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Some _ -.éackgrou nd

“There is noth/n absolutely nothing half so
much worth domg as s:mply messing around
" in boats, or with boats. In "em, or out of 'em,
it doesn't matter.” Rat, Wind in the Willows:

"o' B3

Hawaii w/ JAMSTEC



Lac LaBiche, w/ Off Miami, w/
Dave Schindler U.S.N.



+ The fundamental radiometric (5uantity is the
spectral radiance distribution (L(z,X,y,t,6,¢, 1)),

- the radiant flux per unit wavé’length or frequency
interval per unit solid angle per unit of prOJthed
area; the usual unit is watt per nanometer per
steradian per square meter. ‘

@

"Spectral radianee.is the fundamental quantlty
of interest in hydrologlc optics....all other

radiometric quantities can be derived from
(th/s)” Mobley, 1994
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"+ In principle, all of the apparent and inherent
optical properties as well can be derived- "
from a measurement of the radiance field . .

and its gradient in the upper ocean. ALK
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Another good reason for focusing on
radiance: Modelling the, @dynamic radiance
distribution is what makes Avatar possible
(Weta Digital)

L

Do Radiance Right



The 'Avatar' Sequels Will Use

Groundbreaking Underwater Technology
20th Century Fox

When "Avatar" came out in 2009, James
Cameron helped reinvent the way both 3D and
motion capture are used in film.

Now, he'll be taking that technology one step

further in the next two "Avatar" sequels.
Producer Jon Landau revealed at the 2013
NAB Technology Summit on Cinema that
James Cameron will use motion capture

performance in water in the upcoming sequels.

“We could simulate water [in computer
graphics], but we can't simulate the actor's
experience, so we are going to capture
performance in a tank," said Landau.



http://static3.businessinsider.com/image/5162edbeeab8ea6a3e00000a-960/avatar.jpg
http://static3.businessinsider.com/image/5162edbeeab8ea6a3e00000a-960/avatar.jpg
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http://www.dailymail.co.uk/tvshowbiz/article-1208038/Avatar-How-James-Camerons-3D-film-change-face-cinema-forever.html
http://www.dailymail.co.uk/tvshowbiz/article-1208038/Avatar-How-James-Camerons-3D-film-change-face-cinema-forever.html
http://www.hollywoodreporter.com/behind-screen/nab-avatar-2-producer-talks-434533
http://www.hollywoodreporter.com/behind-screen/nab-avatar-2-producer-talks-434533
http://static3.businessinsider.com/image/5162edbeeab8ea6a3e00000a-960/avatar.jpg




Solution — measure the radiance
distribution simultaneously in x, y, z, ¢, aII
angles, all wavelengths, and aII -
polarization components.

A caveat: Life consists of trade-offs.
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. The radlance fleld in the ocean is set first -
at the surface by that ofwsyn & sky, and by
- the nature of the air-sea interface. ..

* In the ocean interior, the radiance field is 5%

further modified by the inherent optical -
properties (the absorption coefficient, the
volume scattering function), various
“‘inelastic scattering” processes (e.g:
Raman, ﬂuoresce-nce) and internal
sources (e.q. blolumlnescence)



R
hotons sgatterlng in.*
. es rad‘f“nce distribution,
and \/SF). Also, may be other
sources, e.g. Raman, Flu.
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Some ¢ | 'Ior measurmg
varlablllty in the full radiance field,

Many of the measurements currently made, such as planar

and scalar irradiance, angle-dependent Q factor etc., could

besmade by various mtegratlon operations on the measured
- radiance field rather than with mechanical diffusers.

The potential interferences of various deployment platforms
(e.g. shading, reflectances by ships, buoys and towers) -
could be measured directly rather than inferred based on
iInaccurate assumptions about the underwater radiance =_-
distribution.

A direct confirmation of the asymptotic nadlance distribution
can be made.

