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ABSTRACT

SeaWFS data converted to optical properties of the
ocean in the form of vertical and horizontal underwater
visibility products are conpared to in-water diver and
optical instrunment neasurenents during the Mdel D ver
Visibility (MD V) experinent. Results were collected from
19 to 21 August in the Mssissippi Bight region of the
United States.

The SeaWFS satellite data was processed wth the
Aut omat ed Processing System (APS), devel oped by the Naval
Research Lab (Code 7333). APS converted radiance values
into specific paraneters studied: the beam attenuation
coefficient, the diffuse attenuation coefficient, vertical
visibility and horizontal visibility. These values were
conpared to the AC-9 instrunent, a-Beta instrunent, Secchi
di sk and the observed neasurenents fromthe divers.

The results indicated that the beam attenuation
coefficient and the diffuse attenuation coefficient are
underestinmated as conpared to the in-situ neasurenents.
These values then overestimate the vertical and horizontal
visibility as conpared to the Secchi disk and diver
sightings. The visibility products from SeaWFS should be
used on an experinmental basis for Naval operational
planning. It is recommended that the use of in-water diver
reports noting variability of SeaWFS visibility product
estimates are necessary for validation and offers feedback
to the research and developnent field for algorithm
i nprovenent .
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. 1 NTRODUCTI ON

In today’s War on Terror our mlitary has the urgent
and continuous need for accurate, tinely and detailed
environnental data to support field operators/warriors.
The focus of this thesis is operational renote sensing of
ocean optical paraneters related to underwater visibility
in support of the Mne Warfare (MN and Special Warfare
(SPECWAR) comunities. Renotely sensed (RS) information
provi des the pertinent optical properties of the ocean that
help in operational planning and in tactical decision-
maki ng. An  enornous benefit to RS oceanographic
information is the ability to access data from otherw se
restricted waters. The Naval Research Laboratory (NRL) at
Stennis Space Center (SSC) provides such detailed data
pertaining to the ocean’s optical properties and underwater
visibility. Uilizing the information downl oaded from the
Sea Viewng Wde Field of View Sensor (SeaWFS) on the
ObView2 Satellite, the Automated Processing System (APS),
NRL code 7333 (QOcean Optics Section of NRL) produces inages
of oceanographic optical paraneters. When interpreted,
these satellite images can greatly assist Naval |eaders in
planning as well as give the operator prior know edge of

the conditions of their environment.

| nherent to all Naval Operations is the need for the
warfighter to exploit their environment for tactica
advant age and qui ck strike capability. Wth RS
environnmental imagery and information, today’'s warfighter
has the distinct advantage of knowi ng detailed information

in otherwise restricted areas prior to a mssion.
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Exploiting the operational environment has always been
critical to the success of mnmilitary nissions. The
Strategic Plan of the Naval Meteorology and QOceanography
community includes the need to define wvirtually any
operating environnment to on-scene, tactical forces.

A H STORY

The Navy’'s involvenent with research in ocean optics
spans nearly 50 years. The academ c science and research
communities, NRL, and the Navy’'s own METOC corps has
greatly contributed to the Navy' s ocean optical advances in
under wat er visibility that supports various warfare

communi ti es.

A report for the Departnment of the Navy funded by the
O fice of Naval Research in Novenber 1968 resulted in ocean
optical theories that are still being used by the Navy
t oday. Willians (1968) solidifies the use of the white
Secchi disk and it’s ability to extract the inherent water
paranmeters of beam attenuation and extinction. The Secchi
disk is the sinplest and |east expensive neasure of water
visibility. The report stated that to make accurate
nmeasurenents of visibility the disk should be conbined with
results of in-situ rmeasurenments from other opti cal

measuring instrunents.

O her subsequent papers and textbooks in the civilian
realm of ocean optical research have concluded the
i nportance of proper Secchi disk neasurenents integrated
with nodern instrunents that can ultimtely measure beam
attenuation with depth in turbid water. Hol mes (1970)
clearly states that in turbid waters and in the green
region of the spectrum a “statistically significant”

2



relationship exists between the secchi depth and |[ight

transm ssion thru the water.

Nonographic charts were developed in the late 1950s
and 1960s for sighting ranges given target and view angl e,
and also other environnental paraneters. Ext rapol ati ng
at nospheric light attenuation and range to the ocean
devel oped the basic principle of the sighting range.
Target contrast parameters for wunderwater scenarios are
often unknown. Therefore it is difficult to predict the
range at which a possible threat nmay be seen since specific

paranmeters of the target are uncertain.

Today, the Navy attenpts ‘Through The Sensor
technology by wutilizing forward deployed ships, unnmanned
aut onomous vehicles (UAVs) and diver inputs for direct
nmeasur enent of i nher ent opti cal properties. These
nmeasurenents directly benefit research and operationa
interpretation of RS data in understanding and exploiting
t he ocean environnent.

B. MOT1 VATI ON

A mjority of politically sensitive countries have
ocean borders resulting in denied access to critical areas.
Know edge of ocean paraneters in these areas require RS
retrievals or nodeled properties. SeaWFS' s gl obal
coverage provides information for these regions and,
together with APS products, arm the METOC officer wth
crucial environnmental information. This offers an advant age
in support of conmunities utilizing ocean data for

operational planning and executi on.

Two conmmunities that have a constant use for ocean
optical properties are MVN and SPECOPS. Wth the help of
3



the National Research Council, each community has been able
to hold a synposium between scientists and operators to
convert experimental /research products to real -tinme

oper ational products.

The National Research Council (2000) sponsored and
publ i shed a synposium between oceanographic researchers and
Naval Warfighters in the MN community. Together they
identified nunmerous areas where science and technol ogy that
could strengthen the Navy’'s Mne Warfare capabilities if
i npl enented and expl oited. In particular, opti cal
properties of the water are of great inportance to both
ship sensors and to human divers who operate in that
medium The ability to see well enough to detect, classify
and neutralize floating and hull nmounted mnes is
i mperati ve. A diver knowing the conditions of the water
before entering has a tactical environnmental advantage.
The operational planner who knows in advance that the
visibility in the search area is poor may choose to send a
dol phin or sea lion, which can easily locate a mne, vice a
human, saving time in the overall mssion of neutralizing a

t hr eat .

The National Research Council (1997) also sponsored
and published a synposium that brought to |light many facets
of ocean optical properties that are significant to
m ssion-critical environmental paranmeters for SPECWAR In
the Naval Special Warfare (NSW M ssion Planning guide,
swinmers or Seal Delivery Vehicles (SDVs) should not
operate in water that allows them to be observed at
di stances greater than 10 feet. Al though this restriction

is placed on the warfighter, turbid water can also inpede



the navigation of the mnmission causing a decrease in
underwater line of sight and ability to see dive nmeters or
navi gational aids. Also realized in the synposium was the
capability of wunderwater vehicles, such as the SDVs, that
can support the housing of small instrunments to collect
opti cal and  hydrol ogi cal dat a. Denonstrations  of
under wat er aut ononous vehi cl es (UAVs) for tactical
collection of optical data are forthcomng this next year.
Hydrol ogical data collected and returned to the NMETCC
centers can be archived for oceanographi c handbooks. Thi s

data should al so be submtted to the research community.

