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Abstract
Accurate measurements of absorption data are required for the development and validation of inversion algorithms for upcoming hyperspectral ocean color imaging sensors, such as the NASA Phytoplankton, Aerosol,
Cloud, and ocean Ecosystem mission. This study aims to provide uncertainty estimates associated with leading
approaches to measure hyperspectral absorption coefﬁcients in complex coastal waters. Absorption spectra were
collected at 12 different stations, all located in the Indian River Lagoon, Florida, USA, between 09 January 2017
and 13 January 2017. Measurements included spectral absorption coefﬁcients in the visible range (400–700 nm)
associated with dissolved, aCDOM, total particulate, ap, and total nonwater, anw, fractions, and were made both
in situ and from discrete samples. Discrete sample approaches included dual-beam spectrophotometer, liquid
waveguide capillary cell, point-source integrating cavity absorption meter (PSICAM) for dissolved matter absorption samples, and quantitative ﬁlter technique ICAM measurements and the dual-beam spectrophotometer with
center-mounted integrating sphere ﬁlter pad technique, while the Turner Designs ICAM, and WET Labs AC-s,
and AC-9 instruments were used to determine absorption coefﬁcients in situ. The Gershun approach, determining absorption from measurement of the irradiance quartet with respect to depth was also assessed in situ. Measurement uncertainties and relative accuracies were quantiﬁed for each of these approaches. Results showed
generally strong agreements between different discrete sample methods, with average percent absolute error
%δabs < 7% for aCDOM and < 9% for ap. In situ approaches showed higher variability and reduced accuracy. For
anw, %δabs deviation relative to PSICAM data was on average 12% to 20%. Results help identify remaining technological gaps and need for improvements in the different absorption measurement approaches.
(m1), where λ is the wavelength in vacuum. The accurate
quantiﬁcation of this coefﬁcient and its variability are important for understanding many physical and biological processes in
the upper ocean, which are driven by or depend on solar radiation, for example, various photochemical reactions, heating of
water column, availability of energy for photosynthesis, or availability of light for animal vision that is important even at mesopelagic depths. Absorption coefﬁcients can provide information
on the nature and concentration of various nonwater constituents dissolved and suspended within water (e.g., Twardowski
et al. 2005; Wozniak and Dera 2007; Twardowski et al. 2018a),
such as phytoplankton pigments, taxonomic composition, and
size structure of phytoplankton communities (e.g., Organelli
et al. 2017). Furthermore, knowledge of absorption coefﬁcients is
required to estimate primary production (Behrenfeld and
Falkowski 1997).

Light absorption is a fundamental property of natural
waters inﬂuencing the propagation of the underwater light
ﬁeld (Mobley 1994; Zaneveld et al. 2005; Wozniak and
Dera 2007). Absorption acts as a spectral ﬁlter for incident
and scattered solar irradiance (e.g., Jerlov 1976; Morel and
Prieur 1977; Lewis et al. 1990). Light absorption is commonly quantiﬁed as spectral absorption coefﬁcient a(λ)
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absorption by the oceanographic community since the early
1990s.
Integrating cavity absorption meters (ICAMs) are designed to
collect scattered light inside an integrating cavity ﬁlled with the
water sample (Gray et al. 2006; Musser et al. 2009; Fry 2018).
ICAMs can be used to measure absorption either by discrete samples or in ﬂow-through set-ups. Multiple reﬂections at the cavity
walls result in a long effective pathlength and high sensitivity. If
a homogeneous, diffuse light ﬁeld is created inside the cavity,
scattering effects become negligible (Fry et al. 1992). Even
though their strength is the measurement of anw, ICAMs can also
be used to measure aCDOM when supplied with a ﬁltered sample.
The Turner Designs ICAM is an in situ multispectral absorption
meter based on this principle and implemented with a backlit
cylindrical integrating cavity. Deployment is similar to the in situ
reﬂective tube absorption meters. In point-source ICAMs
(PSICAMs), the sample is illuminated with a spherical isotropic
light source placed at the center of the integrating sphere
(Röttgers 2018). Available instruments include bench-top set-ups
following the design by Röttgers et al. (2005) (Sunstone Scientiﬁc; www.sunstonesci.com) as well as ﬂow-through versions
called OSCAR that can be used for in situ deployments and inline systems (TriOS; www.trios.de). Because of the negligible
effect of scattering and the rigorous characterization of uncertainties with the PSICAM across a broad spectral range, this
approach is currently considered the state-of-the-art (IOCCG Protocol Series—Vol. 5.0, 2020).
Another, although rarely used, in situ method uses
Gershun’s (1939) equation to calculate the total absorption coefﬁcient from measurements of the irradiance quartet, or equivalently from measurements of the net planar irradiance and total
scalar irradiance. The irradiance quartet includes the downwelling and upwelling planar irradiances, Ed and Eu, as well as
downwelling and upwelling scalar irradiances, Eod and Eou,
which are used to compute net irradiance, E = Ed  Eu, and total
scalar irradiance, Eo = Eod + Eou. Few experimental studies have
incorporated simultaneous measurements of both spectral plane
and scalar irradiances (Tyler et al. 1958; Tyler 1960; Pegau
et al. 1995), and we are aware of only a single recent study providing an explicit presentation of experimental data of the full
irradiance quartet with high spectral resolution (Li et al. 2018).
In contrast to other absorption techniques, the Gershun
approach of determining absorption coefﬁcient relies on the
measurement of the natural light ﬁeld in aquatic environments,
so it does not use an artiﬁcial light source and has the advantage
that sample volumes are large, that is, more consistent with
above water determinations of ocean color reﬂectance
(Mobley 1999). In addition, the water is virtually unperturbed by
the measurement because the method does not rely on pumps
or discrete water sampling. A limitation is that the measurements
are limited to the depth of the euphotic zone and to daylight
hours with high solar elevation.
Other laboratory techniques have been optimized to measure speciﬁc partial absorption coefﬁcients accurately. This

The total absorption coefﬁcient of natural waters, at, can be
partitioned into the absorption by seawater aw (m1), and the
absorption by all nonwater components anw (m1). The latter
can further be divided into the absorption coefﬁcient by colored dissolved organic matter (CDOM), aCDOM (m1) and the
absorption coefﬁcient by particles, ap (m1). Coefﬁcient ap in
turn can be separated into absorption by pigmented phytoplankton particles aph (m1), and nonalgal particles anap
(m1). Table 1 summarizes the symbols and abbreviations
used in this paper. For detailed deﬁnitions of optical properties, see Mobley (1994).
Coupled with the volume scattering function (VSF),
absorption can be used to solve the radiative transfer equation for the radiance distribution at depth (disregarding
inelastic effects) and is directly related to remote sensing
reﬂectance, irradiance reﬂectance (Eu/Ed), and diffuse attenuation coefﬁcients that characterize the propagation of light
through the water column. Accurate measurements of
absorption are also essential for optical models that form the
basis of semianalytical inversion algorithms in ocean color
remote sensing applications (Werdell et al. 2018). The ability
to determine absorption coefﬁcients and associated measurement uncertainties quantitatively is therefore crucial for
ocean color algorithm development and validation activities
(Tonizzo et al. 2017; IOCCG 2018). Understanding the current state-of-the-art in absorption measurement capabilities
and uncertainties, as well as identifying associated gaps, is
necessary to prepare for the NASA Plankton, Aerosol, Cloud,
and ocean Ecosystem (PACE) mission, which will carry a
hyperspectral scanning spectroradiometer and two polarimeters, with launch currently scheduled in 2023 (DelCastillo
et al. 2012; Werdell et al. 2019).
Measuring absorption coefﬁcients in a scattering medium that
is characteristic of all natural waters is challenging (Tyler 1960)
because scattering by suspended material decreases transmitted
signals, resulting in systematic overestimation of the true absorption signal using simple beam transmission optics found with
common bench top spectrophotometers. A range of absorption
meter designs have been developed that attempt to resolve this
issue. Reﬂective tube absorption meters, such as the 25-cm pathlength AC-s (hyperspectral) and AC-9 (multi-spectral) instruments (WET Labs Inc.; www.seabird.com), optimize scattered
light collection by using total internal reﬂection at the outer
quartz-air boundary of the wall comprising the sample ﬂow tube
to redirect scattered photons toward a diffuser in front of a large
area detector (Zaneveld et al. 1992, 1994). These sensors are typically used to measure proﬁles of in situ total nonwater absorption, anw, from ships, are integrated in ﬂow-through systems for
continuous measurements of surface water (IOCCG Protocol
Series—Vol. 2.0, 2019a), or are mounted on vehicles towed
behind ships (Twardowski et al. 2005). CDOM absorption can be
measured on the ﬁltrate passing through a 0.2-μm ﬁlter attached
to the instrument’s intake; ap is derived by difference. These sensors have been the workhorse for measuring in situ spectral
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Table 1. List of symbols and abbreviations.
Symbol

Meaning

Units

at
aw

Total absorption coefﬁcient
Absorption coefﬁcient by seawater

m1
m1

anw

Absorption coefﬁcient by all nonwater components

m1

ap
aCDOM

Absorption coefﬁcient by particles*
Absorption coefﬁcient by colored dissolved organic matter*

m1
m1

aph

Absorption coefﬁcient by pigmented phytoplankton particles

m1

anap
ct

Absorption coefﬁcient by nonalgal particles*
Total attenuation coefﬁcient†

m1
m1

cnw

Attenuation coefﬁcient by all nonwater components†

m1

Chl a
%δabs

Chlorophyll a concentration
Mean absolute percentage error

Mg m3
%

%δrel

Mean relative percentage error

%

E
Ed

Net irradiance
Downwelling planar irradiance

Wm2
Wm2

Eu

Upwelling planar irradiance

Wm2

Eod
Eou

Downwelling scalar irradiance
Upwelling scalar irradiance

Wm2
Wm2

λ

Wavelength

n
OD

Number of samples/measurements
Optical density

POC

Particulate organic carbon concentration*

q
qref

(Sample) observation (i.e., absorption measurement)
Reference observation

—
—
—

Nm
—
Dimensionless
mg m3

q

Arithmetic mean of absorption parameter measured

ρ
s()

Constants for ISFP ap calculation, ρ = 2.303  100  0.323
Standard deviation

SPM

Suspended particulate matter concentration*

uc
unat

Combined uncertainty
Experimental uncertainty associated with natural variability

—
—

uo

Operational uncertainty not including natural variability

—

z
Abbreviations

Water depth

m

CDOM

Colored dissolved organic matter

CI
HCl

Conﬁdence intervals
Hydrochloric acid

H2O2

Hydrogen peroxide

ICAM
ISFP

Integrating cavity absorption meter
Integrating sphere ﬁlter pad method

LWCC

Liquid waveguide capillary cell

NASA
NaOCl

National Aeronautics and Space Administration
Sodium hypochlorite

NIR

Near-infrared

PACE
PSICAM

Phytoplankton, Aerosols, Cloud, and ocean Ecosystem mission
Point-source integrating cavity absorption meter

QFT-ICAM

Quantitative ﬁlter technique integrating cavity absorption meter

RMSD
%RMSD

Root mean square deviation
Percent root mean square deviation

UV

Ultraviolet

VSF

Volume scattering function

*Operationally deﬁned by ﬁlter pore size.
Operationally deﬁned by some acceptance angle in collimated detector optics.

†
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In this study, we provide a generational sequel to the comparative work of Pegau et al. (1995) by comparing a wider
range of state-of-the-art methods and improved techniques to
measure spectral absorption coefﬁcients of natural waters
including dissolved, particulate, and nonwater fractions, both
in situ and from discrete samples. We report and compare
only absorption data in the visible range of the spectrum
(400–700 nm), as this range is common to all compared techniques and is most relevant to ocean color applications
although sensors for the PACE mission will also extend into
the ultraviolet (UV), at least to 350 nm. Measurement uncertainties and accuracy are quantiﬁed for each of the state-ofthe-art approaches. Results provide uncertainty estimates
associated with hyperspectral absorption data, which are
required for the validation and development of inversion algorithms for upcoming hyperspectral ocean color imaging sensors aboard the PACE mission. A key objective of this exercise
is assessing relative accuracies for very different approaches,
each with their own sources of uncertainty ranging from well
characterized to perhaps unknown at this time, to give us the
best possible estimate of how close we may approximate true
absorption.

includes the measurement of aCDOM from discrete samples.
Traditionally, aCDOM has been measured in a dual-beam spectrophotometer equipped with glass cuvettes relative to pure
water (Bricaud et al. 1981) and more recently of sample passed
through syringe ﬁlters into an UltraPath or liquid waveguide
capillary cell (LWCC, both World Precision Instruments Inc.)
system (IOCCG Protocol Series—Vol. 5.0, 2020). Determination of aCDOM is typically less problematic because the amount
of scattering has been reduced to a negligible level by ﬁltration. Some scattering materials, such as small particulate matter, colloids, and (micro-) bubbles, however, potentially
remain in the sample after ﬁltration, which may result in measurement uncertainties of unknown magnitude (Stramski and
Wozniak 2005; Zhang and Gray 2015, 2020). However, measurements of aCDOM in both absorption and attenuation ﬂow
cells of AC devices have generally shown excellent agreement,
that is, within respective uncertainties, in extensive measurements across a broad range of natural waters, indicating effects
of scattering by colloids may be considered negligible
(Twardowski et al. 2004). Measurements of aCDOM in standard
bench-top spectrophotometers, such as single-beam or dualbeam spectrophotometers, can also suffer from relatively low
sensitivity due to a maximal geometric pathlength associated
with 10-cm cuvettes.
Measurements with a LWCC are fast, use very small sample
volumes (a few mL), and have the advantage of sensitivity due
to long optical pathlengths (up to 2 m1). LWCC measurement uncertainties are generally better than 0.01 m1 or 5%
to 10% accuracy depending on wavelength, with highest relative uncertainties at longer wavelengths where the absorption
signals are low (IOCCG Protocol Series—Vol. 5.0, 2020). These
absorption measurements are, however, extremely susceptible
to the presence of bubbles in the system. Other sources of
uncertainty include issues with pathlength accuracy, salinity
(i.e., refractive index) dependencies, light source stability, and
detector issues such as internal scattering errors, nonlinearity,
and wavelength inaccuracies, similar to other techniques
using broad spectral illumination (Lefering 2012). Potential
effects of scattering by very small particles in the colloidal/
nanoparticle size range may also be a concern in some cases
(Röttgers et al. 2005; Floge et al. 2009; Lefering et al. 2017).
The quantitative ﬁlter pad technique measures particulate
absorption ap for particles collected on glass ﬁber ﬁlter pads
through ﬁltration. Different ﬁlter pad approaches have been
developed over the years (e.g., Yentsch, 1962; Mitchell and
Kiefer 1998; Tassan and Ferrari 1995), with most accurate setups, that is, the bench top spectrophotometric integrating
sphere ﬁlter pad (ISFP) method (Maske and Haardt 1987;
Röttgers and Gehnke 2012; Stramski et al. 2015; Roesler
et al. 2018) and the quantitative ﬁlter technique ICAM (QFTICAM; Röttgers et al. 2016), measuring absorption from ﬁlter
pads placed inside an integrating sphere to reduce measurement artifacts introduced by scattering by the ﬁlter.

