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ABSTRACT

The primary objective of this study was to develop a rapid. economic method of
assessing water quality and productivity in surtface impoundments. Airborne video
cameras equipped with narrow band filters were used to assess chlorophyll-a
concentration in flood retention reservoirs of the Little Washita River Watershed in
central Oklahoma. The video data was calibrated by converting raw data (digital
numbers) into radiance values (uW/cmZ/sr) and further processed into reflectance
values by the incorporation of solar irradiance data. Results indicate that chlorophyll-
a concentration in reservoirs may be approximated using airborne video imagery and
that this relationship is best described by the model y = ao(l-e'X/40). Studies utilizing
aerial videography may be performed more quickly and are less expensive than

traditional field-based studies.

ix



CHAPTER 1. INTRODUCTION

In order to effectively utilize surface water resources. methods to assess the
quality of water in impoundments in relation to their intended use need to become
more rapid and economical. Traditionally. surface water quality has been assessed
using various limnological methods and laboratory analyses. This is time consuming,
requires field sampling by trained personnel. and is expensive. The purpose of this
project was to develop a rapid. economic method of determining surface water quality
using advanced technology and limited resources.

The main objective of this research was to develop a convenient mathematical
method based on aerial remote sensing to assess water quality and productivity in
surface impoundments. Useful indicators include any constituents visible to the
human eye or to optical instruments sensitive to electromagnetic regions outside the
human visible range. The most likely candidates include suspended inorganic
particles, phytoplankton, organic detritus, dyes, and animal life. This study includes a
discussion of suspended sediments but will concentrate on remote sensing of
phytoplankton.

Suspended solids can be detected using practical satellite technology. Infrared
wavelengths have been the most successful in tracking changes in suspended
sediment levels within lakes and reservoirs. It is more difficult to assess the presence
of phytoplankton because the available wavelength bands on satellites are too wide
(100 nm). Recent research indicates that very narrow bands (10 nm) in the near-
infrared portion of the spectrum, centered at 670 nm and 700 nm, can be used to
quantify chlorophyll concentration, even in the presence of high concentrations of

suspended solids. A band at 800 nm can also be used to quantify inorganic suspended



solids. This study utilized airborne video cameras equipped with narrow band tilters
to assess chlorophyll-a concentration in tlood control reservoirs of the Little Washita
River Watershed in west central Oklahoma. The ultimate goal was to determine the
relationship between narrow band absorption/reflectance and chlorophyil-a
concentration for these reservoirs.

This dissertation is written in a traditional format with chapters describing
work previously performed in relevant fields, methods used during research and
analysis. results, applications of the technology, and summary and conclusions.

As a result of this research, four papers will be submitted to journals for
publication. "Quantification of chlorophyll in small agricultural impoundments using
airborne video" was presented in May, 1997, at a remote sensing conference and has
been published in the "Proceedings of the 16th Biennial Workshop on Videography
and Color Photography in Resource Assessment”, Weslaco, TX, November 1997. It
provides a detailed description of the methodology and reports preliminary results. A
follow-up paper. "Quantification of chlorophyll in reservoirs of the Little Washita
watershed using airborne video" will be submitted to the journal "Photogrammetric
Engineering and Remote Sensing" for publication. [t also describes the methodology
in detail but includes the final results of the study. "Remote sensing of chlorophyll in
water quality assessment” will be submitted to the journal "Lake and Reservoir
Management"; this paper addresses possible uses of the technology with respect to
lake management strategies. "Remote sensing of chlorophyll concentration in water
impoundments - a tool for retrospective and prospective impact analysis” will focus
on the numerous potential applications of the technology developed in this study and
their use in environmental impact assessment. This paper will be submitted to the

"International Journal of Environmental Studies".



CHAPTER 2. REMOTE SENSING FACTORS

INTRODUCTION

[n order to fully understand this research project. it is important to have some
background knowledge on the fundamentals of remote sensing. When processing
and/or interpreting any remotely sensed data. all factors atfecting that data must be
considered. The type of remote sensing platform will govern which factors need to be
addressed. Factors specifically affecting airborne video imaging are discussed here.
Each section consists o a short description of each topic and its relevance to this

study.

GAIN

Gain describes the relationship between radiation and the sensor output of the
charged coupled detector (CCD) array sensor of the video camera. Ordinarily, video
cameras have automatic gain controls (AGC) which continuously adjust the electronic
gain. For this study, the AGC was turned off and the f-stop was used to limit the light
on the sensors such that they were operating in their linear ranges (i.e.. below the
saturation values). This ensured that the cameras were responding linearly to the
received light. The f-stop was set at 5.6 for both the 665-675 nm and 695-705 nm

video cameras.

SUNGLINT
Sunglint is the bright reflection of the sun off of water resulting from specular

reflection and causing sensor saturation. The result is unusable video data.



Sun angle/ Time of day

The angle that the sun forms with the horizon. which is directly related to the
time of day and time of vear, is an important aspect in airbome remote sensing.
Reflections from target objects on the surface may varv. There are three types of
-eflections: specular. Lambertian. and a combination of the two.

A specular, or perfect, reflector will produce a "mirror image" of an object.
Examples of specular reflectors include mirrors and calm waters. [n physics, the law
of reflection states that the angle of incidence is equal to the angle of reflection. When
radiation from the sun strikes a smooth surface, the ray paths are parallel both when
they strike the surface and when they are reflected from the surface producing a
“mirror image" (Figure 2.1). It is this type of reflection that is the primary concem in
remote sensing. [f specular reflection is received by an airbome sensor, the result is

sunglint.

*

X - /
Figure 2.1. Specular reflectance.

Lambertian, or diffuse, reflectors have uneven surfaces and include almost ail
surfaces that are not specular reflectors. When radiation from the sun strikes an

uneven surface, the incoming rays are parallel to each other but are reflected from the

surface in every direction (Figure 2.2).



Figure 2.2. Diffuse reflectance.

A lake is a good example of a combination reflector. When radiation strikes
the surface of a lake, a diffuse component scatters it in all directions and a specular
component concentrates a large portion of the reflections in one direction (Figure

2.3).

Figure 2.3. Combination reflectance.

If an airplane flies over a body of water during late moming or early
afternoon, the chance of sunglint occurring is very high because the sun is at a high
angle to the horizon and so is the airplane (Figure 2.3). Therefore, the best time to

gather airborne video imagery is early in the morning when the sun is at a low angle.



In addition, wind speed is generally at a daily minimum and there is little dust in the
atmosphere in the mormning.
Wind speed

Sunglint may also be related to wind speed. As increased wind speed causes
the surface ot the water to ripple. the water begins to act more like a diffuse reflector
and scatters light strongly in every direction. This may also cause sunglint and
ineffectual data. In general, wind speeds increase in the afternoon. so airborne video
imaging is most effective in the moming when wind speeds are slower. The study
described herein was limited by airplane availability, thus ideal imaging times for
each flight were not possible. Most of the data was collected mid-morning. Some of
the afternoon data was discarded because of the presence of sunglint and was not part

of the final 33 reservoirs analyzed.

DIRECT VS. DIFFUSE RADIATION

There are two types of radiation present in the atmosphere: direct and diffuse.
The amount of total radiation present is the sum of direct and diffuse radiation. Direct
radiation is representative of the beam of radiation coming directly from the sun,
while diffuse radiation represents atmospheric scattering of radiation. The amount of
diffuse radiation present is dependent on the amount of particulate matter in the
atmosphere, primarily water and dust. As the number of particles in the atmosphere
increases, scattering is also increased, resulting in higher diffuse radiation.
Path transmittance/Path radiance

The amount of radiation reaching an airborne sensor (LR) is the sum of the
diffuse radiation reaching the sensor as a result of atmospheric scattering (Lp) and the

radiance being radiated from the target (1) modulated by attenuation (tp):



LR:LP*ITP (l)

Both signals are received by the sensors and are not distinguishable tfrom one another.
‘p varies between 0-1 and is indicative of the ability of radiance from the target to
penetrate the atmosphere.

Path transmittance, or atmospheric attenuation (‘tp), and path radiance (Lp)
approximate an inversely proportional relationship. On clear days, 25 is high while I_p
is very low, and on hazy days, &5 is very low while Lp is high. As g approaches zero,
conditions are hazy and little of a target's signal will reach an airbome sensor,
therefore Lp = Lp, or the radiance received by the sensor is compiled entirely of
atmospheric scattering. In this case, path radiance accounts for all of the radiance
received by the sensor. If the atmosphere is clear (i.e., little dust or water), o
approaches 1 and Lp approaches 0, so the signal received by airborne sensors is
mostly from the target. Conditions during flights of this study were hazy, so the
amount of radiance received by the airborne sensors was most likely a combination of
diffuse radiation and radiance from the target. Since path transmittance cannot be
determined from existing data, images have not been corrected for o If a dark
ground target had been available, path transmittance could have been estimated.
Atmospheric dust

Atmospheric dust may include dust, ash, smoke, pollen, or any other form of
small particulate matter. Most atmospheric dust is located within one kilometer of the

earth's surface and will contribute to diffuse radiation picked up by airborne sensors.

Atmospheric scattering is wavelength dependent.




[f the wavelength of radiation is greater than the particle size. Rayleigh
scattering occurs. Rayleigh scattering tends to affect shorter wavelengths (i.e.. blue).
The scattering of radiation off of gas molecules in the atmosphere is the cause of
"blue sky". Rayleigh scattering is the primary cause of haze in hazy images but can be
corrected with the use of filters.

[t the wavelength of radiation is approximately equal to the particle size, Mie
scattering occurs. Mie scattering affects longer wavelengths than Rayleigh scattering
and is particularly important in the red and near-infrared ranges of the spectrum.
Water vapor and dust promote Mie scattering, so Mie scattering is particularly
significant in overcast conditions.

[f the wavelength of radiation is smaller than the particle size, non-selective
scattering occurs. In this case, all wavelengths are scattered equally (non-selectively)
so objects appear white. Water droplets scatter non-selectively which is why clouds
and fog appear white. All of these types of scattering increase the overall amount of
atmospheric scattering which contributes to diffuse radiation. In this study, since
conditions were overcast on flight days, Mie and non-selective scattering were
probably most prevalent.

Atmospheric water

Water droplets in the atmosphere are also a source of atmospheric scattering
and their formation depends both on the amount of water vapor in the air (humidity)
and the temperature. As the temperature increases, air is capable of holding more
water. As a warm air mass near the earth's surface rises, it expands and cools. Since
the air is cooler, it cannot hold as much moisture and the water vapor will condense to
form water droplets (clouds). This occurs at the dew point temperature. The dew point

at any given time or location will vary as a function of humidity and the rate of



atmospheric cooling with altitude. Generally, the higher the humidity at the surtface.
the lower the altitude at which the dew point will be reached. Humid locations will
often have low clouds or haze. while more arid regions tend to have clouds forming at
much higher altitudes. Both atmospheric water and dust scatter radiation in the
atmosphere creating "noise” in remotely sensed data. Conditions during the flights
were hazy. so atmospheric water probably contributes significantly to atmospheric

scattering.

RADIATION IN THE UNDERWATER LIGHT FIELD

The absorption of radiation in the water column varies with the wavelength of
radiation and the turbidity of the water body. For pure water, absorption is least in the
blue range of the spectrum (450 - 520 nm) and increases slightly for shorter and
exponentially for longer wavelengths (Smith and Baker, 1981; Palmer and Williams.
1974). This is also true for clear ocean waters. For inland waters, however, blue
wavelengths attenuate very rapidly, and the yellow/green wavelengths generally
exhibit the least absorption (Kirk, 1983; Pickard and Emery, 1982). This is believed
to be the result of the presence of higher concentrations of yellow substance in inland
waters than in ocean waters (Kirk, 1983). This explains why, 1n clear ocean waters,
most objects appear blue in color while in inland waters objects appear
vellowish/green. In inland waters, blue wavelengths may only penetrate 0 - 5 m into
the water column while green may penetrate 0.5 - 15 m. The longer wavelengths of
red and near-infrared may penetrate 2 - 9 m and less than 3 m, respectively (Pickard
and Emery, 1982). In summary, for inland waters, longer wavelengths of visible light
generally attenuate less rapidly than the shorter wavelengths, but in the near-infrared

portion of the spectrum, attenuation is very rapid. The relevant wavelengths of this



research fall into the near-infrared portion of the spectrum so they attenuate rapidly

with depth into the water column.

OFF-NADIR DIFFICULTIES

Nadir is a term meaning "straight down". [t is desirable to perform imaging
from the nadir position to minimize atmospheric corrections for sunglint and distance
(the longer the ray path, the more atmospheric scattering). Only nadir images were

used in this study.

CALIBRATION

Calibration of the video imaging system corrects for any influences the system
itself may have on data collection. This includes the video cameras, magnetic video

tapes, video cassette recorder, filter, and electrical system.

10



CHAPTER 3. LITERATURE REVIEW

INTRODUCTION

Fresh water resources are critical to the survival of many species. so it is
imperative that they be protected. Water quality studies have been conducted for
decades. but with the implementation of new technologies, field studies are giving
way to more economical. less time-consuming, remote sensing techniques. These
techniques are also potentially superior as they provide more complete spatial,
temporal, and/or synoptic information.

