is that the absorption at 715 nm channel was due to pure

water alone and an offset is made such that the absorption coefficient is zero at 715 nm. The

details of the data processing and correction procedures are described in Appendix A .

3.4.2 Inherent optical properties of waters at study area

The measured absorption and attenuation coefficients are shown in Figure 3.7 from the six field

trips.
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(a) AC-9 measured absorption coefficient

(b) AC-9 measured attenuation coefficient

FIGURE 3.7: Absorption and attenuation Measurements made with AC-9
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In Figure 3.7(a), the absorption spectra are seen to cluster into two groups. The group wth

higher absorption coeffcients were sampled from P. Semakau and ranged from 0.9 m−1 to 1.1

m−1 at 412 nm. The other group from P. Hantu ranged from 0.35 m−1 to 0.7 m−1 at 412 nm.

The two bands of absorption indicates that the absorption coefficients at these two locations are

different. The low absorption value at the wavelength of 675 nm suggests that the amount of

phytoplankton is low. Thus, the absorption coefficients of sea water in these two locations are

dominated by CDOM. The water near P. Semakau has higher CDOM content.

The attenuation coefficients do not separate into distinct groups of optical properties sampled.

This is due to the fact that the scattering coefficient dominates the attenuation. There were three

exceptions seen by the outliers from S1A, H1D and H1E. The majority of the attenuation coef-

ficients fall in the range of 2.4 m−1 -4.0 m−1 at 412 nm. Thus, the waters are considered turbid

with characteristic attenuation length (i.e. inverse of the attenuation coefficient) ranging from

0.25 m to about 0.4 m.

The scattering coefficient is the difference between the attenuation and absorption coefficients.

As discussed in the previous chapters, the remote sensing reflectance of water is dependent on

the scattering phase function. The Petzold phase function (Petzold, 1972) is widely used as

a good estimate of the sea water scatttering phase function in the absence of actual measure-

ments. For the Petzold phase function, the backscattering coefficient is 1.83 % of the scattering

coefficient value. This approximation is used to calculate backscattering coefficient from the

measured scatterring coefficient. The total scattering coefficients are shown in Figure 3.8(a) and

backscattering coefficients in Figure 3.8(b).
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(a) AC-9 measured total scattering coefficients

(b) Backscattering coefficients

FIGURE 3.8: Scattering and backscattering(estimated) measurements made with AC-9
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The backscattering coefficients show that the water is highly reflective with backscattering co-

efficients found to be in the range 0.03 m −1- 0.06 m −1 at 550 nm.

3.4.3 Measured remote sensing reflectance

The remote sensing reflectance spectrums measured at 22 sites are shown in Figure 3.9 .

FIGURE 3.9: Field Measurements of Rrs(λ)

As observed from Figure 3.9 many spectra have peaks located around 550 nm. This gives the

green colour seen visually. However for the reflectance measured in P. Hantu, especially at sites

H2C, H2D, H1A and H1B, the peaks for the reflectance were observed to be slightly shifted to

the shorter wavelengths i.e at 520 nm, illstrated in Figure 3.10.
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FIGURE 3.10: Field Measurements of Rrs(λ) at P.Hantu

For H2C and H2D, the absorption coeffcients at 440 nm are 0.350 and 0.240 m−1 respectively.

These values are lower than those found near P. Semakau and other sites near P. Hantu and could

explain the shift of the peak of the reflectance. Sites H1A and H1B have much lower backscat-

tering coefficients at 0.016 m−1 and 0.017 m−1 which accounts for the much lower reflectance

and a flatten peak compared to other reflectance measured near P.Semkau and other site near

P.Hantu. So far, the observations could be seen are only qualitative in nature. Neverthelss,

an algorithm has been developed to derive the IOPs of the turbid waters from the reflectance

measured in a later chapter.
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3.5 Optical Properties of constituents

From the absorption coefficients measured, it is possible to decompose it into several compo-

nents due to different optically active constituents: CDOM, detritus and phytoplankton. CDOM

and detritus exhibit similar exponential spectral shape across the wavelength. Thus it is diffcult

to resolve the two components. They are usually lumped together as one component. For sim-

plicity of notation, this component will be referred to as the CDOM though it also contains the

detritus component.

The measured absorption coefficients were fitted with the absorption models for CDOM (Bricaud

et al., 1981) and phytoplankton i.e,

a(λ) = ag(λ) + aφ(λ) (3.5)

with,

ag(λ) = ag(440) exps(440−λ) (3.6)

and

aφ(λ) = aφ(440)a0(λ) + aφ(440) ln(aφ(440))a1(λ) (3.7)

The fitting parameters are ag(λ), aφ(λ) and S. These parameters are adjusted until the minimum

least square error between the measured and modelled absorption coefficients is obtained. The

error function is,

χ =
8∑
i=1

[amodel(λi)− aac9(λi)]2 (3.8)
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where amodel is the modelled absorption coefficient and aac9 is the absorption coefficient mea-

sured by AC-9. The subscript is the wavelength index. Only 8 wavelength channels are used

since the nineth channel (715 nm) has been adjusted to zero. An example of the results of de-

composition is shown in Figure 3.11.

FIGURE 3.11: Example of fitted CDOM and Phytoplankton absorption, site H2D

The derived values of ag(440), aφ(440) and S from P. Hantu and P. Semakau are shown in Table

3.4 and Table 3.5 respectively.

The derived values of ag(440), aφ(440) and S shown in Table 3.4, indicate high amount of

CDOM as compared to phytoplankon. For most of the values, the ratio of ag(440) to aφ(440)

averages to about 6 times more. However, there are exceptions seen for H1A and H2D where
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TABLE 3.4: Derived values of ag(440), aφ(440) and S from P. Hantu sites

S/N ag(440) m−1 aφ(440) m−1 S nm−1

H1A 0.1848 0.0576 0.0167

H1B 0.2074 0.0492 0.0158

H1C 0.2721 0.0628 0.0157

H1D 0.1976 0.0473 0.0166

H1E 0.1999 0.0513 0.0167

H2A 0.2763 0.0634 0.0135

H2B 0.3947 0.0773 0.0151

H2C 0.3439 0.0226 0.0140

H2D 0.1560 0.0897 0.0272

H3A 0.4375 0.0509 0.0140

H3B 0.3590 0.0177 0.0151

the ratio is less, but ag(440) is still 3 and 1.5 times more than aφ(440). On the whole, CDOM

could be seen as the dominating absorption component for sites at P.Hantu.

Table 3.5 shows the derived ag(440), aφ(440) and S values. The values of ag(440) domainates

the absorption coefficient as seen from the table. The ratio of ag(440) to aφ(440) is at least 15

for all the sites.

The spectral slope, S derived for waters near both P.Semkau and P.Hantu is (0.0153 ± 0.0003)

nm−1 and (0.0150 ± 0.0003 )nm−1, except for one outlier from P. Hantu. The spread of S is

confined to narrow range from 0.014 to 0.017 nm−1 as indicated in Figure 3.12 . The similar-
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TABLE 3.5: Derived values of ag(440), aφ(440) and S from P. Semakau sites

S/N ag(440) m−1 aφ(440) m−1 S nm−1

S1A 0.7082 0.0233 0.0134

S1B 0.5748 0.0370 0.0154

S1C 0.5938 0.0230 0.0138

S2A 0.5830 0.0373 0.0160

S2B 0.5742 0.0286 0.0153

S2C 0.5543 0.0317 0.0156

S2D 0.5495 0.0329 0.0155

S2E 0.5848 0.0325 0.0151

S2F 0.6160 0.0703 0.0144

S2G 0.6086 0.0593 0.0145

S2H 0.6555 0.0276 0.0143

S3A 0.6781 0.0418 0.0160

S3B 0.6914 0.0466 0.0158

ity in S indicates that the CDOM probably came from the same source. The values of S for

both locations are the same, however one outlier with a value of 0.0245 nm−1 from P.Hantu

was taken out. The high spectral slope suggests that the CDOM is composed largely of fulvic

acid as corresponding to the values reported from field measurements made around the world

(Carder et al., 1989).

As seen in Figure 3.13, the absorption coefficient of phytoplankton lies within the range 0.0177
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FIGURE 3.12: Histogram of derived S

FIGURE 3.13: Exampled of fitted CDOM and Phytoplankton absorption
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to 0.0897 m−1 at 440 nm. This range is indicative of the small amount of phytoplankon in the

sites sampled. The amount of CDOM absorption is many times more than that of phytoplankon

as seen from Table 3.4 and Table 3.5.

The backscattering coefficients obtained from the total scattering coefficients were fitted to the

backscattering model for particulates, modeled,

bbp(λ) = bbp(555)(
555

λ
)Y (3.9)

The parameter Y generally indicates the size of the particles responsible for backscattering.

The fitting paramter of Y was adjusted until the error between the modelled and measured is

minmized. The error function is shown is defined as,

χ =
8∑
i=i

[bmodeledbbp (λi)− bmeasuredbbp (λi)]
2 (3.10)

The value for derived Y is calculated to be (0.407 ± 0.100) and (0.557 ± 0.09) from the sites

at P. Hantu and P. Semakau respectively.

The historgram is shown in Figure 3.14 where the two clusters of derived Y can be seen. Though

the values of Y from these two sites are different, the values are still quite close. There is a

small overlap of these two clusters of values as seen from the histogram and the deviation of

each value. A complete list of derived Y and measured bbp(550) can be seen in Table 3.6 and

Table 3.7.

From Table 3.6 and Table 3.7, the waters are highly backscattering with high values of bbp(555)

at both sites. Though there are three sites with bbp(555) with values of about 0.016 m−1, the rest
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FIGURE 3.14: Histogram of derived Y

of the sites have high values ranging from 0.03 to 0.08 m−1. The values of Y suggests that the

particles responsible for the high scattering are slightly different at both locations, but should

be quite similar given the closeness and the overlap of the derived Y values.
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TABLE 3.6: Values of bbp(555) and Y from P. Hantu sites

S/N bbp(555) m-1 Y

H1A 0.080 0.408

H1B 0.039 0.589

H1C 0.054 0.409

H1D 0.038 0.580

H1E 0.043 0.570

H2A 0.040 0.603

H2B 0.042 0.682

H2C 0.047 0.609

H2D 0.040 0.523

H3A 0.064 0.555

H3B 0.052 0.418
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TABLE 3.7: Values of bbp(555) and Y from P. Semakau sites

S/N bbp(555) m−1 Y

S1A 0.043 0.685

S1B 0.046 0.614

S1C 0.016 0.444

S2A 0.017 0.357

S2B 0.038 0.560

S2C 0.017 0.401

S2D 0.014 0.311

S2E 0.034 0.362

S2F 0.038 0.215

S2G 0.053 0.424

S2H 0.042 0.430

S3A 0.043 0.415

S3B 0.039 0.563
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3.6 Case-1 or Case 2 Waters?

Case-1 waters have inherent optical properties determined by only one parameter, i.e. the phy-

toplankon concentration (Preisendorfer, 1976). As descrbed in chapter 2, this means that the

absorption coefficients of CDOM and phytoplankon as well as the backscattering coefficients

of suspended particles are parameterized by the concentration of phytoplankon. In a recent pa-

per, Lee & Hu (2006) examined how Case-1 waters is distributed in the world by two criterion.

These two criteria were obtained by calculating values of Rrs(λ) using values of C (Lee &

Hu, 2006) and obtaining them with band ratios of Rrs(λ). The relationship between Rrs(λ)

and C were obtained by using an iterative process where the corresponding values of Rrs(λ)

and atot(λ) were derived based on measurements of diffuse attenuation (Morel & Maritorena,

2001). The main aim of the iterative process was to use the measured C and corresponding dif-

fuse attenuation values to build a relationship to calculate Rrs(λ) from C (Morel & Maritorena,

2001).

The two criteria are ,

RRCS1
12 = 0.9351 +

0.113

RR53

− 0.0217

RR2
53

+
0.003

RR3
53

(3.11)

and

Rrs(555)CS1 = 0.0006 + 0.0027RR53 − 0.0004RR2
53 − 0.0002RR3

53 (3.12)

where,

RR12 =
Rrs(412)

Rrs(443)
(3.13)

and

RR53 =
Rrs(555)

Rrs(490)
(3.14)
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These equations were fitted empirically using the generated values of Rrs(λ) for Case-1 waters.

Rrs(555)CS1 and RRCS1
12 are the values for exact Case-1 type water that will be predicted by

Eq.(3.11) and Eq.(3.12). These two criterion are functions of the band ratios of the reflectance

of Case-1 waters at different wavelengths. The first criterion states that for Case-1 water, the

band ratio for reflectance at 412 over 443 nm can be predicted by its band ratio RR53. The

second states that the reflectance at 553 nm can be predicted by the band ratio for certain re-

flectance wavelengths.