Material and methods
Absorption spectra were measured at 12 different stations,
all located in the Indian River Lagoon along the central
Atlantic coast of Florida, USA, between 09 January 2017 and
13 January 2017 (Fig. 1). All stations were well-mixed, shallow
(bottom depth < 4 m) and relatively turbid with nonwater
attenuation cnw at 532 nm ranging between about 1.5 and
10 m1. Data and samples were collected at a single depth
only, about 1–2 m from the surface, with the exception of the
Gershun method, for which irradiance measurements at multiple depths are required (for more details, see below). In situ
measurements were collected over long intervals (approx.
30 min) to quantify any natural variations across instruments
and samples. Water samples were collected at the depth of in
situ absorption observations using Niskin bottles. On board,
water from multiple Niskin bottles was transferred to a single
20-L carboy which was gently mixed and rapidly subsampled
to ensure uniformity. Table 2 shows a list of absorption
parameters measured with different techniques.
Discrete sampling approaches
Ancillary characterization of particulate matter
The mass concentrations of suspended particulate
matter (SPM), particulate organic carbon (POC), and chlorophyll a (Chl a) were determined following collection of particulate matter by ﬁltration onto 25-mm Whatman glass ﬁber
ﬁlters (GF/F). The volume of water ﬁltered for these determinations varied from 200 to 500 mL. SPM (g m3) was measured
using a standard gravimetric technique (van der Linde 1998).
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Fig 1. Maps of (a) Florida, USA and the sampling area, and (b) sampling locations in the Indian River Lagoon.

liquid nitrogen until postcruise analysis. Chl a (mg m3) was
determined by high-performance liquid chromatography by
the Ocean Ecology Laboratory at NASA Goddard (Van
Heukelem and Thomas 2005). Replicates were taken at 3 of
the 12 stations.
In addition to information about particle concentration,
the measurements of SPM, POC, and Chl a provide useful
proxies of bulk composition of particulate matter. Speciﬁcally,
the organic vs. inorganic fractions of SPM can be characterized
using the ratio POC/SPM, and the contribution of phytoplankton to SPM using Chl a/SPM. These ratios are expressed on a
(g/g) basis.

Particles were collected on prerinsed, precombusted 25-mm
GF/F ﬁlters that were weighed prior to use. Following ﬁltration
under low vacuum (≤ 120 mmHg), sample ﬁlters and edges
were rinsed with deionized water to remove residual sea salt,
dried at 60 C, and stored sealed until postcruise analysis in
the laboratory. The mass of particles collected on the ﬁlters
was determined with a Mettler-Toledo MT5 microbalance with
1-μg precision. POC (mg m3) was obtained using a method
consistent with established protocols (Parsons et al. 1985;
Knap et al. 1994). Water samples were ﬁltered through
precombusted 25-mm GF/F ﬁlters, ﬁlters were transferred to
clean glass scintillation vials and dried at 60 C, then stored
until postcruise analysis. Prior to analysis, ﬁlters were exposed
to concentrated acid fumes (HCl) to remove inorganic carbon.
Then, the organic carbon content of each ﬁlter was determined with standard carbon, hydrogen, and nitrogen analysis
involving high-temperature combustion of sample ﬁlters. A
number of unused ﬁlters from each lot of precombusted ﬁlters
were used to quantify the background carbon content of
ﬁlters and subtracted from the sample data. These blank ﬁlters
were treated exactly like sample ﬁlters except that no sample
water was passed through them. Sample ﬁltration volumes
were large enough to ensure that contributions of the blank
ﬁlter or adsorbed dissolved organic carbon were small relative
to the particulate carbon content on sample ﬁlters. For both
the SPM and POC, duplicate samples were typically taken for
each station and averaged to produce the ﬁnal results. The
duplicates for SPM and POC agreed well with the coefﬁcient
of variation generally less than about 5% for SPM and less
than 10% for POC. For Chl a determinations the samples collected on GF/F ﬁlters (ﬁltration volume varied between
200 and 400 mL) were ﬂash frozen and stored and shipped in

PSICAM method
The PSICAM was used to measure anw and aCDOM, following the set-up, calibration and protocol described in Röttgers
et al. (2005, 2007, and 2018) and Lefering et al. (2018). The
set up uses a broad band light source coupled to an optical
ﬁber that delivers light to the diffuse point source in the middle of a 9-cm diameter spectralon cavity. A spectrometer
(AvaSpec ULS2048XL, Avantes) disperses light on the detection side. The system was calibrated using a Nigrosine
(Certistain, Merck) solution, with the absolute spectral absorption coefﬁcient of this solution measured with a LWCC (see
below). Calibration is used to determine the reﬂectivity of the
cavity. Prior to each calibration the PSICAM cavity was
bleached with a weak sodium hypochlorite solution for
10 min and then rinsed thoroughly. The temperature of
Nigrosine solution and puriﬁed water were recorded for temperature correction during subsequent data processing. Calibrations with Nigrosine were performed daily, with at least
three replicates spread out over the course of a day in order to
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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,

anw, aCDOM

ap

1

590, 630, 676
AC-s 1: 399–741 nm (mean:

anw

—

WET Labs AC-s

In situ reﬂective tube

4 nm)
AC-s 2: 401–726 (mean:
3.7 nm)
2

412, 440, 488, 510, 532, 555,

anw

—

Gershun

1

650, 676, 715
320–900 nm (2 nm)

at

anw

ISFP

Bench top spectrophotometer
with ﬁlter pad inside

2

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

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

1

400–750 nm (1 nm)

aCDOM

—

WET Labs AC-9
TriOS irradiance

In situ reﬂective tube

quartet

1 nm)

integrating sphere

cuvettes

monitor potential changes in the cavity’s reﬂectivity. Parameter 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 (without 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 measurements are negligibly affected by particle scattering. Reported
measurement uncertainties for PSICAM data are on average
0.006 m1 (8%) for anw and 0.002 m1 (13%) in the case of
aCDOM, varying with wavelength. This reﬂects a combination of

underlying wavelength dependencies in lamp output, wall reﬂectivity, 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 measured 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 correction factors available for the individual Avantes sensors.
Wavelength accuracy of the detectors was checked and, when
necessary, corrected using an Avantes AvaLight Cal-Mini spectral 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
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ﬁnal absorption results in the ISFP 2 data set are based on
averaging measurements taken on duplicate sample ﬁlters. In
these cases, the rejected measurement on the third replicate
ﬁlter was considered an outlier as it would increase the coefﬁcient of variation to about 8–10% across the spectrum. Such
“outlying” measurements (albeit still in relatively good agreement with other replicates) were associated with uneven distribution of particles on ﬁlters, which was clearly visible as a
“bubbling up” on the rejected replicate ﬁlters. In the ISFP
1 data set all three replicates for a given sample were averaged
to derive the ﬁnal sample spectrum, and this was done for all
stations.
The derivation of spectral values of ap from the ISFP
method requires the correction of sample measurements for
the OD of reference (blank) ﬁlters. In our experiments the
reference spectrum was determined by averaging the measurements taken on several blank ﬁlters (ﬁve and six blank
ﬁlters, respectively, for the ISFP 1 and ISFP 2 data sets). In
addition, the intrinsic instrument baseline of the spectrophotometers was monitored throughout the period of sample measurements to account for instrument noise or
potential temporal drift of instrument baseline. This instrument baseline was measured with empty optical path in
both sample and reference beams (i.e., the spectral scan of
air vs. air). For the spectrophotometers used in our study this
noise is always very small compared to the measured absorption signal (except when the signal is nearly null, e.g., the
particle absorption in the infrared spectral region). The
potential drift over a period of several hours when sample
measurements are taken was also either very small or
undetectable. Nevertheless, the optical densities of sample
and blank ﬁlters were corrected for this instrument baseline.
Finally, the sample optical densities (after correction for
instrument baseline and reference ﬁlter) were corrected for
pathlength ampliﬁcation using the equation for the ISFP
method from Stramski et al. (2015) and then converted to
the spectral values of ap using the clearance area of the ﬁlter
and volume of ﬁltered sample.
Upon completion of spectral scans for the determination of
ap, the sample ﬁlters were immediately subject to methanol
treatment with a purpose of extracting pigments that are associated mostly with phytoplankton (Kishino et al. 1985; Roesler
et al. 2018) to derive the absorption of particulate matter
remaining on the ﬁlter after extraction, that is, nonalgal particulate absorption, anap. The spectrophotometric measurements of ﬁlters after methanol extraction and calculations of
anap were done in a similar way as described for ap. We note
that the difference between the measurements of ap and anap
represents absorption by the methanol-extractable pigments
in vivo, that is, packaged as they were in the cell, and thus
approximating the phytoplankton absorption coefﬁcient, aph.
We note that phycobilipigments are not methanol extractable,
additional treatments with phosphate buffer are required to
remove these pigments from the ﬁlter when present in

cruise; these results are designated ISFP 1 and ISFP 2 and
the relevant methodology is described in this section. The
third group measured ap on board the ship using the QFTICAM technique shortly after collecting the samples, which is
described below.
For each discrete water sample three sets of three replicate
sample ﬁlters (GF/F, 25-mm Whatman glass-ﬁber ﬁlters) were
prepared using the same ﬁltration rig by the same operator, to
ensure minimal bias across sample ﬁlters. These sets of replicate ﬁlters were then used by the three groups of investigators.
Filtration volumes varied between 100 and 300 mL, which
ensured that the measured optical density (OD) corresponding
to particulate absorption on the ﬁlters was kept within desired
range of values below 0.4 in the visible spectral region. For the
ISFP method, sample ﬁlters were ﬂash-frozen, stored, and
shipped in liquid nitrogen, and measured in the lab
postcruise. Reference (blank) ﬁlters for each station were prepared by ﬁltering the same volume of freshly ﬁltered sea water
through a clean GF/F ﬁlter and also stored in liquid nitrogen
for postcruise measurements of reference ﬁlters. The average
diameter of the ﬁlter clearance area for the ﬁltration rig and ﬁlter operator was measured prior to the cruise, using ﬁlters with
high particulate load and digital calipers (accuracy
 0.001 mm, resolution 0.01 mm). The average diameter of
the ﬁlter clearance area for the ﬁlter rig across the set of six ﬁlter cups was 22.30 mm ( 0.8 mm). The volume ﬁltered was
determined with 100- and 250-mL Nalgene graduated cylinders (resolution 0.5 and 1.0 mL resolution, respectively). Precise volume was obtained using a glass pipette to add/remove
volume to the measurement line.
The ISFP method involves the measurement of sample and
blank ﬁlters placed inside the integrating sphere of a spectrophotometer and is described in detail elsewhere (Röttgers and
Gehnke 2012; Stramski et al. 2015; Roesler et al. 2018). This
measurement geometry efﬁciently reduces the uncertainty
associated with light scattering to a very small or negligible
level. ISFP 1 and ISFP 2 data were collected with dual-beam
spectrophotometers (Cary 300, Agilent, Inc. and Lambda
18, Perkin-Elmer, Inc., respectively) each equipped with the
same model 15-cm integrating sphere (RSA-PE-18, Labsphere,
Inc.). These data were acquired in the spectral region from
350 to 780 nm (ISFP 1) and 300 to 850 nm (ISFP 2), using a
2-nm slit and a 1-nm interval. In this study, only the data
from the visible range (400–700 nm) are reported. For every
sample ﬁlter, the spectral scans of OD of particulate matter on
the ﬁlter were measured for two different orientations of the
ﬁlter. These scans showed excellent reproducibility and were
averaged. For each station, the measurements were made on
three replicate sample ﬁlters. Typically, the reproducibility
between these three replicates in terms of derived values of ap
was very good with a coefﬁcient of variation remaining below
2% or 3% across the visible spectral range. The ﬁnal results
represent the average values based on these three replicates.
For a few stations (i.e., ST02, ST07, and ST09); however, the
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note that bleach treatment does not remove pigments from
the sample as is done with methanol extraction, but oxidizes
the molecules, thereby shifting absorption into the UV. The
advantage of this treatment is that the nonmethanol extractable phycobilipigments are oxidized. In addition to uncertainties associated with preparation of the ﬁlter paper, such as
inhomogeneity, other sources of error are potential issues with
the detector (wavelength calibration, sensitivity, internal stray
light, nonlinearity), ﬂuorescence by pigments other than
Chl a and uncertainties in the pathlength ampliﬁcation correction. Measurements were corrected for nonlinearity,
wavelength inaccuracy, and internal stray light of the detector using the same methodology as described above (see
above).

nonnegligible concentrations. This additional extraction was
not necessary for these samples.
Estimates for uncertainties in ISFP measurements can be
determined by arithmetically propagating uncertainties for
each methodological step (Roesler et al. 2018). The resulting
aggregated uncertainty includes errors from measured OD,
pathlength ampliﬁcation correction, ﬁltered volume, ﬁlter
clearance area, as well as additional sources of uncertainties
associated with sample type, particle characteristics, sample
handling, and storage. Rigorous quantiﬁcation of total uncertainty of ﬁlter pad method is difﬁcult because information
required to rigorously evaluate the effects associated with all
sources of error are generally unavailable. Most sources of
uncertainties can, however, be minimized through careful
experimental practice (e.g., accurate measurements of ﬁltered
volume and ﬁlter clearance area) and replicate measurements
of OD (e.g., replicate sample ﬁlters and replicate spectral scans
of the same ﬁlter) and such practice was followed in this
study. A correction for pathlength ampliﬁcation has been
identiﬁed as one of the most important sources of error, especially because this correction depends not only on particulate
load on the ﬁlter but also, to some extent, on the composition
of particulate assemblage (Bricaud and Stramski 1990; Röttgers
and Gehnke 2012; Stramski et al. 2015; Lefering et al. 2016).
Röttgers and Gehnke (2012) determined an median error of
< 14% for a large number of measurements of algal cultures
and natural samples, while the study by Stramski et al. (2015)
of diverse samples characterized by a wide range of particulate
composition determined a median error associated with variability in pathlength ampliﬁcation of about 7% for ISFP measurements of ap.