Presently a basic nodel of wvisibility for these
communities is available via SeaWFS and APS. Because many
times the target is unknown, the vertical clarity of the
water or the horizontal visual range of the human eye are
the only tools that provide the environnental advantage to
the warfighter. Sone limtations to the near real-tine
aspect of satellite renbte sensing are cloud cover,
at nospheric aerosols and the near surface limtation such
as near shore white caps. These disturbances distort the
radi ance received by the SeaW FS sensor
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1. THEORY

Hydr ol ogi c optics is cl osely associ at ed W th
at nospheric radiative transfer theory but applied to the
ocean nedi um Radi ative transfer theory is defined as the
guantitative study, on a phenonenological Ilevel, of the
transfer of radiant energy through nedia that absorbs,
scatters or emts radiant energy (Preisendorfer 1976).
Radi ant energy from the sun is transferred in an array of
wavel engths in the form of electromagnetic energy. The
part of the energy spectrum detected by humans by sight is
the visible wavel engths, 390 to 740 nanoneter (nn
wavel engt hs. Peak brightness to the human eye is neasured
at approximately 555 nm under normal daylight conditions
but changes with low |light adaptation. The ocean interface
i ntroduces nodifications to the radiative transfer process;
a snooth water surface imediately reflects approxinmtely
2%  of t he i ncom ng el ectromagnetic ener gy whi |l e
transmtting approximately 98% of that energy through its
medi um Transm ssion of this energy is also dependent of
the angle of incidence. When the ocean surface becones
roughened by wi nd and waves the reflection and transm ssion

pattern beconmes nuch nore conpl ex.

Prei sendorfer (1976) presents a sinple nodel for

radi ati ve transfer:

dL
o Dbl (1)

where L is the apparent radiance, r is the path distance,

a being absorption, b is backscattering, and L, is the path
7



function that includes the anount of radiance scattered
wi t hout a change in wavel ength. Equation (1) holds for al

vi si bl e wavel engths. Along that path a series of scattering
(b) and absorption (a) nodify the transfer of radiation.
The conbination of absorption and scattering is commonly
referred to as the beam attenuation coefficient, ¢ where
c=a+b. There are also photons that are neither scattered

or absorbed and travel the entire path |ength.

Knowi ng the beam attenuation coefficient and path
function equation (1) can now be represented over the
entire path length through integration. Scattered visible
light in the ocean al so decreases exponentially wth depth.
This nodel connects the radiance at the beginning and end
of an arbitrary radi ance path:

-

L(r,0)=L,(r,0)e " +IL*(r ') dr (2)
0

For wvisibility & represents the view angle of the

human. In this thesis the coordinate system is oriented

such that when a diver is |looking up at the surface of the

wat er 6=0° .

The final sinple nodel for radiance is the synthesis
of equations (1) and the assunption of light’'s exponentia

attenuation in the water:

_ L.(r,0 _
L(r,0)=L,(r,,0)e" + (.0) [L=e 8]
c+Kcosb ’
This equation does not include the dependence on the
azimuth angle or location of the sun. For the purposes of

this thesis the angle of the sun will be directly over-
8



head, providing a sufficient background |ight field.

Equation (3) can be sinplified even further to basic
rules of contrast theory to also include the problem of the
attenuation of light while viewing an object. To be seen
by the human eye an object nust have a mninum contrast

with its surroundings. Brightness contrast is defined as:

_L L
Co==7—. (4)

B

where (Ly) is the object (target) radiance or brightness and
(Lg) is the background field radi ance. To be seen by the
human eye an object nust have a mninmum contrast with it’'s
surroundi ngs usually taken to be -2% In the sanme fashion
that light is affected by water, contrast 1is also
attenuated exponentially wth depth. The conbination of
equation (3) and (4) results in this equation:

- [—(c+K cosO)r]
C.=Ce | (5)

wth C as the apparent contrast. This equation can be

used to solve for visibility Iengths represented by r. The
clarity of natural waters can be expressed directly in
terms of the beam (c) and diffuse (K) attenuation
coefficient. A variety of instrunments can nmeasure ¢ and K
as well as the absorption and scattering quality of natural

waters. Solving for r in equation (5):

Cl”

~In( )

c+Kcos@ (6)




The sinplest assunption for the contrast ratio is using a

bl ackbody target with a known inherent contrast of -1, and

with a sufficient light field the background contrast is
approxi mately equal to -0.02. This sinplifies the
nunmerator in equation (6) to approxinmately 4.0. Different

contrast values have been established thru enpirical and
studied calculations in various types of water. Wen viewed

vertically, with 8=0° the range equation is reduced to:

4.0
rvertical =
ctK- (7)

The hori zontal range is viewed wth #=90° and is

represented by:

4.8

v, . =

horizontal ’ (8)
The 4.8 contrast value was derived from previous contrast
conparisons performed at NRL using a variety of targets.
Equation (7) and (8) are the algorithns used by SeaWFS to

represent the vertical and horizontal visibility products.

The contrasts values in the nunerators of equation (7)
and (8) are not universal and depend on the object’s size,
angle viewed by the swimmer, object reflectance and angle
of the sun in the sky. In this thesis these dependent
paraneters were sinplified to assune that the object size
was unknown, the angle viewed by the swi mer was verti cal
or horizontal, the objects reflectance was considered as a
bl ack body and the sun was overhead at solar noon providing
a well-lighted background field.

10



A | NHERENT AND APPARENT OCEAN OPTI CAL PROPERTI ES

| nherent to the water nedium are the properties of the
vol une attenuation function (c¢) that includes the sum of
scattered (b) and absorbed (a«) energy and the volune
scattering function. Sone energy that enters the water
medium i s neither scattered nor absorbed and transmits with
no change.

Apparent optical properties are those dependent on the
light field. This field is determ ned by the nature of the
incident light in the ocean nedium and the inherent optical
properties of that nedium The diffuse attenuation
coefficient Kis defined in terns of the exponential decay
of the anbient irradiance wth depth. The directional
structure of the light field, the sun in this case, is
directly related to the paraneter K as is the ratio of the

scattering to total attenuation.

1. The Renote Sensing of Optical Properties

The intensity of light in the ocean influences the
bi ol ogi cal processes that result in light becom ng
scattered and absorbed. Figure (1) illustrates the

interaction of the energy from the sun with the ocean,
absorption by water, particles and colored dissolved
organic material (CDOV. Backscattering occurs due to the
water and from both inorganic particles (sedinent), and
organi ¢ (phytoplankton) particles. The satellite receives
the water |eaving radiances after is has been effected by
t hese ocean processes. Mol ecul ar and aerosol scattering
typically allow 10-30% direct transmttance of the water
| eaving radiance to the satellite. Correction of the
at nospheric effects is derived from analysis of the red and

11



near-infrared radiance that are not affected by ocean

properti es.

A

vhg
=1 =
i 5N

v SeaWiFS
}\ ORBVIEW 2

Backscattering Absorption
by a

Figure 1. Interaction of solar radiation with
the ocean and the received radiance to the satellite.
http://ww. bi gel ow. or g/ ~ahb/ gonoosopt i cal web/ Ccean_opt
i cs/ oceanoptics. htm (8/23/2002)

In a sinple diagram as in figure (2), the summary of
the renotely sensed reflectance as seen by the satellite
starts with the radiances from the sun and sky. | mport ant
to renotely sensed surface paraneters is the radiative
transfer of the suns energy through the sky. The reaction
of the energy from the sun on the ocean causes bi ol ogi cal
productivity to increase, changing the influence of
suspended material in the ocean on both the inherent and
apparent optical property paraneters. Light in the water
colum that has been redirected upward is observed by
SeaW FS. The ratio of upwelling radiance to down-welling
radi ance (light from the sun to the ocean) is directly
related to inherent optical properties of the ocean.

