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Vertical variability of inherent optical properties (IOPs) affect the water quality retrievals
from remote sensing data. Here, we studied the vertical variability of IOPs and simulated
apparent optical properties (AOPs) in the Gulf of Finland (Baltic Sea) under three
characteristic (non)stratification conditions. In the case of mixed water column, the
vertical variability of optically significant constituents (OSC) and IOPs was relatively
small. While in case of stratified water column the IOPs of surface layer were three
times higher compared to the IOPs below the thermocline and the IOPs were strongly
correlated with the physical parameters (temperature, salinity). Measurements of IOPs
in stratified water column showed that the ratio of scattering (b(440)) to absorption
(a(440)) changed under the thermocline (b(440)/a(440) < 1) i.e., absorption became
the dominant component of attenuation under thermocline while the opposite is true
for the upper layer. Simulated (from IOPs) spectral irradiance reflectance (R(λ)) and
spectral diffuse attenuation coefficient (Kd(λ)) from deeper layers (below thermocline)
have significantly smaller magnitude and smoother shape. This becomes relevant during
upwelling events—a common process in the coastal Baltic Sea. We quantified the
effect of upwelling on surface water properties using simulated AOPs. The simulated
AOPs (from IOPs measurements) showed a decrease of the signal up to 68.8% and an
increase of optical depth (z90(λ)) from 2.3 to 4.3 m in the green part of the spectrum
in case upwelled water mass reaches the surface. In the coastal waters a vertical
decrease of Kd(λ) in the PAR region (400–700 nm) by 6.8% (surface to 20 m depth) was
observed, while vertical decrease of chlorophyll-a (Chl-a) and total suspended matter
(TSM) was 31.7 and 42.1%, respectively. The ratio R(490)/R(560) ≥ 0.77 indicates also
the upwelled water mass. The study showed that upwelling is a process that, in addition
to biological activity, horizontal transport of OSC, and temperature changes, alters the
optical signal of surface water measured by a remote sensor. Knowledge about the
vertical variability of IOPs and AOPs relation to upwelling can help the parametrisation of
remote sensing algorithms for retrieving water quality estimates in the coastal regions.

Keywords: upwelling, inherent optical properties, apparent optical properties, reflectance, diffuse attenuation
coefficient, Gulf of Finland
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INTRODUCTION

The remote sensing of ocean colour is a valuable tool for synoptic
regional- and global-scale water-quality data estimation [e.g.,
the concentration of chlorophyll-a (Chl-a) and total suspended
matter (TSM)]. Continuous monitoring of the optical quality
of water bodies helps to understand different natural processes
better, as well as to detect environmental threats such as
eutrophication and harmful algal blooms (Ritchie et al., 2003;
Glasgow et al., 2004). However, the interpretation of data from
passive optical remote sensing is sometimes complicated, not
only because of the disturbing influence of the atmospheric
effects but also because of some specific characteristics of the
object under investigation—the upper layer of the ocean. This
is particularly true in the case of marginal seas and inland
waters. These waters are optically complex and commonly
known as Case 2 waters (Morel and Prieur, 1977), being
a function of at least three optically significant constituents
(OSC) [phytoplankton pigments, coloured dissolved organic
matter (CDOM), and total suspended matter], which may vary
independently of one another.

In the Baltic Sea, the composition and concentrations of
OSC are highly variable over short spatial scales. Hence,
standard remote sensing algorithms developed for Case 2
waters often fail in this area (e.g., Attila et al., 2013, 2018;
Toming et al., 2017). In open and coastal waters of the
Baltic Sea, CDOM is the dominant optical component (Kirk,
1984; Kowalczuk et al., 2006; Kratzer and Tett, 2009; Kratzer
and Moore, 2018). For instance, according to Kratzer and
Moore (2018), the CDOM absorption values range between
0.6 and 1.2 m−1 (Gulf of Finland), 1.5 and 13.0 m−1 (Gulf
of Riga), and 0.2 and 0.3 m−1 (Bornholm Sea). In the
coastal areas, there are also significant loads of TSM, which
increase with proximity to the coast (Kratzer and Tett, 2009).
Additionally, Kyryliuk and Kratzer (2019) showed that the
Gulf of Gdańsk and Gulf of Riga, which are shallow coastal
basins of the Baltic Sea, have a large variability of TSM
concentrations, compared to the other basins. The mean values
(±standard deviation) over a 3-year period (summer) were
2.80 ± 3.90 g m−3 and 1.56 ± 2.00 g m−3, respectively. In
addition to spatial variability OSC also show great seasonal
variation in the Baltic Sea. The phytoplankton distribution is
strongly influenced by the temperature of surface water and the
availability of specific nutrients (nitrate, phosphate). Diatoms
and dinoflagellates dominate the spring bloom occurring after
ice melt and cyanobacteria dominate during summer and early
autumn (Wasmund, 1994; Gasinaite et al., 2005; Kownacka et al.,
2018; Hjerne et al., 2019). In this case, the optical properties of
these phytoplankton groups are so different that some studies
have indicated that seasonal remote sensing algorithms are
needed (Ligi et al., 2017; Simis et al., 2017). According to the
review by Kratzer and Moore (2018) the Chl-a variability in
the Baltic Sea ranges from 0.3 to 130 mg m−3 (in the Gulf of
Finland from 1.2 to 130 mg m−3). From the high-resolution
Hyperion imagery, Reinart and Kutser (2006) showed that the
chlorophyll concentration may rise up to ∼300 mg m−3 during
cyanobacteria bloom in the Gulf of Finland. Kutser (2004)

showed concentrations up to 1,000 mg m−3 in case of thick
cyanobacterial accumulations.

