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• Theory of measurement... reality of measurement
• Distribution in ocean
• Theoretical beam attenuation (model predictions for idealized 

particles with different sizes/compositions)
• A few applications



Review: IOP Theory
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Beam Attenuation 
Measurement Theory

Ft

Fa

Fb

C = attenuance
c = fractional attenuance

per unit distance (m-1) c = DC/Dx

c Dx = - DF/F

c x = - ln(Ft/Fo)

c (m-1) = (-1/x) ln(Ft/Fo)

Fo

Dx

ò0 c dx = -ò0 dF/F
x x

c(x-0) = -[ ln(Fx)-ln(F0)]

c x = -[ ln(Ft)-ln(Fo)]

Roesler and Boss, 2008



Beam Attenuation 
Measurement Reality

Fo Ft

Fa Fb

x

c = (-1/x) ln(Ft/Fo)

Detected flux (Ft) 
measurement must  
exclude scattered flux

detectorsource

To get a signal detector has finite 
acceptance angle – some forward 
scattered light is collected.

Roesler and Boss, 2008



Beam Attenuation 
Measurement Reality

Fo Ft

Fa Fb

x

c = (-1/x) ln(Ft/Fo)

detectorcollimated source

Roesler and Boss, 2008

Instrument Acceptance 
angle (in-water)

AC-meter 0.93
LISST-B 0.0269°

Which instrument will give the higher value of c, all 
other things being equal?



Beam-c issues: acceptance angle.
Jerlov, 1976: less than 5% of scattering in first 1°.
Petzold, 1972: up to ~30% of scattering in first 1°.
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Instrument Acceptance 
angle (in-water)

Path-length

AC-9 0.93 10cm
LISST-B 0.0269° 5cm
LISST-Floc 0.006° 5cm

OASIS: Boss & Slade, unpublished



Beam-c issues:  reference materials

c = (-1/x) ln(Ft/Fo)

We typically never measure Fo (some 
instruments, eg LISST, do monitor changes in 
lamp intensity).

Instead, we measure a reference material: 

cref = (-1/x) ln(Ft,ref/Fo)

csample -cref = (-1/x) ln(Ft,sample / Ft,ref)

Works as long as Fo is stable or its stability monitored.



Scenario:  You collect some LISST data in the Dead Sea 
(S = 270 g kg-1) and the instrument gives you negative 
values for beam attenuation.  You collect a bottle sample 
of the same water, filter it, and measure the absorption 
coefficient in a 1 cm cuvette on a benchtop 
spectrophotometer, but the problem is even worse.  Both 
measurements are referenced against the same MilliQ.  

What’s going on?



 

 4 

of components is critical, and something as simple as the sagging of the filament in the source when the 
instrument is moved can create significant apparent changes in the derived beam attenuation coefficient.  

 
Figure 2. Schematic illustrations of direct path (top panel) and folded path (bottom panel) beam 
transmissometers designs. 

 

Several commercial transmissometers including some laboratory spectrophotometers and the (former) 
SeaTech and Sea-Bird Scientific (Bellevue, WA, USA; formerly WET Labs Inc.) field instruments use this 
basic design. Design variations include the addition of a reference detector and placing the wavelength filter 
in the detector housing. 

Other types of transmissometers 
The folded-path transmissometer pathlength design uses one or more reflectors to create a longer 

pathlength. The basic idea for this design can be attributed to Petterson (1934). Initial designs used plane 
mirrors to expand the pathlength (Wattenberg 1938; Timofeeva 1960). The introduction of prisms to separate 
the incident and reflected beam (Nikolayev and Zhil’tsov 1968; Petzold and Austin 1968) and of concave 
mirrors as the reflectors, have led to improved versions of this general design. An optical pathlength of 10 m 
was achieved by Jerlov (1957) by using multiple reflections between three concave mirrors. Long pathlength 
instruments of this type are specifically beneficial for measurements of beam attenuation coefficient in clear, 
open ocean waters.  