12
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v
=\ =
D=4
Vo
t-
\
Spectral |, Spectral
Irradiance \1 _f Upwelling

/  Radiance

Scattered

Light *
Absorbed and ‘. Water
Transmitted “Column

light

Figure 2: Sunlight incident on the ocean
surface and the redirected upwelling |Iight produced
fromthe reaction of scattering and absorption by the
wat er. http://ww. bi gel ow. or g/ ~ahb/ gonobosopti cal web
/ Ccean_opti cs/ oceanoptics. ht m (8/23/2002)

SeaWFS receives the reflected light at all wavel engths.

The ocean absorbs red wavelengths in 8 wavel ength bands.
The ocean absorbs red wavel engths in the visible portion of
the spectrum which is why natural waters appear blue. The
wavel engt hs pertinent to horizontal and vertical visibility
are in the green wavel engths, 532 and 555 nm A plot of
the spectral distribution of the sun at the sea surface
Wllianms (1968) observes also that the human eye is
“strongly peaked at the 555 nm wavel ength”.

After Zaneveld (1994), figure (3) presents a flow
chart for the relationship of RS fromthe sun to the sensor
and finally to the interpreter of the product. The fina
portion of processing the received reflectances of SeaW FS
is the APS conversion of the radiance received and the
METOC interpretation of the satellite information. APS is

a powerful tool that incorporates the physical theories of
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underwat er optics. By understanding the basic oceanographic
optical property concepts above, and also being famliar
with the APS tool, the METOC officer can now establish a
baseline report for the optical conditions of the

operational area of the day.

RS and Optical Oceanography
Relationship

Radiative Transfer — Radiative Transfer

Figure 3. After Zaneveld (1994), sun to
sensor to interpreter flow chart for RS
opti cal products.
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I11. DATA

A I N SI TU MEASUREMENTS

Measur enent s of ocean opti cal par anmet ers wer e
collected from 19 to 23 August 2002, during the Mdel Diver
(MoDiv) experinent in the Mssissippi Bight region of the
@l f of Mexico (30°55'N,88525'W). A series of dives were
conducted wth simultaneous neasurenents using various
optical instrunents from approximately 1100 to 1500 Local
Time (LT) each day. The time of day was planned to match
with SeaWFS overpasses and to maximze the sun's
illumnation at or near solar noon. The primary objective
of the experiment was to conpare the visibility nodels
represented by equations (7) and (8). These equations are
the APS algorithms for horizontal and vertical water
visibility.

The MoDiv field experinment was conducted to determ ne
how wel | each nodel performed and to conpare the paraneters
derived from the Secchi neasurenents to the SeaWFS
products from APS. The MDiv exercise plan (Jugan, 2002)
contains details of the field collection effort. The
experiment data covers three days of in situ and satellite
ocean optical neasurenents. This thesis uses the nodels
from equation (7) and (8) to conpare in-situ neasurenents
and diver observations to the SeaWFS derived neasurenents
in order to assess their operational utility.

1. | nstrunments

I nstrunents were deployed from the ship platform using
a | ow decent rate ocean profiler. The follow ng

instrunmentation was included: AC-9 plus, a-beta, c-beta,
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Conductivity Tenperature and Density Sensor, ECO Vol une
Scattering Function (ECO VSF), Hyper spectr al Tet her ed
Spectral Radi oneter Buoy (Hyper-TSRB), Tethered Attenuation
Coefficient Chain Sensor (TACCS k-chain), white Secchi disk
and a nmultiple wavelength backscattering sensor (Hydro-
Optics, Biology & Instrunentation (HOBI) |abs Hydroscatt).
Lab calibration required for instrunments was done prior to
field deploynent. The following sections wll  Dbriefly
describe each instrunent’s nmeasurenment as they pertain to
the subject of horizontal and vertical visibility. (Tabl e
1 provides a brief review of the instruments and
nmeasurenents used to define optical properties for
hori zontal and vertical visibility.)
a. AC-9 Plus

The AC-9 Plus perfornms concurrent neasurenents of
the water’'s total attenuation (c¢) and absorption (a)
characteristics by utilizing a dual path configuration in
one instrunent. Each path contains its own |ight source,
optics and detectors for t he specific wavel engt h
nmeasur enent. The instrument used wavel engths from 412 nmto
715 nm

b. a-Beta and c-Beta

The a- beta and c-beta bot h nmeasur e
backscattering. A source light travels through an interna
prism that bends the beam before it enters the water; the
receiver has a simlar prism that bends the field of view
towards the source beam The source beam divergences, the
pri sm angles, and distance between the source and receiver
w ndows determ ne the range of scattering angles over which
the neasurenent IS made. Bot h i nstrunents provi de
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measurenents centered on a scattering angle of 140° at 532

nm

The c-Beta instrunment also neasures (c¢) through a
f ol ded-path beam transm ssoneter. The round trip distance
of the incident beam of light travels through a 30 cm gl ass
housi ng. Any light scattered out of the beam over that
path |l ength contributes to the neasured attenuation.

The a-Beta instrument neasures the returned
radi ance over a round-trip path length of 30 cm In
contrast to the c-Beta, the geonetry provides a neasurenent
of diffuse attenuation (K) that is affected by w de-angle
scattering and absorption. The effect of wde-angle
scattering can also be deternmined enpirically from the
backscattering neasurenent, and then subtracted from the K
nmeasurenent to provide an accurate estimate of absorption.

C. Conductivity-Tenperature and Depth Profiler

(CTD)

The CID neasures three paraneters directly:
conductivity, tenperature and pressure. Salinity is
estimated from the waters conductivity of electric currents
that pass through salty water. Water that has a higher
salinity passes nore current than brackish or fresh waters.
A therm ster nmeasures the tenperature and a quartz crystal -
based gauge neasures pressure throughout the water col umm.

d. ECO Vol une Scattering Function (VSF)

The ECO VSF neasures optical scattering at three
distinct angles: 100, 125 and 150 degrees, at three
wavel engt hs (450, 530 and 650 nn) thus providing the shape
of the volunme scattering function. The three-angle
nmeasurenent allows determ nation of scattering at specific
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angl es through interpolation. Conversely, it also may
provide the total backscattering coefficient by integration
and extrapolation from90 to 180 degrees.

e. Hyper - TSRB

This instrunent contains two high-quality 256-
channel spect r ogr aphs t hat obt ai n hyper spectra
measur enent s of upwel | i ng radi ance and downwel i ng
irradi ance. This data can be used with the TACCS (see next
instrument) to calculate renote sensing reflectance. The
Hyper-TSRB is designed to obtain upwelling near surface
spectral radiance data at sub-wave period sanpling rates
away fromthe observing pl atform di sturbances.

f. TACCS k- Chai n

The TACCS systemis designed to allow the user to
obtain the instantaneous diffuse attenuation coefficient of
the water columm wi thout perform ng optical profiles. The
k-chain is attached to the TSRB to accurately determ ne the
diffuse attenuation in the optical light field. The chain
has 6 sensors |located at depths of 1.5, 1.75, 2, 2.25, 2.5
and 2.75 nmeters in order to calculate K These are cosine
i rradi ance sensors at the 532 nm wavel engt h.

g. VWi te Secchi Di sk

The Secchi disk is the oldest instrunment used to
deci pher the clarity/visibility of the water in the
vertical coordinate system It is a sinple instrunent,
yields imediate information regarding the water clarity
and its cost is significantly |ess than spectral mneasuring
i nstrunents. A 12 inch white disk is lowered into the
water and the depth at which the white disk disappears is

the secchi depth. Combined with the nobre expensive
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instruments the secchi results vyield nmultiple optical
properties of the ocean such as: ¢, and K The white disk
was used in the MD V experinent. The use of a black disk
presents an easier assunption in using contrast theory for
water clarity but was not wused in the experinment for
vertical visibility.

