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WHY ocean color?

Spatial scale! Chl variability ~ 
100X over short distance, 
NPP ~ SQRT(Chl), NPP 
variability ~ 10X 
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“Satellites show that scientists are lying…” 

What is a satellite?

What is EO satellite?

What is an orbit?
•Low Earth Orbit or LEO for short

•Polar-orbiting satellites (most EO satellites)

•Low-inclination orbit: International Space Station (ISS), e.g. HICO and 
other instruments

•Geosynchronous orbit, or GEO for short

•Geo-stationary satellites (GOCI- S. Korea, planned GEO-CAPE) allows 
measurements of the same area at intervals < 1 hour



Ocean color sensors are typically on polar orbits (often sun-
synchronous, LEO); geostationary orbit (GEO): GOCI
Polar orbiters ~700 km above ground. Orbit repeat cycle is
~14-16 days. However, sensors with wide swath (SeaWiFS –
2806 km, MODIS-Aqua – 2330 km) <2 day revisit time, 1-day 
revisit with a pair (tandem) sensors (MODIS Aqua & Terra, 
Sentinel-3 A & B)
High-res sensors with narrow swath have revisit time equal 
to repeat cycle ~14-16 days, Landsat, Sentinels 2A & 2B.
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EO satellites have “sensors” that sense 
the earth using parts of the 
electromagnetic spectrum. They need 
to consider:
•Energy 
•Transmittance, blocking
•Passive or active
•What kind of information can be 
obtained

What’s a sensor? 

The Electromagnetic Spectrum, visible light: 400-750 nm (nm = m-6)

http://scioly.org/wiki/File:Em_spect.jpeg
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A sketch of history…
Satellite Oceanography (Ocean color, SST and 

altimetry) has been around for ~30 years
CZCS 1978-1986 (ocean color), AVHRR 1979-…(SST), 

SeaSat 1978 (altimetry), Landsat MSS (visible imagery),…

Fundamentally, ocean color sensors have not changed from 

1978 (more bands, more bits/pixel, better algorithms)

Similarly, the principal technology behind SST and 

altimetry has not changed from about 1978

Fundamental change in data access (PC, Internet!)

Necessary components for satellite oceanography:

1. Hardware (antenna, computer, display)

2. Software
3. Imagery (data)
4. Cloud-free weather for visible and infrared imagery; microwave & 

scatterometry penetrate clouds
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1. Hardware
Then: Receiving station (antenna, etc.): Scripps, Dundee, 

Tromsö. Manually directed horn-antenna in Stockholm University

Now: Don’t need the antenna! Data through internet for free!



1. Hardware, continued
Then: Dedicated and expensive computers;

~25 yrs ago  ~ $500,000… $1 million; VAX, HP, etc., specialized 

hardware (video monitors)

Now the minimum what is needed is  a ~$300 PC and internet 

connection

VAX 11/780, 6.2 m wide



2. Software

Then: Tailored for the specific hardware and very expensive 

(tens of thousands of $)

Now: generic, using high-level software layers,

high-level file formats (HDF, netCDF);

• Free: SeaDAS, BEAM, SNAP, Python

• Inexpensive: Wimsoft, Matlab, IDL, ENVI
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3. Data (imagery)
Then:

Hard to get without owning a receiving station, stored and 

distributed on bulky tapes. Expensive!

Now:

Mostly freely downloadable. Need internet and lots of  storage 

(disk space)

4. Cloud-free weather for visible and infrared

All-weather microwave sensors (passive, active)

Some areas very cloudy (e.g. Gulf of Alaska, Hong Kong) 

~ single clear pass per month.

Gulf of California, Eastern Mediterranean – some of the 

clearest areas in the world
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What does ocean color measure?
•Primary output has been the near-surface concentration  of 
chlorophyll-a (Chla, mg m-3) which can be used to calculate NPP using 
additional input (PAR, etc)
•Really?
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•What is ocean color measuring?
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Ocean color radiometry measures TOA radiance (sum of molecular, 
aerosol, m*a, surface effects, water components), derives “water 
leaving radiance” or water reflectance

Radiances can be converted to Reflectances by normalizing

RTOA() = Rm() + Ra() + Rma() + tm()ta()Rw()

Rrs () = Lu()/Ed(); i.e. upwelling radiance/downwelling irradiance 
is “Remote sensing reflectance” = Rrs