A variable pathlength transmissometer is probably the most desirable, and elusive, design concept. One 
desirable characteristic of such a transmissometer would be its capability to adjust the pathlength for the 
measuring conditions (see Pathlength Considerations, below). More importantly, the variable pathlength 
instrument would be self-calibrating. To understand this property of such an instrument, examine the basic 
Eq. (6) for transmissometer measurements. For any transmissometer measurement over pathlength %d, the 
dark-corrected detector output o&(#, %d), in [V], is proportional to the flux reaching the detector window 
/&(#, %d, 0,•). If two transmissometer measurements are made using different path lengths, %p	and	%q, the 
transmittance over the pathlength difference between the two measurements is simply 

 !(#, %q − %p) ≡ ]^(X,Tr,V,•)
]^(X,Ts,V,•)

= t^(X,Tr)
t^(X,Ts)

, (8) 

and the beam attenuation coefficient ((#) may be calculated from Eq. (6) with %& = %q − %p. The assumptions 
implicit in this calculation are that the beam attenuation coefficient is constant over the time and space extents 

Boss et al. 2013; figure: Boss et al., 2019

Beam-c issues:  reference materials
Fresnel equation, 
normal incidence



Beam-c issues: “Dark” signal removal

Another wrinkle: Many sensors report a signal even when no 
light hits the detector (dark signal). For accurate 
measurements this signal needs to be removed:

csample -cref = (-1/x) ln(Ft,sample / Ft,ref)

𝑐!"#$%& − 𝑐'&( = −
1
𝑥 ln

𝜙!"#$%& − 𝜙)"'*
𝜙'&( − 𝜙)"'*



Beam attenuation measurement

Advantages:
Well defined optical quantity (for a given acceptance angle). 

No need to correct for absorption or scattering along the path 
(unlike the VSF and a).

Not dependent on polarization state.

First commercial inherent optical quantity measured (O(1980)) 
à long history.



Scenario:  You go on a cruise where the ship’s rosette 
carries a C-Star transmissometer of unknown 
provenance.  What info do you need to get from the 
ship’s technician (and/or find out on your own) before 
using the data from the sensor?
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Theoretical Beam Attenuation:

Theoretical particle with 
”phytoplankton-like” refractive 
index, for l=650nm
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Like all IOPs, cp is dependent on size and composition.

Theoretical Beam Attenuation:
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dependence



Theoretical Beam Attenuation:
How does cp/volume depend on:

ü Size?

• Composition?
– Modeled using index of 

refraction (“real” and 
“complex” parts)

Boss et al., 2001

n=1.05

(To further ‘compact’ the presentation size 
is normalized by wavelength; 
also here “n” is index relative to seawater)
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Theoretical Beam Attenuation:
How does cp/volume depend on:

ü Size?

• Composition?
– Modeled using index of 

refraction (“real” and 
“complex” parts)

• However, mass-normalized 
scattering (~attenuation) 
only varies by a factor of 2...

Boss et al., 2001

n=1.05

(To further ‘compact’ the presentation size 
is normalized by wavelength; 
also here “n” is index relative to seawater)



Babin et al. 2003

Mass-normalized scattering (bp
m) only varies by a factor of ~2

• Modeled, mass-normalized scattering 
coefficient (bp

m(555)) for non-absorbing 
particles

• Line = organic particles (moreàless
hydrated).  Symbols = mineral particles.

• Most organic particles are water-filled 
“bags” where the dry material 
(carbohydrates, proteins, lipids) have 
higher indices of refraction (Aas, 1996)

856 Babin et al.
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Fig. 10. Theoretical relationship between the mass-specific scat-
tering coefficient and the relative index of refraction for different
values of r (the different curves) and different values of j (the dif-
ferent panels). The position of various mineral species is also shown
for the n and r values given in Table 6. The bold solid line illus-
trates the relationship for organic matter associated with various
amounts of water (see text and Fig. 6).

7.5 mm. Compared with other regions, this value seems to
be significantly lower (Fig. 10 in Jonasz 1983). Together
with the fact that particles below 7.5 mm contribute more
than 80% to scattering (Fig. 4a), this supports our second
assumption about the lower j. Gustafsson et al. (2000) spec-
ulated that particle aggregation combined with lower density
of organic matter would result in larger sizes of suspended
particles in the Baltic Sea.

