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The Aerosol Robotic Network - Ocean Color (AERONET-OC) instrument located at the Pålgrunden site in
Lake Vänern provides values of remote sensing spectral reflectance RRS(k) since 2008. These in situ RRS(k)
indicated a temporal increase from 2015 at center-wavelengths in the green and red spectral regions. To
investigate the environmental and climate processes responsible for this increase, water color trends in
Lake Vänern were analyzed considering in situ limnological measurements, meteo-climatic quantities
and additionally satellite-derived data products from the Moderate Resolution Imaging
Spectroradiometer on board the Aqua platform (MODIS-A). Satellite ocean color RRS(k) data assessed
against in situ RRS(k) from the Pålgrunden site showed satisfactory agreement at a number of spectral
bands. Relying on these validation results, comprehensive statistical analysis were performed using
MODIS-A RRS(k). These indicated periodical changes between 2002 and 2021 with clear minima occurring
between 2010 and 2013. The complementary analyses of temporal changes characterizing limological
and meteo-climatic quantities, and also relationships between these quantities and RRS(k), indicated
the existence of complex and concurrent bio-geochemical processes influencing water color in Lake
Vänern. In particular, significant correlations were observed between RRS(k) and turbidity, and also
between RRS(k) and total biovolume. Additionally, an early warming of Lake Vänern surface waters was
identified since spring 2014. This occurrence could potentially affect the vertical mixing and water
exchange between turbid coastal and pelagic waters with implications for phytoplankton phenology.

� 2023 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
Introduction

The color of natural waters, which is usually investigated
through water reflectance, provides invaluable information on
their biogeochemical status and quality. Relying on this principle,
since 2011 Lake Water Reflectance is listed amongst the Essential
Climate Variables (ECV) as a direct indicator for biogeochemical
processes and of the frequency of extreme events (ESA, 2021). This
is supported by studies presenting the effects of climate change on
lakes in terms of variation in water quality, trophic status, phyto-
plankton biomass and composition (e.g., Anderson, 2000; Hrycik
et al., 2021; Whitehead et al., 2009 and references therein).

Over the last decades, several studies focusing on the variation
of water color in boreal lakes showed alterations in the absorption
coefficient of the dissolved organic matter at 420 nm aCDOM(420),
which were explained by the impact of climate change in the
northern hemisphere (see Weyhenmeyer et al., 2014 and refer-
ences therein). For instance, brownification of Swedish surface
waters was reported in several studies (de Wit et al., 2016;
Johansson et al., 2010; Klante et al., 2021; Kritzberg, 2017;
Kritzberg et al., 2020). In particular, Johansson et al. (2010) docu-
mented cyclic patterns for water color in Lake Mälaren due to
the North Atlantic Oscillation (NAO) index. Brownification of Lake
Bolmen in the south of Sweden was linked to short-term air tem-
perature and precipitation variations (Klante et al., 2021). The tem-
perature change was also shown to affect phytoplankton growth
and composition (Weyhenmeyer, 2001; Weyhenmeyer et al.,
2008; Yang et al., 2016). In the case of Lake Vänern, total phyto-
plankton biomass and phytoplankton composition were found to
change significantly due to the occurrence of winter ice-cover
(Weyhenmeyer et al., 2008).

The use of Earth observation technology to monitor inland
waters, although still requiring consolidation, was already shown
to be an invaluable tool complementing traditional field investiga-
tions (Tyler et al., 2016). Within such a general framework, the
Ocean Color component of the Aerosol Robotic Network
(AERONET-OC) contributes to lake water investigations by sup-
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Fig. 1. Measurement locations relevant for this study: the Pålgrunden AERONET-OC
site (in red); the meteorological stations Kristinehamn, Animskog, and Naven A (in
cyan) managed by the Swedish Meteorological and Hydrological Institute (SMHI);
and the lake monitoring stations Tärnan SSO, Megrundet N, and Dagskärsgrund N
(in yellow) from the Swedish freshwater monitoring program. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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porting local monitoring programs and the validation of satellite
data products through automated in situ measurements of normal-
ized water-leaving radiance LWN(k) (Zibordi et al., 2021). With ref-
erence to the Pålgrunden AERONET-OC site operated at Lake
Vänern (Sweden) since 2008, a temporal increase of LWN(k) and
of the derived remote sensing reflectance RRS(k), has been observed
during recent years at center-wavelengths in the green and red
spectral regions. Concerned by such a finding, trends in RRS(k)
and time-series of bio-physical quantities in Lake Vänern were
investigated by exploiting satellite-derived radiometric data prod-
ucts with the objective to identify those environmental and cli-
mate processes responsible for the increase in water reflectance.
This was addressed by analyzing temporal trends and correlations
between satellite radiometric data products and in situ time-series
of limnological and meteo-climatic quantities.

