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Abstract. Large-scale Euro-Atlantic variability, shaped by the polar jet stream, governs weather and climate in
the Baltic Sea region, thereby impacting the physical and biogeochemical properties of the Baltic Sea ecosystem.
This review synthesizes how key atmospheric circulation features and modes of climate variability, including the
North Atlantic Oscillation, atmospheric blocking and the Atlantic Multidecadal Variability, influence the Baltic
Sea region. By integrating evidence from the published literature, observational datasets, and both global and
regional climate model simulations, we assess established as well as potential linkages to key climatic vari-
ables, including temperature, precipitation, and storm activity, across temporal scales ranging from synoptic
events to multidecadal variability. We then evaluate how these climate controls cascade into ecosystem-relevant
processes, namely oxygen dynamics, primary productivity and ocean acidification. Although physical links are
already established, the pathways connecting large-scale atmospheric patterns to biogeochemistry are still poorly
constrained, partly because dedicated field studies and targeted model experiments are limited. We outline prior-
ity research needs to enhance near-term predictability and reduce uncertainty in future projections for the Baltic
Sea.
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1 Introduction

Home to more than 85 million people in its catchment area
(see Fig. 1) and bordered by nine countries, the Baltic Sea
faces intense anthropogenic pressures and ranks among the
most socio-economically exploited and polluted marine sys-
tems in the world (Inácio et al., 2020). It is the second-largest
brackish water body in the world with an average salinity of
approximately 7.4 g kg−1 (Meier and Kauker, 2003). Many
resident species already live close to species-specific salinity
tolerance limits and are simultaneously exposed to multiple
human stressors, making them highly sensitive to environ-
mental change (e.g., HELCOM, 2023). Even small shifts in
physical or biogeochemical conditions can substantially in-
fluence species abundance and growth. Superimposed onto
these pressures, atmospheric variability in the Euro-Atlantic
region further modulates the Baltic Sea’s ecosystem across
synoptic to multidecadal time scales (e.g., Kahru et al.,
2020).

The Baltic Sea is shallow, with a mean depth of 53 m and
a maximum depth of 459 m (e.g., Jakobsson et al., 2019). It
is shaped by a unique topography comprising several sub-
basins and is connected to the North Sea only via the nar-
row and shallow Danish straits, which severely restrict wa-
ter exchange between the two seas (e.g., Meier et al., 2022).
The result is an estuarine-like circulation with a fresher upper
layer – sustained mainly by river runoff and, to a lesser ex-
tent, excess precipitation – that overlies more saline bottom
waters which are renewed by intermittent saline inflows from
the North Sea. This stratification suppresses vertical mixing
and ventilation, increasing the vulnerability to hypoxic and
eutrophic conditions.

Given this strongly stratified, weakly ventilated system, lo-
cal atmospheric forcing dominates the Baltic Sea’s hydro-
dynamic variability on short time scales. On longer time
scales, however, large-scale Euro-Atlantic circulation vari-
ability shapes the statistics of that forcing, most clearly
in winter, by modulating the prevalence and persistence
of westerlies, cold-air outbreaks, and storm-track activity
(Stigebrandt and Gustafsson, 2003). The regional climate re-
flects a sensitive balance between moist, relatively mild ma-
rine air from the North Atlantic and the Eurasian continen-
tal influence, resulting in transitions between maritime and
subarctic conditions. Accordingly, the southern and western
parts of the Baltic Sea belong to the central European mild
climate zone governed by westerly winds, whereas the north-
ern part is typically located north of the polar front with a
winter climate that is cold and dry due to Arctic air outbreaks
from the east (Meier et al., 2022).

Key large-scale modes influencing the Baltic Sea include
the North Atlantic Oscillation (NAO; Hurrell et al., 2003), at-
mospheric blocking (Woollings et al., 2010a) and, on longer
time scales, their interplay with the Atlantic Multidecadal

Variability (AMV; Börgel et al., 2018). These modes are
widely used because they can be linked to variability in the
North Atlantic atmosphere (i.e., pressure and wind fields)
and are associated with jet shifts. Together they explain a
substantial fraction of observed variability over the Baltic
Sea region (e.g., Meier and Kauker, 2003; Stockmayer and
Lehmann, 2023; Kniebusch et al., 2019a; Börgel et al., 2020).
Changes in the jet’s position and strength shape storm-track
activity and thereby influence regional atmospheric forc-
ing over the Baltic Sea including the frequency and persis-
tence of local circulation states. For example, Lehmann et al.
(2002) relate the large-scale NAO to a Baltic Sea pressure-
gradient pattern (their Baltic Sea Index) that co-varies with
Baltic Sea filling level and exchange through the Danish
Straits, illustrating how remote modes project onto the local
forcing that directly drives Baltic Sea dynamics.

Together with high anthropogenic pressure (e.g., human-
induced warming and nutrient inputs) and complex interac-
tions among physical and biogeochemical processes across
multiple spatiotemporal scales, variability in large-scale at-
mospheric circulation and the local atmospheric forcing con-
tribute to the deterioration of the Baltic Sea’s water quality
(Jokinen et al., 2018; Meier et al., 2019; Krapf et al., 2022;
Meier et al., 2022; Müller-Karulis et al., 2024; Ehrnsten et
al., 2025). While episodic large saltwater inflows from the
North Sea (so-called “Major Baltic Inflows”; MBIs) can tem-
porarily oxygenate bottom waters (e.g., Moros et al., 2024),
anoxia intensified in the deep basins of the central Baltic
Sea during the 20th century, driven by increased anthro-
pogenic nutrient loads and subsequent eutrophication. Since
the 1980s, when nutrient levels were at their peak, anoxia
has become largely permanent (e.g., Gustafsson et al., 2012;
Carstensen et al., 2014; Meier et al., 2012, 2019; Papado-
manolaki et al., 2018; Carstensen and Conley, 2019; Liblik
et al., 2025). Despite substantial efforts to reduce nutrient
inputs since the 1980s, the Baltic Sea has shown little im-
provement in its eutrophication status, and deep-water oxy-
gen conditions have continued to deteriorate (Gustafsson et
al., 2012; Almroth-Rosell et al., 2021; Hansson et al., 2020;
Krapf et al., 2022).

Large-scale Euro-Atlantic circulation variability has been
shown to impact the Baltic Sea ecosystem by modulating
the statistics of local forcing (e.g., Hänninen et al., 2000;
Dippner et al., 2019; Gröger et al., 2024b). However, the ef-
fects vary regionally as coastal and sub-basin dynamics re-
spond differently to changes in local forcing (e.g., winds,
heat fluxes, freshwater input, or vertical mixing) (Eremina et
al., 2012; Lehtoranta et al., 2017; Dietze and Löptien, 2021;
Gröger et al., 2021a; Stoicescu et al., 2022; Löptien and Di-
etze, 2022; Polyakov et al., 2023; Dabulevičienè and Ser-
vaitè, 2024). In the Baltic Sea, such differences can emerge
as changes in coastal upwelling and cross-shore transport,
shifts in riverine freshwater and nutrient supply, or altered
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Figure 1. Geographic extent of the Baltic Sea catchment (green) and schematic representation of the large-scale modes of climate variabil-
ity influencing the Baltic Sea region: Atlantic Multidecadal Variability (AMV; purple), the North Atlantic Oscillation (NAO; blue/black),
Scandinavian Blocking (SB; red), and jet-stream dynamics (black).

stratification, deep-water ventilation, and oxygen depletion
in the central basins. Disentangling these sources of inter-
nal variability from anthropogenic trends is therefore es-
sential for understanding how regional biogeochemistry is
linked to large-scale circulation variability. This review rep-
resents a first attempt to synthesize these links for the Baltic
Sea region, identify key knowledge gaps, and clarify how
large-scale circulation patterns and their variability influence
both physical processes in the Baltic Sea and biogeochem-
ical responses. Improved understanding of these links may
also support future advances in predictability, although this
prospect is currently much more developed for physical vari-
ables than for biogeochemical processes.

Despite being one of the most thoroughly studied basins in
the world with exceptionally long-term observations, direct
empirical evidence from field studies that link large-scale at-
mospheric and oceanic patterns to Baltic Sea variability is
rare, and many implications remain theoretical, especially for
biogeochemistry.

This review synthesizes current understanding of how
large-scale atmospheric Euro-Atlantic circulation variability
relates to local forcing over the Baltic Sea region (here de-

fined as the Baltic Sea and its surrounding catchment area;
Fig. 1) across time scales ranging from synoptic to multi-
decadal. It also examines how the resulting hydrodynamic
variability is linked to oxygen dynamics, primary productiv-
ity and ocean acidification. We focus specifically on the re-
cent evolution of the Baltic Sea, during which anthropogenic
climate change has become the dominant long-term external
driver. Against this background, we examine how variabil-
ity in Euro-Atlantic circulation patterns governs local forcing
over the region and critically assess how these large-scale at-
mospheric influences interact with ongoing climate change.

2 Atmosphere and Ocean Dynamics

2.1 Atmospheric features originating in the North
Atlantic and impacting the Baltic Sea region

2.1.1 North Atlantic Jet Stream, Baroclinicity and
Planetary Waves

The dynamics of the tropospheric polar jet stream are a key
control of weather and climate in the mid-latitudes. These dy-
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namics arise from the interplay of baroclinic instability and
large-scale wave patterns known as Rossby waves (Achatz,
2022; Lindzen, 1990). To zeroth order, these components are
driven by meridional temperature gradients, the thermal wind
relation and the Earth’s rotation. In the North Atlantic region,
the polar jet is often referred to as the North Atlantic jet.

The North Atlantic jet influences regional weather across
Europe and the Baltic Sea region by modulating pressure sys-
tems, temperature advection, cloud cover, radiative processes
and precipitation patterns (Woollings et al., 2010a, 2014;
Hallam et al., 2022). More specifically, jet variability in the
North Atlantic can be organized by time scale. On synop-
tic time scales, it primarily reflects baroclinic wave growth
and downstream development that is tightly coupled with
the storm track. On longer intraseasonal time scales, the
dominant variability is captured by persistent flow patterns
(weather regimes) (Vautard, 1990; Cassou et al., 2004; Cas-
sou, 2008; Grams et al., 2017; Falkena et al., 2020). On
seasonal to interannual scales, anomalies in the jet latitude
and strength project onto canonical modes of climate vari-
ability such as the NAO or the East Atlantic pattern (Hur-
rell, 1995; Barnston and Livezey, 1987a; Woollings et al.,
2010b; Woollings and Blackburn, 2012; Woollings et al.,
2015; Perez et al., 2024). On decadal and longer time scales,
coupled ocean-atmosphere variability in the North Atlantic
can modulate the jet and storm track, providing a pathway for
low-frequency variability to influence Northern Europe and
the Baltic Sea region (O’Reilly et al., 2017; Simpson et al.,
2019; Athanasiadis et al., 2020; Ruggieri et al., 2021; Börgel
et al., 2020).

It should be noted that several localized processes fur-
ther modulate this large-scale circulation and form the basis
for typical synoptic-scale weather phenomena and dominant
modes of climate variability affecting the Baltic Sea region.
Factors such as orography, seasonal snow, ice cover, radia-
tive processes, ocean heat transport and differences between
land and ocean surfaces all contribute to a distinct thermal
structure that drives a seasonal cycle. As a consequence, the
jet stream follows a seasonally varying pattern with locally
modified characteristics (Hallam et al., 2022; Woollings et
al., 2010a).

Because the jet’s latitude and strength vary seasonally, up-
stream Pacific circulation anomalies (Harnik, 2014; Messori
et al., 2016; Franzke et al., 2004) as well as the state of the
North Atlantic Ocean (Ruggieri et al., 2021), affect the jet
differently in different seasons. Consequently, their down-
stream impacts over Europe and the Baltic Sea region are
also season-dependent (Woollings et al., 2010a, 2014; Simp-
son et al., 2019; Börgel et al., 2020; Messori et al., 2022;
Strommen et al., 2023; Ruggieri et al., 2021).

Changes in the structure, latitude and strength of the
North Atlantic jet not only drive extreme weather in the
mid-latitudes, such as heat waves, cold-air outbreaks and
droughts, but also regulate moisture and precipitation (Gi-
meno, 2014). Close to 90 % of the poleward moisture trans-

port occurs within atmospheric rivers (Gimeno et al., 2016;
Gimeno, 2014), long, narrow corridors in the atmosphere
characterized by strong horizontal water vapor transport. At-
mospheric rivers are typically in the warm conveyor belt
ahead of extratropical cyclones. By influencing cyclone
growth and storm tracks, the North Atlantic jet sets the pre-
ferred corridors and landfall latitudes. Accordingly, atmo-
spheric river occurrence, intensity and associated precipita-
tion patterns over the Baltic Sea region are sensitive to shifts
in the North Atlantic jet as well.

Pattern-based dimensionality reduction approaches are
commonly used to assess this complexity, including canoni-
cal large-scale circulation patterns such as the NAO (Hurrell,
1995) or the Euro-Atlantic weather regimes (Vautard, 1990),
which collapse jet and storm-track variability, Rossby-wave
dynamics, and related regional modulation into a small num-
ber of reference states and display a systematic connec-
tion to jet characteristics (Madonna et al., 2017). These ap-
proaches provide an interpretable link between large-scale
atmospheric circulation and its regional importance in the
Baltic Sea region and allow a more detailed description of
the local dynamics by describing their patterns and statistical
properties. They are less suited to describe phenomena that
are controlled by specific synoptic sequences rather than low-
dimensional modes, such as MBIs, which depend on partic-
ular wind and pressure patterns (e.g., Matthäus and Franck,
1992).

2.1.2 Blocking patterns in the mid-latitudes

An atmospheric block is a long-lasting (days to a few
weeks) weather pattern that occurs when persistent and
quasi-stationary highs hinder the climatological westerly
winds in the mid-latitudes (Liu, 1994). Dynamically, block-
ing is closely tied to the jet-stream and Rossby wave vari-
ability discussed in the previous section, as it reflects am-
plified planetary-wave patterns and is often accompanied by
wave breaking and a deformation or splitting of the jet. This
commonly leads to a deflected and strong zonal flow north
and south of the blocking system (Michel et al., 2023) and
prevents the usual progression of synoptic weather systems
across large areas (Rex, 1950; Steinfeld et al., 2022). Block-
ing systems typically extend vertically across the whole tro-
posphere and are associated with large high pressure systems
at the surface. As a consequence of their tight coupling to
the background flow, changes in the large-scale circulation
states (and modes of climate variability) can modulate block-
ing statistics by shifting the jet and storm track and therefore
also the region of dominant wave amplification and breaking.

In the mid-latitudes, blocking is frequently associated with
extreme weather conditions, including heat waves (Pfahl and
Wernli, 2012; Schielicke and Pfahl, 2022; Röthlisberger and
Papritz, 2023b), cold spells (Buehler et al., 2011; Brunner et
al., 2017; Röthlisberger and Papritz, 2023a), heavy rainfall
(Lenggenhager and Martius, 2020) and compound weather
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events (Kautz et al., 2022). The type of extreme event also
depends on the exact location of the blocking pattern. More-
over, a single blocking event can cause different surface ex-
tremes at different locations (Fig. 2). In general, blocking
events are 7–10 d long and the most extreme events last 2–
3 weeks. However, the societal relevance of these events is
not solely defined by their persistence but also by the num-
ber of total blocking days and their seasonality (Brunner et
al., 2018; Schaller et al., 2018; Kautz et al., 2022).

Figure 2 illustrates the potential extreme surface weather
conditions in the Baltic Sea region associated with the
Omega pattern: a blocking high with two cutoff lows on ei-
ther side, with a high-pressure system squeezed in between.
Panels (a) and (b) separate the impacts between the cold
season (October to March) and the warm season (April to
September), respectively. During the colder months, the east-
ern side of the blocking system may exhibit low-temperature
anomalies. In contrast, the warmer months are prone to heat
waves beneath the blocking system, occasionally coincid-
ing with drought conditions. Additionally, the probability
of thunderstorms increases at both the eastern and west-
ern flanks of the blocking system. Regardless of the season,
heavy rainfall events – potentially leading to floods and asso-
ciated with high integrated water vapor concentrations – are
observed at the edges and near the poleward boundary of the
blocking ridge.

2.2 Natural variability from synoptic to multidecadal time
scales

Natural variability refers to climatic fluctuations that occur
without any human influence, that is, internal variability (i.e.
chaotically generated within the system) in isolation or in
combination with natural external forcings such as volcanic
eruptions or changes in solar activity (Arias et al., 2021). The
natural variability of the North Atlantic climate system af-
fects the Baltic Sea region across multiple temporal and spa-
tial scales, ranging from individual extreme events such as
storms and heat waves (Gröger et al., 2015, 2021b; Dutheil
et al., 2023; Safonova et al., 2024) to multi-decadal shifts
in precipitation intensity (Börgel et al., 2022). The impacts
on society span various sectors, for instance affecting energy
production, agriculture, forestry, traffic, biodiversity, fish-
eries, maritime activities and the livelihood of coastal com-
munities (HELCOM, 2023). This section focuses on linking
our current knowledge of natural variability and its impact at
different time scales, unfolding from days to decades. More
specifically, we address synoptic (1–7 d), intraseasonal (10–
90 d), seasonal (1 year), interannual (1 to 9 years), decadal
and multidecadal (10 years and longer) time scales.

In this review, we distinguish between different statistical
methods to describe large-scale circulation patterns, such as
the NAO derived from EOF-based analyses of sea-level pres-
sure or geopotential-height anomalies, or weather regimes,
which describe recurrent, quasi-stationary circulation pat-

terns diagnosed from clustering methods on daily to sub-
seasonal time scales. While these frameworks are related,
weather regimes often project onto leading modes, and are
not interchangeable.

2.2.1 Synoptic, intraseasonal and seasonal time scales

Atmospheric circulation variability over the Baltic Sea re-
gion spans a broad range of time scales, from synoptic
to multidecadal, and reflects the interplay of atmospheric,
oceanic, and terrestrial factors. At shorter time scales, depar-
tures from the climatological reference state often take the
form of large-scale geopotential height anomalies that persist
from several days to about two weeks (Kautz et al., 2022).

