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Chlorophyll-a is an essential climate variable. Chlorophyll-a in situ measurements are usually
used for the validation of satellite images. Previous intercomparisons have shown that there can
be substantial differences between in situ laboratories. In order to shed light on these
differences, we arranged international chlorophyll-a intercomparisons with eight participating
laboratories during 1–2 July 2021. We performed two dedicated transects through Bråviken
bay (NW Baltic proper) and sampled four stations in each transect along a chlorophyll-a
gradient. We took three surface replicates per laboratory and per station, i.e., 24 samples per
laboratory. The samples were filtered through Whatman GF/F filters, and filters were frozen in
liquid nitrogen and distributed in dry ice to all laboratories together with chlorophyll-a standards.
The results between labs compared quite well. The mean normalized bias (MNB) of the
standard measurements ranged between −23% and +19% for all laboratories and −7% to
+19% for the Baltic Sea laboratories compared to high-performance liquid chromatography.
The MNB of the two Bråviken transects ranged between −23 and +17% for all laboratories
(compared to the median of all spectrophotometric and fluorometric measurements) and
between −2 and +17% for the Baltic Sea laboratories. On average, the chlorophyll-a
concentrations measured by the fluorometric method were about 13% higher than those
measured by spectrophotometry, and fluorometry samples tended to have more scatter. The
largest uncertainties seem to be caused by variable storage and extractionmethods and are not
fully captured in this intercomparison. This is demonstrated by analyzing historical comparisons
revealing very large uncertainties (root mean square difference (RMSD) up to 109% and bias up
to 68%), possibly due to too low filtration volumes and due to different extraction and storage
methods. Our recommendation is to flash-freeze samples in liquid nitrogen and store them
at −80°C. After storage, they should be extracted and measured at room temperature within
6–24 h. Our results also indicate that ethanol is much more efficient in extracting Chl-a than
acetone. Last but not least, we would like to point out that the uncertainties in measuring
chlorophyll-a by satellite are now within the range of in situ data, as shown here by comparing
the in situ results from this study with published remote sensing results from the literature.
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1 INTRODUCTION

Phytoplankton constitutes the basis of aquatic food webs and the
primary production of these minute organisms makes up about
50% of the global primary production (Longhurst et al., 1995). As
the main photosynthetic pigment, chlorophyll-a (Chl-a) is
present in all phytoplankton species, it is widely used as an
indicator of phytoplankton biomass and is also an important
input into primary production models (Behrenfeld et al., 2006;
Tilstone et al., 2009). Furthermore, Chl-a is used as one of the key
parameters for ecological status assessment in aquatic
management and is applied to both in situ (Pasztaleniec and
Poniewozik, 2010; Harvey et al., 2019) and satellite-derived data
(Gohin et al., 2008).

There are several established methods to derive Chl-a in the
laboratory. The most frequently used methods in routine
oceanographic monitoring are fluorometric (Holm-Hansen
et al., 1965) and spectrophotometric (Jeffrey and Humphrey,
1975) determination of Chl-a. A more sophisticated analytical
method is high-performance liquid chromatography (HPLC),
which can be used to determine a wide range of
phytoplankton pigments (Jeffrey et al., 1997; Van Heukelem
and Thomas, 2001; Sørensen et al., 2007). Furthermore, HPLC
is recommended for validating Chl-a data derived from satellites
(Bidigare et al., 2002).

For routine in situ monitoring using fluorometric or
spectrophotometric methods, one generally aims at errors
within 20% (Sørensen et al., 2007). State-of-the-art
measurements using HPLC can reach accuracies of 5%
(Claustre et al., 2004) or even lower (Hooker et al., 2010).
However, HPLC is very expensive and requires highly
specialized staff, which is not feasible within routine
monitoring programs. Also, because of their complexity, in
practice, non-state-of-the-art HPLC measurements are often
prone to have much higher errors than generally perceived,
e.g., 7%–40% coefficient of variance, as shown in Hooker et al.
(2010) and Canuti et al. (2016).

Sørensen et al. (2007) also found that the main errors in the
Chl-a determination of natural samples are usually introduced by
inadequate storing and extraction methods. The errors due to
storage can be minimized by flash-freezing the samples in liquid
nitrogen at −196°C, where they can be kept safely for up to
328 days (Jeffrey et al., 1997). Alternatively, the samples can be
kept in a −80°C freezer for up to 12 months after flash-freezing in
liquid nitrogen (Roy et al., 2011). The filters should not be stored
for more than 1 week at −20°C, since, thereafter, oxidative
degradation processes can lead to significant pigment loss and
the production of chlorophyllide-a and esters in organic solvents
such as acetone or methanol (Jeffrey et al., 1997). Samples can be
kept in dry ice (i.e., at −78°C) for up to 1 month, e.g., for medium-
term storage and/or distribution between laboratories.

Several organic solvents can be used for Chl-a extraction from
natural water samples. The JGOFS Core Measurement Protocols
(IOC, 1994) recommended s aqueous acetone (usually 90%
acetone) for the Chl-a extraction from marine samples.
Sonication of the samples under ice-cooling is recommended
(Jeffrey et al., 1997), especially in the presence of cyanobacteria

which have rather strong cell walls and are very common in the
Baltic Sea during summer. However, in the Baltic Sea area,
HELCOM guidelines have introduced the extraction of Chl-a
in 96% ethanol (HELCOM Combine Manual 2 for Marine
Monitoring, 2017) as ethanol is less toxic. Besides this, ethanol
is much less volatile than acetone. An initial comparison showed
that the various monitoring laboratories in the Baltic Sea region
use very different methods for measuring Chl-a (see Table 1, Labs
2–6). The only common nominator seems to be the use of GF/F
filters (either 25 or 47 mm in diameter) during filtration.

Chl-a can also be derived from satellite observations, and for
optical case 1 waters where the optical properties are mostly
determined by Chl-a and covarying colored dissolved organic
matter (CDOM), Chl-a can be determined within 35% accuracy
(Mueller and Austin, 1995).

Darecki and Stramski (2004) showed that regional tuning
of bio-optical algorithms for MODIS and SeaWiFS allowed
for the reliable retrieval of Chl-a in the Baltic Sea within 30%
of the open sea. However, due to their coarse spatial resolution
of 1 km, both MODIS and SeaWiFS generally are not ideal
for monitoring nearshore coastal areas. The Chl-a retrieval
from satellite data over inner coastal areas was substantially
improved by the ESA MERIS Envisat (2002–2012) and the
ESA OLCI Sentinel-3 mission (since 2016). One of the main
reasons is that both sensors have an increased spatial resolution
(300 m as opposed to the standard of 1 km in Ocean Colour
remote sensing) and improved spectral resolution. Recent
research in the Baltic Sea has shown that Chl-a products
derived from MERIS and OLCI have a mean normalized bias
(MNB) within ± 30%, dependent on the processor applied
(Beltrán-Abaunza et al., 2014; Kyryliuk and Kratzer, 2019;
Kratzer and Plowey, 2021).

With the satellite data becoming increasingly accurate, it is
also important to evaluate the uncertainties in the in situ
validation data. The data measured within the Swedish pelagic
monitoring program are delivered to a common database (www.
sharkweb.smhi.se), sustained by the Swedish Meteorological and
Hydrological Institute (SMHI). When using data from this portal
for satellite validation, it is important to understand how
comparable the data quality is between laboratories. There
may be systematic differences between laboratories which may
cause significant uncertainties in the match-up analysis between
satellite data and in situ data.