Radiance [W m-2 nm-1 sr-1 ]; Irradiance[W m-2 nm-1];   Rrs unit?  Chl, etc. = f (Rrs())

SeaWiFS: Rrs412, Rrs443, Rrs490, Rrs510, Rrs555, Rrs650
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Not ocean color!
Need for atmospheric correction
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Not ocean color!
Dust clouds over the Mediterranean Sea 
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Sun glint off Sri Lanka
(= specular reflection of sunlight off the sea surface)

SeaWiFS tilts to avoid sun glint, MODIS does not. Glint is west of center for Aqua (13:30), east of center for Terra (10:30)
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What determines Rrs?
Rrs()  ~  bb() / (a() + bb())

absorption  “color”, 
backscatter  intensity
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Different PFTs play different roles in the biogeochemical cycles of the ocean and food web.

Assessing phytoplankton functional types (PFTs) by their 
optical characteristics

Photos: Sonja Wiegmann, Phytooptics, AWI

PFT have different and common 
pigments: absorption varies slightly-
more spectral information needed:
so far from multispectral ocean color
data using spectral approaches only 
- dominant (taxonomic) groups or 
- information on size (size factor, 

fraction of 2 or 3 size classes)

Hyperspectral satellite data enable 
quantitative information on 
taxonomic groups (~PFT):  Bracher et 
al. 2009, Sadeghi et al. 2012

Adapted from Bracher et al. 2009 and Sadeghi et al. 2012
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Assessing phytoplankton functional types (PFTs) by their 
optical characteristics

From Sathyendranath and Platt, 2007

(a) Specific absorption, spectra per unit Chl conc. (b) Absorption spectra normalized such 

that the integral of each of the curves 

(from 400 to 700 nm) is one
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What determines Rrs?
Rrs()  ~  bb() / (a() + bb())

absorption  “color”, 
backscatter  intensity

Compare water (offshore, coastal), beach (sand), land
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MSI on Sentinel-2A, 20 m resolution

Oceanside pier 
& harbor

Chla-OC3 processed with Acolite

Why no structure in the Chla image?
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Challenges of obtaining climate data records 
(CDRs) or essential data records (EDRs):
•Challenge 1: Satellite data covers wide space and 
time domains but errors/uncertainties are large!
•In spite of the best efforts by data providers, the accuracy of data is not guaranteed!  
We will see in tutorials! NASA, ESA, and other data providers are limited by the current 
state of the science and available methods

Data consistency! Example of an inconsistent time series due to 
bias between early versions of SeaWiFS and MODISA Chla data 
(from Gregg and Casey, 2010). 

SeaWiFS Chl-a 

MODISA Chl-a 
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Standard satellite algorithms for Chl-a are empirical polynomial fits to Rrs 
ratios that are actually a measure of total absorption and not necessarily 
of Chl-a.  Semianalytic algorithms try to separate different optical 
components

Lee (2012)
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PRR-600 Response Bands

380 430 480 530 580 630 680

Wavelength (nm)

412 443 490 510 555 665 683

Solar Spectrum

Detritus

Diatom

Chlorophyll 

Fluorescence
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Radiance (L)

Radiant flux per unit area per unit solid angle per unit wavelength 
interval, i.e. W/m2/sr/nm.

In intuitive terms, it is the quantity we humans perceive as 
brightness. Radiance may also be measured with a non-
imaging radiance collector.

Radiance is a function of viewing angle, and other radiometric 
quantities such as irradiance can be calculated by integrating the 
radiance over a range of angles.

http://www.hobilabs.com

Irradiance (E)

Power per unit area incident on a surface, expressed in W/m2

(W/m2/nm if measured spectrally). Different irradiance quantities 

may be defined with reference to different collecting surfaces, for 
example plane irradiance and scalar irradiance. If not otherwise 
qualified, plane irradiance is assumed.