These recurrent disturbances are modulated by varia-
tions in the Euro-Atlantic atmospheric circulation and are
well classified by the Euro-Atlantic weather regimes (Vau-
tard, 1990; Falkena et al., 2020; Cassou et al., 2004). At
their core, weather regimes represent a statistical descrip-
tion of persistent and recurrent circulation patterns, similar
to attractors in non-linear dynamical systems (Corti et al.,
1999; Palmer, 1999) that can be described in terms of their
quasi-stationarity and frequency of occurrence. The regimes
are identified objectively from daily large-scale circulation
anomalies over the Euro-Atlantic sector: the seasonal cycle is
removed and anomaly fields are normalized by their standard
deviation, dimensionality is reduced using the leading EOFs
(principal components), and k-means clustering is applied in
this reduced phase space. This yields a daily sequence of
regime occurrence, with some days assigned to one of the
recurrent regimes and others classified as transition or “no
regime” days (Grams et al., 2017). The regimes affect the
Baltic Sea region by shaping the synoptic-scale pressure gra-
dient over Northern Europe. They are closely linked to jet-
stream variability and the associated characteristic flow pat-
terns (Madonna et al., 2017). As a result, they modulate the
prevalence and intensity of westerly flow into the Baltic Sea
catchment versus blocking situations, as well as the position
and strength of the storm tracks affecting the region.

Traditionally, the canonical Euro-Atlantic weather-regime
classification refers to the four recurrent large-scale circula-
tion regimes most robustly identified in boreal winter (Vau-
tard, 1990; Cassou, 2008; Barrier et al., 2014; Falkena et al.,
2020). In this manuscript, weather regimes refer to statisti-
cally identified, recurrent large-scale circulation states, rather
than to individual synoptic weather patterns. The Zonal and
Greenland-Blocking regimes are often described as NAO-
like, in the sense that they project strongly onto the posi-
tive and negative phases of the NAO, respectively. Hence,
the Zonal pattern (NAO+) corresponds to a central North
Atlantic jet which brings mild and wet air masses as well
as Atlantic cyclones into Northern Europe (Gómara et al.,
2014). In contrast, Greenland Blocking (NAO-) represents a
more southerly jet position, weakening the westerlies, favor-
ing colder, drier conditions. The Atlantic Ridge describes a
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Figure 2. Schematic illustration of the omega pattern (i.e., a blocking system) over the Baltic Sea region (black line, indicating a geopotential
height or PV contour) and some associated surface extremes during (a) the warm season and (b) the cold season. Rossby wave breaking occurs
on the flanks of the block, leading to (persistent) cutoff systems in this area. Areas with heavy precipitation are marked in light blue (poleward
edge of the ridge and at both flanks). Areas with high integrated water vapor transport (IVT) are illustrated in orange. Thunderstorm activity is
marked by yellow lightning bolt symbols. The position of a warm conveyor belt (WCB) appears in purple. Areas with temperature extremes
are marked with dashed lines (red for heat waves and blue for cold spells) (after Kautz et al., 2022).

high pressure system over the Atlantic with a northward shift
of the jet, leading to stable weather and potentially blocking
the eastward progression of wet and windy conditions. The
Scandinavian Blocking is a high pressure system over Scan-
dinavia featuring a jet structure that tilts from southwest to
northeast (Fig. 3).

A year-round classification adds three more regimes
(Fig. 3): the Scandinavian Trough, a low pressure system
over Scandinavia, the Atlantic Trough, associated with a
low pressure system over the North Atlantic, and European
Blocking, marked by a high pressure system over western
Europe that blocks the North Atlantic jet (Grams et al.,
2017). In total, the seven weather regimes represent different
types of zonal regimes (Atlantic Trough, Zonal, and Scandi-
navian Trough), responsible for the advection of warm (or
cold) air masses from the North Atlantic region into the
Baltic Sea region, as well as four regional blocking regimes
(Atlantic Ridge, European Blocking, Scandinavian Blocking,
and Greenland Blocking).

Depending on the season, zonal regimes are associated
with wet and cool (warm) conditions in northern Europe dur-
ing summer (winter). In contrast, the blocked regimes inter-

rupt the mean flow and are often associated with hot and dry
spells during summer and cold spells on their eastern flank
during winter (Grams et al., 2017; Beerli and Grams, 2019;
Domeisen, 2019; Mockert et al., 2023; Teubler et al., 2023).

The seven regimes (Fig. 3) occur with a similar frequency
but have strong seasonal preferences. Zonal regimes (i.e. At-
lantic Trough, Zonal/NAO+ and Scandinavian Trough) are
more common in winter (November–March), with Zonal be-
ing particularly frequent. Summer (May–September) is dom-
inated by blocked regimes (i.e. Atlantic Ridge, European
Blocking, Scandinavian Blocking and Greenland Blocking),
with Scandinavian Blocking occurring most often. Atlantic
Trough occurs year round and European Blocking is the lead-
ing winter blocking pattern, while Scandinavian Blocking
dominates summer (Grams et al., 2017).

Seasonal circulation variability over the Baltic Sea region
differs markedly between winter and summer. Winter is dom-
inated by zonal (NAO-like) patterns, enhanced baroclinicity
and high internal variability. The latter is often weaker, with
a poleward-shifted jet and a more barotropic background.
Thermodynamic processes such as land-sea contrasts, soil-
moisture feedbacks, and diabatic heating then play a larger
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Figure 3. Atlantic-European weather regimes in winter and their
relative frequency of occurrence (in percent). (a–g) 500 hPa geopo-
tential height mean composites (contours, every 80 geopotential
meters (gpm)) and their anomalies (shading, every 20 gpm) with
respect to the seasonal climatology (h) during active regime life
cycles (the onset to decay period) in December, January, Febru-
ary of 1979–2019. The weather regimes considered are: (a) At-
lantic Trough, (b) Zonal Regime (NAO+), (c) Scandinavian Trough,
(d) Atlantic Ridge, (e) European Blocking, (f) Scandinavian Block-
ing, (g) Greenland Blocking (NAO-). Numbers in the subfigure ti-
tles indicate the frequencies of winter days attributed to the respec-
tive regime (a–g). The frequency of “no regime” days is 24.1 %
(Hochman et al., 2021, their Fig. 1).

role in shaping circulation variability and extremes (Jakob-
son and Jakobson, 2024; Liné et al., 2024; Gröger et al.,
2024b; Dutheil et al., 2023). This suggests that large-scale
atmospheric circulation variability exerts a stronger control
on the Baltic Sea region in winter than in summer.

2.2.2 Interannual time scales

Interannual variability can be understood through the lens of
the jet stream. Specifically, anomalies in the location and in-
tensity of the jet stream during the winter season drive cli-

mate variability that can explain much of the observed in-
terannual variability (Harnik, 2014). Good examples are the
winters of 2009/10 and 2011/12 (Fig. 4), which exhibited
opposite jet regimes: the former displayed an anomalously
southerly, zonal jet, while the latter displayed an anoma-
lously northerly jet (Santos et al., 2013). The first led to an
anomalously cold winter in the Baltic Sea region, while the
second led to an unusually warm winter.

The NAO reflects a leading mode of observed interan-
nual wintertime variability in North Atlantic-European at-
mospheric circulation and is tightly coupled to the zonal jet.
Notably, both the intensity (NAO+ or NAO-; Fig. 4) and the
geographic positioning of the NAO centers of action vary
substantially year-to-year (Hilmer and Jung, 2000; Hurrell
and Deser, 2009; Peterson et al., 2002, 2003; Luo and Gong,
2006; Luo et al., 2010a, b; Börgel et al., 2020). These spatial
shifts of the NAO modify how strongly the NAO affects the
Baltic Sea region, as changes in the pressure gradient orien-
tation alter prevailing wind patterns (Lehmann et al., 2011;
Börgel et al., 2020). This dynamic is likely linked to the in-
teraction between the NAO and the jet stream (Woollings et
al., 2015), which due to the zonal shift of the Icelandic Low
aligns the westerly winds directly toward the Baltic Sea.

To relate this interannual perspective to the synoptic-to-
intraseasonal weather-regime framework introduced above,
we compare the characteristic circulation patterns associated
with the main interannual climate-variability indices to the
circulation patterns of the weather regimes. The positive East
Atlantic pattern (Barnston and Livezey, 1987a) corresponds
to a quasi-stationary ridge over the North Atlantic aligning
with the Atlantic Ridge regime, while the negative East At-
lantic pattern corresponds to the Atlantic Trough (Carvalho-
Oliveira et al., 2024). Together with the NAO, the East At-
lantic pattern can be used as a combined framework describ-
ing both climatological changes and interannual and multi-
decadal variability in the North Atlantic jet (Woollings et al.,
2010b; Woollings and Blackburn, 2012; Perez et al., 2024).
However, the NAO primarily describes shifts in the jet lat-
itude, which tends to be more relevant for interannual time
scales (Woollings et al., 2015). For the Baltic Sea region, this
distinction implies that NAO-driven jet-latitude shifts dom-
inate year-to-year variability in winter temperature, sea-ice
and storminess, whereas changes linked with the East At-
lantic pattern modulate multidecadal variability.

While the positive phase of the Scandinavian pattern (e.g.,
Kauker and Meier, 2003) resembles Scandinavian Blocking,
its negative phase aligns with the Scandinavian Trough. After
the NAO and East Atlantic pattern, it is the third most impor-
tant winter sea level pressure pattern over the North Atlantic
domain (Comas-Bru and McDermott, 2014) and in the Baltic
Sea region, specifically, it is considered the second most im-
portant pattern (Kauker and Meier, 2003).

Since the Scandinavian pattern resembles the positive
Scandinavian Blocking regime (Comas-Bru and McDermott,
2014), the question arises how it might be connected to the
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Figure 4. North Atlantic Oscillation (NAO) index, monthly values (thin gray) with 12 month centered running mean (thick black). Months
with NAO > 0 are shaded red; NAO < 0 are shaded blue. Vertical dashed lines mark winters 2009/10 and 2011/12. Data: NOAA CPC
monthly standardized NAO (z500-based).

interannual variability of blocking occurrences. According
to Bueh and Nakamura (2007), the anticyclonic center of
the Scandinavian pattern lies in a region where the poten-
tial vorticity gradients are generally very low during the win-
ter months, possibly favoring the development of a block.
However, Rimbu et al. (2014) found that the dominant win-
ter blocking patterns are connected to different large-scale
circulation patterns, the Scandinavian pattern only being one
of them. This could be different in the summer season where
Scandinavian Blocking occurs more often. However, studies
on summer modes of interannual variability are still scarce.

In summary, these interannual modes systematically al-
ter the direction and strength of the flow over Northern Eu-
rope/Scandinavia, modulating winter advection, storminess,
temperature, and sea-ice. Multiple other interannual circula-
tion patterns in the Euro-Atlantic sector have been identified,
for example the East Atlantic/West Russia pattern (Barnston
and Livezey, 1987a; Kauker and Meier, 2003; Craig and Al-
lan, 2022) or the Barents Sea Oscillation (Skeie, 2000; Trem-
blay, 2001). They all represent a statistical description of
characteristic jet features. However, there is little literature
specifically addressing their role in modulating the climate
of the Baltic Sea region on interannual time scales.

2.2.3 Decadal and multidecadal time scales

On decadal time scales, atmospheric variability in Northern
Europe is modulated by an interplay of the aforementioned
atmospheric modes with the North Atlantic Ocean, shap-
ing the statistics of local climate in the Baltic Sea region.
The ocean’s memory, especially through the Atlantic Merid-
ional Overturning Circulation (AMOC), drives much of this
decadal variability as it transports heat into higher latitudes,

altering sea surface temperature (SST) patterns (e.g., Latif et
al., 2022).

One central component of this variability is the AMV,
which refers to basin-wide fluctuations in the North Atlantic
SSTs over multidecadal periods (e.g., Enfield et al., 2001;
Knight et al., 2006). The main driver of these fluctuations is
likely a combination of internal variability that is coupled to
AMOC variability (Robson et al., 2023; Wills et al., 2019;
Deser and Phillips, 2021) and a response to external forcing
(Mann et al., 2021). For the Baltic Sea region, large ensem-
bles of global climate simulations suggest that the response
to external forcing is more relevant than internal variability
(Barghorn et al., 2025a).

Sea surface temperature anomalies that are advected along
the North Atlantic current influence temperature variations in
the Norwegian Sea (Langehaug et al., 2022; Fan et al., 2023)
and over Norway (Årthun et al., 2017). These anomalies can
often be traced back to oceanic advection of signals from
the North Atlantic subpolar gyre (SPG) (Fan et al., 2023),
which is one of the most predictable regions in the world
on decadal to multidecadal time scales (Yeager and Rob-
son, 2017; Borchert et al., 2021). This connection indicates a
potential for successful near-term predictions of decadal cli-
mate variability in the Baltic Sea region.

Multidecadal SST variations in the North Atlantic have
been shown to alter the atmospheric circulation in the North
Atlantic and climate variability across Europe (Dong et al.,
2013; Delworth and Zeng, 2016; Ruprich-Robert et al., 2017;
Smith et al., 2020; O’Reilly et al., 2017; Ruggieri et al., 2021;
O’Reilly et al., 2023) with further impacts on the Nordic
Seas (Årthun et al., 2017; Koul et al., 2019; Fan et al., 2023)
and the Baltic Sea (Börgel et al., 2018, 2020, 2022, 2023a;
Barghorn et al., 2025a; Meier et al., 2023; Kniebusch et al.,
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2019b). One example of this influence is the modulation of
a subpolar wave train, a large-scale atmospheric pattern that
responds to SST anomalies and projects onto the European
climate (Borchert et al., 2019; Monerie et al., 2021). This
wave train is often centered over Northern Europe and trans-
ports oceanic signals from the North Atlantic into the Baltic
Sea region.

Similar to the interannual time scale, in Northern Europe,
decadal atmospheric variability in wintertime over the North
Atlantic is dominated by the NAO (e.g., Paolini et al., 2022;
Patrizio et al., 2023). More specifically, the decadal to mul-
tidecadal SST anomalies, linked to the AMV, influence both
the position and strength of the NAO (Börgel et al., 2020)
and the jet stream (Ruggieri et al., 2021; Athanasiadis et al.,
2020). Hence, during wintertime, the AMV influences the
advection of air masses from the North Atlantic, weaken-
ing the westerlies during its positive states. Negative AMV
states are associated with increased westerlies, transporting
moist air masses into the Baltic Sea region (Börgel et al.,
2022). This coupling between the ocean and the atmosphere
has been linked to the relative importance of the NAO for the
Baltic Sea region (Omstedt and Chen, 2001) on multidecadal
time scales (Börgel et al., 2020). During summer, subtropi-
cal North Atlantic SSTs excite an atmospheric Rossby wave
which connects to decadal surface air temperature fluctua-
tions in Europe, with an imprint on the Baltic Sea region
(e.g., Müller et al., 2020).

On decadal to multidecadal time scales, the relevance of
modes of climate variability such as the NAO arises from
changes in the frequency and persistence of large-scale cir-
culation states and from their coupling to slowly varying
boundary conditions, especially North Atlantic SSTs and
ocean circulation, rather than from direct analogies with in-
dividual synoptic systems (Müller et al., 2020). For example,
besides its interplay with the AMV, one key feedback loop
involves the NAO and the North Atlantic SST tripole pattern
(Deser et al., 2010). The direction of this interaction is still
under debate with studies illustrating an SST influence on the
NAO (Rodwell et al., 1999; Reintges et al., 2017) and some
showing NAO influence on SST (Athanasiadis et al., 2020). It
was also shown that the location of the Gulf Stream front may
imprint onto NAO on these time scales (Joyce et al., 2000).
Recent research proposes a negative feedback loop: NAO-
induced SST anomalies affect the AMOC, which in turn al-
ters the SSTs which influence the NAO in the opposite di-
rection (Patrizio et al., 2025). Some studies also indicate that
a vertical component in the atmosphere is included in this
feedback loop (Omrani et al., 2022). This feedback loop acts
on decadal-to-multidecadal time scales and may give rise to
important variability in Northern Europe as well (Börgel et
al., 2020).

In this context, the representation of coupled North At-
lantic ocean-atmosphere variability in global climate mod-
els has recently been questioned. In particular, Carvalho-
Oliveira et al. (2024) showed that the observed link between

spring North Atlantic SST variability and summer Euro-
Atlantic circulation is temporally non-stationary and is gen-
erally not reproduced, or is too weakly reproduced, in the
evaluated global model. More broadly, persistent deficiencies
in the simulation of Euro-Atlantic jet and regime dynamics,
including blocking, further limit the realism of atmosphere-
ocean coupling pathways in models. This is also relevant for
the Baltic Sea region, because many regional Baltic Sea mod-
els are still forced by prescribed atmospheric boundary con-
ditions and therefore inherit biases in the large-scale circula-
tion from their driving models.

Freshwater anomalies in the subpolar North Atlantic
(SPG) may also influence European, and potentially Baltic
Sea, climate through downstream circulation anomalies. Olt-
manns et al. (2024) linked such anomalies – likely related
to anomalous Arctic/sub-Arctic runoff and meltwater input –
to a sharper winter SST front between the subpolar and sub-
tropical North Atlantic and to associated large-scale atmo-
spheric circulation anomalies. Overall, these hydrographic
anomalies, modulated by SPG variability, contribute to mul-
tiyear predictability in both oceanic and atmospheric condi-
tions (Koul et al., 2019; Holliday et al., 2020; Fan et al., 2023;
Oltmanns et al., 2024).

Longer-range teleconnections which can modulate the
North Atlantic climate, particularly from the Indian and Pa-
cific Oceans, add further complexity to European climate
variability (Cassou, 2008; Fletcher and Cassou, 2015; Fer-
ster et al., 2023). One notable mode of Pacific variability is
the Pacific Decadal Oscillation (PDO), the leading mode of
North Pacific SST variability (EOF1 of SSTs over 20–70° N)
(Mantua et al., 1997; Newman et al., 2016). While direct
studies on the PDO’s influence on the Baltic climate remain
limited, its impact on the region is often mediated through its
interactions with other modes of climate variability such as
the NAO, El Niño-Southern Oscillation (ENSO) and Arctic
sea ice variability. For instance, Simon et al. (2022) report
PDO-related anomalies over the Baltic region, though they
emphasize its modulation of broader sea ice effects. Addi-
tionally, the PDO has been shown to modulate ENSO’s in-
fluence on the North Atlantic (Wang et al., 2014; Karami
et al., 2023), further underscoring its indirect role in shap-
ing atmospheric circulation patterns that can affect Northern
Europe. This is because PDO-related shifts in the Aleutian
Low and North Pacific jet reshape the North Pacific waveg-
uide, steering ENSO-forced Rossby waves and altering their
downstream projection into the North Atlantic (Maher et al.,
2022). More broadly, such extratropical teleconnections are
dependent on the climatological background flow (O’Reilly
et al., 2019). This interconnectedness highlights the PDO’s
potential contribution to (multi)decadal variability in Euro-
pean climate.
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2.3 Large-scale atmosphere–ocean controls on regional
climate variability

The climate of the Baltic Sea region can be perceived as an
interplay between the aforementioned large-scale circulation
variability and regional features. In particular, one should
recall the unique bathymetry of the Baltic Sea (see Fig. 5)
which is characterized by a shallow mean depth, a suite of
sub-basins and narrow and shallow connections to the open
ocean.