In order to locate Case-1 waters with the criterion, the variation of RR12 predicted by Eq.(3.11)

was allowed up to 10 % and Rrs(555) in Eq.(3.12) up to 50 % as recommended (Lee & Hu,

2006).

These criteria are shown by the shaded area in Figure 3.15(a) and Figure 3.15(b). The test

was also repeated on SEABASS data which is a repositry of in situ optical and radiomteric

measurements around the world. This essentially means that for Case-1 waters, they must fall

within the shadow area as shown in Figure 3.15(a) and Figure 3.15(b).

As seen from the two figures, the points in triangle which denote the measurements made in

our field expeditions lie outside the stipulated range of Case-1 waters. The small amount of

phytoplankon in the previous section also suggests that the waters sampled are not Case-1,

since it cannot be used as a parameter to compute the optical properties of other components.

For the SEABASS data (Werdell & Bailey, 2005), half of the points lie in the region of the
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shaded area which indicates that they belong to Case-1 waters.
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(a) Critera one for Case-1 Waters

(b) Critera two for Case-1 Waters

FIGURE 3.15: Criterions for Case-1 Waters
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3.7 Conclusions

The process of carrying out field measurements on small research vessels involves significant

manpower and coordination effort. Moreover environmental conditions such as rapidly chang-

ing cloud cover, sudden thunderstorms, passing marine vehicle made the radiometric measure-

ments unusable at times. The in situ measurements were affected by passing marine vessels and

strong underwater currents. Despite these setbacks, a good number of measurements were still

obtained. Discussion on the faced will be described in Appendix B.

The waters surveyed were high in CDOM absorption and particulate backscattering, this was

seen in the section where the measured coefficients were decomposed into various components.

The low absorption peak at 675 nm suggests that phytoplankton was not found in great abun-

dance in our waters. The small amount of aφ(λ) compared to ag(λ) further showed the domi-

nance of CDOM in the waters surevyed. The similar values of S derived show that the CDOM

is of a similar origin. The two groups Y values suggest that the particulates at the two locations

are slightly different as there is an overlap of the values derived from the historgram in Figure

3.14. As expected, the waters in Singapore is not Case-1 where concentration of phytoplank-

ton covaries with the other optically constituents of water. In Section 3.6 the reflectances were

evaluated with the two criteria proposed by (Lee & Hu, 2006) to determine whether the waters

tested are Case-1 waters.

This would mean that the absorption and backscattering coefficients cannot be paramterized

by C. This makes the retrieval of IOPs from the waters more complex, as both absorption and
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backscattering coefficients are not expressed by empirical relations withC as the key parameter.

The radiometric measurements of reflectance provided field measured spectra to develop algo-

rithms to retrieve the IOPs. Even though there are many algorithms that has been published to

retrieve IOPs from non Case-1 waters, an in-house algorithm was developed to retrieve the IOPs

from reflectance measurements around the coastal waters of Singapore especially over shallow

waters. The measured IOPs would be useful as valiation for algorithms developed for retrieval

and the algorithm to be discussed in later chapters.



Chapter 4

Cloud and Shadow Method To Retrieve

Atmospheric Properties

This chapter describes the development and implementation of an atmospheric correction scheme

for satellite imagery acquired by a high spatial resolution multispectral sensor (Ikonos) and a

hyperspectral imaging sensor (Hyperion). The scheme makes use of the radiance detected over

cloud, shadow and water features in the image. Similar methods that use such features have

been implemented on AVIRIS which is an airborne hyperspectral sensor (Mustard et al., 2001).

Another method uses cloud and shadow image features to calibrate the AVIRIS sensor (Rein-

ersman et al., 1998). However assumptions for atmospheric conditions such as the ratio of

direct solar irradiance to the diffuse skylight irradiance have to be assumed. This assumption

is needed to derive the path radiance which is the main component of the total signal detected.

In the scheme reported here for Ikonos and Hyperion, this assumption is overcome by deriving

the path radiance from the radiance over the features. This method also attempts to retrieve the

water leaving reflectance by using less stringent assumptions at the near infrared band (NIR)

63
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to derive the cloud reflectance which is used to scale the water leaving reflectance. A pre-

vious method (Mustard et al., 2001) also used cloud and shadow features to derive the water

reflectance spectral shape only.

Another advantage of this method is that it does not require the calibration constants for the

conversion of raw digital counts to radiance in the whole visible spectrum. Only the calibration

constant at one NIR band is needed. The stability of sensor calibration conversion is very im-

portant for remote sensing of ocean where the signal constitutes at most 10 % of the total signal

(Gordon & Clark, 1981; Gordon, 1987). For sensors that is calibrated with a 5 % uncertainty

for radiance would result in about 50 % error in the retrieved water leaving reflectance (Reiners-

man et al., 1998). Thus stringent requirements on the sensor radiometric calibration accuracy

are necessary. In this study, the information needed to perform atmospheric correction comes

mainly from the imagery with minimal inputs from ancillary sources such as solar irradiance,

water vapour content, aerosol model, optical thickness and calibration constants for conversion

of raw counts into radiance. The only ancillary data needed are the calibration constants, and

extraterrestrial solar irradiance at one NIR band.

For the validation of the atmospheric scheme implemented on Ikonos imagery, concurrent field

measurements for the water leaving reflectance were compared to the reflectance spectra from

the Ikonos imagery after atmospheric correction. For the Hyperion images captured a few years

back no field measurements are available for validation. The results from the cloud and shadow

atmospheric correction scheme are compared with those obtained from more established ones

such as TAFKAA.
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The cloud and shadow method implemented also allows atmospheric properties such as aerosol

model, optical thickness and scattering transmittance to be derived from the path radiance ob-

tained. The aerosol model and optical thickness were obtained by fitting the derived path ra-

diance from the scheme to pre-computed parameters. The total atmospheric transmittance was

derived from the corrected cloud radiance.

4.1 Algorithm Formulation

Figure 4.1 is a schematic diagram that illustrates the cloud, shadow and water features used in

this atmospheric correction scheme. In the diagram a cloud casts a shadow on the water sur-

face. The term Lc(λ) denotes the radiance reflected from the cloud and detected by the sensor.

Lt(λ) and Ls(λ) denote the radiance from the water and shadow area respectively. For the water

surface outside the shadow, the downwelling irradiance has two components: the direct solar

component Edir(λ) and the diffuse skylight Esky(λ). The shadowed area only has the diffuse

downwelling irradiance, Esky(λ).

The top-of-atmosphere radiance detected over a water pixel outside the shadow can be written

as,

Lt(λ) =
T ↑(λ)Edir(λ)ρw(λ)

π
+
T ↑(λ)Esky(λ)ρw(λ)

π
+ T ↑↓g (λ)Lpath(λ) (4.1)

where T ↑ is the total upward transmittance and T ↑↓g (λ) denotes the two way gaseous transmit-

tance. The water reflectance is denoted by ρw and Lpath(λ) is the path radiance.

For a water surface under cloud shadow, the radiance measured is,
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FIGURE 4.1: Figure depicting the scenario with cloud and shadow features

Ls(λ) =
T ↑(λ)Esky(λ)ρw(λ)

π
+ T ↑↓g (λ)Lpath(λ) (4.2)

The radiance reflected off the cloud top and detected by the satellite sensor is,

Lc(λ) =
T ↑(λ)Edir(λ)ρc(λ)

π
+
T ↑(λ)Esky(λ)ρc(λ)

π
+ T ↑↓g (λ)Lpath(λ) (4.3)

where ρc(λ) is the cloud reflectance.

The main problem in deriving the water reflectance is to find T ↑g
↓(λ)Lpath(λ) which is the path

radiance term.
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Subtracting Eq.(4.1) from Eq.(4.2), we get

Lt(λ)− Ls(λ) =
T ↑(λ)Edir(λ)ρw(λ)

π
(4.4)

and Eq.(4.1) is rewritten as,

Lt(λ)− L′

p(λ) =
T ↑(λ)(Edir(λ) + Esky(λ))ρw(λ)

π
(4.5)

with,

L
′

p(λ) = T ↑↓g (λ)Lpath(λ) (4.6)

The next step is to define a parameter, α,

α = 1 +
Esky(λ)

Edir(λ)
(4.7)

This parameter is the ratio of the total downward irradiance at the surface to the direct irradiance.

It is an indicator of the amount of sky light that is generated by scattering in the atmosphere due

to molecular or particulate scattering. Eq.(4.4) and Eq.(4.5) can be combined to give,

Lt(λ)− L′

p(λ) = α(Lt(λ)− Ls(λ)) (4.8)

hence L′p(λ) is given by,

L′p(λ) = Lt(λ)− α(λ)(Lt(λ)− Ls(λ)) (4.9)

Note that on the right-hand side of Eq.(4.9), both Lt(λ) and Ls(λ) are measured quantities. If

derived value of α(λ) is known, L′p(λ) can be computed. This value can be obtained by assum-

ing atmospheric conditions such as the aerosol type and optical thickness for radiative transfer

codes to compute the ratio of sky light to direct sun solar beam (Mustard et al., 2001). In one
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method the value of Esky(λ)/Edir(λ) is given to be 0.707 by assuming a Lambertian sky (Rein-

ersman et al., 1998).

In our approach, the value of L′p(λ) would be derived by assuming a value of α(λ) at the NIR,

since the difference of Lt(λ) and Ls(λ) is small at the NIR. After which making use of a series

of equations that relate the cloud reflectance to the difference of two different cloud patches,

L′p(λ) is derived. This value was selected based on computed α(λ) values for different aerosol

model and optical thickness and the range of α(λ) likely to be found at NIR. However in later

sections, it would be shown that the choice of α(λ) does not have much influence on the L′p(λ)

derived.

If ρc(λ) is spectrally flat, then it is possible to obtain the absolute value of ρw(λ) from Eq.(4.10)

if value of ρc(λ) is known.

ρw(λ)

ρc(λ)
=
Lt(λ)− L′p(λ)

Lt(λ)− L′p(λ)
(4.10)

4.1.1 Values of alpha

In this section, the values of α(λ) is examined using the COART( Coupled Ocean Atmosphere

Radiative Transfer) code (Jin et al., 2006) which computes the amount of diffuse sky light and

direct sun light arriving at the surface of water. Two aerosol types were used to generate values

for α. These two types are MODTRAN maritime and MODTRAN urban which probably fit the

profile in Singapore, which is highly urbanized and the images are over the ocean. The optical

thickness at 550 nm was varied from 0.1 to 0.3 for the different aerosol models. The values of
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α computed are shown in Figure 4.2
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(a) Value of α(λ) computed with Maritime aerosols

(b) Value of α(λ) computed with Urban aerosols

FIGURE 4.2: Computed α(λ) for Maritime and Urban aerosol types and optical thickness, τ(550)
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As the optical thickness increases, the value of α(λ) increases. This is due to increasing amount

of diffuse skylight resulting from more scattering of light with aerosol. Under very low aerosol

loading, the values of α(λ) in the NIR approaches one. Even for higher aerosol loading, it was

found to be less than 1.4 at wavelength longer than 700 nm.

4.1.2 Deriving L′p

In this section, a new method is introduced to derive L′p(λ) using radiance detected over two

cloud patches. Suppose that Lc1(λ) is the radiance measured over a patch of cloud with re-

flectance ρc1(λ) and Lc2(λ) is the radiance over a second cloud patch, then it can be shown

from Eq.(4.3),

Lc1(λ)

Lc1(λ)− Lc2(λ)
=

ρc1(λ)

ρc12(λ)
+

L′p(λ)

Lc1(λ)− Lc2(λ)
(4.11)

where,

ρc12(λ) = ρc1(λ)− ρc2(λ) (4.12)

Hence L′p(λ) cane be expressed as,

L′p(λ) = Lc1(λ)− (Lc1(λ)− Lc2(λ))

[
ρc1(λ)

ρc12(λ)

]
(4.13)

Thus L′p(λ) can be computed if the ratio ρc1(λ)/ρc12(λ) is known. A potential problem with this

formulation is that if the values of Lc1(λ) and Lc2(λ) are comparable in value, the difference in

the radiance will be equivalent to the noise of the sensor. To avoid this problem, the two cloud

patches selected must be such that the difference in the cloud radiance is greated than the value

of Ls(λ), the radiance of the shadow pixels.



4.1. ALGORITHM FORMULATION 72

4.1.3 Estimating ρc1(λ)/ρc12(λ)

The value ρc1(λ)/ρc12(λ) needs to be known before Eq.(4.13) can be used to calculate the value

for L′p(λ). It has been shown in Figure 4.2, the values of α(λ) at NIR fall within the range

of 1 to 1.4 for aerosol optical thickness at 550 nm varied from 0 to 0.3, except for the case of

maritime aerosols with optical thickness of 0.3. To estimate ρc1(λ)/ρc12(λ), we start with,

L′p(λ) = Lt(λ)− α(λ) [Lt(λ)− Ls(λ)] (4.14)

A suitable wavelength λ0 in the NIR region is chosen and assuming that

α(λ0) = 1.2 (4.15)

Then, L′p(λ0) can be calculated,

L′p(λ0) = Lw(λ0)− α(λ0) [Lw(λ0)− Ls(λ0)] (4.16)

and the ratio ρc1(λ0)/ρc12(λ0) can be calculated at λ0,i.e.