h. HOBI Labs Hydroscatt

The Hydroscatt is a self-contained instrunment
that neasures optical backscattering (5,) at six different

wavel engt hs, and fl uorescence. The source produces a beam
of light in the water and the detector collects a portion
of the light that is scattered out of that beam by the
wat er . The divergence of the source beam and receiver
field of view, the angle of the prisns, and the distance
between the source and receiver w ndows, determne the
range of the scattering angles neasured. The Hydroscatt

geonetry results in a neasurenent centered on a scattering

angle of 140°. Its backscattering sensor is nearly
i denti cal to that of the a-Beta and c-Beta (sane
manuf act uri ng conpany).

i. SeaWFS Sensor

The SeaWFS sensor nmeasur es the sunlight
reflected off particulate matter suspended in the water is
as water leaving radiance (Ly). Approximately 15 pole-to-
pol e or bi tal swat hs are conpl et ed resul ting in
approxi mately 90% of the ocean surface being scanned in two
days. SeaWFS is a spectroradioneter that neasures the
return radiance at 8 different visible/near infrared (IR
wavel engths. This passive sensor utilizes 8 spectral bands
in the visible and near-infrared wavel engths. The eight
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bands and wavelengths are as follows: Band 1 - 412 nm
(violet), Band 2 - 443 nm (blue), Band 3 — 490 nm (bl ue-
green), Band 4 - 510 nm (blue-green), Band 5 - 555 nm
(green), Band 6 — 670 nm (red), Band 7 — 765 nm (near IR
and Band 8 — 865 nm (near IR). The advantage of the space-
based spectroradioneter is global coverage while the
di sadvantage is that interfering optical effects of the
aer osol (cl ouds), sea surface (sea foam. Spat i al
variability nmust be accounted for to provide an accurate
neasurenent of L, relative to in situ validation of

measur enent s.

The water |eaving radiances neasured are applied
to algorithnms that produce geophysical values for ocean
col or studi es. These algorithns are tested against highly
accurate nmeasurenments of radiances at the surface of the
ocean as well as imersed in the ocean to neasure both the
incomng (downwelling) and outgoing (upwelling) radiation
Geophysi cal val ues include chlorophyll concentration (Chl),
absorption (a), backscattering (bp), beam attenuation (c)
and diffuse attenuation (Ky). SeaWFS |ocal area resolution
is 1 km The spatial variability of the geophysical
phenonmena may not be resolved by the satellite resolution
Ccean visibility is particularly variable within 1 km
However, the visibility product provided from SeaWFS by
APS offers resolution to the coastal visibility area of
interest in this thesis.

J - Underwat er Canera (Diver’'s Eye)

Four divers estimated the horizontal wvisibility
of the black and gray spherical targets and black disk.
Prior to the experinment the divers took an eye test. This
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eye test sinply proved that each observer was eligible for

sighting the underwater targets. For the average Navy Diver
is assunmed that

or SEAL eye underwater it they are fully

famliar with the underwater environnment, well acquainted
with the objects for which they are |ooking and possess
perfect vision within Navy Standards. It is also assuned

knows the direction in which to | ook and see
target. Not e al so that
det ect ed

that the diver

t he visual unexpected targets wll

be less well initially than wll those whose

appearance will be anticipated. Each diver approached the

target from a north, south, east and west direction. The

prevailing visibility for that day was an average of all
the sightings from the divers including every angle of the

two targets.

Table 1: Summary of instrunents and neasurenents of
optical properties for horizontal and verti cal
visibility.
| nstrunent | Depl oynent Measur enent s Units
Met hod
1 |ac-9 Vessel a, C 1/'m 1/m
2 |alc-Beta Vessel a, €, Kiderived /m 1/m
1/ m
3 |CID Vessel S, T, d ppt, °C, m
4 | ECO VSF Vessel by 1/m
5 |HTSRB Vessel Ri, Lu, Rs 1/ sr, Wnf,
1/ sr
6 | K-chain Buoy Ky 1/'m
7 | Secchi Vessel Verti cal m
Di sk Visibility
8 | Hydroscatt | Vessel by 1/m
9 | SeaWFS Space Vehicle |Kg, a, by 1/'m 1/m
1/ m
10 | Underwater | Diver Hori zont al m
Caner a Visibility
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B. SATELLI TE SOFTWARE: AUTOVATED PROCESSI NG SYSTEM ( APS)

APS is a collection of conputer prograns and shell
scripts designed to automatically generate nmap-projected
i mmge dat abases of satellite derived products from a |arge
vol une of raw satellite input. APS provides for near real-
time processing with the option of reprocessing historica
data from Advanced Very H gh Resol ution Radi onreter (AVHRR)
SeaW FS, Modul ar Opt oel ectronic Scanner (MOXS) and Moder at e-
resolution |Inmaging Spectroadioneter (MODIS) sensors. APS
version 2.6 incorporates the processing algorithns enpl oyed
at the Naval Research Laboratory as of Cctober 1 2002. APS
is capable of running on the Red Hat Linux 7.1 or S@ IR X
6.5 operating systens. Currently at NPS, APS 2.6 is
configured for reprocessing historical data for research
and teaching purposes wthin the MTOC Renpbte Sensing

Laborat ory.

| ndi vi dual scenes are sequentially processed from the
level-1 raw digital counts using standard paraneters to
radiometrically and geonetrically <correct products to
level -3 within several mnutes. Level -3 regional data
products from APS contain atnospherically corrected
geophysi cal products in standard map projection (Mercator)
for a specific region of interest from SeaWFS. One quick
feature of APS is the generation of browse inmages. As data
is being processed (or reprocessed) the browse inmages are
generated allowing the wuser to instantaneously see the
imge and concurrently process RS data. Figure 4 is an
exanple of a level-3 browse imge for SeaWFS horizontal
visibility August 20 2002. The inmage clearly shows an
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accurate coastline of the Mssissippi bight region in a
Mercator projection. The image also shows a color bar that
defines a general estimate of the horizontal visibility at
a given |ocation. Here the higher horizontal visibility
areas are represented in blue and the lower wvisibility
areas are in the red-orange col ors.

S2002232181083 . L1 _GC_MSB Tuoe dog 20 18:11:04 2002
Horizental Diver Visibilicwy (4.8/¢)
270

0.000 5 10 15 20 25
W aTHFAIL LAND McLoice W HIGLINT
horiz_wis {(m) NPS RS Lab

MigaBight (BeaWiFs-orbVicw-2) Oeogan Color Prodocts
hDS v2.6 UNCLASSIFIED

Figure 4: APS | evel -3 browse image for horizonta
visibility August 20, 2002.

Map areas can be created for any portion of the earth.
APS will systematically search the level-1A files that
mat ch the area mapped and apply the satellite data to the
proj ecti on. Area maps should be created know ng the
resolution limts of the sensor. SeaWFS provides gl obal
resolution of 4 km and local resolution of 1 km therefore
the created maps should remain in these limts for best
resolution of the desired paraneters.
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APS further processes the data into daily, weekly,
monthly and yearly tenporal conposites, which defines
| evel -4 products. There are also hierarchical data format
(HDF) files for level-3 and |evel-4 analysis. HDF files can
be used for further manipulation and study in other imge
software packages such as Environnent for Visualizing
| mmges (ENVI) and SeaWFS Data Analysis System (SeaDAS).
Figure 5 shows the HDF horizontal visibility file as viewed
usi ng SEADAS on 20 August 2002. The user can define a |and
mask and a color bar to view and enhance product results
Notice the geo-referenced inmage has a different projection
and a color schene that is opposite to the APS browse
i mage. SEADAS does allow the user to locate a specific
geographical location with a nouse cursor and extract
product val ues. A predefined color schene of ‘rainbow
was used to create this inmage. The higher horizontal
visibility areas are in red and the lower visibility areas

are in bl ue.

