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Abstract

Fifteen-year (1997-2012) time series of chlorophyll a (CHL) in the Baltic Sea, based
on merged multisensor satellite data provided by the European projects Globcolour
and ESA-OC-CCI were analysed. Several available CHL algorithms were sea-truthed
against a large in situ CHL dataset consisting of data by Seadatanet, HELCOM and
NOAA. Matchups were calculated for three separate areas (1) Skagerrak and Katte-
gat, (2) Baltic Proper plus gulfs of Riga and Finland, called here “Central Baltic”, (3)
Gulf of Bothnia, and for the three areas as a whole. Statistics showed low linearity. The
OC4v6 algorithm (R2 = 0.46, BIAS = +60%, RMS = 79% for the whole dataset) was
linearly transformed by using the best linear fit (OC4corr). By construction, the bias
was corrected, but RMS was increased instead. Despite this shortcoming, we demon-
strated that errors between OC4corr and in situ data were log-normally distributed and
centred at zero. Consequently, unbiased estimators of the horizontally-averaged CHL
could be obtained, the error of which tends to zero when a large amount of pixels is
averaged. From the basin-wide time series, the climatology and the annual anomalies
were separated. The climatologies revealed completely different CHL dynamics among
regions: in Skagerrak and Kattegat, CHL strongly peaks in late winter, with a minimum
in summer and a secondary peak in spring. In the Central Baltic, CHL follows a dynam-
ics of a spring CHL peak, followed by a much stronger summer bloom, with decreasing
CHL towards winter. The Gulf of Bothnia shows a similar CHL dynamics as the central
Baltic, although the summer bloom is absent. Across years, CHL showed great vari-
ability. Supported by auxiliary satellite sea-surface temperature (SST) data, we found
that phytoplankton growth was inhibited in the central Baltic Sea in the years of colder
summers or when the SST happened to increase later in the season. Extremely high
CHL in spring 2008 was detected and linked to an exceptionally warm preceding win-
ter. Sharp SST changes were found to induce CHL changes in the same direction. This
phenomenon was appreciated best by overlaying the time series of the CHL and SST
anomalies.
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1 Introduction

The limits of oceans and seas are set and revised in a series of documents by the
International Hydrographic Organization (IHO), the last version of which (IHO, 1953)
sets the border between the Baltic Sea and the North Sea south of the three straits
of Little Belt, Great Belt and @resund, thus leaving the Skagerrak and Kattegat, at the
north side of the Danish archipelago, out of the Baltic Sea. However, the Baltic Marine
Environment Protection Commission — Helsinki Commission (HELCOM) defines in its
Article 1 the “Baltic Sea Area” as the Baltic Sea and the entrance to the Baltic Sea
bounded by the parallel of the Skaw in the Skagerrak at 57°44.43' N, thus including
the Kattegat, but leaving the Skagerrak out its domain (HELCOM, 1992). On the other
hand, the European Commission’s Copernicus Marine environment monitoring service
(CMEMS, follow-on of the MyOcean project) provides operational monitoring products
over the world’s oceans, with emphasis on European seas. In view of a new specific
“Baltic area” chlorophyll a (CHL) product, the eastern limit has been set at the meridian
9.24° E, thus including most of the Skagerrak.

In this article, we are interested in the Copernicus-defined Baltic area as a whole,
given that a single CHL algorithm is going to be implemented in the operational pro-
cessing chain. Thus statistics should be consequently calculated. Nevertheless, al-
though no bio-optical measurements in the Baltic area are publicly available, we ex-
pect the bio-optics of different regions to be substantially different. Water salinity is
more than 30 psu north of the Danish Straits and about ~ 7 psu in the Baltic Proper,
whereas it decreases to almost 0 northwards when entering the Bothnian Bay. In Sum-
mer, cyanobacteria blooms are commonly observed in the Baltic Proper but not in the
Skagerrak and Kattegat and the Gulf of Bothnia (Wasmund and Uhlig, 2003). In Sk-
agerrak and Kattegat, the phytoplankton dynamics is expected to be different than the
rest of the Baltic.

