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1 INTRODUCTION

With the continual growth of population and industrialization from the beginning of the
20" century, the environment has been under a lot of pressure. For instance, the use of
nutrients in agriculture was not managed until the second half of the 20" century
considering the effect on nature due to a lack of knowledge or timely regulations.
The same goes for husbandry and the nutrient loads originating from farms.

The wide use of fertilizers and husbandry developments have resulted in excess inputs
of nutrients into the marine environment. Negative anthropogenic effects of
eutrophication, e.g. increased cyanobacterial blooms and oxygen-deficient areas and a
decrease in bottom fauna distribution, have been observed worldwide (e.g. Diaz &
Rosenberg, 2008). The Baltic Sea is a good case study for the overall problem, because of
a long history of stressors, the consequent spread of oxygen deficient areas, practices in
data gathering, and early application of environmental management (Hansson &
Viktorsson, 2021; Reusch et al., 2018).

A way to keep track of the advancements in managing human influence on marine
areas is to assess the status of the sea by using quantifiable metrics describing the
pressures and state of the environment. The Baltic Sea is surrounded in majority by
European Union member states and managed on the highest level by MSFD (entire sea
area, 2008/56/EC) and the WFD (coastal waters, 2000/60/EC) regarding eutrophication.
The Helsinki Commission (HELCOM) has been and is the key harmonizer/guide of the
MSFD-derived commitments, among other things. HELCOM contracting parties have
agreed to assess the status of the open sea areas, focusing on nutrients, chlorophyll-a
levels, cyanobacterial blooms, water transparency, and near-bottom oxygen conditions
and/or bottom fauna. The WFD regulates the assessment of coastal areas and focuses
mainly on the biological quality elements (phytoplankton, bottom flora and fauna),
viewing the physical and chemical parameters which are in the center of the MSFD
assessments, e.g. nutrient concentrations, as supplementary information.

Quantifying human pressures through the nutrient concentrations in the surface
layer is quite straightforward, knowing the input from rivers and having defined the
natural background loads. Levels of chlorophyll-a, water transparency, and the extent
of cyanobacterial blooms are also directly or indirectly related to nutrient loads.
The distribution, species composition, and abundance of zoobenthos depend highly on
oxygen availability. Oxygen content is influenced by the air-sea exchange rate, productivity
in the euphotic layer, respiration, and the amount of organic matter degraded in the
bottom areas. In the deep layer, oxygen concentrations are also influenced by
hydrographic conditions. For instance, oxygen levels in the central Baltic Sea below the
halocline exhibit a declining trend during periods of low or no inflows from the North Sea
(e.g. Carstensen et al., 2014a; Mohrholz, 2018). Considering climate change, especially the
increase in temperature, a declining trend in oxygen saturation concentrations is
observed (e.g. Carstensen et al., 2014a; Stramma & Schmidtko, 2019), which means, that
the water’s ability to hold oxygen is decreasing. Increasing air temperature and runoff
also strengthen stratification and weaken vertical mixing (Meier et al., 2022).

Since oxygen conditions in the sea are affected by many factors, it is essential to
discriminate between human-induced and natural variability in order to devise
appropriate measures. Keeping this in mind, HELCOM has developed and tested
oxygen-based indicators, e.g., ‘oxygen debt’, which assesses the amount of ‘missing
oxygen’ below the halocline (HELCOM, 2013). Whatever approach is chosen, it has to
be focused on the anthropogenic influences.



1.1 Aim of the study

The motivation of this study was to better describe the variability of oxygen conditions
at timescales from hours to decades, link it to natural processes and human-induced
impacts, and predict potential future changes in two basins of the Baltic Sea with
different hydrographic background. The Gulf of Finland represents a sea area with a free
connection to the open sea, and the Gulf of Riga is a basin separated by sills from the
open sea. The importance of using high-resolution data was emphasized to make
environmental status assessments more confident.

The main objective was to describe the variability of oxygen concentrations in the
subsurface and near-bottom layers at different time scales and explain the reasons
behind the observed changes. The analysis focused on the following cases:

A relatively deep sea area with a quasi-permanent halocline influenced by the
freshwater discharge from rivers and unrestricted connection to the open sea
(Paper )

o Central Gulf of Finland, where three layers separated by the seasonal
thermocline and quasi-permanent halocline exist in summer; the
assessment of seasonal oxygen consumption demands high-resolution
measurements since the conditions are highly variable, influenced, e.g.
by prevailing winds.

A shallower area of the same basin where the halocline is mostly missing, but
subsurface low-oxygen conditions can occur seasonally (Paper Il

o Eastern Gulf of Finland, the aim was to reveal long-term patterns of
changing oxygen conditions and link these to changes in hydrographic
conditions, climate and nutrient loads.

A shallow bay separated with sills from the adjacent open sea areas with a fully mixed
water column in winter, but where the excess amount of nutrients and the limited
water exchange promote the development of seasonal hypoxia (Papers Il and IV)

o Gulf of Riga, the aim was to find the reasons for an exceptional hypoxic
event in 2018, predict whether such events could occur more often in
the future considering projected climate change, and analyze how short-
term variability influences assessment results.

Additional objectives included:

Testing and developing oxygen indicators to describe better the human-induced
impact on the status of the marine environment (Papers I, Il and Ill);

Highlighting the advantages of collecting high-resolution data for the assessment
of the environmental status of marine areas (Papers | and IV).
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2 MATERIAL AND METHODS

2.1 Basins

The Gulf of Finland (GOF) is an estuary-type sea area influenced by large freshwater
discharge, nutrient inputs and unrestricted connection to the adjacent open sea areas.
The environmental status of the gulf regarding eutrophication is not good (HELCOM,
2018), although the nutrient load to the gulf has significantly decreased since the 1980s
(Gustafsson et al., 2012). In the GOF, the deep-layer oxygen conditions are highly
dependent on the large runoff from river Neva in the east and the lateral east-west
movement of more saline and deoxygenated water originating from the Northern Baltic
Proper (NBP) (Fig. 1). On average, the outflow is dominating in the surface layer and the
inflow in the subsurface layers. Under N-NE wind influence, the NPB deep-water can
spread further towards the east as a compensation flow to the outflowing surface layer
(Elken et al., 2003; Lips et al., 2008), enlarging the hypoxic/anoxic bottom area (Liblik
et al., 2013, Paper I). Under prevailing SW winds, the hypoxic area is smaller and with
stronger westerlies, the salt wedge recedes even more towards the NBP (Liblik et al.,
2013; Lips et al., 2017). The sometimes-rapid changes in deep-layer DO concentrations
can be well observed with high-frequency continuous measurements (Paper 1), while
regular monitoring cannot describe the temporal development of such hypoxic/anoxic
events in detail.

1
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Figure 1. Simplified representation of an open-boundary basin on the Gulf of Finland example.
P — phosphorus. N, — nitrogen gas.

The GOR can be generalized as a shallow basin with restricted water exchange with
other sea areas. Nutrient inputs are high (HELCOM, 2022), and the gulf is influenced by
eutrophication. Water exchange with the adjacent deeper Eastern Gotland Basin (EGB)
occurs through the Irbe Strait (Astok et al., 1999; Petrov, 1979). The GOR is also
connected to the shallow Moonsund area in the north, but inflows from there are in
stratified conditions mostly arrested in the surface layer (Lips et al., 1995).
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Although the GOR is not very deep, a high oxygen consumption rate in the near-bottom
layer can lead to the development of hypoxia during the stratified season. Additional DO
flux by advection or vertical mixing is needed to hinder hypoxia development in the
central parts of the gulf. Advective DO flux appears when N-NE winds prevail, and upwelling
occurs along the eastern coast of the EGB, and the inflow through the Irbe Strait is more
saline than the GOR deep water and can spread along the bottom (Fig. 2) (Raudsepp &
Elken, 1995). Besides bringing more DO to the central parts of the gulf, such inflows
strengthen stratification and separate the bottom layer from the water column above.
Stronger winds from the SW direction can cause downwelling near the western side of
the Irbe Strait, which can promote the spread of buoyant sub-surface inflows when the
inflowing water is less saline than the GOR near-bottom water (Liblik et al., 2017). Such
buoyant inflows do not ventilate the gulf’s bottom areas.

EGB GOR 3 6 ’
) // s
,‘
h N> Heat flux River runoff
- p (nutrient inputs)
® o
\;Downwellingwith SW winds ® ®© Thermal stratification
Thermocline g ot

V.
Upwelling with N-NE //
winds

Halocline

Figure 2. Simplified representation of a semi-enclosed basin separated from the open sea by a sill
on the Gulf of Riga example. P — phosphorus. N, — nitrogen gas.

2.2 Nutrients

Elevated nutrient inputs to the Baltic Sea, although significantly reduced since the
1980-s, continue to affect the marine environment (Gustafsson et al., 2012; Murray
et al., 2019). Nitrogen (N) loads originate mostly from land-based sources and reach
the marine environment via rivers, direct inputs and the atmosphere. Primary
producers use N in inorganic forms originating from land or remineralized in the marine
environment. Cyanobacteria also fix nitrogen in the gaseous form (N:). Organic
nitrogen is remineralized through the process of nitrification in oxic conditions.
A nitrification-coupled process, denitrification, is a natural N-removal process, taking
place in the anoxic layer of the sediments (Carstensen et al., 2014b; Jantti & Hietanen,
2012). In the Baltic Sea, most of the nitrogen is removed through denitrification
(Carstensen et al., 2014b). When the entire sediment profile and bottom layer are
hypoxic, dissimilatory nitrate reduction to ammonium (DNRA) will reduce nitrate to
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ammonium. Hence, generally, hypoxic conditions support the switch from N-removal
(coupled nitrification-denitrification) to N-storage (DNRA) (Carstensen et al., 2014b).
In the GOF, the switch to N-storage happens when DO concentrations are around
3.4 mg L (Jantti & Hietanen, 2012).

Similarly to nitrogen, the phosphorus (P) cycle is also altered when hypoxic/anoxic
conditions prevail. In well oxygenated bottom areas, P is bound to sediments in the
organic form, iron oxide bound P, and in authigenic minerals (e.g., Kulinski et al., 2022).
When low oxygen conditions prevail, these highly volatile iron-bound P forms release
phosphorus back into the water column, where it is again available for primary producers
(Pitkdnen et al., 2001; van Helmond et al., 2020). Conley et al. (2002) showed that the
dissolved inorganic phosphorus (DIP) pools were correlated with the extent of hypoxic
areas in the Baltic Sea (including the GOF and GOR). Thus, considering the peculiarities
of the studied basins, the P release and availability in the GOF are probably significantly
influenced by the spread of low-oxygen waters from the NBP. In the GOR, the release of
P from sediments could be more influenced by the supply of organic matter from the
surface layer, local oxygen consumption and consequent near-bottom hypoxia.

2.3 Using oxygen to describe eutrophication levels

In HELCOM, an oxygen debt indicator (ODEBT) has been developed and applied in deeper
open sea areas where a permanent halocline exists (HELCOM, 2013). The idea is to
estimate the volume-specific amount of oxygen missing below the halocline. ‘Missing’
oxygen is found by subtracting the measured oxygen concentration (also taking into
account hydrogen sulfide as negative oxygen, if present) from the saturated oxygen
concentration, which is found using simultaneously measured temperature and salinity.
Since the oxygen debt is significantly influenced by sub-halocline advection, the Major
Baltic Inflows (MBI) have to be considered to assess the human-induced impacts.
A modified oxygen debt indicator was applied in Paper | —the oxygen debt was estimated
just below the halocline in the central GOF.

Besides estimating the ‘missing’ oxygen, another option is to estimate the amount of
DO consumed in the subsurface layer during the period of seasonal thermal stratification.
In Papers | and Il, DO consumption was calculated based on collected vertical oxygen
profiles and estimated oxygen fluxes due to advection and vertical diffusion. The diffusive
flux was estimated based on vertical gradients of DO and density and the advective flux,
using the relationship between DO concentration and salinity and the estimated change
in salinity due to advection. While the hydrographic conditions least influence this
indicator, it requires availability of vertical CTD and oxygen profiles with high enough
resolution in time. High-resolution profiler data and a suggestion that the seasonal
oxygen depletion in the intermediate layer between the thermocline and halocline is
mostly related to the local consumption (respiration) and less influenced by hydrographic
conditions have motivated to develop an oxygen consumption indicator for the
assessment of eutrophication status.

The most easily understandable way to describe DO conditions in a sea area is to
estimate the extent of waters or bottoms with low oxygen concentrations, as recently
analyzed by e.g. Kduts et al. (2021). For this, the depth where oxygen concentration falls
below the hypoxia threshold (DO = 2.0 mL L or 2.9 mg L%, Vaquer-Sunyer & Duarte,
2008) can be found and the area and volume of the low oxygen waters estimated (Paper
I and II). Similarly, other DO concentrations can be used to describe the extent of low DO
conditions. For the Eastern Gulf of Finland (EGOF, Paper lIl), DO = 6.0 mg L'! was selected
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because this concentration is shown to be a limit below what about 75% of fish will
experience stress due to low DO concentrations (Vaquer-Sunyer & Duarte, 2008).
Since the deep-layer oxygen conditions in the EGOF area are affected by the spread of
saline water from the west (Alenius et al., 1998), a method was developed (Paper Ill) to
minimize the influence of hydrography on indicator results in order to obtain estimates
mostly related to anthropogenic pressures (i.e. elevated nutrient inputs).

2.4 Data used in the study

The basis of the current study (and papers) is the oxygen data (with accompanying
salinity and temperature data). To describe more recent changes, CTD and water sample
data gathered on monitoring cruises were used (Table 2.1.). Historical data were
gathered from local (e.g. KESE) and international (e.g. ICES/HELCOM) databases to
characterize long-term variability and possible trends in selected parameters. To highlight
the advantages of high-resolution data, profiles from an autonomous profiler and time
series from a near-bottom sensor were used. To explain the reasons behind the changing
oxygen conditions, meteorological, river runoff, and nutrient load data were analyzed.
For describing the impact of hypoxia, data from water sample analysis of nutrient
concentrations were used.

Table 2.1. Data used in the study

Data type Source Parameters

Autonomous profiler and
point measurement data MSI T,S, DO
(Papers | and IV)

CTD and water samples
from r/v cruises (Papers |, MSI T,S, DO

I, and IV)

KESE, Latvian Environmental
monitoring databases, ICES/HELCOM

Historical and database, SeaDataNet, Finnish T 5 DO

environmental monitoring Environment Institute's national T

data (Papers I, Il and Ill) database Hertta, Gulf of Finland Year nutrients

database, Finnish Meteorological
Institute

net solar
Meteorology data (Papers Finnish Meteorological Institute, radiation, air
I, 1l, and V) ERAS dataset via Copernicus Services | T, wind speed,

wind direction

Latvian Environment, Geology and
River runoff data (Paper Il) Meteorology Center and Estonian runoff
Environment Agency
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3 RESULTS AND DISCUSSION

3.1 Long-term changes in deep-layer oxygen conditions

Changes in oxygen conditions in the aphotic water layer are influenced by oxygen
consumption (respiration, degradation of organic matter) and oxygen fluxes controlled
by physical processes (horizontal advection and vertical mixing) (e.g., Carstensen et al.,
2014a; Lips et al., 2017). Consumption rates depend on the availability/amount of
degradable organic matter (e.g., Conley et al., 2009; Conley & Johnstone, 1995).
Thus, respiration depends on primary production that is limited by other factors, e.g.
the availability of nutrients (Rabalais et al., 2009). Respiration and consumption rates
increase with rising temperature (Boesch et al., 2007). Also, a decrease in DO can be
caused by the increase in zooplankton biomass, as Meier et al. (2018) described in the
GOF. Horizontal advection depends on the openness of the basin and the forcing
regulating the water exchange, while diffusive fluxes are defined by vertical stratification
and the forcing driving turbulent mixing. The increase (decrease) in temperature
decreases (increases) oxygen solubility, meaning that water is able to hold less (more)
oxygen (Carstensen et al., 2014a).

Fonselius & Valderrama (2003) showed that, in general, during the 20" century, deep
and bottom water oxygen conditions have deteriorated in the central and northern
basins of the Baltic Sea. According to Carstensen et al. (2014a), hypoxic areas have
increased 10-fold from the beginning of the 20" century to 2012. Conley et al. (2011)
identified that the frequency of hypoxia (DO < 2 mg L™?) has increased in the coastal areas
from roughly 2% of the profiles exhibiting hypoxia in the 1960s to ~5% in 2009.
The present study has analyzed historical and monitoring data to reveal whether similar
trends are characteristic of the EGOF (Paper lll) and the GOR (Paper Il) and what are the
reasons for the observed changes in deep-layer oxygen conditions.

The long-term data from EGOF show that in 100+ years, oxygen conditions in the deep
layer have deteriorated with a DO decrease rate of -0.22 mg L per decade (Paper Ill).
The long-term trend for bottom water in the central Baltic Sea (station BY15, at 200m)
has a similar decrease rate of DO concentrations, approximately -0.36 mg L™ decade™
(Fonselius & Valderrama, 2003). While the deep layer of the central Baltic Sea is
oxygenated with MBIs, areas further north, including the GOF, see worsened oxygen
conditions approximately nine months after an MBI event, because the deoxygenated
water from the central Baltic Sea is pushed to more northerly positions (Liblik et al.,
2018). During periods of no MBIs, the central Baltic area can suffer from increased
hypoxic areas, as was observed in 1983-1993 (Lehmann et al. 2022). In the EGOF,
this period of stagnation manifested itself as a period of higher DO concentrations and
lower salinity in the subsurface layers (mid-1980s to mid-1990s, Fig. 3, Paper Ill). Such
stagnation occurred mostly due to larger than average freshwater inputs and stronger
than normal westerly winds (Lehmann et al., 2022; Meier & Kauker, 2003). Thus,
although the GOF suffered from large nutrient inputs, the weak stratification conditions
allowed for oxygen conditions to improve significantly (Laine et al., 2007).

Based on model data, Stockmayer & Lehmann (2023) found a -0.29 mg L decade™
decrease in DO concentrations in the GOF deeper area (~60m) for 1977-2018. Results
from the last three decades (1990-2021) show that the oxygen decline has been steeper
with a rate of -1.49 mg L™ decade™ (Fig. 3, Paper lll). This very high rate of the decrease
in DO concentrations is related to temporarily high DO concentrations in the EGOF deep
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layer in the late 1980s and early 1990s and the return of characteristic stratification
conditions in the late 1990s. In that sense, this result and the estimate by Stockmayer &
Lehmann (2023) agree, because the period covered in the latter study included a period
of increasing and then decreasing DO concentrations (Fig. 3). Thus, when a long-term DO
trend is reported, the period for which it is estimated has to be stressed to relate the
trend to the changes in driving forces or inputs.
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Figure 3. Oxygen (top) and salinity (bottom) values from 40-70m layer in the Eastern Gulf of Finland
in July-October of 1905-2021 and regression lines based on yearly mean values from 1905-2021
and 1990-2021 (Paper ).

In the Gulf of Riga, such large decadal-scale changes in salinity, which could influence
vertical stratification, are not observed because the shallow sill prevents sub-halocline
waters from entering the gulf, and the water column is fully mixed in winter. However,
a significant decreasing trend in DO concentrations in August was found for the 20-50m
layer from 1963 to 1990 (Berzinsh, 1995). Based on more recent data (2005-2018),
the trend in DO concentrations in the deep layer in August was insignificant, but a
significant decrease of -0.45 mg L' per year was found based on October-November data
(Paper II). This very steep DO decline (about four times bigger than the rate from the
second half of the 20™ century) could have a different explanation than simply the
deterioration of oxygen conditions due to eutrophication. The increasing surface water
temperatures and related prolonged stratified period (Wasmund et al., 2019) could be a
reason that more measurements in October-November recent years have captured the
near-bottom hypoxia because the autumn stratification collapse is delayed.
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3.2 Interpreting the oxygen variability and trends on different time-scales

3.2.1 Processes contributing to oxygen dynamics

It has been suggested that the decline in DO concentrations is largely influenced by
eutrophication (Carstensen et al., 2014a; Meier et al.,, 2019), but also by the
strengthening of the stratification (Lehtoranta et al., 2017; Liblik & Lips, 2019; Ma et al.,
2023; Vili et al., 2013) and temperature increase (e.g., Carstensen et al., 2014a). Water
temperature also defines the DO saturation concentration. During the stratified season,
the oxygen content in the deep layer is determined by oxygen consumption, the flux of
oxygen due to physical processes, and the length of the stratified period (e.g., Conley
et al., 2009; Lennartz et al., 2014). Thus, oxygen depletion compared to an initial state
(e.g. saturation concentration) in a sub-surface water mass of a basin is defined by the
amount of DO consumed by organic matter degradation and respiration, oxygen
advected to the area, and oxygen vertically diffused to the layer in question (Eq. 1; units
are mg L? per day, month or another period).

DOdepletion = Doconsumption - DOadvection - DOdiffusion (1)

If DO consumption is not measured directly, Eq. 1 can be used for its estimation, where
DO depletion is calculated based on consecutive oxygen measurements and DO
advection and diffusion are estimated based on registered vertical and horizontal
distributions of DO concentrations and other parameters. In the case of autumn-winter
convection, DO diffusion overrules all other terms on the right side of Eq. 1, but during a
stratified period, turbulent diffusive flux can be estimated using a simple gradient
formula, as

a

aDo
Fairr = —k >, where k = 5 (2)

the empirical intensity factor of turbulence («) is a constant (1.5 107 m? s2) and Véisila
frequency (N) is a measure of the vertical stratification strength

2_ _90°
N = po 0z (3)

To find the change in DO concentration due to diffusion (DOg;ffysion), diffusive flux
(Faifr) has to be multiplied by the surface area and divided by the volume of the water
layer. Thus, in the case of a near-bottom layer, the change depends on its thickness, while
in an intermediate layer, the difference in fluxes through the upper and lower borders and
the thickness are considered.

Characteristic values of DOy rysion for the intermediate layer 50-60 m in the GOF were
-0.16 mg L'* month™ (mean value in May-September 2016, Paper 1) and for the 9.5-12.0 m
thick bottom layer in the GOR 0.50-1.05 mg L™ month™ (estimates for April-August 2018,
Paper Il). A negative value in the GOF example indicates that DO was transported out of
the layer — the downward flux out of the layer was larger than the flux into the layer from
above.

To find the amount of DO advected to the area in question, the change in salinity due
to advection is estimated and a relationship between subsurface salinity and oxygen
concentrations is applied. In the subsurface layer in the GOF, the salinity advection
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(Sadvection) Was estimated based on the temporal change of salinity (Scpange) Minus the
salinity diffusion (Sg;¢fusion) (EQ. 4). This salinity advection was then multiplied by the
coefficient of the linear regression between salinity and oxygen (a) to get the oxygen
advection estimate (DO ggvection)-

Sadvection = Schange - Sdiffusion ; DOadvection = Sadvection *a (4)

The oxygen advection in the near-bottom layer in the GOR was estimated, assuming
that the water exchange mostly occurs via the Irbe Strait and it takes 1-1.5 months for
inflowing waters to reach the central gulf (Paper Il). Measured salinities in the inflowing
waters and near-bottom waters of the central GOR and the estimated change in salinity
due to diffusion allowed estimating the proportion (p) of inflowing waters in the
near-bottom water at the next time step. This proportion was used to estimate DO
change due to advection as

tz ty
S5 =S4i : -S
DOgavection = (Dolth - DO& * p; where p = (Sg1=Sdif fusion)=Sg1 (5)

t1 t1
S1147561

and where t; and t, are the consecutive time steps of monitoring and 114 and G1 denote
monitoring stations in the Irbe Strait and the central GOR, respectively (see Fig. 1, Paper ).

The average DO advection was estimated at 0.28 mg L™ month™ to the intermediate
layer 50-60 m in the GOF (May-September 2016, Paper I) and 0.80 mg L™ month™ to the
near-bottom layer in the GOR (April-August 2018, Paper ).

Considering the measured oxygen depletion of 0.70 mg L™ month™ and the estimated
advection and diffusion, DO in the intermediate layer of 50-60 m in the central GOF was
consumed on average by 0.82 mg L! month? in the summer of 2016 (Paper I).
In the ~10 m thick near-bottom layer of the GOR, the mean consumption value of
3.79 mg L't month™ was found in April-August 2018 (Paper II).

The proportions of advection and diffusion are quite similar in both basins compared
to the consumption rates. However, in the intermediate layer of the GOF, diffusion
lowers the DO concentrations since oxygen is being diffused out of the layer to deeper
areas faster than brought into this layer from above. In the GOR near-bottom layer,
the diffusion process brings more DO to the near-bottom layer and, therefore,
counteracts the consumption. Based on some previous studies, the consumption rates
in the Baltic Sea are estimated at 0.25 mg L'! month? (> 62m in the Baltic Proper in
1957-1982; Rahm 1987), 1.29 mg L'* month (in Oresund in 1965-1989; Mattsson and
Stigebrandt 1993), and 0.51 mg L' month™ (> 65m in the Bornholm Basin 1957-2011;
Stigebrandt and Kalén 2013). Thus, the GOF intermediate layer estimates form the
present study are comparable with the earlier studies, while the near-bottom layer GOR
estimates are significantly larger. The latter could be related to the higher consumption
rates at the sediment surface than in the water column.

3.2.2 The drivers of long-term changes in the Eastern Gulf of Finland

The temporal aspect should always be considered when interpreting the observed
long-term changes in oxygen conditions. In the Baltic Sea, hydrographic conditions
change on the scale of a few decades (Lehmann et al., 2022). The cooccurring trends or
oscillations of salinity and oxygen have been observed in the central Baltic (Fonselius &
Valderrama, 2003) and in the GOF (Stockmayer & Lehmann, 2023). Similar patterns were
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shown in the eastern GOF, using long-term data since the early 1900s (Paper IlI).
The significant negative correlation of oxygen and salinity in the 40-70m layer (Fig. 4)
expressed in the opposite oscillatory long-term variability in oxygen and salinity (Fig. 3)
supports the idea that low oxygen conditions in the EGOF sub-surface layer are strongly
affected by changes in hydrography (Paper Ill). Considering the changes of stratification
in the GOF area during the last 30-35 years (Paper lll, Liblik & Lips, 2019) and the missing
correlation between nutrient inputs and oxygen conditions for this period (Paper lll),
it can be suggested that the decreasing DO concentrations in the time-frame of a few
recent decades have been more influenced by the changes in hydrographic conditions
than eutrophication.
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Figure 4. Scatter plot and linear regression (y = 1.42x + 16.33, R? =0.21, p-value < 0.01, N = 70) line
between salinity and oxygen in July-October in the 40-70m layer of the Eastern Gulf of Finland in
1905-2021. Regression line is shown by the red solid line; red dashed lines indicate the ranges of
the 95% confidence level (Paper Ill).

In the Western Gulf of Finland, the deep layer DO conditions are more controlled by
the lateral movements of the salt wedge compared to the EGOF since further east, the
halocline is not strong and winter mixing could improve oxygen conditions. But there are
occasions, when strong westerlies can cause the wintertime collapse of stratification also
in the west (Liblik et al., 2013; Lips et al., 2017).

In the long term (1905-2021), salinity has no visible trend in the EGOF, and thus the
deteriorating oxygen conditions cannot be explained by the influence of the changes in
hydrographic conditions (Paper lll). Considering the estimated proportion of the DO
solubility decrease of 26% in the total DO decline since the early 1900s, the other factors
(e.g. nutrient inputs, intensification of oxygen consumption due to the temperature
increase) should have caused the rest of the decrease in DO concentrations. It is
suggested that with the temperature increase of 0.78 °C in the deep water, respiration
could increase by 29% (Bothnian Sea, 1992-2012, Ahlgren et al., 2017). Studies in the
Chesapeake Bay have suggested that the observed increase in the hypoxic area due to
climate warming can be assigned to the changes in DO solubility (55%), biological rates
(33%) and stratification (11%) (Tian et al., 2022). More recently (in the last 30 years),
when a clear salinity increase is evident in the sub-surface layer, the changes in
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hydrographic conditions account for 22% (12-32%) of the DO decline (Paper llI).
Assuming a 17% DO solubility decrease, the proportion of other effects contributing to
the DO decrease is almost the same in the last 30 years as in the long-term (Paper Il1).

