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The Optical Properties of Lake Pend Oreille

J. E. Tyler, R. W. Holmes, W. H. Richardson

Scripps Institution of Oceanography, University of California

La Jolla, California

ABSTRACT

Eight important optical properties have been obtained for
Lake Pend Oreille, Idaho, using the method of measurement of
radiance distribution as a function of depth. The method for
computing the properties from radiance distributions is given
in detail. These properties are associated with a narrow band of
wavelengths at 480 mp and are given for a single depth. They shoculd
be characteristic of the lake water in the absence of plankton or

excess contamination.

% This paper is based on research which has been supported by the
Bureau of Aeronautics and the Bureau of Ships, U. 5. Navy,
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INTRODUCTION

In order to deal exactly with problems involving the pene-
tration and transfer of light through water it is necessary to specify
not only the magnitudes of the optical properties but also
the depth at which they are measured, and whether they depend on
the downwelling (-) or upwelling (+) streams of radiant flux. This
is necessary because some of the optical properties of homogeneous
water vary with depth although the variation may be small. In order
to be exact in meaning, the notation for the optical property or
functicn: is followed by the symbol (z) which means we are speaking
of the property at a specific depth, z, and with the symbol (-)
referring to properties associated with the downwelling stream of

radiant flux or (+) referring to the upwelling stream of radiant flux.

In general the variation of the properties tends to diminish
with increasing depth and with increasing cloud cover and overcast,
When t he water is nonhomogeneous the usual variation with depth of
the optical properties may be obscured by the further variations
caused by this nonhomogeneity.

The important optical properties considered in this paper are
shown in Figure 1 which alsc indicates in flow chart form one possible
method of their determination from twe basic physical measurements
which were made at Lake Pend Oreille, Idaho (Tyler 1958). The twc
measurements were:

(a) Radiance distributicn as a functicn of depth, N(z,0,%)

(b) Beam transmittance, T,
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ME:SUREMENT OF RADIANCE DISTRIBUTION

The instrument used for the measurement of radiance dis-
tribution is shown in Figure 2. (Duntley, et.al. 1955). When
in use, this instrument is suspended on a single cable and
powered by an electric cable looped into the underside at the
vertical axis of rotation. Rotation about the vertical axs
(azimuth position) is controlled by means of a servo system consist-
ing of a gyrosyn compass assembly in the instrument with control
transformer and indicator on the main control panel. The error
signal resulting from an azimuth mismatch between the control
transformer and the gyro heading is used to drive a propeller which
rotates the instrument so as to minimize the error signal thus keep-
ing the instrument oriented in azimuth. The ortical system is
designed to accept light through a cone of acceptance having apex
angle of 6.6° and the instrument thus measures relative values of
the physical quantity radiance, in the direction specified by ©

(the angle from the zenith) and @ (the azimuth angle).

Using data obtained with this instrument and the method of
integration outlined in the next sections the apparent optical
properties R(z,-), K(z,~), K(z,+), D(z,-), and D(z,+) for Lake
Pend Oreille were computed, along with the inherent optical pro-

perty a(z) (volume absorption function).
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COMPUTATION OF H(z,-) and H(z,+) FROM N(z,0,%)

It is clear from Figure 1 that the functions H(z,-), H(z,+),
h(Z,-) and h(z,+) are essential to the determination of the func-
tions R(z,-), K(z,-), K(z,+), a(z), D(z,-) and D(z,+). The basis
for obtaining irradiance on a horizontal plane from radiance distri-

buticn data is expressed in Equation 1:

H(z 4) :L N(2.0,)|cose|din (1)

T c_o T o(ET
wherej:f & J 3 ) = ( n
-Jelodemo LT ol Jylo

d)=5noddde

In order to perform the numerical integration, expressed in Equa-
tion 1, and thus obtain numerical values for H(%,-) and H(z,+), the
radiance distribution solid was enclosed in a spherical grid divided
by equal increments of © and @. The values of radiance at the
centers of these increments were then weighted and summed in accor-

dance with Formula (2).

