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Ocean Colour
theory
11:30 -12:30 1st August
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1) What is ocean colour
2) History of ocean colour

3) Optical properties of water and its
constituents

4) In situ measurements of ocean colour

5) Satellite remote-sensing of ocean colour



What is ocean colour
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Sunlight that enters the ocean is absorbed, et T T e Increaing Wavelength 0)

Visible spectrum

scattered and reflected by seawater and the
constituents that make up the seawater.
These processes vary with wavelength of
light. Spectral variations in the reflected light
determine the colour of the ocean.

Ocean Colour
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History of ocean
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History of‘ocean colour « -«
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The foureteenth, in the morning, was calme with fogge. At nine, the wind v -y ),
at east, a small gale with thicke fogge; wee steered south-east and by , »
east, and running this course we found our greene sea againe, which by : ’
proofe we found to be freest from ice, and our azure blue sea to be our OCEAN,OPTICS FROM 1600,

ice sea. At this time we had more birds then we usually found.

HUDSON‘)’ 1O 1930 RAMAN

H. Hudson, First voyage, 1607

The colour of the Greenland Sea varies from ultramarine blue to olive

green, and from the most pure transparency to striking opacity. These
appearances are not transitory, but permanent; not depending on the T
state of the weather, but on the quality of the water. - :

W. Scoresby, 1820 er® s
Marcel R. WernanD & Winfried W.C. Gieskes

Change in sea colour used in early navigation POSEl DO N S PAl NTBOX
- change in bottom topography

- presence of ice bergs HISTORICAL ARCHIVES OF OCEAN COLOUR IN GLOBAL-CHANGE
- river discharge PERSPECTIVE

- occurrence of fish
Marcel Robert Wernand
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Optical properties of watéri_\and Its constituents

A sufficient deep layer of pure water exhibits by 0.8 5.00x10°°

molecular scattering a deep blue colour more
saturated than sky-light and of comparable

intensity. The colour is primarily dueto [ ======- 3
diffraction, the absorption only making it of a 0.6 3.75x10
fuller hue. The theories hitherto advanced that — =
the dark blue of the deep sea is reflected sky- IE =
light or that it is due to suspended matter are = 04 ) 50><10'3:
discussed and shown to be erroneous g ’ ’ <
R 2
C. Raman, 1922 S <
0.2 1.25x10°
a(A) 0.0 0
400 450 500 550 600 650 700
A [nm]

Evolution from human fascination to experimentation to rigorous science
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Optical properties of watéri_\and Its constituents
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A sufficient deep layer of pure water exhibits by

molecular scattering a deep blue colour more _ —
saturated than sky-light and of comparable A —
intensity. The colour is primarily due to A

diffraction, the absorption only making it of a
fuller hue. The theories hitherto advanced that
the dark blue of the deep sea is reflected sky-
light or that it is due to suspended matter are
discussed and shown to be erroneous

C. Raman, 1922

300 400 500 600 700
Wavelength [nm]



Optical properties,of"watéf?:and Its constituents

A sufficient deep layer of pure water exhibits by
molecular scattering a deep blue colour more
saturated than sky-light and of comparable
intensity. The colour is primarily due to
diffraction, the absorption only making it of a
fuller hue. The theories hitherto advanced that
the dark blue of the deep sea is reflected sky-
light or that it is due to suspended matter are
discussed and shown to be erroneous

C. Raman, 1922

N\

Taken from Wernand (2011)
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Optical properties of wate
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Sea water and its principle constituents

Particles Dissolved matter
Phytoplankton Non-algal

5.00x107°

Pure seawater

5.00x107°
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Optical properties,of' watér{;a\nd Its constituents i\&
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Apparent optical properties (AOPs)

While these vary depending on the inherent optical properties
of the water, and the directional distribution of the light field in
the sea (e.g. water leaving radiance, reflectance and diffuse
attenuation coefficient of seawater)

Inherent optical properties (10Ps)

The optical properties of the water and its constituents
Independent of the directional distribution of the light field in
the sea (e.g. absorption, backscattering, beam attenuation).
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Optical properties of watér?;a\lnd Its constituents \\\&\-gjesa
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Inherent Optical Properties

Specific inherent optical properties: the individual scattering
and absorption components per unit concentration (a*,(A) =
a,(A)/P)

Bulk inherent optical properties: the individual scattering and
absorption components per unit concentration multiplied by
concentration (a,(A) = a*,(A)P). Will vary with variations in
specific IOPs and concentration.

