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Abstract

This thesis analyzes the impact of theAtlanticMultidecadalOscillation (AMO)onNorth
European climate and traces the AMO signal into the Baltic Sea region. With a frequency
of 50 - 90 years, effects of the AMO are difficult to evaluate, since observations are limited
to about 150 years. To overcome this lack of observational data, a combination of a general
circulation model (GCM) and a regional climate model (RCM) is used to analyze the pre-
industrial period from 950 - 1800. Further, the importance of the AMO for the more recent
period 1850 - 2008 is discussed.

This work can be separated into three different topics: First, the impact of the AMO on
the Baltic Sea is shown. This study reveals that AMO-related changes of the atmospheric
circulation affect precipitation over the Baltic Sea region, which in turn alter the river runoff
and consequently the salinity of the Baltic Sea. A persistent coherence between the AMO
and the mean salinity of the Baltic Sea is found, which suggests that the Baltic Sea is under
the constant influence of the AMO.

Second, it is found that the AMO changes the zonal position of the North Atlantic Os-
cillation (NAO). Using a RCM it is shown that the AMO changes the spatial structure of
the NAO. The spatial position of the NAO plays a crucial role for its regional importance. It
either reduces or enhances theNAO’s influence on regional climate variables of the Baltic Sea
such as sea surface temperature (SST), ice extent or river runoff.

Third, the SST variability of the Baltic Sea during the period 1850 - 2008 is analyzed. It
is shown that the main driver of the SST is the air temperature. By analyzing the importance
of large-scale climate variability it is found that the AMO is responsible for 60 % of the Baltic
Sea SST variability on decadal time scales. Hence, the often reported strong SST trend during
1982 - 2006 in the Baltic Sea can be explained by an AMO shift from a negative towards a
positive phase.

In summary, this work shows that the AMOplays an important and often neglected role
for the climate of the Baltic Sea.

iii



Thesis advisor: Prof. Dr. H. E. Markus Meier Florian Börgel

Zusammenfassung

Diese Arbeit untersucht die Auswirkungen der Atlantischen Multidekaden-Oszillation
(AMO) auf das nordeuropäische Klima und verfolgt das AMO-Signal in der Ostseeregion.
Beobachtungsdaten sind auf etwa 150 Jahre begrenzt. Aufgrund der AMO-Frequenz von
50 bis 90 Jahren ist es daher unmöglich, konkrete Aussagen über den Effekt der AMO zu
treffen, da kaum zwei volle AMO-Zyklen erfasst werden. Um dieses Problem zu vermeiden,
werden in dieser Arbeit numerische Modelle verwendet: Mit einer Kombination aus einem
globalen Zirkulationsmodell (GCM) und einem regionalen Klimamodell (RCM) wird der
vorindustrielle Zeitraum von 950 bis 1800 analysiert. Darüber hinaus wird die Bedeutung
der AMO für den Zeitraum von 1850 bis 2008 diskutiert.

Diese Arbeit kann in drei verschiedene Themenbereiche unterteilt werden:
Erstens werden die Auswirkungen der AMO auf die Ostsee anhand eines regionalen Kli-

mamodells untersucht. Diese Analyse hat gezeigt, dass AMO-bedingte Veränderungen der
atmosphärischen Zirkulation sich auf die Niederschläge im Ostseeraum auswirken. Diese
verändern wiederum den Frischwassereintrag in die Ostsee und folglich auch den Salzge-
halt der Ostsee. Außerdem wird mit Hilfe einer Wavelet-Kohärenz gezeigt, dass die Ostsee
während des gesamten Modellzeitraums durchgehend durch die AMO beinflusst wird.

Zweitens wird gezeigt, dass die AMO die zonale Position der Nordatlantikoszillation
(NAO) verändert. Die räumliche Position der NAO ist entscheidend für ihre regionale Be-
deutung für das Klima der Ostsee. Abhänging von ihrer Entfernung von Europe reduziert
oder verstärkt sich der Einfluss der NAO auf regionale Klimavariablen der Ostsee wie die
Meeresoberflächentemperatur (SST), Eisausdehnung oder Frischwassereintrag.

Drittens wird die Variabilität der SST im Zeitraum 1850 bis 2008 analysiert. Dabei wird
gezeigt, dass hauptsächlich die Lufttemperatur für Veränderungen der SST verantwortlich
ist. Änderungen in der SST werden auf dekadischer Skala maßgeblich durch die AMO bee-
influsst. Mit rund 60 % hat die AMO damit den größten Einfluss auf Änderungen der SST
Variabilität. Daher kann der starke SST-Trend der Ostsee von 1982 bis 2006 durch einen
Übergang von einer negativen in eine positive AMO Phase erklärt werden.

Zusammenfassend zeigt diese Arbeit, dass die AMO eine wichtige und oftmals nicht
berücksichtigte Rolle für das Klima der Ostsee spielt.
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Those who do not move, do not notice their chains.

Rosa Luxemburg

1
Introduction

What drives our climate system? Ultimately, the main driver of the climate system is the sun.
Climate variations can be caused by external forcing such as changes in the solar radiation,
volcanic eruptions, or greenhouse gas emissions. Changes in the climate system may also re-
sult from internal interactions between the components of the climate system itself, such as
the atmosphere and the ocean. The Earth’s climate system is never in equilibrium. There
is a constant exchange of mass, momentum, and energy between all of its components. Al-
though many processes are non-linear, these interactions are predictable to a certain degree
(Libardoni et al., 2019). Understanding the key mechanisms of natural climate variations is
essential to further improve predictions of changes in the earth system. However, under-
standing internal variability and its influence on climate is challenging. While the response
time of the atmosphere is relatively fast, ranging from days to weeks, the response of the
ocean is much slower due to the large heat capacity of the ocean (IPCC, 2013). Long time
scales make it even more difficult to understand changes in the climate, since measurement
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data are only available to a limited extent. A common approach to deal with the problem of
undersampling is to use numerical models. The ability of global climate models (GCMs) to
simulate historical climate change, regional modes of variability, and variations on different
time scales has improved immensely over the past years. Still, even the most advanced GCMs
have their limitations when it comes to confident statements of future climate projections
(IPCC, 2013). Besides GCMs, regional climate models (RCM) play a particularly important
role. They cover a smaller area and can have a higher spatial resolution, which allows to an-
alyze climate variability on a regional scale that is not captured by the GCM. However, the
quality of the projection is still determined by the GCM, since RCMs are driven by GCMs.

Coastal seas such as the Baltic Sea are among the most socioeconomically used areas on
the planet. They are under the permanent influence of both anthropogenic pressure and
natural climate variability. The Baltic Sea is a very prominent example for coastal seas since
it responds very sensitively to external forcing. Therefore, the Baltic Sea can be viewed as a
laboratory to analyze the impact of internal variability on its ecosystem which then could be
projected onto other coastal seas (Reusch et al., 2018). The most important climate mode
for the climate of the Baltic Sea is the North Atlantic Oscillation (NAO). Therefore, studies
about the climate of the Baltic Sea often only consider the impact of the NAO. However,
the impact of another important climate mode in the Northern Hemisphere – the Atlantic
Multidecadal Oscillation (AMO) – is neglected, since its impact is mostly relevant on multi-
decadal time scales.

Up to this point no study has been able to show whether a teleconnection between the
AMO and the Baltic Sea region exists. Therefore, this work aims at analyzing the impact
of the AMO on the Baltic Sea region, using global and regional climate models. In a sec-
ond step the interaction between two of the most dominant climate modes in the Northern
Hemisphere, the NAO and the AMO, is analyzed. Can the state of the AMO alter the spa-
tial position of the NAO, moving its centers towards Europe? And does the position of the
NAO centers affect the NAO’s regional importance for the Baltic Sea?

Although the AMO is amode of natural climate variability, a better understanding helps
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to grasp how it affected the climate of the past. This allows to assess its future impact on
anthropogenic climate change. This means understanding the AMO’s spatial and temporal
pattern will provide information about whether it will amplify or dampen anthropogenic
climate change in the coming decades. Finally, this all leads to the question: What is the role
of the AMO for the climate ofNorthern Europe and especially for the Baltic Sea? TheAMO
fluctuates on multidecadal time scales. Therefore, trend estimates shorter than a full AMO
cycle are likely biased by this multidecadal climate mode.

In the following the reader will be introduced tomodes of climate variability with a focus
on both climate modes that are analyzed in this work – the NAO and the AMO. Then a
brief overview over the characteristics of the Baltic Sea is given. Following, the data used and
a description of the relevant methods is summarized in the chapter ’Data & Methods’. In
chapter 4, the three publications and theirmain results are presented. Finally, the significance
of these results for regional climate research and especially the Baltic Sea region is discussed.
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Why quantum mechanics? And why turbulence?

Werner Heisenberg

2
Modes of climate variability

Atmosphere, ocean, cryosphere, and continental hydrology exchangemass, momentum, and
energy causing fluctuations in global- or regional-scale climate variables, such as sea surface
temperature (SST), precipitation, and sea surface pressure (de Viron et al., 2013). Time scales
of these fluctuations vary fromdays to centennials and canbe summarized asmodes of climate
variability. Identifying climatemodes helps to understand our climate system. They simplify
high-dimensional systems and provide a better predictive capacity (Wang and Schimel, 2003).
According to the World Meteorological Organization the average weather, better known as
climate, is defined as periods longer than 30 years. Hence, the term climate variability aims at
explaining variations in the mean state and other statistics of the climate ”on all spatial and
temporal scales beyond that of individual weather events” (IPCC, 2013). Examples of climate
variability can be found throughout time: During the last 500,000 years there were only four
full glacial cycles, caused by changes to the Earth’s orbital parameters. The last glacial period
(115,000 BP - 11,700 BP) was characterized by strong temperature variations while the past
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10,000 years have seenmore constant temperatures. The past 1,000 years were dominated by
a warm period from the 11th to the 13th century, followed by a cold period from the 16th to the
19th century. These periods are commonly known as theMedieval Climate Anomaly (MCA)
and the Little Ice Age (LIA; Mann et al., 2009). Regional patterns of climate are typically
much more variable than global climate, and the involved time scales are shorter. Regional
climate modes are found by decomposing the spatio-temporal variability of the atmosphere
or the ocean into spatial patterns that change in magnitude over time. While some modes
affect the climate of large parts of the Earth, others have smaller-scale effects, affecting only
local climate conditions. It is striking how some climate modes affect the weather halfway
across the globe. These long-distance effects are called teleconnections. The most promi-
nent climate mode, the so called El Niño / Southern Oscillation (ENSO), is associated with
SST changes in the central equatorial Pacific Ocean. It affects weather all over the globe from
Peru to North America and from Australia to east Africa. If climate modes and their tele-
connections are interpreted correctly, the predictability of regional climate conditions can be
increased. However, one difficulty regarding reliable predictions is that the temporal vari-
ability of a climate mode can change stochastically. Further, the effect of one climate mode
can be either compensated for or enhanced by another climate mode. Another difficulty is
that the temporal variability of climatemodes can be affected by the interaction between two
modes. Therefore, when studying regional climate, it is necessary to understand how relevant
climate modes interact. In the following, two dominant modes of the climate of the North-
ernHemisphere are introduced; First, theNorthAtlanticOscillation (NAO) and second, the
Atlantic Multidecadal Oscillation (AMO). In addition, current research results on how they
influence European climate and the Baltic Sea region are discussed.

2.1 North Atlantic Oscillation

During winter the most dominant and recurrent mode of climate variability in the North-
ernHemisphere (NH) is theNAO. TheNAO is primarily an atmospheric phenomenon and
is characterized by a sea level pressure (SLP) difference between the subpolar low-pressure
system near Iceland (Icelandic Low) and the subtropical anticyclone in the Atlantic near the
Azores (Azores High; Hurrell et al., 2003). The spatial pattern of the NAO is shown in Fig-
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ure 2.1. It can be seen that in the case of ECHO-G the NAO accounts for 38.17 % of the SLP
variability in the model domain.

