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Abstract Variations of temperature, salinity and oxygen of the Baltic Sea on interannual to 
decadal timescales were studied for the period from 1950 to 2020. Both observational data 
and the output of a numerical circulation model of the Baltic Sea were analyzed. In addition, 
we investigated the influence of atmospheric parameters and river runoff on the observed hy- 
drographic variations. Variability of sea surface temperature (SST) closely follows that of air 
temperature in the Baltic on all timescales examined. Interannual variations of SST are signif- 
icantly correlated with the North Atlantic Oscillation in most parts of the sea in winter. The 
entire water column of the Baltic Sea has warmed over the period 1950 to 2020. The trend is 
strongest in the surface layer, which has warmed by 0.3—0.4 °C decade −1 , noticeably stronger 
since the mid-1980s. In the remaining water column, characterized by permanent salinity strat- 
ification in the Baltic Sea, warming trends are slightly weaker. A decadal variability is striking 
in surface salinity, which is highly correlated with river runoff into the Baltic Sea. Long-term 

trends over the period 1950—2020 show a noticeable freshening of the upper layer in the whole 
Baltic Sea and a significant salinity increase below the halocline in some regions. A decadal 
variability was also identified in the deep layer of the Baltic Sea. This can be associated with 
variations in saltwater import from the North Sea, which in turn are influenced by river runoff: 
fewer strong saltwater inflows were observed in periods of enhanced river runoff. Further- 
more, our results suggest that changes in wind speed have an impact on water exchange with 
the North Sea. Interannual variations of surface oxygen are strongly anti-correlated with those 
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of SST. Likewise, the positive SST trends are accompanied by a decrease in surface oxygen. In 
greater depths of the Baltic Sea, oxygen decrease is stronger, which is partly related to the 
observed increase of the vertical salinity gradient. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ue to the brackish water conditions, the ecosystem in the 
altic Sea is unique and vulnerable. Most species already 
ive at the edge of their comfort zone and small changes in 
he water properties could cause shifts in the ecosystem. 
herefore, the question of how a changing climate affects 
he Baltic Sea is of particular interest. To investigate what 
hanges and variations of hydrography can already be ob- 
erved in the Baltic Sea is part of this work. The focus is 
ainly on the variations of temperature, salinity and oxygen 
s these are not only characteristic parameters for iden- 
ifying and comparing different types of watermasses but 
lso significantly determine the living conditions in marine 
cosystems. 
The Baltic Sea is a semi-enclosed basin in northeast 

urope and one of the largest brackish seas on Earth 
 Figure 1 ). On the long-term mean, salinity is consistent 
ith the water balance in the Baltic Sea ( Omstedt and Rut- 
ersson, 2000 ). The main components of the freshwater 
udget are river runoff, net precipitation (precipitation mi- 
us evaporation) and water exchange with the North Sea at 
he entrance area. Because of the dominant river runoff, 
he water budget is strongly positive and a general outflow 

f brackish Baltic Sea water into the Kattegat results from 

he freshwater surplus. This is compensated by an inflow 

f higher saline bottom water from the Skagerrak and Kat- 
egat into the Baltic Sea (for details see Leppäranta and 
yrberg, 2009 ). The basin-like topography with shallow sills 
estricts the horizontal spread of dense bottom water in 
he Baltic Sea. Irregular barotropic exchange flows such 
s Major Baltic Inflows (MBIs, Matthäus and Schinke, 1999 ) 
nd Large Volume Changes (LVC, Lehmann et al., 2017 ) are 
eeded to renew the bottom waters in the Baltic deeps. 
hose inflows take place sporadically and can be observed 
s high salinity and oxygen peaks in time series of the deep 
aters all the way from the western Baltic to the northern 
altic Proper ( Liblik et al., 2018 ; Mohrholz, 2018 ). There 
s no long-term trend in MBI occurrence ( Mohrholz, 2018 ) 
nd the frequency of large volume changes ( Lehmann and 
ost, 2015 ). Salinity changes in the Baltic Sea are rather 
ominated by multidecadal variability with a period of 
bout 30 years, likely driven by changes in river runoff and 
ind ( Kniebusch et al., 2019b ; Meier and Kauker, 2003 ). 
Water temperature in the Baltic Sea, especially in winter, 

ollows the two-layer structure determined by the salinity 
istribution. In the upper layer, the temperature is mainly 
riven by solar radiation and air-sea interactions. During 
ummer, an additional surface layer forms, separating the 
pper layer into a mixed layer and a cold intermediate layer 
elow. The permanent halocline, usually located at a depth 
f 40—80 m ( Leppäranta and Myrberg, 2009 ), prevents ver- 
2 
ical exchange and decouples the higher saline layer from 

he brackish surface layer. Temperature variations in and 
elow the halocline are mainly caused by advection from 

alt water inflows in this layer. Long-term trends of sea 
urface temperature show much greater warming in the 
altic Sea than the global mean, with the strongest trends 
ince the mid-1980s ( Kniebusch et al., 2019a ; MacKenzie and 
chiedek, 2007 ). In recent decades, SST trends of about 
.4—0.6 °C per decade have been observed in the Baltic 
ea ( BACC II Author Team, 2015 ; Lehmann et al., 2011 ;
iblik and Lips, 2019 ; Tronin, 2017 ). 
Oxygen content in the Baltic Sea is determined by up- 

ake from the atmosphere, vertical and lateral transport, 
nd consumption of oxygen by biogeochemical processes 
 Lehmann et al., 2022 ). As a result of the limited verti-
al convection through the halocline, deep water masses 
re often poorly oxygenated and anoxic conditions can be 
ound at the bottom. A strong increase of hypoxia in the 
altic Sea during the last century due to increased nutri- 
nt inputs and higher water temperatures was reported by 
arstensen et al. (2014) . During an MBI, oxygen-rich water 
s brought into the Baltic deeps, which might temporarily 
mprove the oxygen conditions and end anoxic states (e.g. 
eumann et al., 2017 ). 
Since the Baltic Sea is quite shallow, the dynamics are 

o a large extent wind-driven and variations in temper- 
ture, salinity and oxygen are closely linked to the pre- 
ailing atmospheric conditions. The climate of the Baltic 
ea region is strongly related to the atmospheric large- 
cale circulation. In particular, the North Atlantic Oscilla- 
ion (NAO) has a large impact on the Baltic Sea climate 
 Hurrell, 1995 ). A positive (negative) phase of the NAO is 
haracterized by a strengthened (diminished) near-surface 
ressure difference between the Icelandic Low and Azores 
igh, with stronger (weaker) than normal westerly winds. 
onsequently, a positive NAO is associated with warm and 
umid winters and a negative NAO with cold and dry win- 
ers over the Baltic area ( BACC I Author Team, 2008 ). The
nfluence of the NAO on the Baltic Sea can be observed in 
any different factors. Hänninen et al. (2000) showed a re- 

ationship between the NAO and river runoff to the Baltic 
ea: a positive phase of the NAO is related to increased 
unoff, followed by a decrease in the mean salinity. Their 
esults are confirmed by Zorita and Laine (2000) , who stud- 
ed the dependence of salinity and oxygen concentrations in 
he Baltic Sea on large-scale atmospheric circulation. They 
bserved decreased salinities at all depths and enhanced 
xygen conditions during strong meridional sea level pres- 
ure gradients over the North Atlantic. Andersson (2002) and 
ehmann et al. (2002) presented a correlation between the 
AO and changes in the Baltic sea level, and corresponding 
olume exchange with the North Sea, respectively. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 The Baltic Sea region with ICES subdivisions (with 
small modifications from Lehmann et al., 2014 ). Color scale 
shows sea depth in m. 
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The aim of this study is to provide a detailed investi- 
ation of changes in temperature, salinity and oxygen on 
ifferent time and space scales in the Baltic Sea for the pe- 
iod 1950 to 2020. The main questions we would like to ad- 
ress are: Which variability and trends can be identified in 
he three parameters during this period of 71 years? And 
o what extent can the observed variations be explained 
y the influence of the atmosphere and river runoff? The 
ormer is analyzed by comparing observational data with 
he output of a numerical circulation model of the Baltic 
ea. The data sets provide a sufficiently long period to in- 
estigate variability not only on annual and interannual but 
lso on decadal time scales and allow validation of the re- 
ults through comparison. Although many publications have 
nalyzed variations in the hydrography of the Baltic Sea 
e.g. BACC I Author Team, 2008 ; BACC II Author Team, 2015 ; 
niebusch et al., 2019a , b ; Liblik and Lips, 2019 ; Meier et al.,
022 ), few studies have investigated variations of temper- 
ture, salinity and oxygen over this long period in such 
etail. 
A detailed description of the data and methods used in 

his study is presented in the following section. The subse- 
uent results section consists of two parts: First, the varia- 
ions of temperature, salinity and oxygen in the Baltic Sea 
re described. In the second part, the atmospheric influence 
n the Baltic Sea hydrography is analyzed. Thereafter, the 
esults are discussed in Section 4 and the paper ends with a 
hort conclusion. 

