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From green to brown:
two decades of darkening
coastal water in the Gulf of
Riga, the Baltic Sea
Juris Aigars1*, Natalija Suhareva1, Daiga Cepite-Frisfelde2,
Ilga Kokorite2,3, Arvo Iital4, Māris Skudra1 and Maija Viska1

1Latvian Institute of Aquatic Ecology, Riga, Latvia, 2University of Latvia, Riga, Latvia, 3Latvian
Environment, Geology and Meteorology Centre, Riga, Latvia, 4Tallinn University of Technology,
Riga, Latvia
Over the past decades, changes in the light conditions of coastal waters, induced

by darkening due to water browning, has been gaining momentum within the

scientific community. Although there is a general agreement that the darkening

of coastal water is caused by shifts in climatic conditions, the actual links between

trends in light attenuation caused by water browning and drivers are still being

debated, as causality relationships are often assessed through the use of indirect

evidence. In this study, we employed algorithmically processed remote-sensing

and modelled data with substantially higher resolution than in-situ data as well as

in-situ data. Two decades (1998–2007 and 2008–2018) were compared to test

impact of parameters known to be altered by climate change, such as freshwater

runoff, mobilisation of soil dissolved organic carbon, and alteration of freshwater-

saline water balance in coastal waters, on darkening of coastal waters of the Gulf

of Riga, Baltic Sea. The study results indicated that the most likely cause of the

observed darkening of coastal waters in the study region was the mildening of

winter conditions. At the same time, the study results highlighted the urgent need

for detailed, time-sensitive data, since none of the conclusions drawn from the

analyses of available data were unequivocal.
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1 Introduction

The light environment is a key habitat characteristic of the freshwater and marine

surface water ecosystems alike. Alterations in the light environment impact

photoautotroph communities, like macrophytes. The macrophytes provide a wide range

of ecosystem services in coastal habitats (Campagne et al., 2015), such as spawning

substrates, shelter for fish juveniles and other species, serving as a food source for

herbivore organisms, as well as contributing to photosynthesis. Furthermore, the light
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environment directly affects other organisms and their functions

like fish production, abundance, and migration (Aksnes, 2007;

Karlsson et al., 2009) or competitive relationship between tactile

and visual predators (Haraldsson et al., 2012).

Historically, the changes of light environment have been mostly

referred to as a consequence of eutrophication, caused by

anthropogenic activities that generate nutrient enrichment of

water basins (Dupont and Aksnes, 2013) with subsequent

increase of phytoplankton biomass (Fleming-Lehtinen and

Laamanen, 2012). More recently, the climate-change effect on

marine phytoplankton population and consequently shift in water

colour to greener hue (which would increase backscattering at all

wavelengths and absorption at shorter wavelengths) has been

discussed as a separate topic as well (Cael et al., 2023). However,

in coastal areas, intensifying effects of climate change have been

manifested as darkening via water colour shift to a browner hue

(Monteith et al., 2007), most likely due to changes in the interaction

between land and coastal ecosystems (Canuel et al., 2012).

The water browning or brownification is defined as a shift in

water colour (Kritzberg et al., 2020) and has been observed in

numerous boreal freshwaters (De Wit et al., 2016). The browning

has been mainly explained by increase of dissolved organic carbon

originating from terrestrial ecosystems (Monteith et al., 2007) and

during past decades has been a topic for studies on freshwater

ecosystems (Blanchet et al., 2022). At the same time, the water

browning studies in marine coastal waters are rather limited,

spanning from hypothesised statement that the main component

that affects the light attenuation in the Baltic Sea is coloured

dissolved organic matter (Fleming-Lehtinen and Laamanen, 2012)

to explicit accounting of the freshwater components that causes

darkening of coastal waters (Opdal et al., 2023). However, the extent

to which the observed darkening of freshwater due to increasing

organic carbon (De Wit et al., 2016) contributes to the long-term

decline in coastal water clarity (Dupont and Aksnes, 2013) still is

not well quantified. Furthermore, the actual processes responsible

for mobilisation of soil organic carbon is still debated. For example,

it has been argued that climate change would lead to increased

precipitation (Hanssen-Bauer et al., 2005). That, in turn, shall

enhance the mobilisation of organic carbon from soils to

freshwaters (De Wit et al . , 2016). Thus, under these

circumstances, a subsequent increase of organic carbon loading to

coastal waters can be expected, as has been already demonstrated

for particulate organic carbon (Frigstad et al., 2023). However, the

long-term increase in precipitation and, as a consequence, increased

runoff from river drainage basin, is not documented for the Gulf of

Riga, Baltic Sea (Apsıt̄e et al., 2013). At the same time, the depth

limit at which macrophytes, e.g., Furcellaria lumbricalis, could be

encountered (unpublished Latvian national monitoring data) has

been decreasing over the last two decades, suggesting an

intensification of water darkening in coastal areas so posing a

need for alternative explanation.

