PB83-2381n8

Effects of Suspended Sediments on
Penetration of Solar Radiation 1into
Natural Waters

California Univ., Santa Barbara

Prepared for

Environmental Research Lab., Athens, GA

Jul 83

U.S. Department of Commerce
Mztional Technical Information Service

B Ty

St
; .




Pobi=c 33188

EPA-600/3-23-060
July 1983

EFTECTS OF SUSPENDED SIDINMENTS ON PENETRATION
OF SOLAR RADTALION ILT9D NAFURAL WAILRS

by
Raymond C. Smithls2
Karen 5. Baker
J. Benjamin Fahy!

lDepartmenL of Geography
UniversiLy of California at Santa Barbara
Santa Barbara, California 93106

2Institute of Marine Resources
Scripps Institutlon of Oceanography
University of California at San Diego
La Jolla, California 92093

Grant No. 806372019 s

Project Officer
Richard G. Zepp
Environmental Processes Branch
Environmental Research Laboratory
Athens, Ceorgia 20613

ENVIRONMLNTAL RESIARCH LABORATORY
OFFICLE OI' RESEARCH AND DEVELNPMENT
U.S. ENVIRONMLNIAL PROTECTTION AGENCY
ATHENS, GEORGIA 30613



TECHNiCAL REPORT DATA

(P ase read Insrrue wons on the resarse batore complotingg

4

FLPORT NO 2 3 RECIPIENT 5 ACCESSIONNO
EPA-600/3-83-060 ' re o3 238188

TITLE AND SUBTITLE - 5 REPORT DATF et mTmT T
Fffects of Suspended Sediments on Penetration __QP]Y }933

of Solar Radiation futo MNatural Waters 6 PERTONMING ORGANIZATION LODE

7 AUTHORS! 8 PERI OHMING OHGANIZATION HETORT NG
Raymond C. Sml[hl‘% Karen S. Bakcrz, and J. Benjamin
Fayl
9 PERFORMING ORGANIZATION NAME AND ADDRLGS 10 PROGITAM SLEMENT NO "
lniversaty of Califoinia at Santa Barbara, Santa CCULIA
Barbara, CA 93106 11 CONTHACT/GRANT NO
2scripps Institution of Oceanography, University of 806372019
California at fan Diego, La Jolla, CA 32093
12 SPONSORING AGENCY NAME AND AGDRESS 13 TYPI O ALPORT AND PERIOD COVERED |
Environmental Rese rch Laboratory--Athens GA Final, 2/79-12/22
N{fice of Research and Lcvelopment 14 SPONLORING AGENCY CODE
U.S. Environmental Protecticn Agency EPA/600/01

Athens, GA 30613

SUPPLEMENTARY NOTZS

N

16

ABSTRACT

Aquatic photocherical and photobiolegical processes depend on both the amount
and the spectral composition of solar radiation penetrating to depths in natural wa-
ters. In turn, the depth of penctiation, ar a function of wavelength, dependy on the
dissolved and suspended material in these waters. As a conscequence, the rates of
photochemical transformation as well as the impact on photobiological proceswes, de-
pends on the optical properties of these water bodies as determined by their dissolve
and suspended material. In particular, because pnoto-chemical processes are frequent
ly governed by radiation in the ultraviolet region of the spictrum, the optical pro-
perties of natural wacess in this spectral region are especially important. 1In this
study, several thcoretical modecls were developed and some unique experimental data
were developed for the purpose of characterizing the optical properties of various
natural waters. Particular ewphasis was placed on optical properties in the ultra-
violet region of Lhc spectrum. Optical properties of water bodies were modeled in
terms of their dissolved materials and suspended sediments so that the solar radiant
energy penetrating to depty~ in tnese waters can be calculated from available, or
easily collected, experimental ({ita. The theoretical models, with imput of theve
data, can then be used to calculate the rates of photochemical and photobiological
processes 1n various aquatic environmen.s.
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DISCLAIMER

Although the research descraibed 1n this report has been funded
wholly or in part by the United States Environmental Protection Agency
through Grant No. 806372019 to the University of California at San
Diego, 1t has not been subjected to the Agency's required peer and
policy review and therefore does not necessarily reflect the views of
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FOREWORD

Environmental protection efforts are increasingly ditecteu towards
nrevention of adverse health and ecological effects associated with gpecific
compounds of natural or human origin. As part of this Laboratory's research
on the occurrence, movement, transformation, impact, and control. of ¢nviron-
mental contaminants, the Lnvironmental Processes Branch studies the micro-
biological, chemical, and physico-chemical processes that control the trensport,
transformation and fmpact of pollutants in soil and water.

Aquatic photuchemical and photobiological processes that affect chemical
transformation depend c¢n both the amount and the spectral composition of solar
radiation penetrating to depths in natural waters. In turn, the depth of
penetration depends on the dissolved and suspcnded material in these waters.

The optical propertics of natural waters in the ultraviolet region arc especially
important. This report describes several theoretical models and some unique
experimental data developed for characterizing the optical properties of various
natural waters. With these medels, the rates of photochemical and photobirologl-
cal processes in varlous aquatic environments can be calculated.

William [. Donaldson

Acting Director

Cnvironmental Research Laboratory
Athens, Georgia
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PREFACE

Within an aguatic cnvironment the presence of solar radiation as  in
energv source 15 ot funuamratal importance. CUur abitity to understand ang
. manage our aquatic resources 1s theretore strongly linked to our aoility to
understand the penetration of radiation into a body of water acd its appor-
tionment among various components of dissolved and suspeunded material an  the
water. This report presents a study 1in hydrologic optics which ancluded
assembling a2 data base of relevant optical measurements, deriving mathematical
models for thke solution of the equation of radiative transfer, and deducang
from these both simplified theoretical and practical results. This study will
have long term benefits, not only to the investigators of hydrologic optics,
but also to a wide variety of other fioelds concerned with wunderstanding and
predicting photoprocesses 1n an aquatic environment.
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A STRACT

The relationspip petween dissolved and suspernded constituents 1o water
and the optical properties of a range of water types has been investigated and
anlytically characterized using several approaches. Thrs <characterizataion
permits the spectral radiant energy throughout the water column to be predic-
tively modeled. This in tucn provides a basis for the gquantitative calcula-
tions of photo processes such as photolysis rates, 1an aquatic cavironments.

A series of new laboratory experiments has provided a set of data upon
which the Bio-optical Component Model (Baker and Smath, 1981) could be further
degploped. The investigation into the humic scid component has beon contan-
“ded. A new component dealing with a terrigenous clay Las been added. Both of
these components arc parameterized and hence remain within the intended sim~
placaty of the original model.

A briet aintroduction to underwater modeling :s preosented as an 1ntroduc—
tion to the development of a Mopte Carlo model. The Bi1o0-optical Component
Model allows calculation of the diffuse attenuation coefficient of irradiance,
however 1t does not permat calculations with respect to sun angle or investi-
gations into the changicg light field as a function of depth. The Monte Carlo
method 1s a photon tracking technique, esscntially a random walk procedure,
using the apparent optical properties ot the water. Ihis model c¢an then be
used to investigate the influences of depth and sun angle on the ligat ficld.
Technical anu practical considerations limat the collection of gata pertinent
to all 1light conditions. lndeed, this 1s the advantage of a model, It can
serve as an orgamizational tool as well as a deductive and predictive tool.

To organize field data to test the developcd modelis, 1t was first neces-
sarty to uetermine the best available values for the optical properties ot the
clecrest natural waters. An cxtension and a complction of the set o1 appareut
anu nacrent optical properties for the <c¢learest natural waters has been
descraibed. Also, other optical field data sets hsve been collected and organ-
1zed.