Satellite-borne medium resolution ocean colour sensors offer an excellent possibil-
ity to monitor phytoplankton dynamics at daily or near-daily frequencies. In the liter-
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ature, applications of remote sensing in the Baltic Sea have been mainly focused on
few main topics: cyanobacteria blooms (Reinart and Kutser, 2006), light penetration
(Pierson et al., 2008) and management of various coastal areas (Kratzer et al., 2008),
to cite a few. A good overview of such different applications is found in Siegel and
Gerth (2008). Long-term data series have been much less analysed. Here, the works
of M. Kahru and collaborators are worth citing. They used long-term multisensor satel-
lite data to develop an indicator of surface cyanobacterial accumulation over defined
Baltic regions and searched for trends (Kahru and Elmgren, 2014; Kahru et al., 2007).
However, there is a lack of studies of long-term phytoplankton dynamics over large
areas, despite the fact that the regular monitoring of phytoplankton is required by the
European Water Framework Directive for coastal and inland waters and by the Marine
Strategy Framework Directive for open ocean waters. In this article, we aim to par-
tially fill this gap by focusing on long-term remote sensing of CHL at basin-wide scale.
This task is subject to a number of issues in the Baltic Sea: atmospheric correction is
problematic at blue wavelengths due to low remote-sensing reflectance (R,s) (Mélin and
Vantrepotte, 2015). Absorption in the blue is dominated by CHL-uncorrelated dissolved
substances, which can mask CHL absorption (Berthon et al., 2008). Suspended sedi-
ment concentration can be high in shallow and semi-enclosed areas, which interferes
with CHL retrieval.

Coincident in situ measurements are needed to complement and help interpret the
remote-sensing signal. Despite the fact that the Baltic Sea is widely recognized to be
a challenging test bed for remote sensing, literature on calibration/validation of CHL
is not abundant. Application of several Standard MODIS and SeaWiFS algorithms to
in situ R, revealed a mean CHL bias > 100 % with respect to in situ CHL (Darecki
and Stramski, 2004), using data at 707 stations off Poland between 1993 and 2001.
In a following paper (Darecki et al., 2005), best linear fits were used to produce new
unbiased SeaWiFS algorithms. It was also shown that these algorithms tend to lose
sensitivity for CHL around or below 1 mg m™3 (their Fig. 10). Worse results were ob-
tained when four standard CHL algorithms were applied to SeaWiFS images between
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2000 and 2001 (HELCOM, 2004, Fig. 4.4). Matchup to 75 CHL profiles across all the
Baltic Sea, with predominance of Swedish coastal waters, gave almost no correlation.
Moreover, satellite CHL underestimated the in situ CHL by 180 to 500 %, in contra-
diction with Darecki and Stramski (2004). Recently, the Case 2 Regional, Boreal, and
Eutrophic processors were applied to MERIS images between 2006 and 2009 (Attila
et al., 2013). Matchup at 312 stations in the Gulf of Finland and the central Baltic Sea
showed great CHL overestimation. When the default bio-optical relationships of these
processors were tuned with the in situ CHL, the bias seemed to reduce significantly
(their Fig. 6). Bias calculations were not presented though.

Ocean colour has cloud cover as additional problem, which is particularly high
over northern Europe. To increase the spatial coverage of daily products, the Inter-
national Ocean-Colour Coordinating Group (IOCCG) recommended the merging of
ocean colour data from multiple missions (IOCCG, 2007). At European level, the ESA-
OC-CCI (www.esa-oceancolour-cci.org) and Globcolour (www.globcolour.info) projects
followed the former recommendation and reprocessed archived data from various
medium-resolution sensors. The EU CMEMS program provides satellite, in situ and
modelling data for the European Seas and the global ocean. For specific seas, CMEMS
applies regional algorithms to CCl-derived daily R,g, except for the Baltic Sea, over
which a validated product is still missing and users can only refer to the global product
(MyOcean, 2014).