In this section, we describe the impacts of the large-scale
atmosphere-ocean patterns on the natural variability of re-
gional processes in the Baltic Sea, without assessing the ef-
fect of anthropogenic climate change.

2.3.1 Precipitation

Precipitation in the Baltic Sea region varies across time
scales, with different mechanisms dominating at each scale.
The best-established link is for wintertime variability, when
large-scale North Atlantic circulation exerts a strong control
on moisture transport and cyclone pathways into Northern
Europe. On synoptic and intraseasonal time scales, precipi-
tation anomalies are primarily associated with variations in
the latitude and strength of the North Atlantic jet and the re-
sulting shifts in storm-track activity, rather than with any spe-
cific weather regime. When the jet is stronger and displaced
northward, cyclones and moisture transport more frequently
reach Northern Europe and parts of the Baltic Sea catchment,
favoring wetter conditions. In contrast, a more southerly jet
or blocked circulation over Scandinavia tends to suppress
precipitation over large parts of the region, while enhanc-
ing it along the flanks and poleward side of the block, where
moisture transport and warm conveyor belts are concentrated
(Kautz et al., 2022; Lenggenhager and Martius, 2020). On
interannual time scales, the NAO is the most widely used
index for precipitation variability in the Baltic Sea region,
especially in winter, but its influence is not spatially uni-
form across the region (Hurrell, 1995; Hurrell et al., 2003;
Wrzesiński and Paluszkiewicz, 2011). Positive NAO condi-
tions are generally associated with strong westerly flow and
wetter-than-average conditions over the northern and western
parts of the Baltic Sea region, whereas negative NAO condi-
tions tend to favor reduced precipitation there. However, the
strength and even the sign of the precipitation response can
vary within the Baltic catchment depending on the longitu-
dinal position of the NAO centers of action and on the state
of other circulation patterns (Börgel et al., 2020). In partic-
ular, the East Atlantic and Scandinavian patterns modulate
both the spatial structure and the magnitude of precipitation
anomalies over the Baltic Sea region (Cassou, 2008; Craig
and Allan, 2022; Lehmann et al., 2011). On multidecadal
time scales, the influence is more indirect. North Atlantic
sea-surface temperature variability can alter the mean posi-
tion of the jet and the associated sea-level pressure patterns,

thereby changing the background likelihood of wet and dry
conditions in the Baltic Sea region. Available evidence sug-
gests relatively drier conditions during positive AMV phases
and wetter conditions during negative AMV phases, although
these relationships are less robust and more weakly con-
strained than the wintertime interannual links associated with
the NAO (Ruggieri et al., 2021; Börgel et al., 2022). Poten-
tial influences from Arctic or Pacific sea-ice variability on
Baltic precipitation remain uncertain, and their net effect on
the region has not yet been robustly established (Screen et
al., 2014; McKenna et al., 2018).

2.3.2 Storms

Variability in storminess in the Baltic Sea region is closely
connected to the location and strength of the North Atlantic
storm track, but the relative importance of associated large-
scale circulation and locally driven dynamics depends on the
time scale. On synoptic to intraseasonal time scales, the NAO
and jet-stream configuration provide a useful framework for
describing the regional likelihood, pathways, and clustering
of storms reaching the Baltic Sea region (Lehmann et al.,
2011; Börgel et al., 2020; Rutgersson et al., 2022). In this
sense, large-scale circulation exerts a strong control on the
statistics of storminess, especially in winter, whereas the re-
alized near-surface winds and local impacts of individual
events remain strongly shaped by local factors such as coast-
line orientation, basin geometry, bathymetry, and land-sea
contrasts. Generally, a stronger and northward-shifted jet –
such as during NAO+ or a positive East Atlantic pattern –
favors enhanced storm-track activity and increased stormi-
ness over the Baltic Sea region. In contrast, blocked regimes
(Atlantic Ridge and European/Scandinavian Blocking) tend
to suppress storms locally beneath the ridge, while enhanc-
ing activity along the flanks. A positive NAO also increases
extreme wind return levels along the southern Baltic Sea
and downstream, indicating an elevated risk of storm surges
(Priestley et al., 2023).

On interannual time scales, the influence of large-scale at-
mospheric variability is spatially heterogeneous across the
Baltic region. The Scandinavian Pattern appears to be the
strongest modulator of winter storm activity in the Baltic re-
gion, followed by the NAO and the Polar/Eurasian pattern – a
pattern projecting onto a zonal/NAO+ regime during its pos-
itive phase, while the negative phase projects onto blocked
regimes, mainly Greenland Blocking (NAO-) and sometimes
Scandinavian Blocking. The East Atlantic pattern also plays
an important role, especially for the forecasting skill of storm
tracks into the Baltic Sea region (Degenhardt et al., 2023;
Walz et al., 2018). Moreover, the positioning of the jet stream
and the strength of the meridional pressure gradient in the
North Atlantic can explain a large part of the decadal changes
in 10 m wind speeds in northern Europe, with low windiness
in winters of the 1980s and 2010s and high windiness in the
1990s (Laurila et al., 2021). On multidecadal time scales,
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Figure 5. Bathymetry of the Baltic Sea with labels indicating major sub-basins.

the warm phase of the AMV corresponds to an equatorward-
shifted jet and a storm track that is less extended poleward
compared to the AMV cold phase (Ruggieri et al., 2021), fa-
voring reduced storminess in the Baltic region.

2.3.3 Sea level

Sea level variability in the Baltic Sea is predominantly driven
by the large-scale atmospheric circulation owing to small
tidal amplitudes. On synoptic time scales, the Baltic Sea
sea level is mainly driven by wind stress inside the basin,
whereas on seasonal to multidecadal time scales the control-
ling signal originates from the adjacent basin Kattegat and
thus ultimately from the North Atlantic (Samuelsson and
Stigebrandt, 1996). This is because the Danish straits sep-
arating the Baltic Sea from the Kattegat act as a physical
low-pass filter, essentially damping synoptic scale variabil-
ity, while allowing seasonal and longer time scales to pass
(Hieronymus et al., 2017).

Sea level in the Baltic Sea exhibits a seasonal cycle, with
higher levels in autumn and winter than in spring and sum-
mer (Stramska, 2013). Against this seasonal background, in-
terannual sea-level variability has been found to correlate
with the NAO, especially in winter, although the strength

of the relationship varies in time and across the Baltic Sea
region. For example, Andersson (2002) reported a correla-
tion of r = 0.63 between the winter (JFM) NAO index and
the winter mean Baltic Sea level over 1825–1997, increas-
ing to r = 0.74 for 1902–1997. Westerly winds over the area
are typically stronger during the positive phase of the NAO
which pushes water into the Baltic and raises the sea level
(Johansson et al., 2001; Johansson and Kahma, 2016). The
strength of the correlation between the NAO and mean sea
level, however, varies between different basins and in time.
The temporal variability can partly be explained by the inter-
play between the NAO, the East Atlantic and the Scandina-
vian patterns (Kauker and Meier, 2003; Chafik et al., 2017).

An index based on the sea level pressure difference be-
tween the Bay of Biscay and Tromsø has also been sug-
gested as an alternative to the NAO (Karabil et al., 2018).
This Baltic Sea and North Sea Oscillation (BANOS) index
was introduced because the NAO–Baltic sea-level relation-
ship is non-stationary in time and spatially heterogeneous,
whereas BANOS is more stably linked to Baltic and North
Sea sea-level variability. Karabil et al. (2018) showed that
it explained locally up to 90 % of interannual sea-level vari-
ance in winter and up to 79 % in summer during 1993–2013.
Decadal and multidecadal sea level variability is much less
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explored than interannual variability. Karabil et al. (2017) re-
ported statistically significant links between decadal sea level
variability and variations in sea level pressure and precipi-
tation. In contrast, they found no robust connection to the
AMV, as the strongest correlation reported for any season
was only 0.2.

Not only mean sea level, but also sea level extremes in
the Baltic Sea are correlated to the NAO (e.g., Marcos and
Woodworth, 2018; Hieronymus and Kalén, 2020). However,
this relationship is regionally heterogeneous and generally
weaker than for mean sea level. In part, the relationship can
be explained as a preconditioning, where storm surges occur
from a higher baseline during positive NAO phases owing to
its effect on the mean sea level, but there is likely an effect
also on the surges themselves (Weisse et al., 2021). Yet, the
magnitude of individual storm-surge events depends strongly
on regional and event-specific wind forcing, coastline orien-
tation, fetch, and basin geometry. This indicates that multi-
ple time scales from synoptic to at least interannual could
be contributing to this effect. Moreover, NAO variability ex-
tends to other flooding-relevant drivers. For example, along
the southern coast of Sweden, total annual wave energy is
positively correlated with the winter NAO (r = 0.51) off-
shore, and this relationship is even stronger closer to the coast
(Adell et al., 2023). Runoff has likewise been reported to
show seasonally significant NAO correlations in parts of the
Baltic catchment, although these relationships are more re-
gionally heterogeneous than for mean sea level (Wrzesiński
and Paluszkiewicz, 2011). Together, these links suggest that
the risk of compound flooding may also be modulated by the
NAO (e.g., Hieronymus et al., 2024).

2.3.4 Surface Air Temperature and Sea Temperatures

Surface air temperature (SAT) and sea-surface temperature
(SST) in the Baltic Sea are tightly coupled. In summer,
the surface mixed layer is typically 15–20 m deep, while in
autumn-winter it often reaches the seabed in shallow areas
or deepens to the halocline (40–80 m) in deeper basins. Con-
sequently, daily SAT anomalies are reflected in SST with a
lag of only a few days; in summer the lag rarely exceeds
two weeks. Hence, more than 80 % of the monthly SST vari-
ance is explained by the combined sensible and latent heat
fluxes that depend on SAT and incoming shortwave radiation
(Kniebusch et al., 2019b).

Anomalously low winter SSTs in the Baltic Sea are associ-
ated with negative NAO phases and severe winters, whereas
anomalously high SSTs are linked to positive NAO phases
and mild winters (Schmidt et al., 2007; Kniebusch et al.,
2019b), closely following the winter NAO-SAT relationship
(Tinz, 1996). Most of the interannual winter SAT variabil-
ity (87 % at Stockholm) is explained by the NAO (Meier and
Kauker, 2003).

The properties of the cold intermediate layer are estab-
lished during winter mixing, and this water mass persists in

the water column until the following winter. Consequently,
the interannual variability of cold intermediate layer temper-
ature is strongly correlated with the severity of the preceding
winter, which is largely determined by the winter NAO (Lib-
lik and Lips, 2011; Hinrichsen et al., 2007; Mohrholz et al.,
2006).

On decadal and longer time scales, positive AMV phases
are associated with higher Baltic Sea SSTs, but this response
is strongly seasonal and spatially heterogeneous rather than
uniform throughout the year. Previous work estimated that
about 58 % of the decadal Baltic SST variability can be
linked to the AMV after removing the global warming signal
(Kniebusch et al., 2019b). More recent work further showed
that the linear annual-mean SST response to the AMV is rel-
atively weak, on the order of 0.2 °C, whereas the influence is
strongest in winter, when up to 40 % of regional SST variabil-
ity can be associated with multidecadal variability closely
linked to the AMV, corresponding locally to about 1.2 °C per
standard deviation of the AMV(Börgel et al., 2023a). This
influence is thought to be mediated partly through the NAO
and partly through a subpolar atmospheric wave train that
links North Atlantic SST anomalies to Northern European
climate (Borchert et al., 2019; Monerie et al., 2021; Börgel et
al., 2020). In the Baltic Sea region, this influence appears to
be expressed primarily through changes in large-scale pres-
sure patterns, westerly flow, and oceanic inertia (Börgel et
al., 2023a) and aerosol forcing (Barghorn et al., 2025a).

Temperature variability on all time scales provides the
baseline for marine heat waves (MHWs) in the Baltic
Sea, which are predominantly linked to atmospheric modes
(Gröger et al., 2024b; Bashiri et al., 2024). These MHWs
very likely coincide with atmospheric heat waves although
a dedicated comparison is missing. Gröger et al. (2024b)
identified the dominant preconditions for MHWs on sea-
sonal time scales. During summer, a prevailing stable high
pressure system over Scandinavia supports anomalously high
shortwave absorption and thus heat uptake in the upper wa-
ter layer. The associated weak-wind regime further delim-
its mixing of heated surface waters with colder water from
below resulting in a stable and shallow thermocline. Win-
ter MHWs are mainly caused by external warm and humid
air masses advected from the North Atlantic via the west-
erly wind regime (Gröger et al., 2024b). Consequently, atmo-
spheric conditions resembling the positive phase of the NAO
elevate the risk for winter MHWs in the Baltic Sea. The local
processes are characterized by an anomalously low heat flux
out of the sea. Here, reduced latent heat fluxes (due to the
humid air masses) and reduced sensible heat fluxes (due to
anomalously warm air) play the dominant roles.

2.3.5 Sea ice cover

Sea ice in the Baltic Sea shows pronounced interannual vari-
ability (Granskog et al., 2006). Over the past century, a shift
toward milder ice winters has been observed, with reductions
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in both ice extent and thickness expected to continue in the
present century (Meier et al., 2022; Haapala et al., 2015).

The variability is influenced by the NAO and the Arctic
Oscillation (Vihma and Haapala, 2009; Vihma, 2014; Haa-
pala et al., 2015; Uotila et al., 2015). Statistical modelling
shows that zonal flow is the dominant circulation control on
Baltic Sea ice extent, with the winter NAO accounting for
about 29 % of the year-to-year variance in annual maximum
ice extent, while meridional flow also contributes, particu-
larly in November and January (Omstedt and Chen, 2001).
Winters dominated by strong westerlies (NAO+) are typi-
cally associated with reduced sea ice cover in the Baltic Sea.
Between January and March, negative NAO phases (NAO <

−0.5) are linked to substantially larger mean annual ice ex-
tent (259 000 km2), while positive phases (NAO >+0.5) are
associated with reduced ice extent (121 000 km2, Vihma and
Haapala, 2009). The relationship between NAO and annual
maximum ice extent is non-stationary and can vary across
different time periods (Omstedt and Chen, 2001; Chen and
Li, 2004), possibly linked to shifts in the NAO centers of ac-
tion (Börgel et al., 2020).

In addition to the NAO and Arctic Oscillation, interannual
variations in Baltic Sea ice parameters have also been found
to correlate with the PDO (Uotila et al., 2015). The physical
mechanisms underlying this connection remain unclear, but
correlations can be of comparable magnitude to those of the
North Atlantic Oscillation, although they are not temporally
persistent (Vihma, 2014).

2.3.6 Salinity and Stratification

Salinity variations in the Baltic Sea are controlled by the in-
terplay of freshwater input, mainly through river runoff and
irregular saltwater inflows from the North Sea. The river
runoff lowers the salinity in the surface layer of the Baltic
Sea via direct dilution, accounting for 27 % of the salinity
variations (Radtke et al., 2020). Consequently, the outflow-
ing water through the Danish straits becomes fresher. This
water partly mixes with the underlying saltier layer which
decreases the salinity of subsequent saltwater inflows (Meier
et al., 2023).

Saltwater inflows that shape the salinity of the deeper parts
in the Baltic Sea occur under specific synoptic wind con-
ditions and are connected to the passage of deep cyclones
over the region (e.g., Matthäus and Franck, 1992; Schinke
and Matthäus, 1998; Lehmann et al., 2017). Wind variations
on synoptic time scales are reflected in salinity fluctuations
in the rather shallow western Baltic Sea whereas the deeper
basins of the central Baltic Sea act as a low-pass filter (e.g.,
Gräwe et al., 2015; Meier et al., 2006). Depending on their
density, inflows spread at intermediate depths or form a deep
layer that propagates along the bottom. Only large inflows
(MBIs) can reach the deep basins of the Baltic Proper and
settle at the bottom. While MBIs occur mainly in winter
and only roughly a few times per decade, smaller inflows

can happen throughout the year (Matthäus and Franck, 1992;
Mohrholz et al., 2015; Mohrholz, 2018). MBIs are modulated
by the accumulated freshwater supply over multidecadal time
scales (Meier et al., 2023), whereas smaller inflows (Elken,
1996; Meier, 2005) show a strong dependence on interannual
atmospheric forcing.

Directly linking NAO and salinity variations is challeng-
ing (Radtke et al., 2020; Schimanke and Meier, 2016) due
to their differing dominant time scales: the NAO fluctuates
mainly on 4–10 year periods (Meier et al., 2023), while the
water balance of the Baltic Sea is characterized by multi-
decadal 30 year fluctuations (e.g., Meier and Kauker, 2003;
Kniebusch et al., 2019b; Meier et al., 2023; Stockmayer and
Lehmann, 2023). Longer periods with predominant NAO+
(i.e., persistent strong westerlies) elevate the mean sea level
in the Baltic Sea, suppressing saltwater inflows and lower-
ing bottom salinities (Lass and Matthäus, 1996; Schinke and
Matthäus, 1998; Lehmann et al., 2017; Meier et al., 2023;
Meier and Kauker, 2003).

On a multidecadal scale, the salinity of the Baltic Sea
is correlated with the AMV. During the course of the last
millennium, the dominant time scales were above 120 and
60–90 years during the Little Ice Age (Börgel et al., 2018,
their Fig. 2) and were linked to salinity changes of about
0.7 gkg−1. For the 20th century, common spectral power was
also found between 20 and 30 years (Radtke et al., 2020),
resulting in changes of about 0.2 g kg−1. The dominance of
30 year fluctuations in the water cycle of the Baltic Sea has
been a matter of discussion for a long time, given that nei-
ther the NAO nor the AMV have high spectral power in that
period band. Recently, Meier et al. (2023) argued that the su-
perposition of 60 year temperature fluctuations in the North
Atlantic related to the AMV and the 60 year periodicity in
the displacement of the NAO’s centers of action evoked by,
again, the AMV (Börgel et al., 2020) causes the 30 year vari-
ability in the water balance of the Baltic Sea.