. Data and methods 

.1. ICES data set on ocean hydrography 

n this study, data sets of temperature, salinity and oxy- 
en from the International Council for the Exploration of 
3 
he Sea (ICES) oceanographic database were used as obser- 
ational data ( ICES, 2022 ). The data sets consist of a col-
ection of CTD (Conductivity-Temperature-Depth) and bot- 
le measurements from the entire Baltic Sea, spatially av- 
raged across the ICES subdivisions (SD, see Figure 1 ) and 
ggregated to monthly means with a vertical resolution of 
 m stratum. It must be noted that the quality of spatially 
nd temporally averaged values may differ in the individ- 
al months and subdivisions, depending on how many mea- 
urements were available. Furthermore, negative oxygen is 
ot present in the ICES data set. The first measured values 
isted in the ICES data sets date from the end of the 19th
entury. However, there are large gaps in the data, espe- 
ially at the beginning of the time series, as there are no 
easurements for some years and months. Good data cov- 
rage is given in most SDs from the 1950s or 1960s onwards. 
n the Gulf of Bothnia (SD 30 and 31), the Gulf of Riga and
he Gulf of Finland (SD 32), there are large data gaps until 
he end of the 1970s ( Liblik and Lips, 2019 ), especially in
inter, because ice coverage makes measurements during 
he sea ice season which lasts on average from January to 
pril ( Leppäranta and Myrberg, 2009 ) difficult. This might 
ave an impact on the trend estimations which we discuss 
urther below. We used linear interpolation along the depth 
nd time axes to close smaller data gaps. For each subdivi- 
ion, we checked individually from which year onwards suf- 
cient data are available to make linear interpolation rea- 
onable. Particular care was taken to ensure that annual 
ycles in temperature and oxygen time series are well rep- 
esented. As a rule, the gaps were not allowed to be larger 
han three consecutive months. Since the data coverage in 
he individual subdivisions varies, the prepared time series 
re of different lengths. The longest period is from 1956 
o 2018 for the Arkona Basin (SD 24), the Bornholm Basin 
SD 25) and the southeastern Baltic Proper (SD 26) and the 
hortest period is from 1977 to 2018 for the Gulf of Bothnia 
SD 30 and 31) and the Gulf of Finland (SD 32). Finally, we
pplied a 3-month filter (moving average) to reduce noise 
nd irregularities in the data. 

.2. Baltic Sea model output 

arallel to the observational data, the output of the three- 
imensional coupled sea ice-ocean model of the Baltic 
ea (BSIOM, Lehmann et al., 2002 ; Lehmann and Hinrich- 
en, 2000 ) was analyzed and both data sets were compared 
ith each other. The Baltic Sea model has currently a hor- 
zontal resolution of 2.5 km, and the vertical structure is 
escribed by 60 layers, which allows resolving the upper 
00 m with layers of 3 m thickness and layers of 6 m thick-
ess below ( Lehmann et al., 2014 ). The model covers the 
ntire Baltic Sea, including the Kattegat and Skagerrak. At 
he western boundary, a simplified North Sea basin is con- 
ected to the model domain to provide characteristic tem- 
erature and salinity profiles in case of inflow situations 
rom the North Sea into the Skagerrak. Outflowing water 
eaving the model domain will be slowly relaxed at the sur- 
ace to typical North Sea salinity conditions. The model is 
urther forced by low-frequency sea level variations in the 
orth Sea/Skagerrak calculated from the BSI (Baltic Sea In- 
ex, Lehmann et al., 2002 ). 
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Table 1 Considered time periods and depths of surface layer, halocline and bottom layer for the selected ICES subdivisions. 

Considered 
time period 

Surface layer [m] Halocline depth [m] Bottom layer [m] 

ICES BSIOM ICES BSIOM ICES BSIOM 

Arkona Basin (SD 24) 1956—2018 0—10 1.5—10.5 30—40 31.5—40.5 40—45 40.5—46.5 
Bornholm Basin (SD 25) 1956—2018 0—10 1.5—10.5 50—60 49.5—58.5 80—90 82.5—91.5 
Eastern Gotland Basin (SD 28) 1959—2018 0—10 1.5—10.5 65—75 52.5—61.5 230—240 228—240 
Gulf of Finland (SD 32) 1977—2018 0—10 1.5—10.5 60—70 61.5—70.5 — —
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The hydrodynamic model is realistically forced using the 
RA5 global re-analysis in the preliminary extension version 
ack to 1950 ( Bell et al., 2021 ), with a 3-hourly temporal 
nd approximately 50 km spatial resolution, respectively. 
he forcing data were interpolated on the model grid. They 
nclude surface air pressure, precipitation, cloudiness, and 
ir- and dew point temperatures at 2 m height from the 
ea surface. Wind speed and wind direction at 10 m height 
rom the sea surface were calculated from geostrophic 
inds with respect to different degrees of roughness on the 
pen sea and off the coast ( Bumke et al., 1998 ). BSIOM 

orcing functions, such as wind stress, radiation and heat 
uxes were calculated according to Rudolph and Lehmann 
2006) . 
In addition, river runoff is included in a monthly mean 

unoff data set provided by HELCOM Baltic Sea Environ- 
ent Fact Sheets ( Johansson, 2016 ). Oxygen uptake at the 
ea surface is determined from the oxygen saturation con- 
entration using the modelled sea surface temperature and 
alinity values. The consumption of oxygen is modelled by 
ne pelagic and two benthic sinks due to microbial and 
acrofaunal respiration (for details see Lehmann et al., 
014 ). 
In this study, the output of the current model run from 

950 to 2020 is used. To obtain conditions as similar as pos- 
ible to the observational data, the modelled temperature, 
alinity and oxygen values were spatially averaged across 
he whole area of the ICES subdivisions and monthly means 
ere calculated. The time periods of the model data for 
ach subdivision were adjusted to those of the ICES data for 
etter comparability. Furthermore, we smoothed the data 
ith a 3-month filter just like the observational data. 

.3. Analysis and comparison of ICES observational 
ata and BSIOM data 

he Baltic Sea is divided into 11 subdivisions according to 
CES ( Figure 1 ). Four specific subdivisions were selected and 
nvestigated for variations in temperature, salinity and oxy- 
en: the Arkona Basin (SD 24), Bornholm Basin (SD 25), east- 
rn Gotland Basin with the Gulf of Riga (SD 28) and Gulf of 
inland (SD 32). Time series of temperature, salinity and 
xygen were considered at three representative depth lev- 
ls: at the surface, in the area of the halocline and at the 
ottom. For each depth level, the average was taken over 
 layer of about 10 m thickness. The depth of the halo- 
line was determined using the 5%, 50% and 95% percentiles 
f salinity profiles (see Figure 2 ), visually estimating where 
he salinity gradient is strongest. The exact depths can be 
4 
ound in Table 1 . In the Gulf of Finland, there is no per-
anent halocline at a specific depth. Instead, the pres- 
nce and depth of the halocline vary with the prevailing 
nflow and wind conditions ( Lehmann et al., 2022 ; Liblik and 
ips, 2017 ; Stoicescu et al., 2019 ). Therefore, after averag- 
ng the data, the halocline is not visible in the percentiles 
n Figure 2 . 