An initial evaluation of 2 Swedish monitoring labs during field
campaigns performed in 1998, 2011, and 2020 showed that there
can be substantial differences between two labs, e.g., Lab 2 and
Lab 3 (Supplementary Figure S1A), reaching up to about 77%
between laboratories. The performance of these two monitoring
laboratories was evaluated against Lab 1, which is usually used for
the validation of satellite data and has regularly been compared to
HPLC data measured by Lab 7 (Supplementary Figure S2),
indicating an overestimation of Chl-a of about 9–10% by Lab
1 (see also Sørensen et al., 2007). After careful evaluation of the
results, it was found that the 24% underestimation of Lab
3 against Lab 1 was caused by six measurements with Chl-a
values above 10 μg L−1, indicating blooms and also patchiness in
the water body. After removing those data points
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(Supplementary Figure S1A), the measurements of Lab 3 were
situated much closer to the 1:1 line, and there was no longer a
significant difference between Lab 3 and Lab 1 (as confirmed by a
Student t-test). The differences between Lab 2 and Lab 3 were
subsequently reduced from about 77% to about 55%
(Supplementary Figure S1B). However, the uncertainties for
Lab 2 remained rather high and were recently confirmed during
another Chl-a intercomparison performed in autumn 2020 on
R/V Svea (Supplementary Figures S1A, S1B).

The main aim of this study is to further evaluate the
uncertainties of the in situ Chl-a data measured within the
Swedish monitoring program in order to have an overview of
the magnitude of differences between different monitoring labs
that we could expect in the in situ data. Three international
European monitoring labs were also engaged in comparing the
results on an international level and seeing how the Swedish labs
perform in an international context and introduce additional

expertise. This information is important to know when using in
situ data for the validation of satellites.

In this intercomparison, the assessment of uncertainties was
performed for Chl-a samples measured in a natural coastal
gradient in Bråviken bay (north-western Baltic proper) and
compared against the median of the whole
group. Furthermore, Chl-a standard solutions prepared in the
laboratory were used to evaluate the uncertainties caused by the
analytical method itself without taking into account possible
degradation due to handling, storage, and extraction. As Lab
1 has been extensively used for the validation of satellite data in
the Baltic Sea, and also in previous intercomparisons as a
reference laboratory, we also use it here as a reference for
investigating the uncertainties of the monitoring laboratories.
Furthermore, all laboratories were evaluated against the HPLC
measurements performed by Lab 8 (Canuti et al., 2016) as part of
the intercomparison of Chl-a standards.

TABLE 1 | Key characteristics for chlorophyll-a measurements for the participating laboratories, Swedish monitoring laboratories: Labs 2–5.

Lab
No.

Filter
type

and size
(mm)

Filter
volume
(ml)

Drying
filter
after

filtration

Storage
medium

and duration

Extraction
volume

Extraction
solvent

and method

Centrifuging Method

1 GF/F (25) 200–500 no Filters flash-frozen
in liquid nitrogen;
stored <2 months

5 ml 90% acetone; sonication for
30 s under ice-cooling and
wrapped in aluminum foil;
extraction in the refrigerator for
30 min

Centrifuge for
10 min
at 3,000 rpm

Spectrophotometric

2 GF/F (25) 137 no Filters placed in
ethanol in the dark
at -20°C;
stored <4 weeks

10 ml 95% ethanol; extracted for 4 h to
7 days at room temperature or
for 12 h to 4 weeks in the fridge/
freezer

Fluorometric

3 GF/F (47) 1,000–2000 Drying with
paper wipes
Torky

Filters placed in
ethanol in the dark
at -20°C;
<3 months

10 ml Cutting the filter and extracting in
95% ethanol in the dark; shaking
the extraction tube by hand.
Extract in room temperature for
6–24 h

Centrifuge for
10 min

Spectrophotometric

4 GF/F (25) 100–200 Dry on a GF/F
(47 mm) filter for
30 min

Filter placed in
aluminum foil in the
dark at -80°C;
<1 month

10 ml 96% ethanol; place steal balls in
the extraction and use a shaker
for 5 min; extract in the dark and
at room temperature for 6–24 h

Fluorometric

5 GF/F (25) 100 no Filter placed in
ethanol in the dark
at -20°C;
<2 months

10 ml 99% ethanol; in the dark at room
temperature for 18–24 h

Fluorometric

6 GF/F (25) 300–500 no Filter flash-frozen in
liquid nitrogen, then
at -80°C < 3months

10 ml 96% ethanol; in the dark and at
room temperature; 3–5 h

Fluorometric

7 GF/F (47) 1,000–2000 Yes, folded
between filters

Filters frozen
directly within
minutes at -20°C;
<3 months

6–10 ml 100% methanol, the filter is
pressed with a glass stick or
forceps to release Chl-a extract
from the filter. Extracted in the
dark at room temperature for
6–20 h, normally overnight

Centrifuge for
15 min at
3,500 rpm

Spectrophotometric

8 GF/F (25) 300–1,000 no In liquid nitrogen
until arrival in the
laboratory, -80°C;
<1 year)

2.5 ml 100% acetone + vitamin E
(tocopherol) + 150 µL MilliQ
water; the filter is cut into pieces
in a falcon, soaked for 1 h in
acetone at -20°C, sonicated for
90 s in ice, extracted for 3–4 h
after sonication

Centrifuge at
4,000 rpm for
120 s, clarify
through PTEF
filter, vortexed

HPLC/DAD and
spectrophotometric
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An overall goal of the intercomparison was to work towards
harmonizing methods and approaches for the Swedish
monitoring laboratories to improve the reliability and
intercomparability of Chl-a measurements within the Swedish
monitoring program and three international agencies and
research institutes involved in Baltic Sea research and
monitoring. Another more general aim was to learn from the
results of the different laboratories and to make
recommendations for improvements to the various
laboratories involved.

2 METHODS

2.1 Bråviken Campaign
The intercalibration campaign was carried out in Bråviken bay on
Stockholm Universities’ R/V Electra af Askö, NW Baltic proper,
during 1–2 July 2021. Two transects (with four stations each)
were sampled in Bråviken bay each during 1 and 2 July 2021
(Figure 1).

Five Swedish and three international laboratories participated:
the Swedish marine monitoring groups based at SMHI,

Gothenburg University (GU), Umeå University (UMU),
Stockholm University (MG-SU) as well as the Marine Remote
Sensing Group (MRSG, SU), the Leibniz Institute for Baltic Sea
Research (IOW, Germany), the Norwegian Institute for Water
Research (NIVA) together with NIVA DenmarkWater Research,
and the Joint Research Centre (JRC) in Ispra, Italy. Because of
COVID-19 restrictions, only a limited number of laboratories
could participate physically in the campaign. Therefore, only staff
from Stockholm University, NIVA Denmark, and SMHI
participated and filtered the samples for the other laboratories
as well.

At each station, three samples per laboratory were taken from
the surface with Niskin bottles operated on a rosette sampler,
transferred to sampling bottles, and filtered onto GF/F filters
(100–350 ml for 25 mm filters; 0.5–1 L for 47 mm filters), after
shaking. The filters were flash-frozen in liquid nitrogen within
about 10–40 min after filtration and stored in a dewar for
approximately 2 months. The Dewar flask had a nominal
holding time of 2 months, but the liquid nitrogen in the
Dewar was replenished every 3 weeks to avoid that it would
run short of liquid nitrogen. In total, 24 filter samples/filters per
laboratory were posted in dry ice on Monday, 6 September 2021,

FIGURE 1 | Bråviken bay is situated in the NW Baltic proper. Eight stations were sampled in total; station GB16 was sampled twice: during 1 July 2021, on the
transect into the bay, and during 2 July 2021, on the transect out of the bay. The overview map (upper panel) was taken from Kratzer et al. (2019, Figure 1 upper panel,
license agreement CC BY 4.0).
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to all participants with the aim of all laboratories performing the
measurements on Wednesday, 8 September 2021.

