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Part 1: Outline

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



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

Inspired poets el
| and artists 3

& } 2

aintings by Albert Bierstadt, Emil Nolde, lvan Aivazovsky

Early navigation: bottom topography, presence of
ice bergs, river discharge, occurrence of fish (e.g.,
H. Hudson, First voyage, 1607; W. Scoresby, 1820)
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Wernand (2011) PhD Thesis
https://www.researchgate.net/publication/254886
155 Poseidon%27s_paintbox_historical _archives o
f_ocean_colour_in_global-change_perspective
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2) History of ocean colour Eesa

observation: colour

with time and place
R O A - oo

for these changes?
. -

responsible
P ENEN

Why should we

From CEOS Report 2018, Images Courtesy CSIRO

Slide kindly prepared by Shubha Sathyendranath



2) History of ocean colour

A sufficient deep layer of pure water 0.8
exhibits by molecular scattering a deep

blue colour more saturated than sky- 0.6
light and of comparable intensity. The

colour is primarily due to diffraction, the Tg E
absorption only making it of a fuller o G4 2.50x10" =
hue. The theories hitherto advanced & &
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reflected sky-light or that it is due to
suspended matter are discussed and f
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2) History of ocean colour
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2) History of ocean colour

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

Taken from Wernand (2011, see link to reference on earlier slide)

E, (1) b, (1) R = Reflectance

r

R =5 D~ " atd

E = Irradiance (u = upwelling, d = downwelling)
a(A) = absorption b, (A1) = backscattering



3) Optical properties of water and its constituents

Sea water and its principal constituents
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3) Optical properties of water and its constituents

Apparent optical properties (AOPS)

Dependant 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).



3) Optical properties of water and its constituents

Inherent Optical Properties

Specific iInherent optical properties: the individual scattering
and absorption components per unit concentration (a*gz(A) =

ag(A)/B)

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



3) Optical properties of water and its constituents (@esa

a(N) = ayw(N) +ap(N) + agy(N)
_—

Water Phyto- :
CONSTANT plankton Detritus

. O

bp(A) = bpw(A) + bup(A)




3) Optical properties of water and its constituents (@esa

a(N) = ayw(N) +ap(N) + agy(N)
_—

Water Phyto- :
CONSTANT plankton Detritus

\ .
bb( — bbw )‘) bbp()‘)

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.



3) Optical properties of water and its constituents (@esa

a(N) = ayw(N) +ap(N) + agy(N)

Water
CONSTANT

S

by (A) = by (N)

AN

o Chlorophyll (C)

bbp()‘)

Case-2: Phytoplankton biomass does not covary with detritus and CDOM
Case-1: Phytoplankton biomass covaries with detritus and CDOM. I0OPs can
be tied with reasonable confidence to the chlorophyll (C)

Morel and Prieur (1977) Limnol. Oceanogr.



3) Optical properties of water and its constituents

a(A) = ay(A) + ap(N)

+ a

/’
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/ Detritus

- Total Chlorophyll-a -

- Phytoplankton pigment
composition -
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structure
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different groups :

- Phytoplankton Carbon for
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- Light attenuation (heating -
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Sinking of
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3) Optical properties of water and its constituents (@esa

bp(A) = bpuw(A) Jr/,bbp(k)

Particles

/

- Suspended particulate material

- Light attenuation

- Particle size structure

- Phytoplankton Carbon

- Phytoplankton Carbon for different
groups

- Particulate Organic Carbon

- Particulate Inorganic Carbon




4) In situ measurements of ocean colour
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Siegel & Franz (2010) https://doi.org/10.1038/466569a

Seafarers et al. (2017) https://doi.org/10.1371/journal.pone.0186092
Brewin et al (2019) https://doi.org/10.3390/519040936

Garaba et al (2015) https://doi.org/10.3390/ijerph121215044
Ceccaroni et al. (2020) https://doi.org/10.1371/journal.pone.0230084
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4) In situ measurements of ocean colour Eesa
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McQuatters-Gollop (2019)
https://www.goesfoundation.com/references/posts/
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Sir Alister Richardson et al. (2006)
Clavering Hardy https://doi.org/10.1016/j.pocean.2005.09.011
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e-continuous-

plankton-recorder/



https://www.cprsurvey.org/services/the-continuous-plankton-recorder/
https://doi.org/10.1016/j.pocean.2005.09.011
https://www.goesfoundation.com/references/posts/2019/january/are-marine-phytoplankton-in-decline/

