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ABSTRACT

Seven international laboratories specializing in the determination of marine pigment concentrations using high
performance liquid chromatography (HPLC) were intercompared using in situ samples and a mixed pigment
sample. The field samples were collected primarily from oligotrophic waters, although mesotrophic and eutrophic
waters were also sampled to create a dynamic range in chlorophyll concentration spanning approximately two
orders of magnitude (0.020-1.366 mgm~—2). The intercomparisons were used to establish the following: a) the
uncertainties in quantitating individual pigments and higher-order variables (sums, ratios, and indices); b)
the reduction in uncertainties as a result of applying quality assurance (QA) procedures; c) the importance
of establishing a properly defined referencing system in the computation of uncertainties; d) the analytical
benefits of performance metrics, and e) the utility of a laboratory mix in understanding method performance.
In addition, the remote sensing requirements for the in situ determination of total chlorophyll ¢ were investigated
to determine whether or not the average uncertainty for this measurement is being satisfied.

PROLOGUE

The first Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) High Performance Liquid Chromatography (HPLC)
Round-Robin Experiment (SeaHARRE-1) took place in
1999 (Hooker et al. 2000). It emphasized oligotrophic
and mesotrophic regimes (northwest African upwelling and
the Mediterranean Sea), involved four laboratories using
four different methods (three Cg and one Cis), and was
based on 11 duplicates and triplicates (12 triplicates were
planned). SeaHARRE-2 took place in 2002 (Hooker et al.
2005) and emphasized mesotrophic and eutrophic regimes
(Benguela Current), involved eight laboratories using five
different methods (four Cg and four Cis), and was based
on 12 duplicates (12 triplicates were planned).

The planning for SeaHARRE-3 coincided with an an-
ticipated field deployment across the central part of the
South Pacific gyre as part of the Biogeochemistry and Op-
tics South Pacific Experiment (BIOSOPE) cruise. The
field campaign began in Papeete (Tahiti), included a stop
at Rappa Nui (Easter Island), and ended in Tulcahuano
(Chile) after sampling in the Chilean upwelling. The op-
portunity to sample oligotrophic, mesotrophic, and eu-
trophic waters in one cruise ensured the field samples would
come from a significant dynamic range in chlorophyll a con-
centration. Because part of the data set would include the
unusual opportunity of including hyper-oligotrophic sam-
ples with many more pigments at detection limits than
usual, 24 triplicates were planned to ensure statistical re-
liability.

Seven international laboratories agreed to participate
in SeaHARRE-3 with so-called validated HPLC methods:

1. The Australian Commonwealth Scientific and In-
dustrial Research Organisation (CSIRO),

2. The Danish DHI Institute for Water and Environ-
ment (DHI),

3. The American Horn Point Laboratory (HPL) Uni-
versity of Maryland Center for Environmental Sci-
ence (UMCES),

4. The European Joint Research Centre (JRC),

5. The French Laboratoire d’Océanographie de Ville-
franche (LOV),

6. The South African Marine and Coastal Manage-
ment (MCM7), and

7. The American Center for Hydro-Optics and Remote
Sensing (CHORS) at the San Diego State University
(SDSU).

The scientists involved in SeaHARRE-3 are given in Ap-
pendix A. The other laboratories that have participated
in SeaHARRE intercomparisons are the Canadian Bed-
ford Institute of Oceanography (BIO), and the British Ply-
mouth Marine Laboratory (PML). As shown in Table 1,
of all the laboratories involved with SeaHARRE activities,
only HPL, LOV, and MCM have participated in every one,
although CSIRO, DHI, and SDSU have now participated
in two each.

Table 1. The laboratories, with their correspond-
ing countries and codes, that have participated in
the three SeaHARRE activities.

Laboratory and Country Code | SeaHARRE
BIO Canada B 2

CSIRO Australia C 2 3
DHI Denmark D 2 3
HPL United States H 1 2 3
JRC Ttaly J 1 3
LOV  France L 1 2 3
MCM  South Africa M 1 2 3
PML  United Kingdom P 2

SDSU  United States S 2 3

The aforementioned concept of a validated method re-
quires some additional explanation, because there is no

T MCM is the marine branch of the South African Department
of Environmental Affairs and Tourism.
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Table 2. The methods used by all the laboratories in the three HPLC round-robin intercomparisons. The
laboratory codes indicate the method used by a particular laboratory as a function of the three round robins.