Use of Secchi disk depth and Forel-Ule (FU) scale (Forel, 1890;

Ule, 1892) with the main focus on identification of chlorophyll

trends from green hues (Boyce et al., 2012; Wernand et al., 2013b)

has a long practice in optical oceanography. Similarly, to other

regions, in the coastal waters of the Gulf of Riga, Secchi depth disk
Frontiers in Marine Science 02
and FU water colour have been historically measured in-situ as part

of the National monitoring program. However, due to technical

restrictions, e.g., limited number of observations at pre-set locations

and times, the data have poor temporal and spatial resolution. Due

to the high variability of these data, until recently it was not feasible

to conclusively ascertain whether the observed changes in coastal

benthic community indicate a significant change in light

attenuation. The relatively recent findings suggest that “optically

complex” waters, where optical components do not correlate with

chlorophyll concentration (Lee and Hu, 2006), can be investigated

using remote-sensing reflectance for classification of optical water

types (Jerlov, 1976; Moore et al., 2001), and hue angle to calculate

FU by established algorithms (Wernand et al. , 2013a;

Pitarch et al., 2019a).

So, in this study, we utilised algorithmically processed remote-

sensing data (Pitarch et al., 2019b) with much higher resolution

than in-situ data. We tested the hypothesis that shorter periods of

soil as well as water freezing periods in both freshwater and marine

coastal waters are the primary cause for darkening of coastal waters

in the Gulf of Riga. The phenomena is assumed to be a result of

milder winters due to climate change (Seinä and Palosuo, 1993;

Niskanen et al., 2009; Meier et al., 2022a), as well as clear shift in

seasonal river discharge regime (Apsıt̄e et al., 2013). To test the

hypothesis, we compared two decades - 1998–2007 and 2008–2018.

The analysis was based on remote-sensing data of water optical

properties, observed ice days, observations of runoff and nutrient

loads from major rivers and the oceanographic model of the Gulf

of Riga.
2 Materials and methods

2.1 Study site description

The Gulf of Riga is a relatively shallow, semi-enclosed sub-basin

of the Baltic Sea. The average depth of the Gulf of Riga is 26.2 m and

water volume is 424 km3 (Yurkovskis et al., 1999; Purina et al.,

2018). The river runoff, average annual inflow 32 km3 (Yurkovskis

et al., 1999), from a drainage area that more than 8 times exceeds

the Gulf of Riga surface area, enters the Gulf of Riga predominantly

in the South (Figure 1). The water exchange with the Eastern

Gotland Basin of the Baltic Sea occurs through the Irbe Strait in

North-East and to Väinameri Archipelago Sea by the Suur Strait in

the North of the Gulf ensuring estuarine-like behaviour with an

estimated water residence time of 2 to 4 years (Suursaar et al., 2012).

The drainage area of rivers is characterised by flat terrain and

consists of limnoglacial or fluvioglacial deposits overlying Quaternary

deposits. The substantial proportion of soils encountered in river

drainage areas are peat soils (Samariks et al., 2020). Furthermore,

notable proportion (52%) of the land is covered by forests (Samariks

et al., 2020). The climatic conditions are characterised as humid

(mean annual precipitation of 600–850 mm) with main (45–55%)

river discharge in spring (Kla̧viņs ̌ et al., 2002).
For the purposes of this study we used 4 coastal areas (Figure 1)

that represent sub-basins of the Gulf of Riga defined by

oceanographic parameters (Ojaveer and Akadeemia, 1995).
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The NT (north transitional waters) represents coastal area

influenced by outflow of the Pärnu river, the EC (eastern coast)

represents open coastline of the Gulf influenced by river Salaca and

several smaller streams, the ST (southern transitional waters)

represent coastal waters impacted by three major rivers of the

region - Daugava, Lielupe, Gauja, andWC (western coast) represent

open coastal waters with no noticeable impact of rivers or

small streams.
2.2 Remote sensing data of water
transparency and colour

The in situ Secchi depth andwater colour data utilised in this study

were previously documented and made available by Pitarch et al.

(2019b) through TheWorld Data Center Pangea. The remote sensing

data for the past two decades (1997 to 2018) were derived from the

ESA-OC-CCI v4.0 multi-sensor merged remote-sensing reflectance.

Due to the region’s substantial cloudiness and ice coverage during the

winter season, the availability of Secchi and water colour data for

FebruaryandNovemberwasconstrainedandwerenot available for the

investigated area for December and January at all.
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The water colour is quantified on the Forel-Ule (FU) scale,

employed extensively by oceanographers and limnologists

worldwide. This scale comprises a set of 21 standardised colours

spanning the spectrum from indigo-blue (1) to cola-brown (21). For

enhanced comprehension Table 1 offers a descriptive insight into

selected standardised FUS colours within the ranges applicable to

this study.

The remote sensing data were compared with in-situ

measurements of Secchi depth and water colour measurements at

a half Secchi disk measurement (see description at Ceccaroni et al.,

2020) available from the National monitoring database (https://

latmare.lhei.lv/). For the comparison, the nearest coordinates to the

national monitoring stations along the coastline were used. The

data were filtered to include mirrored measurements in both data

sets (remote sensing and in-situ) for each available year, month and

station. However, it must be considered that remote sensing data

provide monthly averages, while in-situ data consists of single

moment measurements. Furthermore, the in-situ data were

limiting the total number of compared pairs (in-situ vs remote)

due to lack of measurements, which traditionally focused on specific

monitoring months (such as May and August). The comparison

between remote sensing and in-situ data was conducted by one-way
FIGURE 1

Study site with delineation of coastal zones: NT (north transitional waters), EC (eastern coast), ST (southern transitional waters), and WC (western
coast), as well as hydrological and hydro-chemical monitoring stations on rivers Lielupe, Daugava, Gauja, Salaca and Pärnu.
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analysis of variance (ANOVA), where assumptions of normality

and variance equality were satisfied. For cases where these

assumptions failed, and for ordinal FU colour, Kruskal–Wallis

one-way analysis of variance was employed.