A review of the literature reveals the long history of attempts made to
determine water quality using remotely sensed data. Landsat images were compared
to field data to determine whether or not any variations or changes in water quality
could be detected from space. As space-borne instruments became better understood,

interpretation of resulting data revealed better, more accurate information.

FIELD STUDIES

Standard water quality tests may include such parameters as turbidity, primary
productivity (chlorophyll-a), dissolved oxygen, nutrients such as nitrogen and
phosphorus, pH, temperature, salinity, dissolved and suspended solids. Traditionally,
a sample of water is collected and taken to a laboratory for analysis. In-situ methods
of data collection exist for temperature, pH, salinity, and dissolved oxygen so these
parameters may be determined quickly with only minimal effort. These parameters
may also be evaluated continuously with such instrumenis as hydrolabs and data

loggers. The remaining parameters, however, must be determined in the laboratory

11



often utilizing tedious and time-consuming methods. This is currently both the most
accurate and the most time-consuming method for determination of water quality.

Use of computer models for scientific studies has become a popular means of
simulating environmental conditions. DeCoursey and Snyder (1969) attempted some
of the first computer modeling of hydrologic parameters. As computer modeling
technology was in its infancy at this time, these models were only marginally
successful. Since that time. technologies have greatly improved. and computer
modeling using field-gathered information has become a solid method of data
analysis. It can be difficult to analyze field data because of various physical restraints.
Computer modeling enables the user to overcome physical restrictions and predict
what may not be physically constructed. For example, a model of the earth's interior
temperatures and pressures cannot be physically duplicated but, using computer
models and available physical data. the interior's thermodynamic structure and

motions may be envisioned.

LANDSAT APPLICATIONS

[n 1967 a program called ERTS (Earth Resources Technology Satellites) was
designed to study the earth from space. Six satellites were to eventually be launched
into orbit around the earth primarily for geologic research. ERTS [ was launched in
1972 and operated until 1978. In 1975, the program was renamed LANDSAT, so
ERTS I was retroactively named LANDSAT I. Five LANDSAT satellites have been
in use: [ 1972 - 1978, I1 1975 - 1982, III 1978 - 1983, [V 1982 - present, and V 1984 -
present. LANDSAT I, II, and III were very similar as were LANDSAT IV and V.

LANDSAT I, II, and III were set into orbit at an altitude of 900 km above the

earth's surface. They made one revolution around the earth every 103 min, or 14 times



per day. The main sensors onboard were part ot the multispectral scanner system
(MSS) which collected data in a digital format usable for computer analysis. Each
picture covers a 185 km swath with 36 m ground spacing between readings. The

wavelengths in which data was gathered included

Band 4 500 - 600 nm
Band 5 600 - 700 nm
Band 6 700 - 800 nm
Band 7 800 - 1100 nm.

Bands 4 and 5 best identified cultural uses, bands 6 and 7 distinguished water bodies,
and bands 6 and 7 were most useful for examining geological features (Lillesand and

Kiefer, 1987). Information included on each LANDSAT image was comprehensive:

date

latitude/longitude for center of image and nadir
sensor and band

direct or recorded reception mode

sun elevation and azimuth

orbital and processing parameters

LANDSAT identification

scene identification number.

LANDSAT IV and V included several modifications. They were put into orbit
at an altitude of 705 km so the space shuttle would potentially be able to reach them if

i3



necessary. Their orbital period is 98.9 minutes. For these satellites. MSS bands 4 - 7
were renamed | - 4 and. in addition to MSS, they also carry the thematic mapper

(TM) system. This system consists of seven nominal bands:

Band 1 450 - 520 nm Blue water

Band 2 520 - 600 nm Green vegetation

Band 3 650 - 690 nm Red chlorophyll
absorption

Band 4 760 - 900 nm Near-Infrared vegetation, soil
moisture

Band 5 1550 - 1750 nm Mid-Infrared soil moisture

Band 6 10400 - 12500 nm  Thermal-Infrared vegetation stress,

soil moisture
Band 7 2080 - 2350 nm Mid-Infrared rocks, vegetation,

soil moisture

As a result of Landsat technology, many scientists realized that a basic water
quality parameter, suspended sediment concentration, might be detected from satellite
sensors (McHenry, et al., 1977; Ritchie, et al., 1976; Ritchie, et al., 1978; Scarpace, et
al., 1979). Further, some believed that the trophic class of a water body could actually
be determined fruin Landsai daia (vicuicii, <t ai., 1279).

As technology onboard Landsat satellites improved, many agreed that

suspended sediment concentration could readily be examined from space, but the

methodology for extracting this information from remotely sensed data was uncertain.

14



Analyzing Landsat data was new territory in the 1970s and research continues to
improve data collection and interpretation primarily with regard to etfects of the
atmosphere on imaging and its correction.

Early successes of Landsat imaging included the ability to isolate and
determine the size of water bodies. the ability to assess the moisture content of
surface soils. and estimation of Secchi depth. Early analyses revealed that land
reflected more light than water, so Landsat data was useful in determining where
bodies of water were located and their surface areas (Boland, 1976). It was also
determined that soils holding moisture appeared darker since water absorbs rather
than reflects light (Wiesnet, 1976).

The simplest and most economic procedure used in the 1970s to examine
Landsat MSS data made use of a microdensitometer. A negative transparency was
obtained for the desired Landsat photograph. A light beam of known intensity was
passed through the transparency and the change in intensity was measured with a
microdensitometer. This was reported as percent transmission or optical density
(Boland, 1976). Tonal characteristics were then evaluated to determine surface
features. Known problems at the time included the inability to analyze a time-series of
photographs, the rarity of microdensitometers, model correlation over time, and the
presence of atmospheric :interferences (clouds, haze, scattering). It soon became
possible to determine land cover types (Robinove, 1982) and estimate suspended
sediment loads (McHenry, et al., 1977; Ritchie, et al., 1976; Ritchie, et al., 1978;
Scarpace, et al., 1979; Whitlock, et al., [981). Later, land resource assessments would
be conducted (Burrough, 1988) and algal reflectance examined (Lin, et al., 1984; Vos,
et al., 1986) from Landsat data.

IS5



In the 1980s. the RIPS (Remote Image Processing System) computer software
was used to obtain digital counts from MSS computer compatible tapes (CCTs). It
provided an inexpensive method of obtaining numerical data without the necessity of
using microdensitometer techniques. Linear regression was performed to determine
the quality of densitometer measurements as estimates of digital counts (Schiebe et
al., 1992). The results were good (r2 =0.98) (Figure 3.1), so many subsequent studies
were based on RIPS data conversion. Digital counts were obtained using RIPS and
then converted into radiance and reflectance values (Robinove, 1982; Markham and
Barker, 1986).

An important part of analyzing satellite imagery is the correlation of results
with field data. This procedure is known as ground truthing. Laboratory experiments
also provide valuable supporting evidence for data accuracy. Relevant studies in the
1980s included the determination of underwater scattering using irradiance
measurements (Kirk, 1981), solar radiance measurements (Igbal, 1983), and radiance
and irradiance values in the field (Duggin, 1980). Studies were also conducted
concerning sensor accuracy and other questions that had arisen about Landsat data

acquisition:

determination of physical values from Landsat data (Robinove, 1982)

satellite radiometer calibration (Price, 1987)

comparison of results after correcting data for atmospheric effects
(Verdin, 1983, 1985)

image interpretation (Lillesand and Kiefer, 1987)

noise removal (Crippen, 1989)

TM and MSS calibrations (Markham and Barker, 1986)

16
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etfective band widths for TM and MSS (Palmer. 1984)
solar constants (Thekaekara, 1970)

atmospheric effects and corrections (Turner and Spencer. 1972)

These studies greatly improved Landsat image interpretation.

Today. research is focused on accurate calibration methods for
instrumentation aboard satellites, detailed laboratory studies designed to accurately
quantify radiance and irradiance measurements, image processing using geographic
information systems (GIS), and ways to further clarify image interpretation. All of

these techniques are correlated with, and verified by, actual field data.

SUSPENDED SEDIMENT CONCENTRATION

Early attempts to establish a universal algorithm for determining suspended
sediment concentration in water bodies (Holyer, 1978) were not successful, but
etforts continued with moderate success (Schiebe, et al., 1987; Curran and Novo,
1988; Topliss. et al., 1990; Hinton, 1991; Ritchie and Cooper, 1991; Ross, et al.,
1991: Lathrop, 1992). Early studies of determining suspended sediment concentration
from space involved the use of hand-held spectroradiometers. These instruments were
tested both in the field and in laboratory settings in order to establish guidelines for
evaluating water reflectance. One such study was conducted at Lake Chicot,
Arkansas. Water samples were taken and evaluated in the laboratory where it was
concluded that the most effective wavelength for evaluating suspended sediment
concentration was 700 - 800 nm (Witte, et al, 1981). Using a portable

spectroradiometer, Ritchie, et al. (1983) determined that as suspended sediment
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concentration (SSC) increased. reflectance increased and determined that the best
wavelengths for examining suspended sediment concentration were 700 - 900 nm.

As Landsat images were first examined. interpretation was based on field data
as well as spectroradiometer readings. A series of Landsat images taken between 1972
and 1979 was analyzed. and it was evident that suspended sediment patterns were
detectable in MSS Band 7 (800 - 1100 nm) but only when sediment concentrations
were greater than 100 mg/L (LeCroy. 1982). Further studies revealed that MSS Band
3 (near-infrared. 700 - 800 nm) had the greatest potential for sensing suspended
sediment concentration (Ritchie and Schiebe, 1986; Schiebe and Ritchie, 1986) as did
TM data from Band 3 (red, 630 - 690 nm) (Schiebe, et al., 1985). It was finally
determined that MSS Band 3 is most effective for concentrations greater than 100
mg/L (Schiebe, et al., 1987), while Band 2 (red. 600.1 - 699.0 nm) reflectance is most
etfective in monitoring SSCs less than 100 mg/L (Ritchie and Cooper, 1991). Since
these wavelengths penetiate water to a limited depth, measurements reflect SSC in the
surface mixed layer only, which roughly corresponds to the epilimnion. The measured
surface SSC must be connected by mathematical modeling to the remainder
(hypolimnion) of the water body (Stefan, et al., 1984).

Radiance (upwelling) describes the amount of radiation being reflected by a
surface. Irradiance (downwelling) is the amount of incoming radiation from the
atmosphere. Reflectance, in general, is determined by dividing radiance by irradiance

(Lillesand and Kiefer, 1987):

—=nly
EREF; = Ecc Ej sina (1
where EREF; = exoatmospheric reflectance
A = wavelength band of instrument
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E, = avg. solar irradiance at top ot atmosphere for that

wavelength

Ecc = eccentricity correction factor (Igbal. 1983)
a = elevation angle of sun
L, = spectral radiance

A relationship, based on the physics of light scattering from particles
suspended in water, between reflectance and SSC was developed by Schiebe (1997,

personal communication) and Schiebe, et al. (1987):

EREF; = B(1 -¢°%/5) (2)

where EREF; = exoatmospheric reflectance

¢ = concentration of suspended sediment (mg/L)

B = constant describing the maximum reflectance

s = concentration constant.

§

At a concentration equal to s, the model predicts a reflectance of 63% of the
asymptotic value (B). This equation describes the relationship between atmospheric
reflectance and the reflectance of sediment laden water measured just above the water
surface.

In further studies of Lake Chicot water quality was analyzed using remotely
sensed data before and after the installation and operation of three hydraulic structures
used to control inflow, outflow, and lake level. These controls were utilized to
regulate the water and suspended sediment levels in the lake (Harrington and Schiebe,

1989). Landsat MSS images revealed distinct differences in SSC: before the
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structures were added. water retlectance was much greater than after the structures
had been installed. Subsequent to installation of these structures, SSCs were greatly
decreased and the water absorbed more light than it reflected. [t was concluded that
variations in water quality in terms of SSC could easily be determined from remotely
sensed data because water reflects light based on the concentration of suspended
solids (Harrington. et al.. 1992).

Band ratios are often used to reduce atmospheric effects (Curran and Novo.

1988): use of such ratios has the following advantages:

e may classify images by spectral characteristics (Hilton, 1984),

e more information may be obtained about the shape of spectral curves because
two band widths are being combined (Lillesand and Kiefer, 1987), and

e variations in irradiance acting equally in all spectral bands are annulled

(Dekker, et al., 1991).

Topliss et al. (1990) designed an empirical algorithm for SSC based on data

from highly turbid Canadian coastal waters:
Log,SS=-9.2Ryjp + 2.8 Ryp2 +9.4 3)

where SS = surface sediment concentration (mg/L)

Ry =ratio of reflectance (MSS Band 1 to Band 2).

