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Outline 
•  What are coccolithophores? 

–  Taxonomy 
–  Blooms 
–  Physiology 

•  Who cares about coccolithophores? 
–  Biogeochemistry 
–  Ballast 
–  Impact on the carbon cycle 

•  Optical properties 
–  Scattering 
–  Absorption 
–  Reflectance 
–  Birefringence 
–  Ways to measure them 



Marine planktonic calcifiers… 

Foraminifera 
(Protozoa; 
50-500um) 

Coccolithophores 
(unicellular 
plants; 5-30um) 

Pteropods  
(Mollusca; 
5mm-1cm) 



One of the most important biocalcifiers in the 
ocean: coccolithophores (Class 

Prymnesiophycea, family Haptophyta); 
unicellular, evolutionarily young (<2.5MYBP) 

SEMs courtesy of Dr. Delors Blasco, Institute de Ciencias del Mar, 
Barcelona, Spain; Markus Geisen, Alfred Wegener Inst for Polar  and Marine Res. 

 



They come in a wide assortment of shapes and 
sizes with exquisite architecture… 

SEMs courtesy of Dr. Delors Blasco, Institute de Ciencias del Mar, 
Barcelona, Spain 

They drop their 
coccoliths  
constantly, 
producing an 
oceanic 
“dandruff”, 
which can 
discolor the water 



More scientific observations of 
coccolithophores… 

•  Coccoliths contribute a major portion of the CaCO3 
content of pelagic sediments- Lohmann (1908) 

•  The first scientifically substantiated observations of 
dense coccolithophore blooms… 

–  Gaarder KR (1938) Plankton studies from the Tromsø district 1930-31 
–  Braarud T (1940) Grønnfargingen av Lenefjorden og Grønnfjorden i Vest-Agder 

(“A Green tint in Lenes Fjord and Basic Fjord in West-Agder”) 
–  Braarud T (1945) A phytoplankton survey of the polluted waters of inner Oslo 

fjord.  
–  Wiull (1949) The phytoplankton of the Oslofjord in the spring of 1938 
–  Birkenes E, Braarud T (1952) Phytoplankton in the Oslo fjord during a 

"Coccolithus huxleyi summer".  
–  Berge G (1962) Discoloration of the sea due to Coccolithus huxleyi "bloom" 



Andy McIntyre-  

Allan Bé 
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Coccolithophore diversity 
decreases towards the poles 



What is a coccolithophore bloom? 

•  Holligan et al. (1983) observed 8500 cells 
per mL and 78,000 coccoliths per mL 

•  But note, chlorophyll can be ~1 mg m-3 

•  But it represents a significant discoloration 
 



The discovery of mesoscale blooms 
of coccolithophores… 

•  The first observation of dense blooms from space 
Holligan (1983) 

  
 

CZCS image; 19 June, 1979 

Loose coccoliths plus a coccolith-packed fecal 
pellet from bright water 



Francois (2002) 

Flux of CaCO3 (gC m-2 y-1) 
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Influence of carbonate flux on the transfer 

efficiency  of organic matter to the deep sea 
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The ocean biological pump has 
removed ~half of the 

anthropogenic CO2 that we have 
put into the atmosphere… 



Calcium Carbonate and Global Carbon Pools 
•  Calcium carbonate 

(PIC) is one of the 
major particulate 
carbon pools on earth, 
1/4 of all marine 
sediments are CaCO3.   

•  Biosphere has many 
calcifiers but the small 
ones play a 
disproportionately    
large role in the 
carbon cycle 

Pool GT  C 
PIC (sediments) 5.7x 106 

DOC (ocean)  1000 
POC (sediments) 0.8 x 106 

Atmospheric C 700 



Stoichiometry and biogeochemistry 
of CaCO3 biomineralization: 

                                              Atm 
 
•   2HCO3

- + Ca++       CO2 + H2O + CaCO3  
 

            Psy         Sinking    
•  In top kilometer of ocean, reaction strongly driven 

to right, but pressure, temperature and pH affect 
equilibrium 

•  Marine calcification thought to be about 1-1.5GT 
per year (~1/5 fossil fuel CO2 generation or 
~equivalent to CO2 production associated with 
deforestation and agricultural tilling of soils) 
[Intergovernmental Panel on Carbon Climate]  



Gulf of Maine- Late 1980’s 

•  Our first observations of a mesoscale 
coccolithophore bloom 

•  Used satellite (AVHRR) to confirm huge 
areal extent 

•  First direct observations of carbon fixation 
in such a bloom (into CaCO3) 