The alterations in Secchi depth and water colour across four

distinct regions within the Gulf of Riga: EC, NT, ST, and WC were

statistically assessed for significance. The assessment included a

comparison between two decades: 1998–2007 and 2008–2018. The

Wilcoxon signed-rank test was employed to determine the presence

of statistically significant shifts. F-test was used in order to discern

whether the medians of the different groups could be meaningfully

compared, or if the comparison was possible within the context of

distributions only. Similarly, differences between coastal zones and

months were compared. Prior to conducting the analysis, the data

were examined for the presence of outliers, adherence to a normal

distribution and homogeneity. Statistical differences were deemed

significant at an a=0.05. Data transformation, statistical analysis

and visualisation were executed in R software version 4.2.0

(R Core Team, 2022).
2.3 Gulf of Riga model data (sea surface
salinity, currents and ice cover)

Sea surface salinity and current data used for the purpose of this

study originate from the oceanographic reanalysis of 1993–2021

obtained by UL HIROMB-BOOS model results (Frishfelds et al.,

2023). Reanalysis considered the rivers and channels impacting the

Gulf: five major rivers - Daugava, Lielupe, Gauja, Salaca and Pärnu

as well as smaller rivers and channels - Irbe, Kaņieris, Roja,

Mērsrags, Svētupe in Latvia as well as Audru, Häädemeeste,

Nasva, Oressaare, Paadrema, Riksu in Estonia. The changes in the

sea surface (0–2 m) salinity and surface current u and v components

between 1998–2007 and 2008–2018 decade periods for each coastal

zone have been analysed by comparing means for the periods and
Frontiers in Marine Science 04
for each month. Mann – Whitney U test was applied to monthly

variations and decade averages, comparing 1998–2007 and 2008–

2018 separately within each grid cell of the surface layer (0–2 m)

with a horizontal resolution of 0.5 nm. The regions with significant

changes according to (p<0.05) had been outlined afterwards.

Changes in the sea ice area cover fraction between the periods

have been expressed as a percentage relative to the mean of 1998–

2007 period. Ice days for each coastal region were determined by

averaging the ice area cover fraction data layer in every grid cell for

ice seasons from 1998–1999 to 2017–2018.
2.4 River runoff and load data

River runoff of six rivers Lielupe, Daugava, Gauja, Salaca, Irbe

and Pärnu was estimated at the hydrological and relevant hydro-

chemical stations (Figure 1). Monthly average discharge data and

water quality variables were provided by the national monitoring

programs carried out by the Latvian Environment, Geology and

Meteorology Centre (LEGMC) and Estonian Environment Agency.

Thus the monthly concentrations were estimated using

internationally standardised methods described in LVS EN ISO

11905–1:1998 and LVS EN 12260:2004 for total nitrogen (TN), LVS

EN ISO 6878:2005 part 7 for total phosphorus (TP), LVS EN ISO

11732:2005 and LVS EN ISO 13395:2004 for inorganic nitrogen

(DIN), LVS EN ISO 6878:2005 part 4 for phosphorus (DIP), LVS

EN 1484:2000 for total organic carbon (TOC) and LVS EN

872:2005 for suspended solids (SS). Yearly loads for the period

1998–2018 were calculated using monthly river runoff and monthly

concentration:

L =o12
t=1(Wi · Ci) · 10

−6

where L - annual load (tons), Wi - monthly river runoff (m3);

Ci - monthly concentration (mg/L).

Areal extrapolation of river runoff or loads was used to estimate

river runoff at the hydro-chemical stations when location of the

hydrological station differed from that of the hydro-

chemical station.

Data on duration of ice cover for Lielupe, Daugava, Gauja,

Salaca and Pärnu hydrological stations (no data for Irbe) were

obtained from databases held by the Latvian Environment, Geology

and Meteorology Centre and Estonian Environment Agency.

A two-sample t-test assuming equal variances was used to

compare average values of the two study periods (1998–2007 and

2008–2018) at a significance level a = 0.05.
3 Results

3.1 Remote sensing data vs. in situ data

Traditional national monitoring months, notably May and

August, comprised the longest data rows for Secchi depth, with

128 data pairs (monthly and yearly fit between the remote sensing

and in situ data) in May and 124 data pairs in August. For other
TABLE 1 A descriptive insight into selected standardised FUS colours
within the ranges applicable to this study.