This report was submitted in fulfillment of grant #806-372-019 under the
sponsorsiip of the U.S. Cnvironmental Protection Agency. This report covers a
period from February 1975 to December 1982 and work was completed as of
December 1982.
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SECTION 1
NIRODUCTIUN

Aquatic photocheaical and photobiological processes depend upon both the
amount of solar radiation penetrating to aepths in natural waters as well as
upou 1ts spectral composition. It i1s the influence ot aissolved and suspended
material 1o the water combinea with the characterastics of clear water which
determine the attenuation of light in a8 water colunn. Qur main research
objective was to characterize various natural waters, in terms of their con-
stituents and conseqguent optical properties so that the spectral radiant
energy versus depth can be estimated. Waters containaing humic acid and
suspended sediments were of particular interest. This characteraization can
then be used to calculate rates of photochemical and photobiological processes
1n aquatic environments. This in turn allows a quantitative assessment of tue
photochemical process that may account for the transformation of pollutants in
aquatic envirooments. Some new radiometric laboratory field studies have been
made and combined with information from previous bio-optical field studies.
This has allowed the further development of models and thenry which can an
turn be defined and checxed by tane data.

Preiscadorter (1976) has defined the inherent ocptical properties of a
wediuas  to be those waich are iuwependent of the ligat-ticla within the vater.
inciuvgeu wituazn tihrs set are tne Dpeam absorptivon coe¢fliceint ¢, tne beao
scattering coefficient b, and the total attenuation coefficient ¢, wnere ¢ =
arb, The parameter b 1s actually the integral over all angles ot another
inherent optical property, the volume scatteriny coefficient

b=f_mp(0) a8, (1)

Preisendorfer has shown the set (c,p) of inberent optical properties to be a
sufficient and complete set for descraibing the optical properties of the opti-
cal medium under any circuvmstances. That is, knowing (c¢,§), and an 2nput
raasance distraibution alluminating the optical medium, which 1s arranged
within some known geometry, one can 1in principle deduce the resultaing radiant
tlux aistraibution,

If an optical property does vary with respect to cnanges in the radiance
distribution, 1t 18 said to be an apparent opticsl property. To describe the
penetration of solar radiation 1into mnatural waters, we use the diffuse
attenuation coefficient for irradiance, which i1s an apparent optical property,

K(z,A) = -1/E(z,A) dE(z,A)/dz (2)
or alternatavely,

E(z),A) = E(z,2) expl-K(z,2) * (z,-2,)] (3)

wnere K has uniis of recaiprocal length, 2 and 2z are the depths whach
increase positavely with ancreasing depth at which"E(z,) ard E(z,) are meas-
ured. In particular, i1f the spectral downward 1irradisnce just eneath the
water surface, k(0 ,i), and K(z,A) are known, tnen the spectrai 1irraaiance at



depth, z, can be calculated.

E{z.a) = (0, &) expl=K(z,a) ® z2]. (4)

Miller and Zepp (1979) have shown that tho average photolysis rate at
depth z and wavelength A can be expressed by

-(dP/dt)z =2.303 /6 % e(d) ® L(z,A) ®*D(2) * [P], * A (5)

A

where 6 1s the quantum yield for the reaction, ¢ 15 the molar absorptivaity of
the pollutant, E(z,A) ® U(z) 1s the scalar irradiance at depth z, D(z) a1s the
distrabution function at depth z, and (P} 1s the pollutant concentration at
depth z. Thus, given the chemical characteristics of the pollutant and 1ts
concentration, a knowledge of E{(z,A), or equivalently h{z,a), is sufficieant to
quantatatavely calculate the photolysis rate of the pellutant under consadera-
tion.

The diffuse attenuation coefficaent is 4 function of the total attenua-
tion and scattering coctficients. It provides a way i Srdfdevivii..lLd VAL1oLs
natural waters ain terms of the dissolved and suspended wmatorial 1o tuese
waters. Wurle the porential for charactorizing waters 1a tuis way 1is wadely
recognized, there are very few data relating the diftuse attenuation coeffa~
ceint for irradiance to the comccntration of susponded material in watsrs con-
taining relatavely nigh concentrations. The spectral diffvse attenuation
coetfacireant, K(z,A), can be expected to be dopendent upon tho sizes, sbapes
and, concentration of suspended mater:ial. Thus, berore natural waters of thas
type can be characterized by an appropriate K-fumctaon, 1t 1s necessary to
obtain concurrent K(z, i) and suspended maturidl data.

Thore are few data available in the ultraviolet portion of the spectrum,
the spectral region most critical for modelaing photolysss rates. The UV rada-
ation 13 important for studies of photoreactions because many pollutants
absord sunlaight most strongly in this wavelength region. llence, particular
ewpnasis has been put on collecting data in several water typos 1im tne UV
region and clecking the smort waveleugth predictions of wodels,

* ¥

Modeling has been used to organize data into a classifacation scheme as
well as to permit predictive estimatos to be made. dince the daiversaty of
possible water types and of radiant energy geometries 1s so large, 1t is
necessary to augment data gathering with the development of predictive models
which will allow limaited data to be extrapolated to situations which have not
been defined by a complete set of fislé mcasurements.

The component model developed by Saith and Baker (1978a, 1978b, 1982)
presents the diffuse attenuation coefficient of irradiance as a function of
wavelength defiued by water constituents of clesr water, chlorophyll and das-
solved organic material. This oodel dJdoefines an average Ktot(i) which
represents an integaated valuo of K to the 1% light level. Tank studies have
furthered the development of this model. New information regarding the das-
solved orsanic material has been gatherod and a new clay component has been
added. The use of thas modsl 1s enhanced by the fact that it is simple, and



casy to use.

dowever, a core coup.ete Lnderstanding requiies wouels wnich can oe  used
to predict bebavaior of laght as a function of angic and depth as well as a
tunction of wavelength. Existing radiatave transfer thoory and variations ot
Mie scattering theory 3s well as Monte Carlo modeling have been 1investigated.
This has resulted 2n the development of a phenomenological model of radiative
transfer which permits calculations of upwelling and downwellaing radiance and
irradiance.

An important test of the limits of such models 1s comparison with
clesrcst natural waters as well as with turbad waters. Since the clecar water
optical propertics are one of the components of all other water types, 1t 13
important to have as complote a set of these properties as possible. The
apgular scattering and total scattering data for such wuters have been incom=~
plete. In the work reported herean these data have been assembled and
extended thus completing the set of inherent and apparent optical properties
tor tho <clearest waters. Whon inherent optical properties are input to the
tlonte Carlo model, it has been shown to reproduce the apparent optical propoer-
ties. The mwmouel 1s usea to extend our hnowledpe of tho benavior ot apparcut
optical properties as a func:zion of wavelengch, of depth, and of solar zenith
angle.

To siaulate realsistic and quantitative aguatic li1gnt faelds, 1t 18 neces=
sary to detine an input light tield to the surface of the water column. This
requirement a4as stimulatea rescarch into the erfecct or varying solar angic¢ and
atwospheric conditaons on the underwater light ficld.

Figure 1 summarizes the relationship between the eaperiuental d4nc  the
theoretical worx discussed here. TLe traangles gepresent laield vata. hey
serve as inputs and cuecks oo the classafication schewes and predictive mouels
wiasch are portrayed as boxes. The calculated paraweters are represcnted by
circles. 1In this diagram, the lower dashed area reters to the Baler-Smith
compon¢nt wmodel of the diffuse attenuation coefficeint of arradiance. Tne
upper dashod box describes our Monte Carlo modeling showang 1ts inherent opti-
cal propercty ainputs along with the atmospheric lighting gcometry, LO, 1input.
The output irom tais wmodel 1s the apparent optaical properties, L(a,2,0) and
hence E(A,2,0) acd XK(i,z,0). Tae left pand side of the daugram saoows water
type constituents waereas the right hana siae of tuae diagram suows tav mnmodels
with theair inputs and outputs.