a :aw+P'a*p +CDOM -a coon
b:bw+P'b*p



a(N) = ap(N) +ap(N) + agy(N)
_—

Water Phyto- :
CONSTANT plankton Detritus

by (A) = bpw(A) + byy(X) v ~r25

Case-2: Phytoplankton biomass does not covary with detritus and CDOM
Case-1: Phytoplankton biomass covaries with detritus and CDOM |OPs
can be tied to the chlorophyll concentration (C)

Optical properties of watéri\and Its constituents

3

Morel and Prieur (1977) Limnol. Oceanogr.
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Optical properties of wétérixand Its constituents
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a(N) = ap(N) +ap(N) + agy(N)
_— \ /

Water
CONSTANT o< Chlorophyll (C)

bo(A) = bpuw(N) + bpp(N) ke ~r s

Case-2: Phytoplankton biomass does not covary with detritus and CDOM
Case-1: Phytoplankton biomass covaries with detritus and CDOM. I0Ps can
be tied with reasonable confidence to the chlorophyll concentration (C)

Morel and Prieur (1977) Limnol. Oceanogr.



Optical properties of watéri\and Its constituents
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a(N) = ap(N) +ap(N) + agy(N)
_—

Water Phyto- :
CONSTANT plankton Detritus

by (A) = bpw(A) + byy(X) v ~r25

Case-2: Phytoplankton biomass does not covary with detritus and CDOM
Case-1: Phytoplankton biomass covaries with detritus and CDOM. IOPs can
be tied with reasonable confidence to the chlorophyll concentration (C)

Morel and Prieur (1977) Limnol. Oceanogr.



Optical properties of' wétéri\and Its constituents
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a(N) = a,(N) ;aB()\) + agy (A

/7
Phytoplankton Detritus
P o

- Total Chlorophyll-a - Sinking of

- Phytoplankton pigment material
composition - Coastal erosion

- Phytoplankton size of terrigenous
structure sediments

- Phytoplankton Chl for - River deposition
different groups - Dust / Volcanic /

- Phytoplankton Carbon for Cosmogenic
different groups deposition

- Light attenuation (heating - Recycling
of ocean and primary - Light attenuation
production)




Optical properties of watéri_\and Its constituents
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bp(A) = bpw () Jr/bbp(k)

Particles

L

- Suspended particulate material

- Light attenuation

- Particle size structure

- Phytoplankton Carbon

- Phytoplankton Carbon for different
groups

- Particulate Organic Carbon

- Particulate Inorganic Carbon
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Siegel & Franz
. (2010) Nature

bty

Wernand et al. (2011) PhD Thesis
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Traditional measurer'nentssof ocean colour Q\&Q\;-esa
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Courtesy of
Marcel Wernand




Modern measurements of ecean colour | 3 ) amtus
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HYPERSAS AMT SET-UP

(1) HYPERSAS Junction Box
(2) LtSensor

(3) LiSensor

(4) Tilt & Heading Sensor
(5) Es Sensor

(6) Miniature Deck unit

(7) DC power supply

(8) Logging computer

Above-water
radiometry

Measurements of apparent optical properties



Modern measurements of Qc_ean colour
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Foreign Instruments

{optionad, such as
| WET Labs ECO88F

Ballast Weighes
(inside coupler)

In water
radiometry

Measurements of
apparent optical
properties



Modern measurements of ecean colour \\\&@esa

Non-toxic
underway
water supply




Modern measurements of ecean colour

OPTICS RIG AMT SET-UP

(1)CcTD

(6) (2) Backscattering meter (HyrdoSCAT)
/ (3) Absorption meter (AC9)

(4) Data Logger (DH4)

(5) Battery
(5) (6) Secchi Disk
(7) Example of optics rig deployment
on the JCR (AMT23)

Non-toxic
underway
water supply

=y 1)
Rosette

In water measurements of inherent optical properties
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Modern measurements of ocean colour \\\&; cSa

Slade et al (2010)

Dall'Olmo et al. (2009)
Dall'Olmo et al. (2012)

(1)

AMT23 UNDERWAY
OPTICS SYSTEM

(1) Vortex de-bubbler

(2) 3-way ballvalve

(3) 0.2 micron cartridge filter

(4) Absorption /attenuation
meter (ACS)

(5) Transmissometer (c-star)

(6) Data logger (DH8)

(7) Backscatter meter (BB3)