A similar algorithm was derived by analysis of data from Enid Reservoir,

Mississippi (Ritchie and Cooper, 1991). After determining the ratio for all
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combinations ot MSS bands. they found that the ratio ot MSS Band 1 to MSS Band 2
vielded the best coefficient of determination (0.59). This was improved (0.80) by

raking the log ot SSC to determine the best tit equation:
Log,SS =-9.21 Ry;5 ~ 271 Rj 9= = 8.45 (4)

The similarity of these equations, even though one is for coastal waters and
the other for an inland reservoir, suggests that development of a universal algorithm
for estimating SSC from Landsat MSS data may be plausible. Lathrop (1992),
however. determined that an algorithm developed from TM data for Green Bay and
Lake Michigan, Wisconsin (turbid inland waters) could not be used for the
oligotrophic waters of Yellowstone or Jackson lakes in Wyoming. In addition. Hinton
(1991) believes that algorithms based on regression may not be used universally
because of differing water conditions, so a database of algorithms should exist from
which one could choose the appropriate equation based on site-specific water
conditions. He also suggests that eigenvector analysis of radiance data, which has
potential for determining the composition of material in suspension, may be used as a
criterion for selecting an appropriate algorithm.

Lake Thunderbird, Oklahoma, as well as 15 other lakes in Oklahoma, were
examined over a two year period (Menzel, et al., 1989: Ross, et al.,, 1991). Land
surfaces are more reflective than water surfaces, and water is detected most easily in
MSS Band 4 since it absorbs light strongly in this wavelength band. Therefore, water
surface maps may be created using this principle (Ross, et al., 1991). In addition, by
adding another constant, A, equation 1 may be modified to include energy as a result

of light scattering in the air (path radiance) in the direction of the satellite detector:



EREF) = A = B(1 - ¢©'S) (5)  (Figure 3.2)

Using this equation. sediment classes could be detined by assigning values of SSC to
the various shades of gray in MSS Band 3 images. This concept was used to make
seasonal SSC maps of Lake Thunderbird.

A study of Delaware Bay, using data collected from NOAA's AVHRR
(Advanced Very High Resolution Radiometer) satellite attempted to relate SSC to the
diffuse attenuation coefficient (result of in-situ measurements from an underwater
irradiance meter) (Stumpf and Pennock, 1991). A strong linear relationship was found
to exist between the red (580 - 680 nm) and near-infrared (720 - 1000 nm)
wavelengths and SSC (Figure 3.3), further proof that reflectance increases in certain
wavebands as SSC increases.

Eleven years of data from Lake Chicot, Arkansas was examined to determine
the best wavelengths for evaluating SSC from exoatmospheric reflectance (EREF).
Plotting EREF versus SSC, an increase in SSC resulted in an increase in reflectance.
Using regression analysis, the strongest relationship existed for MSS Band 3 (near-
infrared, 700 - 800 nm, r2 = 0.72) and is best described by a saturating exponential
relationship similar to equation one (Schiebe, et al., 1992). MSS Band 2 (red, 600 -
700 nm, r2 = 0.70) is also good for predicting SSC. These results agreed well with
those of previous studies. Since Secchi depth data is readily available in the literature,
the Secchi depth versus reflectance relationships were examined. Since Secchi depth
decreases and turbidity increases with increasing SSC, reflectance may also be used
to predict Secchi depth or turbidity using band 2 or 3 (Harrington, et al., 1992).
Generally, red and near-infrared wavelengths are best for evaluating the surface water

qualities of SSC and Secchi depth from remotely sensed data.
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[t is of significance to note that empirical algorithms are. in general. inferior
to those developed from physically-based theoretical models. Physically-based
models tend to have wider applicability. Empirical algorithms or algorithms based on
statistical methods tend to be limited to the circumstances that were used to develop
them. [t is unacceptable to use statistical formulation beyond the range ot data. For
physically-based theoretical models. when the process involved is understood.

conclusions can be drawn beyond the range of data.

LABORATORY STUDIES

Chen, et al. (1991) conducted a laboratory study using a spectroradiometer to
determine the relationship between SSC in water and reflectance (Figure 3.4). They
analyzed 875 wavebands (350 - 2500 nm) for 18 different sediment types/grain sizes
at 30 different concentrations (0 - 1300 mg/L). It was concluded that a log-linear
relationship existed for wavelengths between 450 and 700 nm, while the relationship
for wavelengths 700 - 1050 nm was linear. They then measured spectral radiance,
found its derivative with respect to wavelength, determined SSC in both a laboratory
setting and at sea (Chen, et al., 1992), and found a strong correlation between SSC
and the derivative of spectral radiance in both environments. [n general, the derivative
increased with SSC on the shorter wavelength side of absorption features and
decreased with SSC on the longer wavelength side. Even though relationships were
stronger in the laboratory than at sea, they recommended the use of derivatives for
evaluating SSC from reflectance. The use of derivatives was also supported in later

studies conducted by Han, et al. (1994).
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SSC AND CHLOROPHYLL-A

Much research has been completed about the relationship between SSC and
spectral reflectance. Having a foundation for analyzing data gathered by remote
sensing platforms. scientists have begun to expand upon the types of subject matter
that may be investigated with this new research tool. Primary productivity. which
may be estimated by chlorophyll-a concentration. was a logical step since the
necessary technology should presumably be extended from SSC analyses. [t was later
~oncluded, however, that analysis may be similar, but behavior in the light field was
quite different. Suspended sediments primarily scatter light, while algal cells absorb
many wavelengths of radiation.

Both scattering and absorption of underwater light is great in eutrophic lakes.
Absorption affects the spectral response of water because it takes place at specific
wavelengths. Lathrop, et al. (1991) examined TM data from Green Bay, Wisconsin.
This section of Lake Michigan has a variety of trophic states ranging from
hypereutrophic at the southern end to oligotrophic in the north. They determined that
suspended solids had the most effect on reflectance and saw no evidence of
chlorophyll-a absorption in these highly turbid waters. As SSC increased, both
backscatter and reflectance increased across all wavelengths. Peak response occurred
in the longer red wavelengths with the preferred exponential model utilizing a Band 3

to Band 1 ratio (660 nm / 485 nm) (Figure 3.5):

y = aebX (6)
where y=SSC
x = the reflectance ratio

a,b = regression coefficients.
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This TM data also correlated well with Secchi depth.

The rivers Don and Severny Donets. the Sea of Azov. and Lake Balatov in
Russia were evaluated using portable spectroradiometers at a height of 10 - 153 m. [n
this studv. Gitelson and Kondratyev (1991) noticed that a chlorophyll-a minimum
occurred at about 670 nm and a maximum between 685 nm and 700 nm. The
maximum. however. shifted towards longer wavelengths as the chlorophyll
concentration was increased. As a result, they empirically determined that

chlorophyll-a concentration was related to a 700 nm / 675 nm ratio by

Cehl = azP (7)
2 =098
where C.p; = chlorophyll concentration
a =67.67 mg/m3
b =275
z = ratio (Ex: 700/675)
note: a and b depend on the size and type of suspended sediments,

phytoplankton composition, dissolved organic matter, etc.

Radiance and irradiance, measured with a submersible spectroradiometer on
the Loosdrecht Lakes, Netherlands, exhibited the following features (Figure 3.6)
(Dekker, et al., 1991):

. low values from 400 - 500 nm attributed to absorption by

yellow matter and chlorophyll-a,
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o increased values up to 600 nm representative ot low absorption
and increased scattering with an increase in SSC.

e a minimum at 630 - 640 nm which was probably a result of
cyanobacterial absorption,

o chlorophyll-a absorption band at 675 - 680 nm. and

o a peak at 700 - 720 nm.

A PMI (Programmable Multispectral Imager) was also flown over the study area at an
altitude of 1000 m and eutrophic plumes were evidenced easily on images by the
darker shades of gray.

Analyzing three lakes with high SSCs, Ritchie, et al. (1994) tried to
distinguish chlorophyll-a content. They found that, in general. chlorophyll-a
concentration was inversely proportional to SSC. For example, chiorophyll-a
concentrations greater than 100 mg/rn3 were found in waters having low SSCs (40 -
80 mg/L). This may be a result of the high SSC l[imiting light and preventing algal
growth. They concluded, however, that chlorophyil-a could not be measured by broad
band (100 nm) MSS data because its reflectance was masked by the reflectance of the
suspended sediments and they recommended the use of narrow band (10 - 15 nm
widths) spectral resolution centered at approximately 675 nm and 705 nm. Novo and
Shimabukuro (1994) studied waters of the Brazilian Amazon and detected a
:orrelation between reflectance in the 600 to 700 nm spectral region and chlorophyil
concentration. Laboratory studies (Dekker, et al., 1991; Quibell, 1992; Gitelson, et al.,
1993) have also indicated the existence of a reflectance minimum at 675 nm and a
maximum at 705 nm. It is believed that this spectral pattern is due to absorption by

chlorophyll. Gitelson (1992) noticed that the minimum does not vary with a change in
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chlorophyll concentration. but the maximum shifts from 685 nm at very low
concentrations to 715 nm at concentrations ot 100 mg/ms.

Quibell (1991) conducted a laboratory study in which chlorophyll was grown
in tanks of water having various concentrations (200 - 600 mg/L) of suspended
sediment. He concluded that the primary spectral characteristics of chlorophyll in
water remained intact: the algal absorption minimum at 660-670 nm and the algal
ceflectance peak at 700-720 nm. Han, et al. (1994) performed a similar experiment
with sediment concentrations ranging between 50 and 1000 mg/L at chlorophyll
concentrations of 295 and 718 ug/L. They also noticed the preservation of the
chlorophyll signature: a minimum near 675 nm and a peak near 700 nm (Figure 3.7)
and concluded that the positions of the minimum and maximum were primarily
dependent on the algal chlorophyll in water and not the SSC.

In a related study, Filella and Penuelas (1994) examined various plant types
with a hand-held spectroradiometer in order to determine red edge parameters. The
red edge is the point of maximum slope in vegetation reflectance spectra occurring
between the wavelengths of 680 nm and 750 nm where reflectance varies from very
low in the red absorption region to very high in the near-infrared (as a result of
scattering). They concluded that chlorophyll content was related to the wavelength of
the red edge.

Yacobi et al. (1995), using a portable spectroradiometer fixed 2 m above the
surface at various locations on Lake Kinneret, Israel, further examined reflectance in
relation to chlorophyll content. They also detected the minimum at 670 nm and the
maximum at 700 nm (which shifted to longer wavelengths with increasing amounts of
chlorophyll). In an effort to determine a relationship between reflectance and

chlorophyll content, they believed that "chlorophyll estimation should depend solely
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Reflectance factor (%) = (L/B) x Cal x 100
L = wavelength-specific target radiance
B = corresponding radiance from reflectance panel
Cal = calibration factor for panel
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on chlorophyll and no other water constituents. and should not be intluenced by
survey conditions.” Therefore. since the minimum at 670 nm is insensitive to
chlorophyll content and the maximum near 700 nm is distinctly related to
chlorophyll. these are the wavelengths that should be used to determine chlorophyil
concentration.

In order to analyze reflectance. Yacobi. et al. (1995) created an index: Rmax /
R670 and compared calculated values with chlorophyll measured in-situ. This

resulted in the following relationship:
Chlpred =35.14 + 0.86 Chlypyepg (8)
with r2 = 0.96 and an estimated error of less than 9.53 mg/m3.

Results, however, consistently underestimated chlorophyll content, so they designed
two new methods. Both used the concept of a baseline. They chose two reflectance
points, 670 nm and 850 nm, drew a straight line between the two and labeled this the
baseline. In the first method, reflectance line height (RLH), the distance between the
baseline and the reflectance maximum near 700 nm, was calculated and, in the
second, the sum of reflectance above the baseline was calculated. Both gave similar
results and avoided problems created by variations in peak location and shape; thus

the following relationship was proposed:
Chlpred =1.07 + .91 Chlpeqg 9

with r2 = 0.98 and an estimated error of less than 6.18 mg/m3.
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The stability of their model depended on the taxonomic composition of
phytoplankton. particle size of non-living material. nature of dissolved matter.
changes in the underwater light field. technical limitations. and waves. Yacobi. et al.
(1995) recommended that chlorophyll assessment from remotely sensed data be
performed using three wavebanus: 665 - 675 nm, 703 - 715 nm. and 830 - 870 nm.

[n 1995. Repic, et al. analyzed data from the Little Washita River watershed.
They compared airborne video data and measurements taken with a hand-held
spectroradiometer. Using a simple difference relationship between reflectance at 700
nm and at 670 nm, they concluded that chlorophyll content could be estimated from
airborne sensors.
SUMMARY

Many studies have been performed examining the nature of the relationships
between reflectance, SSC, and chlorophyll-a concentration. Whether performed in the
laboratory, in the field. or from remote sensing platforms, the same general
conclusions have been reached. Exoatmospheric reflectance of water bodies in the
near-infrared wavelength range depends on the amount of suspended solids present:
as SSC increases, reflectance increases. This relationship may be detected even by
broad band (100 nm width) sensors of the various satellites. Chlorophyll-a
concentration, however, is masked by the presence of SSC on these broad band
sensors but may be evidenced using narrow band filters (10 nm width) at lower
altitudes. Since chlorophyll-a absorbs light strongly at about 670 nm and reflects light
near 700 nm, the behavior of reflectance at these two wavebands is examined herein

to determine chlorophyll-a concentration.
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CHAPTER 4. METHODS

INTRODUCTION

The purpose of this chapter is to describe the methods used during this research
project. It will provide a step-bv-step description of data collection and analysis so
that the study may be reproduced by anyone wishing to perform similar research. The
method is then illustrated by stepping through the entire process using one of the

reservoirs of the Little Washita River Watershed.

DESCRIPTION OF STEPS
Step 1. Assemble pertinent data.