3.2.3 Physical processes influencing hypoxia occurrence in the Gulf of Riga

In the sill separated relatively shallow GOR, the water column gets mixed to the bottom
in winter, similarly to the EGOF. However, during the productive (stratified) season,
inflows from the Eastern Gotland Basin via the Irbe Strait (Lilover et al., 1998; Skudra &
Lips, 2017) can bring additional oxygen into the GOR deep layer. It has been shown that
northernly winds can induce upwelling near the Irbe Strait, forcing the inflows (Raudsepp
& Kouts, 2001). The wind influenced spreading of oxygenated and more saline water
through the Irbe Strait is well demonstrated using May to July section data from 2018
(Paper Il). In Fig. 5, a decrease in the cumulative wind stress and negative values in the
wind stress denote the N-NE winds and in Fig 6, an inflow over the sill is well seen. These
inflows bring more oxygen to the central GOR, but also strengthen the haline
stratification of the deep layer. Thus, the inflows can decrease vertical mixing and
promote the decline of DO concentrations (Paper Il). Also, a proportion of the inflowed
oxygen gets consumed and mixed already on the way to the central area, which
decreases the ventilation effects notably (Paper IV). If a relatively thin-layered stratification
develops, oxygen is depleted faster (Paper Il), since most of the consumption takes place
on the sediment surface (Boynton et al., 2018).

Also, when the stratified season is longer than usual, low oxygen conditions can
prevail, even when there is no distinct stratification in the deep layer (Paper Il). For
example, the lack of a strong deep layer stratification was observed in 2015 in the GOR
that could be a result of no inflows in the summer. Estimating the diffusive flux and
considering a similar consumption rate as in 2018, it was shown that hypoxia could have
developed in the central gulf by late October, 2015, which was also proved by
observations. On the other hand, when wind forcing and temperature follow the
long-term averages, the deep layer oxygen conditions remain above hypoxic levels
(Fig. 7, Paper IlI). For example, in 2017, when no hypoxia was detected, the air
temperatures were close to long-term means and the thermal stratification was not
enhanced. Also, no strong N-NE wind events were observed early in the productive
season, which could have separated the NBL from the water column above as in 2018.
It is suggested that in the co-occurrence of certain forcing factors/conditions the
probability of hypoxia occurrences in the gulf increases.
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Figure 5. Time series of along-coast (NNE-SSW) component of wind stress tune (solid black line) and
cumulative wind stress in 2018 (solid red line, 6 h moving average is shown). Average cumulative
wind stress curve for 1979-2018 is shown in black dashed line. Data were extracted from the ERAS
grid point outside the gulf of Riga (see Fig. 1, Paper Il).
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Figure 6. Vertical sections of oxygen saturation (top) and salinity (bottom) on 30 May (left) and 11
July (right) (Paper Il).
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Figure 7. Vertical profiles of dissolved oxygen concentration (top) and salinity (bottom) measured
in the Ruhnu Deep (station G1) in 2017 (left) and 2018 (right) (Paper II).

3.2.4 High-resolution oxygen variability

Although the seasonal decline in oxygen conditions can be determined using sparse
regular monitoring data, the short-term variability in DO concentrations is only
revealed when using high-frequency monitoring data (Fig. 8, Paper | and 1V).
Short-term variability can be divided into changes on a synoptic scale (ranging from
a day to a week) and occurring in a few hours to days (Paper IV). An example of a
synoptic scale variability was observed in the GOR starting from 29 August 2021 and
lasting a few days, where a strong SW wind event enhanced vertical mixing and
caused the simultaneous salinity decrease and oxygen increase in the deep layer
(Paper IV). Changes happening from hours to days were described as being
influenced by e.g., inertial oscillations and pycnocline movements (Paper IV).

Since DO concentrations are shown to change rapidly (Paper I, V), it is important
to keep it in mind when estimating the status, based on oxygen. Based on the
high-resolution measurements, the monthly standard deviations of DO concentrations
ranged from 0.67 to 2.82 mg L', and the estimated consumption rates between 1.20
to 3.33 mg L't month™L. It is concluded that when estimating DO consumption rates
based on single measurements apart a month, the error could be > 50% (Paper V).
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Figure 8. Temporal variability of vertical distributions of dissolved oxygen concentrations at the Keri
bottom-mounted station in the GOF in 2016 and 2017. The yellow line shows the hypoxic
(DO = 2.9 mg L) boundary (Paper ).

3.3 Oxygen-based indicators for assessing eutrophication status

Baltic Sea countries have agreed a harmonized system to assess the status of the marine
environment in order to devise measures to tackle eutrophication related negative
anthropogenic effects. This MSFD (2008/56/EC) derived assessment system, focuses
on nutrients, chlorophyll-a levels, cyanobacterial blooms, water transparency, and
near-bottom oxygen conditions and/or bottom fauna.

In the HELCOM holistic assessments before HOLAS lll, oxygen conditions were only
assessed in deeper open sea basins, where a permanent halocline exists. But the work to
develop additional indicators that could be also applied in shallower areas was ongoing
and for the third holistic assessment, some pre-core oxygen indicators were proposed
(e.g., Paper Ill).

3.3.1 Oxygen debt

In Paper |, the oxygen debt indicator was tested with modified methods to better suit the
GOF area. Originally, the oxygen debt indicator was calculated as the volume-based
average of missing oxygen relative to the fully saturated water column below the
halocline, using data from the entire year in EGB, NBP and GOF (HELCOM, 2013). Since
the halocline could be weak or even absent in winter in the GOF (Liblik et al., 2013; Lips
et al., 2017), it was suggested to assess the GOF separately and use data only from the
stratified season (Paper 1). For instance, in the beginning of March 2016, halocline was
very deep in the central GOF, and the oxygen debt values were quite low, indicating
strong vertical mixing and a westward movement of the salt wedge during the preceding
winter (Paper 1). This also suggests to reconsider the uniform threshold value of the
indicator in all central basins of the Baltic Sea and GOF.

Another option is to assess oxygen debt just below the halocline, making the use of a
single threshold more reasonable (Paper 1). The May-October average oxygen debt value
in the central GOF immediately below the halocline was 11.3 mg L in 2016 and
11.6 mg L'l in 2017 (Paper 1). Despite the shallower position of the halocline and larger
area with low-oxygen waters in 2016 than in 2017, the proposed method of calculating
oxygen debt gave similar results for both years. In the last HELCOM assessment, the Baltic
Proper assessment unit (which includes the GOF) results for 2016 and 2017 were
12.95 mg L and 12.49 mg L%, respectively (HELCOM, 2023c). Thus, the proposed
approach of considering the oxygen debt just below the halocline minimizes the impact
of changes in hydrographic conditions.
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3.3.2 Oxygen consumption

The decrease in DO concentrations due to eutrophication can be assessed by estimating
the amount of oxygen consumed in the water column during a given period —a month
or a season. DO consumption was estimated in the water layer between the seasonal
thermocline and halocline in the GOF (Paper I) and in the near-bottom layer of the GOR
(Paper II). The confidence of the estimated amounts of consumed DO depends on the
availability of oxygen data and adequacy of the methods of calculating advection and
diffusion fluxes.

The consumption estimates in the intermediate layer of the GOF in May-September
were 0.82 mg L' month? and 0.31 mg L month? for 2016 and 2017, respectively
(Paper I). Based on the 2016 estimates, about 35% of DO consumed was advected into
the area. Vertical diffusion contributed to oxygen depletion — amounting to about 20%
of DO consumption. In 2017, these proportions of advection and diffusion were equal for
the same period in 2016. However, when calculating the advection impact using the
relationship between oxygen and salinity, consumption estimates could be biased when
a unidirectional flow prevails in the selected sub-surface layer (Paper I).

For the GOR near-bottom layer, an average consumption rate of 3.79 mg L't month
was found in 2018. Diffusion and advection did have a similar impact, both bringing, on
average, ~20% of the DO consumed (Paper Il). This result is higher than the estimates for
the Baltic Proper (Koop et al., 1990) and the Gulf of Finland (Conley et al., 1997). It is
found, that consumption rates have accelerated recently in the Baltic Proper area due to
the increase in organic matter in the ventilating water originating from the surface (Meier
et al., 2018). However, the main reason of the estimated high consumption rate in the
near-bottom layer of the GOR could be related to the intense consumption at the
sediment surface (Boynton et al., 2018).

3.3.3 The extent of low oxygen water

Considering the strong correlation between salinity and oxygen in the GOF (Papers | and
Il1), a method was proposed to reduce the impact of changes in hydrographic conditions
on the oxygen-based status assessments. For this, the measured oxygen values were
adjusted, considering the salinity differences in the reference and the assessment
periods. The developed indicator results showed a decrease in area/volume estimates in
the EGOF, when measured salinities were higher than in the reference period (Paper Ill).
For example, in 2016-2021, the volume of water with DO <= 6 mg L™t was 16.0% of the
total EGOF volume, but using the salinity correction method, the estimate was 13.4%.

The suggested method assumed a linear relationship between salinity and oxygen,
although this would not be the case when considerable weakening or even a collapse of
the stratification occurs. Therefore the proposed method does not remove the potential
hydrographic effects completely, which is well observed (Paper Ill) in a weakly stratified
period from the mid-1980s to the mid-1990s (Liblik & Lips, 2011). During this period,
the vertical mixing was intense enough to mask the eutrophication effects in the
near-bottom layer. Thus, the applied approach is applicable within certain limits of
characteristic stratification conditions in this estuary (and other similar sub-basins).

The extent of low-oxygen waters, e.g., the area influenced by hypoxic conditions, can
be estimated using high-resolution autonomous measurements. It was tested whether
the autonomous profiling station Keri, which has the central position in the GoF (see Fig.
1, Paper 1), can be used to represent the entire gulf (Paper I). An along-gulf inclination of
the hypoxic border of 1.9 m per 100 km was found based on the ship-borne vertical
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profiles of DO covering almost the entire deep part of the gulf. It was shown that the
area and volume estimates of hypoxic waters using Keri data differed only by < 2 % and
< 0.5 %, respectively, if the estimates were made assuming an inclined or a levelled
hypoxia border (Paper I). Although these hypoxic area and volume estimates are not
directly applicable as a eutrophication indicator, since other factors also influence oxygen
conditions, they are very valuable and offer the opportunity to assess the temporal
extent of hypoxia/anoxia influencing bottom fauna and the phosphorus fluxes.

3.4 Considering future projections

Future projections see increased air temperatures in the Baltic Sea area, especially in the
northern part (Meier et al., 2022). Increasing temperatures affect the precipitation/river
runoff regime, strengthen stratification and decrease DO solubility, and thus, can
influence the extent of hypoxia (Almroth-Rosell et al., 2021; Meier et al., 2011).
Precipitation is expected to increase in the whole Baltic Sea catchment area in winter and
spring and also in summer in the northern areas (Christensen et al., 2022). The expected
increase in wintertime runoff, due to intermittent melting (Stonevicius et al., 2017),
would bring more nutrients and organic matter to the sea (Yurkovskis, 2004). It was
suggested that the exceptionally large runoff values influence the development of
hypoxia in the GOR, by bringing more nutrients to the gulf (Paper Il). Although the
decrease in riverine nutrient inputs could lead to reduced nutrient conditions in the
marine environment (Friedland et al., 2021), the increase in water temperature can
counteract the nutrient load reduction measures (Meier et al., 2012).

The projected strengthening of vertical stratification is influenced by the increase in
sea surface temperatures (Groger et al., 2019; Meier & Saraiva, 2020; Saraiva et al.,
2019). In Paper Il, the occurrence of a strong thermal stratification was suggested to be
one of the factors favoring the development of hypoxia in the GOR.

Wind projections in the Baltic Sea area are uncertain (Christensen et al., 2015), but a
slight decrease in wind speed is expected (Ruosteenoja et al., 2019), which would reduce
vertical mixing and enhance stratification even more (Paper Il).

Considering all the projected changes, mostly related to temperature (and runoff)
increase, the increase and severity of low oxygen conditions in the deeper areas of
stratified estuaries could be expected until the effect of nutrient decreases becomes
evident. The latter is a delayed process, especially when considering the internal input of
phosphorus. Du et al. (2018) suggested that the climate change affected worsened
physical conditions in the Chesapeake Bay will amplify the eutrophication related
human-induced adverse effects, and thus further reduction of nutrient inputs is needed to
improve water quality. According to the latest HELCOM assessments, the nutrient inputs
have decreased in most of the sub-basins (with the exception of total nitrogen in the GOR)
(HELCOM, 2023b). Although the inputs have mostly decreased, the surface layer
concentrations of nutrients do not always exhibit a correlating response. The majority of
central and northern basins of the Baltic Sea, including the GOF and GOR, show a
statistically significant increase in surface layer phosphates (HELCOM, 2023a). In the
central GOR, the increase in phosphate concentrations with the development of hypoxia
was observed in the near-bottom layer in 2018 from spring to late summer (Paper II).
The sediment release of phosphates, estimated at up to 13.5 pmol m? h, was large
enough to maintain the observed increase in concentrations, despite the physical
processes (advection and diffusion) counteracting this flux. The obtained estimate of the
sediment release of phosphates is similar to earlier studies done in the GOR (Aigars et al.,
2015; Eglite et al., 2014) and the GOF (Pitkanen et al., 2001).
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4 CONCLUSIONS

The historical excess amounts of nutrient inputs, although decreased nowadays, still
influence the eutrophication status of marine areas due to accumulation in the
environment and the changing nutrient cycles in the sea, e.g. the internal load of
phosphates. Climate change, together with eutrophication, can have even more
deteriorating effects on the marine environment.

A good indication of the level of marine eutrophication is the oxygen content below the
euphotic layer. With more nutrient inputs and increased primary production, the oxygen
content in the deeper layer decreases due to enhanced respiration and degradation
processes, which can be referred to as consumption. Increasing temperature affects the
oxygen content by decreasing the water’s ability to hold oxygen and strengthening thermal
stratification that restricts vertical mixing. Also, the increasing temperature enhances the
respiration rates, thus contributing even more to the decreasing oxygen concentrations.

Physical processes, such as lateral advection and vertical diffusion, also influence oxygen
content in the aphotic layer. In the case of strong stratification, the deep layer is separated
from the water column above, and less oxygen can be brought to deeper areas. In certain
wind conditions, oxygen conditions can be improved or deteriorated. For instance, in the
Gulf of Finland, SW winds support the westward movement of the deoxygenated salt
wedge, thus locally improving near-bottom (deep-layer) oxygen conditions. N-NE winds,
however, support the up-estuary movement of the salt wedge in the Gulf of Finland. In the
Gulf of Riga, northerly winds cause the inflow of saltier water from the Northern Baltic
Proper, bringing oxygenated waters to the gulf’'s deep layer, but also strengthening the
stratification, decreasing the vertical oxygen flux and increasing the probability of hypoxia
occurrences.

Long-term data from this study show that oxygen concentrations have decreased in the
Eastern Gulf of Finland since the early 1900s. Oxygen decline has been even more steep in
recent decades. In the Eastern Gulf of Finland, the observed oxygen decline on a ~100-year
scale cannot be explained by the changes in hydrographic conditions. Temperature
increase effects, including the decrease in oxygen saturation concentration and the
increase in respiration rate, contributed roughly 50% to this long-term oxygen decline.
In the last ~30 years, the changes in hydrographic conditions, seen as the increased
deep-layer salinity, and the temperature effects could together contribute roughly the
same proportion to the oxygen decline as in the long term. Thus, the effect of other factors
(including eutrophication) contributing to the oxygen decline has recently been almost the
same as well.

In the Gulf of Riga, a decline in oxygen conditions was shown in earlier works, and a
further decrease in near-bottom oxygen in autumn was revealed in this study. The latter
could be related to the prolonged season with the stratified water column in recent years.
It was suggested that the co-occurrence of certain conditions increases the probability of
hypoxia occurrences in the gulf. Increased temperature in the surface layer in summer
enhances thermal stratification, near-bottom inflows separate the bottom layer from the
layers above, and large river runoff before the productive season brings more nutrients —
all these factors contribute to the oxygen decline. The aforementioned factors influence
oxygen conditions on a longer time scale, but oxygen variability also depends on short-term
processes, e.g., inertial oscillations, (sub)mesoscale processes, deep layer currents, and
pycnocline movements, which can change the conditions for a few hours or even days.
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To assess the eutrophication status of the marine environment, oxygen-based
indicators are developed. These indicators should concentrate on the proportion of
anthropogenic impacts on the oxygen decline. For instance, oxygen consumption (rate)
in the sub-surface layers can be used as a eutrophication proxy. It can be assessed by
monitoring oxygen depletion and estimating the contribution of physical processes
(diffusion and advection) to the changes in oxygen content. The effect of diffusion and
advection on the changes in oxygen concentrations during the productive season in the
Gulf of Finland and the Gulf of Riga had a similar contribution, which was roughly 20% of
the change due to consumption.

Advection estimates in the Gulf of Riga rely on the assumption that throughout the
assessment period, some degree of lateral inflow to the gulf’s central area occurs via the
Irbe Strait. Based on the Gulf of Riga consumption rate estimates, it is concluded that in
conditions of weaker stratification but longer stratified season, near-bottom hypoxia can
still develop. The observed inflow events through the Irbe Strait only slightly ventilated
the low-oxygen conditions in the central Gulf of Riga, because mixing with the oxygen-
depleted water of Gulf of Riga and local consumption decreased the nearly saturated
inflow water to only slightly higher levels than observed in the central gulf.

Another option is to use the oxygen debt indicator, which can be applied in an area
with a permanent halocline. In the shallower Eastern Gulf of Finland, an approach was
developed to remove the influence of changing hydrographic conditions on the status
assessment results. The analysis showed that in periods of relatively strong vertical
stratification, the method reduces the hydrography effect on the assessment result.
However, in periods of very weak stratification, deep-layer oxygen conditions are not the
best indication of eutrophication status.

Whatever approach is used to assess the eutrophication status, an effort has to be
made to remove the natural variations from the assessment results. Also, there is a
strong need for high-frequency measurements due to the high temporal variability of
oxygen conditions. It was suggested that regular monitoring conducted on a monthly or
bi-monthly basis could have an assessment error of 50%.

Considering the future climate change projections, it is anticipated that the frequency
and extent of hypoxia will likely increase. Also, since the internal load of phosphorus is
linked to near-bottom oxygen conditions, this scenario does not predict a fast decrease
in nutrient concentrations.
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Abstract
Changing subsurface oxygen conditions in the Baltic Sea
basins — analysing the drivers at different temporal scales

The wide use of fertilizers and husbandry developments have resulted in excess inputs
of nutrients to the sea, which have a detrimental effect on the marine environment
through increased eutrophication. A way to keep track of the advancements in managing
human influence on marine environment is to assess the status of the sea by describing
the pressures and state of the environment. Eutrophication manifests itself through
increased nutrient concentrations and primary production, enhanced respiration and
degradation processes, decreased water transparency and bottom fauna
abundance/distribution, and declining oxygen levels. The eutrophication related harmful
effects on the environment can be further exacerbated through climate change.

The main objective of this study was to describe the variability of oxygen
concentrations in the subsurface and near-bottom layers of the Gulf of Finland and the
Gulf of Riga at different time scales and explain the reasons behind the observed
changes. For this, historical data, and more recent CTD data of oxygen, salinity, and
temperature were used. Additional objectives included testing and developing oxygen
indicators to describe the anthropogenic impact on the status of the marine
environment. Also, the advantages of collecting high-resolution data for the assessment
of the environmental status of marine areas were highlighted using autonomously
gathered data.

Since there is no primary production below the euphotic layer, the oxygen content in
the aphotic layer is influenced by the amount of oxygen consumed and physical
processes, such as lateral advection and vertical diffusion. For instance, the oxygen
conditions in the deep layer of the Gulf of Finland are influenced by the east-west
movement of the deoxygenated salt-wedge, forced by prevailing wind. The data from
100+ years, show that in long-term, hydrographic conditions and related contribution to
the oxygen decrease in the Eastern Gulf of Finland have not changed, although patterns
of decadal change are visible. The long-term decline in oxygen is fueled by climate change
and eutrophication. More recent data, from the last 30+ years, suggest the increase of
hydrography influence in the deep layer oxygen decrease. Considering the climate
change effects related to the temperature increase, the effects of other factors, e.g.
eutrophication, have decreased recently.

Deep layer advection affects also the stratification strength, which has an influence
on the vertical transport of oxygen. Stratification is enhanced with increased
temperature in the surface layer and river runoff. In the Gulf of Riga, exceptional hypoxic
conditions were observed with the co-occurrence of several forcing factors — an inflow
of saltier waters in spring that created deep layer stratification, enhanced thermal
stratification, and increased river runoff in previous autumn/winter. The found
consumption rate suggests that even with a weaker but longer stratified period hypoxia
can also develop. But when forcing factors follow the long-term average values, low
oxygen conditions are not observed. Future projections, mainly temperature increase,
favor the increase in hypoxia occurrences. The increasing low-oxygen events affect the
nutrient cycles, e.g. promote the phosphate release from sediments, which in turn
counteracts the nutrient reduction efforts.

To get the measure of eutrophication, oxygen-based indicators are developed.
A HELCOM oxygen debt indicator is applied in basins with a permanent halocline.
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The assessments based on the latter indicator could benefit from some suggested
changes, including the separation of the assessment area to smaller basins, and the use
of oxygen debt values at the halocline base (versus the volume-averaged oxygen debt
below the halocline). Another option is to estimate the amount of oxygen consumed in
a sub-surface or near-bottom layer, which is directly related to organic matter production
in a sea area. The changes in oxygen concentrations are also affected by the amount of
oxygen brought to the area or moved away from the area. These processes can be
quantified by estimating oxygen advection and diffusion. In the Gulf of Finland and the
Gulf of Riga, both, advection and diffusion had approximately the same proportion in
comparison to the consumption estimates. In the intermediate layer of the Gulf of
Finland, more oxygen was leaving the layer in question through the lower boundary
compared to the amount brought into the layer from the water column above. In the
Gulf of Riga, oxygen was brought to the deep layer from the water above due to diffusion.
This approach requires high-resolution temporal and spatial data. Some reservations in
the advection and diffusion estimates have to be kept in mind when estimating the
consumption rates.

In a shallower open sea area, where the oxygen debt indicator cannot be applied,
another approach is needed. The results from the Eastern Gulf of Finland showed that
compared to the beginning of 1900s, the low-oxygen area has increased significantly.
The observed fluctuations in oxygen conditions were partly smoothed out when the
developed approach to minimize the hydrography influence was applied. But still, this
approach has a limitation in weakly stratified periods.

Whatever approach is used for estimating the human-induced influence on the marine
environment, the natural variability has to be excluded from the assessments. Also,
considering the sparse monitoring practices, it has to be kept in mind, that the error in
status assessments could be over 50%. To improve the confidence of status assessments,
the deployment of autonomous high-frequency measurement systems is crucial.
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Lihikokkuvote

Pinna-aluste hapnikutingimuste muutused Laanemere
alambasseinides — erinevatel ajaskaaladel mdju avaldavate
tegurite analiiiis

Liigsest toitainete koormusest tingitud eutrofeerumine kahjustab merekeskkonna
seisundit. Majandamaks merekeskkonnale avalduvat inimmdju hinnatakse merele
mojuvaid surveid ja mere seisundit. Eutrofeerumine kui selline, avaldub eelk&ige labi
suurenenud toitainete koormuste/sisalduste. Eutrofeerumise tulemusena suureneb
primaarproduktsioon ja erinevad hapniku tarbimisega seotud protsessid (nagu naiteks
hingamine ja orgaanilise materjali lagundamine) muutuvad intensiivsemaks. Rohkema
orgaanilise materjali tottu vaheneb vee labipaistvus ja orgaanika settimisel veekogu
pohja tarbitakse sealset hapnikku, mille tulemusena voib tekkida hapniku vaegus
(hiipoksia) voi puudus (anoksia). Kliimamuutustest tingitud mdjud, eelk&ige
temperatuuri t6us, vdivad veelgi slvendada eutrofeerumise tagajarjel tekkinud
kahjulikke mdjusid.

Kaesoleva t66 eesmark oli kirjeldada hapnikutingimuste varieeruvust pinna-aluses
(Soome lahe naitel) ja pohja-lahedases (Soome lahe ja Liivi lahe néitel) kihis erinevatel
ajaskaaladel ja anallilisida taheldatud muutuste pShjuseid. Selle jaoks kasutati ajaloolisi
ja viimasel ajal CTD sondide abil kogutud andmeid hapniku, soolsuse ja temperatuuri
jaotuse kohta. Uheks tdiendavaks eesmirgiks oli vilja tddtada madalale merele
rakendatav hapniku indikaator, mis hindaks peamiselt antropogeense survega seotud
mojusid. Lisaks, kirjeldati autonoomsete profileerijate poolt kogutud korge
resolutsiooniga andmete eeliseid ja nende rakendamise vajadust keskkonnaseisundi
hindamisel.

Hapnikutingimused afootses kihis, kus ei esine produktsiooni, sdltuvad tarbimise
madrast ja fUUsikalistest protsessidest, nagu naiteks advektsioon ja difusioon. Soome
lahe stgavama kihi hapniku tingimused on suuresti mdjutatud Ava-Lddnemere
pbhjabasseinist pdrineva hapnikuvaese ja soolasema veekihi ida-lddne suunalisest
lilkumisest, mis omakorda sOltub valitsevatest tuultest. Pikaaegsed andmed, enam kui
100 aastast, naitavad, et pikal ajaskaalal ei ole hidrograafilised tingimused ja seotud
hapnikutingimused Soome lahe idaosas olulised muutunud, kuid muutused skaalal paar
aastakiimmet on maérgatavad. Ajalooline hapnikulangus pd&hjakihis on suures osas
mojutatud kliimamuutustega seotud temperatuuri tdusust ja eutrofeerumisest. Viimase
30 aasta jooksul on aga pdhjalahedase kihi soolsuse kasv (st. et hapnikuvaesem soolakeel
ulatub jarjest kaugemale idapoole ja stratifikatsioon on tugevnenud) m&jutanud hapniku
sisalduse vahenemist ~25-47% kogu selle muutustest. Arvestades ~40% kliimamuutuste
mdjuga vOib vaita, et eutrofeerumise ja muude faktorite osakaal hapniku vdhenemises
on praegusel ajal vaiksem kui pikal ajaskaalal (100 aastat).

Lisaks otseselt hapniku transpordile, modjutab pdhjakihi advektsioon ka
stratifikatsiooni, mis omakorda mdjub hapniku vertikaalset voogu. Pinnakihi
stratifikatsioon on md&jutatud temperatuurist ja mageda vee sissevoolust. Liivi lahes
registreeriti erakordsed hipoksilised tingimused, mis olid tingitud mitme mdjufaktori
kokkulangemisest. Hipoksia areng oli tingitud varasemast ja tugevamast pdhjakihi
stratifikatsioonist (sh 6hemast pdhjakihist), kdrgemast temperatuurist ja suuremast joe
sissevoolust produktsiooniperioodile eelnenud sligistalvel. Hinnatud hapnikutarbimise
madra pohjal leiti, et ka nérgema stratifikatsiooniga, aga pikema stratifitseeritud
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perioodiga vdib tekkida lahe keskosas hapnikuvaegus. Kui aga m&jutavad faktorid, nagu
temperatuur, stratifikatsioon ja mageda vee sissevool, jdrgivad pikaajalist keskmist
sesoonset kdiku, siis hlipoksiat suure tGendosusega ei teki. Arvestades kliimamuutuste
prognoosi, sh prognoositud temperatuuri tousu, vGib oodata sarnaste hiipoksiliste
tingimuste kordumise sagenemist tulevikus. Hipoksiliste siindmuste kordumine mg&jutab
ka toitainete ringlust, sh vGib viia setetest fosfaatide vabanemise suurenemisele, mis
omakorda pérsib rakendatud toitainete koormuse vdhendamise meetmete
tulemuslikkust.

Hindamaks mere keskkonnaseisundit eutrofeerumise vallas on vilja to6tatud
erinevaid hapniku indikaatoreid. HELCOMis rakendatav hapnikuvdla indikaator on
kasutatav ainult pusiva halokliiniga merealadel. Nimetatud indikaatori hinnanguid saaks
potentsiaalselt parandada kui rakendada seda eraldi nt Soome lahele ja kasutades ainult
halokliini aluse punkti vaartusi. Teine vdimalus seisundi kirjeldamiseks on hinnata
tarbimise maara pinnaaluses vGi pGhjaldhedases kihis. Hapniku tarbimine sdltub mh ka
juurde toodud voi dra viidud hapniku hulgast, mida saab kvantifitseerida labi
advektsiooni ja difusiooni hinnangute. Soome lahe ja Liivi lahe naitel on difusiooni ja
advektsiooni hinnangud vorreldes tarbimise hinnangutega samades proportsioonides.
Tarbimise hinnangu usaldusvaarsus ja kvaliteet soltuvad advektsiooni ja difusiooni
hinnangutest, mistottu vajab nimetatud Idhenemine kérglahutuslikke andmeid.

