
Tuesday lectures 
Absorp1on theory and 
measurements

Tuesday lab:  absorption 
measurements without 
particles

Wednesday lab:  
absorption measurements 
with particles

Thursday lab:  scattering 
and beam attenuation 
measurements

Friday lab:  fluorescence 
measurements

Wednesday lectures:  
Scattering, beam 
attenuation, and particle 
size

Friday:  Phytoplankton 
and fluorescence

Class context:  Week 1 roadmap – Inherent optical properties

Welcome, introduc1ons,  
and overview

Monday lab: Playing with 
light (building intuition)

Thursday lectures: 
Regroup, then intro to 
particle size distributions



Absorption, part 2

• Beer-Lambert-Bouguer Law
• Conceptual
• Realistic

• Survey of measurement techniques
• Lab overview



Beer’s Law

• Bouguer and Lambert:  Light decays exponentially through a medium
𝐿 𝑟 = 𝐿 0 𝑒!"($)

 where L is the radiance, r the pathlength, and a is the absorption coefficient.

• Beer:  The decay coefficient of the exponential decrease is proportional to the concentration of 
the absorbing substance

𝑎 = 𝑎∗×𝐶

where a* is the concentration-specific absorption coefficient and C is the concentration of 
the absorbing substance.  

• If there are multiple absorbing substances, we can simply sum them up:

𝑎 =)
'

𝑎'∗×𝐶'

... or Beer-Lambert-Bouguer law – see Mobley et al. 2022, p. 357 footnote for historical dates



Deriving Beer’s Law
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with a change of direction. Either of these processes is called scattering.
The absorption and scattering properties of a medium such as sea water are described

by its inherent optical properties, or IOPs. IOPs are optical properties of the medium
and do not depend on the ambient light field. That is, a volume of water has well
defined absorption and scattering properties whether or not there is any light there to be
absorbed or scattered. This means that IOPs can be measured in the laboratory on a water
sample, as well as in situ in the ocean.

3.0.1 Conceptual Definitions of IOPs

The absorption coe�cient is the fundamental IOP that describes how a medium absorbs
light. The volume scattering function likewise describes how the medium scatters light. If
you know these two IOPs, then you know everything there is to know about the medium
interacts with unpolarized light. Other IOPs are sometimes convenient, and they can be
defined in terms of the absorption coe�cient and the volume scattering function. Figure
3.1 is the key to defining the IOPs.

Figure 3.1: Geometry used to define in-
herent optical properties.

Consider a small volume �V of water, of thickness �r, illuminated by a collimated
beam of monochromatic light of spectral radiant power at some wavelength �, �i(�) in
W nm�1, as illustrated in Fig. 3.1. Some part �a(�) of the incident power �i(�) is absorbed
within the volume of water. Some part �s(�, ) is scattered out of the beam at an angle
 , and the remaining power �t(�) is transmitted through the volume with no change in
direction. Let �s(�) be the total power that is scattered into all directions. Furthermore,
assume that the light does not undergo a change in wavelength during the scattering
process. Then by conservation of energy,

�i(�) = �a(�) + �s(�) + �t(�) .

The absorptance A(�) is the fraction of incident power that is absorbed within the
volume:

A(�) , �a(�)

�i(�)
. (3.1)

Likewise, the scatterance B(�) is the fractional part of the incident power that is scattered
out of the beam into all directions,

B(�) , �s(�)

�i(�)
, (3.2)

Consider a volume of water with thickness Dr
and incident radiance Fi (everything is a 
function of wavelength, not written for brevity)

Fa is the radiance absorbed in the volume
Fs(Y) is the radiance scattered into angle Y
Ft is the radiance transmitted through the 
volume

Conservation of energy:  
Fa 

+ Fs 
+ Ft  = Fi

Now assume (for now) that there is no scattering
so Fa = Fi - Ft 

Figure:  Mobley et al. 2022, The Oceanic Optics Book, Fig. 3.1
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A(�) , �a(�)
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Likewise, the scatterance B(�) is the fractional part of the incident power that is scattered
out of the beam into all directions,

B(�) , �s(�)

�i(�)
, (3.2)

We define the absorption coefficient as the fractional radiance 
loss per unit distance through the volume. 

𝑎 = lim
∆"→$

−∆ (Fi − Ft Φ%
∆𝑟

=
− 𝑑ΦΦ
𝑑𝑟

Now we can rearrange the above expression 

𝑎	𝑑𝑟 =	- ()
)

and integrate both sides

,
*

$
𝑎	𝑑𝑟 = 	,

0

$ 1
F
𝑑F
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A(�) , �a(�)

�i(�)
. (3.1)
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B(�) , �s(�)

�i(�)
, (3.2)

Integrating... 

,
*

$
𝑎	𝑑𝑟 = −,

0

$ 1
F
𝑑F

𝑎 𝑟 − 0 = − ln F 𝑟 − ln F(0)  

Simplify left-hand side, substitute actual F values in 
right-hand side:

𝑎𝑟 = − ln F𝑡 − ln F𝑖

and solve for a

𝑎 = −
lnF𝑡
F𝑖
𝑟

equivalently: F𝑡 = Fi exp(-ar)

Units?



Other names and symbols...

• We just derived the absorption coefficient
 

𝑎 = −
lnF𝑡
F𝑖
𝑟

• Spectrophotometers (such as you will use this afternoon) often report 
Absorbance (A), where

𝐴 = − log34
F𝑡

F𝑖
a	=	ln(10)	*	A	/	r	
=	2.303	*	A/r	

[m-1]

Units?

Note that sometimes A is also called “optical density” or OD.



OK, but what about scattering?  We want to 
measure real samples, in real instruments!

• Option 1:  Remove the scatterers 
from the sample

• Option 2:  Collect (nearly) all of the 
scattered light and measure a 
known fraction of it

• Option 3: Make well-justified 
assumptions about the scattered 
light and apply a correction
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B(�) , �s(�)

�i(�)
, (3.2)



Absorption measurements when scattering is negligible

• Benchtop spectrophotometry
• Double beam and single beam 

configura9ons

Figure:  https://www.ssi.shimadzu.com/service-support/faq/uv-
vis/instrument-design/25/index.html

1. Measure transmittance by both the 
sample and a reference (what 
should it be?)

2. Compute the sample absorbance 
by difference

Acorr = Asamp – Aref 
        = -log10(Ft,samp/Ft,ref)



Absorption measurements when scattering is negligible

• Benchtop spectrophotometry
• Double beam and single beam 

configuration
• Pathlength through sample

https://www.ssi.shimadzu.com/service-support/faq/uv-vis/cuvettes/1/index.html

Recall that A = -log10(Ft/F0)

How will the 
spectrophotometer’s 
measurement of A change if 
the pathlength is large?  
If it is small?

Rule of thumb:  A should be between ~0.1-0.4.  Outside this 
range, the sample must be diluted or the pathlength changed.



Absorp4on measurements when sca5ering is negligible

• Benchtop spectrophotometry
• Double beam and single beam 

configuration
• Pathlength through sample

Figure:  Pàscoa et al, 2012. 10.1016/j.aca.2012.05.058

Liquid core waveguide (aka Liquid Waveguide 
capillary cell)

Measure small sample volumes (mL) in 
pathlengths of 0.5 m or longer

Very sensitive to bubbles, particles, careful 
cleaning required (eg., Floge et al. 2009, 
10.4319/lom.2009.7.260)



Absorption measurements when 
scattering is not negligible (and/or ap is 
of interest)
• Collect all (or nearly all) of the scattered light 

inside an integrating sphere with reflective 
inner surface.  Measure a known fraction.