In addition, the coastal zones of the Baltic Sea are often
affected by upwellings induced by alongshore winds. This causes
the mixing of clear water masses from deeper layers and turbid
surface layer water (Gidhagen, 1987; Myrberg and Andrejev,
2003; Lehmann et al., 2012; Omstedt et al., 2014). Numerous
studies of this phenomenon in the Baltic Sea have been carried
out using remote sensing methods (Kahru et al., 1995; Lehmann
et al., 2012; Omstedt et al., 2014), model simulations (Myrberg
and Andrejev, 2003; Zhurbas et al., 2008; Laanemets et al.,
2009; Väli et al., 2011) and field observations (Haapala and
Alenius, 1994; Vahtera et al., 2005; Suursaar and Aps, 2007;
Kuvaldina et al., 2010; Kikas and Lips, 2016). The narrow,
elongated Gulf of Finland, an easternmost sub-basin of the
Baltic Sea, is a well-known region of upwellings during the
summer and autumn months when the water masses are
relatively strongly stratified (Zhurbas et al., 2008; Gurova et al.,
2013; Kikas and Lips, 2016). In this gulf, upwelling along
one coast is usually accompanied by downwelling along the
opposite coast (e.g., Zhurbas et al., 2008; Lips et al., 2009).
Upwelling near the northern coast of the Gulf of Finland is
induced by south-westerly winds and along the southern coast
by north-easterly winds. Even though upwelling in the southern
nearshore is less frequent (about 25% of the time) and not
as persistent as near the northern coast (about 30% of the
time) (Myrberg and Andrejev, 2003), intensive upwellings also
occur near the southern coast of the gulf (Lips et al., 2009;
Uiboupin and Laanemets, 2009). The changing wind patterns
have apparently increased their frequency in the recent past
(Soomere et al., 2015). In addition to changes in the temperature
and salinity fields, upwelling events also affect the transport
and distribution of sediments and dissolved substances in the
marine environment (Nowacki et al., 2009; Dabuleviciene et al.,
2018), thus affecting the inherent optical properties (IOPs) of
the surface water. Moreover, upwelling plays a crucial role
in boosting biological productivity as nutrient-rich water is
advected upward into the photic layer, where the process of
photosynthesis is promoted (Vahtera et al., 2005; Laanemets
et al., 2009; Lips et al., 2009; Uiboupin et al., 2012). Usually the
chlorophyll concentrations increase several days after the start
of upwelling event. In the early phase (“active phase”) of the
upwelling the advected water has low temperature and low OSC
concentrations which will increase if the upwelled water remains
in the euphotic zone.

Variation of IOPs is an indicator of changes in the
concentrations and types of OSC in water. In particular, the
light absorption coefficient (a(λ)) and backscattering coefficient
(bb(λ)) are important for optical modelling, since the reflectance
can be derived from a function of the ratio of these coefficients.
Additionally, these parameters play a key role in governing
light propagation in the water column (Gordon, 1988; Morel
and Gentili, 1993). Therefore, it is important to understand
horizontal and vertical variations of the IOPs in different
water masses in order to obtain reasonable estimates of water
quality parameters from remote sensing imagery for the optically
complex water bodies.
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The objectives of the current study are: (1) to improve the
knowledge about the vertical variability of IOPs in the coastal
zone of Gulf of Finland (Baltic Sea); (2) to characterise the
effect of different hydrodynamic conditions on vertical variability
of IOPs; (3) and to quantify the impact of upwelling events
on the signal measured by the optical remote sensor (using
simulated reflectance).

MATERIALS AND METHODS

The Study Area
The Gulf of Finland is a eutrophied elongated basin in the
north-eastern part of the Baltic Sea (Figure 1). It is relatively
shallow, with a mean depth of 37 m and a maximum depth of
123 m (Paldiski Deep). The total water volume is about 1098 km3

(Leppäranta and Myrberg, 2009). Topographically, the Gulf is a
direct continuation of the Baltic Proper and becomes shallower
toward its eastern end. The surface area (29,948 km2) is small
compared with the catchment area (423,000 km2) (HELCOM,
2015). The water column in deeper areas is also vertically
stratified. A seasonal thermocline usually forms at the beginning
of May and starts to erode by the end of August. The thermocline
is usually situated at a depth of 10–20 m in such a way that a three-
layer vertical structure can be distinguished: the upper mixed
layer, the cold intermediate layer, and the near-bottom layer
(Alenius et al., 1998; Liblik and Lips, 2011). During the winter,
the water column is mixed down to the depth of the permanent
halocline at 60–80 m (Haapala and Alenius, 1994; Alenius
et al., 1998). The Gulf is strongly influenced by river runoff
(114 km3/year), primarily from the Neva, and this influence is
apparent not only in the low salinity but also in the optical
properties of these waters (Alenius et al., 2003; Vazyulya et al.,
2014; Ylöstalo et al., 2016; Sipelgas et al., 2018). The algal growth
season is generally from early May to late August (Jaanus et al.,
2011). Therefore, factors causing increased light attenuation (e.g.,

organic and inorganic matter) vary both spatially and temporally
in the study area.

In situ Data
The in situ measurements for this study were conducted during
seven field campaigns (Table 1). The IOPs measurements were
performed during the two summers of 2015 (on July 20, July 30–
31, August 12, August 25) and 2016 (on July 26–27 and August 3–
4), and reflectance measurements to compare the results obtained
from previous campaigns were performed during one campaign
in the summer of 2018. Additionally, water samples from three
different depths (surface layer (0–m), 10 m depth, and 20 m
depth) were collected with a rosette sampler, and Secchi depth
measurements were performed with a standard white disc with
a 30 cm diameter. Figure 1 shows the locations of in situ
measurement stations.

Laboratory Measurements
The concentration of TSM (mg L−1) was measured using a
standard gravimetric technique. Mixed water sample 0.750 L
was filtered through pre-combusted and pre-weighted Millipore
membrane filters (pore size 0.45 µm, diameter 47 mm). The
filters were rinsed with 40 ml distilled water in order to wash
out salt residuals. The filters were then dried to a constant
weight at the temperature of 105◦C. The increase of filter weight
indicates the TSM concentration (Strickland and Parsons, 1972;
Mueller et al., 2003). A single value of TSM was determined from
each water sample.

Chl-a concentration (mg m−3) was determined by filtering
the water sample through Whatman GF/F glass microfiber filter
(pore size 0.7 µm, diameter 47 mm), extracting the pigments
with 96% ethanol and measuring spectrophotometrically
(Thermo Helios γ) absorption at wavelengths of 665 and
750 nm. The values of Chl-a were calculated according to the
method of Lorenzen (1967).

FIGURE 1 | Study area and location of sampling stations.
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TABLE 1 | A summary of in situ measurements per study area campaign.