Materials and methods

Study area

Lake Vänern is the largest lake in Sweden and the third largest
in the European Union. It is on average 27 m deep with stratified
waters in summer. Lake Vänern is divided by an archipelago
extending in the North-South direction (Dahl and Pers, 2004),
which naturally identifies two sub-basins characterized by cyclo-
nic circulation and irregular wind-driven water exchanges. The
contribution of direct precipitation on the lake with respect to
the inflow from the catchment is about 25% (Larson, 2012). In
spring, a thermal barrier of approximately 4 �C, responsible for
the so-called thermal bar effect, builds up from the coast to the
open lake region impacting pollution patterns and biological pro-
duction. This phase is characterized by an intense vertical circula-
tion of water (Kvarnäs, 2001).

Lake Vänern is considered oligotrophic because of its low phy-
toplankton biomass. Its water is generally classified as moderately
nutrient-rich (Willén, 2001) and it is optically dominated by col-
ored dissolved organic matter CDOM (Reinart et al., 2004;
Philipson et al., 2016).

The whole lake basin was adversely affected by eutrophication
in the 1960s and 1970s. Afterwards, the construction of waste-
water treatment plants reduced the input of phosphorous and of
oxygen consuming substances (Dahl and Pers, 2004). In addition,
after years of steady increase, since 2019 the levels of organic mat-
ter in its tributary rivers stabilized, or even decreased (ESPON,
2021). Still, eutrophication locally affects some bays and the archi-
pelago areas (Sandström et al., 2014).

In situ data

AERONET-OC is a network of globally distributed autonomous
sun-photometers deployed on offshore fixed structures conceived
to support ocean color activities (Zibordi et al., 2021, 2009b). It
provides measurements of LWN(k) and aerosol optical depth sa(k)
at various center-wavelengths k in the visible and near-infrared
spectral regions. Two different AERONET-OC instrument models
have been operated at the Pålgrunden Lighthouse in Lake Vänern
since 2008: CE-318 9-band radiometers from 2008 until 2018,
and CE-318-T 12-band radiometers since 2019. This AERONET-OC
site, called Pålgrunden, is located in the south-eastern part of the
western basin close to the archipelago area (see Fig. 1) and is exclu-
sively operated during ice-free months, typically from May
through September. In this study, Level 2.0 normalized water-
leaving radiance LWN(k) data, corrected for bidirectional effects,
were used to determine in situ RPRS

RS (k) as:
358
RPRS
RS kð Þ ¼ LPRSWN kð Þ=F0 kð Þ ð1Þ

with the acronym PRS referring to the name of the in situ
instrument, the Sea-Viewing Wide Field-of-View Sensor Photome-
ter Revision for Incident Surface Measurements (SeaPRISM), and
indicating AERONET-OC data. F0(k) indicates the mean spectral
extra-atmospheric irradiance from Thuillier et al. (2003). It is
acknowledged that the uncertainties introduced by the application
of corrections for bidirectional effects proposed for optical Case-1
waters (Morel et al., 2002) are unknown for the optically-complex
waters of Lake Vänern. Still, their application is a best attempt to
normalize the in situ data products with respect to the viewing
and illumination geometries, and it is consistent with the correc-
tions applied during the generation of the satellite radiometric data
products used in this study.

Since 1973, between April and October, monthly measurements
of chlorophyll-a concentration (Chl-a), filtered water absorbance at
420 nm Abs(420) and phytoplankton biovolume, and additionally
of turbidity (only since 2010), have been performed within the
Swedish National Freshwater Monitoring Program in Lake Vänern
at the three monitoring stations shown in Fig. 1. These measure-
ments were obtained from the Swedish University of Agricultural
Sciences (SLU) environmental database in addition to measure-
ments of total organic carbon (TOC), total nitrogen (Tot-N) and
total phosphorus (Tot-P). With specific reference to these in situ
data, it was noted that some laboratory methods changed over
time. Because of this, the time-series used in this study were
restricted to those periods characterized by the application of con-
sistent measurement methods, and restricted to data spanning
over a certain number of years.