2.3.7 Solar radiation

Changes in solar radiation, more specifically, shortwave ir-
radiance, are affected by atmospheric processes altering the
amount of sunlight which can be absorbed, reflected or scat-
tered by atmospheric transparency, water vapour, cloud cover
and albedo. In the 1950s to 1980s a decrease in short-
wave irradiance (dimming) has been detected in many re-
gions in Europe, followed by an increase (brightening) until
present (Wild et al., 2009; Ohvril et al., 2009; Russak, 2009;
Sanchez-Lorenzo et al., 2015; Parding et al., 2016; Post and
Aun, 2020).

Several studies attribute brightening in Europe to a decline
in aerosols (Ohvril et al., 2009; Wild et al., 2005). However,
a recent investigation found a more subtle shift in attribution
over the last four decades (Schilliger et al., 2024) support-
ing earlier results (Meier et al., 2022). While the aerosol ef-
fect was primarily responsible for brightening between 1983
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and 2002, variability in cloud cover emerged as the predomi-
nant driver of observed brightening between 2001 and 2020.
Post and Aun (2024) found a significant increase in solar
radiation accompanied by a decrease in cloud cover in the
Baltic Sea during the past half-century. They show that while
anticyclonic (clear) circulation patterns have become more
frequent, zonal (overcast) patterns are occurring less often
with a significant negative trend. This can be partially ex-
plained by variations in the synoptic patterns over Scandi-
navia (Sect. 2.3.7) likely linked to a northward shift in the
North Atlantic storm tracks which enter the Arctic, without
passing Scandinavia, and promote the blocking over north-
western Europe (Knight et al., 2005; Folland et al., 2009;
Dong et al., 2013; Parding et al., 2016).

The increase in surface solar radiation may also explain
shifts in seasonality, especially to longer and earlier summers
in the Baltic Sea (Post and Aun, 2024). Kahru et al. (2016)
detected important seasonal shifts in a variety of physical
and biological parameters, with e.g. the cumulative sum of
30 000 Wm−2 of surface incoming shortwave irradiance be-
ing reached 23 d earlier in 2013 compared to 1983. The shift
is highly correlated with earlier warming and later cooling of
SST, which in turn also affects the availability of light in the
water column (see also Sect. 2.2.1).

A recent modeling study suggested that the PDO ac-
counts for about 20 %–40 % of the unforced year-to-year
shortwave-flux variability in Northern Hemisphere continen-
tal averages, mainly through cloud redistribution. For Eu-
rope, the modeled response is weaker, with anomalies of
about ±2 Wm−2, and negative PDO phases are associated
with reduced atmospheric shortwave reflectivity. However,
the signal is strongest in spatially aggregated averages and
is difficult to distinguish from atmospheric noise over most
of Europe, so its relevance for the Baltic Sea region remains
uncertain (Chtirkova et al., 2024).

3 Biogeochemistry

3.1 Main biogeochemical processes

Although the biogeochemical functioning of the Baltic Sea
system has been widely investigated – an extensive review is
given by (Kuliński et al., 2022) – its modulation by the large-
scale circulation variability remains understudied. As a first
step towards linking biogeochemical processes to large-scale
circulation patterns, we focus on three major biogeochemi-
cal processes, namely deoxygenation, primary productivity
and ocean acidification in the Baltic Sea (e.g., Meier et al.,
2006; Kuliński et al., 2022; Viitasalo and Bonsdorff, 2022).
During the last decades, all three processes have undergone
major changes primarily driven by regional pressures, in par-
ticular eutrophication. Here, however, we focus on the po-
tential links between large-scale circulation variability and
local biogeochemical functioning on different time scales.

We start by briefly introducing the three key biogeochemi-
cal processes.

3.1.1 Deoxygenation

Oxygen concentrations in surface waters are determined by
the exchange with the atmosphere, oxygen production during
photosynthesis, sea surface temperatures, sea surface salinity
and the supply of oxygen through vertical and lateral trans-
port. Surface oxygen is then distributed to the rest of the wa-
ter column. In the Baltic Sea, mechanisms controlling oxy-
genation in the interior differ per subbasin (hereafter follow-
ing the subbasin names of Savchuk, 2018), largely depending
on the presence/absence of a permanent halocline.

In the central and western Baltic Proper, below its perma-
nent halocline, oxygen levels are controlled by MBIs, smaller
inflows (both are often referred to as “intrusions” of oxygen-
rich waters) (e.g., Mohrholz et al., 2015; Mohrholz, 2018;
Meier et al., 2018; Holtermann et al., 2020; Barghorn et al.,
2023, 2025b), vertical mixing (e.g., Reissmann et al., 2009),
and oxygen consumption due to organic matter degradation.
The latter is related to the temperature-dependent remineral-
ization in both the water column and the sediments, and the
supply of degradable organic matter (e.g., López-Urrutia et
al., 2006; Laufkötter et al., 2017; Savchuk, 2018; Börgel et
al., 2023b). Only large MBIs can ventilate the deeper parts of
the central and western Baltic Proper (Kullenberg and Jacob-
sen, 1981; Matthäus, 1990). These subbasins are therefore
prone to develop permanent bottom anoxia which has spread
due to the rise of anthropogenic nutrient loads in the 1960s
(Fig. 6).

The basins without permanent halocline, such as the east-
ern Gulf of Finland, Gulf of Bothnia, and Gulf of Riga, are
largely impacted by atmospheric conditions which control
the local stratification/mixing regime (Kuosa et al., 2017;
Eremina et al., 2012; Stoicescu et al., 2022; Liblik et al.,
2023; Polyakov et al., 2023). These basins are generally more
oxygenated, but are not exempt from developing prolonged
periods of deoxygenation and bottom anoxia.

Coastal deoxygenation in the Baltic Sea is also affected
by additional processes, such as marine heat waves (MHWs;
Sect. 2.3.4) (Safonova et al., 2024). The gradual decline of
oxygen, the expansion (both vertically and horizontally) of
oxygen deficit, and the increasing hydrogen sulfide inven-
tory adding to the “oxygen debt” in the Baltic Proper (Fig. 6)
increase the risk of exporting hypoxic waters to the Bothnian
Sea and shallow coastal areas (Rolff et al., 2022; Polyakov et
al., 2022).

3.1.2 Primary Productivity

Primary productivity – the rate at which marine autotrophs,
mainly phytoplankton, convert inorganic carbon (CO2) into
organic matter through photosynthesis – is heterogeneous in
space and consistently enhanced by nutrient inputs in the
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Figure 6. (a) Observed oxygen concentrations in intermediate and bottom waters at BY15 (in the Baltic Proper) for the period 1960 to
2023, where H2S concentrations were converted to negative oxygen equivalent (1[H2S (mLL−1)] = −2[O2 (mLL−1)]). (b) Areal extent of
anoxic (O2 < 0mLL−1) and hypoxic (O2 < 2mLL−1) conditions in the central Baltic Sea (Baltic Proper, Gulf of Finland and Gulf of Riga)
from 1960 to 2023 estimated from observations (adapted from Hansson and Viktorsson, 2024). (c) Maps showing the extent of hypoxic and
anoxic waters for the years 1906 and 2023, adapted from Carstensen et al. (2014) and Hansson and Viktorsson (2024).

Baltic Sea (Fig. 7). The high nutrient concentrations result
from human-induced nutrient enrichment, long water resi-
dence times due to limited exchange with the North Sea,
vertical mixing, and efficient benthic nutrient recycling (e.g.,
Carstensen et al., 2014; Carstensen and Conley, 2019).

Natural fluctuations in nutrient and organic matter sup-
ply, closely linked to the hydrological cycle, regulate pri-
mary productivity. Other physical factors, such as the avail-
ability of incoming surface solar radiation, the penetration
of light into the water column, the spectral quality of light
in the euphotic zone, changes in freshwater supply, ocean

mixing, sea surface temperature, and winds, likewise play a
role in primary production. While the averaged primary pro-
ductivity shows consistent patterns (an example for the pe-
riod 2010–2019 is shown in Fig. 7a), significant differences
can be found from year-to-year and from region to region.
For example, anomaly analysis shows considerably elevated
productivity in relation to the 10 year average in the Baltic
Proper in 2019 (Fig. 7b; Ostrowska et al., 2022).

Since phytoplankton forms the dominant group of primary
producers in the Baltic Sea, its growth directly reflects the
combined effects of the aforementioned drivers. Light avail-
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Figure 7. Primary productivity (PP) in the Baltic Sea: (a) Daily PP of the Baltic Sea, the mean from the period of 2010–2019. The numbers
represent mean values determined for the analyzed basins: the Bornholm Basin, the Eastern Gotland Basin (EGB), the Gdańsk Basin and for
the entire Baltic Sea. (b) Anomalies of the Baltic Sea primary production determined as the difference between PP in 2019 and the average
PP value from 2010 to 2019. The total yearly primary production for (c) the entire Baltic Sea and the Bornholm Basin and (d) the Eastern
Gotland Basin and the Gdańsk Basin together with the trend line; determined based on the monthly means for particular years for the period
2010–2019 (data source: SatBałtyk System) (Ostrowska et al., 2022).

ability, which is further decreased by the presence of organic
particles in the water column, is the main limiting factor
for phytoplankton growth during autumn in the Baltic Sea
(Olesen et al., 1999). In contrast, during spring and sum-
mer, light is not a limiting factor and allows phytoplank-
ton growth, leading to seasonal peaks in primary production.
While yearly primary production in the Baltic Sea shows a
general slight increasing trend due to the response of phyto-
plankton to local drivers, primary productivity trends differ
per basin (Fig. 7c and d; Ostrowska et al., 2022).

In winter, both temperature and light limit phytoplankton
growth. In summer, thermal stratification is an additional fac-
tor regulating production dynamics as it forms a stable upper
mixed layer that is shallower than the euphotic zone. Phy-
toplankton is then confined within this lighted surface layer
allowing blooms to develop. However, stratification also sup-
presses mixing with deeper layers, gradually limiting the up-

ward transport of nutrients to the surface and thus phyto-
plankton growth. Nitrate is usually fully depleted down to
the halocline after the spring bloom period (Schneider and
Müller, 2018). A second bloom of nitrogen-fixing primary
producers (cyanobacteria) develops in summer, with timing
of the onset and intensity subject to large interannual vari-
ability (Kahru et al., 2020, 2025).

In early spring, diatoms – a major group of phytoplank-
ton characterized by their capacity of building silica-based
cell walls – are the first to bloom, particularly in the south-
ern Baltic Sea. In the central Baltic Sea (Baltic Proper,
Gulf of Finland and Gulf of Riga), cold-water dinoflag-
ellates may be dominant, especially after warmer winters,
while mixotrophic dinoflagellates and occasionally ciliates
are dominant in summer (e.g., Klais et al., 2011). Cyanobac-
teria in the Baltic Sea, which grow in low salinity (<
10 gkg−1; Munkes et al., 2021) and are capable of fixing
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atmospheric nitrogen, form blooms in summer after nitro-
gen depletion in surface waters (Wasmund et al., 2008, 2011;
Klais et al., 2011; Olli et al., 2011). However, phytoplankton
dynamics in the Baltic Sea are changing, potentially due to
changing seasonality of the cumulative surface incoming so-
lar radiation (Kahru et al., 2016), reduced light penetration in
the water column (so-called darkening), water temperatures
and stratification (Jaanus et al., 1990; Dupont and Aksnes,
2013; Opdal et al., 2019; Wasmund et al., 2019).

3.1.3 Ocean acidification

Ocean acidification is a core indicator of the Global Climate
Observing System, as rising surface-ocean CO2 partial pres-
sure (pCO2) levels closely track rising atmospheric pCO2.
When CO2 dissolves in seawater, it forms carbonic acid, re-
leases hydrogen ions (H+), and lowers pH (e.g., Doney et al.,
2009; Bates et al., 2012). In the open ocean, ocean acidifica-
tion is traceable as a decreasing long-term pH trend since at
least the 1980s (i.e., since observations have been available),
clearly revealing against the background of seasonal pH vari-
ability related to photosynthesis and respiration (Ma et al.,
2023). In the Baltic Sea (similar to most coastal and shelf wa-
ters), ocean acidification trends are less clear (Fig. 8), mainly
due to changes related to eutrophication and variable total
alkalinity which, next to CO2 dynamics, is a key driver for
seawater pH (Carstensen and Conley, 2019; Kuliński et al.,
2022).

Total alkalinity is defined as an excess of proton accep-
tors over proton donors (or bases over acids) and is a mea-
sure of buffer capacity against ocean acidification (Dickson,
1992). Although total alkalinity is a conservative salinity-
dependent parameter, its surface distribution in the Baltic Sea
is complex. This is due to significant differences in the to-
tal alkalinity concentrations in river water across the Baltic
Sea catchment, a phenomenon closely linked to variations
in the geological structure of the surrounding land (Hammer
et al., 2017; Kuliński et al., 2017). Generally, the Scandi-
navian rivers drain catchments underlain by granite bedrock
and therefore have low total alkalinity concentrations. Rivers
entering the Baltic Sea from the south and south-east flow
through a catchment area rich in limestone and heavily agri-
culturally transformed, which makes these rivers an impor-
tant net source of total alkalinity. Finally, the Baltic Proper
acts as a mixing chamber where these various freshwater
types mix with the salty (and therefore alkalinity-rich) wa-
ter flowing into the Baltic from the North Sea (Kuliński et
al., 2022).

The overall low alkalinity suggests that the Baltic Sea
is prone to ocean acidification. However, total alkalinity in
the Baltic Sea has shown an increase over the past three
decades (Müller et al., 2016). The most recent data anal-
ysis by Cotovicz et al. (2024) shows that this increase
is between 3.2 µmolkg−1 yr−1 in the Gulf of Bothnia and
5.3 µmolkg−1 yr−1 in the Bornholm Basin, which partially

mitigates the pH drop in the Baltic Sea due to increasing
pCO2 (Fig. 8b). The source of this increase remains unclear,
but it is likely the result of a combination of different pro-
cesses, such as a rise in total alkalinity loads from rivers, en-
hanced erosion, dissolution of carbonate deposits, and total
alkalinity input due to the expansion of bottom anoxia and
low redox conditions (Müller et al., 2016; Gustafsson et al.,
2019; Wallmann et al., 2022).

Because both pCO2 and total alkalinity are key parame-
ters to understand pH variability and ocean acidification, any
processes and mechanisms affecting either of them should be
considered in the context of teleconnections. This makes cor-
relations between acidification and natural variability, large-
scale atmospheric, and oceanic patterns difficult to detect in
the Baltic Sea, leaving the response to changes across differ-
ent time scales poorly understood.

3.2 Linkages between large-scale circulation patterns,
physical drivers and biogeochemical processes
across time scales

While dedicated studies assessing the effects of large-scale
circulation variability on biogeochemical processes in the
Baltic Sea are rare (see Neumann and Schernewski, 2008 and
references therein), important links – often local – between
biogeochemical and physical processes have been suggested
in the literature. One example assessing the relative roles of
physical parameters in modulating a biogeochemical param-
eter across different time scales is that of Kahru et al. (2020).
Using Partial Least Squares analysis, they show that, in ad-
dition to biogeochemical properties (such as nutrient inputs),
the temperature is a key driver for surface cyanobacteria ac-
cumulation (FCA) on decadal time scales (with R2 > 0.2).
They also identify temperature, solar radiation and wind as
major contributors on interannual time scales (Fig. 9). The
occurrence and development of cyanobacterial blooms are
thus among the few examples in the field of biogeochemistry
where attempts have been made to explain natural variability
on different time scales through physical drivers.

In this section, we present a synthesis and analysis from
relevant information found in the literature on how remote
and local physical processes drive natural variability in de-
oxygenation, primary productivity, and ocean acidification,
classifying their potential impacts across the time scales de-
fined in Sect. 2.2.

3.2.1 Synoptic, intraseasonal and seasonal time scales

Most of the available biogeochemical observational data do
not cover long-term periods with the time resolution to cap-
ture synoptic (1–7 d) and intraseasonal (10–90 d) time scales.
In addition, atmospheric or oceanic data do not always have
the same period, the same frequency or spatial coverage.
Only due to the recent availability of satellite observations
together with improved measurement techniques and numer-
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Figure 8. (a) Long-term spatial distribution of pH in surface waters in the Baltic Sea showing the long-term mean over the period of 1911–
2003 (Havenhand et al., 2019). (b) The rate of total alkalinity (TA) increases in surface waters of 4 different basins in the Baltic Sea, averaged
over the period 1995 to 2021 (colored dots). The black line represents a third order polynomial regression (Cotovicz et al., 2024). (c) Changes
of pH with time in 4 basins of the Baltic Sea (from Kuliński et al., 2022, based on Carstensen and Conley, 2019). (d) Monthly profiles of pH
and oxygen in the Gotland Basin during 2008 (after Ulfsbo et al., 2011). Negative oxygen values show how much oxygen would be required
to reoxidize the hydrogen sulphide to sulphate.

ical modeling has it become possible to obtain biogeochem-
ical data with higher spatiotemporal resolution. Therefore,
it is not surprising that biogeochemical parameters are not
typically linked to weather systems on synoptic or intrasea-
sonal time scales. However, the need for early warnings and
short-term predictions for biogeochemical parameters (e.g.,
for risk assessments) demands more studies on the biogeo-
chemistry responses to weather regimes or short-term events
like storms.

A study by Post and Aun (2024) about solar radiation on
synoptic time scales (Sect. 2.3.7) potentially explains the ob-
served earlier onset of phytoplankton growth reported for the
Baltic Sea (see Sect. 3.1.2). Kahru et al. (2025) recently sug-
gested that the main controlling factors for the initiation of
cyanobacteria blooms are the rate of change in SST due to
surface irradiance and reduced vertical mixing due to lower
wind speed, while SST itself was not correlated with bloom
initiation. Similarly, Müller et al. (2020) observed the verti-
cal carbon removal from the surface layer during a cyanobac-
terial event, and related the integrated cyanobacterial pro-

duction to the heat uptake in the surface layer. Increased
wind speed and resulting mixed layer deepening ended this
productive episode. These findings link both the onset of
cyanobacterial blooms and integrated production of individ-
ual bloom events to meteorological conditions with persistent
low wind speed and reduced cloud cover. This parallels con-
ditions fostering summer heat waves, with an apparent link to
blocking regimes (Sect. 2.1.2). Yet, for the most part, a clear
correlation between phytoplankton variability and weather
regimes is still missing.

The shallow and brackish Baltic Sea is affected by marine
heat waves (MHWs) on synoptic time scales (Sect. 2.3.4).
Their impact can last from a couple of days to a few months
and can reach the seabed at water depths of less than 20 m
(Cahill et al., 2024), which has been shown to have led to
a significant decrease in oxygen concentration during sum-
mer (Safonova et al., 2024; Göbeler, 2024; Vajedsamiei et al.,
2024). As MHWs are projected to increase in intensity, du-
ration and frequency in the future (Gröger et al., 2024a), the
risk of hypoxic events in Baltic coastal waters is of growing
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Figure 9. Influence of various environmental factors on cyanobac-
teria surface accumulations (FCA) expressed as coefficient of de-
termination (R2) on decadal (blue) and interannual (orange) time
scales for the central Baltic Proper. The environmental categories
include sea surface temperature derived from satellite (sat T) and
measured in situ (In situ T) for 0 to 15 m, surface incoming short-
wave radiation (Solar), various biogeochemical properties (BGC)
and wind (Wind). Error bars highlight the variability within each
category. The figure is adapted from Kahru et al. (2020).

concern (Safonova et al., 2024; Kauppi and Villnäs, 2022; Li-
blik et al., 2023). Kahru et al. (2020) suggested that MHWs
can trigger extreme surface accumulations of cyanobacteria
which, in turn, will further increase heating in the uppermost
water layer due to increased light absorption and thus mod-
ulated air-sea heat fluxes. Kauppi and Villnäs (2022) studied
the effect of MHWs on benthic ecosystems in the Baltic Sea
and found that the seafloor functioning responds differently
depending on the intensity of the heatwave. They suggest that
a prolonged, moderate MHW enhances nutrient recycling by
boosting benthic activity, while a strong heatwave reduces or-
ganic matter degradation and the nutrient cycling. Over time,
both can lead to a build-up of organic matter on the seafloor
and cause oxygen depletion (Kauppi and Villnäs, 2022). As
bioturbation and related benthic fluxes alter the nutrient recy-
cling and organic matter remineralization, benthic processes
can also alter primary productivity.

Most physical parameters in the Baltic Sea, such as tem-
perature, wind speed, cloudiness, runoff, evaporation, and
precipitation have pronounced intraseasonal/seasonal varia-
tions, whose influence decreases with depth according to the
bathymetry of each basin. Consequently, such signals are
also reflected in most biogeochemical processes, but can be
mitigated by other regional effects. For example, while in-
traseasonal/seasonal variations in oxygen are weak in most
of the stratified areas of the Baltic Sea (Stockmayer and
Lehmann, 2023), in the Gulf of Finland, bottom water condi-
tions are dominated by seasonal variability as seasonal west-
erly winds can reverse the estuarine circulation, which deep-
ens the halocline and increases the oxygen content in the
near-bottom layer (Elken et al., 2003; Liblik et al., 2013; Lips
et al., 2016).

Primary productivity in the entire Baltic Sea has a clear
seasonal cycle mainly driven by temperature, light and nu-
trient availability (Sect. 3.1.2). Following changes in pCO2
caused by seasonal changes in the production and remineral-
ization of organic matter, the pH of the Baltic surface waters
also changes seasonally, with higher values observed in sum-
mer than in winter. Thus, natural variability of ocean acidi-
fication is closely related to that of primary production, but
also to the buffering capacity, given by the total alkalinity. In
addition, the CO2 flux at the air-sea interface is largely con-
trolled by temperature, salinity and winds (Thor and Oliva,
2015; Thor and Dupont, 2018), which are directly impacted
by the large-scale atmospheric variability across different
time scales (Sect. 2.2). In deeper waters, the seasonal influ-
ence of teleconnections is less evident but may follow that of
deoxygenation (Fig. 6), since pH is primarily controlled by
CO2 accumulation and alkalinity release during redox pro-
cesses (Kuliński et al., 2017). In the end, all of these pro-
cesses are linked to seasonally affected physical parameters.
The relative roles of such parameters in controlling the in-
traseasonal to seasonal variability of primary production and
ocean acidification remain unclear and likely vary regionally.

3.2.2 Interannual time scales

Interannual variability (1–9 years) in Baltic Sea oxygen defi-
ciency is strongly driven by atmospheric forcing through its
effects on circulation, stratification, and vertical exchange,
leading to changes in oxygen content.

Interannual variability below the halocline in the western
and southern Baltic depends largely on the inflow of oxy-
genated water from the North Sea (Schmidt et al., 2021;
Barghorn et al., 2025b; Löptien et al., 2025). In between
MBI events, oxygen concentrations in the near bottom layer
decline continuously although the frequent smaller inflows
(Elken, 1996; Meier, 2005) oxygenate the subhalocline layer
(≈ 100 m depth) at an interannual time scale. Consequently,
year-to-year variability in the subhalocline layer is more
closely linked to the large-scale atmospheric circulation than
the deeper bottom layers in the central Baltic Sea.

The influence of atmospheric variability is particularly
pronounced in the shallower basins of the Baltic Sea. A pos-
itive NAO with accompanying winds from southwest can al-
ter or even reverse the advection of oxygen-depleted saline
waters from the Baltic Proper to the Gulf of Finland and re-
move hypoxia in the whole gulf (Eremina et al., 2012; Liblik
et al., 2013; Lips et al., 2016; Lehtoranta et al., 2017). A
negative NAO, on the other hand, supports estuarine circu-
lation and stronger oxygen deficiency. Lennartz et al. (2014)
and Hepach et al. (2024) showed that oxygen depletion in
the case of a warmer upper layer is not only intensified due
to stronger stratification, but that enhanced oxygen consump-
tion in higher temperatures also contributes to the interannual
variability of deoxygenation in the shallow southern Baltic
Sea.
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Wind patterns and heat fluxes associated with high pres-
sure systems during the European Blocking regime support
the seasonal oxygen depletion occurring from year-to-year in
the Gulf of Riga (Liblik et al., 2023; Stoicescu et al., 2022).
North-easterly winds cause dense water transport from the
Baltic Proper to the Gulf of Riga. Although this water is
oxygenated, it also causes strong stratification and reduces
oxygen transport by vertical mixing in the gulf. Strong heat
fluxes during the prevailing European Blocking regime cause
higher sea surface temperature and stratification, which could
reduce downward oxygen transport and enhance deoxygena-
tion of the deep layer (Stoicescu et al., 2022).

Besides low oxygen concentrations, seasonally increasing
near-bottom water temperature seems to be the main factor
controlling denitrification rates (Aigars et al., 2015). In turn,
intensive denitrification and organic matter degradation un-
der anoxic conditions are an important source of alkalinity
and thus can affect the year-to-year acid-base system of the
Baltic Proper (Gustafsson et al., 2014). Although the effect is
usually reversed upon re-oxygenation, denitrification and the
formation of vivianite and pyrite are permanent sources of
alkalinity (Kuliński et al., 2017), potentially acting on longer
time scales.

During 1860–1880 and 1980–2000, negative wavelet co-
herence between surface and bottom salinity at Gotland Deep
and the NAO index is found in the period band between 5 and
10 years (Radtke et al., 2020), very likely affecting bottom
oxygen concentration dynamics (e.g., Lehmann et al., 2022).
Stockmayer and Lehmann (2023) found strong correlation
between the positive phase of winter NAO and negative salin-
ity and positive oxygen anomalies in the Baltic Proper during
the period 1983 to 1990. This suggest that the positive phase
of winter NAO (west wind anomaly) causes a salinity decline
in the Gotland Basin and improved oxygen conditions. The
mechanism is explained by Krauss and Brügge (1991) and
confirmed by dynamic modeling (Meier and Kauker, 2003)
and statistics (Zorita and Laine, 2000). Correlations between
the NAO and the main factors controlling primary productiv-
ity, such as air/sea surface temperature, light and sea ice at in-
terannual time scales are large (Sect. 2.3; Omstedt and Chen,
2001; Kniebusch et al., 2019b). Therefore, strong interannual
signals are expected to modulate primary productivity in the
Baltic Sea. Indeed, a study on primary productivity in the
northeastern Baltic Sea and large-scale atmospheric variabil-
ity found significant correlations between chlorophyll and
the winter values of NAO, Scandinavian pattern and the an-
nual Polar/Eurasian index, which suggests a potential effect
on primary productivity (Golubkov and Golubkov, 2021).
Solar radiation has been shown to affect cyanobacteria on
interannual time scales rather than on decadal time scales.
Wind conditions did not show a strong relationship with how
often cyanobacteria blooms occurred, although winds mainly
influenced variations from year-to-year (Kahru et al., 2020,
their Fig. 9).

3.2.3 Decadal and multidecadal time scale

The Baltic Sea exhibits complex decadal to multidecadal-
scale variability in oxygen dynamics, primary productivity
and ocean acidification. By examining paleoenvironmental
archives from sediment records, we can better understand
shifts in core biogeochemical processes under conditions of
no or minimal anthropogenic influence. Past widespread hy-
poxia in the Baltic Sea has occurred during the Holocene
Thermal Maximum (8000–4800 years before present) and
the Medieval Climate Anomaly (1000–700 years before
present) (Zillén et al., 2008; Jilbert et al., 2015; Börgel et
al., 2023b). These past hypoxic intervals generally coincided
with warmer climatic conditions (Kabel et al., 2012) and el-
evated salinity, both of which favored higher primary pro-
ductivity and increased organic matter flux to the seafloor.
Sediment record studies show that, before major human in-
fluence, hypoxia in the Baltic Sea was largely a natural re-
sponse to climate variability and changes in water exchange
with the North Sea (Conley et al., 2009; Jilbert and Slomp,
2013).

Proxy records of hypoxia showed strong multidecadal os-
cillations likely driven by both the internal iron-phosphorus
cycling and the Atlantic Multidecadal Variability (AMV)
(Jilbert et al., 2021), in which temperature and salinity played
a major role in modulating the remineralization of organic
matter (Börgel et al., 2023b) and the timing of massive
blooms (Andrén et al., 2020). In addition, oxygen concentra-
tion variations at multidecadal time scales have been identi-
fied to be negatively correlated with salinity in the major part
of the water column, indicating improved ventilation during a
fresher state of the Baltic Sea (e.g., Hansson and Gustafsson,
2011). Reduced salinity and consequent improved oxygen
conditions have been linked to stronger zonal atmospheric
circulation (Zorita and Laine, 2000).

Modern bottom oxygen concentrations in both the Baltic
Proper and the western Gulf of Finland show strong decadal
signals, mainly controlled by runoff and zonal wind stress
(Väli et al., 2013). Similarly, Laine et al. (2006) reported an
increase in oxygen concentrations in the late 1980s and early
1990s which they attributed to a decrease in salinity due to
high runoff and a loss of stratification, thus related to more
humid weather conditions.

Primary production has fluctuated over a range of spatial
and temporal scales, increasing approximately 2–3-fold since
the early-to-mid 20th century as a direct result of nutrient
enrichment (Savchuk, 2018). However, multidecadal vari-
ability persists, superimposed on the anthropogenic trend.
Model and field data show that wind forcing and shifts in
atmospheric circulation play a crucial role in regulating pri-
mary production and biogeochemical regimes in the Baltic
Sea (Andersson et al., 2015). For example, the AMV has
been shown to account for a significant fraction (over 50 %)
of decadal-scale variability in sea surface temperature in
the Baltic Sea, indirectly influencing primary productivity

Earth Syst. Dynam., 17, 415–450, 2026 https://doi.org/10.5194/esd-17-415-2026



F. Börgel et al.: Large-Scale atmospheric circulation and the Baltic Sea Region 435

through impacts on thermal stratification and nutrient avail-
ability (Kniebusch et al., 2019a).

Paleoceanographic evidence demonstrates that during the
Medieval Climate Anomaly, periods of warmer tempera-
tures promoted abundant cyanobacteria blooms in the Baltic
Sea (Funkey et al., 2014) and increased diatom production,
boosting organic matter export and contributing to hypoxia
in deep basins (Bianchi et al., 2000). Furthermore, significant
changes have occurred in net primary productivity from 1993
to the present (Fig. 7), which cannot solely be explained by
nutrient distribution (Ostrowska et al., 2022). Still, nutrient
loads from rivers, especially after industrialization, and nu-
trient recycling from sediments have become the dominant
control on primary productivity (Savchuk, 2018), amplifying
and modulating its magnitude rather than overriding its nat-
ural, climate-driven variability.

Long-term trends and variations of primary productivity in
the Baltic Sea are difficult to study due to the lack of observa-
tions in both space and time, especially before the year 1996
(Ostrowska et al., 2022). Nevertheless, long seasonal trends
in primary productivity have been identified in the Baltic Sea,
especially in the Gulf of Gdansk (e.g., Zdun et al., 2021). As
large-scale temperature, shortwave radiation, and cloudiness
changes have been shown to affect phytoplankton growth,
large-scale circulation variability on multidecadal time scales
likely impacts primary productivity.

Kahru et al. (2020) showed that the frequency of
cyanobacteria in the Baltic Proper at decadal time scales is
primarily correlated with phosphorus abundance and bottom-
water anoxia (Fig. 9). However, sea surface temperature
and wind speed also play a significant role in modulating
decadal cyanobacteria blooms and their initiation (Kahru et
al., 2018, 2025). Yet, in the Baltic Sea, the links between
large-scale circulation patterns and primary productivity re-
main poorly understood and largely unquantified; conse-
quently, the relative importance of these links and the future
response of productivity to accelerated warming are even less
certain.

The recent multidecadal increase in total alkalinity has
also been partially explained by changes in precipitation
patterns and continental weathering driven by acidic rain
(Müller et al., 2016) which are closely linked to the NAO and
AMV (Sect. 2.3.1). The latter are expected to change by the
end of the 21st century, likely leading to wetter conditions in
the northern part of the Baltic Sea, mostly composed of gran-
ite, and drier conditions in the southern, limestone-rich Baltic
Sea (Meier et al., 2022; Kuliński et al., 2022). The sources of
the alkalinity increase are neither well understood nor quanti-
fied and are also highly linked to eutrophication and alkalin-
ity production from anaerobic processes (Müller et al., 2016;
Cotovicz et al., 2024). The teleconnections for total alkalin-
ity production through anaerobic processes, though not yet
directly investigated, should be similar to those for primary
production and hypoxia/anoxia.

3.3 Large-scale circulation patterns and physical
controls in key biogeochemical processes: Roles
and knowledge gaps

Disentangling climate change from natural variability is es-
sential for correctly attributing observed changes in the
Earth system. Without separating internally generated fluc-
tuations from externally forced trends, long-term shifts may
be misinterpreted as short-term variability, or vice versa.
Clear attribution improves projections, strengthens confi-
dence in model simulations, and supports effective policy
and management decisions by distinguishing persistent cli-
mate change-driven trends from temporary natural fluctua-
tions. This is particularly valid for biogeochemical processes,
as in the Baltic Sea achieving good environmental status is
crucial and a priority in EU conventions. This requires up-to-
date environmental information and improved predictability
of key processes.

We have reviewed and gathered evidence from the liter-
ature linking the potential effects of large-scale circulation
variability and local physical controls on three key biogeo-
chemical processes. In this section, we synthesize relevant
evidence from Sect. 3.2, placing it in the context of anthro-
pogenic climate change and remaining knowledge gaps. We
also identify, where possible, the relative roles and impor-
tance of remote and local physical controls for these biogeo-
chemical processes. Our analysis, consistent with Neumann
and Schernewski (2008), shows that ecosystem dynamics are
influenced not only by temperature and salinity, but by a
broader range of atmospheric and oceanic drivers.

The main causes of the recent oxygen decline in the Baltic
Sea are the anthropogenic nutrient load from land (Meier et
al., 2019), warming, and inflowing North Sea waters driven
by climate change, which decreases oxygen solubility, in-
creases mineralization rates and strengthens stratification
(Barghorn et al., 2024; Naumov et al., 2023; Polyakov et al.,
2022). However, the variability of oxygen is heavily mod-
ulated by regional effects of natural variability at different
time scales (Sect. 3.2), but relative roles remain unclear.

The same is true for primary productivity. However, there
are a number of uncertainties associated with changes in pri-
mary production. For example, the consequences of climate
change (Viitasalo and Bonsdorff, 2022) or possible shifts in
species diversity, patterns of species succession or responses
to changes in hydrological patterns are largely unknown
(e.g., Viitasalo and Bonsdorff, 2022; Łysiak-Pastuszak et al.,
2004; Zdun et al., 2021; Stoń-Egiert and Ostrowska, 2022;
Ostrowska et al., 2022). Further changes affecting primary
productivity in the Baltic Sea are expected to continue but
the specific phytoplankton response to the combined com-
plexity of physical drivers and the related time scales, es-
pecially the contribution of natural variability, remains un-
derstudied and difficult to detect. In addition, harmful algal
blooms (such as blooms of the prymesiophyte Prymnesium
polylepis; Karlson et al., 2021) are recurrent phenomena, es-
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pecially along the coast and the Kattegat-Skagerrak. Most of
the harmful (toxic) phytoplankton species only constitute a
small fraction of the phytoplankton biomass. However, they
affect the composition and the spatio-seasonal distribution of
the phytoplankton community. Their drivers are complex and
not well understood, but they are clearly impacted by weather
conditions (Roiha et al., 2010). Because primary productivity
forms the base of the marine food web, understanding its link
to natural variability and large-scale patterns is important to
better predict its future and implications.

In addition, there is growing concern over the ecologi-
cal impacts of coastal ocean darkening (Opdal et al., 2019;
Frigstad et al., 2023; Davies and Smyth, 2025), given that
some of the highest rates of darkening since 2003 have
been recently observed in the Baltic Sea, in particular in the
Gulf of Bothnia (Davies and Smyth, 2025). Climate change-
driven alterations in precipitation, land use, and runoff are
projected to intensify this darkening phenomenon through
increased input of organic material and particulates, alter-
ing the penetration and spectral quality of light in the wa-
ter column, with unknown consequences for photosynthe-
sis, primary production, and species behavior (Dupont and
Aksnes, 2013; Opdal et al., 2024). Identifying connections
between North European precipitation patterns, temperature
variability and decadal changes in underwater lightscapes is
an emerging research topic.

