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AOPS are quantities that -

» depend on the IOPs and on the
radiance distribution, and

s they display enough stability to
be useful for approximately
describing the optical properties
of the water body

AOPs can NOT be measured in
the lab or on water sample; they

must be measured in situ =2
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s are usually ratios
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OPs in particular) is needed.




d simpler measures of ihe light field than the ra




HydroLight runs=€ase T water, Chl = 1.0 mg/m?, etc |
Sunat 0, 30, 60 deg in clear sky, and solid overcast :

Case 1, Chl = 1 mg m®

E(sun=0)

E(sun=30)
E(sun=60)
E(overcast)

factor of 10
variations for
different sky
conditions

10° 10% 10" 10° 10"
E, or E, at555 nm [Wm” nm’]

Note: E,4and E, depend on the radiance and on the abs and scat properties of
the water, but they also depend strongly on incident lighting, so not useful-for
characterizing a water body. ;



Chl =1mg m®

i E(sun=0)
E,: solid i E(sun=30)
E,: dotted . E(sun=60)

E(overcast)

are very
similar

10°
E, or E, at555 nm [Wm” nm’]

Magnitude changes are due to incident lighting (sun angle
and sky condition); slope is determined by water I0OPs.

e -



~.the depth derivative (slope) ona log-linear plot as an AOP.-

This leads to

We can do the same=fo”r’!Eu, E., L(6,0), etc, and define
many different K functions: K,, K,, K (8,9), etc.



Case 1, Chl = 1 mgm®

sun at0: solid
sun at 60: dotted

0.06 0.08 0.10
K at 555 nm [m”]




Case 1, Chl = 5mg m®
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sun at 0: solid
sun at 60: dotted

50....|....|....|...|

0.00 0.05 0.10 0.15 0.20 0.25

K at 555 nm [m"]

0.08 0.10 0.12 0.14
K at 555 nm [m”]




Case 1, Chl = 1 mgm®
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.............
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Case 1, Chl = 5mg m®
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sunat0: solid koo = o
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sun at 60: dotted | ().190) m'l
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K at 555 nm [m’]
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+=SHppose you measure-E(z)

 but the data are very noisy in the flrst few meters because of wave
focusing, or bubbles, or..

» S0 you discard the data from the upper 5'meters

- You then compute K, from 5 m downward, and get a falrly constant
K4 Value below 5 m

*You then use E4(z) = E4(0)exp(-K4Z) and the computed K, from 5
m downward to extrapolate E (5 m) back to the surface ‘

How accurate is this E(0) likely to be?

10

0.0 0.5 1.0 1.5
Ed(488) [W m~2 nm™']

wave focusing, from Zaneveld et al, 2001, Optics Express



. L:narrow angle
.= * detector rejects
2 = ° ~ scattered light-  peams ..
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f'—;-f Kd is very stron 1 nﬂue
,rophyII concentr '

"+ not. constant with depth, eyen’ in homogeneous wateT =
* greatest variation |sneﬂ;rthe surface ‘“ . F - SN

difficult to compute derivatives with noisy data |
- X A
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Case 1,Chl = 1mg m?®

E(sun=0)

Ey: solid ¥ R E(sun=30)
E,; dotted . E(sun=60)
E(overcast)

corresponding
ratios of E, to
E4 are very
similar

10°  10° 10
E, or E, at555 nm [Wm” nm’]

Magnitude changes are due to incident lighting (sun angle and
sky condition); ratio of E /E; is determined by water |IOPs.

e -



Th|s suggests trylng

~theratio of upwelllng plane |rrad|ance E to downwelllng plane
|rrad|ance E,as an AOP '

This-is the irradiance reflectance R:




Case 1, Chl = 1and 5mgm”®

] R(sun=0)

1 R(sun=30)
1 R(sun=60)
Chl = 1:, solid 1 R(overcast)
Chl = 5:, dotted

A B LT

0.02 0.03 0.04 0.05 0.06 0.07
R at 555 nm, [nondimen]




Coastal

450 550 650
Wavelength [nm]

Roesler and Perry 1995

0
350

Oceanic

450 550 650
Wavelength [nm]

750
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Hydronght runs.. Chi=0. 1,1, 10 mg/m3
Sun at 0 and 50 deg in clear sky, and overcast

Chl = 0.1, U = 0, sun = 0 4
Chl-lU-ﬂsun-ﬂ 1
Chli 1da, U J, sun 1
| 1 . . q =

\ e ¥ 1{]. avercast
10, avercast

variability

due to Chl
concentration

(i.e.IOPs)

variability due
to external
environment

0) [n¢ndimen|

R(z

400 200 600
wavelength A [nm]