Abs(420) values were available at the 0.5 m depth and also at
various deeper depths varying with time. The samples closest to
the surface were used to determine the absorption coefficient of
colored dissolved organic matter at 420 nm aCDOM(420) according
to Hu et al. (2002):

aCDOM 420ð Þ ¼ log10 � Abs 420ð Þ=l ð2Þ
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where l is the path length in meters (0.05 m, for the data considered
here).

In addition to the SLU data, time-series of daily precipitation P
and air temperature TA were obtained from the Swedish Meteoro-
logical and Hydrological Institute (SMHI) for stations operated
along the lake shoreline (see cyan circles in Fig. 1). Finally, North
Atlantic Oscillation index data were obtained from the NOAA Cli-
mate Prediction Center (NOAA, 2022).

Satellite data

To ensure temporal coherence across the investigated period,
the study only relied on data from the Moderate Resolution Imag-
ing Spectroradiometer on board the Aqua platform (MODIS-A). The
relevant Level-2 data products, identified as Reprocessing R2018
(NASA, 2018), were obtained from the National Aeronautics and
Space Administration (NASA). The MODIS-A mission was selected
for its longer (when compared to others) and continuous time-
series. It was preferred to MODIS-Terra because of its better radio-
metric performance at the short center-wavelengths (Meister and
Franz, 2011).

Because the accuracy of MODIS-A Ocean Color radiometric
products in Lake Vänern has not been assessed yet, in this work
AERONET-OC data were used as a reference for MODIS-A RRS(k) val-
idation. For this purpose, matchups of in situ and satellite data
were created applying the criteria detailed in Mélin et al. (2011).
Specifically, the relevant satellite data were created using
MODIS-A 3 � 3 pixels (i.e., approximately 3 � 3 km) centered at
the Pålgrunden site and were retained for subsequent analysis
when: i) none of the nine pixels was affected by exclusion flags;
ii) the coefficient of variation (CV) of the nine pixels at 555 nm
was lower than 20%; and iii) the time difference between in situ
and satellite acquisition was 1 h at most. In order to obtain accu-
rate spectral matching, in situ RRS(k) at various MODIS center-
wavelengths were determined from AERONET-OC data through
band-shifting as described in Zibordi et al. (2009a).

For each MODIS-A band, the root mean square difference RMSD,
the mean relative differenceW m and the mean absolute (unsigned)
relative difference |W|m between in situ RPRS

RS kð Þ and satellite

RMODIS�A
RS kð Þ were determined. Then, linear least-squares regressions

were computed to obtain the coefficient of determination r2.
The same criteria were applied to create matchups of in situ

measurements and MODIS-A Chl-a (https://oceancolor.gsfc.nasa.-
gov/atbd/chlor_a/) and diffuse attenuation coefficient for down-
welling irradiance at 490 nm Kd(490) (https://oceancolor.
gsfc.nasa.gov/atbd/kd/).

In addition to MODIS-A data, satellite-derived Lake Surface
Water Temperature (LSWT), Chl-a and turbidity from the Climate
Change Initiative (CCI) product suite (Carrea et al., 2022) were also
considered. After assessing their accuracy against in situ data,
those products showing good performances were exploited in the
following analysis. Specifically, the mean value of 3 � 3 (i.e.,
approximately 3 � 3 km) pixels centered at the in situ measure-
ment stations was used, only including those pixels flagged as
‘‘best quality data”.