2.2 Preparation of Chlorophyll-a Standard
Solutions
Chl-a standards were prepared as an additional independent
evaluation to estimate the measurement uncertainties of each
laboratory and method without additional errors being caused by
storage and by various pigment extraction methods (e.g., use of
sonicator vs. passive extraction). First, 1 mg of Chl-a standard
(Sigma-Aldrich, CAS) was dissolved in 90% acetone (HPLC
grade, both acetone, and ultrapure water) using a 250ml
volumetric flask (+/−0.15 ml) wrapped in aluminum foil to make
up the mother solution of 4,000 μg L−1. This mother solution was
then further diluted to 160 μg L−1 for the acetone and ethanol
extracts and to 240 μg L−1 for the methanol extract. Thus, the
final standards were distributed in 90% acetone (Lab 1 and Lab
8), 95.96% ethanol (Labs 2, 3, 4, 5, and 6), and 99.94%methanol (Lab
7). The Chl-a standards were prepared for all laboratories by the
principal investigator on 3 September 2021, and kept in a
refrigerator (4°C) in amber, well-sealing glass reagent bottles.
Three aliquots of standards were pipetted under subdued light
into well-sealing 10ml polypropylene centrifuge tubes with screw
caps (all Labs, apart fromLab 8) or into 2 ml glass vials (Lab 8), using
variable Eppendorf pipettes (1–10ml). Both the standards
(centrifuge tubes and glass vials) and the 24 filters (per
laboratory) with field samples were wrapped well in both
aluminum foil and bubble wrap and posted to all participating
laboratories in thermal Styrofoam boxes filled with 4–5 kg of dry ice.

2.3 Laboratory Analyses
All laboratories analyzed their samples according to their normal
protocols (Table 1) on 8 September 2021, except for the staff from
Lab 4 who received the samples later than anticipated and kept
them at −80°C for 1 week until analysis. For deriving the
concentration of the standards, the ratio of the filtered volume
(given in L) and the extraction volume (given in mL) were both
set to the same volume, e.g., by defining the filtered volume as
0.001 L and the extraction volume as 1 ml. The results were all
returned to the principal investigator within 1–2 weeks.

The fluorometric methods for the determination of Chl-a are
based on Holm-Hansen et al. (1965) and the HELCOM Combine
Manual 2 for Marine Monitoring (2017), which uses ethanol as a
solvent. The spectrophotometric method is based on the
trichromatic method by Jeffrey and Humphrey (1975), also
described in Parsons et al. (1984). Some modifications are
implemented; Lab 1 stores the samples in liquid nitrogen and
uses sonication under ice-cooling for extraction; Lab 3 uses
ethanol as a solvent (and subsequent passive extraction), while
Lab 7 uses methanol as a solvent. Themethod applied by Lab 8 for
the determination of phytoplankton pigments is the HPLC-DAD
method developed by Van Heukelem and Thomas (2001). The
method implemented has been validated through regular
participation in international round-robin and comparison
exercises (Hooker et al., 2010; Canuti et al., 2016).

2.4 Statistical Analysis of the Field Samples
2.4.1 Data Quality Control
For data quality control, the median (x̃) and the standard deviation
(σ) of each laboratory were derived and the coefficient of variation
was derived as CV = σ/x̃. Furthermore, all data were screened for
outliers, defined as x̃ ± 3*σ (Sørensen et al., 2007). None of the
laboratories were found to have any such outliers.

2.4.2 Correlation Plots
The median of all laboratories was derived to get an initial
overview and visualize any difference in the medians and
ranges of values per laboratory; a box plot was created.
Further, the results from each laboratory were plotted against
the median of all spectrophotometric and fluorometric
laboratories in correlation plots (one plot per laboratory). All
graphs were set to the same maximum value for the x- and y-axis
(10 μg L−1) and the 1:1 line was plotted on each graph in order to
evaluate the scatter of the data and to see if the respective
laboratory generally over- or underestimated the Chl-a
concentrations or was placed well around the 1:1 line.
Pearson’s correlation coefficient (r) and the MNB, i.e., the
offset from the 1:1 line and the Root Mean Square Difference
(RMSD), i.e., the scatter of the data (also termed relative error),
were calculated for each laboratory against the median values:

MNB (%) � 1
N
∑N
i�1

(CHL(LABx)i − CHL(Median)i
CHL(LABx)i ) x 100.

(1)

RMSD (%) �

���������������������������������
1
N
∑N
i�1

(CHL(LABx)i − CHL(Median)i
CHL(LABx)i )2

√√
x 100.

(2)

2.4.3 Youden Plots
AYouden plot is commonly used for a graphical interpretation by
plotting results from the same method conducted by different
laboratories in the same graph (Martín et al., 2017). It is a type of
scatter plot that aims to uncover biases in the measurements. It
can provide an overview if the results from the laboratories are
equivalent, which labs may have outliers compared to the median,
and if inconsistencies are primarily between laboratories
(reproducibility problems) or within one laboratory
(repeatability problems). The y- and x-axis represent the
results from 2 reported pairs of values (in this study, two
stations), and each point represents one replicate of the
sample results from each lab. The horizontal and vertical lines
represent the median values for all replicates for each station. At
the intersection of the medians, a 45° reference line is drawn for
indications of over- or underestimations compared to the
medians (similar to the 1:1 line in a correlation plot).

A circle is drawn around the intersection based on the algebraic
average difference of the values to the medians. Multiplying the
average of the absolute values of these differences by sqrt(π)/2 gives
an estimate of the standard deviation and multiplication of the
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standard deviation by 2.45 provides the radius of the circle that
should include 95% of the laboratories if individual constant errors
could be eliminated. Hence, the circle indicates which observations
fall within the 95% confidence interval and the laboratories falling
outside are said to provide biased results and may indicate
systematic errors (Martín et al., 2017 and references therein) if
repeatedly placed outside the 95% confidence limit. The stations
were paired based on the similarities between the medians (Martín
et al., 2017).

3 RESULTS

3.1 Results, Field Samples
There was a fair mix of laboratories using either the
spectrophotometric (Labs 1, 3, 7, and 8) or fluorometric
method (Labs 2, 4, 5, and 6). Overall, the results from the
laboratories measuring primarily in the Baltic Sea (Lab1 to
Lab 6) compared quite well (Figure 2).

The results for Lab 2 are shown both for the storage protocol
followed in this intercalibration, flash-freezing in liquid nitrogen and
postage in dry ice to Lab 2 (2a, shown in dark grey), and for their
normal sampling routine (2b, shown in light grey). The difference in
the median of all spectrophotometric and fluorometric
measurements was clearly reduced due to flash-freezing and
direct measurements after receiving the samples by post.

The correlation plots in Figure 3 allow for a direct comparison of
the uncertainties of each laboratory in determining Chl-a. All results
are plotted against the median of all spectrophotometric and
fluorometric measurements. However, it must be noted that the
median was somewhat more driven by the fluorometric
measurements, which tended to be higher than the median, while
the spectrophotometric and HPLC measured values fell below the
median. The uncertainties against the median are largely due to the
uncertainties in the various methods themselves. For a perfect fit, all

values would be placed on the 1:1 line. The MNB indicates the %
offset from the 1:1 line, while the Root Mean Square Difference
(RMSD) is a measure of the data scatter (i.e., relative error). If the
MNB is positive, it means that the majority of values are placed
above the 1:1 line if it is negative, it means that the majority of values
are placed below the 1:1 line. Note that the results shown here
represent the reliability of each laboratory when using flash-freezing
and storage in liquid nitrogen as a preservation and storage method
and do not include additional errors caused by, e.g., different ways of
storing or extracting the Chl-a samples. The statistical results of the
correlation analyses are summarized in Table 2.

The MNB ranged between −24% and +17% for all laboratories
(in relation to the median of all laboratories) and between −2 and
17% for the Baltic Sea laboratories. The MNB was, on average, + 6%
for fluorometric and −7.4% for the spectrophotometric method. The
fluorometricmeasurements are, on average, significantly higher than
the fluorometric measurements, with an average % difference of
13.4%. On average, the relative error (RMSD) was 14.4% for the
fluorometric laboratories and 12.5% for the spectrophotometric
laboratories. There are two laboratories with a relatively high
scatter (above 20%): Lab 2 and Lab 8 (HPLC); see Table 2.