Compile aerial images, water quality data (chlorophyll concentration), and solar
radiation data.

Aerial Images. [n August of 1994, three flights were made over reservoirs of the
Little Washita River Watershed: the morning and afternoon of the 19th and the
morning of the 23rd. Flights were scheduled to accommodate the availability of the
Endeavor Space Shuttle whose SIR-C/X-SAR microwave sensors were utilized in
other areas of research. The entire project involved personnel from many different
agencies and universities including the Oklahoma Conservation Commission,
Oklahoma State University, and NASA. The video flights were organized and flown
by personnel of the Agricultural Research Service in Durant, OK and Weslaco, TX.
The purpose of these flights was to obtain reflectance images from the surface waters
of each of the flood control reservoirs within the watershed and use them as indicators

of certain water quality/productivity parameters. The dates and times of the aircraft
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overtlights were predetermined by scheduling considerations so. unfortunately. the
majority of the data tor this study was obtained under overcast conditions.

A twin engine airplane was equipped with three panchromatic video cameras
with tixed 12.5 mm focal length lenses. [t was tlown at an altitude of 6500 ft at an
average plane speed of 125 knots. Video cameras are equipped with internal
automatic gain controls (AGC) which adjust for variable lighting conditions. This
AGC feature was disabled so that camera sensitivity was controlled by f-stop only.
Each camera was fitted with a narrow band filter so the camera would record only a

small portion of the electromagnetic spectrum as shown in Table 4.1.

Table 4.1. Camera Filters

Filter center F-Stop  Band width Effective wavelength
wavelength (nm) band
(nm) (nm)
670 2.8 10 665 - 675
700 2.8 10 695 - 705
800 5.6 70 765 - 835

Images were obtained by the video camera and recorded on video tape using a video
cassette recorder (VCR). Images of each reservoir were “grabbed” from each of the
three video tapes providing an image of each reservoir at each of the designated
wavelengths: 670 nm, 700 nm, and 800 nm. Since there are several minutes of video
for each reservoir, the image that was grabbed was the one located as close to the
nadir (straight down) position as possible. This decreases the need for various

atmospheric corrections that would be required if an image from another angle was
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utilized for the study. The images ot the reservoirs were imported into the Geographic
Information System (GIS) [DRISI for analysis.

Chlorophyil Concentration. Samples were collected by personnel of the
Agricultural Research Service (ARS), Oklahoma Conservation Commission. and
Oklahoma State University from each reservoir on the same dates that the airborne
data was collected. Samples were taken in the middle of the reservoirs near the dams
(at the deeper portions of the water bodies) so that samples would be representative of
the reservoir rather than the rniver input or areas having high rates of runoff. Samples
of surface water were collected for analysis in the laboratory. Data collected in situ
included site depth, Secchi depth, pH, and conductivity. Subsequent laboratory
analyses performed at the ARS Water Quality Laboratory in Durant, OK included
turbidity. total solids, total dissolved solids, total suspended solids, total nitrogen.
ammonia, nitrate, total phosphorus, dissolved phosphorus, and chlorophyll
concentration (phaeophytin corrected, trichromatic equations). The focus of this study
is the surtace chlorophyll concentration.

The chlorophyll concentration was determined using methods from Lind (1979).
One liter samples of water were collected at the surface of each reservoir. Samples
were kept cool in an ice chest. Samples were filtered through a 0.8 um, 47 mm glass
filter until the filtering rate began to decrease. At this time, the filter was placed into
a 1-inch test tube and the volume of water filtered was measured. Filters were frozen
until being processed. The filter was ground in a tissue grinder with 2 to 3 mL of
acetone, transferred to a centrifuge tube, and stoppered for extraction. After remaining
overnight in a dark refrigerator, the fluid was centrifuged and decanted into a 10 mL
graduated cylinder. Then 10 mL of solution was made by adding 90% alkalized

acetone. Using a blank of acetone, absorbance (abs) was measured at 750, 665, 645,
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and 630 nm. The absorbance at 750 nm was subtracted from each of the other
absorbances to correct for turbidity. The following trichromatic equations were then

used to determine chlorophyll-a. chlorophyll-b. and chlorophvll-c concentrations:

chl-a = 11.6(abs at 665 nm) - 1.31(abs at 645 nm) - 0.14(abs at 630 nm) (1)
chl-b = 20.7(abs at 645 nm) - 4.33(abs at 665 nm) - 4.42(abs at 630 nm) (2)

chl-c = 35.0(abs at 630 nm) - 4.64(ab§ at 665 nm) - 16.3(abs at 645 nm) (3)

Samples were also corrected for phaeophytin, which is a product of the
degradation of chlorophyll that also absorbs light at chlorophyll wavelengths. After
absorbance was determined at 750 and 665 nm, the samples were acidified with one
drop of 1.0 N HCI. After one minute, the absorbances were remeasured and corrected
for turbidity. The amount of phaeophytin was then subtracted from the chlorophyll
measurement.

Solar Radiation Data. The Mesonet is a comprehensive network of 108 weather
stations in the state of Oklahoma. There is at least one station in each county which
collects data every five minutes and transmits it to the Oklahoma Climatological
Survey at the University of Oklahoma every fifteen minutes. The collected data
includes air temperature, incoming solar radiation (irradiance), wind speed and
direction (at 10 m), rainfall, barometric pressure, relative humidity (at 1.5 m), and soil
temperature at a depth of 10 cm under bare soil and natural grass cover.

The Micronet is a component of the Mesonet located within the Little Washita
River Watershed (Figure 4.1). There are 45 Micronet stations within and immediately
surrounding the watershed that measure the same parameters as the Mesonet stations.

The only difference is in the measurement of wind speed and direction. These
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parameters are measured at a height of 10 m on the Mesonet stations and at 2 m on
the Micronet stations. The Micronet was established in order to obtain comprehensive
climatological data in a relatively small area in order to observe tine-scale weather
events. This study utilizes the solar radiation data collected at the Micronet stations.
Step 2. Select reservoirs for use in study.

There are 45 flood retention reservoirs in the Little Washita River Watershed
(Figure 4.2). A complete set of data necessary for this study was available for 33 of
the reservoirs. Data sets were incomplete for various reasons including inaccessibility
to the reservoirs for sampling and images of poor quality. The 33 reservoirs analyzed
varied in chlorophyll-a concentration from 1.18 to 206.28 mg/m3, and suspended
sediment concentration ranged from 0.5 to 21 mg/L as determined in the laboratory
(ARS, 1994).

Step 3. Select area of reservoir(s) for analysis.

[n order to develop the scale of the maps, it was necessary to determine pixel size.
The cameras each had a 2/3 inch CCD (charge coupled detector) array with 640x480
active sensors in the horizontal and vertical directions respectively. Using a COHU
Multifunction CCTV Calculator, the field of view was determined to be 4600 ft
(38.5°) in the horizontal direction and 3450 ft (29.5°) in the vertical direction.
However, since images were recorded on a VCR with only 400 line horizontal
resolution, the basic pixel size was reset to 3450 ft /400 = 8.625 ft (2.63 m). Thus,
each pixel represented an area 0f 2.63 m x 2.63 m, or 6.92 m 2 in size.

The next step was to determine an appropriate pixel array size to be analyzed in
this study. This was accomplished by comparing pixel array size to radiance for

several reservoirs to establish where average radiance values became consistent. The

determination of the radiance value from a pixel is described in step four. Four
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reservoirs were chosen based on their widely varying concentrations of chlorophyll-a
and suspended sediment. A 10x10 window ot pixels was evaluated for the 700 nm
waveband. which was chosen because it has the highest degree of sensitivity to
chlorophyll concentration. from these four reservoirs in order to determine a
representative average value of radiance (Ritchie and Cooper, 1987). Pixel array
sizes from Ix1 to 10x10 were evaluated (Table 4.2). The 1x1 array was located in the
upper left-hand comer of the window. Successive pixel arrays were chosen down. and
to the right of the previous array. Figure 4.3 shows that the average radiance
approached a fairly constant value by a 7x7 pixel array size for all of the reservoirs
and would therefore be the minimum acceptable size. This study utilized a pixel array
size of 10x10 (Appendix A), which corresponds to an area of approximately 692 m2.
Array sizes larger than this become problematic, especially in the smaller reservoirs,
as values may become variable as a result of changing surface water conditions
(nearshore sediment influx or plant growth) or unintentional incorporation of land
surfaces into average water values.

The locations of the arrays were chosen to be as near where the field samples were
collected as possible. For each of the 33 reservoirs, an average value for the 10x10
digital number pixel array was determined for each of the relevant wavelengths (670
nm. 700 nm, 800 nm). The data is shown in Appendix B.

Step 4. Convert original imaging data (DN) into radiance (uW/cmzlsr) based on
ground-truthing methods.

The initial images recorded by the cameras are simply digital number images in
which each shade of gray is assigned a separate value. These values are scaled
numerically from black through gray to white. It is difficult, however, to evaluate

these numbers in a physically meaningful way. The cameras, therefore, must be
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Reservoir

26
11
42
43

1x1

6.33
6.79
6.79
7.41

2x2

6.56
6.45
6.83
7.18

3x3

6.55
6.59
6.90
7.22

Table 4.2.

4x4

6.58
6.57
6.92
127

Comparison of pixel array size

Pixel Array Size

(Radiance uW/cm2/sr)
5x5 6x6
6.58 6.54
6.56 6.61
7.01 7.04
7.23 7.30

x7

6.60
6.58
7.02
7.31

8x8

6.61
6.58
704
7.30

9x9

6 61
6.57
702
735

10x10

663
6 56
7.03
732
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calibrated to provide physically meaningtul data. In order to accomplish this. the
plane flew over a series of five panels: white. gray-white. gray, gray-black. and black.
As the airborne video cameras recorded the shades of gray. spectroradiometers on the
ground were hand-held directly above the panels in order to determine actual radiance
values. Three points on each panel were evaluated in order to establish the
relationship between digital numbers recorded by the video camera and radiance
measured using the spectroradiometer. Saturation was reached when the CCD sensors
in the video cameras reached their maximum and did not respond to further increases
in radiation. Using regression analysis, the panel data was used to generate a

relationship between radiance (L) and digital number (DN) for each camera:

L(670)=4.31 +.069 (DN) DN<172 (Figure 4.4) (4)
L(700)=-3.37 +.154 (DN) DN<160 (Figure 4.5) (3)
L(800) =15.2 + 1.59 (DN) DN<165 (6)

where the multiplicative coefficients have units of uW/cm?/st. The average DN value
of every reservoir at each of the relevant wavelengths (calculated in step three) was
then converted. using the above equations, into radiance values. The results are listed
in Appendix B.
Step 5. Convert radiance values into reflectance by incorporating solar
irradiance data from the Oklahoma Mesonet/Micronet.
Radiance images are converted into reflectance (R) images by examining the
irradiance (I), or incoming solar radiation. This step “normalizes” the data to correct
for variable atmospheric conditions such as cloud conditions and sun angle which

influence the amount of irradiance illuminating the target reservoirs. The data
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Figure 4.4. Video camera calibration for 670 nm waveband.
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Figure 4.5. Video camera calibration for 700 nm waveband.
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obtained from the Micronet stations included the UTM (Universal Transverse
Mercator) coordinates for each station and incoming solar radiation values (reported
in W.m=) at each station every tive minutes (Table 4.3). It was also necessary to
determine the UTM coordinates for each ot the reservoirs and to find the Micronet
stations located nearest each reservoir. These coordinates were determined. using
[DRISI. from a satellite image of the watershed.

In most cases. flight times did not correspond exactly with the times data was
reported at the Micronet stations (Table 4.3). A manual interpolation in time was
.herefore necessary. Using data from the stations nearest to the reservoir, the two
times bracketing the flight time were determined, and irradiance values from the
stations at those times were recorded. Linear interpolation was then performed for
each stations in order to obtain an irradiance value for each of the stations at the
actual flight time.