Temporal trends and correlations

Both satellite-derived and in situ time-series were first ana-
lyzed to evaluate trends via the Seasonal Mann Kendall Test
(Hirsch et al., 1982) and the seasonal Sen’s Slope estimator (i.e.,
the median slope calculated using observation pairs from the same
month across consecutive years), by applying the Python routines
by Hussain and Mahmud (2019). After extracting the MODIS-A
3 � 3 pixel values corresponding to the in situ measurement sta-
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tions, the Pearson correlation coefficient rP was calculated between
in situ bio-physical data and values of RMODIS�A

RS kð Þ at a few bands,
band-ratios and band-differences, selected on the basis of best
results from the assessment of MODIS-A data products. Possible
correlations with meteorological quantities potentially influencing
the water color trends, i.e., total winter precipitation Pw (from
December through March), winter mean air temperature TAW, win-
ter NAO (NAOW) and LSWT, were also investigated.
Results

Assessment of satellite data products

As expected, due to the optical complexity and the low values of
RRS(k) in the blue spectral region, both characterizing the Lake
Vänern waters, the assessment of MODIS-A radiometric products
showed poor results at the shortest blue center-wavelengths (see
Fig. 2). In particular, |W|m exhibited values of 136% and 38% at
412 and 443 nm, respectively. Conversely, a better performance
was noted beyond 443 nm with best results at the 547 and
555 nm center-wavelengths showing values of |W|m around 10%.
Concerning band-ratios and band-differences, the best results were
observed for RMODIS�A

RS 547ð Þ=RMODIS�A
RS 667ð Þ (hereafter indicated as

R547/667), RMODIS�A
RS 667ð Þ=RMODIS�A

RS 488ð Þ (indicated as R667/488), and

RMODIS�A
RS 547ð Þ � RMODIS�A

RS 667ð Þ (indicated as D547-667) (see Fig. 3).
CCI LSWT assessment against in situ data showed very good per-

formances indicated by |W|m = 5% (r2 = 0.99). Conversely, satellite
and in situ Chl-a (from both MODIS-A and CCI products) exhibited
poor agreement with r2 < 0.1 and very large |W|m values (i.e.,
exceeding 66% and several hundred percent for CCI and MODIS-A
products, respectively). Additionally, no significant correlation
was observed between MODIS-A Kd(490) products and in situ tur-
bidity. Finally, few matchups were obtained for CCI turbidity prod-
ucts (11 across all stations); their comparison with in situ data
showed a value of |W|m exceeding 35% with r2 = 0.02. Because of
these results, Chl-a, Kd(490) and turbidity satellite products were
not further investigated.
Trends characterizing MODIS-A and in situ time-series

Given the results summarized above, which support a confident
use of MODIS-A satellite radiometric data, temporal analyses were
performed relying on values at selected center-wavelengths
(RMODIS�A

RS ðkÞ with k = 488, 547 and 667 nm), and specific band-

ratios and band-differences (RMODIS�A
547=667 ;RMODIS�A

667=488 and DMODIS�A
547�667 ). It is

recalled that RRS(667) is commonly used to investigate high turbid-
ity or surface accumulation of cyanobacteria (Kahru and Elmgren,
2014) as its increase usually results from enhanced backscattering
of particles. RRS(560) can also be considered as an index for water
clarity in lakes (Binding et al., 2015). The red-blue ratio RMODIS�A

667=488

was identified as potential indicator for CDOM concentration. In
particular, considering that CDOM absorption is greater at shorter
center-wavelengths and exponentially decreases with increasing
wavelength, Kutser et al. (2009) reported that in boreal CDOM-
rich lakes a green-to-red ratio would be more robust with respect
to atmospheric correction errors, glint perturbations and low
signal-to-noise ratios. Consequently, the RMODIS�A

547=667 was also

included. It is also mentioned that RMODIS�A
547=667 was used to retrieve

the diffuse attenuation coefficient in turbid coastal waters (Wang
et al., 2009). Finally, despite the fact that the phytoplankton
absorption maximum is located in the blue spectral region where
satellite radiometric products do not show reliable values in most
boreal lake waters, a second absorption peak characterizes the red

https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/
https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/
https://oceancolor.gsfc.nasa.gov/atbd/kd/
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Fig. 2. Results from the comparison of MODIS-A RMODIS�A
RS ðkÞ with AERONET-OC RPRS

RS ðkÞ at Pålgrunden: (a) values of the coefficient of determination r2 and of the root mean
square difference RMSD; (b) the mean relative difference Wm and the mean absolute (unsigned) relative differences |W|m, both expressed in %.

Fig. 3. Scatterplots of MODIS-A versus AERONET-OC matchup data for selected band-ratios and band-differences.
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spectral region around 670 nm (see for example Fig. 7a in Reinart
et al., 2004). Consequently, DMODIS�A

547�667 was also included in the anal-
ysis. Additionally, band-differences are expected to be more robust
than band-ratios to atmospheric correction (Hu et al., 2012; Hu,
2009; Mitchell et al., 2017) as confirmed by the results presented
above.