Ocean acidification is the result of multiple combined
drivers and there is still limited knowledge on several key
processes and their relative contribution in the Baltic Sea.
It is also poorly known how the ecosystems will respond to
a combination of changing factors (e.g. nutrient loads, mix-
ing/stagnation, and precipitation/evaporation), especially in
the coastal ocean. Havenhand et al. (2019) identified as key
priorities in future research to quantify the responses to dom-
inant drivers (notably warming, eutrophication, hypoxia) and
to determine the effects of diurnal and seasonal environmen-
tal fluctuations. In addition, to better understand the complex
acid-base system of the Baltic Sea and its future, it is im-
portant to improve estimates of the relative contributions be-
tween seasonal/interannual and long-term atmospheric and
hydrodynamic variability affecting carbon fixation rates, pH,
and total alkalinity sinks and sources. Future research on this
matter should at least include alterations in precipitation and
runoff together with a good understanding of changes in the
land use and in the rate of CO2-induced weathering of car-
bonate and silicate rocks.

A summary of confirmed remote and regional/local physi-
cal drivers directly affecting oxygen concentrations, primary
productivity, and ocean acidification across the analyzed time
scales is presented in Fig. 10. All regional physical effects
on natural variability mentioned in Sect. 2.3 affect in some
way these three main biogeochemical processes. However,
most of the impacts remain poorly constrained or quantified
and are therefore difficult to accurately implement in mod-
els, hindering the possibility of reducing uncertainties. The

temperature (including SST), salinity and ocean stratification
are likely the major factors modulating natural variability of
deoxygenation. While natural variability of primary produc-
tivity is also largely affected by temperature, solar radiation
and wind regimes also play major roles, likely also in de-
termining the timing of the blooms. Links between physical
drivers and ocean acidification are complex and may be more
indirect than for other processes. For example, variations in
runoff directly affect the nutrient supply, the salinity distri-
bution, and the alkalinity.

4 Conclusions

The Baltic Sea is located at the confluence of Atlantic, Arc-
tic and continental influences, with variability controlled pri-
marily by large-scale atmospheric circulation over the North
Atlantic-European sector, especially the North Atlantic jet
and associated circulation patterns such as the NAO, East At-
lantic, and Scandinavian patterns (e.g., Chafik et al., 2017;
Comas-Bru and McDermott, 2014). Their impacts on the
Baltic Sea region are substantial (e.g., Rutgersson et al.,
2022). For example, in winter the NAO explains about 87 %
of the surface air temperature variability at Stockholm (Meier
and Kauker, 2003), accounts for about 29 % of the year-to-
year variance in annual maximum Baltic Sea ice extent (Om-
stedt and Chen, 2001), and correlates strongly with winter
mean Baltic Sea level (r = 0.63 for 1825–1997 and r = 0.74
for 1902–1997; Andersson, 2002). On longer time scales,
coupled ocean–atmosphere interactions linked to the AMOC,
the SPG, and the AMV exert additional control (Årthun et
al., 2017; Börgel et al., 2023a; Yan et al., 2018): for in-
stance, about 58 % of decadal Baltic Sea SST variability has
been linked to the AMV after removing the long-term warm-
ing trend (Kniebusch et al., 2019b), and local winter SST
responses can reach about 1.2 °C per standard deviation of
AMV-related multidecadal variability (Börgel et al., 2023a).
However, quantifying the effect of the NAO on the past and
future climate of the Baltic Sea region remains a challenge
(Hurrell et al., 2003).

Across time scales, the literature uses different frame-
works to describe large-scale circulation patterns and their
variability, but many of these can be related to the weather-
regime framework. For example, the Zonal and Greenland
Blocking regimes are commonly interpreted as NAO-like
states (Cassou, 2008; Vautard, 1990; Barrier et al., 2014;
Fabiano et al., 2021). Similarly, the East Atlantic pattern has
been linked to Atlantic Ridge and Atlantic Trough-like cir-
culation anomalies (Barnston and Livezey, 1987a; Carvalho-
Oliveira et al., 2024), while the Scandinavian pattern resem-
bles Scandinavian Blocking in its positive phase and Scan-
dinavian Trough in its negative phase (Kauker and Meier,
2003; Comas-Bru and McDermott, 2014). Thus, apparent
differences across studies often arise from the framework and
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Figure 10. Simplified diagram summarizing identified connections between physical patterns and deoxygenation, primary productivity, and
ocean acidification acting in the Baltic Sea across the time scales examined in this study. Arrows only show confirmed links from the literature
that are addressed in Sect. 3.2. Potential (unconfirmed) links are not shown. P /E, S, T and OM denote precipitation/evaporation, salinity,
temperature, and organic matter, respectively.

time scale used, rather than from entirely distinct circulation
dynamics (Vautard, 1990; Grams et al., 2017).

Our literature review highlights that, although still greatly
underexplored, all three key biogeochemical parameters in
the Baltic Sea are influenced by large-scale circulation pat-
terns across all previously discussed time scales. These pat-
terns affect biogeochemistry primarily by shaping the statis-
tics of local physical processes such as stratification, water
exchange, heat flux and advection, which then regulate nu-
trient availability, oxygen concentrations, species distribu-
tions, and phytoplankton abundance. However, quantitative
and basin-wide evidence directly linking large-scale circu-
lation variability to oxygenation, primary production, and
ocean acidification in the Baltic Sea remains scarce. Impor-
tant knowledge gaps persist, particularly regarding the spa-
tial and temporal dynamics of total alkalinity (Kuliński et al.,
2017). Likewise, although the physical controls on primary-
production variability, especially for the summer cyanobacte-
rial bloom, are partly linked to large-scale variability (Kahru
et al., 2020, 2025), a substantial fraction of the annual vari-
ability remains unexplained (Kahru et al., 2025).

Similar to the physical controls, the NAO, the East At-
lantic, and the Scandinavian pattern were identified as rel-
evant. For example, a positive NAO can reverse the advec-
tion of oxygen-depleted water and remove hypoxia on in-

terannual time scales in the Gulf of Finland, whereas strong
heat fluxes during European Blocking can enhance stratifi-
cation and exacerbate deep-water deoxygenation in the Gulf
of Riga. Wind speed, light, and cloud cover have also been
identified as potential triggers for initiating or ending phy-
toplankton blooms on synoptic scales. Importantly, the rela-
tive influence of these physical drivers varies with time scale.
These findings underscore that understanding and predict-
ing regional biogeochemical states requires explicit consid-
eration of both large-scale atmospheric forcing and its time
scale-dependent effects on the local physics.

This results in a system where large-scale circulation
shapes the statistics of local processes. Yet, the attribution of
their quantitative contributions, especially for biogeochem-
istry, remains challenging and understudied. Large-scale cir-
culation patterns are non-stationary: their spatial structure
and strength evolve with changes in the background cli-
mate, including, for example, Arctic amplification (Zappa
and Shepherd, 2017), likely altering their relative importance
for the Baltic Sea in the future. Thus, anthropogenic climate
change as well as legacy nutrient loads set the stage for the
biogeochemistry in the Baltic Sea upon which large-scale cir-
culation patterns superimpose variability. Based on our re-
view, we encourage future studies, in particular those on bio-
geochemistry, to include a more systematic quantification of
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dominant drivers, robust statistical assessments of relation-
ships between connected processes, and a detailed analysis
of time-scale dependence.

Robust attribution and causal disentanglement of large-
scale circulation impacts on the Baltic Sea region remain dif-
ficult because externally forced signals and internal variabil-
ity cannot easily be separated (e.g., Deser and Phillips, 2021).
In addition, summer circulation patterns that drive variabil-
ity on decadal and longer time scales are either less well re-
solved over Northern Europe or remain insufficiently stud-
ied. Possible predictability arising from the North Atlantic
(e.g., SPG, AMV, AMOC) has not yet been systematically
researched for the Baltic Sea region, as regional downscal-
ings of decadal predictability experiments are not available.
Finally, model fidelity is a limiting factor: common biases in
jets, storm tracks, sea ice, subpolar gyre and the AMOC vari-
ability and likely incomplete coupling of physics and biogeo-
chemistry do not yet allow for robust results (e.g., Palmer et
al., 2023).

To advance our understanding of links between large-scale
circulation patterns and local processes, we highlight the
need for:

– Regime-based diagnostics paired with in-depth process
analysis to move beyond correlation. In addition, the
nonstationarity of large-scale circulation patterns must
be addressed, because their spatial structure and re-
gional impacts may evolve over time. This can be inves-
tigated with coordinated multi-model ensembles, ide-
ally complemented by initial-condition large ensembles
which make it possible to separate internally generated
variability from the externally forced response and to
test the robustness of circulation–impact relationships
across models and realizations.

– Fully coupled regional Earth-system models that re-
solve the complex topography of the Baltic Sea and can
represent regional feedbacks among atmosphere, ocean,
sea ice, and biogeochemistry more consistently.

– Targeted evaluation of the large-scale circulation and
ocean state in the global parent model – including jets,
storm tracks, the subpolar gyre, and the AMOC – be-
cause biases in these features can propagate into the re-
gional model through the imposed boundary conditions
and thereby affect the simulated Baltic Sea variability.

– Event-based observing and modeling approaches for
storms, atmospheric rivers and marine heat waves to
quantify the biogeochemical responses on short time
scales.

– Sustained high-frequency measurements of tempera-
ture, salinity, oxygen and other biogeochemical vari-
ables from coasts to deep basins to understand the im-
pact of large-scale circulation patterns on biogeochem-
istry.

The main barriers to robust attributions and predictions
are their non-stationary nature and the limitation of currently
available observations and models. Targeted observational,
process-focused methods and fully coupled regional models
together provide a credible route to near-term gains in under-
standing and to actionable guidance for the Baltic Sea region.
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ication in the Polish coastal zone: the past, present sta-
tus and future scenarios, Mar. Pollut. Bull., 49, 186–195,
https://doi.org/10.1016/j.marpolbul.2004.02.007, 2004.

Madonna, E., Li, C., Grams, C. M., and Woollings, T.: The link
between eddy-driven jet variability and weather regimes in the
North Atlantic-European sector, Q. J. Roy. Meteor. Soc., 143,
2960–2972, https://doi.org/10.1002/qj.3155, 2017.

Maher, N., Kay, J. E., and Capotondi, A.: Modulation of
ENSO teleconnections over North America by the Pa-

cific decadal oscillation, Environ. Res. Lett., 17, 114005,
https://doi.org/10.1088/1748-9326/ac9327, 2022.

Mann, M. E., Steinman, B. A., Brouillette, D. J., and Miller,
S. K.: Multidecadal climate oscillations during the past mil-
lennium driven by volcanic forcing, Science, 371, 1014–1019,
https://doi.org/10.1126/science.abc5810, 2021.

Mantua, N. J., Hare, S. R., Zhang, Y., Wallace, J. M.,
and Francis, R. C.: A Pacific interdecadal climate oscil-
lation with impacts on salmon production, B. Am. Me-
teorol. Soc., 78, 1069–1079, https://doi.org/10.1175/1520-
0477(1997)078<1069:APICOW>2.0.CO;2, 1997.

Marcos, M. and Woodworth, P. L.: Changes in Extreme Sea Levels,
CLIVAR Exchanges, 20–24, https://doi.org/10.5065/D6445K82,
2018.

Matthäus, W.: Mixing across the primary Baltic halocline, Beitr.
Meereskd., 61, 21–31, 1990.

Matthäus, W. and Franck, H.: Characteristics of major Baltic in-
flows – a statistical analysis, Cont. Shelf Res., 12, 1375–1400,
https://doi.org/10.1016/0278-4343(92)90060-W, 1992.

McKenna, C. M., Bracegirdle, T. J., Shuckburgh, E. F., Haynes, P.
H., and Joshi, M. M.: Arctic Sea Ice Loss in Different Regions
Leads to Contrasting Northern Hemisphere Impacts, Geophys.
Res. Lett., 45, 945–954, https://doi.org/10.1002/2017GL076433,
2018.

Meier, H. E. M. and Kauker, F.: Modeling decadal variability of
the Baltic Sea: 2. Role of freshwater inflow and large-scale at-
mospheric circulation for salinity, J. Geophys. Res.-Oceans, 108,
2003JC001799, https://doi.org/10.1029/2003JC001799, 2003.

Meier, H. E. M., Andersson, H. C., Arheimer, B., Blenckner,
T., Chubarenko, B., Donnelly, C., Eilola, K., Gustafsson, B.
G., Hansson, A., Havenhand, J., Höglund, A., Kuznetsov, I.,
MacKenzie, B. R., Müller-Karulis, B., Neumann, T., Niiranen,
S., Piwowarczyk, J., Raudsepp, U., Reckermann, M., Ruoho-
Airola, T., Savchuk, O. P., Schenk, F., Schimanke, S., Väli,
G., Weslawski, J.-M., and Zorita, E.: Comparing reconstructed
past variations and future projections of the Baltic Sea ecosys-
tem – first results from multi-model ensemble simulations,
Environ. Res. Lett., 7, 034005, https://doi.org/10.1088/1748-
9326/7/3/034005, 2012.

Meier, H. E. M., Väli, G., Naumann, M., Eilola, K., and Frauen,
C.: Recently Accelerated Oxygen Consumption Rates Amplify
Deoxygenation in the Baltic Sea, J. Geophys. Res.-Oceans, 123,
3227–3240, https://doi.org/10.1029/2017JC013686, 2018.

Meier, H. E. M., Eilola, K., Almroth-Rosell, E., Schimanke, S.,
Kniebusch, M., Höglund, A., Pemberton, P., Liu, Y., Väli, G., and
Saraiva, S.: Disentangling the impact of nutrient load and climate
changes on Baltic Sea hypoxia and eutrophication since 1850,
Clim. Dynam., 53, 1145–1166, https://doi.org/10.1007/s00382-
018-4296-y, 2019.

Meier, H. E. M., Kniebusch, M., Dieterich, C., Gröger, M., Zorita,
E., Elmgren, R., Myrberg, K., Ahola, M. P., Bartosova, A.,
Bonsdorff, E., Börgel, F., Capell, R., Carlén, I., Carlund, T.,
Carstensen, J., Christensen, O. B., Dierschke, V., Frauen, C.,
Frederiksen, M., Gaget, E., Galatius, A., Haapala, J. J., Halkka,
A., Hugelius, G., Hünicke, B., Jaagus, J., Jüssi, M., Käyhkö,
J., Kirchner, N., Kjellström, E., Kulinski, K., Lehmann, A.,
Lindström, G., May, W., Miller, P. A., Mohrholz, V., Müller-
Karulis, B., Pavón-Jordán, D., Quante, M., Reckermann, M.,
Rutgersson, A., Savchuk, O. P., Stendel, M., Tuomi, L., Vi-

https://doi.org/10.5194/esd-17-415-2026 Earth Syst. Dynam., 17, 415–450, 2026

https://doi.org/10.3389/fmars.2023.1119515
https://doi.org/10.3389/feart.2025.1638978
https://doi.org/10.1017/CBO9780511608285
https://doi.org/10.1038/s41612-024-00759-2
https://doi.org/10.1016/j.csr.2015.12.018
https://doi.org/10.1034/j.1600-0870.1994.t01-2-00004.x
https://doi.org/10.1034/j.1600-0870.1994.t01-2-00004.x
https://doi.org/10.1073/pnas.0601137103
https://doi.org/10.1038/s41598-022-14880-w
https://doi.org/10.1038/s43247-025-02209-0
https://doi.org/10.1029/2006GL027860
https://doi.org/10.1175/2010JAS3345.1
https://doi.org/10.1175/2010JAS3340.1
https://doi.org/10.1029/2023GB007765
https://doi.org/10.1016/j.marpolbul.2004.02.007
https://doi.org/10.1002/qj.3155
https://doi.org/10.1088/1748-9326/ac9327
https://doi.org/10.1126/science.abc5810
https://doi.org/10.1175/1520-0477(1997)078<1069:APICOW>2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078<1069:APICOW>2.0.CO;2
https://doi.org/10.5065/D6445K82
https://doi.org/10.1016/0278-4343(92)90060-W
https://doi.org/10.1002/2017GL076433
https://doi.org/10.1029/2003JC001799
https://doi.org/10.1088/1748-9326/7/3/034005
https://doi.org/10.1088/1748-9326/7/3/034005
https://doi.org/10.1029/2017JC013686
https://doi.org/10.1007/s00382-018-4296-y
https://doi.org/10.1007/s00382-018-4296-y


446 F. Börgel et al.: Large-Scale atmospheric circulation and the Baltic Sea Region

itasalo, M., Weisse, R., and Zhang, W.: Climate change in the
Baltic Sea region: a summary, Earth Syst. Dynam., 13, 457–593,
https://doi.org/10.5194/esd-13-457-2022, 2022.

Meier, H. M.: Modeling the age of Baltic Seawater masses: quan-
tification and steady state sensitivity experiments, J. Geophys.
Res.-Oceans, 110, https://doi.org/10.1029/2004JC002607, 2005.

Meier, M., Feistel, R., Jan, P., Arneborg, L., Burchard, H.,
Volker, F., Nikolay, G., Natalia, K., Mohrholz, V., Chris-
tian, N., Paka, V., Stips, A., and Zhurbas, V.: Ventilation
of the Baltic Sea deep water: A brief review of present
knowledge from observations and models, Oceanologia,
48, 133–164, https://agro.icm.edu.pl/agro/element/bwmeta1.
element.agro-article-f768b204-36f3-4a43-8f84-4d65f64a1f5c
(last acess: 30 April 2026), 2006.

Meier, M. H. E., Barghorn, L., Börgel, F., Gröger, M., Nau-
mov, L., and Radtke, H.: Multidecadal climate variability
dominated past trends in the water balance of the Baltic
Sea watershed, npj Climate and Atmospheric Science, 6, 58,
https://doi.org/10.1038/s41612-023-00380-9, 2023.

Messori, G., Caballero, R., and Gaetani, M.: On cold spells in North
America and storminess in western Europe, Geophys. Res. Lett.,
43, 6620–6628, https://doi.org/10.1002/2016GL069392, 2016.

Messori, G., Wu, M., Vico, G., and Galfi, V. M.: At-
mospheric jet stream variability reflects vegetation ac-
tivity in Europe, Agr. Forest Meteorol., 322, 109008,
https://doi.org/10.1016/j.agrformet.2022.109008, 2022.

Michel, S. L. L., von der Heydt, A. S., van Westen, R. M., Baat-
sen, M. L. J., and Dijkstra, H. A.: Increased wintertime Euro-
pean atmospheric blocking frequencies in General Circulation
Models with an eddy-permitting ocean, npj Climate and At-
mospheric Science, 6, 50, https://doi.org/10.1038/s41612-023-
00372-9, 2023.

