
The ‘meat’: Biogeochemical inversions

1. To obtain concentration.

2.To obtain information on the size 
distribution.

3.To obtain composition information.

4.To obtain rate of processes .



Inversions to obtain concentrations

•Chlorophyll a

•TPV

•TSM (SPM)

•POC

•DOC

Not covered: new optical inversions to 
obtain nitrate and oxygen based on 
effect on UV absorption.



Inversions to obtain chlorophyll concentration

Question: why do we want to know [chl]?

•For biomass we want Cphyto.

•For primary production we need aφ.

We are hooked on [chl] because:

•It is specific to phytoplankton.

•It is easy to measure.

•It has been historically measured a lot.

Methodological issues associated with biogeochemical 
measurement:

•Potential for interference from other pigments when 
the laboratory based fluorometric method is used.

•Replication.



Obtainint [chl] using the red peak absorption  
of the  ac-9:

Problems: 

1. Packaging at 676nm -0.03>a*>0.008 m2/mg chl
2. other pigments absorbing in that region.

y = 1.0926x - 0.1271
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Karp-Boss, 2001, unpublished

Another issue with correlations:
R2 is not a good predictor of uncertainty in estimated 
parameter. Dominated by dynamic range.

Advantage: absorption is dominated by phyto. 

Variations on:  [chl]=aφ/a*



Falkowski and Raven, 1997

Obtaining [Chl] with in-situ fluorescence 
(blue red):

Problem: quantum yield of fluorescence (photon 
fluoresced per photon absorbed) is variable with light 
history (NPQ) and species.

Advantage: fluorescence comes from the photosynthetic 
machinery (but only from one PS).



From: http://oceancolor.gsfc.nasa.gov/ocproducts.html

Obtaining chl from reflectance ratios:



Problem: how do we know that the data we are 
interested in is similar to the training set?

potential [chl] difference for 5% error in input Rrs

From: http://seabass.gsfc.nasa.gov/eval/oc.cgi
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Some data about uncertainties:



Inversions to obtain TPV, TSM and POC

Question: why do we want to know POC, TPV or TSM?

•Carbon pool

•Sediment studies

Methodological issues associated with biogeochemical 
measurement:

•Filtration between dissolved and particulate.
•Upper size filtration-zooplankton.
•Filtered volume.
•Salts.
•Replication.



Peterson (1977) 

Obtaining TPV from Beam-c (660): 

Likely causes for variability: PSD, composition, Particles 
not accounted by sizing device, non-sphericity.



Spinrad et al. (1983):

Deep ocean



Obtaining SPM from bp(555):

bp(555)*~0.5m2/g

How can it work for 
both organic and 
inorganic particles?

Babin et al., 2003



Aside: example of size effect on 
scattering:

Response of the LSS to size (Baker et al., 
2001):

LSS



Obtaining POC from Beam-c (660):

Likely causes for variability: PSD, composition, 
Particles not accounted by POC method.

Bishop, 1999

Fennel and Boss, 2003:



Obtaining POC from Beam-c (660):

Results:

Two blooms of 
phytoplankton in 
North Pacific 
following dust 
deposition event 
(iron fertilization ?).

SeaWIFS [chl] and 
POC covary.

Notice co-variation 
of blooms and 
stratification and 
high chl/C ratios 
(vernal bloom ?).

SOLO float–
Carbon explorers:

Bishop et al., 2002
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Obtaining POC from bbp(510):

Likely causes for variability: bbp computation, PSD, 
composition, Particles not accounted by POC 
method.

Loseil et al., 2001: bbp from Ocean color.
Stramski et al., 1999: in-situ bbp.

Stramski et al, 1999.



Can we get Cphyto from optical proxies?

How much of POC is Cphyto?

The few (4) studies who looked at it (with variable 
methods) suggest it varies from 19-50%.

However, within studies the variability is much 
smaller:

Oubelkheir found the variability between 
oligotrophic, mesotrophic and eutrophic Cphyto/POC 
to vary from 19-22%.

Durand et al., 2001, comparing seasons at BATS 
from Cphyto/POC to be nearly constant across 
seasons.