Madalama mere jaoks, kus ei saa kasutada hapnikuvdla indikaatorit, on vaja
teistsugust lahenemist. Soome lahe idaosa andmeanaliils néitas, et viimase 100+ aasta
jooksul on madala hapnikuga ala oluliselt suurenenud. Arvestades hapnikutingimuste
soltuvust hiidrograafiast, tootati vdlja mitte-antropogeenseid mdjutusi minimeeriv
indikaator. Antud indikaator parandas seisundihinnangu tulemusi (v8rreldes reaalsete
hapnikutingimustega) juhul kui hinnanguperioodil oli siigavama kihi soolsus suurem kui
referentsperioodil. Antud indikaatorit ei saa kasutada ndérga stratifikatsiooni korral, kuna
siis ei tdheldata kontsentratsioone, mis on valitud madalate hapnikutingimuste
iseloomustamiseks.

Mis iganes indikaator valida eutrofeerumise seisundi hinnanguteks, peab see
peegeldama ainult antropogeenset mdju merekeskkonnale. Lisaks, lahtuvalt vahese
sagedusega seirest, tuleb arvestada, et seisundihinnangute viga v&ib olla lle 50%,
mistottu on vdga oluline merekeskkonna seires rakendada kd&rglahutuslikke
autonoomseid profileerijaid ja/vdi punktmddtmisi.
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Assessment of Eutrophication Status
Based on Sub-Surface Oxygen
Conditions in the Gulf of Finland
(Baltic Sea)

Stella-Theresa Stoicescu*, Urmas Lips and Taavi Liblik

Department of Marine Systems, Tallinn University of Technology, Tallinn, Estonia

Sub-halocline oxygen conditions in the deep Baltic Sea basins depend on natural forcing
and anthropogenic impact. HELCOM has a long tradition of characterizing the status of
the seabed and deep waters by estimating the extent of anoxic and hypoxic bottoms.
A eutrophication-related indicator “oxygen debt” has been used in the recent HELCOM
assessments and a more sophisticated “oxygen consumption” indicator has been
introduced. We describe the oxygen conditions in the Gulf of Finland (GoF) in 2016-2017
based on observations at the Keri profiling station where vertical profiles of temperature,
salinity and oxygen were acquired up to 8 times a day. The main aim of the study is
to test the applicability of high-frequency data from this fixed automated station and
the three adapted oxygen indicators for the eutrophication-related status assessments.
The results show that the GoF bottom area affected by hypoxia varied in large ranges
from 900 to 7800 km? with a seasonal maximum in autumn (>25% of bottoms were
hypoxic in autumn 2016). Oxygen debt is the simplest indicator, and the assessment
results are less influenced by the wind-induced changes in hydrographic conditions. We
suggest that oxygen debt should be assessed just below the halocline and based on
data from the stratified season only since, in the GoF, the halocline could be destroyed
in winter. For the “oxygen consumption” indicator, a rough oxygen budget, where the
contributions of advection and mixing are included, was formulated. Average seasonal
consumption values of 0.82 and 0.31 mg:I~"-month~" were estimated in the 50-60 m
water layer of the GoF in 2016 and 2017, respectively. The found large difference in
consumption values between 2016 and 2017 could partly be related to the uncertainties
of advection estimates. We concluded that all three indicators have their advantages and
methodological challenges. To increase the confidence of eutrophication assessments
both high-frequency profiling should be implemented in the monitoring programs and
more accurate estimates of changes due to physical processes are required.

Keywords: eutrophication, assessment, hypoxia, Baltic Sea, Gulf of Finland, bottom waters, oxygen

INTRODUCTION

The Baltic Sea is an area where oxygen conditions are influenced by climate change (Kabel et al.,
2012) and increased eutrophication (Conley et al., 2009; Gustafsson et al., 2012). Eutrophication
is driven by excessive inputs of nutrients from rivers and atmosphere (mostly land-based sources)
which lead to increased sedimentation of organic material and oxygen depletion in the bottom
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layer and the internal loading of phosphorus (Vahtera et al.,
2007). The oxygen conditions in the near-bottom layer of the
central deep basins of the Baltic Sea are occasionally improved
by the Major Baltic Inflows (MBI) (Matthiaus and Franck,
1992; Schinke and Matthdus, 1998). The MBIs also strengthen
stratification and therefore potentially increase areas with oxygen
depletion by inhibiting ventilation of deep layers (Gerlach, 1994;
Conley et al., 2002).

The Gulf of Finland (GoF) is an elongated estuarine basin
with the largest single freshwater input and the highest nutrient
loading to the Baltic Sea from the Neva River (Alenius
et al., 1998). Beside the eutrophication effects, the sub-surface
distribution and variability of dissolved oxygen (DO) in the GoF
are related to multi-scale physical processes. These processes
range from short-term oscillations and mixing events to wind-
driven alterations of estuarine circulation, seasonal development
and decay of stratification and sub-halocline transport of
hypoxic/anoxic waters from the Northern Baltic Proper, for
instance, associated with the MBIs (Elken et al., 2003; Liblik
et al., 2013, 2018; Lips et al,, 2017). The lack of MBIs during
stagnation periods affects the GoF in a way that stratification
and hypoxia are decreased (Conley et al., 2009; Laine et al,
2007). Oxygen in the near-bottom layer is dependent on wind
conditions as north-easterly and northerly winds support the
estuarine circulation and strong south-westerly wind forcing
causes the reversal of estuarine circulation (Lehtoranta et al.,
2017). The estuarine circulation is characterized by the up-
estuary (eastward) flow in the deep layer and the down-estuary
(westward) in the upper layer. The reversed circulation bears
opposite results — the up-estuary flow in the surface layer and
the down-estuary (westward) flow in the deeper layer (Elken
et al,, 2003). Prevailing of the estuarine circulation leads to
strengthening of the halocline while reversals cause weakening of
stratification. The wintertime deep-water oxygen conditions are
strongly dependent on the spatiotemporal variability of the salt
wedge originating from the Northern Baltic Proper (Liblik et al.,
2013), which moves eastward and westward at the gulf’s bottom
depending on wind conditions.

According to the Marine Strategy Framework Directive’s
(MSFD; Directive 2008/56/EC of the European Parliament and of
the Council, 2008) Article 11, all member states have to establish
and implement monitoring programs to assess the status of their
marine environment. The monitoring programs have to provide
data that enable the application of different indicators in order
to assess the status of marine waters, including in regard to
eutrophication effects. HELCOM (Baltic Marine Environment
Protection Commission — Helsinki Commission) has set out a
number of core indicators (according to MSFD) for describing
the eutrophication status where nutrient levels are based on
dissolved inorganic nitrogen and phosphorus as well as total
nitrogen and phosphorus. Direct effects of eutrophication are
assessed based on chlorophyll a levels and water transparency
(Secchi depth). Oxygen conditions are used to describe the
indirect effects. The overall assessment is given using a tool
called HEAT (HELCOM Eutrophication Assessment Tool) which
determines the distance between the measured value of an
indicator and good environmental status (GES, a predefined

threshold value), aggregates the indicator evaluations and gives
the confidence of the assessment (HELCOM, 2014).

While indicators based on nutrient levels and direct effects
for assessing eutrophication status are applicable in all Baltic
Sea sub-basins, the use of oxygen indicators, describing the
indirect effects, is restricted to the deep basins, including the
GoF. The approved core indicator evaluates the oxygen debt
(the “missing” oxygen relative to a fully saturated water column)
below the halocline found based on salinity profiles and discrete
oxygen concentrations measured at standard depths (HELCOM,
2013). The threshold values are uniform for most of the basins,
including the GoF (8.66 mg/l). The latest results for oxygen
debt assessments in the GoF are 10.54 mg/l for 2007-2011
and 10.67 mg/l for 2011-2016 (HELCOM, 2014, 2018a), both
indicating that GES has not been achieved. Data used for oxygen
debt indicator assessments originate from temporally sparse
monitoring (in Estonia, national monitoring is carried out six
times a year) which could miss the variability of deep-water
oxygen conditions, and therefore, the assessment results could be
biased. To get a more confident assessment of oxygen conditions
in the deep water the data acquired with better temporal coverage
could be used.

The development of a more uniform indicator was initiated in
the frames of the HELCOM EUTRO-OPER project in 2015. The
idea was to estimate the oxygen consumption during summer
in the layer below the productive surface layer, it means in
the so-called stagnant layer located between the thermocline
and the halocline. Oxygen consumption is calculated based on
oxygen depletion, diffusion and advection. Due to small temporal
differences in salinity and temperature within the stagnant
layer, advection was neglected in the first tests of this indicator
(HELCOM, 2015b).

Oxygen conditions can also be described by the spatial
extent of hypoxia which could be one of the possible indicators
of indirect effects of eutrophication (Conley et al, 2009).
Considering the hypoxic area as a eutrophication status indicator,
the natural variability of oxygen, e.g., the changes due to
hydrographical influences and the anthropogenic component
have to be separated in order to seclude human-induced effects.
The yearly extent of the hypoxic and anoxic bottom area in the
Baltic Sea is assessed and presented on HELCOM Environment
fact sheets (Naumann et al., 2018; Viktorsson, 2018). The results
differ a bit between these latest two assessments due to the
temporal and spatial coverage of data used. The first estimate,
produced by the Swedish Meteorological and Hydrological
Institute (SMHI), uses data from the autumn period, August to
October for the whole Baltic Sea, and the second, produced by
the Baltic Sea Research Institute, Warnemiinde (IOW), uses data
from May and excludes the Bothnian Sea, Danish straits, Gulf of
Riga and the GoF.

In this study, we defined hypoxia by a threshold of 2.9 mg-171,
which is one of the two most commonly used thresholds (the
other being 2.0 mg-1=1) in literature, based on an extensive review
by Vaquer-Sunyer and Duarte (2008). They concluded that a
single threshold could not adequately describe the influence of
hypoxia to different benthic marine organisms and argue that
the conventionally accepted threshold of 2.0 mg/l is well below
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the oxygen thresholds for more sensitive taxa. It is important to
define a proper hypoxia level for the Baltic Sea and GoF, but we
do not discuss this issue here since the hypoxia area estimate
methodology will still be the same and the hypoxia threshold
could be addressed together with setting the border between the
GES and sub-GES.

The hypoxic area assessments by SMHI show that the areal
extent and the volume of anoxia and hypoxia have continuously
been elevated since the regime shift in 1999 (Hansson et al., 2011).
The latest results (for 2017, mean areal results) show that anoxic
conditions affect around 18% and hypoxia around 28% of the
bottom areas in the Baltic Sea, including the GoF and the Gulf of
Riga (Hansson et al., 2017). In the IOW hypoxic area estimations,
the GoF is unfortunately excluded, but it is seen that the anoxic
conditions in the Northern Baltic Proper in 2016 have changed
into hypoxic conditions in 2017 (Naumann et al., 2018).

All above-described assessments are based on data from
spatially distributed monitoring stations with low temporal
resolution. An alternative approach could be to apply data from
automated profiling stations which also catch temporal variability
due to prevailing hydrographic processes. In the present study,
we analyze the high-resolution time series of vertical profiles of
oxygen in the GoF in 2016-2017. The main aim is to demonstrate
how these observations could be applied to assess the status of this
stratified estuary in relation to the eutrophication effects using the
adapted versions of the three possible indicators.

MATERIALS AND METHODS
Core Data Set

The core data set used in the present study originates from the
autonomous bottom-mounted profiler, which is deployed at the

depth of 110 m near the Keri Island in the GoF since March
2016 (Figure 1). The data acquired in 2016 and 2017 were used.
The system was developed by Flydog Solutions Ltd., (Estonia)
and includes, as the main measurement device, an OS316plus
CTD probe (Idronaut s.r.l, Italy) with Idronaut oxygen sensor
and Trilux fluorescence sensor (Chelsea Technologies Group
Ltd.). The profiler records temperature, salinity, DO content,
chlorophyll-a, phycocyanin and turbidity at a rate of 8-9 Hz
while moving up with an average speed of 8-10 cm-s~!. In May-
June 2017, a Seabird Electronics SBE19plus probe with SBE43
oxygen sensor provided by the Finnish Meteorological Institute
was used instead of the OS316plus probe. The accuracy of the
used Idronaut oxygen sensors is 0.1 mg-1=1.

The data were pre-processed to exclude spikes and recordings
when the probe movement was reversed (e.g., due to waves
moving the buoyant probe up and down in the near-surface
layer) and to compensate the time lag of sensors. While the
Idronaut oxygen sensor has a time constant of about 8 s, the time
constant of SBE43 sensor was set to 4 s. After the pre-processing
of data, the vertical profiles were stored with a constant step of
0.5 m. The data were collected in the water column between
100 and 4 m.

All used CTD probes and oxygen sensors were calibrated at
the factory before the deployment. In addition, the core data set
was quality controlled against the quality-assured data from the
research vessel based measurements conducted regularly (once
a month) close to the profiling station using a CTD probe
08320plus (Idronaut s.r.l, Italy) and laboratory analyses of water
samples. See the applied methods and onboard quality assurance
procedures in the next sub-section. Since the oxygen sensor
had a drift in time, the oxygen profiles were corrected using
ship-borne measurement results. For each vessel visit, a linear
regression line equation with the intercept set to zero was found

. Monitoring stations
° GOF year data (2014 May & August)
Profiler

Kalbadagrund

Qsmussnr “

23°E

24°E

FIGURE 1 | The location of the autonomous bottom-mounted profiler (yellow diamond) in the Gulf of Finland (GoF). National open sea monitoring stations are
marked with green squares and CTD-stations from the GoF Year 2014 surveys, used to determine the inclination of the hypoxic layer in the gulf, are marked with red
circles. Kalbadagrund wind station is marked with a blue triangle. This map was generated using Ocean Data View 4.7.10 software (Schlitzer, 2018).

50m

Estonia

25°E 26°E
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by comparison of the ship-borne oxygen profile and the closest
oxygen profile from the bottom-mounted profiler. The oxygen
profiles between the two consecutive vessel visits were corrected
using the coefficient (the slope of the regression line) assuming its
linear trend in time. If such ship-borne measurements were not
available from a specific period, all data from that period were
excluded from the further analysis.

The temporal continuity of the analyzed data can be described
by the months covered and the number of quality controlled
profiles available (Table 1). In both years, the majority of the
productive season is covered. The exclusion of data due to quality
problems and the stops in the operation of the bottom-mounted
profiler (for instance, in January-April 2017) due to different
reasons are seen in Table 1 as well as the next section as blank
areas in the graphs. The higher number of profiles per month in
summer 2017 was due to the setup of profiling frequency of 8
profiles per day while it was 4 profiles per day in 2016.

Ship-Borne Data Collected in 2014-2017

Data from the research vessel cruises were used for the quality
assurance of the measurements by the bottom-mounted profiler
and determining the spatial variability in the vertical distribution
of DO in the gulf. Also, the relationship between the oxygen and
salinity in the sub-surface layers in the vicinity of the profiler
was found using the ship-borne observations. The analyzed CTD
data were gathered in the frames of national monitoring and
GoF Year 2014 programs in 2014-2017 (Figure 1) as well as
additional monthly visits to the Keri station in 2016-2017. The
oxygen sensor attached to the OS320plus was calibrated before
each cruise. Oxygen profiles used for the analysis were quality
checked against the laboratory analysis of water samples using
an OX 4001 DO (WWR International, LCC). The accuracy of the
Idronaut oxygen sensor on board the research vessel is 0.1 mg-1~!
while the accuracy of the laboratory DO analyzer is 0.5% of the

TABLE 1 | The number of available quality checked profiles from the Keri
autonomous profiler.

Month\Year 2016 2017
January - -
February - -
March 124 -
April 119 -
May 96 57
June 17 236
July 112 237
August 119 219
September 17 228
October 95 120
November 10 -
December 28 -
ALL YEAR 937 1097
April to September 680 977

The values in bold represent the total number of profiles available in both years.

measured value. Altogether 336 ship-borne vertical profiles of
DO were available for the present study.

Also the temperature and salinity data of both, the research
vessel CTD and the profiler CTD, were quality checked against
water samples analyses using a high-precision salinometer 8410A
Portasal (Guildline). The average difference of the salinity values
was less than 0.02 g-kg~! that indicated no need for the correction
of the CTD data.

Indicators

Extent of Hypoxic Area

Bathymetric data from Andrejev et al. (2010, 2011) with the
horizontal resolution of 463 m were used to calculate the
hypsographic curve of the GoE and based on this dataset,
the GoF area was set equal to ~27631 km? and volume to
~1042 km®. We selected the threshold for hypoxia of 2.9 mg-1~!
(equal to 2.0 ml 17! and 89.3 wmol 17!) as also applied in
HELCOM Baltic Environmental Fact Sheets (Naumann et al.,
2018; Viktorsson, 2018) and many research papers (e.g., Diaz
and Rosenberg, 2008; Conley et al., 2009). The upper border
of the hypoxic layer was defined for each measured vertical
profile as the minimum depth where DO content was below the
defined threshold (see examples in Figure 2). In some cases (some
profiles from March 2016) hypoxic depth was not possible to
define from the profiles, and the hypoxic depth was assumed to
be deeper than the deepest measured value. Here the depth of
hypoxia was found based on the assumption that DO content
decreases linearly when moving deeper. The change in DO
content with depth was found comparing DO measured at the
last depth and DO measured five meters above the last depth.

depthnypoxia = depthmax + x, (1)

where gepth,,,, 15 the deepest measured depth value and y
is the change of depth from last measured depth value to
the depth value where DO = 2.9 mgl~!; x was defined as:

Y= 5*(2-9 - Dodepth(max))
Dodepth(max) - Dodepth(max) -5 ’

@

where 5 is depth interval (in meters) between the two
DO measurements used to find the linear change in DO;
2.9 is the concentration of DO (in mgl~') which marks
hypoxia; DOgepth(max) is the deepest measured DO value and
DO4epth(max)—5 i the DO value measured 5 m above the
deepest value. If x < 0 or DOpypoxia > 115 m, then the value
DOhypoxia = 115 m was used, which is the maximum depth in the
Keri area and it is deeper than the maximum depth in the used
bathymetric data.

To determine the average spatial inclination of the upper
border of the hypoxic layer along the GoF, data from two cruises
in May and August 2014 with spatially well distributed station
network (Figure 1) were analyzed. First, the start of hypoxia was
found (same method as for the indicator) for every measured
profile. Then these depths were plotted against station longitude,
and the linear regression line, indicating the change of hypoxic
depth in the east-west direction, was found.

Frontiers in Marine Science | www.frontiersin.org

February 2019 | Volume 6 | Article 54



Stoicescu et al.

Sub-Surface Oxygen Indicators

10

Depth [m]
[*2] ] H w N
o o o o (=]

~
o

80

90

1

1

Examples of oxygen and salinity profiles

O  Oxygen 01.05.2016
«  Salinity 01.05.2016
O Oxygen 01.09.2016
+  Salinity 01.09.2016

1 1 J

1

0 2 4 6

is marked with the red dashed lines.

Oxygen [mg/l] / Absolute salinity [g/kg]

FIGURE 2 | Examples of oxygen and salinity profiles (magenta — 1st of May 2016, green — 1st of September 2016). The upper border of hypoxia (02 < = 2.9 mg-I=")

8 10 12 14 16

Based on the found hypoxic depth values and the
hypsographic curve, corresponding area and volume of
hypoxia in the GoF were calculated by applying a developed
script (we used software package MATLAB R2016a). Two
estimates of both parameters were found (1) assuming
that the border of the hypoxic layer was a horizontal
plane and (2) assuming that it had a constant inclination
in the east-west direction. The monthly values of the
estimates are presented since we suggest that it is a long
enough period to filter out the impact of spatial variability
at mesoscale (remember that we use observations for a
single station).

To compare hypoxic area extent results with prevailing wind
conditions we used wind data from the only real open sea
automatic weather station (other stations are mainly located near
the coast) at Kalbddagrund (59°58'N, 25°37'E) (Alenius et al.,
1998). Wind data was corrected to represent wind speed at 10 m
(measured wind speed was multiplied by 0.91) (Launiainen and
Laurila, 1984). First, the monthly mean hypoxic area extent was
related to the prevailing wind direction and speed calculated
for the preceding 30 days. For example, the hypoxic area in
June was compared with wind data from the 16th of May to
the 15th of June. The number of days used for wind analysis
was selected to be 30 because that is the time frame used for
the calculation of average hypoxic extent. Secondly, the linear
correlation between the 3-week average wind stress component

from N-NE (207) and the hypoxic depth was found. This
choice of the wind direction and period was based on a study
by Liblik and Lips (2011) where they showed that the 3-week
average wind component correlated best with the changes in
the vertical thermohaline structure in the GoF in summer. Drag
coefficient used when finding wind stress was according to
Large and Pond (1981).

Oxygen Debt Indicator
In the latest HELCOM eutrophication assessments (HELCOM,
2014, 2018b), an oxygen debt indicator proposed during
the HELCOM TARGREV project was used. Because the
monitoring data are only available from the standard
depths, a special procedure was applied to estimate the
sub-halocline DO content. First, the salinity profiles were
modeled to identify the halocline. Then, the linear segments
of the oxygen profile in the halocline and below it were
constructed. Oxygen debt was calculated by subtracting
the monitored DO content from the concentration of
saturation, taking into account the temperature and salinity
values. Finally, the volume specific oxygen debt was found
for the sub-halocline layer (see more about the method in
HELCOM, 2013).

In the present work, the oxygen debt value just below the
halocline and not the volume specific average was used as the
oxygen debt indicator. The halocline was determined as the
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depth range where the vertical salinity gradient was greater
than 0.07 g-kg~!m~! (Liblik and Lips, 2011), whereas the
salinity gradient was found based on smoothed profiles (over
2.5 m). Temperature, salinity and DO content values just below
the halocline were found for each measured profile, and the
corresponding oxygen debt values were calculated. In order to
assess the eutrophication status, monthly and seasonal averages
of oxygen debt were estimated.

For the HELCOM oxygen debt indicator, a constant target
value in the GoF, the Northern Baltic Proper and the Eastern
Gotland Basin is defined at 8.66 mg-1~! as an annual average
(HELCOM, 2013). We suggest that the uniform target value
should not be applied since the basins have different depths
and a linear oxygen change below the halocline was assumed.
However, if the oxygen debt value just below the halocline is used,
the targets could be similar, though still to be defined, for all
mentioned basins. The other reason not to use the volume specific
average oxygen debt is that we lack hydrogen sulfide observations
at the profiling station and the oxygen debt estimate near the
seabed could be biased.

Oxygen Consumption Indicator
An alternative oxygen indicator is being developed by the experts
working with eutrophication-related issues in the HELCOM
community, although it is not fully ready nor applied yet
(HELCOM, 2015b). The idea is to base the indicator on estimated
oxygen consumption in the summer season (June to September)
below the productive layer but above the halocline - in a so-called
stagnant layer. In the HELCOM report, the sparse monitoring
data were used and the advective processes were not taken into
account when estimating oxygen consumption. We test this
indicator based on vertical profiles of DO content acquired with
a high temporal resolution at a fixed position.

According to HELCOM (2015a), oxygen consumption
(CONS) in a water layer between its upper (1) and deeper (d)
border is calculated as:

CONS(u’d) = DEPL(u,d) + DIFF(u’d) + ADV(u’d) (1)

where DEPL is oxygen depletion (decrease in oxygen has a
positive value) and DIFF and ADV are the change in oxygen
content due to vertical diffusion and advection (both horizontal
and vertical), respectively. The layer with the borders u and d
is selected for a studied year based on vertical thermohaline
structure (see section “Oxygen Consumption”).

Changes in DO content due to diffusion are estimated as:

DIFF, q) =

90 (u) A(d)K(d)aoz(d)) @

— AW (K(u) 0z A(u) 0z

where A(u) and A(d) are the horizontal cross-sectional area of the
studied layer, 00, and s0,( the vertical gradient of oxygen and

K(u) and k(d) tﬁze verticalcaiffusivity coeflicient at its upper and
deeper border, respectively. The latter is calculated as:
A(u,d)
Nw.d)

3)

Kua) =

where o is an empirical intensity factor of turbulence. N is the
Brunt-Viisild frequency, defined as:

g Op(u, d)
po Oz

2
Ny =— (4)
where g is the acceleration due to gravity, po is density of the
seawater and spu.q) is the vertical gradient of density. In the

present study, wézassumed that the areas A(u) and A(d) are equal
(it is correct for deep enough regions) as well as the empirical
intensity factor of turbulence is a constant (o = 1.5 107 m%.s~2).

The increase in oxygen content due to advection was
calculated based on the estimated salinity advection and an
assumption that a linear correlation exists between the changes in
salinity and oxygen. Since neither salinity sources nor sinks exist
in the sub-surface layer, salinity advection could be found as:

ADV(y gy = CHANGEss — DIFF(, g)sn (5)

where CHANGE is the salinity change between the two profiles in
the selected layer and DIFF is the estimated change in salinity due
to vertical diffusion (a similar formula was applied as for oxygen
diffusion). Oxygen advection was thus calculated as:

ADV(u,d)O2 = ADV(u,d)SA*a (6)

where a is the oxygen change corresponding to a unit change
in salinity. This coefficient was found as the slope value of the
linear regression line based on salinity and oxygen data from the
monitoring cruise in April of the corresponding year, thus, before
the analyzed period. For the regression analysis, a layer from 30 to
70 m was selected which is broader than the stagnant layer where
oxygen consumption was estimated in the present study.

Oxygen depletion was calculated based on the monthly
mean average oxygen concentrations in the selected layer. For
example, to find oxygen depletion between June and May, the
average concentration in June was subtracted from the average
concentration in May. The total monthly change in DO content
due to diffusion was found as the daily average diffusion during
30-31 days (e.g., from mid-May until mid-June) multiplied by
the number of days. The monthly changes in both, salinity and
oxygen, due to advection were also estimated over the similar
monthly time step. Finally, monthly oxygen consumption values
were obtained as expressed in Eq. (1). A month was chosen as a
minimum time step since the consumption estimates for a shorter
period are close to the accuracy of the DO measurements.

RESULTS

High-Resolution View on Temporal
Variability of Dissolved Oxygen Content

The time series of vertical distributions of temperature, salinity
and DO concentration from spring until autumn in 2016
and 2017 (Figure 3) show both the seasonal course and
the short-term variations. The surface layer warming and
development of the seasonal thermocline with its sharp down-
and upward movements between 10 and 40 m depth were the
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FIGURE 3 | Temporal variability of vertical distributions of temperature (A,B), salinity (C,D) and dissolved oxygen concentration (E,F) at the Keri bottom-mounted
station in the GoF in 2016 and 2017. The yellow line in the lower panel shows the border of hypoxia (2.9 mg:I~ ). White strips/areas indicate periods when no data
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characteristic features of the temperature distribution time-series.
The halocline fluctuated between the depths of 60 to 80 m. If to
consider a general temporal development of salinity distribution
in the deep layer from May to October, then the halocline
penetrated deeper from June to late August and got shallower in
late September and October in both studied years.

The seasonal course of the vertical distribution of oxygen
followed the mentioned development of the thermohaline
structure. Oxygen concentrations decreased in the upper layer
from spring to late summer mostly due to the decay of the
vernal phytoplankton bloom and the temperature increase in
the summer months, as it leads to the decrease in saturation
concentration. The boundary of the near-bottom hypoxic layer,
defined here as the oxygen concentration of 2.9 mg1~! (the

yellow line in Figure 3 lower panel), moved up- and downward
together with the halocline. It is also seen that the oxygen
concentrations decreased in the layer between the thermocline
and halocline. At least partly this decrease in oxygen content
could be related to the oxygen consumption that will be analyzed
in more detail in the present study.

Hypoxic Area

The depth, at which hypoxia starts in the water column, varied
throughout the year and between the 2 years (Figure 4) with
an average from May to October of 64.5 m in 2016 and
64.6 m in 2017. The upward movement of the border of
the hypoxic layer from winter to spring occurred in 2016.
In June-September of both years, the hypoxia border moved
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TABLE 2 | Monthly averages of the bottom area and volume (percent of total area/volume) for the leveled and the inclined border of the hypoxic layer in 2016 and 2017;

“incl” stands for the inclined layer, “A” for area and “V” for volume.