Finally, high quality quén.tltatjve (and radlometncally
calibrated) measurements of the radiance distribution, and
their time and depth (path) derivatives, can in prlnC|pIe (but
not yet In practlce) be used to estlmate all the inherent
optical properties (both absorption and volume scattering

‘ coefflc:lent) and as well'the nature of the air-sea interface.
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ibution.

Me

‘s. Despite the fundamental |mportance of the
radiance distribution, it is perhaps '
surprising that, while this received a great

deal of interest in the 50’s and early 60’s, = *
there have been few direct observatlons i

more recent years -
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&
Radiance , ard problem'

First approach was ay Smith and John Tyler — ”
photographic camera with a fisheye lens.

X
" . Subsequent solid-state (CCD) versions developed by P
\Voss. < .

Two recent manifestations using CMOS arrays are the -
RADCAM (Satlantic) and the camera built by LOV o 8,

@
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- RAD-CAM takes advantage
of recent advances in CMOS 4
imaging technology to ¥
provide operational :
iInstrumentation for
investigation of the
underwater radiance field.

« Downwelling field in ;
particular is very challenglng,
as it can resultin a L SR
requirement for a scene . : ;
dynamic range ~ 10°- 107

®
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geasurement of varidbility

e distribution

Three primary deplo r t
in the underwater radia

&
Downwelling Spectral Irradiance, Ed[uW/cmzlnm] N .
10 100 4 Hawau,
= y Oligotrophic,
Eutrophic, e - g
Bedford Basin e v ¥ Large WENES
.‘
- -+
) Mesotrophic, Santa Barbara
a Santa Barbara - MeSOtrophIC .
° Channel o
5 Small Waves®:
§ ~ Oligotrophic, -
- Hawaii .
. .
@ % ' A ¥ .
: . " Bedford Basin,
Eutrophic,
Calm

See Wei et al., 2014 to explain this! -
Wave mduced light field fluctuations in measured |rrad|ance
depth profLIes A'wayelet analysis



























‘Profile, Downwelling
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Wi ll | iS...can we
invert for £(60)?

Even

coS 9 dL(Za 99 (0) _

=—cL(z,0,0)+ j B, 0'— 0,p)L(z,0', 0" Yd+Other Sources

dz

Zaneveld and Pak, 19727 o’

Other (analytic;.'a.l.; numerical) approachgs?.'
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So
measure the ft lance distribution??

The RADCAM only has one wavelength.
(LOV has several, but not simultaneous)

ng other than

The RADCAM & LOV cam are insensitive t6
polarization state (Ken Voss has POLRad with. -
separate cameras, but long integration times):'.‘ '

L -t

And all of these areﬂ-éXp‘en'sive, and uhlikely to
be widely available. *

“Life consists of tradeoffs.






Hyperspectral Profiler
“HyperPro”

-

“Downward |gradiance

Séfsgpm,
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P - " » s I
= “Built — in” integration

'Y

v

Diffuser weights
Incoming photons as
§

diffuse
" cos (0)

filter
“Filter could be

detector grating or prism or
+ spectrally variable
B filter

- { .i-""-., v . -
o/ .I E(x50A)
T Detector could be 2 or

, : ‘ : 3.D array, e.g. CCD
/_ AR e - °orCMOS
LEE :

Mobley, 1994
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Scalar Irrac

o spherical
i RN diffuser

absorbing
shield

Mobley, 1994



Satlantic.
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RaDyO Benign Conditions Experiment

15 September, 2008; 11:09 Local; 18:09 Z
LATITUDE : 34°13.637' N

LONGITUDE : 119°38.110' W

Dalhousie HyperPro

500

Wavelength (nm)

Upwelling Radiance (uW cm2 nm-' sr)

RaDyO Benign Conditions Experiment

15 September, 2008; 11:09 Local; 18:09 Z
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Wavelength (nm)




RaDyO Benign Conditions Experiment

15 September, 2008; 11:09 Local; 18:09 Z
LATITUDE : 34°13.637' N

LONGITUDE : 119°38.110' W

Dalhousie HyperPro
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mea

. & -,
’-Qendenﬂy'
red ("a,b,c’s”)

Attenuation — ¢ -
— ac meter - .