Intercomparison Gieskes and Wright et al. Vidussi et al. | Barlow et al. Van Heukelem and
Activity Kraay (1989)! (1991)* (1996)? (1997)? Thomas (2001)?
SeaHARRE-1 J L M H
SeaHARRE-2 B CcDS L M P H
SeaHARRE-3 J S3 M CDHLS3

1 A Ci5 column method.
2 A Cg column method.

3 SDSU switched from the Wright et al. (1991) method to the Van Heukelem and Thomas (2001) method, but executed
both, so they could be compared. The Cg method is denoted Ss and the Cis method is denoted Sis.

external process or independent agency that certifies an
HPLC method is validated. The validation process is cur-
rently conceived and executed by the individual laboratory
based on the sampling requirements and research objec-
tives associated with the method. Consequently, valida-
tion occurs largely in isolation and relies heavily on a tem-
poral evaluation of the calibration procedures, although
some laboratories use more sophisticated evaluation crite-
ria. As first demonstrated during SeaHARRE-1 (Hooker et
al. 2000), intercomparing methods is a more robust mech-
anism for demonstrating the degree of validation for a par-
ticular method, and this is a permanent objective of the
SeaHARRE activity.

Method validation procedures are important because
they describe the level of measurement uncertainty asso-
ciated with reported pigment concentrations. In the ab-
sence of the aforementioned external process or indepen-
dent agency, however, validation activities of individual
laboratories have emerged with varying emphases, often
tailored to the specific research conducted by the individ-
ual laboratory. The products of validation, therefore, may
not always yield the kind of information useful to inter-
comparing a diverse set of laboratory results over time or
between laboratories. Consequently, for a more thorough
understanding of measurement uncertainty and its rela-
tionship to accuracy in the analysis of field samples, inter-
calibration exercises are necessary, but the methods of the
participating laboratories are best evaluated according to
a common set of procedures and products.

The culmination of this philosophy of quantitative as-
sessment was the drafting of a set of performance metrics
during SeaHARRE-2 (Hooker et al. 2005). The evalua-
tion of the performance metrics—in particular the corre-
sponding accuracy and precision parameters—resulted in
some participants abandoning the methods they were using
for a single (more modern) method with superior perfor-
mance parameters: the Van Heukelem and Thomas (2001)
method. Consequently, the maximum diversity in methods
was achieved during SeaHARRE-2, and the least during
SeaHARRE-3 (Table 2).

The reduction in method diversity was not expected.
There was a strong feeling that the approach used in the

joint Global Ocean Flux Study (JGOFS)—selecting one
method, in this case the Wright et al. (1991) method,
and making it the protocol—should not be repeated, even
unintentionally, because it stifles creativity. The practical
benefit of adopting a proven method instead of investing an
unknown amount of time and resource in trying to improve
a method, however, was simply too alluring. The potential
pitfall of this approach—which is quantified here in many
aspects—is underestimating the difficulty of implementing
a new method with all its attendant detail.

The overall results of SeaHARRE-3 are presented in
Chapter 1 and the individual methods of the eight labora-
tories are presented in Chapters 2-8, respectively. A sum-
mary of the material presented in each chapter is given
below.

1. SeaHARRE-3 Methods, Data, and Analysis

The focus of this study was the estimation of uncertain-
ties in quantifying a diverse set of chlorophyll and carote-
noid pigment concentrations for a variety of HPLC meth-
ods and related procedures used in the analysis of pre-
dominantly oligotrophic waters. The results suggest un-
certainties are at a minimum in mesotrophic samples and
increase as concentrations become larger and smaller, with
the largest increase associated with eutrophic samples (con-
firmed by prior SeaHARRE activities). The chlorophyll a
accuracy requirements for ocean color validation activi-
ties can be reliably satisfied in predominantly oligotrophic
conditions by a quality-assured method. The performance
metrics proposed during SeaHARRE-2 were shown to be
well conceived, and properly distinguished the methods
from one another at a level in keeping with the expected
accomplishments of quantitative analysis. Based on the
robustness of the performance metrics, it seems warranted
to establish performance metrics for the higher-order data
products, and proposed thresholds are presented. The
higher-order associations in pigments (i.e., sums and ra-
tios) repeatedly confirmed the basic conclusions regarding
method performance first established with the individual
pigments, and showed that the uncertainties of the individ-
ual pigments strongly influence the uncertainty budget for
the higher-order variables. There is a significant statisti-
cal difference between the results obtained with the Cg and
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C15 methods with the former outperforming the latter, but
the degraded performance of the latter was likely caused
by the procedures used by the laboratories involved rather
than intrinsic deficiencies with the C1g method being used.
The laboratory mix proposed during SeaHARRE-2, and
now marketed by DHI, can provide considerable insight
into many of the performance aspects of the HPLC method
being used.