• What is the pathlength traveled by the light?
• Measure Fa = Fi – (Fs + Ft)
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https://www.trios.de/en/oscar.htmlhttps://sunstonesci.com/product/psicam h3ps://www.sequoiasci.com/product/hyper-a/
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Filter-pad absorption measurements5.5. BENCHTOP SPECTROPHOTOMETRY 167

Figure 5.16: Diagrammatic representation of the geometric pathlength of the filtered sam-
ple. Vfilt is the filtered volume, de↵ is the diameter of the circular distribution of particles
on the filter, and is used to compute the e↵ective area, areae↵ . The volume filtered can
be expressed as a cylinder of area areae↵ and length, `. The geometric pathlength of the
sample is `.

Figure 5.17: Relationship between paired samples measured in suspension in a cuvette
mounted inside the integrating sphere (ODs) versus that measured on the filter pad: A.
mounted inside the integrating sphere (ODf ), B. measured in transmission mode. From
Stramski et al. (2015). C. Relationship between filters measured in transmission mode
compared to filters measured inside the integrating sphere (C. Roesler, unpub. data).

on the filter pad:

a = 2.303
0.323Abs1.0867f

Vfilt

⇡r2
e↵

.

Historically, the QFT was employed measuring the filters in transmission mode (as
in Fig. 5.14, with the cuvette replaced by the filter). In addition to the pathlength
amplification within the filter, there was an additional error associated with the loss of
nearly half the incident radiant power scattering in the backward direction (away from
the detector). The correction for both the scattering loss and pathlength amplification
are determined from paired suspension measurements in internally-mounted cuvettes in
the integrating sphere and filtered particles on filtered configured in transmission mode,

Figure, C. Roesler, in Mobley et al. 2022, The Oceanic Optics Book

• Determine the geometric pathlength 
from the volume filtered and the area of 
the filter that the sample passed 
through

• Put the filter over the detector port of 
the spectrophotometer, at the 
entrance/exit of an integrating sphere, 
or in the center of an integrating sphere, 
and measure the absorbance.

• Also measure and subtract the 
absorbance of a similarly-moistened 
blank filter.  Collect blank scans in 
triplicate to estimate uncertainty.

• Is simply subtracting the absorbance 
(which is mostly scattering...) of a blank 
filter sufficient?
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the transmittance through the filter pad with particles is measured relative to the transmittance through a 
blank filter (Kiefer and SooHoo 1982).  

In the transmittance mode, a large portion of the incident light is not detected; and although this is 
mostly corrected for by the reference through a blank filter, the difference in scattered loss for a blank filter 
is not the same as for a filter with embedded particles. This error in uncorrected scattering loss is generally 
lumped into the pathlength amplification factor, β, the so-called “beta correction factor”, which 
theoretically should only correct for the increases in the optical pathlength compared to the geometric 
pathlength through the absorbing particles (Roesler 1998).  
Consensus: As spectrophotometric technology has improved, including the implementation of integrating 
spheres, the disadvantages of the filter pad approach are declining and the uncertainty in filter pad 
absorption approaches are improving. In the following sections, the three basic configurations for 
determining particulate absorption from filter pads are described and configuration-specific protocols are 
outlined (Fig. 5.1). It is now recognized that the internally-mounted integrating sphere approach (IS-mode) 
is superior to either the transmittance mode (T-mode) or the transmittance-reflectance mode (T-R-mode) 
in terms of accuracy, precision, labor, and sample handling. If the filter pad technique is used as a stand-
alone method of measurement, then the use of IS-mode is recommended whenever feasible. However, the 
vast historical data sets were primarily collected using the T-mode and not every research group has access 
to the more expensive integrating sphere accessories. Thus, it is critical to continue providing protocols 
that maximize the quality of data collected while providing clear methods for identifying the sources of 
errors and quantifying the uncertainties that do exist. For example, it has long been recognized that the 
uncertainties associated with the pathlength amplification in the filter pad technique are somewhat 
dependent on the sample type or composition of particulate assemblage. Thus, one possible avenue for 
reducing these uncertainties in the filter pad measurements, regardless of which mode of measurement is 
used (T, T-R, or IS), is to address the pathlength amplification and potential scattering offsets (the latter 
being particularly important for the T-mode) on a sample by sample basis. Recent work by Lefering et al. 
(2016) compared the concurrent measurements with the filter pad technique and point-source integrating 
cavity absorption meter (PSICAM), which were made essentially on the same samples. This study showed 
that such an approach applied on a sample by sample basis may lead to improved corrections for pathlength 
amplification and scattering offsets in filter-pad absorption measurements, including the inferior T-mode 
that is particularly sensitive to scattering artifacts and related errors.  

 
Figure 5.1. Spectrophotometric configurations for determining filter pad optical density: (a) transmittance mode (T-mode), (b and c) 
transmittance and reflectance mode measured with an integrating sphere with externally mounted samples (T-R-mode); (d) internally 
mounted sample in integrating sphere (IS-mode). Open arrow indicates incident beam, black arrows indicate beams scattered from 
filter, grey cone indicates detector for the generalized model. 

5.2 Sample Collection and Handling 
Water samples are collected using clean Niskin bottles (with non-reactive internal tubing). One large 

and uncorrectable source of error in the measurement is the preferential settling of particles with time as 
subsamples are collected from the Niskin bottles. Thus, each bottle should be transferred in its entirety to 
a large volume carboy protected from light and heat during subsampling. Particles are to be kept in 
suspension while subsampling by careful but vigorous swirling of the carboy. Swirling three times 
clockwise, followed by three times counter clockwise, followed by three times clockwise effectively 
resuspends sinking particles. The reversal of swirling direction is critical as it provides the chaotic mixing 
motion that is necessary to avoid a non-uniform distribution of particles due to centrifugal forces that 
results from uniform swirling. This resuspension method is also necessary in the sample bottle prior to 
measuring out the filtration volume. Sample bottles should never be shaken. 

Place a set of filters into the filtration manifold. A sample volume sufficient to obtain an optical density 
value of 0.1 to 0.4 within the wavelength range of interest is required, for example 400 to 700 nm, 

Figure:  Roesler et al., “Chapter 5: Spectrophotometric Measurements of Particulate Absorption 
Using Filter Pads”, in Neeley et al., 2018.  doi:10.25607/OBP-119



Filter-pad absorption 
measurements

 

 51 

the transmittance through the filter pad with particles is measured relative to the transmittance through a 
blank filter (Kiefer and SooHoo 1982).  