ρc1(λ)

ρc12(λ)
=
Lc1(λ0)− L′P (λ0)

Lc1(λ0)− Lc1(λ0)
(4.17)

If the ratio ρc1(λ)/ρc12(λ) is spectrally flat, i.e its value is relatively constant over the visible

and NIR regions, the value estimated at λ0 can be extrapolated to all wavelengths in the visible

region,i.e

ρc1(λ)

ρc12(λ)
' ρc1(λ0)

ρc12(λ0)
(4.18)

L′p(λ) at all wavelengths in the visible and NIR regions can then be calculated as,

L′p(λ) = Lc1(λ)− (Lc1(λ)− Lc2(λ))

[
ρc1(λ0)

ρc12(λ0)

]
(4.19)
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It will be shown that the value of L′p(λ) obtained using this method is relatively insensitive to

the value of α(λ0) chosen, so long as α(λ0) fall within the range of 1 to 1.4. Suppose that the

uncertainty in α(λ0) is ∆α0, then the uncertainty in L′p(λ0) is

∆L′p(λ0) = ∆α0[Lt(λ0)− Ls(λ0)] (4.20)

Uncertainty in ρc1(λ0)/ρc12(λ0) is

∆
ρc1(λ0)

ρc12(λ0)
=

−∆L′p(λ0)

Lc1(λ0)− Lc2(λ0)
(4.21)

and the uncertainty in the estimated L′p(λ) is

∆L′p(λ) = −∆
ρc1(λ0)

ρc12(λ0)
(Lc1(λ)− Lc2(λ)) (4.22)

∆L′p(λ) = −∆
ρc1(λ0)

ρc12(λ0)

(
Lc1(λ)− Lc2(λ)

Lc1(λ0)− Lc2(λ0)

)
(4.23)

with substitution from Eq.(4.20),

∆L′p(λ) = ∆L′p(λ0)[Lw(λ0)− Ls(λ0)]

(
Lc1(λ)− Lc2(λ)

Lc1(λ0)− Lc2(λ0)

)
(4.24)

It is to note that

Lt(λ0)− Ls(λ0) =
Lt(λ0)− L′p(λ0)

α(λ0)
(4.25)

so,

∆L′p(λ)

L′p(λ)
=

(
∆α0

α(λ)

)(
Lt(λ)− L′p(λ0)

L′p(λ)

)(
Lc1(λ)− Lc2(λ)

Lc1(λ0)− Lc2(λ0)

)
(4.26)

At NIR, water reflectance is small, so Lt(λ0) is practically equal to L′p(λ0). Hence,

Lw(λ0)− L′p(λ0)

L′p(λ)
≪ 1 (4.27)

Furthermore, the cloud radiance is more or less spectrally flat, hence,

Lc1(λ)− Lc2(λ)

Lc1(λ0)− Lc2(λ0)
≈ 1 (4.28)
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At most, ∆α0 is ± 0.2 and α(λ0) ≈ 1.2 so,

∣∣∣∣ ∆α0

α(λ0)

∣∣∣∣ 6 0.2 (4.29)

Suppose that ,

Lw(λ0)− L′p(λ0)

L′p(λ)
' 0.25 (4.30)

which is an estimation based on remote sensing data for the Ikonos data. The uncertainty of

L′p(λ) would be ∣∣∣∣∆L′p(λ)

L′p(λ)

∣∣∣∣ ≈ 0.05 (4.31)

4.1.4 Deriving water reflectance

OnceL′p(λ) is known, the water radiance normalized by the cloud radiance derived from Eq.(4.3)

and Eq.(4.1) can be expressed as,

ρw(λ)

ρc(λ)
=
Lt(λ)− L′p(λ)

Lc(λ)− L′p(λ)
(4.32)

and reflectance of water is,

ρw(λ) = ρc(λ)
Lt(λ)− L′p(λ)

Lc(λ)− L′p(λ)
(4.33)

Note that up to this stage, all the calculations involving radiance can be done with the raw

digital counts, without the need to convert to absolute radiance units. Since all the equations

involve ratio of radiance values of each wavelength channel. Even if the digital counts have been

converted to radiance, the results obtained would not be affected by accuracy of the calibration

constants. The cloud reflectance can be calculated by

ρc(λ) =
π(Lc(λ)− L′

p(λ))

T ↑↓g (λ)T ↑↓s (λ)Fd(λ) cosθs

(4.34)
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Now calibration constants are required to convert the digital counts to radiance for Lc(λ) and

L′p(λ). Any calibration errors would be propagated to ρc(λ). Assuming that the cloud re-

flectance is spectrally flat, then only the calibration constant at one NIR band is needed and the

calculated ρc(λ) would be extrapolated to the visible band.

FIGURE 4.3: Atmospheric Transmittance

In order to obtain cloud reflectance, the values of T ↑↓g (λ) and T ↑↓s (λ) are needed. For Ikonos

imagery, these values were computed using the 6S radiative transfer code (Vermote et al., 1997),

by assuming a standard tropical atmospheric profile. The main concern would be the presence

of absorption bands of water vapour and oxygen at the NIR bands. However, since the Ikonos

has broad spectral bandwidths, the absorption features at NIR would be averaged out after

convoluting with the band response function of Ikonos. Figure 4.3 shows the computed gaseous
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transmittance spectrum and the transmittance of the Ikonos spectral bands. It is seen that the

absorption features are indeed averaged out in the NIR band of Ikonos. For the Hyperion data,

the transmittance at wavelengths near 850 nm is almost one, hence, this wavelength is used to

calculate ρc(λ).

For the Hyperion data, there is no need to estimate the absorption at the longer wavelength as

it is known to be almost 1, hence reducing the possible errors that might arise from such an

estimation.

4.1.5 Deriving aerosol type and optical thickness

In this section, parameters such as aerosol type and optical thickness will be shown to be re-

trieved from this atmospheric correction scheme. Starting from the cloud radiance in Eq.(4.3),

we have

Lc(λ)− L′

p(λ) =
T ↑g
↓(λ)T ↑↓s (λ)Fd(λ)ρc(λ)

π
(4.35)

and

L′p(λ) =
T ↑g
↓(λ)Fd(λ)ρpath(λ)

π
(4.36)

where ρpath(λ) is the path reflectance. Dividing the above two equations, the follwing is ob-

tained,

ρc(λ)
L′p(λ)

Lc(λ)− L′
p(λ)

=
ρpath(λ)

T ↑↓s (λ)
(4.37)

The term ρpath(λ)/T ↑↓s (λ) is the path reflectance divided by the scattering transmittance. It is

possible to retrieve aerosol type and optical thickness from this term by matching with quan-

tities computed using a radiative transfer code. Alternatively, a look-up table that matches the

quantity ρpath(λ)/T ↑↓s (λ) at each wavelength λ to the aerosol type and optical thickness can be
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pre-computed and matched.

4.1.6 Obtaining Gaseous and Scattering Transmittance

With the path radiance subtracted from the cloud radiance, it is possible to retrieve gaseous and

scattering transmittance. From Eq.(4.34),

ρc(λ) =
π(Lc(λ)− L′

p(λ))

T ↑g ↓(λ)T ↑↓s (λ)Fd(λ)
(4.38)

For Hyperion, at long wavelength outside the water absorption band (eg. at 854 nm) where

the transmittance factor T ↑g
↓(λ)T ↑↓s (λ) is approximately 1. The cloud reflectance can be com-

puted at this wavelength. Assuming a spectrally flat cloud reflectance, the transmittance term at

shorter wavelengths can be computed by,

T ↑g
↓(λ)T ↑↓s (λ) =

π(Lc(λ)− L′
p(λ))

ρc(λ)Fd(λ)
(4.39)

Using knowledge of the dominant type of gaseous absorption in the visible to NIR spectral

region would enable the derivation of each individual transmittance due to gaseous absorption

and scattering. In the visible spectrum, the gaseous transmittance is almost one. At the NIR

end, scattering transmittance is negligible while gaseous absorption dominates. This could be

seen from Figure 4.3 that the gaseous transmittance dips at 600 nm and at 720 nm and beyond.

The gaseous absorption features are well understood and can easily be computed. This implies

that the scattering transmittance can be computed from the total transmittance.
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4.2 Implementation of Algorithm for Ikonos

The atmospheric correction was implemented on Ikonos multi-spectral images with 4 spectral

bands and 4 meter spatial resolution. The effective wavelengths are 490.8 nm, 555.2 nm, 663.5

nm and 782.3 nm. Two images acquired on 10 march 2006 and 28 June 2006 were used.

These images were acquired at 11:38 am and 11:48 am Singapore time. For these two days,

there were near concurrent field measurements of water leaving reflectance using the hand-held

spectrometer. The two passes can be seen in Figure 4.4.

(a) Ikonos image (IK1) dated 10th March 2006,

11:38
(b) Ikonos image (IK2) dated 28th June 2006, 11:48

FIGURE 4.4: Ikonos image used for study
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For Ikonos images, only the path radiance and water leaving reflectance were derived as the

wide spectral bandwidths do not permit retrieval of atmospheric properties. The bandwidths are

are 71.3 nm ,88.6 nm , 65.8 nm and 95.4 nm for the four spectral bands.

4.2.1 Selecting the cloud,shadow and water spectra

Radiance (in digital counts) of the spectral bands over cloud and shadow areas were collected

from the two images. The blue regions in the images shown in Figure 4.4 are where the clouds

spectra were collected. The shadow and water area are the red and green regions respectively.

The radiance collected can be seen in Figure 4.5 and Figure 4.5(b) . The cloud spectra in raw

count could be seen to be similar in spectral shape. For the cloud spectrums, at least 10000

(a) Typical Spectrum of Cloud pixels (Ikonos) (b) Spectrum of Shadow and Water pixels (Ikonos)

FIGURE 4.5: Spectrums from Ikonos image (Cloud,Shadow and Water in Raw counts)

spectra were collected depending on the availability of clouds in the image. For the water and

shadow spectra were averaged over an area of around 150 pixels. Extra care was taken to make

sure that the water and shadow areas are adjacent with similar water properties.
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4.2.2 Deriving the Path radiance

In this section, the path radiance L′p(λ) derived from the two Ikonos imageries is shown. The

values of L′p(λ) were derived using three values of α(780):1.0, 1.2 and 1.4 The choice of α(780)

had little effect on the the radiance derived as seen in Figure 4.6 and Figure 4.7.

FIGURE 4.6: Derived L′p(λ)from 100306 with different α(780) used

Figure 4.6 shows that L′p(λ) derived with different values of α(780) are practically the same.

The path radiance was also computed using typical values of α(λ) obtained from the COART

code shown in Figure 4.2 . Two cases were considered: Rayleigh scattering and maritime

aerosol with 0.3 optical thickness at 550 nm. The results indicate that with a similar α(780)
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for Rayleigh scattering and Maritime Aerosols of Optical thickness of 0.3, the L′p(λ) are very

different from the values using our new cloud and shadow method. In fact a spread of 15 counts

were obtained for the L′p(λ) derived using typical α(λ) value derived from radiative transfer

code. This may seem to be a negligible amount. However, the signal from the water pixels are

low. For this case, the water leaving radiance is in the order of 50-60 counts, hence this spread

would translate to about 20 % of the water leaving radiance.

FIGURE 4.7: Derived L′p(λ)from 280606 with different α(780) used

For the imagery IK2, the spread is even larger as seen in Figure 4.7. The L′p(λ) was derived

from many cloud pairs assuming a value of 1.2 for , and the spread is shown in Figure 4.8.

From Figure 4.8 , the spectral shapes of the various derived path radiance are similar. The small
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FIGURE 4.8: Derived L′p(λ) from the two images

error bar is an indicator that the derived radiance are close to each other and the algorithm is

relatively stable with so many pairs of cloud spectrum tested.

The α(λ) values were examined, the derivation of L′p(λ) would means that the α(λ) values

could be derived from Eq.(4.9). The values of α(λ) are shown in Figure 4.9 .

The derived value of α(λ) suggests that they are close to each other in-spite of different choice

of α(780). However the values from IK2 suggest slight deviation for different values of α(780)

used. It is seen that at the red wavelength, the values of α(λ) shot up.
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FIGURE 4.9: Derived α(λ) from the two images
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4.3 Implementation of algorithm for Hyperion

The algorithm was implemented on a set of hyperspectral data from the Hyperion sensor. There

are 70 channels from the visible to near infared region (356 nm to 1058 nm). The resolution

of each pixel is about 30 m, and the image has a swath of 7.75 km. The image was acquired

on 2 June 2001 at 03:41 UTC. A total of 1900 cloud pixels were used. As seen in Figure

4.11 , the radiance signals from cloud pixels are about 3 times as large as those from the water

or shadow pixels. The range of raw counts from cloud pixels are indicated as the error bars in

Figure 4.11(a). The shadow pixels are darker than the water pixels as expected. The shadow

and water pixels radiance shown in Figure 4.11, were each being averaged over 100 pixels.