Usually, the uncertainties are dependent on the concentration,
and this cannot be evaluated in the correlation analysis
(Figure 3). Another way of analyzing the uncertainties of each
laboratory is in the form of Youden plots (Figure 4), which is a
graphical method. The observations of sample pairs of similar
concentrations are shown here in relation to the median values of
the observation pairs. The circle around the median cross in
Figure 4 indicates the 95% confidence interval. A systematic error
is indicated if a laboratory is repeatedly found in the equivalent
rectangle outside the circle along the diagonal line, and random
errors are shown if a laboratory is only found casually outside the
circle. The HPLC results (Lab 8a) were excluded from this plot as
HPLC measurements of natural water samples are normally not
compared to spectrophotometric and/or fluorometric

FIGURE 2 | Box plots of the derived chlorophyll-a concentrations measured by all participating labs in the Bråviken campaign. Each laboratory measured three replicates
from the surface taken at eight stations (i.e., 24 samples each per laboratory). Note that Lab 2 conducted flash-freezing (2a) and their normal sampling procedure (2b).
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measurements. Results for Lab 2 (normal sampling method,
i.e., Lab 2b) were also excluded as the in situ field handling
was not part of the intercomparison.

The results from the Youden plots show that the three
replicates from each laboratory most often align close to each
other for all station comparisons, indicating high repeatability for

FIGURE 3 | Result of the correlation analysis per laboratory. The 1:1 line was plotted here to allow for a visual comparison between laboratories. The results from
each laboratory (y-axis) were plotted against the median value of all spectrophotometric and fluorometric laboratories (x-axis). The HPLC measurements lie, on average,
23% below the spectrophotometric and fluorometric measurements. The statistics are summarized in Table 2 for a quick and easy comparison.
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each of the laboratories. The comparison between laboratories is
also very good, with generally small deviations from the medians.
However, a few observations deviated for all labs, as expected with
natural samples and due to random errors, are also reflected in
the RMSE presented in Figure 3 and Table 2.

Some minor general patterns can be seen in the Youden plots,
where most observations fall inside the 95% confidence interval in
Figures 4A,C. The variability (both within and between the labs)
was higher for the stations with lower Chl-a concentrations
(Figures 4B,D), where more observations fall outside the 95%
confidence interval. The results from Lab 8b seem to
underestimate the Chl-a compared to the overall median
values and have a systematic offset for two station pairs
(Figures 4B,D). Labs 4 and 5 seem to have a small bias
towards higher values, whereas Lab 7 and Lab 8b show
opposite results with a small bias towards lower values. The
interpretation of the results in the Youden plots confirms what
the individual correlations in Figure 3 and Table 2 have shown.

3.2 Results: Chlorophyll-a Standards
Overall, the results of the Chl-a standards compared quite well between
laboratories (Figure 5). The MNB of the standard measurements
ranged between −23% and +19% for all laboratories (Table 4)
compared to the mean of the measured HPLC concentrations
(165 μg L−1), with the exception of Lab 7 (methanol). For the Baltic
Sea laboratories, the range was even smaller:−7% to +19% compared to
the mean HPLC concentration. Table 3 gives an overview of the
statistics of the Chl-a standard measurements. Note that the results for
Lab 7 cannot really be compared here, as Chl-a is very unstable in
methanol, and the very low standard concentrations aremost likely due
to the breakdown of Chl-a within the 5 days between standard
preparation and measurements.

4 DISCUSSION

The present study aims at evaluating the uncertainties of the
Swedish monitoring laboratories in terms of Chl-a determination.
As shown here, measuring Chl-a is not as straightforward as it

may seem to be. The fluorometric method is known to be
influenced by other pigments than just Chl-a (Gibbs, 1979;
Welschmeyer, 1994), while the spectrophotometric
trichromatic method, although recommended by specialists
(Jeffrey and Welschmeyer, 1997), gave overestimates,
compared to HPLC methods, by about 15–20% (Sørensen
et al., 2007). Overall, it was not all that simple to compare the
results from the different laboratories. One of the main challenges
we found was the very large variety of methods, and the summary
in Table 1 was an attempt to capture this variability. Besides the
differences in analytical methods, we also found a large range in
storage and extraction methods. As mentioned before, these are
usually the main causes of uncertainties (Sørensen et al., 2007).

For the Baltic Sea laboratories, the range of the standard
measurements was: −7% to +19% compared to the mean
concentration derived by HPLC. However, it must also be kept
in mind that the various laboratories are optimized in different
ways to their respective normal ranges of values. This is usually
done by adjusting the filtering and/or extraction volume. For
example, if there is low phytoplankton biomass, one tends to filter
larger volumes to get enough phytoplankton cells on the filter,
thus increasing the sensitivity. On the other hand, in bloom
situations, one usually filters less water and/or increases the
extraction volume. Supplementary Table S1 tries to capture
these differences when measuring the same standard by deriving
the nominal field sample concentration (per laboratory) from the
concentration factor for the respective laboratory. The results of the
Chl-a standard measurements should be interpreted with these
differences in mind. Depending on instrumentation and method,
the concentration range should be chosen in order to achieve a
linear range of calibration so as to avoid sensor saturation. In
hindsight, it would have been beneficial to distribute a range of
different standard concentrations to all participating laboratories so
that the uncertainties could have been tested for different standard
concentrations (e.g., 40 µgL−1, 160 μg L−1, and 400 μg L−1) as the
different laboratories are optimized in different ways and were
shown to have very varying nominal field concentrations
(Supplementary Table S1). In order to derive Youden plots
for the standards, one would need additionally two sets of

TABLE 2 | Statistical results of the correlation analyses (each laboratory was assessed against the median of all spectrophotometric and fluorometric laboratories). Any
differences ≥20% are highlighted in bold and may need addressing. Note that the HPLC method was found to be 23% below all spectrophotometric and fluorometric
laboratories combined, while the difference in Chl-a measurements between spectrophotometric and fluorometric laboratories was about 13.4%.

Laboratory MNB(%) St.Dev RMSD (%) St.Dev r

Lab 1 (spectrophotometric) −1.8 13.1 0.84
Lab 2 (fluorometric) −1.5 23.2 0.93
Lab 2 (fluorometric; normal sampling) 16.8 21.1 0.81
Lab 3 (spectrophotometric) −2.0 5.7 0.96
Lab 4 (fluorometric) 12.3 13.3 0.98
Lab 5 (fluorometric) 11.3 12.3 0.98
Lab 6 (fluorometric) 1.8 9.0 0.92
Lab 7 (spectrophotometric) −9.6 11.3 0.95
Lab 8 (HPLC) −23.5 26.0 0.77
Lab 8 (spectrophotometric) −16.1 20.1 0.76
Mean fluorometrya 6.0 (+/−) 6.9 14.4 (+/−) 6.1 0.95
Mean spectrophotometry −7.4 (+/−) 6.9 12.5 (+/−) 6.0 0.88
Average % Diff. (△MNB%) 13.4

aNormal sampling of Lab 2 here excluded from the mean (as no flash-freezing applied).
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standards in a similar concentration range, e.g., 160 μg L−1 and
170 μg L−1.

Overall, the results from the field measurements in Bråviken
were also very encouraging. The MNB ranged between −23% and
+17% for all laboratories (in relation to a median of all
spectrophotometric and fluorometric laboratories) and
between −2 and 17% for the Baltic Sea laboratories, which is
somewhat lower than for the standard comparison. The RMSD
ranged overall from 6 to 26%. The lowest RMSD was achieved by
Lab 3 (6%) and Lab 7 (9%). This may be partially due to well-

trained staff and partially also due to using alcohols as solvents
which are much less volatile than acetone. However, Lab 2 and
Lab 8 have rather high relative errors (RMSD: 23 and 26%,
respectively), which may need some consideration.