LWCC method
CDOM absorption aCDOM was measured using a LWCC system (World Precision Instruments Inc.), with a 0.5-m pathlength and a 2-m pathlength (see Lefering et al. 2017, for
details on the set-up, components, and methods). Samples
were ﬁltered through 0.2-μm pore-sized Spartan size syringe
ﬁlters (Whatman) while being injected into the capillary cell
using a peristaltic pump. Absorption coefﬁcients were measured from 240 to 500 nm with the 50-cm pathlength cell and
from 300 to 750 with the 200-cm pathlength at 2-nm resolution (raw intensity spectra were binned from 0.3 to 2 nm prior
to absorption calculation). Measurements were made in triplicate against puriﬁed water (Milli-Q) and averaged spectra were
subsequently corrected for salinity and temperature effects on
the absorption by pure water, as well as for nonlinearity,
wavelength inaccuracy, and internal stray light of the detector
using the same methodology as described above. Next, the
two absorption spectra were compared within the range of
overlap, 300–500 nm. Spectra were found to be in good agreement and combined to a single spectrum using data from the
short pathlength LWCC between 240 and 350 nm, and data
from the long pathlength LWCC at > 350 nm. All LWCC
absorption data used for comparison in this study were measured with the longer pathlength but quality controlled using
data from the independent shorter pathlength system. Merged
absorption spectra were then smoothed using a ﬁve-point
moving average and offset corrected at 700 nm (Fig. 2). Offset
correction was only applied to remove small offsets below the
detection limit, assuming that the absorption was approximately zero at 700 nm and the residual errors are spectrally
independent. The latter is not known and the assumption
might not hold true, however, any error introduced by offset
correction was shown to be negligible.
Implementation of the state-of-the-art CDOM measurement protocols should limit measurement uncertainties to
within 0.01 m1 (IOCCG Protocol Series—Vol. 5.0, 2020).
Cross-comparison between different LWCC set-ups and the
PSICAM have shown LWCC uncertainties well within this
range with root mean square deviation (RMSD) of 0.007 m1

QFT-ICAM method
A third group of investigators used the QFT-ICAM approach
(Röttgers et al. 2016) to measure ap on ﬁlters on board the vessel within minutes of ﬁltration. This approach measured
absorption coefﬁcients from 340 to 844 nm. Filters were
prepared by the same method and operator as for ISFP
measurements (see above) but particle concentration for the
QFT-ICAM ﬁlters was lower (OD < 0.2) than for ISFP ﬁlters
following the recommendations given in Röttgers and
Gehnke (2012). Each ﬁlter was measured three times in random orientations, with a reference measurement before and
after each sample measurement. Measurements were corrected
for Chl a ﬂuorescence effect using additional measurements
when wavelengths of ﬂuorescence, that is, at > 620 nm, are
excluded from the illumination. Data were also corrected for
pathlength ampliﬁcation using the method of Stramski
et al. (2015) to allow direct comparison with the other ISFP
measurements without bias from different pathlength corrections. For pigment removal, ﬁlters were bleached with NaOCl
(Ferrari and Tassan 1999), which was removed after a few
minutes with a few drops of H2O2. Bleached ﬁlters were measured once approximately 30 min after H2O2 treatment. We
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Fig 2. CDOM absorption spectra, aCDOM, measured with LWCC, dual-beam spectrophotometer, ICAM 1, and PSICAM for all stations.

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 single session; the temperature of the sample and reference materials 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 Sullivan et al. (2006).

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 collected 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
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Table 3. Summary of scattering correction methods for AC devices tested in this work.
Description

Scattering error, ε(λ)

Flat (or baseline)

Constant spectral subtraction of measured absorption at reference wavelength in the
NIR (Zaneveld et al. 1994)

am ðλref Þ

Proportional

Spectral subtraction of absorption at reference wavelength in NIR scaled spectrally to

Semiempirical

estimated total scattering (Zaneveld et al. 1994)
Constant spectral subtraction of empirical estimate of absorption error at reference

Method



m ðλÞam ðλÞ
am ð715Þ c m ðc715
Þam ð715Þ
am ð715Þ  0:212am ð715Þ1:135

wavelength in NIR (see Röttgers et al. 2013)
VSF based

Constant spectral subtraction of independent estimate of ε from VSF measurements β
and modeled angular weighting function W with 98% reﬂectivity for reﬂective

2π

Ðπ

0 sinðθÞβ ðθ, 658ÞW ðθÞ

dθ

tube from McKee et al. (2013) (see Stockley et al. 2017)

included in this comparison due to a lack of spectrally
resolved backscattering data. Corrected absorption spectra
were interpolated linearly to 2-nm resolution in the visible
range.
Operational uncertainties for AC absorption spectra vary
from sensor to sensor but typically are estimated to be 0.005–
0.01 m1 for absorption magnitudes up to several 1 m1, not
taking into account errors associated with the scattering correction (Twardowski et al. 2018b). At absorption values
greater than about 20 m1, uncertainties increase dramatically. AC-s devices typically have higher uncertainties than
AC-9 devices, particularly in the short visible range due to
differences in lamp and detector stability and higher spectral
dispersion reducing incident intensity for each band. Also,
within the instrument, the AC-s automatically applies ﬁlter
factors to the measured absorption spectrum to smooth the
effects of the integrated linear variable ﬁlters with step ranges
of 14–18 nm (Sullivan et al. 2006). AC-s absorption spectra
therefore need to be “unsmoothed” to retrieve the actual
measured absorption spectrum (Zaneveld et al. 2004; Chase
et al. 2013).

In situ approaches
WET Labs AC-s and AC-9
Two 25-cm ﬂow cell AC-9 and two 25-cm ﬂow cell AC-s
devices were integrated on a proﬁling package with a SBE-49
conductivity temperature depth sensor (CTD). The package
also included the Multiangle Scattering Optical Tool to measure the VSF between 10 and 170 in 10 increments
(Sullivan et al. 2006; Twardowski et al. 2012). Data from VSF
measurements were used in one of the corrections for scattering in the absorption measurement from the AC devices
(Table 3). AC devices were mounted vertically and plumbed
following Twardowski et al. (1999), which included degassing
Y’s to enable air evacuation when submerged. The second
AC-s did not consistently degas in these very shallow waters,
however, so the data are not considered here. After measurements in whole seawater, a 0.2-μm preﬁlter (Pall Maxi-capsule)
was ﬁtted to the AC-s to measure aCDOM. Degassing was more
difﬁcult with the preﬁlter restricting ﬂow, and all aCDOM data
were disregarded due to concerns over persistent bubbles contaminating measurements in these shallow, warm waters.
Optical windows and ﬂow cells were cleaned with a 50% ethanol solution daily before ﬁeld measurements. Puriﬁed water
calibrations were carried out daily before and after ﬁeld measurements in the conﬁguration they were deployed
(Twardowski et al. 1999). Time series for all measurements
were collected at 1–2 m depth at each station.
Postprocessing of AC absorption data included application
of calibration water blanks and correction for temperature and
salinity effects on pure water absorption using coefﬁcients
from Twardowski et al. (1999) and Sullivan et al. (2006). Subsequent scattering corrections applied to these processed
absorption coefﬁcients am are listed in Table 3, where anw
(λ) = am(λ) – ε(λ), with ε being the scattering error; ε accounts
for light that was not absorbed but did not reach the diffuser
at the end of the ﬂow tube. On a relative basis ε is very signiﬁcant, often more than half of am, especially in the red. The
iterative scattering correction (McKee et al. 2013) was not

ICAM method
Multispectral absorption was estimated from two Turner
ICAM sensors, which were mounted on a dedicated optical
proﬁling package. Absorption was measured at nine wavelengths determined by the nominal peak of the nine source
LEDs: 365, 440, 488, 510, 532, 555, 590, 630, and 676 nm,
with the LED FWHM varying from 10 to 30 nm depending
upon source wavelength. Data were collected over several
minutes, and medians and standard deviations were calculated. As with AC-s and AC-9 measurements, pure water calibrations were collected daily on board. The spectral mean
values of the water calibration varied from 0.063 m1 at
365 nm to 0.035 m1 at 676 nm, increasing spectrally from
blue to red. Standard deviation of daily water calibrations were
of order 0.010–0.039 m1 from blue to red. The average water
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The term on the left site of the equation was derived by ﬁtting
a linear regression model to the log-transformed (Ed – Eu)
vs. depth with subsequent transformation back into linear space.
All depths were included in the regression, assuming exponential
decrease in (Ed – Eu) with depth at all wavelengths, which was
found to be an accurate approximation in these shallow waters.
Equation 1 was then evaluated at each depth where measurements were available. Literature values for the absorption by seawater (Pope and Fry 1997) corrected for temperature and salinity
effects (Sullivan et al. 2006) were subtracted to derive anw for
comparison with PSICAM data.
The calculation of absorption coefﬁcients using the
Gershun approach is complex, so is the quantiﬁcation of measurement uncertainties. We therefore assessed uncertainties
associated with the Gershun approach by propagating standard deviations for measurement at each depth into absorption coefﬁcients using a bootstrap approach, randomly
sampling 1000 times assuming normal distributions for all
4 irradiance measurements.

calibration spectrum was applied to the station mean unﬁltered and ﬁltered absorption spectra. Measurements were then
corrected for wavelength-speciﬁc temperature and salinity
effects following Sullivan et al. (2006). These corrections were
< 103 m1 at all wavelengths with the exception of 590 nm
where the correction was approximately 0.005 m1.
Gershun method
Absorption spectra were calculated from hyperspectral measurements of the irradiance quartet, Ed, Eu, Eod, Eou, using
Gershun’s law (Gershun 1939; Højerslev 1975). The proﬁling
package, consisting of four RAMSES sensors (Trios GmbH),
was lowered to speciﬁc depths to collect data over a 2-min
period at each depth (2–9 depths per station). The radiometry
package was positioned so that ship shadow effects were
minimal.
Spectra were linearly interpolated from 3.2- to 2-nm intervals from 320 to 900 nm. Both conversion of sensor pixel to
corresponding wavelengths and correction for immersion
effects were calculated for each sensor with the coefﬁcients
provided by the manufacturer. Data were processed broadly
following Li et al. (2018), where noise was removed using a
Savitzky–Golay ﬁlter, wavelengths were interpolated, and measurements with signal below the detection limit of
106 W m2 nm1 were removed from the analysis. All underwater radiometry proﬁles were corrected for changes in the
incident solar radiation, measured concurrently with a deck
reference sensor (also TriOS RAMSES) measuring downwelling
above surface irradiance, Es, during a cast sequence. Individual
radiometry proﬁles were composed during postprocessing,
using median values of each radiometric parameter at each
depth step. Unfortunately, we were unable to mount all radiometers so that upwelling and downwelling collectors and the
depth sensor aligned in the same horizontal plane, with offsets varying between 8 and 18 cm. During the last step prior
to calculation of absorption coefﬁcients, radiometry proﬁles
were therefore interpolated to the same depth.
Absorption was calculated solving Gershun’s equation
Eq. 1, which is derived from the radiative transfer equation for
radiance, ignoring inelastic radiative processes in the water
column (Jerlov 1976; Mobley 1994):
d
ðEd  Eu Þ ¼ at Eo ,
dz

Uncertainty assessments
Quantifying different types of uncertainty
Following the recommendations outlined in the Joint Committee for Guides in Metrology (JCGM 2008), we distinguish
between uncertainties associated with random error and those
with systematic error. The former, called Type A uncertainty,
is calculated as the experimental or observational standard
deviation of the arithmetic mean of repeated observations
(e.g., burst samples from in situ observations or replicate ﬁlter
pad samples). This is a convolution of sensor noise and natural variability. The latter, called Type B uncertainty, is evaluated as the positive root of the combined variances associated
with each measurement and/or analytic step (e.g., the derivation of ap from spectrophotometric sample ﬁlters or of absorption from uncalibrated transmittance in an AC meter). We
will use this as an estimate of measurement variability in speciﬁc aspects of protocols and assumptions. By separating the
two, we can (1) determine the relative contributions to total
uncertainty and (2) determine if the differences between the
different approaches are within the uncertainty (and thus not
signiﬁcant) or exceed the uncertainty (and thus are signiﬁcantly different). The experimental or observational standard
deviation of a set of n observations of qk (in this case, absorption parameters), given by:

ð1Þ

where Ed and Eu are planar downwelling and upwelling irradiance, respectively. Total scalar irradiance Eo is the sum of Eod
and Eou, the scalar downwelling and upwelling irradiance,
respectively. The approach is, therefore, not expected to work
for situations when inelastic processes have signiﬁcant effect
on underwater light ﬁelds, especially in the long-wavelength
portion of the visible spectrum where Raman scattering by
water molecules or Chl a ﬂuorescence can have a signiﬁcant
effect, depending on water optical properties.

 
s qk ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
1 Xn 
q  q ﬃ unat ,
k¼1 k
n1

ð2Þ

where q is the arithmetic mean and n  1 the degrees of freedom. This will be our estimate of the Type A observational or
experimental standard uncertainty associated with sensor
noise and natural variability, unat . The Type B propagated
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However, as with all approaches, there are inevitably factors
that are not corrected for at all, perhaps associated with underlying assumptions of the technique or with intermittent
instrument drift that is very difﬁcult to characterize. An example of the latter is internal temperature corrections for AC
devices implemented in real time through manufacturer software; these temperature dependencies can have hysteresis
effects through changing water masses, temporarily causing
systematic bias in some cases that is several factors greater
than baseline noise (Twardowski et al. 1999). The hope is any
such residual variability in any approach may be small. A goal
here is assessing relative accuracies (uncertainty normalized to
absorption magnitude) of very different approaches with all
their speciﬁc and inherent uncertainties, some known and
some unknown, to provide best possible estimates of true
absorption. This is the value in methodological closure exercises such as this study.

combined uncertainty, uc , in parameter y, will be computed from:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X N  ∂f 2
uc ðy Þ ¼
u2 ðxi Þ,
i¼1 ∂x
i

ð3Þ

where f is the functional relationship describing the set of N
other quantities, xi , that are related to measurand y (absorption parameter), and uðxi Þ is the standard uncertainty for each
xi in f (e.g., uncertainty in ﬁlter volume and effective ﬁlter
area for particulate absorption, or uncertainty in temperature,
salinity, and scattering corrections for the AC meters). We will
use this to quantify combined uncertainty at what may be
considered the current state-of-the-art associated with each
approach for estimating absorption. The observational uncertainty associated with natural variability, unat as deﬁned by
Eq. 2 could be one of the xi terms in the combined uncertainty in Eq. 3. However, because we seek to separate natural
variability from operational variability for the purposes of this
analysis in order to better compare the methodological uncertainties between approaches, we thus deﬁne operational
uncertainty uo , as in Eq. 3 without including the unat term as
in Eq. 2. Speciﬁc examples for this calculation are provided in
the Supporting Information Appendix S1.
Importantly, the speciﬁc factors contributing to uncertainty
may be poorly known or unknown. Uncertainty can be quantiﬁed without identifying the causes; for example, one can run
replicates to obtain a standard deviation without fully knowing all the factors contributing to associated variability. These
uncertainty estimates are sometimes reported as 95% conﬁdence intervals (CIs, i.e., 1.96  standard deviation of replicates or time series) which are expanded uncertainties with a
coverage factor of 1.96. CIs aggregate uncertainties from
a range of underlying sources of uncertainty, such as natural
variability of the sample, lamp stability, consistency of the
optical components, detector stability and internal error
sources (nonlinearity, stray light), wavelength accuracy, operator consistency (sample handling and storage), temperature,
salinity, the presence of bubbles, and, where applicable, variability in particle distributions on ﬁlters. However, as already
mentioned, uncertainty estimates based on CI or standard
deviations do neither provide information on the extent to
which different uncertainty terms contribute to the overall
observed variability nor reﬂect systematic uncertainty.
Over the years, key sources of systematic uncertainty have
been identiﬁed for most approaches and the community has
worked to quantify such speciﬁc uncertainties and develop
methods to correct associated bias. For example, with AC
devices three clear sources of systematic uncertainty can be
identiﬁed: puriﬁed water calibrations (analogous to spectrophotometric reference blanks), scattering errors from incomplete light capture using the reﬂective tube approach, and
temperature and salinity dependencies of pure water.

Accuracy and uncertainty assessments in
spectrophotometry
An instrument’s baseline uncertainty associated with
instrument noise (without additional natural variability associated with particle scattering, systematic bias errors, etc.) can
be assessed following Højerslev (1994). The relative uncertainty associated with instrument noise can be calculated
using
 
δa
dT  eaL
,
¼
aL
a noise

ð4Þ

where a is absorption (m1), δa is the uncertainty associated
with instrument noise (m1), L is the pathlength (m), and dT
is the instrumental noise of transmittance measurements
(dimensionless) in air. For instruments such as the AC meters,
the pathlength is well constrained, while for approaches such
as the ISFP, the geometric pathlength is dependent upon the
volume ﬁltered and the clearance are of the ﬁlter. For ICAM, it
is difﬁcult to accurately determine their exact optical pathlength, which varies with turbidity. The instrumental noise
of transmittance for an AC meter and benchtop spectrophotometer can easily be determined from laboratory measurements in air, while for PSICAM measurements they will have
to be estimated indirectly. The uncertainty associated with
instrument noise (m1) is calculated as:
δanoise ¼

dT  eaL
:
L

ð5Þ

This approach allows us to separate baseline uncertainty associated with instrumental noise from experimental uncertainty.
Note that when we use the term baseline uncertainty, its
meaning is essentially interchangeable with relative or absolute uncertainty due to instrument noise expressed by
Eq. 4 or 5.
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upon normally distributed and nonnormally distributed
errors. When errors may be considered normally distributed,
overall uncertainties and accuracies can be quantiﬁed by
RMSD and percent RMSD (%RMSD), respectively:

Comparison of different absorption methods
For consistency, all subsequent analysis and instrument
comparisons have been restricted to the visible spectrum,
400–700 nm, because this spectral range is common to all
methods. This study uses cross-comparison to evaluate relative
operational uncertainties in absorption parameters measured
or derived from the different techniques, including anw,
aCDOM, ap, aph, and anap (Table 2). Parameter anw was measured on the bench top from discrete samples with PSICAM
and in situ with the Gershun, AC-s, AC-9, and ICAM
approaches. Measurements for ap were collected with the ISFP
methods and QFT-ICAM from ﬁltered discrete samples, and as
the difference between anw and aCDOM from measurements
with PSICAM, AC-s, AC-9, and ICAM. Parameter aCDOM was
measured on the bench top from ﬁltered discrete samples with
the PSICAM and LWCC system, as well as in situ with AC-s,
AC-9, and ICAM instruments ﬁtted with a preﬁlter
(Twardowski et al. 1999; Twardowski et al. 2018a); associated
AC device data are disregarded, however, in the following due
to bubble contamination.
Where available, data sets derived with the same method
were compared against each other to test the inherent consistency of the technique, that is, the operational uncertainty
within an approach – this was done for the ICAM, AC-9
instruments, and the ISFP approaches. Because there is no
absorption standard against which to evaluate the accuracy of
all the approaches, we selected one approach against which to
evaluate the deviation in absorption parameters, that is,
uncertainty between approaches. We chose the PSICAM data
as the reference because (1) it provides the most extensive set
of absorption parameters (e.g., whole water, ﬁltered water, ﬁlter pad samples) and (2) extensive previous work (Röttgers
et al. 2005; Röttgers and Doerffer 2007) has demonstrated the
PSICAM approach has negligible scattering errors and very
low operational uncertainties, partly due to the long effective
pathlength of the integrating sphere. The PSICAM thus provides the state-of-the-art estimate of absorption against which
the others will be compared. The utility of this approach is
that any future improvements in absorption measurement
technology can be compared to PSICAM and thus to all other
approaches presented here. The difference between each
absorption parameter estimate and the PSICAM estimate will
be quantiﬁed as the difference scaled to the magnitude of the
PSICAM-measured absorption (percent difference).
Performance of absorption measurements was assessed by
using geometric mean linear regressions for the various data
sets and comparative statistics. For completeness, statistics are
provided in comparing all method combinations. Regression
slope, offset, and the determination coefﬁcient R2 are a measure of tendency for one parameter to over/underestimate relative to the other parameter, that is, potential systematic
differences between parameters. We estimate the differences
using parametric and nonparametric approaches depending

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u m 
u 1 X q  q 2
ref
RMSD ¼ t
,
qref
m 1
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!2ﬃ
u m
u 1 X q  qref
 100 ,
%RMSD ¼ t
qref
m 1

ð6Þ

ð7Þ

where q is the absorption parameter measured by one instrument and qref is the absorption parameter measured by
another instrument (i.e., PSICAM used as reference, unless
otherwise indicated), and m is the number of paired measurements available (in this case, stations). Since there is no
approach with zero measurement error, these uncertainties
and accuracy assessments are relative to the speciﬁc
approaches being compared, aggregating both random and
systematic errors. Estimates of speciﬁc uncertainty sources are
provided in the speciﬁc method descriptions for the different
approaches and are considered in the context of approach
comparisons in the Discussion section. In this study, the aim
was to (1) quantify the operational uncertainty associated with
each measurement approach for a set of absorption parameters, (2) compare that uncertainty to that associated with natural (spatial and temporal) variations, and (3) quantify the
differences in absorption parameter estimates between the different approaches with the ultimate goal of understanding
and ranking uncertainties associated with each approach to
improve the quality of in situ validation for remote sensing.
For the data sets that do not have normally distributed
error, nonparametric error assessments such as percentage
mean errors, in both absolute and relative terms were used:
δabs ¼

1 Xm
δabs
q  qref ,%δabs ¼ 100 
,
1
qref
m

ð8Þ

δrel ¼


1 Xm
δrel
q  qref ,%δrel ¼ 100 
,
1
qref
m

ð9Þ

where %δabs is an aggregate error taking into account the absolute magnitude of the residuals and giving them equal weight
and %δrel is an estimate of the overall biases in the data set,
where a value near zero indicates small net bias. Parameters
such as %RMSD and %δabs allow assessment of relative accuracy between measurements. As an example in the application
for comparing data from spectrophotometric devices, %RMSD
may be most applicable for measurements of aCDOM where
data time series may be approximately normally distributed,
i.e., with variability coming primarily from sensor noise,
where %δabs may be most appropriate for measurements
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Table 4. Summary of suspended particle characterisations for each station. Values of anap(440)/ap(440) were obtained with ISFP
method (ISFP 2 data set) and ap(440)/anw (440) were obtained from PSICAM measurements. The percentage values in parenthesis indicate the coefﬁcient of variation based on duplicate samples.

Station

Date

SPM

POC

Chl a

POC : SPM

(DD-MM-YYYY)

(g m3)

(mg m3)

(mg m3)

ST01

09 Jan 2017

22.33

1295.74

3.94

ST02

09 Jan 2017

(1.36%)
9.22

(3.35%)
618.98

(5.24%)

(3.37%)

anap(440)/
ap(440)

ap(440)/
anw (440)

Chl a : SPM

POC : Chl a

(g : g)

(g : g)

(g : g)

()

()

0.058

1.76 104

328.9

0.80

0.74

3.62

0.067

3.93 104

171.0

0.68

0.43

ST03

09 Jan 2017

15.85
(0.86%)

913.11
(7.24%)

4.43

0.058

2.79 104

206.1

0.74

0.73

ST04

10 Jan 2017

22.32

981.94

5.39

0.044

2.41 104

182.2

0.77

0.85

10 Jan 2017

(1.26%)
4.11

(0.02%)
392.73

4.98

0.096

12.12 104

78.9

0.47

0.29

—

—

ST05
ST06

11 Jan 2017

4.94
(1.00%)

419.61
(2.80%)

2.18
(0.49%)

0.085

4.42 104

192.5

0.67

0.57

ST07

11 Jan 2017

6.58

553.20

3.64

0.084

5.53 104

152.0

0.68

0.50

12 Jan 2017

(1.65%)
4.72

(10.67%)
464.85

3.28

0.098

6.95 104

141.7

0.53

0.35

(3.13%)

(0.45%)

ST08
ST09

12 Jan 2017

—

483.18
(5.83%)

2.18
(1.49%)

—

—

221.6

0.46

0.30

ST10

12 Jan 2017

12.47

795.47

2.74

0.064

2.20 104

290.3

0.70

0.72

13 Jan 2017

(4.99%)
2.25

(0.98%)
344.72

3.72

0.153

16.53 104

92.7

0.50

0.25

(2.01%)

(1.63%)

(0.89%)

3.52
(1.43%)

370.74
(4.26%)

2.53

0.105

7.19 104

146.5

0.60

0.30

ST11
ST12

13 Jan 2017

dominated by particle ﬁelds with associated superimposed
ﬂuctuations from small scale natural variability.

ratio is, however, high enough to suggest no major methodological artifacts in the experimental partitioning of ap into anap
and aph. It was previously reported that the partitioning
method based on pigment bleaching becomes unreliable for
samples with very low proportion of phytoplankton in
suspended matter when Chl a/SPM is less than about 104
(Wozniak et al. 2010).
Although Chl a was moderately high in the examined samples, the relatively low proportion of phytoplankton within
the particulate assemblages was supported by data of
POC : Chl a and the absorption ratio anap(440)/ap(440) at the
Soret band of Chl a (Table 4). The interpretation of POC : Chl
a in natural waters is confounded by variability in the ratio of
phytoplankton carbon (Cph) to Chl a and variable contribution to POC from particulate material other than phytoplankton. The limited data of Cph : Chl a estimates for
phytoplankton in the ocean suggest this ratio can vary within
a fairly broad range from about 15 to > 300 with the highest
values found in oligotrophic waters and the lowest values in

Results
Characterization of particulate matter
Indian River Lagoon waters are characterized by relatively
high concentration of suspended particles. During our experiments SPM ranged between about 2 and 22 g m3, POC
between 340 and 1300 mg m3, and Chl a between 2.2 and
5.4 mg m3 (Table 4). All three concentration metrics are signiﬁcantly higher than typically observed in open ocean waters
(Stramski et al. 2008). The POC/SPM ratio for most samples
was very low, below 0.1; the highest observed value was
0.15 at ST11 (Table 4). Such low values are indicative of the
dominant contribution of mineral particles to SPM (Wozniak
et al. 2010). The Chl a/SPM ratio was generally on the order of
104 with the highest value of 16.5  104 at ST11 (Table 4).
Despite the dominant role of mineral particles, the Chl a/SPM
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Fig 3. Comparison of CDOM absorption, aCDOM, measurements made with LWCC and PSICAM for all stations, on (a) a linear scale and (b) a log–log
scale. Color of circles represents wavelength from 400 to 700 nm.
varied widely across samples stations from 0.25 at ST11 to
0.85 at ST04.