2. The CSIRO Method

The CSIRO method is a modified version of the Van
Heukelem and Thomas (2001) method. This method has
the capability to resolve approximately 35 different pig-
ments with baseline resolution of divinyl and monovinyl
chlorophyll a, zeaxanthin and lutein, and partial separa-
tion of divinyl and monovinyl chlorophyll 5. Samples are
extracted over 15-18h in an acetone solution before analy-
sis by HPLC using a Cg column and binary gradient sys-
tem, with an elevated column temperature. Pigments are
identified by retention time and absorption spectra from a
photo-diode array (PDA) detector. The method is regu-
larly validated with the use of both internal and external
standards and individual pigment calibration. The detec-
tion limit of most pigments is within the range of from
0.001-0.005 mg m~3. The method has been used at CSIRO
since August 2004, and has proven to offer a good balance
between accuracy of pigment composition and concentra-
tion, and the number of samples analyzed. The separation
of the divinyl and monovinyl forms of chlorophylls ¢ and b
has allowed a complete analysis of samples from the oligo-
trophic regions of the world ocean.

3. The DHI Method

The HPLC method used at DHI is a somewhat modified
version of the HPL method (Van Heukelem and Thomas
2001). In comparison with the DHI method used during
SeaHARRE-2 (Wright et al. 1991), the HPL method sep-
arates divinyl from monovinyl chlorophyll a, and chloro-
phyll ¢; from chlorophyll ¢o. Furthermore, the HPL meth-
od provided state-of-the-art results during SeaHARRE-2,
so the capabilities of the method were as highly rated as
possible. 'When adapted to the DHI HPLC system, the
HPL method, however, did not initially provide the same
excellent results for the analysis of the SeaHARRE-3 sam-
ples, in terms of the precision of the results. Subsequent
troubleshooting identified three problems: a) a fault in the
autoinjector, b) an inappropriate tetrabutyl ammonium
acetate (TbAA) buffer, and ¢) the HPLC vials were not
completely airtight (so there was some evaporation of the
extract while it resided in the autosampler compartment).
The poor precision was identified prior to submitting the
SeaHARRE-3 results by checking the reproducibility of
standardized mixed pigments (from DHI Mix-101), which
were distributed to all of the participants as part of the in-
tercalibration exercise. This emphasizes the usefulness of
such pigment mixtures and the necessity of quality assur-
ance for detecting method problems, which have an impact
on the results.

4. The HPL Method

The HPL method was developed for use with a variety
of water types. Many pigments important to freshwater,
estuarine, and oceanic systems are baseline resolved and
quantitatively reported, including divinyl and monovinyl
chlorophyll a. The method is based on a Cg HPLC column,
a methanol-based reversed-phase gradient solvent system,
a simple linear gradient, and an elevated column tempera-
ture (60°C). The method can provide quantitative results
for up to 25 pigments with qualitative information for ad-
ditional pigments. Quality assurance measurements are
made during sample analysis to confirm that the method
performance is within expectations. Investigations into the
uncertainties in the method show the 95% confidence lim-
its were estimated as a) 0.5-3.8% for precision of replicate
injections within and across sequences, b) 3.2% for chlo-
rophyll ¢ calibration reproducibility, and ¢) 5.1% for chlo-
rophyll @ method precision, including filter extraction and
analysis.

5. The JRC Method

The HPLC method used at the JRC follows the JGOFS
protocols (JGOFS 1994) and is a modified version of the
method presented in Wright et al. (1991). It does not
allow the separation of divinyl chlorophylla and b from
their respective monovinyl forms. Filters are sonically dis-
rupted, and the pigments are extracted within a 100% ace-
tone solution including an internal standard (trans-(G-apo-
8'-carotenal). The HPLC system used includes a quater-
nary pump, a three-solvent gradient method, a reversed-
phase Cig column with an autosampler (both with ther-
mostats), a diode array detector, and a fluorescence detec-
tor. The effective limit of detection (computed for the
SeaHARRE-3 samples) for the chlorophylls and carote-
noids is about 0.0008 mgm~3 (for the typical filtration
volumes used). In terms of routine sample analysis, this
method has been applied almost exclusively to coastal wa-
ter samples.