Date Noa ac-s CTD TRb Secchi Depth (m) TSM (mg L−1) Chl-a (mg m−3)

0− m 10 m 20 m 0− m 10 m 20 m

20.07.15 10 + + - 3.0–4.0 1.6–3.7 0.3–2.3 0.5–1.9 4.6–15.1 6.9–11.2 4.0–8.7

30–31.07.15 20 + + - 3.5–5.5 0.1–3.6 0.1–2.5 0.7–1.7 2.0–4.6 2.2–4.7 1.1–5.1

12.08.15 11 + + - 2.5–3.5 1.1–3.3 0.3–2.0 0.0–1.2 5.1–8.6 1.2–3.2 0.5–0.9

25.08.15 7 + + - 3.5–5.5 1.5–3.3 – – 1.8–6.0 – –

26–27.07.16 22 + + - 2.0–5.5 0.8–4.5 0.3–2.8 0.3–2.9 0.4–5.4 0.6–4.6 0.0–3.0

3–4.08.16 21 + + - 1.5–4.0 0.9–6.7 1.1–6.1 0.4–3.6 1.7–6.3 1.5–5.8 0.1–4.3

04–05.07.18 3 - + + 3.3–12.2 1.7–3.7 0.9–1.9 0.4–0.5 0.5–20.6 0.1–9.0 0.1–1.8

aNumber of measurement stations. bReflectance measurements with TriOS RAMSES radiometers.

Inherent Optical Properties
Inherent optical properties data were collected using a WETLabs
spectral absorption and attenuation meter ac-s (Sea-Bird
Scientific, 2020). The profiles of attenuation (c(λ)) and
absorption (a(λ)) coefficient were measured in the wavelength
range from 402 to 732 nm. Simultaneously CTD (conductivity,
temperature, depth) (Sea-Bird) profilers were used to record the
temperature, salinity and depth. The water column profiles were
measured to a depth of 25 m.

Three analysis steps are necessary to obtain accurate a(λ) and
c(λ) from ac-s measurements: (1) pure water calibration of the ac-
s data, (2) temperature and salinity corrections, and (3) scattering
corrections (Papadopoulou et al., 2015).

In the current study, pure water calibration of ac-s drift
corrections was applied based on the most recent instrument pure
water calibration spectra. All ac-s measured values correspond to
the total absorption and attenuation coefficients minus water.

Measured CTD data was used to apply temperature and
salinity corrections for the ac-s data using Compass post-
processing software provided by WetLabs. Processing started by
merging ac-s raw data with CTD data, as a function of time and by
interpolating the c(λ) and a(λ) values to concurrent wavelengths.

The proportional scattering method (Equation 1) was
applied for scattering correction. According to the ac-s
protocol document (WETLabs, 2011), the application of the
proportional scattering method requires the assumption of
negligible absorption in a reference wavelength (λref ) and the
wavelength independence of volume scattering function (VSF).
The Baltic Sea waters are CDOM rich Case II waters (Kirk,
1984; Kowalczuk et al., 2006; Kratzer and Tett, 2009; Kratzer
and Moore, 2018), therefore the corresponding wavelength
of negligible absorption and independent of VSF was chosen
720 nm.

aproportional(λ)

= amts(λ)−

(
amts(λref )

bmts(λ)

bmts(λref )

)
(1)

where, amts(λ) is the absorption coefficient corrected for
temperature, salinity and instrument drift, and bmts(λ)
is obtained from cmts(λ)-amts(λ), where cmts(λ) is the

attenuation coefficient corrected for temperature, salinity
and instrument drift.

Finally, the scattering coefficient (b(λ)) was calculated from
post-processed a(λ) and c(λ) measurements as follows

b (λ) = c (λ)− a(λ). (2)

Measured Apparent Optical Properties
Spectral irradiance reflectance (R(λ)) was calculated from
measurements with TriOS RAMSES hyperspectral radiometers.
The measurement system contained one TriOS RAMSES
irradiance sensor measuring above-water downwelling irradiance
(Ed(λ)) and one TriOS RAMSES radiance sensor measuring
upwelling radiance (Lu(λ)) just beneath the water surface. The
measured spectral range was from 350 to 900 nm. All measured
spectra were linearly interpolated to a 1 nm step. First, the water-
leaving radiance (Lw(λ)) above the sea surface was derived from
Lu(0−,λ) by propagating the latter across the water-air interface
using (Austin, 1974; Mueller, 2003),

Lw
(
0+,λ

)
=

1− ρ

n2 Lu
(
0−,λ

)
= TL∗ Lu

(
0−,λ

)
, (3)

where the n is the index of refraction of water, ρ is the Fresnel
reflectance at the air-sea surface, and TL combines these factors
for simplifications. The index of refraction of air is taken to be 1.
TL takes a typical value of 0.543. Then, the R(λ) was calculated as

R (λ) = π
Lw(0+,λ)
Ed(0+,λ)

. (4)

The mean R(λ) was calculated to represent the measurement
station. R(λ) values are presented in percentages in this study.

Simulated Apparent Optical Properties
The R(λ) and spectral diffuse attenuation coefficient (Kd(λ)) were
simulated for water mass at three different depths using the
measured IOPs: surface layer, 10 and 20 m. R(λ) was calculated
according to the method by Gordon et al. (1975) and Kirk (1984):

R (λ) = (−0.629µ0 + 0.975)
bb(λ)

a(λ) + bb(λ)
(5)

where bb(λ) is the backscattering coefficient, a(λ) is the
absorption coefficient, and µ0 is the cosine of the refracted solar
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beam just beneath the surface. The µ0 = 0.88 was adopted from
Alikas et al. (2015), which should represent Estonian coastal
waters and lakes in the period of June-August. In simulations, the
value of µ0 was taken as constant. The backscattering coefficient
was calculated as bb (λ) = 0.015∗b(λ) (Herlevi, 2002). The values
of a(λ) and b(λ) were taken from measurements at depths: 0 m
(surface water) 10 and 20 m and the R(λ) value was simulated
from IOPs measured at corresponding depths.

The radiative transfer model presented by Kirk (2010) was
applied to calculate Kd(λ) as a function of IOPs and respective
light conditions. The method estimates Kd(λ) from a(λ) and b(λ)
over the depth where downward irradiance is reduced to 1% of
that penetrating the surface:

Kd (λ) = µ−1
0 [a

2(λ) + (g1 ∗ µ0 − g2)a(λ) ∗ b(λ)]0.5 (6)

where the cosine of the refracted solar beam just beneath the
surface µ0 = 0.88 (Alikas et al., 2015) and the constants g1 = 0.43
and g2 = 0.19 were adopted from Kirk (2010).