— Transmissometer (BAM, c-Star, c-Rover) *
Absorption - a

—ac meter

Scattering-b = . s
— (bb, Hydroscat Flntu VSF) 7 £

CTD
= Conductivity, temperatire; depth
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Attenuation: {0'measurement

MZ-CL(Z,H,@) O Bt )d Q'+ Other Sources,

.

cos @
dz

. X dD
d/ A
Differential Equation
with solution:
0 \ 4 |
Incident g Transmitted " 4
Radiant a+ b | Radiant
Power LN Power : L
(W) . (W) - After integration:

c=a+ b = -






So

* Acceptance angl or C-Star, 1°2 degrees
* Important because one would like to exclude
forward scattered light. &
“Reference” or clear-water baseline — clear =
water is very difficult to “make”, transport, store

* “noise” (S|gnal’?) due to individual or
aggregates of partlcles 3
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http://www.sciencedirect.com/science/article/pii/S0967064501001187

Methods of
situ '
~+ Collimated source, reflectlve,,zsample cell with

diffuser in front of wide area detector; WET .
Labs’ ac-s meter o'

 Capillary waveguide (“breve buster,”
Kirkpatrick et al. 2000)

 |ntegrating Sphe'.r'e.!'_e.g, HoDbi B i-Sph‘ere_;_._

3 .



beam passing
Forward scattered light through sample

from ~0 to 41.7 degrees is — quartz tube
included in the signal —thin annular volume of air
measured by the detector — plastic flow cell cover
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Practicalities in'r
with a reflective tube

» Calibration and accuracy practicalities same as ¢
- measurement

 Scattered light from ~41°-180° not measured '

— error usually ~10% of b and there are correction schemes
~18(° TIR=Total

error = me 1sp =27 J. ,B sm(@)d@ Internal

Reflection
Or expressed more aGourater there IS a welghtlng functlon W(‘(9)
that defines the scattering ‘error®

NQTIR

180°

error =27 [W(0)B(0)sin(0)16




calities o
The reflective tube. stor does not eollect all scattered
photons ~ *

A sTmpIe approach to correction is,t& subtract the signal at a
longer wavelength (>700 nm) to bring absorption at the*
longer wavelength to zero.

There are two assumptions that would make this method %
valid: (1) the absorption is negligible at WaveIengths >700--
nm, and (2) the scattering error (and hehce the absolute
scattering) is WaveIength~1ndependent :

Both assumptions do not hold, particularly for coastal waters
and for longer-wavelengths. See: Roettgers et al.; 2013

. Evaluation of scatter corrections for.ac-9 absorptlon

: measurements In_coastal waters Methods Oceanography
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lary Waveguide
Approaches .

Fibek optic cells that combine an incr'%ased optical pathlength
(850-500cm) with. small sample volurmes (125-1250uL). Tr)ey
can be connected a spectrophotometer and sensitive "
absorbance measurements can be performed in the
ultraviolet (UV), visible (VIS) and near-infrared (NIR) to detect ,
low sample concentrations. :

- B

World Precision Instruments



o scattered
power

A
e incident
z‘l

/" power " Mobley, 1994




Volur Function
)

~F
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Deep-Sea Research, 1968, Vol. 15, pp. 423 to 432.