In the transmittance mode, a large portion of the incident light is not detected; and although this is 
mostly corrected for by the reference through a blank filter, the difference in scattered loss for a blank filter 
is not the same as for a filter with embedded particles. This error in uncorrected scattering loss is generally 
lumped into the pathlength amplification factor, β, the so-called “beta correction factor”, which 
theoretically should only correct for the increases in the optical pathlength compared to the geometric 
pathlength through the absorbing particles (Roesler 1998).  
Consensus: As spectrophotometric technology has improved, including the implementation of integrating 
spheres, the disadvantages of the filter pad approach are declining and the uncertainty in filter pad 
absorption approaches are improving. In the following sections, the three basic configurations for 
determining particulate absorption from filter pads are described and configuration-specific protocols are 
outlined (Fig. 5.1). It is now recognized that the internally-mounted integrating sphere approach (IS-mode) 
is superior to either the transmittance mode (T-mode) or the transmittance-reflectance mode (T-R-mode) 
in terms of accuracy, precision, labor, and sample handling. If the filter pad technique is used as a stand-
alone method of measurement, then the use of IS-mode is recommended whenever feasible. However, the 
vast historical data sets were primarily collected using the T-mode and not every research group has access 
to the more expensive integrating sphere accessories. Thus, it is critical to continue providing protocols 
that maximize the quality of data collected while providing clear methods for identifying the sources of 
errors and quantifying the uncertainties that do exist. For example, it has long been recognized that the 
uncertainties associated with the pathlength amplification in the filter pad technique are somewhat 
dependent on the sample type or composition of particulate assemblage. Thus, one possible avenue for 
reducing these uncertainties in the filter pad measurements, regardless of which mode of measurement is 
used (T, T-R, or IS), is to address the pathlength amplification and potential scattering offsets (the latter 
being particularly important for the T-mode) on a sample by sample basis. Recent work by Lefering et al. 
(2016) compared the concurrent measurements with the filter pad technique and point-source integrating 
cavity absorption meter (PSICAM), which were made essentially on the same samples. This study showed 
that such an approach applied on a sample by sample basis may lead to improved corrections for pathlength 
amplification and scattering offsets in filter-pad absorption measurements, including the inferior T-mode 
that is particularly sensitive to scattering artifacts and related errors.  

 
Figure 5.1. Spectrophotometric configurations for determining filter pad optical density: (a) transmittance mode (T-mode), (b and c) 
transmittance and reflectance mode measured with an integrating sphere with externally mounted samples (T-R-mode); (d) internally 
mounted sample in integrating sphere (IS-mode). Open arrow indicates incident beam, black arrows indicate beams scattered from 
filter, grey cone indicates detector for the generalized model. 

5.2 Sample Collection and Handling 
Water samples are collected using clean Niskin bottles (with non-reactive internal tubing). One large 

and uncorrectable source of error in the measurement is the preferential settling of particles with time as 
subsamples are collected from the Niskin bottles. Thus, each bottle should be transferred in its entirety to 
a large volume carboy protected from light and heat during subsampling. Particles are to be kept in 
suspension while subsampling by careful but vigorous swirling of the carboy. Swirling three times 
clockwise, followed by three times counter clockwise, followed by three times clockwise effectively 
resuspends sinking particles. The reversal of swirling direction is critical as it provides the chaotic mixing 
motion that is necessary to avoid a non-uniform distribution of particles due to centrifugal forces that 
results from uniform swirling. This resuspension method is also necessary in the sample bottle prior to 
measuring out the filtration volume. Sample bottles should never be shaken. 

Place a set of filters into the filtration manifold. A sample volume sufficient to obtain an optical density 
value of 0.1 to 0.4 within the wavelength range of interest is required, for example 400 to 700 nm, 

Figure:  Figure:  Roesler et al., “Chapter 5”, in Neeley et al., 2018.  
doi:10.25607/OBP-119

Is simply subtracting the absorbance (which is 
mostly scattering...) of a blank filter sufficient?
• There is additional scattering off the filter 

fibers which causes pathlength 
amplification.

• Even after subtracting the absorbance of 
the blank, pathlength amplification still 
increases the probability of absorption 
relative to the same sample in suspension

there are also some noticeable differences between the methods.
The best error statistics are for the IS method, and the largest
errors are for the T method. For example, MR for the IS
method is 1.011 which corresponds to a very small positive bias
of only 1.1%. For the T method, it is 0.967 (negative bias of
3.3%). A similar tendency is observed for MPD which is
7.13% for the IS method and 8.84% for the T method. It
is important to re-emphasize that these statistics are based
on the comparison of predicted values of ODs with the mea-
sured values of ODs which were used for fitting the functions.
This certainly resulted in some error reduction compared with

the errors expected from similar analysis with independent data
of measured ODs. This is supported by additional error statis-
tics presented in Table 5 (the numbers in parenthesis) for the T
and T-R methods, which are based on the comparison of ODs
predicted from the power functions established in EXPT1 with
the measuredODs from EXPT2 [Figs. 8(a) and 8(c)]. Although
the independent data of T and T-R measurements from
EXPT2 are rather limited in size, they provide clear evidence
for higher predictive uncertainty of our recommended power
function fits from EXPT1, especially for the T method.
For this method the bias increased to approximately −27%
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Fig. 9. Comparison of the relationships betweenODs andODf obtained in this study with other relationships in the literature: (a)ODf obtained
with the T method; (b) ODf obtained with the T-R method; (c) ODf obtained with the IS method.

Table 5. Error Statistics for the Comparison of Measured ODs with ODs Computed Using the Fitted Power Functions
Shown in Table 4a

Method MB MR SIQR MPD (%) RMSD N

T −0.00023 0.967 0.0864 8.84 0.00826 11137
(−0.01153) (0.734) (0.2012) (26.64) (0.01535) (1806)

T-R −0.00018 0.980 0.0769 7.07 0.00682 11137
(−0.00223) (0.998) (0.1037) (9.14) (0.00998) (1806)

IS 0.00002 1.011 0.0700 7.13 0.00351 5117
aStatistics for the T and T-R methods are computed from EXPT1, and for the IS method data from EXPT2 are used. For the T and T-R methods, the numbers in

parentheses represent the error statistics when the power function determined from EXPT1 is applied to independent measurements made in EXPT2. MB represents
the mean bias calculated as the average difference between observed (Oi) and predicted (Pi) values of ODs. MR represents the median ratio of Pi∕Oi, and SIQR is the
semi-interquartile range of this ratio calculated as SIQR ! "Q3 −Q1#∕2, where Q1 is the 25th percentile and Q3 is the 75th percentile. MPD is the median absolute
percent difference representing the median of the individual absolute percent differences, PDi ! 100"jPi −Oij∕Oi#. RMSD is the root mean square deviation and
calculated as $1∕"N # × ΣN

i!1"Pi − Oi#2%1∕2. N is the number of observations used in computing the error statistics.
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Figure:  Stramski et al. 2015, 10.1364/AO.54.006763 

Solution:  Apply an empirical correction relating 
A on the filter pad to A in suspension. 

without regard to light wavelength. This wavelength-indepen-
dent approach is also used in our analysis presented below.

Figure 7 depicts the ODs versus ODf relationships based on
data collected in EXPT1 for the T and T-R methods of the
filer-pad technique. For each method, the results are presented
for two configurations of ODs measurements, i.e., the particle
suspensions placed inside the integrating sphere and outside the
sphere. The presented data are from the 400–700 nm spectral
range, and the different categories of samples examined in
EXPT1 are shown in different colors. The main goal of exam-
ining such data is to establish the best fitting function repre-
senting the relationship of ODs versus ODf (Eq. (2)] for
subsequent use in the pathlength amplification correction.
Smaller scatter in the data points of ODs versus ODf implies
smaller uncertainties in pathlength amplification correction.
The data points exhibit generally considerable scatter between
the examined samples for the four methodological scenarios
presented in Fig. 7. However, there are also significant
differences in the extent of this scatter between the scenarios.
Specifically, there is a much smaller scatter in data points for
ODs measurements made on particle suspensions placed inside
the integrating sphere compared with the outside-sphere mea-
surements. This result is well-pronounced regardless of whether
ODf was measured with the T method [Figs. 7(a) and 7(b)] or
T-R method [Figs. 7(c) and 7(d)]. For example, for the ODf
value of 0.2 obtained with the T method, the range of ODs
expressed as a ratio of maximum to minimum value is 1.69
for the inside-sphere and 1.82 for the outside-sphere measure-
ments. For the same ODf but obtained with the T-R method,
the respective ratios are 1.41 and 1.86.