The time variable part of POC that correlates with 
the T, N and/or Ed is likely to be correlated with 
phytoplankton. Micro-grazers and bacteria can 
grow as fast as phytoplankton.

This very limited set of observations suggest 
that measurements of scattering may provide a 
useful proxy for Cphyto.



Inversions to obtain aφ

aφ is an important input to primary 
production models.

It is more directly related to ocean color 
than [chl].



Obtaining aφ from Rrs(λ) and k(λ):

Using semi-empirical relationships:

Assume spectral shapes for components of bb and a.

Assume water IOPs are known, G(λ) and µ(λ)=const., 
assume spectral shapes to the unknown IOPs, and 
best-fit (e.g. least-squares) the observed Rrs(λ) and 
k(λ) to solve for the amplitudes.

For the observations Y(λi) assume a model y(λi,a). 
Minimize:
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A more robust approach; minimize

Press et al., Numerical Recipes:



Example: Brown et al., 2004, measurements 
from an AUV:



Particulate size distribution



Particle size distribution 
(PSD):

Most often used is the  
power-law, or ‘Junge-like’
function:

N(D)dD=No(D/Do)-ξ

How does attenuation 
changes with changes in 
PSD? 
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N(D)dD=No(D/Do)-ξ

Typically, 2.5<ξ<5
Most frequently 3.5<x<4

From: Zaneveld et al., 2002, OOXVI.
Data from Kitchen (1977). 
CVA= characteristic vector analysis (2 vectors).



Mie Theory (homogenous spheres):

For non-absorbing particles of the 
same n and an hyperbolic 
distribution from Dmin=0 to Dmax=∞,
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N(D)=No(D/Do)-ξ

expect a relation between 
attenuation spectrum and PSD.

Using cp(λ) to obtain information on
PSD:



cp(λ) is sensitive to the PSD,

Because the instrumental ‘filter’ is 
size dependent:

•Particle size where maximum occurs 
changes by ~ 2 between blue to red 
wavelengths.

•Magnitude and width of maximum 
change with λ.



Boss et al., 2001

N~3000

N~64N=64

N=3000

Validation with BBL data



Observations:

•Both ξ and γ decrease monotonically 
with decreasing attenuation.

•Theoretical and observed relationship 
between ξ and γ are within 30% of ξ, 
despite the potentially large 
uncertainties associated with the 
sampling methods.

•Better agreement with modified 
theory: γ ≥ 0 in observation for ξ<3.

•Supports the use of γ as a tool to 
estimate the PSD slope. In the least, it 
describes the changes in the mean 
particle diameter (proportion of big vs. 
small).



Normalized volume scattering functions for various particle 
size distributions characterized by the cumulative ‘Junge’
exponent C, with a refractive index 1.075 (Roach, 1974).

Less sensitive to n (see IOP lecture).

The steeper the PSD the steeper is β

Particulate size distribution from the VSF:



PSD from near forward VSF -- LISST

Traykovski et al., 1999
See posters by Trisha Bergmann and 
Wayne Slade at OOXVII



Particulate composition



Index of refraction (n) from bbp/bp:

Twardowski et al., 2001

n’=0

It turns out the bbp/bp is very sensitive to n and less so 
to the PSD:



•n correlates with density (ρ) sinking 
rates.

•n separates water-filled organic particles 
from inorganic particles.

Zaneveld et al., 2002, 
OOXVI. Compiled from:
Aas (1983)
Carder et al. (1972)
Carder et al. (1974)

Babin et al., 2003

Why do we want to know n?



Example: Leo-15, New Jersey, July 
2000 {HyCODE}.



Boss et al., 200

bbp and cp have different informational content



Detached nephloid layer:

Boss et al., 200

bbp/bp is independent of concentration (surface front)



Validation by proxy:

Need direct validation!



Dissolved organic matter:

CDOM, FDOM and DOC

Concentration and composition



What is colored dissolved 
organic matter (CDOM, FDOM)?

Operational definition:

Absorption/fluorescence by fraction 
smaller than:

1.0.2µm

2.0.44µm (GFF)

3.0.7µm

Currently most Ocean Optics 
applications use 0.2µm filters.
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Consistent with measurements from the UV 
(280nm) to the red (660nm), though 
different slopes are found for different 
regions of the same spectra.