Colour
number
in FU
scale

RGB colours
(Wernand
et al., 2013a)

Colour agent composition
according to Wernand and
Woerd, 2010

5 86/143/150 86% blue agent (copper-sulfate
solution) and 14% yellow agent
(potassium chromate solution)

10 125/174/56 46% blue agent (copper-sulfate
solution) and 54% yellow agent
(potassium chromate solution)

11 149/182/69 100% solution of the green agent
(comprising 35% copper-sulfate and
65% potassium chromate solutions)

12 148/182/96 98% green agent and 2% brown agent
(cobalt-sulfate solution)

15 173/181/95 86% green agent and 14% brown agent

19 175/138/68 56% green agent and 44% brown agent
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months, the number of pairs was lower, ranging from 40 pairs in

July, 38 in June, 35 in September, and 28 in April; other months

were not considered. FU colour data were substantially more

limited than Secchi depth data, with a maximum of 50 data pairs

in August and only 13 data pairs in July, and even fewer in other

months (February, March, September-November), which were not

further considered.

For April, May, and July there were no significant differences

(p=0.792, p=0.170 and p=0.642, respectively) in Secchi depth

between remote sensing and in-situ data sources, with differences

between means ranging from 0.07 to 0.13 m. In August and

September, the Secchi depth from remote sensing data was, on

average, 0.37 m (p<0.001) and 0.49 m (p=0.004), respectively, lower

than in the in-situ data. Conversely, in June, Secchi depth from

remote sensing data was significantly higher (on average by 0.69 m,

p=0.024) than in-situ data.

At the same time, the FU colour data derived from remote

sensing data were significantly lower, from 5 to 7 units, than those

from in-situmeasurements. Therefore, FU colour estimates derived

from in-situ observations were not considered in data analysis.
3.2 Water transparency

The ESA-OC-CCI v4.0 multi-sensor-derived remote sensing

data exhibited noticeable changes in water transparency within the

coastal waters of the Gulf of Riga (Figure 2). Given the pronounced

seasonality of the region, the primary focus was directed toward the

summer period due to heightened algal activity, extended

illumination duration, and elevated temperatures. The first
Frontiers in Marine Science 05
finding indicated a substantial reduction in water transparency

(Secchi depth) within the coastal waters during the summer

months. Specifically, the spatial median of the Secchi depth across

the whole study region decreased from 2.81 m (25% quartile: 2.35

m, 75% quartile: 3.14 m) during the 1998–2007 decade to 2.30 m

(25% quartile: 1.99 m, 75% quartile: 2.65 m) during the 2008–

2018 decade.

The pronounced seasonality of the region is indicative of high

dynamics of the core processes within the Gulf, including variations

in precipitation patterns and runoff (Apsıt̄e et al., 2013), water

temperatures, nutrient concentrations and biological activity

(Purina et al., 2018). Consequently, a comprehensive investigation

of water transparency shifts on a month-by-month basis was

conducted. Utilising remote sensing data, the Secchi depth values

were assessed across the coastal zones of the Gulf of Riga used in

this study, spanning from February to November (Figure 3;

Supplementary Table S1). The analysis revealed notable

downward shifts in water transparency for most of the months

across all four regions, except for specific cases, such as February

and November in EC, ST and WC (as well as some other

anomalies). However, these exceptions require careful

consideration due to the limited data availability caused by cloud

cover and ice formation during those months. Among the 48 groups

examined (4 zones for 12 months), 29 significant downward shifts

were identified (p<0.001, for all cases, except for NT in February,

where p=0.01).

Furthermore, the Secchi depth values as well as trends varied

across coastal zones and seasons (Table 2). The highest Secchi depth

values were encountered in WC, succeeded by EC and ST, while the

lowest values were consistently found in NT, where Secchi depth
FIGURE 2

Average water transparency (Secchi depth in m derived from remote sensing observations) in the periods 1998–2007 and 2008–2018 (summer
months: June, July, August).
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was significantly (p<0.001) lower than in the other zones. Notably,

the most prominent shifts were identified in EC and ST.

Substantially lower shifts compared to the first two groups were

observed in WC and especially NT, which also displayed the highest

Secchi depth variability. Moreover, the deepest declines of water

transparency were consistently observed in June across all zones,

whereas the smallest shifts (even sometimes positive) were in

November, February and March.
3.3 Water colour

Thewater colour, characterised by the Forel-Ule scale, serves as an

additional metric of water transparency, contributing further insights

due to its close relation to water composition. Notable alterations in

water colour during the summer period (Figure 4) in general revealed a
Frontiers in Marine Science 06
significant shift (p<0.001) from deep green to green-yellowish hues in

the coastal waters across the Gulf. Specifically, the transition occurred

fromcolour ‘10’ (25%quartile) and colour ‘12’ (75%quartile) indecade

1998–2007 to colour ‘11’ (25% quartile) and colour ‘13’ (75% quartile)

in decade 2008–2018.