SECTION 2
CONCLUSIUNS

The organization and further amalysis of data bas allowed a full suite of
inhorent and apparent opticsl properties tor c¢lear waters to be deduced., In
addition, laboratcry investigations of clear water wath additions of clay as
well as Dbumic acid have allowea the furthor developuwent of the Bio-optical
Component Model. Although this model 1s simplo and easy to nse in predicting
the light field underwater, it deals only wath an average K and does not per-
mit 3 turther understanding of the underlying processes comtribution to light
attenuation. The development of the Monte Carlo model has furthered our
understanding of both the inherent and the apparont optical properties of
natural waters.

The Bio-optaical Model LII 1s described by Lquation 9. With this model
and a knowledge of the chlorophvll, bhumic acid, and the clay content of a
water systom, the average diffuse attenuation coefficirent for 1irradiance can
be calculated. Given an input irradiance field, 1t 1s thea possible to esti-~
mate the light faeld at any point in the water coluan, Having thus defained
the c¢novironument in terms of the light present, iL 1s possible to investigate
various photo processes such as that describec by cquation 5.

It nas veen Jdemonstrated tnat the onte Carlo wwouel proviues closure waen
applied *o the problem of calculating the appuront optical.properties of an
underwater light field when given the ainberent cptical propertics. Further,
by use of the model we have uncovered several impuriaat facts. The importance
of dealing with the total light field (airect and daffuse) has been dascussed
and cxplained. The daifuse attesuation coetfiicient has veen spown to be rela-
tively inscosative to thie actual cowposstion of the tutual lagat faeld aa tezas
of the ratio of direct sunlight to daftuse sayisght. Further, K has veen
found to be only weakly semsitive to the wavelength dependence of the volume
scattering function. This bas the important conscquence that the data from a
volume scattering meter at one wavelength may be reliably extrapolated to
obtasn K estimates at another wavelength.

dy use ot the model we have demonstrated, with wore cowpleteniss -than as
practical with ri1eld data, that the diffuse attenuation coefficient for irra-
diance will reaca an asyuptomatic value wnen the eveiaging ettect ot depth won
* the direct and diffuse comporents begins to take c¢ftect. Odimilarly, 1t has
been shown that there 1s a sigmificant change in K as a function of sun angle.
Thas e¢ffect 1s more pronounced in turbad waters than in clearer wacers.

The investigations that are summarized aro being described in detaal 1n
several publications. Manuscripts currently in preparation are summarized in
the Appendix.



SECTIUN 3
RLOOMENDALIONS

The data gathering, dJescriptiuvn and predictive modeling of environmental
processes 1in practical situations 1s complex and expensive. The research
sponsored here has demonstrated the cost e¢ftectiveness of an aintegrated
theoretical and experaimental program where limited, bnt specifaically chosen,
data have been utilized to test and refine models, These models are 1n turn
utilized to simulate reaiistic field data for sensativity analyses and further
anvesitgation and predictive modeling of the fundamental processes of
interest. Given todays limited resources allocated to the study of important
environmental problems, we strongly <ceccommend that the methodology demon-
strated in this research program be utalized more frequently.

Our 1investigations have obtained valuable new data and created theoreti-
cal models whach will provide solutions to a wide range of environmental prob-
lems dealang wath natural waters. This work also suggests new directions for
turther productive resesrch. Specific recommendations anclude: (1) more com-
plete experimental work aiu controlled environments (such as tank experiments),
especially to obtain tho optical propertics of important organmics and clays
and the optical effects when these are wixed; (2) work to increase the speed
and cificicncy of the noute Carlo model and tne use of this woael for contain-
ued scasitivaly analysas directed toward specilac practical problemsy (3) the
development and application of other solutions of the radiative transfer equa—
tion woach can be expectod to provide aincreased ainsight into the fundamental
processes underlying practical envirommental problems: (4) the use of bie
scatterang theory to computo the inherent optical properties (i1op) of various
natural sediuwents and toe subsequent use ot these 10p’s in our component model
to compute the apparernt optical properties {aop) for waters of interest.

The quantaty and quality of valuable data that was efficiently obtaimed
in our tank experiments demonstrates the usefulnmess of this approach. Iliew
valuable data could be obtained if similar cxperiments were performed using a
range of dissolved organics (especially ditfereat humic acids) and different
suspended clays and other materials. Future 1iovestigations should also
incluae 1nvestaigation ot the etfects of the mutual interaction of orgamic
pateri1al on the optical properties of water. Such tank experiments are essca-
tial 1n order to define the relationship between optaical properties and tae
constituents of our water systems and for s more complete understanding of
photolysis in natural waters.

Considerable value, both for theoretical development and the solut cn of
practical problems, <c¢an be obtained from the use and further development of
our Monte Carlo model. Increasing the efficioncy of the model will propor-
tionally 1increase 1ts uscfulness. Valuable future applications of the model
include sensitivaty studaes. of atmuspheric parameters influencing the under-
water radiant energy dastribution; of variability in the volume scattering
function, due to chemical and physical modification of suspended particle size
and morphology, and how this influences the distrabution of radiant energy: of
key variables for the purpose of parameterizing the most 1important cffects
into simple practical modcls of photolysis ‘rates; of the scattering and
absorption properties of various waters containing representative secdiments
and how these inherent optical properties ¢ffect the distribution function an



these waters.

The uscfulness of toe lonte Carlo model has also underlined the need for
the application of more advdanced mudelir, technmiques tor some¢ specific optical
probiems. Monte Cario models are easiiv adantable to a wide range of geometrr-
1cal configuratiuns of the optacal medium. However, they are frequently inef-
ficient compared to more advanced codes. Thais 1s especially true foc
processes wiere “he backscattering plays an imporctant role; 1.e., in increas-
ingly turbid waters. In these, and other, circumstances "analytic” models
whbich anvolve darect solutions of the radiative transfer eyvation {e.g. spher—
1cal harmonics) or which use the operators defined by the interaction princi-
ple (e.g. ma.rax operat~z mod3ls) will usually provade more efficient and
accurate solutions. While such models lack the flexibiiity of the Blonte Carlo
methoa, their added effectiveness in dealing with very turbid water situations
warrant their further development. In adaition, these more advanced moalls
can be expected to enhance our insight into the fundamental processes underly-
ang basic environmental problems concerned with the penetration of radsant
energy into natural waters.

Since the diversity and concentration range of possable suspended
material 1s so large, 1t 1s npecessary to augment data gathering with the
development of predictive nodels which will allow limited data to be extrapo~ .
lated to unmecasured situations. A purticularly valuable approach as to util-
1ze the “fie scattering theory, inputtang the relataively large data Dbases ot
total suspended and particle size informatior for natural waters, to calculate
the inperent optacal properties {(aop) for these waters. The xop‘s can in turn
be wutilized to calculate the apparent optical properties (aop) and thea input
to our bio-optica. component model for the estimation of radiant energy pene-
tration 1nto these waters,

The “trade-otf’ between computing power and flexibility has led the
authors 1into the consideration of another approach to the problem of fanding
one model which 1s capable of providing both power and flexibility at the same
tame. It 15 our conclusion that perhaps the i1deal solution lies withain the
realn of “semi-analytic®” models which have the merit of focusing computational
power where 1t 1s most needed but which still retain the flex:bility of being
easi1ly adaptable to diverse geometries.