In this article, we process multisensor, merged and consistently inter-calibrated satel-
lite CHL daily data for the period 1997-2012, over the Baltic area. For calibration and
validation of available CHL algorithms, an extensive, publicly available in situ CHL
dataset is used. Algorithms are tested in these four geographical areas: (1) Skager-
rak and Kattegat, (2) Baltic Proper plus gulfs of Riga and Finland, called here “central
Baltic”, (3) Gulf of Bothnia, and (4) the total area (1 to 3) as a whole. Thus, we evaluate
several algorithms that are usable to estimate CHL using merged satellite data, with the
inherent limitation of using only the SeaWiFS bands. A second outcome of this article is
to obtain reliable CHL horizontal averages when unbiased estimators are derived from
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any of these pre-existing algorithms, despite the low correlation. When calculated on
a daily basis for such a long time range (1997—-2012), the obtained data is of a unique
value to study the ecology of the Baltic area and its regions in a synoptic scale. To our
understanding, this kind of time series data remains up to date undocumented.

2 Data
2.1 Satellite CHL data

The GlobColour dataset was developed in the framework of the European Space
Agency Data User Element program to support global carbon cycle research. Daily
GlobColour data are available on the web site www.globcolour.info. Products are ob-
tained by merging MERIS, MODIS, SeaWiFS and VIIRS data. Validation at global scale
was carried out by Maritorena et al. (2010). Downloaded data are newly-produced 2nd
reprocessing Level 3 binned images (L3b), having a resolution of 1/24° at the equa-
tor (i.e., around 4.63km) and consisting of the accumulated data of all merged level
2 products, corresponding to periods of one day (a data-day algorithm is applied).
Merged data are generated by the GSM model (Maritorena and Siegel, 2005), which
also produces the CHL parameter, delivered as product named CHL1. GlobColour de-
clare their “CHL1” parameter (GLC here) as applicable only in case 1 waters, but no
alternative is given for the Baltic Sea. For further details, the reader is referred to Glob-
Colour (2015).

The ESA Ocean Colour Climate Change Initiative project (CCI) has the goal
to provide stable, long-term, multisensor satellite products. The dataset merges
SeaWiFS, MODIS, and MERIS data, and shifts the resulting R, to the Sea-
WIiFS wavebands, before merging (ESA-OC-CCI, 2014). Data are mapped at
4km resolution and are available through the OC-CCI portal (www.oceancolour.
org) and also through the MyOcean portal (www.myocean.eu). Standard CHL
products are global-ocean daily mean sea surface CHL, named OCEAN-
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COLOUR_GLO_CHL_L3_REP_OBSERVATIONS_009_065. ESA-CCI retrieves CHL
through application of the OC4v6 algorithm (O’'Reilly et al., 2000; Werdell,
2010) to the merged R,. The MyOcean dataset includes an additional CHL
product by applying the OC5 algorithm (Gohin et al., 2002), developed as
an adaptation of the OC4 to French coastal waters. See (MyOcean, 2014,
p.21) for details. Calibrated R, are also available under the name OCEAN-
COLOUR_GLO_OPTICS_L3_REP_OBSERVATIONS_009_064, for the application of
custom algorithms. We used these R, to test a Baltic Sea-specific CHL algorithm,
available for the SeaWiFS bands, developed by D’Alimonte et al. (2011). This algo-
rithm is based on a Multi-layer perceptron (MLP) and was calibrated with in situ A,
and CHL. Posteriorly, it was only validated (D’Alimonte et al., 2012) with in situ R, and
CHL.

Table 1 lists the satellite CHL products evaluated in this article with their respective
references. An image pre-analysis revealed many more flagged (invalid) pixels for MLP
than for OC4v6 and OC5, despite being derived from the same CCI reflectances. The
cause is the frequent occurrence of negative R, (412) due to aerosol optical thickness
overestimation in the blue together with high CDOM. In contrast, OC4v6 does not use
R, (412), the most sensible band to the atmospheric correction procedure, thus al-
lowing for problematic pixels (those with R, (412) < 0) to be retrieved as well. In the
context of being able to retrieve CHL also under extreme conditions, e.g., atmospheric
correction failure, OC5 does accept negative R, (412).