2016 2017
A% A% incl V% V% incl Prevailing wind A% A% incl V% V% incl Prevailing wind
2016 2017
January - - - - - - - - - —
February - - - - - - - - - -
March 3.3 3.3 0.4 0.4 SW-S 6.2 - - - - SW 8.6
April 10.6 10.9 2.6 26 SW-W 5.9 - - - - SW-W 7.2
May 14.1 14.6 4.3 4.3 SW-W 5.9 18.2 19.3 6.4 6.5 W-SW 6.4
June 18.2 19.2 6.4 6.5 NW-N 5.7 17.4 18.3 6.0 6.1 W-SW 6.4
July 12.9 13.3 3.7 3.7 SW-W 6.6 14.0 14.5 4.2 4.3 W-SW 7.4
August 12.7 13.1 35 3.6 SW-W 5.7 124 12.8 3.4 3.5 SW-W 6.3
September 13.9 14.4 4.2 4.3 W-SW 6.6 17.2 18.1 5.9 6.0 SW-W 4.3
October 26.0 27.8 9.8 10.2 NE-N 7.9 15.8 16.6 52 5.3 SE-E7.5
November 28.2 29.7 10.9 11.4 E-NE 8.5 - - - - SW-W 8.6
December 225 243 8.3 8.6 W-NW 8.7 - - - - S-SW9.2

Also, the average wind speed (m-s~') and direction at Kalbadagrund during the preceding 30 days for each month is given; e.g., for June from the 16th of May to the

15th of June.

downward in the water column from about 60 to 70 m,
and after that, it rose again to 60 m in both years and
even shallower in late October 2016. At the same time, as
the hypoxia border deepened, a significant salinity decrease at
the minimum depth of the hypoxia was observed (p < 0.05)
in both years from May to October (Figure 4). This result
suggests either the local consumption of oxygen, since it
corresponds to a decrease in oxygen content at a fixed
salinity value, or a change in water properties due to physical
processes, such as advection of water masses with a different
oxygen-salinity relationship.

Since the depth of the upper border of the hypoxic layer
(hypoxic depth) revealed high short-term variability (Figure 4),
the estimates of the hypoxic area and volume of hypoxic waters
were analyzed based on the monthly averages. Both approaches,
assuming the leveled and the inclined border of the hypoxic
layer were applied (Table 2). The linear inclination of the

border of the hypoxic layer of 1.9 m per 100 km along the
GoF from west to east, found based on the GoF Year 2014
data [see stations network in Figure 1; correlation between
the start of hypoxia and longitude was significant (R*> = 0.16,
p < 0.05)], was used. As seen in Table 2, the estimates of
the area and volume of the hypoxic waters differed only by
<2 and <0.5%, respectively, if the estimates based on the
leveled and the inclined border of the hypoxic layer were
compared. This good coincidence of the estimates, although
an average inclination of the border of hypoxia exists, is most
probably explained by a central location of the Keri station
in the GoF.

We compared the monthly average extent of the hypoxic
area with the average wind vector from the preceding 30 days
(Table 2). It is seen that for 2016, when the N-NE winds prevailed,
then the hypoxic area was enlarged, while with the W-SW
winds, the area was somewhat smaller. However, in 2017, the
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wind forcing could not explain the observed changes so well.
The hypoxic area was biggest in May-June and in September
but the corresponding winds for these months from the sector
between east and north were almost absent. We also compared
the 3-week average wind component from N-NE (207 ) with the
hypoxic depth at the Keri station (Figure 5). If the early spring
data were excluded, then the linear correlation was significant
(p < 0.05) for both years with a much stronger relationship for
2016 May-October than for 2017 May-October (Figure 5).

Almost identical seasonal course in the development of
the hypoxic area was observed in both summers when the
area affected by hypoxia decreased from the early summer
until August and started to grow again in September-October
(Figure 6). When comparing the hypoxic extent monthly results
obtained using different hypoxia thresholds (DO < = 2.9 mg1~!
and DO < = 2.0 mgl™!), the dynamics are the same and
the averages differ only slightly. In 2016, the May to October
mean hypoxic area was 2.2% bigger with the hypoxic threshold

2016
40 12
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100

02 015 01 005 0 005 0.1 015 02
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measurements (in months).

FIGURE 5 | The relationship between the depth of hypoxia and the 3-week average wind stress component from N-NE (207 ) at the Keri station in 2016 [(A);
R? =0.60, p < 0.05] and 2017 [(B); R% = 0.08, p < 0.05]. Wind data from Kalbadagrund are used (see Figure 1 for location). The color bar shows the time of
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FIGURE 7 | Oxygen debt just below the halocline and the depth of the halocline base at the Keri station in the GoF based on all available data in 2016 (A) and 2017
(B). Linear approximations of both parameters for the period from May to October are shown as the black lines, but the trends were not significant.
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DO < = 29 mgl ! compared to the area found using
the threshold DO < = 2.0 mgl~!, while in 2017, the area
was 1.6% bigger.

Oxygen Debt

Oxygen debt values just below the halocline were calculated
for every vertical profile of DO (Figure 7). Halocline, defined
using the vertical salinity gradient criterion of 0.07 g-kg=!-m~1,
was detected for all profiles in both years. The mean depth
of the point below the halocline, for which the oxygen
debt was estimated, was 742 m in 2016 and 74.5 m in
2017. If for 2016 the period from May to October was
considered (when the data were available in 2017), then
the mean depth of this point was 72.4 m. The temporal
variability (May to October) could be characterized as the
maximum and minimum values of 96.0 and 54.5 m in 2016
and 97.0 and 60.5 m in 2017, respectively, and the 5th
and 95th percentiles of 62.0 and 81.5 m for 2016 and 67.0
and 83.6 m for 2017.

For the period from May to October (when data were available
for both years), the mean oxygen debt was 11.3 mg-1~! in 2016
and 11.6 mg-1~! in 2017. The minimum, maximum, 5th and 95th
percentile values of oxygen debt were 8.5 mg1~!, 11.9 mg1~1,
10.2 mg-1~!, and 11.8 mg-1~! in 2016 and 9.9 mg-11, 12 mg-1~ 1,
11 mg-1~!, and 12 mg-1~! in 2017. If also early spring period for
2016 was taken into account, then the minimum oxygen debt was
estimated as 7.1 mg-17 1.

In both years, we found no linear trend for the halocline base
depth from May to October, and the oxygen debt showed no clear
seasonal dynamics. However, there was a significant correlation
between the halocline base depth and oxygen debt values in 2017
(R? =0.23, p < 0.05).

If monthly mean values are considered, the halocline base
depth and oxygen debt showed similar dynamics in both years.
Considering the period from May to October, the mean halocline
base depth ranged from 66.0 to 75.1 m in 2016 and from 72.2 to
77.2min 2017. A smaller variation in monthly mean oxygen debt
values in 2017 is also evident, with the values ranging from 11.5 to

11.8 mg1~!, compared to 2016 where the monthly oxygen debt
values were between 10.9 and 11.5 mg-l_1 (Figure 8).

Oxygen Consumption

Oxygen consumption was calculated for the period from May
to September for the stagnant layer which was defined based
on the monthly average profiles of absolute salinity (SA) and
conservative temperature (CT) (Figure 9). In both years, it was
defined as the layer between 50 and 60 m, and the extended
layer for the analysis (needed for the calculation of diffusion) was
defined by adding data from additional 3 m to both sides of the
stagnant layer; so, a depth range of 47-63 m was used. To estimate
the sensitivity of the results to the choice of the stagnant layer,
the estimates for diffusion, advection and consumption were also
found for the layer 45-55 m.

Changes in the oxygen concentration due to advection
were calculated based on estimated salinity advection and the
correlation between salinity and oxygen. In both years, vertical
profiles in the depth range of 30-70 m acquired in April at
the national monitoring stations distributed along the GoF
(see Figure 1) were used for the correlation analysis. The
found relationships were statistically significant - in 2016,
DO = —3.39*SA + 34.54, R? = 0.84, p < 0.05 and, in 2017,
DO = —3.57*SA + 36.43, R? = 0.73, p < 0.05.

Positive monthly average oxygen depletion values show that
during the period in question, oxygen content in the stagnant
layer decreased (Figure 10). Negative diffusion values indicate
that more oxygen left the layer through the deeper boundary than
was brought in through the upper boundary of the layer. Positive
advection values show that more oxygenated water was brought
into the study area (area of the profiling station).

The results show that the changes in oxygen on the monthly
scale were mostly related to advection since the depletion and
advection had the largest values and were moving in opposite
directions (Figure 10; remember that a positive value of depletion
means that oxygen is decreasing). Monthly depletion values were
in the range of £2.0 mg1~!-month~! while advection values
ranged from —1.9 mg-1~!-month~! to 1.7 mg:I~!-month~!. On
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FIGURE 8 | Monthly average oxygen debt just below the halocline (+ standard deviation); (A) 2016, (B) 2017. The halocline base depth at Keri station in 2016 (C)
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FIGURE 9 | Monthly average profiles of temperature (CT) and salinity (SA) for the period from May to September in 2016 (A) and 2017 (B). Horizontal solid lines
mark the depth interval of the stagnant layer. The dashed lines mark the depth interval of the extended layer used for the vertical diffusion estimates at the borders.
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a monthly scale, the diffusion had the lowest contribution with
the values varying in the range from 0 to —0.4 mg-1~!-month~!.
The resulting monthly average consumption estimates were in
the range of —0.5 and 1.6 mg-1~'-month ™! with the lowest values
in June-July and the maximum in July-August. This pattern
was evident in both years. Note that the consumption values
should be positive since no oxygen production should exist in the
analyzed stagnant layer. However, the applied method gave small
negative values of consumption for June-July in both years.

The total seasonal consumption from May to September
as well as monthly average consumption rates were
almost three times larger in 2016 than in 2017 - 0.82 and

0.31 mg1~!-month~!, respectively (Table 3). It is interesting
that the consumption rate estimates did not change much if,
instead of the layer 50-60 m, the layer 45-55 m was analyzed
although depletion was higher in the layer 45-55 m in both
years. According to our estimates, consumption gave the highest
contribution to the seasonal oxygen depletion. For the layer
50-60 m in 2017 and 45-55 m in 2016, diffusion and advection
almost entirely compensated each other. Diffusion values
did not vary between the 2 years much while advection was
considerably higher in 2016 than in 2017, especially for the
layer 45-55 m. This result is in agreement with the observed
concurrent decrease of salinity in these depth ranges (see
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FIGURE 10 | Monthly average values of depletion (DEPL), diffusion (DIFF), advection (ADV), and consumption (CONS) in 2016 (A) and 2017 (B).
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TABLE 3 | Average values of depletion (DEPL), diffusion (DIFF), advection (ADV), and consumption (CONS).

Year: 2016 2017

Layer: 50-60 m 45-55m 50-60 m 45-55m
DEPL (mg-I=" in May-September) 2.81 3.43 1.23 217
DIFF (mg-I~" in May-September) -0.65 -1.32 —0.94 —1.50
ADV (mg-I=" in May-September) 1.14 1.30 0.94 0.55
CONS (mg-I=" in May-September) 3.30 3.41 1.22 1.22
Average monthly CONS (mg:I~"-month~") 0.82 0.85 0.31 0.31

Figure 3; the decrease was larger in 2016 than in 2017) since
the oxygen advection was estimated based on salinity advection
and linear correlation between oxygen and salinity. Still, the
much larger consumption in 2016 than in 2017 has to be
analyzed further.

We also analyzed the sensitivity of the consumption estimates
to the following assumptions: neglecting the changes in oxygen
content due to changes in solubility; constant empirical intensity
factor for turbulent flux estimates; linear regression between
oxygen and salinity used to estimate oxygen advection.

We calculated monthly average temperature and salinity in
the analyzed layer 50-60 m and found that due to their changes
ranging, respectively, from 3.27 to 4.66°C and from 7.25 to
8.01 g-kg™ 1, the oxygen saturation concentration varied between
11.61 and 12.06 mg-1~!. Since the monthly average oxygen
concentration in this layer ranged between 5.70 and 8.74 mg1~1,
the changes in solubility could cause less than about 15% of the
observed variability.

For diffusion estimates, we used the value of the empirical
intensity factor of a = 1.5 x 1077 m?.s72. It is an average
value based on earlier studies, where the values ranging from
o =05 x 1077 m*s2 to a = 2.5 x 1077 m?.s2 have
been applied (Gargett, 1984; Stigebrandt, 1987; Axell, 1998;
Meier, 2001). Using these minimum and maximum values of
the factor we found that for the 2016 data, the consumption
estimates varied only from 0.80 to 0.85 mg-1~!-month™! while
for the 2017 data, the ranges were larger - from 0.25 to
0.36 mg-1~!-month~!. Although for the latter case, the difference
between the minimum and the maximum was about 30% of

the estimate, the choice of the factor changed the result only by
0.1 mg1~!-month~!.

For the advection estimates we used the linear correlation
between salinity and oxygen based on data from the monitoring
stations in the GoF from the Osmussaar Island to the eastern
GoF (station F1; see Figure 1) This assumption of the linear
relationship between salinity and oxygen content is valid only in
alimited area (see the correlation estimates above) but not for the
entire Baltic Sea; thus, also in the GoF, along-isohaline gradients
exist. For instance, based on the data from the monitoring cruises
in May/June, July, August and October of both years, the average
change in oxygen concentration in the GoF along an isohaline
corresponding to the average salinity in the layer 50-60 m was
0.9 mg-1~! per a longitudinal degree. In the case of oscillating
up- and down-estuary flow in the studied layer, the oxygen
advection estimates are not biased, but a relatively large bias could
occur if unidirectional flow prevails for a long period. Taking the
estimated horizontal oxygen gradient and assuming a constant
flow of 2 cm-s~! for a month could result in a change of oxygen
content by 0.83 mg-1~!-month 1.

DISCUSSION

We analyzed high-resolution time series of vertical profiles of
oxygen at a central, deep station in the GoF close to the Keri
Island in 2016-2017. The main study question was whether
these observations could be applied to assess the status of this
stratified estuary in relation to the eutrophication effects using
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three suggested indicators. The present monitoring programs
contain observations of DO content at a few stations a few times
a year (in Estonia, 6 times a year, and only the surface and near-
bottom layer are sampled). Beside the eutrophication effects, the
sub-surface distribution and variability of DO in the GoF are
related to multi-scale physical processes. Thus, the differentiation
between the natural variability and the effects of eutrophication
could require high-resolution monitoring data. Since due to
economic reasons it is not possible to arrange measurements
with high temporal resolution at many stations, we analyzed
the applicability of data from one profiling station to assess the
oxygen conditions using the following indicators - the extent of
hypoxia, oxygen debt, and oxygen consumption.

Although large-scale surveys of the vertical oxygen
distribution revealed an along-gulf inclination of the border
of the hypoxic layer of 1.9 m per 100 km, the estimates of the
extent of hypoxia based on the hypoxic depth from Keri station
with and without inclination were very close to each other. In
addition, it was shown by Liblik and Lips (2017) that there exists
almost no average cross-gulf inclination of the halocline in the
GoF. Thus, we conclude that the Keri station is a representative
station to assess the sub-halocline oxygen conditions in the entire
GoF on seasonal timescales.

Since wind conditions play a major role defining the areal
extent of the near-bottom hypoxia in the GoF, the effect of the
prevailing wind has to be taken into account when using the
hypoxic area extent as a eutrophication indicator. It is known that
with prevailing south-westerly winds the estuarine circulation is
reversed which moves the surface layer into the gulf and the deep
layer out of the gulf (Elken et al., 2003). North-easterly winds
have the opposite effect and the deep water — deoxygenated and
phosphate-rich salt wedge moves into the gulf from the Northern
Baltic Proper (Liblik and Lips, 2011; Lips et al., 2017).

When comparing the monthly average hypoxic area
extent with the local wind conditions using wind data from
Kalbadagrund we found that for 2016, when the N-NE winds
prevailed, the hypoxic area was enlarged, while with the
W-SW winds, the area was smaller (Table 2). This result is in
accordance with a recent analysis of long-term monitoring data
by Lehtoranta et al. (2017) and a study by Vili et al. (2013)
where the authors concluded that the increase in bottom oxygen
concentrations in the GoF in 1990-1995 could be explained
by stronger ventilation of the bottom layers due to increased
westerlies. Also, a comparison of the 3-week average wind stress
component from N-NE (20z) with the hypoxic depth at the
Keri station (Figure 5) showed significant correlation between
these parameters if early spring data from 2016 were excluded.
The very deep hypoxic depth in March 2016 could be explained
by weaker stratification and mixing of the water column (and a
possible collapse of stratification) as it was observed earlier in
winter by Liblik et al. (2013) and Lips et al. (2017). In 2017, the
winds from the sector from east to north were almost absent,
and thus, the intensification of estuarine circulation leading to
the penetration of the near-bottom salt wedge into the GoF did
not manifest itself in the same extent as in 2016. Secondly, we
suggest that the high variability and large extent of hypoxia in
late 2016 could be attributed to the influence of the 2014 MBI,

which impact reached the GoF in 2016 (Liblik et al., 2018). The
MBI influence constituted itself as a deep-water inflow of former
deoxygenated water from the NBP to the GoF, which pushed the
existing bottom water in the GoF upward resulting in an increase
in volume and areal extent of hypoxic waters.

In conclusion, although the extent of hypoxia is an easily
understandable indicator of near-bottom oxygen conditions in
the GoFE still some issues have to be solved. An analysis of
long-term data should be conducted to differentiate between the
eutrophication-related and the wind- or inflow-related impacts
(a first attempt is made by Lehtoranta et al., 2017). Also, the
reference and target values — what percentage corresponds to the
good status, have to be defined. For this purpose, the links of the
extent of hypoxia with the nutrient load, nutrient concentrations
and productivity have to be shown. Also, it is important to
consider the feedback that the extent of hypoxia has on nutrient
concentrations via the internal nutrient fluxes from the sediments
in poor oxygen conditions (Pitkdnen et al., 2001).

Oxygen debt indicator is the other easily understandable
characteristic of oxygen conditions which could be understood
as the apparent oxygen utilization - the difference between the
oxygen saturation concentration and measured concentration.
As seen in Figure 7, the oxygen debt estimates based on a
single profile had very high short-term variability. It could be
mostly explained by the observed halocline dynamics in the GoF
displayed in Figure 3 and shown by Liblik and Lips (2017).
Internal waves cause up- and downward movement of the
halocline and influence the depth range with the vertical salinity
gradient larger than 0.07 g-kg™!-m~! within the halocline layer.
Consequently, the estimates of the oxygen debt based on separate
profiles could reveal a relatively high variability, but an average of
these estimates over a large number of profiles characterizes the
sub-halocline oxygen conditions quite well.

Since we did not have the time-series of oxygen profiles
covering the winter months, we were not able to calculate
the yearly average oxygen debt as required by the HELCOM
oxygen debt indicator description (HELCOM, 2018a). However,
we suggest that for the GoE, where the halocline could be weak
or occasionally absent in winter (Liblik et al., 2013; Lips et al.,
2017), the oxygen debt could be estimated on the basis of seasonal
data from May to September (or October). It also means that a
new threshold for good environmental status should be suggested
since the value 8.66 mg-1~!, which is applied for most of the
deep basins in the Baltic Sea, was defined as a volume specific
average and for the yearly average (HELCOM, 2018a). We also
suggest that the uniform threshold value for the volume specific
average oxygen depth should be reconsidered since the basins
have different depths while the DO content decreases with the
depth. Instead, the oxygen debt just below the halocline could be
used which might have similar threshold values for most of the
Baltic Sea deep basins.

An advantage of the oxygen debt indicator compared to the
extent of hypoxia is that it seems to be less dependent on the
advection of the hypoxic salt wedge into and out from the inner
GoF since an increase/decrease in the volume of hypoxic waters
due to the horizontal advection results in upward/downward
movement of the halocline and not in a decrease in DO
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content just below the halocline. For instance, from September
to October 2016, the extent of hypoxia almost doubled while the
oxygen debt increased only from 11.4 mg-1~! in September to
11.5 mg-1~ ! in October.

Oxygen consumption results found in this study as averages
for the whole period from spring to autumn (June-September)
are in the range of other published results (Table 4). While in the
earlier estimates, the monthly consumption rates varied between
0.25and 1.29 mg 1" month™!, in the present study, the estimates
in the Gulf of Finland were 0.82 mg 1~! month~! for 2016 and
0.31 mg 1=! month~! for 2017. This comparison is not entirely
correct since the earlier estimates were mostly for longer (multi-
year) periods and our study dealt only with the productive season,
as well as we made our analysis for the intermediate layer (50-
60 m) while in the earlier studies deeper (sub-halocline) layers
were considered. However, this agreement between different
results confirms that the method proposed in our study is
applicable to rough consumption estimates. The other question
is whether it is accurate enough to be used for eutrophication
status assessment. For instance, the negative values of monthly
consumption estimates in July of both years indicate that the
approach may not be appropriate for shorter periods.

We analyzed the sensitivity of the results regarding
different choices and assumptions in the suggested method
of consumption estimates. We showed that a slight change of
the depth limits for the analyzed stagnant layer would almost
not alter the results. The changes in solubility, which were not
included in the suggested approach, could cause a bias less than
about 15% of the observed variability (see section “Oxygen
Consumption”). The choice of the empirical intensity factor of
turbulence could change the diffusion estimate and consequently
the consumption estimate only by 0.1 mg-1~*-month 1.

For the advection estimates, we used the linear correlation
between salinity and oxygen, which is significant based on the
data from the GoF. At the same time, we showed that the average
change in oxygen concentration in the GoF along an isohaline
in the layer under consideration could be as large as 0.9 mg1~!
per a longitudinal degree. Thus, a relatively large bias in the
consumption estimates up to 0.83 mg-1~!-month~! could occur
if unidirectional flow prevails for a long period. Such on average
unidirectional flow in the intermediate layer could exist in the
GoF for a few months as shown by Lilover et al. (2017) although
the characteristic current velocities there are usually smaller than
in the surface and near-bottom layer (Suhhova et al., 2018). This

bias estimate has the value close to the consumption estimates,
and thus, it has to be addressed in the further analysis. For
instance, in 2016, the saline and oxygen-deficient sub-halocline
waters of the northern Baltic Proper were pushed by the MBI
north-eastward to the GoF near-bottom layer (Liblik et al., 2018).
It could cause uplift of old near-bottom water in the central and
eastern GoF and the westward flow in the intermediate layer
which could lead to an oxygen decrease. The observed decrease
in oxygen content from July to September 2016 by 2.59 mg1~!
was mostly assigned to consumption since the average salinity
increase was only 0.18 g-kg™! and the corresponding oxygen
decrease due to advection should not be as large according to
the present calculation method based on a linear regression
between salinity and oxygen content. This method, which has
a bias in advection estimates when the flow is on average
unidirectional in the analyzed layer, could also cause the large
difference between the seasonal consumption estimates in 2016
and 2017. As a way forward, simultaneous observations of vertical
structure of currents near the Keri station has been initiated in
2018.

The assumption of an equal surface area of the upper and
lower border of the analyzed layer and no explicit water-sediment
oxygen fluxes means that the downward oxygen flux through
the lower boundary is entirely estimated as a turbulent flux
in the water column. This approach is correct for an open
sea area; however, one could expect that the oxygen flux from
water to the sediments at the slopes of the basin (Holtermann
et al,, 2017) and a horizontal mixing toward the basin interior
impact the consumption estimate results. As shown by Koop
et al. (1990) the oxygen flux from the water to the sediments
under oxic conditions could be as large as 777 jmol-O-m~2 h~!
corresponding to approximately 1.8 mg-1~!-month~! if a 10 m
thick water layer above the seabed is considered. The maximum
oxygen flux through the lower border of the analyzed layer found
in the present study could cause a decrease in DO content of
0.7 mg-1~!-month ™. Thus, an additional export of oxygen from
the stagnant layer due to the flux from water to the sediments and
horizontal mixing should increase the consumption estimates.
When interpreting our results, one has to consider that the
consumption values include both the local consumption in the
studied open-sea area and a part of consumption in the sediments
at the surrounding slopes of the basin. This additional export of
oxygen from the stagnant layer should increase the consumption
estimates. Thus, it does not explain the negative values found in

TABLE 4 | Monthly average oxygen consumption results found in the literature.

Location Period Depth mg -1 month—! Source

Baltic proper 1957-1982 >62m 0.25 Rahm, 1987

Oresund 1965-1989 ? 1.29 Mattsson and Stigebrandt, 1993
Bornholm Basin 1957-2011 >65m 0.51 Stigebrandt and Kalén, 2013
Baltic proper, deep water 1972-1980 ? 0.26 Shaffer and Rénner, 1984
Gotland Basin 1968-1977 ? 0.34 Rydberg, 1978

Bornholm Basin 1968-1977 ? 0.43 Rydberg, 1978

Gulf of Finland 2016 50-60 m 0.82 This study

Gulf of Finland 2017 50-60 m 0.31 This study
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our study for June-July 2016 and 2017 which most probably are
related to the bias in advection estimates.

A comparison of the three indicators reveals that their
average seasonal values almost did not vary between the two
analyzed years for the hypoxic area extent and oxygen debt
while about 2.7 times higher oxygen consumption was found in
2016 than in 2017. The average hypoxic depth in May-October
was 64.5 m in 2016 and 64.6 m in 2017, which result in an
almost equal hypoxic area extent for both years. The average
oxygen debt in May-October was 11.3 mg-1~! in 2016 and
11.6 mg-1~! in 2017. These values differ only by 0.3 mgl~1,
which is <3% of the indicator result. We suggest that the
found large difference in oxygen consumption estimates between
2016 and 2017, which is inconsistent with the other indicator
results, could be related to the applied methodology and/or
the fact that the consumption estimates were found for the
intermediate layer while hypoxic area and oxygen debt for the
sub-halocline layer. What could be the main natural factors
causing this large difference, e.g., influence of productivity or
riverine water, since in 2016 the upper layer was fresher than in
2017, needs future studies. The largest uncertainty is caused by
the too simplified estimate of the oxygen advection. Although
oxygen consumption would be the best indicator, which should
directly be dependent on the productivity of the sea area,
it requires further development. Regarding the observational
program, simultaneous measurements of current profiles could
be beneficial to decrease the uncertainty of advection estimates.

CONCLUSION

We have described the oxygen conditions in the GoF in 2016—
2017 based on observations mostly at the Keri profiling station
where vertical profiles of temperature, salinity and oxygen were
acquired up to 8 times a day. The applicability of high-frequency
data from this fixed automated station and the three adapted
oxygen indicators for the eutrophication status assessments were
tested. The main results of the analysis are:

e the GoF bottom area affected by hypoxia varied between
3.3 and 28.2% with a minimum in March 2016, maximum
in November 2016 and an average extent of about 15% in
May-September 2016-2017;

e since the halocline in the GoF could be destroyed in
winter, the “oxygen debt” indicator should be based on
data from the stratified season only, and we suggest that
only oxygen debt just below the halocline should be used;
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Abstract. The Gulf of Riga is a relatively shallow bay con-
nected to the deeper central Baltic Sea (Baltic Proper) via
straits with sills. The decrease in the near-bottom oxygen
levels from spring to autumn is a common feature in the
gulf, but in 2018, extensive hypoxia was observed. We an-
alyzed temperature, salinity, oxygen, and nutrient data col-
lected in 2018, along with historical data available from en-
vironmental databases. Meteorological and hydrological data
from the study year were compared with their long-term
means and variability. We suggest that pronounced oxygen
depletion occurred in 2018 due to a distinct development of
vertical stratification. Seasonal stratification developed early
and was stronger in spring—summer 2018 than on average
due to high heat flux and weak winds. Dominating north-
easterly winds in early spring and summer supported the in-
flow of saltier waters from the Baltic Proper that created an
additional deep pycnocline restricting vertical transport be-
tween the near-bottom layer (NBL) and the water column
above. The estimated oxygen consumption rate in the NBL
in spring—summer 2018 was about 1.7mmolO;m~2h~!,
which exceeded the oxygen input to the NBL due to advec-
tion and vertical mixing. Such a consumption rate leads to
near-bottom hypoxia in all years when vertical mixing in au-
tumn reaches the seabed later than on average according to
the long-term (1979-2018) meteorological conditions. The
observed increase in phosphate concentrations in the NBL
in summer 2018 suggests a significant sediment phosphorus
release in hypoxic conditions counteracting the mitigation
measures to combat eutrophication. Since climate change
projections predict that meteorological conditions compara-
ble to those in 2018 will occur more frequently, extensive hy-
poxia would be more common in the Gulf of Riga and other

coastal basins with similar morphology and human-induced
elevated input of nutrients.

1 Introduction

Coastal dead zones have expanded in the oceans since the
1960s, a phenomenon which is mostly caused by increased
primary production as a result of eutrophication (Diaz and
Rosenberg, 2008). Geographic settings such as openness of
the basin and hydrographic conditions such as the strength
and onset of stratification affect the magnitude of near-
bottom hypoxia (Codiga et al., 2009; Liblik et al., 2020; Mur-
phy et al., 2011; Ukrainskii and Popov, 2009; Zhang et al.,
2010). Current and projected climate changes continue to af-
fect the marine environment; e.g., increased temperature and
strengthening of stratification in estuaries cause decreases in
oxygen solubility and vertical mixing, respectively, which
could lead to enhanced oxygen depletion of bottom waters
(Bindoff et al., 2019).