There are several ways to define the NAO.One way is the winter SLP difference between
Lisbon andReykjavik (e.g. Jones et al., 1997). Amore advanced approach is the EmpiricalOr-
thogonal Function (EOF) analysis (see Figure 2.1). A detailed description of this method is
given in chapter 4. The underlying idea of this linear concept is to find atmospheric patterns
that fluctuate between positive and negative states, which applies to the NAO.

Variance explained: 38.17%
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Figure 2.1: North Atlanধc Oscillaধon (EOF1) for the period 950 - 1800 as sim-
ulated by the global circulaধon model ECHO-G. Monthly sea level pressure
anomalies (20◦N - 80◦N; 90◦W - 40◦E) of the winter season (December, Jan-
uary, February, and March) are used. 38.17% variance explained. Data: OETZI2
ECHO-G (Hünicke et al., 2010)

ThepositiveNAOstate
(NAO+) is characterized
by apronounced Icelandic
Low(IL) andAzoresHigh
(AH) resulting in large
pressure differences be-
tween the two centers.
PositiveNAOstates (NAO+)
are associatedwith strong
westerlies, transportingmoist
airmasses fromtheNorth
Atlantic to Europe (Jaa-
gus, 2009). The oppo-
site negative NAO state
(NAO-) is characterized
by a weak Icelandic Low
andAzoresHigh. The re-

sulting smaller gradient between the two pressure centers leads to reducedwesterlies and con-
sequently to lesser moisture transport decreasing precipitation over Northern Europe.

The NAO shows a large interannual variability fluctuating between NAO+ and NAO-
states as shown in Figure 2.2. However, it also exhibits an interdecadal variability. For exam-
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ple, with the turn of the 20th century, the NAO+ state was mostly positive until the 1930s
when a negative NAO state prevailed. During 1970 - 1998 the NAO accounts for more than
80 % of the SLP variability in the Baltic Sea region and for about 40 % of the SLP variabil-
ity for the whole NH (Kauker and Meier, 2003). It has been linked to a variety of climate
variations, e.g. storm tracks, temperature, and precipitation overNorthAmerica and Europe
(Delworth and Zeng, 2016, Scaife et al., 2008, Ricardo et al., 2002).
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Figure 2.2: NAO index for boreal winter (December, January, February, and
March) 1823/1824 - 2019/2020 calculated as the difference between the
normalized staধon pressures of Gibraltar and Iceland (Jones et al., 1997). Index
baseline period 1951 - 1980.

In thiswork theNAO
is defined in two differ-
ent ways. In Börgel et al.
(2020) it is defined as the
first EOF calculated from
the monthly SLP anoma-
lies (20◦N - 80◦N; 90◦W
- 40◦E). In Kniebusch
et al. (2019a) it is defined
as winter SLP differences
between Reykjavik, Ice-
land, andGibraltar, Spain
(Jones et al., 1997). Both
methods show similar re-
sults for the period 1899 -
2018 with a correlation of 0.88. However, only the EOF analysis can capture the spatial vari-
ability of the NAO which is necessary for the analysis performed in Börgel et al. (2020).

2.2 Atlantic Multidecadal Oscillation

Temperature variability in theNorthAtlantic is traditionally defined as the spatially averaged
SST anomaly over the whole North Atlantic domain (0◦ - 60◦N, 0◦ - 80◦W) and is called
North Atlantic SST index (NASSTI;Wills et al., 2019). TheNASSTI resembles a basin wide
monopole SST pattern (see Figure 2.3).
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Figure 2.3: Regression of Atlanধc sea surface temperature anomalies on NASSTI. Data: Hadley Centre Global Sea Ice
and Sea Surface Temperature (HadISST) (Rayner et al., 2003).

The NASSTI has a dominant low-frequency component and is therefore often low-pass
filtered. This low-pass filtered signal is more commonly known as the Atlantic Multidecadal
Oscillation (AMO). The AMO has a frequency of about 50 - 90 years and describes an al-
ternation between warm and cold SST temperatures in the North Atlantic (Knight et al.,
2006). However, the frequency of the AMOmay change on centennial or longer times scales
(Knudsen et al., 2011).

The influence of theAMOon regional climate has been analyzed in several studies. They
show that theAMOhas an impact not only on European summer climate, precipitation over
Europe, and coldweather episodes in Europeanwinters, but also on theweather inAfrica and
North America (Enfield et al., 2001, Knight et al., 2006, Börgel et al., 2018, Sutton and Hod-
son, 2005, Ting et al., 2011, Casanueva et al., 2014, Ruprich-Robert et al., 2017, Peings and
Magnusdottir, 2014).

While several regions have been shown to be impacted by the AMO the origin of the
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AMO is still not fully understood. Recent work indicates that the interaction between the
atmosphere and ocean in the North Atlantic plays a key role influencing the frequency of
the AMO. Wills et al. (2019) argued that the interaction between the NAO and Atlantic
MeridionalOverturningCirculation (AMOC) leads to a low-frequency response of the ocean
which was then historically defined as the AMO. This agrees with numerous other studies
(Delworth and Zeng, 2016, Delworth et al., 2017, Sun et al., 2015).

In contrast, Clement et al. (2015) argued that the AMO is the response to stochastic forc-
ing from theNAO. By analyzing a suite of slab oceanmodels, they found that the ocean itself
does not play an important role for the AMO variability. However, Wills et al. (2019) argued
in their work that slab ocean models cannot be used for a physical interpretation, since the
mechanism of the AMO differs between observational data and slab ocean models.

Traditionally, the AMO was defined by removing the influence of global warming by
linear detrending (Enfield et al., 2001). However, as linear detrending has no physical reason,
it is not possible to differentiate between variations of the AMO caused by anthropogenic
impacts and variations that are part of natural variability of the North Atlantic. Therefore,
Trenberth and Shea (2006) proposed to remove the global SST signal, as it is associated with
global processes and thus related to global warming in recent decades. Frankcombe et al.
(2010a) also showed that the amplitude and phase of the AMO are sensitive to the chosen
method of detrending. This becomes clear by comparing the two methods of Enfield et al.
(2001) and Trenberth and Shea (2006) (see Figure 2.4).

In Figure 2.4 (a) the annual SST anomalies of the North Atlantic and a linear trend fit
are shown. Figure 2.4 (b) shows the resulting detrended AMO index (Enfield et al., 2001).
The definition of Trenberth and Shea (2006) is shown in Figure 2.4 (c), (d). Figure 2.4 (c)
shows the annual global SST anomalies which are subtracted by the annual SST anomalies
of the North Atlantic in Figure 2.4 (d). By comparing Figure 2.4 (b) and (d) it is found that
the AMO index differs most from 1870 - 1900. The stronger positive phase in (b) is an arti-
fact of the linear detrending. Summarizing, the method of Trenberth and Shea (2006) can
extract pure Atlantic variability as the global SST signal is removed. Further, the approach of
Enfield et al. (2001) was chosen to analyze recent periods when the climate is affected by an-
thropogenic impacts. However, the present study focuses on pre-industrial periods without
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Figure 2.4: 10-year rolling mean of (a) annual SST anomalies averaged over the North Atlanধc with the corresponding
linear fit (dashed), (b) annual SST anomalies over the North Atlanধc but with the linear trend of (a) removed, (c) an-
nual SST anomalies averaged over the global oceans, (d) annual SST anomalies averaged over the North Atlanধc but
with the global mean SST (c) removed. Data: Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST)
(Rayner et al., 2003).

significant anthropogenic emissions. Therefore, in this study the AMO is defined according
to Trenberth and Shea (2006).
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Even if you never have the chance to see or touch the ocean,
the ocean touchॽ you with every breath you take, every
drop of water you drink, every bite you consume.

Sylvia Earle, from her book ’The World is Blue’

3
Baltic Sea

The Baltic Sea is a semi-enclosed sea and is connected to the world ocean through the shallow
and narrowDanish Straits. It is a prominent example when analyzing coastal oceans, since it
has been shown to respond very sensitively and fast to external forcing (Belkin, 2009). Stige-
brandt and Gustafsson (2003) went even further, describing the state of the Baltic Sea as the
result of external forcing.

3.1 Dynamics of the Baltic Sea

Salinity, temperature, andoxygen are important parameters used todescribe the physical state
of the Baltic Sea. The salinity of the Baltic Sea is mainly driven by freshwater supply from
rivers and precipitation and saltwater inflows from theNorth Sea. Therefore, watermasses in
the Baltic Sea can be understood as a mixture of the saline water of the North Sea and fresh-
water (Döös et al., 2004). In most parts of the Baltic Sea, its sea surface salinity (SSS) varies
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between 0 - 10 g kg−1 (see Figure 3.1). Consequently, all other ecosystem variables tend to
show strong gradients as well. The freshwater input into the Baltic Sea comes either as river
runoff or a positive net precipitation (precipitation minus evaporation) over the sea surface.
The net precipitation accounts for 11 % and the river input for 89 % of the total freshwater in-
put (Meier and Döscher, 2002). The river runoff accumulates over the Baltic drainage basin
and is therefore a result of precipitation minus evaporation over land. The north-eastern
part of the Baltic Sea is the farthest away from its connection with the North Sea. In addi-
tion,most of the rivers are located in the north-eastern part. This results in strongmeridional
salinity gradients with lower salinities in the northern part which gradually increase towards
the transition area of theDanish Straits (see Figure 3.1). Salinity has a large ecological relevance
and defines the distribution of Baltic Sea species and other ecosystem variables (Remane and
Schlieper, 1971).
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Figure 3.1: Mean sea surface salinity of the Balধc Sea during the period 950 -
1800 in the Balধc Sea (Schimanke and Meier, 2016). Overview map with the
study area marked by a red rectangle in the top leđ corner.

Onaverage, theBaltic
Sea has a water surplus
with respect to the open
ocean, which can be ex-
pressed as a pressure gra-
dient driving a nearly per-
manent barotropic out-
flow of low saline water
at the surface (see Fig-
ure 3.2). This outflow
is compensated for by a
corresponding inflow of
denser saline water just
above the sea floor orig-
inating from the North
Sea.

Saltwater inflows can be divided into barotropic and baroclinic inflows (Meier et al.,
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2006). Stronger barotropic inflows are characterized by periods of easterly wind, pushing
the water masses out of the Baltic Sea into the North Sea, followed by strong westerly winds
reversing the pressure gradient and causing a higher relative sea level in the North Sea. The
saltwater inflows happen on time scales of about 20 days (Schimanke and Meier, 2016). Very
strong inflows are called Major Baltic Inflows (MBI; Matthäus and Franck, 1992, Fischer and
Matthäus, 1996, Mohrholz, 2018). They transport oxygen-rich water into the deeper parts
of the Baltic Sea, since the surface water entering from the North Sea has not only a higher
oxygen content, but also a higher salinity and consequently a higher density. Therefore, the
inflow plumes are moving eastward along the bottom into the deeper parts of the Baltic Sea.
During these MBI events the average sea level of the Baltic Sea can vary between -60 cm and
+60 cm (Matthäus and Franck, 1992). Baroclinic inflows are caused by density gradients be-
tween the Kattegat and the Baltic Sea and usually occur during summertime. These saline
inflows are also important for the oxygen supply of the deeper layers of the Baltic Sea as it is
heavily stratified and only the layers above the permanent halocline are supplied with oxygen
from the atmosphere (Mohrholz et al., 2015).

The restricted water exchange with the open oceanmakes the Baltic Sea naturally suscep-
tible to hypoxic conditions. Hypoxia may be summarized as low-oxygen conditions (<2 mg
L−1) which are unable to support most marine life (Carstensen et al., 2014). As of 2016, the
spread of hypoxia in the Baltic Sea covers approximately 70.000 km² – 19 % of its total area
(Meier et al., 2018a). Even though hypoxia occurred naturally during different phases of the
Baltic Sea history, present-day hypoxia is a result of increased eutrophication and supported
by climate warming (Meier et al., 2019).