The results from the analysis of RMODIS�A
RS ðkÞ are summarized in

Fig. 4 and show periodic changes between 2002 and 2021 with
clear minima occurring between 2010 and 2013. Spring maxima
take place during 2005–2008 and in 2020, followed by a decrease
in 2021. A large increase of RMODIS�A

RS (k) is notable from 2015 until
2020 at Megrundet N. Conversely, the band-ratios exhibit different
trends varying with season. RMODIS�A

547=667 shows spring maxima during
2008 and 2009, followed by relatively low values between 2012
and 2020. RMODIS�A

667=488 indicates maxima in 2002 and 2003, and again
from 2012 to 2015, and a successive decrease in 2020.

The highest concentration of in situ Chl-a data was recorded at
Dagskärsgrund N at the beginning of the time-series (see Fig. 5,
panel a) with values higher than 6 lg L�1. Despite that, from
1973 to 2021 in situ Chl-a exhibits positive trends at all stations
as shown by the Sen’s Slope values reported in Table 1. Conversely,
aCDOM(420) data are characterized by decreasing values since the
1970s, even though they exhibit periodic variations with relative
maxima occurring at the beginning of the 2000s and between
360
2012 and 2015 (see Fig. 5, panel b). The values of aCDOM(420) are
relatively low at Megrundet N compared to the other measurement
locations. On the contrary, turbidity exhibits relatively higher val-
ues and a positive trend during recent years (see Table 1). The total
phytoplankton biovolume (hereafter total biovolume) shows large
periodical changes with clear maxima occurring during spring in
2002, 2005 and 2020 (Fig. 5d). At Megrundet N and Tärnan SSO
lower values of total biomass were typically recorded in April after
winter seasons characterized by the presence of ice-cover such as
in 1996, 2003, 2006, 2010, 2018 (data from SMHI), confirming ear-
lier findings by Weyhenmeyer et al. (2008).

Note that before 1996, no in situ data were collected in the
month of April, which is usually characterized by a phytoplankton
spring bloom in the western basin.

In view of the comprehensive benefit of the synoptic view
enabled by satellite data products, yearly spring mean values of
RMODIS�A
RS 667ð Þ are displayed in Fig. 6. Corresponding time-series of

RMODIS�A
RS 667ð Þ are displayed in Fig. 7 for Tärnan SSO, Megrundet N

and Pålgrunden measurement sites. Noting that RMODIS�A
RS 667ð Þ is a

natural index for water turbidity, both figures showmarked tempo-
ral changes and often clear differences between the two basins
with an increase in RRS(k) from 2015 similar to that observed in
AERONET-OC data at Pålgrunden, but more pronounced in
MODIS-A data at Megrundet N. Consistently, the maps in Fig. 6
show the highest mean values in 2015 and 2020 in the western



Fig. 4. Time-series of RMODIS�A
RS kð Þ at 547 nm (green dots) and 667 nm (red dots) center-wavelengths and DMODIS�A

547�667 (black dots) displayed in the first row, and additionally, of
RMODIS�A
547=667 (orange dots) and RMODIS�A

667=488 (brown dots) displayed in the second row. Data refer to the Megrundet N (MEG, first column from the left), Tärnan SSO (TAR, second
column) and Dagskärsgrund N (DAG, third column) sites. Some RMODIS�A

547=667 outliers are not displayed as to improve visualization. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Time-series of (a) Chl-a, (b) aCDOM(420), (c) turbidity and (d) biovolume at the three lake monitoring stations shown in Fig. 1.

Table 1
Results from the Sen’s Slope trend analysis for in situ Chl-a, aCDOM(420), turbidity and total biovolume measurements from the three in situ measurement stations. Note that
negative values indicate decreasing trends.