Due to cloud coverage throughout the three-day MD V
experinment the anmount of useable data is |ess than desired.
However, the necessary neasurenents for the determ nation
of a gross detection nodel under sufficient light and an
average eye are attainable. Sinplifying the nodel with the
assunption of inherent and apparent contrasts and eye

detection limts also allows good use of this limted data.
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Figure 5. HDF file fromAPS utilized in SEADAS for
mani pul ati on and enhancenment. Image is from 20 August
2002 of horizontal visibility with a color bar that
can be produced and altered by the user. Cursor

| ocation of a particular Lat/Lon provides geo-
referenced val ues.
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| V. PROCEDURES

A SATELLI TE DATA COLLECTI ON, PROCESSI NG, AND SCREENI NG

Prelimnary investigations of atnospheric clarity are
necessary to determne the effects of the atnosphere on
satellite received ocean radiance. The aerosol optical
t hi ckness (AOT) for the area of interest was taken fromthe
Aerosol Robotic Network (AERONET) site located at Stennis
Space Center. AERONET neasures aerosol optical properties
using a Cl MEL sunphotoneter at surface sites |ocated around
t he worl d.

SeaW FS data sets are obtained with the perm ssion of
the SeaWFS Project at the Goddard Space Flight Center
(GSFC). The Goddard Earth Sciences Distributed Active
Archive Center ( GESDAAQ) provides access to gl obal
satellite data. The files are initially in a level-1A HDF
zi pped format.

Once the level-1A data is successfully transferred to
the NPS RS Lab’s Linux conputer via File Transfer Protocol
(FTP), APS can process the data for ocean optics analysis.
A multitude of processing products is available thru APS
and can be found in the Data Product User’s Cuide for APS.

The foll ow ng products were produced for this study:

- c at the 555 nm wavelength wusing Carder and

Arnone’s al gorithns,
- Chl orophyl | -a using the OC4 al gorithm
- Horizontal visibility,

- vertical visibility,
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- K at the 532 nm wavel ength and
- true col or.

Level -3 (direct reprocessing of the individual passes
for the given paraneters) and Level -4 (conposite imges for
daily, 8-Day, weekly, nonthly and vyearly) files were
created in both the browse format as well as in HDF for

geo-referenced val ues.

The OC4 algorithm for determining Chlorophyll-a
concentrations is dependent on the optical properties of
the waters being observed. It is an enpirical algorithm
based on nore than 2800 bio-optical in situ neasurenents of
Chl orophyll-a from all over the world. The al gorithm uses
4 spectral bands from SeaWFS for this calculation and was
established by the SeaWFS Project and Calibration and
Validation Team This paraneter was not specifically
conpared in this thesis but offers a quick idea of the
clarity of the water regarding phytoplankton bl oons
excluding non-organic material such as suspended sedinent.

The “K532” product from NRL represents the rate at
which light at 532 nmis attenuated with depth. Typical ly
the attenuation length is simlar to the Secchi depth (bulk
measurenent) and can be used to estimate the depth, which
you can see into the water colum. The browse inage allows
the wuser to quickly notice |large-scale ocean optical
features. For each browse file there is a subsequent HDF
file wth attributes specific to the processed file and
defined paraneter. The HDF file when viewed in SeaWFS Data
Anal ysis System (SeaDAS) can pin point exact latitude and
| ongi tude | ocation values for the paraneter of interest for

a particular satellite pass. This allows for a direct
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conparison with the data collected and observed in the
ocean at that sane location and approximate tine as the

satellite overpass.

Ceo-referenced data from each pass was recorded using
SEADAS. An Area of Interest (AO) or the ‘blotch’ function
on SEADAS was created to statistically evaluate the pixel
data produced for the region surrounding the experinent’s
| ocati on. Because each individual pass did not render a
value for the specific location of the MD V experinent,
statistical information to include the nmean and standard
deviation was used to characterize the satellite val ues.
The individual satellite pass for 20 August 2002 vyielded
the clearest area for study of neasurenents conducted

simul taneously at the MDV experinment |ocation. The
results presented will include the satellite data from that
day.

When the individual pass excluded values for the AQ,
then the next step was to examne the daily then weekly
conposite images. Conpilation of data (daily and weekly
level -4 files) produced an average value for all products
listed for the level-3 files. It should be noted that
conpiling images conpounds any possible error associated
with each product. The difference between the three-day
visibility average and the conposite visibility is |arge.
Because of this fact, the results of a daily and weekly
conposite are only shown for horizontal visibility.

B. I N SI TU DATA COVPI LATTI ON, ORGANI ZATI ON & COVPARI SON

A determnation of the best instrunent to neasure the
beam and diffuse attenuation coefficients in the water
colum was established for conmparison with the diver and
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satellite neasurenents. Each day, two profiles of the
optical properties of the water colum were obtained at the
time of the satellite pass. Each profile was organized
into a ‘super sheet’ that included the AC-9, a-Beta and c-
Beta wavel ength neasurenments with depth. Al'l values were
averaged over a depth of 3 neters to directly conpare to
the depth at which the divers were sighting the targets.
The targets consisted of 20-inch black and gray spheres as
well as a flat black disk. The spherical targets were made
to sinulate possible shapes and colors that a Navy diver or
swimer  might expect to encounter underwater. The black
di sk has a theoretical advantage because its contrast ratio
is =1, which an easier assunption for calculation using the
hori zontal and vertical visibility nodels from SeaWFS. In
this experiment a white Secchi disk was used to determne
the in-situ vertical visibility.

The wavelengths neasured in the Mdeling Diver
Visibility (MoDV) experinent for a validation of present
nmodel ing efforts ranged from 443 to 773 nm wavel engt hs.
For the focus of this thesis the 532 and 555 nm wavel engt hs
are used. Because of the natural properties of turbid
wat er, use of the green portion of the visible spectrumis
essential. Also, the SeaWFS green band is centered at the
555 nm wavel ength, naking 555 nm the preferred wavel ength
to study optical property measurenents. Plots of the c
paranmeter neasured by the AC-9 and c-Beta in the 532 and
555 nm wavel engths reveal no significant differences wthin
an average depth of 4.6 neters over the three days studied.
Beyond this depth the c-Beta shows considerable difference
conpared to the AC-9. For this reason, the AC9 was chosen

to represent the inherent optical properties of the water
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for conparison. Chapter V will further support the AC-9 and
c-Beta conpari son. Data calculated at 555 nm wavel ength

was used for conparison with satellite neasurenents

The K value is nmeasured by the a-Beta, TACCS, and AC-9
in the 532 nm wavel engt h. The K value is enpirically
derived using the Kirk relationship (Kirk, 1994). In a case
study of turbid waters, Kirk represents a solid dependence
of verti cal attenuation for downward irradiance on

absorption and scattering as:
Ke = (a? + 0.245ab) Y2, (9)

A K value for the AC-9 was established using the a and b
measurenents at the 532 wavel engt h. In Kirk’s results the
direct relationship between K to the backscattering and
absorption coefficients holds in waters where the b:a ratio
i s high. The waters in the Mssissippi Bight region are
al so characterized by a simlarly high b:a ratio.

The Secchi disk depth (zsq) observed is conpared to the
c value fromthe AC-9 and the K value fromthe a-Beta. The
4.0/ (c+K) nodel was wused to derive vertical visibility
values using ¢ fromthe ACG9 and K fromthe a-Beta.