2.2 Auxiliary satellite SST data

To investigate the relationship between CHL dynamics and temperature, we
downloaded reprocessed daily-averaged sea-surface temperature (SST) from 1997
until 2009 on the Baltic Sea from the MyOcean website, product named
SST_BAL_SST_L4 REP_OBSERVATIONS_010_016. The product is merged and
quality-controlled data from sensors NOAA AVHRRs 7, 9, 11, 14, 16, 17, 18, Envisat
ATSR1, ATSR2 and AATSR. See MyOcean (2013) for further information.
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2.3 In situ CHL data

Publicly available in situ CHL databases are managed by the Seadatanet project
(www.seadatanet.org), the Baltic Marine Environment Protection Commission (www.
helcom.fi) and the NOAA’s World Ocean Database (www.nodc.noaa.gov/OC5/WOD/
pr_wod.html). In all databases, quality, compatibility and coherence of the data issu-
ing from many sources is assured by the adoption of standardized methodologies. All
data collected in the Baltic area during the period covered by the satellite observations
(1997-2012) were downloaded, merged and duplicates were eliminated. Only CHL
values with the quality flag equal to zero (accepted value) were considered.

CHL consisted either of a single sub-surface reading or CHL profiles derived from
a few depth readings. In this latter case, a proper vertical average of a CHL profile
is needed for comparison to remote-sensing data. The vertical weighting function de-
pends on the inherent optical properties (IOPs) that cannot be inferred solely from
CHL in case 2 waters. In rigor, coincident IOP measurements are needed to perform
the vertical averaging, but such measurements are scarce and not publicly available.
In case 1 waters, vertical averaging can be performed with the method by Morel and
Berthon (1989) with input CHL profile data. The remaining applicable options to our in
situ data were either to select only the sub-surface CHL value or to average the profiles
with the method by Morel and Berthon (1989), despite the theoretical inconsistencies.
Preliminary calculations (not shown) revealed that correlation improved slightly if avail-
able profiles were vertically averaged instead of taking only the uppermost reading.
Therefore, we decided to proceed with this approach for the rest of the article. To avoid
bottom contribution to the water-leaving radiance, only stations with a bottom depth
of at least 10 m were selected. Similarly, to ensure representativeness of the data in
the case of CHL stratification, only stations with the uppermost reading not deeper
than 2 m were retained for the analysis. For comparison issues among algorithms, only
matchups with coincident valid pixels for all four satellite products within the same day
were considered, but once the best performing algorithm was identified, all available
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matchup stations for this algorithm were used. Satellite CHL was extracted from single
pixels without spatial windowing. The spatial distribution of sampling stations is shown
in Fig. 1. They distribute over the whole area but are not uniformly mapped, as the
dataset is built from different sources, in which individual institutes and agencies are
interested in particular zones. For instance, a high agglomeration of stations at the en-
trance of the Gulf of Finland could suggest a higher relative weight of this specific area
in the statistics.

3 Results

3.1 Matchups

Both in situ and satellite CHL distributions were approximately log-normal (not shown).
Consequently, we applied decimal logarithm-transformation to the CHL data to calcu-
late the mean bias and the RMS, and returned to percentage linear scale, as shown in

Egs. (1) and (2):
BIAS = [10%27=1<yf—x/) - 1] -100 (1)
RMS = [10% Zﬁ1<yf—xf>2-1] -100, (2)

where x; and y; are the logo-transformed in situ and satellite CHL, respectively. N is
the number of matchups. The coefficient of determination R? was computed using the
log-transformed CHL. The slope (m) and the intercept (n) of the best linear fits are also
presented.

Outliers were defined as the stations in which any of the four all algorithms gave CHL
outside the range within 1/20 and 20 times the in situ CHL. In applying this criterion,
~ 3.5 % of the data was discarded and led to N = 1873. The whole area was divided
into regions with expected bio-optical differences (see Fig. 1). These are: (1) Skarregat

2291

| J1adeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiqg

Jaded uoissnosiq

©)
do

OSD
12, 22832313, 2015

Remote sensing of
chlorophyll in the
Baltic Sea

J. Pitarch et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/2283/2015/osd-12-2283-2015-print.pdf
http://www.ocean-sci-discuss.net/12/2283/2015/osd-12-2283-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and Kattegat (N = 622), (2) Central Baltic (N = 1212) and (3) Gulf of Bothnia (N = 39).
Figure 2 presents all density scatter plots and statistics in condensed form. The data
available for the Gulf of Bothnia is very limited, so the statistical information that it can
be derived from the regressions must be interpreted with caution. Nevertheless, results
are also presented there for completeness. The p value of the regressions was zero
for all except for the Gulf of Bothnia, where it was p < 1073,