Fipally it should be noted that we believe in many cases tlhat investiga=
taons which are still in an exploratory stage are best served by approximate
methods such as Delta—-Eddington approximations. These models provide quick,
albeit rough results, which allow the the investaigator to determine whether a
given path of inquiry 1s likely to be fruitful. Once an approximate method
has been used to determine a basic level feasibility, a Monte Carlo model can
be applied to provide extemsive theoretical understanding into the mnature of
the phenomenon of interest. If the results of such an understanding then war-—
rant continued ivestigation where the wutmost efficiency and accuracy is
required, either a matrix operator, spherical harmonic, or samilar analytic
method, should be specifaically adapted to solve the problem more rigorously.

aw =
-k



SECTION 4
LAaPLa LLENTAL

Considerable work has been donme in the past usinyg optical instruments 1n
acquatic field work. However, as waters become more turbid (bence often more
complex anu variable), a more controlled investigation of the water types 1s
warranted. Several optical studics of turbid waters samulated in a defined
tank envicoument have been cacred out. This information, in addition to our
own previous optical data base as well as the data base of colleagues who have
worked 1in more turbid river euvairouments, has yielded a relatively complete
picture of the optical propertics for a broad rauge of water types.

TANK DATA

Znown amounts of dissolved organic material (DOM) and terrigenous
material (clay) were added to a tank of filtered water while the optical pro-
perties were continually monitored. These data may be used then to describe
the influence of each substance individually opn the attenuation of radiant
enerzy in water. A further analysis yields possible parumetcrizations of each
attenuating component. This series of experiments was run using the Langley
Kesearch Center tank facility and solar sinulator.

The tanx facility consists ot an enclosed laboritory, the tanhk and asso-
crated faltering and pumping capabilities, and a solar simulator. The tank 1s
a stainless steel cylinuer paintea black on the inside. The diameter 1s 2.4
meters; the depth is 3 meters; the volume 1s approximately 11,600 liters.
Siunce the measurements used were relative, the absolute spectral output of the
solar simulator wds not critical. LHowever, because tme simulator had a hign
UV output, optical data coulu be obtained in this spe.tral regicn whica woulua
otnerwise have been impractical under natural conditions.

The organic material added came from the Aldrich Chemica! Company. It
was listed as a bumic acid vith catalog Hl, 675-2 in crystalline form. Tuese
crystals were dissolved in fiitered deionized water betore addang the tank
water. The terrigenous material added was a calvert clay which in powdered
form bhad 3 readish tinge chnaractecistic of some soil sites 1n the eastern
Unatel! States. A sumaary of all water types created 1s gaven in Table 1.
Note tnat measurements ml and #9 represent ““clear” falterea water wsnd are tiwus
referred to as base line measurcments. There are essentially two groups
represented here: the Clay Group, where successive additions of cluy are made
to the water, and the DOM group, where successive additions of UUM are made to
the water. These data bave beea summarized in Figures 2 and 3 where the total
diffuse attenuation coefficient for arradiance 1s plotted as a function of
wavelength for the two groups.

Transmittance measurements during each water type investagation indicated
that the simulated eavironment in the tank remained relatively stable. The
water was being maced at intervals in order to maintain this umiformity. A
complete description of the data and its analysis will be given in an SIO
report (Baker, in preparation). . -

The main optical measurements wade ancluded spectral irradiance at a
series of ten depths using the submerisble spectroradiometer (bmith ot al.,



1979) capablie of measuring at any chosen wavelength in the range from 270
nanometers to 750 nanoweters. This instrument has 4 1 nm full wadth at halt
L.2Xx pass Land anc #as uesigned specikiceally, to eraple accurate  wndeiwater
measurements in the ultraviolet region to be made.

The component model defines

Z
Ktot(A) = (1/zmax)fom“ £(z,0) dz (6)

where 2 ax 3 the 1% iight level. Equatiun (4) reduces to

Ktot(a) = (_llzmax) . 1n[n(zmax.k)/Eo(0.K)l (1)

Thus from tte E(A) versus depth measurements, a total ditfuse attenuation
coefficient may be calculated by making a linear least squarcs fait through the
data.

The spectral diaifuse attenuation coefficient for tne 1irradiance can ve
partitioned 1nto COMPONELLS:

Ktot(a) + gw(a) + Lc(a) + Ke(i, (v

vuere .w(A) 1s the attenuation due to pure seawater, Lc(A) 1s the attenuation
due to «chloropunyll, Kua(A) 1s the attenuation due to DOM and ht(a) 1s the
attenuation due to terrigenous material., The Kw component has been neasured
4G ‘Glsctussed previously (Switn dand vagcer, 1961; paker and Smitn, 1Y82). Tane
aC component lLas ceca parameterizced based upon eatensive fi1eld wata (Swath ane
vaxer, 1978a,0; Daaer ana Smath, 19382). »naom comporent anvestigations have
veen carried out based upon spectral irradiance faelu measurements {(Baker and
Smath, 1952) woich were limited due to lack of quantitative bio-chemical meas-
urements of the DUNl present. And finally, the Kt component has not been
investigated previously by these authors. The present data set permits inves-—
tigation into the Kd(i) and Kt(A) components.

Equation 8 will be written for this work

Ktot(A) = Kw(X) + Kc(A) + Kclay(ai) (9)

ir order to emphbasize that the terrigenous component investigated consists of
only one type of clay. Until further such studies are compluted, o¢ne can not
be sure what the influence of different terrigenous materials will be on the
light attenuation, -

In the Clay Group of measurements made, we may assume that Kc(A) = 0 and
the Kd(A) = 0. Any attenuating substances that are present in the initial
filtered water are thus lumped into the Kw(A) base linec measurenent:

Kelay(A) = Ktot{r) -Kw() T T a0



Thus the Kclay component for measurements #2 through #8 of Table 1 <can be

caluclated. ¢ plor four toe resultant clay componcn.s 1s shown in Figure 4
Inrs cocponent can ue¢ aritten

Kclay(A) = kxclay(d) * T (11)

where kclay(A) is the specific attenuvation coefficirent of irradiance due to
ciay and T is the measure of clay particles in parts per million [ppm). kg~
ure 5 plots this data for all wavelengths in the range from 275 nm to 745 um
as a function of the amount of clay preseat. To look in mor. detairl, the
wavelength 550 nm 15 shown in Figure 6 where the actual data points are given
as x's. The form of this curve suggests a polynomial fi1t of the form:

Kclay(a) = (B(A) + C(A\) *#T) T (12)

Thas fat is forced through the oragin in order to conform to the realaity that
when there is no terrigenous material present, there can be no attenuation due
to the terrigenous component. Yhen such a fat 1s made, the resulting C{A) ‘s
found to be relatively constant such that

C(x) = -.0043 (13)

waich 1s wavelength independent. When this assumption 15 presumed true, a newv
linear least squares regression can be made to obtain a new set of B(A). This
parameter car be aescrabed by a line fit:

3(X) = A +B * {X (id)

wnere a linear least squared fit yields

A= ,408
B = -.000317.

In summary, this gives

Kclay(A) = [.408 -,000317%(X)]*T ~.0043*T*T (15)

where kclay = (.408 -000317*(a) -0043)°*T which 1s the specafic attenuation
coefficient for this clay. To indicate the accuracy of this fit, Figure 7
shows the original data as points and the porameterized fit as a solad lino.
Because of the nature of the data, an inverse wavelength dependence was also
investigated in order to see whether a better fit could be obtained. Using a
technique similar to that described above, 1t was found that

Kclay(x) = .119 -.201%(a/20) 1 1T - 0043eTeT T (16)

where Ao = 375 1n thas case., This paramctcrization did not amprove the fit to
the data.



DOM

Note that the DOM Group contains what might be called two sets of ouse-
line measurements. The #9 i1n Table 1 1s the filtered clear water case. How-
ever, a small amount of clay has be:n added to all DUM waters ain order tu
increase the light absorption and thus decrease the possible influence of the
tank walls. The diameter of the tank 1s approximately 1.2 meters. The
instrunent was no lomger visible at 1.2 m when 6.47 ppm was in the wuater,
Thus the amount of clay added was chosen to be the #4 case of the Clay Group.