                          R/V Argo-Maine, June 1988; Wilkinson Basin                           



Just when we thought 
these blooms couldn’t get 

any bigger… 



AVHRR- June 18, 29 and July 1, 1991 
composite 

Total area = 0.5 million km2 



A “sea of 
milk”, 

Iceland-
style 

Outside 
Bloom 

Inside 
Inside 

Constant color chip 
for comparison of water 

color 



While most were looking down, 
others were looking up… 

View from Lufthansa flight #423, 38,000 feet 



Effects of coccolithophores on optical 
properties in a bloom- Tyrell, 1991 



In the Gulf of Maine, blooms begin in moderately 
stratified water near the summer solstice… 



Optical properties 

•  Absorption 
•  Scattering 
•  Reflectance 
•  Birefringence 
•  Remote Sensing 
•  Acid-Labile Backscattering 



Optical properties of PIC 
•  PIC relative refractive index = 1.19 (POC rel. 

refractive index = 1.05; BSi rel. refractive index 
biogenic silica = 1.07 (Costello, 1995), thus PIC is 
highly scattering.  

•  Dense ocean suspensions of coccoliths can have 
a high albedo (0.35) 

•  PIC is birefringent, rotates the plane of linearly 
polarized light by 90o 

•  Low absorbance 
•  Mass and shape of coccoliths varies by species, 

hence the scattering cross section is variable with 
values ranging from 1 to 8 m2 mole-1 

•  Coccoliths can be a primary determinant of nLw… 



PIC can be a 1o determinant of nLw  

Gulf of Maine 

R2=0.53 R2=0.51 

R2=0.44 R2=0.45 

R2=0.39 

Correlations increase when 
nLw is regressed against 
coccolith concentration! 



Absorption of coccoliths 

•  Used filter-pad technique 
•  Absorption is negligible 
•  Carbonates do absorb organics, 

surprising there isn’t more 
absorption in the UV 



Size dependence of the scattering 
cross-section 

•  Anomalous diffraction theory for non-
absorbing spheres (Van de Hulst, 
1981) 

•  Relative refractive index of PIC =1.19 
•  Density = 2.71E6 g/m3 
•  Micron-sized coccoliths have highest 

b* (m2/mg PIC) 



VSF flattens in backward 
direction… 

•  General Angle Scattering 
Meter suspended in 
barrel of coccolithophore 
culture 

•  VSF is relatively flat in the 
backwards direction 
compared to typical 
Petzold VSFs 



Wavelength dependence of bb* 

Voss et al., 1998; L&O v43; p.874 

Detached coccoliths 

Plated cells 

Naked cells 



Previous direct measurements of bb* 
Cultures-FCM sorted                     bb

*PIC 546 (m2 mol-1) 
Emiliania huxleyi 88E 4.98 

Emiliania huxleyi 89E 2.68 

Emiliania huxleyi CCMP 1516 10.09 

Criccosphaera roscoffensis 6.63 

Syracosphaera sp. 5.72 

Pleurochrysis sp. 8.43 

AVERAGE 6.42 
Field-FCM sorted 
Emiliania huxleyi bloom 2.26 

Arabian Sea Stn 10- "small" 12.52 

Arabian Sea Stn 10- "large" 12.28 

Arabian Sea Stn 14-17 "small" 3.57 

Arabian Sea Stn 1-3 - "small" 10.44 

Arabian Sea Stn 1-3 - "large" 4.58 

Arabian Sea- Stn 2-32 "small" 11.40 

Arabian Sea- Stn 2-32 "large" 10.10 

Dry Tortugas 7.95 

AVERAGE 8.34 

Some historical context: 
Previous direct measurements of bb* in support of the two-

band PIC algorithm.  Just like a*, bb* shows natural 
variability… 



All E. huxleyi coccoliths are not the 
alike!  

Type A coccoliths- common 

Type B/C coccoliths 

Common morphotypes 
referred to as A, B, C and 
R (e.g. Young et al. 2003) or 
as distinct E. huxleyi 
varieties (var. huxleyi, var. 
pujosae, var. kleijniae; 
Medlin et al. 1996). 
 
A fifth morphotype, B/C is 
observed in the southern 
hemisphere (Cubillos et 
al. 2007, Holligan et al. 
2010, Cook et al. 2011) and 
subpolar waters (Hagino et 
al. 2005). 

Poulton et al., 2011 MEPS 



Biometry of E. huxleyi coccoliths 
Coccolith 
Morphology 

Distal length 
(µm; diameter) 

Features pmol C/lith 

A 
(N. Atl. Cocco 
Blooms) 