For the whole dataset, agreement between satellite and in situ data is modest in
general. MLP and GLC provide poor R? and some negative BIAS respect to the in
situ data. Results of OC4v6 (R® = 0.43) are consistent with findings by Darecki and
Stramski (2004). The positive bias of 44 % here (Fig. 20) is smaller than their 119 %,
but still confirms a high overestimation of CHL in Baltic waters. OC4v6 matches better
the in situ data for high CHL, whereas tends to saturate for low CHL. OC5 has similar
linearity (/?2 = 0.44) and lowers the overestimated CHL by OC4v6 (Gohin et al., 2002),
leading here to some overcompensation (—14 %). Besides the similar Rz, we appreci-
ated graphical similarities between the scatter plots of OC4v6 and OC5. Guided by this
hint, we performed a linear regression in log form between OC4v6 and OC5 satellite
derived CHL (not shown). Regression analysis revealed a very high linear dependence
(H2 = 0.97), although the relationship is more complex in theory (Gohin et al., 2002).

Geographical partition of the matchup dataset highlighted significant differences in
the statistical behaviour of algorithms. For instance, the performance of MLP strongly
degrades in Skagerrak and Kattegat respect to the Baltic Sea. MLP was calibrated
with data only inside the Baltic Sea, and not in the Skagerrak and Kattegat (D’Alimonte
et al., 2012, Fig. 2d). It appears then that such algorithm design is highly dependent
on the calibration data. GLC performs always worst in all regions, and the scatter plots
seem like undefined clouds, which is best highlighted by the great RMS errors. OC4v6
displays similar statistics at both sides of the Danish Strait, although the regression
line is somewhat more horizontal for Skagerrak and Kattegat. In all cases, OC4v6
overestimates CHL more than 40 %. The behaviour of OC5 is always in accordance to
OC4ve6, with a shifted BIAS, given the very high correlation between both. Due to the
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much simpler applicability of OC4v6 and its wider diffusion in the community, we chose
to perform calculations hereafter only for OC4v6.

Next, the matchup analysis is repeated with the same conditions, but now for OC4v6
alone, regardless of other algorithms at any given station. When this constraint is re-
moved, the matchup stations increase for the whole dataset up to N =4492, which
divides into N = 1456 in Skagerrak and Kattegat, N = 2922 in the Central Baltic and
N = 114 in the Gulf of Bothnia. Figure 3 shows the corresponding density scatter plots
and statistics. The interpretation from Fig. 2 holds also here, but the bigger size of the
matchup dataset adds increased confidence in the derived statistics.

3.2 Validation

When the regression coefficients are to be used for linear re-calibration of existing al-
gorithms, the validity and robustness of the matchup statistics need to be validated
against independent data. Starting from the matchups for OC4v6 alone, (Fig. 3d) we
performed a sensitivity study on the homogeneity by a bootstrapping like assessment
(Efron, 1979) as used in recent validation exercises (Brewin et al., 2015). The whole
dataset (N = 4492) was partitioned a thousand times into two randomly chosen halves:
calibration (N, = 2246) and validation (N, = 2246). The obtained series of coeffi-
cients (m,n) are plotted in Fig. 4, left. Results are remarkably robust: the averages
of the regressions found (m = 0.5843, n = 0.3657, green dashed) are almost equal to
those when the whole dataset is used (m = 0.5845 and n = 0.3656, red). Moreover,
the dispersion is very small with the coefficient of variation of the slopes being 2.07 %
and for the intercepts 1.38 %. We then applied each calibration of Fig. 4, left to the
corresponding complementary validation datasets and plotted the resulting series of
statistics in Fig. 4, right. Their mean values (in green) R? = 0.4236, BIAS = 59.55 %,
RMS = 136.13 % are very similar to those obtained for the whole dataset (Fig. 3d,
R? = 0.4241, BIAS = 59.53 %, RMS = 136.19 %).
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Consequently, the coefficients calculated with the calibration datasets (Fig. 4) were
used to recalibrate OC4v6 with e Eq. (3):

logo (CHLoGave) = 1
p= )

log+o (CHLocavecorr) = )
Errors between Eq. (3) and the complementary in situ validation matchups were calcu-
lated. Each of the 1000 chosen combinations generated a vector of errors with length
N, = 2246. Their accumulation led to a total of 2246 000 error estimates, whose dis-
tribution is shown in Fig. 5, together with the fitted Gaussian curve. It is shown that
the recalibration via Eq. (3) removed the bias, resulting in a zero-centred error distribu-
tion; it is worth reminding that the calibration and validation datasets are independent.
The standard deviation (o = 0.4582) includes all errors not taken into account by the
system, i.e. atmospheric noise, limited performance of OC4v6 and errors in the in situ
measurements.