3.2 Variability of the Baltic Sea

Defining parameters of the Baltic Sea, such as salinity, temperature, and oxygen, are affected
by both natural variability and anthropogenic influences. It remains challenging to disentan-
gle both types of variation. However, numerical models of the Baltic Sea have brought great
advances in understanding the impact of natural variability.
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Figure 3.2: Diagram of the large-scale circulaধon in the Balধc Sea (Elken and Maħhäus, 2008). Green (brackish sur-
face water) and red (saline boħom water) arrows show the surface and boħom layer circulaধon, respecধvely.

3.2.1 Salinity

Meier andKauker (2003) showed that decadal salinity variations of about 1 g kg−1 are caused,
inter alia, by annual runoff variations. Further, Meier and Kauker (2003) showed that about
50 % of the decadal salinity variability can be explained by variations in freshwater input into
the Baltic Sea. Freshwater variations can be caused by the NAO as it is linked to large-scale
precipitationpatterns over theBaltic Sea. Therefore, theNAO influences the river runoff and
consequently the salinity of the Baltic Sea. Besides freshwater variations, long-term changes
in westerly winds have also been linked to the decadal salinity variability of the Baltic Sea and
account for the other half of decadal salinity variability. Zorita and Laine (2000) showed
that stronger westerlies lead to lower salinities in both upper and lower layers in the Baltic
Sea. This increase in westerlies is caused by an NAO-like pattern. Meier (2006) found an
e-folding time scale of about 20 years for the response of salinity to atmospheric and hydro-
logical changes in the Baltic Sea. Longer forcing anomalies will drive the Baltic Sea into a new
state with a permanently changed salinity.

There are numerous studies analyzing salinity variability in the Baltic Sea on decadal time
scales but salinity variations onmultidecadal or even centennial time scales have not been an-
alyzed in depth. In a study simulating the period 950 - 1800 Schimanke and Meier (2016)
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showed that 66 % of multi-decadal salinity variability can be explained by combining river
runoff, precipitation, wind, temperature, and the NAO. Further, they found that the mean
salinity is varying on time scales of about 100 years, but they did not provide a physical ex-
planation for the origin of this effect. Kniebusch et al. (2019b) found that low-frequency
oscillations in wind and runoff of about 30 years have been dominating the variability of the
SSS since 1850. In addition, by analyzing the period from 1920 - 2008, they found a signifi-
cant positive trend in the latitudinal SSS gradient. This trend can be attributed to a regional
increase in river runoff in the northern basins while the mean SSS has increased over the last
century.

3.2.2 Temperature

The Baltic Sea experiences strong seasonal temperature variations. The mean SST varies be-
tween 4◦C inwinter and about 18◦C in summer (Placke et al., 2018). The Baltic Sea is affected
by exceptionally strong SST trends. From 1982 - 2006 the Baltic Sea warmed by 1.31 K, corre-
sponding to a warming of 0.56 - 0.57 K decade−1 (Lehmann et al., 2011, Belkin, 2009). This is
seven times faster than the global rate and is the highest warming rate among all oceans. Pos-
sible reasons of the exceptional warming of the Baltic Sea have been postulated by Lehmann
et al. (2011). They related the SST increase in the Baltic Sea to an increase in air temperature.
Other studies found an increase in warm summer inflow events, transporting warmer water
masses from the North Sea into deeper parts of the Baltic Sea (Meier, 2006, Mohrholz et al.,
2006).

TheNAOis also contributing toSSTchanges, dependingon the season,with the strongest
impact duringwinter (Lehmann et al., 2011, Stramska andBiałogrodzka, 2015). PositiveNAO
phases are associated with mild temperatures and increased precipitation whereas negative
NAO phases are characterized by warm summers, cold winters, and less precipitation. In-
creasing winter temperatures in the Baltic Sea have also been linked to an observed shift in
the storm tracks (BACC II Author Team, 2015).

Kniebusch et al. (2019a) analyzed the SST variations in the Baltic Sea in depth. In this
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work itwas shown that the Baltic Sea SSTmainly follows variations in surface air temperature
but is also driven by large-scale climate variability indices such as the NAO and AMO.

3.2.3 Oxygen

The hypoxic area in the Baltic Sea is constantly varying. Carstensen et al. (2014) found a 10-
fold increase of hypoxia during the last century (1898 - 2012), which was mainly linked to an
increase in nutrient loads. Meier et al. (2018b) confirmed these findings. They found that
without increased nutrient loads, hypoxia would not have occurred at all during the 20th and
21th century. Further, studies of Meier et al. (2017) supported these findings as the impact of
eustatic sea level rise on hypoxia is considerably low. However, a recent reduction of nutrient
loads did not result in the expected decrease of the hypoxic areas. Neumann et al. (2017)
argued that a large residence time for phosphate and a positive feedbackmechanism (Vahtera
et al., 2007) – increased phosphate release from sediments under hypoxic conditions – could
explain the slow decline of the hypoxic area. The importance of this vicious cycle was stressed
byMeier et al. (2019) as they found that it has played an important role in the development of
hypoxia in the past. Hypoxic areas are also influenced by dense saltwater inflows transporting
in oxygen into the bottomwaters. Depending on their intensity and frequency areas located
further east in theBaltic Sea are ventilated (Neumann et al., 2017). However, saltwater inflows
are also increasing the stratification of the water column, so oxygen can be depleted more
quickly due to lower diffusion into the bottom layer (Conley, 2002).

16



All models are wrong, but some are useful.

George Box

4
Data and Methods

4.1 Data

Studying multidecadal variability is often limited by the lack of observational data. There-
fore, the studies by Börgel et al. (2018, 2020) were based on the model results of Schimanke
and Meier (2016). Their study used a multi-centennial paleoclimate simulation performed
with theGCMECHO-Gfocusingonlyon the lastmillennium(Hünicke et al., 2010). ECHO-
G is a coupled ocean-atmospheremodel. The atmospheric model has a horizontal resolution
of approximately 3.75◦ x 3.75◦ and 19 vertical levels. The ocean component has a resolution of
2.8◦ x 2.8◦ and 20 vertical levels. Variations in orbital parameters, solar irradiance and green-
house gases were used to force the ECHO-G Holocene simulation. In the case of ECHO-G,
the Baltic Sea consists of only 5 x 5 grid points which is too coarse to capture all of the com-
plex climate dynamics within the Baltic Sea area. To overcome this limitation a dynamical
downscaling was performed with the regional circulation model Rossby Centre regional cli-
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mate model (RCA3; Samuelsson et al., 2011), using ECHO-G at the lateral boundaries. The
downscaling covers the period 950 - 1800. RCA3 has a horizontal resolution of 0.44◦ x 0.44◦

with 24 vertical levels and a 30-minute time step, covering nearly the whole area of Europe
(33.0◦W - 58.52◦E; 26.0◦N - 71.76◦N). The difference between both resolutions is shown in
Figure 4.1. It illustrates the need for regional climate modeling, since the spatial information
in GCMs is limited.

18.75°W 15°W 11.25°W 7.5°W 3.75°W

76.1°N

72.4°N

68.7°N

Figure 4.1: Resoluধon difference between the global circulaধon model ECHO-G (black) and the regional climate
model Rossby Centre Atmosphere model (RCA3; red). Overview map with the RCA3 domain (hatched red) and the
zoomed area marked by a blue rectangle in the top right corner.

Finally, RCA3 was used to force the regional ocean model Rossby Centre Ocean (RCO)
which has a horizontal resolution of 3.7 km x 3.7 km and consists of 83 levels, with a thickness
of 3 m each. RCO is a Bryan-Cox-Semtner primitive equation circulation model (e.g. Meier
et al., 2003). The work of Kniebusch et al. (2019a) also used RCO to simulate the period
1850 - 2008 but used theModular OceanModel (MOM) in addition. MOMhas a resolution
of 5 km x 5 km with a vertical resolution of 2 m and a maximum depth of 268 m. Further,
Kniebusch et al. (2019a) used a MOM box model setup. The box model uses a rectangular
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basinwith 3 x 3 grid points and is located in theGotlandBasin (19.5◦E - 20.5 ◦E, 57◦N - 57.5◦N;
see Figure 4.2). It consists of a flat bottomwith a depth of 100 m. Horizontal ocean currents
were set to zero to omit horizontal advection. However, to guarantee a realistic vertical strat-
ification, the salinity profile was reinitialized at the beginning of every year.

Figure 4.2: MOM box model setup: (a) the horizontally averaged salinity profile and (b) the model domain.

4.2 Methods

Two relevant methods for this work are wavelet analysis and empirical orthogonal functions
(EOFs), which will be presented in the following.
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4.2.1 Wavelet analysis

The first question that comes tomind when analyzing the spectral components of a signal is:
Why not use Fourier analyzes? Fourier decomposition may give all the spectral components
of a time series, but it does not provide any information about when they are present. The
power spectrum is usually used to evaluate a time series and shows the distribution of power
over frequencies. One common application is to search for a seasonal signal in the data. If
so, the spectrum will show peaks at the seasonal frequencies. The power spectrum Sxx(f) of
a time series x(t) is defined as:

Sxx(f) = |x̃(f)|2 (4.1)

with ∫ ∞

−∞
|x(t)|2dt =

∫ ∞

−∞
|x̃(f)|2df (4.2)

x̃(f) =
∫ ∞

−∞
e−2πiftx(t)dt (4.3)

The importance of retaining temporal information when analyzing a time series is illus-
trated in Figure 4.3. The upper left part of Figure 4.3 (a) shows a time series in which two
sines with different frequencies were concatenated together in time, whereas the upper right
shows a time series in which the two sinusoidal signals were added (b). The lower row shows
the resulting power spectra and the limitation of the power spectrum. Both series have virtu-
ally the same power spectrum, since temporal information is lost. It is obvious, however, that
this information is needed to interpret these results. For example, by applying these results to
the temperature change in the Baltic Sea region, one would argue that the internal dynamics
in the system changed, whereas the other time series suggest that the system remained stable
over time.

The continuous wavelet transform (CWT) expands a time series into a time-frequency
space. This reveals time localized oscillations and areas with high power. Therefore, CWT
is a good choice, if one is interested in studying periodic phenomena that change over time.
The most common wavelet function is the Morlet wavelet (Torrence and Compo, 1998).
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Figure 4.3: Example for the limitaধon of the power spectrum: (a) ধme series concatenated of two sine signals and the
resulধng power spectrum and (b) superimposed signals and the resulধng power spectrum.

ψ(t) = π−1/4eiωte−t/2 (4.4)

The Morlet wavelet transform is defined as the convolution between a set of Morlet
wavelet functions and the discrete time series x(t). This set of wavelet functions was gen-
erated by shifting the wavelet by τ and scaling it by s.

CWT(τ, s) =
∑

t
x(t) 1√sψ∗

(t − τ
s

)
(4.5)

The position of a wavelet function is defined by the time parameter τ that is shifted by
the time increment dt. The scaling factor s defines the temporal width of the wavelet, which
determines the frequency of oscillation due to its fixed shape. Like the power spectrum, the
wavelet power spectrum is defined as

Power(τ, s) = 1
s |CWT(τ, s)|2 (4.6)

Summarizing, the CWT allows to analyze the frequency spectrum and its energy while
retaining the time information. The advantage of the wavelet power spectrum is shown in
Figure 4.4 using the same time series as in Figure 4.3.
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Figure 4.4: Added value of wavelet analysis. (a) The wavelet power spectrum of the concatenated signals, (b) wavelet
power spectrum of the superimposed signal (cf. Figure 4.3).

TheCWTreveals that one signal consists of two timeseries that are joined in time,whereas
the other time series consists of two sine signals that are added onto each other.

This study also uses wavelet coherence (WTC) which can be understood as the local cor-
relation between two CWTs, revealing locally phase-locked behavior (Grinsted et al., 2004).