The Baltic Sea is strongly influenced by eutrophica-
tion and changing climate conditions (Conley et al., 2009;
Gustafsson et al., 2012; Kabel et al., 2012). The primary
drivers behind eutrophication are excessive amounts of nu-
trients that enter the marine environment through rivers and
the atmosphere (HELCOM, 2018b; Reusch et al., 2018). Hy-
poxic conditions have been found throughout the Baltic Sea
as quasi-permanent, seasonal, or exceptional infrequent phe-
nomena (Carstensen and Conley, 2019; Conley et al., 2007,
2011; Karlson et al., 2002). Hypoxia and anoxia have oc-
curred in open water areas of the Baltic Proper below the
halocline (~70-80m) on an almost permanent basis since

Published by Copernicus Publications on behalf of the European Geosciences Union.
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the 1950s (HELCOM, 2018c¢; Karlson et al., 2002). Occa-
sionally, oxygen conditions in this central basin are improved
by Major Baltic Inflows (e.g., Matthdus and Franck, 1992;
Schinke and Matthdus, 1998; Schmale et al., 2016; Liblik
et al., 2018). However, these improved oxygen conditions are
short-lived because, in the long-term, the inflows enhance
stratification and thereby reduce vertical oxygen transport
(Conley et al., 2002).

In the shallower regions, where the halocline is absent,
but a seasonal thermocline restricts vertical mixing, oxygen
consumption could lead to temporal near-bottom hypoxia
and sediment phosphorus release in late summer—autumn
(Lukkari et al., 2009; Puttonen et al., 2014, 2016; Walve
et al., 2018). For instance, such seasonal hypoxic events
have occurred in the northern Baltic coastal areas and Aland
archipelago, influenced by large-scale eutrophication driven
by nutrients from agriculture and local fish farms (Bonsdorff
et al., 1996). Sedimentation of organic matter, stimulated by
nutrient inputs, can cause severe oxygen deficiency under
specific meteorological and hydrographic conditions, as ob-
served in the southern Baltic in 1994 and 2002 (e.g., Conley
et al., 2007; Powilleit and Kube, 1999).

One of the shallow areas where seasonal hypoxia can oc-
cur is the Gulf of Riga (GoR) in the eastern part of the Baltic
Sea (e.g., Berzinsh, 1995, and references therein; Aigars and
Carman, 2001; Eglite et al., 2014; Aigars et al., 2015). The
Gulf of Riga is a semi-enclosed basin (Fig. 1) with a sur-
face area of 16330 kmz, a volume of 424 km3, and a mean
depth of 26 m (Ojaveer, 1995; HELCOM, 2002). Its deeper
central area, situated east of the island of Ruhnu, has depths
of up to 56 m (Stiebrins and Viling, 1996). The water and
salt budgets of the gulf are governed by river discharge,
precipitation—evaporation balance, and water exchange with
the Baltic Proper through the connecting straits. The long-
term (1950-2015) mean river runoff is about 36 km? yr_1
(Johansson, 2016), and the average freshwater flux due to
the difference between the surface precipitation and evapora-
tion rates is about 2.5 km? yr~! (Omstedt et al., 1997). Five
larger rivers (Daugava, Lielupe, Gauja, Pédrnu, and Salaca)
enter the southern and eastern parts of the gulf, with the Dau-
gava River contributing about 70 % of the total riverine input
(Yurkovskis et al., 1993). Considering the gulf’s annual wa-
ter volume and salt content balance, Lilover et al. (1998) es-
timated that its water renewal period would be about 3 years.

GoR water exchange with the Baltic Proper takes place
via the Irbe Strait in the west (about 70 %—80 % of water ex-
change) and the Suur Strait in the north (Astok et al., 1999;
Petrov, 1979). The Irbe Strait has a sill depth of 25 m and
a cross-section area of 0.4km?, while these hydrographi-
cal features are 5m and 0.04 km?2, respectively, for the Suur
Strait. Lips et al. (1995) suggested that the gulf’s deep wa-
ters could be renewed in summer by inflows of saltier water
from the eastern Baltic Proper over the sill in the Irbe Strait —
which is deeper and wider — while inflows through the shal-
low Suur Strait are arrested in the surface layer. The near-
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bottom inflows through the Irbe Strait are intensified by the
northerly and northeasterly winds, which cause upwelling
events along the eastern coast of the Baltic Proper. Model
simulations by Raudsepp and Elken (1995) also showed that
strong northerly wind events could create substantial near-
bottom inflows of saltier Baltic Proper waters. However,
when downwelling occurs along the eastern coast of the
Baltic Proper, the inflowing water is warmer than that of the
near-bottom waters in the Gulf of Riga in summer and can
spread buoyantly at the intermediate depths (Liblik et al.,
2017).

Because of the shallowness of the basin, the entire water
column is well mixed in winter. In summer, stratification is
mainly maintained by the seasonal thermocline, which be-
gins developing in April and is at its strongest in August,
while the contribution of haline stratification is relatively
moderate (Stipa et al., 1999; Liblik et al., 2017). Based on
conductivity—temperature—depth (CTD) profiles from 1993—
2012, Skudra and Lips (2017) revealed that the strongest
stratification occurred in the years with the highest summer
surface temperature and spring river discharge. A high cor-
relation between the deep layer salinity in the Irbe Strait and
the gulf was found by Skudra and Lips (2017), in accordance
with the suggestion that the majority of water exchange be-
tween the Baltic Proper and the gulf occurs through the Irbe
Strait.

Based on data from 1963 to 1990, a statistically sig-
nificant decreasing trend of oxygen concentration in Au-
gust was found for the entire 20-50m layer in the gulf
(Berzinsh, 1995). No trend was detected after that (HEL-
COM, 2009). The latest monitoring data are not analyzed for
long-term trends and inter-annual variations in near-bottom
oxygen concentrations; rather, model outcomes are used to
describe the oxygen conditions (e.g., Jansson et al., 2020).
It is well documented, however, that the anoxic and hypoxic
areas have been expanding in the entire Baltic Sea in recent
decades, due to both eutrophication and changes in climatic
conditions (Hansson and Viktorsson, 2020; the analysis also
included data from the Gulf of Riga).

Total annual nitrogen and phosphorus loads to the Gulf
of Riga were estimated for 2017 at levels of 90 544 and 2
427t yr~!, respectively, and are still higher than the maxi-
mum allowable inputs, according to the Baltic Sea Action
Plan (HELCOM, 2022). Based on monitoring data since
1974, the phosphorus pool in the Gulf of Riga constantly
increased until the mid-1990s (Yurkovskis, 2004) and was
followed by stagnation (HELCOM, 2018a). Since riverine
phosphorus input is < 15 % compared to the phosphorus pool
in the water column (Yurkovskis, 2004), the changes in the
latter are largely governed by internal processes. The phos-
phate flux from the sediments to the water column depends
on the near-bottom oxygen conditions with maximum val-
ues at low DO concentrations. For instance, phosphorus re-
lease on the order of 100 umol PO?[ m~2d~! was simulated
at oxygen concentrations of 1-2mgL~" (Eglite et al., 2014).
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Figure 1. (a) — Map of the study area in the Gulf of Riga (GoR) with bottom topography. Red-filled circles represent the locations of
monitoring stations. Inverted triangles represent the stations used for section figures. Black-filled squares represent the grid cell center points
of ERAS data (grid cell resolution 0.25° x 0.25°). Green-filled squares denote rivers from which runoff data were used. EGB — Eastern
Gotland Basin and GoF — Gulf of Finland. (b) Study area in the Baltic Sea. This map was generated using Ocean Data View 5.2.0 software

(Schlitzer, 2019).

Thus, the reoccurrence of conditions of low near-bottom oxy-
gen supports sediment phosphorus release, which counter-
acts potential decreases in the external phosphorus load to
the gulf.

Data from regular monitoring cruises and targeted surveys
revealed extensive near-bottom hypoxia in the Gulf of Riga
in summer—autumn 2018. Additionally, the weather condi-
tions were extreme in summer 2018, manifested by a new
air temperature maximum in Europe for April-September
(Hoy et al., 2020). We have formulated three main questions
for this study. Was the observed near-bottom hypoxia in the
GoR in 2018 an exceptional event? What were the reasons
behind the observed hypoxia? Was it a feature that could oc-
cur in the GoR and similar basins regularly and/or even more
often in the future? We hypothesize that the earlier onset,
strength, and duration of stratification, together with the un-
usually high winter river runoff, were the main contributors
to the extensive near-bottom hypoxia in 2018. If this hypoth-
esis holds, then one may speculate that the future occurrences
of such events will likely increase. To test our hypotheses,
we analyzed oceanographic and meteorological conditions
in 2018 and compared them with the preceding years (2012—
2017) and long-term means and variability.

https://doi.org/10.5194/bg-19-2903-2022

2 Material and methods

Historical data on the near-bottom temperature, salinity,
dissolved oxygen, and nutrient concentrations were down-
loaded from the Estonian environmental monitoring infor-
mation system (KESE), Latvian environmental monitoring
databases, ICES/HELCOM database, and SeaDataNet Pan-
European infrastructure for ocean and marine data manage-
ment (http://www.seadatanet.org, last access: 9 April 2019).
More consistent near-bottom oxygen data were available
from 2005; therefore, we limited the analysis to 2005-2018.
HELCOM guidelines (HELCOM, 2017) were followed for
the sampling and analytical detection of oxygen and nutrient
concentrations in the monitoring laboratories.

Vertical profiles of temperature, salinity, and dissolved
oxygen with temporal resolution of at least six times a year
are available since 2012. The profiles were recorded us-
ing an Ocean Seven 320plus CTD probe (Idronaut s.r.l.) on
board R/V Salme during Estonian and Latvian monitoring
cruises (stations are shown in Fig. 1). The salinity and den-
sity anomaly is shown in the present study as absolute salin-
ity (g kgfl) and sigma-0 (kgm~2) and were calculated using
the TEOS-10 formula (IOC et al., 2010). The oxygen sensor
(Idronaut s.r.l.) attached to the OS320plus probe was cali-
brated prior to each cruise. Oxygen profiles used for the anal-
ysis were quality-checked against the laboratory analysis of
water samples using an OX 400 L DO (VWR International,
LCC) analyzer. The accuracy of the Idronaut oxygen sensor

Biogeosciences, 19, 2903-2920, 2022
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is 0.1 mgL~!, while the accuracy of the laboratory dissolved
oxygen analyzer is 0.5 % of the measured value. The primary
dataset used to characterize the water column structure and
dissolved oxygen and phosphates concentrations in 2018 was
collected on 9-10 January, 17-18 April, 30 May, 11 July,
25 August, and 26-27 October.

The depth of the upper mixed layer (UML) was defined
according to Liblik and Lips (2012) as the minimum depth,
where p,—p3 > 0.25 kgm ™3, where p; is the density anomaly
at depth z and p3 at depth 3 m. The depth of the near-bottom
mixed layer (NBL) was found similarly to UML, as the max-
imum depth, where | p;—pjast| > 0.1 kg m~3, where Plast 18 the
density anomaly at the maximum depth of a profile. An oxy-
gen concentration of 2.9 mgL~! (2mLL~!) was used as the
threshold concentration for defining hypoxia, and the up-
per boundary of the hypoxic layer was found as the mini-
mum depth at which oxygen concentration was below the
threshold. The estimated depth of the upper boundary of
the hypoxic layer at station G1 and the gridded topography
(EMODnet Bathymetry Consortium, 2020) were used to find
the lateral extent of the hypoxic area, assuming an even hor-
izontal depth distribution for the occurrence of hypoxia. The
sea depth at station G1 is 54m (Fig. 1). The profiles cov-
ered — in most cases — the depth range from 2 to 52 m. The
water column structure was characterized by temperature,
salinity, and density in the UML and NBL, and potential en-
ergy anomaly (PEA; Simpson et al., 1990) was calculated as

0 0
PEA = l (p — p)gzdz, where p = 1/ pdz, (N
h) hJ n
where £ is the water column depth (50 m), p is water density,
z is depth (vertical coordinate), and g =9.81 ms~2.

Meteorological data for 1979-2018 were extracted from
the ERAS dataset (Hersbach et al., 2018) via Copernicus
Services for characterizing local conditions in the gulf and
upwelling-favorable conditions along the eastern coast of the
Baltic Proper. Based on hourly data from a grid cell in the
central gulf (see Fig. 1), the monthly mean net solar radia-
tion, air temperature (2 m above surface), and wind speed (at
the 10 m height) in 2018 were calculated and compared with
monthly mean values and variability in 1979-2018. Runoff
data of rivers Salaca, Gauja, Lielupe, and Daugava (Fig. 1)
from 1993 to 2018 were received from the Latvian Envi-
ronment, Geology and Meteorology Center as the estimated
monthly runoff (m?s~!). River Pirnu runoff data were ob-
tained from the Estonian Weather Service.

For a more detailed analysis of the impact of meteorologi-
cal and hydrological conditions on the development of strat-
ification, changes in potential energy anomaly due to surface
heating—cooling (Sp), wind mixing (Sp,), and freshwater dis-
charge from rivers (S;) were estimated for the years 2012—
2018:

dPEA
dr

=Sp+ Sm + S 2
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The two former parameters were calculated as suggested

by Simpson et al. (1990):

3
5y = 2082101 i S = —5Cppar 3)
2¢) h

where Qtor is the surface heat flux and W is the wind
speed. Otor is the sum of the shortwave radiative heat flux,
longwave radiative heat flux, sensible heat flux, and latent
heat flux estimated using ERAS data and surface salinity ob-
tained from CTD casts interpolated between the measure-
ments. Thermal expansion coefficient «, was calculated us-
ing the TEOS-10 formula (IOC et al., 2010), and specific heat
of seawater ¢, =40001J (kg K)~! was applied. In the formula
for the shortwave radiative heat flux, an average albedo of
0.055 was used (Groeskamp and Iudicone, 2018; Séférian
et al., 2017). Otherwise, we used the same methods of cal-
culating surface heat flux components as Liblik and Lips
(2012). For estimating Sy, constant values of efficiency of
mixing § = 103 and air density p, = 1.25kgm™> were ap-
plied, and the effective drag coefficient Cp was calculated
according to Wu (1982). The changes in stratification due
to river discharge were estimated using monthly runoff from
the previous month. The flow in m3s~! was multiplied by a
constant, which was found assuming that the average yearly
change in PEA in 2012-2018 was equal to the change caused
by the average runoff of 36 kmyr—> evenly distributed over
the entire surface area of the gulf.

Wind data from a grid cell outside the gulf, but close to the
Irbe Strait (see Fig. 1), were extracted from ERAS data to cal-
culate the north-northeast (NNE) component of wind stress
as INNE = Cppa| W|WnNE, where WNNE is the wind speed
component directed towards NNE (south-southwest wind
component). It is used to find the periods with upwelling-
favorable conditions along the eastern coast of the Baltic
Proper and for a more detailed analysis of inflows—outflows
through the Irbe Strait in 2012-2018. Cumulative wind stress
is calculated by summing up the hourly NNE components of
wind stress multiplied by the time step of 1 h starting from
1 January each year.

We introduce a coarse method estimating oxygen con-
sumption rates in the gulf NBL. The considered physical pro-
cesses contributing to the measured changes in salinity and
oxygen concentration in the NBL were (1) vertical diffusion
and (2) lateral advection and mixing. Diffusive flux of salt
and oxygen through the border between the NBL and the wa-
ter column above was estimated using a similar approach as
Stoicescu et al. (2019):

DIFFg = —k - ) and DIFFo, = —k - @ 4)
0z 0z

where the vertical diffusivity coefficient is calculated as k =

#» a is the empirical intensity factor of turbulence (we ap-

plied a constant value o = 1.5 x 107 m? s_z), and N is the

Brunt-Viisild frequency defined by the vertical density gra-

dient. The changes in salinity and oxygen concentration in
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the NBL can be found by multiplying the value of diffusive
fluxes by the time between two measurements (#, — 1) and
dividing it by the thickness of the NBL (hnpL) as

h—1

ASPFF — DIFF - - and

NBL

fh—t
AO,PFF = DIFF,, - =L
hNBL

®

Knowing salinities of inflowing waters and gulf NBL wa-
ters at time steps #; and #, and the changes due to vertical
diffusion, we can estimate the proportion of inflowing wa-
ters in the near-bottom water mass at time step #>. Using this
proportion, we can also estimate the expected changes in the
NBL oxygen concentration due to lateral transport and mix-
ing as

APV = (0,11 (114) — 0, (G1))
[ Sal(G1) — Sal' (G1) }

Sal''(114) — Sal'' (G1) ©

where Sal” (G1) and O," (G1) are salinity and oxygen con-
centration in the NBL at station G1 and Sal’(114) and
0,1 (114) at station 114 in the Irbe Strait (see Fig. 1) at an
initial time step #;. Sal”2(G1) is measured salinity in the NBL
at station G1 at time step #, corrected by the estimated salin-
ity change due to vertical diffusion.

Due to oxygen consumption, measured oxygen concentra-
tion in the NBL at station G1 at time step f (O22m (G1))
should be lower than that found when considering only
changes due to physical processes since no production is ex-
pected in the near-bottom layer that is well below the eu-
photic depth. Oxygen depletion due to consumption can be
found as the sum of the measured oxygen depletion and
changes in concentration due to diffusion and lateral advec-
tion and mixing:

AOZCONS(GI) - _ (02t2m (Gl) — ()Ztl (Gl))
+ AO,PIFE 4 AQ,ADY Q)

Oxygen consumption rate per unit bottom area is calcu-
lated as

CONS
0, CONS rate _ AO;
) 07

- hNBL.- ®
h—1n

We have chosen the time step of 1 month or longer to es-
timate oxygen consumption rates based on the distance be-
tween the Irbe Strait and the Ruhnu Deep (120 km, measured
along the deeper area of the gulf) and average (monthly) flow
rates in the gulf of 5cm g1 (e.g., Soosaar et al., 2014; Lips
etal., 2016).

The same methods were used to estimate phosphate fluxes
due to physical processes and phosphorus release from the
sediments. The measured concentrations in the near-bottom
layer at station G1 were assigned to the gulf’s water and at

https://doi.org/10.5194/bg-19-2903-2022

station 114 to the inflowing water. In Eqgs. (4)—(8), oxygen
concentration was replaced by phosphate concentration, and
the difference in measured and expected phosphate concen-
trations in the gulf near-bottom layer was associated with
the phosphorus release from the sediments. Since the ver-
tical resolution of nutrient sampling was scarce (step was
10m), we used only the deepest measured phosphate con-
centration as the value characterizing the entire NBL, and the
vertical gradient was estimated between the phosphate con-
centrations at the deepest sampling point and 10-12 m above
it.

3 Results

3.1 Inter-annual variability of dissolved oxygen in the
near-bottom layer

We characterized the long-term development of oxygen con-
ditions in the Gulf of Riga using near-bottom oxygen mea-
surements at the deepest stations G1 and 121 (bottom depth
54 m) and yearly average late summer (August) and autumn
(October—November) near-bottom oxygen concentrations at
all stations with depth > 40 m (see station locations in Fig. 1).
Based on the data obtained from the deepest stations, late
summer—autumn hypoxia occurred in about 50 % of years
in 2005-2018 (Fig. 2). No hypoxia was observed in 2006—
2011, except for one value close to 2.9 mg L~ in 2009, but
note the lower sampling frequency. Hypoxic conditions have
been recorded every year since 2012, except for 2016 and
2017. Based on the data from all monitoring stations from
2005-2018, no trend in the deep layer oxygen concentra-
tions was detected in summer, but a statistically significant
(p <0.05) trend at a rate of 0.45mgL~!yr~! was found in
autumn (R? = 0.50, n = 13). Thus, the monitoring data sug-
gest that the hypoxic conditions observed in 2018 are — in
general — in line with the long-term trend.

We studied the links between the long-term trend and vari-
ability of near-bottom oxygen and other environmental pa-
rameters, such as salinity and nutrient concentrations. No sig-
nificant trend in near-bottom salinity was revealed in 2005—
2018. Using simultaneously measured near-bottom salinity
and oxygen values at station G1 from August to November
in 2005-2018, we found a statistically significant (R2 =0.24,
n =36, p <0.05) negative relationship — low oxygen con-
centrations corresponded to high salinity values. However,
there are examples where hypoxia occurred at salinities of
5.8 gkg™! (in 2012 and 2015) and did not at 6.5 gkg™" (in
2010).

The analysis of near-bottom phosphate concentrations at
stations with depth > 40 m revealed a statistically significant
increase in concentrations in late summer (0.08 uMyr~!,
R?=0.47, n=14) and autumn (0.12uMyr~!, R?=0.34,
n=13). A statistically significant negative correlation was
obtained between the deep layer oxygen and phosphate con-

Biogeosciences, 19, 2903-2920, 2022
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Figure 2. Inter-annual variability of near-bottom dissolved oxygen concentration at monitoring stations G1 and 121 in 2005-2018. The red
line denotes the oxygen concentration 2.9 mgL’1 (threshold concentration for hypoxia).

centrations in autumn (R2 =0.79, n=13, p <0.05). The
near-bottom-layer oxygen in autumn also significantly cor-
related with the next year’s winter (January) phosphate con-
centration in the entire water column (R?=0.45, n=9,
p <0.05). Thus, the impact of the hypoxia deepening is also
seen in the trends of phosphate concentrations.

3.2 Seasonal and inter-annual variability in the vertical
distribution

Based on the vertical profiles of dissolved oxygen collected
at least every 2 months in 2012-2018, a clear seasonal pat-
tern was apparent at all depths, with the largest amplitude
occurring in the near-bottom layer (Fig. 3a). The lowest oxy-
gen concentrations were measured in late summer—autumn,
but the oxygen levels did not always drop below the hypoxia
threshold (as in 2016 and 2017). The lowest oxygen con-
centrations were observed in 2014 (0.8 mgL~!) and 2018
(1.5mgL~1). As pointed out above, hypoxia was observed
in 2012-2015 and 2018, but the duration and vertical ex-
tent of hypoxia differed between the years (Fig. 3a, Table 1).
The first occurrence of the seasonal hypoxia was observed in
July in 2014, August in 2018, September in 2013, and Oc-
tober 2012 and 2015. The upper boundary of the hypoxic
layer was at its shallowest depth in 2018 (45.0 m). Accord-
ingly, the estimated spatial extent of hypoxia was the largest
in 2018, when the hypoxic waters covered 5.2 % (830km?)
of the gulf’s bottom area. In the other years with hypoxia
(2012-2015), the estimates of the bottom area covered by
hypoxic waters did not differ greatly, varying between 2.1 %
and 2.7 % (340-430km?).

Seasonal patterns also dominated the variability of vertical
distributions of temperature, salinity, and density anomaly
(Fig. 3b—d), but certain inter-annual differences in water col-
umn parameters can be noticed (Table 1). The observed UML
temperature maxima were higher in the summers of 2014 and
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2018. Lower summer UML salinities (< 5.2 gkg™') were ob-
served in 2012, 2013, and 2018, and increased NBL salin-
ity values (> 6.5 gkg™!) were registered in the summers of
2013 and 2018. The largest density differences between the
bottom and surface layer, 3.4 and 3.5kgm™> — which were
mostly associated with high UML temperatures — were found
in 2014 and 2018. High NBL salinity and low UML salin-
ity contributed to the observed relatively strong water col-
umn stratification in 2013 (the third strongest stratification
in 2012-2018), although the summer UML temperature re-
mained low in 2013 (Table 1). The weakest vertical strati-
fication was observed in 2017, when the density difference
between the NBL and UML was close to 2.0 kgm ™.

Thus, the years with strong stratification (2013, 2014, and
2018; Table 1) were associated with high UML temperature,
low UML salinity, and high NBL salinity and were among
those with near-bottom hypoxia. In 2017, the stratification
was the weakest, and hypoxia did not develop. Still, the den-
sity difference between the NBL and UML was weaker in
2012 and 2015 than in 2016 — but in 2012 and 2015, hypoxia
was observed, whereas in 2016, it was not. A further, more
detailed analysis of water column stratification is presented
in Sect. 3.4 together with the description of meteorological
and hydrological forcing data.

3.3 Temporal development of hypoxia in 2018

To demonstrate the development of hypoxia and vertical
stratification in 2018 in more detail and to compare it with
that of the previous year without hypoxia, we present ver-
tical profiles of temperature, salinity, density, and dissolved
oxygen concentration in the Ruhnu Deep in 2017 and 2018
(Fig. 4). A major difference between the years is evident
in a much faster decrease in near-bottom oxygen concen-
trations in spring 2018 than in 2017. Also, the development
of vertical stratification in spring—early summer differed be-
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Table 1. Characteristics of seasonal hypoxia and stratification parameters in the Gulf of Riga in 2012-2018, based on CTD profiles from
May to November at stations G1 and 121. Observed maxima of UML temperature, NBL salinity, and density difference between NBL and

UML and minima of UML salinity are given.

Year  Earliest hypoxia ~ Min. depth  Max. hypoxic UML max UML min NBLmax NBL-UML
detection of hypoxia area  temperature salinity salinity density
month m % (km?2) °C gkg™! gkg™! kgm™3

2012 October 485 2.7 (430) 18.97 5.16 5.71 2.20

2013  September 49.0 2.4 (380) 18.59 5.21 6.51 2.72

2014 July 49.0 2.4 (380) 23.46 5.28 6.08 3.38

2015  October 49.5 2.1 (340) 19.41 5.65 5.82 222

2016 - - - 19.37 5.38 6.21 2.35

2017 - - - 18.50 5.26 6.01 2.05

2018  August 45.0 5.2(830) 22.36 5.17 6.51 3.46

tween these two years. In 2018, salinity stratification in the
deep layer was established in the middle of April, and a very
strong seasonal thermocline was formed by the end of May.
In 2017, the seasonal thermocline was remarkably weaker in
the beginning of June, compared to late May of 2018, and no
secondary pycnocline developed in the deep layer in spring—
summer.

The vertical sections of oxygen, salinity, and temperature
(Fig. 5) demonstrate the spreading of waters from the east-
ern Baltic Proper to the Gulf of Riga over the Irbe Strait sill
in late May and July 2018. However, at the end of August,
the distribution patterns indicate that outflow from the gulf
likely prevailed below the seasonal thermocline through the
Irbe Strait (Fig. 5 lower panel). Oxygen concentrations in the
near-bottom layer in the central gulf were at a level of 60 %
saturation in late May, decreasing further to 40 % of satura-
tion (< 5mgL~!) by mid-July, and hypoxic conditions with
oxygen saturation below 20 % were established by late Au-
gust. We also point to an increase in salinity in the water
layer of 35-45 m, which is seen on the consecutive profiles
measured in July and August at station G1 (Fig. 4).

3.4 Analysis of meteorological and hydrological
conditions

Solar radiation in 2018 was higher than that of the long-
term average for all months from spring to autumn (Fig. 6a).
Seasonal variation in air temperature in 2018 differed from
the average, as well, with a rapid increase in April-May and
higher monthly mean values than the long-term averages un-
til October (Fig. 6b). The monthly average wind speed from
February to August was lower in 2018 than the long-term
mean for the respective month, except in April (Fig. 6¢). The
lowest wind speed for May in 1979-2018 was found in 2018.
All these anomalies in meteorological conditions supported
the observed fast development and strength of seasonal strat-
ification in the GoR. As opposed to 2018, the solar radiation,
air temperature, and wind speed in 2017 were mostly close
to the long-term averages (Fig. 6a—c).
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A comparison of monthly river runoff values from 2018
with the long-term mean values (1993-2018) shows that the
2018 runoff was mostly lower than the long-term mean — al-
though within standard deviation limits (Fig. 6d). An excep-
tion was found in January 2018, when runoff was the largest
on the record, being more than twice as large (5.11km? per
month) as the long-term mean (2.44 km? per month). The
maximum or close to the maximum value of monthly river
runoff was also observed in September—December 2017.

The development of vertical stratification characterized
by potential energy anomaly estimated using meteorological
and river runoff data (Fig. 7) in general reflects the same dif-
ferences between the years as the simple comparison of tem-
perature, salinity, and density in the UML and NBL (Table 1).
The fastest development of stratification and the strongest
stratification at its peak were predicted for the summers of
2013 and 2018, and strong stratification was also character-
istic for the summers of 2014 and 2016. The years 2012,
2015, and 2017 were among the years with the weakest strat-
ification. A critical difference between the years can also be
noticed during destratification in autumn. The longest strati-
fied period was found for 2013, which was a remarkable year
with the largest river runoff in spring (considering the pe-
riod 2012-2018) and relatively high air temperatures in early
summer and autumn. The earliest decay of vertical stratifica-
tion is predicted for 2016 and 2017 — the water column was
fully mixed by the end of October in both years. In compar-
ison, the water column was fully mixed remarkably later in
2015 — in the second half of November.