As seen from Equations 5 and 6, apparent optical properties
(AOPs) depend on IOPs and light conditions above the water
surface. In this study, the light conditions are taken as constants.
Therefore, simulations present how the IOPs of different water
masses affect variability of the AOPs.

The spectra of optical depth (z90(λ)) were simulated according
to Equation 7 (Gordon and McCluney, 1975). This shows the
surface layer depth from which 90% of radiation received by the
satellite sensors originates:

z90 (λ) =
1

Kd(λ)
. (7)

Satellite Dataset
Terra/Aqua Moderate Resolution Imaging Spectroradiometer
(MODIS) sea surface temperature (SST) maps were used to
describe the temporal and spatial variability of SST around
the study site in the period 2015–2016. Standard Level-2 SST
products were downloaded from NASA’s OceanColor Web
(NASA’s OceanColor Web, 2020) and processed in Sentinel
Application Platform (SNAP), where specific classification and
quality flags were applied over the study area. The flags applied
were ATMFAIL, LAND, CLDICE, NAVWARN, MAXAERITER,
ATMWARN, SEAICE, NAVFAIL, FILTER, SSTWARN, and
SSTFAIL (NASA’s OceanColor Web, 2020).

In addition, Sentinel-3 data were used to test whether optical
sensor data could be used to distinguish upwelling water masses.
Data were taken from June 14, 2020 and June 21, 2020, at a time of
intensive upwelling in the study area (Estonian Weather Service,
2020). The choice of dates was determined by the presence of
upwelling and a cloud-free image.

The Sentinel-3 Sea and Land Surface Temperature Radiometer
(SLSTR) SST Level-2 product (WST) was used to show the SST
fields. The products were downloaded from the ESTHub Satellite
Data Portal (ESTHub Services, 2020), which is the Estonian Land
Board’s national mirror site for Copernicus satellite data. Quality,
ground, and cloud masks were applied in SNAP.

The Sentinel-3 Ocean and Land Colour Instrument (OLCI)
full resolution (FR) Level-1 data was used for the analysis

of R(λ) data. Level-1 images were processed with the Case-
2 Regional CoastColour (C2RCC) atmospheric correction
processor v1.15 in the ESTHub Processing Platform (ESTHub
Services, 2020). In parametrisation of C2RCC algorithm the
average temperature and salinity values of corresponding period
and study area were used.

RESULTS

Distribution of Temperature and Salinity
Figure 2 illustrates the variability of the SST retrieved from
MODIS imagery. These SST maps show that the temperature
fields can be quite variable in the narrow gulf. The satellite
imageries reveal that in the second half of August 2015, an
upwelling occurred on the north-western coast of Estonia (in the
southern Gulf of Finland), in which the temperature differences
between the cold upwelled water originating from the deeper
layers and the surrounding water reached to about 9◦C. Between
July 25 and August 3 on 2016, the SST map also shows a weak
upwelling region along the Finnish coast which is accompanied
by downwelling event along the southern coast.

Temperature and salinity profiles measured at filed campaigns
are shown in Figure 3. There were no significant differences
in the horizontal distribution of the temperature at the surface
layer during different observation days. However, the vertical
distribution of temperature and salinity varied considerably
between the observation days. On July 20, 2015 and July 30–31,
2015 measurement cruises, the upper 25 m water column was
well-mixed and the temperature and salinity profiles were almost
homogeneous. Local weather data (Estonian Weather Service,
2020) revealed that before the measurement campaigns, western
winds were dominant. As a result, a downwelling event occurred
which caused the water column to mix up to a 25 m depth. The
SST from MODIS data also show that the temperature was higher
on July 20, 2015 (Figure 2) along the north-western coast of
Estonia, indicating the downwelling event.

In general, the analysis of thermohaline structure
(temperature–salinity curves) revealed three different situations
in terms of vertical stratification: (1) well mixed profiles
down to 25 m, (2) intermediate situation (steady decrease in
temperature or increase in salinity with depth), and (3) stratified
profiles with distinct thermocline (clear distinction between
the upper mixed layer, thermocline and the layer under the
thermocline) (Figure 3). In case of the mixed profile, the vertical
temperature gradient was consistently <0.1◦C m−1. In the
intermediate situation, the vertical temperature gradient was
steadily ≥0.1◦C m−1. In the case of stratified profiles, there was
a layer with a vertical temperature gradient ≥0.1◦C m−1 under
the layer where the gradients were steadily <0.1 ◦C m−1. The
water column profile types form the basis for the further analysis
of the IOPs and AOPs.

Distribution of Inherent Optical
Properties
The vertical variability of IOPs was analysed in case of three
different (non)stratification conditions. At the surface layer,
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FIGURE 2 | Sea Surface Temperature (SST) maps from MODIS data for the 2015 and 2016 monitoring period. Coastal upwelling regions with lower surface
temperature can be observed.

the measured attenuation coefficient at 440 nm (c(440)) varied
between 0.94 and 7.56 m−1. The scattering coefficient at 440 nm
(b(440)) varied between 0.42 and 6.86 m−1. The distribution of
the absorption coefficient showed less variability, being 0.45 and
0.89 m−1 at 440 nm (a(440)).

The median values of IOPs measured at the surface layer, 10
and 20 m depth in three different hydrodynamic situations are
shown in Table 2. The corresponding OSC (Chl-a and TSM) are
given in Table 3. The vertical distribution of IOPs coincides with
the changes in thermohaline structure (Figure 3 and Table 2).
The density boundary at the thermocline prevents mixing of the
upper and lower water masses. As a result, the vertical transport
of OSC between the water layers is impeded.

In the case of stratified water column (Figure 3C), the vertical
profiles of temperature, c(440) and b(440) were similar, and
all three parameters decreased rapidly at the thermocline. For
instance, the median values of c(440) and b(440) decreased
by 1.43 (2.07–0.64 m−1) units and 1.20 (1.40–0.20 m−1)
units, respectively, over the measured water column (0–25 m).
Additionally, the ratio of b(440) to a(440) changed under
the thermocline (b(440)/a(440) < 1), which demonstrates that
absorption became the dominant component of attenuation. The
correlation (r2) between median profiles of temperature and

the b(440)/a(440) was 0.99. Although there were no significant
changes in the vertical distribution of a(440), there was a slight
shift of about 0.29 units for a(440). Below the thermocline, there
were no significant changes in the IOPs down to a 25 m depth.