3.3 Satellite derived basin averages and discussion

The symmetric and zero-centred error distribution obtained with OC4v6,,, in Fig. 5
warrants a high confidence when basin averages are calculated, since all the errors
on individual pixel level are expected to cancel out when a horizontal (pixel-wise) av-
erage is performed over a big region. Although the former statement implies that the
statistical properties of our matchup dataset can be extrapolated to the whole Baltic
area, the good spatial and temporal coverage of the former (see Fig. 1) is a good asset
to support this argument. From this point, we defined the algorithm OC4v6_,, through
Eq. (3), with the coefficients (m, n) = (0.5884,0.3751) of Fig. 3d. This enabled the bias
to be removed, while keeping the same R2. Nevertheless, RMS was altered, rising
up to 187 %, in agreement with o = 0.4582 in Fig. 5 through Eq. (2). The mathemati-
cal explanation of the latter relationship is that the RMS and the standard deviation of
a zero-mean distribution are equal.
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It has been nevertheless acknowledged in Fig. 3 that the best linear fits are differ-
ent among regions in the Baltic area. If OC4v6 is linearly adjusted with Eq. (3), the
coefficients must be different for each region, in particular, equal to those found in
Fig. 3. Therefore, for Skagerrak and Kattegat, we set (m,n) = (0.4212,0.3027). Due
to the lack of enough data in the Gulf of Bothnia, we aggregated its stations to the
Central Baltic data. The resulted statistics for these two regions were almost equal
to those of the Central Baltic alone: R? = 0.35, BIAS =60.45%, RMS = 138.64 %,
(m,n) = (0.5632,0.4206). These linear coefficients were applied to recalibrate OC4v6
for the Central Baltic and Gulf of Bothnia. Despite using the same algorithm, results
are presented separately for both basins.

Horizontal-averaged CHL for OC4v6,,,, were computed only for images with a min-
imum number of 1000 valid pixels. A posterior 3days moving median was applied to
remove spikes. Results are shown for each region and for the entire domain, in Fig. 6.
During the years when only SeaWiFS was operating, data gaps are more frequent,
especially in Skagerrak and Kattegat. This fact further highlights the benefit of using
merged data when available. A first glimpse of the plot shows several events with too
high CHL in early Spring in Skagerrak and Kattegat. The reason for this result is the
following: many OC4v6 images in early Spring contained areas with CHL > 10 mg m=>,
but very few of our matchups reflect this phenomenon (Fig. 3a). Causes could be the
relatively sharp temporal occurrence of these late winter high CHL events and a less
frequent in situ sampling at that time of the year. When applying the regression coeffi-
cients of Eq. (3), the CHL values at the right end of Fig. 3a are excessively risen. These
values CHL > 10mg m=>in Skagerrak and Kattegat are not reliable because they lay
outside the range for algorithm training. Additionally, it is worth rising the awareness
that in this region, eventual coccolithophore blooms are not optimally detected with
a blue-green algorithm like OC4v6 (Gordon et al., 2001). Contrariwise, the training
range in the Central Baltic (Fig. 3b) covered well the range of the time series, so the
mentioned problem did not appear there. However, few spikes in the time series were
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caused by images whose valid pixels were predominantly over the Gulfs of Riga and
Finland, thus overestimating the mean CHL for the whole region.