The mechanics of the integration process at a given depth can

be expressed in symbols as follows:

m N o
H=2 5 N..A O g
;.‘="C> ;:o “l
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where Noj = Noo for j = 0,1,..., n; since the radiance in the

£
zenith direction does not change with azimuth; and where the,l};,{j_'
H

are weighted solid angles defined for the indicated zones (i = 0,1,...,m)

as follows:

AN _Cl"L: sin®; Coso, ABAP ;For L=2 3 -~ m-2

A= é’ sin (%)LOS(L%@> AS Aq>

A QY =80 -7 [smﬁecoe&eﬂt-

RG] N
S8

and

The preceding Formula (2) may be used for either 'H(az,-)
or H(z,+). Figure 3 shows the geometrical arrangement and identifies
centroid values of radiance for H(g,-). To use (2) for the deter-

mination of H(z,+),reflect the spherc in its equatorial plane.
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COMPUTATION OF h(z,-) and h(z,+) FROM N(z,0,%)

The procedure .for obtaining scalar irradiance from radiance

distribution data is expressed by:

h(Z,+) ==ft N(z ed)d

(3)

The mechanics of numerical integration to obtain hemispherical scalar
irradiance, h(z,-), h(z,+), are expressed in Formula (4) which
employs the same general notation as Formula (2) and Figure (3),

and is used in the same general manner.

m ¥
h(hom\sP\\Q\’\cob-‘-Z 2 N-D Q‘L )

&y
L‘OJ:O

where
r\‘(>J3 = r4(3 O

and where the l§§ O 1 are weighted solid angles defined for the

indicated zones (i = 0,1,..., m) ds follows:

DOG= 8O A0 AP Koy L= 2,3, <2, 0~
AOe™ 2 s\n(%?} A nd
AN O.\:[sm AO + SW\(/-)_@)J ASD L\(t)

&

A O :[gos&@-ﬁ-coz%é—jAe Acb

A= 5 C0S f—-\f"‘} Nne AP
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In evaluating Formulas (2) and (4) each hemisphere was divided
intc 8 increments of A € and 2 increments of Ae and intoc

_ 2.
18 increments of A@ . By substituting the values of

=71 o _ -
AS e =107 = OT4 S vad

Ap=I = 20°% = 0. 2421 Yad

!
into formulas (2) and (4) a table of factors, A £x and A\ [ON

was obtained (Table I).

For each hemisphere the sum ¢f the 18 values of N13.< for
/
each i was multiplied by the corresponding M\ . or AQ‘L
and the sum of the results gave the irradiance or scalar irradiance,

respectively, for the hemisphers.
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TABLE 1

-~ /
SRS AN N4 ANS

0 180 0.000 966 0.000 966
10 170 0.010 918 0.010 747
20 160 0.020 835 0.019 579
30 150 0.030 461 0.026 379
40 140 0.039 160 0.029 997
50 130 0.046 665 0.029 997
60 120 0.052 758 0.026 379
70 110 0.057 247 0.019 579
80 100 0.067 603 0.010 747
90 90 0.022 824 0.000 996
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COMPUTATION OF OPTICAL PROPERTIES

In modern two flow thecry the functions describing the inter-
1ction of light with water must, in general, be associated with the
specific stream to which they apply (Preisendorfer 1958a). Fecr
herizontally stratified scattering-absorbing media (for example,
large bodies of water), there will be one set of functicns for the
downwelling stream (identified by the sysbol -) and another set of
functions for the upwelling stream (identified by the symbol +).
The functicns which have been computed in this experiment from the

radiance distributicn are as fcllows:

Downwelling Upwelling
attenuaticn functicns K(z,-) K(z,+)
Velume abosrpticn functicns a(z) a(z)
Reflectances of a hypothetical ‘R(z,-) R(z,+) = 1
horizontal rlene ﬁﬁffi)
Distribution functicns D(z,-) D(z,+)

COMPUTATIO! OF K(z,-) and K(z,+)

The attenuaticn functicns, K(z,-) and K(z,+) for natural dcwn-

welling and upwelling light in thc water are determined by the formula:
~ L
' H(z—z AZ , £)
- In AL +
Kz, )= H(Z +5 AEL)

A Z

(5)
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This formula is derived frem the deflnl‘clon of K(3z,%),

Hiz )= Hop) e 55 Ke' D de’

where the primed symbols denote dummy variables of integration.