On the annual time scale, mean annual cycles of temper- 
ture, salinity and oxygen were calculated for each subdi- 
ision and the three depth levels (surface, halocline, bot- 
om) over the entire period (see Table 1 for the consid- 
red period in each subdivision). Time series of the monthly 
ean values with subtracted mean annual cycles were cre- 
ted to analyze the variability on longer than annual time 
cales. Linear trends were recalculated at all depths for the 
ntire period using linear regression. To examine whether 
he time series showed variability on decadal time scales, 
 10-year window trend was calculated using a moving av- 
rage. Pearson correlation coefficients between the time 
eries based on ICES and BSIOM data were determined to 
xamine the agreement between the two data sets. For 
ll correlation calculations, the annual cycles and linear 
rends of the time series were removed beforehand. Trend 
alues and Pearson correlation coefficients in the present 
ork were considered significant when the p-value was 
0.05. 

.4. Investigation of the atmospheric influence on 

he hydrography of the Baltic Sea 

he second part of this study deals with the influence of the 
tmosphere on the hydrography of the Baltic Sea. It is in- 
estigated whether the variations in temperature, salinity 
nd oxygen can be related to changes in atmospheric pa- 
ameters. For this purpose, the 2 m air temperature, zonal 
ind speed at 10 m height and precipitation from the ERA5 
eanalysis data set (see Section 2.2 ) were used. Like the 
ydrographic data, the atmospheric parameters have also 
een averaged over the ICES subdivisions and to monthly 
ean values beforehand. Time periods of the ERA5 data 
ere adjusted to those specified by the ICES data for each 
ubdivision (see Table 1 ). Time series with anomalies from 

he annual cycle of air temperature were compared and cor- 
elated with sea surface temperature anomalies based on 
CES and BSIOM data. Additionally, linear trends for the air 
emperature were calculated. 
The impact of freshwater inflow was investigated using 

iver runoff data provided by HELCOM ( Johansson, 2016 ), 
hich is also used as forcing in the Baltic Sea model. The 
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Figure 2 Percentiles (5% and 95%: dashed line, 50%: solid line) of temperature, salinity and oxygen profiles for SD 24 (period 
1956—2018), SD 25 (period 1956—2018), SD 28 (period 1959—2018) and SD 32 (period 1977—2018) based on monthly means of ICES 
observational data and BSIOM model output. The monthly mean data are filtered with a 3-month moving average. 
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ata set contains the sum of river discharge into the entire 
altic Sea and was used here with a temporal resolution of 
nnual mean values. Furthermore, the data were accumu- 
ated and smoothed with a 5-year moving average to relate 
hem to variations in salinity. 
Finally, the influence of the NAO on the atmospheric 

nd hydrographic parameters was examined. The winter DJF 
AO index by Tim Osborne (updated from Jones et al., 1997 ) 
as used for this purpose. Correlation coefficients were cal- 
ulated between the DJF NAO index and atmospheric and 
ydrographic parameters, which have been averaged over 

JF and detrended beforehand. c

5 
. Results 

.1. Trends and variability of temperature, salinity 

nd oxygen 

igure 2 provides an overview of the range of variability in 
emperature, salinity and oxygen for the subdivisions 24, 
5, 28 and 32 over the considered time periods. As depicted 
n the 5% and 95% percentiles, the range in which 90% of the
bserved and modelled values are located can be identified 
long the entire depth profile. The strongest fluctuations 
an be observed in temperature ( Figure 2 left panels), es- 
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ecially in the top 20—30 m of each subdivision. Values here 
ary approximately between 0 °C and 20 °C which is caused 
y the annual cycles in SST. Comparing the temperature per- 
entiles based on ICES data with those based on BSIOM out- 
ut ( Figure 2 , left panels), it is noticeable that both the 
ean depth profiles and the ranges of variability coincide 
ery well in all subdivisions. 
The stratification of the water column is clearly visible 

n the salinity profiles ( Figure 2 middle panels). In the upper 
ayer, the salinity is in the range of approximately 4—8 g 
g —1 , with decreasing values along the path from SD 24 to 
D 32. Much higher salinities can be found at the bottom 

ith up to 20 g kg —1 in the Arkona and Bornholm Basin. A 
trong salinity gradient between these two layers marks the 
epth of the halocline. In the Arkona Basin, the halocline is 
hown at a depth of about 30—40 m. Here, the increase in 
alinity gradient is somewhat more pronounced in the ICES 
ata than in the model. For the Bornholm Basin (SD 25), the 
alinity profiles of the ICES and BSIOM data are in very good 
greement. The halocline can be identified in this SD at a 
epth of 50—60 m. In SD 28, the location of the halocline in 
he model is slightly higher than in observation. It is located 
t a depth of about 50—60 m in the model and 65—75 m in
he observations. 
In all subdivisions, the layer above the halocline is nearly 

omohaline, while salinity in the lower layer continues to 
ncrease with depth. Fluctuations in salinity at the surface 
nd in the area of the halocline are very small compared 
o variations in temperature and oxygen in all subdivisions. 
he 5% and 95% percentiles are close together in these ar- 
as and differ by a maximum of about 1—2 g kg —1 (except 
n the Arkona Basin, where the range of variation can also 
e larger). In SD 24 and 25, the percentiles fan out at the 
ottom. Here, variations in salinity are dictated by irregular 
nflows of highly saline water from the North Sea in combi- 
ation with subsequent periods of stagnation. 
Oxygen profiles ( Figure 2 right panels) reflect the strat- 

fication defined by salinity. Above the halocline, the oxy- 
en content is highest and almost constant with depth in 
ll subdivisions. However, the absolute values can vary here 
n the range of 6 −10 ml l —1 , which is related to the an-
ual cycles in oxygen at the surface. The variability is less 
ronounced in the area of the halocline, while the 5% and 
5% percentiles fan out again at the bottom due to inflow 

vents. Mean profiles and variability ranges of oxygen are 
aptured very well by the Baltic Sea model. Especially in SD 

4 and 25, the percentiles based on ICES and BSIOM data 
atch almost perfectly. In the Gulf of Finland, the observed 
ottom oxygen concentrations seem to be higher than the 
odelled. 
A comparison between the observational data and model 

utput for the temporal evolution of temperature, salinity 
nd oxygen profiles for subdivisions 24, 25, 28 and 32 are 
resented in Appendix A ( Figure A1 to Figure A4 ). These fig- 
res clearly show the annual cycles in temperature and oxy- 
en at the sea surface. Furthermore, the varying depth of 
he halocline and the associated 2-layer structure of the wa- 
er column can be seen ( Figure A2 and Figure A3 ). The distri-
ution and temporal development of temperature, salinity 
nd oxygen are well captured by the model. Irregular major 
altic inflows (e.g. 1970, 1976, 1993, 2003 and 2014—2016), 
hich are accompanied by a strong increase in salinity, but 
6 
lso changes in temperature and oxygen, are represented in 
oth, observations and Baltic Sea model data. 
In the following, we take a closer look at the trends and 

ariations of temperature, salinity, and oxygen. It should 
e noted that the calculated trends from the observational 
ata can be easily biased by missing observations at the be- 
inning of the period. We calculated the trends for both ob- 
ervational and model data and found significant deviations 
n some cases. Therefore, in the following text, we mainly 
ocus and rely on model-based trends. 