According to the mathematical formulation described in the previous section where L′p(λ) was

derived, three values of α(854) computed were used to examine how the choice of α(854)

would affect the results. DerivedL′p(λ) are shown in Figure4.12. From this figure, it is observed

that the values of α(854) does not have much influence on the values of L′p(λ) derived. The

values derived are quite close, in fact the data points overlap with each other. The spread of

the derived L′p(λ) with α(854) of 1.2 is shown in Figure 4.13. Likewise the α(λ) for rayleigh

scattering and maritime optical thickness of 0.3 were used to compute the L′p(λ). The L′p(λ)

derived for rayleigh scattering is far away from that derived by the cloud and shadow method. If

the values of α(λ) for maritime aerosol with optical thickness of 0.3 were used, the difference

in L′p(λ) from cloud and shadow method would be about 50 to 60 digital counts. This is about

40 % of the water radiance which is in the order of 200 counts. Hence a large error would be

incurred in deriving the water reflectance. From Figure 4.13, it can also be observed that the
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path radiance is not really reliable at wavelengths around 480 nm. This conclusion was made

since path radiance has a exponential or power law function behavior, sloping down from 400

nm to 900 nm and there are any dips in the spectrum in the spectral range of (400 nm -440 nm).

It appeared that the choice of values of α(854) does not affect the derived L′p(λ). This could be

attributed to the fact that it has little effect on the estimated values of L′p(854).
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FIGURE 4.10: Hyperion image used for implementation, with blue region denoting cloud areas sampled
for test, the red and green region denoting the shadow and water region
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(a) Typical Spectrum of Cloud pixels

(b) Typical Spectrum of Shadow and Water pixels

FIGURE 4.11: Typical Spectrums from Hyperion image (Cloud, Shadow and Water in Raw counts)
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FIGURE 4.12: L′p(λ) derived with different values of α(854)
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FIGURE 4.13: L′p(λ) derived
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FIGURE 4.14: α(λ) derived

The values of α(λ) are shown in Figure 4.14 where the values are close to each other in spite of

different values of α(854) used. However it can be seen that at wavelengths 600 nm and 700 nm

beyond, α(λ) shot up and surprisingly coincides with the absorption due to atmospheric gases.

This indicates that the values of α(λ) is plagued by gaseous absorption.
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4.4 Results of atmospheric correction

4.4.1 Ikonos Image

Water leaving reflectance retrieved from two Ikonos images(Figure 4.15) using our cloud and

shadow image was compared to field measurements made during field trips conducted over

Singapore coastal waters. Five field measurement points were available which were made near

the time of satellite image acquisition. Two of the points were sampled around the time image

acquisition, while the measurements for three other points were made about 3 hours after the

satellite imagery was acquired. The field measured reflectance spectra was aggregated to give

the equivalent at the 4 spectral bands using Ikonos band response function (Peterson, 2001).

(a) Ikonos image (IKA) dated 10th March 2006,
11:38

(b) Ikonos image (IKB) dated 28th June
2006, 11:48

FIGURE 4.15: Ikonos images used for study
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FIGURE 4.16: Pt IKA1 from image IKA, with derived reflectance with different value of α(780) and
field measured reflectance

FIGURE 4.17: Pt IKA2 from image IKA, with derived reflectance with different value of α(780) and
field measured reflectance
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FIGURE 4.18: Pt IKB1 from image IKB, with derived reflectance with different value of α(780) and
field measured reflectance

FIGURE 4.19: Pt IKB2 from image IKB, with derived reflectance with different value of α(780) and
field measured reflectance
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FIGURE 4.20: Pt IKB3 from image IKB, with derived reflectance with different value of α(780) and
field measured reflectance
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Figure 4.16 to Figure 4.20 show the field measured reflectance ρw(λ) of the five sampling points

aggregated to the Ikonos bands and the corresponding water reflectance derived using three

different values of α(780). The error bars show the variation of the actual raw counts where a 3

by 3 pixel window was averaged over the sampling points. As seen from the figures, the derived

reflectance agreed quite well with the field measured ones. A percentage error was computed

between the derived and the field measured reflectance for all the three wavelengths and the five

spectra. The percentage error for α(780) is 1.2 is 20.0 %. For values of α(780) are 1.0 and 1.4

, the errors are 19.3 % and 20.0 %, respectively.

4.4.2 Hyperion Image

The results of implementing the cloud and shadow method for deriving water reflectances from

hyperspectral image data acquired by the Hyperion sensor are presented in this section. The

Hyperion image was acquired on 2 June 2001 at 03:41 UTC, a RGB composite image of the

study site is shown in Figure 4.21.

For illustration, results obtained from 8 locations in Figure 4.21) are discussed here. Different

locations were selected for comparison. The locations were selected based on points of interests

such as over coral reefs, open water, channels between coral reefs and the locations where field

measurements were routinely measured. The points were selected due to the fact that they cover

shallow and deep waters.

Atmospheric correction for the same image was also performed with TAFKAA. The correction

was done by selecting the option which allowed the aerosol optical thickness aerosol optical
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FIGURE 4.21: Hyperion image showing various ROIs

thickness and model to be derived for each pixel. These optical properties were derived based

on choosing two spectral where the radiance signals are assumed to be solely from the atmo-

sphere. The two wavelengths are 750 nm and 865 nm respectively. Correction for atmospheric

water vapour absorption was, however not performed, because the program requires longer

wavelength channels near 1030 nm were not available for this particular image. Though the

omission of water vapour correction is not critical for correct aerosol estimation as 750 nm and

865 nm are transparent atmospheric windows, the corrected reflectance would be filled with

dips arising from the absorption effects.
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These results are shown in Figure 4.22 and Figure 4.23 . For each location the derived water

reflectance is averaged over a 4 by 4 pixel square and the mean reflectance is plotted in the

figures.

(a) HYP1 (b) HYP2

(c) HYP3 (d) HYP4

FIGURE 4.22: Atmospheric Correction Results I from Hyperion
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(a) HYP5 (b) HYP6

(c) HYP7 (d) HYP8

FIGURE 4.23: Atmospheric Correction Results II from Hyperion
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For wavelengths less than 460 nm, the reflectance obtained using TAFKAA was overcorrected

resulting in negative water reflectance values. For spectra obtained via the cloud and shadow

method, the values are above zero. The cloud and shadow method is able to remove the absorp-

tion features of water vapour and oxygen as shown in the retrieved water reflectance spectra.

TAFKAA is capable of correcting the gaseous absorption . However, the option to perform

gaseous absorption was not turned on due to the lack of the spectral bands beyond 950 nm in our

Hyperion data, which are needed to correct for the absorption features. Hence, the reflectance

retrieved by TAFKAA shows negative values in the region beyond 700 nm where absorption by

atmospheric gases are prevalent. It is interesting to note that there is a smoke plume for points

sampled at HYP5 and HYP6. After retrieving the water reflectance using the cloud and shadow

method, the reflectance value at 854 nm was assumed to be due to surface glint and this was

subtracted away from the reflectance values at all other wavelengths. This procedure is able

to remove part of the effect due to the smoke plume. Some values of the plume still remains

especially at the shorter wavelengths since the path reflectance of the smoke is not spectrally

flat. The TAFKAA method was able to tackle the extra path reflectance due to aerosols in the

plume.

The reflectance derived by the two methods was compared at four wavelengths, which are 500

nm, 550 nm, 600 nm and 650 nm. A total of about 100000 points were used for comparison.

The reflectance retrieved using the cloud and shadow method was regressed against that from

TAFKAA. Two different regressions were done. The first was to take reflectance derived by

TAFKAA to be the true values and the R2 was computed between these two values. The next

was to fit a linear line through the scatter plot of cloud and shadow derived reflectance versus
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the TAFKAA retrieved. Another R2 term was computed for this. The corrected reflectance

maps from both methods and the scatter plots can be seen in Figure 4.24 to Figure 4.27 .
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(a) Derived Reflectance map from
TAFKAA

(b) Derived Reflectance map from
Cloud and shadow method

(c) Scatterplot Cloud and shadow vs TAFKAA
reflectance (Density)

(d) Scatter plot Cloud and shadow vs TAFKAA
reflectance

FIGURE 4.24: Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance map and
scatter plot at 500 nm
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(a) Derived Reflectance map from
TAFKAA (550 nm)

(b) Derived Reflectance map from
Cloud and shadow method (550
nm)

(c) Scatterplot Cloud and shadow vs TAFKAA
reflectance (Density)

(d) Scatterplot Cloud and shadow vs TAFKAA
reflectance

FIGURE 4.25: Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance map and
scatterplot at 550 nm
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(a) Derived Reflectance map from
TAFKAA

(b) Derived Reflectance map from
Cloud and shadow method

(c) Scatterplot Cloud and shadow vs TAFKAA
reflectance (Density)

(d) Scatterplot Cloud and shadow vs TAFKAA
reflectance

FIGURE 4.26: Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance map and
scatterplot (600 nm)
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(a) Derived Reflectance map from
TAFKAA

(b) Derived Reflectance map from
Cloud and shadow method

(c) Scatterplot Cloud and shadow vs TAFKAA
reflectance (Density)

(d) Scatterplot Cloud and shadow vs TAFKAA
reflectance

FIGURE 4.27: Comparing TAFKAA and Cloud and shadow derived reflectance, reflectance map and
scatterplot (650 nm)
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TABLE 4.1: R2 values for the different regressions. The first regression was done between the cloud
and shadow corrected reflectance and the TAFKAA corrected reflectance. The second is for the linear
line fitted in the scatterplots shown in earlier figures.

Wavelength (nm) Regression 1 R2 Regression 2 R2

500 0.940 0.982

550 0.845 0.987

600 0.935 0.987

650 0.968 0.988

The regression errors shown in Table 4.1 indicate that the values retrieved by the cloud and

shadow method are very close to that from TAFKAA. Though the fitted linear lines do not

indicate a one to one fit, the low R2 values for the first regression done between these two

retrieved reflectance suggests the values are similar.

4.4.3 Deriving Atmospheric properties (Aerosol Type and Optical Thick-

ness)

The aerosol type and optical thickness can be retrieved from the derived ρpath(λ)/T ↑↓s (λ) by

using a pre-computed look-up table as described in Section 4.1.5. TAFKAA was used to gener-

ate look-up-table consisting of ρpath(λ)/T ↑↓s (λ) for different aerosol type and optical thickness.

The aerosol models selected were those reported in Shettle & Fenn (1979). The various types

of aerosols employed in generating the LUT were coastal, Coastal-A, Maritime and Urban each

with relative humidity of 80 %, 90 % and 98 %. The aerosol loading parameterized by τ at 550

nm was varied from 0 to 0.3 at a interval of 0.002. In order to find the best fit aerosol type, least

square error fitting was performed between the modeled and derived path reflectance using the
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following cost function,

χ =
λ=700∑
λ=450

{log

[
ρpath(λ)

T ↑↓s (λ)

]
derived

− log

[
ρpath(λ)

T ↑↓s (λ)

]
modeled

}2 (4.40)

The set of parameters (aerosol type, humidity and optical thickness ) that gives the least value for

the cost function χ is taken as the ”correct” aerosol properties corresponding to the derived path

reflectance. Note that wavelengths less than 440 nm were not used in the fitting as they were

noisy. Wavelengths greater than 700 nm were also not employed as these bands are known to be

plagued by water and oxygen absorption. These wavelengths were not used though Figure 4.28

showed no visible traces of the atmospheric artifact. In addition, the path reflectance for 700

nm and beyond are considered to be spectrally constant. The flatness in spectral details implies

that it may not contribute important information for the retrieval of atmospheric properties such

as aerosol type. Moreover at longer wavelength, data may be noisy due to the small signal

measured by the sensor, hence unable to aid in the retrieval process. A total of 12 different

aerosol models were used in the least square fitting. The aerosol type fitted for the three was

found to be Maritime with a relative humidity of 98 % and optical thickness of 0.012. Figure

4.28 shows the derived path reflectance. The derived ρpath(λ)/T ↑↓(λ) for α(854) with value of

1.2 was shown together with the fitted values.

Figure 4.28 shows that the best fit spectrum coincides well with the reflectance spectrum de-

rived using the cloud and shadow method. There were slight discrepancies at wavelengths near

600 nm where there is ozone absorption and beyond 700 nm where water vapour and oxygen

absorption is present. The small dips showed that there is still small amount of gaseous atmo-

spheric absorption that was not removed, however the larger dips as seen in previous figures

have been removed. The severity of atmospheric gaseous absorption can be illustrated with
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FIGURE 4.28: Fitted and Derived ρpath(λ)/T ↑↓(λ)

some simple forward modeling. For Tropical Climate with 4.12 g/cm2 precipitable water, the

transmittance is about 26.6 and centered at 760 nm, the absorption by oxygen is about 37 % .