In the case of the intermediate situation (Figure 3B) where
stratification was not so obvious, but the temperature was
decreasing with depth, a similar pattern occurred as in case of
the strongly stratified situation. The b(440) decreased smoothly
with depth so that a(440) became dominant at a certain depth, the
r2 between median profiles of temperature and the b(440)/a(440)
was 0.86. The medians of c(440) and b(440) decreased from the
surface layer to 25 m depth by 1.20 (2–0.80 m−1) units and 1.13
(1.34–0.21 m−1) units, respectively. A decrease of concentrations
of OSC was also observed (Table 3). The measured profiles
confirm that the change in distribution of IOPs profiles reveals
the change in relative concentrations of the OSC (note changes in
Chl-a and TSM concentrations).

In the mixed water column (Figure 3A), there is no density
boundary and the vertical variability of IOPs was very small
(<0.30 units in case of c(440) and b(440) and 0.04 units for
a(440)). Therefore, the ratio of b(440)/a(440) remained almost
the same through the entire water column. The r2 between
median profiles of temperature and the b(440)/a(440) was 0.89.
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FIGURE 3 | Vertical profiles of temperature, salinity, attenuation coefficient (c(440)), scattering coefficient (b(440)), absorption coefficient (a(440)) and b(440)/a(440) at
the wavelength of 440 nm during different hydrodynamic situations: (A) mixed water column down to a 25 m depth (the vertical temperature gradient was
consistently <0.1◦C m−1), (B) intermediate situation with steady vertical decrease in temperature (the vertical temperature gradient was steadily ≥0.1◦C m−1), (C)
stratified profile (there was a layer with a vertical temperature gradient ≥0.1◦C m−1 under the layer where the gradients were steadily <0.1◦C m−1). The dotted line
on the b(440)/a(440) graph represents the boundary from which either the absorption b(440)/a(440) < 1 or scattering b(440)/a(440) > 1 dominates. In addition,
the median concentrations of chlorophyll-a (Chl-a) and total suspended matter (TSM) are given with the interquartile range.

TABLE 2 | Inherent optical properties (IOPs) such as the attenuation coefficient (c(440)), absorption coefficient (a(440)), and scattering coefficient (b(440)) at a wavelength
of 440 nm for different hydrodynamic situations at different depths.

Profile 0− m 10 m 20 m

c(440) a(440) b(440) c(440) a(440) b(440) c(440) a(440) b(440)

(m−1) (m−1) (m−1) (m−1) (m−1) (m−1) (m−1) (m−1) (m−1)

Mixed 1.77 (0.31) 0.68 (0.14) 1.07 (0.27) 1.66 (0.27) 0.67 (0.11) 0.97 (0.28) 1.48 (0.45) 0.64 (0.08) 0.84 (0.43)

Intermediate 2.00 (0.72) 0.65 (0.20) 1.34 (0.49) 1.38 (0.76) 0.63 (0.13) 0.71 (0.76) 0.80 (0.49) 0.53 (0.21) 0.21 (0.46)

Stratified 2.07 (0.56) 0.66 (0.06) 1.40 (0.53) 1.44 (0.91) 0.57 (0.14) 0.89 (0.79) 0.64 (0.24) 0.37 (0.15) 0.20 (0.20)

Values are medians, with the interquartile range given in parentheses.

TABLE 3 | In situ measured optically significant constituents (OSC), such as the concentration of total suspended matter (TSM) and chlorophyll-a (Chl-a) for different
hydrodynamic situations at different depths.

Profile 0− m 10 m 20 m

TSM Chl-a TSM Chl-a TSM Chl-a

(mg L−1) (mg m−3) (mg L−1) (mg m−3) (mg L−1) (mg m−3)

Mixed 1.9 (0.9) 4.6 (4.5) 1.6 (0.7) 4.3 (4.5) 1.3 (0.7) 3.5 (3.7)

Intermediate 1.8 (0.7) 4.8 (5.8) 1.0 (0.6) 2.0 (1.1) 0.5 (0.1) 0.7 (0.2)

Stratified 2.0 (0.6) 3.7 (2.7) 1.1 (0.8) 2.2 (2.7) 0.5 (2.3) 0.2 (0.5)

Values are medians, with the interquartile range given in parentheses.

In addition, the vertical variability of OSC was small (Table 3 and
Figure 3).

Vertical profiles of measured IOPs (Figure 3) in
study area show that: (1) in the upper mixed layer
scattering contributed most to attenuation, i.e., scattering

dominated over the absorption; (2) the vertical distribution
of the scattering coefficient coincides with the vertical
distribution of the attenuation coefficient; (3) and below
the density layer, absorption becomes the dominant
factor in the attenuation, i.e., the ratio of b(440)/a(440)
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becomes lower than one in the south-western coast of
Gulf of Finland.

Distribution of Simulated Apparent
Optical Properties
The following analysis is based on the division of water masses by
stratification of the water column. R(λ) and Kd(λ) were simulated
from IOPs measured at different depths. By simulating the AOPs
from IOPs for different water masses enabled to evaluate the
changes in optical parameters that might occur when a water
mass rises from deeper layers to the surface layer as a result of
an upwelling event.

Variability of simulated R(λ) in the PAR region (400–700 nm)
is shown in Figure 4A. R(λ) at 400 nm ranged from 0.31
to 3.94 units, at 550 nm from 0.92 to 12.98 units and at
700 nm from 0.31 to 5.52 units for the surface layer. R(λ)
simulated from IOPs measured at 20 m depth were 0.01–
1.01, 0.28–3.99, and 0.09–1.79 units depending on water mass
stratification. The spectral shape of simulated R(λ) showed
highest reflection in the green part of the spectrum, in particular,
at 550–580 nm and lower reflection in blue and red part
of the spectrum which is typical spectral shape for Case
II water type. A minimum of 670 nm was also observed,
which corresponds to the absorption of Chl-a. The spectra
that represent water mass at a 20 m depth are considerably
smoother at the longer wavelengths due to the lower particles
concentrations at this depth.