.1.1. Trends and variations in temperature 

he time series of sea surface temperature with the mean 
nnual cycle subtracted ( Figure 3 ) show high interannual 
ariability for the whole Baltic Sea. In some months the 
onthly mean temperature deviates from the mean an- 
ual cycle up to ±4 °C ( Figure 3 , upper panel). To see how
ell the presented variations based on ICES and BSIOM data 
gree, correlation coefficients were determined. For the 3- 
onth filtered SST data, the coefficients range from 0.68 

n the Gulf of Finland to 0.87 in the Arkona and Bornholm 

asin. Therefore, the data sets agree very well at the sur- 
ace and the correlations are even better when annual av- 
rages of the SSTs are formed (r = 0.9 to 0.96). 
Linear trends of SST are significantly positive in all sub- 

ivisions considered (see Table 2 ). Annual mean SST has in- 
reased with a rate of about 0.3 °C decade −1 in SD 24, SD
5 (period 1956—2018) and SD 28 (period 1959—2018), and 
ith a higher rate of 0.4 °C decade −1 in the Gulf of Finland.
or SD 32, however, it is important to take the shorter time 
eriod (1977—2018) into account. Warming trends of annual 
ean SST based on ICES observational data and BSIOM out- 
ut coincide well. Linear trends over seasonally averaged 
ea surface temperature show stronger warming in summer 
han in winter ( Table 2 ). 
The 10-year window moving average of SST ( Figure 3 , up- 

er panel) indicates that the warming trend is not constant 
ver the entire period. In SD 24, SD 25 and SD 28, no dis-
inct warming is evident in the first 25 years of the period.
 continuous increase in SST can only be identified from 

bout 1984 onwards. This is shown by observational data 
s well as in the Baltic Sea model. The correlation coeffi- 
ients between the 10-year filtered data are high (r = 0.8 
o 0.9). While the variability and linear trends of sea sur- 
ace temperature are quite similar in all four subdivisions, 
here are differences between the basins in the remaining 
epth profile. In the Arkona Basin, the interannual variabil- 
ty of temperature after removing the annual cycle is still 
igh down to the bottom. A different pattern of tempera- 
ure variations is formed at the bottom of the Bornholm and 
otland Basin. There is less interannual variability, but ir- 
egular peaks in temperature associated with inflow events 
 Figure 3 , lower panel). This can be observed particularly 
ell with the BSIOM output, which shows weaker variations. 
In general, the correlations between ICES and BSIOM data 

t the bottom of SD 25 and 28 are lower than at the surface
r ≈ 0.4). In the Gotland Basin, the temperature fluctuations 
t the bottom are even smaller and less frequent than in 
D 25, which can be seen both in the observation and in 
he model (see Figure A3 ). Interannual variability dominates 
gain at the bottom of the Gulf of Finland, which is more 
ronounced in the ICES data than in the BSIOM data. 



Oceanologia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: OCEANO [mNS; April 4, 2023;20:5 ] 

Figure 3 Anomalies from the annual cycle of 2 m air temperature (solid, black), sea surface and bottom temperature based on 
3-month filtered ERA5 data, ICES observational data (solid, red) and BSIOM model output (solid, blue) for SD 25 and the period 
1956—2018. Dashed lines show the 10-year moving average. Correlation coefficients are given for the correlation between 3-month 
(r 3-mo ) and 10-year (r 10-yr ) filtered BSIOM & ICES data, and between 3-month filtered ICES & ERA5 data (r 3-mo , red) and BSIOM & ERA5 
data (r 3-mo , blue). 

Table 2 Linear trends of SST (0—10 m) and 2 m air temperature in [ °C decade −1 ] for annual and seasonal (DJF, MAM, JJA, 
SON) means over the entire period. See Table 1 for the considered periods of each subdivision. SST trends are based on ICES 
observational and BSIOM model data, air temperature trends are based on ERA5 data. ∗ indicates trends that are not statistically 
significant (5% level). 

Annual mean DJF MAM JJA SON 

Arkona Basin (SD 24) ICES 0.36 0.09 ∗ 0.41 0.62 0.29 
BSIOM 0.25 0.23 0.33 0.27 0.16 
ERA5 0.34 0.33 0.42 0.3 0.29 

Bornholm Basin (SD 25) ICES 0.3 0.11 ∗ 0.41 0.45 0.22 
BSIOM 0.27 0.23 0.34 0.34 0.17 
ERA5 0.33 0.33 0.38 0.32 0.26 

Gotland Basin (SD 28) ICES 0.28 0.13 0.26 0.46 0.28 
BSIOM 0.28 0.24 0.28 0.34 0.26 
ERA5 0.33 0.37 0.34 0.34 0.3 

Gulf of Finland (SD 32) ICES 0.39 0.18 ∗ 0.24 0.53 0.57 
BSIOM 0.4 0.25 0.25 0.54 0.52 
ERA5 0.62 0.76 0.6 0.64 0.47 

i
z
S
g
i
f
B
f
G
i
(
h
d
a
a

i
t
t
v  

0  

l
t  

d
a

3
A
l
B  

l
t

Temperature trend profiles are presented in Figure 4 . It 
s noticeable that all temperature trend profiles lie above 
ero. This means that the entire water column in the Baltic 
ea is warming. However, the warming is mostly not homo- 
eneous throughout the water column. All subdivisions have 
n common that temperature trends are strongest at the sur- 
ace and tend to decrease with depth. In the Arkona Basin, 
SIOM data show a trend of about 0.3 °C decade −1 at the sur- 
ace which decreases to about 0.2 °C decade −1 below. In the 
otland and Bornholm Basin, a layered structure is shown 
n the ICES data with a trend minimum above the halocline 
at about 40 m depth) and a maximum at the depth of the 
alocline itself (at about 60 m depth). The data thus in- 
icate that warming is strongest at the surface and in the 
rea of the halocline and lowest above the halocline and 
t the bottom. A deviating structure is shown by the model 
7 
n SD 25 and 28 because the BSIOM data have a minimum 

emperature trend in the area of the halocline. At the bot- 
om, however, the simulated and observed trends coincide 
ery well again with rates of 0.25 °C decade −1 in SD 25 and
.15 °C decade −1 in SD 28. The Gulf of Finland has a simi-
ar trend structure to that in the Arkona Basin. Temperature 
rends decrease from 0.5 °C decade −1 at the surface to 0.2 °C
ecade −1 at the bottom. There is no seasonality in temper- 
ture trends in the deep layer in most of the areas. 

.1.2. Trends and variations in salinity 
t the surface, the interannual variability of salinity is very 
ow. This is especially true for the Bornholm and Gotland 
asin and the Gulf of Finland ( Figure 5 , upper panel). Corre-
ations between ICES and BSIOM surface salinity are weaker 
han those observed in sea surface temperature in all sub- 
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Figure 4 Trends per decade of temperature, salinity and oxygen for SD 24 (period 1956—2018), SD 25 (period 1956—2018), SD 28 
(period 1959—2018) and SD 32 (period 1977—2018) based on ICES observational data (solid line) and BSIOM model output (dashed 
line). 
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ivisions. Correlation coefficients are between 0.4 and 0.5 
or the 3-month filtered data as well as for the annual mean 
ata in SD 24 and SD 32. The data sets in SD 25 and 28 agree
uch better (see Figure 5 , upper panel). Here, the correla- 

ion coefficients are 0.68 and 0.76 for the 3-month filtered t

igure 5 Anomalies of surface salinity (upper panel) and bottom 

ional data (solid, red) and BSIOM model output (solid, blue) for SD
oving average. Correlation coefficients are given for the correlatio

CES data. 

8 
urface salinity and between 0.8 and 0.9 for annual mean 
alues. 
A decrease in salinity at the surface can be observed 

n all subdivisions ( Table 3 ). Linear trends over the en- 
ire period show a significant decrease of 0.05—0.08 g kg —1 
salinity (lower panel) based on 3-month filtered ICES observa- 
 25 and the period 1956—2018. Dashed lines show the 10-year 
n between 3-month (r 3-mo ) and 10-year (r 10-yr ) filtered BSIOM & 
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Table 3 Linear trends of surface salinity (0—10 m) in [g kg —1 decade —1 ] for annual and seasonal (DJF, MAM, JJA, SON) means 
over the entire period. See Table 1 for the considered periods of each subdivision. ∗ indicates trends that are not statistically 
significant (5% level). 

Annual mean DJF MAM JJA SON 

Arkona Basin (SD 24) ICES —0.05 0.07 ∗ —0.08 —0.12 —0.07 
BSIOM —0.08 —0.07 —0.08 —0.1 —0.08 

Bornholm Basin (SD 25) ICES —0.06 —0.06 —0.06 —0.06 —0.06 
BSIOM —0.08 —0.08 ∗ —0.08 —0.08 —0.09 ∗

Gotland Basin (SD 28) ICES —0.21 —0.14 —0.25 —0.28 —0.19 
BSIOM —0.12 —0.11 —0.11 —0.12 —0.12 

Gulf of Finland (SD 32) ICES —0.21 —0.19 —0.18 —0.22 —0.26 
BSIOM —0.03 —0.02 ∗ —0.02 ∗ —0.02 ∗ —0.03 ∗
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ecade −1 in the Arkona and Bornholm Basin. The trends 
ased on the Baltic Sea model and the observational data 
atch closely here. As can be seen in Table 3 , the nega- 
ive salinity trends prevail in all seasons and no significant 
ifferences in the seasonal cycle are pronounced in SD 24 
nd SD 25. In the eastern Gotland Basin, the model shows 
tronger freshening trends of 0.12 g kg —1 , but no significant 
reshening is visible in the Gulf of Finland from BSIOM data. 
he ICES data show a much stronger freshening in these ar- 
as. However, this might be an artificial signal due to the 
rregularity in the data. 