Similar to Secchi depth, water colour also exhibits significant

changes from the decade 1998–2007 to the decade 2008–2018

(Figure 5; Supplementary Table S2) across all coastal zones (EC,

NT, ST, and WC), regardless of the month. Among the 48 cases

(month vs. region), 42 cases showed significant (p< 0.001) upward

shifts in the colour hue along the FU scale. The only instances that

did not display any significant change were November in EC and

WC. Additionally, cases that showed downward shifts occurred in

February and November. However, similar to the Secchi depth

measurements, these months had limited data due to cloudiness

and ice cover.
FIGURE 3

Monthly averages of Secchi depth (m) across four distinct regions within the Gulf of Riga: EC (Eastern Coast), NT (Northern Transitional), ST
(Southern Transitional), and WC (Western Coast) in decades 1997 - 2007 and 2008 - 2018. Shaded panels represent statistically insignificant changes
(p > 0.05), red stars highlight pairs with equal variances (comparable medians), and a red dashed line indicates the median Secchi depth (2.17 m)
observed in the coastal waters of the Gulf of Riga throughout the entire period.
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The lowest water colour hue throughout the year and the entire

study period was observed in the WC zone (Table 3). The minimum

colour hue recordedwas ‘7’ inAugust during the decade 1998–2008.On

the other hand, the highest hue was observed in the NT zone, with the

peak colour hue of ‘18’ recorded in April during the decade 2008–2018.

Notably, EC experienced more pronounced changes compared

to the other zones (p< 0.001, p = 0.027, and p< 0.001 compared to

NT, ST, and WC, respectively), which agrees with the Secchi depth

shifts presented earlier.

Regarding seasonal variation, the most significant shift in colour

hue was observed in June (significantly different from other months,

p< 0.001 in all cases except April, where p = 0.004) while the least

pronounced shift was observed in November.
3.4 Sea surface salinity

The surface water salinity of the Gulf of Riga averaged over

study period (Figure 6) demonstrated a clear spatial gradient with

highest values in the North-West (Irbe strait), reflecting inflow of

saline water from Eastern Baltic Proper. The South and South-East

coastal area of the Gulf of Riga that receives freshwater input from

rivers on average demonstrates comparatively lower salinity levels.

The direct impact of inflowing freshwater from rivers is rather

localised in the southern (coastal zone ST) part of the Gulf of Riga

determined by the combined impact of Daugava, Lielupe and Gauja

and in the northern part (coastal zone NT) determined by the Pärnu

river. The impact of Salaca river (coastal zone EC), although
Frontiers in Marine Science 07
detectable, is fairly negligible. Although explicit river plume areas

are fairly local (Figure 6), there is clear evidence that riverine water

is instrumental in the development of a clear, albeit relatively

narrow belt of coastal water along the eastern coast of the Gulf of

Riga, with substantially lower salinity levels. The breaking point of

4.5 ‰ salinity isoline located south from the line dividing EC and

NT is strongly connected with the bathymetry of the region - 10 m

isobath is located the most distant from the shoreline there as

shown in Figure 1.

The analyses of salinity (‰) changes between periods of 2008–

2018 and 1998–2007 by grid cells of the study region revealed no

significant differences (Supplementary Table S4) for medians.
3.5 Sea surface currents and ice conditions

Overall, the sea surface current pattern (Figure 7) remained

unchanged throughout the study period of 1998 – 2018. Although

the wind driven surface water current demonstrated certain

fluctuation over study period, as presented already by Lips et al.

(2016a), the predominant current has been pushing surface water

against the eastern coast of the Gulf of Riga. As a combined result of

this pressure as well as major freshwater inflow from rivers in the

southern part of the Gulf of Riga, relatively narrow near-coast

current is transporting water from southern part of the Gulf of Riga

to northern along the eastern coast.

The ice conditions in the coastal waters of the Gulf of Riga

varied substantially among winters incorporated in the study period
TABLE 2 Secchi disk depth (m) in four coastal zones of the Gulf of Riga and seasonal variations in the entire coastal zone averaged over the periods
1998-2018, as well as the average shift in Secchi disk depth between the decades 1998-2007 and 2008-2018, based on remote sensing data.

Secchi disk depth (m) in 1998-2018

Zone Month Mean ± SE Median 25% Q 75%Q Mean shift ± SE

EC 2.30 ± 0.02 2.22 1.94 2.64 -0.45 ± 0.46

ST 2.10 ± 0.02 2.05 1.67 2.50 -0.41 ± 0.50

WC 2.67 ± 0.01 2.48 2.13 2.94 -0.33 ± 0.51

NT 1.70 ± 0.01 1.76 1.23 2.17 -0.14 ± 0.30

FEB 1.83 ± 0.03 2.12 1.79 2.32 0.03 ± 0.02

MAR 2.56 ± 0.02 1.87 1.52 2.26 -0.03 ± 0.02

APR 2.02 ± 0.02 1.83 1.44 2.28 -0.44 ± 0.02

MAY 2.42 ± 0.02 2.20 1.80 2.65 -0.43 ± 0.02

JUN 2.61 ± 0.03 2.60 1.98 2.14 -0.75 ± 0.03

JUL 1.88 ± 0.02 2.38 2.06 2.79 -0.30 ± 0.02

AUG 2.25 ± 0.03 2.60 2.26 2.93 -0.25 ± 0.02

SEP 1.78 ± 0.04 2.36 2.12 2.82 -0.39 ± 0.03

OCT 2.00 ± 0.02 1.93 1.65 2.00 -0.41 ± 0.02

NOV 2.43 ± 0.03 1.77 1.38 2.05 0.25 ± 0.05
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(Figure 8). Nevertheless, the distinct shift towards decrease in ice

duration could be observed for all coastal zones.
3.6 River runoff, loads and river
ice conditions

The yearly water runoff of six main rivers entering the Gulf of

Riga varied substantially from 18.9 km3 in 2014 to 42.8 km3 in 1998.