Reflectance, Remote Sensing

The ratio of radiance leaving the water (upwelling) to irradiance
incident on the water (downwelling). So-named because it indicates 

the effective reflectance of a body of water when viewed by a remote 
sensor such as an airborne or satellite radiometer. Notated as RSR or 
RRS. 

http://www.hobilabs.com/cms/index.cfm/37/152/1269/1515/1518
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3237.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3238.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3287.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3288.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3236.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/72879.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/3237.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1407/72881.htm
http://www.hobilabs.com/cms/index.cfm/37/1288/1301/1493/3228.htm
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Ocean Color:  Basic Relationships
Remote sensing reflectance,  Rrs() 

Rrs() = Lu() / Ed()  (just above water or depth 0+)

Ed() = downwelling irradiance 

Lu() = upwelling radiance
In practice, 3 ways of calculating Rrs:

1) Rrs1() = 0.519 * Lu(, 0-) / Ed(, 0-) 

Lu()  and Ed() are measured just below surface or depth 0-

2)  Rrs2() = 0.54 * Lu(, 0-) / Es() 

Lu() measured at depth 0- , Es measured above surface

3)  Rrs3() = mean [Lu/Ed] for top 2 samples between Shallow and Deep depths of 
the vertical profiles

K, diffuse attenuation coefficient (usually for Ed, but can be 
calculated for Eu, Lu, Ld) 

E (, z) = E (, 0) e –K(, z) * z

Normalized water-leaving radiance, Lwn

Lwn = Rrs*F ()  (F = extraterrestrial solar irradiance spectrum)
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Ocean Color:  Rrs calculation
Rrs1() = 0.519 * Lu(, 0-) / Ed(, 0-) 

Advantages: Using single instrument

Disadvantages: “Surface extrapolation”  (extrapolation to 0- depth) has 
large errors; Subjectively used depth bins used for surface 
extrapolation

Rrs2() = 0.54 * Lu(, 0-) / Es() 

Advantages: Es not affected by fluctuations like Ed (wave focusing, 
vertical tilt) 

Disadvantages: Using 2 instruments that are spatially separated; that 
may introduce bias, e.g. due to moving cloud and ship shadows 

Rrs3() = mean [Lu/Ed] (using binned Lu and Ed values)

Advantages: No “vertical extrapolation” error; less dependent on 
relative depth error that is significant in turbid waters

Disadvantages: not standard, subjectively selected depth bins used
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Ocean Color:  Relationship to absorption and scattering

Rrs()  ~ bb() /(bb() +  a())

a() is the volume absorption coefficient, and bb() is the volume 
backscattering coefficient

Since a and bb are inherent optical properties, they may be partitioned into 
their respective additive components:

a() = aw() + ap() + as()  

ap() = aph() + ad() + ai()

bb() = bbw() + bbp()

bbp() = bbph() + bbd() + bbi()

w- water, p- particulates, s- soluble, ph- phytoplankton, d- detritus,

i- inorganic sediments

bb() is relatively flat spectrally, controls albedo

a() has large spectral structure, controls "ocean color"

Pigment Specific Absorption:     ap () = a*p () [chl]
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Satellite Ocean Color Chlorophyll Goal:
Achieve Accuracy of   35% for Chlorophyll in Case I Water 
(McClain, Cleave, Feldman, Gregg & Hooker, 1998)

GOAL:   35% =  rms  ~ 0.135 (log vs. log) 

Model vs. In situ (Case I & II) 

SeaWiFS vs. In situ (Case I) 

Model vs. In situ (Chl < 1)

rms 0.22    =  ~  65% 

rms 0.18    =  ~  54% 

rms 0.20    =  ~  58% 

J.O’Reilly, NOAA
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Detecting red tides using Ultraviolet absorption:



1/18/2019 Wimsoft.com, C 2000-2010 39
39

Detecting red tides using Ultraviolet absorption: 
thresholding a band ratio

•Red tide index algorithm based on increased UV absorption by MAAs 

in dinoflagellate blooms (Kahru & Mitchell, JGR, 1998)

•Rrs380/Rrs412 < threshold
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Experimental Redtide index using Rrs380/Rrs412 data of 

GLI on ADEOS-2, SGLI on GCOM-C – never confirmed!
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Principles of ocean color
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•Blue-green band ratio applicable for Chla up 
to ~ 20 mg m-3  

Ocean Chla from 0.01 to ~ 
20 mg m-3

•HABs can be > 20 mg m-3

•Red-NIR band ratio for higher Chla

•Blending

•Instead of band ratio use band difference or 
line height, used in OCI = ocean chlorophyll 
index



Major Limitations of OCR

• Clouds and low sun elevation at high latitudes

• Atmospheric correction, glint, adjacency effect 
and other errors

• Substances with variable and widely 
overlapping properties 

• Fundamental variability in absorption and 
backscatter per unit of X (e.g. Chla)

 Principal differences between remotely 
derived and in situ variables
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What is ocean color measuring?