3-4 Distal elements 
robust; DS>PS 

0.015-0.035 
Medium size 

B 3.5-5 Distal elements 
delicate; DS<PS 

0.023-0.068 
Largest;  53-94% 
bigger than type A 

B/C 
 

2-4 Distal elements 
delicate; DS=PS 
 

0.011-0.026 
Smallest 
73% smaller than 
type A 

Poulton et al., 2011 MEPS 



Reconcile this with AMT cruises (between the UK 
and S. Africa; multi-species of coccolithophores) 

we found:  
average bb* = 2.283+/-0.116 m2 (mol PIC)-1 



Reconcile this with the North Atlantic 
coccolithophore bloom (E. huxleyi), we found bb* = 

avg bb*= 1.632+/-0.063 m2 (mol PIC)-1 



PIC-specific backscattering cross-section in the 
GCBis lowest of all  

avg bb*= 1.553[±0.089] m2 (mol PIC)-1)  

y[±8.07e-4] = 1.553[±0.089]x - 4E-05[±7.08e-5] 
r2 = 0.553; F= 302; DF=244; P<0.001 
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Optical ways to measure PIC…
useful over scales of meters to 

1000’s of km’s 

•  Birefringence 
•  Acid-labile backscattering 

•  Satellite  PIC algorithms  



Birefringence 

•  Canada Balsam technique (e.g. Haidar AT, 
Thierstein HR, Deuser WG (2000) Calcareous 
phytoplankton standing stocks, fluxes and 
accumulation in Holocene sediments off 
Bermuda (N. Atlantic). Deep Sea Research 
47:1907-1938) 

•  In situ birefringence (Guay CKH, Bishop JKB 
(2002) A rapid birefingence method for 
measuring suspended CaCO3 concentration in 
seawater.  Deep-Sea Res I 49:197–210). 



Technique can be put on 
autonomous vehicles like the 
“Carbon Explorer” 

-Must be calibrated with 
natural PIC suspensions 
because of the presence of 
non-calcareous, birefringent 
material 



48oN 
31oN 11.7oS 33oS 

40oS 

Examples of birefringence coccolithophores from AMT 15… 



Limitation of quantitative birefringent 
approach: Calcium carbonate is not the only 
birefringent material in the sea…zooplankton 
carapaces, lipid droplets, detritus, even some 

dinoflagellates… 

Balch & Fabry 
MEPS 
2008 



Birefringence can be 
unambiguously dealt with using 

image analysis… 

Balch & 
Utgoff,Oceanography
2009 
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Balch DSRI, 2001 



Acid labile bbp’ vs ICPAA PIC 
(binned)… 

Ship bb’; per m; OPTICAL 
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PIC Optical technique linear down to bb’= 5x10-5  m-1 



REMOTE SENSING 
Two PIC algorithms exist 

•  Two band algorithm (based on nLw440 
and nLw550); Balch et al. (2005 Calcium 
Carbonate Measurements in the Surface Global Ocean based on 
MODIS Data. JGR-Oceans 110, C07001 doi:10.1029/2004JC002560) 

•  Three-band algorithm (based on 670, 
765, and 865nm bands; Gordon et al. 
(2001. Retrieval of coccolithophore calcite concentration from 
SeaWiFS imagery, Geochemical Research Letters, 28 (8), 1587-1590.) 



The 2-band PIC algorithm is based on a look-up table 

                    nLw(440) (mW cm-2 um-1 Sr-1)  

 n
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3-Band Algorithm 
•  At 670nm, 765, and 865nm, we assume 

absorption is mainly due to water (aw): 
R=~bb/[3(bb+aw)] 

Measure R(λ), use published aw(λ), estimate bb(λ).   
•  Also assume that:  bb (λ)=bb (550)*(550/ λ)n 

where n~1.35 based on empirical results 
•  These assumptions allow estimation of bb at 

other wavelengths 
•  Works best in turbid waters 

 



2 Band     3 Band 

SeaWiFS scene S2003147125430 of a coccolithophore bloom in the North Sea on May 27 2003. Comparison 
between 2-band PIC algorithm and 3-band PIC algorithm.  Color scales range from 0-0.05 moles PIC m-3.  Images 
by Sean Bailey and Brian Franz. 
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Global views: Important caveats 
•  The 2-band or 3-band 

PIC algorithm can be 
“fooled” by other 
scattering materials (e.g. 
error from scattering by 
suspended sediments or 
diatom frustules). 

•  Expected standard error 
for mean satellite-
derived bb is ~14.9 ug 
PIC L-1/(n1/2) based on 
1km daily data. 

 

Spatial res (km) 1 4.63 36 111.2
Time bins (d)

1 14.900 3.218 0.414 0.134
7 5.632 1.216 0.156 0.051

30 2.720 0.588 0.076 0.024
365 0.780 0.168 0.022 0.007

SE of time/space binned  
PIC averages (ug C L-1) 



Still need some higher PIC 
concentrations: Chalk-ex 

•  Blooms are relatively rare events 
•  “Do it yourself coccolithophore bloom” 
•  It doesn’t take much coccolith chalk to make 

a patch visible from space (13T) 
•  Could time deployments to clear-sky days…

also gets over the problem of scheduling 
ships around rare bloom events! 