HYPERSAS AMT SET-UP

(1) HYPERSAS Junction Box
(2) LtSensor

(3) U Sensor

(4) Tilt & Heading Sensor
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5) Satellite measurements of ocean colour

Considered among the biggest
achievements in biological oceanography
in the 20t century
(Barber & Hilting 2000)

Revealed:

(1) Oceanography’s chronic problem of
undersampling;

(2) Dominance of mesoscale physical processes in
determining the spatial distribution of
phytoplankton;

(3) Effect of topography on biomass;

(4) Complexity of the seasonal progression of
phytoplankton blooms

(5) Magnitude of interannual variability.



https://www.ncbi.nlm.nih.gov/books/NBK208814/pdf/Bookshelf_NBK208814.pdf
https://oceancolor.gsfc.nasa.gov/gallery/

5) Satellite measurements of ocean colour
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5) Satellite measurements of ocean colour
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5) Satellite measurements of ocean colour
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5) Satellite measurements of ocean colour Eesa

© |
%telhte Remove
/ Y. atmosphere to
capture the <10%
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5) Satellite measurements of ocean colour Eesa

. i
%te 'te Convert ocean
/ Y. colour to derive bio-

optical variables
(e.g. biomass of
phytoplankton)
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5) Satellite measurements of ocean colour Eesa

Empirical algorithms Semi-analytical algorithms
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5) Satellite measurements of ocean colour

-3
[mg m?3] ~ 4 1-0.10_
10.00 < ] £
% J-0.05E
2 >
— 4 ©
3 -
2 :o.oo g
3 1 2
© 4

E -0.05 §
2 MEI ] §
1.00 1 E [ e OC-CCIV3 1 &

= 4 ! . A 10.10

1980 1990 2000 2010 2020
Year

2,50 - , , 1-0.50
é‘ [ ] £
+ 4 o
0.10 5 125F —-0.25E
2 . 1 5
& r ] £
c 0.0 000 2
8 r 1 =
o [ ] i3
S -1.25F H0.25 §
5 r — 10D ] s
£ 0C-CCI V3 ] s

0.01 2500 . . . 10.50

1980 1990 2000 2010 2020
Year
von Schuckmann et al. (2016)

https://doi.org/10.1080/1755876X.2016.1273446

R - Chl [mg m™?]
_9:.

0.01 0.10 1.00 10.00


https://doi.org/10.1080/1755876X.2016.1273446

Part 1: Outline

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



Lecture plan
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Ocean Colour theory
(Part 1)
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Part 2: Outline

1) Earth’s Carbon Cycle
2) Ocean Carbon Cycle
3) Ocean carbon satellite products
4) Integration with robotic platforms

5) Integration with models



1) Earth’s Carbon Cycle Eesa
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2) Ocean Carbon Cycle

X
X X x o
Y i

" " 4 o
POOLS OF CARBON I-; | S ~ ~ .Z
IN THE OCEAN | ' R - R
DIC = DIC 5 PGC, {o =T o> PO
amor 2 S \ § POC;
: el :

H,CO, a5 2 <E>

o °3 i : DOC

DOC - %—’ @—>POC44—@>

~662 Pg C 4 é’ e @ Sinking

CDOM Physical (4) aggregates

DOM Transport & fecal pellets

POC
~2.3PgC DIC PIC @
Phytoplankton (POC,) POC DOC @
Zooplankton (POC,)

Bacteria (POC;) — 0
Detritus (POC,) v ; @

PIC

CaCo,

7

Brewin et al. (Under Review)

60
o 99

57/

=

¢

Vertical migration

Secondary Production (SP

PROCESSES
Respiration (R)
Primary Production (P)

Export Production (EP)
Grazing (G)
Excretion (E)

Mortality (M)
Aggregation (A)
Fragmentation (F)
Solubility (SO)
(De-)calcification (CA)
Air-sea gas exchange (AS)
Land-sea exchan