upwelling and temperate waters and coastal environments
(Sathyendranath et al. 2009; Graff et al. 2015). Given our data
were collected in relatively turbid coastal waters with high Chl
a, the magnitude of POC : Chl a from about 75 to 330 appear
to indicate signiﬁcant contribution of nonphytoplankton carbon to POC.
Finally, the anap(440)/ap(440) ratio was generally higher
than typical values observed in the open ocean (Bricaud and
Stramski 1990), which further supports the notion of limited
proportion of phytoplankton within the examined particulate assemblages. This characterization of SPM explains the
observed spectral shapes of ap shown in Particulate absorption ap section, which are typical for samples with weakly
pronounced absorption features of phytoplankton but dominated by nonalgal particulate absorption with major contribution of mineral particles (Babin et al. 2003; Babin and
Stramski 2004; Bowers and Binding 2006). The relative contribution of particulate absorption to overall absorption

CDOM absorption aCDOM
Measurements of aCDOM, that is, absorption by material
passing through a 0.2-μm ﬁlter, are generally considered the
most accurate because, due to the nature of the sample, particle scattering effects are considered negligible. In this study,
aCDOM was measured in situ with the ICAM and from discrete
samples with the PSICAM, LWCC, and dual-beam spectrophotometer. A summary of cross-comparison of each method
against every other is given in Supporting Information
Table S1.
Comparison of aCDOM measured with the bench-top LWCC
and PSICAM showed good agreement (%δabs = 2.5%) and
small tendency for LWCC to overestimate PSICAM absorption
with a slope of 1.015 ( 0.001) (Figs. 2, 3). Largest relative
deviations were observed at longer wavelengths, presumably

Fig 4. Comparison of CDOM absorption, aCDOM, measurements made with a dual beam-spectrophotometer equipped with a 10-cm cuvette and the
PSICAM for all stations, on (a) a linear scale and (b) a log–log scale. Color of circles represents wavelength from 400 to 700 nm and the 1 : 1 line (solid)
and linear regression line (dashed).
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sensitivity issues are negligible. In addition, LWCC absorption
coefﬁcients reported in this study take into account measurements 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 dualbeam spectrophotometer showed overall good agreement with

driven by scaling, that is, small absolute errors result in large
relative errors when absorption is low. Alternatively, the deviation could originate from residual temperature and salinity
effects if not fully corrected. The agreement had been signiﬁcantly improved by correcting data from both instruments for
detector issues, including nonlinearity, internal stray light,
and issues with spectral registration (data not shown). The calibration 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 calibration, using a highly concentrated colored solution in puriﬁed water, is not affected by scattering or salinity effects and

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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waters. With the exception of the Gershun method, measurements showed a small tendency to overestimate PSICAM
absorption with slopes within 10% of 1.0 and %δabs < 20%,
with exception of ICAM 2. Slight overestimation likely related
to residual bias associated with scattering effects but may be
due to the inclusion of more large particles that are relatively
rare, as time averaging results in larger effective sample volumes. Approximately, 60% of R2 values for the 42 comparisons
were > 0.95, indicating strong linear relationships between the
instruments and generally consistent spectral shapes, although
because many systematic errors scale with magnitude, they
may not be a constant contribution to uncertainty but to %
error. Lowest R2 of 0.83 was observed for ICAM 1 vs. Gershun.
Detailed analysis is provided below.

the other two benchtop methods (Fig. 2), with a 6.5% %δabs
when compared to PSICAM aCDOM (Fig. 4). The slightly larger
degree of variability compared to the LWCC vs. PSICAM comparison can likely be explained by the method’s signiﬁcantly
shorter optical pathlength of 10 cm, limiting the sensitivity,
as well as small differences in data processing. Results also
indicate a loss of sensitivity of the PSICAM in the NIR whereas
the spectrophotometer resolves nearly two orders of magnitude lower values. LWCC data were offset corrected at 700 nm
while spectrophotometer data were not because they were
within the range of instrument noise of zero indicating negligible scattering error.
Agreement between PSICAM and the multispectral ICAM1
and ICAM 2 instruments measuring aCDOM in situ exhibited
larger deviations compared to the discrete measurements, with
%δabs > 35% and generally increasing with wavelength
(Fig. 2). The deviations between the ICAM and PSICAM were
highly variable across different stations suggesting that it was
not due to a systematic bias, but simply high variability in
ICAM measurements. For the one sample where aCDOM data
were available from both ICAMs, %δabs was 23% (Supporting
Information Table S1).

ICAM anw and aCDOM
Only a small number of simultaneous measurements with
two ICAMs were available and, hence, anw (n = 2) and aCDOM
(n = 1) were combined for analysis (details on separate analysis of aCDOM and anw can be found in Supporting Information
Tables S1, S2, respectively). ICAM measurements were relatively precise in the visible range (%δabs < 17%), with a small
tendency of ICAM 1 to underestimate ICAM 2 at longer wavelengths (slope = 1.065 [ 0.045]; Fig. 6). The linear regression
model showed both ICAM anw data sets were on average not
signiﬁcantly different from PSICAM data. However, the average spread in the aCDOM and anw data was 27%, and discrepancies for individual wavelengths were not consistent (%δabs;
Fig. 7). These measurement discrepancies between wavelengths from sample to sample suggest inherent instabilities
in the ICAM; however, the more consistent agreement
between the two ICAMs suggests there may in fact be systematic errors afﬂicting both ICAMs.
ICAM aCDOM tended to underestimate PSICAM values,
while anw was predominantly overestimated relative to
PSICAM data. Despite the fact that no attempt was made
to correct ICAM data for scattering effects, agreement with

Nonwater absorption anw
A summary of cross-comparison of each method against
every other for the total nonwater absorption coefﬁcient, anw,
is given in Supporting Information Table S2. At Stas. ST01,
ST03, ST04, and ST10, anw was dominated by particulate matter with relative contributions of ap > 70% (Table 4). Conversely, aCDOM was the dominating contributor (≥ 70%) to anw
at ST05, ST09, ST11, and ST12.
The agreement between the two ICAMS and the PSICAM
was higher for anw than for aCDOM (Fig. 5). This further emphasizes the likelihood of contamination of the in situ aCDOM measurements by bubbles originating from the inline ﬁlters and the
difﬁculties in completely degassing ﬂow cells in very shallow

Fig 6. Comparison of anw and aCDOM measured by two ICAMs mounted on the same frame (n = 3), on (a) a linear scale and (b) a log–log scale, with
the 1 : 1 line (solid) and linear regression line (dashed). Note that metrics of agreement are given for the combined anw and aCDOM data set.
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Fig 7. Comparison of anw and aCDOM measured with an ICAM compared to measurements with a PSICAM (n = 15) for eight ICAM wavebands in the
visible spectrum (440, 488, 510, 532, 555, 590, 630, 676), on (a) a linear scale and (b) a log–log scale, with the 1:1 line (solid) and linear regression line
(dashed). Note that measures of agreement are given for the combined anw and aCDOM data set.
AC-9 and AC-s anw and aCDOM
As expected, the agreement between different AC-9 and
AC-s instruments and other sensors was strongly dependent

PSICAM for ICAM 1 anw was broadly consistent with AC-s and
the two AC-9 instruments with %δabs < 20%, although slopes
deviated within 11% from unity.

Fig 8. Effect of different scattering corrections on total nonwater spectral absorption anw measured at ST07 in (a) AC-s and (b) AC-9 measurements. For
comparison, PSICAM absorption spectra are shown in black. Spectral average %δabs shown for (c) AC-s and (d) AC-9 measurements. Scattering corrections include the independent VSF-based correction (Stockley et al. 2017), semiempirical correction (Röttgers et al. 2013), proportional and ﬂat
(or baseline) corrections from Zaneveld et al. (1994).
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Fig 9. Comparison of nonwater absorption anw data measured with two AC-9 (n = 11) instruments mounted on the same frame, on (a) a linear scale
and (b) a log–log scale, with the 1 : 1 line (solid) and linear regression line (dashed). Data have been corrected for scattering errors using two different
correction approaches: The semiempirical method (Röttgers et al. 2013) and an approach using independent VSF data (Stockley et al. 2017). Regression
coefﬁcients, RMSD and %δabs are shown for data correction with semiempirical correction.

Fig 10. Comparison of total nonwater absorption anw data measured with an AC-s against PSICAM absorption data (n = 11, 400–700 nm), on (a) a linear scale and (b) a log–log scale, with the 1 : 1 line (solid) and linear regression line (dashed). AC-s data have been corrected for scattering errors using
the semiempirical method (Röttgers et al. 2013).

on the choice of scattering correction for the AC devices.
Figure 8 shows the effect of the four different scattering correction approaches on AC-9 and AC-s anw data collected at ST07
compared to PSICAM measurements. The scattering corrections not assuming zero absorption in NIR spectral region,
that is, the semiempirical correction from Röttgers
et al. (2013) and the independent VSF-based correction
(Stockley et al. 2017; Tonizzo et al. 2017), generally performed
better in the complex case 2 waters of this study (Fig. 8). However, note remaining errors at longer wavelengths can still be
> 20%. No consistent trend could be observed when comparing the semiempirical vs. VSF corrections, that is, sometimes
VSF correction outperformed the semiempirical correction and
vice versa when compared with PSICAM data. However, VSF
data were not available for all stations, so we therefore used
the semiempirical correction for all subsequent analysis in this
paper, including anw in Fig. 5.

Data from the two independent AC-9 devices were found
to be very consistent, with %δabs < 3% and a slope of 1.011
( 0.006) (Fig. 9). AC-9 and AC-s were on average also very
consistent across all wavelengths (regression slope: 1.005
[ 0.013]) but showed a higher %δabs of 8%. Results from the
semiempirical and VSF-based corrections were remarkably consistent, with %δabs < 9.7% for AC-s and both AC-9 instruments. Across the entire spectrum, both AC-9 and AC-s anw
data agree with the PSICAM within %δabs = 15%. Deviations
between AC-9 and AC-s with respect to PSICAM vary on a
sample by sample basis, typically increasing toward blue wavelengths in absolute numbers and toward the NIR region in relative terms (Figs. 10 and 11).
Total absorption at measurements with Gershun method
Hyperspectral total absorption coefﬁcients were calculated
from radiometric measurements of the irradiance quartet
607

Kostakis et al.

Hyperspectral optical absorption closure experiment

Fig 11. Comparison of nonwater absorption anw data measured with an AC-9 instrument against PSICAM absorption data (n = 12) at nine AC-9 wavelengths, on (a) a linear scale and (b) a log–log scale, with the 1 : 1 line (solid) and linear regression line (dashed). AC-9 data have been corrected for scattering errors using the semiempirical method (Röttgers et al. 2013).

ﬁelds. CTD temperature and salinity data were used to correct
pure water absorption values. Skylight was modeled with the
default conﬁguration of the built-in algorithm RADTRAN. Results
for ST04 demonstrated that inelastic radiative effects (Raman
scattering by water molecules, chlorophyll ﬂuorescence and
CDOM ﬂuorescence) were negligible in these turbid waters and
shallow depths and not able to explain the discrepancies with
PSICAM data (data not shown).
To test if random errors in depth measurements of up to
20 cm were able to explain discrepancies between Gershun
and PSICAM absorption spectra, a bootstrapping exercise was
carried out. For each proﬁle, absorption was derived with the
Gershun method with 1000 random depth offsets in the
20 cm range added to each measurement, assuming normal
distributions for all four irradiance measurements. The best
match was subsequently identiﬁed with corresponding
PSICAM measurements through minimization of %δabs.
Figure 13 shows that potential uncertainties in depth readings

using Gershun’s equation. Gershun anw (with the water contribution subtracted from the derived total spectral absorption
coefﬁcient) was the only method that consistently underestimated PSICAM data with deviations increasing toward
both edges of the spectrum (Fig. 12).
To investigate whether inelastic scattering effects could potentially explain some of the deviation observed in data obtained
with the Gershun method compared with PSICAM data, we calculated Gershun absorption spectra from underwater light ﬁelds
simulated with the Hydrolight (Numerical Optics, UK) radiative
transfer model, both with and without inelastic effects. The
model inputs are the inherent optical properties, speciﬁcally
AC-s anw and cnw data, LWCC aCDOM data, ECO-BB3 bbp data
(interpolated and extrapolated to cover full visible range) and the
Chl a concentrations. Hydrolight uses these data to estimate total
absorption, total attenuation, total scattering, total backscattering, CDOM ﬂuorescence and Chl a ﬂuorescence at the desired
wavelength resolution and to subsequently simulate radiometric