6. The LOV Method

The LOV method is derived from the Van Heukelem
and Thomas (2001) technique, and applies a sensitive,
reversed-phase HPLC procedure for the determination of
chloropigments and carotenoids within 28 min. The dif-
ferent pigments, extracted in 100% methanol, are detected
using a diode array detector, which permits automatic pig-
ment identification based on absorption spectra. Optical
densities are monitored at 450 nm (chloropigments and ca-
rotenoids), 667 nm (chlorophyll ¢ and derived pigments)
and 770nm (bacteriochlorophyll a). The method provides
good resolution between most pigments, but uncertainties
may arise because of the partial separation of chlorophyll b
and divinyl chlorophyll b, and for the resolution of chloro-
phyll ¢ pigments. It has proven to be efficient over a wide
range of trophic conditions, from eutrophic upwelling wa-
ters, to the hyper-oligotrophic South Pacific subtropical
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gyre. Short- and long-term quality control is monitored
regularly to ensure state-of-the-art analyses. The injec-
tion precision of the method is estimated at 0.4%, and the
effective limits of quantitation for most pigments are low
(0.0004 mgm~3 for chlorophyll @ and 0.0007 mg m~3 for ca-
rotenoids, for the typical filtration volumes used).

7. The MCM Method

The MCM method is a reversed-phase HPLC technique
using a binary solvent system following a step linear gra-
dient on a Cg chromatography column. Baseline separa-
tion of monovinyl and divinyl chlorophyll ¢ and of lutein
and zeaxanthin, partial separation of monovinyl and di-
vinyl chlorophyll b, and resolution of other key chlorophylls
and carotenoids are achieved in an analysis time of ap-
proximately 30 min. The use of trans-(3-apo-8'-carotenal
as an internal standard improves the accuracy of pigment

determinations. Providing a pragmatic balance between
good analyte resolution and acceptable sample through-
put, the method is suitable for the analysis of a wide range
of oceanographic seawater samples.

8. The SDSU (CHORS) Method

The CHORS method was developed to provide HPLC
phytoplankton pigment analysis support for the NASA
Moderate Resolution Imaging Spectroradiometer (MODIS)
program. The method is a modified version of Van Heuke-
lem and Thomas (2001) and uses a reversed-phase Cg col-
umn, with a binary solvent gradient. A temperature-
controlled autosampler provides continuous sample injec-
tion to maintain the quota of 4,000 samples per year run
by CHORS. System calibration is monitored and recorded
to ensure repeatability and consistency of data products.
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Chapter 1

SeaHARRE-3 Methods, Data, and Analysis

STANFORD B. HOOKER
NASA Goddard Space Flight Center
Greenbelt, Maryland

LAURIE VAN HEUKELEM
UMCES Horn Point Laboratory
Cambridge, Maryland

HERVE CLAUSTRE
JOSEPHINE RAS
Laboratoire d’Océanographie de Villefranche
Villefranche-sur-Mer, France

ABSTRACT

The focus of this study was the estimation of uncertainties in quantifying a diverse set of chlorophyll and carote-
noid pigment concentrations for a variety of HPLC methods and related procedures used in the analysis of pre-
dominantly oligotrophic waters. The results suggest uncertainties are at a minimum in mesotrophic samples and
increase as concentrations become larger and smaller, with the largest increase associated with eutrophic samples
(confirmed by prior SeaHARRE activities). The chlorophyll a accuracy requirements for ocean color validation
activities can be reliably satisfied in predominantly oligotrophic conditions by a quality-assured method. The
performance metrics proposed during SeaHARRE-2 were shown to be well conceived, and properly distinguished
the methods from one another at a level in keeping with the expected accomplishments of quantitative analysis.
Based on the robustness of the performance metrics, it seems warranted to establish performance metrics for the
higher-order data products, and proposed thresholds are presented. The higher-order associations in pigments
(i.e., sums and ratios) repeatedly confirmed the basic conclusions regarding method performance first established
with the individual pigments, and showed that the uncertainties of the individual pigments strongly influence
the uncertainty budget for the higher-order variables. There is a significant statistical difference between the
results obtained with the Cg and C;g methods with the former outperforming the latter, but the degraded
performance of the latter was likely caused by the procedures used by the laboratories involved rather than
intrinsic deficiencies with the C;g method being used. The laboratory mix proposed during SeaHARRE-2, and
now marketed by DHI, can provide considerable insight into many of the performance aspects of the HPLC
method being used.

1.1 INTRODUCTION

The results obtained in the first two SeaHARRE activ-
ities established a strong interest in understanding the un-
certainties associated with the principal terms in the equa-
tion governing the calculation of the concentration (C') of
an individual pigment (P;) from a field sample. Ignoring
the specific details of the basic HPLC processes, because
they are presented in detail by Jeffrey et al. (1997a) and
Bidigare et al. (2003), the formulation for determining pig-
ment concentration begins with the terms describing the
calibration of the HPLC system:

Cp, = Ap, Rp,,

[

(1)

where C~’pi is the amount of pigment injected (usually in
units of nanograms), Api is the area of the parent peak
and associated isomers for pigment P; (usually in milli-
absorbance unitst or microvolts as a function of time), and
Rp, is the response factor. The latter is the calibration
coefficient for the HPLC system, and it takes on a separate
value for each pigment being quantitated. For the general
problem, the response factor is denoted R, but for the
specific problem of a particular pigment, it is denoted Rp,.
R values are usually expressed as the amount of pigment
divided by the peak area.