The Kdom component can be calculated

Kdom(A) = Ktot(d) - [Kw(A) + Kclay(a)] (17)

where the case #10 in Table 1 1s taken to represent Kkw + Kclay for the DOl
Group of water types. The plot of the DOM components 1s shown in Figuwe 8.
Previous workers have investigated the DOM absorption and have always found
that the absorption approaches zero as the 650 nm wavelength 1s reached. Thas
certainly 1s not the case with the curves in Figure 8. Instead, these curves
would 1lead cne to believe that there 1s a scattering agent preseant an the
humic acid added to the water. This in fact agrees with observations fror
«ther 1nvestigators wno have used sawilar sources of LOM (Zepp, pravate cowm-~
citnication). If we assume that this scattering agent has a behavior sinilar
to that of the clay component discussed above, we can calculate what the
amount T(ppml, amust be. This 1s donme by assuming that Kd(6350) = 0, thus

Kclay(650) = Ktot(650) -EKw(650) (18)

G:ven this value of Kclay(650), one can then solve equation 15 for T. Vhen
this T 1s then used to calculate an additional Kclay(A) term which can then be
subtracted in order to give tbe true Kdcm(A). The ~resulting Kdom(A) curves
are shown in Figure 9.

The form of the Kdom component 1s

Kdom(A) = ko(Aro) * D expl(-kd‘) * (iA-ro0)] (19)

wheze Ao can be chosen as desired. At the Xo wavelength,

Kdom(A) = ko()o) * D (20)

so that ko(Xo) can be obtained making a Jinear least squares fit as 1s shown
in Figure 10 for the two cases 375 nm and 450 am. The fit 1s again forced
through the origin. For the case of 375 om the slope and therefore ko(Ao) has
been found to be 1.544; for the Ao = 450omm case, ko(Ao) has been found to be
0.804. This latter value 1is in the range found by R.G. Zepp (1981) for a
similar DONM substance. It was found i1n ocean field work (Smith and Baker,
1982) that ko(io)= 0.565 (1/m)(mgDOM/1). With tkis adentificataon of - kol(A),
Equation 19 may bs reformed as
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inlhdom(A)/avo(r0)*L)] = kd'(A-a0). (21)

Solving this equatioa with a linear Jeast squaces {1t through tne oragia gaves
a s'ope of kd‘= ~.01C4 wnich 1s found to he relatively wavelength independent.
Thie 13 exactly the value for the slore tourd by Zepp (1581} 1n his Jaboratory
vorl Jt has been found with ocvan fticld data (Baker and ‘mitk, 1982) that
kd*® ranges from -.C1l4 to -,020.

Thts then gives us a defined comporent fur tae Aldrich uumic acad

Kdom(A) =D * 1.54 ® axpi-.0104°(A~-375)]. (22)

The extent to which thas reproduces the original aata 1s shown 1z Figur. 11
where the points are the actual data und the solac¢ line 1s derivea frow equa-~
tion 22 with the approprrate D.

A final iook at the fait, nf the analytic model to the experimental data
1s shuwn in Figures 12 and 13 where the total attesuataon cocfticient K(A) 1s
plotted versus wavelength. The x’s represent actual data while the solid lane
1¢ tne mocel predaction.

OTLIR FIELD DATA

The dzta collected oy Smith and others at the Vaisirality Laboratory at
Scripps Institution of Oceanography covered a wide range »f oceanic water
types. measurements made in a3 local reservoir aselpeu 2xtend tue turvid water
types. At the NASA Langley rescarch venter, instriioLts Lave Leen developeu
for the express purpose of measuring optical properties 1in turvid waters.
Through <collaborat.ou with this group, n extensive set ot dats for a wader
range of water types was available for our. modeling studies. Figure 14 gaives
a sacpling of thas data from very clear wators to quite turbid waters.

1

-11~-



SECTION §
TUEORETIC(AL

hodeling has played, and will continue to play, an important rcle in  the
understanding and prediction of spectral radiation behavior underwater. This
1s because ficld data 1s diafticult and relatively eapensive to obtain. Also
once a working model woxists, 1L can be usc¢cd to extend aad extrapolate the
necessarily simited field data sets. Use of the models also permits ome to
investigate problems that are particularly difficult ain the field (1.e., low
sun angles or great depths), snd to investigate vunsampled water types, to
simulate varaaticas 3a o/c ur ), and to do gemeral semsitivity studies. Such
modeling helps verify our understanding of sub-microscopic processes and pro-
vides an aipportant theoretical link between the comstitucni: of am optical
medium &pd 1ts resultant optical properties.

Much of radiative transfer modeling has been concerned with the atmo-
sphere. An sxcellent summary of atmospheric work 1s given by the IAMAP Radia-
tion Commission (1977). TLese models were studied to determanme their adapta-
bilaty to our needs for a flexible yet accurate solution to the problew of
propagation of radiation within a varaety of aquatic eavirooments.

Atnospacric noeels away ve classafzeu an several ways., for 1astanbie, o
few methoes dare suwamdarizeo ocre with notes includee to orietly mention scue of
the ainvestigators using the techniques. It 1is mentioned whether the investi~
gator bhas wurked on tne method in ihe past, umas a currently working wouel, or
is developing 1t now.

Lxact Apaly tsc wethods
1. Siagular Eigeafunction zethed
2. Wiener-dopf technique

Computational Analytic lethods

1, Spheri:al lUarmonics (Dave now)

2, iatrax Uperutor method (Plass-Kattawar now, Gordon bpow)
3. Doubling or adding method (ierring, Fitch)

4, Iteration Jethads (Dave past)

Conputational ( ”"non-amalytic”) dethous

1, Monte Carlo (Plass-Kattawas past, Gordon past, Kick, Fahy-Poole)

2. Successive Orders of Scattering or natural solution
(Preisnedorfer).

Approximate Methods

1, Eudington approximations {(Delta~Eddington)

2. single scatteraing - approximate Monte Carlo (Gordon past)
3. two stream approximations

4, approximate diffusson tkeories

The above list 1s by no means complete but does wmention the models we
have devoted the most time to exploring, aand which appear to be receiving the
most ‘attention in the Jiterature. It should be noted that tho apprcoximate
methods wusually yield only am 1rradiance solution whereas the others gave
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radiance solutions. Our investigation of computational methods focused op
Dave’s coue for an iterative er~lution and a bionte Carlo code adapted from zZirk
wuich nad the addea vartue of beang a water model rather than an  atmospacric
nouel. Both of these codes were exteunsively modified €O suit our purposes:
the Dave code becai.e 1t did not directly apply to aquatic media and the Kirk
code because 1t was comparatively :inefficient. It should be recognized that
despite the adaptability of the !lonce Carlo code to the demands of agquatic
geometry, the spherical harmouics and matrix operator methods are more e¢ifai-
cient in terms of computation tame.

¥Ye have also utilized the solution to the Mie scatteraing - of 1light with
which we can deduce the 1ipnherent optical properties from particle size of
suspended sediments. This in turn can be used as inpuls to either of the
above two models. An overview of our modeling to date 18 summarized in Figure
1,

MIE CODE

JMie scattoring theory represents an amalytic solution of the scatterang
of 1light by small spheraical particles. The solution due to Mie dates back to
the turn of the century and relies solely on Maxwell’s discovery that light
may be represented 1in terms of correspondiaog electrac and magnetic fields.
Giver a spnerical particle of a ziven incea of retraction, one may calculate
the absorbing and scatteriug cffects of that particle. Given a distribution
of such particles, one may build up 2 model of the particular components of
absorption and scatterang, within an optical mediuwm of interest. If other
components of absorption and scattering due to such factors as chlorophyll or
dissclved organic material sre coown, then the total auscrption and scattering
coefficients can be deduceu. !ence we postulate this code could Le an effcee-
tive underwater technique. The 'lie code allows one to arrive at the snacrent
optical properties of an optical uedium by making measurements wbich are not
optical in nature,.