These results highlight the critical importance of making the
reference measurements on particle suspensions with the best
possible geometric configuration such as our inside-sphere con-
figuration and attest to potentially severe limitations in most
historical determinations of ODs versus ODf relationships,
which were developed for the T method using a poor geomet-
rical configuration of measurements on particle suspensions,
more or less similar to our outside-sphere configuration. Note
also that the scatter in data points of ODs versus ODf can be
reduced if ODf measurements are made with the T-R method

as compared with the T method. This result is evident for the
inside-sphere configuration of ODs measurements [Figs. 7(a)
and 7(c)] but not clearly discernible when ODs was measured
with the inferior outside-sphere configuration [Figs. 7(b) and
7(d)]. Because it is the inside-sphere measurement that provides
the best determinations of ODs, our results support a general-
ized conclusion that the T-R method is superior to the T
method in terms of producing more robust relationship be-
tween ODs and ODf . This conclusion is consistent with find-
ings in previous studies [27,32,38].

The data in Figs. 7(a) and 7(c) provide a basis for establish-
ing the best fitting functions ODs ! f "ODf # for the T and
T-R methods, respectively. The quadratic function of the form
ODs ! C1ODf $ C2OD2

f , where C1 and C2 are the best fit
coefficients determined from the regression analysis, was used
in most previous studies [e.g., 24,26,49–52,64–66]. The use of
a power function ODs ! k ODκ

f , where the best fit coefficients
are denoted by k and κ, was also shown to provide an adequate
approach in the study of [9]. By applying nonlinear regression
analysis (a standard Levenberg–Marquardt algorithm built into
MATLAB software package, MathWorks) we examined both
types of functions for fitting the data in Figs. 7(a) and 7(c).
The fitted functions and the statistical parameters characteriz-
ing the goodness of fit are presented in Table 4. The fit with the
power function is slightly better than the quadratic function so
our recommendation with regard to pathlength amplification
correction of the filter-pad measurements with the T and T-R
methods is to use the power functions. These functions are also
plotted in Figs. 7(a) and 7(c). We note that these functions were
calculated for the range of ODf extending to about 0.5 but in
practice it is most desirable to work within the range below 0.4.

Figure 8 depicts the ODs versus ODf relationships for data
within the visible spectral range obtained with different meth-
odological scenarios in EXPT2. These data re-emphasize the
shortcomings of measuring ODs outside the integrating sphere
and clearly demonstrate that the use of optimal inside-sphere
measurements of ODs results in higher quality of relationships
between ODs and ODf for all three methods of the filter-pad
technique, T [Figs. 8(a) and 8(b)], T-R [Figs. 8(c) and 8(d)],
and IS [Figs. 8(e) and 8(f )]. In particular, whereas the variations

Table 4. Fitted Functions and Goodness-of-Fit Statistics for the Relationship between Optical Density Measured on
Suspensions (ODs ) and on Glass-Fiber Filters (ODf )a

Method and Function R2 RMSE MNB (%) NRMS (%) N

T method
ODs ! 0.679 OD1.2804

f 0.982 0.00826 −2.38 19.46 11137
ODs ! 0.322 ODf $ 0.506 OD2

f 0.981 0.00847 10.89 24.42 11137
T-R method
ODs ! 0.719 OD1.2287

f 0.988 0.00682 −2.71 18.56 11137
ODs ! 0.388 ODf $ 0.496 OD2

f 0.987 0.00710 9.23 21.86 11137
IS method
ODs ! 0.323 OD1.0867

f 0.985 0.00351 1.44 12.09 5117
ODs ! 0.256 ODf $ 0.111 OD2

f 0.985 0.00358 4.32 13.25 5117
aData from EXPT1 were used for fitting equations and computing statistics for the T and T-R methods, and data from EXPT2 were used for the IS method.

Measurements ofODs were all obtained with the particle suspensions placed inside the integrating sphere. All functions and goodness-of-fit statistics are calculated over
the wavelength range 400–700 nm. R2 is the coefficient of determination, and RMSE is the root mean square error between observed (Oi) and predicted (Pi) values of
ODs calculated as %1∕"N − m# × ΣN

i!1"Pi − Oi#2&1∕2. MNB is the mean normalized bias in percent, calculated as 100∕N × ΣN
i!1"Pi −Oi∕Oi#. NRMS represents the

normalized root mean square error (in percent) calculated as f100∕"N − 1# × ΣN
i!1%"Pi − Oi#∕Oi −MNB∕100&2g1∕2. N is the number of paired observations used in

computing the error statistics, and m the number of coefficients in the fit.

6776 Vol. 54, No. 22 / August 1 2015 / Applied Optics Research Article



Reflecting-tube absorption & attenuation meters
• Measure absorption and beam attenuation 

simultaneously.  Use the beam attenuation measurement 
to correct for undetected scattered light in the absorption 
measurement.  Compute scattering by difference.

• Absorption measured in a cylinder with reflective interior 
and a diffuser in front of the detector.  Only light scattered 
through angles > ~42° is lost.

• Attenuation measured in a cylinder with black, non-
reflective walls and a detector with a narrow field of view
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with a change of direction. Either of these processes is called scattering.
The absorption and scattering properties of a medium such as sea water are described

by its inherent optical properties, or IOPs. IOPs are optical properties of the medium
and do not depend on the ambient light field. That is, a volume of water has well
defined absorption and scattering properties whether or not there is any light there to be
absorbed or scattered. This means that IOPs can be measured in the laboratory on a water
sample, as well as in situ in the ocean.

3.0.1 Conceptual Definitions of IOPs

The absorption coe�cient is the fundamental IOP that describes how a medium absorbs
light. The volume scattering function likewise describes how the medium scatters light. If
you know these two IOPs, then you know everything there is to know about the medium
interacts with unpolarized light. Other IOPs are sometimes convenient, and they can be
defined in terms of the absorption coe�cient and the volume scattering function. Figure
3.1 is the key to defining the IOPs.

Figure 3.1: Geometry used to define in-
herent optical properties.

Consider a small volume �V of water, of thickness �r, illuminated by a collimated
beam of monochromatic light of spectral radiant power at some wavelength �, �i(�) in
W nm�1, as illustrated in Fig. 3.1. Some part �a(�) of the incident power �i(�) is absorbed
within the volume of water. Some part �s(�, ) is scattered out of the beam at an angle
 , and the remaining power �t(�) is transmitted through the volume with no change in
direction. Let �s(�) be the total power that is scattered into all directions. Furthermore,
assume that the light does not undergo a change in wavelength during the scattering
process. Then by conservation of energy,

�i(�) = �a(�) + �s(�) + �t(�) .