Then, in particular

~Z+AE

—J, pz KEDdE
H(z+ &Z) =H( -22)e

It A2 is sufficiently small K( z,%) may be treated as being
constant cver the interval Z- -{’-\—-%— Z 4+ 2 L\E and :

e AE «

Zt AF

'E‘f,_.
- a

§ ,A_; K(z' 1) d== Y\(zj:)j

T
\n H (72 3
HEz~+ z'JQ

E

The attenuation functions K(z,%) generally vary with depth. Their
values at any given depth , z., are determined by the operaticnal
procedure summarized in (5), which requires knowledge of the irra-

diances just abcve and just below z.
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COMPUTATIO! OF R(z, -)

The reflectance, R(z,-), of a hypothetical hcrizontal plane in
water with respect tc the downwelling flux at a depth, z, below

the surface was computed frem the defining equation:

| N - HESD ©
RED =23

Note that ) \’( (—g)-) _ \
R <ZJ+) - 'H (2, ’K(%)"B

COMPUTATION COF DISTRIBUTICN FUNCTIONS
Distribution functions, D(z, *) , are measures of the direc-

ticnal distribution of the upwelling and downwelling radiance. They

are defined (Preisendorfer 1958 a) by the equations:

fD(—E);tB _h (ifk:\
Hz, £ ™

COMPUTATION OF THE ABSORPTICN FUNCTICN

The value of the absorpticn functicn , a(2), was determined

from the formula:

T/, p= 3
In f‘.(é = ot H (£,+) (8)
Q (%3 = ~H (‘Z“‘ -—?—:-— 3 +\3.~

AZ ()
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where -‘\I("Z ,‘6‘-‘ H‘(-Z ,‘D‘ uél JB: -ﬁ(&)—) » net upwelling irradiance
h (E) = h(i )-n f\\(‘z ;-.3 , the scalar irradiance.

Formula (8) is developed as follows:

The coperaticnal definition of the absorption functicn, a(z), is:

- (Preisendorfer 1957) (9)

Now, by definition of K(z), we have:

D . TR E)

dz (10)
- J, K (z'ydz'
H H(zm = H{oDe
Furthermore, between the twc depths, Z - &—- s 2+ AZ , we
R Z
have by definitiom of K(z):
£+ 0F , ,
T A 5‘?; (Z >di
= (1)
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o= DE
,;z_+____

K(z ) may be considered constant over the interval Z- = >

when AZ is sufficiently small. Therefore, from (11):
=t

Z+QE — ‘Az .
S o %‘;‘: (2)dz'= K(z)yi‘_ & dE’ =Ebe=
~

~|n ﬁéz*%g

Sa

W=+ %§ (12)

Substituting in (9) the values of as given in (10) and
- ai
K(z) as given in (12) we have the convenient operational formula

for a(z) (8).

OTHER PHYSICAL ME.\SUREMENTS

In addition to the radiance distribution measurements described
above, it was possible to measure some of the water properties
by direct methods. The function K(z,-) was obtained by direct
measurement using a flat-plate collector to obtain relative values
of H(2,~-) at various depths. The collecting surface of this
instrument, shcwn in Figure 4, is carefully designed to collect

radiant flux in accordance with the law:

P(8) = P(0) cos ©, i.e., the surface is a Lambert collector. (13)

The volume attenuation function CX| was measured with an
hydrophotometer shown in Figure 5. The length cf the path of the

transmitted beam is r = 1 meter., This instrument is designed to
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be insensitive to changes in coupling (between the radiant flux
and the detector) when the index of refraction of the medium
changes over a wide range. It is also designed to minimize the

effect of forward scattered light within the beam. Recent work

by Preisendorfer (1958b) makes it possible to predict that the error

created by forward scattered light within the beam will be of the

order of 0.3% in the value of A .