The horizontal sighting (R) of targets was conducted
at a depth of approximately 3 nmeters. Targets included 20
inch black and gray spheres and a bl ack disk. In contrast
to a white Secchi disk, an all-black target (black body)
reflects no light and is seen as a silhouette. The
i nherent contrast is -1 and sighting range depends only on
the attenuation coefficients for the water and not the
anbient Ilight or reflectance coefficient. The observed

hori zontal distance of the target was conpared to the range
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val ues produced by using the 4.8/c nodel, the 4.4/c nodel
and the beam attenuation coefficient at the 555 nm

wavel engt h averaged over 3 neters.
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V. RESULTS

A | NSTRUVENT SELECTI ON

The in-situ data collected from the MD V experinent
was anal yzed graphically for variability in the different
i nstrument nmeasurenents. There are many hydro-opti cal
i nstrunents t hat obj ectively quantify t he opti cal
properties of the water nedium Deciding on which
instrument to conpare with the satellite is necessary for
accurate conparisons. It is also crucial to determ ne the
feasibility of using this instrument in the Naval Research
aspect for ‘through the sensor’ (TTS) operational use. Due
to the nonetary constraints facing research and mlitary
prograns, it is inportant to have an instrunent to collect
pertinent data that can be easily inplemented in or wwth an
exi sting naval system such as being attached to a UAV or
di ver for data collection during operations.

Al'l available instrunents as listed in Table 1 were
easily deployed froma small ship platform Figure 6 is an
exanpl e of the consistent performance of the AC-9 conpared
to the c-beta in neasuring IOPs of Mssissippi Bight
waters. In all instances over the three-day study the data
fromthe AC-9 was well behaved. The c-Beta showed a |arge
increase in the attenuation coefficient at approximtely
4.3 meters in every profile. Alinear fit for each data set
was done to show the trend of the AC-9 verses the c-Beta
and the conparison of the two wavelengths on the AC 9.
Because of this small variation, the 523 nm wavel ength can
al so be used for a direct conparison with the SeaWFS band

4, the 555 nm wavel engt h.
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Cs32 & Cs55 AC-9 and cs3, c-Beta v Depth
20AUG02 NO_2

c (1/m)
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y = 0.5227x + 1.8714
R? = 0.9058

y = 0.5081x + 1.8256
R? = 0.9059
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Linear (c532 c beta)
== | inear (c555 ac9)
| inear (c532 ac9)
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y = 0.4691x + 1.6929
R?=0.8372

Figure 6: Plot of c vs. depth for 20AUG2 2" drop
showi ng the AC-9 neasurenents (pink at the 555 nm
wavel engt h and blue at the 532 nm wavel engt h) conpared
to the c-beta neasurenments (yellow |line, 532 nm

wavel engt h.)

The AC-9 can be used to derive a K value using a
relationship in equation 6. Figure 7 shows the relationship
between the diffuse attenuation coefficients and the AC9
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derived values and the a-Beta neasurenments during the MD V
experiment on 20 August 2002. The enpirical solution of K
using the AC-9 did not show data that was consistent with
known K values for this type of water regine. The a-beta
and TACCS instrunents produced values that were consistent
with average K values for turbid waters. The cal culated K
val ues are approximately one tenth the value of the a-Beta
measurenent. Average K values neasured in turbid waters

usual ly range from0.1 m! to 0.8 m! (Holmes 1970).

K532 AC-9 (derived using Kirk relationship) v K532 a-Beta
20AUG02 NO2

0.9 4

0.8 .
0.7 S i
0.6 233
.
04 b’

0.3 * ;‘"

.o it

0.1 4

K532 AC-9 (1/m)

K532 a-Beta (1/m)

Figure 7: Conparative plot of the K 532 derived using
the Kirk relationship and the K 532 values fromthe a-
Beta instrunents on 20 August 2002.

Table 2 presents a sumary of the K values from the
AC-9, a-Beta and TACCS instrunments. Wen calculated, the K
532 nm wavelength for the AC9 resulted in values

i nconsistent with the TACCS and a-beta instrunents. The
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TACCS neasurenent only extends to 2.75 neters in the water
colum, which is just above the diver’s sighting depth. For
these reasons the a-beta instrument was wused for the

satellite conparison of the beam attenuation coefficient.

Tabl e 2: Summary of averaged K 532 val ues from
i nstrunments and sensor.

K532 K532 K532 K532

AC-9 a-Beta TACCS SeaW FS
19AURD2 . 042 . 307 . 280 . 314
20AUR2 . 033 . 626 . 290 . 134
21AUR2 . 046 . 511 . 304 . 160

B. VERTI CAL AND HORI ZONTAL VI SI BI LI TY I NSI TU OBSERVATI ONS

Figure 8 shows the relationship between the observed
Secchi disk vertical visibility and the derived vertical
visibility wusing the AC9 and a-Beta for the beam
attenuation and di ffuse attenuation coefficients
respectively. This plot shows the wvertical visibility
during the three days of the experinent and using the
selected instrunents for the ¢ and K measurenents,

calculates a vertical visibility.

The derivation of the vertical visibility utilized the
4.0/ (c+K) nodel, which is also used by APS when cal cul ati ng
vertical visibility from SeaWFS. Secchi disk observations
and derived vertical visibility nmeasurenents produced a
strong correlation coefficient of r=0.908 but with a slope

very different from 1.
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Calculated Vertical Visibility (4.0/c[ac-9]+K[a-beta]) v Secchi
Vertical Visibility

19-21AUG02
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Figure 8: Correlation between Secchi Di sk and derived
vertical visibility using 4.0/ (c+K) where ¢ and K
measurenents were 5 maverages fromthe AC9 and a-
Beta respectively.

The focus of this thesis tries to evaluate bulk
underwater visibility analysis. The diver’s visibility
report may not nmatch that of +the in-water instrunent
derivation because of the view direction or variable
contrast of the target. The contrast ratio for the Secchi
disk in this case was assumed to be uniform and the sun’s
zenith angle was assunmed to be at solar noon. Wth these
assunptions the sinple nodels can be used for a direct

conparison to the satellite products.

Horizontal wvisibility sighted by the divers over the
three-day period yielded an average visibility of 2.46

nmeters at approxinmately 3 neters depth. Figure 9 shows an
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underwat er photograph of what the divers were observing.
The imge shows that these waters provide excellent study
of the turbid water regine. The horizontal distance from
the black disk is approximately 1 neter at a depth of 3
nmeters. The target disappeared as the diver noved further

away.

Figure 9: Diver viewof a flat black target,
hori zontal distance of 1 neter fromthe target
and at a depth of 3 m

Table 3 provides the average visibilities at this depth
over the three-day experinent. Based on these sightings and
the 3-neter c¢ values from the AC-9, the average contrast
constant in the 1/c (inverse c) nodel is 4.4.

38



Tabl e 3: Three-day sunmary of average hori zont al
visibility fromthe divers at (30°5.5'N,8852.5'W) during
the MoDi V experi nment.

Visibility at 3mdepth
19 Aug 2.67 m
20 Aug 2.0l m
21 Aug 2.71 m
Figure 10 illustrates the horizontal visual range

using the 4.4 and 4.8 constants verses the horizontal
visibility of the divers. Using a smaller contrast
constant in this case matches the one to one ratio with the
di ver’ s observati ons.
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Figure 10: Correlation between contrast val ues for
hori zontal visibility and diver sightings.

39



C. ATMOSPHERI C ASSESSMENT

Al'l AOT observations for 19-21 August 2002 within the
tenporal frame of the experinent indicated no significant
i npact of the atnosphere AOI. Figure 11 provides the
AERONET data for 20 August. Here it can be seen that in
the green portion of the spectrum used in this study the
optical thickness is approximately 0.27 (units) over the
Stennis Space Center Station. The weather for the day
i ncluded clear skies wth altocumrulus passing clouds. | t
can be seen from Figure 11 that there are tinmes during 20
August 2002 that have no data which indicates conplete

cl oud cover age.