The 10-year moving average of surface salinity anomalies 
 Figure 5 , upper panel) shows a pronounced decadal vari- 
bility in SD25. This can also be observed in SD 24 and SD 

8 (not shown). Increasing salinities can be seen from the 
eginning of the period until the end of the 1970s and early 
980s in these areas. Thereafter, the surface salinity de- 
reases until about 2000, where a minimum is shown in SD 

5, SD 28 and in the BSIOM data of SD 24. Since then a slight
ncrease in the data can be observed again. In the Bornholm 

nd eastern Gotland Basin, the 10-year window trends based 
n ICES data correlate very well with those based on BSIOM 

utput (r = 0.82 for SD 25 and r = 0.9 for SD 28). In the Gulf
f Finland, the 10-year filtered ICES surface salinity data 
how a permanent decrease throughout the period, which is 
ore pronounced at the beginning until about 1990. 
In the area of the halocline of SD 25 and 28, the 10-year 

indow trend of salinity shows a strongly declining salinity 
rom 1980 onwards with a striking minimum around 1992. 
his minimum is also clearly depicted in the salinity profiles 
f Figure A3 . At the bottom, strong peaks of salinity due 
o major inflow events can be observed at irregular inter- 
als in SD 25 and 28 ( Figure A2 , Figure A3 , Figure 5 lower
anel). Particularly strong inflow events can be observed 
.g. in 1970 and 2003, where the salinity anomaly is quickly 
aised by up to 5 g kg —1 in the deep layer of the Bornholm
asin. There is a complete lack of strong salinity peaks be- 
ween 1983 and 1993. The Baltic Sea model shows fewer 
alinity inflows than the ICES data in the Bornholm and Got- 
and Basin. However, the particularly strong inflow events 
re represented very closely by the model. 
Both data sets indicate a decadal variability of large salt- 

ater inflows with a period of about 30 years through their 
0-year moving average in SD 25 (see Figure 5 , lower panel) 
nd SD 28. However, the investigated time period is too 
hort to conclude a regular variability with such a period. 
9 
 similar pattern can be observed in the 10-year moving av- 
raged bottom salinity of the Gulf of Finland. Here, how- 
ver, it is not the irregular peaks due to major inflows that
ominate the deep layer salinity, but a pronounced inter- 
nnual variability ( Figure A4 ). In the Arkona Basin as well, 
nterannual salinity variations at the bottom are high and 
he decadal variability, on the other hand, is very weak. 
From the salinity trend profiles in Figure 4 , it becomes 

lear that the long-term trends behave differently at the 
ottom than at the surface. While declining salinity trends 
an be observed in the upper layer, the tendency in the deep 
ayer is towards positive trends. The difference is most ob- 
ious in the Bornholm Basin. Below the halocline, there are 
ignificant positive trends of about 0.2 g kg —1 decade −1 . In 
he Gotland Basin and the Gulf of Finland, no increase in 
he deep layer salinity can be observed over the entire pe- 
iod, but trends are almost zero. The ICES and BSIOM salinity 
rend profiles in the Arkona Basin deviate from each other. 
hile the Baltic Sea model shows a slight decrease through- 
ut the entire water column, the observational data indi- 
ate an increase of salinity in the lower 40 m of the basin
ith maxima at 20 m and 40 m depths. 

.1.3. Trends and variations in oxygen 

rom Figure 6 , a strong interannual variability of oxygen is 
oticeable in all subdivisions at the surface. Correlations 
etween surface oxygen anomalies based on BSIOM and ICES 
ata are highest in the Arkona and Bornholm Basin (r ≈ 0.6, 
ee Figure 6 ). In SD 28 and SD 32, the time series are less
onsistent (r SD28 = 0.45 and r SD32 = 0.2). 
Table 4 shows a significant decrease in surface oxygen 

oncentrations in the entire Baltic Sea over the period under 
onsideration. Linear trends lie between —0.05 and —0.08 
l l —1 decade −1 in all subdivisions. Seasonal trends demon- 
trate a higher decline in surface oxygen concentrations in 
ummer (from June to August) than in winter ( Table 4 ). No
articular decadal variability is evident in the 10-year win- 
ow trend of the surface oxygen anomalies ( Figure 6 , upper 
anel). Similar to that in temperature, the 10-year mov- 
ng average is close to zero and nearly constant until the 
id-1980s, and only from then on, a clear decline can be 
bserved. This pattern applies to all subdivisions and both 
ydrographic data sets. Overall, the variability and trends 
n surface oxygen are similar to those of temperature, since 
oth parameters are linked by the change in solubility de- 
ending on varying water temperature. 



V. Stockmayer and A. Lehmann 

ARTICLE IN PRESS 

JID: OCEANO [mNS; April 4, 2023;20:5 ] 

Figure 6 Anomalies of surface oxygen (upper panel) and bottom oxygen (lower panel) based on 3-month filtered ICES observa- 
tional data (solid, red) and BSIOM model output (solid, blue) for SD 25 and the period 1956—2018. Dashed lines show the 10-year 
moving average. Correlation coefficients are given for the correlation between 3-month (r 3-mo ) and 10-year (r 10-yr ) filtered BSIOM & 

ICES data. 

Table 4 Linear trends of surface oxygen (0—10 m) in [ml l —1 decade —1 ] for annual and seasonal (DJF, MAM, JJA, SON) means 
over the entire period. See Table 1 for the considered periods of each subdivision. ∗ indicates trends that are not statistically 
significant (5% level). 

Annual mean DJF MAM JJA SON 

Arkona Basin (SD 24) ICES —0.07 0.02 ∗ —0.07 —0.12 —0.05 
BSIOM —0.05 —0.05 —0.07 —0.06 —0.03 

Bornholm Basin (SD 25) ICES —0.05 0 ∗ —0.08 —0.08 —0.03 
BSIOM —0.05 —0.05 —0.07 —0.06 —0.03 

Gotland Basin (SD 28) ICES —0.08 —0.05 —0.03 —0.15 —0.09 
BSIOM —0.05 —0.05 —0.05 —0.06 —0.04 

Gulf of Finland (SD 32) ICES —0.16 —0.14 —0.17 —0.21 —0.13 
BSIOM —0.07 —0.05 —0.04 —0.09 —0.09 
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In the area of the halocline, variations of oxygen are 
tronger than at the surface. In addition to strong inter- 
nnual variability, the 10-year moving average shows a pro- 
ounced minimum around 1970 and a maximum around 1990 
n the Bornholm and eastern Gotland Basin. This pattern is 
imilar to that of salinity in the same depth but reversed. It 
s also evident from the oxygen profiles in Figure A3 . 

At the bottom, there are large differences between the 
xygen time series of the individual subdivisions: while 
nterannual variations dominate in the Arkona Basin, only 
rregular fluctuations cause variations of oxygen in SD 25 
nd SD 28 ( Figure 6 , lower panel, Figure A1 —A3 ), which
an be related again to inflow events from the North Sea. 
nomalies with peaks up to 4 ml l —1 can be observed with 
igh frequency in the Bornholm Basin. Here, the BSIOM 

utput shows more frequent fluctuations than the ICES 
bservational data. For example, no marked fluctuations 
an be observed in the ICES data for the period 1980—1993, 
ut there are some in the Baltic Sea model ( Figure 6 ). This
s reflected in the correlation coefficient between the two 
ata sets, which is about 0.5 in the bottom oxygen in SD 25. 
owever, both data sets have in common that the intensity 
10 
nd frequency of such oxygen anomalies have decreased 
ince mid-1990. In the eastern Gotland Basin, the oxygen 
oncentration at the bottom is zero most of the time (see 
igure A3 ). Only a few inflows can raise the oxygen content
ere to about 2 ml/l for a short time (e.g. in 1970, 1993 and
003). The Gulf of Finland shows a strong interannual signal 
n bottom oxygen concentration again. Just as in the area 
f the halocline of the other basins, the 10-year moving 
verage has a pronounced maximum around 1990 at the 
ottom of SD 32. 
The oxygen trend profiles ( Figure 4 ) are negative in all 

ubdivisions and across the entire water column. The de- 
rease in oxygen is weakest at the surface and tends to in- 
rease with depth. At the bottom of the Arkona Basin, a 
ecrease in oxygen up to —0.2 ml l —1 decade −1 can be seen. 
n SD 25, there is a maximum decrease with —0.3 ml l —1 

ecade −1 at 70 m depth. BSIOM data and ICES observations 
gree almost exactly here ( Figure 4 , upper right). A smaller 
aximum with about —0.2 ml l —1 decade −1 is shown in the 
astern Gotland Basin at 40 m depth with the ICES data and 
t about 60 m with the BSIOM data. The strongest trend can 
e observed at about 60 m depth in the Gulf of Finland, 
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Figure 7 Upper panel: Annual mean river runoff to the Baltic 
Sea (thin line). In addition, the 5-year moving average (thick 
line) and the total mean for the period 1959—2018 (horizontal 
line) are shown. Middle panel: Zonal wind speed anomaly for 
SD 24 based on ERA5 data, smoothed with a 5-year moving av- 
erage. Lower panel: Volume averaged salinity smoothed with 
a 5-year moving average based on ICES (red) and BSIOM (blue) 
data for SD 28. The green (orange) shaded ranges indicate pe- 
riods with positive (negative) anomalous runoff. 
here BSIOM data show an oxygen decrease up to —0.2 ml 
 

—1 decade −1 . No remarkable seasonality is shown in the neg- 
tive oxygen trends in the deep layer of the Baltic Sea. 

.1.4. Correlations between the variations in 

emperature, salinity and oxygen 

n order to investigate more closely whether there are con- 
ections between the described variations in temperature, 
alinity and oxygen that indicate common forcing factors, 
he time series were correlated with each other. At the 
urface, strong anticorrelations were found between the 3- 
onth filtered temperature and oxygen anomalies, which is 
ot surprising due to their connection by solubility. This con- 
ection is particularly pronounced in the Baltic Sea model 
utput with correlation coefficients of −0.98 in all subdivi- 
ions. The ICES data show slightly lower correlations (r = 

0.6 to —0.7) between surface temperature and oxygen 
ime series. 
In the depth of the halocline, a particularly negative cor- 

elation (r = −0.9 in ICES and r = −0.96 in BSIOM data) 
etween salinity and oxygen anomalies is noticeable in SD 

8 and SD 32. Low salinities are associated with high oxy- 
en concentrations and vice versa. This observation can be 
xplained by the vertical movement of the halocline. Oxy- 
en conditions deteriorate at a given depth as the halocline 
ises. In the Bornholm Basin, this relationship is also visible, 
ut not that pronounced (r = 0.5 in ICES and BSIOM data). 

.2. Analysis of the atmospheric influence on the 

altic Sea hydrography 

.2.1. Impact of the air temperature 

s can be seen in Figure 3 , the air temperature anomalies 
rom the annual cycle fit very precisely with the SST anoma- 
ies in SD 25 over the entire time period. The correlation co- 
fficient between ICES SST and air temperature is 0.8, and 
.9 between BSIOM SST and air temperature in this basin, as 
ell as in the Arkona Basin. In SD 28, the correlations are 
lightly lower and lowest in the Gulf of Finland with r ≈ 0.6 
etween air temperature and ICES SST, and r ≈ 0.7 with the 
SIOM surface temperature. From the seasonally averaged 
ime series of SD 32 (not shown), it becomes clear that the 
ifferences in sea surface and air temperature are partic- 
larly pronounced in winter (from December to February). 
ignificantly higher correlations are determined with annual 
ean anomalies of the sea surface and air temperature. The 
orrelation coefficients lie then predominantly between 0.9 
nd 0.98 in all subdivisions. 
Table 2 shows that temperature trends in the period from 

950 to 2018 are very similar in the atmosphere and the sea 
urface in all subdivisions. The long-term trend of air tem- 
erature in the Arkona, Bornholm and eastern Gotland Basin 
or the period 1956/59—2018 is about 0.33 °C decade —1 (see 
able 2 ). A significantly stronger trend in air temperature is 
oticeable in the Gulf of Finland for the period 1977—2018. 
ith a rate of 0.62 °C decade −1 , the atmospheric warming 

s higher than observed in the water temperature in this 
rea. Seasonally, the trend of air temperature is strongest 
rom December to February in SD 32 (0.76 °C decade −1 , see 
able 2 ). Also in the eastern Gotland Basin, the strongest 
tmospheric warming takes place in winter (DJF). In SD 24 
11 
nd SD 25, however, the maximum trends are observed from 

arch to May. The trends are weakest in all subdivisions 
rom September to November. 

.2.2. Impact of the freshwater inflow 

igure 7 (upper panel) shows the annual mean river runoff
nto the Baltic Sea. For the period 1959—2018, the total 
ean river discharge was 15.5 × 10 3 m 

3 s —1 . No long-term 

rend can be observed in the runoff for this period, but 
here are alternating dry and wet periods lasting for a cou- 
le of years to a decade. Particularly wet periods can be 
bserved between 1969 and 1976 or between 2002 and 2009 
orange ranges in Figure 7 ). The runoff was above the mean 
alue during 1978—1990 and 1996—2002 (green ranges). 
hen comparing the runoff time series with the volume 
veraged salinity of SD 28, we notice that salinity clearly 
ecreased during periods with anomalous strong runoff and 
ncreased during dry periods. As described above, particu- 
arly strong saltwater inflow events followed by high peaks 
n the deep layer salinity of SD 28 could be observed in 
970 and 2003 (see Figure A3 ). These major Baltic inflows 
ie exactly in the periods with low runoff to the Baltic Sea 
nd are responsible for the increase in average salinity from 

igure 7 . In contrast, no strong saltwater inflows were ob- 
erved in the eastern Gotland Basin during the wet periods. 
n the 5-year filtered zonal wind speed ( Figure 7 , middle 
anel), positive anomalies can be observed during both the 
articularly wet and dry periods. Especially in the period 
979—1990, a strong increase in zonal wind speed is striking. 
The observed influence of river runoff into the Baltic Sea 

n variations in salinity on decadal timescales is confirmed 
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Table 5 Correlation coefficients between accumulated anomalies of runoff to the Baltic Sea (inverted) and sea surface 
salinity and volume averaged salinity respectively. All-time series are smoothed with a 5-year moving average. ∗ indicates 
correlations that are not statistically significant (5% level). Values with footnotes indicate higher correlations when a time lag 
is considered. The footnote represents the lag in years. 

SD 24 SD 25 SD 28 SD 32 

Surface salintiy ICES 0.86 0.79 0.84 0.23 ∗

BSIOM 0.59 0.67 3 0.63 0.69 3 0.80 0.81 2 0.27 ∗

Volume averaged salinity ICES 0.44 0.52 0.60 2 0.71 0.81 3 0.44 
BSIOM 0.59 0.73 4 0.55 0.78 4 0.67 0.79 4 0.48 0.50 1 

Figure 8 Sea surface salinity (0—10 m) filtered with a 5-year moving average of SD 28 for the period 1959 to 2018 based on ICES 
data and 5-year filtered accumulated anomalies of runoff of the Baltic Sea (inverted). The correlation coefficient is 0.84. 
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y correlation calculations. Correlation coefficients were 
etermined between the accumulated runoff anomaly and 
he volume averaged and surface salinity of each subdivision 
 Table 5 ). For the volume averaged salinity, the correlation 
s highest in the eastern Gotland Basin (r ≈ 0.7 when no lag 
s considered). It is remarkable that higher coefficients (r 
0.8) are obtained when a lag of 2—4 years is taken into 

ccount. Here, the runoff anomaly precedes the change in 
alinity and the correlations become significantly worse with 
 shift in the other direction. Even higher correlations can 
e seen between the accumulated river runoff anomaly and 
alinity at the surface. The relationship with surface salin- 
ty in the eastern Gotland Basin is illustrated in Figure 8 . 
owever, high correlation coefficients are obtained not only 
n SD 28 but also in the Arkona and Bornholm Basin at the 
urface ( Table 5 ). In general, correlations with surface salin- 
ties based on the BSIOM model output are smaller than with 
he ICES data. Better correlation coefficients were obtained 
or the model data when a lag of 2—3 years was considered. 
gain, the runoff anomaly precedes the change in salinity. 
n the Gulf of Finland, there is no significant correlation be- 
ween surface salinity and accumulated river runoff. 

.2.3. Impact of the NAO 

he winter NAO index for the period 1956—2018 is presented 
n Figure 9 . It is noticeable that positive and negative phases 
f the NAO alternate at irregular intervals of usually several 
ears. First, direct correlations between the winter NAO in- 
ex and variations in temperature, salinity and oxygen are 
nvestigated. Significant correlations are observed between 
12 
he winter NAO index and sea surface temperature anoma- 
ies in SD 24, SD 25 and SD 28 (see Table B1 ). The coefficients
ange between 0.5 and 0.6 and decrease from the western 
o eastern basins. From Figure 9 it is clear that especially 
he positive NAO phases coincide well with positive tem- 
erature anomalies. A slightly weaker and negative correla- 
ion (r ≈ −0.4 to −0.6) can be seen between the NAO index 
nd the surface oxygen anomalies in these basins. An influ- 
nce of the NAO on surface salinity can only be detected in 
he Arkona Basin ( Table B1 ). Again, mainly the positive NAO 

hases are associated with increasing surface salinity in SD 

4. The negative anomalies match less (see Figure 9 ). 
In the surface layer of SD 32, no impact of the NAO is

vident. The influence of the NAO is also not clear in the 
eeper layers of the Baltic Sea. Correlation coefficients are 
ostly low or not statistically significant. However, a strik- 

ng pattern can be observed in the area of the halocline in 
D 28 as well as at the bottom of SD 32 for the period from
983 to the end of the 1990s: the positive NAO phases are 
ssociated with a strongly negative salinity and positive oxy- 
en anomaly (see Figure B1 ). In the remaining period, this 
orrelation is not clear, so the correlation coefficients are 
eak (r = —0.3 and r = 0.3 respectively). 
In addition, the influence of the NAO on atmospheric pa- 

ameters over the Baltic Sea in winter was investigated (not 
hown). The impact on the temperature in 2 m height and 
onal wind speed is very pronounced. Positive (negative) 
AO phases are associated with positive (negative) tem- 
erature and wind speed anomalies. The correlation coeffi- 
ients are 0.7 for both temperature and zonal wind speed in 
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Figure 9 Winter (DJF) NAO index (bars) for the period 1956—2018 and DJF-mean temperature (black), salinity (green), oxygen 
(magenta) at the surface (0—10 m) based on ICES data for SD 24. 

a
i
r
i

4

I
v
S
r
s
t
t
a
N
a
f
a
s
s
v
b
w
a
t
i
w
l
a
a
d
s
c
t
h
t
a
c
t
t
s
b
c
L

f
a
t
a  

e  

T
s
i
(  

r
t
t
t
B  

2  

b
B
i
s
t
l
a
t

t  

F
t
o
t
Z
l
1
d
v
s
s
(  

l

B
a
2
e
a
c

ll subdivisions. For precipitation, the correlation is weaker: 
n the Bornholm Basin there is no statistically significant cor- 
elation at all, and the strongest relationship can be found 
n the Gulf of Finland (r = 0.53). 

. Discussion 

n the present paper, we provide a detailed overview of the 
ariations of temperature, salinity and oxygen in the Baltic 
ea that can be observed in the period 1950 to 2020. The 
esults of both hydrographic data sets investigated, ICES ob- 
ervational data and BSIOM model output, coincide well in 
he selected subdivisions. There are high interannual varia- 
ions in sea surface temperature which closely follow vari- 
tions in air temperature. On interannual time scales, the 
AO strongly controls the variability of the sea surface and 
ir temperature in winter. Linear trends over the period 
rom 1950 to 2020 show significantly increasing sea surface 
nd air temperatures of about 0.3 to 0.4 °C decade −1 in all 
ubdivisions studied. The trends are significantly stronger 
ince the mid-1980s compared to the first half of the obser- 
ation period. Increasing water temperatures can not only 
e observed at the sea surface but throughout the entire 
ater column in the Baltic Sea. In salinity, pronounced vari- 
bility on annual and decadal timescales is indicated during 
he period 1950 to 2020. Decadal variations of surface salin- 
ty are strongly controlled by the accumulated river runoff, 
hich can explain about 70% of the variability. In the deep 
ayer salinity, the decadal variability is associated with vari- 
tions in saltwater import from the North Sea, which in turn 
re influenced by river runoff and the prevailing wind con- 
itions. The long-term trends over the period 1950—2020 
how a freshening of the upper layer and stagnating or in- 
reasing salinities in the deep layer of the Baltic Sea. This 
rend pattern in salinity is associated with a rising of the 
alocline and a strengthening of the stratification across 
he halocline. Surface oxygen depicts strong variations on 
nnual and interannual timescales that are strongly anti- 
orrelated with the SST due to solubility. Linked to the rising 
emperatures, the oxygen is significantly decreasing during 
he period 1950—2020 in the Baltic Sea with stronger trends 
ince the mid-1980s. Additionally, eutrophication intensifies 
oth the primary production of organic matter and oxygen 
onsumption needed for its degradation ( HELCOM, 2009 ; 
ehmann et al., 2014 b). 
13 
Trends and variations in temperature, salinity and oxygen 
or different time periods and regions of the Baltic Sea have 
lready been the subject of several studies. High correla- 
ions between SST and air temperature in the Baltic Sea and 
 strong link with the NAO index in winter were also found by
.g. Bradtke et al. (2010) , Janssen (2002) and Tinz (1996) .
he observed trends in sea surface temperature are con- 
istent with earlier estimates as well: 0.3 °C decade —1 

n the southeastern Baltic Sea for the period 1960—2015 
 Rukšėnien ė et al., 2017 ) and 0.5 °C decade −1 for the pe-
iod 1982—2016 ( Liblik and Lips, 2019 ). Calculations of SST 
rends from satellite measurements since the beginning of 
he 1980s show a greater increase in the northern areas of 
he Baltic Sea (i.e. Gulf of Bothnia, Gulf of Finland, northern 
altic Proper) than in the rest of the basin ( Bradtke et al.,
010 ; Lehmann et al., 2011 ; Liblik and Lips, 2019 ). As noted
y previous studies (e.g. Liblik and Lips, 2019 ; Stramska and 
iałogrodzka, 2015 ), the warming trends in SST are stronger 
n summer than in winter ( Table 2 ). Furthermore, our re- 
ults show that besides the surface, especially in and within 
he halocline a strong warming exists. This is probably re- 
ated to the inflow of water from the North Sea that has 
lso warmed at the surface. However, vertical movement of 
he halocline could also play a role. 
Opposite salinity trends for the upper and deep layers of 

he Baltic Sea were also observed by Liblik and Lips (2019) .
or the period 1982—2016, they detected a freshening of 
he upper layer and increasing salinity in the deep layer 
f the Baltic Sea with comparable magnitudes. However, 
his trend pattern is not consistent with the findings of 
orita and Laine (2000) , who reported a homogeneous evo- 
ution of salinity in the entire water column for the period 
962—1996. The contradictory results can be related to the 
ifferent periods considered and the pronounced decadal 
ariability in both the upper and lower layer salinity. As 
hown in this work, the decadal variability of the surface 
alinity is strongly linked to the accumulated river runoff
 Table 5 , Figure 8 ). Periods of increased river runoff are fol-
owed by lower surface salinities and vice versa. 