The absorptance A(�) is the fraction of incident power that is absorbed within the
volume:

A(�) , �a(�)

�i(�)
. (3.1)

Likewise, the scatterance B(�) is the fractional part of the incident power that is scattered
out of the beam into all directions,

B(�) , �s(�)

�i(�)
, (3.2)
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measurement, and therefore, in its ideal realization would measure only losses due by absorption as per 
Eqs. 2.1 and 2.2. 

The transmittance, absorption, scattering and reflection interaction processes that occur in a real 
reflective tube absorption meter are illustrated schematically in Fig. 2.1. A source emits collimated flux 
with a cross-sectional area slightly less than that of the reflective tube, and flux reaching the other end of 
the tube is measured by a detector behind a diffuser that covers its entire cross-sectional area. The diffuser 
is necessary to ensure the detected signal does not have any bias toward the directionality of the rays 
received at the end of the cuvette. Ray paths extending directly from the source to the diffuse detector 
indicate direct transmittance of flux. Ray paths that terminate within the water volume enclosed by the 
tube indicate absorbed flux. In natural waters, a large fraction of scattered photons is only slightly deflected 
in the near forward direction (Fig. 2.1) and proceeds directly to the large-area detector without 
encountering the tube walls. Ray paths with larger scattering angles may encounter the water-quartz 
interface, where refraction and reflection take place; the refracted portion is transmitted to the outer quartz-
air interface, where another refraction and reflection interaction occurs. For simplicity in this conceptual 
discussion, we do not consider multiple reflection and refractive transmittance interactions within the thin 
quartz layer. Ray paths containing a scattering angle less than the critical angle  associated with total 
internal reflection (TIR) at the outer quartz-air interface, are totally reflected on each encounter with the 
tube wall and are transmitted to the detector over a slightly elongated path; for a quartz reflective tube, 

, and thus the total internal reflectance represents a large fraction of all flux scattered by particles.  

Flux transmitted along ray paths with a scattering angle in the range  undergoes partial 

transmittance losses  at each encounter with the reflectance tube, with the reflected portion 
continuing over a zig-zag path until either reaching the detector or disappearing due to attenuation by 
absorption and transmission losses in multiple encounters with the tube wall. Flux along ray paths 

containing a scattering angle , i.e. backscattered flux, is generally lost from the forward 

transmittance altogether.  

 

 
Figure 2.1.  Schematic illustration of light interactions and transmission in a reflective tube absorption meter.  Ray paths ending in 
the water represent absorption, and those extending directly from the source to diffuse detector represent beam transmittance.  
Other ray paths indicate scattering interactions: 1) backward scattered paths do not reach the detector, 2) paths with forward 
scattering at an angle less than the critical angle, i.e. , experience total internal reflection by the tube and reach the 

detector over an elongated optical path, and 3) forward scattered ray paths at angles in the range  experience partial 

losses from the tube at the quartz-air interface, and may or may not reach the detector depending on whether the internally reflected 
path survives the absorption process. Light paths reflecting off windows at the end of the tube are not shown for clarity. 
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Figure:  Twardowski et al., “Ch. 2: Reflective Tube Absorption Meters”, in Neeley et 
al., 2018.  doi:10.25607/OBP-119
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Figure 3.7: Geometry for measure-
ment of beam attenuation c.

or

c dr = �d�

�
, (3.20)

where the minus sign accounts for d� being negative, whereas all other quantities are
positive. Assuming that the medium within the slab is uniform, so that c is independent
of r, we can integrate Eq. 3.20 from r = 0 to r = R, which corresponds respectively to
powers �i and �t. This gives

Z
R

0
c dr = cR = �

Z �t

�i

d�

�
= � ln

✓
�t

�i

◆
,

which can be rewritten as

c = � 1

R
ln

✓
�t

�i

◆
. (3.21)

This equation gives the beam attenuation coe�cient in terms of the measurable incident
and transmitted powers and the finite thickness of the slab.

Equation (3.21) is the key to measuring the beam attenuation. However, there are
additional subtleties in this measurement related to the instrument design, which is shown
in more detail in Fig. 3.8. The development above implicitly assumed that the incident
light was perfectly collimated (all light rays travel in exactly the same direction) and that
the detector omits all scattered light. Neither requirement can be fully satisfied in a real
instrument. Even a laser beam has some divergence, and any detector has a finite field
of view (FOV) or acceptance angle. If the detector FOV is 1 deg, for example, then the
detector will detect rays that have been scattered by 1 deg or less, as well as unscattered
light. This undesired detection of scattered light will make the transmitted power too

Figure 3.8: Schematic instrument design for measurement of the beam attenuation coef-
ficient c. �s represents the power scattered into all directions, as indicated by the red
arrows.

Figures 3.8-3.9, Mobley et al. 2022, The Oceanic Optics Book
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large, and thus c too small. The magnitude of this error depends both on the detector
FOV and on the volume scattering function of the water, which determines how much
light is scattered through angles smaller than the FOV. Although these errors in beam
attenuation measurements have been studied in many papers (see, most recently, Boss
et al. (2009b) and references therein), it is di�cult to correct for the error in a particular
measurement because the VSF is usually unknown, especially at very small scattering
angles. Unfortunately, as Boss et al. show, the di↵erences in c values as measured by
di↵erent instruments can be tens of percent. Indeed, Boss et al. end their paper with
the comment, “We conclude that more work needs to be done with the oldest (in terms
of availability of commercial in-situ instruments) and simplest (so we thought...) optical
property, the beam attenuation.”

3.3.2 Measuring The Absorption Coe�cient

If there were no scattering, then the instrument design used to measure beam attenuation
would give the absorption coe�cient a. However, at least some scattering is always present
in sea water, which requires modification of the instrument design shown in Fig. 3.8. When
measuring a, any light lost from the beam because of scattering will be attributed to a loss
of light due to absorption. Thus it is desirable that the detector collect as much scattered
light as possible. Because most scattering is through small angles, a common instrument
design is to use as large a detector as possible at the end of the measurement chamber to
collect forward scattered light. Such an instrument is shown schematically in Fig. 3.9.

Figure 3.9: Schematic instrument design for measurement of the absorption coe�cient a.
�s(>FOV ) represents the power lost to the detector by scattering into angles greater than
the detector field of view.

An instrument of this design typically collects light forward scattered through angles
of a few tens of degrees (depending on the design of the particular instrument), which
does account for most of the scattered light. However, some light is still lost “out the
side” of the instrument by scattering though larger angles, as represented by �s(>FOV )
in the figure. To get an accurate absorption measurement, it is necessary to perform
a scattering correction, i.e., to estimate �s(>FOV ) and to account for this loss when
computing a. The equation for computation of a then becomes

a = � 1

R
ln

✓
�t + �s(>FOV )

�i

◆
. (3.22)

Absorpeon tube schemaec
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absorption coefficient of the natural water medium (hydrosol) of interest (Section 2.1), the two pathlength 
choices for ac devices are theoretically optimal for water with 10-m-1 and 4-m-1 absorption, respectively. 
The vast majority of coastal and open ocean waters exhibit absorption coefficients far lower than these 
values; in fact, open ocean absorption values in the green part of the visible are typically one to two orders 
of magnitude lower than the 4-m-1 value. However, 20-m pathlengths are impractical for routine in situ 
measurements. Adequate signal-to-noise is nonetheless achievable using a 25-cm pathlength due to 
advances in A/D conversion and stable, quiet electronics over the past several decades. Acceptable 
accuracies are even achievable for the clearest waters on Earth with a 25-cm path (Twardowski et al. 2007; 
Claustre et al. 2007). Accuracy can be further increased by averaging over large number of measurements, 
e.g., when deploying ac-meters on moorings or in-line systems or on profiling systems with slow rates of 
descent/ascent (Slade et al. 2010).  