RESULTS

The experimental values obtained at a depth cof 29 meters
for eight optical properties of Lake Pend Oreille are given in
Table III. The total scattering coefficient for collimated licht,

can be fcund from a and <X by Equation 14:

X (&) = a(&@) + s&)

The table includes this calcul ated value of < and also the

directly measured value of K(z,-) for z = 29 meters.
DISCUSSICN

These measurements were carried out in the spring of 1957

before the start of the spring plankton bloom and well before

(94

ot

(1)

the development of any thermocline. The lake was tested extensively

to determine its homogeneity and was found to be very nearly homo-

geneous by every test. Therefore the values of &L (29), a(29) and s(29)
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THE OPTICAL PROPERTIES OF L4&KE PEND OREILLE ~T DEPTH 29 METERS

4ND FOR & WAVELENGTH BaND 64 MILLIMICRONS WIDE PEAKING 4T 480 mu

ipril 28, 1957 March 16, 1957

Property Computed from Measured Calculated
N(29,0,8) Directly Indirectly
K(29,-) 0.169/m 0.184/m
K(29,+) 0.164/m
R(29,-) 0.0227
D(29,-) 1,31
D(29,+) 2.78
a(29) 0.117/m
X(29) 0.442/m
s(29) 0.325/m
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are representative values for all depths z in the lake. The
values of the properties given here should approach the minimum
values for the year. The values K(z,-), K(z,+), R(z,-) a(z), s(z)
would be expected to rise in the upper layers of water during the
plankton bloom and would probably be higher for all depths during

the heavy spring run-off.

All of the constants reported here are associated with a

bandwidth of 64 mp wide centered at 480 mp.

In Table III the value of K(29,-), measured directly, was
obtained under overcast lighting conditions in March whereas the
value computed from N(29,0,f) is for clear sunny condition in April.
These conditions may account for the difference in the two tabulated

values of K(29,-).

Table IV gives relative values of irradiance and scalar
irradiance as obtained by the integration procedure. The array of
properties for this range of depths may be readily computed from the

tabular values.

One of the prime objectives of making these measurements was
to provide numbers which could be used to confirm certain theoretical
relationships which relate the varicus optical properties. For

example, it has been shown (Preisendorfer 1958a)that in general:

K, D-Rée) iz = () Dle AREN VD2,
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Substituting values from column 1 cf Table III gives

165 ~o 161

T4aBLE IV

INTEGRATED REL.TIVE VALUES CF IRRADI.NCE »ND SCiLiR IRRADI:.NCE

2 p— 4

3(meters) H(Z,-) H(zy+) h(z,-) h(z,+)
L.2L 721000 15500 899000 41900
10.42 329000 6040 413000 16500
16.58 109000 2230 141000 6190
28.96 13100 298 17200 830
4L1.30 1660 39.0 2190 108

53.71 221 . 5.19 289 14.3
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CAPTION TO FIGURE I

The computational rcute on the flow chart and intermediate

steps are found by following the connecting lines in an upward

direction from the property of interest.

Notaticn is as follows:

Nz, ©, #)

NI‘
N,
h(z,-)
H( z,-)
h( 3+)
H(z,+)

T
r

&( 2)
D(z:")
D(a :'*)

R(z ,-)

K(z,-)

K(2,+)

a(z)
o(2)

Radiance at depth z in direction (9,#).

Ratio of the radiance of a beam after passage
through a water path of length r to its
initial radiance.

Downwelling scalar irradiance at depth z.
Downwelling irradiance at depth 2.

Upwelling scalar irradiance at depth z.
Upwelling jrradiance at depth z.

Beam transmittance for path of length r.
Total scattering functicn.*;t depth z.
Downwelling distribution function.

Upwelling distribution function.

Reflectance of downwelling light by a hypo-
thetical horizontal plane in the waterat depth z.

Attenuation function for downwelling irradiance.
httenuation function for upwelling irradiance.
Volume absorption function at.depth z X

2
Vclume attenuation function at depth z

#In homogeneous media the term "function" as applied to these

properties is replaced by the term "coefficient," since in hcmogenecus

media these properties dc not change with depth. The other functions

generally vary with depth even in homogenecus media.
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