Fig 12. Comparison of nonwater absorption, anw, data derived from radiometric data using Gershun’s law compared to measurements with a PSICAM
(400–700 nm), on (a) a linear scale and (b) a log–log scale, with the 1 : 1 line (solid) and linear regression line (dashed). Color of circles represents wavelength from 400 to 700 nm.
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Fig 13. Best agreement between Gershun and PSICAM nonwater absorption, anw, data from bootstrap experiment allowing 20 cm random uncertainty
in depth recording.
within 20 cm could account for almost all deviation between
PSICAM
and
Gershun-derived
absorption
data.
Between 400 and 550 nm, the correction increased Gershunderived anw by a constant factor varying between 6% and 25%
of corresponding PSICAM absorption depending on the sample. At longer wavelengths the effect of the correction
increased to > 100%. Resulting %δabs in match ups for the
nine stations ranged between 1.4% and 10.6%.
Shapes of Gershun absorption spectra exhibited some unexpected features, namely: (1) chlorophyll absorption peaks present in PSICAM absorption spectra (and spectra from other
methods) around 675 nm were often substantially dampened,
possibly inﬂuenced by chlorophyll ﬂuorescence; and (2) subtle
residual pure water absorption features were sometimes apparent
(Fig. 13). While the exact source of these features could not be

determined, it is likely that measurements at longer wavelengths
were photon-limited (the Gershun method is a passive
approach, without an artiﬁcial light source) and, hence, poorly
resolved. Residual features resembling pure water absorption
could also potentially be explained by insufﬁcient correction of
salinity and temperature effects during data processing.
Particulate absorption ap
Laboratory measurements of ap for discrete samples were conducted with the ﬁlter pad technique using two different set-ups,
the postcruise ISFP measurements in two different labs using frozen and stored sample ﬁlters and on-board QFT-ICAM measurements on freshly prepared ﬁlters immediately after sample
collection. In situ data were available from ICAM, where ap was
calculated as the difference between separate anw and aCDOM
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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.

measurements. For comparison, PSICAM ap was also calculated
from separate anw and aCDOM measurements on discrete samples. 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 Information 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 individual 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).
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Fig 15. Comparison of (a) particulate and (b) nonalgal particle absorption data measured by two different labs using two independent ﬁlter pad measurements based on the ISFP approach (400–700 nm), with the 1 : 1 line (solid) and linear regression line (dashed).
The level of agreement between the two ISFP approaches
sample to sample was broadly comparable for an anap and ap.
With regard to aph (data not shown), data from the two ISFP
measurements were slightly less strongly correlated showing
small hysteresis effects at shorter wavelengths, with
R2 = 0.9690 and an average slope of 1.069 ( 0.022). As
expected, there was also a slightly wider spread in aph with
%δabs 11.6% and RMSD 0.0113 m1 compared to ap and anap
because aph was derived as the difference of these two parameters. The observed overall offset determined from linear regression through all aph data was 0.002 ( 0.002) m1, smaller
than offsets for either anap or ap (0.014 [ 0.001] m1),
suggesting that systematic errors have, to some extent, canceled out during subtraction.

slopes from sample to sample that varied between 0.971 and
1.070 (Fig. 16). ISFP 1, ISFP 2, and QFT-ICAM data sets compared similarly to PSICAM ap (%δabs < 7.5%), with QFT-ICAM
ap showing slightly more variability both spectrally and across
stations (Fig. 17; Supporting Information Table S3).
ICAM ap
The ap determined in situ by difference between unﬁltered
and ﬁltered observations with in the ICAM are consistently
larger than those determined on ﬁlter pads. One of the most
obvious reasons for this is that the ICAM was ﬁltered in situ
with a 0.2-μm cartridge ﬁlter, while the ﬁlter pads used for the
other measurements on GF/F ﬁlters have nominal pore size of
0.7 μm. Spectrophotometric analysis of ﬁltrate from 0.2- and
0.7-μm ﬁlters reveals that the absorption within that pore size
interval for these samples varies from negligible to approximately 0.05 m1 at 400 nm, decaying exponentially toward
the red end of the spectrum (data not shown). The absorption
measured in this size interval was consistent with the ICAM
overestimation of the GF/F measurements. One notable

ISFP and QFT-ICAM ap
ISFP 1 and ISFP 2 ap data agreed with onsite QFT-ICAM
data to a comparable degree (%δabs < 5%). Both systematic and
random errors, thus, appear small. Again, strong correlations
(R2 > 0.99) were observed for each sample, but with regression

Fig 16. Comparison of particulate absorption data, ap,measured by two different labs using different ﬁlter pad methods, ISFP 1 approach and QFT-ICAM
(400–700 nm), on (a) a linear scale and (b) a log–log scale, with the 1 : 1 line (solid) and linear regression line (dashed).
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Fig 17. Comparison of particulate absorption data measured by two different labs using different ﬁlter pad methods, (a) ISFP approach and (b) QFT-

ICAM, both vs. ap derived from anw  aCDOM from PSICAM measurements from 400 to 700 nm. Also shown are 1 : 1 line (solid) and linear regression line
(dashed).

consistent performance across different AC instruments.
Larger CI for AC-s measurements of aCDOM with respect to anw
provided additional evidence that AC-s measurements were
potentially affected by bubbles (data not shown). Conversely,
ICAM aCDOM uncertainties were lower than anw uncertainties
suggesting that if bubbles were present, the effect on absorption measurements was small.
Spectrally, PSICAM (anw and aCDOM) and LWCC (aCDOM)
average CIs followed the shape of the corresponding absorption
spectra, showing errors scale with magnitude to a large degree.
In relative terms, mean CIs were within 5% of the measured signals for wavelengths < 600 nm. At longer wavelengths, CIs
increased to 16% for aCDOM (both LWCC and PSICAM) and 6%
for PSCIAM anw. CIs were very consistent across the different ﬁlter pad absorption methods, ISFP and QFT-ICAM, with little variability across the spectrum and maximum values of 0.025 m1
at 400 nm. Notably, PSICAM CIs for anw show a signiﬁcant
increase in the blue relative to other methods due to decreased
signal caused by high absorption with long effective pathlength
in the integrating cavity.

exception was observed in the 676 nm channel, where the
ICAM data display no red absorption peak associated with Chl
a, as was clearly identiﬁable in the spectra obtained on the
ﬁlter pads.
Conﬁdence intervals
Average CIs, or expanded uncertainties, were wavelength
dependent for all absorption methods with generally the largest absolute uncertainties at shorter wavelengths, following
the shape of the corresponding absorption spectrum. Relative
average CIs, on the other hand, were greatest at red wavelengths. Overall uncertainties for Gershun-derived absorption
spectra (derived using the bootstrap approach) were extremely
large, > 0.13 m1 across all wavelengths with values increasing
toward both edges of the spectrum, exhibiting both water and
nonwater absorption features (Fig. 18). The magnitude of
Gershun CI reﬂects the challenges with accurate depth measurement, ﬂuctuations in the underlying radiometric measurements, and computation of absorption spectra (Fig. 18a). AC-s
and AC-9 CI were virtually identical demonstrating very

Fig 18. 95% Conﬁdence intervals (= 1.96 * standard deviation of individual time series or replicate measurements) for different spectral absorption
measurements (a) in situ, (b) same as (a) but on a different scale with Gershun data removed and (c) from discrete sample measurements.
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Fig 19. (a) RMSD and (b) %δabs as function of wavelength for different absorption measurements in comparison to the PSICAM (LWCC: aCDOM; ISFP &
QFT-ICAM: ap; AC-s, ICAM, Gershun: anw).

improved uncertainties for in situ absorption measurements
are needed for the PACE mission from the UV to NIR (PACE
Science Team Gaps Matrix, https://pace.oceansciences.org/
docs/pace_gaps_iop.pdf), as well as the capability to resolve
absorption with respect to depth and continuously in ﬂowthrough systems while a ship is underway (IOCCG Protocol
Series—Vol. 4.0, 2019b). Beyond ocean color remote sensing,
knowledge of uncertainties in absorption measurements is
important in the interpretation of a range of other models
relying on absorption as an input parameter, for example, in
bio-optical, biogeochemical, primary production, heat ﬂux,
and ecosystem models.
Absorption coefﬁcients in natural waters are one of the
most difﬁcult optical properties to measure because scattering
by suspended particles leads to overestimation either directly

Discussion
Spectral absorption by marine water is the key parameter
linking ocean color remote sensing to phytoplankton pigment
composition, phytoplankton diversity, algal biomass, and
ocean primary productivity. Key algorithms to derive spectral
absorption of oceanic constituents from ocean color remote
sensing rely in some way on empirical data sets of absorption
measurements (Roesler and Perry 1995; Lee et al. 2002;
Werdell et al. 2013, 2018). Furthermore, accurate absorption
data are required for validation of inverse reﬂectance models
for estimating inherent optical properties (IOPs), (Loisel
et al. 2018; Twardowski and Tonizzo 2018). These algorithms
are developed based on radiative transfer simulations. Relative
uncertainties in absorption data thus underpin accuracies
associated with these algorithms. Speciﬁcally, signiﬁcantly

Table 5. RMSD and %δabs for comparison of absorption data from different sensors with PSICAM absorption at 440, 555, and
676 nm—plus range of absorption coefﬁcients as measured with the PSICAM at these three wavebands.
Sample
RMSD @
%δabs @
%δabs @
RMSD @
RMSD @
%δabs @
type 440 nm (m1) 555 nm (m1) 676 nm (m1) 440 nm (%) 555 nm (%) 676 nm (%)
Absorption range:

anw

0.40–1.32

0.11–0.64

0.05–0.47

ICAM
AC-9

anw
anw

0.1332
0.1506

0.0845
0.0846

0.0508
0.0346

16.5
10.9

35.4
18.9

34.7
12.2

AC-s

anw

0.1396

0.0874

0.0423

10.0

23.1

18.0

Gershun
Absorption range:

anw
ap

0.1766
0.25–0.91

0.0746
0.10–0.44

0.1381
0.11–0.39

17.6

21.6

55.7

ISFP

ap

0.0371

0.0118

0.0123

6.4

3.7

4.7

0.0179
0.01-0.16

0.0178
0.03-0.03

8.2

6.5

6.7

QFT-ICAM
Absorption range:

ap
aCDOM

0.0494
0.08–0.88

LWCC

aCDOM

0.0129

0.0028

0.0037

2.0

2.5

15.2

10 cm cuvette in spectrophotometer
ICAM

aCDOM
aCDOM

0.0141
0.1013

0.0187
0.0706

0.0202
0.0310

2.4
45.1

16.9
114.5

87.9
125.8
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effects of this correction are typically negligible for any single
measurement, and if done on all the measures, the relative
relationships hold. It makes a difference in the statistical
assessment of means, which is not the focus of this work.
Even under the assumption that particle scattering from
colloids and nanoparticles is no concern for measurements of
aCDOM, measurements can be susceptible to scattering by bubbles introduced when the sample is pumped through the ﬁlter
at the instrument’s inlet. The presence of bubbles can potentially be a source of systematic error for all aCDOM methods,
although in situ methods are particularly susceptible. In shallow waters, persistent bubbles can be a signiﬁcant challenge
for ﬁltered in situ measurements and variable large offsets in
absorption were observed in AC-9 and AC-s data at multiple
stations. The agreement with PSICAM data was higher for anw
than for aCDOM for the pumped in situ instrument ICAMs
(Fig. 5), supporting the assumption of potential issues with
the ﬁltration for aCDOM and residual bubbles. Data collected
with AC devices here was not included in analysis due to obvious bubble contamination. Moreover, all stations were very
shallow which meant that the typical degassing protocol,
involving lowering instruments to 10 m depth, could not be
followed. Natural degassing in warming surface waters can
likewise contribute to bubble contamination.
Comparison of data from different instruments of the AC
design showed average agreement within 0.055 m1 (RMSD)
and < 9% (%δabs), demonstrating stability and strong replicability when following current protocols for calibration and
corrections; comparison of ﬁnal corrected data with PSICAM
nonetheless showed deviations > 20% %δabs in some cases,
with highest errors at longer wavelengths likely driven by
residual scattering errors.
Consistent with previous studies, recent advances in scattering correction approaches (see Fig. 8 and Table 3) improved
the level of agreement between AC-s and AC-9 with respect to
PSICAM in these turbid waters, most importantly avoiding the
zero NIR absorption assumption, which is clearly shown to
not be zero in the ISFP measurements (Fig. 14). Even though
phytoplankton generally exhibit very small absorption in the
NIR, nonalgal particles do have signiﬁcant absorption and
subtracting the NIR reduces their contribution throughout the
visible spectrum. This is a concern for ocean color algorithm
work because virtually all of the data in global data bases such
as NASA SeaBASS have either the proportional or ﬂat (baseline)
corrections applied, which, as shown previously (Stockley
et al. 2017), exhibit consistently large errors at longer wavelengths due to the null absorption assumption in the NIR. Ideally, if spectrally resolved ancillary data is available,
absorption data may be corrected with the iterative correction,
either using additional backscattering (McKee et al. 2013) or
VSF (Stockley et al. 2017) data. However, if these additional
data are not available, the semiempirical correction (Röttgers
et al. 2013) is recommended, which has consistently shown
comparable results. The analysis here contributes to existing