The code as obtained from Dave (programs SPA, SHB) did not take advantage
of some recent developments ip calculating various subparameters. Mie
scattering calculations are extensive in time owang to their ainherent ansta-
bilities, Great care must be taken in insvring computational accuarcy to
extended precision, ¢g., out to 14 places. Viscombe (1979) has put out a usc-
ful note recommending a number of ways to increase efficiency of calculation,
and these suggestions were incorporated into the Dave code. In addition cer-
tain portions were extracted for calculation via a Floating Point Systems 120b
Arzay Processor, which added a further computational advantage over the origi—
nal code. These programs were tested against the data of other researchers
and reasonable results were obtained. This program set 1s preseantly running
on both an IBM 360 and on a PRIME 550, 750.

DAVE OODE
Code by Jave (1972) existed to provide a direct iterative solution to tke
radiative transfer equation within an atmospheric contcxt under the assumption

of a Lambertian Gound layer. Various inputs were required, including a table
of pressures versus heights, aerosol distributions, ozone concentrations, and
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t)e Rayleigh-scattering optical depth of tne atmosphere. This code was moda-
fied so that the bottom was made Fresnel, which 1s appropriate for an agquatic
1ntertace. lhe changes requircd were not trivial saiuce tne Dave code haed par-
titioned photons 1into unreflected and reflected histories, and for reflected
photons used the Lambertian assumption to remove the azimuthal dependence of
the reflected radiance. The objective in modifying this coue was to use 1t to
obtain accurate input radiance distributions to a water model which would then
ve able to calculate the desired optical properties within the water column.
The separation of the atmosphere/otean problem into first am atmosphere and
then a water problem requires the assuuptaon that photons which backscatter
from water to air and back into the water represent a negligible “contribution
to the flux received by the water. The functional layout of the Dave code was
presented i1n a previous report (Interim Progress Report, EPA Grant #806-372-
010), and thus 1t will not be repeated here. This converted version of the
Dave code for the atmosphere was runraing on the I3 360.

MUNTE CARLO »ODELING

Because the Dave code requires inputs which are not routine measurements
for most investigators, an alternative modeling approach was followed in
parallel with the modification of the Dave Coae. This alternative appreach
was to pursue the develogment of a lionte Cuarlo procedure whicu would use as
inputs the imnerent optical properties wuick had been measured previously vy
our group, ana whose outputs, or "predictions”, could te checled against a
corresponding set of apparent optical properties also available from earlier
studiecs. -

slonte Carlo solutions for the atmosphere—ocean system were reportea 1no
the literaturc in 1969 by Plass and Lattawar. The !lonte Carlo wethod 1s fun-
damentally less accurate than the analytic methods but was among the first to
be adapted to an atmosphere-ocean system because of 1its flexibality. The
early calculations were restricted to sun positions directly overhecad and
input phase functions were calculated from Rayleigh and liie scatteraing theory.
Over time, solutions have veen carried out by several authors under a wide
variety of <conditions (Plass and Kattawar, 1969; Gordomr, 1975, 1977, Kirk,
1561), Indications of the power of such simulations have beer demonstrated an
the form of papers which propose empirical relations between the inicrent anu
apperent optical propertics, as derived via svionte Carlo caploration (Goraon et
al., 1975; Kirk, 1981). Yet due to problems strictly associated wath obtain-
ing sufficiently complete data sets, none of these authors have been able to
confirm the model within a comprehensive set of water types as found within
nature.

Briefly, a Monte Carlo technique 1s a “random walk” procedure in which a
computer simulates and keeps track of the path of a large number of 1iadivaidual
photons as they scatter through, and are eventually absorbed by, the optical
medium. It 1s the set of inherent optical properties of the water, i.e., a,
b, and §, which define the probabilities of events, 1.e., scattering and
absorption, within a given photon'’s “1life bhastory”. Thus the input to the
K1tk code was exactly what we were looking for:- the ipherent optical proper—
ties of the water,
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The meaning of the term “large number of photons' 1s defined operatioo-
ally. As with apy statistical sampling procedure 1nvolviny the average of a
neasured quantity over many trials, tne varidnce ob tae output decredses wita
the number of samples. Thus, tor example, pertectly smooth curves or K versus
depth are expected if an infinite number of photons are run. If less photons
are run, less than perfectly smooth curves are obtained. In practice a large
number of photons are run and the resultant curves examained. kf the curves
are¢ not considered swooth enough, more photons are ~un. The number requirea
to achieve some arbitrary standara of “smoothness’” is a function of the ratio
of absorption to scatterang as well as of the opticai: property being
estimated. lagh absorption wiil genmerally require more photons to get the
same smoothness, and upwelling properties will almost always require many more
photons than their downwelling counterparts. Thus the nurter of photons
requrred to get good estimates of a given parameter may be anything from a few
tens of thousands up to the hundreds of tnousands. OUne can understanc¢ that an
iterative solution of the equations of radiative transfer, such as uscd by
Dave, 1s :nherently more accurate than the Monte Carlo type solution since 1t
1s an exact solution,

A copy of Kirk's llonte Carlo procedure was gratefullv obrained from Dr.
Kirk and mouified. The Kirk Honte Carlo code is run..ug oo a Prame 559, 750,
The results were crecked against dirx’s, and were found to agree.

PCUF

It was decided that the Monte Carlo technique was an _ appropridste mnethod
to investigate further the attenuation of light underwater. dowever, 1t was
founu necessary to mdxe S2j0r slierations to tue orsgisal uirk code an  oruer
to improve corputational effic:emcy. Further, the original Lirk coue agp.rosi-
mated the 1.put radiance u:strioution as a acelta function, which 1s appropri-
ate for sun high i1n tbe sky ovut which is known to be a poor approximation for
low sun. After considerable improvements haa beecn made, we cooperated with
another rescarcher 1o the field (Poole, 1932) 1n oruer to proauce an effi-
cient, state-of-the~art sdonte Carlo code. Thnis code 1s a significant improve-
ment wupon the original code and 1s detailed elsewhere (Fahy and Poole, 1in
prepartion). It 1s named POUF after 1ts authors (Poole anu Fahy).

PUOF uses an important approximation of the anput rauirance Jdistrivut:on
by approximating 1t as a delta function plus a diffuse “skylight” component.
The method by which 1t incorporates data measured 1o the field to produce a
representative input distribution 1s discussed below, 1n the results section.

A severe problem with the Kirk model was the number of photons required
as 1input at the surface in order to obtain a usable number at depths below a
tew attenuation lengths. A photon was highly unlikely to survive long. enough
before absorption to reach significant depths. To address this problem pho-
tons were given statistical weights whach are decremented at each 1interactaion
with the medium., The decrement factor 1s simply b/¢c, which gives the proba-
bality of scattcrimg (i1.e., survaving) 1nstead of absorbing in a given
interaction. Thus, a photon does not perash by being absorbed but rather,
iives on, albeit with a lower weight than before. Eventually the weight of
the photon becomes insignificant aad the photon 1s discarded and a new photon
1S sent on 1ts way.
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Uther wmprovements fall under the catogory ot precalculating iaformation
that 1s necded repeatedly. For instance at evervy collision the collecuion
“21as" 10 wnich a photun oclongs wust be updated. Where tue  pavton  ocaun,»
typically involves taling am arcsin Or arcoos, which 15 a lengthy computativi,
But since we know in advance which bins correspond to whichk cosines, 1t s
possible to pre-calculate a mapping from the direction cosines of the photon
(which describe its direction) to the ban i1an which 1t belongs. This saves
considerable time. Another exdsmple 1s the method by whien a scattering angle
ts determined. It involves sampling from a unitorm rancom variable and then
doing a table look-up to get a correspondsng augle. Byt the table loox-up
procedure may be reproscnted as a mapping whkich cau alsd be precalculated. A
table look-up can thus be reduced to sampling withain a linear array, the ele-
ments of which corsespond to values of the uniform random varsable.