An interpolation in space was also required in order to determine an irradiance
value for each reservoir relative to the irradiance values measured at the adjacent
Micronet stations. This was achieved using the interpolation package in IDRISI. The
UTM coordinates of the Micronet stations and their respective irradiance data were
input into IDRISI which generated a "surface" using an inverse distance-squared
relationship. This resulted in the generation of an irradiance map around each
reservoir at its respective flight time. These contour maps produced smooth surfaces
with no noticeable areas of high irradiance concentrations. The UTM coordinates of
the reservoirs were then used to determine the approximate irradiance illuminating the
reservoir at the actual time of the imaging flight (Table 4.3). This irradiance value,

however, is representative of the entire visible and near-infrared spectrum. Only a
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Reservoir

Flight time

02:34:43 pm
02:34:43 pm
02:33:31 pm
10:44:30 am
10:43.23 am
10:46:55 am
10:14:51 am
10:15:03 am
10:17:35 am
02:28:35 pm

02:26:35 pm

10:24:28 am
10:38.31 am
10:29:52 am
10:37:17 am
10:34;56 am
10.36:14 am
11:04:31 am
11:02:53 am
02:24:05 pm
02:24:30 pm
11:11:.03 am
10.29:49 am
10:32:40 am
10:27.07 am
10:22:15 am
10.58:08 am
10:56:51 am
10:23:53 am
03:04:22 pm
10:52:51 am
10:53:15 am
11.01:38 am
10:38.42 am

Mesonet
station(s)
used

121,137

145, 156, 144, 157
145, 156, 144, 157
145, 146

155, 156, 159, 160

182, 161, 160, 155

182, 161, 162, 154
162

162, 163, 154, 153
153, 163

153, 163, 164, 152
153

123, 122
149
162

Table 4.3. Data for Reservor and Time interpolations

Station
time(s)
used

02.35 pm
02.35 pm
02:30, 02:35 pm
10.45 am
10:40; 10.45 am
10:45, 10:50 am
10:15 am
10:15am
10:15; 10:20 am
02:25; 02:30 pm

02:25; 02.30 pm

10:256 am
10:35; 10.40 am
10:30 am
10:35; 10:40 am
10:35 am
10:35; 10:40 am
11.05 am
11.00, 11.05 am
02.20; 02:25 pm
02:25 pm
11:10; 11:15 am
10:30 am
10.30; 10:35 am
10.25; 10:30 am
10:20; 10:25 am
10.55; 11.00 am
10:55; 11:00 am
10.20; 10:25 am
03.05 pm
10.50; 10.55 am
10.50; 10:55 am
11.00; 11:05 am
10.35; 10:40 am

Mesonel irradiance
for mulliple times
(W/m*2)

(requiring ime inlerpolalion)

891.98, 681.93, 467.59, 7117 27

244.59, 232 27
232.27, 280.28

72162, 721 65, 73455, 732.97
869.88, 912.62, 914.52, 814 .09,
856.44, 929.71, 863.07, 809.39
835.64, 679 24, 814.09, 869 .88,
861.78, 664.97, 809.39, 856 44

304.11,27313
562 .44, 322.5, 922 17, 546.97
762.96, 775 57

417.37,378.11, 435.63, 458.05
861.48, 842.56

450.08, 3706

76428, 773 21

391 67, 529 19, 256 41, 357.7
733.20, 732.97, 746.88, 746.03
839.79; 782 59

736.54, 676 86

692.73; 362 .46

316.74, 290.04, 307.88, 313 .04
316.74, 290.04; 307.88, 313.04
43563, 458.05
304.11,273 13

Station
wradiance

at ime of
reservoir fight

(Wim42)

467 59, 717 27
467.69,717.27

577,706

298 51

238

252

72162, 733 20, 736 52, 749
72162, 733.20, 736 52, 749
730, 729

860, 925, 880, 810

841,675, 812, 866

748.51, 610.53, 788 39, 755
282

799 11, 778.43, 764.28, 752
702, 414

562.44, 322.5, 320, 893 02
768

378 11

428, 423

848

842.56, 837 21

432

296.41

770

353, 465

740, 740

808

715

440

736 54, 715 57

313, 300

312, 302

444

280

Reservour
rradiance
at fight ime
(Wim*2)

584 11
567 46
61140
298 51
238 00
252 00
72720
72720
72940
863 67

802 33

693 53
282 00
780 55
490 80
434 60
768 00
378 11
427.00
848 00
838 28
43200
296 41
770 00
41273
740 00
808 00
71500
440 00
729 55
304 33
306 67
444 00
280 00



small fraction of this in the appropriate wavelength band is required to normalize the
measured radiance.

Lulizing spectra collected by Harrington (1996. personal communication) (Figure
4.6) on-site during the ftlights, the total area under the curve and the area of the
.elevant wavebands (1.e.. 665-675 nm, 695-705 nm) was determined and ratioed. This
resulted in the fraction of incoming radiation in these wavebands with respect to

incoming total solar radiation measured at the Micronet stations:

b = spectral area (yaveband) / spectral area (total) (7

This resulted in b(665-675) = 0.029844 and b(695-705) = 0.02433. Taking this

into account, reflectance was calculated using

R ==L/bl (8)

where [ is the irradiance interpolated in space and time from the Micronet data. The
results are listed in Appendix B.
Step 6. Develop relationship between DN, radiance, and reflectance
difference (700 nm - 670 nm) and chlorophyll-a surface concentration. This
will result in the development of a model which best describes chlorophyll-a
surface concentration from remotely sensed data.
As previously discussed, the difference between light reflectance, measured at
670 nm and 700 nm, is strongly related to the amount of chlorophyll-a present in a
water body. This difference method is related to the first derivative method described

by Han, et al. (1994), Rundquist, et al. (1996), and Schalles, et al. (1997).
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Figure 4.6. Incoming solar radiation (after Harrington, 1996, personal

communication).
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The initial images imported into [DRISI were simply digital number images in
which each shade of gray of the black and white image is assigned a separate. though
physically meaningless. vaiue. For each of the 33 reservoirs. an average value for the
10x10 digital number pixel array was determined tor each of the relevant
wavelengths. The difference between DN at 700 nm and 670 nm was then calculated
and compared to chlorophyll concentration for each reservoir (Figure 4.7). This
process was also followed after processing the data into radiance and reflectance
values (Figures 4.8 and 4.9).

Multiple models were analyzed before one was chosen that most reasonably and
accurately described the relationship between chlorophyll-a surface concentration and

remotely sensed data.

ILLUSTRATION

In order to illustrate the methods used in this study, the process of obtaining the
data for reservoir #2 is described.
Step 1.

Aerial Images. The flight over reservoir #2 occurred on August 19, 1994 at
2:33:31 pm under cloudy conditions.

Chlorophyll Concentration. Water samples were collected and later analyzed in
the laboratory with the result being a surface chlorophyll-a concentration of 5.24
mg/m3.

Solar Radiation Data. Since data is collected every 5 minutes at the Micronet
stations, solar irradiance at 2:30 pm and 2:35 pm was used in order to bracket the
flight time of approximately 2:33 pm.

Step 2. Reservoir #2 was one of the reservoirs for which all of the data was available.
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Step 3. The area chosen for analysis was near the dam in the same vicinity that the
water sample was collected. The upper-left-hand-corer coordinates in [DRISI for the
10x10 pixel array analyzed were 93 (column), 288 (row) for the 670 nm image and
465, 222 tor the 700 nm image. The average DN values from these 10x10 pixel arrays
were calculated by [DRISI to be 35.33 at 670 nm and 79.75 at 700 nm.

Step 4. The DN values were converted into radiance values using the radiance
equations for 670 nm and 700 nm. Radiance was calculated to be 6.75 uW/cm?'sr for
670 nm and 8.91 uW/cm?/sr for 700 nm.

Step 5. The UTM coordinates for the central portion of reservoir #2 were determined
to be 601890.0 (x) and 3868102.5 (v). This location was determined in [DRISI using
a satellite image of the Little Washita River watershed.

The nearest Micronet stations to reservoir #2 were stations #121 and 137. Since
data is collected every 5 minutes at the Micronet stations, solar irradiance at 2:30 pm
and 2:35 pm was used in order to bracket the flight time of approximately 2:33 pm. In
Table 4.3, it can be seen that at 2:30 pm the irradiance at station #121 was 891.98
W/m=> and at #137 was 681.93 W/m2. At 2:35 pm irradiance was 467.59 W/m? at
#121 and 717.27 W/m? at #137. Performing an interpolation in time for 2:33 pm. the

2

irradiance at station #121 was determined to be approximately 577 W/m< and at

station #137 approximately 706 W/mZ.

Using IDRISI, the coordinates of both Micronet stations (#121, #137) and their
respective irradiance values (577 W/m2, 706 W/rnz) at 2:33 pm were inserted.
IDRISI then generated a surface "contour" map of irradiance values. Using the UTM
coordinates of the reservoir, an irradiance value for the reservoir at 2:33 pm was

approximated from the IDRISI map. This approximation for reservoir #2 was 611.40

W/m2. This was the total amount of radiation reaching the sensor, however, so it must
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be corrected using Harrington's data (1996, personal communication) to represent
only that amount of radiation in the relevant wavebands.

Radiance values (L) were converted into reflectance (R) using the equation
R=L/Ib where b is the portion of the spectrum located in the relevant waveband.
Reflectance was found to be 0.0116 for the 670 nm waveband and 0.0188 for the 700
nm waveband.

Result. As a result of the methods previously described. the data set for reservoir #2
used for subsequent analysis included a value of surface chlorophyll concentration

(5.24 rng/m3 ) and values for DN, radiance, and reflectance at 670 nm and 700 nm:

670 nm 700 nm
DN 35.33 79.75
radiance 6.75 8.91
reflectance 0.0116 0.0188

Differences were then calculated for DN, radiance, and reflectance (44.42, 2.16

uW/cmz/sr, 0.00719. respectively) and compared to chlorophyl!l concentration.
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CHAPTER 5. MODEL DEVELOPMENT

INTRODUCTION

This chapter describes the various models used in attempting to predict
chlorophyll concentration from airborne video data. From these models. a "best”
model was chosen and described in detail. A discussion of the best model includes the
sources of error present during the research and a chlorophyll sensitivity study.

Previously reported results indicate that the difference between emergent
radiance in the 670 nm and 700 nm wavebands is related to chlorophyll-a
concentration. This simple difference method between images taken in each of these
wavebands is related to the first derivative method described by Han, et al. (1994) and
Rundquist, et al. (1996). This study hypothesizes that the relationship between
remotely sensed data and chlorophyll-a concentration (chl-a) should improve as the
raw video data is processed into physically-meaningful radiance values and improve
even further with normalization by solar irradiance data. In order to illustrate this
improvement, several mathematical models were applied to the data and analyzed to
determine which model most reasonably and accurately described the relationship
between emergent radiance and chlorophyll-a concentration.

Some of the models were evaluated for linear trends, while others were
nonlinear models. In all models, x represents the independent variable of chlorophyll-
a concentration, while y is representative of the dependent variables digital number
(DN), radiance (L), or reflectance (R). Simple linear and logarithmic (log) models
were examined as well as other linear models including a simple transformation
equation (1/y = ag + a;/x) and a variation of the Normalized Difference Vegetation

Index (NDVI). The nonlinear y = ao(l-e"dc) of Schiebe et al. (1987) was also
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evaluated. SlideWrite was the program used for statistical anaiysis. [t applies linear
least squares regression analysis for linear curve fits and the Levenberg-Marquardt
algorithm to estimate coefficients for nonlinear curve fitting. This algorithm is an
iterative process beginning with estimates of the unknown coefficients and continues
until the best fit coetficients are found. Like linear least squares analysis. the best
coetficients are those that minimize the sum ot squared deviations. or Chi-squared.

The equation used to calculate 2 is
2= 1- [(Z(y; - YU (y-M2) (1)

. = the actual value

where y;

Y; = the value predicted by the equation

M = the mean of the data.

EVALUATION AND CALIBRATION OF VARIOUS MODELS
Linear and Logarithmic Models

Linear regression of the digital number data yielded a coefficient of
determination (rz) of 0.157, while r2 = 0.424 for the radiance data and 0.171 for the
reflectance data (Figures 5.1 - 5.3). Linear regression performed on the log of y yields
r2 values of 0.197, 0.429, and 0.361 for digital number (DN), radiance, and
reflectance, respectively (Figures 5.4 - 5.6). In both cases, there is significant
improvement in predicting chi-a concentration after processing the raw video data
(DN) into radiance values. This would be expected since the raw data was not
calibrated and converting to radiance served to do so. Further improvement was

expected after incorporation of irradiance data but only occurred for the log model.
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Figure 5.2. Linear plot of
radiance data.
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Figure 5.3. Linear plot of
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Figure 5.4. Logarithmic plot of
digital number data.
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Figure 5.5. Logarithmic plot of
radiance data.
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reflectance data.

Chlorophyll (mg/m.3)



Retlectance for the linear model did not predict chlorophylil-a concentration more
accurately than the unprocessed video data. The log of the data did. however. show a
slight improvement in the ability to predict chlorophyll-a concentration from
reflectance data.

Best Statistical-Fit Model

A simple transformation of the data in the form
lly=ag- a;/x Q)

vielded the best fit between reflectance and chlorophyll concentration (r:2 = (0.618).
Similar transformations applied to the digital number and radiance data yielded r2
values 0of 0.219 and 0.391, respectively. This relationship best described the expected
improvements as processing proceeded: reflectance predicted chlorophyll
concentration better than radiance and digital number. Prediction potential was
greater both after initial processing into units of radiance and after incorporation of
the irradiance data in determining reflectance values. This method, however, is purely
statistical in nature, and it is difficult to determine the physical meaning of aj and a,.
Other Models.

In order to describe the data, several other models were analyzed including the
Michaelis-Menton equation (y=x/(c+x)), a varation of the NDVI (700nm-
670nm/700nm+670nm), and a model developed by Schiebe, et al. (1987) which

predicts reflectance as related to the scattering of light in water:

y =ag(1-e"¥/) 3)
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The Michaelis-Menton equation did not vield good results. It indicated that
the chlorophyll constant (c) was negative for both digital number and radiance data.
This is not physically possible. As a result. this equation will not be discussed further.

The NDVI is commonly used in remote sensing applications because it
compensates tor differences in illumination and surface slope. NDVI is normally
calculated using the wavelengths of 850 nm and 630 nom (830nm-
630nm/850nm+630nm) ra:her than the 700 nm and 670 nm bands used in this study.
It is proposed that a similar equation utilizing the 700 nm and 670 nm wavebands be
used and referred to as the Normalized Red-Edge Index (NREI). NREI would,

therefore, be calculated
NREI = 700nm-670nm/700nm+670nm (4.