2) Ocean Carbon Cycle

Laws et al. (2011)
https://doi.org/10.4319/lom.2011.9.593
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Ocean Biological
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estimated that
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950% higher than they
are today
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2) Ocean Carbon Cycle
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3) Ocean carbon satellite products: Phyto carbon
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3) Ocean carbon satellite products: Phyto carbon
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3) Ocean carbon satellite products: Phyto carbon
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3) Ocean carbon satellite products: Phyto carbon
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3) Ocean carbon satellite products: POC
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3) Ocean carbon satellite products: POC
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3) Ocean carbon satellite products: Phyto- groups
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3) Ocean carbon satellite products: Phyto- groups Eesa

ﬂhytoplankton cell sizm 4 )
Phytoplankton physiology

Prochlorococcus O —
marinus
J l
~ \ 4

(Chisholm lab)
Metabolic rates

Coccolithophores
(Alison R. Taylor)

Nutrient uptake
J )
J
l?;’fof_’agleate; Light absorption ) SIZE
intinnidguy —>
) MATTERS!
X
Export production —>
| e
. N
Diatoms Sinking rate T
(Carolina Biological
Supply Company) J
X
Marine food-web




3) Ocean carbon satellite products: Phyto- groups Eesa

Detection-based Extrapolation-based
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3) Ocean carbon satellite products: Phyto- groups
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3) Ocean carbon satellite products: Phyto- groups
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3) Ocean carbon satellite products: PIC
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3) Ocean carbon satellite products: PIC
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3) Ocean carbon satellite products: Primary Production
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3) Ocean carbon satellite products: Primary Production @ esa
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3) Ocean carbon satellite products: Primary Production @ esa
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3) Ocean carbon satellite products: Export Production
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3) Ocean carbon satellite products: Export Production @ esa
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3) Ocean carbon satellite products: DOC
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3) Ocean carbon satellite products: DOC
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3) Ocean carbon satellite products: DOC
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3) Ocean carbon satellite products: pCO,

Riverine

pCOZat

T T

Air-sea flux

\ 4

Particulate Organic Carbon

Primary T *Total chlorophyll a
Dissolved Inorganic Carbon production || *Total Carbon phytoplankton
*CO, > | *Particulate Organic Carbon
*HCO5" *Phytoplankton groups
*H,CO; Respiration L_+Zooplankton & bacteria
*CO3% 38,000 Pg C|¢ *Detritus ~2.3PgC
Dissolved Organic Carbon , Coccolithophores
*Non-coloured component RGN . . -
Particulate Inorganic Carbon
e 662 Pg C e Particulate Inorganic Carbon
Export ~20 Mt C
Figure courtesy of C.S. Rousseaux & Production
W.W. Gregg From CEOS Carbon from v

Space Report (COES 2014)



3) Ocean carbon satellite products: pCO,

pCO, = AT+ BT*+ CChla+ DChla” + E

Ono et al. (2004)
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Figurc4. The basin-scale pCO, field of the North Pacific in May 1997 obtained from the

ADEOS/OCTS monthly-average SST and monthly-maximum Chla fields by using
the multiple regression equations.
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4) Integration with robotic platforms
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5) Integration with models
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Part 2: Outline

1) Earth’s Carbon Cycle
2) Ocean Carbon Cycle
3) Ocean carbon satellite products
4) Integration with robotic platforms

5) Integration with models
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Part 3: Outline

1) The Greenhouse effect
2) Essential Climate Variables
3) Ocean colour datasets requirements for climate

4) Responses of the marine ecosystem to climate change
* Total phytoplankton biomass
* Phytoplankton community structure
* Phytoplankton phenology
* Other responses

5) Other applications



1) The Greenhouse Effect Eesa
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2) Essential Climate Variables Eesa

Established in 1992, the Global Climate Observing System (GCOS) identified 50

Essential Climate Variables (ECVs) to support the work of the
intergovernmental expert group on the evolution of climate, the UNFCCC and

IPCC.

An ECV is a physical, chemical or biological variable, or a group of linked
variables, that critically contributes to the characterisation of Earth’s climate.