Believed to be due to carbon’s conjugated 
(π) bonds in organic compounds (Shifrin, 
1988). 

The smaller the length of the molecule the 
smaller the wavelength of the light 
absorbed.

Absorption characteristics:



FDOM and CDOM:

Blough and Green, 1995



Fluorescence characteristics,
excitation-emission matrices:

Different peaks are associated with different families of 
compounds compositional information.



DOC and CDOM:

DOC-specific CDOM absorption is bounded 
and is nearly constant in a given coastal 
environment:

Blough and Green, 1995

Yakobi et al., 2003

7 different rivers 
in Georgia



Link between DOC, molecular weight and 
spectral slope of CDOM:

Yakobi et al., 2003

S- linked to 
molecular weight 
using
ultra-filtration



Example: pore water measurements:

Flood tide: Ebb tide:

Boss and Zaneveld, 2003



CDM (CDOM+NAP) from Ocean Color:

•CDM has been found to be correlated with aφ, suggesting 
contamination (Siegel et al., in press).
•UV bands should improve retrievals and possibility of 
separating CDOM and NAP absorption



Inversion to obtain rate processes:

I. Fluxes of particulate and dissolved materials:

Combine high-frequency measurements of concentration 
proxies with 3-D velocity to compute eddy 
correlation:

Vertical eddy flux=<w’[conc.]’> 
Fugate and Friedrichs, 2002

Average settling velocity:
Ws= =<w’[conc.]’>/{d<[conc.]>/dz} 
Fugate and Friedrichs, 2002

Problem: biased to sizes the ADV is sensitive to.

II. Phytoplankton growth rate:

a. Direct Lagrangian measurements (D’Asaro).

b. µ=µ (Ed,Temp.Nut,[chl],Cphyto)

Based on the works of Geider, McIntyre, & Sakshaug
{Behrenfeld et al., 2004, GBC}.

Problem: currently assumes balanced growth.



Direct measurement of growth (D’Asaro)

ML float:



Direct measurement of growth (D’Asaro):

Phytoplankton growth-rate on an isopycnal:

µc=1/[chl]xD([chl])/Dt

Based on averages in a 12hrs trajectory



[ ]
pc

chl
is correlated with physiological variables

Behrenfeld and Boss, 2003, DSR I

Getting independently [chl] and Cphyto is 
exciting because:

If one knows E, [chl]/Cphyto, & Temp. 
phytoplankton growth rate.

A hint at that was seen in the following 
data sets: OliPac

HOTS

BATS

A novel approach to obtain 
PP information



1. Retrieve bbp and [chl] from space

2. Compute:

3. Obtain ML light, Ig=I0exp(-k490MLD/2)

4. Derive maximal chl/C for given T, Ig, and plenty of Nuts.

5. Assume growth decrease proportionally with reduction 
of chl/C relative to its maximal value:

6. Divide the globe to 28 regions based on variability in 
[chl] and geography and observe averaged annual cycle.

7. Compute NPP:

Obtaining µ from space (Behrenfeld et al.):
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Obtaining Cphyto and [chl]/Cphyto from 
space

28 different regions based on ocean  basins and 5 groups of 
variability in [chl]
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An equation relating [chl]/Cphyto and 
light (e.g. Cloern, 1995):
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Ig = the regional monthly median ML light level 
and  Iref = 1/3 moles photons m-2 h-1. ML is 
provided from the Navy’s model.



Furthermore,                  have well 
characterized responses:

min  & max

[ ]

phyto

chl
C

decreases with temperature in all the parts of 
the oceans where temperature is indicative of nutrient 
stress.

increases with temperature, similar to its 
temperature dependence in cultures. 
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Estimates if µ from space:

summer

winter

Needs independent validation!!



Comparison with a current model 
(VGPM):

Significant regional differences.  Difference in timing:

N
PP

o-VGPM



Many aspects need improvement:

•Move from [chl] to aφ.

•Balanced growth assumption.

•Cphyto: effects of size and ecology.

•Inorganic particles.

In low biomass waters, [chl] seems a poor proxy of Cphyto.

Food for thought:


