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Abstract
Oxygendeficiency, in the formofhypoxia andanoxia, is adirect consequenceof the eutrophicationof the
Baltic Sea.There is ongoingdebate concerning the increasing extentofhypoxia.Weanalyse the integral
metrics ofhypoxia andanoxia: (1) temporal evolutionof thehypoxic andanoxic area andvolume, (2) the
spatial distributionof theprobabilities ofhypoxia andanoxiaoccurrence in theBaltic Sea.The results are
basedon the state-of-the-art coupledphysical andbiogeochemicalnumericalmodel reanalysis data from
CopernicusMarineEnvironmentMonitoringService for theperiodof1993–2017.Statistical analysis showed
that the variabilityofhypoxic andanoxic areas since theyear 2000 represents stationaryprocesses around
their respectivemean levels. From2000 to2017, thehypoxic area varies between50000and80000km2and
theanoxic area varies between10000and50000km2.Differentmethods anddata sources indicate that the
uncertaintiesof the estimates account for about10000km2.Wesuggest that the loss of stationarityof the time
series of thehypoxic areawouldbe an indicationof the regimechangeofhypoxiadevelopment in theBaltic
Sea.Probabilitydistributionmapsofhypoxia andanoxiaprovidedetailed informationabout thepersistency
ofhypoxia andanoxia indifferentparts of theBaltic Sea.Theprobability ofhypoxia exceeds0.9 in the eastern
andwesternGotlandbasins and in thedeepareaof theBornholmbasin.TheGulfof Finlandand the
shallower areas that connectdifferentdeepbasinsof theBaltic Sea exhibit seasonal andepisodichypoxia.The
80mand120misobaths are the approximatebathymetry limits ofhypoxia andanoxiaoccurrence,
respectively.Our study supportspreviousknowledge thathypoxiadevelopment is controlled toa largedegree
by thedepthof thepermanenthalocline.

1. Introduction

Oxygen concentration is an important indicator of eutrophication and the concurrent ecosystem shift or
degradation of natural water bodies (Conley et al 2011, Carstensen et al 2014a). The Baltic Sea (figure 1) has been
the subject of poor oxygen conditions for centuries, with an ecosystem that ismostly adapted tofluctuating
oxygen content (Conley et al 2009). However, the increase of anthropogenic pressure in the 20th century has
escalated the problem and driven the ecosystem to its tolerance limit (Gustafsson et al 2012,HELCOM, 2018).

Poor oxygen conditions aremost commonly characterized by hypoxia, i.e., oxygen concentration below
2mg l−1 (e.g. Conley et al 2011, Carstensen et al 2014a, 2014b, Liblik et al 2018, Carstensen andConley 2019,
Sinkko et al 2019) or 2 ml l−1 (e.g. Savchuk 2018,Meier et al 2019, Stoicescu et al 2019), and anoxia, i.e., absolute
lack of oxygen, and the occurrence of hydrogen sulfide (Carstensen et al 2014b). In the Baltic Sea, hypoxia can
occur in the open sea aswell as coastal areas, lasting from a fewdays to several years. The area of hypoxic water at
the bottom is themeasure of the strength of hypoxia in the Baltic Sea. The geographical extent of the hypoxic
area has amajor impact on benthic organisms, biogeochemical processes and fisheries. The last period of oxic
conditions in Baltic Sea bottomswas in themid 1930s (Carstensen andConley 2019). No sufficient
measurements were available in the 1940s. Permanent hypoxia has been present in the open central Baltic Sea
since the 1950s (Carstensen andConley 2019). Seasonal hypoxia has been reported in several geographic
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locations of the Baltic Sea (Reusch et al 2018), with a variable duration from spring to autumn (Conley et al 2011,
Liblik et al 2018, Carstensen andConley 2019). Episodic hypoxia can occur in shallow coastal areas with complex
bottom topography (Conley et al 2011, Carstensen andConley 2019, Virtanen et al 2019).

Since 1950, the hypoxic area has increased from10000–20000 km2 to 50000–80000 km2 (Savchuk, 2018,
Carstensen andConley, 2019,Hansson et al 2019), but this increase has not been steady over the years. Actual
values of hypoxic areas depend onwhether an oxygen concentration of 2 mg l−1 (Carstensen andConley 2019)
or 2 ml l−1 (Savchuk, 2018,Hansson et al 2019) is used for the limit of hypoxia and how the data are processed.
All data agree that therewas amonotonic increase of hypoxic area from1950 to 1965. In the period of
1965–1992, the hypoxic area was between 30 000–70 000 km2. It is difficult to judge the presence of a distinct
temporal pattern in the time series without statistical analysis. Therewas a clearminimumof the hypoxic area of
20000–25000 km2 in 1993 (Savchuk, 2018, Carstensen andConley 2019,Hansson et al 2019). At the end of the
1990s, hypoxic areas were restored to a level of 60000–70000 km2 (Savchuk 2018, Carstensen andConley 2019,
Hansson et al 2019). Since the end of the 1990s, the hypoxic area has been on a level of 50000–80000 km2.

Anoxia is presentmainly in the deep central Baltic Sea. Interannual variations of the anoxic area closely
follow interannual variations of the hypoxic area and do not exceed 40 000 km2 in total during the period of
1970–2010 (Lehmann et al 2014).Major Baltic Inflows (Mohrholz 2018), large volume inflows of saline and
oxygen richwater from theNorth Sea to the Baltic, interrupt anoxia in the deep Baltic Sea sub-basins, at least for
a limited time period (Neumann et al 2017). Saraiva et al (2019) concluded that hypoxic and anoxic areas could
change significantly, depending on nutrient load and climate change scenarios.

Temporal changes of oxygen concentration in a control volume ofwater are determined by the difference in
cumulative sources and sinks acting on the volume (Fennel andTesta 2019). Atmosphere is themain external
source of oxygen for the sea. Oxygen enters the sea via air-sea gas exchange. An excess of oxygen supply results in
high oxygen concentration in the upper layer of thewater column. The depth of oxygen penetration depends on
the vertical stratification of thewater column. Beneath the penetration depth of the air-to-sea oxygen flux,
hypoxia can be reduced or enhanced by lateral transport of oxygen-rich or oxygen-deficient water and by
biogeochemical processes of oxygen consumption and production.

In the Baltic Sea, persistent hypoxia can occur in areas where a permanent halocline is present (Väli et al
2013). Seasonal hypoxiamay develop in areas with a seasonal pycnocline (Liblik et al 2018). Episodic events with
hypoxia are related to specific local conditions: weak oxygen flux from the air, warmwater and oxygen
consumption prevailing over oxygen production (Virtanen et al 2019).

The aimof this study is to analyse thedevelopment of hypoxic and anoxic area andvolume in theBaltic Sea from
the endof the stagnationperiod in 1993 to 2017using state-of-the-art statisticalmethods.At the endof the stagnation
period, thehypoxic areawas at itsminimumextent. Since the 1990s, thenumber of availablemeasurements has
increased significantly compared to theprecedingperiod. In addition to the statistical analysis of hypoxic area

Figure 1.Map of the southern Baltic Seawithout theGulf of Bothnia andwith locationsmentioned in text. Red and blue lines show
isobaths of 120 and 80m, respectively.
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development,we introduce the secondmetric, thehypoxic volume, to gainmore confidence inour conclusions. The
first objective of this study is to analyse the existence of the trends and statistical stationarity of thehypoxic and anoxic
areas and volumedevelopment in theBaltic Sea. The secondobjective is to calculate the spatial distributionof the
probabilities of hypoxia and anoxia occurrence in theBaltic proper (including theGulf of Finland).

2.Materials andmethods

2.1.Model description and setup
In this study, we use the physics and biochemistry reanalysis products
(BALTICSEA_REANALYSIS_PHY_003_011, BALTICSEA_REANALYSIS_BIO_003_012) (www.marine.
copernicus.eu) of the BalticMonitoring Forecasting Centre of CopernicusMarine EnvironmentMonitoring
Service (BALMFCCMEMS). The reanalysis products are based on theNemo-Nordic general circulationmodel
(Pemberton et al 2017,Hordoir et al 2019) coupledwith the SCOBI (SwedishCoastal andOcean
Biogeochemical) biogeochemistrymodel (Eilola et al 2009, Almroth-Rosell et al 2015). The SCOBImodel
systemhas been used inmany applications,mainly coupledwith the RossbyCentreOceanmodel (e.g.Meier et al
2021).

The SCOBI biogeochemicalmodel consists of 9 state variables: nitrate, ammonium, phosphate, three
functional species of phytoplankton, zooplankton, detritus and oxygen (Eilola et al 2009). Oxygen dynamics are
governed by air-sea exchange, primary production, respiration of plankton species and sediments,
decomposition of detritus, denitrification of nitrate, and oxidation of ammonia by nitrifying bacteria. The
surface oxygen flux is calculated using oxygen solubility, temperature andwind-dependent exchange rates. The
model also takes into account supersaturation caused by injection of bubbles into seawater.

In the current application, themodel systemuses the Localized Singular Evolutive InterpolatedKalman
(LSEIK,Nerger et al 2005)filter data assimilationmethod to combine simulation and the SST observations from
OSISAF (http://www.osi-saf.org/) and in situ profiles of salinity and temperature from the ICES database
(www.ices.dk), and nitrate, ammonium, phosphate and oxygen state variables from the SwedishOceanArchive
database (SHARK; http://sharkweb.smhi.se). The reanalysis has been produced using 72-hour cycling. This
means that every 72 h all available observationswere assimilated into themodel, and then a 72-hour forecast
wasmade.

Themodel domain consists of theNorth Sea and the Baltic Sea (Hordoir et al 2019), but we only use the
reanalysis data for the Baltic Sea for the period 1993–2017. The horizontal resolution of themodel is
approximately 2 nauticalmiles. The thickness of 56 vertical layers varies from3mclose to the surface, decreasing
to 22m at the bottomof the deepest part of theNorwegian trench. The numericalmodel simulation data covers
the period of 1993–2017. The sea levels at the lateral boundary in the EnglishChannel and northern edge of the
North Sea have been derived from the coarse resolution storm-surgemodelNOAMOD (Dick et al 2001).
Climatologicalmean values are prescribed for salinity and temperature at the open boundaries.

The river runoff is specified as dailymeans and nutrient loads asmonthlymeans from the output of the
HYdrological Predictions for the Environment (HYPE)model (Donnelly et al 2016). In total, 250 rivers located
in the Baltic Sea are included (Hordoir et al 2019).

Themeteorological forcingwith a 22 km resolution is fromHIRLAM (High-Resolution LimitedArea
Model), fromproject Euro4M (Dahlgren et al 2016, Landelius et al 2016), and covers the period 1993–2011.
From2012 to 2017, themeteorological forcing is from theUERRA reanalysis product (European Regional
analysis)with an 11 km resolution. The bias correction of 0.8 was implemented for the precipitation from
UERRA. Spatialmaps of amonthly climatology are used for the atmospheric deposition of biogeochemical
substances.

2.2.Model quality assessment usingK-means clustering algorithm
Weapply amethod of clustering of the bivariatemodel errors that provides information on the accuracy of the
model in general. The clustering is done using theK-means algorithmof unsupervisedmachine learning
(Jain 2010). Themethod is originally described by Raudsepp andMaljutenko (2021). Thefirst step of themethod
is the formation of a two-dimensional error space of two simultaneouslymeasured parameters. Errors are
calculated as the differences betweenmodel values and themeasurements. The second step is the selection of the
number of clusters. The third step is to perform aK-means clustering of the 2-dimensional errors. The clustering
is applied to the normalized errors. Normalization is done for each variable separately using corresponding
standard deviations of the errors. The fourth step is calculation of statisticalmetrics of non-normalized clustered
errors. Thefifth step is the analysis of spatio-temporal distributions of the errors belonging to different clusters.

We form a 2-dimensional error space of salinity and dissolved oxygen (figure 2(a)) as representatives of
physical and biogeochemicalmodels of the coupledmodel system.Weuse salinity and oxygenmeasurements
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for the Baltic Sea from the EMODnet Chemistry database (Giorgetti et al 2020). In total, we have 651 565
simultaneous salinity and oxygen error pairs. Five clusters are selected using the Elbow cluster selection criteria
(Yuan andYang 2019, Bholowalia andKumar 2014) after testing a different number of clusters. The outcome of
theK-means clustering is shown onfigure 2 and themetrics are presented in table 1.

2.3. Statisticalmethods for the validation
In order to assess the uncertainty of the anoxic and hypoxic areas, we have extracted oxygen profiles from the
reanalysis and compared themwith the in situmeasurements at theGotlandDeepmonitoring station (BY15,
figure 1).We have used simulated andmeasuredwater temperature and salinity profiles for calculatingwater
density profiles at station BY15. A direct comparisonwasmade for density, as the latter characterizes vertical

Figure 2.Thedistributionof the error clusters forK=5 (a). The colormap shows the logarithmic distributionof thenumber of salinity
andoxygen errorpairs (modelminusobservation) in the 2-dimensional error space (a). Errorbins have a resolution of 0.5 g kg−1 for
salinity and0.5ml l−1 for oxygen (a). The spatial (b)–(f), vertical (g), temporal (h) and seasonal (i)distribution of the share of errorpoints
belonging to the five different clusters, pk. The horizontal bins have a resolution of 25×25 km (b)–(f), vertical bins have a resolution
of 5 m (g), temporal and seasonal bins have monthly resolution (h), (i). The lines (h) have been smoothed using a running mean with a
12-pointwindowsize. Line colors correspond to the colors of the clusters on (a).
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stratification rather than temperature and salinity alone. The parameters used in this study are calculated from
dailymean oxygen concentration, temperature and salinity fields.

Taylor diagrams (Taylor 2001)were prepared for the depth of selected oxygen isolines and isopycnals. The
depths of oxygen and density isolines have been calculated as the first occurrence of the corresponding isoline,
starting from the surface. For the Taylor diagram, common statistics, such as the Pearson correlation coefficient
(r) and standard deviation (STD), are calculated. To plotmultiple standard deviations on a commonTaylor
diagram, STDs of the simulated isoline depth have been normalized to the corresponding STDof the observed
isoline depth. The data are not taken into account if either simulated ormeasured depth of an isoline ismissing.
Comparison of the simulated and themeasured depths of oxygen isolines enables better assessment of themodel
performance than comparison of oxygen concentrations atfixed depths, as far as hypoxic and anoxic areas are
concerned. Vertical stratification of thewater columnhas a significant role in the development and the
geographical extent of hypoxia (Fennel andTesta 2019).

2.4. Statisticalmethods for the analysis
The grid cell has been defined as anoxic or hypoxic if the concentration of oxygen in thewater column is equal to
0 or less than 2 ml l−1, respectively. Total area/volume of hypoxic or anoxic waterwas calculated as the sumof
the area/volume of the grid cells where the anoxic or hypoxic watermasswas present. Amethod for the
calculation of hypoxic and anoxia area and volume from themeasurements is described byHansson et al (2019).
Wewould like to note thatmodel reanalysis data have daily resolution over thewholemodeling period, while the
measurements are collected in autumn.

The probability of anoxia or hypoxia occurrence is defined as the ratio of the number of days when anoxia or
hypoxiawas present at the grid cell to the total number of days during the period under consideration.

The hypsographic curve for the Baltic proper (including theGulf of Finland)was calculated from the Baltic
Sea BathymetryDatabase (BSHC2013) as a function of cumulative area over the given depth.

The temporal dynamics of area and volume below the defined oxygen level have been studied bymeans of
statistical tests. The goal of the statistical tests is to test whether the 0-hypothesis, which is designed to reject the
statement, can be rejectedwith a 95% confidence level, otherwise the statement can be accepted. TheMann-
Kendall (MK) test (Mann 1945, Kendall 1975,Wang et al 2020)was performed to determine ifmonotonic
increase or decrease exists in the time series of areas and volumes. The calculated Z test statistic of theMK test
shows the sign and strength of the trend tendency. Linear trends have been estimated as slope parameters using
the least square fit for the straight line, and statistical significance is calculated according to (Draper and
Smith 1998).

The unit rootDickey-Fuller (DF) test has been performed to determine the stationarity of the time series
(Dickey and Fuller 1979). For this, we test whether unitroot (stationarity)with a) drift andwith b) drift and
deterministic trend are present in the time series of oxygen area and volume. Values of theDF test τ statistic
below τcrit allow us to reject the 0-hypothesis,meaning that the time series represents a stationary process.
Therefore, τ statistic can be interpreted as the strength of the stationarity of the time series.

3. Results

3.1.Overallmodel quality
62%of comparisonpoints showa goodmatchbetween themodel andmeasurements (figure 2(a), table 1). The
model performswell for thewholeBaltic Sea andover the simulationperiod (figures 2(f), (h)). A somewhat reduced
performance is geographically in theGulf of Finland,Gulf ofRiga and at theDanish straits (figures 2(b)–(e)),
verticallywithin the redoxcline and at the bottomof theGotlandDeep (figure 2(g)), and seasonally during summer

Table 1. Statistics of the different error clusters shown infigure 2(a). BIAS is themean of the errors in each cluster, i.e.,
coordinates of the centroids infigure 2(a). STD is the standard deviation of the errors in each cluster. RMSD is the root-mean-
square deviation of the errors in each cluster. The correlation coefficients are calculated betweenmodeled andmeasured values
of the corresponding cluster.

BIAS STD RMSD R

k S [g kg−1] DO [ml l−1] S [g kg−1] DO [ml l−1] S [g kg−1] DO [ml l−1] S DO

1 0.37 −1.54 0.61 0.95 0.72 1.81 0.99 0.93

2 −0.03 2.14 0.56 0.95 0.56 2.35 0.99 0.91

3 −3.38 0.95 1.78 1.25 3.82 1.57 0.95 0.76

4 2.67 −0.18 1.19 1.61 2.92 1.62 0.98 0.72

5 −0.06 0.28 0.40 0.47 0.40 0.55 0.99 0.98
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(figure 2(i)). In theGulf of Finland, the oxygen concentrations are partly overestimated,while salinity is well
reproduced (figure 2(c)). In theGulf ofRiga, oxygen concentrations are underestimated and salinity iswell
reproduced (figure 2(b)). At theDanish straits, the situation is completely different compared to the rest of the
Baltic Sea. Themodel either underestimates salinity (figure 2(d)), overestimates salinity (figure 2(e))or reproduces
it correctly (figure 2(f)) there. The oxygen concentrations there arewell reproduceddue to the shallowness of the
area. In the redoxcline, i.e., in the depth range of 60–90m (figure 3), weobserve a situation of underestimated
oxygen concentrationwith a peak share ofmodel errors at a depth of 70meters, and of overestimatedoxygen
concentrationwith a peak share ofmodel errors at a depth of 80meters (figure 2(g)). This type of vertical
distributionof errors shows that the redoxcline iswider in themodel than in themeasurements. Seasonally, a
higher share of overestimatedoxygen concentration in summer than the rest of the year (figure 2(i)) accounts partly
for the errors in theGulf of Finland (figure 2(c)). The spatial distributionof bottomsalinity andoxygen errors for
different clusters shows that, although themodel anddatamatch is predominantly good, the share of overestimated
oxygen concentration errors is still significant (figureA1).

3.2.Model validation in theGotlandDeep
Oxygen and density profiles,measured at themonitoring station BY15 in the easternGotland Basin and
extracted from themodel reanalysis, are compared to assess themodel performance in the central Baltic proper
(figure 3). Redoxcline and pycnocline are centered at a depth of about 75m in themeasurements and themodel

Figure 3.The time-depth plot of dissolved oxygen (DO) (a), (b) and sigma-t density (σT) (c),(d) atmonitoring station BY15 in the
EasternGotland basin. The (a), (c) are from themodel reanalysis and the (b), (d) from themeasurements.

Table 2.The biases of the depth of oxygen and density
isolines. The biases are calculated as correspondingmodel
valuesminusmeasured values.

DO [ml l−1] bias [m] σT [kgm
−3] bias [m]

0.1 −13 5 −4

1 9 6 −4

2 11 7 −4

3 4 8 −3

4 3 9 3

5 2

6 1

7 0

8 0
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alike. Themeasured redoxcline is shallowerwhile pycnocline is deeper than in themodel, but themean
differences do not exceed 4meters (table 2) and othermetrics are satisfactory (figure 4). The hypoxic water layer
extends to about 10meters shallower in themeasurements than in themodel, i.e., themodel underestimates
hypoxic layer thickness. Instead, anoxic water layer thickness is overestimated in themodel.

3.3. Temporal evolution of the hypoxic and anoxic area and volume
Time series of anoxic and hypoxic water areas and volumes for the Baltic Seawere calculated for the period of
1993–2017 from themodel (figure 5). For comparison, we calculated the hypoxic area and volume
corresponding to the hypoxia threshold of 1.43 ml l−1 (stringent hypoxia) and 4 ml l−1 (loose hypoxia). As
expected, the area and volume are smaller in the case of stringent hypoxia than in the case of hypoxia, and the
area and volume are larger in the case of loose hypoxia than in the case of hypoxia. However, no differences are
seen in the temporal dynamics (figure 5, table 3). Seasonal changes in the area and volume of loose hypoxia, with
aminimum in early spring and amaximum in early winter, are superimposed to long-term changes. Anoxic
water area and volume changes correlate well with the hypoxic water area and volume changes, except in the case
of loose hypoxia (table 3). A relatively low correlation coefficient of the oxygen isolines between 4 ml l−1 and
0ml l−1 shows that the variability of the upper redoxcline and anoxic water below the redoxcline areweakly
coupled.

As can be expected from themodel and data comparison of the depth of oxygen concentration isoline of
2 ml l−1 (table 2), the hypoxic area calculated from themodel is about 10 000 km2 smaller than calculated from
themeasurements (figure 5). The same is true for the anoxic area, although the depth of the anoxia isolinewas
smaller in themodel than in themeasurements at theGotland deep station (figure 5, table 2).

In general, there are two different regimes in the evolution of the hypoxic area and volume in the Baltic Sea
(figure 5). Thefirst period, from1993 to 1999, shows a steady increase of the hypoxic area and volumewith a rate
of 5000 km2/year and 200 km3/year, respectively (table 4). The trends of anoxic area and volume are smaller,
accounting for 1 400 km2/year and 30 km3/year, respectively. From2000 to 2017, the hypoxic area varies
between 50000 and 80000 km2. The anoxic area varies between 10000 and 50000 km2with an apparent long-
termperiodicity of 10 years. The periodicity is related to large volume inflows ofNorth Seawater into the Baltic

Figure 4.Normalized Taylor diagrams for dissolved oxygen (DO) isoline depths a) and density isoline depths b). The normalized STD
on the radial axis is a simulated STDdivided by an observed STD for the corresponding isoline. Correlation coefficient is shown on the
angular axis.

Table 3.Pearson correlation coefficients between different levels of oxygen
volumes (upper triangle, red) and areas (lower triangle, blue).

Volume correlation

coefficients

Oxy,mL/L 0 1.43 2 4

Area correlation coefficients 0 1 0.81 0.72 0.53

1.43 0.82 1 0.99 0.85

2 0.75 0.98 1 0.91

4 0.50 0.69 0.76 1
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Sea, consisting ofMajor Baltic Inflows in 2003 and 2014 (figure 5(b)). During the second period, 2000–2017, we
have a small negative trend in the area and volume of the anoxic water (figure 5; table 4). Somewhat surprisingly,
the areas of hypoxic waters have small negative trends, while the volumes have small positive trends (table 4).

Figure 5.The area (a) and volume (b) of anoxic (black line) and hypoxic (blue lines)watermasses in the Baltic Sea domain calculated
from themodel reanalysis (solid lines) and themeasurements (diamonds). Purple line shows the area and volume of thewater
bounded by aDOconcentration of less than 4 ml l−1. Dashed lines show linear trends for two periods. The axis on the right side on (a)
shows the depths which correspond to the area in the Baltic proper (including theGulf of Finland) that lies below the corresponding
depth level, as calculated from the hypsographic curve of the Baltic proper (including theGulf of Finland). Volume and timing of the
Major Baltic Inflows aremarkedwith the bars (b).

Table 4.Trend analysis of oxygen volume and area time series. H showswhich hypothesis is accepted according to theMann-
Kendal test. p-value shows the probability bywhich the 0-hypothesis is truewith the corresponding Z-statistic.

Area trends [1000 km2/y]

Oxy,mL/L p1 trend MKH p-value MKZ-stat p2 trend MKH p-value MKZ-stat

0 1.36 1 <10−4 0.41 −0.27 1 <10−4 −0.15

1.43 4.83 1 <10−4 0.79 −0.11 1 <10−4 −0.09

2 5.05 1 <10−4 0.78 −0.11 1 <10−4 −0.08

4 4.64 1 <10−4 0.49 −0.33 1 <10−4 −0.10

Volume trends [km3/y]

Oxy,mL/L p1 trend MKH p-value MKZ-stat p2 trend MKH p-value MKZ-stat

0 30.56 1 <10−4 0.34 −10.55 1 <10−4 −0.09

1.43 197.31 1 <10−4 0.84 3.98 1 <10−4 0.06

2 222.97 1 <10−4 0.87 6.72 1 <10−4 0.12

4 237.44 1 <10−4 0.74 8.67 1 <10−4 0.11
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Themeasurements confirm the presence of an increasing trend of hypoxic and anoxic areas and volumes during
the period 1993–1999.During the second period, positive trends in the areas and volumes of hypoxic and anoxic
water of the Baltic Sea are small.

We performed statistical tests to determine the existence ofmonotonic trends and stationarity of the time
series for two periods. According to theMK test, there are statistically significant trends in all time series during
both periods (table 4). The Z statistic of theMK test shows the strength of the trend. Positive trends in the time
series of the hypoxic and anoxic area and volume are relatively strong during the first period. Negative trends in
the area and positive trends in the volume of hypoxic water are rather weak during the second period (table 4).
TheDF tests show somewhat scattered results (table 5). The time series of areas of hypoxic and anoxicwater
show stationarity with a drift in the second period. TheDF test with drift and trend shows stationarity of anoxia,
stringent hypoxia and hypoxia during both periods. Although the stationarity test fails for loose hypoxia, the
p-value is close to the acceptance level, and τ-statistic is relatively low. TheDF tests of the volume time series
show stationarity only for hypoxia around the trend in the first period, while not showing stationarity for anoxia.
In the second period, the test shows no stationarity of hypoxia development (table 5). Although the trends can be
calculated, nomeaningful statistical test can be performed formeasured hypoxia and anoxia area and volume,
because there is limited data, only one value per year.

3.4. Probability of hypoxia and anoxia occurrence
For the characterization of hypoxia and anoxia, we use the probability of hypoxia and anoxia occurrence, which
enables us to integrate the spatio-temporal variations of hypoxic and anoxic areas in the Baltic Sea (figure 6). The
regionswith a hypoxia and anoxia probability of 0.25 could be considered as proxy for seasonal hypoxia and
anoxia, i.e., 3months out of 12 could have hypoxia and anoxia. In addition, these areas could potentially be the
areas prone to long-termhypoxia or anoxia. The period of 1993–1999 is characterized by the development of
permanent hypoxia in the parts of the Baltic Sea that have a greater depth than 80m (figures 6(a), (c)).Moreover,
from the hypsographic curve of the Baltic Sea (figure 5(a)), we can say that the 80m isobath represents the
characteristic depth of the upper bound of the hypoxic area. From a physical point of view, the Baltic proper has
a persistent and strong density stratificationwith a pycnocline at a depth of about 60–80m (figure 3). Thus, with
some concessions, we use the 80mdepth as a robust characteristic depth that binds the depths of hypoxic water
and the pycnocline in the central Baltic Sea.However, in the BornholmBasin, persistent hypoxia with an
episodic increase of oxygen concentrations occurs in the areas shallower than 80m (figure 6). An opposite
patternwith a persistent hypoxia deeper than 80m is characteristic of theGdansk Basin. Seasonal or episodic
hypoxia occurs in the transition area betweenGdansk andEasternGotland basins. Among shallow areas, the
Neva River estuary is prone to frequent hypoxia and even anoxia (figure 6). During the period between
2000–2017, the probability of hypoxia has increased in the areas deeper than 80m (figure 6). Geographically, the
areawith increased hypoxia probability has spread southward in the Eastern andWesternGotland basins. In
addition, the hypoxic area has increased at the entrance to theGulf of Finland and in thewestern part of the gulf.

Therewere no permanent anoxic regions in the Baltic Sea during the time period of 1993–1999, except in the
deepest local areas of the EasternGotland Basin andNorthern Baltic proper (figure 6(e)). Anoxic area has
increased geographically and probability-wise from1993–1999 to 2000–2017 (figure 6). However, in the
southern Baltic Sea, the areas with an anoxia probability of less than 0.25 during 1993–1999 have turned into
permanently anoxic areas during 2000–2017. Rather than indicating seasonal and episodic anoxia, the changes
in probability from lower values during the first period to higher values during the second period show gradual
development of anoxia. In the BornholmBasin andGdansk Basin, the anoxic areaswith lower probability than
0.25 could point to areaswith seasonal and episodic anoxia. A 120m isobath captures the areawith anoxia
probability exceeding the value of 0.25 relatively well (figure 6(f)).

Loose hypoxia covers areas with episodic, seasonal and permanent hypoxia. It can be considered as the upper
limit of the occurrence of hypoxia and anoxia (figure 6). This statement is justified by comparing the
geographical areas where loose hypoxia has a probability that exceeds 0.25. These geographical areas have not
spread remarkably from the first to the second period. In the southern Baltic Sea, the area of loose hypoxia with
an occurrence probability of less than 0.25 has decreased, yet it has increased in theGulf of Finland.

In order to summarize the development of hypoxia and anoxia in the Baltic Sea and its relation to vertical
stratification, we have drawnmean profiles of oxygen concentration andwater density for the first and the
second period at the location of themonitoring station BY15 (figure 7). In the upper 50m layer, water density
and oxygen concentration have not changed significantly. The pycnocline and redoxcline have gradually lifted
upward, starting at a depth of 60m. For instance, the depth of the 8 kg m−3 density has decreased from100 to 85
m, and the depth of the 2 ml l−1 oxygen concentration has decreased from110 to 90m. Below the pycnocline,
thewater density has increased. Below the redoxcline, the oxygen concentration has decreased. Thewater has
become anoxic below a depth of 120m.
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Table 5. Stationarity test for oxygen area and volume time series. H showswhich hypothesis is accepted, p-value shows the probability bywhich the 0-hypothesis is truewith the corresponding τ-statistic.

Area
Drift Drift+Trend

p1 p2 p1 p2

Oxy,mL/L H p-value DF τ-stat H p-value DF τ-stat H p-value τ-stat H p-value DF τ-stat

0 0 0.14 −2.42 1 0.004 −3.79 1 0.015 −3.85 1 0.009 −3.99

1.43 0 0.83 −0.76 1 <10−3 −4.91 1 <10−3 −5.14 1 <10−3 −4.90

2 0 0.79 −0.88 1 <10−3 −4.78 1 <10−3 −4.94 1 <10−3 −4.78

4 0 0.35 −1.89 1 0.022 −3.17 0 0.085 −3.20 0 0.084 −3.20

Volume

Drift Drift+Trend
p1 p2 p1 p2

Oxy,mL/L DFH p-value DF τ-stat H p-value DF τ-stat H p-value DF τ-stat H p-value DF τ-stat

0 0 0.87 −0.57 0 0.44 −1.68 0 0.63 −1.93 0 0.66 −1.87

1.43 0 1.00 1.01 0 0.13 −2.43 1 0.04 −3.55 0 0.30 −2.59

2 0 0.99 0.76 0 0.15 −2.37 1 0.01 −3.95 0 0.25 −2.68

4 0 0.91 −0.37 0 0.39 −1.79 1 0.02 −3.73 0 0.61 −1.96

10

E
nviron.R

es.C
om

m
un.3

(2021)075004
M

K
õu

tsetal



4.Discussion

In the case ofmodeling, it can be argued thatmodel-based estimates have large uncertainties due to the
deficiencies of themodel in describing physical and biogeochemical processes, initial fields, external inputs and
forcing. In the case ofmeasurement-based estimates, we once again face the issue of large uncertainties, as
measurements lack spatial and temporal resolution andwere notmade simultaneously, and any kind of
interpolation procedure introduces uncertainties in the estimates. Therefore, in this analysis, we use reanalysis
fields, which integrate bothmodel simulation ability and existingmeasurements. In this study, we used an
advanced numericalmodel systemwhich has been proven to provide acceptable results inmany applications.

Figure 6.The probability ofDO<4 mL L−1 on (a)–(b), hypoxic (DO<2 ml l−1) (c)–d) and anoxic (DO<0 ml l−1) on (e)–(f)
watermasses over the period of 1993–1999 on (a), (c), (e) and 2000–2017 on (b), (d), (f) in the Baltic proper (including theGulf of
Finland) calculated from theCMEMSBALMFC reanalysis product. The black isoline corresponds to a 0.25 probability. The red
contour shows the 80m isobath on (a)–(d) and 120m isobath on (e)–(f).
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Using the data assimilation technique is definitely an advantage, as it improves the quality of the simulation
product.We performed extensive validation of themodel oxygen, salinity and density fields to assure the
credibility of our results. The discrepancies between reanalysis and observations aremainly due to the imperfect
data assimilationmethod and because themodel cannot perfectly resolve the oxygen dynamic at the deeper
layers.

Indeed, the current reanalysis datamay underestimate the extent of hypoxic area, as indicated by the
overestimated depth of the oxygen concentration isoline of 2 ml l−1 (table 2) and comparisonwith the estimates
based onmeasurement data (figure 5). Therefore, we used several thresholds for hypoxia, which enabled us to
define the limits of uncertainties and indicate a potential evolution of oxygen deficiency in the Baltic Sea. These
thresholds include the range of low oxygen concentrations that have a negative impact onmarine life. Animals
display awide tolerance span to oxygen conditions, but the underlying understanding is that lethal and sublethal
effects alongwith stress negatively affect the functionality ofmarine ecosystems and reduce their resistance to
environmental and anthropogenic disturbance (Carstensen et al 2014a, Laffoley andBaxter 2019). In the Baltic
Sea, fisheries are of high economic importance to the surrounding countries. It has been noted that lowoxygen
concentrations affect cod reproductive volume, an indicator showing thewater volume suitable for cod
spawning, which is directly linked to the viability of cod stocks in the Baltic Sea (Carstensen et al 2014b,
Raudsepp et al 2019a). In addition, hypoxia hinders the biogeochemical feedback loops and biomass production
carried out by benthic fauna (Carstensen et al 2014a). The lack of oxygen at the seabed results in potential dead
zones that are uninhabitable bymost organisms.With that, the Baltic Sea sediments become an active
ammonium and phosphorus source as soon as the sediments turn anoxic (Carstensen et al 2014b). These
anoxia-related changes counteract nutrientmitigationmeasures and fuel the eutrophication process
(Carstensen et al 2014b). The reduction inwater quality, in turn, reduces the value of the Baltic Sea for recreation
and other uses ofmarine resources.

In the development of the hypoxic and anoxic areas and volumes of the Baltic Sea from1993 to 2017, two
dynamically different periods are present. Thefirst period, from1993 to 1999, indicates a continuous increase of
the areas and volumes of hypoxic water, nomatter which threshold of oxygen concentrationwe use for the limit
of the hypoxic water (figure 5). TheMK test showed that increasing trends, which are not necessarily linear, are
statistically significant. TheDF test confirmed the existence of linear trends inmost cases considered. In
addition, the test showed that the area and volume changes superimposed to the trends represented the
stationary process (tables 4 and 5). Indeed, the time series of hypoxic and anoxic areas and volumes are not
perfectly homogenous and the natural variability is quite high.

We obtain from themodel andmeasurements that the hypoxic area increased from20000 km2 in 1993 to
about 60000 km2 in 1999 (figure 5(a)). From2000 until 2017, the area and volume of anoxic and hypoxic waters
varied in the range of 10000–50000 km2 and 50000–80000 km2 and 500–2000 km3 and 2000–3000 km3,
respectively, (figure 5). Independent estimates based on themeasurement data have given variations of the

Figure 7.The vertical profiles of averaged dissolved oxygen (DO) andwater density (σT) over the period of 1993–1999 and 2000–2017
at BY15 calculated from themodel reanalysis product. Concentrations of hydrogen sulphide are presented as negative oxygen.
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hypoxic area of the Baltic Sea in the range of 50000–80000 km2 for the same period (Savchuk 2018, Carstensen
andConley 2019,Hansson et al 2019). The seasonalminimumof the loose hypoxic area drops to the value of
80000 km2 almost every year (figure 5(a)), which can be assumed as the limit of the area ventilated by seasonal
oxygen supply. Hence, we can robustly estimate that the hypoxic area is bounded by the 80 000 km2 level during
the period of 2000–2017.

The 80m isobath can be considered as the characteristic depth of the hypoxic area in the Baltic proper
(including theGulf of Finland) (figures 5–7). From a physical point of view, the Baltic proper (including theGulf
of Finland) has a persistent strong density stratificationwith a halocline at a depth of about 60–80m
(Matthäus 1984, Väli et al 2013). The halocline is shallower than 80m in depth in the BornholmBasin and
deeper in theGdansk Basin (e.g. Väli et al 2013), which explains the hypoxia probability distribution there
(figure 6). In theGulf of Finland, seasonal salt wedge dynamics play a significant role in changing stratification
(Maljutenko andRaudsepp 2019). Therefore, the probability of hypoxia occurrence is less than 0.5 there
(figure 6).

After theMajor Baltic Inflow in 1993, the hypoxic area and volume started to increase in the Baltic Sea
(figure 5; Savchuk 2018, Carstensen andConley 2019,Hansson et al 2019). A progressive geographical spreading
of hypoxic and anoxicwaters in timewas described by the decrease of hypoxia probability distribution from
deeper to shallower areas during thefirst period (figures 6(c),(e)). During the second period, the hypoxic and
anoxic areas were on a relatively steady level (figure 5(a)). In that instance, high probability corresponds to
persistent hypoxia and low probability to episodic hypoxia (figures 6(d),(f)). Visual comparison of our results
and annual spatialmaps of hypoxia and anoxia byHansson et al (2019) enables us to draw a robust conclusion.
The areaswith a probability higher than 0.25 represent persistent hypoxia and anoxia. The regionswith a
hypoxia probability below 0.25 are seasonally or episodically hypoxic.

So far, poor oxygen conditions in the deep basins of the Baltic Sea have been attributed to the absence of the
Major Baltic Inflows and additional inflows that do not classify asMajor Baltic Inflows due to their small volume
(Neumann et al 2017). Recent studies have shown a rapid decline of the oxygen concentration and restoration of
anoxia in theGotland Basin after theMajor Baltic Inflow in 2014 (Neumann et al 2017, Raudsepp et al 2018a).
Input of total nitrogen and phosphorus has decreased over decades (Savchuk 2018). At the same time, the
inorganic nitrogen pool has decreased, but the inorganic phosphorus pool has increased (Savchuk 2018, Kõuts
et al 2021). Similar tendencies are true for total nitrogen and total phosphorus pools (Savchuk 2018). Therefore,
wemight need to consider local biogeochemistry as the other important factor directly affecting dissolved
oxygen concentrations below the halocline.Meier et al (2018) explained the rapidly worsening oxygen
conditions after 2015, with higher amounts of organicmatter being transported to the deep layers where
decomposition consumes the remaining oxygen fast.Withworsening oxygen conditions, the role of sediments
changes fromnitrogen removal to nitrogen release as ammonium (Carstensen et al 2014b). Phosphorus, which
is buried in the sediment in organic formor bound to iron oxides, is readily released to thewater columnupon
the onset of anoxia (Carstensen et al 2014a). This, in turn, can sustain cyanobacterial summer blooms, creating a
positive-feedbackmechanism thatmaintains hypoxia (Vahtera et al 2007). Neither phytoplankton spring
blooms nor cyanobacteria summer blooms have increased in the Baltic Sea since the second half of the 2000s
(Raudsepp et al 2018b, 2019b).

The halocline depth or vertical stratification in general has an impact on the development of hypoxic areas in
the Baltic Sea (Meier et al 2011, Väli et al 2013) as well as inmany other natural water basins (e.g. Fennel and
Testa 2019 for review). The coinciding uplift of the pycnocline and redoxcline in theGotland Basin between the
two periods provides evidence of a close relationship between physical and biochemical processes (figure 7).
Physical processes affecting vertical stratification in different parts of the Baltic Sea include verticalmixing due to
winds and heat exchange between air and sea, wind-driven circulation and spreading of river water on one side,
and inflows of theNorth Seawater into the Baltic Sea and its spreading into the deep sub-basins on the other side
(Reissmann et al 2009, Väli et al 2013). TheMajor Baltic Inflows bring in oxygenatedwater, which temporarily
improves the conditions under the halocline, but in the long term, this increases stratification and reduces
downwardmixing of oxygen (Carstensen andConley 2019). Since 1993, there has been a positive trend in
salinity of about 0.025–0.05 g kg−1 per year below the depth of about 70m, but not in the upper layer of 50m
(von Schuckmann et al 2019). This shows the strengthening of vertical stratification. Thus, wemight expect a
decrease of hypoxic layer thickness from above due to oxygen diffusion in the case of weaker vertical
stratification and braking of salinewater inflows to the Baltic Sea (Lessin et al 2014). In contrast, the hypoxic
layer thickness can increase due to frequent transport of salinewater from theKattegat to the deeper layers of the
Baltic Sea. The intensity of these processes is highly unpredictable in the future as well as unmanageable by
anthropogenic action. Therefore,methods to stop the eutrophication of the Baltic Sea in terms of its poor
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oxygen conditions caused by human interventionmight not be implemented easily due to the superiority of
natural processes.

5. Conclusions

The Baltic Sea is an eutrophic inland seawithmultiple stressors, both natural and anthropogenic, affecting its
state. The Baltic Sea eutrophication state is evaluated based on dissolved oxygen concentrations over the period
of 1993–2017.We have used twometrics, area and volume, for the description of hypoxia and anoxia in the
Baltic Sea. Both of these characteristics carry similar but not identical information about the temporal variations
of hypoxia and anoxia.

After the stagnation period, whichwas terminated by theMajor Baltic Inflow in 1993, hypoxia development
has shown two regimes. Thefirst period, from1993 to 1999, represents a trend-stationary process of the increase
of hypoxic area from20000 km2 to a level of about 60000 km2. The second period, from2000 to 2017, can be
characterized as a stationary process with a variable hypoxic area between 50000 and 80000 km2. The anoxic area
varies between 10 000 and 50000 km2. It is recognized that the records of hypoxic and anoxic areas are not
perfectly homogenous and can vary due to natural factors. In theGotland basin, the lower bound of the
redoxcline has been uplifted from about a 100mdepth to an 80mdepth calculated as the averages for two
periods. Stationarity of the time seriesmeans that the statistical properties of a systemdo not change over time.
Therefore, by adding data from the following years, the loss of stationarity of the time series would be an
indication of the future change of the hypoxia regime. In addition to natural variability of hypoxic and anoxic
areas, about 10 000 km2 of uncertainty is caused by differentmethods, either numericalmodels or data
interpolation procedures, used for the estimation of the areas of hypoxic and anoxic water.We propose using a
multi-model ensemble combinedwith themeasurement data for reducing uncertainties in the estimation of the
hypoxia area and volume of the Baltic Sea.

Themeasurements provide spatial and temporal snapshots of hypoxia coverage. Probability distribution
maps of hypoxia occurrence integrate temporal variations of the hypoxia over a certain period into spatialmaps.
From the period 1993–1999 to 2000–2017 hypoxic and anoxic areas have expanded geographically in the Baltic
Sea, but the probability distributionmaps show the quantitativemeasure of this expansion. The southern areas
of the eastern andwesternGotland basin have become permanently hypoxic. In comparison, the expansion of
the hypoxia towards the northeast, i.e., to theGulf of Finland, has beenmoderate. The area at the entrance to the
Gulf of Finland has turned from seasonal or episodic hypoxia into 50%hypoxic, while the area of seasonal or
episodic hypoxia has spread eastward along the thalweg. The easternGulf of Finland as well as the connecting
shallow area between theGdansk and easternGotland basin are prone to seasonal and episodic hypoxia. Anoxia
has becomemore persistent in the deep basins of the Baltic proper. Probability distributionmapsmay serve as
identification of the areas which can be affected by hypoxia in relation to important ecosystem components, e.g.,
they allow to explain spatial distribution ofmarine fauna in response to their tolerance to frequent hypoxia and
anoxia.

For following research, we hypothesize that hypoxia development is controlled by vertical stratification,
which varies due to highly natural processes and is not prone to human interference. The hypoxic area can
decrease with theweakening of stratification due to braking of large volume inflows to the Baltic Sea or increase
due to strengthening of the stratification caused by frequent saline water inflows. Taking into consideration the
current tendency of the development of hypoxic areas from1993–1999 to 2000–2017, we suggest that persistent
hypoxic areasmay increase further in theGulf of Finland and in the southeastern Baltic Seawhere hypoxia is
currently seasonal or episodic. The persistent anoxic area could increase to the limits of the hypoxic area in the
case of favourable interaction of physical and biogeochemical processes.

Data availability statement

The data generated and/or analysed during the current study are not publicly available for legal/ethical reasons
but are available from the corresponding author on reasonable request.
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