Stennis , M 38 227, W 89 377, Alt 28 m,
PI : Jeff_Jenner, Jeff.Jlenner@ssc.nasa.gou
Data from AUG-28 ,28082

OT_1828 § <@8.875:
0T_278 @ <B.@892>
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Figure 11: AERONET data for 20 August 2002.

D. SATELLI TE COVPARI SONS

The conpari son t echni que was t aken from the
perspective of an operational METOC officer providing an
estimate of horizontal (or vertical) visibility or a
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particular latitude and |ongitude over the period of one
day. Using the best satellite imge available over the
course of the experinment, the process of evaluating the
validity of the inage starts with the true color inage.
Figure 12 is the APS quick browse true color inage. It can
been seen in the area marked by the outlined yellow circle

((30°5.5'N,8852.5'W), there are clear skies in the area of

i nt erest.

520022321810531.L3 _GC_MER Tue Avg 20 18:11:04 2002
True Coler Image
27w

Ll ...‘ E L o

. L >

i | - -
A fui _ads

true_color (dimensionleas) HPS ES Lab

MizsBight (SeaWiFsS-OrbView-2) Ocean Color Producta

APE vI.b UNCLASSIFIED
Figure 12: APS true color browse image for 20AUG002
showi ng a near nadir view and cl ear skies over the
area of interest (yellowcircle).

Statistics fromthis area of interest as indicated by
the yellow circle, were calculated for each SeaW FS product
using SEADAS. A histogram plot of each APS inmage with the
highlighted area of interest was created to evaluate
average values for the products. The histogram plot
included a nean value, standard deviation and the

percentage of points selected verses points used. Because
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the area of interest was small and due to cloud coverage,
the percentage points selected was not high. To make a
conci se conparison, the satellite pass for 20 August 2002

(Julian date of 232) will be used to estimate:

- the beam attenuati on coefficient at the 555 nm

wavel engt h using Carder and Arnone’s al gorithm
- K at the 532 nm wavel engt h,

- horizontal visibility (utilizing the 4.8/ Ccarder

nodel )

- vertical visibility (using the 4.0/ CcargertK
al gorithm.
1. Conpari son of Beam Attenuation Coefficient ‘c’

Figure 13 shows a histogram plot of APS processed
SeaW FS data using Carder’s algorithm for beam attenuation
at the 555 nm wavel ength on 20 August 2002. Al points in
the highlighted area of interest were sanpled for the c at
555 nm for Carder and Arnone.

Figure 14 provides a view of APS processed SeaW FS
data using Carder’s algorithm for beam attenuation at the
555 nm wavel ength on 20 August 2002. The beam attenuation
coefficient as nmeasured by Carder is 0.6002 m! and a
standard deviation (SD) of 0.1831. Arnone’s algorithm
measures ¢ as 0.8178 m?! and SD of 0.3749. The average 3
neter neasured value from the AC-9 on this day yielded a
value of 1.88 m?'. The difference in the beam attenuation
coefficient values may be due to the possibility that this
al gorithm does not handle turbid waters as well as the

cl ear oceans.
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Figure 13: Histogram plot of APS processed
data for the 555 nm beam attenuation
coefficient on 20 August 2002.

S20022321810683. L3 _GC_MEBR Toe dog 20 18:11:04 2002
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Figure 14: APS browse inmage of Carder’s ¢ at the 555
nm wavel ength for 20 August 2002.
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2. Conparison of Diffuse Attenuation Coefficient 'K

Figure 15 shows the APS browse image of the diffuse
attenuation coefficient values at the 532 nm wavel ength for
20 August 2002. From the histogram plot of the area of
interest for the MoDIV experinment, the nmean value of the K
532 nm wavel ength product from SeaWFS for this area of
interest was 0.134 m! with a standard deviation of 0.0469.
Twenty-nine percent of the sanpled values yielded this
result. The neasured value of K from the a-beta for this
day was 0.626 m?!, averaged over a depth of 3 meters. The
variabl e cloud coverage lends to the large variability in
the surface values and satellite values of the diffuse
attenuation coefficient.

S20022321810531. L3 _GC_MSEB Toe Avg 20 18:11:04 2002
Diffuse attenvation coefficient at 532 nm
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Figure 15: K at the 532 nm wavel ength from APS, 20
August 2002.
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3. Conpari son of Vertical and Horizonta
Visibilities

Figure 16 shows the vertical visibility produced by
APS quick browse feature for 20 August 2002. The current
version of APS wuses Carder’'s algorithm for ¢ in the
hori zontal and vertical visibility nodels. The observed
vertical wvisibility was neasured at 3.28 neters by the
Secchi  di sk. A closer fit to the observed vertical
visibility is found using the beam attenuation coefficient
calculated from Arnone. Arnone’s al gorithm handles the
scattering and absorption coefficients directly and
therefore when used in turbid water areas produces a val ue
closer to the observed visibilities.

S52002232181053.L3_GC MSB Tue dvg 20 18:11:04 2002
Vertical Diver Visibilicy (4.0/ c Ed )
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APS v2.5 UNCLASSIFIED

Figure 16: Quick browse image of Vertical Visibility
on 20 August 2002 from APS.
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Table 4 provides a summary of the value of c¢ from
SeaWFS the standard deviation and percentage of points
sanpled for the area of interest. It also includes the
values calculated using Arnone’s algorithm for the beam

attenuation coefficient at the 555 nm wavel engt h.

Table 4: Summary of vertical visibility using Carder
and Arnone’ s beam attenuation coefficient algorithns.

Vert. Vis. Carder: 5.69m Vert. Vis. Arnone: 4.58m
SD = 1.223 SD = 2.223

Percent age of points Per cent age of points
Sampl ed = 29% Sanmpl ed = 29%

Figure 17 shows the APS browse image for the
representation of horizontal visibility on 20 August 2002
The observed val ue of horizontal visibility was 2.01 neters
fromthe diver observations. Using Arnone’s cal cul ation of
the beam attenuation coefficient yields a higher horizontal
visibility, although still significantly smaller than the
observed val ue. At nospheric contam nation such as cirrus
clouds, coupled with the algorithm s weaknesses in turbid
wat er regi nes could be causes that produced the higher than
observed product val ues.

Table 5 summarizes the horizontal visibility values
from the satellite sensor. Uilizing the sanme highlighted
area of interest, the values of horizontal visibility from
SeaWFS were obtained (using Carder and Arnone’ s algorithm
for c¢). The nean value and standard deviation were found
using a histogram plot created in SEADAS for 20 August
2002.
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Figure 17: August 20 2002 APS reprocessed i mage for

hori zontal visibility.

Tabl e 5: SEADAS hi st ogram summary of horizonta
beam att enuati on on 20 August 2002.visibility using
t he Carder and Arnone al gorithns

for

Horiz. Vis. Carder = 7.677 |Horiz. Vis. Arnone = 6.77
SD = 1.56 SD = 3.16
Percent age of points Percent age of points
Sanpl ed = 23% Sampl ed = 26%

a. Conposite I mages of Horizontal Visibility

For Naval planning purposes detailed visibility
may be required for the entire area of operations.
Conposite imagery can fill the gap of clouded
unprocessed data from a single pass. Figure 18, a daily

conposite APS i mage,

i mmge show the | arge-scale view of horizontal

the M ssissippi Bight

and Figure 19,

Regi on.
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values for the daily (August 20, 2002) and weekly (August
14-20 2002) conposites provide estimates for |arge-scale
representations of visibility but offer the same increased
val ues of horizontal and vertical visibility as seen in
Figures 16 and 17. Because there was only one SeaW FS pass
over the Mssissippi Bight region on 20 August 2002, the
daily conposite in Figure 18 is identical to the level-3

imge in Figure 17.