4.2.2 Empirical Orthogonal Functions (EOF)

Climate variability is characterized by complex dynamics. Persistent spatial and temporal pat-
terns are often hidden by small-scale processes (Dawson, 2016). However, when analyzing cli-
mate data, one is often trying to answer the question: What are the important patterns that
appear in this field and how much of the variance is explained by them? Empirical Orthogo-
nal Functions are a popular method to identify large-scale patterns of variability. In climate
science, the data usually consists of three-dimensional fields F, with two dimensions in space
and one dimension in time. For the calculation of an EOF, the spatial dimensions are joined
into a single location vector s⃗, resulting in the space-time field X(t,s). Then the anomaly field
is defined as
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X′
(t, s) = X(t, s)− Xt(s) (4.7)

with Xt(s) as the time average of the field. With the anomaly data matrix, the covariance
matrix is defined as

C =
1

n − 1X′TX′
. (4.8)

The covariancematrix is a symmetricmatrix describing the covariance between the time series
of the field and any pair of grid points (Hannachi et al., 2007). The aim of an EOF is to find
the linear combination of all variables that explains a maximum variance. This results in an
eigenvalue problem

Ca = λa. (4.9)

The k’th eigenvector of ak of C represents the k’th EOF. The eigenvalue λk represents
the explainend variance of the k’th EOF.When projecting the anomaly field X′ onto the k’th
EOF one obtains the k’th principal component

ck(t) =
p∑

s=1
X′

(t, s) · ak(s) (4.10)

with p as number of grid points.

Both the EOFs and the principal components are orthogonal between the modes. It
should be noted that EOFs represent patterns in which often a combination of a few explains
most of the observed variance. However, a physical interpretation is not trivial. EOF anal-
ysis is a statistical method and the spatial modes need not be related to individual physical
processes. Further, physical processes are not necessarily orthogonal even if they are indepen-
dent. Therefore, the interpretation of EOFs should be performed with care. One problem
that is addressed in this work is that EOFs aim at finding patterns of maximum variance for
a given period. These spatial patterns are then interpreted and related to modes of climate
variability. In theNorthernHemisphere theNorthAtlantic Oscillation (NAO) is such a pat-
tern ofmaximumvariance in the sea level pressure, showing a dipole-like structure (see Figure
2.1). Spatial patterns identified by EOFs such as the NAO are often discussed under the as-
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sumption that its spatial structure does not change. However, this is not the case when the
time scales change significantly, e.g. patterns identified over decadal time-scales may change
over multi-centennial time scales. To analyze the change of the spatial position of the NAO
an EOF analysis with overlapping time windows was performed. The idea of this concept is
similar to a centered moving average. For each time step t an EOF is calculated considering
time steps [t-n, t+n] of the SLP anomalies. The next EOF is then calculated for a window of
the same length but shifted along the time axis by a time increment dt (see Figure 4.5).
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Figure 4.5: Concept of the overlapping Empirical Orthogonal Funcধon for a 3-dimensional array.

Shifting the time window for the EOF calculation by dt creates a series of EOFs for every
time step. A k-Means cluster algorithm is then used to identify the centers of maximum
variance for each EOF pattern. The difference in the spatial position of the maxima between
consecutive overlapping intervals is defined as the movement of the NAO centers.
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What we call results are beginnings.

Ralph Waldo Emerson

5
Long-term variability and its impact on

regional climate

5.1 Impact of the Atlantic Multidecadal Oscillation
on Baltic Sea variability

Several studies showed that the AMO impacts regional climate all around the world. How-
ever, for the first time it was shown that the Baltic Sea variability is exposed to the remote
forcing of the AMO (Börgel et al., 2018). By using a regional climate model it was shown
that the AMO changes the atmospheric circulation, influencing the precipitation over the
Baltic Sea region. Ultimately, this impacts the river runoff into the Baltic Sea, affecting the
mean salinity of the Baltic Sea. The AMO constantly influenced the Baltic Sea during the
whole model simulation of the pre-industrial period from 950 - 1800, which provides strong
evidence for long-term changes in the Baltic Sea as a result of alternating AMO phases.
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5.1.1 Analyzing the characteristics of the AMO in ECHO-G

The SST fields for the calculation of the AMO index were extracted from the global circula-
tion model ECHO-G for the period 950 - 1800 (Figure 5.1 a). It fluctuates between positive
AMO (AMO+) and negative AMO (AMO-) phases, indicated by red and blue areas. This
means that AMO+phases correspond to anomalous warm SSTs in theNorth Atlantic. Dur-
ing the MCA the AMO tends to stay in a positive phase, which was confirmed by studies of
Landrumet al. (2013) andMann et al. (2009), while theLIAhasmore frequentAMO-phases.
To analyze the AMO signal a continuous wavelet transform (CWT) was used (Figure 5.1 b).
The CWT revealed that the AMO concsists of two persistent low-frequency components:
From 1150 - 1400 the AMO shows significant power in the frequency range of 120 - 180 years.
This period approximately coincides with theMCA, defined as a time of warm climate in the
NorthAtlantic region. The exceptionally persistent frequency of theAMOduring theMCA
differs from the literature’s definition of 60 - 90 years, however, studies of e.g. Frankcombe
et al. (2010b) or Wei et al. (2012) showed that the AMO’s frequency can be modulated by
background climate conditions. From 1400 - 1700 the AMO shows significant power in the
frequency range of 60 - 90 years. This second low-frequency component coincides with the
LIA (1400 - 1700), a period of strong cooling after the MCA. Summarizing, the representa-
tion of the AMO in ECHO-G is sufficient.

5.1.2 The relationship between the AMO and the Baltic Sea

The AMO pattern was then linked to the mean salinity of the Baltic Sea. As the river runoff
is responsible for over 50 % of the decadal salinity variations, the same analysis was repeated
for the river runoff. To analyze non-stationary coherence a WTC was applied between first
the AMO and the mean salinity and second the AMO and the river runoff of the Baltic Sea
(Figure 5.2). In other words, the WTC between the AMO and the two other signals should
reveal a significant coherence between both low-frequency components where the AMOhas
significant power – the MCA and the LIA.

It was found that both mean salinity and river runoff have a significant coherence with
the AMO signal for both low-frequencies components. For theMCA in the frequency range
of 120 - 180 years and for the LIA in the frequency range of 60 - 90 years. This leads to the
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Figure 5.1: Calculated AMO index (a) and corresponding conধnuous wavelet transform of the AMO index (b). The
black contour lines show staধsধcal significance according to Grinsted et al. (2004). The cone of influence where edge
effects might influence the results is hatched (Grinsted et al., 2004). AMO = Atlanধc Mulধdecadal Oscillaধon; SST =
sea surface temperature (Börgel et al., 2018).

conclusion that the low-frequency variability of the river runoff is very likely driving the low-
frequency variability of the mean salinity of the Baltic Sea.

5.1.3 Physical attribution

The WTC showed that the AMO impacts the Baltic Sea by changing the river runoff and
consequently its mean salinity. However, one question that still needed to be addressed is
how the AMO signal propagates into the Baltic Sea. Precipitation over the Baltic Sea catch-
ment area is a good estimate for the river runoff flowing into the Baltic Sea, since it is directly
related to the freshwater budget of the Baltic Sea (Kauker and Meier, 2003, their Figure 14).
Therefore, in the next step the seasonal precipitation was analyzed. To estimate the impact
of the AMO the difference in precipitation between AMO+ and AMO- for each season was
calculated (Figure 5.3). The outcome was normalized to show the percentual increase of pre-
cipitation per season caused by the AMO.

While all seasons indicate that AMO+ phases increase the precipitation over the Baltic
Sea, only winter and spring show a statistically significant increase of precipitation for the
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Figure 5.2: Wavelet coherence of the AMO index and the mean salinity of the Balধc Sea (a) and AMO index and river
runoff into the Balধc Sea (b). The black contour lines show the 95 % significance level (Grinsted et al., 2004). The
arrows in the significant regions indicate the phase relaধonship between the signals: poinধng right (leđ) in phase
(anধphase), and AMO leading (lagging) straight up (down) (Börgel et al., 2018).

entire Baltic Sea catchment area. During winter and spring, local differences account for up
to 10 % of the seasonal mean precipitation. In the mean, AMO+ phases show an increase
of about 3.5 % of the seasonal mean precipitation and during spring the precipitation is even
increasedby4.4%. Annually an increase of 2.5% is found. The increasedprecipitationduring
AMO+ phases then leads to higher river runoff into the Baltic Sea. The observed changes in
theprecipitationpattern canbe linked to changes in the atmospheric circulation causedby the
AMO (Figure 5.4). Since only winter and spring show a significant change in precipitation,
only the SLP fields for these two seasons were considered. The left panel (Figure 5.4a and c)
shows themean state duringwinter and spring respectively. Both seasons are characterized by
a low-pressure system in the North (Icelandic Low) and a high-pressure system in the South
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Figure 5.3: Difference in precipitaধon between AMO+ and AMO−. (a) Winter (December, January, February), (b)
Spring (March, April, May), (c) Summer (June, July, August), (d) Autumn (September, October, November). The scale
shows the relaধve difference to the local seasonal mean. Staধsধcal significance is hatched and calculated with a two-
tailed Student’s t test (α = 0.05), in which the calculated differences are compared against seasonal fluctuaধons. The
rectangular indicates the defined Balধc Sea catchment area (9.6◦E - 32◦E and 52.4◦N - 67.4◦N), which accumulates
all of the freshwater input into the Balধc Sea (Börgel et al., 2018).

(Azores High). The right panel shows the difference in SLP between AMO+ and AMO-
phases. During winter and spring the AMO+ tends to increase the SLP difference between
the Icelandic Low and Azores High. This affects the wind fields over the Baltic Sea region
resulting in stronger westerlies. Enhanced mean westerlies increase the transport of moist
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Figure 5.4: Mean sea level pressure (SLP) during winter in hPa (a), SLP difference between AMO+ and AMO− during
winter in Pa (b), mean SLP during spring in hPa (c), SLP difference between AMO+ and AMO− during spring in Pa (d).
The arrows indicate the wind direcধon. Staধsধcal significance is hatched and calculated with a two-tailed Student’s t
test (α = 0.05) where the calculated differences are compared with seasonal fluctuaধons (Börgel et al., 2018).

air masses from the Atlantic into the Baltic Sea region. Consequently, this leads to higher
precipitation in the Baltic Sea catchment area.

Summarizing, this work confirmed that the Baltic Sea is influenced by the quasi-global
climate mode AMO. It was found that the AMO has a constant impact on the Baltic Sea
throughout the simulation. While this work focused on the mean salinity, other parame-
ters such as SST and sea ice cover also showed a significant coherence with the AMO. Since
AMO+ phases are likely to last longer than 30 years, an increase of 2.5 % in precipitation per
year during AMO+ phases plays a significant role for the state of the Baltic Sea, resulting in
multi-decadal salinity variations of up to 0.7 g kg−1. The findings of this work lead to the
conclusion that the state of the AMO should be considered when the state of the Baltic Sea
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is discussed.

5.2 The Atlantic Multidecadal Oscillation controls the impact
of the North Atlantic Oscillation on North European climate

The aim of this study was to show the influence of the AMO on the spatial structure of the
NAO (Börgel et al., 2020). The NAO is often used to explain changes in regional climate
variables, assuming a constant spatial pattern. However, the results of this study showed that
the AMO changes the zonal position of theNAO. This is of great importance for studies dis-
cussing regional climate and demonstrates that the assumption of a constant spatial structure
of the NAO does not hold.

Using the Baltic Sea as an example for the impact of the NAO on North European cli-
mate, it was found that the correlation between regional climate variables and theNAOvaries
on multidecadal time scales. For example, the correlation between the NAO and SST varies
immensely with correlations ranging from 0.0 - 0.8. In this study a combination of a GCM
(ECHO-G) and a regional climate model (RCA3) was used (see Data and Methods). The
SLP fields and the SST fields were taken from ECHO-G. Wind fields and SLP fields for the
calculation of the storm tracks were taken from RCA3.