The influence of river discharge on salinity in the 
altic Sea is the subject of numerous studies (e.g. Liblik 
nd Lips, 2019 ; Meier and Kauker, 2003 ; Radtke et al., 
020 ; Winsor et al., 2001 ). Liblik and Lips (2019) cannot 
xplain all the decadal variability of surface salinity by 
ccumulated river runoff, since the two quantities do not 
orrelate well in their observations between 2002 and 2009 
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see their Figure 9). Instead, they suggest that decadal 
hanges in vertical salt flux contribute as well. In our 
bservations, however, the courses of accumulated river 
unoff and surface salinity match closely between 2002 
nd 2009 ( Figure 8 ). This could indicate that vertical salt 
ux might play a smaller role in decadal surface salinity 
hanges than assumed by Liblik and Lips (2019) . However, 
urther investigations are needed to clarify this question. 
s noted by Radtke et al. (2020) , we can see the impact 
f river runoff not only on surface salinity but also on the 
ccurrence of MBIs: strong inflow events occurred in periods 
f reduced river runoff and fewer in periods of enhanced 
unoff. High correlation coefficients between accumulated 
iver runoff and volume-averaged salinity ( Table 5 ) support 
his observation. It is noticeable that the correlations with 
olume-averaged salinity are higher when lags of 2—4 years 
re considered (runoff precedes salinity changes). The time 
ag confirms the indirect influence, since changes in deep 
ayer salinity only occur when the inflow water from the 
attegat has spread along the topography. 
Our results are furthermore in agreement with Meier and 

auker (2003) , who explained about 50% of the decadal 
hanges in mean salinity by accumulated runoff anoma- 
ies. However, they found that another significant part of 
he decadal variability of mean salinity is caused by the 
ow-frequency variability of zonal wind speed. Enhanced 
onal wind over the Baltic Sea is linked with intensified 
recipitation over the catchment and increased river runoff
o the Baltic, and reduces the activity of strong saltwater 
nflows at the same time ( Meier and Kauker, 2003 ). This 
onnection is also indicated in our results ( Figure 7 ), which 
how that zonal wind speeds over the Arkona Basin are 
xceptionally high during periods of increased runoff and 
ecreasing mean salinity in the Baltic Sea. However, it 
s still unclear whether the changes in saltwater inflow 

ctivity are related to changes in runoff, or whether an 
tmospheric pattern can be identified that influences river 
unoff and inflow activity independently. 
We further observed that the zonal wind speed over 

he Baltic Sea is strongly controlled by the NAO ( Table B1 ). 
his suggests that the NAO also has an influence on the 
olume exchange with the North Sea. However, correlations 
etween the winter NAO index and salinity anomalies in 
he Baltic Sea are mostly not clear in our observations. 
ehmann et al. (2002) studied the impact of NAO on water 
xchange with the North Sea (independent of the salinity of 
he water) and found a clear relation: a high positive phase 
f the NAO is related to increased inflows into the Baltic 
ea and a negative NAO favours outflow conditions. In this 
ase, it is important to note that inflow into the Baltic Sea 
oes not only mean major Baltic inflows, which increase 
he bottom salinity in the Baltic Sea but also inflows with 
ower salinity, which cannot be detected in our salinity 
ime series. This could explain why we have difficulties in 
dentifying the influence of the NAO on salinity changes in 
he Baltic Sea. 
As also noted by Zorita and Laine (2000) , we observed 

ecadal variability in oxygen in the area of the halocline 
f the Bornholm and eastern Gotland Basin and at the bot- 
om of the Gulf of Finland, which is strongly anti-correlated 
o the decadal variability in salinity in these areas. There 
s a pronounced minimum in salinity around 1990 in these 
14 
reas, which can be linked to the absence of MBIs during 
983—1993 and the associated weakening of the halocline. 
n the Gulf of Finland, the halocline vanished completely 
uring this time. Due to mixing, oxygen-rich water from the 
pper layer can then reach greater depths. However, since 
he 1990s, salinity increased again in these areas, which has 
esulted in a strong oxygen decrease in the last decades. 
aximum negative trends up to −1 ml l −1 decade −1 in the 
rea of the halocline (eastern Gotland Basin) have also been 
eported by Lehmann et al. (2022) . 
For the assessment of the results, it is important to 

riefly point out the main limitations or uncertainties of 
oth data sets. The Baltic Sea model has a limited hori- 
ontal (2.5 km) and vertical resolution (3 m), and approx- 
mations (e.g. hydrostatics, incompressibility) are applied 
n the model. Accordingly, the simulation of vertical mix- 
ng processes is restricted, which could be a reason for the 
nderestimated depth of the halocline by BSIOM in the east- 
rn Gotland Basin and for differing structures in the trend 
rofiles. Furthermore, we observed fewer salinity peaks at 
he bottom of SD 28 with BSIOM data ( Figure A3 ), suggesting
hat the exact spread of water masses in the deep layer is 
ifficult to model. The simplified bottom topography of the 
odel could play a role here. A relatively simple approach 

s used for modelling oxygen consumption in the water col- 
mn, which does not resolve the complex biogeochemical 
ycle. Nevertheless, the variability and distribution of oxy- 
en overall are well represented by the Baltic Sea model. 
he ICES observational data, on the other hand, do not cor- 
espond exactly to reality either. Data density in individual 
onths and subdivisions can vary greatly. The data are more 
epresentative if there are many measurements in a month, 
hich were taken over the entire subdivision and not only 
t a few stations. Especially in the northern subdivisions, it 
ust be assumed that fewer measurements were taken in 
inter than in summer due to ice coverage. This can ex- 
lain differences in the seasonal trends between ICES and 
SIOM data. For example, ICES observational data show a 
uch stronger decrease in surface salinity than the model 
ata in SD 28. This might be partly related to a lack of mea-
urements in the Gulf of Riga at the beginning of the time 
eriod. Fewer measurements in winter may also be the rea- 
on for the stronger haline stratification shown in the model 
ompared to the observational data in the Gulf of Finland. 
hen the Gulf of Finland is covered with ice in winter, the 
ater below is protected from interactions with the atmo- 
phere, which could cause stronger stratification of the wa- 
er column. In addition, the accuracy of the measured val- 
es might not be consistent over the time period, as differ- 
nt methods were used (CTD and bottle measurements). 
Various processes in the Baltic Sea itself, but also influ- 

nces from its surrounding and the atmosphere have differ- 
nt effects on changes in the hydrography. We were able 
o explain some of the variations through atmospheric in- 
uences and the impact of river runoff. However, there are 
till many open questions that are worth further investiga- 
ion in the future. For example, what hydrographic varia- 
ions can be observed on larger timescales than presented 
ere? In this context, Börgel et al. (2018) already indicate 
hat the Atlantic Multidecadal Oscillation can play an impor- 
ant role and have an impact on salinity in the Baltic Sea, 
lthough this should be investigated in more detail. 
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ppendix A. Time series of temperature, 
alinity and oxygen 

igure A1 Time series of temperature, salinity and oxygen 
anels) and BSIOM model output (right panels) of SD 24 (Arko
ltered with a 3-month moving average. 

igure A2 Time series of temperature, salinity and oxygen 
anels) and BSIOM model output (right panels) of SD 25 (Bornh
ltered with a 3-month moving average. 
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Figure A3 Time series of temperature, salinity and oxygen profiles based on monthly means of ICES observational data (left 
panels) and BSIOM model output (right panels) of SD 28 (Eastern Gotland Basin) for the period 1959—2018. The monthly mean data 
are filtered with a 3-month moving average. 

Figure A4 Time series of temperature, salinity and oxygen profiles based on monthly means of ICES observational data (left 
panels) and BSIOM model output (right panels) of SD 32 (Gulf of Finland) for the period 1977—2018. The monthly mean data are 
filtered with a 3-month moving average. 

16 
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ppendix B. Correlations with the NAO index 

igure B1 Winter (DJF) NAO index (bars) for the period 1959
rea of the halocline based on ICES data for SD 28 (eastern Go
AO index and the salinity and oxygen time series are given. Th

Table B1 Correlation coefficients between winter (DJF) NAO
and BSIOM data and atmospheric parameters based on ERA5 d
that are not statistically significant (5% level). 

SD 24

Surface temperature ICES 0 .53
BSIOM 0 .59

Surface salinity ICES 0 .36
BSIOM 0 .41

Surface oxygen ICES —0 .44
BSIOM —0 .61

2 m air temperature ICES 0 .71
Zonal wind speed BSIOM 0 .73
Precipitation ERA5 0 .28
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