(8) Dark chamber for
measuring backscattering

(9) Junction box

(10) Flow rate meter

(11) Sink (outflow)

(12)Logging computer

(13) Power supply

Non-toxic
underway
water supply

CTD_ ‘ 8
Rosette

(13)|@@00 B e
(11)
(12) * 3-way split
s Tubing
-2 = Electrical cable
82U

In water measurements of inherent optical properties
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In water measurements of inherent optical properties
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The future of ocean Colour-measurements
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www.secchidisk.org

WWww.eyeonwater.or HydroColor app
Y g Seafarersetal. (2017)

Busch et al. (2016a,b) Leeuw & Boss (2018)

Plastic bottle with
electronics inside.

Light sensors.

SmartFluo

. . KdUINODIYB
Friedrichsetal. (2017) Bardafietil (gg‘; 6) Brewin & Brewin (In prep)

NERC REVIVAL



Traditional and modern measurements of ocean
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Satellite. measurements ef~ocean colour \&W cSa
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Satellite /measurements of-ocean colour \Q
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&CCG  Ocean Colour Radiom

~y | Satelllte COnsteIIatI MERIS
- | 2002-
| 3 2012
- :
> MODIS
I tzc-mm7i Pﬂ SeaWiFs-Orbview-2 2002_
,,R present
regional ,°SM Q:n !;_g, ]
SeaWiFS
1997-
2010

http://chlo4msfd.azti.es/products-and-services-for-satellite-chlorophyll-a-data/



Satellite_measurements
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of<ocean colour
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Sun glint

-

Ozone (e
— o=
:Aerqsols O/% Clouds
[} ® ® 3
L ]

Y

ARt

Ocean Colour

)

Atmosphere
responsible for
>80% of the
satellite signal,
the ocean only
<20%

Atmosphere

Ocean
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L Remove
%tellite atmosphere to
/ - capture the
<20% ocean

signal (water
leaving radiance)

Ocean Colour \1:1‘ Ocean
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Satellite measureme'nté é“fipg:ean colour \QQ\E—‘GSG

T
X a AN

Convert ocean colour

|
%tellite to derive bio-optical
/ N o variables (e.g.

biomass of
phytoplankton)
R,s(1) by (4)
rs a(ﬁ,)
a(A) = Absorption coefficient
b, (1) = Backscattering coefficient
Ocean Colour Ocean
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Basic steps in satellite 6céan colour data processing \\\&&;esa

Y B

- ¥,

N\

On Board Calibration

MERIS Is calbrated with respect lo the sun I

1) Radiometric and spectral calibration e ——
Eﬁvi’?;:mmww 3 7

Wavelength Calration
7] (Pink) Speciralon diffuser.
rare eanh dopped

2) Geometric correction

3) Atmospheric Correction

4) Vicarious calibration

5) In-water algorithm application

400 450 500 550 600 650 700
A [nm]




~
’ - ~

In-water-ocean-colour algerithms
. ’ )

RN

Algebraic | Optimization

\~. Sun zenith = 7.0°
ST, Fella sun = 1234 \ W Sosestun 322t ;
Wind speed = 2.5 m: ¥ = 10_5 3 J
107% L L ; s
0300 400 500 600 700 800 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]
S J\:' [ b + bp(Ao) (&) ! 1
25x 4= e 1’7§’;1),,,., Bop(A0) () + Guw(N) + Cay () + g (o) €XP[ —Sgs(A—Ao I
e T N
= (Z0+ &Y X (40 +3 ) 0.025 0.025
\ ) L v o] | R Model
= Z 0O X4p = ’.CV'} . S0020 _ 0.020k., Measurement
~0 C £ 5 0is Chia=0134] = "' KX
A 2 —~ 2 L
20%5 = 6o £ 0.010f 2 0010
Sy 40 = 200 c . € Chl-a = 0.036
s ' M- 0.005 N 0.005}
Sx 3 = - 0.000 e 0.000
(075 400 450 500 550 600 650 700 400 450 500 550 600 650 700
U /2 Wavelength [nm] Wavelength [nm]

bop(N) aB(A) agg(A) bop(A) aB(A) agg(N)

Lee et al. (2002) Applied optics Lee et al. (1998,1999) Applied optics

Smyth et al. (2006) Applied Maritorena et al. (2002) Applied optics
optics Werdell et al. (2011) Applied Optics
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In-water-ocean-colour algerithms {cesa
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IOCCG Report Number 3, 2000 ] . ) L.
Generalized ocean color inversion model for retrieving

marine inherent optical properties

Remote Sensing of Ocean Colour in ,
P. Jeremy Werdell,'#* Bryan A. Franz,' Sean W. Bailey,'® Gene C. Feldman,’