5.2.1 Analyzing the characteristics of the AMO
and its relationship with the NAO

As this study focused on the interaction between the AMO and the NAO, their relationship
in ECHO-Gwas analyzed using CWT andWTC. Both theAMOand theNAO alternate be-
tweenpositive andnegative states. During theMCAthey tend to stay in a positive state, while
during the LIA the number of positive and negative states is more balanced (Figure 5.5 a).
The CWT (Figure 5.5 b) revealed that the AMO has two persistent low-frequency compo-
nents with significant power: During the MCA in the frequency range from 90 - 180 years
and during the LIA from 60 - 90 years. The relationship between the AMO and the NAO
was analyzed in Figure 5.5 (c). The WTC showed a significant coherence in the frequency
range that can be attributed to the AMO. Summarizing, in ECHO-G a significant coherence
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Figure 5.5: Calculated AMO and NAO indices (a), wavelet power spectrum of the AMO (b) and the wavelet coher-
ence between the AMO and the NAO (c). The black contour lines show staধsধcal significance. The cone of influence
where edge effects might influence the results is hatched (Grinsted et al., 2004). The arrows show the phase relaধon-
ship between the signals: poinধng right (leđ) in phase (anধphase), and AMO leading (lagging) up (down). (Börgel et al.,
2020).

between the AMO and the NAO was found and therefore it is assumed that ECHO-G can
represent the interaction between the AMO and the NAO.

To capture the spatial variability of theNAOanEOF analysis with overlapping timewin-
dows of 30 years was performed. As the wavelet analysis revealed that the AMOexperiences a
frequency shift between theMCA and the LIA both climate states were discussed separately.
Figure 5.6 shows the spatial variability of the IL and the AH during the MCA and the LIA.
It was found that the MCA and the LIA show similar results. The IL is located further west
during AMO+ phases and further east during AMO- phases. For the AH the opposite case
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was found: The AH is located further west (east) during AMO+ (AMO-) phases. However,
the impact of the AMO on the position of the IL increases during the LIA.

Figure 5.6: Spaধal shiđ of the Icelandic Low and the Azores High sorted by AMO+ and AMO- phases during MCA
(a) and LIA (b). Each dot corresponds to the center posiধon obtained by the EOF analysis with overlapping ধme
windows. Red (blue) dots indicate AMO+ (AMO-) phases. The black markers show the mean posiধon of both NAO
centers of acধon (AH and IL) during AMO+ and AMO- phases. The arrows represent the mean wind field and are
scaled to m/s. The purple contour shows the windspeed difference between AMO+ and AMO- phases. MCA =
Medieval Climate Anomaly; LIA = Liħle Ice Age; IL = Icelandic Low; AH = Azores High (Börgel et al., 2020).

5.2.2 Regional importance of the spatial position of the NAO

The regional importance of theNAOforNorthernEuropewas analyzedusing the example of
the Baltic Sea. Studies have shown that the importance of the NAO for the Baltic Sea region
changes over time (Vihma andHaapala, 2009,Omstedt andChen, 2001,Hünicke andZorita,
2006, Chen and Hellström, 1999, Meier and Kauker, 2002, Beranová and Huth, 2008). Fig-
ure 5.7 (a) shows the 30-year running correlation between the NAO and important regional
climate variables such as SST, sea ice extent, and runoff compared to the zonal position of
the IL. All climate variables show strong multidecadal variability. To analyze the importance
of the zonal position of the IL for the Baltic Sea region the correlation between the running
correlation and the position of the IL was computed. A correlation of 0.5 for the SST, a cor-
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relation of 0.42 for the sea ice extent, and a correlation of 0.35 for the river runoff is found.
The same analysis was repeated for the AH. However, it was found that the position of the
AH does not have a significant impact on the climate of the Baltic Sea.

Figure 5.7: Comparison of the longitudinal posiধon of the IL (a) and the AH (b) with the 30-year running correlaধon
between the NAO and regional climate variables of the Balধc Sea, namely, sea ice extent, river runoff, and SST. NAO
= North Atlanধc Oscillaধon; SST = sea surface temperature; IL = Icelandic Low; AH = Azores High (Börgel et al.,
2020).

5.2.3 Summary and regional importance for the Baltic Sea

In this work it was shown that the AMO influences the spatial pattern of theNAOonmulti-
decadal time scales. The state of theAMO influences the zonal position of the IL causing it to
shift westward during AMO+ states. A westward shift of the IL reduces the regional impor-
tance of the NAO for the North European climate. The impact of the AMO on the spatial
position of both NAO centers of action (IL and AH) was analyzed for the MCA and the
LIA. Independent of the respective climate state it was found that during AMO+ states, the
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Icelandic Low moves further towards North America while the Azores High moves further
towards Europe and vice versa for AMO- states. Luo et al. (2010) argued that the position
of the Atlantic storm tracks likely influences the position of both NAO centers of action.
However, it was found that the multidecadal spatial variability of the IL and the AH is not
affecting the mean storm track density (Börgel et al., 2020, their Figure 3).

The shift of the IL and the AH is of great importance for the climate in Northern Eu-
rope and is often neglected in studies discussing global and regional climate. The Baltic Sea is
exposed to a variety of anthropogenic pressures. However, this study focused only on the im-
pact of natural variability because itmay be evenmore important than anthropogenic climate
change in the near future, as approximately 60 % of the decadal variability of the mean SST
can be attributed to the AMO (Kniebusch et al., 2019a). While Beranová and Huth (2008)
found a higher correlation between the NAO and the European climate when the NAO cen-
ters of action are located farther east. However, this study showed that only the location of
the IL is relevant for the regional correlation between theNAOandNorth European climate.
Summarizing, the AMO influences the east-west position of the IL and the AH, with a NW
and SE shift respectively during AMO+ phases. Therefore, it is important to consider the
respective state of the AMO since it indicates whether the correlation between the NAO and
regional climate will increase or decrease.

5.3 Temperature variability of the Baltic Sea since 1850
and attribution to atmospheric forcing variables

The Baltic Sea is under the constant influence of anthropogenic pressures and climate change
and is one of the fastest warming seas in the world (Belkin, 2009). However, the observed
warming trends depend on the chosen period. The warming trend considering the period
1957 - 2006 was weaker than considering only the period 1982 - 2006. This leads to the ques-
tions: What drives the temperature trends in the Baltic Sea? This work provides an in-depth
analysis of why the Baltic Sea was warming the fastest (Kniebusch et al., 2019a). The follow-
ing summary focuses on the attribution of the SST trends to the atmospheric forcing and
oceanographic variables. The analysis was based on two different regional ocean circulation
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models, RCO and MOM, validated by available observational. In addition, a MOM box
model setup was used.

5.3.1 Atmospheric drivers affecting SST trends

The SST ismainly driven by the air temperature. Calculating the explained variance between
the SST and the surface air temperature (SAT) showed that the SAT explains about 80 % of
the SST variance (Figure 5.8). However, explained variance or in other words R2 does not
necessarily imply causation or a physical relationship of any kind. Therefore, to isolate the
effect of the SAT on the SST a box model without horizontal ocean currents was used, ex-
cluding any advectional processes such as wind. For the box model two different approaches
were chosen, since the vertical stratification of the Baltic Sea is highly variable. MOMbox1
used a constant salinity profile for the whole period while MOMbox2 used the salinity pro-
file at Gotland extracted from the original RCO simulation. Figure 5.9 shows that the long-
term variability of the SST is not affected by omitting advectional processes in theMOMbox
model.

Figure 5.8: Explained variance (in percent) between the
simulated annual mean sea surface temperature (RCO)
and the forcing air temperature (HiResAFF) for the whole
simulated period (Kniebusch et al., 2019a).

In addition, the results of MOMbox1
showed that processes such as inflows from
the North Sea and changes in stratification
are not affecting the long-term variability of
the SST as well. The SST differences be-
tween theMOM and theMOMboxmodel
can be explained by differences in the spatial
mean. Therefore, the MOMbox confirmed
the results of the statistical analysis identify-
ing the air temperature as the main driver of
the SST.

To analyze the contribution of the other
atmospheric drivers, the SATwas filtered by
using a linearmodel regressing the SATonto
the SST.The residuals represent the remaining variability explained by the other atmospheric
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Figure 5.9: Ten-year running mean of simulated ধme series. SAT (HiResAFF) and SST anomalies at Gotland Deep.
SAT = surface air temperature; SST = sea surface; HiResAFF data (Rayner et al., 2003)

drivers. A cross-correlation analysis of the residuals with the other atmospheric drivers
showed that the latent heat flux is the second most important driver of the SST with an
explained variance of 30 % to 50 % of the residual time series (see Figure 5.10). The third
most important driver is either cloudiness or meridional wind, depending on the location
under consideration. Meridional wind plays an important role on the Western and North-
ern coast of the Baltic Sea, which can be linked to wind-induced upwelling in coastal areas.
The cloudiness plays an important role in the open sea and can be interpreted as ameasure of
the radiation budget. However, the explained variance of both drivers is relatively low with
below 4 %.

5.3.2 What is the reason for the observed warming in the Baltic Sea?

The air temperature has been identified as the main driver for the SST in the Baltic Sea.
Consequently, air temperature trends in the Northern Hemisphere are responsible for the
observed warming in the Baltic Sea. Figure 5.11 attributes the SST variability to the climate
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Figure 5.10: Results of the cross-correlaধon analysis of the detrended SST (2-day output of the RCO model is used)
with the wind components, latent heat flux, and cloudiness. Maps of atmospheric drivers (top row) with the highest
(leđ column) and second highest (right column) cross correlaধons (Kniebusch et al., 2019a).

modes NAO and AMO. The NAO shows a higher impact on an annual scale with about 14
% of explained variance, the AMO explains about 60 % on decadal time scales. This suggests
that the high SST values during the 1930s and the cold period in the 1980s can be explained
by the AMO. Furthermore, the strong SST trends since the 1980s can be explained by the
combination of anthropogenic climate change and a transition from a negative to a positive
AMO phase. Summarizing, the AMO is an important driver for the observed SST trends in
the Baltic Sea.
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Figure 5.11: Detrended and normalized ধme series of the Balধc Sea annual mean SST and two climate indices. (leđ)
Winter (December - February) mean NAO. (right) Annual and 10-year running mean AMO and SST. SST = sea surface
temperature; NAO = North Atlanধc Oscillaধon; AMO = Atlanধc Mulধdecadal Oscillaধon. (Kniebusch et al., 2019a).
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Remember, with great knowledge
comॽ great responsibility.

Uncle Ben, Spiderman 2002

6
Conclusion

The AMO has been shown to impact many different areas all over the world, impacting
decade-long temperature and rainfall trends. This work for the first time revealed an impact
of the AMO on the climate of the Baltic Sea. It is shown, that the AMO affects the mean
salinity and the SST of the Baltic Sea. In addition, it affects the spatial pattern of the NAO
changing the importance of the NAO for the Baltic Sea. Therefore, the findings of this work
show that the state of the AMO should be considered when discussing the climate of North-
ern Europe and its impact on the Baltic Sea. A possible shortcomming of this study could
be that the impact of the AMO on Northern European climate is solely based on one model
simulation. To simulate the climate, models need to discretize and parameterize physical pro-
cesses which always introduce uncertainty. Using a multi-model ensemble where discretiza-
tion and parametrization differs would increase the robustness of these findings. Like the
model uncertainty the forcing data also acts as a source of uncertainty. For example, the es-
timated temperature difference between MCA and LIA ranges between 0.87 K (Schimanke
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et al., 2012) and about 2 K (Kabel et al., 2012). Including different forcing data sets would
certainly increase the accuracy of this work. However, a Grand Ensemble of multiple models
and multiple forcing data sets requires a huge amount of computational power. Neverthe-
less, to confirm the study of Börgel et al. (2020), one could analyze the spatial shift of the
NAO by using the Paleoclimate Modelling Intercomparison Project (PMIP3) ensemble.