The Kd(λ) calculated from the a(λ) and b(λ) measurements at
three depths are shown in Figure 4B. The spectral dependence
of Kd(λ) curves at different depths is quite similar. However,
the numerical value of Kd(λ) varied greatly and the variation
was largest at shorter wavelengths (400–550 nm). It is known
that, in this spectral region, Chl-a and CDOM have the main
influence on the optical parameters. For instance, the greatest
decrease in Kd(PAR) in one station was 40.8%, which resulted in

FIGURE 5 | Spectral variability of optical depth (z90(λ)) at the surface layer,
10 m depth and 20 m depth in different situations of stratification.

corresponding changes in Chl-a (80.1%) and TSM (61.4%). The
smallest vertical decrease of Kd(PAR) (6.8%) occurred when Chl-
a and TSM decreased from the surface layer to 20 m by 31.7 and
42.1%, respectively.

Evaluation of the differences in z90(λ) revealed that the
thickness of the water layer, which would be detected by optical
remote sensing instruments depends on the wavelength and
water mass (Figure 5). It was found that the informative layer is
largest in the wavelength range of 550–600 nm, where the median
value of z90(λ) was 2.1 m. The lowest z90(λ) values were in the
400, 450, and 700 nm spectral region, where the median z90(λ)
values were 0.7, 1.2 and 1.2 m, respectively. However, simulations
indicate that in the case of intensive coastal upwelling when water
mass from deeper layers reaches the surface the z90(λ) might
exceed 4 m (550 nm), and values in the 400, 450, and 700 nm
spectral region might be up to 1.3, 2.4, and 1.4 m, respectively.

FIGURE 4 | Vertical variability of the simulated (A) spectral irradiance reflectance (R(λ)) and (B) spectral diffuse attenuation coefficient (Kd (λ)) at 0− m (surface layer),
10 m depth and 20 m depth. Coloured line represents the median spectra of the respective stratification situation. Note the secondary axis on panel (A) for the 2
spectra with highest values.
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Detection of Upwelling Zone From
Apparent Optical Properties
In section 3.3 we demonstrated the changes in R(λ) and Kd(λ)
values that might occur when a water mass rises from deeper
layers to the surface layer as a result of an upwelling event.
Simulation indicated that Kd(PAR) decreases up to 37.5% and
R(PAR) 61.5% in the subsurface layer (Table 4). The simulated
results of R(λ) for different water masses were compared with
measurements of R(λ) (with TriOS RAMSES radiometers) from
an independent dataset collected during the upwelling event on
July 4–5, 2018 (Figure 6). The strong upwelling event occurred
in the region of the study area (south-western part of the Gulf
of Finland). The SST dropped to 4.8◦C, whereas the Secchi
depth was extremely high for summer time (in the context of
the Baltic Sea), with a value of 12.2 m (Figure 6). The Chl-a
values measured in the upwelling zone were around 0.5 mg m−3,
which, given that the measurements were taken at the beginning
of July, are rather low. On the contrary, outside the upwelling
zone (two stations that were only 25–30 km from the upwelling
station), the water temperature was about 15◦C, the Secchi
depth was 3.3–3.7 m, the concentration of Chl-a was 17.5–
20.6 mg m−3 and TSM concentration was 3.5–3.7 mg L−1. Two
different types of water mass were distinguishable from the in situ
R(λ) spectra measured with Ramses instrument (Figure 6): (1)
typical coastal water, which is strongly reflected in the green
part of the spectrum (550–580 nm), and (2) upwelled water with
considerably smoother R(λ) spectra.

Due to the difference in R(λ) spectra between the two
water mass, a simple band ratio condition was tested to
detect the upwelled water mass. The R(490)/R(560) value was
calculated from the upwelling in situ R(λ) spectra (shown in
Figure 6). Condition for the separation of upwelling zones
(R(490)/R(560) ≥ 0.77) was set ≥ 0.77 relying on in situ
Rameses data collected on July 4–5, 2018. The characteristic
spectra for upwelling and non-upwelling situations are shown in
Figure 6.

We also tested the ratio condition to satellite data. Two cloud-
free Sentinel-3 OLCI images acquired during intense upwelling
events (July 14 and July 21, 2020) in the Gulf of Finland were
chosen for testing. Figure 7 shows the combined result of the

SST and band ratio condition, where the latter is marked with
a black hatched area on the SST map. The SST maps (Figure 7)
show large upwelling areas along the southern coast of the Gulf
of Finland, where the temperatures remained below 10◦C. The
figure shows how the horizontal distribution of the upwelling
zone based on SST coincides quite well with the area indicated
on the basis of the R(λ) spectra from OLCI. Thus, the band ratio
approach may be useful in order to assess whether upwelling is
occurring if the SST data is not available.

DISCUSSION

The general aim of current study was to give an overview of
the variation of optical parameters and the relationship of these
parameters with thermohaline structure based on measurements
made on the south-western coast of the Gulf of Finland. In
the analysis of the IOPs distribution, the main focus was on a
wavelength of 440 nm, because values close to this wavelength are
used in Case-2 Regional processors to derive IOPs from remote
sensing data, which are then used as a proxy for concentrations
of OSC (Brockmann et al., 2016). The measurements of IOPs
showed that in the upper mixed layer, the light attenuation
process is mainly dominated by scattering. Sipelgas et al.
(2004) also showed that the light scattering dominated over the
absorption in the south-western coastal sea of the Gulf of Finland.
However, they also demonstrated that in the Moonsund, which is
near to our study area, where the optical properties of water are
mainly influenced by the river inflow, the light absorption was
found to be dominant. This discrepancy between the two studies
indicates that the distribution of IOPs can change quite rapidly
within a small spatial area.

The variation of OSC was moderate compared to other studies
carried out in different region over the Baltic Sea. Chl-a varied
between 0.36 and 15.06 mg m−3 and TSM between 0.80 and
4.40 mg L−1. Therefore, also, the IOPs in the surface layer
did not vary much. Different studies (Woźniak et al., 2011;
Sipelgas and Raudsepp, 2015; Soja-Woźniak et al., 2017; Kratzer
and Moore, 2018) have showed that intensive blooms (surface
scums), resuspension, and anthropogenic impact (e.g., dredging),

TABLE 4 | Differences (%) between the concentration of optically significant constituents (OSC) such as the concentration of total suspended matter (TSM) and
chlorophyll-a (Chl-a), and the spectral diffuse attenuation coefficient (Kd (λ)) and the spectral irradiance reflectance (R(λ)) at different wavelengths by respective depths
and hydrodynamic situations.