The results of the NREI calculation for the reservoirs in this study were 0.31 to 0.80
for DN, 0 to 0.31 for radiance, and 0.11 to 0.40 for reflectance. Comparing NREI to
chlorophyll concentration, r2 was 0.0007 for DN, 0.3262 for radiance, and 0.3263 for
reflectance (Figures 5.7 - 3.9). NREI predicted an improvement in processing DN
data into physically-based radiance values but no improvement as a result of
incorporating solar irradiance data.

The model developed by Schiebe, et al. (1987) (y=a0(1-e"‘/°)) is based on the
physics of light scattering from particles suspended in water. It describes a saturating
exponential relationship with ap being the asymptotic value, reflectance, and ¢
representing a chlorophyll constant. To ensure that reasonable results were obtained
when evaluating this equation, visual estimates of ap and ¢ were determined by

inspection of scatterplots of the data:
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Figure 5.7. NREI plot of
digital number data.
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Figure 5.8. NREI plot of
radiance data.
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vON= 53(1-e7%) (3)  (Figure 5.10)

- -, - Ay . =
YRad = 3.25(1-¢7% =) (6) (Figure 5.11)

¥Reft =-014(1-¢7¥7) (7Y (Figure 5.12)

The equation was then evaluated in two ways: (1) use of a computer method -
allowing the computer to choose the best values of gy and ¢ using an iterative, least-
squares algorithm, and (2) use of a manual method - manually inserting various
values for ¢ and having the computer minimize error to find ay). The computer-

generated values are shown in Table 5.1.

Table 5.1. Computer-generated fit of physical modei.

y 2 equation
DN 0.184 y=51.7(1-exp(-x/1.1))
Radiance 0.364 y=2.5(1-exp(-x/6.6))

Reflectance  0.349 = 0108(1-exp(-x/7.6)]

Other than the chlorophyll constant, ¢, for radiance, the computer analysis provided
results similar to those derived from the visual estimates. The term ¢ should, however,
theoretically be a constant since the physical characteristics of chlorophyll are
consistent, so the second method mentioned above was performed.

Using the equation y = aO(l-e‘X/C), various values of ¢ were input and aj
minimized (Table 5.2). From the table it can be seen that the best value of ¢ would be
between 40 and 50 since both radiance and reflectance have relatively high 12 values
in that range. For a value of ¢ = 40, there is a slight improvement when processing
DN (r2 = (.528) into radiance (r2 = 0.634) and no real improvement with the

incorporation of solar irradiance data in determining reflectance (r2 = 0.533).
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Evaluation of the physical model using ¢ = 40 will subsequently be referred to as the

manuai model.

- RS . -~
Table 5.2. r= tor various values of ¢.

5 10 15 20 25 30 35 40 45 50 55

ON 0528 053 0.53 0529 0529 0528 0528 0528 0528 0527 0527

Rad ~ 0.299 0434 0456 0576 0603 0619 0629 0634 0.638 0.639 0.639

Refi 0255 0384 0404 0502 0519 0527 0.532  0.533 0533 0.532 0.531

Comparisons of the various models are illustrated in Figures 5.13 - 5.15. [n
. . b . . .
summarizing r~ statistics. regardless of the mathematical model chosen, an
improvement was noticed when processing raw video data into physically-meaningful

radiance values (Table 5.3).

Table 5.3. r2 Summary Table

model DN Radiance Reflectance
linear 0.157 0.424 0471
log-log 0.197 0.429 0.361
NREI 0.001 0.326 0.326
Physical
computer 0.184 0.364 0.354
manuak 0.527 0.638 0.533
Statistical 0.219 0.391 0.618

Incorporating solar irradiance data did not significantly improve results for any
method except the best statistical-fit model. It is apparent that the noise, or scatter,
introduced by the diffuse light of the overcast sky inhibited improvement by the
normalization process. Under clear sky conditions, a much cleaner data set would

have been expected.
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Therefore. the model which best describes the data was the manual version of

the physical model:
v = ag(1-e"¥0) (8).

Complementary Statistics

There is some question about whether r= is a reliable measure of model
evaluation since the value of r2 is not consistently related to the accuracy of
prediction (Willmott, 1982). For example, large differences between model-predicted
and observed values may produce r2 values near 1, while small variations may result
in high r2 values. This would indicate that the relationship between t2 and model
performance is not well-defined or consistent. Therefore, when using statistical
methods to analyze a data set, it is beneficial to examine several goodness-of-fit
measures for additional validation. In addition to r2 the d-statistic (Willmott. 1982)
and the root mean square error (RMSE) were evaluated for the models.

D-Statistic. The d-statistic (d-stat) was proposed as an alternative method of

evaluating goodness-of-fit by Willmott (1982):
d=1-[2(Yi-yp2/ XAY;- M+ 1y;- MD2] (9)
where y; = the actual value
Y; = the value predicted by the equation

M = the mean of the data.

It is interpreted in the same manner as r2. A d-stat of 0 indicates no correlation

between the model and the data, while 1 is indicative of a perfect fit.
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Table 5.4. D-Statistic Summary Table

model DN  Radiance Reflectance
linear 0500 0758 0501
logdog 0227 0502 0.004
NREI 0014 0440 0222
_Physical
_ computer 0490 0709 0686
____manuat 0426  0815_ 0.731
_Statistical _ 0.516 0.706 _ 0.517

Table 5.4 illustrates that the d-stat exhibited the same trend as r> for all the
models evaluated: radiance predicted chlorophyll-a concentration better than DN, but
there was no improvement. and in some cases was worse, with the incorporation of
solar irradiance data. Unlike r2, however, the d-stat showed significant improvement
when converting into radiance units. The 2 had only indicated a very slight
improvement with calibration.

Root Mean Square Error (RMSE). In addition to r2. the root mean square

error is commonly used to evaluate goodness-of-fit:

RMSE = \ E(y; - Yp2 /n (10)

where y; = the actual value
Y; = the value predicted by the equation

n = the number of data points.

The closer the RMSE is to zero, the better the model fits the data. The resuits are

summarized in Table 5.5.
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Table 5.5. RMSE Summary Table

model ~ DN Radiance Reflectance
linear 8680 0849 0.005
loglog 0077 0262 0222
NRE!l 0150  0.060 0.058
Physical _ = .
_ computer 8760 0936 0.004
_manual29240_ 0976 0005
_Statistical 0004 0790 56.760

For all of the models except the log-log and statistical models, the RMSE
indicates that the prediction of chlorophyll concentration improves with processing.
These results are misleading, however, because the RMSE does not account for scale.
The improvement in RMSE actually represents the change in scale between the three
parameters. Since the scales of DN, radiance, and reflectance differ by a factor of at
least 10, the RMSE is detecting this change rather than a true change in the ability to
predict chlorophyll concentration.

Since the scale of the three data sets varies, the data was normalized in order
to attempt to effectively evaluate RMSE. This was accomplished by dividing each

data set by the maximum value in that set (Figures 5.16 - 5. 18).

Table 5.6. RMSE (corrected) Summary Table

model DN Radiance Reflectance

linear 0.117 0.179 0.197
log-log 0.077 0.262 0.222
NREI 0.150. 0.060" 0.058.
Physical
computen 0.118 0.197 0.185,
manual 0.394. 0.205 0.210.
Statistical 0.268 3.750 1.360
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Table 3.6 illustrates that the normalized RMSE results are inconsistent and
show trends similar to those of = and the d-statistic tor only the manual model and
NREIL It would appear that this method of normalizing the data is not effective.
Theretore. since the parameters being compared vary significantly in scale. the RMSE

is not an appropriate means of evaluating goodness-of-fit for this study.

DISCUSSION OF MODEL
Results

Evaluating the 2 and d statistics. the physical model of v = a0(1~e"‘/ %
describes the data most accurately. Further improvement is evidenced when manually
setting ¢ equal to 40. The resultant relationship v = ao(l-e'xmo) seems to best fit the
data set. Thus, the relationship between chlorophyll-a concentration and remotely
sensed data in this study is best described by a saturating exponential model with a

chlorophyll constant of 40. The resulting equations from this model were

vpN = 74.51(1-¢"40) (11) (Figure 5.19)
YRad = 3-56(1-e7/40) (12)  (Figure 5.20)
YRef= -0148(1-e7X/40) (13) (Figure 5.21).

A summary of the statistics for this model is given in Table 5.7.

Table 5.7. Manual Method Summary

data mean: std. dev. M2 d RMSE (c)
DN 50.15: 9.31 0.527: 0.426' 0.394
Radiance 1.95, 1.10" 0.638: 0.815' 0.205
Reflectance 0.008: 0.005: 0.533: 0.731 0.210
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Figure 5.20. Manual model fit of
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[n this study. chlorophyll concentration (x) was established as the dependent
variable in order to describe the response of water reflectance (v). For future studies.
however. it is the retlectance that will be the dependent variable. and from reflectance
chlorophyll concentration will be estimated. The general form that the above

equations would take is

x = -c In(l-y/ag) (14)

That the model predicts chlorophyll-a concentration better for radiance than
for reflectance was not the anticipated result, but may easily be explained. The
amount of reflectance from a water body depends, in part, upon the amount of
radiation striking the surface (irradiance). The irradiance data was gathered from the
Micronet stations nearest each reservoir which required interpolation in both time and
space. Further, it required an approximation of the irradiance available in the bands of
interest. In performing the space interpolations, irradiance data collected at Micronet
stations varied significantly for several of the reservoirs. Omitting these reservoirs
from the study, however, did not appreciably change the results. The flights occurred
on overcast days so tnese irradiance interpolations probably lack the accuracy
required for the analysis and may serve more appropriately as gross irradiance
approximations. It is expected that under clear sky conditions, the incoming solar
irradiance would be sufficiently well-behaved and the method could be applied.
Sources of Error

Since this research represents the first attempt at use of a new technology (use

of narrow band filter video imaging), many potential sources of error were present.
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These may have had origins in a variety of sources including the data collection.
camera system and the processing procedure.

Flight. The largest source of error was potentially the timing of the flight
itself. Scheduling required that the flight occur at a verv specific place and time.
Unfortunately. the cloudy atmospheric conditions at this time were not optimal for
this type of study. It would be desirable to repeat this study under clear sky
conditions.

Data Collection. Other sources of error existed during collection of the data.
Trial-and-error is often required to determine which f-stop may provide the best
images when using aerial photography. Since this was the first time this technology
had been attempted, the camera apertures selected may or may not have been the most
desirable f-stops. The images used in this study were, however, reliable.

Error may also have occurred when correlating water sample locations with
airborne video images. The water samples may not have been collected at exactly the
same locations that the video analysis occurred. Areas near the dams, in the centers of
the reservoirs, were chosen for laboratory and video analysis, but may not have
corresponded exactly. For future studies, global positioning systems may be used to
verify that the sampling locations on the reservoirs are within the areas analyzed on
the airborne video images.

Data Processing. During data processing, errors may have occurred in several
ways. When the still frames were "grabbed” from the video tapes, it was virtually
impossible to retrieve the exact same image from each of the three cameras (670 nm,
700 nm, 800 nm). Therefore, when manipulating the images in IDRISI, the 10x10
pixel arrays varied slightly for the 670 nm, 700 nm, and 800 nm images. An
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additional result of processing was that some of the reservoir images may not have
been truly nadir in nature. but they were all very close.

When evaluating the retlectance data. irradiance data was retrieved from the
Micronet. The problems associated with this process arise from the interpolations in
time and space and have been discussed previously.

At the present time, a new system is being developed that would correct many
of these sources of error. This system would consist of three small video cameras and
an irradiance sensor connected to a laptop computer. The three images of the
reservoirs would be taken simultaneously and fed immediately into the computer. An
irradiance value would also be determined for a specific location thus avoiding
:nterpolation problems.

The possibility also exists that, as technology improves, narrow band sensors
may be added to available satellite platforms. This is not feasible at the present time
and would probably not be accessible in the near future.

Sensitivity Study

It has been suggested that the amount of chlorophyll in water may have an
effect on spectral reflectance. Gitelson (1992) noticed a shift in the chlorophyil
maximum as chlorophyll concentration approached 100 mg/m3. Below 100 mg/m3,
the chlorophyll maximum was generally located between 695 nm and 705 nm but
shifted to approximately 715 nm at chlorophyll concentrations of 100 mg/m3 or
greater. This response may indicate that there is some fundainental mechanism in
place which causes an increase in chlorophyll concentration to affect spectral
response. In order to test this hypothesis, the data from this study was analyzed to
determine whether a change in reflectance is noticed near a chlorophyll concentration

of 100 mg/m3. The data is divided into two groups: chl-a > 100 mg/m3 and chl-a <
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100 mg/m3- The majority of the data was located in the chl-a < 100 mg/m3 group.
Only 5 points fell into the chl-a > 100 mg/m3 category.

For the first group (chl-a > 100 mg/’m3). the data for both DN and radiance
was most accurately described by an exponential tit (y = ag + ale"‘"al) (Figures 5.22
and 3.23). This yielded t2 values of 0.943 and 0.728. respectively. [t was difficult to
describe the fit of the reflectance data. The best fit was determined to be linear (y = a
— a|x) which resulted in an 2 of only 0.1076 (Figure 5.24).