Based on this work a further research question is: Which role does the AMOplay for the
biogeochemistry of the Baltic Sea? The observed changes in salinity are likely to affect the
biodiversity of the Baltic Sea on long time scales. The distribution of freshwater species and
marine species in the Baltic Sea can be described according to Remane’s species minimum
concept (Remane and Schlieper, 1971). This concept defines the number of species along a
salinity gradient, where at salinities between 5 - 7 g kg−1 the number of freshwater and ma-
rine species are at their minimum (Vuorinen et al., 2015). Since most rivers are in the North-
ern part of the Baltic Sea, higher river runoff will cause increased horizontal surface salinity
gradients within the Baltic Sea. This changes the natural habitat of some species. Fresher
conditions would force marine species to migrate southward while more freshwater species
would populate the North (Vuorinen et al., 2015). the present work focuses on the effect the
AMO has on the freshwater supply into the Baltic Sea. However, the other main driver of
the salinity of the Baltic are saltwater inflows from the North Sea. Therefore, another open
question that needs to be addressed is: Does the AMO impact the frequency and intensity of
saltwater inflows into the Baltic Sea? Saltwater inflows happen irregularly and need special
meteorological conditions. However, are there any pre-conditions that increase or decrease
the frequency of saltwater inflows? It is conceivable that the AMO, which has been proven
to lead to more precipitation in the Baltic Sea region during AMO+ phases, which in turn
leads to more river runoff, ultimately also influences the intensity of inflow events. Higher
river runoffs are likely to lead to a dilution of the water masses in the Danish Straits. This
would probably decrease the intensity of the following saltwater inflows.

In this dissertation it was shown that the AMO has a much greater impact on the Baltic
Sea than previously thought. Its impact may be even more important than anthropogenic
climate change in the near future, as 58 % of the decadal variability in the Baltic Sea mean
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SST can be explained by the AMO (Kniebusch et al., 2019a). However, further questions
about the influence of the AMO on the Baltic Sea are still waiting to be answered.
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Geophysical Research Letters

Impact of the Atlantic Multidecadal Oscillation
on Baltic Sea Variability

Florian Börgel1 , Claudia Frauen1 , Thomas Neumann1 , Semjon Schimanke2,

and H. E. Markus Meier1,2

1Leibniz Institute for Baltic Sea Research Warnemünde, Rostock, Germany, 2Swedish Meteorological and Hydrological
Institute, Norrköping, Sweden

Abstract The Atlantic Multidecadal Oscillation (AMO) is a natural mode of variability of the North
Atlantic sea surface temperature. The AMO can be used to describe the complex interaction of the
coupled atmosphere-ocean system of the North Atlantic. By analyzing a preindustrial period of 850 years
with a regional climate model, we show that the AMO influences the Baltic Sea. AMO-related changes
of the atmospheric circulation affect precipitation over the Baltic Sea region, which leads to altered river
runoff influencing the salinity of the Baltic Sea. A wavelet coherence analysis reveals a persistent coherence
between AMO and salinity for the whole period of 850 years. This suggests that the Baltic Sea is under the
constant influence of the AMO. Our results provide strong evidence for long-term changes in the Baltic Sea
as a result of changing AMO phases.

Plain Language Summary Coastal seas are of great importance to society. A prominent example
of such a coastal sea is the Baltic Sea, since it is strongly impacted by human activities. However, besides
the human footprint there are also natural phenomena, that influence the Baltic Sea. Especially climate
phenomena over the North Atlantic can have a strong impact on the Baltic Sea. One such phenomenon
is the so-called Atlantic Multidecadal Oscillation (AMO), a seesaw between warm and cold sea surface
temperatures in the North Atlantic with a period of 60-90 years. Reliable observations only exist for a period
of about 150 years, which is too short to study multidecadal time scales. Therefore, we use an 850 years
long model simulation. Our results show that changes in North Atlantic sea surface temperature associated
with the AMO influence the atmospheric circulation, which impacts the rain and snowfall over the Baltic Sea
region. This in turn enhances or decreases the river runoff into the Baltic Sea and thus impacts the Baltic Sea
salinity. Thus, the AMO has a strong influence on the Baltic Sea.

1. Introduction

Coastal marine environments are among the most socioeconomically used areas on the planet (Harley
et al., 2006). They are under the influence of both human activities and natural climate variability. However,
the effect of climate variability is often neglected when the state of the marine environment is discussed,
since dynamics are very complex and vary on different time scales. There are interannual patterns like El
Nino–Southern Oscillation (Wang et al., 1999), decadal modes such as the North Atlantic Oscillation (NAO;
Hurrell, 1995) and the Pacific Decadal Oscillation (Krishnan & Sugi, 2003), multidecadal patterns like the
Atlantic Multidecadal Oscillation (AMO; Knight et al., 2005) and evenmillennial-scale climate oscillations such
as the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA; Mann et al., 2009). Several studies have
shown that coastal oceans such as the Baltic Sea or theMediterranean Sea are affected by decadal oscillations
(NAO; Lehmann et al., 2002) or even multidecadal oscillations like the AMO (Zampieri et al., 2017).

The semienclosed Baltic Sea is a prominent example for coastal oceans, since it responds very sensitive and
fast to atmospheric changes (e.g., Belkin, 2009) and its state is a result of external forcing (Conley et al., 2009;
Stigebrandt & Gustafsson, 2003).

The salinity of the Baltic Sea ismainly driven by external forcing: freshwater supply and saltwater inflows from
the North Sea. The freshwater input into the Baltic Sea comes either as river runoff or as positive net precip-
itation (precipitation minus evaporation) over the sea surface. The latter amounts to about 11% of the total
freshwater supply (Meier &Döscher, 2002). The river runoff is controlled by precipitation and evaporation over
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the drainage basin. More than 50% of the variability in salinity of the Baltic Sea is explained by the river runoff
(Meier & Kauker, 2003). Saltwater inflows can be divided into barotropic and baroclinic inflows (Meier et al.,
2006). Barotropic inflows are large perturbations that occur irregularly during winter. They are governed by
large-scale atmospheric circulations and are initiated by periods of strong easterly winds followed by strong
westerly winds on time scales of about 40 days (Schinke & Matthäus, 1998). Baroclinic inflows are driven by
salinity gradients and occur mostly during summer (Mohrholz et al., 2006).

The dominant mode of climate variability affecting Europe is the NAO (Hurrell, 1995). However, studies have
shown that the AMO is affecting Europe’s climate, for example, variability of extremeprecipitation (Casanueva
et al., 2014) or European summer climate (Enfield et al., 2001). In addition, there are several studies relating
AMOstates to large-scale circulationpatterns over Europe (Landrumet al., 2013; Peings&Magnusdottir, 2014).

The AMO is defined as amode of climate variability of sea surface temperature (SST) in theNorth Atlantic with
alternating warm and cold phases with a period of about 60–90 years (Knight et al., 2006). It is closely related
to the Atlantic Meridional Overturning Circulation (AMOC), which is responsible for the poleward transport
of heat toward higher latitudes (Smeed et al., 2018).

Recently, ecological studies started to incorporate the effect of the AMO. Nye et al. (2014) summarized possi-
ble impacts of AMO-associated changes to coastal and marine populations. Similar results for the Baltic Sea
are discussed by Alheit et al. (2014). However, both studies argue that the lack of observational data limits
predictions about the possible impact of the AMO.

The goal of this study is to investigate a possible impact of the AMO on the Baltic Sea. With a frequency of
60–90 years, effects of the AMO are difficult to evaluate, since observations are limited to about 150 years.
Tracking records of marine species are even shorter, making statistically significant analyses impossible. One
way to avoid this lack of data is to use numerical models.

Although Zhang and Wang (2013) found a large intermodel spread in their analysis of 27 general circulation
models (GCMs) regarding the AMO, numerical models are necessary to make statistically significant state-
ments about the impact of the AMO. In our simulation we used the GCM ECHO-G. Medhaug and Furevik
(2011) analyzed 24GCMs and found that ECHO-G’s representation of the AMOvariability performs reasonably
well within the model spread. ECHO-G was one of 10 GCMs that matched the mean observed overturning
circulation with a significant correlation between AMO and AMOC.

To exclude anthropogenic influences in our analysis, we have chosen a 850-year preindustrial period. A
wavelet coherence analysis has been performed to find different modes of variability and to compare
time-localizedoscillationsbetweenAMOand themean salinity of theBaltic Sea. Further, atmospheric patterns
during AMO+ and AMO− phases are evaluated.

2. Methods and Data

The model results in this study are based on simulations of Schimanke and Meier (2016). They used the
regional Rossby Centre Ocean model (RCO) to simulate the Baltic Sea from 950 to 1800. RCO is a primitive
equation circulationmodel with a horizontal resolution of 3.7 km and 83 vertical layers, each with a thickness
of 3 m and a maximum depth of 250 m (Meier et al., 2003).

For the time period from 950 to 1800, no observational data for a model validation are available. However,
several studies have shown that RCO is capable of modeling observed characteristics of the Baltic Sea on
long time scales, for example, Meier and Kauker (2003, their Figures 5 and 7), Schimanke and Meier (2016,
Figure 2), Meier et al. (2003, their Figures 6 to 8), Placke et al. (2018), Meier (2007, his Figures 3 to 6), or Eilola
et al. (2011, their Figures 5 and 6). Meier et al. (2018) analyzed the time period from 1850 to 2008. In their
study they compared RCO model results with long-term monitoring data of temperature, salinity and oxy-
gen, hydrogen sulfide, and nutrient concentrations as well as lightship measurements of temperature and
salinity. RCOwas able to reproduce the data to a satisfactory degree. Especially, no artificial drift of themodel
results was observed and RCO showed a good performance for the period after 1960, when better observa-
tional data are available. Therefore, it is assumed that RCO is able to reproduce the correct characteristics of
the Baltic Sea. RCO is forced by the Rossby Centre Atmosphere model (RCA3; Samuelsson et al., 2011) with a
horizontal resolution of 0.44∘ covering nearly the whole area of Europe. RCA3 is driven by ECHO-G at the lat-
eral boundaries (Legutke & Voss, 1999). This dynamical downscaling approach of ECHO-G allows to include
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Figure 1. Calculated AMO index (a) and corresponding continuous wavelet transform of the AMO index (b). The black
contour lines show statistical significance according to Grinsted et al. (2004). The cone of influence where edge effects
might influence the results is hatched (Grinsted et al., 2004). AMO = Atlantic Multidecadal Oscillation; SST = sea surface
temperature.

regional effects, for example, a better captured geographical distribution of precipitation (Schimanke et al.,
2012). RCA3 provides 10-m wind, 2-m air temperature, 2-m specific humidity, precipitation, total cloudiness,
and sea level pressure fields as atmospheric forcing for RCO. For a more detailed description of the atmo-
sphericmodel and its validation, see Samuelsson et al. (2011). The added value of the dynamical downscaling
approach is discussed in Schimanke et al. (2012). The river runoff is estimated from the freshwater budget
(precipitation minus evaporation) over the Baltic Sea catchment area using a statistical model presented in
Meier et al. (2012).

For our study, we define the AMO as the area-weighted average SST (0–70∘N, 90∘W to 0∘E), following the
approachof Landrumet al. (2013). To isolate theAtlantic variability, theglobal signal is removedby subtracting
the globalmean SST at each time step (Trenberth & Shea, 2006). To depict low-frequency variations, a 10-year
running mean is applied (see Figure 1a). The SST fields of the North Atlantic are taken from ECHO-G.

In our analysis we apply a continuous wavelet transform (CWT) following Grinsted et al. (2004). CWT expands
a time series into a time frequency space, which reveals localized oscillations and areaswith high power. Since
we are interested in the relationship between two parameters, the AMO and the mean salinity of the Baltic
Sea,weusewavelet coherence (WTC),which canbeunderstoodas a local coherencebetween twocontinuous
wavelet transforms. This allows to find locally phase-locked behavior (Torrence & Compo, 1998). To reveal
areas with high common power, we use the cross-wavelet transform.