Parameter 0− m and 10 m Difference (%) 0− m and 20 m Difference (%)

Mixed Intermediate Stratified Mixed Intermediate Stratified

TSM 21.6 37.9 40.0 29.4 73.3 73.3

Chl-a 8.0 57.5 48.6 33.3 88.9 96.1

Kd (PAR) 2.7 14.1 13.2 8.5 28.1 37.5

Kd (490) 3.4 19.2 20.4 10.9 38.8 51.6

Kd (673) 2.8 8.9 7.4 5.4 18.9 23.5

R(PAR) 9.4 44.5 25.0 17.6 68.8 61.5

R(565) 9.6 42.4 21.8 17.1 65.9 58.1

R(673) 12.1 48.6 31.2 20.7 72.8 67.3
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FIGURE 6 | The spectral irradiance reflectance (R(λ)) of in situ measurements (July 4–5, 2018) with two TriOS RAMSES radiometers during upwelling and normal
situations (left panel). The corresponding measured temperature profiles indicating strong coastal upwelling with surface temperature below 5◦C (right panel).

FIGURE 7 | Sea surface Temperature (SST) maps derived from SLSTR data on (A) 14 June 2020 and (B) 21 June 2020 (Gulf of Finland). The area hatched in black
indicates the condition R(490)/R(560) ≥ 0.77 fulfilled from the OLCI data from the same overpass date with the SLSTR SST data.

would significantly change the distribution of OSC and IOPs in
much larger scale.

However, depending on the vertical distribution of OSC in
different thermohaline conditions, a significant variation in the
ratio of b(440) to a(440) was observed. In the mixed water
column, the ratio was more stable than in the situation when
stratification occurred. With an increase of depth, the a(440) in
the stratified water column became dominant in c(440). Berthon
and Zibordi (2010) obtained similar vertical distributions of
IOPs in the Baltic Proper, where the surface (upper mixed)
layer was dominated by scattering, whereas the intensity of
scattering decreased with an increasing depth and in the deeper
layers absorption became more dominant. Berthon and Zibordi
(2010) also showed that the optical properties of the Baltic Sea
vary considerably, depending on the regional characteristics. On

contrary to the Baltic Proper (closest to our study area), it was
found that in the northern part of the Baltic Sea (Bothnian Bay),
absorption was dominant within the upper 25 m water column.
The reason for this was high absorption by CDOM resulting from
the presence of humic matter brought by the numerous rivers.
They found that in the Bothnian Bay, the contribution of CDOM
to absorption was up to 35% higher than in the Baltic Proper.
Unfortunately, CDOM concentrations were not measured in the
present study, which makes it difficult to assess directly the
contribution of CDOM to beam attenuation. However, previous
studies (Sipelgas et al., 2004; Ylöstalo et al., 2016; HELCOM,
2018, Kratzer and Moore, 2018) have shown that Baltic Proper
and western Gulf of Finland (our study area) have also high
absorption of CDOM at 440 nm (up to 4.1 m−1), but not as high
as in the Bothnian Bay (up to 8.8 m−1).
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One of the reasons why the vertical distributions of optical
parameters were compared was to evaluate the influence of
upwelling event on the optical properties of surface water. During
the development stage of an upwelling, more productive and
turbid surface waters are pushed away from the shore. The water
mass that rises from deeper layers of the stratified water column
differs from the original water mass in terms of temperature,
nutrients and OSC, which, as a result, changes the optical
properties of the surface layer. For instance, Uiboupin et al.
(2012) showed that in the case of an upwelling event, the area
influenced by upwelled water might cover up to 40% of the
total area of the Gulf of Finland in the Baltic Sea. Moreover,
filaments of upwelled water may spread much farther, reaching
several tens of kilometres out into the sea and in some case, cross
the entire Gulf of Finland (Zhurbas et al., 2008). Several studies
have demonstrated that in the case of an intensive upwelling
front, the low Chl-a regions coincide with the cold upwelled
water area and concentrations may drop down by an order of
magnitude (Uiboupin et al., 2012; Dabuleviciene et al., 2018,
2020). The latter proves that the upwelling is an important
process that, in addition to temperature changes, alters the optical
signal of surface water measured by a remote sensor. Therefore,
it is important to quantify the influence of upwelling water on
remote sensing signal.

We quantified the change in magnitude and spectral shape of
remote sensing signal in upwelling conditions by simulating the
AOPs (Kd(λ) and R(λ)). Delpeche-Ellmann et al. (2018) showed
that the cooler water most likely originates from intermediate
water masses at depths between 15 and 30 m. In our study,
AOPs (Kd(λ) and R(λ)) were calculated from the measured
a(λ) and b(λ) and simulated to represent water masses at three
different depths: surface layer, 10 and 20 m. It is considered that
AOPs simulated from IOPs measured below the density barrier
represent water masses in an upwelling condition. For instance,
Lips et al. (2009) showed that during an intensive upwelling event
in the central Gulf of Finland, the cold intermediate layer water
was mixed with the water from the upper mixed layer, with a
share of 85 and 15%, respectively. Calculations of AOPs showed
that water below thermocline has substantially lower values of
R(PAR), the decrease could be between 61.5 and 68.8%. The
variation in the shapes of R(λ) spectra was also observed under
different stratification conditions. The spectra of the deeper
water layers under the thermocline had significantly less spectral
dependency, R(λ) spectra were no longer representing typical
coastal water, which is strongly reflected in the green part of the
spectrum. Our results represent the theoretical simulations of
AOPs in upwelling conditions, however in natural environment
during the upwelling, waters from different layers are both
advected and mixed.

Another important aspect is the significant differences in
the spectral values of z90 (λ) under upwelling condition. Our
analyses indicate that the thickness of the water layer measured
by the remote sensor may increase compared to the typical
coastal water condition from 2.3 to 4.3 m in the green region
of the spectrum. Simis et al. (2017) demonstrated that 90% of
water-leaving radiance at 560 nm exceeded 5 m if the biomass
(Chl-a) was less than 5 mg m−3. Otherwise, the mean values of

z90 (λ) were 1.0, 3.0–3.5, and 1.5 m, in the blue, green and red
spectral region, respectively. The latter are also comparable to the
results obtained in the present study. Furthermore, both studies
show that the most informative spectral region for the Baltic Sea
waters is located near 550–560 nm. The above analysis about
variability of the z90 (λ) for different water masses highlights the
need for an additional optical classification of waters prone to the
upwelling phenomenon.