‘Scattering of light by Sargae.so Sea water

GUNNAR KULLENBERG* #
(Received 5 February 1968) *

This experimental investigation deals with the problem of the scatterance of Ilght by very
clear ocean water. The forward scatterance was measured close to a laser beam using
a new measuring device. The forward particle scatterance was found to be virtually®, *
independent of wavelength, whereas the backward scatterance was dependent onsthe
wavelength. The water investigated has a high degree of clearness compared with ether
areas. The ratio of scatterance at 45 ° to total scatterance over all angles was found to

vary within narrow limits for dlfferent.oceanlc areas.
e @







Light
Source

Lee, M., and M.R. Lewis. 2003. A new
method for the measurement of the optical
volume scattering function in the upper
ocean. J. Atmos. Oceanic Tech.20: 563-
571 "

:Rotation Periscope

Receiver
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. "Clean" Seawater

. Kullenberg Sargasso Sea

. Deionized "Nanopure" Water
. Halifax Harbor Water

-

Volume Scattering Function (m™'sr
Normalized Volume Scattering Function (sr-1)

30.00 60.00 90.00 120.00 150.00 180.00 10.00 100.00
Angle (degrees) Angle (Degrees)

Lee and Lewis, 2003

=== July 30 -~ ’

- July 28 2
difference

-,
ZOPpRLE

L L L

80 100 120 140 160
Angle (degree)







Multi-Angle S
Optical Tool

90 100 110 120 130

laser source

detector array 90 100 110 120 130 140 150 160 170

&
H‘beamstop
Y ot _
® 3
Mike Twardowski, WETLabs ;
o
o > 4 ’ s "
’ 90 100 110 120 130 140 150 160 170





http://dx.crossref.org/10.3390/s120404514
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Li+C[auth]
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Cao+W[auth]
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Yu+J[auth]
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http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Lu+G[auth]
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Yang+Y[auth]
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term= Guo+C[auth]

laser bedm is obseNed at rﬁUItlpIe aﬂ‘g!ps tP‘arthIe size ;.SeqUOta_ I;struments
glgﬂbutlons are eshmé@‘frﬁ‘m scatterlng mod'él’s hrb -

%m»-- /.,"#
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Stokes

If light is repre
components are th
matrices:

eller' matrices

by Stok s,vectors, optical
n descrlbed with Mueller .

loutput light] = [Muller matrix] [input light]

where | represents the total intensity of the Ilght and, qualitatively, Q corresponds to
the degree of linear polarization in the directions parallel to and vertical to the
scattering plane; U to the degree of linear polarlzatlon at 45° to the parallel and
yertical directions; and V to the degree of circular polarization. Each component of the
Muéller matrlx m; (i=1-4 and j=1-4)can be measured angularly.

- e, -t



Fixed angles in the backward
direction - Hobi‘Labs.

¥

Hydroscat 2 Hydroscat 4 Hydroscat 6

Light Ernitting o

,?l.".-'k

Reference

Photodiode —

Ciode ‘_";;E::E?.T'_ _

Y . f F Prism <
Photodiode [ - Instrument Face

i '
Lens =/

N =pectral Filter _f




BB-2F measures
at 117 degrees at
both 470 and 700

nm.

ECO VSF 3 measures

the optical scattering at

thred dlistinct angles:
100, 125, and"150
degrees, gnd at
wavelengths of 470,
530, and 660 - + *

°

-

. baékwara
] - Weﬂ_abs. ,

v*

- BB-9 measures at 9
angl€s or 9 wavelénghts
*or combinations



Oishi (1990) showed from an analysis of measured and
modeled VSF's that

changed little from 120 t@ 150 degrees W|th the smallest -
variation at 120 degrees. Alsosee: Boss, E. and W.S.

. Pegau, Relationship of light scaftering at an.angle.in the
backward direction to the backscattering coefficient.  Appl.
‘Opt 40 5503 5507 (2001) °
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| tall together

=

Inverse Problems (“given radiometric measurements of

~ * underwater or water-leaving light fields, determine thes

inherent optical properties of the water. This is very =~
much an unsolved problem. Both conceptual and
practical limits are encountered in inverse problems.
Unfortunately, remote sensing is an inverse problem.”. <

(e @
a

Mobley, OceanOptiesWeb, * . °

°

B



etook -

rﬁ‘ln‘ natural waters.