•  Essential for the EPA and Coast Guard 
environmental impact process that ¼ of all 
marine sediments on earth are chalk… we did 
deployments in regions of known cocco 
blooms as well as chalk-dominated sediments  



Chalk concentration is 
highly correlated to its 

backscattering 
SnoCal 90 Suspended in Filtered Sea Water @532nm

y = 1.0672x + 0.001
R2 = 0.9982
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Loading Chalk In Portland, ME 



Chalk 
spreading; 
steaming 

in an 
expanding 
ellipse, 1.5 
x 0.5 km 
over 4h 



Completed patch  
 



Satlantic radiometers on R/V Endeavor 

Ed (λ) sensor

Lu(λ) and Lsky (λ) sensors



Two highest nLw pixels: 39.81oN x 67.78oW (9.04 W m-2 um-1 sr -1 )
39.80oN x 67.76oW (9.47 W m-2 um -1 sr -1 )

MODIS view of Chalk-Ex Patch #2:  
551nm, 1Km data, 15 November 2001 

 



Ship-measured/contoured surface bb 
showing four most intense MODIS pixels 

Ship Track 

2.25 km 



Integrated distributions of PIC, BSi 
and coccolithophores 

AMT 15-22 



Note the ratio of the two optically-active molecules, 
chlorophyll and PIC, here plotted on a log scale… 

Peaks in gyres 

Peak in Sub-Antarctic Waters 
Low at the equator 

N. Atl. Sub-
arctic surf 
water 



bb’ vs Lat; AMT19 

In  NACG, Equatorial region, SACG and Southern 

Sub-Tropical Convergence, CaCO3 accounts for 

25-50% of total backscattering 
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Viewing at the global scale:  
The great calcite belt 

-  52 million square kilometers 
- ~16% of the global ocean 

- Contains over 1/3 of the PIC in the ocean  



PIC shoals the euphotic zone 



Are coccolithophores actually observable in 
microscopy samples from GCB I? 

O 

Stn 16 

O 

Stn 59 

O 

Stn 85 

O 

Stn 95 

SEMs-H. Smith, NOC 



Are coccolithophores actually observable in 
microscopy samples from GCB II? 

SEMs-H. Smith, NOC 

Stn 5; 13m 
Stn 27; 20m 36;17m 

Stn 36; 17m 



Are coccolithophores actually observable in 
microscopy samples from GCB II? 

SEMs-H. Smith, NOC 

Stn 53; 14m 

Stn 87; 18m 

Stn 53; 14m 

Stn 63; 19m Stn 73; 16m 
Stn 93; 19m 

Stn 119; 7m 



A close-up view of the belt…PIC & 
pCO2 



MODIS-Avg 
Great Belt PIC 
(40-50oS) … 
elevated PIC 

concentrations 
near continents 

and islands! 
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 Climate Change effects on 
coccolithophores… 

•  Ocean acidification 
•  More acidic water, harder to calcify (-) 
•  First waters to be subsaturating to calcite will be 

high latitude, polar waters 
•  Coccolithophores favored by warming polar 

waters…advancing north? (+) increasing high 
latitude biological pump 

•  Coccolithophores could be between a rock and a 
hard place forced by temperature and 
acidification 



PIC Global Time Series (MODIS-Aqua) 
Mission record- Highest PIC during austral 

summer->95% non-bloom 
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Optical properties Summary 
•  Absorption- minimal 
•  Scattering- high… 
•  can be a first-order contributor to water-leaving 

radiance 
•  Scattering cross-sections variable, likely 

species dependent 
•  Birefringence- strong, but beware of non-calcite 

birefringent particles 
•  Mesoscale high reflectance blooms are 

immense and are found mostly at high latitudes 



Why should you care about 
coccolithophores? 

•  Coccolithophores serve as the primary ballast 
material for driving the biological pump 
(responsible for ultimately removing CO2 from the 
atmosphere on long time scales).  This pump has 
removed half of the anthropogenic CO2 that we 
humans have produced. 

•  On short time scales, coccolithophores actually act 
as a significant source of CO2. 



Why should you care about 
coccolithophores? 

•  Suspended coccoliths found throughout 
the ocean increase the ocean albedo but 
also the warming rate (0.06oC d-1 higher 
inside a bloom than outside) 

•  Warming/stratification will likely enhance 
coccolithophore growth (+) 

•  Coccolithophores may be sensitive to 
ocean acidity (-), which in the changing 
Arctic may limit their advance poleward. 



Importance of satellite remote 
sensing of coccolithophores… 

•  Satellite record is not yet long enough 
to see any trends in the abundance of 
coccolithophores, as predicted by models 

 
•  Continued satellite ocean color remote 

sensing will be the best way to 
synoptically follow the fate of these plants 
through time as the planet warms and the 
oceans acidify. 



The seasonal cycle of PIC taken by 
MODIS Aqua…Thank you! 