Data in Fig. 6 shows different dynamics among regions. Skagerrak and Kattegat
show a higher CHL dynamics in late winter and a minimum towards summer, whereas
at the other side of the Danish Strait, the dynamics seems opposite. To better appre-
ciate these phenomena, we calculated the climatologies as the inter-annual averages.
For any given day of the year, the average was computed only if data for a minimum
of six years were available. Results are shown in Fig. 7. In Skagerrak and Kattegat,
the dynamics consists of intermittent growth periods in late winter and a much flatter
dynamics from spring, reaching a minimum in summer. In the Central Baltic, the dy-
namics is completely different. Two distinct CHL maxima are appreciable: the first one
peaks at the end of April, reaching ~ 2.3 mg m~3 and the second one peaks in mid-
July with ~ 3.9 mg m~2, from which it decreases steadily and reaches the minimum in
winter. In the Gulf of Bothnia, the dynamics is similar to that of the Central Baltic, show-
ing minimum CHL in winter and a spring bloom. The summer blooms appear absent
in our data, and mean CHL remains around ~ 2mg m=3. Nevertheless, the latter time
series has to be interpreted with caution due to lack of a significant number of data
for specific calibration. Moreover, the Gulf of Bothnia is normally ice-covered in win-
ter, and some ice remains in the northern part until May. Displayed CHL belongs to
ice-free areas. Finally, the mean CHL of the entire domain (including Skagerrak and
Kattegat) is displayed. The dynamics is clearly dominated by the Central Baltic and
Gulf of Bothnia, due to its major weight when spatial averages are computed. When
winter approaches, mean CHL decreases, with slightly higher values than the Central
Baltic and Gulf of Bothnia, due to the higher influence of Skagerrak and Kattegat.

A complementary time series of basin-averaged SST is depicted in Fig. 8. High
SST are known to enhance the growth of cyanobacteria, both directly through higher
growth rates, and indirectly by increasing the stability of the water column to allow
cyanobacteria to take advantage of their buoyancy regulation ability (Ibelings et al.,
1991). Figure 9 shows the CHL and SST anomalies in the central Baltic with respect to
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their climatologies, concentrated in the summer period. The CHL anomaly time series
has been further smoothed with a one-week moving average. The figure shows quite
a surprising relationship between both quantities, that is, high-amplitude temperature
anomalies induce similar growth and decay in CHL. This related behaviour is somewhat
unexpected, because we are comparing here not absolute CHL and temperature, but
their differences with respect to their climatological values. In almost all years, positive
temperature anomalies seemed to trigger strong blooms, and sudden SST decreases
induced also decreases in CHL.

This article is focused on the remote sensing aspect and the causes of these dynam-
ics are undoubtedly complex. Nevertheless, we make here short comments on plausi-
ble explanations. Cyanobacterial growth is known to be favoured by high summer tem-
peratures. The intensity of the cyanobacterial bloom appears to depend on the timing
of the summer temperature peak: although 2004 had a high SST peak, such peak hap-
pened late in the season (10 August), which appeared not favourable for cyanobacteria
growth. On the contrary, years 2002, 2003, 2005 and 2006 had SST peaks of similar
or lower intensity, but much earlier in the season. Instead, 2001 displayed two marked
positive SST anomalies that were only mildly followed by the CHL anomaly. Years 2010,
2011 and 2012 remained outside the SST series. However, the very marked CHL peak
in summer 2010 has been reported in mass-media (BBC, 2010).

In 1998, no link between CHL and SST anomalies was apparent. That year, summer
was abnormally cold (see Figs. 8 and 9). We argue that, in this case, CHL depended on
the absolute temperature values rather than on the anomalies, perhaps through indirect
factors like mixing. On the other hand, the year 2008 was completely anomalous with
respect to both the climatology value and timing of the summer bloom, with a maximum
at the beginning of May. This massive and early bloom has already been documented
(Larsson et al., 2014; Majaneva et al., 2012), with the dominant species being Prymne-
sium polylepis. Responsible abiotic factors were exceptionally calm and sunny weather
during October 2007, resulting in high light availability and low turbulence above the
thermocline. These conditions enabled P, polylepis to build up a considerable biomass.
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The following winter (see also Figs. 8 and 9) was the mildest since more than a cen-
tury, which allowed P, polylepis to persist throughout the winter. Improving weather and
plenty of nutrients allowed further growth until a maximum in spring.