Table 2 shows that the overestimation by Lab 2 was substantially
reduced (i.e., from 17% to −2%), simply by freeze-drying the samples,
storing them in liquid nitrogen, and direct analysis shortly after
receiving the samples in dry ice. So, following the results presented
here, flash-freezing is highly recommended. The statistical results for
the field measurements from Bråviken are generally very reasonable,

FIGURE 4 | Youden plots of paired stations of similar concentrations. The horizontal line represents the median values (indicated in the plots) of all samples from the
station on the x-axis and the vertical line represents the median values (indicated in the plots) of all samples from the station on the y-axis. A 45° reference line is drawn
based on the two median values. The distance from the reference line indicates the proportion of random errors and the distance from the median centroid indicates the
proportion of systematic errors. The circle indicates which observations fall within the 95% confidence interval with no bias or else outside.
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considering we are analyzing natural biological samples in coastal,
dynamic waters where we should expect a high variability (Rantajärvi
et al., 1998). Nevertheless, the results are a bit misleading because
most laboratories did not follow their normal procedures for storing
and extraction. Larger differences are to be expected during normal
sampling and we would like to recommend repeating the exercise
with all the laboratories, following their normal sampling procedure,
i.e., by participating physically in the campaign, like it was done here
by Lab 2 in addition to the Bråviken sampling and storage procedure,
including flash-freezing. It must be noted here also, that Lab 1, Lab 6,
and Lab 8 actually did follow their normal protocol as they all
normally flash-freeze their samples, although Lab 6 and Lab 8 first
flash-freeze their samples and then move them into a −80°C freezer
after the cruise which has been recommended by Wasmund et al.
(2006). Flash-freezing is becoming more and more the norm in the
international literature and already had been recommended in the
1990s by the protocols of the Joint Global Ocean Flux Study (JGOFS)
of the Intergovernmental Oceanographic Commission (IOC, 1994)
and also by Wright et al. (1997).

Figure 6 compares the uncertainties of Labs 2, 3, 4, and
6 against Lab 1. For comparison, Table 4 shows the values for
the uncertainties of these laboratories and Lab 8/HPLC (not
shown in Figure 6). Table 4 gives the uncertainties for Lab

2 when compared to Lab 1 for different years (Figure 6A shows
all years combined). It is interesting that Lab 6 (fluorometric
method) has very similar results to two of the spectrophotometric
laboratories, Lab 1 and Lab 3 (Figure 6D). This means that one
can achieve quite similar results despite different analytical
methods. These laboratories also use different storing and
extraction methods: Lab 1 stores the samples in liquid
nitrogen and extract them in acetone with sonication under
subdued light and ice-cooling and Lab 3 extracts the filters in
95% ethanol and freezes them at −20°C for up to 3 months. Lab
4 stores the filters at −80°C (no flash-freezing but drying of the
filter before deep-freezing) and extracts them for 6 to 24 h in 96%
ethanol. Note that the scatter in these plots is caused by the
uncertainties of both labs plotted against one another. The scatter
in the correlations shown in Figure 3 is reduced as deriving the
median reduces the overall scatter (also shown in the box plots,
Figure 2). It must also be noted that the samples for the historical
comparisons between Lab 2 and Lab 1 (Figure 6A) were taken
across different seasons (spring, summer, and autumn) and also
included open sea vs. coastal areas.

Supplementary Figure S4 shows that the overestimation
is consistent over the seasons but somewhat lower in coastal
areas.

FIGURE 5 | Results for the Chl-a standard concentrations measured by the different laboratories. The mean concentration of the HPLC measurements (Lab 8) is
indicated by the dashed green line. The measurements of the Baltic Sea monitoring laboratories are within about −7% to +19% error (±2–3%). Note that Lab 7 uses
methanol for extraction in which Chl-a is rather unstable, leading to −23% underestimation. As the Chl-a standards were only measured after 5 days, it is likely that a large
proportion of the Chl-a molecules had already been degraded.

TABLE 3 | Statistical results of the Chl-a standards (µg L−1). For each laboratory, the mean value, the standard deviation (σ), and the coefficient of variation (CV%) were
derived from the three replicates. The RMSD% and theMNB%were derived here mathematically in relation to the mean concentration measured by HPLC, which has an
error of about 2–3% (Canuti et al., 2016).

Lab 1 Spec
(acetone)

Lab 2 Fluor
(ethanol)

Lab 3 Spec
(ethanol)

Lab 4 Fluor
(ethanol)

Lab 5 Fluor
(ethanol)

Lab 6 Fluor
(ethanol)

Lab 7 Spec
(methanol)

Lab 8 HPLC,
DAD (acetone)

Lab 8 Spec
(Acetone)

Mean 182 190 153 182 195 176 126 165 178
St. Dev. (σ) 2.6 1.0 8.3 0.8 0.5 1.2 0.8 3.5 4.1
CV% 1.4 0.5 5.4 0.4 0.2 0.7 0.6 2.1 2.3
MNB% 10 16 −7 11 19 7 −23 0 8
RMSD% 11 16 8 11 19 7 23 2 9
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The statistics listed in Table 4 demonstrate that the
uncertainties of satellite data are now well within the range of
the uncertainties of in situ Chl-a measurements and sometimes
even better. The consistently best processors for MERIS and
OLCI are: The case 2 processor from the Free University of
Berlin (FUB) and the Case-2 Regional Coast Colour (C2RCC)
processor. Both of these processors apply a Neural Network
(NN) inversion (Schroeder et al., 2007; Brockmann et al., 2016).
The MNB was within 25–30% for FUB and the locally-adapted
C2RCC. When correcting for the 9% overestimation of Lab
1 compared to HPLC, the satellite data lies actually within
7–18% of the in situ values both for MERIS-FUB and also
for locally-adapted OLCI-C2RCC data, even in such an
optically-complex water body as the Baltic Sea with relatively
high CDOM absorption (Kowalczuk et al., 2006; Kratzer and
Tett, 2009). The RMSD is generally not much lower than 50%
when assessing the uncertainties in Case-2 waters (personal
communication with Dr. Roland Doerffer, 2013). This can
partially be explained by the difference in scale (300 m pixels
vs. sampling bottle or sampling bucket) and partially by natural
biological variability.

Lab 2 had consistently higher values, both in the standard
concentrations (MNB: 16%) and in the Bråviken measurements
when following their normal sampling procedure (MNB: 17%). In
previous intercomparisons at lower Chl-a concentrations (about
0.2–3 μg L−1), the MNBwas substantially higher (Supplementary
Figure S4): Lab 2 gave overestimates by about 43% in autumn
1998 and by as much as 92% in autumn 2020 when compared to
Lab 1, and the RMSD (scatter) in 1998 was 56% and in 2020 it was
107%. However, when analyzing the data from the Bråviken
campaign separately (Supplementary Figure S4, lower panels),
an interesting result becomes apparent. When following their
normal sampling procedure in Bråviken with higher Chl-a
concentrations (about 3–8 μg L−1), the uncertainties were here
substantially lower compared to Lab 1 (i.e., MNB: 22% and
RMSD: 36%). The samples had been extracted in ethanol in
the dark and were measured within a week. The MNB for Lab
2 improved further with flash-freezing and storage in liquid
nitrogen (i.e., MNB: 1.4% and RMSD: 13%) compared to Lab
1 (Supplementary Figure S4, lower right panel). A two-tailed
Student t-test showed that there was no significant difference
between Lab 2 and Lab 1 when flash-freezing (p = 0.43).