by redirecting the source beam away from the detector, or
indirectly by increasing the optical pathlength over the geometric pathlength. In an attempt to understand the relative
accuracies for the different absorption measurement methods,
we looked at the agreement between each method and the
PSICAM spectrally and for each station (Fig. 19). Both RMSD
and %δabs deviations were found to be strongly wavelength
dependent. RMSDs in comparison to PSICAM were higher at
shorter wavelengths, consistent with spectral Type A uncertainty and CI relationships (Fig. 18). Conversely, spectral percent differences %δabs were typically lowest at blue
wavelengths where absorption was highest. An assessment of
baseline uncertainties for different methods (see below) shows
both properties are highly dependent on the strength of the
absorption signal relative to effective pathlength, which
explains some of the wavelength dependency of other uncertainty measures (CI, RMSD, %δabs). Absolute and relative deviations between PSICAM and the different instruments are
summarized for three different wavelengths, 440, 555, and
676 nm (Table 5). Bench top methods show generally better
agreement (2–11.5% %δabs at 440 nm) with PSICAM than in
situ methods (10–17% at 440 nm), which can be attributed to
time–space sampling mismatches to some extent. However,
conditions were stable and water column generally well mixed
and, as a result, bias due to sampling mismatch is therefore
unlikely to account for all the differences. In situ methods
generally demonstrate poorer agreement due to the physical
constraints of in situ instrumentation and deployment
(i.e., size, weight, power, robustness), the environmental
impacts on sensors compared to stable and controlled benchtop instruments, as well as the unique measurement
approaches compatible with real-time, submersible ﬂowthrough implementation. For example, the unique measurement approach of the AC device results in a very signiﬁcant
scattering error that can only be marginally accounted for
with various state-of-the-art correction approaches (Fig. 8;
Stockley et al. 2017). Another example is the Trios OSCAR, a
submersible implementation of the PSICAM design that was
considered for inclusion in this study; however, small diameter ﬂow ports in and out of the integrating cavity did not readily allow complete degassing when submerged, so the sensor
could not be included.
LWCC and PSICAM aCDOM measurements showed best
agreement (within 5% at wavelengths < 600 nm) of all comparisons, which is not surprising as the PSICAM reﬂectivity is
calibrated against the LWCC, which may cancel out some systematic errors. At longer wavelengths, the deviation increased
(Fig. 19, Table 5), reﬂecting challenges of measuring very low
levels of CDOM absorption at these wavelengths. Susceptibility to residual effects of water salinity and temperature are
apparent. LWCC and PSICAM aCDOM were also both offset
corrected, assuming zero absorption at 700 nm; any real
absorption by CDOM at 700 nm would be an example of a
systematic error common to both approaches. However, the
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an “out-of-the-box” approach, relying on manufacturer’s data
which can lead to known data quality issues due to poor characterization of radiometers and instrument drift over time
(Mekaoui and Zibordi 2013; Zibordi et al. 2017; Talone and
Zibordi 2018). Spectral %δabs exhibited features of pure water
absorption at longer wavelengths pointing toward issues with
depth assignment during processing or with the accuracy of
manufacturer’s immersion factor (Zibordi and Darecki 2006).
Furthermore, the Gershun approach is photon-limited at red/NIR wavelengths which will limit its ability to accurately
resolve spectral features in this range beyond the ﬁrst optical
depth (a few cm for some stations in this study), even when
measurements are taken with a high depth resolution. Based
on the results of radiative transfer simulations, inelastic radiative effects (Raman scattering and ﬂuorescence) could be ruled
out as signiﬁcant sources of uncertainty and were therefore
unable to explain the extent of the NIR deviation in these
shallow turbid waters.
The choice of pure water absorption coefﬁcients and temperature and salinity correction coefﬁcients for pure water
absorption are other potential sources of error for the Gershun
approach. For example, more recent studies (Lee et al. 2015;
Mason et al. 2016) suggest lower values at the blue/UV end of
the spectrum which might improve agreement with other
absorption measurement techniques at these wavelengths.
It is also important to ﬁnely resolve any vertical gradients
in hydrographic and optical properties to accurately determine
spectral absorption features with the Gershun method. For
example, the presence of even small temperature and salinity
gradients could affect pure water absorption (Sullivan
et al. 2006; Röttgers et al. 2014), so that pure water absorption
effects in neighboring measurements do not match, making it
difﬁcult to apply appropriate corrections. Similarly, if phytoplankton absorption was increasing with depth, the effect on
differential irradiance would be to dampen associated absorption effects.
Another source of uncertainty was potentially inaccurate
depth readings associated with the irradiance measurements.
In this study, this was due to offsets between the radiometer
collectors and the depth sensor, but erroneous depth readings
could also arise from CTD calibrations and the air pressure
tare, ship movement, wave effects, and the motion of the
instrument package with mounted radiometers (Zibordi
et al. 2004). This is a critical source of potential error, especially for turbid waters where irradiance differences had to be
resolved over relatively small ranges in depth. Moreover, surface waves and wave focusing of irradiance require averaging
of all parameters for each sampling sequence over some ﬁnite
depth range. These averages are likely not precisely representative of radiometric measurements made at that exact average
depth under a quiescent surface (Zaneveld et al. 2005), which
is the assumption here. Importantly, uncertainties associated
with the Gershun approach have not received the rigorous
attention to detail and characterization over the years that

evidence that this correction approach, which does not
require any ancillary measurements, is remarkably suitable for
a wide variety of water types while also being convenient with
minimal error propagation. Importantly, this approach may
also be applied to AC data in historical databases as long as
the measured absorption in the NIR was reported. More work
is, however, required to establish its performance in very clear
waters.
Even though scattering corrections appear to perform relatively well considering the magnitude of the correction
(> 50% of am in red is typical), signiﬁcant residual errors
(20%) between instruments remain, which is below acceptable levels for ocean color algorithm work (Werdell
et al. 2018). Some of these differences may be attributed to
natural variability in the scattering phase function governing
the scattering error, but residual errors have systematic spectral dependencies consistent with previous ﬁndings (Stockley
et al. 2017), suggesting generally applicable improvements in
the scattering error may still be possible. However, results also
highlight the critical need for other solutions for in situ measurements that may start to approach the accuracy of the
PSICAM.
Moreover, the magnitude of deviation between ICAM and
PSICAM was slightly larger relative to the AC-s or AC-9. This
was largely driven by the lack of agreement at red wavelengths
(Fig. 19) where %δabs increased to up to 56% compared to
12% and 18% for AC-9 and AC-s respectively. Laboratory
experiments raised concerns about ICAM performance due to
the absence of a chlorophyll peak at 676 nm (Supporting
Information Fig. S2). This was presumably because of interference of Chl a ﬂuorescence which manifests as dampened
absorption due to excess red ﬂuorescence photons reaching
the detector. The cause of this issue could not be determined
with certainty; however, experiments with other nonﬂuorescing absorbing material indicated linearity in that red
channel. A challenge with the ICAM is the lack of a NIR channel at which phytoplankton have no contribution and at
which nonalgal particle contributions can be estimated semiempirically or with paired ISFP observations. Laboratory experiments with nonabsorbing scattering beads clearly
demonstrate the ICAM, despite having an integrating cavity,
is still prone to scattering errors of the same magnitude as
found in the AC-s (Supporting Information Fig. S1). This is
very likely from a highly anisotropic light ﬁeld in the cavity
due to suboptimal implementation. Interestingly, the agreement between the two ICAMs improved slightly for the ap
comparison relative to anw, suggesting systematic errors, possibly related to calibration, may have canceled to some extent
when aCDOM was subtracted.
The Gershun method can be challenging to implement and
absorption estimates are affected by a range of different
sources of uncertainties, including possible issues with quality
of cosine collector response, spherical diffuser performance,
immersion factors, and wavelength calibration. Here, we used
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(blank) spectra. In addition, the level of agreement between
the two ISFP approaches was broadly comparable for anap and
ap, suggesting that pigment bleaching or extraction processes
have little effect on the ampliﬁcation factor. The agreement
with PSICAM ap was fairly constant across the visible range for
both ISFP and QFT-ICAM, within 7% and 9% (%δabs), respectively (Fig. 19, Table 5).

other methods reported here have received. The Gershun
method would appear to warrant such attention to reﬁne protocols; Fig. 13 demonstrates potential accuracies, with %δabs
reduced from 23.3% to 5.9% and RMSD reduced from 0.129
to 0.039 m1, if issues in resolving depth can be addressed.
Importantly, these potential accuracies are in most cases better
than all other in situ approaches. Multiple simultaneous measurements of the full irradiance quartet at known relative distance could help overcome some of the positioning issues.
Moreover, out of all the approaches considered here, the
Gershun method is the only one not involving perturbations
of samples while resolving absorption over larger sample volumes more consistent with above water radiometry
approaches. The method is also ﬁrmly grounded in radiative
transfer theory with probably the least number of inherent
assumptions of any method considered.
Many studies have focused on improving the methodology
and characterizing uncertainties associated with the ﬁlter pad
technique. Numerous sources of uncertainties in ﬁlter padderived ap have been identiﬁed including incomplete detection of light scattered by the sample deposited on a ﬁlter,
ﬁlter-to-ﬁlter effects due to differences in ﬁlter pads, variations
in ﬁlter wetness during the measurement, distribution of particles on the ﬁlter, sample handing, ﬁltration, temporal instability and effects due to sample storage, incomplete retention of
particles on a ﬁlter and pathlength ampliﬁcation due to multiple scattering within the sample/ﬁlter matrix (Stramski 1990;
Mitchell and Kiefer 1998; Roesler 1998; Sosik 1999;
Lohrenz 2000). Many of these problems are greatly reduced
owing to the placement of ﬁlters inside the integrating sphere
(Röttgers and Gehnke 2012; Stramski et al. 2015; Roesler
et al. 2018).
However, the combination of some or all these sources of
uncertainties still results in unavoidable aggregated uncertainty associated, for example, with the sample-dependent
effects of the pathlength ampliﬁcation factor, the largest
source of uncertainty. Even though the exact origin of differences in regression slopes between individual samples could
not be determined, they could be explained by this possible
systematic error from ﬁlter pad inconsistency. However, much
of the uncertainty is reduced by using a center-mounted integrating sphere conﬁguration compared to traditional transmission mode measurements (Röttgers and Gehnke 2012;
Stramski et al. 2015; Roesler et al. 2018), and optimizing sample processing techniques to reduce errors associated with
each processing and analysis step.
Despite the range in water types between stations, the variability between ﬁlter pad methods was remarkably small. ISFP
1 and ISFP 2 ap data agreed with onsite QFT-ICAM data to a
comparable degree (%δabs < 5%), suggesting very strong consistency among the different ﬁlter pad approaches and negligible effects associated with freezing and storage of samples
(likely due to the nature of the sample), as well as small systematic bias associated with the determination of reference

Common sources of variability among methods
Each method has several idiosyncratic characteristics that
introduce potential variability and disagreement. Below are
common sources of variability considered for all methods
employed.
In situ turbidity
Agreement between all methods and the PSICAM was also
sample-dependent with highest variability across instruments
observed at stations with highest cnw (532 nm), ST01, ST02,
ST03, ST04, and ST10 (Fig. 20). With the exception of
ST02, these stations were dominated by mineral particles with
highest relative contribution of ap to anw and anap to ap (both
≥70%) at 440 nm as well as highest SPM and POC concentrations (> 12 g m3 and > 790 mg m3, respectively) and lowest
POC : SPM (< 0.065 g : g) ratios. High uncertainties and high
variability between methods can therefore likely be attributed
to natural variability due to station locations close to the
opening of the lagoon with an increased exchange of water
masses. The increased deviation with increasing turbidity
reveals issues with sensitivity and/or scattering correction of
AC-s, AC-9, and ICAM instruments.
There was no clear association between agreement with
PSICAM data and Chl a concentration. The Gershun method
underestimated absorption of all other methods, resulting in
higher %δabs across the spectrum for most stations.
Sample handling
All absorption measurements suffer from inherent sources
of error associated with sample collection and calibration,
potentially resulting in systematic bias in absorption data.
One example is the hydrodynamic perturbation of the sample.
This is both true for in situ measurements where samples are
pumped through the instruments as well as discrete sample
collection with Niskin bottles followed by sample release. The
Gershun method has an advantage over the other approaches
because it minimized perturbation of the water column. In
addition to perturbation issues, natural changes in water
masses in space and time can limit the comparability of
absorption data measured with different methods. This study
attempted to minimize effects of sample inconsistency by
keeping water for discrete sample approaches well mixed in a
single container before distributing water for measurements.
Moreover, ﬁlters for measurements with the ISFP and QFTICAM method were all prepared by the same operator using
the same ﬁltration rig. However, it is extremely difﬁcult to
control how particles are deposited onto ﬁlters, especially for
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Fig 20. Variability in %δabs at (a) 440 nm, (b) 555 nm and (c) 676 nm across different stations, sorted by nonwater turbidity (cnw [532 nm]) with the
least turbid station on the left and most turbid station on the right. While not the most turbid, Sta. 10 was the most variable with visible sediment plumes
passing by in turbulent water. Different absorption parameters are compared to the PSICAM (LWCC: aCDOM; ISFP & QFT-ICAM: ap; AC-s, ICAM,
Gershun: anw).
approach because it is computed from discrete depth observations of water column light ﬁelds. Sample volume estimation
is complex and depends on turbidity levels, maximum acquisition depth, depth resolution and arrangement of sensors on
the frame. Determination of the exact sample volume was
therefore not possible; however, it is estimated to be on the
order of several m3 for the water column associated with proﬁling depths (up to 4 m) in this study and, hence, many
orders of magnitude larger than volumes associated with any
other approach. The ICAM tube holds approximately 0.4 L
and the illuminated volume within an AC-s tube is about
0.030 L. With an external pump drawing approximately
1 L/min through the sample tubes, independent realizations
are collected approximately every 25 and 0.6 s, respectively.
Discrete analysis volumes ranged from 0.05 (cuvette and some
QFT-ICAM ﬁlters) to 0.4 L, comparable to the instantaneous
sample volume of the AC-s, AC-9, and ICAM sensors, with the
exception of the LWCC which only requires a few mL of sample volume. Thus, although the in situ sensors collected many

rare large particles, and potential for bias due to uneven particle distribution remains. Such differences are visible to the
eye, and that provides additional information for contextualizing sample-to-sample variability. The location of the study
provided slowly varying water properties over time. The average coefﬁcient of variation in absorption at 488 nm, for example, was less than 2% over the sampling interval with the
exception of Sta. 10, where it was 5% and visible sediment
plumes ﬂowed past the vessel in turbulent ﬂow features. Variations of < 1% were observed over time scales of 5–10 min.
Thus, even though in situ instruments were mounted on different frames, and water samples were collected at single time
points within the in situ sampling interval, the variations
observed between instruments is large compared to the in situ
variability.
Sampled volume
Similarly, sample volumes differ across instruments. The
largest volume sampled is associated with the Gershun
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Fig 21. Estimated relative (left) and absolute baseline uncertainty (right) associated with instrumental noise as calculated in Eqs. 4 and 5, for different
optical pathlengths between 0.1 and 2 m and an instrument noise dT = 0.00025, the approximate noise in transmission for AC devices. Note optimal relative uncertainty occurs at a = 1/L.