Both values are calculated from 6S (radiative transfer code) (Vermote et al., 1997). Clearly the

derived path reflectance showed that such severe dips haveone been removed.

4.4.4 Deriving Atmospheric Transmittance

The atmospheric transmittance is derived using the method described in Section 4.1.6. As seen

from the Figure 4.29, the 6S computed gaseous transmittance values shows that for 400 nm to

580 nm it is equivalent to one. Therefore, scattering transmittance dominates. In this spectral

range it can be seen that the derived scattering transmittance from the fitting method coincide
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FIGURE 4.29: Scattering transmittance obtained by fitting ρpath(λ)/T ↑↓(λ), derived total transmittance

and computed gaseous transmittance are shown.

well with the derived total transmittance. For the blue end of the spectrum, there are large vari-

ations due to noises in the spectral bands.

At wavelengths longer than 700 nm, the total atmospheric transmittance is dominated by gaseous

transmittance. It can be seen that the total scattering transmittance derived is in excellent agree-

ment with that computed using the 6S code. This suggests that the derived atmospheric trans-

mittance is corrected for the longer wavelengths.
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4.5 Conclusions

The cloud and shadow method described in this chapter is a method to derive the path radi-

ance with minimal inputs from the visible spectral range such as solar irradiance, aerosol model

and optical thickness. These atmospheric properties are usually needed to perform atmospheric

correction. Subsequently, atmospheric properties, such as aerosol model, optical thickness and

atmospheric transmittance are derived using two independent approaches. The results agree

with each other. The accuracy of these retrieved parameters is directly related to the accuracy

of the atmospheric correction method.

The comparison of Ikonos corrected reflectance with the water reflectance from field measure-

ments showed that the cloud and shadow scheme was able to perform atmospheric correction

with an error of about 20 %. For the Ikonos image, atmospheric properties were not derived

due to the fact that there were not enough spectral bands and the signal was averaged into four

spectral bands.

For the hyperspectral satellite imagery, the corrected spectrums were benchmarked against stan-

dard methods such as TAFKAA. The corrected water reflectance in this chapter were close to

that from TAFKAA for wavelength 450 - 650 nm and there were dips due to gaseous absorp-

tion seen in the NIR. Several points in Figure 4.22 and Figure 4.23 show that the cloud and

shadow corrected reflectance is close to the TAFKAA corrected reflectance. A further analysis

gave high R2 values for the regression of cloud and shadow reflectance with the TAFKAA re-

flectance. A linear line that was regressed between these two sets of values also have high R2

values.
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The derivation of atmospheric properties, such as atmospheric transmittances by the two differ-

ent methods, from Hyperion data were compared. The lookup table method gave the aerosol

model, optical thickness and scattering transmittance. The derived transmittances overlap each

other for the visible bands, suggesting that the scattering transmittances are similar. In the NIR

range, the derived gaseous transmittances lie on the points with the Tropical model, suggesting

that the derived transmittance are valid.

The effects of different values of α(NIR) used for the initial step of the atmospheric correc-

tion scheme was also investigated. The derived L′p(λ) for different values of α(NIR) for both

Ikonos and Hyperion images are very close to each other suggesting that the algorithm is not

sensitive to α(NIR). It was also demonstrated that by using the α(λ) values computed with

different aerosol models and optical thickness for α(NIR) in the 1.0 and 1.4 range, the de-

rived L′p(λ) is significantly different from that derived from the cloud and shadow method. This

would results in significant errors in the derived water reflectance since the water leaving radi-

ance is sensitive to errors in L′p(λ).

In summary, the cloud and shadow method has been successfully applied to two different sen-

sors. It is expected that more sensors can be adapted for atmospheric corrections using the

developed method.



Chapter 5

Retrieval of IOPs from remote sensing

reflectance

5.1 Introduction

A method to retrieve the absorption and backscattering coefficients of water from remote-

sensing reflectance is presented in this section. This method is called Split-window inversion

method, in short SWIM. The method is similar to the well known matrix inversion techniques

(Hoge et al., 1999a,b; Wang et al., 2005). Instead of using the whole visible spectral region

for inversion, the method selected narrow windows for retrieval. The spectral windows were

selected in this algorithm to enable the retrieval of optical properties from turbid and possibly

shallow coastal water, avoiding the spectral region where contribution from the sea bottom re-

flection is the highest.

The spectral windows were selected based on in-situ measurements made during field trips.

111
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Although the measurements may not be exhaustive and representative of all the possible types

of water in Singapore, the spectral windows were chosen to possibly minimize the contribution

from the sea bottom. The waters sampled has high CDOM absorption and low phytoplankton

absorption, and the total absorption is lowest around the green spectral region (550 nm). The

spectral region to be omitted is largely based on this observation. The spectral region used for

matrix inversion is 460 nm -530 nm and the blue end at 400-460 nm was avoided due to possible

contamination from inaccurate removal of surface glint.

There are many algorithms developed for the retrieval of IOPs (Lee et al., 1994, 1998a,b; Hoge

& Lyon, 1996; Hoge et al., 1999a,b; Lee et al., 2002; Wang et al., 2005). In related works,

matrix inversion methods were used to perform IOPs retrieval (Hoge et al., 1999a,b). Recently

different spectral shapes for absorption and backscattering coefficients were used for IOPs re-

trievals taking into considerations of defined statistical uncertainties (Wang et al., 2005).

In this approach, simple matrix inversion was applied to the spectral window of 460 nm - 530

nm and equations relating underwater remote sensing reflectance and IOPs of water. The in-

put water reflectance, Rrs(λ), was converted to under water remote sensing reflectance using

a semi-analytical equation described in chapter 2. From the underwater remote sensing re-

flectance, Rrs(λ) was expressed as a function of absorption and backscattering coefficients

which can be linearized for matrix inversion. However certain assumptions had to be made in

order to set up equations for inversion. The spectral shape of CDOM absorption and backscat-

tering were parameterized by S and Y respectively. These need to be known before the system

of linear equations can be set up. With each combination of S and Y a set of IOPs were derived.
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This was then used to compute the water leaving reflectance. The set that gave the least error

between the computed and measured reflectance was taken to be the derived parameters. This

process was done for the spectral windows of 460 nm - 530 nm and 600 nm - 650 nm. This

method was tested on three datasets of water reflectance: a synthetic dataset prepared by the

International Ocean Colour Coordinating Group (IOCCG) (Lee, 2005), field measured data set

collected by a handheld spectrometer during our field trips, and a hyperspectral satellite data set

acquired by the Hyperion sensor on-board the EO-1 satellite.

There are two main concerns pertaining to the new algorithm implemented. The first was its

ability to derive IOPs over the whole visible spectral range in spite of the omission of the green

spectral window. This would be examined and evaluated using the errors of retrieved absorption

and backscattering coefficients. The second concern is the accuracy in which the IOPs of the

shallow waters could be retrieved. This was evaluated using the experimental data with water

depth that was sounded by sonar. The evaluation was also done by using HYRDOLIGHT to

generate water reflectance for retrieval with different depth and albedo. The errors in retrieval

were examined to see how the algorithm is able to minimize the contribution from the shallow

sea bottom.

5.2 Mathematical Formulation

Either the measured or simulated Rrs(λ) , the above water reflectance, can be converted into

the underwater reflectance,

rrs(λ) =
Rrs(λ)

(ζ + ΓRrs(λ))
(5.1)
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The values ζ and Γ were taken to be 0.5 and 1.5, respectively. These values were computed for

remote sensing observation angles (Morel & Gentili, 1993)

A quadratic model was developed for rrs(λ) based on monte carlo simulations (Gordon et al.,

1988),

rrs(λ) = g0u(λ) + g1u(λ)2 (5.2)

where

u(λ) =
bb(λ)

bb(λ) + atot(λ)
(5.3)

bb(λ) and atot(λ) are defined as,

atot(λ) = aw(λ) + ag(λ) + aφ(λ) (5.4)

where ag(λ) is the absorption of both CDOM and detritus, aφ(λ) is the absorption of phyto-

plankton. The backscattering coefficients are,

bb(λ) = bw(λ) + bbp(λ) (5.5)

From Eq.(5.3), u(λ) can be rexpressed as a function of rrs(λ),

u(λ) =
−g0 + [(g0)

2 + 4g1rrs(λ)]

2g1

(5.6)

and also can be written as,

u(λ)a(λ) + (u(λ)− 1)b(λ) = 0 (5.7)

Hence, a system of linear equations can be set up to perform matrix operation to derive IOPs.

atot(λ) and bbp(λ) can be further partitioned into linear equations with optical models for

CDOM, detritus, phytoplankton and suspended particles in water. The various optical mod-

els were briefly described in Section 2.4.
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From Eq.(5.7) can written as

u(aag(440)Ag + aφ(440)A0 + aw)

+(u− 1)(bbw + (bbp(550)Bp) = 0

(5.8)

The lambda dependency was taken out for brevity. The various basis functions are given below,

Ag = es(440−λ) (5.9)

Bp = (
550

λ
)Y (5.10)

and A0 is the basis function for phytoplankton absorption.

The basis functions Ag and Bp are parametrized by S and Y values. Each spectral shape of

CDOM and backscattering of suspended particles were determined by the values S and Y . In

most cases unless extensive field work has been done in the area of interests the values are usu-

ally unknown. However, the two values are known to be typically in the ranges of 0.008 m−1 -

0.023 m−1 and -0.20 - 2, respectively. By selecting a value for S and Y from these ranges, the

spectral shapes could be determined and a linear system of equations can be set up for retrieval.

The absorption coefficient function for phytoplankton is linearlized in the following manner.

Absorption coefficients for phytoplankton are computed by using the following formula (Lee,

1994),

aφ(λ) = aφ(440)a0(λ) + aφ(440) ln(aφ(440))a1(λ) (5.11)

aφ(440) was varied from 0.001 m−1 to 0.20 m−1. Each of the absorption spectrum generated

was then divided by aφ(440) to obtain a basis function. This basis function was then averaged

for all the different normalized spectrums to give,

aφ(λ) = aφ(440)A0(λ) (5.12)
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This new function generates absorption coefficient of about 3 % from the original model in the

wavelength region between 400 to 520 nm but rise to about 20 % for the wavelength ranges of

550 to 600 nm when aφ(440) is above 0.1 m−1.

The linear equation from Eq.(5.7) can be express in a matrix as ,
u1A

′
0 u1Ag u1Bp

...
...

...

unA
′
0 unAg unBp




aφ(440)

ag(440)

bbp(550)



=


u1aw − (u1 − 1)bw

...

unaw − (un − 1)bw



(5.13)

From Eq.(5.13), parameters such as aφ(440), ag(440) and bbp(550) can be derived from Rrs(λ).

The matrix inversion method has been used widely (Hoge & Lyon, 1996; Hoge et al., 1999a,b;

Wang et al., 2005) though the final linear form may differ from our formulation. The linear

equation was also obtained by solving the quadratic equation in Eq.(5.6). In the first linear

matrix inversion method (Hoge & Lyon, 1996), spectral shapes of CDOM was assumed, i.e a

value for S is assumed and Y is estimated from band ratios of reflectance (Hoge & Lyon, 1996)

and the matrix inversion was applied to three spectral bands at 412, 490 and 555 nm.

In recent years, a method (Wang et al., 2005) which allows the parameters S and Y to vary was

implemented, and certain statistical criteria was imposed on the aφ(440), ag(440) and bbp(550)

retrieved for different permutations of S and Y . The criteria was set such that the parameters

such as aφ(440), ag(440) and bbp(550) used to compute the rrs(λ) must give values of up to 10
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or 20 % variation of the measured rrs(λ).

In the approach developed in this thesis, the values of S and Y was allowed to vary and the

matrix inversion was applied to the spectral window of 460 -530 nm. This was to avoid contri-

bution from the sea bottom and to avoid any errors that might be induced in the retrieval from

overestimation of surface glint correction in the range of 460 to 530 nm. Moreover this was

developed in consideration for Hyperion data which is usually noisy in the first few bands of

the visible range.

5.3 Selecting the Spectral Window

For shallow coastal waters, the total reflectance has contribution from the sea bottom. The

penetration of light in water is dependent on the diffuse attenuation, which in turn is largely

determined by the absorption and backscattering coefficients of water. Since the inherent op-

tical properties of water depend on optical components, such as phytoplankton, CDOM and

suspended particles, light penetration is also dependent on the abundance of these components.

The field surveyed points around the waters of Singapore has high CDOM content and are

highly backscattering in nature which has been discussed in Chapter 3. A plot of the total ab-

sorption of the waters measured with pure water component is made in Figure 5.1 .