The analysis of the time series of the along-coast
component (NNE-SSW) of wind stress supports the de-
scribed inflow—outflow suggestions for 2018 (see Sect. 3.3).
Upwelling-favorable winds with negative wind stress TNNE
exceeding —0.2Nm~2 that could be related to the in-
flows of saltier waters into the Gulf of Riga were observed
in February—March, May, early June, and late June 2018
(Fig. 8a). A major deviation from the long-term pattern is
also evident in cumulative wind stress in 2018 — wind forc-
ing from February to the end of July supported the near-

Biogeosciences, 19, 2903-2920, 2022
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Figure 3. Time series of the vertical distribution of oxygen concen-
tration (a), temperature (b), salinity (c), and density anomaly (d) at
stations G1 and 121 in 2012-2018 (including January 2019). Verti-
cal white dashed lines mark the time of measured profiles.

bottom inflows (seen as the decrease in the cumulative wind
stress; Fig. 8a). The winds from the opposite direction pre-
vailed from the beginning of August. Thus, the inflows of
sub-thermocline waters into the Gulf of Riga could have been
blocked in late summer 2018, as also seen in Fig. 5, demon-
strating the outflow of gulf deep layer waters to the Irbe Strait
at the end of August.

Similar to 2018, the cumulative wind stress in 2013 largely
deviated from the long-term mean (Fig. 8b). The inflow-
favorable winds dominated in spring—summer, supporting
the development of vertical stratification in the gulf’s deep
layer. A significant difference between these two years ap-
peared in September — in 2013, the inflow-favorable winds
persisted, while in 2018, the winds from opposite directions
started to prevail. Inflow-supporting wind conditions were
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Figure 4. Vertical profiles of dissolved oxygen concentration (a, e),
temperature (b, f), salinity (c,g), and density anomaly (d, h) mea-
sured in the Ruhnu Deep (station G1; see location in Fig. 1) in
2017 (a—d) and 2018 (e=h).

also observed in late spring—summer 2014, forming a rela-
tively thin NBL (with its boundary at 46 m), and hypoxia ap-
peared already in July 2014. Almost no inflow-supporting
winds occurred in 2015. Although stratification was not
strong and the NBL salinity was low this year (see Table 1),
hypoxia developed in 2015, but later — in late October, while
hypoxia in the other years was observed in July—September
(Figs. 2 and 3). Cumulative wind stress graphs generally fol-
lowed the long-term mean in 2016 and 2017 (Fig. 8b), and in
these years, no hypoxia was observed.
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Figure 5. Vertical sections of oxygen saturation (a—c), salinity (d-f), and temperature (g-i) on 30 May (a,d, g), 11 July (b, e, h), and 25—
26 August (c, f,i) 2018 along the route from station 32 in the Baltic Proper through the Irbe Strait to station 103 near the Daugava River

mouth in the Gulf of Riga (see the locations in Fig. 1).

Table 2. Estimated changes in NBL salinity and oxygen concentration due to advection and diffusion (presented as the changes per month
to ease the comparison between the periods) and estimated consumption rates from mid-April to late August 2018.

Period start (#1) and end (1)

18 Apr-30 May 30 May-11Jul 11 Jul-25 Aug

0,/1(114) mgL~! 13.42 12.46 11.08
0,"1(G1) mgL~! 12.01 8.27 5.16
0,"2m (G1) mgL~! 8.27 5.16 2.52
Measured O, depletion at G1 mg L-! per month 2.67 2.22 1.76
Sall (114) gkg™! 6.77 7.17 7.27
Sal'l(G1) gkg™! 5.99 6.22 6.48
Sal’2(G1) gkg™! 6.22 6.48 6.51
Average NBL thickness m 9.5 9.5 12.0
Salinity change due to vertical diffusion  gkg~! per month —0.10 —0.09 —0.08
Vertical diffusion of Oy mmol Oy m~2h~! 0.43 0.32 0.26
O change due to diffusion mgL~! per month 1.05 0.78 0.50
O, change due to advection mg L1 per month 0.48 1.24 0.68
O change due to consumption mg Lt per month 4.20 4.24 2.94
O, consumption rate mmol Oy m2h~! 1.72 1.75 1.53

3.5 Estimates of oxygen consumption and sediment
release of phosphates

We estimated fluxes of dissolved oxygen to the NBL at sta-
tion G1 in summer 2018 due to vertical diffusion and lat-
eral advection and mixing. Based on the gradient method
(Egs. 4 and 5), the estimated vertical diffusive flux var-
ied between 0.26 and 0.43 mmol O, m~2h~!, corresponding
to the changes in NBL oxygen concentration from 0.50 to
1.05mgL~" per month (Table 2). The estimated changes in

https://doi.org/10.5194/bg-19-2903-2022

oxygen concentration due to advection (Eq. 6) had compa-
rable values, varying from 0.48 to 1.24 mgL~! per month.
According to the measurements, the NBL oxygen concen-
tration continuously decreased in summer 2018, showing
that oxygen consumption had to be large enough to exhaust
oxygen brought by diffusion and advection and cause fur-
ther oxygen depletion in the NBL. We found that respira-
tion could cause oxygen depletion in the NBL by 2.94-
4.24mgL~" per month or, in total, by 16.2mgL~! from
mid-April to late August 2018 (Eq. 7). The corresponding
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Figure 7. Changes in vertical stratification (potential energy anomaly, PEA, characterizing energy needed to mix the water column fully) in
the central Gulf of Riga in 2012-2018 based on CTD profiles (markers) and estimated using meteorological (ERAS5 data are from the central
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Figure 8. (a) Time series of along-coast (NNE-SSW) component of wind stress yNg and cumulative wind stress in 2018 (6 h moving
average is shown). (b) Cumulative wind stress for each year in 2012-2018. Average cumulative wind stress curve for 1979-2018 is shown
in both panels. Data were extracted from the ERAS grid point outside the gulf (see location in Fig. 1).

consumption rate per unit bottom area (Eq. 8) varied from
1.53 to 1.75 mmol O, m~2h~! in 2018.

For the periods when inflows through the Irbe Strait
are absent, the only physical process contributing to the
changes in oxygen concentration in the gulf NBL is ver-
tical diffusion/mixing. We suggested that such conditions
of no inflows occurred in summer 2015, based on prevail-
ing winds (Fig. 8b) and observed low salinity in the NBL
at station G1 (Table 1). The vertical diffusive flux of oxy-
gen was estimated at 0.49 mmolm~2h~" in April-November
2015. If considering a similar oxygen consumption rate in
2015 as in 2018 (1.67 mmol O, m~2h~"), oxygen depletion
in the NBL (with an average thickness of 16 m) could be
1.70mgL~" per month. Thus, this rate is enough to cause
hypoxia in the near-bottom layer of the central gulf in late
October 2015, as it was observed (see Figs. 2 and 3), but not
earlier.

Simultaneously with the development of hypoxia, phos-
phate concentrations increased in the NBL at station G1 in
summer 2018 (Fig. 9). The phosphate concentrations were
already elevated in July when oxygen concentrations did not
indicate hypoxic conditions at 2-3 m from the seabed. The
estimated changes in phosphate concentrations due to lat-
eral advection and mixing and vertical diffusion varied be-
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Figure 9. Time series of vertical distribution of oxygen and phos-
phate concentration at station G1 in the Gulf of Riga from Jan-
uary 2018 to January 2019. Phosphate concentrations are indicated
as black dots. The size of the dots is proportional to the mea-
sured concentrations ranging from the lower detection range of 0.06
to 2.25 uM.

tween —0.18 to —0.21 and —0.04 to —0.13 uM per month,
respectively (Table 3). Since phosphate concentrations in the
NBL continuously increased from spring to late summer
(August), the sediment release of phosphates had to be large
enough to compensate for the flux by physical processes and
maintain the observed accumulation. The largest estimated
phosphate flux from the sediments was 13.6 umolm=2h~!

Biogeosciences, 19, 2903-2920, 2022
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Table 3. Estimated changes in NBL phosphate concentration due to advection and diffusion and estimated sediment release of phosphates in

the Gulf of Riga between the monitoring campaigns in 2018.

Period start (71) and end (1)

18 Apr-30 May 30 May-11Jul 11 Jul-25 Aug

PO4/1(114) uM 0.49 0.21 0.33
PO41(G1) uM 1.12 0.82 1.95
PO42m (G1) (measured) uM 0.82 1.95 2.11
Average NBL thickness m 9.5 9.5 12.0
PO4 change due to diffusion uM per month —0.04 —0.05 —0.13
PO4 change due to advection and lateral mixing pM per month —0.20 —0.18 —0.21
Estimated rate of the sediment POy4 release (M m~—2 h_l) 0.4 13.6 7.4

for the period from the end of May to mid-July 2018. From
late April to late May, the phosphate flux from the sediments
was minimal, which might be explained by relatively high
oxygen concentrations in the NBL. Although the oxygen
concentrations decreased and fell below the hypoxia thresh-
old from mid-July to late August, the estimated sediment re-
lease for this period was lower (7.4 umolm~2h~!) than from
late May to mid-July.

4 Discussion

Declining oxygen levels and more frequent hypoxia have
been reported in many coastal environments, including the
Baltic Sea (Caballero-Alfonso et al., 2015; Carstensen et al.,
2014; Conley et al., 2009). We found a similar tendency
in the Gulf of Riga with more frequent hypoxia in recent
years and a statistically significant decreasing trend of deep
layer oxygen concentrations (based on data in autumn 2005—
2018). Thus, in general, we can state that the observed ex-
tensive hypoxia in 2018 was in agreement with the long-term
changes in the GoR oxygen dynamics (Berzinsh, 1995; HEL-
COM, 2009). However, the reasons behind the largest extent
of hypoxia, as observed in 2018, need further explanation.

It is well documented that the main causes of near-bottom
hypoxia are elevated nutrient inputs, leading to high oxygen
demand for organic matter decomposition, and topographic—
hydrographic characteristics of coastal areas, restricting oxy-
gen supply by physical processes (Carstensen et al., 2014;
Virtanen et al., 2019). If oxygen consumption exceeds oxy-
gen supply by vertical mixing and advection for a long
enough period, hypoxia or even anoxia could occur (Fennel
and Testa, 2019). Seasonal stratification is a major factor re-
stricting oxygen supply to the near-bottom layer depending
on its strength (Kralj et al., 2019) and the duration between
its onset and decay (Fennel and Testa, 2019).

In 2018, fast warming of the surface layer and weak wind-
induced mixing in spring resulted in strong vertical stratifi-
cation. The peak of the spring bloom, which generates most
of the sedimented organic material, is observed in the Gulf
of Riga in April-May (Olli and Heiskanen, 1999; Purina
et al., 2018). When the spring bloom material reaches the

Biogeosciences, 19, 2903-2920, 2022

sediment surface, it triggers enhanced oxygen consumption,
with the rate and delay depending on the bloom species com-
position, e.g., diatom-to-dinoflagellate ratio (Spilling et al.,
2018). Aigars et al. (2015) found higher consumption rates
in late spring—early summer than in late summer—autumn and
related this result to the availability of degradable organic
material, i.e., settling of spring bloom. Thus, the strength of
stratification in spring—early summer is a crucial factor influ-
encing the extent of seasonal hypoxia in the Gulf of Riga and
similar coastal basins.

Since oxygen consumption at the sediment—water inter-
face can have a large share in depth-integrated respiration
(Boynton et al., 2018), separation of the near-bottom layer
from the waters above may accelerate oxygen depletion in
the NBL. For instance, Jokinen et al. (2018) suggested that a
decrease in the water volume between the pycnocline and the
seabed increased the probability of hypoxia occurrences in a
shallow basin of the Archipelago Sea (Haverd). We suggest
that besides the strong seasonal stratification and reduced
vertical mixing, the haline stratification in the deep layer that
already existed in spring was a crucial precondition for hy-
poxia development in 2018. A similar thin near-bottom layer
with higher salinity was observed in early summer 2014,
and in both years, summer deoxygenation was higher com-
pared to other years. The year 2018 was specific since addi-
tional inflows of saltier waters in summer caused an uplift of
the almost oxygen-depleted near-bottom waters. As a conse-
quence, the boundary of hypoxic waters was at its shallowest
depth, and the estimated extent of hypoxic bottoms was the
largest in late summer—autumn 2018. Thus, although the de-
velopment of hypoxia in 2018 was in accordance with the
long-term trend, the co-occurrence of several factors made it
an exceptional event.

Based on the introduced method, we estimated the oxy-
gen consumption rate at 1.67 mmol O, m~2h~! for spring—
summer 2018. This result is higher than the estimates of con-
sumption rates obtained for the Baltic Proper and the Gulf
of Finland — 0.11-0.39 mmol O> m~%h~! (Koop et al., 1990)
and 0.46-0.53 mmol O, m~2h~! (Conley et al., 1997), re-
spectively, and closer to but slightly lower than the estimates
based on the direct measurements in the Gulf of Riga by
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Aigars et al. (2015) — on average 2.3 mmolO>m—2h~!. On
the other hand, our estimates are much higher than found for
the deep areas of the Baltic Proper, although it is stated that
the consumption rates there have accelerated recently (Meier
et al., 2018). We used the estimated consumption rate to ex-
plain the occurrence of hypoxia in 2015 with relatively weak
stratification and suggest that seasonal stratification lasted
long enough to reach hypoxia levels in late October 2015.
No hypoxia was observed in 2016, although seasonal strat-
ification was strong at its peak, because the water column
was fully mixed before the autumn monitoring cruise in late
October. We suggest that a longer duration of the stratified
season in recent years, as also revealed by other authors,
e.g., Wasmund et al. (2019), has increased the probability of
hypoxia occurrences in the near-bottom layer of seasonally
stratified coastal basins in autumn.

We analyzed the seasonal dynamics of vertical stratifica-
tion depending on the local meteorological conditions to re-
veal the potential development of near-bottom oxygen con-
ditions due to predicted climate changes. Stratification has
strengthened in the Baltic Sea mostly due to increased sur-
face layer temperature (Kniebusch et al., 2019; Liblik and
Lips, 2019). In our assessment of the development of ver-
tical stratification, according to Simpson et al. (1990), the
surface heat flux and wind-induced mixing were the main
contributors to its changes. River runoff had, in general, a
lower contribution, although its influence was seen, e.g., in
early spring 2013, which was the year with the highest river
discharge (considering the period 2012-2018).

Earlier modeling studies have stated that possible fu-
ture changes in climate, including warming that causes the
strengthening of stratification and decreased oxygen solubil-
ity, and changes in precipitation/river runoff, influence the
extent of hypoxia in the Baltic Sea (Meier et al., 2011).
Strengthening of vertical stratification is predicted by the
projected future increase in sea surface temperatures (Groger
et al., 2019; Meier and Saraiva, 2020; Saraiva et al., 2019b).
Also, an increase in the total runoff to the Baltic Sea is pre-
dicted (Saraiva et al., 2019a,b), which could lead to a de-
crease in surface salinity, but these predictions are uncer-
tain. Although climate projections for wind are uncertain in
the Baltic Sea area (Christensen et al., 2015), a slight de-
crease in wind speed in spring is expected (Ruosteenoja et al.,
2019). Lower wind speed reduces vertical mixing and en-
hances stratification. Thus, in general, the future projections
seem to favor a strengthened stratification regime. When also
considering a predicted winter river runoff increase due to in-
termittent melting (Stonevicius et al., 2017) — which would
potentially bring additional nutrients and organic matter to
the sea (Yurkovskis, 2004) — hypoxic events in the future
would probably occur more often and perhaps be even more
severe.

Although phosphorus inputs into the Gulf of Riga have
decreased (HELCOM, 2018b), they are still higher than the
maximum allowable inputs by about 1000t yr—' (HELCOM,
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2022). Our analysis of the long-term nutrient data revealed
a statistically significant increasing trend in near-bottom
phosphate and total phosphorus concentrations in the strat-
ified season. A negative correlation between the near-bottom
phosphate and oxygen concentrations points to the internal
load — the release of phosphates from the bottom sediments
under low oxygen concentrations (van Helmond et al., 2020;
Pitkédnen et al., 2001). This result agrees with other studies
based on long-term monitoring and targeted research data
stating that the phosphorus dynamics in the Baltic Sea basins
is largely defined by the meteorological and hydrographic
conditions (Lehtoranta et al., 2017; Lips et al., 2017). Such
internal phosphorus load also supports cyanobacterial nitro-
gen fixation and, thus, counteracts not only external phospho-
rus load reduction but also external nitrogen load reduction
(Savchuk, 2018).

Based on the indirect method suggested in this study,
the estimated phosphate fluxes from sediments reached up
to 13.5umolm=2h~! from the end of May to mid-July
2018. This estimate agrees with the earlier studies in the
Gulf of Riga by Eglite et al. (2014) and Aigars et al.
(2015) and in the Gulf of Finland, e.g., by Pitkédnen et al.
(2001), who obtained a flux estimate of 13kg km~—2d-! or
17 umolm~—2h~!. The observed increase in phosphate con-
centrations in the NBL in summer 2018, already before hy-
poxia development, agrees with the results by Aigars et al.
(2015), showing that the phosphate flux did increase substan-
tially at oxygen concentration <6mgL~!. They also found
that the average phosphate fluxes from sediments gradually
increased from low values of 2—5umolm~—2h~! in April-
May to 55umolm~2h~! in October 2012. Our maximum
flux estimates from late May to mid-July are close to the val-
ues obtained by Aigars et al. (2015) in June—August, but we
did not observe a further substantial increase in NBL phos-
phate concentrations in late summer—autumn 2018. The latter
could indicate that almost all mobile phosphorus is released
from the surface sediments in low-oxygen conditions (e.g.,
Walve et al., 2018). It is difficult to suggest what has been the
major factor causing the observed long-term (2005-2018) in-
creasing trend in near-bottom phosphate concentrations — ei-
ther the strengthening of stratification and prolongation of the
stratified season, larger phosphorus flux associated with the
near-bottom inflow of saltier waters, or accumulation of mo-
bile phosphorus in the sediments. An indication of increased
phosphorus flux from the Baltic Proper is the revealed pos-
itive trend in phosphate concentrations in the near-bottom
layer of the Irbe Strait. On the other hand, a shorter mixed
season in winter could hinder the formation of an Fe-oxide-
bound P pool, as suggested by van Helmond et al. (2020)
for similar sites in the Stockholm archipelago with relatively
low mixing and low bottom water oxygen concentrations in
summer.

In conclusion, we suggest that the sequence of certain pro-
cesses triggered the observed extensive hypoxia in the Gulf
of Riga in 2018. Enhanced seasonal stratification was cre-
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ated by the rapid warming of the surface layer and calm wind
conditions in spring, leading to restricted vertical mixing. In-
flows of saltier waters through the Irbe Strait in spring—early
summer maintained haline stratification in the deep layer that
additionally constrained vertical mixing. Due to high respi-
ration, hypoxia developed in the entire saltier near-bottom
layer separated from the water layers above by the secondary
pycnocline. Furthermore, the estimated oxygen consumption
rate is large enough to lead to near-bottom hypoxia also in
conditions of weaker stratification but a prolonged stratified
season. The projections of meteorological and hydrological
conditions anticipate that the frequency and extent of hy-
poxia will likely increase in the future. Since the internal
load of phosphorus is linked to the near-bottom oxygen con-
ditions, this scenario also predicts no fast reduction of nu-
trient concentrations in the Gulf of Riga and similar coastal
basins.
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Abstract

To develop an oxygen indicator for the eastern part of the Gulf of Finland (EGOF), a dataset was compiled
covering 1900-2021. The analysis revealed a long-term declining trend in dissolved oxygen concentrations
in the 40-70 m water layer of 0.022 mg L* a** and multi-decadal variations associated with the observed
changes in salinity. About 26% of the long-term decline in oxygen concentrations can be assigned to the
decrease in oxygen solubility due to the observed temperature increase. The detected steep decline of
oxygen concentrations of 0.149 mg L a* since 1990 can be explained only by 17% by the temperature-
related decrease in oxygen solubility and 22% by the changes in hydrographic conditions. The water
volume and bottom area under low oxygen conditions in 2016-2021, characterized by dissolved oxygen
concentrations <= 6 mg L, have increased, compared to the selected reference period with almost no
human impact in the 1920s-1950s, from 7.9 km? to 59.4 km?3 (from 2.1% to 16.0% of the EGOF total
volume) and from 1030 km? to 4320 km? (from 11.7% to 48.8% of the EGOF total area), respectively. The
environmental status of the EGOF was assessed as not good based on the presented oxygen indicator. We
conclude that the water volume and bottom area under low oxygen conditions have expanded mostly
due to the worsening of the eutrophication status and climate change. Further studies are needed to
discriminate between the impacts of the excess load and accumulation of nutrients in the system and
temperature-related changes in biogeochemical processes and fluxes.

Keywords: dissolved oxygen, Baltic Sea, Eastern Gulf of Finland, eutrophication, climate change effects



1. Introduction

The Baltic Sea is influenced by eutrophication (Kabel et al., 2012) and the changing climate (Conley et al.,
2009; Gustafsson et al., 2012). The driving force behind eutrophication is the excess amount of nutrients
reaching the marine environment via rivers and the atmosphere (e.g. Reusch et al., 2018). Climate change
has affected the seas and will continue to do so in the future, mainly through increased temperature,
which decreases oxygen solubility and may accelerate respiration and strengthen stratification (e.g.,
Bindoff et al., 2019; Oschlies et al., 2018). Stronger stratification hinders vertical mixing, which, together
with a prolonged stratified period, could lead to more frequent seasonal oxygen depletion in the near-
bottom layer of coastal basins (Stoicescu et al., 2022).

In order to describe and manage the eutrophication related negative anthropogenic effects on the marine
environment, Baltic Sea countries have agreed to assess the status of open sea areas, focusing on
nutrients, chlorophyll-a levels, cyanobacterial blooms, water transparency, and near-bottom oxygen
conditions and/or bottom fauna, according to the MSFD (European Parliament and Council, 2008). The
environmental status of coastal waters is assessed under the WFD (European Parliament and Council,
2000), and the outcome relies mainly on the biological quality elements (phytoplankton, bottom flora and
fauna). The physical and chemical parameters, e.g. nutrient concentrations, provide only supplementary
information. In the frames of the Baltic Marine Environment Protection Commission (HELCOM), open sea
and coastal areas are assessed similarly, grouping different indicators into nutrient levels and direct and
indirect effects of eutrophication, and compiling an aggregated eutrophication status assessment
(HELCOM, 2014, 2018d).

In the previous HELCOM assessment of the state of the Baltic Sea, HOLAS II, covering the years 2011-2016,
oxygen conditions were assessed using an oxygen debt indicator applicable in deeper areas where a
permanent halocline exists (HELCOM, 2018d). However, this indicator cannot be applied in the shallower
eastern Gulf of Finland (EGOF; Fig. 1) due to the absence of the halocline in most of this sub-basin.
Subsequently, a new oxygen indicator is needed since the criterion “oxygen conditions” is one of the
primary criteria of MSFD descriptor 5 on eutrophication. Recently, different approaches have been
suggested and tested (Piehl et al., 2022; Stoicescu et al., 2019), and “shallow-water oxygen indicators” are
currently being developed in the frames of HELCOM.

One of the challenges in using oxygen as a status assessment indicator in the EGOF and similar estuarine
regions (Codiga et al., 2022; Liblik et al., 2020) is the difficulty to pinpoint the reasons behind the changes
in oxygen concentrations. Although the excess amount of nutrient inputs (past and present) is considered
to be the main culprit causing oxygen decline in the Baltic Sea, climate change, more specifically, the
increase in water temperature and physical circulation are important factors influencing oxygen
conditions (Carstensen et al., 2014). The near-bottom oxygen concentrations in the EGOF are also strongly
influenced by changes in hydrographic conditions (Alenius et al., 1998).

Due to the lack of major sills on the western border of the Gulf of Finland (GOF), its deep layer is influenced
by the deep water from the Northern Baltic Proper (NBP), which among other factors is affected by the
Major Baltic Inflows (e.g, Liblik et al., 2018). East-west spread of the more saline, low-oxygen deep water
from the NBP depends on temporal variability in the wind pattern (e.g. Alenius et al., 2016; Lehtoranta et
al., 2017). Although, there is no permanent halocline in the EGOF, the deep layer is influenced by the
spread of saline water from the west, and the surface layer is affected by freshwater input from the river
Neva in the east (Alenius et al., 1998). River Neva has the largest discharge to the Baltic Sea (Alenius et
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al., 1998), and with the nutrient input levels exceeding the set maximum allowable inputs (HELCOM,
2023c), the river load still has strong implications on the health of the EGOF (HELCOM, 2014, 2018d).

The aim of the present study was to analyze the long-term changes in the sub-surface oxygen conditions
and the reasons behind these changes in the Eastern Gulf of Finland and to suggest a potential indicator
for the eutrophication status assessment. The data series are examined to reveal the long-term trends,
interannual variations, and relationships between the changes in oxygen concentrations and hydrographic
variables (temperature and salinity) and nutrient load. To address primarily the anthropogenic factors
causing the decline in oxygen concentrations, we introduce a method to reduce the hydrography effects
related to advection in the deep layer, which could be evaluated based on salinity measured
simultaneously with oxygen. We also estimate the probable decrease in oxygen concentrations caused by
the temperature increase and assess the extent of its influence.
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Figure 1. Study area — Eastern Gulf of Finland (EGOF). Location of monitoring stations used in analysis are
indicated by blue dots, Neva river mouth by the yellow triangle, and HELCOM sub-basin division lines by
the gray lines, including open sea and coastal area division. Light blue area defines the bottom depth
range of 40-70 m. Orange line defines the 60 m depth contour.



2. Material and methods

2.1. Core data set

All available data on oxygen concentrations, temperature and salinity in the eastern part of the Gulf of
Finland (the area is shown in Fig. 1) were pooled from ICES, Finnish Environment Institute's national
database Hertta (http://www.syke.fi/en-US/Open_information, in Finnish), Gulf of Finland Year database,
CTD oxygen data from stations in the national monitoring program from Finnish Meteorological Institute,
and Estonian environmental database (KESE). After removing duplicates, a core dataset was compiled for
further analysis. The data are available from 1900, resulting in almost 1500 profiles (station locations are
shown in Fig. 1 and data availability in Fig. 2), but more consistent data with multiple profiles per season
and at least three depths per profile are available since the late 1950s.

We used all available data regardless of the analysis method. Most of the earlier oxygen concentrations
were determined by the Winkler method. Recent data are partly obtained using electrochemical sensors
or analyzers, but the relevant HELCOM guidelines (HELCOM, 2018c) are followed. We did not incorporate
data on hydrogen sulfide concentration since these were not available for the first half of the 20™" century.
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Figure 2. Availability of data used in the analysis in the EGOF area (x-axis: month, y-axis: year). Each dot
represents one unique profile. The grey area indicates the months July-October, from where the data are
used for the analysis and indicator calculation.



2.2.Long-term trends and oxygen-salinity and oxygen-temperature relationships

Long-term trends in oxygen concentrations, temperature and salinity are estimated for the entire period
with available data since the early 1900s and for selected shorter periods with certain visible tendencies.
As the minimum near-bottom dissolved oxygen (DO) concentrations in the Baltic Sea basins without the
permanent halocline are observed in late summer—early autumn (Piehl et al., 2022; Stoicescu et al., 2022),
we focused our analysis on July-October data (Fig. 2). The trends are analyzed for the depth groups with
an interval of 5 m and three layers, representing the surface layer (0-20 m), the layer just below the
summer thermocline (20-40 m) and the deep layer (40-70 m) where seasonal low-oxygen conditions
occur.

Earlier studies (Lehtoranta et al., 2016, 2017; Lips et al., 2017; Stoicescu et al., 2019) have shown that
deep-layer oxygen concentration and salinity are negatively correlated in the Gulf of Finland. This negative
relationship holds because the vertical gradients of salinity and oxygen are opposite and oxygen
concentrations in the saltier inflowing deep water are lower than those in the less saline inflowing water.
Lips et al., (2017) have suggested that according to the estuarine parameter space introduced by Geyer
and MacCready (2014), the Gulf of Finland is a stratified estuary but could correspond to a partially
stratified estuary depending on the prevailing forcing. High river discharge, occurrence of Major Baltic
Inflows and calm weather conditions (or prevailing north-easterly winds) strengthen vertical stratification.
In contrast, low river discharge, low inflow activity and prevailing strong westerlies alter the hydrographic
conditions towards a partially stratified estuary. Since corresponding changes in estuarine circulation alter
the salinity distribution (Elken et al., 2003; Liblik and Lips, 2011; Lips et al., 2008), we suggest to use deep-
layer salinity as a proxy of prevailing hydrographic conditions.