T A milli-absorbance unit is denoted mAU.
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The formulation given in (1) is based on a single-point
calibration wherein one or more injections of a calibration
standard at a known concentration is injected onto the
HPLC column. An alternative approach is to create a
dilution series of the pigment standard, inject these one at
a time, and then fit the response of the HPLC system to
a linear function (y = max + b) using least-squares analysis
(this is also referred to as a multipoint calibration). In this
case, pigment concentration is computed as

e B 9
CP’L mi ) ()

where m; is the slope (equating change in peak area with
change in amount) and b; is the y-intercept.

The formulation presented in (2) can be expressed to
follow (1) as follows:

Cp, = Ap,

1 —
m;
where the equivalent Rp, for (1) is given by the terms in

brackets. If the linear regression is forced through zero,
b; = 0, and (3) becomes

Cp = 20 (4)

and Rp, = 1/m; (note that the inverse slope is change in
amount divided by change in peak area, which matches
the definition for R). In this context, it is convenient to
reconsider the definition of Rp,, which some authors have
done (Bidigare et al. 2003), as the inverse of the original
definition, that is, Fp, = 1/Rp, and (1) becomes

- Ap,
¢ Fp -~

[

(5)

The advantage of this approach is Fp, follows directly from
the slope of the linear calibration curve and, for the com-
mon case of forcing the slope through zero, Fp, = m;. For
the purposes of this study, the majority of the methods
used the original definition of R, so it is retained hereafter.

The governing equation for the determination of pig-
ment concentration can be expressed as

V. Cp,
CP;, - Vf ‘/C )

(6)

where V. is the extraction volume, V_ is the volume of
sample extract injected onto the HPLC column (measured
in the same units as V), and V; is the volume of water
filtered in the field to create the sample (usually through
a 0.7 um pore size glass-fiber filter and measured in liters).

Inquiries into HPLC uncertainties are guided by the
terms and underlying processes associated with quantify-
ing the parameters given in (6). The factors influencing

proper pigment identification and quantification of peak
areas, are an explicit part of understanding HPLC un-
certainties. More subtle aspects are discerned from the
procedures associated with the individual methods or pa-
rameters. For the work presented here, the assumption is
all laboratories have properly validated the methods be-
ing used, so the uncertainties in (6) have been properly
minimized and estimated, or at least the laboratories in-
volved have enough information available to estimate the
uncertainties.

The consideration of these types of refinements resulted
in the following goals for SeaHARRE-3:

1. Estimate the uncertainties in quantifying a diverse
set of chlorophyll and carotenoid pigment concen-
trations for a variety of HPLC methods and related
procedures used in the analysis of predominantly
oligotrophic waters.

2. Confirm whether or not the chlorophyll @ accuracy
requirements for ocean color validation activities
(approximately 25%, although 15% would allow for
algorithm refinement) can be met in predominantly
oligotrophic conditions.

3. Evaluate the efficacy of the performance metrics for
evaluating methods, which were proposed during
SeaHARRE-2 (Hooker et al. 2005), determine their
utility in establishing the reference system for com-
puting uncertainties, and compare the uncertain-
ties from the various methods to the so-called semi-
quantitative performance thresholds, i.e., an aver-
age accuracy (and precision) of 25% (8%) for the
primary pigments (Sect. 1.2.3) and 15% (5%) for
total chlorophyll a (i.e., TChl a).

4. Investigate how higher-order associations in indi-
vidual pigments (i.e., sums and ratios) influence the
uncertainty budget, while also determining how this
information can be used to minimize the variance
within larger pigment databases.

5. Determine if there is a statistical difference between
the results obtained with Cg versus C;g methods.

6. Establish whether or not the laboratory mix pro-
posed during SeaHARRE-2, and now marketed by
DHI, is a useful and suitable substitute for a mixed
standard.

The second objective requires additional explanation, be-
cause in the time period since the first round robin, the
accuracy requirements for marine pigments were still only
associated with the remote sensing requirements for chlo-
rophyll a. In the absence of having any other accuracy
criteria—which are needed if the evaluations for all the
other pigments are to be placed in a useful context—during
SeaHARRE-2 the accuracy thresholds for all the pigments
were arbitrarily set to be the same as 