The ac-9 and ac-s were introduced in 1993 and 2002, respectively. Sea-Bird Scientific provides 
detailed protocols for calibrating and using this instrument, and for analyzing its data, both in the ac-9 and 
ac-s user manuals, and in a detailed protocols manual (Van Zee et al. 2002), all of which are available 
online at www.seabird.com. Additional detailed background information related to characterization, 
calibration and data analysis methods for this instrument may be found in Zaneveld et al. (1992) and 
Twardowski et al. (1999).  Here, we will briefly highlight critical aspects of the protocols that must be 
carefully followed to obtain accurate  measurements using this, or a similar, instrument in the field.  

 
Figure 2.3. Schematic illustration of the ac-9 beam attenuation and absorption meter (courtesy of Sea-Bird Scientific). 

( )a l

Reflecting-tube absorption & attenuation meters

Photo:  ac-s datasheet, 
https://www.seabird.com/asset-
get.download.jsa?id=54627862140

b = scattering 
c = beam attenuation
b = c – a

But!

Absorption is 
overestimated because 
not all the scattered light 
is detected in a-tube

Attenuation is 
underestimated because 
a little bit of scattered 
light is detected in c-tube

am(l), bm(l), cm(l) = 
measured spectra

Figure:  Twardowski et al., “Ch. 2: Reflective Tube Absorption Meters”, in Neeley et al., 
2018.  doi:10.25607/OBP-119

https://www.seabird.com/asset-get.download.jsa?id=54627862140
https://www.seabird.com/asset-get.download.jsa?id=54627862140
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Figure:  Röttgers et al., 2013. 10.1016/j.mio.2013.11.001
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Fig. 2. One randomly chosen example for each data set of the ‘true’ absorption, a, the absorption measured by the ac-9, am ,
and the results of the two ac-9 scatter correction methods flat and proportional.

for samples with the highest absorption at 715 nm (Elbe River) and the lowest for samples with the
lowest absorption at this wavelength (cultures).

Fig. 4 shows a rather good correlation between am and a at 715 nm for all of the natural samples.
A best-fit power law relationship was found using non-linear least squares minimization. This
relationship provides a simple way of estimating a715 from am715 measurements, and is expected to be
most useful when am715 >⇠ 0.1 m�1. This empirical relationship has been found to give reasonable
results for amore recently collected data set using a different ac-9 instrument and including data from
other European shelf seas. This is an important observation as it facilitates attempts to derive scatter
correction methods that do not require the assumption of zero NIR absorption.

3.4. ac-9 scatter correction

Typical results for the two scatter correction methods flat and proportional are shown in Fig. 2.
Scatter-corrected ac-9 absorption values are close to the true absorption at many wavelengths. Due
to significant non-zero absorption at 715 nm and the fact that both correction methods perform an
offset subtraction at thiswavelength, the absorption at longerwavelengths is typically and sometimes
strongly underestimated.

Correlations for the proportional-correction for each wavelength are depicted in Fig. 5. As
absorption at 715 nm is assumed to be zero for this method, there is no possible comparison for
this wavelength. There are good linear relationships for shorter wavelengths (412, 440, and 488 nm),
each of which shows a relatively small variation compared to am results, and all are near the 1:1
line. However, the proportional correction generally underestimates the absorption for wavelengths
>488 nm. At the longest wavelengths this underestimation is significant and seems to be a function
of the sample set. Strongest underestimations are found for samples from the Elbe River, and lowest
for culture samples. The correlation of the results of the flat correction (data not shown) is not
significantly different from those of the proportional correction, except for generally lower variability
in the deviations from the 1:1 line.
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line. However, the proportional correction generally underestimates the absorption for wavelengths
>488 nm. At the longest wavelengths this underestimation is significant and seems to be a function
of the sample set. Strongest underestimations are found for samples from the Elbe River, and lowest
for culture samples. The correlation of the results of the flat correction (data not shown) is not
significantly different from those of the proportional correction, except for generally lower variability
in the deviations from the 1:1 line.

• a(l) = true absorption spectrum (measured in 
suspension in an integrating sphere)

• For measured am(l), cm(l):
• temperature-salinity corrections 

performed
• pure water absorption already removed

Use the calculated scattering bm(l) to estimate 
the scattering correction e (Zaneveld, 1994).  
Assume am(lr) in the near infrared (NIR) is zero...
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Fig. 2. One randomly chosen example for each data set of the ‘true’ absorption, a, the absorption measured by the ac-9, am ,
and the results of the two ac-9 scatter correction methods flat and proportional.

for samples with the highest absorption at 715 nm (Elbe River) and the lowest for samples with the
lowest absorption at this wavelength (cultures).

Fig. 4 shows a rather good correlation between am and a at 715 nm for all of the natural samples.
A best-fit power law relationship was found using non-linear least squares minimization. This
relationship provides a simple way of estimating a715 from am715 measurements, and is expected to be
most useful when am715 >⇠ 0.1 m�1. This empirical relationship has been found to give reasonable
results for amore recently collected data set using a different ac-9 instrument and including data from
other European shelf seas. This is an important observation as it facilitates attempts to derive scatter
correction methods that do not require the assumption of zero NIR absorption.

3.4. ac-9 scatter correction

Typical results for the two scatter correction methods flat and proportional are shown in Fig. 2.
Scatter-corrected ac-9 absorption values are close to the true absorption at many wavelengths. Due
to significant non-zero absorption at 715 nm and the fact that both correction methods perform an
offset subtraction at thiswavelength, the absorption at longerwavelengths is typically and sometimes
strongly underestimated.

Correlations for the proportional-correction for each wavelength are depicted in Fig. 5. As
absorption at 715 nm is assumed to be zero for this method, there is no possible comparison for
this wavelength. There are good linear relationships for shorter wavelengths (412, 440, and 488 nm),
each of which shows a relatively small variation compared to am results, and all are near the 1:1
line. However, the proportional correction generally underestimates the absorption for wavelengths
>488 nm. At the longest wavelengths this underestimation is significant and seems to be a function
of the sample set. Strongest underestimations are found for samples from the Elbe River, and lowest
for culture samples. The correlation of the results of the flat correction (data not shown) is not
significantly different from those of the proportional correction, except for generally lower variability
in the deviations from the 1:1 line.
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• a(l) = true absorption spectrum (measured in 
suspension in an integrating sphere)

• For measured am(l), cm(l):
• temperature-salinity corrections 

performed
• pure water absorption already removed

Use the calculated scattering bm(l) to estimate 
the scattering correction e (Zaneveld, 1994).  
Assume am(lr) in the near infrared (NIR) is zero...

Option 1 “Flat”:  ...and that e is the same at all 
wavelengths.