Spectra of particulat atteri
Howard R. Gordon®*, Marlon R. Lewis23, Scott D. McLean?, Michael S
Twardowsk|4 Scott A. Freeman®, Kenneth J. Voss?, and G. Chris
' Boynton1201 Optlcs Express 17: 16192- 16208?2010

§
1. Measure, with great care, the vertical profile of hyperspectral downward
irradiance, and upward radiance (HyperPro, Lewis and McLean).

2. Measure, with great care, the vertical profile of the absorption coeﬁ|C|entaﬁd
the backscattering coefflc:lent at several wavelengths (Twardowski and <~ °
Freeman. - -

& A : ‘0" .
‘l.. A *
3. Without any tuning or adjustment assimilate the irradiance and radlance into
an advanced Monte Carlo inverse radiative transfer model to obtain high
resojution spectra of the absorption coefficient (a) and the backscattering

. coefficient (b,) of the water and its constituents.  (Gordon, Boynton, Voss).

4, "Cemp‘are'derived |OP’s with-direct measuremente (all).

at



Comparison of retrieved and in-situ
vertical profiles of absorption (top at
443 nm) and backscattering (bottom at

462 nm) at the station off Lanai, Hawalr.

pth -proﬁle)

0.0040

0.0035

. 0.0030

0.0025

0.0020

Hawaii

In-situ

Retrieved

40 60
Depth (m)

Hawaii

¢ In-situ

Retrieved

60
Depth (m)
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.ﬂ Ac.t raly .

| Wowd! “Closure is in
R e many ways is the Holy

Water Absorption
—&— Retrieved Backscattering

8 e Bcscaterng Grgll of hydrologic

\\‘\x.\ 000000 4 ObtiCS F - aIWayS Sought,
never achieved.” .-
Mobley, 1994

0.035

Wavelength (nm)

-
@
San Diego kS
=
@
-
* Retrieved Absorption A 3 - £ - %
& Measured Absorption N T 3 -
—— Retrieved Backscattering * .
B Measured Backscattering . .0075 . -
°
500 5 @
Wavelength (nm)
E
. . » a



= 'io o’ > ";W"‘; ' y " -~ 3 . - d ?‘“‘,:
‘Data,available slr]c18.09 sl Inversely.~ to~ s =
eMOrph ™S g s o, - 4 i
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ackground reflectaﬁ‘ce just below surface

- Reflectance of disk -
Sea surface effects

7o -1 [sU=RQ)
c+K
j_l . l ;:. .

Optical Eyeball Response
All of the things that one might think would ~  ropertiestofthe - *
interfere — the illumination conditibn%‘_seafsf,ate, Sea -
the nature of the disk, and human-to-human
variability — actually have little effect since they
are all contained inside the logarithm. * The
Jprimary source of variability-in the Secchi disk
depth is the optical properties of the sea,

. Specifically the attenuation of light.

- e -t



2di signif sa.n'ter dlfferent_‘than
aIgBthﬁms thafuag‘pfecse y meas_ur_ed»upwelllng




. &
The color of the sea shows a great deal of variability frona®the deep .

violet-blue of the open ocean TO'rIegrees of green and brown in coastal
regions.- Before the advent of sensitive optical instruments, color was
determined by visual comparisomnagainst standard reference standards
_ such'as the Forel Ule Color scale.

"



Some More Resuli€, /)/ﬁ




In situ measurement of the radiative quantities and optical
preperties of the ocean is really ha'l;gl to do well.

But through concerted efforts, the community has conv;é,rged
on a common set of standards and protocols for calibration,
characterization and field deployments which have - -
significantly advanced the field over the last 15 years. .
At the same time, advanced numerical apprOaches to the
solution (and |nverS|on) ‘of the radiative transfer equation.
have been well developeg as well.

s "

“ \What is left to do?