We found linear regressions between the annual average July-October oxygen concentration and salinity
for the defined depths and layers to estimate the effects of changing hydrography on oxygen conditions.
Uncertainties of using a linear relationship are evaluated.

To estimate the effect of climate change on dissolved oxygen concentrations, we analyzed the changes in
oxygen solubility and will discuss other temperature-related processes influencing oxygen conditions.
Oxygen saturation concentrations were estimated according to TEOS-10 (IOC et al., 2010). This analysis
allows us to estimate how much the observed oxygen concentrations and their long-term trends were
affected by the decrease in saturation concentration.

2.3. Defining the extent of low-oxygen waters

To estimate the basin bottom area and volume affected by low-oxygen conditions, we chose dissolved
oxygen concentration of 6.0 mg L™ as a limit. This concentration is considered to be a threshold value
where approximately 75% of fish will experience stress caused by low oxygen conditions (Vaquer-Sunyer
and Duarte, 2008). Baltic bottom fauna has been found sensitive to oxygen concentrations below 4.6 mg
L? (Norkko et al., 2015). It has been suggested as a precautionary limit, which would maintain all but the
most sensitive species (Vaquer-Sunyer and Duarte, 2008). However, since such low concentrations do not
occur at all open sea stations in the EGOF area yearly, the former (6 mg L) was selected as the threshold
for the volume estimation.

A challenge for finding a characteristic depth of DO isoline 6 mg L™ in the entire assessment area and
period is the temporally and spatially sparse data. We used station data with at least 3 measured depths
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and interpolated oxygen concentrations on 5-meter step profiles using a second-degree polynomial fit. As
the next step, all profiles from July-October of the selected assessment period (e.g. 6 years) were used to
compile the characteristic/average oxygen profile from the sea surface to the maximum depth of 106 m.
The third-order polynomial fit was chosen for this since it best followed the common oxygen profile in the
study area and period with the existing seasonal thermocline. The same method was used to construct
average salinity profiles. If DO concentrations estimated by this method remained above 6 mg L™ in the
entire water column, as it was found for the period of weak stratification from the mid-1980s to the mid-
1990s, the maximum depth in the area and the volume and bottom area equal to zero were used as the
respective estimates.

To calculate the area and volume of the low-oxygen bottom water, the hypsographic curve constructed
for the EGOF based on EMODnet bathymetry data (https://portal.emodnet-bathymetry.eu/) and an
assumption that isosurface 6 mg L™ is a horizontal plane were applied.

The earliest available data, prior to 1926, were obtained at a very few stations — 11 stations/sampling
sites/events altogether. Because of the low number of available profiles in the beginning of the 1900s, we
proposed a later period — 1926 to 1960, as a period with no or low human-induced impact (the reference
period).

2.4. Adjusting indicator results to the changes in hydrographic conditions

The changes in hydrographic conditions affecting oxygen conditions, as the movement of saltier and less
oxygenated waters along the GOF axis and vertical stratification strength, are assessed based on salinity
in the 40-70 m water layer. The suggested oxygen correction is applied in relation to the average salinity
in the reference period. Salinity adjusted oxygen concentration profile was calculated by adding a
correction to the measured oxygen value (Eq. 1). The correction was equal to the difference between the
annual (July-October) average salinity at the depths of 40-70 m and this depth group specific reference
period salinity multiplied by the slope of the linear model defined by the ordinary least squares (OLS)
method, as

02 adjusted = 02 measured + slopeg * (Sref - S) (1)

where O measured is measured oxygen in mg L2, slope, is the slope of the linear model, S is the average
salinity in the reference period (1926-1960), and S is measured salinity. All salinity values in the present
paper are given according to the Practical Salinity Scale 1978 as stored in the databases. Although
dimensionless, we present salinity in the graphs and text in units [psu].

Correcting oxygen to salinity gives higher adjusted DO values (compared to measured DO) when the
average measured salinity is higher than the depth group’s average salinity in the reference period. Higher
adjusted DO values, compared to measured DO, move the isoline DO = 6 mg L deeper in the water
column, resulting in a smaller adjusted area and volume of low-oxygen waters. Thus, the applied method
allows us to reduce the hydrographic (natural) impacts from the indicator results.



3. Results

3.1. Long-term trends in near-bottom oxygen, salinity and temperature

The deep-layer (40-70 m) oxygen concentrations in the EGOF in July-October show a declining long-term
trend of -0.22 mg L per decade (n = 71, R = 0.12, p < 0.05; Fig. 3 and Table 1), and the total decrease in
oxygen concentrations by -2.53 mg L™ for 1905-2021. A steeper decline of -1.49 mg L? per decade is
revealed from 1990-2021 (n = 31, R? = 0.44, p < 0.05). The analysis did not include the hydrogen sulfide
data due to the lack of earlier measurements. However, H,S can rarely occur at depths of 40-70 m. The
average H,S concentration at 77-80 m depth at station F1 in July-October 2014-2021 was 0.1 mg L, and
the maximum concentration observed was 1.1 mg L™.

A significant positive trend in temperature of 0.18 °C per decade is detected based on July-October data
from 40-70 m layer for 1905-2021 (n = 70, R? = 0.29, p < 0.05), which is especially steep in the last three
decades (0.73 °C per decade, n = 30, R? = 0.44, p < 0.05; see Fig. 3). The long-term increase in temperature
in the surface layer was larger (0.25 °C per decade) than in the deep layer, while the trend was insignificant
in the surface layer in the last three decades. Note that the effect of the temperature increase on density
(decrease) is much larger in the surface layer than in the deep layer. For instance, if the surface layer
temperature increased from 13 to 16 °C at salinities of about 5 g kg, the density decrease would be 0.43
kg m?3. If a similar increase in temperature (3 °C) occurred in the deep layer, e.g. from 2 to 5 °C (at
characteristic salinities of 7 g kg), the density decrease would be as low as 0.04 kg m=.

The near-bottom salinity does not have a significant long-term trend; however, periods with decreasing
(in the 1980s and early 1990s) and increasing (from the beginning of 1990s to nowadays) salinities can be
observed (Fig. 3). These periods are associated with distinct changes in oxygen conditions — a decrease in
salinity corresponds to an increase in oxygen values, and vice versa (Figs. 3-4). Since the observed lower
salinities in the deep layer coincided with the slightly higher sea surface salinities in the 1980s — the early
1990s compared to the periods before and after, vertical stratification of the water column was
significantly weaker during this period.
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Figure 3. Annual average oxygen (top left), salinity (bottom left), temperature (top right), and oxygen solubility (bottom right)
values from 40-70 m layer in the Eastern Gulf of Finland in July-October of 1905-2021.



The long-term trends of DO and oxygen solubility indicate that oxygen has decreased in the surface layer
mostly due to reduced solubility (Table 1). In the middle and deep layers, the change in solubility has a
smaller influence on the DO decrease — oxygen saturation concentrations decreased slightly less than in
the surface layer since the temperature increase in deeper layers was also smaller than in the surface
layer. However, more importantly, the negative trend in DO in deeper layers was significantly larger than
that near the sea surface. During the last 30 years, DO concentrations have been declining in the deep
layer seven times faster than the 100-year average trend, while the trend in oxygen solubility was five
times larger than the 100-year average trend (Table 1).

Table 1. Long-term linear trends of July-October dissolved oxygen (DO) concentration, salinity (SP), temperature (TEM) and
oxygen solubility (OSOL) in three selected depth groups in the eastern Gulf of Finland. Bold numbers indicate p-value less than
significance level (0.05).

Depth range 1900-2021 1990-2021
(m) DO SP TEM OosoL DO SP TEM OSOL
mgLtal psu at °Cal mgLtal mgLtal psu at °Cat mgLtal
0-20 -0.004 0.000 0.025 -0.006 0.008 0.006 0.018 -0.005
20-40 -0.022 0.002 0.011 -0.003 -0.052 -0.009 0.098 -0.027
40-70 -0.022 -0.002 0.018 -0.006 -0.149 0.023 0.073 -0.026

Table 2. Parameters of linear regression between salinity (SP) and dissolved oxygen (DO), and temperature (TEM) and dissolved
oxygen (DO) in three selected depth groups in the eastern Gulf of Finland in July-October 1905-2021. All correlations are
significant — p-values were below 0.001.

SP vs DO TEM vs DO
Depth " "
range (m) R n Slope estimate R2 n Slope estimate
mg Lt psut mg L1 °C?
0-20 0.13 71 0.49 0.19 71 -0.14
20-40 0.01 71 -0.17 0.02 71 -0.06
40-70 0.21 70 -1.42 0.31 70 -1.04

The strongest linear correlations between salinity/temperature and oxygen in the selected three layers
was found in the 40-70 m layer (Table 2). The correlations were all significant (p-value less than 0.001).
Based on the found significant correlation of oxygen with salinity in the 40-70 m layer, we suggested to
use the linear relationship between oxygen and salinity to reduce the effect of changing hydrographic
conditions when assessing the human-induced impact on oxygen conditions. The found slope of the
regression line between oxygen and salinity was -1.42 mg L psu? (Table 2), and the limits of its 95%
confidence interval were -2.08 mg L™ psu™ and -0.76 mg L psu™* (Fig. 4).
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Figure 4. Scatter plot and linear regression line between salinity and oxygen in 40-70 m layer in the Eastern Gulf of Finland in July-
October 1905-2021. Regression line is shown in a red solid line; red dashed lines indicate the ranges of the 95% confidence level.

3.2. Defining the extent of low-oxygen waters
To define the bottom area and volume of low-oxygen waters, we looked for the six-year average DO = 6
mg L isoline depth in July-October. To assess the status, we compared the estimated area and volume
with the threshold values, indicating good environmental status (GES) derived based on the conditions in
the reference period from 1926 to 1960, exemplifying a time with no/low human influence. The reference
period DO = 6 mg L? isoline depth was 63.2 meters, and the average area and volume estimates were
1030 km? or 11.7% and 7.9 km® or 2.1% of the total area and volume, respectively.

Athreshold value, corresponding to good environmental status (GES), can be set by defining the allowable
deviation from the reference state. Usually, the acceptable deviation from the reference value of 50% is
used to define the threshold (HELCOM, 2013). We propose that the volume of water with oxygen
concentrations below 6 mg L, corresponding to GES, equals at least the two-fold reference volume since
the initial volume was very small. The applied acceptable deviation of 100% yields the GES volume of
waters with DO <= 6 mg L of 15.9 km? or 4.3% of the total EGOF volume. This GES volume is defined by
the 6 mg L™ isoline depth at 57.2 meters. Another option is to define the GES as a 50% increase in the area
of low-oxygen waters compared to the reference period, which would set the 6 mg L isoline depth at
58.3 meters (1550 km? or 17.5% of the total area and 14.1 km?3 or 3.8% of the total volume). These
different GES options, together with the hypsographic curve of the EGOF area, are presented in Fig. 5.

To reduce the hydrography effects on the status assessment, we adjusted measured oxygen values
considering the 40-70 m layer differences between the average salinities in the assessment period and
the reference period. This introduced method can be used since there was almost no long-term trend in
salinity but a relatively high correlation between simultaneously measured oxygen content and salinity in
the same depth range (see Table 2 and Fig. 4).
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Figure 5. Hypsographic curves — area and volume — of the Eastern Gulf of Finland. Extent of low oxygen (DO <= 6 mg L) waters
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2021 estimates are shown based on monitoring data (black; 2016-2021 Measured) and monitoring data adjusted by the suggested
method for reducing the impact of changing hydrographic conditions (red; 2016-2021 OLS).

Applying the suggested method of reducing the hydrography effects resulted in higher adjusted DO values
than the observed concentrations during the periods when 40-70 m mean salinity was higher than during
the reference period, e.g. in the 1970s and the early 1980s (Fig. 6, upper panel). During the period of low
salinities and decreased stratification from the mid-1980s to the mid-1990s, the adjusted DO values were
decreased by the applied method. Reducing the effect of the increasing salinity from the beginning of the
1990s to the present flattened the trend or even reversed it in the adjusted DO time series since 2010.

In accordance with the described adjustment of DO values, during the period with higher salinities,
peaking in the 1970s, the 6 mg Lt isoline depth of adjusted oxygen went deeper (Fig. 6, upper panel). The
same effect of the adjustment applies for the most recent period with observed higher sub-surface
salinities in the EGOF. As a result, from the mid-1990s to the present, when salinity has been increasing
and DO simultaneously decreasing, the adjustment slowed down the rise of the DO = 6 mg L isoline and
the tendency has reversed after 2010.
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Figure 6. Upper panel: Six-year average DO concentrations in the 40-70 m layer (dotted lines) and DO = 6 mg L isoline depths
(solid lines). Lower panel: Six-year average area of bottoms (solid lines) and volume of waters (dotted lines) with DO <=6 mg L*!
estimates. Darker gray denotes the area representing reference period conditions, derived from the reference period mean
isoline depth. The entire gray area denotes good environmental status conditions, which are achieved with a 50% deviation from
the reference period area and with a 100% deviation from the reference period volume estimates, respectively. Results based on
measured data are shown in black and based on adjusted data in red.

Fig. 6 lower panel demonstrates how the introduced indicators, either based on water volume or bottom
area with DO <= 6 mg L%, have changed during the last 60 years. The temporal development of indicator
values is similar and agrees with the changes in deep-layer oxygen concentrations and the changes in the
isoline 6.0 mg L depth described above. It is interesting that the adjustment of oxygen values due to
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changes in hydrographic conditions resulted in assessment results corresponding to GES in the 1970s but
not during the last 20 years, although the adjustment moved the values towards the GES threshold. The
assessed status corresponded to GES for the period of low deep-layer salinities and weak stratification in
the late 1980s and early 1990s. This outcome and the noticed elevated values of the indicator a few years
after every known Major Baltic Inflow (after 1993 and 2003, as well as after 2014, but the signal was less
pronounced; see Fig. 6) will be discussed later in the paper.

The average volume of waters with DO < 6.0 mg L in 2016-2021 (matching the present HELCOM
assessment period) without salinity adjustment was 59.4 km?3 or 16.0 % of the EGOF total volume and
bottom area 4320 km? or 48.8 % of the EGOF total area — the 6.0 mg L isoline depth was 43.1 m (Fig. 5).
When adjusting DO values to salinity using the suggested method, the estimates decreased to 49.8 km?3
or to 13.4 % of the volume and area to 3890 km? or to 43.9 % of the bottom area (isoline depth was 45.5
m). These changes in the estimates are caused by the difference of 0.06 psu in average salinity in 2016-
2021 and the reference period (1926-1960) in the 40-70 m layer, although the long-term trend in deep-
layer salinity was almost absent (Fig. 2).

The increase in the extent of the low-oxygen waters in the EGOF compared to the period with no or low
human impact before 1960 is well demonstrated in Fig. 7. The area and volume of waters with DO < 6 mg
L? has increased from 1030 km? to 4320 km? (from 11.7 % to 48.8 % of the total area) and from 7.9 km?
to 59.4 km3 (from 2.1 % to 16.0 % of the total volume). Adjusting oxygen to salinity decreases the
estimated low-oxygen area, meaning that the hydrography effects were at least partly removed from the
estimate. Thus, the differences left in the estimates for the reference and assessment periods could
mostly be explained by the effects of climate change related temperature increase and eutrophication.
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Figure 7. Extent of low oxygen (DO <= 6 mg L'!) water during the reference period (yellow) and the latest assessment period 2016-
2021. The estimate based on monitoring data includes the black, red and yellow areas, monitoring data adjusted with the
suggested method the red and yellow areas.
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3.3. Impacts of different factors on long-term changes in oxygen conditions
The long-term trends in dissolved oxygen concentration and oxygen solubility were practically the same
in the 0-20m layer of the EGOF in 1900-2021 (Table 1). It proves that the oxygen solubility change induced
by the temperature increase dominated the DO decrease in the surface layer. In the deep layer (40-70 m),
oxygen concentrations decreased four times faster than oxygen solubility. The respective trends were -
0.022 mg L'*a' and -0.006 mg L™ a%, indicating that the decrease in saturation concentrations due to the
temperature increase could have caused about 26% of the deep-layer DO decrease from 1900-2021.

DO solubility trend for the last 30 years was over four times (-0.026 mg L* a?) of the long-term trend (-
0.006 mg L at), but the share of the DO solubility influence on the declining DO conditions has been
smaller (~17% of the DO trend of -0.149 mg L' a™* in 1990-2021). For this period with a clear salinity trend,
the change in hydrographic conditions could have caused 22% (12-32 %) of the oxygen decline. This
estimate (0.032 mg L'? a?) is obtained by multiplying the detected salinity trend (0.023 psu a%; see Table
1) with the respective linear regression slope estimate (-1.42 mg L psu; see Table 2).

Among all the possible effects of the temperature increase on oxygen conditions, we accounted only for
the decrease in oxygen solubility when the temperature rises. It has been suggested that the change in
saturation concentration could cause only 25% of the deterioration in near-bottom oxygen conditions due
to temperature increase (Bendtsen and Hansen, 2013), and other effects, e.g. increased respiration rates,
are more important than the solubility decrease impact. Since the solubility change is steeper in low
temperatures than in warmer waters (e.g., Tian et al., 2022), we used a conservative assumption that the
other temperature-related effects are of similar value to the solubility decrease. The estimated
proportions of solubility decrease were 26% for 1900-2021 and 17% for 1990-2021, and the effect of the
salinity increase on DO conditions was ~0% for 1900-2021 since the trend was practically absent, and 12-
32% for 1990-2021. Applying our assumption leads to the estimates that about 48% of the oxygen decline
in 1900-2021 (-0.022 mg L'* a*) and ~44% (34-54%) in 1990-2021 (-0.149 mg L™ a) occurred due to factors
other than changes in hydrography and temperature. We can conclude that the relative scale of other
factors (e.g. eutrophication) influencing oxygen conditions has remained roughly the same when
comparing the long term and the recent 30 years.

Based on the HELCOM core indicator ‘Input of nutrients’, the input of nitrogen and phosphorus has
decreased by 17% and 49%, respectively, in 2020 compared to the reference period of 1997-2003
(HELCOM, 2023c). This result could suggest a potential improvement in environmental conditions,
including near-bottom oxygen concentrations (HELCOM, 2023c).
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4. Discussion

Eutrophic conditions with the accompanying decline in oxygen concentrations have been observed and
are under concern in many coastal systems around the world, including the Baltic Sea (e.g. Carstensen et
al., 2014; Conley et al., 2009). Long-term monitoring data since the beginning of the 1900s revealed a
statistically significant decreasing trend in deep-layer (40-70 m) oxygen values in the eastern Gulf of
Finland (0.22 mg L per decade). This trend could be related to the anthropogenic impact either via the
increase in nutrient loads (Carstensen et al., 2014) or climate change (Caballero-Alfonso et al., 2015). The
hydrogen sulfide data was not used in the analysis, but we suggest that adding them would increase the
detected long-term negative trend in this relatively shallow sea area only slightly.

The significant trend in deep layer temperature of 0.18 °C per decade for July-October 1905-2021 and a
steeper trend of 0.73 °C per decade in the last 30 years agree with the earlier analyses of deep-water
temperature changes in the Baltic Sea (e.g. Dutheil et al., 2022; Liblik and Lips, 2019). Dutheil et al. (2022)
reported a temperature increase in 1850-2008 in the bottom and intermediate layer of the Baltic Sea of
>0.04 °C per decade and <0.04 °C per decade, respectively, while Liblik and Lips (2019) estimated the
trends in the ranges of 0.35-0.6 °C per decade in the central Gulf of Finland (layer below 50 m) in 1982-
2016. In a more recent analysis, Kankaanpaad et al. (2023) reported that the near-bottom temperature
increased in the deeper areas of the EGOF by 0.60 °C per decade in 1960-2021 and 0.70 °C per decade in
1994-2021. Thus, the trend estimates depend on the period under investigation, but a steeper increase
in water temperature in the last 30-35 years is a common conclusion. Similar fast warming of waters in
recent decades has been observed in other estuarine regions, such as the Chesapeake Bay (Du et al.,
2018).

Our results show that in the long term, the warming of the surface layer was larger than the deep layer.
However, even if the magnitude of the temperature increase is the same, the effect on the density
decrease would be much larger in the surface layer than in the deep layer because a temperature increase
at low temperatures (close to the temperature of maximum density) causes a very modest density
decrease. Thus, in the brackish sea areas with the seasonal thermocline, the observed water temperature
increase has strengthened vertical stratification.

The near-bottom salinity revealed a very weak long-term trend, but an oscillatory nature of the changes
is observed. Such decadal-scale fluctuations in hydrographic conditions (Meier et al., 2019; Schimanke
and Meier, 2016) would play an important role in changes in oxygen conditions. In the Gulf of Finland, this
variability could be interpreted as an influence of the lateral (longitudinal) movements of the deep layer,
as described by, e.g., Alenius et al. (2016) and Lehtoranta et al. (2017). The decline in deep-layer salinities
in the Baltic Sea from the 1960s/70s to the 1990s has been related to the positive trend in the NAO index
in the same time period (Meier et al., 2022). The positive NAO trend means that the Baltic Sea region is
influenced by stronger westerlies, which in the GOF/EGOF forces the saltier/low-oxygen deep layer to
more westerly positions. From the mid-1990s to the early 2010s, the NAO index has shown a negative
tendency (Meier et al., 2022), coinciding with the observed salinity increase during the last 30-35 years in
the Baltic Sea deep basins (Liblik and Lips, 2019) and the EGOF deep layer shown in this study.

We developed a method to reduce the impact of changes in hydrography from the indicator assessment.
The proposed adjustment of oxygen concentrations to changes in salinity decreases the interannual
variability of the low-oxygen area/volume in the EGOF (as seen in Fig. 6). This result and previous studies
(e.g. Liblik et al., 2013; Lips et al., 2017; Stoicescu et al., 2019) demonstrate that low oxygen conditions in
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the GOF area are strongly influenced by lateral deep-water advection. However, deep-layer salinity also
correlates strongly with stratification strength that controls vertical oxygen ventilation, thus contributing
to the extent of oxygen deficiency (Lehtoranta et al., 2017; Liblik and Lips, 2019). Since the suggested
method assumed a linear correlation between oxygen and salinity while the relationship could be non-
linear, e.g., in the case of considerable weakening (or even collapsing) of vertical stratification, it does not
remove the potential hydrographic effects completely. This incomplete adjustment is well seen in Fig. 6
for a weakly stratified period from the mid-1980s to the mid-1990s (Liblik and Lips, 2011).

For this period, the vertical gradient of oxygen in the sub-surface layer was very small, and extrapolation
of it towards the seabed, even if the salinity adjustment was applied, did not reveal DO values below 6
mg LY. We conclude that in the case of very weak stratification, the vertical mixing is intense enough to
mask the eutrophication effects in the near-bottom layer —vertical oxygen fluxes prevail over near-bottom
oxygen consumption even in the presence of relatively high consumption rates. Since the weakening of
stratification also occurred in the western and central Gulf of Finland (Liblik and Lips, 2011), likely more
intense vertical mixing resulted in more oxygen in the deep-layer water reaching the EGOF. These
conditions occurred in the case of the long-term absence of Major Baltic Inflows and prevailing stronger
westerlies (positive NAO index) that forced the stratified Gulf of Finland towards a partially stratified
estuary (Lips et al., 2017).

A statistically significant increase in the surface-layer and deep-layer temperature in the last 100+ years
affected the oxygen conditions in the deep layer, as the increasing water temperature decreases oxygen
solubility (e.g. Carstensen et al., 2014). We estimated that the decrease in DO solubility explains 26% of
the oxygen decline in long-term (100+ years) and 17% from 1990 to 2021. Besides the change in oxygen
solubility, temperature increase also affects the consumption and degradation processes by increasing
metabolism rates and enhancing respiration rates, which in turn reduce oxygen in water (Boesch et al.,
2007; Rabalais et al., 2009). For the Bothnian Sea, it was estimated that the observed 0.78 °C increase in
deep water temperature from 1992 to 2012 could have led to a 29 % increase in respiration rate (Ahlgren
et al., 2017). Meier et al. (2018) have suggested that deep-water oxygen depletion has been aggravated
in the Gulf of Finland in recent years due to an increase in zooplankton biomass, which enhances the
oxygen respiration of zooplankton and higher trophic levels, decreasing the effectiveness of natural deep-
water ventilation.

A modeling experiment by Bendtsen and Hansen (2013) suggested that in the case of an increase of deep-
water temperature by 3 °C about 25 % of the predicted decrease in bottom water oxygen concentration
in the North Sea-Baltic Sea transition zone could be assigned to the decreased solubility. Tian et al. (2022)
simulated the near-bottom oxygen conditions in the Chesapeake Bay for 1995-2025 and reported that the
change in DO solubility contributed 55% of the total climate warming effect, biological rates 33%, and
strengthening of stratification 11%. Our very rough assumption that about 50% of the temperature
increase effects could be assigned to the solubility decrease leads to the estimates that 48% of the oxygen
decline in 1900-2021 and 44% in 1990-2021 occurred due to factors other than changes in hydrography
and temperature. We can conclude that the relative scale of other factors (mostly eutrophication)
influencing oxygen conditions has remained roughly the same. An explanation of this continuing
expansion of low-oxygen conditions could be a very long time-lag between the reduction of loads and
positive effects in the marine environment, as suggested, e.g. by Lgnborg and Markager (2021).
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For managing the human influence on marine ecosystems, in regards to eutrophication, an oxygen
indicator, characterizing the indirect effects of excess nutrient inputs, has been missing in the relatively
shallow open sea areas of the Baltic sea (HELCOM, 2018d). We have developed an indicator and, using
data from the reference period (1926-1960), proposed a reference and GES value for the volume of low-
oxygen waters in the EGOF. If applying a DO = 6.0 mg L isoline as the boundary of low-oxygen waters,
the suggested reference and GES threshold values correspond to 2.1 % and 4.3 % of the total EGOF
volume, respectively. The assumptions made involve some uncertainties due to the limited data
availability from the reference period and subjective decisions regarding an allowable deviation from the
reference state. We based our estimate of reference conditions on data from 1926-1960, as also for a
developed shallow water oxygen indicator in the southern Baltic Sea, the desirable reference period
before the 1960s was indicated (Piehl et al., 2022).

Applying the proposed indicator and threshold for the 2016-2021 assessment period shows that good
environmental status has not been achieved regarding oxygen conditions in the eastern Gulf of Finland.
This result agrees with the higher than maximum allowable inputs of nitrogen and phosphorus to the GOF
(HELCOM, 2023c). However, the estimated expansion of the low-oxygen waters in the EGOF despite the
observed significant decrease in nutrient loads in the recent 20-30 years (HELCOM, 2023c) has to be
analyzed in more detail. The latter is also influenced by the internal loading of phosphorus, the so-called
vicious cycle, which influences the decline in oxygen conditions, through providing additional nutrients to
the productive zone (Vahtera et al., 2007). The retention of phosphorus in the sediments and import of
phosphorus from the Baltic Proper vary with changes in winter wind forcing (Liblik et al., 2013; Lips et al.,
2017), masking the notable reductions in phosphorus loading to the gulf (Lehtoranta et al., 2017). We
conclude that even when the nutrient inputs would achieve the HELCOM Baltic Sea Action Plan targets
(nutrient input ceilings; see HELCOM, 2021), no improvement in the water quality would be expected
anytime soon due to the exceptionally long time scale of eutrophication in the stratified and enclosed
Baltic Sea (Gustafsson et al., 2012). Although nutrient loads are at present significantly higher than they
were at the beginning of the 20" century (Savchuk et al., 2008), which could be the main reason for
nowadays near-bottom oxygen deficiency, the loads have decreased in the last 20-30 years (HELCOM,
2023c), but the oxygen conditions have not improved yet.