R depends weakly on the external environment and strongly on <-

the water IOPs >

R= E/Ed e
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i.e.,with the radiance that is headm

| = straight up from the sea surface (9-— O)
A o . JSea surface 7 %
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Exanple ==

HydroLight funs: Chi=0.1,1; 10 mg Chifm3.
Sun at 0 and 50 deg in clear sky, overcast sky

0.015

Chl = 0.1, U =0, sun = 0
Chl =1, U=40, sun = 0

Chl = 10, U = 0, sun = 0
Ll ). 1 ]

Chl 10, U = 10, sun :
Cl 0.1, U = 10, overcas
1, U = 10, overcasl

10, U = 10, overcast

large variability
do to Chl _
concentration , very little

(i.e.IOPs) variability do
_ to external
environment

500
wavelength A [nm]

R,s shows almost no dependence on sky conditions and .
strong dependence on the water IOPs—a very good AOP"'



HydroLight runs: Chl=0.1,1; 10 mg c:hl/m3
Sun at 50 deg.in-clear sky |
< fornadir VS off-nadir V|eW|ng dlrectlons

Chl = 0.1, nadir |
Chl = 0.1, (30,90)
Ch 0.1, (60.90)

) 1 (60 153519

= 1, (30,90)
1, (680,90) 1
= 1, {60,]35)
10, naair 1

400 500 600
wavelength A\ [nm]

R, shows weak dependence on viewing direction and *
strong dependence on the water IOPs—still a good AOP
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‘most photons heading at L large angle,
diffuse radiance: large average 6, smal

- almost straight down: isotropic radiance: ";\
small average 6, large g4 = ie=05 o
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Fhe-average or mean cosines give-the average of the cos® for_j‘all of the
photons making up the radiance distribution. This tells you something about
the directional pattern of the radiance. For the downwelling-radiance we have

( e
) /9

'y
7w/2

Jo™ S5 L(0.0) singdodo  Eoa(z )

Likewise, for the upwelling radiance, Eu = EH*/E'Ou

For the entire radiance distribution,

oom

fo L(6.¢) cos b siné db do

fu)Tf L6, ¢) sinfdf do

Note: E,=E4+ E,, but L # [y + 1, =



values at 555 nm:

Albedo of single
scattering w, = b/c:

w,(Chl=1) = 0.85
w,(Chl=5) = 0.93

Asymptotic values:

Chl = 1:
Hy() = 0.7222
H () = 0.3436
L() = 0.6600
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chi = 5:
0.4 0.6 0.8 . Hy(=) = 0.6682

Hgs Iy OF # @t 555 Nm [nondimen] My () = 0.3473
U(=) = 0.5658

Note: highly scattering water approaches asymptotic values
quicker than highly absorbing water. il




AOP name Symbol Definition

diffuse attenuation coefficients

(K functions):
of radiance in any direction L(#, o) K (0. o) —dIn L(0, ¢)/d=
of upwelling radiance L, K., —dIn L, /d=
of downwelling irradiance Ej K —dln Eq/d=
of upwelling irradiance E, K, —dIn E,, /d=
of scalar irradiance E, K, —dIn E,/d=

of PAR —dIn PAR/d=

reflectances:

irradiance reflectance E./Eq4
remote-sensing reflectance . L., (in air)/Eq(in air)
in-water remote-sensing ratio L,/Eq

Imean coslnes:
of the radiance distribution fi (Eq — EW)/E, nondim
of the downwelling radiance fld Eq/E.q nondim
of the upwelling radiance flay Ey/Eoy nondim

Table 1: Commonly used apparent optical properties. R,, is a function
of wavelength only; Kpagr is a function of depth only: all other AOPs are
functions of both depth and wavelength.




HydroLight run for Case 1
water with Chl = 0.5 mg/m?®

—background and Chi =25
mg/m3 max-at 20 m; sun at 30
deg in-a clear sky, etc.

Note how well- K, correlates
with the IOPs, but R-is less
- affected.- K is-clearly
aﬁected by the |OPs;but In
a more complicated Way
than K. Why?

50 50

00 02 04 06 08 1.0 0.00 0.05 0.10 0.15 0.20
aorb [m’] R [nondim] or K, or K, [m]
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a[1/m]
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00 02 04 06 08 10 0.00 005 010 0.15 0.20
aorb [m'] R [nondim] or K, or K, [m’]

[=]
o =]
(=] L
@ o

R [nondiim]

What would happen to K, and R if there
were a layer of highly scattering but non-

absorbing particles in the water? _
b,/a [nondim]




15
-0.2

01 00 0.
R [nondim] or K, [m"]

02 04 05 06 07 08 09
Hgy Or u, [nondimen]

What do’es it mean
for K and K, to
become negative?

- What does 1, = 0.5
- say.about the

upwelling.radiance
distribution at 15 m?
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Exercise: compute u(;:ﬁ'u, and p for an isotroﬁic radiance \
distribution: L(8,9) =L, = a constant
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The BRDF is the IOP that describes how a surfacereflec'ts
(scatters) radiance from any incident dlrectlon Into-any reflected
direction: BRDF(6;, ¢;, 8,, ¢, A) -

See =
www.oceanopticsbook.info/view/radiative transfer theory/level 2,/tﬁe brdf



http://www.oceanopticsbook.info/view/radiative_transfer_theory/level_2/the_brdf

How the BRDF is defined:

dL; { T “i’)
Li(6;. ¢;) cosb; dQ;(6;, ;)

L-'r(,g Or )

How it's measured: = ————
E d ( 9 7. (vi) 2 )

How the BRDF is used (e.g., in HydroLight): -

Radiance incident
onto the surface
from all directions is
reflected into the

L6, ,) = f Li(#;. ;) BRDF (8;. &;.,0,. &) cosb; d€;
3?1'3

= f Li(0;,0;)1(0;, &, 0, 0,) d€Y; . In LE&W
I7; direction qf IAterest.

. o




BRDF (sr)

Tl—l
E
4]

— . ,...-""f—— -
o0 1%‘6-:‘\‘ ,..—'*"'_’ﬁ 180
V07180

e
o 180
bﬂ %‘ﬁiv._:__u____ -#H_F..r'- 0 bl]
0, (deg) 189 o (deg) 0, (deg) o, (deg)

Fig. 2. Measured and modeled BRDF of ooid sand at a wave-

length of 475 nm for two incident directions: (a) measured BRDF
for (6., ¢,) = (0, 0); (b) measured for (6, ¢,) = (65, 0); (¢) modeled
BRDF corresponding to panel a; (d) modeled BRDF corresponding
to panel b. In panel b, RR identifies the direction of retroreflection
and SR identifies the direction of specular reflection.

Mobley, Zhang, & Voss, L&O, 2003




Note bright region around the photographer’s shadqulii:j‘"
retroreflection or the “hot spot” R




< '-

on ambient radlance A

’ R
It is a “directional-directional” (i.e.,
bidirectional) reflectance Pt



You will sometimes see statements like

- A Lambertian surface reflects “Iight”'equally into-all directions. Lambertian

surfaces are therefore also called isotropic/uniform/perfectly-difftise
reflectors

- Alambertian surface reflects-“light” with a cosine angular distribution.”
Lambertian surfaces are therefore also called cosine reflectors.

uniform reflectance cosine reflectance

Which definition is correct?



T

Lamberhan BRDFS ——r

“The correct statements are--

N o
B~ gy

« -Each point of a Lamb surfreflects inte/ns._ity‘in'-a cosHie patt'e’r.'n' ‘

- A Lamb surf reflects radiance equally-in all direetions=

intensity from each point ~cos6

number of points (surface area)
seen by a radiometer ~1/cosB

-

See ¢
www.oceanopticsbook.info/view/radiative transfer theory/level 2/the-lambertian brdf



http://www.oceanopticsbook.info/view/radiative_transfer_theory/level_2/the_lambertian_brdf

The BRDF_.of a'Lambertian reflectoris full'y specified by its reflectivity— P; Which
equals the irradiance reflectance R = E, / E  (see the web book for the mathy):

BRDF, ,05(8i @i 6, @ A) =p(A)/Tm = R(A)/m
p = 0 for a “black” surface; p =1 for a “white” surface

The default in HydroLight is to specifiy a bottom reflectance (really p= = /Ed)
and H then assumes that the bottom Is Lambertian.

4 1 o § RERASE RGBT BT ST FBAE fL T SR F5- 5
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e ’“‘ Other Reflectances

. il ~ w,. E

— We have AOW seen three‘reﬂectarrces

———

The irradiance reflectance R = = /EOI

When R is measured above-the sea snrface |t IS often caIIed the =

e

albedo

——

» The remote-sensing reflectance R== Lw(rn air)/ Ed(rn alr)
RSR =L,/ Eis the in-water equwalent '

* The BRDF, with the special case ofa L,afmbertien,reflector -

There are many other reflectances: e.g., Hapke (1993) uses bolometric,

Bond, geometric, hemisphericaj.-;zno‘rmal, physical, plane, single-
scattering, and spherical alledos, as well as an albedo factor. To add
Insult to injury, not a single one of these albedos corresponds to how
“the” albedo is used in oceanography.

“| measured the reflectance” doesn’t make it. As always, must be
precise in terminology. e