We still do not know what is onsible for backscattering light in the

ocean. .
Issues related to variation in the volume sca@ring function — and its
effect on the full angular distribution of the rfadiance field are open. A
In particular, the polarization variation (and its connection with biology)
is largely unknown. '

The optics of ice-covered seas are complex, and poorly understood. -

g e .
Much work has gone into demonstrating the utility of optical " o
observations in the predictioﬁ_‘dﬁbce@n biogeochemical variability — we
need to “operationalize” this (smaller, faster, ¢heaper...power of n-12) -
(next). s

" "And don’t forget....Life consists of trade-offs!



ement of the
lem:» '

a
h v

We would like to predict — in a hindcast (what did things look like
before'?) nowcast (what do things look liké now?) and forecast

~ - (what will things look like in the future) sense — the three- s
dimensional fields of ocean biogeochemical properties and ——
processes.

This includes both short (e.g. ocean weather) and long (climate) = }
scales, and over a range of spatial scales. An example of the - = ’
former might be harmful algal bloom predictiori; and gn example

of the latter would be long;term se€ular changes inslrface  «¢
chlorophyll. AT : ; :

And we would like to do this With S|gn|f|cant ‘skill”, that is, we wish
to explain a significant frac‘tlon of the ebserved variance.
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Prediction



The goal is to produce an atmospheric or ocean state as close as

possible to reality and at the same time, dynamically consistent, taking

_ into account all the available mformatlon dbserved data, model, physical
-constraints, climatology e g

The tools: any type of objective (as opposed to subjective) data aria[ysis:
Optimal Interpolation, three-dimensional and/or four-dimensional
variational assimilation (3D-VAR/4D-VAR), Kalman filter. .

The output is a set of meteorological or oceanographic fields on the s~

model 's geometry ( e.g. a geometrically regular grid or spectral =
coefficients, etc.) — the Analysis. B -

Important aspect: cycling i Le. prooess of permanent assimilation, of data
- .. :

°
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An ISssue:

* Qur real prob em |s that the ocean is
severely undersampled With respect to the

observations we require to develop -~
predictions of ocean biogeochemistry.



e e 5
this have to do
observations?

e

We need many more of them. -~

A
\ B
T *

Rk
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Observation‘al

* Observations of rel
space and time scales, are necessary {e]g predlctlon "

.Ships are too slow, and cost too muchk

"« Satellites provide a surface view; however, the dynamics that,s
involve nutrient injection most assuredly involve vertical -
transport in some fashion.

* Fixed moorings capture the vertical and time domain, but not the *
synoptic, unless in arrays ($35...€ €) | :;

*  Models are useful, but reqwre opservations for mm'allzatlon

boundary conditions ehdasswpﬂahon

°

Autonomous platforms prov:de the third dimension, and can be
. deployed for long duration, at reasonable cost. But few
, appropriate sensors are available.«






Jrifter.. E
guatorial Pacific, 1994,

- Lagrangian, surface drifter, ARGOS comms.
« Upwelling spectral radiance (“ocean color”),
and downwelling irra(ﬁ_ance at 490 nm.
« 100’s deployed now.
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But....such su |
Profiling floats

* Fl 3603 Floats

Equivalent
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tal spatidl dimension...

« Gliders coﬁfpl of floats with
aerodynamics to allow rms to “fly” horizontally through
the ocean. -

« Conceived by Henry Stommel basqi on Joshua Slocum’s
(from Nova Scotia!) first solo voyage “around the world on
sailing ship Spray.
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In order to confirm cha in ocean blology for the future using
ocean color satellite data, here is a strong requirement for ongoing
vicarious calibration and characterization for all ocean color satellite
sensqrs to ensure the development of long-term climate data
‘records ¥

§
Accurate and precise sea-going radiometry is required to achievé this

As well, sea-going radiometry and in situ IOP observations, coupled
with data assimilating models, are essential to provide the thlrd
dimension and to bridge cloudy days o
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A widely distributed netwokk of dbservations — encompassing buoys,
autonmous profilers and ship observations - are needed, which can
be.objectively assimilated into a global synthesis for the entire

* constellation of dcean color satellites.

And there will always be trade-offs.
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