The second group (chl-a < 100 mg/m3 ) was evaluated using the same
procedure as described in the results section. The manual physical model once again
described the data sets most accurately. The results for chl-a < 100 mg/rn3 were
similar to the results for the entire range of chl-a data: the best model was v = a(1-e”
X/40y and r2 was 0.5092, 0.5898, and 0.5434 for DN, radiance, and reflectance,

respectively (Figures 5.25 - 5.27). The resulting model equations were:

yDN = 87.58(1-¢"X/40) (15)
VRad = 3.92(1-e"Y40y (16)
Rad

VRefy = 0.017(1-eX/40y (17).

The coefficients determined for chl-a < 100 mg/m3 vary only slightly from the

results obtained from analysis of the entire data set described earlier:

ypN = 74.51(1-e"¥/40) (n
YRad = 3.56(1-e"X/40) (12)
yRef= 0-0148(1-¢X/40) (13).
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Figure 5.25. Chlorophyll concentration
vs DN (chi<100 mg/m.3).
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These results indicate that the model vields consistent results for chlorophyll
concentrations < 100 mg/m3. but careful consideration must be given when analyzing
water having chlorophyll concentrations > 100 mg/m3. So few data points existed for
high chlorophyll concentrations. however, that these results are not conclusive. For
DN and radiance. the model works well until chlorophyll concentrations of
approximately 175 mg/m3 are reached. At this point. the spectral response. which had
seemingly reached a saturation value. began to increase exponentially. Results for

reflectance were inconclusive.
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CHAPTER 6. APPLICATIONS

INTRODUCTION

The narrow band filter airborne videography technology would potentially
have many applications that could benefit many fields including environmental
impact assessment, post-Environmental Impact Statement (EIS) monitoring. project
management, water resources management, and agricultural assessment. In order to
illustrate how the technology may be used in practical applications, a hypothetical

case study will be considered.

CASE STUDY
Scenario

[t is assumed that three new, small reservoirs are proposed for location in the
upper part of the Little Washita River Watershed. Further, it is assumed that five
vears of baseline water quality data may be collected in the watershed prior to
construction of the new reservoirs. [t is also assumed that a follow-on study will be
conducted for 10 years in order to examine the water quality effects of the new
reservoirs and the cumulative effects on all reservoirs. This section describes what
studies would need to be performed and how narrow band filter airborne videography
may be applied.
Baseline Water Quality Data

A comprehensive study of the existing watershed can be performed in a five
year period. Several different aspects must be considered: the condition of the river
system itself would need to be defined, and the water quality of the existing reservoirs

would need to be evaluated.
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Little Washita River System. The existing reservoirs. for the most part. are
located on tributaries of the Little Washita River (LWR). [t is therefore desirable to
obtain information about the dvnamics of the river system.

The Micronet measures various meteorological parameters numerous times
during the day. so could be used to identify climatological changes in the watershed.
Flow data. both in the LRW and its tributaries, may be obtained from a series of
hydrographs allowing the relationship between climatological change and river tlow
to be approximated. Estimates of runoff into the watershed may also be approximated.

[t would also be beneficial to examine the temperature, suspended and
dissolved sediment loads, dissolved oxygen, and nitrogen and phosphorous
concentration in the streams. These parameters would represent a solid baseline for
subsequent studies in the LWR Watershed.

Reservoirs of the Little Washita River Watershed. The water quality of the
existing reservoirs would also need to be examined. The new technology may be
applied in this analysis, since it is useful for both short-term and long-term
monitoring of reservoirs.

Daily variations in surface algal activity, as well as seasonal variations in
chlorophyll concentration, may be estimated. The video technology was originally
performed on single sampling sites on fairly small reservoirs but may be applicable to
numerous sites on a single reservoir. This would make detailed reservoir analysis of
surface algal activity possible since numerous locations on a reservoir of any size may
be evaluated to determine variations in surface productivity. This, in turn, could help
to identify problem areas on the reservoirs.

In some cases, areas of point and/or non-point source contributions may be

identified. By identifying regions of high chlorophyll-a concentration, it may be
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possible to locate problem areas and to determine if point or non-point pollution is
contributing to eutrophication. If so. mitigation measures may be undertaken.

Suspended sediment concentration may also be detected with incorporation of
data collected in the 800 nm waveband making it easy to evaluate sedimentary influx
into the reservoirs. Relative amounts of suspended sediment can readily be
established in order to determine locations of high sedimentary influx into reservoirs.
This may aid in determining whether or not sedimentary control measures are needed
and. if so. where they should be located to be most effective.

The proposed video system may also act as an early warning system for
undesirable algal growth or large sedimentary influxes since studies can be conducted
very quickly. Upon detection of these problems, mitigation measures may be
undertaken quickly thereby preventing potentially negative impacts.

For future assessment and analyses, it is important to establish baseline water
quality conditions for any lake or reservoir. Long-term monitoring is useful for any
reservoir, but the data may be especially useful in monitoring water quality changes
when proposed projects become operational. For this case study, the impact of the
three new reservoirs may be estimated by comparing baseline water quality
conditions in the reservoirs to post-installation water quality conditions.

Impact of New Reservoirs

It is assumed that, for this case study, an EIA has been conducted and an EIS
prepared. The project was approved, so installation of the reservoirs was initiated five
years after beginning the study of baseline water quality conditions. A continuation of
the studies described above would be necessary in order to determine the impact of
the new reservoirs. This would enable areas to be defined that have undergone

significant changes since the addition of the new reservoirs.
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Short-Term Environmental Impact Assessment. The most immediate
impacts of the installation of the new reservoirs would probably be changes in stream
flow rates and sedimentary influx into the existing reservoirs. The changes in flow
rate would be detected by stream hydrographs. and the sedimentary impact in the
reservoirs could be assessed during flights carrying the video array.

The proposed technique is versatile and may be used to evaluate ground-based
parameters as well as water quality parameters. For example, existing environmental
conditions may be evaluated by examining areas for overall health of vegetation and
habitat. Problem areas that may easily be detected from the air may be more difficult
to locate in field-based assessments. Many studies have been performed which
indicate that healthy vegetation and vegetation in poor condition result in differing
spectral responses. Contaminated areas may, therefore, be located by observing
patterns of water and vegetation distress.

Project Management and Long-Term Post-EIS Monitoring. After
installation of the new reservoirs, the watershed will be monitored for an additional
10 years in order to determine the impact of the project. The studies mentioned above
will be continued for the entire time period. The proposed technology would be useful
as a quick-detection system during project management and for long term monitoring.

Potential problems may have been identified during the EIA. As the project
progresses, the immediate and surrounding areas will necessarily be affected.
Changes occurring within a watershed as development proceeds may be identified
and monitored quickly using airborne video imagery. [f the effects are worse than
anticipated, mitigation measures can be taken immediately. In addition, the effects of

these mitigation measures may be observed in the video studies.

105



Both long and short term monitoring of suspended sediment and chlorophyll
concentrations in water will need to be performed to assess the impact of
development. Water resources must be protected from sediment-laden runoff of
construction sites.

Cost Analysis

A cost analysis was performed to estimate the savings provided by the
incorporation of the proposed method as applicable to the case study. This analysis
applies to the reservoir study only. Data would need to be collected from 45
reservoirs for the first five years and from 48 reservoirs for the next ten yvears. Two
cases were considered: a field study by a governmental agency and the proposed
video-camera array. Both were evaluated using the Little Washita River Watershed
(LWRW) in a year-long study. [t was assumed that data would be collected six times
per year.

The field study would require a crew of two personnel for approximately 10
days during each sampling period. Samples would be collected and sent to a
laboratory for analysis (Bill Cauthran, 1997, Oklahoma Water Resources Board,
personal communication). The cost for a governmental study would be approximately
$1100 per day. Table 6.1 summarizes the costs incurred for each of the collection
methods. For the first five years of the study, sampling of the 45 reservoirs would
take approximately 60 days, while sampling would take approximately 66 days
during the ten years of the follow-up study.

A governmental study would cost $1100/day for 10 days ($11,000). Data
would be collected 6 times per year, so the total charge for collection would be
$66,000. In addition, costs are incurred for overhead (transportation, equipment,

supplies). This is generally estimated to be half of the collection costs (Frank Schiebe,
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Table 6.1 Yearly Costs

Collection

Cost Video
Equipment
Flight/Collection  $3.960
Analyst $25.000
Overhead/Profit $12,980
Total $41,940

Government
$66.000

$33,000
$99,000

Collection + Equipment purchase

Cost Video
Equipment $4.867
Flight/Collection  $3,960
Analyst 325,000
Overhead/Profit $15413
Total 349,240
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1997. Agricultural Research Service Water Quality Laboratory. personal
communication) which would be $33.000 in this example. Approximate cost for a
one vear governmental study is theretore $99.000.

The video-camera array would require the use of an airplane, so cost estimates
include plane/pilot fees of $80 per hour. The reservoirs could be tlown in
approximately two hours. Cost for the plane/pilot is $960 for collection six times per
vear. The video system also requires the services of an analyst, who would be hired
for 6 months ($25.000), to assemble and interpret the data. To be certain that the
camera systems are correctly calibrated, the cost of sampling one reservoir per flight
is included ($500). These spot-checks would cost $3000 for the year. Data collection
for the entire vear would take 6 days whether sampling 45 or 48 reservoirs.

Since the camera system might require the purchase of equipment, this
purchase is incorporated into the cost with payments being amortized over 5 vears.
The proposed purchase price of the video-camera system is approximately $20,000.
An interest rate of 8% is assumed. The yearly cost of the LWRW study. including the
equipment purchase, would be $49.240 for the video array system. The cost of use
during years subsequent to the purchase of equipment would be $44,037 (that is
$41.940 + 5 vears' inflation).

If all equipment is owned, the camera system provides substantial savings
over traditional ground-based data collection. Even with the purchase of equipment,
the video camera system represents significant savings.

For smaller projects as well, the video-camera system is still cost competitive
assuming the equipment has already been purchased. If only two reservoirs need to be
analyzed, the cost of analysis using the video system would be approximately $1940

versus $1650 for a governmental study. These estimates include plane/pilot fees for
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two hours ($960). the services ot an analyst ($200). one water sample (S300) and
overhead ($480) for the video svstem and collection ($1100) and overhead ($550) for
the tfield-based study.
To summarize, Table 6.2 depicts the yearly costs incurred for each method of
data collection for the entire length of the case study (135 vears). An inflation rate of
% is assumed for each vear. Data collected from the airborne video-camera system is
less expensive than data gathered by traditional field-based studies. The time of data
collection also varies significantly. Field studies range from 60 to 66 days while the
camera system requires only 6 days. Thus, the proposed video technology would be
both less expensive and less time-consuming than traditional field-based data

collection.
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Tabie 6.2. Cost Summary

Year Video Government
$49.241 $99,000
$49,733 399,990
$50.231 $100.990
$50,733 $102.000
$51,240 $103,020
$44 037 $104,050
44 477 $105,090
344,922 $106,141
$45,371 $107.203
345,825 $108,275
346,283 $109,358
346,746 $110,451
$47 214 $111,556
347,686 3$112,671
348,163 $113,798

RN AP D WN

Total $711,903 $1,593,593
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CHAPTER 7. SUMMARY AND CONCLUSIONS

SUMMARY

The primary objective of this study was to develop a convenient method.
based on aerial videography. to assess water quality and surface productivity in
surface impoundments. The ultimate goal was to provide a rapid. economic method of
determining chlorophyll concentration in surface impoundments. This study provided
a valuable first step in describing the relationship between remotely sensed data using
airborne sensors and chlorophyll-a concentration of surface waters.

Several models were considered when trying to determine a mathematical
model to best describe the data. The physics-based equation y = ao(l-e'xmo) was
found to best describe the relationship between reflectance and surface chlorophyll
concentration in reservoirs of the Little Washita River Watershed.

It was hoped that an improvement in describing chlorophyll concentration
would be evident when converting the raw video data (DN) into radiance values and
that further improvement would occur with the incorporation of solar irradiance data
in determining reflectance. For this study, however, radiance most accurately
described chlorophyll concentration in the reservoirs. It is believed that this was
largely due to the fact that the study was conducted under cloudy conditions. In the
future, a similar study will be performed under clear sky conditions. The technique
seems to be sound but needs to undergo some fine-tuning in order to perfect the
process. It is hoped that refiectance will best describe chlorophyll concentration as the
process undergoes refinement. At the present time, airborne video imaging of
reservoirs might perhaps be used most appropriately as a first approximation in

determination of chlorophyll concentration of surface waters of inland water bodies.
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The proposed technology is especially attractive because studies can be
conducted rapidly. few personnel are needed. and the method is verv cost effective.
This technique has a great deal of potential, and studies should continue in order to
further retine the process and obtain more accurate results. Subsequent studies might
tocus on video imaging under cloudiess conditions. incorporating irradiance sensors
capable of determining incoming solar radiation spatially and contemporaneously
with the video imaging process. and adapting the technology so it may etfectively be
utilized under variable sky conditions. A new camera system is currently being

developed that will make the entire process easier and more user-friendly.