•Chl-a concentration (mg/m-3) using band ratio 
algorithms
•Other products from band ratio algorithms: Kd490, 
CDOM, POC, PIC, etc. (using the same bands, not 
independent from Chl-a)
•Semi-analytical and NN algorithms (GSM, QAA, etc): 
absorption and backscattering coeff-s, CDM, Chl-a
•PFTs (coccolithophores, cyanobacteria)
•Phytoplankton size classes (pico, nano, micro)

•Net Primary Production (gC m-2 d-1)
•Export Flux (of Carbon) (gC m-2 d-1)
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•We need to be cautious when using satellite data 
that is NOT accurate (e.g. band-ratio Chla in the 
Arctic) 

CDOM (and detritus) are erroneously counted as Chla but are not 
contributing to photosynthesis but reduce light and the depth of 
the euphotic zone. When biased Chla is used in next level models, 
e.g. in NPP calculations, the output is also biased.

•Semi-analytic and Neural Network algorithms 
exist (GSM, QAA, GIOP, etc): they separate 
individual components such as aph, adg , bbp but 
they are very sensitive to errors in satellite Rrs

• Semi-analytic or Neural Network models are built 
using ideal, i.e. simulated, or in situ Rrs

•Real satellite Rrs are not ideal and have errors! 
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How can we evaluate the accuracy of satellite retrievals?

1. Match-ups against in situ 
values (FRM=Fiducial
Reference Measurements ); 
mismatching scales!

2. versus theoretically derived 
values (e.g. Rrs >= 0)

3. versus another satellite 
values  
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Compare with other satellite sensors: large differences in Rrs!

Rrs443 vs Rrs443, Level3, 9km pixels (from Kahru et al. 2012)

A, MERIS versus MODISA in 
2004; 
B, SeaWiFS versus MODISA 
in 2004; 
C, subset of A of January, 
2004; 
D, subset of B of January, 
2004. 

NASA matchups with MOBY 
in ideal conditions, most 
data are collected in not 
ideal conditions
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Conclusions:
Ocean Color Radiometry from satellite sensors is the only 
known method in biological oceanography that provides global 
coverage at scales from <1 km to global and time scales from <1 
day and up, but…

Problems:
1. Ocean Color products have large errors, especially in the 

nearshore environments due to errors in atmospheric 
correction, influence of interfering substances (CDOM, etc.) 
 NEED TO VALIDATE RESULTS

2. Changes in calibration during life time of each sensor 
NEED TO CALIBRATE/VALIDATE SENSORS

3. Limited length of the life time of each sensor  NEED TO 
MERGE MULTIPLE SENSORS INTO A COMPATIBLE TIME SERIES

4. Limited to cloud-free periods AND with for solar elevation 
above threshold. May bias results! E.g. at high latitudes, no 
data for many months, a few days per month.
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CZCS on NIMBUS-7, 1978/11 – 1986/06, 1 km, reprocessed 2007, 2011?

OCTS on ADEOS, 1996/11 – 1997/06, (1 km) 4 km, reprocessed 2006

SeaWiFS, 1997/09 – 2010, 1 km, after 2005 limited LAC (MLAC), GAC, 

interrupted data flow from 2008 on

gap, 1986/07 – 1996/10, ~ 10 years (local and interrupted coverage by MOS in 1996)

gap, 1997/07 – 1997/09, ~ 2 months

MODIS on Terra, 1999-, 1 km, 250 m, bad calibration
MERIS on ENVISAT, 2002–2012, 1 km (RR), 300 m (FR) 

MODIS on Aqua, 2002/11-present, 1 km, 250 m

VIIRS-SNPP, 2012-present; OLI on Landsat 

OLCI-S3A, also MSI on Sentinel-2A & 2B

OLCI-S3B, VIIRS-JSPP1, SGLI
PACE, GEO-CAPE, Hyspiri

GLI on ADEOS-2, failed after ~6 months, 2003

1978-

1996-

2000-

2010-

2013

2015

2019



1/18/2019 50

Cyanobacteria accumulations in the Baltic Sea, 8-Jul-2005