52002232.L4_DaY MSH Tue Aug 20 2002 Dailvy Composite
Horizontal Diver Visibilicwy (4.8/0)

30.80N
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Figure 18: APS daily conposite of horizontal
visibility for 20 August 2002.

Level -4 weekly conposite imagery may not fill all
the gaps from cloud covered or unprocessed data areas. As
in Figure 19, there are small areas that have no

representation of horizontal visibility.

| magery that is conposited from satellite passes
over an entire nonth offer the nobst conprehensive view of a

region of interest. Figure 20 shows the conposite
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hori zontal visibility for July 2002. The August conposite
i mgery showed as nmany gaps due to cloud coverage as the
weekly conposite of Figure 19. Mnthly reprocessed inagery
can serve as climatic data for seasonal estinmations of
horizontal wvisibility. Al values of horizontal and
vertical visibility in the browse inmagery for one pass are
consistent with the weekly and nonthly conposites for the
area of interest studied.

S200222582002232.1L.4_80_MSR Aug 14-ang 20, 2002 Weekly Composite
Horizonral Diver Wisibilicwy (4.8/c0)
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Figure 19: Wekly Conposite of horizontal visibility
from APS for 14-20 August 2002.
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Figure 20: Horizontal visibility nonthly conposite
from APS for July 2002.
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VI . CONCLUSI ONS & RECOMVENDATI ONS

A CONCLUSI ONS

The objective of this thesis was to assess the study
techniques for validation of wvisibility algorithns in
turbid waters. In-situ conparison of measurenents proved
nore successful then the satellite conparison to actual
di ver reports.

There were strong correlations between the diver
sightings and the calculated vertical and horizontal
visibilities using the nodels studied. The two
instruments, the AC-9 and a-Beta, proved successful in
verifying the use of the sinple visibility nodels for
general estimates of how far a diver can see underwater
(vertically and horizontally) wthout knowing specific
target properties. Nei ther formula represented a one to
one ratio to the observations, Figure 8 showed the tendency
for the vertical visibility derivation from the in-situ
instruments to wunderestimate the depth visibility value
conpared to the Secchi rmeasurenent. Because the white
Secchi disk has different limting contrast values in
turbid water and its dependence on the structure of the
anbient light field, exact vertical visibility measurenents
are not feasible. Error estinmates ranged between 55 to
78% However, knowing its bias in this type of water can
help the user in estimating a bulk vertical visibility
estimate. Error wvalues for calculated vs observed
horizontal wvisibility ranged from 3 to 27% using the
SeaWFS algorithm nmodel of 4.8/c and 6 to 16% using the
4. 4/ ¢ nodel .
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The snmal|l area, one pass conparison with the satellite
produced |arge errors for the SeaWFS visibility products.
In both cases, the horizontal and vertical visibility APS
products were considerable overestimates conpared to the
observati ons. G ven the probability of cloud coverage due
to summertime thunderstornms in the M ssissippi Bi ght
region, the satellite-retrieved results nmay have been
contam nated nuch nore than expected. However consistent
high visibility values in one-pass, daily, weekly and
monthly values lend to a weakness in the algorithns nore
than cloud or atnospheric contam nation affects. Know ng
the geography of the operational area and the climtic
oceanography, the visibility products from SeaWFS shoul d
be interpreted with nuch caution. Before briefing the
projected visibility on the operational area of interest,
observations from divers should be conpared to the
satellite values before reaching a conclusion on a

visibility estimte.

It is difficult to determne a visibility that 1is
representative for the human eye because  of t he
subjectivity associated with a diver’s approxi mation of the
visibility. There are many limtations that affect even
wel |l trained observers in determining a bulk visibility for
a given location. There are nmany tinmes when the perception
of the human eye and the sensor neasurenent will not match
whether it be by an instrunent in the water colum or from
space. The human observer reports subjective estimtes of
the visibility and faces many limtations when trying to
determine a value for wvisibility. Some of those
limtations are viewing angle, target contrasts, and

i ndi vi dual eye response. It is inmportant to educate the
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observer and user of the end product (the METOC officer) on
the subjective verses objective nmeasuring techniques for
estimating vertical and horizontal visibility. Pr ovi di ng
the best estimate of visibility from instrunents and
knowing the limts of those neasurenents as well as know ng
the limts of the subjective view of a human, allows for an
educated description of the underwater view ng environnent
for the warfighter.

B. RECOMVENDATI ONS

Continued validation of SeaWFS diver wvisibility
products is needed in order to confidently apply these
al gorithns operationally. It is agreed upon by NRL-SSC and
it is also ny recomendation that the use of this product
should be on an experinental basis only. Feedback from
METOC centers that download SeaWFS data and use the APS
software provides critical guidance to NRL for inprovenents

to the al gorithmns.

As a resul t of this st udy, t he fol | owi ng

recommendat i ons are suggest ed:

1. A determination of which instrunent is best for in-
situ visibility measurenments needs to be established for
the Navy. A black Secchi disk used for vertical visibility
elimnates the contrast and sun angle variability
associated with a white disk. The AC-9 and a-Beta package
in this experiment were easily deployed from the ship
platform and could also be attached to an unmanned
underwater vehicle (UW) or swimer/diver for in situ

(through the sensor) neasurenents.

2. Conpare satellite and insitu neasurenents to Navy

di ver observations as reported. Visibility observations
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from different areas around the world can be acquired from
the Diver Reporting System (DRS) environnmental information
that is archived at the Naval Safety Center. The DRS is a
conputerized database of diver mssion reports that
i ncludes detailed informati on about the dive operations and
supporting environnmental data. Environnental data consists
of the depth of the dive, visibility of the water,
estimated current velocity, bottom type description (if
depl oyed to the botton) and description of any dense marine
life in the area. Access to this database allows the
research community to get direct diver observations for
conparison to the satellite algorithns.

3. Diver visibility observations from DRS should be
submtted to the operational centers and to the research
facilities. In the aviation comunity pilot reports
(PIREPS) are submitted to the air station when there is
variability between the pilot’s observations and the
reported surface visibility. Dive reports (DI VREPS) shoul d
be incorporated as feedback to METOC —centers for
oceanographic area of responsibility (AOR handbook
docunentation and to NRL code 7333 for al gorithm
assessnents.

Today’s soldiers and sailors are not responsible for
deci phering the renotely sensed information available to
support their mssion. As a nation we rely on their
conplete focus on assigned mssions in their specific
warfare fields for absolute success. Providing nore
informati on than necessary can overwhel m an operator to the
poi nt of distraction fromthe focus of the prinmary m ssion.
The Meteorology and Cceanographic (METOC) Oficer in the
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Navy is responsible for providing the detailed information
about the operator’s battle environnent. It is absolutely
essential that renptely sensed data be applied accurately
to the m ssion at hand. In short, the METOC O ficer must
apply their scientific understanding of the environnent and
take initiative to recognize what is required of the
operator and provide custominformation that exploits their
envi ronnment. Analysis of ocean optics has the potential to
integrate the METOC officer in organizing efficient
operations planned for the Mne Warfare/ Expl osive Ordi nance
Di sposal location of mne threats, successful deploynent
and recovery of Mne Warfare UAVs, SPECWAR shall ow water
i nsurgency operations and Sal vage-Search and Rescue

operations in the coastal environment.
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