sample cell was ﬁlled with varying levels of absorbing material
and no scatterers, assuming an instrument noise dT = 0.00025
(comparable to noise of transmission for AC devices). For example, for an AC-s with a 25-cm cuvette, the relative uncertainty
associated with instrument noise computed using Eq. 4 is better
than 1% for an absorption range of about 0.1–11 m1, while the
absolute uncertainty as computed in Eq. 5 is lower than
0.01 m1 for absorption values up to 9 m1. The geometric pathlength for the ISFP method is computed from the ratio of the
volume ﬁltered to the effective ﬁlter area. The pathlength range
of 0.1–2.0 m represents ﬁlter volumes of approximately
50–750 mL for effective ﬁlter areas with approximate diameters
of 2.2 cm, and spectrophotometers used in ﬁlter-pad measurements have comparable instrumental noise. The average pathlength of an integrating cavity is a complex function of cavity
size, shape, and reﬂectivity, and the absorption of a sample
(Kirk 1995). Since average pathlength is directly dependent on
absorption magnitude, that is, pathlength decreases with increasing absorption, the relationships shown in Fig. 21 are not
directly applicable. Similarly, estimation of the optical pathlength of ﬁlter pad measurements are also complex and the
question whether this kind of analysis can provide guidance for
optimizing ﬁlter volumes as a function of sample absorption
requires more rigorous work.
These conceptual analyses provide guidance for determining optimal pathlengths to optimize an instrument’s relative
baseline uncertainty and minimize its absolute baseline uncertainty due to instrumental noise. Both types of baseline
uncertainty continually change as a function of absorption
magnitude and will therefore change with changing sample
characteristics. An instrument’s optimum relative uncertainty
associated with instrument noise is at approximately a = 1/L
and the shape of the baseline uncertainty relationship relative
to absorption is not dependent on instrument noise, dT,

samples, each sample was of comparable volume to the discrete analyses. However, temporal averaging of time series data
from these instruments increases effective sample volumes
and lowers signal-to-noise. As a result, effects of small-scale
patchiness and rare large particles may not be comparable
between the various measurement approaches.
Instrumental noise
For every approach, there is a contribution to measurement
variability due to inherent instrument noise which can be
quantiﬁed by assessing the variability of absorption signals in
a stable medium, such as puriﬁed water or air. Instrument
noise typically varies with wavelength with largest uncertainties at the edges of the spectrum associated with lamp
energy and/or detector stability. The mean standard deviation
for repeated puriﬁed water measurements in a PSICAM is
0.0008 m1 (Röttgers and Doerffer 2007) and < 0.001 m1 in a
LWCC. AC device noise levels are comparable except in very
turbid waters (higher than observed here; Fig. 21). In dualbeam spectrophotometers, the magnitude of uncertainty
depends on a combination of the instrument manufacturer’s
speciﬁcations for photometric accuracy, stability and noise,
typically ranging from 0.002 to 0.01 m1 for measurement
with 10-cm cuvettes (IOCCG Protocol Series—Vol. 5.0, 2020).
Average reference (blank) ﬁlter measurements for ap determination with the ISFP method (ISFP 1) were within 0.0005
OD. The mean standard deviation for measurements in the
QFT-ICAM was 0.0006 OD (Röttgers and Gehnke 2012).
For any absorption method with an instrumental noise of
transmittance measurements dT, baseline uncertainties associated with instrument noise can be estimated using Eqs. 4 and
5. Figure 21 shows example calculations of baseline uncertainties
associated with instrument noise, that is, the approximate relative and absolute uncertainty for different pathlengths, L, if the
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sources (nonlinearity, stray light), wavelength accuracy, operator consistency (sample handling and storage), temperature,
salinity, the presence of bubbles and, where applicable, variability in particle distributions on ﬁlters.
Bulk uncertainty estimates based on CI or standard deviations, however, do not reﬂect systematic errors or provide
information on the extent to which different uncertainty
terms contribute to the overall estimate. Development of
uncertainty equations for each method using mathematical
error propagation, as described by Roesler et al. (2018) for the
ISFP method, is desirable; however, it is not straightforward as
quantiﬁcation of all contributing uncertainty terms is
required, which is not yet available for most methods and
thus relies on identiﬁcation of the order of uncertainty associated with each step.
In this study, we therefore focus on the quantiﬁcation and
comparison of CIs providing overall estimates of uncertainties
associated with each method. With the exception of PSICAM
and LWCC, that showed extremely high replicability, these bulk
uncertainties were often signiﬁcantly larger than the inherent
noise of the method, often by an order of magnitude (driven by
small scale patchiness for samples including particulate matter).
It should be noted, that comparison of in situ approaches with
discrete sample approaches is somewhat limited by fundamental
differences in sample collection. In situ absorption spectra were
derived from time series measurements and, hence, are representative of a much greater number of data points (> 10) than any
of the replicate sample methods with typically six to nine different measurements included in an average absorption spectrum.
Averaging on one hand reduces signal-to-noise, but also potentially introduces effects from environmental ﬂuctuations over
time from small-scale patchiness during the measurement. Time
series averages also confound both natural variations and sensor
uncertainty, although the former will dominate CIs in the presence of particles, while the uncertainty associated with discrete
analyses is purely analytical. That said, the environment sampled
in this study was demonstrably invariant at each station,
resulting in relatively constant elevation of CIs. The differences
between methods and CIs were driven by systematic variability.
Absorption is an exponential response derived from two
measurements, incident and transmitted radiant power, these
uncertainty concepts are not simply applied. The radiant
power decreases exponentially with linear increase in absorbing material and thus the accuracy (uncertainty/magnitude) is
proportional to eaL =aL, where L is the geometric pathlength

which only shifts the relationship geometrically. These conceptual considerations of baseline uncertainty can be used to
identify an optimal range of water absorption for a speciﬁc
spectrophotometer conﬁguration, which is almost entirely
dependent on the speciﬁc instrument pathlength. Or in turn,
one may use these baseline uncertainty relationships to
choose the optimal pathlength, as possible within physical
constraints of the instrument. This also generally applies to
integrating sphere devices, where, for example, increasing cavity size will increase pathlength and accuracy for clear waters,
although the relationships are more complex.
Propagated methodological uncertainty
The propagated uncertainty associated with each measurement is the square root of the sum of squared uncertainty associated with each methodological step and computation
following Eq. 3. Given the ﬁltered volume, ﬁlter clearance area
and pathlength ampliﬁcation correction, standard uncertainties
of the absorption coefﬁcients can be estimated, which were
0.008 m1 for ISFP and 0.002 m1 in the QFT-ICAM, with ﬁltered volumes of 100 and 50 mL, respectively. Operational
uncertainties, that is, after considering apparent systematic and
random variability, for WET Labs AC instruments are typically
0.005 m1 across all wavebands for particle-free water (after puriﬁed water calibrations). For the AC-s, variability can be higher in
the blue due to weaker incident light intensity. Occasional deviations > 0.005 m1 observed in previous comparisons with
PSICAM have been attributed to time–space sample variability
and possibly bubble contamination in the AC ﬂow cell (Stockley
et al. 2017). Baseline random noise for AC-9 devices is typically
0.001 m1 and lower (Twardowski et al. 2018b; Fig. 21). Standard deviations of similar ICAM calibrations with puriﬁed water
determined in this study were < 0.002 m1 or 3% of pure water
absorption coefﬁcients. Comparable measurements for the
Gershun method are not easily obtained and noise inherent to
the approach is therefore not determined.
Examples of propagated uncertainty for ﬁlter pad absorption estimates of ap and anw estimates from an AC-s are provided as an example pipeline for data processing (Supporting
Information Appendix S1), with the caveat that not every
source of uncertainty is identiﬁed, and some identiﬁed sources
cannot be quantiﬁed. However, it is recommended that the
approach to quantiﬁcation should be used with details provided so that derived data products can be accurately compared in context, and future work in this area is required for
all the methods included in this study.
In comparison to inherent instrument noise, 95% CIs
(i.e., 1.96  standard deviation of replicates or time series) provide estimates of a method’s overall precision, stability, and
replicability over time. CIs are aggregated errors reﬂecting a
range of underlying sources of uncertainty, such as natural
variability of the sample, lamp stability, consistency of the
optical components, detector stability and internal error

and reaches a peak when a ¼ L1 . This uncertainty is inherent
Type A noise. Thus, accuracy is not only poor for low absorption coefﬁcients, but also at high absorption coefﬁcients
where the uncertainty increases signiﬁcantly as the transmitted radiant power becomes very small (Fig. 21). Most systematic errors are likewise not constant, but scale with absorption
magnitude or some other factor that may or may not be
related to absorption magnitude. So both types of uncertainty
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types and also beneﬁts from less error propagation. However,
more assessment is needed in clearest ocean waters.

will vary as a function of magnitude. This points to the importance of being cognizant of the environmental absorption
range, so the operator can best characterize uncertainties
within a range of interest. Assessing Type A instrument noise
for spectrophotometers is straightforward, and by examining
accuracy by the ratio above would be instructive as the baseline minimum uncertainty for any given pathlength. Then
sources of systematic variability can be quantiﬁed within the
appropriate ranges for the environment in question.

Improving ICAM measurements
The ICAM was found to signiﬁcantly overestimate of
absorption (of the same magnitude as uncorrected AC absorption) in these coastal waters, suggesting that measurements
need to be corrected for scattering errors. The ICAM’s spectral
range should therefore be extended into the NIR to enable the
application of existing scattering corrections. Furthermore,
future work should focus on the development of a ﬂuorescence correction for the ICAM to reduce potential ﬂuorescence
effects on absorption measurements in the red that we identiﬁed during laboratory experiments.

Recommendations
Results from this study have highlighted several limitations
of current absorption approaches that will need to be
addressed to improve the quality of hyperspectral absorption
measurements in complex waters, either by closing remaining
technological gaps or by improving state-of-the art methodologies for existing sensors:

Exploiting the Gershun approach
The Gershun approach has strong potential because of the
lack of sampling impacts, large effective sample volume, and
the soundness of the underlying theory. The approach
deserves more attention in addressing some of the challenges
in implementation and working to reﬁne and better account
for potential sources of systematic variability, such as depth
ﬂuctuations. Augmenting existing radiometric proﬁling systems to include all measurements needed for the Gershun
method should be considered and radiometers should be carefully characterized for drift, performance of the cosine collector, wavelength calibration, immersion factors and spherical
diffuser performance. The Eod parameter is also being considered in emerging OC algorithms for PACE (Twardowski and
Tonizzo 2018), so routine measurements may offer additional
potential beneﬁts.

Considering the strength of the absorption signal
Optical pathlengths should be chosen to optimize accuracy
in water absorption ranges of interest. Flow cell pathlength
options of 10 and 25 cm for commercial AC devices do not
optimize accuracy in very turbid waters or the clearest ocean
waters. The commercially available PSICAM has similar constraints due to the single 9-cm cavity size that is available.
Röttgers et al. (2014) have shown a 5-cm cavity enables measurements of anw up to 20 m1.
For the ﬁlter pad technique, sensitivity can easily be tuned
by adjusting ﬁltration volumes, which affects pathlength.
Multispectral vs. hyperspectral methods
Future hyperspectral ocean color sensors such as PACE’s
Ocean Color Instrument (OCI) will require capabilities for validation of the absorption coefﬁcients with 5-nm spectral resolution. While this suggests that only the hyperspectral
instruments such as the AC-s and PSICAM will be useful, it is
important to recall that (1) the multichannel AC-9 provides
superior uncertainty and stability albeit at nine wavelengths,
which could support improved multispectral validation merged with the hyperspectral coverage, (2) the ICAM currently
provides robust assessment of UV absorption in situ albeit at
one wavelength, (3) the hyperspectral AC-s provides spectrally
smoothed output data which must be ‘unsmoothed’ to
retrieve independent 5-nm resolution for hyperspectral validation (Chase et al. 2013). We note the AC-9 is no longer commercially available.

New in situ sensors
Existing AC device and ICAM in situ absorption meters
have signiﬁcant scattering errors that cannot be corrected
within uncertainties required for ocean color algorithm work.
Even though commercial in situ instruments based on the
ICAM design such as the HOBI Labs a-sphere and the TriOS
OSCAR have been available (the a-sphere cannot currently be
purchased), these lack the accuracy and sensitivity of the
bench top set-up. Restricted ﬂows through an integrating
sphere assembly have been problematic in ﬁeld deployments.
We therefore emphasize the need for development of new in
situ measurement devices with uncertainty and accuracy
approaching the bench-top PSICAM, including instruments
suitable for autonomous gliders and ﬂoats.
Routine measurements into the UV, possibly to 300 nm
Commercial in situ absorption meters with measurements
extending into the UV range have not been developed to date.
Although measurements in the UV can be made routinely
with the bench top QFT, the tendency for some materials to
bleach when exposed to UV light during measurements
should be considered. Artifacts in measuring particulate
absorption in the UV on ﬁlter pad range from challenges to
accurately quantify UV-absorbing compounds to low signal-

AC scattering correction
If spectrally resolved ancillary data are available, absorption
data may be corrected with the iterative correction, either
using additional backscattering (McKee et al. 2013) or VSF
(Stockley et al. 2017) data. If no ancillary data are available,
the semiempirical method (Röttgers et al. 2013) is the currently recommended AC scattering correction as it has consistently shown strong performance in a wide range of water
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to-noise ratio by ﬁlters that are strong absorbers of UV light.
Thus, in situ absorption measurements of particle suspensions
might be better suited in this spectral range. Certainly, the
robust absorption measurements at the ICAM’s 365-nm channel demonstrate the capability for extension to shorter
wavelengths.
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Uncertainty assessments and propagation
This study has demonstrated the importance of assessing
the measurement uncertainties for any given method, considering both natural and instrumental variability. The examples
of arithmetic propagation of uncertainties should be repeated
for any new approach. This will require thorough characterization of all sources of uncertainty.
Absorption closure in clearest waters
The efforts presented in this study should be extended to
the clearest waters to test uncertainty limitations with high
importance for global ocean remote sensing and optical
models.
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