Average yearly runoff for the total study period is 30.0 ± 6.5 km3 and

that comprises about 7% of the Gulf of Riga volume. A two-sample

t-test at a=0.05 reveals that riverine runoff does not differ between

the two study periods (Figure 9; Supplementary Table S3). Similarly,

loads of TOC and SS did not show any significant differences

between the two study periods, except loads of SS in Daugava River

showing decreased load in 2008–2018 compared to 1998–2007

(p<0.10). The values of TOC and SS loads exhibited large

interannual variations within the study periods (Figure 9;

Supplementary Table S3). Furthermore, the available datasets of

these parameters were incomplete, i.e., data from the number of

years were missing. Consequently, the statistical analyses of

differences between periods should be regarded as inconclusive.

Data on yearly nutrient loads were available for the whole study

period. TP and TN loads exhibited no significant changes between

the periods except in the case of TP, where a significant decrease

(p<0.05) in Lielupe River was observed (Figure 9; Supplementary

Table S3). It can be noted that TP loads in five out of six rivers are

lower in period 2008–2018 than in period 1998–2007, while TN

loads in five rivers have increased. However, these changes are not

statistically significant.
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The number of ice cover days for rivers in the study area varied

substantially among years and rivers, ranging from 0 days in

Daugava (years 1999 and 2008) and in Salaca (years 2014 and

2017) to 130 in Daugava (year 1998). On average, ice cover of

Lielupe (Figure 10) was the longest while ice cover of Salaca - the

shortest. The difference in the number of ice cover days between the

periods 1998–2007 and 2008–2018 varied, ranging from 10% in

Lielupe to 34% in Salaca (Figure 10).
4 Discussion

As has been previously stated by Aksnes et al. (2009) the long-

term data on marine optical properties do not exist, except for

Secchi disc depth observations (Aksnesa and Ohman, 2009),

although substantial improvements in data availability has been

made for most recent decades (Pitarch et al., 2019b). The Secchi disc

depth values, especially in hydrologically dynamic coastal waters,

usually exhibit high variability (Preisendorfer, 1986) as they are

affected by light conditions during the time of measurement, wave

height as well as by vertical and horizontal distribution of

suspended material, both of autochthonous and allochthonous

origin, and dissolved organic matter. Therefore, in order to detect

changes in optical properties of coastal waters a substantial number

of observations, both spatially and temporary spaced, is necessary.

However, quite often this is not the case. Furthermore, Secchi depth

observations can explain changes in light attenuation, while the

nature of these changes or the driving factors cannot be accounted

for. Similarly, in cases of some proxies used, like submerged aquatic

vegetation depth distribution (Nielsen et al., 2002; Michael Kemp

et al., 2004), only changes in light attenuation can be detected.
FIGURE 4

Average water colour (in Forel-Ule scale) in the Gulf of Riga for periods of 1998–2007 and 2008–2018 (summer months: June, July, August).
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FIGURE 5

Monthly averages of the water colour (FU scale) across four distinct regions within the Gulf of Riga: EC (Eastern Coast), NT (Northern Transitional),
ST (Southern Transitional), and WC (Western Coast) in decades 1997 - 2007 and 2008 - 2018. Shaded panels represent statistically insignificant
changes (p > 0.05), red stars highlight pairs with equal variances (comparable medians), and a red dashed line indicates the median watercolour
(12 FUS) observed in the coastal waters of the Gulf of Riga over the entire period duration.
TABLE 3 Water colour (FU scale) in four coastal zones of the Gulf of Riga and seasonal variations in the entire coastal zone averaged over the periods
1998-2018, as well as the median shifts in water colour between the decades 1998-2007 and 2008-2018, based on remote sensing data.

Water colour (FU scale) in 1998-2018

Zone Month Median
colour

25% Q 75%Q Median shift 25% Q 75%Q

WC 11 10 12 +1 0 +1

EC 12 11 13 +1 +1 +1

ST 12 11 13 +1 0 +1

NT 13 12 14 +1 0 +1

FEB 11 12 10 +1 0 +1

MAR 12 14 12 +1 0 +2

(Continued)
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TABLE 3 Continued

Water colour (FU scale) in 1998-2018

Zone Month Median
colour

25% Q 75%Q Median shift 25% Q 75%Q

APR 13 14 12 +1 +1 +2

MAY 12 13 11 +1 +1 +2

JUN 12 13 10 +2 +1 +2

JUL 12 13 11 +1 0 +2

AUG 11 12 10 +1 0 +1

SEP 11 12 10 +1 0 +2

OCT 13 13 12 +1 0 +2

NOV 14 14 13 0 +1 0
F
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FIGURE 6