From Figure 5.1 , we can see that that the waters sampled has the least absorption centered at

550 nm. There are some sites with high absorption even at wavelength of 530 nm , for example

site S2A and site S2b. However there are some sites which has lower absorption at this same
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FIGURE 5.1: Absorption coefficients of water sampled in Singapore

wavelength. We have to decide on an encompassing spectral window to avoid and also to con-

sider the practicality of implementation, which in this case is the sufficient number of spectral

bands. We took the lower range of 530 nm for one end of the spectral window and 600 nm for

the other due to high water absorption. In summary, the spectral range of 540 to 600 nm is to be

avoided for the retrieval of IOPs. The effectiveness of this assumption would be examined at a

later section where the SWIM algorithm will be compared to one that uses this avoided spectral

window.

The contribution from bottom reflectance depends not only on the diffuse attenuation coefficient

but also on the bottom reflectance relative to the water reflectance. The reflectance of shallow
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water can be expressed as (Maritorena et al., 1994),

Rrs(λ,H) = R∞rs(λ) + (Rb(λ)−R∞rs(λ)) exp−2KH (5.14)

where K is the diffuse attenuation, H is the water depth, Rb(λ) is the reflectance of the sea

bottom and R∞rs(λ) is the reflectance of the deep waters having the same optical properties as

the shallow water. The ratio of the reflectance of the shallow water of depth H to that of deep

water is,

ψ(λ,H) =
Rrs(λ,H)

R∞rs(λ)
(5.15)

This ratio is an indicator of the percentage contribution of shallow waters with respect to the

total reflectance, and would be useful in later sections to examine how this ratio would affect

the accuracy of IOPs retrieved.

5.4 Implementation of algorithm

After the matrix inversion framework is set up, the inversion algorithm can be applied toRrs(λ)

in the wavelength range of 460 nm to 530 nm. The wavelength range of 400 nm to 450 nm was

avoided as this is the region where the error in correcting surface may potentially be the largest

due to huge component of reflected skylight in the radiance measured off the water surface. For

each set of S and Y , the matrix inversion will derive values for ag(440), aφ(440) and bbp(440).

The matrix inversion was performed using the SVD (Single Value Decomposition) technique.

The retrieved IOPs together with S and Y are used to model the Rrs(λ).

The solution space of S and Y was partitioned into small segments of 0.0001 and 0.02 respec-

tively. The retrieved parameters together with S and Y can be used to modelRrs(λ) in the region
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of 460 nm - 530 nm and 600 nm - 660 nm. The range of 670 nm -750 nm was avoided due

to chlorophyll fluorescence. The modeled Rrs(λ) was matched up with the input or measured

spectrum by computing the error according to the equation

χ =
N∑
i=0

|(Rmodel
rs (λ))− (Rmeasured

rs (λ))| (5.16)

and the retrieved IOPs are compared to measured ones by,

Ω =


N∑
i=0

[log10(IOP
model(λ))− log10(IOP

measured(λ))]2

N − 2


0.5

(5.17)

Ω is known as RMSE, which is the root mean squared error in the log space. This method for

computing error will be used to quantify the accuracy of IOPs retrieval as the RMSE have been

widely used in the ocean colour community.

5.5 Results

5.5.1 Synthetic dataset

The algorithm was tested on the synthetic data set developed by the International Ocean Color

Coordination Group (IOCCG). The data set includes spectral IOPs and remote-sensing re-

flectance generated at 10 nm intervals. The algorithm was applied to the 500 sets of simulated

Rrs(λ). The RMSE was computed for the retrieved IOPs defined by Eq.(5.17) where Rrs(λ)

is replaced by IOPs in the equation. The input IOPs represent a huge spread of water types

from clear ocean waters to turbid, CDOM laden and phytoplankton rich waters. The absorption

coefficient, atot(λ)-aw(λ), ranged from 0.000992 m−1 to 0.9837 m−1 and the backscattering
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coefficient ranged from 0.000521 m−1 to 0.1316 m−1 at 550 nm.

FIGURE 5.2: Scatterplot of retrieved absorption vs input absorption at 440 nm

Scatterplots between the retrieved and the input absorption and backscattering are shown in

Figure 5.2 and Figure 5.3.

Both figures showed that the retrieved IOPs lie along the 1:1 line and the RMSE is low. More-

over, retrieval was done without the use of spectral window centered around 550 nm, suggesting

that the IOPs retrieved at this wavelength is reasonably constrained with low errors at 0.111 and

0.059 respectively. The errors at various wavelengths were tabulated in Table 5.1.

The errors shown in Table 5.1 indicate that the IOPs retrieved over the visible spectral regime
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FIGURE 5.3: ScatterPlot of input backscattering vs retrieved backscattering at 550 nm

are low and suggests that the spectral shapes of various IOPs are well modeled. However there

are large errors in retrieving aφ(λ) and it could be due to large amount of ag(λ) present. A

comparison was made with several algorithms that were implemented on the same dataset to

see how the algorithm fared.

Table 5.2 shows that the SWIM algorithm implemented performed well compared to other

algorithms. Compared to the similar methods that used linear matrix inversion (Hoge & Lyon,

1996; Wang et al., 2005) the SWIM method performed more or less the same. In spite of

the selection of preferred spectral windows to minimize the contribution of the sea bottom

reflectance to the total signal measured, the algorithm was able to retrieve IOPS in the omitted
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TABLE 5.1: RMSE errors of IOPs retrieval

Wave (nm) RMSE atot(λ)-aw(λ) RMSE bbp(λ)

440 0.111 0.170

490 0.090 0.136

550 0.132 0.090

650 0.288 0.060

windows. The method is robust as shown and justified by the errors in Table 5.2.
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TABLE 5.2: RMSE comparison between algorithms reported in the IOCCG report, current algorithm

for synthetic data set.

Method atotal(440) ag(440) bbp(440) bbp(555)

Simple algorithm(Morel & Maritorena, 2001) 0.224 – – –

Kd method(Loisel & Stramski, 2000) 0.119 – 0.123 0.138

Neural network(Doerffer et al., 2002) 0.052 0.230 0.082 –

Linear matrix(Hoge & Lyon, 1996) 0.140 0.161 0.150 –

Linear matrix

(statistical Selection)(Wang et al., 2005) 0.106 0.141 0.125

MODIS S.A(Carder et al., 1999) 0.059 0.135 0.042 –

QAA(Lee et al., 2002) 0.056 0.088 0.064 0.063

GSM(Maritorena et al., 2002) 0.115 0.145 0.152 –

S.A(Sathyendranath & Platt, 1997) 0.166 0.348 0.160 –

(Work in this Chapter) 0.111 0.197 0.0712 0.0540
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5.5.2 Field measured data

Field measured IOPs were used to validate the algorithm. The field measured reflectance data

provides an opportunity to test the algorithm as the data was collected in an environment with

fast varying magnitude of downwelling light and strong tidal current that might affect the Ac-9

measurements of IOPs. This would be a good test for the robustness of the algorithm, espe-

cially with consideration that error may incur in radiometric measurements. This adds on to the

confidence of the validity of the field measurements if the retrieved IOPs corresponds well to

the measured data. Additional field data was also added to the pool of data from P. Hantu and P.

Semakau. The field data added is from cyreene reefs. They are sites M1A, M1B and M1C and

are shown together with the rest of the remote sensing reflectance at P. Hantu and P. Semkau in

Figure 5.4.

The remote sensing reflectance at sites M1A, M1B and M1C is much higher that than from P.

Hantu and P. Semakau . The absorption and backscattering coefficients from these three sites

are much higher than the rest of the sites sampled. The absorption coefficients can be seen in

Figure 5.5 and the backscattering coefficients are shown in Figure 5.6 together with the rest of

the IOPs used for validating the algorithm.
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FIGURE 5.4: Rrs(λ) used for IOPs retrieval
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FIGURE 5.5: Absorption coefficients used to validate IOPs retrieval
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FIGURE 5.6: Backscattering coefficients used to validate IOPs retrieval
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The reflectance spectrum consists of both shallow and deep waters. This allows the SWIM to be

validated on the accuracy of retrieval of IOPs from shallow waters. The MIM (Matrix inversion

method) was also implemented for the spectral windows from 460 to 590 nm. This was carried

out so as to include the omitted green spectral window. In this way, the SWIM algorithm can

be tested for its effectiveness in retrieving IOPs over shallow waters. The scatterplot of the

absorption coefficients retrieved by the two methods are shown in Figure 5.7 and Figure 5.8.

FIGURE 5.7: Retrieved Absorption versus Measured Absorption, using SWIM
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FIGURE 5.8: Retrieved Absorption versus Measured Absorption, using MIM
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On comparison, both the approaches retrieved IOPs that lie around the 1:1 line. This indicates

that the retrieval algorithm is well implemented. There is a spread of points for the wavelengths

between 650 and 676 nm, where water absorption is high and the absorption coefficients mea-

sured are low. Most of the absorption coefficients measured at these two wavelengths are about

0.06 m−1 and the accuracy of the Ac-9 is 0.01 m−1. These two factors would imply high errors

at these wavelengths. The RMSE are shown in Table 5.3

TABLE 5.3: RMSE of absorption coefficients from SWIM and MIM

Wavelength (nm) RMSE (SWIM) RMSE (MIM)

412 0.178 0.151

440 0.121 0.138

488 0.108 0.152

510 0.125 0.173

532 0.142 0.194

555 0.174 0.218

650 0.374 0.426

676 0.256 0.293

The RMSE of the retrieved absorption coefficients suggest that the SWIM algorithm did mod-

estly better than MIM for wavelengths greater than 550 nm. The scatterplots for retrieved

backscattering coefficients from both methods are shown in Figure 5.9 and Figure 5.10.



5.5. RESULTS 132

FIGURE 5.9: Retrieved backscattering versus measured backscattering coefficients, using SWIM
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FIGURE 5.10: Retrieved backscattering versus measured backscattering coefficients, using MIM
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From Figures ?? and Figure 5.10, it is seen that there are points located near the 1:1 line.

However, there are points that are far from the 1:1 line. The RMSE as shown in Table 5.4 at the

shorter wavelengths suggest that the backscattering coefficients were not well modeled at these

wavelengths. Moreover it was found that the retrieved backscattering coefficients are higher

than the measured coefficients estimated from total scattering coefficients. Taking this into

account, the errors in the estimated backscattering coefficients would be high to begin with.

Nevertheless the low errors from the absorption coefficients gave confidence in the retrieval

method. Moreover the test on simulated dataset suggests that the algorithm is able to retrieve

accurate backscattering coefficients from remote sensing reflectance.

TABLE 5.4: RMSE of backscattering coefficients from SWIM and MIM

Wavelength (nm) RMSE (SWIM) RMSE (MIM)

412 0.359 0.294

440 0.321 0.260

488 0.271 0.216

510 0.250 0.198

532 0.234 0.186

555 0.216 0.171

650 0.169 0.138

676 0.165 0.138

The various retrieved values of ag(λ), aphi(λ), S and Y are also tabulated in Table 5.5 to Table

5.8
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From the tables that show the values of S and Y retrieved along with the parameters of ag(λ),

aphi(λ), S and bbp(555), it can be seen that the value of Y is not well retrieved at times. This

could explain for the spread of backscattering coefficients as seen in the previous scatterplots.

Next, we look at the retrieved IOPs and modeled Rrs(λ) for deep and shallow waters. The

retrieved IOPs are shown in Figure 5.11 and Figure 5.13 .

As seen from the retrieved IOPs over the deep waters, both the SWIM and MIM are able to

derive the absorption and backscattering coefficients from the measured reflectance. At the

shorter wavelength of 412 nm, a deviation can be observed and this could be attributed to the

spectral slope S not accurately modeled. The backscattering coefficients, from both methods

are higher than the estimated coefficients from total scattering. For the shallow waters, it can

be seen that the absorption coefficients retrieved by the SWIM approach agree well with the

measured while that from the MIM did not do as well. The backscattering coefficients retrieved

over the shallow waters, suggests that the SWIM approach did modestly better than the other

one. The measured and modeled reflectance can be seen in Figure 5.13.