3. Results

To analyze the AMO in ECHO-Gwe use CWT (see Figure 1). The AMO index alternates betweenwarm and cold
phases. During theMCA from 950 to 1300 it has the tendency to remain in a warm state. During the transition
period and the LIA from 1400 to 1700 cold phases appear more frequently. The AMO signal in ECHO-G has
two persistent low-frequency signals during 950–1800. The CWT reveals that from 1150 to 1400, the AMO
has significant power in the periodicity band of 120–180 years. During the LIA the energy shifts into the 60-
to 90-year periodicity band (see Figure 1).

Meier and Kauker (2003) showed that the relationship between themean salinity of the Baltic Sea and forcing
parameters (e.g., wind and freshwater input) was not necessarily steady in time. Therefore, we useWTC to find
nonstationary, low-frequency coherence between the quasi-global signal of the AMO and the mean salinity
of the Baltic Sea (Figure 2a). The relation between river runoff into the Baltic Sea and the AMO is shown in
Figure 2b. The domain of the Baltic Sea catchment area is shown in Figure 3.

TheWTC reveals a significant coherence between AMO andmean salinity for the period from 1150 to 1400 in
the 120- to 180-year band. This is followed by a significant coherence from 1450 to 1650 in the 60- to 90-year
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Figure 2.Wavelet coherence of the Atlantic Multidecadal Oscillation (AMO) index and the mean salinity of the Baltic Sea
(a) and AMO index and river runoff into the Baltic Sea (b). The black contour lines show the 95% significance level
(Grinsted et al., 2004). The arrows in the significant regions indicate the phase relationship between the signals: pointing
right (left) in phase (antiphase), and AMO leading (lagging) straight up (down).

band. The phase relationship reveals that the salinity leads the AMO signal. This corresponds to a negative

correlation between AMO and salinity. Therefore, we find that the AMO leads the salinity signal by 35 years

during 1150–1400 and by 20 years during 1450–1650. This means that AMO+ (AMO−) leads to a decrease

(increase) of the mean salinity. A cross-wavelet transform analysis confirms that areas with a high coherence

also share high common power (see supporting information Figure S1).

Similar to the coherencebetweenAMOandmean salinity,wefinda significant coherencebetween river runoff

and AMO in the 120- to 180-year band from 1150 to 1400. From 1400 to 1650 we find a strong coherence in

the 60- to 90-year periodicity band. The phase relationship between AMO and runoff reveals that between

1150 and 1400 the AMO leads the river runoff by 10–15 years, while from 1450 to 1650 both signals are nearly

in phase with the AMO leading by 5 years. This is in good agreement with the previously found relationship

betweenAMOand salinity, sincehigher river runoffcauses lower salinities. Following the results of thewavelet

analysis, we investigate the atmospheric response to AMO+ and AMO− phases by computing seasonal dif-

ferences of AMO+ and AMO− phases. Precipitation represents a good estimate of the river runoff, since it

is directly related to the freshwater budget over the Baltic Sea catchment area (Kauker & Meier, 2003, their

Figure 14).

Figure 3a shows the differences in precipitation associated with AMO shifts in winter (see Figure 1a). Local

differences reach up to 10% of the seasonal mean precipitation. Nearly the whole Baltic Sea catchment area

shows positive deviations in AMO+ phases, which account for up to 3.5% of the seasonal mean precipitation

inwinter. In spring (Figure 3b)we find a similar pattern: Thewhole Baltic Sea region shows positive deviations,

that correspond to 4.4% of the seasonal mean. In summer (Figure 3c) the precipitation pattern becomes very

noisy with drier conditions in the southern region of the Baltic Sea and wetter conditions in the north. Aver-

aging over the whole Baltic Sea catchment area does not reveal a significant increase of precipitation during

summer. In autumn (Figure 3d), we find wetter conditions for almost the entire Baltic Sea region. However,

we are not able to find a statistically significant increase in precipitation for the Baltic Sea catchment area in

autumn. The coherent change of seasonal precipitation suggests that the AMO influences the atmospheric

circulation, which can be partly explained by sea level pressure (SLP) anomalies and the corresponding wind

anomalies.
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Figure 3. Difference in precipitation between AMO+ and AMO−. (a) Winter (December, January, February), (b) Spring
(March, April, May), (c) Summer (June, July, August), (d) Autumn (September, October, November). The scale shows the
relative difference to the local seasonal mean. Statistical significance is hatched and calculated with a two-tailed
Student’s t test (𝛼 = 0.05), where the calculated differences are compared against seasonal fluctuations. The rectangular
indicates the defined Baltic Sea catchment area (9.6∘E to 32∘E and 52.4∘N to 67.4∘N), which accumulates all of the
freshwater input into the Baltic Sea.

Since only winter and spring show a statistically significant increase of precipitation over the Baltic Sea
catchment area, only SLP fields of winter and spring are analyzed (Figure 4).

The mean state of winter SLP (Figure 4a) shows a low-pressure regime over Iceland and a high-pressure sys-
tem over southern Europe. During winter, the dominating direction of winds entering the Baltic Sea region is
southwest. Figure 4b shows the differences in SLP betweenAMO+ andAMO−phases inwinter.We find signif-
icant negative anomalies (low SLP) over the northern part of Europe. The negative anomaly covers the Baltic
Sea region, reaching up to −80 Pa. A high SLP anomaly can be found over southwestern Europe, resembling
a dipole-like pattern. The corresponding wind differences between AMO+ and AMO− states show increas-
ing southwesterly anomalies. The mean state in spring shows a similar pattern with a low-pressure field over
the northern part of Europe and a high-pressure field located over southern Europe (Figure 4c). However, the
horizontal SLP gradients are much smaller than during winter. The mean wind directions during spring differ
from those during winter in a more complex pattern. In spring (Figure 4d), the negative pressure anomaly is
located over northern Europe, similar to winter. However, the center of the low-pressure anomaly is shifted
and is now located directly over the Baltic Sea. Regarding the mean state of spring, we find that the gradient
between low- and high-pressure fields is increased. In addition, we find a similar wind pattern to Figure 4b
with increased southwesterlies but with smaller wind speed anomalies over the Baltic Sea than duringwinter.

Both seasons can be associated with a north-south dipole of SLP differences with a similar pattern as the
NAO+ phase and are dominated by low-pressure anomalies located over the Baltic Sea.
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Figure 4. Mean sea level pressure (SLP) during winter in hPa (a), SLP difference between AMO+ and AMO− during
winter in Pa (b), mean SLP during spring in hPa (c), SLP difference between AMO+ and AMO− during spring in Pa (d).
The arrows indicate the wind direction. Statistical significance is hatched and calculated with a two-tailed Student’s
t test (𝛼 = 0.05) where the calculated differences are compared with seasonal fluctuations.

4. Discussion and Conclusion

The wavelet coherence revealed that the Baltic Sea is affected by the quasi-global climate mode AMO
(Figure 2). To track the AMO signal in the Baltic Sea we investigated its impact on the mean salinity.

We found a strong coherence between the Baltic Sea salinity and the North Atlantic SST variability in a fre-
quency range that can be related to the AMO. The frequency varies between 120 and 180 years during the
MCA and 60–90 years during the LIA. The AMO in ourmodel simulation tends to stay in a warm state (AMO+)
during theMCA, which is confirmed by Landrum et al. (2013) andMann et al. (2009). Wei and Lohmann (2012)
proposed that background climate conditions can modulate the periodicity and magnitude of the AMO. By
analyzing the whole ECHO-G simulation which covers 7000 years, we find that frequency shifts of the AMO
appear throughout the simulation (see supporting information Figure S3). Centennial frequency shifts of the
AMOhave been linked to AMOCvariations induced by SouthernHemispherewesterlywinds (Wei et al., 2012).
Frankcombe et al. (2010) suggested that the AMO is a damped oscillatory internal oceanmode that is excited
by atmospheric noise, modulating the dominant frequency. This explanation is confirmed by Chylek et al.
(2012), who found shifts of AMOperiodicities in a Greenland ice core record. Certainly, it is difficult to compare
our results to these studies. However, they could be an explanation for the observed frequency shift between
MCA and LIA in our simulation. A similar coherence as for salinity was found between AMO and river runoff
into the Baltic Sea. This indicates that the low-frequency variability of the river runoff driven by the AMO influ-
ences the low-frequency variability of the mean salinity of the Baltic Sea. This linkage between AMO, river
runoff, and salinity can also be confirmed by the phase relationship of both wavelets (Figures 2b and 2c) in
accordance with Schimanke and Meier (2016). While the phase relationship between AMO and both salinity
and river runoffchangesbetweenMCAandLIA, thephasedifferencebetween salinity and river runoff remains
constant with the runoff leading by approximately 20 years. This agrees with studies by Schimanke andMeier
(2016), who found a 15-year lagged response of river runoff and mean salinity of the Baltic Sea. In addition,
findings of Meier (2006) also agree with the observed phase relationship. He found an e-folding time scale
of about 20 years for the response of salinity to atmospheric and hydrological changes in the Baltic Sea. The
river runoff responds to the AMOwith a lag in the order of 5–15 years. This time scale suggests an underlying
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ocean process in the North Atlantic due to the ocean’s high inertia. Concluding, we find that the AMO signifi-
cantly impacts the freshwater balance into the Baltic Sea which then influences, with a lagged response, the
salinity of the Baltic Sea.

By applying a bandwidth filter for the dominant frequency of the AMO during MCA (120–180 years) and LIA
(60–90years)wefind that theAMOexplains 80%of the low-frequency runoffvariability into theBaltic Seadur-
ing winter and spring. The results of the wavelet analysis are confirmed by Figure 3, where we found that the
AMO causes significant changes in precipitation over the Baltic Sea catchment area, especially during winter
and spring. This accounts for 3.5% and 4.4% of themean precipitation during winter and spring, respectively,
and 2.5% annually. The increase in precipitation over the Baltic Sea catchment area duringAMO+phases then
leads to the observed higher river runoff.

Since these changes occur not on decadal but on multidecadal time scales, we attribute significant salinity
changes to the AMO: A low-pass filtered salinity record with a cutoff period of 50 years reveals multidecadal
salinity changes of about 0.7 g/kg. As themean salinity of the Baltic Sea amounts to 7.4 g/kg (Meier & Kauker,
2003), themagnitude of thesemultidecadal changes is of the order of decadal salinity changes which add up
toabout 1g/kg (Meier&Kauker, 2003). In addition,most rivers are located in thenorthernpart of theBaltic Sea.
Therefore, higher river runoff will cause increased horizontal surface salinity gradients within the Baltic Sea.

The observed changes in precipitation driving runoff changes are linked to changes in the atmospheric cir-
culation. SLP differences between AMO+ and AMO− (Figures 4b and 4d) of both winter and spring affect
the wind over the Baltic Sea region. During AMO+ a low-pressure anomaly in the north and a high-pressure
anomaly in the south increases the gradient between the Azores high- and Iceland low-pressure system
(Figures 4a and 4c), enhancing the strength of the prevailing westerlies (Hurrell, 1995). Westerly winds trans-
port moist air masses from the North Atlantic to Europe, which results in higher precipitation over the Baltic
Sea region (Jaagus, 2009). This is in good agreementwith ourmodel results, sincewe observe increasedwest-
erlies during AMO+ phases in winter and spring (Figures 4b and 4d). AMO− phases are characterized by a
more continental climate with less westerly winds over this region.

While our results are in agreement with the model simulation (GFDL CM2.1) evaluated by Ruprich-Robert
et al. (2017) or Landrum et al. (2013), they partly contradict Sutton and Dong (2012), since they attributed
drier conditions in spring and autumn to AMO+ phases. However, we analyzed a longer time period, making
direct comparisons difficult. In addition, differences between these studies could also be related to different
atmospheric responses to AMO states in climate models. Nevertheless, our results clearly show a persistent
low-frequency signal in the Baltic Sea, originating from the North Atlantic.