= . . - y 2 \fittori 4 5 AT 6
Coastal, and Other Optically-Complex, Waters EmiLol Bors, JY'Egcgnf,-eE}“az”,?g’n’gM;‘;kLZgY!e}ﬂ'ubLikﬁL“i;“;L’J"a‘a’
Stéphane Maritorena,’ Fréderic Mélin,® Timothy S. Moore,"
Timothy J. Smyth,'? David Antoine,”* Emmanuel Devred,
Odile Hembise Fanton d’Andon,' and Antoine Mangin'®

Edited by: 1559-128X/13/102019-19815.00/0

© 2013 Optical Socioty of America
Shubha Sathyendranath (Bedford Institute of Oceanography, Canada)
1 April 2013 / Vol. 52, No. 10/ APPLIED OPTICS 2019

[OCCG Report Number 5, 2006

Contents lists available at ScienceDirect

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

) » Cenci 4 o e, s toae
Remote Sensing of Inherent Optical Properties: The Ocean Colour Climate Change Initiative: IIl. A round-robin @mssm
Fundamentals, Tests of Algorithms, and Applications comparison on in-water bio-optical algorithms

Robert J.W. Brewin ***  Shubha Sathyendranath *°, Dagmar Miiller ¢, Carsten Brockmann¢,
Pierre-Yves Deschamps ¢, Emmanuel Devred , Roland Doerffer ¢, Norman Fomferra ¢, Bryan Franz &,
Mike Grant %, Steve Groom 2, Andrew Horseman 2, Chuanmin Hu", Hajo Krasemann ¢, ZhongPing Lee ’,
Stéphane Maritorena’, Frédéric Mélin ¥, Marco Peters ¢, Trevor Platt 2, Peter Regner, Tim Smyth 2,
Editor: Francois Steinmetz ¢, John Swinton ™, Jeremy Werdell & George N. White [Il ™
ZhongPing Lee (Naval Research Laboratory, Stennis Space Center, USA)



Uncertainties in satellite ©

Model-based error
(error propagation)

colour products

Errors based on
validation

bbp()‘) ap (A) Adg ()‘)

GlobColour

bup(A) aB(A) aag(A)

Ocean-Colour Climate Change

Initiative

(N

{zesa
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Satellite validation " | s
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Oceanographic samples are typically poorly
matched in scale compared with satellite-derived Satellite Pixel
measurements. 300m

300m I Optical Depth
(e.g. 10m)

Volume of water

Nominal resolution for Sentinel-3a is 300 m.
Suppose penetration depth is 10 m. One pixel

represents 0.9 x 105 m3 0.9 x 106 m?
Suppose a three litre sample is taken for pigment In situ water
analysis. This equates to a volume of 0.003 m3 ~_sample
HPLC ~3 litre
Pigment sample volume is only 3 x 10-° of volume Volume of water

. 0.003 m?
represented by pixel.



North
Atlantic esw,

Tilstone et al. (2014) RSE
Tilstone et al. (2015) RSE
Raitsos et al. (2014) GCB

SeaWiFS Cliz(mgm' )
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Summary . | . \ﬁt\s—_‘esa

1) What is ocean colour
2) History of ocean colour

3) Optical properties of water and its
constituents

4) In situ measurements of ocean colour

5) Satellite remote-sensing of ocean colour



Further reading

&CCG

International

____Ocean Colour
Coordinating Group

S~

Ocean Colour Bibliography

. - )
Home » Resources » OcearrColot‘lfﬁi_bl-
5 N AL

The I0CCG bibliography is updated periodically with new references submitted by readers. Another useful ocean
colour bibliography is the searchable Historic Ocean Colour Archive assembled by Marcel Wernand, with articles
and books written between the 17th and early 20th century.

http://ioccqg.org/what-we-do/ioccg-publications/

http://ioccg.org/resources/ocean-colour-bibliography/

http://ioccqg.org/what-we-do/ioccg-publications/ioccq-
reports/



http://ioccg.org/what-we-do/ioccg-publications/
http://ioccg.org/resources/ocean-colour-bibliography/
http://ioccg.org/what-we-do/ioccg-publications/ioccg-reports/