\‘(g/’ C ‘Q& United Nations |
N} % Framework Convention on
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2) Essential Climate Variables
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2) Essential Climate Variables
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3) Ocean colour datasets requirements for climate

esa

Goal: create the most complete and consistent, error- characterized time
series of multi-sensor global satellite ECV products for climate research
and modeling meeting GCOS requirements
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3) Ocean colour datasets requirements for climate esa
OC-CCl data processing
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3) Ocean colour datasets requirements for climate esa
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3) Ocean colour datasets requirements for climate

L =" | OC - CClversion 3.1 Chl-a July 2003

Uncertainty according to a method that
uses optical water classification
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3) Ocean colour datasets requirements for climate
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4) Responses of the marine ecosystem to climate change eesa
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Sathyendranath et al. (2017) https://doi.org/10.1016/j.rse.2017.04.017
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4) Responses: Total phytoplankton biomass may change @esa
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Integrating global chlorophyll data from 1890 to 2010

Daniel G. Boyce*, Marlon Lewis, and Boris Worm

Abstract

Estimating global chlorophyll changes over the past century

Daniel G. Boyce **“*, Michael Dowd ¢, Marlon R. Lewis ¢, Boris Worm ?

OCEANOGRAPHY

Century of phytoplankton change

David A. Siegel and Bryan A. Franz

Phytoplankton biomass is a crucial measure of the health of ocean
ecosystems. An impressive synthesis of the relevant data, stretching back
to more than 100 years ago, provides a connection with climate change.

In 1865, Father Pietro Angelo Secchi was
asked to map the clarity of the Mediter-
ranean Sea for the Papal navy. He invented
the simplest of oceanographic instruments:
a 20-centimetre-wide white disk that is low-
ered until the observer loses sight of it, and
for nearly 100 years determinations of Secchi
depth were a routine part of oceanographic

observations'” (Fig. 1, overleaf). Secchi-depth
determinations assess light penetration in
the upper ocean, and can be related to phy-
toplankton abundance. Along with measure-
ments of the upper-ocean concentration of
chlorophyll, which is found in all phytoplank-
ton, Secchi-disk depths provide the only data
available for assessing changes in the global

© 2010 Macmillan Publishers Limited. All rights reserved

“The analyses of Boyce
et al. document the
historical record. Looking
into the future, however,
satellite measurements
will be the main source
of data for assessing
change in pelagic
ecosystems.”
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4) Responses: Total phytoplankton biomass may change @esa
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4) Responses: Total phytoplankton biomass may change
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4) Responses: Total phytoplankton biomass may change @esa
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www.biogeosciences.net/7/621/2010/ ‘GG’ BlOgGOSClences
© Author(s) 2010. This work is distributed under &
the Creative Commons Attribution 3.0 License.

Detection of anthropogenic climate change in satellite records of

~ . .
» i ocean chlorophyll and productivity
[] g Climate change
,r"‘ / S.A.Henson'", J. L. Sarmiento', J. P. Dunne?, L. Bopp?, I. Lima*, S. C. Doney*, J. John?, and C. Beaulieu'
ol .
AT l Long-term: (multi-decadal
|
',/’ , , preg to cgntury)_ _ IPSL CHL IPSL PP
7 %, Persistent rise or fall in : __
“ / . ‘q":.‘r"
/ YA L either the mean state of the 50
0 el l climate or in its variability :
Climate e H ‘ Hk for an extended period
. oge | | -50 - - ‘ R 3
variability / | ' = - N T
Shortt ( ) Re?erence period -200 -100 0 -200 -100 0
ort-term: (years
) NCAR CHL NCAR PP
rises and falls about the — —
mean state of the climate o - g -

Adapted from E. Barrow, http://www.cccsn.ec.gc.ca
With help from Marie-Fanny Racault (PML)

-200 -100 0 -200 -100 0
S W yoars

20 30 40 50 60



4) Responses: Total phytoplankton biomass may chang@esa
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4) Responses: Phytoplankton phenology
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4) Responses: Phytoplankton phenology Eesa
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4) Responses: Changing polar regions
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4) Responses: Other Eesa
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5) Other applications
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The IOCCG 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://ioccg.org/what-we-do/ioccg-publications/
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REVIEW
i: 29 August 2019

Chack for.
updates.

Groom et al. (2019)
https://doi.org/10.3389/f

mars.2019.00485

Marine biodiversity
and function

Satellite Ocean Colour: Current
Status and Future Perspective

Steve Groom'?*, Shubha Sathyendranath'?, Yai Ban®, Stewart Bernard*,



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/
https://doi.org/10.3389/fmars.2019.00485

Part 3: Outline

1) The Greenhouse effect
2) Essential Climate Variables
3) Ocean colour datasets requirements for climate

4) Responses of the marine ecosystem to climate change
* Total phytoplankton biomass
* Phytoplankton community structure
* Phytoplankton phenology
* Other responses

5) Other applications