FIGURE 6 |Uncertainties of Chl-a measurements of (A) Lab 2 vs. Lab 1 (1998, 2020, and 2021 normal sampling procedures), (B) Lab 3 vs. Lab 1 (2010 and 2021),
(C) Lab 4 vs. Lab 1 (Bråviken), and (D) Lab 6 vs. Lab 1 (Bråviken).
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The observed overestimations by Lab 2 already shown in the
historical comparisons can be due to various reasons. One
obvious reason might be that Lab 2 usually filters too low a
volume of water sample: 137 ml standard based on a specific
filtering set-up and filtering procedure that does not allow for
varying the sampling volume. In total, 137 ml is likely to capture
too little phytoplankton during open sea measurements, as
indicated by the high uncertainties in the intercomparison
with Lab 1 between 1998 and 2020 (Supplementary Figure
S4, upper panels). The results from Lab 6, which also uses
fluorometry, show much lower uncertainties that seem to be
related to the use of both flash-freezing of the samples and the
filtration of larger water volumes (300–500 ml, see Table 1).
Generally, it is assumed that the fluorometric method is up to
50% more sensitive than the spectrophotometric method (Jeffrey
et al., 1997). However, the results shown here imply that larger
volumes lead to lower uncertainties also for fluorometric
measurements. Thus, Lab 2 should consider filtering
substantially more water volume than the standard 137 ml
when sampling in the open sea, thereby adapting the filtered
volume to the abundance of phytoplankton.

One way of establishing howmuch to filter is to initially filter a
test volume of about 350 ml (25 mm diameter filter). If this is
filtered through very quickly, one may require more volume. If it
does not fully filter through within 10–15 min, one should discard
the sample and filter a smaller volume. Additionally, one can
check the hue of the filter after the first filtration and evaluate if
more filtration is required to get enough material for the reliable
determination of Chl-a (based on experience). Another
indication one can use is the Secchi depth at the respective
station to make an educated guess on what volume to filter
(also based on previous filtering and measuring experience).
Another possible reason for the relatively high values of Lab

2 may lie within the fluorometric method itself. The study by Dos
Santos et al. (2003) conducted with 120 samples suggests that the
fluorometric method always overestimates the concentrations
compared to the spectrophotometric method. Besides this,
direct storage in ethanol and subsequent freezing may also be
one of the reasons for the overestimation, as our results indicate
that this method is more efficient in extracting Chl-a (see also the
discussion below regarding the uncertainties of Lab 3).

Wasmund et al. (2006) evaluated the use of smaller (250 ml)
vs. the use of larger filtration volumes (600 ml) and found that
smaller volumes are to be preferred as larger volumes may cause
too much stress on the phytoplankton due to long filtration time
and subsequently lead to Chl-a degradation. However, from our
experience, we found that one can usually filter volumes between
200 and 500 ml onto a 25 mmGF/F filter with acceptable
filtration times, dependent on biomass. The international
oceanographic Lab 6 and Lab 8 quotes range 300–500 ml
(Baltic Sea) and 300–1,000 ml (Mediterranean, Baltic, and
Black Seas), respectively. It cannot be excluded that some of
the uncertainties caused by the fluorometric Labs 2, 4, and 5 are
caused by the low filtration volumes.

Secondly, storage and extraction procedures must be taken
into account. The Bråviken samples were measured soon after
arrival in the laboratory in dry ice. As they had been flash-frozen,
it was unlikely that the Chl-a pigment was degraded. Table 1
shows that Lab 2 has a rather variable way of storing and
extracting its samples: either the samples are extracted directly
at room temperature in the dark and measured after 4 h to 7 days,
or else the extracts are stored for 12 h to 4 weeks in the fridge/
freezer. The latter method of storing the extracts for up to 30 days
in the freezer was recommended by Wasmund et al. (2006).
However, leaving the samples at room temperature for up to
7 days at room temperature is likely to cause pigment degradation

TABLE 4 | Evaluation of uncertainties in the Chl-a measurements of Labs 2, 3, 6, and 8, each vs. Lab 1, as well as uncertainties of various satellite Chl-a products derived from
MERIS and OLCI vs. Lab 1. The best satellite processors have an MNB within 17–27% (in bold).

In situ
Comparison

Year MNB% RMSD% N Campaign

Lab 2 vs. Lab 1 1998 43 56 16 R/V Argos, Supplementary Figure S3
Lab 3 vs. Lab 1 2011 1 27 24 Small boats
Lab 2 vs. Lab 1 2020 92 107 44 R/V Svea, Supplementary Figure S3
Lab 2 vs. Lab 1 2021 22 36 23 R/V Electra af Askö, Supplementary Figure S3
Lab 3 vs. Lab 1 2021 0 21 48 R/V Electra af Askö
Lab 4 vs. Lab 1 2021 17 24 24 R/V Electra af Askö
Lab 6 vs. Lab 1 2021 7 24 24 R/V Electra af Askö
Lab 8 vs. Lab 1 2021 −21 24 24 R/V Electra af Askö
Satellite data vs. in situ Processor References
MERIS v.3 Boreal N/A 66 312 Attila et al. (2013)

C2R N/A 45 312 Attila et al. (2013)
Eutrophic N/A 41 312 Attila et al. (2013)

MERIS v.3 vs. Lab 1 FUB 27 55 16 Beltrán-Abaunza et al. (2014)
MEGS/standard 62 87 16 Beltrán-Abaunza et al. (2014)
FUB 18 52 21 Beltrán-Abaunza et al. (2014)
C2R 74 120 21 Beltrán-Abaunza et al. (2014)

OLCI v.2 vs. Lab 1 and in situ Chl-a fluorometer C2RCC/locally adapted 22 57 59 Kyryliuk and Kratzer (2019)
OLCI v. 2 vs. Lab 1 C2RCC/standard −25 43 29 Kratzer and Plowey (2021)

C2RCC/locally adapted 17 49 29 Kratzer and Plowey (2021)
POLYMER 53 79 29 Kratzer and Plowey (2021)
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(Jeffrey et al., 1997). This may partially explain the high scatter
shown in Figure 6A (RMSD 109%). It must be noted that all
other labs have a consistent way of storing and extracting their
samples, and if they extract their samples passively at room
temperature in the dark, they measure them usually within
6–24 h (see Table 1). Wasmund et al. (2006) recommend
extraction in 96% ethanol for 3 to 24 h. Longer extraction
times at room temperature lead to pigment loss. For extracts
in acetone, additional methods are required to extract pigments
efficiently. Jeffrey et al. (1997) recommend sonication under
subdued light and under ice-cooling to avoid pigment
degradation.

Furthermore, it is known that the fluorometric method is not
only specific to Chl-a, as Chl-a and Chl-c have partially
overlapping fluorescence spectra, resulting in an
overestimation of Chl-a at higher concentrations of Chl-c
(Gibbs, 1979; Jeffrey et al., 1997), i.e., during diatoms and
dinoflagellates blooms. This is also true for the presence of
Chl-b (Welschmeyer, 1994), which also partially overlaps with
Chl-a as it has an absorption shoulder at 430 nm, which is used
for exciting Chl-a fluorescence. The results from the HPLC
analysis (Lab 8) show that several of the stations during the
Bråviken campaign had phytoplankton containing both Chl-b
and Chl-c (Supplementary Table S2), which partially may also
explain the relative high RMSD of Lab 2. The very high RMSD in
the historical intercomparisons of Lab 2 vs. Lab 1
(Supplementary Figure S4 and Table 4) may thus be due to
the interference of other chlorophyll pigments.