Chl-a
(lg L�1 y�1)

aCDOM(420)
(m�1 y�1)

biovolume
(mm3 L�1 y�1)

turbidity
(FNU y�1)

Tärnan SSO 0.015 �0.015 0.008 no trend
Megrundet N 0.017 �0.012 0.005 0.05
Dagskärsgrund N 0.007 �0.017 0.004 no trend
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Fig. 6. Maps of mean RMODIS�A
RS 667ð Þ determined for the spring season from 2003 until 2021. The lake shoreline is indicated in grey and has been obtained from Lehner and Döll

(2004).
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Fig. 7. RMODIS�A
RS 667ð Þ spring mean obtained from the data at Megrundet N (MEG),

Tärnan SSO (TAR) and Pålgrunden (PAL) locations shown in Fig. 6.
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basin when turbidity also shows its maxima (see Fig. 5c). Con-
versely, relatively smaller temporal changes appear to characterize
the eastern basin, although exhibiting peak values in 2007 and
2020. Fig. 7 shows that the values of RMODIS�A

RS 667ð Þ at Pålgrunden
follow a similar trend as shown for Megrundet N (western basin),
whereas the reflectance is substantially lower at Tärnan SSO,
where relative maxima are observed in 2015 and 2020. These
trends show patterns similar to those observed for the in situ tur-
bidity data in spring (see Fig. 5c).

Correlations between RRS(k) and bio-physical quantities

The correlation coefficients rp have been determined between
in situ bio-physical data and RMODIS�A

RS kð Þ at 488, 547 and 667 nm,

or, alternatively, RMODIS�A
RS kð Þ band-ratios or band-differences. The

most pronounced correlations are observed at Megrundet N and
Tärnan SSO between in situ turbidity and RMODIS�A

RS kð Þ or alterna-

tively DMODIS�A
547�667 . At the same locations, in situ turbidity shows a neg-

ative correlation with RMODIS�A
547=667 .

A good correlation has also been determined at Megrundet N
between the total biovolume and RMODIS�A

RS kð Þ; or alternatively

DMODIS�A
547�667 , with higher values characterizing the months of April

and May (e.g., rp = 0.7 RMODIS�A
RS 547ð Þ). Conversely, aCDOM(420) at

Dagskärsgrund N showed a positive correlation with RMODIS�A
667=488 and

a negative correlation with RMODIS�A
RS 488ð Þ, RMODIS�A

547=667 or DMODIS�A
547�667 . How-

ever, aCDOM(420) at Tärnan SSO showed a low correlation with both
RMODIS�A
667=488 and RMODIS�A

547=667 . Finally, a weak correlation has been deter-

mined at Dagskärsgrund N between RMODIS�A
RS 667ð Þ and Chl-a

(rp = 0.37). The significant correlations exhibiting p-value < 0.05
are illustrated in Fig. 8.

Correlations between RRS(k) and meteo-climatic quantities

Based on the analysis of in situ time-series of air temperature and
total biomass between 1979 and 1999 for several stations in Lake
Fig. 8. Correlations rp between RMODIS�A
RS kð Þ at selected bands, band-ra
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Vänern, Weyhenmeyer (2001) noted that the spring phytoplankton
bloomdeclines earlier withwarmerwinters, which suggests an ear-
lier growth season. For this reason, any possible correlationbetween
spring biovolumes and TAW, Pw and NAOW was investigated. How-
ever, a positive correlation with the April biovolume was only
observed at Megrundet N for TAW and NAOW (i.e., with rp = 0.48 and
0.45, respectively). Conversely, appreciable correlations are not
observed for the diatom share of the biovolume.

The value of rp was determined for mean spring (i.e., from
March to May) RMODIS�A

RS kð Þ or band-ratios, with respect to PW, TAW
and NAOW meteo-climatic quantities. The highest correlation val-
ues, with rp varying between 0.59 and 0.73, were observed at
Tärnan SSO between RMODIS�A

RS kð Þ and TAW. At Dagskärsgrund N,

RMODIS�A
RS kð Þ was only well correlated with PW (rp between 0.62

and 0.75). Finally, at Megrundet N only, some weak correlation
was observed with TAW and PW with rp varying between 0.45 and
0.59. NAOW is only correlated with RMODIS�A

RS 667ð Þ at Megrundet N
and Tärnan SSO with rp = 0.48 and 0.56, respectively.

Discussion

Results from the trend analysis showed a temporal variability
for various parameters (e.g., aCDOM(420), RRS(k)). What causes these
fluctuations and the notable increase in RRS(k) in the western basin
since 2015?