The most significant improvemenl of PUOUF over provious efforts 1s ats
partitionang of tho problem auto two separate "puases’; the first of wlkich
depends only on the volume scattering function, and the secon. which uses the
output of the first, and the remaining snput (a,b) to obtain the final solu-
tion. The product of the first phase 1s a series of count arrays, which in a
very rcal sense contain the same sort of intormatsovu as 1s caleulated by the
so~called Natural Solut:on of radiative traustfer, also known as the Successave
Uraers of Scatteraing Solution. T[hus, PUOLY =may accurately be czllied a ceonbica~
ticp ot ~oate Carlo 4lu Successive Scatleriuy wetuous.

By dividing the solution 1nto two stages, 1t is possible to test the sen-
sitavaty of the fanal results to the varivis input parametcrs in a partaicu~
larly straight-forward fashaon. Whereas other wmudels requare simultancous
iaput of (u, a, and b), MOUF requires p only in the fairst phase ana thea (a.b)
1n tae seeond phase. Lance the sccond phuse 1s extremely sugort (4 few minutes
ot CWU time) 1t 1s possible to obtazn an cutire set of p, (2,0) ceabiaatious
10 lattle wore time tham 1t takes to coapute ono p  {(a,b) cowpinatium.
Further, 31t was found within a given water type, that the wavelength of the
sclocted for the first stage only weakly atfected the final results. Thus it
now appears possible to select a p wathin tho mid-range of a group ot
wavelengths of interest, run the first stage just once torx this ., and then
run the second stage on a full suite of (a,b) psirs corresponding to all the
waveleugths destrea. lnasmuch as other methods requisre running eacn combina-
tion adividually, this 1s a substantzal savings when one 1s interesteu in &
full spoctruw of predictions.

The PUOOF moccl has been compared against data and agrees extremely well
with the measurewents of :be downwelling attenuation coeffaicaient of irradiance
as a fuaction of depth. The upwelling radiance and hence wupwelling diffuse
attenuation coefficaent calculations noed further investigation to resolve the
disparity between model and measurements. It 1s not surprasang that there are
problems ain this crea due to the fewer number of photons upwelled, and benco
the 1ncressed sensitiva'y of the model in such situations, to the effects of
stochastic noise.

SUDEL QUECKS

The valadity of a theoretical model is bost checked by comparing 1its
results with field measurcments near the limits of ats range of applicablaty.
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llence, we wi1ll show here a comparison of the Mcnte Carlo 1esults with both
clear water field measurements and San Vicente tield meas irements wanich are a
Dure turpid water type. [he reservoir 1s representative ol more  productive
waters havaiaug a chloropnyll concentration of approximately 7 oy vaol/n3 and an
attonuation length of 1/3 meter.

The consistency of the model’'s prodictions with values of K neasured in
clear waters 1s demonstrated by Fagure 15. Plotted versus wavelength are
several ainherent and apparent opticasl properties ot the water. Also plotted
are the model’s predictions of the value of K at one optical depth for zenaith

"angles 10 and 60 degrees (labeled 'l' and '6’', respectively), along with the
measured values of K from tho cruise data. Note that the values over the
water column, because technical difficulties maae 1t impossible to measursc an
instantansous value of K at any given depth. Further, the K's obtaineu trom
the data represent averages over sun angle, since weasurcements were taken
slowly compared to the movement of the sun. Vith these limitations ot the
cruise data in mind, one sees that the model compares extremely well wath the
field data, wnich in every case fall betwecen the 10 degreo and 60 degree pred-
ictions. This i1s to be expectcd since mcasurements were only taken for a
range of sun angles within these limats.

The consistency of the model’s predicitons for a nore turbia vater 1
showsn 14 Figure 16. In this lapure  tae uasheo lines give tue predicive
(woucel) vairues or average attenuation covtiicaent over tue tirst seven metors
obitained by fitting a straight line to the log of the irradiance predactions
given by the wouel. The solid linuvs gave the values obtained 1n a samilar
wasner from the data. Note the wide variance in values of K over wavelength,
and the ability of the model to track this wvariance, even the turn-aiouna
wavelength ot maiazal X, 550 aom.
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SECTION 6
RESULTS

The results of this work cam be broken 1into several related scctions,
First a confideration of atmospheric influences of light was made. T1ho ainput
trradiance atfects the underwater ligit field and tkus affects both the field
data and the modeling of such data. Next, the field data nceued was taken
and/or analyzed, :acluding specafaically an anvestigatioa of clear water
scattering, of clay and DOI attenuation from a series of tank 2xperiments, and
of the suite ot data with complete sets of inherent optical properties avail-
able. Finally, the results of the Monte Carlo Model, which 1avolves knowlcdge
both of the atmosphere and of the field data, are given.

ATNOSPLERE

In developing models of aquatic environments, one must first consider the
input radiance distribution. We bave considered two quite dittrrent
approaches; an anlaytac approack and an experamental approach. The analytac
method is that of Dave, an iterativo solution to radiative transfer equatioms
discussed earlier. This code has the advantage that 1t allows definstion of
tue atmosphere vased on 1ts constituteuts.

The second technigue involves definition of the input radiamce distr-bu-
tion as a delta function plus a unaform diffuse component. This however 1s a
crude approximat:on of the sky compoment. In fact, the Dave code will serve
as a useful check of the valadity of this dustridbution assunption sinee the
Dave code gives ap  "exact solJttion”. However, the field dara 2vairlaole
describes a sky and a direct bcam, lence the empiuasis on the eaperinc..tal
approach.

The total atmospheric radiation at thc water surface may be approxinated
as a direct solor beam plus a diffuse sky componment,

Etot(0,A) = Edizect + Esky (23)
It 1s possible to measure Esky ana Ltot in the faield. It 1s the ratio of
these quantities
y = Esky/Evot
that the modol uses to approximate an input aadiance distribution. It 1s pos-
sable to pick an srbitrary Esky and then to calculate
Edirect = (1l-y) ® Etot = (1-y) * (Esky/y) (24)

_¥We then integrate Esky using a uniform radiance and add thas to Edirect ‘and
propagate through the surface using Fresnel transmittance.
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Field measurements of y in both an oceanic atmosphere as well as in a
Jdesert~like atmosphere nave been wade. These measurvments were available only
for wavelengths above 40U nm. Jsaing another wouel) (ureer et ul., 1976; Juaner
et 4l., 1981), this aata can be extended to the 250 na region. Using both of
these sets of data as surface irradiance i1nput to the donte Carlo model, the
influence of two very diffcrent atmospheres could be detected.

FICLD DATA - clear water

The measurements in the clearest natural wacers of the inherent and the
apparent optical properties are limited. As a result, we combine data from
the laboratory with uata fron the field. Our objective 125 to obtaan a data
set representative of the clearest waters one might expect to find naturally
in the euvironment.

The most recent and most reliable data of the total absorption coeffi-
cient of pure watcer, aw(wl) 1n the 200-800 nm spectral region are summarized
in Table 1 (trom Smith and Baker, 1981). There 1s no such information regard-
.1g the scattering of clear water. The total voluue scatterang tunction caa
be descrived as composed of two components, one due to molecular scattering of
pure sea wter, pw, and one uue to all other compenexnts waicn we will refer to
a3 “particles”, pp.

p(o, X)) = pm(9,X) + pp(V,4) : (25)

where liorel has shown

s

Lm(8,A) = bz(A)/16.06 * (1 + .84c0s2(8)) (26)

The molecular scattering of clear water, bm (A) 1s given elsewhere (Smith and
Baker, 1981).