Option 2 “Proportional”: ... or that e is equal to a 
constant proportion of the measured scattering 



Reflecting-tube absorption & attenuation meters
What if you don’t want to assume that am(715) 
is zero?
Empirical correction of Röttgers et al. 2013: 
1. Compute a(715) from empirical fit to 
measured and “true” absorption (in 
suspension, in an integrating sphere):
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Figures:  Röttgers et al., 2013. 10.1016/j.mio.2013.11.001
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Fig. 4. Absorption at 715 nm, a715, as a function of the absorption measured by the ac-9 (uncorrected for scatter losses),
am715. Indicated is a potential function fitted through all data points (black line) but excluding those of the cultures, and the
corresponding equation. The same data are shown in both plots, but on logarithmic (upper panel) and absolute (lower panel)
scales.

The absolute difference and the relative error are clearly dependent on the absolute absorption
at 715 nm for all wavelengths. There is a clear linear relationship in the relative percentage error
with a715 for each wavelength. At longer wavelengths high absorption at 715 nm leads in extreme
cases to an underestimation in the ac-9 determination of up to 1.2 m�1 that is equivalent to a
relative underestimation of ca. �80%. The relative error ranges between ca. �80% to +30% and is
less pronounced at the shortest wavelengths due to the higher absorption signals found at those
wavelengths. The strongest overestimations are observed for a few culture samples. At longer
wavelengths (555–650 nm) higher variation of the error with low a715 nm might be due to relatively
low signal levels leading to larger relativemeasurement errors. Error distributions are not significantly
dependent on the sample set, beyond the dependence on a715 which in this case is effectively a proxy
for turbidity or scattering. There are no significant differences in the general error distributions for
the flat and proportional scatter correction methods, suggesting that neither adequately represents
the wavelength-dependence of the scattering error. The most noticeable difference is greater overall
variability of errors for the proportional correction. The fact that the proportional method shows
higher variation could potentially be explained either by: (a) the flat correction uses fewer variables
and there is less error propagation, or (b) there is some feature of the scattering error that is
unintentionally being partially compensated for by the flat correction. Later results show that we
are able to significantly reduce these errors using an improved version of the proportional correction
method that uses even more variables, which suggests that point (b) is the more likely explanation in
this case. The mean error at the shortest wavelengths (412–488 nm) is low in both cases and always
in the range of ±5%. For 75% of the samples the error at these wavelengths is in the range of ±10%.
At wavelengths >500 nm the error is generally negative and the magnitude increases linearly with
increasing a715, with extreme values at wavelengths of 630 and 676 nm.
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higher variation could potentially be explained either by: (a) the flat correction uses fewer variables
and there is less error propagation, or (b) there is some feature of the scattering error that is
unintentionally being partially compensated for by the flat correction. Later results show that we
are able to significantly reduce these errors using an improved version of the proportional correction
method that uses even more variables, which suggests that point (b) is the more likely explanation in
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in the range of ±5%. For 75% of the samples the error at these wavelengths is in the range of ±10%.
At wavelengths >500 nm the error is generally negative and the magnitude increases linearly with
increasing a715, with extreme values at wavelengths of 630 and 676 nm.

2. Correct c(l) for underestimation due to 
finite detector acceptance angle (more 
tomorrow!)

3. Then do “proportional scattering correction”
After a(l) and c(l) have been scatter-corrected (by any method), 
you need to recompute b(l).



Closure

driven by scaling, that is, small absolute errors result in large
relative errors when absorption is low. Alternatively, the devia-
tion could originate from residual temperature and salinity
effects if not fully corrected. The agreement had been signifi-
cantly improved by correcting data from both instruments for
detector issues, including nonlinearity, internal stray light,
and issues with spectral registration (data not shown). The cal-
ibration determining the reflectivity of the PSICAM’s cavity
walls uses LWCC data, and thus the interdetector variability
will not include those systematic errors. However, PSICAM cal-
ibration, using a highly concentrated colored solution in puri-
fied water, is not affected by scattering or salinity effects and

sensitivity issues are negligible. In addition, LWCC absorption
coefficients reported in this study take into account measure-
ments from two independent LWCC systems (with different
pathlength cells) reducing any potential covariance between
PSICAM and LWCC aCDOM due to errors in the true LWCC
pathlength. Furthermore, both measurements are affected by a
range of different independent factors, such as lamp stability,
sample to sample variation, salinity dependent refractive
index corrections, and detector sensitivity, so they may be
considered independent measurements.

Measurements of aCDOM in a 10-cm cuvette with the dual-
beam spectrophotometer showed overall good agreement with

Fig 5. Nonwater absorption spectra, anw, measured using ICAM 1, PSICAM, AC-s, AC-9 1, and derived from measurements of the irradiance quartet
using Gershun’s law. No ICAM, AC-9, or AC-s data were collected at Sta. 3.
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Figure and table:  Kostakis et al (2021). 10.1002/lom3.10447

Kostakis et al. (2021):  multi-investigator 
intercomparison of absorption measurements in 
relatively high-absorption coastal water in Florida.

monitor potential changes in the cavity’s reflectivity. Parame-
ter anw was determined from untreated samples in triplicate
against purified water as reference, alternating reference and
the sample. Measurements were corrected for temperature
and salinity effects and chlorophyll fluorescence effects. For
the latter, additional measurements of the light intensity
inside the cavity were made with illumination restricted to
wavelengths < 620 nm with a short pass interference filter. For
aCDOM measurements, samples were filtered through a
0.22-μm pore size membrane filter (GSWP, Merck Millipore
Ltd, Cork, Ireland), using low vacuum < 0.2 bar. Absorption
was measured in triplicate, following the same protocol (with-
out fluorescence correction). PSICAM ap was determined by
subtracting aCDOM from anw spectra. The PSICAM has recently
become available commercially.

As in all other methods, a series of corrections is applied to
PSICAM observations to derive final absorption coefficients. The
PSICAM, however, offers the powerful advantage that measure-
ments are negligibly affected by particle scattering. Reported
measurement uncertainties for PSICAM data are on average
0.006 m!1 (8%) for anw and 0.002 m!1 (13%) in the case of
aCDOM, varying with wavelength. This reflects a combination of

underlying wavelength dependencies in lamp output, wall reflec-
tivity, detector sensitivity, and sample absorption (Lefering
et al. 2018). Measurement uncertainties increase toward the
extremities of the visible spectrum where they can well exceed
these average levels. This can result in limitations in accuracy of
PSICAM data at blue wavelengths in highly turbid waters
(Lefering et al. 2016).

Artifacts due to stray light effects inside the detector were
corrected by subtracting the detected raw intensity signal mea-
sured at wavelengths outside the lamp emission range
(180 nm) as a flat offset across the spectrum before conversion
into absorption spectra (detailed description in Lefering
et al. 2017). Nonlinearity was corrected using nonlinearity cor-
rection factors available for the individual Avantes sensors.
Wavelength accuracy of the detectors was checked and, when
necessary, corrected using an Avantes AvaLight Cal-Mini spec-
tral calibration light source, accuracy " 0.3 nm.

ISFP method
Three different labs measured particulate absorption with

the filter pad technique. Two groups of investigators measured
ap and anap with the ISFP method in the laboratory after the

Table 2. Summary of different absorption parameters measured with different absorption techniques. For ICAM, AC-9, and the ISFP
method, two data sets were collected with independent instrument systems. In this study, only absorption data in the visible range
(400–700 nm) was reported, compared and assessed.