Mean sea surface (0–2 m) salinity (‰) in the Gulf of Riga during the period of 1998–2018, from the oceanographic reanalysis of 1993–2021 obtained
by UL HIROMB-BOOS model results (see 2.3.).
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At the same time, the relatively high temporal and spatial

resolution of remote-sensing datasets enable distinguishing the

temporal changes in light attenuation on basin as well as sub-

basin scales as was done during this study. The availability of the

modified remote-sensing data (Pitarch et al., 2019b) allowed us to

detect a shift in water transparency on a decadal scale for coastal

areas of the Gulf of Riga that would have been missed if only data

from classical marine monitoring had been utilised. Moreover, open

access of the modified remote-sensing data, providing estimated

Secchi disk depth and FU from absorption, backscattering and hue

angle information (Wernand et al., 2013a; Wang et al., 2019; Pitarch

et al., 2019a) presents also a great opportunity to get some insight

into factors driving this change. So, by supplementing observations

on changes in light conditions in the coastal zone of the Gulf of Riga

with detected change in water colour from deep-green to green-

yellowish hue it can be argued that observed change in light

attenuation is likely driven by the increase of coloured dissolved

organic matter (CDOM) concentration in surface water as already

has been suggested by Dupont and Aksnes (2013) on the Baltic Sea

scale. This does not exclude any variations in phytoplankton

biomass, community structure and their seasonal succession, but

rather clearly highlights the importance of other components that

influence the light attenuation. Similar to our observations, the
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changes in light attenuation of marine coastal waters have been also

attributed to increase of CDOM concentration in previous studies,

mostly linking that to increased load of CDOM by freshwater inflow

(Helms et al., 2008; Aksnes et al., 2009; Opdal et al., 2023). Most

often enhanced mobilisation of organic carbon from soils with

subsequent transport to coastal regions has been attributed to

climate change driven increase in precipitation (De Wit et al.,

2016) or fluctuation of CDOM loading due to interannual

variations in river runoff (Frigstad et al., 2023). However, the

annual river runoff figures presented in this study and previous

findings shown by Apsıt̄e et al. (2013), do not indicate a noticeable

increase of annual freshwater inflow during the two decades

scrutinised by this study. Therefore, precipitation and freshwater

runoff cannot be used as a plausible explanation of detected shift in

light attenuation and colour for this study.

The characteristic feature of coastal waters, or in case of the

semi-enclosed Baltic Sea and its sub-basins, is that water consists of

two components – saltwater from adjacent marine area and

freshwater from inland streams. The changes in relative

proportion between these two components as manifested in the

Baltic Sea (Lehmann et al., 2022), due to alterations in inflow of

saline water from adjacent North Sea can be characterised by

changes in water salinity. By extension, the changes in CDOM
FIGURE 7

Mean surface current pattern in the Gulf of Riga during period of 1998–2018, from the oceanographic reanalysis of 1993–2021 obtained by UL
HIROMB-BOOS model results (see chapter 2.3.).
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FIGURE 8

Mean number of days with ice cover (according to sea ice fraction area monthly means) in 4 coastal regions, from the oceanographic reanalysis of
1993–2021 obtained by UL HIROMB-BOOS model results (see chapter 2.3.).
FIGURE 9

Comparison of yearly riverine runoff (km3 year-1) and loads (t year-1) of suspended solids (SS), total organic carbon (TOC) and total phosphorus (TP)
for periods 1998–2007 and 2008–2018.
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bearing freshwater component in marine coastal waters (Opdal

et al., 2023) can also be linked to alterations in salinity observed in

the coastal water body of interest. However, no shift in water

salinity and consequently no change in marine water/freshwater

balance was detected during the study period, which seems to be in

line with climate change assessments regarding the Baltic Sea (e.g.

Meier et al., 2022a, 2022b), where it is stated that mean salinity

change is small because the projected increase in river runoff is

approximately compensated by the projected sea level rise and

subsequent larger saltwater inflows. Although, uncertainty in

salinity changes is rather high due to the related wind, river

discharge and sea level rise changes. Obtained results regarding

the spatial distribution of surface salinity in the GoR correspond to

the previous findings (e.g. Berzinsh, 1980, 1995; Leppäranta and

Myrberg, 2009), where main dynamics and gradients have been

described. Similarly, the influence of freshwater inflow and currents

to salinity dynamics have been shown using numerical modeling

(e.g. Soosaar et al., 2014; Lips et al., 2016a, b) and HIROMB-BOOS

model data, used within this study, revealed the same main patterns

– salinity gradient from the Irbe strait to S and E part of the GoR,

substantially lower salinity in the S part and Pärnu Bay due to the

Daugava, Lielupe, Gauja river and Pärnu river inflow, respectively,

and narrow band of fresher surface waters along the SE, E coast. The

latter is related to the permanent current (due to the Coriolis effect)

which brings the freshwater from the S part along the SE, E coast of

the GoR.

The Kritzberg et al. (2020) have briefly discussed more drivers

and mechanisms, including extension of growing season

emphasised by Finstad et al. (2016) that is caused by global

warming as well as land use (Opdal et al., 2023; Kratzer and
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Allart, 2023) as potential factors, capable of affecting CDOM

concentrations in water environments. To our best knowledge,

there have been no meaningful changes in proportions of land

use types such as rural areas and natural biotopes in the study

region over the past decades (open CORINE Land Cover data,

https://land.copernicus.eu/en/products). At the same time, the

study region, similarly to other regions worldwide, has been

subject to global warming. The annual mean air temperature has

increased by 0.4°C per decade (Kalvāns et al., 2023) since 1960-ties.