Considering the overall eutrophication status assessment, then this indicator targets the anthropogenic
effects on oxygen conditions, and it is not directly related to the oxygen levels critical to the benthic
communities. Therefore, the indicator will be applied along with an indicator of the status of the benthic
macrofauna (HELCOM, 2018d), to take into account the ecological effects of the oxygen conditions. The
prerequisite for this is that eutrophication is the main pressure affecting the benthic community in the
area. The 2011-2016 assessment of the state of the soft-bottom macrofauna community indicator, which
in the Gulf of Finland accounts only for the areas < 60 m deep, showed the achievement of GES (HELCOM,
2018d), whereas the nutrient related indicators revealed all a sub-GES status (HELCOM, 2018a, 2018b).
For the HOLAS3 period (2016-2021), the macrofauna indicator displayed a non-GES status (HELCOM,
2023d) with the nutrient related indicators being also sub-GES (HELCOM, 2023a, 2023b). Ideally, at least
the GES/sub-GES level assessment results would coincide, meaning that harmonization could be needed
between the indicators.
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5. Conclusions

The analysis of long-term monitoring data from the eastern Gulf of Finland revealed a statistically
significant decline in near-bottom oxygen concentrations since the early 1900s. Also, the long-term near-
bottom temperature increase and decadal-scale fluctuations of salinity have been detected. The changes
in the deep-layer oxygen concentrations have been found to be significantly correlated with salinity,
indicating a strong impact of the along-gulf movement of saltier near-bottom waters and changes in
vertical stratification on oxygen conditions. The availability of long-term monitoring data enabled us to
determine the reference conditions for the deep-layer oxygen in the eastern Gulf of Finland. For the
period 1926-1960, assumed to be with no or low human-induced impact, the average area and volume
with oxygen concentrations below 6 mg L'* were 1030 km? or 11.7 % of the total area and 7.9 km? or 2.1
% of the total volume of the EGOF. The seabed and waters with low-oxygen have expanded since then to
4320 km? or 48.8 % of the EGOF total area and 59.4 km3or 16.0 % of the EGOF total volume. In the long
term, since the early 1900s, the worsening of oxygen conditions can be mainly attributed to
eutrophication, i.e. excess load of nutrients, and temperature increase. Increasing temperature affects
the oxygen concentrations by reducing DO solubility, strengthening vertical stratification and intensifying
biogeochemical processes, including respiration and oxygen consumption for the degradation of organic
matter. The observed fast widening of low-oxygen areas in the EGOF since the 1990s can partly be related
to the changes in hydrographic conditions and the increase in temperature — they make up about half of
the factors influencing the oxygen decline. This means that the relative proportion of other influencing
factors, including eutrophication, has remained relatively high in influencing the expansion of low-oxygen
bottoms.
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High-resolution characterization
of the development and decay
of seasonal hypoxia in the Gulf
of Riga, Baltic Sea

Taavi Liblik*, Stella-Theresa Stoicescu, Fred Buschmann,
Madis-Jaak Lilover and Urmas Lips

Department of Marine Systems, Tallinn University of Technology, Tallinn, Estonia

The Gulf of Riga is a shallow basin in the eastern Baltic Sea connected to the
Central Baltic Sea via shallow straits. Seasonal oxygen depletion occurs in the
deep layer of the gulf. We conducted hourly measurements of dissolved oxygen,
temperature, and salinity in the deep layer (50 m) of the gulf and observed the full
cycle of development and relaxation of hypoxia in 2021. Hypoxia (<2.9 mg ™) first
occurred on 27 June and was observed for 71 days until its complete decay on 22
October. Average oxygen decline of 0.10 mg ™ d™* from saturation in mid-April
until mid-July and 0.04 mg "' d* onwards until the end of August were
observed. This seasonal pattern was superimposed by short-term variability in
time scales from hours to days and was probably caused by inertial oscillations,
(sub)mesoscale processes, deep layer currents, and pycnocline movements.
Ventilation events with a relatively low impact and duration of up to ten days
occurred in the deep layer due to the inflows of the saltier water from the Central
Baltic. The inflowed water originated from the upper layer in winter and the
thermocline in summer and was almost saturated in oxygen. Mostly mixing with
existing oxygen-depleted water in the Gulf of Riga, but also local consumption
declined the oxygen levels in the inflow water before it arrived at the observing
station. Monthly standard deviations in oxygen varied from 0.3 to 2.8 mg ['* and
illustrated the added value of Eulerian measurements to complement the
conventional monitoring.

KEYWORDS

seasonal hypoxia, mooring measurement, eutrophication, estuarine, deoxygenation

1 Introduction

Oxygen depletion in the coastal ocean has expanded globally (Diaz and Rosenberg,
2008) and in the Baltic Sea (Schmidt et al.,, 2021; Krapf et al., 2022) since the 1960s. In many
coastal areas, oxygen declines have been caused by increased loadings of nutrients
(Breitburg et al., 2018), and the semienclosed Gulf of Riga in the Baltic Sea is a
showcase of such changes.
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Unlike the Central Baltic (CB) Sea, where hypoxia/anoxia below
the permanent halocline can last for years and can only be
interrupted by Major Baltic Inflows (Mohrholz et al., 2015; Liblik
etal,, 2018), oxygen depletion in the Gulf of Riga (GoR) is a seasonal
phenomenon (Berzinsh, 1995; Stoicescu et al, 2022), which is
characteristic of coastal marine systems under the anthropogenic
impact (e.g. Dietze and Loptien, 2021; Lee et al, 2021; Sun
et al., 2022).

The GoR is located in the Eastern Baltic Sea and is connected to
the saltier CB via Irbe Strait in the west and Suur Strait (Figure 1).
The Irbe Strait is the major contributor to the saltier water input to
the GoR. The sill depths in the straits (25 m and 5 m, respectively)
are clearly shallower than the halocline, which separates oxic and
oxygen-depleted water in the CB (Meyer et al., 2018; Almroth-
Rosell et al,, 2021). Thus, hypoxic/anoxic water from the CB cannot
enter the GoR, and oxygen depletion in the GoR is a result of local
processes. The present extent of deoxygenation in the Baltic Sea is
caused by eutrophication (Conley et al., 2009).

Convection and wind stirring ventilate the whole water column
in the GoR in winter. The onset of stratification in spring is created
by buoyancy forcing resulting from riverine freshwater flux (Stipa
et al,, 1999), which is concentrated in the southern part of the gulf
(Stipa et al,, 1999; Skudra and Lips, 2017). Stratification in summer
is mostly maintained by the vertical temperature gradient, while
haline stratification is a minor contributor (Liblik et al., 2017).
Oxygen consumption exceeds the oxygen import to the sub-surface
layer by physical processes, and as a result, oxygen concentration
declines in the deep layer during summer (Berzinsh, 1995; Liblik
et al., 2017; Stoicescu et al., 2022).

Southwesterly winds cause downwelling in the western (CB)
side of the Irbe Strait. Part of the downwelling water enters the GoR
and mixes with ambient fresher GoR water and forms buoyant
saline and warm (sub)mesoscale features, which do not ventilate the

Depth (m)

GoRW CTD l 0
cBCTD
ERA wind

FIGURE 1

Locations of CTD stations in the Central Baltic (CB) and the western
Gulf of Riga (GoRW), ERA wind data acquisition (ERA wind) and the
mooring in the Ruhnu Deep (RD) are shown. Colormap shows the
sea depths; isolines are shown by 10 m step.
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deep layer in the GoR (Liblik et al., 2017). Northeasterly winds
cause upwelling on the western side of the Irbe Strait. Part of the
upwelling water likely enters the gulf and could be dense enough for
deepwater renewal.

The variability in meteorological conditions could cause inter-
annual variability in the deep layer oxygen conditions, and as a
result, hypoxia does not occur every year (Stoicescu et al,, 2022).
However, the current evaluations of deep water oxygen conditions
rely solely on sparse shipborne conventional monitoring, which is
done by research vessels 5-6 times a year (Liblik et al., 2017;
Stoicescu et al., 2022). The high-frequent temperature and salinity
profiling (Liblik et al., 2017) and near-bottom temperature
observations (Raudsepp and Kouts, 2001) have hinted that the
infrequent shipborne sampling might miss a large extent of
variability and events. Variability in oxygen conditions alters
nutrient fluxes at the sediment boundary (Eglite et al, 2014;
Stoicescu et al., 2022), benthic communities (e.g. Rousi et al,
2013), and pelagic fish (e.g. Limburg and Casini, 2018). In
conclusion, the ecological consequences of the variability in
oxygen depletion could be significant, but the deep-layer oxygen
conditions are currently studied only by sparse shipborne
measurements in the GoR.

In the present work, we report the results from the first
continuous measurements of dissolved oxygen, salinity, and
temperature in the deep layer of the GoR. The main aim of the
work was to analyze and describe the time series of deep layer
observations from the saturated state in spring to the formation of
oxygen depletion (hypoxia) in summer/autumn until the decay
of depletion.

Particularly, the following objectives were set in this study:
Estimate the characteristic oxygen decline rate in the near-bottom
layer of the GoR; Describe the governing processes causing shorter-
term variability in oxygen, their time scales and the magnitude of
caused changes; Estimate the impact of inflowing CB water on the
oxygen conditions in the GoR deep layer; Assess the added value of
near-bottom moorings on the existing observing program in
the GoR.

2 Data and methods

SBE 37-SMP-ODO MicroCAT (Sea-Bird Scientific) recorder
was deployed to measure temperature, conductivity (to calculate
Absolute Salinity), and dissolved oxygen at 50.5 m depth at the RD
station on 28 January 2021. The sea bottom depth in the mooring
location was 54 m. We present the time series until 23 October
2021, when turnover and ventilation of the water column occurred
(Figure 2). The monthly standard deviations of oxygen were
calculated until the end of the year.

The recorder was calibrated by the manufacturer, and it was
checked against RV Salme measurements before and after
deployment, as described in the best practices of ocean
observatories (Venkatesan et al., 2018). The recorder was attached
to the CTD Rosette, and parallel measurements at selected depths
were carried out (Karstensen, 2005). The profiles onboard RV
Salme were recorded using an Ocean Seven 320plus CTD probe
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FIGURE 2

Wind speed and direction (ERA wind in Figure 1), salinity, temperature, and dissolved oxygen at 50 m depth in RD station from 28 January to 23
October 2021. Bold lines correspond to 36-h smoothed values. Sea surface temperature (from remote sensing as the purple line and CTD profiles as

the purple dots) and salinity (dots) are shown in the middle panels (the scale

(Idronaut S.r.I). The oxygen sensor (Idronaut S.r.l) attached to the
probe was calibrated before each cruise and oxygen profiles were
quality-checked against bottle samples that were analyzed using the
MU 6100 L multi-parameter meter (VWR International, LLC). The
salinity data of the RV probe was checked against the water sample
analyses using a salinometer 8410A Portasal (Guildline). No
correction of MicroCAT recorder measurements was needed.
Hourly, 10 m level wind velocities of ERA5 reanalysis data
(Hersbach et al., 2020) were used (see Figure 1 for location).

The MATLAB function ‘pwelch’ was used to estimate the power
spectral density (PSD). To increase the accuracy of the PSD
estimates, the time series were divided into eight equal-length
segments. The calculated spectra having 16 degrees of freedom
were presented with 95%-confidence bounds.

The MATLAB function ‘findchangepts’ (Killick et al., 2011) was
used to estimate the shift in linear trend in mid-summer.

3 Results and discussion

3.1 Time-series of water properties in the
Ruhnu Deep

The oxygen depletion cycle started in mid-April when water
was saturated and lasted until 23 October, when the turnover of the
water column occurred (Figure 2D).

Water was well ventilated, although not saturated in oxygen
until mid-March. Salinity was high and water was rather warm
compared to previous observations (Raudsepp, 2001; Stoicescu
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of the right axis is different from the left axis)

et al,, 2022), indicating that an inflow of the CB water had
occurred (Figures 2B-D). Oxygen decline trend of -0.06 mg 1! d™!
was observed from the end of January to 11 March. Only the eastern
part of the gulf was covered by ice in winter (not shown). A strong
mixing event occurred as a result of strong winds in the first half of
March (Figure 2A), and consequently, temperature and salinity
decreased and oxygen concentration rose. Water was fully saturated
in oxygen in mid-April, and as stratification formed, oxygen
concentration started to decrease. A relatively stable decreasing
trend of -0.10 mg 1" ™', although superimposed by shorter-term
variability, was observed until 5 July (Figure 2C). According to the
breakpoint analysis, the trend eased oft around 5 July, and a decline
in oxygen concentration of -0.04 mg 1" d!, on average, lasted until
the strong SW wind event, which caused an instantaneous oxygen
increase on 29 August. The AOU (apparent oxygen utilization)
trends during the same periods before and after 5 July were 0.09 and
0.03 mg ™" d°', respectively. Thus, the trend in oxygen solubility due
to temperature and salinity changes had a minor effect on the
seasonal oxygen decrease. The faster oxygen decline in spring and
early summer was probably related to the higher primary
production (spring bloom), related sedimentation of organic
matter, and consequent oxygen consumption (Olli and
Heiskanen, 1999; Aigars et al., 2015; Purina et al., 2018). The
connection between primary production in the upper layer and
oxygen depletion in the near-bottom layer has been found in many
estuarine environments, e.g., in the Changjiang (Yangtze) Estuary
(e.g. Wei et al,, 2021; Wei et al,, 2022). The second reason for the
faster oxygen decrease in spring and early summer was likely the
strengthening of the stratification.
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Various oxygen metrics have been established to describe
2022). In the present work, we
describe the deficiency by the temporal presence of hypoxia (< 2.9

oxygen deficiency (e.g. Pichl et al,

mg 17). The first oxygen value below the hypoxic level was
registered already on 27 June and occasional hypoxia was
observed until mid-July, after which hypoxic conditions prevailed
until the end of August (Figure 2D). After the mixing event on 29
August, hypoxia occurred occasionally, and oxygen concentration
did not show any significant trend until turnover of the water
column on 23 October. The last day hypoxia occurred was 22
October. In total, hypoxic water was present for 1050 hours, i.e., 44
days. There were 71 days when hypoxia was at least once observed
and the longest continuous period of such days was 23 days in the
beginning of August.

Water gradually got saltier and warmer until the second half of
August. Despite high short-term variability, several gradual shifts
can be distinguished in salinity. From mid-March to mid-April,
salinity was mostly around 6.2-6.3 g kg™', until mid-June 6.3-6.4 g
kg, until mid-August 6.5-6.6 gkg™', and peaked at 6.75 gkg ™' on 23
August. After the latter, salinity dropped to 6.3-6.5 g kg'! and again
on 23 October to 6.1-6.2 g kg''. The temperature did not exactly
follow the temporal course of salinity. Shifts in salinity in mid-April
and mid-June were preceded by smoother temperature increases
during about 3-4 weeks. Compared to previous observations
(Raudsepp, 2001; Skudra and Lips, 2017; Stoicescu et al., 2022),
the near-bottom water was warmer and saltier in the summer of
2021, indicating higher salty water inflow activity than usual. The
details and spatial features behind detected gradual shifts can be
effectively analyzed in further studies where high-resolution vertical

10.3389/fmars.2023.1119515

profiling with a moored profiler and underwater glider is included
in an observing system.

3.2 Variability of deep water characteristics

On top of the seasonal trends in oxygen, shorter-term variability
was observed. Spectra of oxygen, temperature, and salinity variance
revealed elevated energy at 14.2 h, which is associated with the
inertial oscillations also observed earlier in the GoR (Raudsepp and
Kouts, 2001). Internal waves probably impact the time series in
shorter time scales, while irregular variability in the time scale from
day to week reflects synoptic-scale changes in forcing.

The oxygen and water temperature spectral slopes between the
temporal scales of 25 h and 7 d were about —1.8 to -2 (in
logarithmic scale). Wavenumber spectra slope around -2 suggests
a significant role of sub-mesoscale processes in vertical exchanges
(Lips et al., 2016; Vili et al., 2017). The profiling data collected over
4 months revealed the existence of submesoscale features within the
2017). High-
resolution measurements in space are required to understand

seasonal thermocline of the GoR (Liblik et al,

better the role of submesoscale processes in the Gulf of Riga
deep layer.

Next, we analyze and discuss the synoptic scale variability of
water column properties. In Figures 3A-C, we present the daily
changes in salinity (a), temperature (b), and oxygen (c). In panel d,
changes in detrended 3-day mean oxygen are shown.

Throughout the time series, the increase in salinity
corresponded mostly to the decrease in oxygen (red and pink
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color in Figures 3A, C) and vice-versa (blue and cyan color in
Figures 3A, C) (red and pink color in Figures 3A, C). These events
were probably related to the upward and downward movement of
clines caused by the wind-driven current in the upper layer and
return flow in the deep layer (Raudsepp and Kouts, 2001).

Until March, an increase in oxygen and decrease in salinity were
associated with a temperature decrease (cyan color in Figure 3A)
and lower oxygen was associated with higher salinity and higher
temperature (red color in Figure 3A). This can be explained by
cooling of the upper layer water and reversed thermal stratification
(i.e. colder water at the sea surface, warmer in the near-bottom
layer). When vertical mixing occurred (e.g. the main event on 8-13
March, see Figures 3A-C) or pycnocline moved downwards,
oxygen increased and temperature/salinity decreased. Saltier and
warmer water re-appearance caused a decrease in oxygen.

High salinity-low oxygen and vice-versa relation kept prevailing
the variability after March, but the temperature and salinity
relationship were not that obvious until autumn, ie. sometimes
high salinity-low oxygen associated with higher temperature (red
color on Figures 3A-C), sometimes with lower temperature (pink
color on Figures 3A-C). It is probably related to the cold
intermediate layer, which is not well pronounced in the GoR
(Stipa et al, 1999; Liblik et al., 2017; Skudra and Lips, 2017;
Stoicescu et al., 2022).

The arrival of oxygenated water from the CB is revealed by a
simultaneous increase in salinity, temperature, and oxygen (black color
in Figures 3A-C). These events are rather rare compared to the upward
and downward movements of pycnoclines. Several small positive
oxygen fluxes as a result of transport from the CB occurred in mid-
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April, mid-June, on 20-21 July, and on 20 and 27 August. Sometimes,
oxygen decrease occurred simultaneously with the decrease in salinity
and temperature (green color, Figures 3A-C). These cases likely
indicate the events of reappearance of older low-oxygen GoR water
after the mixing event or the CB inflow event, e.g. after the event on
20 August.

Most of the oxygen increase events were followed by oxygen
decrease and salinity increase events due to the cline variability. We
removed seasonal linear trends (Figure 2D) and calculated changes in
the 3-day mean oxygen content to present the multi-day changes of
oxygen (Figure 3D). The ventilation events caused by the CB water
arrival can be recognized in the time series, but compared to the
magnitude of internal variability of the GoR they are rather small
(Figure 3D). Moreover, the amount of oxygen the inflows brought to
the Ruhnu Deep was so small that this new oxygen disappeared after
few days if considering the seasonal trends (Figure 2C).

3.3 Ventilation events: Origin and fate of
inflowing waters

Several small ventilation events were detected in the time series
and can be seen in OS diagrams (Figures 4B, D). Transport through
the Irbe Strait plays an important role in the deep water renewal in
the GoR (Raudsepp and Kouts, 2001; Stoicescu et al., 2022). This is
confirmed by the TS- and OS-diagrams - the origin of the arrived
water with higher oxygen content was saltier and warmer
(Figures 4A-D). Both northerly or southerly wind-generated flow
events in the Irbe Strait and simultaneous upwelling and
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downwelling, respectively, at the western side of the strait, could
potentially bring water to the deep layers of the GoR.

The water column was well mixed in the CB (Figure 4C) and the
arrivals of more saline water in mid-February and at the end of April
were likely caused by the barotropic flow in the Irbe Strait and
downwelling at the CB side of the strait, which occur in response to
southerly winds (Otsmann et al, 2001; Liblik et al, 2022). A
comparison of temperature-salinity characteristics in the Ruhnu
Deep time series and the profile in the CB at the end of January
confirms the origin (Figure 4C).

Further saltier water arrivals rather originated from the
thermocline of the CB; see the regression lines for an indication of
the potential origin of the saltier water mass in the CB (Figure 4C).
Northerly wind directions cause upwelling at the eastern coast of the
CB, onshore flow within or below the thermocline (Liblik et al., 2022)
and likely inflow of colder waters to the GoR via Irbe Strait (Lilover
et al,, 1998). This water can be dense enough to penetrate the deep
layers of the GoR (Stoicescu et al., 2022). Inflow events also occur in
the case of southerly wind events and downwellings along the CB
coast in summer, but in these cases, water is too warm (light) and
forms buoyant salinity maxima in the GoR and does not ventilate
deep layers (Liblik et al., 2017). It has been suggested that the period
when inflows generated by the southerly wind do not interrupt the
deep layer lasts from May/June to September (Liblik et al., 2017).

The actual wind events that caused the arrival of the CB waters to
the Ruhnu Deep cannot be distinguished from existing data. The rapid
increase in salinity observed in mid-June was preceded by several
northerly wind events in April and May, and the same wind prevailed
in the first half of June (Figure 2A). Another weaker northerly wind
impulse occurred during a week from the end of June - early July.
Likewise, northerly winds prevailed during the next small ventilation
event on 20-21 July. Latter wind impulse probably also contributed to
the higher salinity water arrival to the Ruhnu Deep on 20 August. Thus,
on the one hand, the assumption of one month arrival time from Irbe
Strait to Ruhnu Deep, suggested by Stoicescu et al. (2022), might be
valid. However, the CTD profiles measured in the western GoR (GorW
in Figure 1) show the highest near bottom salinity (6.84 g kg™") already
on 29 June, lower on 28 July (6.67 gkg™'), and even lower on 31 August
(6.52 g kg™"). The highest salinity (6.74 g kg™) was observed in the
Ruhnu Deep on 20-23 August. The TS characteristics of the water in
the Irbe Strait on 29 June hint that the water arrival, which we observed
on 20-23 August, might have crossed the Irbe Strait already in June. It
could be that several wind impulses are required for the salty water
transport over the sill and to the deeper areas of the GoR. Continuous
simultaneous measurements in the Irbe Strait and Ruhnu Deep would
help to understand the connectivity of the water characteristics in the
strait and deep layers of the GoR.

On the way from Irbe Strait to the deeper part of the GoR, water
mixes with ambient oxygen-depleted GoR water, and oxygen is
consumed due to biogeochemical processes. We estimated the share
of the CB water and ambient GoR water in the arrived water. Taking
into account the mean salinity before the arrival of new water, the
salinity of new water, and the salinity of the CB water (7.4 g kg'),
the estimated share of the CB water in the water mass was about
15% in the water that arrived in the second half of April, 19% in the
second half of June and 16% in the arrival of 20 August. Thus, the
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inflowed water is the subject of an active mixing process before
arrival to the deep layers of the GoR.

To illustrate the impact of mixing on oxygen content, we
describe the 20 August saltier water arrival event. Taking the
oxygen concentration of the CB water (9 mg 1", Figure 4D) and
one-month average concentration (the assumed travel time of
inflowed water) before the event in the near-bottom layer of the
GoR (2.8 mg 1Y) and the shares of waters (84% - old GoR water and
16% - CB water), we get that without local oxygen consumption, the
oxygen concentration in the arrived water mass would be 3.8 mg 1"
solely due to mixing with the GoR water. Thus, the oxygen import
by advection (DO,g4,) would be 1 mg 1™ month™, i.e. 0.03 mg 1™ d™".
If we apply the mean seasonal trend of oxygen decrease during one
month (0.04 mg 1" d™!, Figure 2D), the concentration would be 2.6
mg 1, which is very close to the observed 3-day mean oxygen
concentration after the appearance of new water (2.5 mg 1.
Despite losses of oxygen on the way, it still slightly ventilated the
deep layer as the 3-day mean concentration before the event was 2.1
mg 1. Thus, it took about 10 days for oxygen concentration to
decline to the level measured before the arrival of inflow water. We
can conclude that inflow events have some potential for ventilation
of deep water of the GoR. Stronger ventilation events did not occur
because of oxygen loss due to mixing on the way to the Ruhnu Deep
(approximately 80%) and local seasonal oxygen depletion (20%).

It has been suggested that the arrival of CB water strengthens
the deep layer stratification, which leads to faster oxygen
consumption due to the thinner near-bottom layer (Stoicescu
et al,, 2022). Thus, although the inflows bring oxygen to the deep
layers, the net impact of inflows might be negative for deep-layer
oxygen conditions. Targeted observations, including Eulerian
measurements in the deep layer presented in the current study,
high-resolution spatial measurements along the pathway from the
CB to the Ruhnu Deep, and dedicated numerical simulations are
required to confirm our estimates and improve understanding of
the deep-layer oxygen budgets in the GoR.

3.4 The added value of Eulerian
observations for the monitoring system

Next, we discuss the variability of near-bottom oxygen
observations in the context of the potential of Eulerian observations
to complement the existing conventional monitoring in the GoR.
Conventional monitoring is usually conducted once in January, April,
May, July, August, and October (Stoicescu et al., 2022).

The standard deviation of oxygen was lower in February (0.60 mg
I, April (0.67 mg I, August (0.93 mg I, September (0.80 mg I,
and November-December (<0.38 mg1™), i.e. in months when oxygen
depletion did not occur or when it was already well established.
Standard deviation was higher in May-July (>1.16 mg 1),
particularly in June (2.22 mg I'"), i.e. when oxygen depletion
developed. Standard deviations were lower if linear trends in
summer months presented in Figure 3 were removed (>0.74 mg 1!
in May and July, 0.91 mg "' in August, 1.45 mg 1" in June). The high
standard deviations in March (1.76 mg1") and October (2.82 mg1™)
were a result of the turnover of the water column. Variability was
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quite low before and after the mixing events. Although hypoxia
prevailed from the second half of July, the maximum concentrations
were as high as 7.3 mg 1", 7.0 mg I'" and 5.2 mg 1" in July, August,
and September, respectively. The probability of hypoxia was highest
in August (81.9%) and lower in July (23.5%), September (16.3%), and
October (20.3%). Only one hourly observation of hypoxia was
captured at the end of June.

Major signals, such as the decrease in near-bottom oxygen
concentration and strong inter-annual differences, can be detected
by conventional monitoring (Stoicescu et al., 2022), but our statistics
suggest that uncertainties of these estimates are high. Moreover, the
variability, including the duration of hypoxic conditions, is not
captured by conventional monitoring. Conditions were extremely
different before and after the turnover event in October. Thus,
depending on the exact visit time of a monitoring cruise, the
observations of near-bottom oxygen conditions can be radically
different in autumn. This could impact seasonal hypoxic area
estimates (e.g. Krapf et al, 2022) and long-term trend estimates
(e.g. Lainela et al, 2020). The continuous Eulerian measurements
considerably contribute to the understanding of the processes,
complement spatial mappings (Meyer et al., 2018; Mohrholz, 2018)
and improve the confidence of the assessments of eutrophication
status (Stoicescu et al., 2019).

Assuming that changes in oxygen concentration in the near-bottom
layer (DOchange) are defined by oxygen consumption (DOcons), 0Xygen
fluxes due to advection (DO,q4,) and vertical mixing (DOyertmix)> and
short-term variability caused by internal waves and mesoscale/
submesoscale processes (DO hangetir)> We can express it as

Dochange = DOggy + DOyertmix = DOcons + D OchangeHF oy

While Stoicescu et al. (2022) used the same equation to estimate
oxygen consumption in the near-bottom layer of the GoR but
without considering short-term variability, the current dataset
allows us to evaluate what would be the error estimate of such
calculations based on measurements with a monthly timestep.

The impact of advection estimated in relation to the inflow,
which arrived in the RD on 20 August 2021, was 1.0 mg 1" month™
or 0.03 mg 1" d' (see section 3.3). Assuming a similar to Stoicescu
et al. (2022) impact of vertical mixing of 0.02-0.03 mg I"* d”, and
considering the two estimates of long-term trends based on the
present dataset of -0.10 mg 1" d”" and -0.04 mg I'" d', we can
estimate the oxygen consumption rate in spring-summer 2021. It
would be between 0.09 mg1™" d and 0.16 mg 1" d'. Stoicescu et al.
(2022) obtained similar consumption rate estimates for 2018,
ranging from 0.10 to 0.16 mg 1" d™".

Considering the found monthly standard deviations of oxygen
concentration in different months 2021 from spring to autumn in a
range from 0.67 to 2.82 mg 1" as an estimate of short-term changes
(e.g> DOchangenr = 0.67 mg I per month or another selected
period) and trends between 1.20 and 3.33 mg "' month™, the error
of consumption rate estimates based on monthly measurements
could be >50%. We suggest that sustainable continuous
measurements of near-bottom water characteristics would
enhance the knowledge and lower the uncertainties of estimates
of oxygen conditions in the Gulf of Riga.
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5 Conclusion

Continuous deep layer measurements in the Ruhnu Deep
revealed characteristics of seasonal oxygen depletion in the Gulf of
Riga. On top of the seasonal oxygen decline, short-term variability,
likely caused by inertial oscillations, (sub)mesoscale processes, deep
layer currents, and pycnocline movements, was observed. The inflow
events from the Central Baltic slightly ventilated the hypoxic deep
layer. Although the inflowed water was nearly saturated in oxygen,
once it arrived to the Ruhnu Deep, it has lost its high oxygen content
due to mixing with existing oxygen-depleted water in the Gulf of Riga
and local consumption on the way.

The revealed short-term variability points to uncertainties of
conventional monitoring and demonstrates the added value of
permanent continuous measurements to the observing system.
Targeted high-resolution spatial measurements along the pathway
from the Central Baltic to the Ruhnu Deep, combined with Eulerian
measurements, conventional monitoring, and dedicated numerical
simulations, are required to improve our understanding of the deep
layer dynamics in the Gulf of Riga.
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