Mockert, F., Grams, C. M., Brown, T., and Neumann, F.: Meteoro-
logical conditions during periods of low wind speed and insola-
tion in Germany: The role of weather regimes, Meteorol. Appl.,
30, e2141, https://doi.org/10.1002/met.2141, 2023.

Mohrholz, V.: Major Baltic Inflow Statistics – Revised, Frontiers
in Marine Science, 5, https://doi.org/10.3389/fmars.2018.00384,
2018.

Mohrholz, V., Dutz, J., and Kraus, G.: The impact of exception-
ally warm summer inflow events on the environmental condi-
tions in the Bornholm Basin, J. Marine Syst., 60, 285–301,
https://doi.org/10.1016/j.jmarsys.2005.10.002, 2006.

Mohrholz, V., Naumann, M., Nausch, G., Krüger, S., and Gräwe,
U.: Fresh oxygen for the Baltic Sea – An exceptional saline in-
flow after a decade of stagnation, J. Marine Syst., 148, 152–166,
https://doi.org/10.1016/j.jmarsys.2015.03.005, 2015.

Monerie, P.-A., Robson, J., Dong, B., and Hodson, D.:
Role of the Atlantic Multidecadal Variability in Modu-
lating East Asian Climate, Clim. Dynam., 56, 381–398,
https://doi.org/10.1007/s00382-020-05477-y, 2021.

Moros, M., Kotilainen, A. T., Snowball, I., Neumann, T., Perner,
K., Meier, H. M., Papenmeier, S., Kolling, H., Leipe, T., Sin-
ninghe Damste, J. S., and Schneider, R.: Giant saltwater inflow
in AD 1951 triggered Baltic Sea hypoxia, Boreas, 53, 125–138,
https://doi.org/10.1111/bor.12643, 2024.

Müller, J. D., Schneider, B., and Rehder, G.: Long-term al-
kalinity trends in the Baltic Sea and their implications for

CO2-induced acidification, Limnol. Oceanogr., 61, 1984–2002,
https://doi.org/10.1002/lno.10349, 2016.

Müller, W., Borchert, L., and Ghosh, R.: Observed Subdecadal Vari-
ations of European Summer Temperatures, Geophys. Res. Lett.,
47, e2019GL086043, https://doi.org/10.1029/2019GL086043,
2020.

Müller-Karulis, B., McCrackin, M. L., Dessirier, B., Gustafs-
son, B. G., and Humborg, C.: Legacy nutrients in the
Baltic Sea drainage basin: How past practices affect eu-
trophication management, J. Environ. Manage., 370, 122478,
https://doi.org/10.1016/j.jenvman.2024.122478, 2024.

Munkes, B., Löptien, U., and Dietze, H.: Cyanobacteria blooms in
the Baltic Sea: a review of models and facts, Biogeosciences, 18,
2347–2378, https://doi.org/10.5194/bg-18-2347-2021, 2021.

Naumov, L., Meier, H. M., and Neumann, T.: Dynamics of
oxygen sources and sinks in the Baltic Sea under different
nutrient inputs, Frontiers in Marine Science, 10, 1233324,
https://doi.org/10.3389/fmars.2023.1233324, 2023.

Neumann, T. and Schernewski, G.: Eutrophication in the
Baltic Sea and shifts in nitrogen fixation analyzed with
a 3D ecosystem model, J. Marine Syst., 74, 592–602,
https://doi.org/10.1016/j.jmarsys.2008.05.003, 2008.

Newman, M., Alexander, M. A., Ault, T. R., Cobb, K. M., Deser, C.,
Lorenzo, E. D., Mantua, N. J., Miller, A. J., Minobe, S., Naka-
mura, H., Schneider, N., Vimont, D. J., Phillips, A. S., Scott, J.
D., and Smith, C. A.: The Pacific Decadal Oscillation, Revisited,
J. Climate, 29, 4399–4427, https://doi.org/10.1175/JCLI-D-15-
0508.1, 2016.

Ohvril, H., Teral, H., Neiman, L., Kannel, M., Uustare, M., Tee,
M., Russak, V., Okulov, O., Jõeveer, A., Kallis, A., Ohvril, T.,
Terez, E. I., Terez, G. A., Gushchin, G. K., Abakumova, G.
M., Gorbarenko, E. V., Tsvetkov, A. V., and Laulainen, N.:
Global dimming and brightening versus atmospheric column
transparency, Europe, 1906–2007, J. Geophys. Res.-Atmos., 114,
https://doi.org/10.1029/2008JD010644, 2009.

Olesen, C., Hald Steffensen, F., Lauge Nielsen, G., Jong-van den
Berg, L., Olsen, J., Toft Sørensen, H., and The Euromap group:
Drug use in first pregnancy and lactation: a population-based sur-
vey among Danish women, Eur. J. Clin. Pharmacol., 55, 139–
144, https://doi.org/10.1007/s002280050608, 1999.

Olli, K., Klais, R., Tamminen, T., Ptacnik, R., and Andersen, T.:
Long term changes in the Baltic Sea phytoplankton commu-
nity, Boreal Environ. Res., 16, 3–14, https://www.proquest.
com/openview/65111d9ea27d5d1383e1d86f61859354/1?
pq-origsite=gscholar&cbl=5500736 (last access: 30 April 2026)
2011.

Oltmanns, M., Holliday, N. P., Screen, J., Moat, B. I., Josey, S. A.,
Evans, D. G., and Bacon, S.: European summer weather linked to
North Atlantic freshwater anomalies in preceding years, Weather
Clim. Dynam., 5, 109–132, https://doi.org/10.5194/wcd-5-109-
2024, 2024.

Omrani, N.-E., Keenlyside, N., Matthes, K., Boljka, L., Zanchet-
tin, D., Jungclaus, J. H., and Lubis, S. W.: Coupled stratosphere-
troposphere-Atlantic multidecadal oscillation and its impor-
tance for near-future climate projection, npj Climate and At-
mospheric Science, 5, 59, https://doi.org/10.1038/s41612-022-
00275-1, 2022.

Omstedt, A. and Chen, D.: Influence of atmospheric cir-
culation on the maximum ice extent in the Baltic

Earth Syst. Dynam., 17, 415–450, 2026 https://doi.org/10.5194/esd-17-415-2026

https://doi.org/10.5194/esd-13-457-2022
https://doi.org/10.1029/2004JC002607
https://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-f768b204-36f3-4a43-8f84-4d65f64a1f5c
https://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-f768b204-36f3-4a43-8f84-4d65f64a1f5c
https://doi.org/10.1038/s41612-023-00380-9
https://doi.org/10.1002/2016GL069392
https://doi.org/10.1016/j.agrformet.2022.109008
https://doi.org/10.1038/s41612-023-00372-9
https://doi.org/10.1038/s41612-023-00372-9
https://doi.org/10.1002/met.2141
https://doi.org/10.3389/fmars.2018.00384
https://doi.org/10.1016/j.jmarsys.2005.10.002
https://doi.org/10.1016/j.jmarsys.2015.03.005
https://doi.org/10.1007/s00382-020-05477-y
https://doi.org/10.1111/bor.12643
https://doi.org/10.1002/lno.10349
https://doi.org/10.1029/2019GL086043
https://doi.org/10.1016/j.jenvman.2024.122478
https://doi.org/10.5194/bg-18-2347-2021
https://doi.org/10.3389/fmars.2023.1233324
https://doi.org/10.1016/j.jmarsys.2008.05.003
https://doi.org/10.1175/JCLI-D-15-0508.1
https://doi.org/10.1175/JCLI-D-15-0508.1
https://doi.org/10.1029/2008JD010644
https://doi.org/10.1007/s002280050608
https://www.proquest.com/openview/65111d9ea27d5d1383e1d86f61859354/1?pq-origsite=gscholar&cbl=5500736
https://www.proquest.com/openview/65111d9ea27d5d1383e1d86f61859354/1?pq-origsite=gscholar&cbl=5500736
https://www.proquest.com/openview/65111d9ea27d5d1383e1d86f61859354/1?pq-origsite=gscholar&cbl=5500736
https://doi.org/10.5194/wcd-5-109-2024
https://doi.org/10.5194/wcd-5-109-2024
https://doi.org/10.1038/s41612-022-00275-1
https://doi.org/10.1038/s41612-022-00275-1


F. Börgel et al.: Large-Scale atmospheric circulation and the Baltic Sea Region 447

Sea, J. Geophys. Res.-Oceans, 106, 4493–4500,
https://doi.org/10.1029/1999JC000173, 2001.

Opdal, A. F., Lindemann, C., and Aksnes, D. L.: Centennial de-
cline in North Sea water clarity causes strong delay in phy-
toplankton bloom timing, Glob. Change Biol., 25, 3946–3953,
https://doi.org/10.1111/gcb.14810, 2019.

Opdal, A. F., Lindemann, C., Andersen, T., Hessen, D. O., Fiksen,
Ø., and Aksnes, D. L.: Land use change and coastal water darken-
ing drive synchronous dynamics in phytoplankton and fish phe-
nology on centennial timescales, Glob. Change Biol., 30, e17308,
https://doi.org/10.1111/gcb.17308, 2024.

O’Reilly, C. H., Woollings, T., and Zanna, L.: The Dynamical Influ-
ence of the Atlantic Multidecadal Oscillation on Continental Cli-
mate, J. Climate, 30, 7213–7230, https://doi.org/10.1175/JCLI-
D-16-0345.1, 2017.

O’Reilly, C. H., Woollings, T., Zanna, L., and Weisheimer, A.: An
interdecadal shift of the extratropical teleconnection from the
tropical Pacific during boreal summer, Geophys. Res. Lett., 46,
13379–13388, https://doi.org/10.1029/2019GL084079, 2019.

O’Reilly, C. H., Woollings, T., Zanna, L., Scaife, A. A., Osso, A.,
Smith, D. M., Dunstone, N., Yeager, S., Ruggieri, P., Deser, C.,
Lehner, F., Hirschi, J., and Robson, J.: Challenges with interpret-
ing the impact of Atlantic Multidecadal Variability using SST-
restoring experiments, npj Climate and Atmospheric Science, 6,
14, https://doi.org/10.1038/s41612-023-00335-0, 2023.

Ostrowska, M., Ficek, D., Stoltmann, D., Stoń-Egiert, J., Zdun,
A., Kowalewski, M., Zapadka, T., Majchrowski, R., Pawlik,
M., and Dera, J.: Ten years of remote sensing and analyses
of the Baltic Sea primary production (2010–2019), Remote
Sensing Applications: Society and Environment, 26, 100715,
https://doi.org/10.1016/j.rsase.2022.100715, 2022.

Palmer, T. E., McSweeney, C. F., Booth, B. B. B., Priestley, M.
D. K., Davini, P., Brunner, L., Borchert, L., and Menary, M.
B.: Performance-based sub-selection of CMIP6 models for im-
pact assessments in Europe, Earth Syst. Dynam., 14, 457–483,
https://doi.org/10.5194/esd-14-457-2023, 2023.

Palmer, T. N.: A Nonlinear Dynamical Perspective on Cli-
mate Prediction, J. Climate, https://doi.org/10.1175/1520-
0442(1999)012<0575:ANDPOC>2.0.CO;2, 1999.

Paolini, L. F., Athanasiadis, P. J., Ruggieri, P., and Bellucci, A.: The
Atmospheric Response to Meridional Shifts of the Gulf Stream
SST Front and Its Dependence on Model Resolution, J. Climate,
https://doi.org/10.1175/JCLI-D-21-0530.1, 2022.

Papadomanolaki, N. M., Dijkstra, N., van Helmond, N. A. G. M.,
Hagens, M., Bauersachs, T., Kotthoff, U., Sangiorgi, F., and
Slomp, C. P.: Controls on the onset and termination of past hy-
poxia in the Baltic Sea, Palaeogeogr. Palaeocl., 490, 347–354,
https://doi.org/10.1016/j.palaeo.2017.11.012, 2018.

Parding, K. M., Liepert, B. G., Hinkelman, L. M., Ackerman, T.
P., Dagestad, K.-F., and Olseth, J. A.: Influence of synoptic
weather patterns on solar irradiance variability in northern Eu-
rope, J. Climate, 29, 4229–4250, https://doi.org/10.1175/JCLI-
D-15-0476.1, 2016.

Patrizio, C. R., Athanasiadis, P. J., Frankignoul, C., Iovino,
D., Masina, S., Paolini, L. F., and Gualdi, S.: Improved
Extratropical North Atlantic Atmosphere-Ocean Variabil-
ity with Increasing Ocean Model Resolution, J. Climate,
https://doi.org/10.1175/JCLI-D-23-0230.1, 2023.

Patrizio, C. R., Athanasiadis, P. J., Smith, D. M., and Nicolì,
D.: Ocean-atmosphere feedbacks key to NAO decadal pre-
dictability, npj Climate and Atmospheric Science, 8, 146,
https://doi.org/10.1038/s41612-025-01027-7, 2025.

Perez, J., Maycock, A. C., Griffiths, S. D., Hardiman, S.
C., and McKenna, C. M.: A new characterisation of
the North Atlantic eddy-driven jet using two-dimensional
moment analysis, Weather Clim. Dynam., 5, 1061–1078,
https://doi.org/10.5194/wcd-5-1061-2024, 2024.

Peterson, K. A., Greatbatch, R. J., Lu, J., Lin, H., and
Derome, J.: Hindcasting the NAO using diabatic forc-
ing of a simple AGCM, Geophys. Res. Lett., 29, 1336,
https://doi.org/10.1029/2001GL014502, 2002.

Peterson, K. A., Lu, J., and Greatbatch, R. J.: Evidence of nonlinear
dynamics in the eastward shift of the NAO, Geophys. Res. Lett.,
30, 1030, https://doi.org/10.1029/2002GL015585, 2003.

Pfahl, S. and Wernli, H.: Quantifying the relevance of atmospheric
blocking for co-located temperature extremes in the Northern
Hemisphere on (sub-)daily time scales, Geophys. Res. Lett., 39,
https://doi.org/10.1029/2012GL052261, 2012.

Polyakov, I. V., Tikka, K., Haapala, J., Alkire, M. B., Alenius,
P., and Kuosa, H.: Depletion of oxygen in the Bothnian Sea
since the mid-1950s, Frontiers in Marine Science, 9, 917879,
https://doi.org/10.3389/fmars.2022.917879, 2022.

Polyakov, I. V., Ingvaldsen, R. B., Pnyushkov, A. V., Bhatt, U. S.,
Francis, J. A., Janout, M., Kwok, R., and Skagseth, O.: Fluctu-
ating Atlantic inflows modulate Arctic atlantification, Science,
https://doi.org/10.1126/science.adh5158, 2023.

Post, P. and Aun, M.: Changes in satellite-based cloud parameters
in the Baltic Sea region during spring and summer (1982–2015),
Adv. Sci. Res., 17, 219–225, https://doi.org/10.5194/asr-17-219-
2020, 2020.

Post, P. and Aun, M.: Changes in cloudiness contribute to chang-
ing seasonality in the Baltic Sea region, Oceanologia, 66, 91–98,
https://doi.org/10.1016/j.oceano.2023.11.004, 2024.

Priestley, M. D. K., Stephenson, D. B., Scaife, A. A., Bannister, D.,
Allen, C. J. T., and Wilkie, D.: Return levels of extreme European
windstorms, their dependency on the North Atlantic Oscillation,
and potential future risks, Nat. Hazards Earth Syst. Sci., 23,
3845–3861, https://doi.org/10.5194/nhess-23-3845-2023, 2023.

Radtke, H., Brunnabend, S.-E., Gräwe, U., and Meier, H. E. M.:
Investigating interdecadal salinity changes in the Baltic Sea in
a 1850–2008 hindcast simulation, Clim. Past, 16, 1617–1642,
https://doi.org/10.5194/cp-16-1617-2020, 2020.

Reintges, A., Latif, M., and Park, W.: Sub-decadal North
Atlantic Oscillation variability in observations and the
Kiel Climate Model, Clim. Dynam., 48, 3475–3487,
https://doi.org/10.1007/s00382-016-3279-0, 2017.

Reissmann, J. H., Burchard, H., Feistel, R., Hagen, E., Lass,
H. U., Mohrholz, V., Nausch, G., Umlauf, L., and Wiec-
zorek, G.: Vertical mixing in the Baltic Sea and consequences
for eutrophication – A review, Prog. Oceanogr., 82, 47–80,
https://doi.org/10.1016/j.pocean.2007.10.004, 2009.

Rex, D. F.: Blocking Action in the Middle Troposphere
and its Effect upon Regional Climate, Tellus, 2, 275–301,
https://doi.org/10.3402/tellusa.v2i4.8603, 1950.

Rimbu, N., Lohmann, G., and Ionita, M.: Interannual to
multidecadal Euro-Atlantic blocking variability during win-
ter and its relationship with extreme low temperatures

https://doi.org/10.5194/esd-17-415-2026 Earth Syst. Dynam., 17, 415–450, 2026

https://doi.org/10.1029/1999JC000173
https://doi.org/10.1111/gcb.14810
https://doi.org/10.1111/gcb.17308
https://doi.org/10.1175/JCLI-D-16-0345.1
https://doi.org/10.1175/JCLI-D-16-0345.1
https://doi.org/10.1029/2019GL084079
https://doi.org/10.1038/s41612-023-00335-0
https://doi.org/10.1016/j.rsase.2022.100715
https://doi.org/10.5194/esd-14-457-2023
https://doi.org/10.1175/1520-0442(1999)012<0575:ANDPOC>2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012<0575:ANDPOC>2.0.CO;2
https://doi.org/10.1175/JCLI-D-21-0530.1
https://doi.org/10.1016/j.palaeo.2017.11.012
https://doi.org/10.1175/JCLI-D-15-0476.1
https://doi.org/10.1175/JCLI-D-15-0476.1
https://doi.org/10.1175/JCLI-D-23-0230.1
https://doi.org/10.1038/s41612-025-01027-7
https://doi.org/10.5194/wcd-5-1061-2024
https://doi.org/10.1029/2001GL014502
https://doi.org/10.1029/2002GL015585
https://doi.org/10.1029/2012GL052261
https://doi.org/10.3389/fmars.2022.917879
https://doi.org/10.1126/science.adh5158
https://doi.org/10.5194/asr-17-219-2020
https://doi.org/10.5194/asr-17-219-2020
https://doi.org/10.1016/j.oceano.2023.11.004
https://doi.org/10.5194/nhess-23-3845-2023
https://doi.org/10.5194/cp-16-1617-2020
https://doi.org/10.1007/s00382-016-3279-0
https://doi.org/10.1016/j.pocean.2007.10.004
https://doi.org/10.3402/tellusa.v2i4.8603


448 F. Börgel et al.: Large-Scale atmospheric circulation and the Baltic Sea Region

in Europe, J. Geophys. Res.-Atmos., 119, 13621–13636,
https://doi.org/10.1002/2014JD021983, 2014.