CONCLUSIONS
More work remains to be done in order to perfect this technology, but a sound
foundation now exists from which to conduct further studies. Several conclusions can

be reached as a result of this study:

- A physics-based empirical model y = aO(l-e‘XMO) best described the
relationship between chlorophyll concentration and reflectance.

- The use of aerial videography in assessing chlorophyll concentration in
surface impoundments is rapid and cost effective. Ina
hypothetical case study, traditional field-based collection for a study of
45 reservoirs for one year required 60 days and would cost $99,000.
The same study using aerial videography would take only 6 days and
cost $41,940.

- Remotely sensed data must be correlated with field-based data in order to

obtain physically-meaningful results from airborne platforms. This is
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evidenced by the improvement in describing chlorophyll concentration
when converting digital numbers into the physically-based radiance
units.

- Care must be used when interpreting retlectance results. Several sources of
error may be present including variable sky conditions and
questionable solar irradiance interpolations.

- The GIS IDRISI was used to analyze data and generate surface contour
maps of solar irradiation. It is evident that GIS technology has become

an integral part of analysis of remotely sensed data.

This study provides a solid foundation for airborne video imaging of water
reservoirs and should be encouraging to those interested in using airborne
videography as a management tool. There are applications in several fields that may

benefit from further development of this tool.
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Glossary of Abbreviations

AGC Automatic Gain Control

ARS Agricultural Research Service

AVHRR Advanced Very High Resolution Radiometer
CCD Charge Coupled Detector

CCT Computer Compatible Tape

DN Digital Number

D-STAT D-statistic of Willmott (1982)

EIA Environmental Impact Assessment

EIS Environmental Impact Statement

EREF Exoatmospheric Reflectance

ERTS Earth Resources Technology Satellites
GIS Geographic Information System

[ [rradiance

L Radiance

MSS Multispectral Scanner System

LWRW Little Washita River Watershed

NDVI Normalized Difference Vegetation Index
NREI Normalized Difference Red Edge Index
NOAA National Oceanic and Atmospheric Administration
Ml Programmable Multispectral Imager

R Reflectance

RIPS Remote Image Processing System
RMSE Root Mean Square Error



SSC
™
TSS
UTM
VCR

Suspended Sediment Concentration
Thematic Mapper

Total Suspended Solids

Universal Transverse Mercator

Video Cassette Recorder
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APPENDIX A

Original Digital Number Pixel Values
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Explanation of Symbols and Data

A brief explanation of the following diagrams is needed to understand their
meanings. Each reserveir has two diagrams: one at 670 nm and the other at 700 nm.
There are three parts to each image: a diagram of symbols. the name of the image. and
a legend of svmbols.

Each diagram is representative of the 10x10 digital number (DN) pixel array
taken from the airborne videos which was analyzed for each reservoir. There are.
therefore, 100 symbols in each diagram. Each symbol represents a single digital
number value. The symbols are written in triplicate on the legend, but appear as a
single symbol in the diagrams.

The "IDRISI image" lists the wavelength at which the image was taken, the
number of the reservoir. and that the image is a DN window (dnw). For example, on
the following page, the DN window of reservoir #1 was taken at 670 nm.

Also listed are the number of cells in the array having a particular value and
the corresponding percentage of the total array. For example, the data from the 10x10
DN window at 670 nm of reservoir #1 is shown. n has a DN value of 33, o of 34, p
of 35, etc. Two pixels have a value of 33 which represents 2% of the total array, 16
pixels have a value of 34 which is 16% of the array, etc.

The diagrams on the following pages represent the original DN windows
taken from the video tapes. Each shade of gray is assigned a separate value and range
from O to 41 for the 670 nm waveband and from 0 to 91 for the 700 nm waveband.

Black is assigned the low DN values, while white is assigned the high values.




There are two small reservoirs located in close proximity to one another that
are both referred to as reservoir 1. They are distinguished from one another in the text

as 1S and IL but are referred to as dnw and dn2 in this appendix.
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IDRISI image : 67001dnw

nnn 33 2 cells = 2.00
000 34 16 cells = 16.00
ppp 35 25 cells = 25.00
qaq 36 37 cells = 37.00
rrr 37 16 cells = 16.00
SSS 38 4 cells = 4.00
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IDRISI image : 70001dnw

VvV 67 1 cells = 1.00
XXX 69 13 cells = 13.00
YYY 70 13 cells = 13.00
222 71 14 cells = 14.00
(1] 72 15 cells = 15.00
[[[ 73 25 cells = 25.00
<<< 74 14 cells = 14.00
{ (( 75 5 cells = 5.00
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IDRISI image : 67001dn2

mmm 32 4 cells = 4.00
nnn 33 23 cells = 23.00
000 34 47 cells = 47 .00
PPP 35 21 cells = 21.00
qqq 36 5 cells = 5.00
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IDRISI image : 70001dn2

WWW 68 3 cells = 3.00
XXX 69 11 cells = 11.00
YYY 70 22 cells = 22.00
YAA 71 18 cells = 18.00
[11] 72 19 cells = 19.00
[t 73 16 cells = 16.00
<<< 74 6 cells = 6.00
{(( 75 5 cells = 5.00
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IDRISI image

IDRISI image
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IDRISI image : 67004dnw

bbb 21 5
ccce 22 18
ddd 23 27
eee 24 44
fff 25 6

IDRISI image : 70004dnw

RRR 63 2
SSS 64 7
TTT 65 20
uuy 66 32
vVvv 67 15
WWW 68 9
XXX 69 12

YYY 70 3
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IDRISI image : 67006dnw

555 15 1 cells = 1.00
666 16 11 cells = 11.00
777 17 17 cells = 17.00
888 18 41 cells = 41.00
999 19 26 cells = 26.00
aaa 20 3 cells = 3.00
bbb 21 1 cells = 1.00
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IDRISI image
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IDRISI image : 67007dnw

ccc 22 12
ddd 23 27
eee 24 31
fff 25 26
gg99 26 4

IDRISI image : 70007dnw

>>> 77 13
})) 78 14
2?2?22 79 18
11] 80 20
eee 81 21
HHH 82 9
it 83 5
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IDRISI image : 67008dnw

$%% 6 1
&&& 7 36
3L 8 55
$$9 9 8

IDRISI image : 70008dnw

uuy 66 6
VvV 67 16
WWW 68 13
XXX 69 15
YYY 70 19
222 71 16
11 72 12
(l( 73 3
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IDRISI image : 67009dnw

aaa 20 1 cells = 1.00
bbb 21 3 cells = 3.00
ccc 22 9 cells = 9.00
ddd 23 12 cells = 12.00
eee 24 8 cells = 8.00
f£f 25 8 cells = 8.00
ggg 26 2 cells = 2.00
hhh 27 1 cells = 1.00
iil 28 2 cells = 2.00
333 29 2 cells = 2.00
kkk 30 1 cells = 1.00
111 31 3 cells = 3.00
nnn 33 1 cells = 1.00
rrr 37 1 cells = 1.00
VvV 41 1 cells = 1.00
WWW 42 1 cells = 1.00
XXX 43 1 cells = 1.00
YYyY 44 2 cells = 2.00
222 45 2 cells = 2.00
AAA 46 1 cells = 1.00
DDD 49 2 cells = 2.00
EEE 50 1 cells = 1.00
GGG 52 1 cells = 1.00
HHH 53 1 cells = 1.00
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APPENDIX B

Digital Number, Radiance, and Reflectance Data
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Appendix B1

Ornginal Data
Reservoir Chlorophyli Digttal Counts Radiance Irradhance Reflectance
(mg/m3) (UW/cm2/sr) (Wim2)

670 nm 700 nm 700-670nm 670 nm 700 nm 700670 nm 670 nm 700 nm 700-670 nm
1L 4.09 3561 71684 36.23 6.77 769 092 584 .11 1.22E-02 170E-02 480E-03
18 4.15 34.00 71.36 3736 6.66 762 0.96 56746  1.24E-02 173E-02 4.98E-03
2 5.24 3533 79.75 44 42 6.75 8.91 216 61140 116E-02 18BE-02 7.19E-03
4 399 2328 66.41 4313 5.92 6.86 0.94 20851 2.09E-02 297E-02 8.79E-03
6 2452 17.93 69.87 51.94 555 739 1.84 23800 246E-02 401E-D2 155E-02
7 69.51 2383 79.69 55.86 5.95 8.90 295 25200 249E-02 456E-02 207E-02
8 822 7.70 69.36 61.66 484 7.31 247 72720 7.01E-03 130E-02 597E-03
9 T1.75 4213 78.81 36.68 484 8.77 393 72720 701ED3 1.56E02 857E-03
11 8.12 781 67.75 59 94 485 7.06 221 72940 700E-03 1.25E-02 550E-03
13 17.46 8.69 63.25 54.56 491 6.37 1.46 86367 599E-03 952E-03 3.54E-03
16 157 869 60.52 5183 491 595 1.04 80233 644E-03 958E-03 3.13E-03
18 68.78 2198 74.36 5238 583 8.08 225 69353 885E-03 150E-02 6.19E-03
19 11.91 19.41 67.74 48.33 5.65 7.06 14 282,00 211E-02 3.23E-02 1.12E02
20 5.65 8.28 69.04 60.76 488 7.26 238 78055 6.58E-03 120E-02 543E-03
21 206.28 2503 87.88 6285 6.04 10.16 412 49080 1.30E-02 267E-02 138E-02
2 179.26 2874 83.59 5485 6.29 950 A 43460 152E-02 262E-02 1.30E-02
23 56.66 26.90 7817 51.27 6.17 867 25 76800 B46E-03 146E-02 612E-03
26 2043 2968 64 95 kWij 6.36 663 027 37811 177602 226E-02 493E-03
27 378 10.52 6294 5242 504 6.32 1.28 42700 1.24E02 191E-02 6.68E-03
29 191 37.14 7314 36.00 6.87 7.89 1.02 84800 B853E-03 1.20E-02 34BE-03
30 7 934 70.76 6142 495 753 258 83828 6.22E-03 116E-02 5.3BE-03
31 47.57 29.98 7617 4519 6.38 a1 1.83 43200 155E-02 245E02 B.99E-03
32 11699 2764 80.47 5283 6.2 9.02 28 290641 221E-02 393E02 1.72E-02
33 18.39 16.45 67.17 50.72 5.44 6.97 1.53 77000 744E-03 117E-02 4.25E03
M 53.11 2658 80.78 54.20 6.14 9.07 293 41273 157E-02 284E-02 1.27E-02
36 193.23 18.59 7912 60.53 5.59 881 32 74000 795E-03 1.54E-02 742E-03
38 197 1821 61.74 4353 557 6.14 057 80800 7.26E-03 981E-03 255E-03
41 1.18 2990 64.46 34,56 6.37 6.56 019 71500 938E-03 1.1BE-02 247E-03
42 32.08 255 67.54 44 99 587 703 1.16 44000 140E-02 206E-02 659E-03
43 158 41 1575 69.42 5367 540 1.32 192 72055 7.79e-03 130E-02 516E-03
45 9.05 197 66.26 46 55 567 6.83 116 30433 196E-02 290E-02 9.36E-03
46 707 11.80 86.00 74.20 5.12 9.87 475 30667 176E-02 416E-02 240E-02
49 30.19 16.02 65.53 49.51 5.42 6.72 1.3 44400 129E-02 195E-02 6.69E-03
50 19.81 19.42 64.90 45.48 565 6.62 097 28000 212E-02 305€-02 9.28E-03



Appendix B2
Final values used in data analysis

Reservoir Chlorophyli DN Radiance Reflectance
(mg/m3)
700-670 nm  700-670 nm 700-670 nm
1L 4.09 36.23 0.92 0.004797
1S 415 37.36 0.96 0.004983
2 5.24 44 42 2.16 0.007194
4 3.99 43.13 0.94 0.008795
6 24.52 51.94 1.84 0.015543
7 69.51 55.86 2.95 0.020745
8 8.22 61.66 2.47 0.005973
9 77.75 36.68 3.93 0.008565
11 8.12 59.94 2.21 0.005498
13 17.46 54.56 1.46 0.003538
16 1.57 51.83 1.04 0.003133
18 68.78 52.38 2.25 0.006193
19 11.91 48.33 1.41 0.011233
20 5.65 60.76 2.38 0.005428
21 206.28 62.85 4.12 0.013774
22 179.26 54.85 3.21 0.012988
23 56.66 51.27 2.5 0.006119
26 20.43 35.27 0.27 0.004933
27 3.78 52.42 1.28 0.006685
29 1.91 36.00 1.02 0.003485
30 7 61.42 2.58 0.005382
31 47.57 45.19 1.83 0.008991
32 116.99 52.83 2.8 0.017201
33 19.39 50.72 1.53 0.00425
34 53.11 54.20 2.93 0.012714
36 193.23 60.53 3.22 0.00742
38 1.97 43.53 0.57 0.002555
41 1.18 34.56 0.19 0.002467
42 32.08 44 99 1.16 0.006585
43 158.41 53.67 1.92 0.005163
45 9.05 46.55 1.16 0.009364
46 70.7 74.20 4.75 0.023981
49 30.19 49.51 1.3 0.006691
50 19.81 45.48 0.97 0.009284
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