The error in log space was also investigated to evaluate how well the algorithm retrieved IOPs

over shallow waters. The error in log space is,

|log10(IOP
retrieved(λ))− log10(IOP

measured(λ))| (5.18)

As it can be seen from Figure 5.14 to Figure 5.16, the errors for the three wavelengths examined,

which are namely 440, 480 and 550 nm indicates that the SWIM has done better at depths less

than 3 meters. From the plots, it can also be seen that the errors in backscattering coefficients

are more sensitive to shallow waters. This could be due to extra contribution from the bottom
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reflectance of the sea bed. It can be seen that for depths greater than 5 meters, the MIM outper-

forms the SWIM approach by a small margin. The extra bands provided extra information in

the matrix inversion process which could explain the lower errors for the MIM. From the results

it seems that only waters with depths of 3 meter or less are considered optically shallow.
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(a) Retrieved absorption coefficients

(b) Retrieved backscattering coefficients

FIGURE 5.11: Retrieved IOPs for deep water, depth of 10 meters
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(a) Retrieved absorption coefficients

(b) Retrieved backscattering coefficients

FIGURE 5.12: Retrieved IOPs for shallow water, depth of 1 meters
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(a) Measured and modeled Rrs(λ) over deep waters

(b) Measured and modeled Rrs(λ) over shallow waters

FIGURE 5.13: [Measured and modeled Rrs(λ)
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(a) Absorption coefficients errors vs depth

(b) Backscattering coefficients vs depth

FIGURE 5.14: IOPs errors vs depth (440 nm)
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(a) Absorption coefficients errors vs depth

(b) Backscattering coefficients vs depth

FIGURE 5.15: Plot of IOPs errors vs depth (488 nm)
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(a) Absorption coefficients errors vs depth

(b) Backscattering coefficients vs depth

FIGURE 5.16: IOPs errors vs depth (550 nm)
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5.5.3 Algorithm Performance over shallow waters

The algorithm utilizes spectral windows with the least light penetration. In order to examine

how valid and useful this approach is, two different types of data, field data and simulated data

were used. For the simulated data, IOPs of lowest absorption that were measured around the

area of interest were used as inputs. The depth with values of sand reflectance were varied. The

depth ranged from 1 to 8 meters, while the values of 0.10 and 0.30 were used for the bottom

reflectance. The absorption at 440 nm is about 0.35 m−1 and total scattering 1 m−1, these IOPs

was from the measurements made at point H1A. The spectrums generated for the test can be

seen in Figure 5.17 .

The SWIM algorithm was implemented on the HYDROLIGHT simulated data. The MIM used

in this section refers to using the spectral windows from 460 mn to 590 nm for the matrix

inversion. In short, the MIM includes the green region of spectrum where light penetration is

the greatest. The errors in log space shown in Eq.(5.18) were plotted against ψ(λ,H) from

Eq.(5.15) for the various IOPs retrieved by the two different algorithms. The plots are shown in

Figure 5.18 to Figure 5.20 .

From the figures showing the errors in IOPs for spectrums with bottom reflectance of 0.3, the

errors of retrieved IOPs from the SWIM method is much lower for absorption and backscatter-

ing coefficients. However the errors for the absorption coefficients by the MIM is much lower

than the SWIM approach at 440 nm. This is due to the inaccurate modeling of the absorption

coefficients and can be seen in Figure 5.21. This can also be deduced from the fact that the

errors at other wavelengths are much smaller for the split window approach.
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Likewise, it can be seen that the errors incurred by the SWIM method is lower than the MIM

approach. The errors at lower values of ψ(λ,H) for both methods converges as expected for the

spectrums generated with bottom reflectance of 0.1. The test on the simulated dataset suggests

that the SWIM approach was able to retrieve IOPs with lower errors as compared to the MIM

approach for shallow waters.
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(a) Rrs(λ) generated with bottom reflectance 0.1

(b) Rrs(λ) generated with bottom reflectance 0.3

FIGURE 5.17: Reflectance spectra were generated with different bottom reflectance, depths are shown

in figure, ranging from 1 to 7.5 m, in steps of 0.5 m



5.5. RESULTS 150

(a) Plot of absorption coefficients errors vs ψ(λ,H)

(b) Plot of backscattering coefficients vs ψ(λ,H)

FIGURE 5.18: Plot of errors vs ψ(λ,H) (440 nm) with bottom reflectance of 0.3
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(a) Plot of absorption coefficients errors vs ψ(λ,H)

(b) Plot of backscattering coefficients vs depth

FIGURE 5.19: Plot of errors vs ψ(λ,H) (480 nm) with bottom reflectance of 0.3
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(a) Plot of absorption coefficients errors vs ψ(λ,H)

(b) Plot of backscattering coefficients vs depth

FIGURE 5.20: Plot of errors vs ψ(λ,H) (550 nm) with bottom reflectance of 0.3
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(a) Retrieved absorption coefficients from shallow water reflectance

(b) Retrieved backscattering coefficients from shallow water reflectance

FIGURE 5.21: Retrieved IOPs for shallow water, depth = 3 m, bottom reflectance = 0.1, ψ(440, H) =0.3
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(a) Absorption coefficients errors vs ψ(λ,H)

(b) Backscattering coefficients vs ψ(λ,H)

FIGURE 5.22: IOPs errors vs ψ(λ,H) (440 nm) with bottom reflectance of 0.1
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(a) Absorption coefficients errors vs ψ(λ,H)

(b) Backscattering coefficients vs ψ(λ,H)

FIGURE 5.23: IOPs errors vs ψ(λ,H) (480 nm) with bottom reflectance of 0.1
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(a) Absorption coefficients errors vs ψ(λ,H)

(b) Plot of backscattering coefficients vs ψ(λ,H)

FIGURE 5.24: IOPs errors vs ψ(λ,H) (550 nm) with bottom reflectance of 0.1
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5.5.4 Hyperspectral data

The algorithm was implemented on atmospherically corrected data from the Hyperion sensor,

which has a total of 224 bands. However for our purporse of remote sensing of ocean colour,

only the first 50 bands in the range of 400 - 900 nm were used. The width of each Hyperion

band is approximately 10 nm. The hyperspectral data was corrected with the cloud and shadow

atmospheric correction scheme which was explained in the previous chapter. Region of Interests

(ROIs) were chosen for testing the SWIM algorithm. The original image has a spatial resolution

of 30 m per pixel, the pixels were aggregated from two into one. This was to improve the SNR

and to lower the noise in the corrected water reflectance.

The imagery was collected on 2 June 2001 at 03:41 UTC. There were no concurrent measure-

ments of optical properties such as absorption and backscattering coefficients. Hence there is a

need to provide validation for the retrieved IOPs. In this study, the well known HYDROLIGHT

for radiative transfer in water was used to generate water reflectance for validation. The re-

trieved IOPs were used as inputs to HYDROLIGHT to compute water reflectance.

After applying the SWIM algorithm to HYPERION data, absorption and backscattering coeffi-

cients maps were produced at 440 nm and 550 nm, respectively. They are shown in Figure 5.25

. The maps suggest that the algorithm reproduced IOPs map that are able to delineate the differ-

ent water bodies. This could be seen from the water plume (ROI C) region in the backscattering

map which is corresponding found in the RGB image. The dark water body at (ROI B) could

also be seen delineated by both absorption and backscattering maps.
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(a) Absorption coefficients Map
(b) Backscattering coefficients

Map
(c) HYPERION Image

FIGURE 5.25: IOPs retrieved from HYPERION

The smoke plume seen in the RGB image Figure 5.25(c) was not removed totally by atmo-

spheric correction and retrieved as higher backscattering in the map. The corals were also seen

in the backscattering map. However, this does not suggests that the algorithm has failed to re-

trieve the IOPs accurately but higher errors could have been incurred due to contribution from

the sea bottom. The features in ROI (G,H,J) which looked like suspended sediments in the

Hyperion RGB image were also reflected in the backscattering coefficients map. This was sur-
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prising as the algorithm was able to retrieve backscattering coefficients that are well resolved to

show such features.

The absorption map was also able to delineate certain water bodies such as the reservoir at ROI

A and the darker brownish water body at ROI D. The effects of the smoke plume was seen in

the backscattering map but not in the absorption map. This suggest that the algorithm is more

susceptible to errors in retrieving backscattering coefficients due to increased reflectance.

The retrieved IOPs were used as inputs for the HYDROLIGHT code to make forward simulation

of Rrs(λ). values. Deep waters were assumed and the simulated spectral range was from 400 to

700 nm for Hyperion bands. The forward simulated reflectance was compared to hyperspectral

reflectance spectrum corrected by the atmospheric correction scheme implemented in this study.

Several region of interests (ROIs) were selected for comparisons as shown in Figure 5.25(c) .
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(a) Retrieved Absorption from HYPERION

(b) Retrieved Backscattering from HYPERION

FIGURE 5.26: IOPs retrieved from HYPERION
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(a) ROI A (b) ROI B

(c) ROI C (d) ROI D

(e) ROI E (f) ROI F

FIGURE 5.27: ROI A-F Fitted Rrs(λ) compared with HYDROLIGHT
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From Figure 5.27 , the HYDROLIGHT simulated reflectance coincides well with the corrected

reflectance. However it can be seen that the spectrum agrees well between 400 nm to 600 nm.

At longer wavelengths, the corrected reflectance is much higher than the simulated. This could

be due to under correction by the atmospheric correction scheme. For the ROI C, the reflectance

is very low and noisy which can be attributed to the high absorption as seen from the original

RGB image in Fig 5.25(c) . The spectrum also has a low reflectance as compared to the spec-

trum from other ROIs. The reflectance is about 2 times smaller as compared to the least bright

spectrum (ROI D). This evidently shows that the corrected reflectance maybe unreliable as it is

highly susceptible to noise in the original data and errors in the atmospheric correction scheme.

For ROIs (G-J), they belong to open waters, and the spectral shapes are similar. There is strong

agreement with the HYDROLIGHT, atmospherically corrected and computed reflectance in the

wavelength range from 400 nm - 580 nm. The RMSE between the atmospherically corrected

and HYDROLIGHT reflectance is shown in Figure 5.29.

The RMSE has a low value of 0.15 and a high value of 0.60 for wavelengths longer than 600

nm. This was in line with the observations made for the plots shown in Figure 5.27 and Figure

5.28 where the HYDROLIGHT simulated does not overlap with the atmospherically corrected

reflectance. The low errors suggest that the retrieved IOPs were correct and gave further robust-

ness of SWIM.
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(a) ROI G (b) ROI H

(c) ROI I (d) ROI J

FIGURE 5.28: ROI G-J Fitted Rrs(λ) compared with HYDROLIGHT
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FIGURE 5.29: RMSE computed as a comparision for HYDROLIGHT simluated data and atmospheri-

cally corrected reflectance
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5.6 Conclusions

An algorithm was developed to retrieve the IOPs for both shallow and deep waters from its

reflectance. The test on forward simulated data (IOCCG) showed that it is able to match up to

most of the present algorithms used in the ocean colour community although a spectral win-

dow was omitted in the retrieval process, the IOPs were retrieved with low errors in the visible

spectral range. However the error went up in the red region. This was due to the dominant sig-

nature of water absorption. The wide range of absorption and backscattering coefficients used

in the generation of the remote sensing reflectance provided a good test of the algorithm. The

algorithm has proved to be able to derive the IOPs in the wide range of reflectance tested and

implying that the algorithm is able to work well for most types of optically deep water.

The algorithm was also tested on field measured data. The errors are acceptable in view of the

low confidence in the measurements. The acceptable errors in the retrieval of IOPs suggest that

both the radiometric and in-situ measurements are correct. The selection of spectral windows

where light has the least penetration was able to minimize the errors in the retrieval of IOPs

as shown from the test on field measured data. This was concluded from the lower errors for

absorption and backscattering retrieved for the SWIM method. The SWIM method was also

compared to MIM where the green spectral region was included in the matrix inversion im-

plementation. The SWIM approach was able to match up to the MIM and outperformed it in

shallow waters region especially for waters with depths of 3.5 m or less.

The two methods were also compared using HYDROLIGHT simulated reflectance where the



5.6. CONCLUSIONS 166

depth and sea bottom reflectance was varied to investigate how the contribution from shallow

water reflectance would affect the IOPs retrieved. As seen from the results, the backscattering

coefficients are sensitive to extra contribution from shallow water reflectance and the SWIM

method was able to handle it better. It could be seen in Figure 5.21 that the extra contribution

from the bottom reflectance also resulted in deriving high phytoplankton absorption instead of

the high CDOM absorption present.

SWIM was also tested on atmospherically corrected hyperspectral data. From the corrected

data, the noise in the spectrum could be seen visibly, however the algorithm was still able to

retrieve the IOPs. The retrieved IOPs were used as inputs to HYDROLIGHT to generate re-

flectance spectrums. This was done in place of actual field measurements as the image was

acquired back in 2001. The reflectance spectrum from HYDROLIGHT has strong agreement

with the corrected spectrums especially in the blue and green regions.

SWIM has been successfully implemented on three different type of datasets. It has been shown

to be able to minimize the contribution from the sea bottom for shallow waters. SWIM can be

also adapted for othe satellite sensors provided that there are enough spectral bands to perform

the implementation.



Chapter 6

Conclusions

The cloud and shadow algorithm was able to perform atmospheric correction on satellite im-

agery using cloud and shadow image features without assumption on atmospheric optical prop-

erties as visible bands. In fact atmospheric optical properties were derived from hyperspectral

satellite imagery. An inversion algorithm termed as Split-window inversion method, SWIM was

designed for both shallow and deep turbid waters. The algorithm uses spectral windows where

light was assumed to be least peneratable. It was tested on simulated, experimental and satellite

datasets.