Robson, J., Sutton, R., Menary, M. B., and Lai, M. W. K.:
Contrasting internally and externally generated Atlantic Mul-
tidecadal Variability and the role for AMOC in CMIP6 his-
torical simulations, Philos. T. Roy. Soc. A, 381, 20220194,
https://doi.org/10.1098/rsta.2022.0194, 2023.

Rodwell, M. J., Rowell, D. P., and Folland, C. K.: Oceanic forc-
ing of the wintertime North Atlantic Oscillation and European
climate, Nature, 398, 320–323, https://doi.org/10.1038/18648,
1999.

Roiha, P., Westerlund, A., Nummelin, A., and Stipa,
T.: Ensemble forecasting of harmful algal blooms
in the Baltic Sea, J. Marine Syst., 83, 210–220,
https://doi.org/10.1016/j.jmarsys.2010.02.015, 2010.

Rolff, C., Walve, J., Larsson, U., and Elmgren, R.: How oxygen
deficiency in the Baltic Sea proper has spread and worsened: The
role of ammonium and hydrogen sulphide, Ambio, 51, 2308–
2324, https://doi.org/10.1007/s13280-022-01738-8, 2022.

Röthlisberger, M. and Papritz, L.: A Global Quantifica-
tion of the Physical Processes Leading to Near-Surface
Cold Extremes, Geophys. Res. Lett., 50, e2022GL101670,
https://doi.org/10.1029/2022GL101670, 2023a.

Röthlisberger, M. and Papritz, L.: Quantifying the physical pro-
cesses leading to atmospheric hot extremes at a global scale,
Nat. Geosci., 16, 210–216, https://doi.org/10.1038/s41561-023-
01126-1, 2023b.

Ruggieri, P., Bellucci, A., Nicolí, D., Athanasiadis, P. J., Gualdi,
S., Cassou, C., Castruccio, F., Danabasoglu, G., Davini, P., Dun-
stone, N., Eade, R., Gastineau, G., Harvey, B., Hermanson,
L., Qasmi, S., Ruprich-Robert, Y., Sanchez-Gomez, E., Smith,
D., Wild, S., and Zampieri, M.: Atlantic Multidecadal Vari-
ability and North Atlantic Jet: A Multimodel View from the
Decadal Climate Prediction Project, J. Climate, 34, 347–360,
https://doi.org/10.1175/JCLI-D-19-0981.1, 2021.

Ruprich-Robert, Y., Msadek, R., Castruccio, F., Yeager, S. G., Del-
worth, T. L., and Danabasoglu, G.: Assessing the Climate Im-
pacts of the Observed Atlantic Multidecadal Variability Using
the GFDL CM2.1 and NCAR CESM1 Global Coupled Models,
J. Climate, 30, 2785–2810, https://doi.org/10.1175/JCLI-D-16-
0127.1, 2017.

Russak, V.: Changes in solar radiation and their influence on tem-
perature trend in Estonia (1955–2007), J. Geophys. Res.-Atmos.,
114, https://doi.org/10.1029/2008JD010613, 2009.

Rutgersson, A., Kjellström, E., Haapala, J., Stendel, M., Danilovich,
I., Drews, M., Jylhä, K., Kujala, P., Larsén, X. G., Halsnæs, K.,
Lehtonen, I., Luomaranta, A., Nilsson, E., Olsson, T., Särkkä,
J., Tuomi, L., and Wasmund, N.: Natural hazards and extreme
events in the Baltic Sea region, Earth Syst. Dynam., 13, 251–
301, https://doi.org/10.5194/esd-13-251-2022, 2022.

Safonova, K., Meier, H. E. M., and Gröger, M.: Summer Heatwaves
on the Baltic Sea Seabed Contribute to Oxygen Deficiency in
Shallow Areas, Communications Earth & Environment, 5, 106,
https://doi.org/10.1038/s43247-024-01268-z, 2024.

Samuelsson, M. and Stigebrandt, A.: Main characteristics of the
long-term sea level variability in the Baltic sea, Tellus A,
https://doi.org/10.3402/tellusa.v48i5.12165, 1996.

Sanchez-Lorenzo, A., Wild, M., Brunetti, M., Guijarro, J.
A., Hakuba, M. Z., Calbó, J., Mystakidis, S., and Bar-

tok, B.: Reassessment and update of long-term trends
in downward surface shortwave radiation over Europe
(1939–2012), J. Geophys. Res.-Atmos., 120, 9555–9569,
https://doi.org/10.1002/2015JD023321, 2015.

Santos, J. A., Woollings, T., and Pinto, J. G.: Are the Winters
2010 and 2012 Archetypes Exhibiting Extreme Opposite Be-
havior of the North Atlantic Jet Stream?, Mon. Weather Rev.,
https://doi.org/10.1175/MWR-D-13-00024.1, 2013.

Savchuk, O. P.: Large-Scale Nutrient Dynamics in the
Baltic Sea, 1970–2016, Frontiers in Marine Science, 5,
https://doi.org/10.3389/fmars.2018.00095, 2018.

Schaller, N., Sillmann, J., Anstey, J., Fischer, E. M., Grams, C. M.,
and Russo, S.: Influence of blocking on Northern European and
Western Russian heatwaves in large climate model ensembles,
Environ. Res. Lett., 13, 054015, https://doi.org/10.1088/1748-
9326/aaba55, 2018.

Schielicke, L. and Pfahl, S.: European heatwaves in present and
future climate simulations: a Lagrangian analysis, Weather
Clim. Dynam., 3, 1439–1459, https://doi.org/10.5194/wcd-3-
1439-2022, 2022.

Schilliger, L., Tetzlaff, A., Bourgeois, Q., Correa, L. F.,
and Wild, M.: An investigation on causes of the detected
surface solar radiation brightening in Europe using satel-
lite data, J. Geophys. Res.-Atmos., 129, e2024JD041101,
https://doi.org/10.1029/2024JD041101, 2024.

Schimanke, S. and Meier, H. E. M.: Decadal-to-Centennial Vari-
ability of Salinity in the Baltic Sea, J. Climate, 29, 7173–7188,
https://doi.org/10.1175/JCLI-D-15-0443.1, 2016.

Schinke, H. and Matthäus, W.: On the causes of major Baltic in-
flows – an analysis of long time series, Cont. Shelf Res., 18, 67–
97, https://doi.org/10.1016/S0278-4343(97)00071-X, 1998.

Schmidt, B., Wodzinowski, T., and Bulczak, A. I.: Long-term
variability of near-bottom oxygen, temperature, and salin-
ity in the Southern Baltic, J. Marine Syst., 213, 103462,
https://doi.org/10.1016/j.jmarsys.2020.103462, 2021.

Schmidt, J., Petereit, C., Lehmann, A., and Hinrichsen, H.-H.: Cor-
relation analyses of Baltic Sea winter water mass formation and
its impact on secondary and tertiary production, Oceanologia, 49,
381–395, 2007.

Schneider, B. and Müller, J. D.: Biogeochemical Transforma-
tions in the Baltic Sea: Observations Through Carbon Dioxide
Glasses, Springer Oceanography, Springer Cham, XII+ 110 pp.,
https://doi.org/10.1007/978-3-319-61699-5, 2018.

Screen, J. A., Deser, C., Simmonds, I., and Tomas, R.: Atmospheric
impacts of Arctic sea-ice loss, 1979–2009: separating forced
change from atmospheric internal variability, Clim. Dynam., 43,
333–344, https://doi.org/10.1007/s00382-013-1830-9, 2014.

Simon, A., Gastineau, G., Frankignoul, C., Lapin, V., and
Ortega, P.: Pacific Decadal Oscillation modulates the Arc-
tic sea-ice loss influence on the midlatitude atmospheric
circulation in winter, Weather Clim. Dynam., 3, 845–861,
https://doi.org/10.5194/wcd-3-845-2022, 2022.

Simpson, I. R., Yeager, S. G., McKinnon, K. A., and Deser, C.:
Decadal predictability of late winter precipitation in western Eu-
rope through an ocean-jet stream connection, Nat. Geosci., 12,
613–619, https://doi.org/10.1038/s41561-019-0391-x, 2019.

Skeie, P.: Meridional flow variability over the Nordic Seas in the
Arctic Oscillation framework, Geophys. Res. Lett., 27, 2569–
2572, https://doi.org/10.1029/2000GL011529, 2000.

Earth Syst. Dynam., 17, 415–450, 2026 https://doi.org/10.5194/esd-17-415-2026

https://doi.org/10.1002/2014JD021983
https://doi.org/10.1098/rsta.2022.0194
https://doi.org/10.1038/18648
https://doi.org/10.1016/j.jmarsys.2010.02.015
https://doi.org/10.1007/s13280-022-01738-8
https://doi.org/10.1029/2022GL101670
https://doi.org/10.1038/s41561-023-01126-1
https://doi.org/10.1038/s41561-023-01126-1
https://doi.org/10.1175/JCLI-D-19-0981.1
https://doi.org/10.1175/JCLI-D-16-0127.1
https://doi.org/10.1175/JCLI-D-16-0127.1
https://doi.org/10.1029/2008JD010613
https://doi.org/10.5194/esd-13-251-2022
https://doi.org/10.1038/s43247-024-01268-z
https://doi.org/10.3402/tellusa.v48i5.12165
https://doi.org/10.1002/2015JD023321
https://doi.org/10.1175/MWR-D-13-00024.1
https://doi.org/10.3389/fmars.2018.00095
https://doi.org/10.1088/1748-9326/aaba55
https://doi.org/10.1088/1748-9326/aaba55
https://doi.org/10.5194/wcd-3-1439-2022
https://doi.org/10.5194/wcd-3-1439-2022
https://doi.org/10.1029/2024JD041101
https://doi.org/10.1175/JCLI-D-15-0443.1
https://doi.org/10.1016/S0278-4343(97)00071-X
https://doi.org/10.1016/j.jmarsys.2020.103462
https://doi.org/10.1007/978-3-319-61699-5
https://doi.org/10.1007/s00382-013-1830-9
https://doi.org/10.5194/wcd-3-845-2022
https://doi.org/10.1038/s41561-019-0391-x
https://doi.org/10.1029/2000GL011529


F. Börgel et al.: Large-Scale atmospheric circulation and the Baltic Sea Region 449

Smith, D. M., Scaife, A. A., Eade, R., Athanasiadis, P., Bellucci, A.,
Bethke, I., Bilbao, R., Borchert, L. F., Caron, L.-P., Counillon, F.,
Danabasoglu, G., DelSole, T., Dunstone, N., Estella-Perez, V.,
Hermanson, L., Keenlyside, N., Kharin, V., Kimoto, M., Mer-
ryfield, W. J., Ortega, P., Pankatz, K., Sospedra-Alfonso, R.,
Swingedouw, D., Wild, S., and Yeager, S. G.: North Atlantic cli-
mate far more predictable than models imply, Nature, 583, 796–
800, https://doi.org/10.1038/s41586-020-2525-0, 2020.

Steinfeld, D., Sprenger, M., Beyerle, U., and Pfahl, S.: Re-
sponse of moist and dry processes in atmospheric block-
ing to climate change, Environ. Res. Lett., 17, 084020,
https://doi.org/10.1088/1748-9326/ac81af, 2022.

Stigebrandt, A. and Gustafsson, B. G.: Response of the Baltic Sea to
climate change – theory and observations, J. Sea Res., 49, 243–
256, https://doi.org/10.1016/S1385-1101(03)00021-2, 2003.

Stockmayer, V. and Lehmann, A.: Variations of tem-
perature, salinity and oxygen of the Baltic Sea for
the period 1950 to 2020, Oceanologia, 65, 466–483,
https://doi.org/10.1016/j.oceano.2023.02.002, 2023.

Stoicescu, S.-T., Laanemets, J., Liblik, T., Skudra, M., Samlas,
O., Lips, I., and Lips, U.: Causes of the extensive hypoxia
in the Gulf of Riga in 2018, Biogeosciences, 19, 2903–2920,
https://doi.org/10.5194/bg-19-2903-2022, 2022.

Stoń-Egiert, J. and Ostrowska, M.: Long-term changes in phyto-
plankton pigment contents in the Baltic Sea: Trends and spatial
variability during 20 years of investigations, Cont. Shelf Res.,
236, 104666, https://doi.org/10.1016/j.csr.2022.104666, 2022.

Stramska, M.: Temporal variability of the Baltic Sea level based
on satellite observations, Estuar. Coast. Shelf S., 133, 244–250,
https://doi.org/10.1016/j.ecss.2013.09.002, 2013.

Strommen, K., Woollings, T., Davini, P., Ruggieri, P., and Simpson,
I. R.: Predictable decadal forcing of the North Atlantic jet speed
by sub-polar North Atlantic sea surface temperatures, Weather
Clim. Dynam., 4, 853–874, https://doi.org/10.5194/wcd-4-853-
2023, 2023.

Teubler, F., Riemer, M., Polster, C., Grams, C. M., Hauser, S.,
and Wirth, V.: Similarity and variability of blocked weather-
regime dynamics in the Atlantic–European region, Weather
Clim. Dynam., 4, 265–285, https://doi.org/10.5194/wcd-4-265-
2023, 2023.

Thor, P. and Dupont, S.: Ocean Acidification, in: Hand-
book on Marine Environment Protection: Science, Impacts
and Sustainable Management, edited by: Salomon, M. and
Markus, T., Springer International Publishing, Cham, 375–394,
https://doi.org/10.1007/978-3-319-60156-4_19, 2018.

Thor, P. and Oliva, E. O.: Ocean acidification elicits different
energetic responses in an Arctic and a boreal population of
the copepod Pseudocalanus acuspes, Mar. Biol., 162, 799–807,
https://doi.org/10.1007/s00227-015-2625-9, 2015.

Tinz, B.: On the Relation Between Annual Maximum Extent of Ice
Cover in the Baltic Sea and Sea Level Pressure as Well as Air
Temperature Field, Geophysica, 32, 319–341, 1996.

Tremblay, L.-B.: Can we consider the Arctic Oscillation indepen-
dently from the Barents Oscillation?, Geophys. Res. Lett., 28,
4227–4230, https://doi.org/10.1029/2001GL013740, 2001.

Ulfsbo, A., Hulth, S., and Anderson, L. G.: pH and biogeochemical
processes in the Gotland Basin of the Baltic Sea, Mar. Chem., 20,
20–30, https://doi.org/10.1016/j.marchem.2011.07.004, 2011.

Uotila, P., Vihma, T., and Haapala, J.: Atmospheric and oceanic
conditions and the extremely low Bothnian Bay sea ice
extent in 2014/2015, Geophys. Res. Lett., 42, 7740–7749,
https://doi.org/10.1002/2015GL064901, 2015.

Vajedsamiei, J., Warlo, N., Meier, H. E. M., and Melzner, F.:
Predicting key ectotherm population mortality in response
to dynamic marine heatwaves: A Bayesian-enhanced thermal
tolerance landscape approach, Funct. Ecol., 38, 1875–1887,
https://doi.org/10.1111/1365-2435.14620, 2024.

Väli, G., Meier, H. E. M., and Elken, J.: Simulated halocline
variability in the Baltic Sea and its impact on hypoxia dur-
ing 1961–2007, J. Geophys. Res.-Oceans, 118, 6982–7000,
https://doi.org/10.1002/2013JC009192, 2013.

Vautard, R.: Multiple Weather Regimes over the North At-
lantic: Analysis of Precursors and Successors, Mon.
Weather Rev., 118, 2056–2081, https://doi.org/10.1175/1520-
0493(1990)118<2056:MWROTN>2.0.CO;2, 1990.

Vihma, T.: Effects of Arctic Sea Ice Decline on Weather
and Climate: A Review, Surv. Geophys., 35, 1175–1214,
https://doi.org/10.1007/s10712-014-9284-0, 2014.

Vihma, T. and Haapala, J.: Geophysics of sea ice in the
Baltic Sea: A review, Prog. Oceanogr., 80, 129–148,
https://doi.org/10.1016/j.pocean.2009.02.002, 2009.

Viitasalo, M. and Bonsdorff, E.: Global climate change and the
Baltic Sea ecosystem: direct and indirect effects on species, com-
munities and ecosystem functioning, Earth Syst. Dynam., 13,
711–747, https://doi.org/10.5194/esd-13-711-2022, 2022.

Wallmann, K., Diesing, M., Scholz, F., Rehder, G., Dale, A. W.,
Fuhr, M., and Suess, E.: Erosion of carbonate-bearing sedimen-
tary rocks may close the alkalinity budget of the Baltic Sea and
support atmospheric CO2 uptake in coastal seas, Frontiers in
Marine Science, 9, https://doi.org/10.3389/fmars.2022.968069,
2022.

Walz, M. A., Befort, D. J., Kirchner-Bossi, N. O., Ulbrich,
U., and Leckebusch, G. C.: Modelling serial clustering and
inter-annual variability of European winter windstorms based
on large-scale drivers, Int. J. Climatol., 38, 3044–3057,
https://doi.org/10.1002/joc.5481, 2018.

Wang, S., Huang, J., He, Y., and Guan, Y.: Combined effects
of the Pacific Decadal Oscillation and El Niño–Southern Os-
cillation on global land dry–wet changes, Sci. Rep., 4, 6651,
https://doi.org/10.1038/srep06651, 2014.

Wasmund, N., Göbel, J., and Bodungen, B. v.: 100 years-
changes in the phytoplankton community of Kiel
Bight (Baltic Sea), J. Marine Syst., 73, 300–322,
https://doi.org/10.1016/j.jmarsys.2006.09.009, 2008.

Wasmund, N., Tuimala, J., Suikkanen, S., Vandepitte, L., and
Kraberg, A.: Long-term trends in phytoplankton composition in
the western and central Baltic Sea, J. Marine Syst., 87, 145–159,
https://doi.org/10.1016/j.jmarsys.2011.03.010, 2011.

Wasmund, N., Nausch, G., Gerth, M., Busch, S., Burmeister,
C., Hansen, R., and Sadkowiak, B.: Extension of the grow-
ing season of phytoplankton in the western Baltic Sea in re-
sponse to climate change, Mar. Ecol. Prog. Ser., 622, 1–16,
https://doi.org/10.3354/meps12994, 2019.
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