4 Conclusions

Fifteen years-long merged multisensor daily CHL data contains very valuable infor-
mation for ecological studies if information is properly processed. Matchup analy-
sis was undertaken with a large in situ database. Despite poor statistics of OC4v6
(H2 = 0.42), we were able to calibrate an unbiased estimation for basin-averaged CHL.
The OC4v6,-derived climatology in Skagerrak and Kattegat revealed strong produc-
tivity in late winter, towards a rather inactive summer, with the awareness that coccoli-
tophore detection with a blue-green CHL algorithm is not optimal. In the Central Baltic,
a first growth period with a maximum at the end of April was detected, followed by
a stronger summer bloom peaking at the second week of July. Productivity in late fall,
winter and early spring was severely inhibited. In the Gulf of Bothnia, the dynamics
was similar as in the Central Baltic, but with the absence of a summer bloom. Signif-
icant annual deviations as compared with the climatology were related to anomalies
in the SST annual excursion: cold summers limited cyanobacteria growth and warm
summers favoured it. Cyanobacteria growth seemed to be enhanced by early summer
SST peaks and hampered in correspondence of late-summer SST maxima. The ex-
ceptionally warm winter in 2008 triggered an intense spring bloom that also altered the
normal dynamics throughout the year.

This study showed that accurate observations of averaged large areas can be per-
formed with a high-RMS yet unbiased estimator. However, if observations are to be
focused or partitioned into smaller areas, algorithms with higher R? are desirable. The
interfering CDOM at blue wavelengths and adverse atmospheric conditions suggest
that better CHL algorithms should move towards red and NIR bands, like a fluores-
cence line height or maximum chlorophyll index algorithms (Odermatt et al., 2012,
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Fig. 1). The CHL values found here (~ 1 to 5mg m‘3) are at the lower part of the re-
trievable concentrations. Such algorithms are only applicable to the archived MERIS
data (2002—2012). The Ocean and Land Colour Instrument, on-board and Sentinel-3
will provide continuity to MERIS data.

CHL is an aggregated marker of eutrophication, which is present in all phytoplankton.
The oscillating patterns of CHL reported in this article are formed by different species
whose proportions vary across both space and time. The discrimination of the indi-
vidual dynamics of several functional groups, pigments or taxons from remote-sensing
data would be an important added value to the observations. The achievement of this
goal would depend on the sensitivity of the satellite-measured radiance to variations in
several key pigments.

Our analysis provides a good confidence level about ocean colour retrieval over the
Baltic Sea, even if it does not allow the ecological cause-effect relationship to be un-
equivocally derived. To address it, extensive chemical (organic and inorganic nutrients)
and physical oceanographic conditions, other than bio-optical measurements should
be routinely undertaken and in case assimilated into ecological models together with
refined ocean colour observations.

The Supplement related to this article is available online at
doi:10.5194/0sd-12-2283-2015-supplement.
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Table 1. List of satellite CHL products analysed in this article. 7
o
>

Acronym  Description D
©

MLP L3 ESA CCI daily merged SeaWiFS/MODIS/MERIS. MLP algo- < s IR e
rithm (D’Alimonte et al., 2011) o

GLC L3b GlobColour daily merged SeaWiFS/MODIS/MERIS/VIIRS. Conclusions [l References

GSM algorithm (Maritorena and Siegel, 2005)

OC4v6e L3 ESA CCI daily merged SeaWiFS/MODIS/MERIS. OC4v6 al-
gorithm (O’Reilly et al., 2000). Updated in Werdell (2010)

0C5 L3 ESA CCI daily merged SeaWiFS/MODIS/MERIS. OC5 algo-
rithm (Gohin et al., 2002)
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Figure 4. Left, in black: best linear fits (slope and intercept) of 1000 randomly chosen calibra-
tion datasets (N, = 2246) of log;¢ (CHL,, gitu) VS. 10949 (CHLocaye)- In red, slope and intercept
(m, n) for the whole dataset, Fig. 3d. In green, average of the 1000 calibration results. Right,
in black: statistics when applying each (m, n) pair to the left side to the complementary vali-
dation datasets (N, = 2246). These are: coefficient of determination, BIAS (Eq. 1) and RMS
(Eq. 2). In red: same statistics found for the whole dataset, Fig. 3d. In green, average of the
1000 validation results.
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are also shown.
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Figure 6. CHL basin averages. The same horizontal and vertical scales apply for all plots in
this figure. Full size plots of individual years can be found in the Supplement.
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