Spectral variations of the scattering coefficient—As
shown in Fig. 3b, the spectral changes in bp(l) are poorly
represented by a l21 law, often adopted when describing
bp(l) (e.g., Morel 1988; Lee et al. 1994; Garver and Siegel
1997). The l21 law is only valid for a population of non-
absorbing particles following a Junge-type size distribution
with j 5 4 (Eq. 139). It has been shown by Babin et al. (in
press) that the relative contribution of phytoplankton and
nonalgal particles to absorption was significant in all case 2
regions during the COAST,OOC experiments (see their Ta-
ble 7). For our case 1 water samples, the bp(l) : ^bp& spectrum
is obviously affected by absorption with clear minima within
the main phytoplankton pigment absorption bands (Fig. 3a).
Such scattering reduction is typical for particle populations
dominated by phytoplankton (e.g., Stramski et al. 2001). The
simulated algal bp(l) : ^bp& spectrum (Figs. 9a and 11a) for j
5 3.6 nicely reproduces the averaged spectrum for case 1
waters.
The examined case 2 waters, where a phytoplanktonic

population coexists with a mineral suspension, cannot be
directly compared to hypothetical scattering spectra com-
puted for pure mineral suspensions. However, the averaged
bp(l) : ^bp& spectrum for case 2 waters is very close to that
computed for pure minerals, with a Junge exponent of 3.4,
although some prints of algal pigments are apparent (Fig.
11b). If the geographic regions are considered separately
(Fig. 3a), specific features of the scattering spectra [also re-
vealed in the √p(l) spectra in Fig. 3c] can be explained. The
√p(l) spectra for the Baltic and the North Sea exhibit a drop
in the blue, which is compatible with the absorption budget
presented in Babin et al. (in press) and with the observation
of high yellow substance content, probably partly associated
with the particles.
The average bp(l) : ^bp& spectra found by Barnard et al.

(1998) and Gould et al. (1999) were slightly different from
the ones reported here. While Barnard et al. data seem to be
representative of phytoplankton-dominated waters, the steep
increase in Gould et al. data toward the blue suggests that
mineral particles dominated their samples (Fig. 3b).
It is worth noting that our observations of small spectral

variations in bp(l), together with the absence of particulate
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Bishop (1999)

Good correlation with total particle volume, and particulate organic carbon.

Peterson (1977) 



Lower attenuation/mass in high SPM settings 
(SPM = suspended particulate matter)

Hill et al., 2011



What is the typical distribution of the beam 
attenuation?



What is the typical distribution of the beam 
attenuation?

Boss et al., 2013 – based on Gardner et al.



Typical distribution

Kitchen and Zaneveld, 1990



Single wavelength beam attenuation and 
biogeochemistry:

Found to correlate well with:

• Total suspended mass
• Particulate organic carbon
• Particulate volume
• Phytoplankton pigments in areas where the mixed layer is 

stable and light relatively constant.



Beam attenuation: proxies and 
applications
• Particle size distribution from cp spectral slope
• Particle composition and species succession
• Response of cp during particle 

aggregation/disaggregation
• Biological rates from diel cycles in cp



Cext/volume is sensitive to the wavelength 
of measurement:

The particle size where the maximum occurs, and the 
width of the peak, changes between blue to red 
wavelengths.  Spectral cp contains size information!



Mie Theory (homogenous spheres):

Volz (1954): For non-absorbing particles of the same n and 
a power-law distribution from Dmin=0 to Dmax=¥,
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Beam-c and PSD relation (more tomorrow):



Boss et al., 2001
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Roesler and Boss, 2008, Ch. 5, Habwatch

Particulate attenuation 
spectral slope as a tool to 
study particle composition 
and species succession:

IOP data from z = 3 m

Phytoplankton type a1ɸ is 
inferred to be high-light 
adapted, a2ɸ is low-light 
adapted



How would you expect beam 
attenuation coefficients to 
compare between aggregates 
and the disaggregated primary 
particles (with mass 
concentration held constant)?

Aggregates

Boss et al., 2009, Slade et al., 2010, 2011
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Siegel et al., 1989

+relevant work by many others

Diel cycles in beam attenuation
(at 20 m, from CTD profiles 8x/day)



Summary:

• Beam attenuation is a robust, relatively 
straightforward measurement with 
numerous applications

• ... but caveats to be aware of include 
acceptance angle effects, reference 
materials, dark signal removal