Furthermore, there might also be interference from
chlorophyllide-a. Friedrich and Spukerman (2009) found that
chlorophyllide-a may result in an overestimation of “true Chl-a”
by about 10–27%. According to Jeffrey et al. (1997), the excitation
and emission wavelengths of Chl-a are 430 and 664 nm (Ex/Em
430/668), respectively, in acetone. The fluorometer used by Lab
2 excites at 427 nm and measures the emission at 664 nm (Ex/Em
427/664). This is rather close to the excitation and emission
wavelengths of chlorophyllide-a, which is 426/667 in acetone
(Jeffrey et al., 1997). Although no chlorophyllide-a was detected
by the HPLC measurements in Bråviken (Supplementary Table
S2), chlorophyllide-a might still have been present during the
measurements evaluated in the historical comparisons
(Supplementary Figure S4, upper panels), possibly explaining
some of the high variability in the data (RMSD: 109%) caused by
the degradation of Chl-a to chlorophyllide-a, which is usually
related to inadequate storage or extraction of pigments (Wright
et al., 1997). As the Chl-a degradation during extraction is
dependent on the taxonomic group, this may add to the
variability when comparing samples over large areas and/or at
different times of the year. However, this still does not explain the
relatively large systematic offset (MNB: 68%) possibly caused by
calibration and/or instrument errors.

The results from Bråviken demonstrated that Lab 3 has a low
MNB (−2%) compared to the median of all spectrophotometric
and fluorometric measurements (Figure 3 and Table 2) and a low
RMSD of 6%. The results from Bråviken show that the reliability
of the Chl-a determination was even further increased when
flash-freezing the samples first in liquid nitrogen before

extracting them passively overnight. Flash-freezing reduced the
scatter for Lab 3 vs. Lab 1 (2011 dataset) from 27% RMSD to 13%
(Supplementary Figure S5, left panel), which is a substantial
difference. There was no significant difference in the MNB
(−0.7% in 2011 and 1.4% in 2021) as the difference between
the two values was below 5%. Thus, the pigment retrieval using
ethanol seems already rather efficient despite the lack of
sonication (which, on the contrary, is done by Lab 1). Likely,
the use of ethanol is also partially a reason for the relatively low
scatter of Lab 3, as ethanol does not evaporate as easily as acetone.
However, the results of the standards showed that Lab
3 underestimated the standard concentrations by −7%, which
indicates some sort of instrument error, which seems to be
somehow compensated for by the efficient extraction method
when using ethanol. It cannot be excluded that the passive
extraction in ethanol may lead to the development of
chlorophyllide-a, which cannot be distinguished from Chl-a by
spectrophotometry. Lab 3 may also need to oversee their filtering
volume when measuring in phytoplankton bloom situations
(Supplementary Figure S1B). It is likely that during
measurements in phytoplankton blooms with very high Chl-a
values (above 10 μg L−1), the spectrophotometer reaches its
absorbance maximum. Therefore, Lab 3 should filter a
substantially lower volume during phytoplankton blooms (e.g.,
0.5 L instead of the usual 1.5 L for 47 mm filters). Alternatively, a
higher extraction volume could be used (e.g., 20–30 ml instead of
10 ml).

Lab 1 had an MNB of 10% and a RMSD of 11% for the
standards and a −2% MNB difference from the median for the
Bråviken samples (with a RMSD of 13%), which is overall quite
good. It must be noted that this is a full uncertainty evaluation of
Lab 1 as it followed its normal storage procedure (flash-freezing
in liquid nitrogen for up to 2 months and extraction by ice-cooled
sonication under subdued light). The Youden plots showed that
Lab 1 sometimes has erratic values. This has been observed before
and is usually compensated for by always sampling triplicates
during normal sampling and excluding the outlier when deriving
the sample mean.

Lab 1 underestimated the concentrations by about 2% during
the Bråviken sampling when compared to the median of all
laboratories (MNB: −2%). In a previous intercomparison
performed by the MERIS validation team (Sørensen et al.,
2007), Lab 1 was found to overestimate the concentrations by
about 9–10% compared to the other spectrophotometric
methods. However, our current intercomparison included both
spectrophotometric and fluorometric methods, and we found
that the spectrophotometric methods gave, on average, about 13%
lower values than the fluorometric methods (Table 2).

Additional previous intercomparisons of Lab 1 with the HPLC
method of Lab 7 (following the method by Jeffrey et al., 1997)
showed an overestimation of Lab 1 by about 9% (see
Supplementary Figure S2A), while the HPLC method by Lab
7 lies in the range of +14–15% difference to the Van Heukelem
and Thomas (2001) HPLCmethod applied by Lab 8 (Canuti et al.,
2016). So, overall, the differences found in this intercomparison
are also quite consistent with historical international
intercomparisons, as Lab 8 (HPLC) had an MNB of
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about −23% (Table 2) when compared to the median of all
spectrophotometric and fluorometric measurements in Bråviken
and −21% when directly compared to Lab 1 (Table 4).
Furthermore, a comparison in 2016 of Lab 1 with an Estonian
laboratory (Lab 9, trichromatic spectrophotometric method by
Jeffrey and Humphrey (1975), filters extracted in 96% ethanol)
showed that both laboratories have very comparable results
(Supplementary Figure S2B), with Lab 9 showing a 4%
overestimation compared to Lab 1. However, the comparison
between Lab 9 and Lab 1 is only based on 6 sample pairs (each
derived from triplicate measurements per station) and more data
are required to make statistically viable statements. The
comparison between Lab 3 and Lab 1 (Supplementary Figure
S1B) demonstrates that Jeffrey and Humphrey (1975) provided
good results even when applied to ethanol extracts, although the
algorithm was developed for 90% acetone. The correlation graphs
in Figure 3 clearly show that Lab 3 has a comparatively low
scatter (RMSD: 6%), while Lab 1 has a higher scatter (RMSD:
13%), albeit it is still rather low when compared to that of Lab
2 and Lab 8. This somewhat higher RMSD of Lab 1 (compared to
Lab 3) is most likely caused by the fact that Lab 1 uses acetone as a
solvent which is highly volatile. This may lead to evaporation
during measurements, which may lead to an increased
concentration of the samples and also to differences between
replicates if the exposure time during sonication and scanning is
variable. This may also explain the spurious measurements by
Lab 1 shown in the Youden plots (Figure 4).

In a recent cruise in Bråviken during 28–29 April 2022, Lab
1 assessed the use of acetone extraction (samples extracted in 90%
acetone under ice-cooled sonification) against the storage and
extraction method applied by Lab 3, i.e., placing the filters into
95% ethanol directly after filtration, storing them in a −20°C
freezer for up to 3 weeks, and extracting them for 6–24 h in room
temperature prior measurements. The results revealed that the
extraction in ethanol yields about 18% higher Chl-a
concentrations than extraction in acetone (Supplementary
Figure S2C), despite the use of sonication during acetone
extraction. The analysis of the samples measured in a
Shimadzu scanning spectrophotometer (UVPC-2401) showed
that the spectral signatures were rather similar
(Supplementary Figure S3), with only a slight shift in the
blue peak, i.e., from 435 nm (acetone extracts) to 436 nm
(ethanol extracts), while the peak wavelength in the red
remained the same. The demonstrated higher efficiency of the
Chl-a extraction in ethanol may also partially explain the higher
Chl-a values of the fluorometric laboratories compared to the
mean of the use of ethanol for extraction (Figure 3). However, it
also must be noted that the extraction of ethanol may lead to a
systematic overestimation at higher values (Supplementary
Figure S2C) and should therefore be further assessed, given
that the HELCOM guidelines recommend ethanol extraction.

Lab 4 had an MNB of 11% for the standards and a 12%
difference from the median for the Bråviken samples, which is
overall quite good. The results from Bråviken for Lab 4 are very
similar to those of Lab 5 (also a fluorometric method), and the
standard results are quite similar to Lab 1, which is using
spectrophotometry. Lab 4 showed a low CV% of 0.4 for the

standards, indicating very good repeatability. However, it remains
to be tested what the uncertainties are when assessing the effect of
freezing the samples at −80°C without prior flash-freezing.
Although the filters are first dried on a 47 mmGF/F filter for
30 min, ice crystals could still develop during the freezing process,
leading to possible destruction of the chloroplast membrane and
possible pigment degradation during extraction (Jeffrey et al.,
1997). The recommendation is to first flash-freeze and then move
into a −80°C freezer (see Jeffrey et al., 1997; Wasmund et al.,
2006).