The obtained simulation results of R(λ) for different water
masses were confirmed by measurements of R(λ) from an
independent dataset of TriOS RAMSES radiometers collected
during the upwelling event. Two different types of water masses
were distinguishable (Figure 6): (1) typical coastal water which
is strongly reflected at 550–580 nm and (2) upwelled water
with considerably smoother R(λ) spectra. Such a difference in
the shape of R(λ) spectra may have an effect on the use of
algorithms to derive OSC concentrations found as a result of the
classification of optical water types, where reflectance spectrum
features are associated with a specific bio-optical condition. Such
classification approaches are widely used in the remote sensing of
water bodies (Vantrepotte et al., 2012; Shen et al., 2015; Jackson
et al., 2017; Spyrakos et al., 2018; Uudeberg et al., 2019, 2020).
Based on the difference in the R(λ) spectrum shapes in the
current study, it is suggested that the ratios between R(490)
and R(560) values can be used as an indicator for the detection
of upwelled water (in this work R(490)/R(560) ≥ 0.77). The
applicability of the proposed band ratio approach was tested for
discerning upwelling events in satellite imagery. Comparison of
satellite SST and reflectance band ratio derived from OLCI image
showed good agreement, low SST values (below 10oC) coincided
with the upwelling area indicated by the band ratio algorithm
(Figure 7). Implementation of ratio condition to optical remote
sensing imagery allows separating the upwelling region also from
missions Sentinel-2 or Landsat which are not primarily designed
for SST estimation.

The SST based approach has been widely used for monitoring
upwelling events. However, the band ratio method proposed
in this work offers an alternative way to estimate the pixels
belonging to the upwelled water region from optical satellite
images. In addition, the acquisition of optical and temperature
sensors is not always simultaneous, which prevents the use of this
data in synergy. For instance, Sentinel-2 satellites do not include
thermal infrared sensors like Sentinel-3 and Terra/Aqua. Besides,
the spatial resolution of optical sensors is often significantly
higher than of the thermal infrared sensors, thus providing more
detailed added value.

Previous studies have shown how biological (phytoplankton,
primary production), chemical (phosphate, nitrate), and physical
(temperature, salinity) patterns change at different stages of
upwelling (Vahtera et al., 2005; Lips et al., 2009; Uiboupin
et al., 2012), but there is no detailed information on how the
optical properties of water change during upwelling in the Gulf
of Finland. As there was no time series of such data in the
present work, it is planned for the future to perform additional
measurements and analyse how the optical properties of water
change over time (before, during and after upwelling) in the Gulf
of Finland region. The current study reviled the consequences of
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upwelling in optical properties in the Gulf of Finland. However,
the conclusions cannot be automatically expanded to the other
basins of the Baltic Sea as the vertical distribution of IOPs
differ between basins of the Baltic Sea (Berthon and Zibordi,
2010; Soja-Woźniak et al., 2017; Kratzer and Moore, 2018).
However, upwelling is a frequent process also in other basins
of the Baltic Sea (Lehmann et al., 2012; Dabuleviciene et al.,
2018, 2020; Bednorz et al., 2021), therefore future research is
needed to quantify the effect of upwelling on the remote sensing
signal/retrievals in the other basins of the Baltic Sea.

CONCLUSION

On the basis of IOPs, OSC (Chl-a and TSM) and vertical profiles
of temperature and salinity, the optical parameters of the south-
western part of the Gulf of Finland (Baltic Sea) have been
investigated. The analysis of the thermohaline structure revealed
three different situations in terms of vertical stratification: (1)
mixed water column down to 25 m depth, (2) intermediate
situation (steady decrease in temperature or increase in salinity
with depth), and (3) stratified profiles with a distinct thermocline.
The comparison of the vertical profiles of temperature and
IOPs showed similar patterns in vertical variability. In the
situation of a mixed water column, the optical parameters
did not change significantly through the entire water column.
In the stratified water column, the concentrations of OSC
changed considerably and the vertical variability of attenuation
and scattering was significantly higher compared to the mixed
layer [i.e., the difference of c(440) between surface and 20 m
depth was 69.1 and 16.4%, respectively]. The analysis of IOPs
in the case of stratified water column showed that the ratio
of scattering b(440) to absorption a(440) changed under the
thermocline (b(440)/a(440) < 1) i.e., absorption became the
dominant component of attenuation under thermocline while
the opposite is true for upper layer. The results showed that the
stratification of the water column is related to the variability of
the optical parameters through the distribution of OSC.

The values of R(λ) and Kd(λ) were calculated from IOPs
measured at three different depths: surface layer, 10 and 20 m.
The performed simulation allow to assume how surface R(λ)
values would change if upwelling events occur. The results
showed that in the upwelling region, the signal measured by
the remote sensor may decrease up to 68.8% as a result of
deep water uptake. Additionally, the R(λ) spectra would be
considerably smoother, as the strong reflection in the green part
of the spectrum (550–580 nm) is diminished. Moreover, the
z90(λ)—the thickness of the water layer measured by the remote

sensor—of upwelled water may increase from 2 to 4 m in the
green part of the reflectance spectra compared to the typical
coastal water of the Baltic Sea. The study also showed that the
small vertical decrease of Kd(PAR) by 6.8% (from surface to 20m
depth) corresponds to much larger Chl-a and TSM decreased by
31.7 and 42.1%, respectively. It is suggested that the AOPs and
IOPs can be used as an indicator for the detection of upwelled
water mass from remote sensing data: 1) R(490)/R(560) ≥
0.77); 2) b(440)/a(440) < 1. The application of ratio condition
R(490)/R(560) ≥ 0.77 to the optical imagery allows determining
the upwelled water mass in more detail (spatially) than with
the SST approach and is in synergy with derived ocean colour
retrievals. Allowing estimation of upwelling zone independently
for SST data. All these aspects show that upwelling is an
important process that, in addition to temperature changes, alters
the optical signal of surface water measured by a remote sensor.
Knowledge of IOPs and AOPs relation to upwelling can help the
parametrisation of remote sensing algorithms for retrieving water
quality estimates in the coastal regions.
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