A comparison of all curxently avdailable clear water scattering measure-
wents uas  snown tanat the SCOK Discoverer Station 21 data (1973) 1s the most
accurate and represectative rcasurewcct of P(A) for the clear waters. Tais
station was an the Sargasso Sea wuicn 1s recognizeu to be among tne clearest
of ocean waters. Since the scattcring data in this set exists only for the
wavelength 515 nm, 31t 21s necessary to find an extrapoiation technique to
obtain p(B) at other wavelengths. The volumoe scattering function at the
wavelengths 440, 490, 520, and 670 nm, exists for the Uceanus Station 4 data,
as 1s shown in Figure 17, where the molecular scattering has been removed. A
very simple method which 1s consistent with a "“diluted water” treatment,
assuming that the data sets dealt sith are essentially the same water type,
has been adopted. Suppose we have two water samples, the second of which 1s a
simple dilution of the farst. Thus the first samplec has an instantaneous par-—
ticle size dastribution of N (D), and the second has a distribution NZ(D)’
where D reters to particile dlameier. Then

Ny(D) = K,, * N, (D) (27)
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where K 1S a constaunt which does not depend oan D, Let p(a,D,9) be the
scattertiig due to a particle of diamecter D, 1n direction ©, at wavelength A,
Taen

dppl(A,B) = u(k.D.O)‘Nl(D) db (28)

and 1t can be shown

By (he®) = Kyy * 8 (X0) (29)

Since this result 1s wavelength indepondent, we can use 1t to extrapolate the
water dependence of water sample 2 to water sample 1 by

ﬂpl(k.e) = ppl(xo.a) * 1(9) (30

where

q(O) = ppz(ko.e)/ppl(ko.ﬂ) (31)

Given tae similarity ot water samples taken on these two cruises, we telt tae
diluted solution approximation to ve a reasonable approximation. The validity
of this techuique was checxed using several other cowplete aata sets. ilence
the extrapolation from one data sct to the next could be checked since the
second sct of measurcments had been made. VWhen such comparisons were made
between similar wdater types, tuc uethod prouuced vor) d4CCUrate reprouuctions.
Givern Equation 30, we can now caleulate the voluwe seatteriug function  for
other wavelengths for clear water as 1s shown in Figure 18.

FILLD DATA - tank

Figure 19 shows what the Baker-Smith component model gives for a range of
C, D, and I values. The expersucental componcnt analysis has taus yielueu not
only a cescraiption of a set of water types, out the ability to generats a
range of water types odsed uponm 4 ‘cuoice ot culrophyli, UVWwa, anu clay.

FIELD DATA - other

All of the field measurements of scattering must be aintegrated over all
angles to yield a total volume scattering function. This was done using a
program designed to take into account the geometry of the scattering instru-
ment used (Petzold, 1972). This program was converted to the PRIME 750, 550,
from an IBM 360.

POOF »ODEL

The limitation of cruise data 1s that the values of K usually represent
averages over depth and sun angle due to changing light and water conditaions.
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The model 1s not confined by such problems and thus 1t becomes possible to
look 1n detarl at the variation of tac apparent optical properties with sun
aagle and with depth.

Figures 20 and 21 demonstrate a need to include a sky component in model-
10g calculations. The graphs ot fd, the downwelling diffuse attenuation coef-
ficient, show a much greater variunce with solar =z2:nith angle for a model
using input of 8 uirect beam naly, .3an 15 evidenved 1n the PUUF calculation.
Direct compariscns for soktar zeutih anyles of § to 35 degrees show lattle
difference betweer the two midels whaile the moduls differ siagnifaicantly for
solar zenith augler of 75 to 85 degrees. Of particular interest 1s the rever-—
sal of order of the vert:cal positioning of the 70 and 80 degree curves ain
Figure 16. For tae direct bcam medel, the 80 degree curve lies above the 70
degree curve, while for POUF the 80 degree curve 1s less extreme than the 70
aegree curve, This 1s oecause in PUOF, the model takes into account that
almost all the anput anto the water for the 80 degree curve 1s diftuse
skylaight; the Fresnel transmattance through the water at 80 degrees zcmath
augle being extremely low., 7The gsneral pattern of laght entering the wates
therefore, ciosely resembles tho diffuse skylight, whach represents somethang
of an average of the direct bvam results for solar zenitk angles from O to 90
degrces,

ivotse that the values for K 1n these faigures for 80 degrees are less
extreme than are the values tor the 66U Jdegree curve. It can ve snows that K
increases with theta until a thota-max at which poiut 1t decreeses since an
averaging effect swamps out the direct beam. That is, therc are few of the
photous cntering the water that are actually aue to the dircct solar bean, as
1s understandable witrin the context of Freshnel’'s law; the dowimant source of
lignt 1s dilfuse skylsght wuicl represents an avearge of wuirect solar beuams
from 0 to 90 cdegreces. This effoct bas not previously deen repuvrteu since wuch
of our previous understanding comes trom ficld data which 1s limited by the
instrument technology which takes finite tiwme to make measurcuents. Durang
this time interval, the lighting conditious can change rapadly. It 1s daffs-
cult to measure values of k over large depths and for instantancous solar
posations when the sun 1s low in the sky. Such an effect is important to take
into consideration when one is calculating the total availability of energy
cver one day.

The change an K as a function ot depth is illustrated in Figures 22 and
23. Such calculations providc previously unavailable 1asight into depth
dependence of K. For instance, Figure 23 shows three diafferent wuvelengths at
several solar zenith angles. It should be noted that the spread between the
10 degree and the 60 degree curves decreases with depth, demonstrating that K
approaches an asymptotic value at great depths which 1s wholly independent of
the input radiance dastrabution,

The dependence of K on solar zenith angle 1s seenm to be small here,
agreeing with previous observations (Baker and Smath, 1979) that K is quasi-
inherent for this type water. UDaker and Saith fit a straight lane througb the
log of the downwelling irradiance measurements to obtain kd and as such the
single value of Kd mav be seen to be an average of Kd over the top 7-10 moters
of -the water column. Closz scrutiny of the curves revzsals that the asymptotic
value of Kd, known as Kuo, 1s reached extremcly rapidly. as early as 4-5
meters depth. Thus, the average computed by Baker and Smith to represent Kd
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1s swamped out by hdo, which is ot course independent ot solar zenith anlge.
This explains the "quasi-inheruent” nature of xd as reported previously.

It 1s now important to note that for 80 degrees, the asymptotic value 1s
rcached almost immediately. This suggests that scientists taking ricasureme~.s
1p toe fielu would do well to take data for low sun positions, 1o order to
ceasure directly this naghly important parameter.

The semsitivity of the model to Y is very small wner a dry desert atmo-
sphere was used compared with a coastal ocean atmosphere. It 1s only 4t low
sun angles approaching 80 degrees that the atmospheric component ratio 1§
found to have more thanm a 3 per cent influence on the resultant apparent opti-—
cal properties. It 1s also found that X 18 relatively 1insensitive to

wavelength variation in p, ospecially at the surface where the effect 1s less
than 1 perceat.
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I'{gure 15. The spectral a (solid line), b (dashed line) c
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station 21 Sargasso Sea waters. The D points are the ficld data
measurements of total diffuse attenuation coefficient whercas
the 1,6 are the Monte Carlo calculations of K for 10 degrees
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Tigure 20. The ifonte Carlo calculation of K (X,z,0) for
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plotted versus optical depths cz when using only a direct beam
input to the water colunmn.
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