Results show that a good correlation is observed for both
RMODIS�A
RS kð Þ (at 488, 547 and 667 nm) and DMODIS�A

547�667 with the total
biovolume at Megrundet N (see Fig. 8), whereas no correlation is
found at Tärnan SSO. The biovolume, indeed, exhibits diverse tem-
poral dependences for the two sites with seasonal differences more
pronounced at Megrundet N with respect to Tärnan SSO. Since the
beginning of the time-series in 1973, diatoms clearly dominate the
total biovolume in spring with a gradual increase, more marked at
Megrundet N. Since 2006, the cyanobacteria and cryptophyta bio-
volumes show an increase in May. In April, the total biovolume is
generally higher at Megrundet N, when RMODIS�A

RS kð Þ exhibits its
maxima (see Fig. 9). At Tärnan SSO, however, the total biovolume
usually shows maxima in May – June. It must be noted that
in situ measurements for the month of July are very sparse and
only available for 2002 and 2019.

The time-series of monitoring data at Megrundet N and Tärnan
SSO further confirm the difference between the two basins. Fig. 10
displays the time-series of TOC and nutrients represented here as
Tot-N, and Tot-P. The latter shows a time-series perturbed by peri-
odic changes and a weak correlation with aCDOM(420) with rp equal
to 0.42 and 0.36 at Tärnan SSO and Megrundet N, respectively. TOC,
exhibiting minima in 2019, is generally lower at Megrundet N than
at Tärnan SSO. Also, Tot-N is generally higher at Tärnan SSO than at
Megrundet N: it decreases until 2019, with a new increase at both
sites in 2020. Conversely, mean Tot-P is slightly higher at Megrun-
det N, although its variability is higher at Tärnan SSO where it
shows maxima.
tios, and band-differences with in situ bio-physical data values.



Fig. 9. Total biovolume measured at the Megrundet N and Tärnan SSO stations.

Fig. 10. In situ measurements at Megrundet N (MEG, in grey) and Tärnan SSO (TAR, in black) for a) total organic carbon (TOC), b) total organic nitrogen (Tot-N) and c) total
phosphorus (Tot-P). For each parameter, data are only shown for the most recent period characterized by the application of the same measurement methods.

I. Cazzaniga, G. Zibordi, K. Alikas et al. Journal of Great Lakes Research 49 (2023) 357–367
Overall, the analyses suggest complex and concurrent bio-
geochemical processes influencing the spectral reflectance of Lake
Vänern. In an attempt to further identify the causes for the
observed temporal changes in RRS(k) at Lake Vänern, the occur-
rence of the thermal bar effect has been investigated. This physical
process usually occurs in spring and prevents the shallow (with
depth < 20 m, Håkanson, 1977), generally more turbid waters of
the southern part of the western basin from mixing with those in
the central lake region. To explore this process, in situ water tem-
perature and satellite LSWT data were analyzed at the monitoring
stations, and additionally in the shallower southern region. In par-
ticular, the day of the year (doy) when LSWT reaches 4 �C during
the spring season (indicated as doy4C) was determined. Considering
that the satellite LSWT against in situ data showed a very high cor-
relation supported by |W|m = 5% (r2 = 0.99), in situ and satellite
derived LSWT time-series were subsequently merged for further
analysis. Recognizing that an irregular temporal distribution of
data may strongly influence the results, the data beyond 2005 were
the sole considered to ensure a higher statistical representativity of
the time-series. At the southern point (‘SOUTH’ in Fig. 11), the
doy4C minimum is observed in 2014 and in 2020. The difference
between doy4C in the southern region and Megrundet N may vary
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from a few days (in 2010, 2013 and 2020), up to three weeks (in
2012). Doy4C is usually higher at Tärnan SSO than at Megrundet
N, whereas the Dagskärsgrund N doy4C is similar to that character-
izing the southern region.

Since 2014 doy4C has usually occurred earlier at all the loca-
tions. This is both shown in the time-series (Fig. 11a) and in the
Hovmöller diagram (Fig. 11b). Between 2005 and 2013 doy4C was
close to doy 127 at Megrundet N (average value); whereas,
between 2014 and 2020, it was on average 117 with 2020 showing
the lowest doy4C (i.e., 107). Additionally, from 2014 LSWT increased
much faster in spring than in the previous decade, except for 2018
when the lake was covered by ice.