However, if we consider an increase of mean air temperature of

winter season by 2°C, comparing periods 1961–1990 and 1991–

2020, it corresponds to a temperature rise from -4.4°C to -2.4°C

(Kalvāns et al., 2023). So, considering just the average temperature,

winter seasons of study period still manifest sub-freezing

conditions. However, the actual duration of winter season is

becoming shorter as evidenced by changes in river discharge

regime (Apsıt̄e et al., 2013). Furthermore, usually during one

winter season several periods of severe and mild conditions

interchange (LEGMA data) creating freeze-thaw cycles (FTC).

The study by Gao et al. (2021), where compiled data from 2471

observations were used, conclusively demonstrated that FTC

significantly increased dissolved organic carbon (DOC) leaching

from all soil types except tundra. Furthermore, the greatest FTC

effect has been observed at mild frost conditions. The effect of FTC

on DOM mobilisation has been highlighted also in more recent

studies, (e.g., Speetjens et al., 2022; Yang et al., 2023). Moreover,

these studies suggest that the altered composition of DOM,

influenced by changes in soil microbial activity due to freeze-thaw

cycles (Feng et al., 2007; Yang et al., 2023), has the potential to shift

the optical properties of DOM and increase its humification index
FIGURE 10

Number of days the rivers at study area were covered by ice during periods of 1998–2007 and 2008–2018.
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(Speetjens et al., 2022). This phenomenon underscores the intricate

relationship between climate-induced freeze-thaw dynamics and

the composition of dissolved organic matter, most likely impacting

the water optical properties observed in the Gulf of Riga over the

past two decades. To test the assumption that milder winters would

result in enhanced CDOM mobilisation we attempted to use TOC

concentrations, to which DOC is a major constituent, within the

monitored rivers. However, as demonstrated by this study, TOC

loads actually decreased over the study period. Most notably the

uncertainty of calculated load per period is substantial, since the

TOC loads are available only for 3–7 years (depending on the

monitoring site) for each 10-year period. Furthermore, the

traditional monitoring approach with observation frequency

ranging from once per month to once per two months,

introduces additional uncertainty as it does not adequately reflect

high runoff/low runoff fluctuation. Consequently, although in

absence of DOC measurements the TOC freshwater load is the

most desirable proxy for accounting of coastal water brownification,

its use in this study is limited by the poor data coverage.

As an alternative, in order to quantify the duration of winter

conditions when soil has been frozen, we used the number of days

when major rivers were covered by ice. Furthermore, as an additional

proxy we also utilised the number of days when coastal waters

experienced ice conditions as not all coastal regions are part of the

drainage area of substantial rivers and so are more impacted by small

streams that cannot be represented by rivers used in this study. As has

been presented in this study, the number of days that both rivers and

coastal waters have been covered by ice has a decreasing tendency over

study period clearly coinciding with changes in light attenuation and

shift in water colour. Consequently, we suggest that the correlation

between the decrease in water transparency, browning, and the

reduction in ice cover days in the Gulf of Riga and surrounding

rivers provides empirical evidence of changing FTC conditions in the

region, consistent with climate change models (The Bacc II Author

Team, 2015; Meier et al., 2022b).

The coastal waters where changes in light attenuation and colour

were manifested are relatively shallow, less than 20 m deep. So, it is

expected that due to the dominant surface current pattern, substances

of terrestrial origin, like CDOM, would be trapped there for a

prolonged time period. However, eventually CDOM that is

mobilised during winter season and delivered to coastal waters by

freshwater streams should be dispersed throughout the water column

of the Gulf of Riga unless continuously replenished from the source.

Since almost all months that have been analysed during this study

demonstrate changes in both light attenuation and colour, it can be

assumed that CDOM that is mobilised during milder periods during

winter, only gradually leaches out of soils over spring and summer

seasons. However, it should be stressed that in the absence of more

direct evidence this is a rather speculative assumption.
5 Conclusions

The study highlights the urgent need for detailed and time-

sensitive data to understand notable changes in water optical

properties in the coastal waters of temperate regions. None of the
Frontiers in Marine Science 14
examined variables, including river runoffs, salinity shifts, and ice

cover tendencies, can presently provide unequivocal evidence of a

robust correlation with water darkening. The findings, however,

signal that desired state of the Baltic Sea outlined in the HELCOM

Baltic sea Action Plan, like clear waters or natural distribution and

occurrence of plants and animals might not be achievable just by

reducing nutrient inputs, at least in coastal areas. Thus revisiting of

the targets as well as reconsideration of actions might be needed.

The reduction in ice cover days, attributed to milder winters due

to a warmer climate, showed promising results, which can be

extended in further investigations. To confidently argue that this

physical condition has a significant effect on water composition and

therefore light attenuation, ice cover data must be supported by

reasonably long datasets of TOC/DOC values.

The principal findings of the study confirm that remote sensing

data is a powerful tool tofill in gaps inwater optical properties, thereby

uncovering significant changes that might remain undetected using

traditional in-situ approaches. However, the lack of consistent long-

termmonitoring data in the chemical and physical properties of water

in the region, does not allow us to utilise them fully in order to explain

the findings in a modern context.
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