The atmospheric correction scheme was implemented on the satellite Imagery from the Ikonos

and Hyperion satellite. The main aim was to derive the atmospheric properties of the aerosol,

which also means to perform accurate atmospheric correction. The algorithm was designed to

require little ancillary inputs such as aerosol model, optical thickness and calibration constants

for the raw counts to radiance. The calibration constant at NIR is needed for this method and

also a value of α(NIR) is needed. It was shown and found that the values of α(NIR) had little
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influence on the path radiance and the derived water reflectance. The corrected water reflectance

from the Ikonos image was compared to near concurrent field measurements. It was found that

the error in the visible spectral band is about 20.0 %. This indicates the correct implementation

of the algorithm.

The scheme was then applied to Hyperion imagery. The corrected water reflectance was com-

pared to that corrected from TAFKAA. Regression of the two reflectance data sets with a total

of 100,000 points suggest that the TAFKAA corrected reflectance is similar to that corrected

with the cloud and shadow method. It was observed, for longer wavelengths of 700 nm and

beyond, the sharp absorption features centered at 720, 760 and 830 nm were corrected. This

does not imply that TAFKAA is unable to handle the correction but the lack of spectral bands

beyond 900 nm was the reason why TAFKAA was not used to correct gaseous absorption.

The results from Ikonos and Hyperion suggest that the atmospheric correction scheme was able

to yield water reflectance with small errors. This in turn means that the path reflectance due to

aerosol and molecular scattering has been derived correctly.

From the Hyperion imagery other optical properties such as scattering transmittance and aerosol

model was derived by using look-up tables constructed with TAFKAA. This was cross validated

with the transmittance obtained from the corrected cloud radiance. The scattering transmittance

obtained by fitting method and the total transmittance from using cloud radiance has strong

agreement for the spectral range 490-600 nm. There is also agreement between the total trans-

mittance derived from cloud radiance and computed gaseous transmittance for wavelengths
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greater than 700 nm. This suggest the validity of these two approaches to retrieve optical prop-

erties of the atmosphere.

SWIM was implemented on the three different datasets. The experimental dataset was sampled

around the region of interest where waters of high absorption and backscattering coefficients

are present. The absorption coefficients measured by the in-situ suggests that it is dominated

by CDOM, evident from the exponential spectral behavior. Further analysis by decomposing

the measured absorption into the various absorption constituents of CDOM and phytoplankton

concurred this point. The fitted spectral slope S suggests that the CDOM was from a common

source. The value of S for P.Semkau is 0.0153 ± 0.0003 and P.Hantu 0.0150 ± 0.0003. The

backscattering coefficients estimated from the total scattering coefficients were also fitted to

the power law function that is used to describe the coefficients over the spectral wavelengths.

The parameter Y was found to be 0.407± 0.100 and 0.557± 0.09 for P. Hantu and P. Semakau.

SWIM was able to retrieve IOPS from the field measured reflectance with small errors. MIM

was also used on the same dataset and the errors between the methods are comparable. However

the errors for retrieved backscattering coefficients are larger. This could be attributed to the fact

that the coefficients were estimated from the total scattering coefficients derived from the atten-

uation and absorption coefficients from field measurements. The error incurred by SWIM for

absorption at 676 nm is 0.256, which is much higher than other wavelengths. This was probably

due to the high water absorption and low field measured absorption at this band. The range of

absorption in this band is from 0.01 to 0.10 m−1 while the precision of the Ac-9 is 0.01 m−1.

This could partly explain the larger errors incurred at this band.
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The results from the simulated dataset further demonstrate that the algorithm was able to re-

trieve the IOPs over the visible spectral range with small RMSE errors incurred in spite of

omitting the spectral window around the green wavelength. The RMSE for atotal(λ) at 440 nm

is 0.111 compared to 0.140 (Wang et al., 2005) and 0.106 (Hoge & Lyon, 1996) for the other

two matrix inversion method.

The algorithm was also applied to atmospherically corrected Hyperion data. The cloud and

shadow method was used to correct the Hyperion data. As there were no in-situ data dated back

to 2001, the retrieved IOPs were used as input for HYDROLIGHT to perform forward simu-

lations of the reflectance. The reflectance was used to compare with the corrected reflectance.

The RMSE between the HYDROLIGHT reflectance and atmospherically corrected Hyperion

data is less than 0.2 for wavelengths between 410-560 nm.

Based on all the results it is concluded that that SWIM is able to retrieve IOPs from remote

sensing reflectance. The next question is how does it fare over shallow waters. SWIM was

compared to MIM where the green band was not omitted. Firstly, the errors of IOPs retrieved

over the different depths which was measured by a sonar was compared. The results show that

SWIM outperformed MIM for depths less than 3.5 m. SWIM and MIM was also applied to

simulated data with field measured IOPs as input, in this case the set of IOPs which represent

the clearest water sampled was chosen. The depth was varied together with different bottom

reflectance. The results showed that SWIM outperformed MIM for most cases especially when

ψ(λ,H) is large, which is an indicator of the influence of the sea bottom.
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The cloud and shadow atmospheric correction was implemented on two different sensors and

possibly on other satellite sensors for future work. The implementation of the correction scheme

was made as generic as possible such that it can be used for other sensors. Moreover this scheme

was designed in mind for the implementation on satellite sensors that do not have excellent

radiometric calibration. This opened up another avenue for more satellite imageries to be used

for ocean colour remote sensing. SWIM can also be implemented on hyperspectral imagery as

shown and can also be adapted for use in other sensors. However this is limited by the fact that

a minimum number of spectral bands are needed for SWIM to work.
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Appendix A

Processing AC-9 data

At each measured depth, the live data of absorption and attenuation can be observed on screen

using the interface program,WETVIEW. As seen in Figure A.1(a) and Figure A.1(b) , on the

Y-axis is time, and the X-axis shows the attenuation and absorption. The real time data serves

as a good guide to see if there is any problem during acquirsition. Figure A.1(b) shows the case

where the data from the AC-9 is noisy and a re-acquisition had to be performed again. From

the experience gained from the numerous field trips, when there were passing crafts,strong tidal

current, noise shown in Figure A.1(b) was experienced. Similar situation was also experienced

when the bottom depth was less then 2 m, indicating that there might be influx of sand particles

stirred up by the engine. Usually the sediment was allowed to settle after the ship was anchored

for measurements.

The data that is streamed into the laptop via the WETVIEW program is processed and exported

to ASCII format. The absorption and attenuation data has to be first corrected for both tem-

perature and salinity effects (Van Zee & Hankins, 2002). In particular the absorption channel
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(a) Shows relatively good and noise free data

(b) Shows noisy data

FIGURE A.1: Wetview program used to acquire absorption and attenuation data

has to be corrected for scattering effects. The scattering effects are attributed to light being

scattered out of path while travelling from the transmitter optics to the detectors. This results in

the overestimation of the absorption and requires the correction of the scattering effects due to
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suspended particles (Zaneveld et al., 2003) in the curvettes.

The absorption and attenuation channel has to be corrected for temperature difference between

blank water reference used to calibrate the AC-9. Also salinity effects has to be corrected. The

channels are corrected using the equations below.

ac(λ) = am(λ)− [ψt(λ)(t− tr) + ψas (λ)S(λ)] (A.1)

Cc(λ) = Cm(λ)− [ψt(λ)(t− tr) + ψcs(λ)S(λ)] (A.2)

where am(λ),Cm(λ) are measured absorption and attenuation , ac(λ) and Cc(λ) are the cor-

rected optical quantities respectively . The equations embodied the effect of temperature and

salinty differene between the sea water sampled and the blank(pure water) in the lab for cal-

ibration.Salinity and temperature was measured with a refractometer and a sonar sensor that

measures the skin temperature of water. The values for correcting the salinity and temperature

effects are given in the Table A.1,

The AC-9 has been designed to minmize any error due to scattering from the transmitter to the

in-built detector. The scattering in the absorption tube that measures absorption loses signal

due to path elongation. Hence the silver lining surround the absorption tube is made of quartz

material which is used to reflect any scattered stray light back into the tube. The detector

is also made as large as possible to capture all the scattered light and to minimize the errors

in measurements. However this may no be suffcient especially if there is a lot of suspended

particles that contribute to optical scattering in the sampled water. Therefore there is still a need



187

TABLE A.1: Values used for correcting effects due to absorption and salinity (Zaneveld et al., 1992)

Wave (nm) ψat ψaS(λ) ψct (λ)

412 0.0001 0.00018 0.00007

440 0.0000 0.00008 -0.00007

488 0.0000 0.00008 -0.00007

510 0.0002 0.00009 -0.00007

532 0.0001 0.00004 -0.00008

555 0.0001 0.00008 -0.00008

650 -0.0001 0.00011 -0.00005

676 -0.0001 0.00008 -0.00007

715 0.0029 -0.00018 -0.00032

to correct for the error due to particulate scattering that was not handled by the inherent design

of the absorption tube. The main assumption used in correcting for the scattering effect due to

suspended particles in the absorption tube is that the absorption of bio-optical consituients is

zero at the 715 nm channel and the shape of the volume scattering function does not vary with

wavelength. If the volume scattering function is not constant with wavelength, the scattering

effects of due to the suspended particles in the tube will not be constant with wavelength.The

corrected absorption can be written (Zaneveld et al., 1992) as ,

ac(λ) = am(λ)− am(715)

Cm(715)− am(715)
[Cm(λ)− am(λ)] (A.3)

The term am(715)
Cm(715)−am(715)

gives the fraction of the total scattering to be deducted from the ab-
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sorption channel. The minimum value for this value is given to be 0.07 by (Kirk, 1992) from

Monte Carlo simulations. For the waters that was investigated, the value was close to 0.22,

however some co-workers in the field has reported it to be 0.18 (Mueller et al., 2002) for sus-

pended sediment dominated waters.

Before any correction was done to the measured absorption and attenuation, some processing

was done to pick up any outliers by simple statistical methods as the raw data of absorption and

attenuation are often plaqued with noise either by fluxes of suspended particles or noise induced

as the instrument was lowered to different depths. Then the correction described in Eq.(A.3)

was applied.



Appendix B

Discussion of challenges faced in field

measurements

Field measurements of the IOPs and radiometric measurements were performed using small

vessels, hence easily subjected to harsh environmental conditions. One of the challenges that

was faced during the measurements was the strong tidal currents which dragged the Ac-9 cage,

subtending it at an angle to the surface of the water. In such cases, the sampling was halted as

the cage could get trapped and not be recoverable. Moreover the strong flow of the tidal streams

causes a lot of noise in the data. There were instances where the attenuation data jumps from

3-4 m−1 to 10 m−1. Such similar occurrences were also due to the 10 cm curvette being slightly

dislodged from place hence the need to check the live feed of data constantly.

Another challenge was the fast changing sky conditions where a thunderstorm would be at the

horizon in a time span difference of a few hours. Passing clouds also pose a great challenge

in making radiometric measurements since the downwelling light will change dramatically as
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cloud-cover changes rapidly with time. This affects the measurements made with the white

reflectance board and that of the sky since clouds are highly reflective. The high variance of

downweliing light was overcome by taking as many spectrums over one point as possible.

Measurements made with the ac-9 were also plagued with noise when the environment was

not favorable. It was observed that with either a passing vessels or strong tidal current,the data

obtained is usually noisy and many times the sampling has to be given up. For shallow waters,

it was observed that the attenuation data was extremely noisy, which, could be indicative of

sediment being stirred up when the sampling vessel entered into the vicinity.

In order to resolve this, sampling was done after the sediment which is stirred up by our sam-

pling vessel was allowed to settle down. Extra care was also taken to ensure both the ac-9 cage

was not touching the bottom and the water inlet is not facing the sea bottom. This is to avoid

suspended sediments from the seabed from entering into the Ac-9.

For typical ac-9 measurements, there were spikes in the attenuation data. As such, simple

statistical method has to be applied to the data by filtering out these spikes by setting a standard

deviation of 0.005 m−1 which is the precision of the Ac-9. The standard deviation was computed

based on binning data into intervals of 6 secs. From which, data which differs more than 0.01

m−1 for each binned data were removed. The value of 0.01 m−1 is the accuracy of the Ac-9.

As seen from Figure B.1, the spikes in the data were removed by simple statistical selection

described previously. However there were situations where the spikes and noise overwhelmed

the data thus making them unusable. As such, it is diffcult and time consuming to obtain to
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FIGURE B.1: Noise in absorption channel 412 nm, with spikes

obtain good in-situ and radiometric data.

All the precations taken during field trip have allowed a good number of field data for algorithm

validation, which is about 25 points in this case . Special care in making measurements of IOPs

has reduced the noise in data especially halting the measurements when strong tidal current is

prevalent or heavy shipping traffic.