Instrument Method

Number of
sensor
systems

Original spectral range
(resolution)

Absorption
parameter(s)

directly
measured

Absorption
parameter
derived

PSICAM Bench top integrating sphere 1 360–728 nm
(2 nm)

anw, aCDOM ap

Turner Designs ICAM In situ integrating cavity 2 365, 440, 488, 510, 532, 555,
590, 630, 676

anw, aCDOM ap

WET Labs AC-s In situ reflective tube 1 AC-s 1: 399–741 nm (mean:
4 nm)

AC-s 2: 401–726 (mean:
3.7 nm)

anw —

WET Labs AC-9 In situ reflective tube 2 412, 440, 488, 510, 532, 555,
650, 676, 715

anw —

TriOS irradiance
quartet

Gershun 1 320–900 nm (2 nm) at anw

ISFP Bench top spectrophotometer
with filter pad inside
integrating sphere

2 ISFP 1: 400–750 nm
ISFP 2: 300–850 nm (both

1 nm)

ap, anap aph

QFT-ICAM
Filter pad

Bench top integrating sphere
with filter pad inside cavity

1 340–844 nm (2 nm) ap, anap aph

LWCC Bench top capillary waveguide 1 240–750 nm (2 nm) aCDOM —

Cary E3 UV–VIS
spectrophotometer

Bench top dual-beam
spectrophotometer with 10-cm
cuvettes

1 400–750 nm (1 nm) aCDOM —
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at 440 nm. Uncertainties are wavelength dependent, reflecting
underlying wavelength dependencies in lamp output, sensor
sensitivity, internal detector stray light, effect of salinity and
temperature corrections, and CDOM absorption characteristics
(Lefering et al. 2017).

Dual-beam spectrophotometer method
Filtrate from the particulate absorption filter pads was col-

lected in Amber glass bottles after triplicate rinses with the
sample. The sample bottles were stored and shipped frozen for
analysis in the laboratory. The absorption by the dissolved
fraction was measured spectrophotometrically in a Cary

300 configured in a dual-beam transmission mode. Samples
were measured in 10-cm quartz cuvettes using Milli-Q© water
as the reference material. All samples were measured in a sin-
gle session; the temperature of the sample and reference mate-
rials was maintained by storing the sample and reference
bottles in a tub of room temperature water. The absorption
coefficients were computed from the OD scans, converting
from log10 to loge (absorbance to absorptance), and scaling to
the geometric pathlength of the cuvette in meters. The scans
were corrected for differences in temperature and salinity
between the sample and the reference material following Sulli-
van et al. (2006).

Fig 2. CDOM absorption spectra, aCDOM, measured with LWCC, dual-beam spectrophotometer, ICAM 1, and PSICAM for all stations.
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measurements. For comparison, PSICAM ap was also calculated
from separate anw and aCDOM measurements on discrete sam-
ples. Supporting Information Table S3 shows a summary of the
agreement between different absorption parameters with spectra
plotted in Fig. 14. ISFP and QFT-ICAM methods generally
showed smaller differences than in situ methods, with smaller
uncertainties in the regression coefficients and lower %δabs in
comparisons with PSICAM data, that is, < 10% for filter pad
methods vs. > 15% for in situ measurements (Supporting Infor-
mation Table S3). The agreement between the two ICAMs
improved slightly for the ap comparison relative to anw.

ISFP approaches ap
The two data sets were found to be very consistent with

%δabs equal to 5.4% for ap and 6.5% for anap (Fig. 15). Strong
linear correlations were observed with R2 > 0.99 for each indi-
vidual sample in ISFP 1 and ISFP 2 ap comparisons, although
regression slopes varied from sample to sample in the range
0.894 to 1.115 (Fig. 15). The average slope for all stations was
0.954 (! 0.004). This suggests the discrepancy between the
two methods can be explained by a single factor that is not
dependent on wavelength or OD (signal strength or filter pad
loading).

Fig 14. Particulate absorption spectra measured using various approaches for all stations. ICAM aCDOM, and as a result anw data were available for only
6 out of 12 stations.

22

Kostakis et al. Hyperspectral optical absorption closure experiment

a p
 (m

-1
)

measurements. For comparison, PSICAM ap was also calculated
from separate anw and aCDOM measurements on discrete sam-
ples. Supporting Information Table S3 shows a summary of the
agreement between different absorption parameters with spectra
plotted in Fig. 14. ISFP and QFT-ICAM methods generally
showed smaller differences than in situ methods, with smaller
uncertainties in the regression coefficients and lower %δabs in
comparisons with PSICAM data, that is, < 10% for filter pad
methods vs. > 15% for in situ measurements (Supporting Infor-
mation Table S3). The agreement between the two ICAMs
improved slightly for the ap comparison relative to anw.

ISFP approaches ap
The two data sets were found to be very consistent with

%δabs equal to 5.4% for ap and 6.5% for anap (Fig. 15). Strong
linear correlations were observed with R2 > 0.99 for each indi-
vidual sample in ISFP 1 and ISFP 2 ap comparisons, although
regression slopes varied from sample to sample in the range
0.894 to 1.115 (Fig. 15). The average slope for all stations was
0.954 (! 0.004). This suggests the discrepancy between the
two methods can be explained by a single factor that is not
dependent on wavelength or OD (signal strength or filter pad
loading).

Fig 14. Particulate absorption spectra measured using various approaches for all stations. ICAM aCDOM, and as a result anw data were available for only
6 out of 12 stations.

22

Kostakis et al. Hyperspectral optical absorption closure experiment

Think-pair-share: Look at the 
terms/parameters/methods in the table 
and figures.  Do you feel like you have 
the vocabulary to read Kostakis et al?



AbsorpDon, part 2

• Beer-Lambert-Bouguer 
Law
• Conceptual
• Realistic

• Survey of measurement 
techniques
• Lab overview

Tuesday lectures 
Absorption theory and 
measurements

Tuesday lab:  absorption 
measurements without 
particles

Wednesday lab:  
absorption measurements 
with particles

Thursday lab:  scattering 
and beam attenuation 
measurements

Friday lab:  fluorescence 
measurements

Wednesday lectures:  
Scattering, beam 
attenuation, and particle 
size

Friday:  Phytoplankton 
and fluorescence

Welcome, introductions,  
and overview

Monday lab: Playing with 
light (building intuition)

Thursday lectures: 
Regroup, then intro to 
particle size distributions



Lab today:  absorption by CDOM

Group 1 
• Beer’s Law demonstration 

(simple, hands-on)
• Benchtop spectrophotometer

• Effect of salinity and temperature
• Effect of geometric pathlength
• How to

• Clean and care for cuvettes and the 
instrument

• Collect absorbance measurements 
relative to appropriate reference 
solutions

Group 2
• ac-meters

• Effect of salinity and temperature
• Effect of geometric pathlength
• How to

• Clean and care for the instrument
• Acquire pure-water readings
• Correct for temperature and salinity 

effects
• First steps of data analysis

Switch after 90 minutes



Lab today:  absorption by CDOM

Broad questions to answer as a group, presented at the start of the day 
tomorrow:

1. How does the absorption spectrum of purified water vary with temperature? 
2. How does the absorption spectrum of purified water vary with added salt (salinity)?
3. How does the dye concentration (in the Beer’s Law demonstration) affect the absorbance of a 

solution? 
4. How does the geometric pathlength impact the measured absorbance and  the derived 

absorption coefficient?
5. What factors influence the CDOM spectral slope (e.g. instrument, wavelength range, sample 

type)?

You will need to combine measurements from all groups this afternoon to 
answer the questions!