The years during which the water temperature reached 4 �C
later in the season (e.g., 2009–2013) showed lower RMODIS�A

RS kð Þ val-
ues (Fig. 4 upper panel). Several studies reported shifts in phyto-
plankton phenology associated with changes in the thermal
stratification of lakes (e.g., Domis De Senerpont et al., 2013;
Winder and Schindler, 2004). In particular, Winder and Schindler
(2004) documented that the increase in the thermal stratification
period was mainly caused by an earlier spring stratification. Phyto-
plankton phenological shifts were also linked to both local pro-
cesses and climate change by Thackeray et al. (2008). Maeda



Fig. 11. a) First day of the year when LSWT exceeded 4 �C (doy4C) at the three in situ measurement stations (Megrundet N, Tärnan SSO and Dagskärsgrund N) and the
additional southern location (SOUTH). b) LSWT spring evolution at Megrundet N shown as Hovmöller diagram.

Fig. 12. Changes in diatom biomass during the study period at Megrundet N station. Colors vary depending on the month of the measurement.
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et al. (2019) instead showed that the earlier spring onset could be
influenced by changes in precipitation patterns in high latitude
lakes in Finland. In fact, they did not find any correlation between
lake surface temperature and phenological trends. However, they
could not exclude the influence of any process linked to temporal
changes in the thermal stratification of these lakes.

The years during which the water temperature increased earlier
in Lake Vänern (e.g., 2005–2008 and 2014–2020, 2018 excluded)
exhibit increased turbidity and a higher diatom biomass in spring
(see Fig. 12), which is also mirrored by higher RMODIS�A

RS kð Þ. This sug-
gests that the temporal increase in the in situ RRS(k) measured in
Lake Vänern tends to be explained by the combined effect of
meteo-climatic and biological variables.
Conclusion

AERONET-OC data from the Pålgrunden site in Lake Vänern
clearly showed increasing values of RRS(k) across the whole spec-
trum since 2015: this suggests changes in water color due to bio-
geochemical and physical processes. AERONET-OC data, however,
were only collected since 2008. To overcome such a limitation in
the temporal availability of data, MODIS-A RRS(k) time-series were
analyzed to allow for investigating radiometric data products from
2002 and to additionally cover periods of the year when the
Pålgrunden AERONET-OC instrument was not operated. Still, confi-
dence in MODIS-A RRS(k) data is provided by their assessment
against AERONET-OC data showing best agreement in the green
spectral bands and for some specific RRS(k) band-ratios and band-
differences (i.e., RMODIS�A

547=667 ;RMODIS�A
667=488 and DMODIS�A

547�667 ).
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Consequently, the MODIS-A time-series allowed to explore the
temporal changes characterizing RRS(k) data not detectable when
solely considering the shorter AERONET-OC time-series data
restricted to the Pålgrunden location. In particular, while the
MODIS-A RRS(k) time-series shows high values between 2004 and
2008, and successively between 2015 and 2020 at Pålgrunden,
the data analyses extended to diverse locations with the additional
contribution of in situ bio-geochemical measurements, exhibit a
more marked increase in RRS(k) since 2015 in the western basin
of Lake Vänern with respect to the eastern one. The values of
bio-geochemical parameters at specific measurement locations
further confirm differences between the two basins: however, they
do not allow unequivocally to ascertain the cause for the increase
in RRS(k). Still, some correlations between bio-geochemical vari-
ables and RRS(k) have been identified. In particular, significant cor-
relations have been observed between RRS(k) and turbidity values in
both basins at the Megrundet N and Tärnan SSO measurement
sites. Correlations with total biovolume have only been observed
in the western basin at the Megrundet N site. At Dagskärsgrund
N, in the eastern basin, significant correlations have also been
observed with aCDOM(420) and Chl-a.

Additional elements supporting the complexity of the bio-
geochemical and physical processes characterizing temporal
changes at Lake Vänern are the observed correlations between
the phytoplankton biovolume measured in April (when the major
algal blooms usually occur) with winter mean air temperature
TAW and winter North Atlantic Oscillation index NAOW. Finally, a
further relevant finding is an earlier seasonal warming of Lake
Vänern surface waters since 2014 leading to an earlier thermal
bar break-up with respect to the previous decade. In addition to
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the impact on diatom biomass and in general on phytoplankton
phenology, this also potentially affects the water exchange
between the more turbid southern coastal waters and the pelagic
waters in the western basin.
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