Lab 5 had 19% MNB and RMSD for the standards (both
somewhat high) and 11% MNB and 12% RMSD for the Bråviken
samples. The differences between standard and field samples
might be due to the different ranges of Chl-a: the nominal field
concentration for the standard was very high for Lab 5: 16 μg L−1,
whereas the range in Bråviken was from about 3 to 8 μg L−1. Lab
5 showed a very low CV% of 0.2 for the standards, indicating very
good repeatability. As Lab 5 usually extracts the samples directly
after filtration and freezes the extracts at −20°C, the samples
should be quite well preserved. However, the evaluation of Lab 3
(Supplementary Figure S4) showed that prior flash-freezing can
substantially decrease the RMSD (in this comparison, from 27%
to about 13%). So, we would still like to recommend flash-freezing
if possible.

Lab 6 had 7%MNB and RMSD for the standards and 2%MNB
and 9% RMSD for the Bråviken samples. These are overall very
good and consistent results, which may be partially due to the fact
that the nominal field concentration for the standard for Lab
6 was 4 μg L−1 which is well within the range of the Bråviken
campaign, leading to similar uncertainties for both tests.
Furthermore, Lab 6 uses flash-freezing with liquid nitrogen
and subsequent storage at −80°C for up to 3 months, which
means that the assessed uncertainties shown here should
overall represent the full uncertainties as Lab 6 could almost
follow their normal protocol. Various studies have shown that
flash-freezing in liquid nitrogen and subsequent storage at −80°C
preserve the samples for up to about 1 year (Wright et al., 1997;
Roy et al., 2011). So, this laboratory may even be able to relax the
storage criteria and extend the limitation from 3 to 12 months
at −80°C.

Lab 7 uses methanol, which is known to be less volatile than
acetone but more volatile than ethanol. We do not recommend
using methanol because it is highly toxic and also because Chl-a is
very unstable in methanol and degrades very quickly (Wright
et al., 1997). This also explains the strong underestimation of the
Chl-a standard concentration by -23% (Table 3 and Figure 5),
despite the use of the spectrophotometric method, which should
lead to an overestimation (Sørensen et al., 2007). However, the
correlation plots of the natural water samples (Figure 3) showed a
smaller underestimation of about −10%, presumably because the
Bråviken samples were measured shortly after receiving the
samples in dry ice, while the standards had been prepared
5 days before the measurements, which explains the large
underestimation of the standards. The Youden plots showed
that Lab 7 has a systematic underestimation, which is likely
due to the use of methanol. Although Lab 7 usually freezes the
samples after filtration at −20°C (and after drying between clean
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filters), it cannot be excluded that ice crystals may develop, which
in turn can initiate the development of chlorophyllase, whichmay
degrade the Chl-a pigment (Jeffrey et al., 1997). So, a full
uncertainty estimation is still to be recommended, including
the uncertainties due to freezing the filters at −20°C. Nusch
(1999) found a 25% degradation when storing filters at −20°C
for 30 days, while no significant degradation was observed when
the filters were first extracted and then stored for 30 days.
Graff and Rynearson (2011), found a pigment loss of 51–62%
when storing at -20°C for up to 70 days and the C.V. also
increased from 3.4 to 13.1.

Lab 8 (HPLC) has an MNB of 0% for the standards (as it was
set as the standard) and 2% RMSD for the Bråviken samples.
However, for the field measurements, Lab 8 has generally lower
values due to the use of the Van Heukelem and Thomas (2001)
HPLC method, which usually has lower values than those of the
method by Wright et al. (1997) and Jeffrey et al. (1997) as shown
in Canuti et al. (2016); see also section above discussing the
results of Lab 1 in relation to historical measurements and
intercomparisons. The relatively high scatter of the results of
Lab 8 (RMSD of 26%) may be due to the fast evaporation of
acetone and may need further attention.

5 CONCLUSION

The intercomparison of Chl-a field measurements between the
five Swedish and three international laboratories has shown that
despite Chl-a being difficult to measure, the variation of
laboratory measurements was still within about 20–25%
uncertainties in the Chl-a standard and field intercomparisons
when taking both the absolute (i.e., MNB) and relative differences
(RMSD) into account. For the Baltic Sea laboratories, the MNB
differed from −7% to +19% for the standards and −2% to +17%
for the field samples, indicating that differences in extraction and
handling procedures can compensate for some of the
uncertainties caused by instrument errors. Based on the results
from this study and historical data, our recommendation is to
flash-freeze samples in liquid nitrogen and store them at −80°C,
which is in line with the international IOCCG standard protocols.

However, it must be kept in mind that these intercomparisons
do not fully capture the variation of the measurement
uncertainties. When analyzing data from additional
intercomparisons, the results look much more variable. For
example, Lab 2 and Lab 3 have been compared repeatedly to
Lab 1 over the last two decades. The results for Lab 2 need some
special attention as the RMSD and MNB for this laboratory are
much higher than anticipated (RMSD: 109%; MNB: 68%) when
analyzing data from comparisons spanning over two decades.
Some of these differences may be simply caused by seasonal
variations and a change of methods and staff. However, it is likely
that the varying treatment of samples in terms of storage and
extraction methods may play a major role in the high variability.
Another important factor to take into account is to adapt the
filtration volume to the phytoplankton biomass at a given station.
This can be done by first checking the Secchi depth, which can
give an initial idea about phytoplankton biomass, as well as by

doing a first trial filtration and adapting the filtration volume
according to the filtration rate and the hue of the filters.
Furthermore, the results show that the spectrophotometric
method overall leads to lower uncertainties, while the
fluorometric method seems to be influenced by other pigments
than Chl-a, increasing the relative errors.

Although the results of the Bråviken comparisons are very
encouraging, they could still be improved, e.g., by distributing
Chl-a standards of varying concentrations, so that one can take
into account that the different laboratories are optimized in
different ways by adjusting the filtration and extraction
volume to their normal sampling range. Also, most of the
Baltic Sea field intercomparisons discussed in this study have
been done during summer and autumn, and it might be necessary
to make additional comparisons during spring as the results
might depend on the phytoplankton composition, which varies
during different times of the year. For example, in spring, diatoms
and dinoflagellate are dominant, while in summer, filamentous
cyanobacteria are dominant in the Baltic Sea. The additional
evaluation performed by Lab 1 in spring 2022 indicates that
ethanol extracts Chl-a much more efficiently than acetone in
Baltic Sea waters, even when sonicating the samples during
acetone extraction. There are two important conclusions to be
drawn from this. First of all, the Baltic Sea laboratories following
the HELCOM recommendation of extraction in ethanol may
need to do further investigate how this procedure compares to the
international recommendations for marine waters (i.e., flash-
freezing and extraction in 90% acetone under ice-cooled
domination; see JGOF’s protocols (IOC (1994)) and Jeffrey
et al. (1997). On the other hand, the marine community may
benefit from evaluating the use of ethanol for Chl-a extraction as
the results presented in this study indicate that ethanol is much
more efficient for this purpose. Besides this, the use of ethanol is
environmentally more friendly and less toxic to human health.

Last but not least, by comparing the results from this study to
published studies on the evaluation of satellite data, we found that
the uncertainties for MERIS and OLCI are now well within the
range of those of in situ measurements. This is a very promising
result as the use of satellite data substantially improves both the
temporal and the spatial coverages of Chl-a, which have been
designated as essential climate variables. Given that ESA has
already launched OLCI-A and OLCI-B, the spatial and temporal
coverage is likely to improve even more with OLCI-C and OLCI-
D planned to be launched within the coming 2–6 years.
Furthermore, the results presented here show that
spectrophotometric and fluorometric methods are viable
alternatives for satellite validation when using flash-freezing
and consistent extraction procedures and when the
instruments are well calibrated and the methods are well
intercompared.
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