Summingup,we find that the Baltic Sea region is influencedby low-frequency variability in theNorth Atlantic,
defined as the AMO. Our results show that besides anthropogenic influences, the Baltic Sea is affected by
multidecadal natural variability. In our studywe focus on themean salinity; however, similar relationships can
be found formore parameters, for example, SST (see supporting information Figure S2). Nearly closed systems
like the Baltic Sea vary much faster than open systems like the North Sea. A better understanding of the AMO
helps to put the response of these different systems into perspective. Our findings for the Baltic Sea suggest
that the state of the AMO should be considered when discussing the state of a coastal ocean.
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1 Figures

1.1 Figure S1

Figure 1. Cross-wavelet of AMO index and mean salinity of the Baltic Sea. The black con-

tour lines show the 95% significance level. The arrows in the significant regions indicate the

phase relationship between the signals: pointing right (left) in phase (anti-phase), and AMO

leading (lagging) straight up (down).
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1.2 Figure S2

Figure 2. Wavelet coherence of AMO index and mean surface temperature of the Baltic Sea.

The black contour lines show the 95% significance level. The arrows in the significant regions

indicate the phase relationship between the signals: pointing right (left) in phase (anti-phase),

and AMO leading (lagging) straight up (down).
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1.3 Figure S3

Figure 3. Calculated AMO index of ECHO-G for 7000 year (a). Year 0 corresponds to 5000

BC. CWT of the AMO index (b). The black contour lines show statistical significance. The cone

of influence (COI) where edge effects might influence the results is hatched. The global wavelet

spectrum (c) and the scale-averaged power in (d).
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Abstract. European climate is heavily influenced by the North Atlantic Oscillation
(NAO). However, the spatial structure of the NAO is varying with time, affecting its
regional importance. By analyzing an 850-year global climate model simulation of the
last millennium it is shown that the variations in the spatial structure of the NAO
can be linked to the Atlantic Multidecadal Oscillation (AMO). The AMO changes
the zonal position of the NAO centers of action, moving them closer to Europe or
North America. During AMO+ states, the Icelandic Low moves further towards
North America while the Azores High moves further towards Europe and vice versa
for AMO- states. The results of a regional downscaling for the east Atlantic/European
domain show that AMO-induced changes in the spatial structure of the NAO reduce or
enhance its influence on regional climate variables of the Baltic Sea such as sea surface
temperature, ice extent or river runoff.

Keywords: Atlantic Multidecadal Oscillation, North Atlantic Oscillation, regional
climate Submitted to: Environ. Res. Lett.

1. Introduction

The North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO)
are two of the most prominent low-frequency modes of climate variability in the Northern
Hemisphere (NH). European climate is heavily affected by these two modes. The NAO
describes a sea level pressure (SLP) difference between the subpolar Icelandic Low (IL)
and the subtropical Azores High (AH) (Hurrell et al. 2003). It affects regional climate
and weather patterns in the NH and is responsible for more than 80% of the SLP
variability over the North Atlantic and Europe and explains about 40% of the SLP
variability for the whole Northern Hemisphere during winter (Kauker & Meier 2003).
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The AMO controls the impact of the NAO on North European climate 2

As a result the NAO is the most important pattern of atmospheric variability in the NH
(Hurrell 1995). Typical time scales cover intra-seasonal to decadal variability (Visbeck
et al. 2001).

Often, the NAO is discussed under the assumption that the spatial structure of
both centers of action - IL and AH - does not change. However, several studies
found that both the IL and the AH exhibit a change in its spatial structure over
time (Hilmer & Jung 2000, Jung & Hilmer 2001, Jung et al. 2003, Johnson et al.
2008). Hilmer & Jung (2000) found that the zonal position of both pressure centers
influences regional climate conditions in the Arctic region. Further, Lehmann et al.
(2011) showed that an eastward shift of the NAO changes the number and pathways of
deep cyclones influencing the wind patterns over the Baltic Sea. Beranová & Huth (2008)
summarized that the correlation between the NAO index and surface air temperature
and precipitation changes across Europe. They concluded that the changes in correlation
are linked to the longitudinal position of the IL and the AH. When the NAO centers of
action are located further east, the correlation between the NAO and European climate
increases. Different physical causes have been identified to influence zonal shifts of the
NAO pattern: increasing greenhouse gas concentrations (Ulbrich & Christoph 1999) or
an increase of mean westerlies in the Atlantic Basin (Peterson et al. 2002). Further,
Peterson et al. (2003) argued that the spatial pattern of the NAO exhibits an eastward
shift during the transition from a negative to a positive NAO phase. Luo et al. (2010)
proposed that an eastward shift of the Atlantic storm track activity, associated with
an increase of the mean westerly flow, is likely causing an eastward shift of the whole
NAO pattern. In addition to the impact of the NAO on the climate of the NH, several
studies have shown that the AMO impacts the climate of the NH as well. It influences
regional climate such as European summer climate, precipitation over Europe, Africa,
and North America and cold weather episodes in Europe during winter (Enfield et al.
2001, Knight et al. 2006, Börgel et al. 2018, Sutton & Hodson 2005, Ting et al. 2011,
Casanueva et al. 2014, Ruprich-Robert et al. 2017, Peings & Magnusdottir 2014). The
AMO describes an alternation between warm and cold sea surface temperature (SST)
anomalies in the North Atlantic (Knight et al. 2006), with a periodicity of about 50 to
90 years (e.g. Knight et al. 2006, Knudsen et al. 2011).

In the past, the AMO and the NAO have mostly been discussed separately. More
recently, studies started to investigate how these climate modes interact with each
other. By analyzing observational data Li et al. (2013) showed that multidecadal
fluctuations of the NAO lead the AMO signal by approximately 15 to 20 years. Peings &
Magnusdottir (2014) found that multidecadal fluctuations of the wintertime NAO and
the AMO are positively correlated when the NAO is leading the AMO by 10 to 20 years.
Further, positive NAO anomalies lead to a strengthening of the Atlantic Meridional
Overturning Circulation (AMOC) (e.g. Sun et al. 2015). Wills et al. (2019) discussed
these interactions between the NAO, the AMO, and the AMOC by applying a low-
frequency component analysis (LFCA). They showed that the interaction between the
NAO and the AMOC plays a key role in the AMO variability, which confirms studies
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The AMO controls the impact of the NAO on North European climate 3

of Sun et al. (2015), Delworth & Zeng (2016), Delworth et al. (2017). In contrast
Clement et al. (2015) found that the AMO is the response to stochastic forcing from
the mid-latitude atmospheric circulation, i.e. NAO. By analyzing a suite of slab ocean
models they showed that the ocean does not play an important role for AMO variability.
However, Wills et al. (2019) presented evidence that the mechanism of the AMO in a
slab ocean model does not agree with observational data.

It is evident that a better understanding of the complex relationship between the
AMO and the NAO is necessary to understand the climate of the Northern Hemisphere.
Therefore, this study aims to assess the impact of the AMO on the spatial structure of
the NAO. Using the example of the Baltic Sea region, we show the importance of this
spatial change for the North European climate.

In the following, first the relationship between the AMO and the NAO is analyzed
based on a pre-industrial period of the last millennium using a global circulation model.
Then the shift of the NAO pattern is identified and linked to the AMO. Further, the
impact of the AMO on the mean position of the storm tracks over Northern Europe is
evaluated. Lastly, the influence of the spatial position of the NAO on regional climate
patterns in the Baltic Sea region is discussed.

2. Material and Methods

2.1. Model description

This study is based on the model results as described in Schimanke & Meier (2016). In
their study they used a multi-centennial paleoclimate simulation based on the global
circulation model (GCM) ECHO-G, focusing on the last millennium. ECHO-G consists
of an atmospheric component with a horizontal resolution of approximately 3.75◦ x 3.75◦

and 19 vertical levels and an ocean component with a horizontal resolution of about 2.8◦

x 2.8◦ and 20 vertical levels. The ECHO-G Holocene simulation is forced with variations
in orbital parameters, solar irradiance, and greenhouse gases and covers 7000 years BP
(Hünicke et al. 2010).

The spatial resolution of ECHO-G is too coarse to analyze regional impacts such as
local wind patterns. To overcome this problem a dynamical downscaling was performed
for the European region with the regional circulation model Rossby Centre regional
climate model (RCA3). The downscaling covers the period 950 to 1800 and was forced
with the ECHO-G Holocene simulation at the lateral boundaries. RCA3 has a horizontal
resolution of 0.44◦ x 0.44◦ with 24 vertical levels and a 30 minute time step. It covers
nearly the whole area of Europe, ranging from northern Africa to northern Scandinavia
(33.0◦W to 58.52◦E; 26.0◦N to 71.76◦N). A detailed model description of RCA3 is given
by Samuelsson et al. (2011). The resulting atmospheric fields were used to force the
regional ocean model Rossby Centre Ocean Model (RCO), simulating the Baltic Sea
from 950 to 1800. RCO is a Bryan-Cox-Semtner primitive equation circulation model
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The AMO controls the impact of the NAO on North European climate 4

and has a resolution of 3.7km x 3.7km. It consists of 83 vertical layers, each with a
thickness of 3m. A detailed description of RCO is given by Meier et al. (2003). This
simulation has also been analyzed by Börgel et al. (2018) to study the impact of the
AMO on Baltic Sea variability and has proven to be suitable to analyze the role of the
AMO for Northern European climate. Studies by Zhang & Wang (2013) showed that the
spatial and temporal representation of the AMO varies among every GCM. Medhaug
& Furevik (2011) analyzed the representation of the AMO in 24 different GCMs. They
showed that ECHO-G, which is used in this study, performs reasonably well within the
model spread and captures the AMO variability to a satisfying degree. Further, ECHO-
G was one out of ten GCMs that matched the mean observed overturning circulation and
showed a significant correlation between the AMO and the AMOC. The representation
of the NAO generated by ECHO-G is sufficient. Its variability matches the variability
of observations and captures regional correlations with precipitation and surface air
temperature (Min et al. 2005).

2.2. Modes of variability

In this study the AMO is defined as area-weighted average SST across the North Atlantic
domain (0◦W to 80◦W;0◦N to 60◦N). Further, the global signal is removed by subtracting
the global mean SST (Trenberth & Shea 2006). Zanchettin et al. (2013) showed that it is
difficult to separate between low-frequency variability and forced global changes when
discussing the AMO. They showed that the AMO is strongly influenced by volcanic
eruptions, which are not included in this simulation. In addition, they stressed that
the AMO definition of Trenberth & Shea (2006) may cause some variability loss in the
North Atlantic, but it removes the impact of external forcing, too. Hence, we argue
that the impact of forced global changes on the AMO as discussed in this study is
rather small. The NAO is defined as the first empirical orthogonal function (EOF) of
the monthly sea-level pressure anomalies (20◦N to 70◦N; 90◦W to 40◦E) of the winter
season (DJFM). The NAO pattern is mainly associated with a north-south dipole, and
the centers of action are referred to as IL and AH in this study. Since RCA3 covers only
the European domain, the SLP and SST fields are taken from ECHO-G.

2.3. EOF analysis with overlapping time windows

A reference NAO pattern is defined by calculating the first EOF of the period from
950 to 1800 simulated by ECHO-G. To analyze the change of the spatial position of
the NAO an EOF analysis with overlapping time windows is performed. The idea of
this concept is similar to a centered moving average. For each time step t an EOF is
calculated considering [t-n,t+n] time steps of the SLP anomalies. It should be noted
that the anomalies are calculated relative to the mean of that segment, without any
detrending. The next EOF is calculated with the same window length [t-n,t+n] but t is
now shifted by the time increment dt. This creates a series of EOFs, one for each time
step. For every time step the first four EOFs are calculated to ensure that the NAO
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The AMO controls the impact of the NAO on North European climate 5

pattern is captured. To identify the NAO pattern, they are compared to the reference
NAO pattern by applying a spatial correlation.

Based on this series of NAO patterns the movement of the NAO centers of action
(IL and AH) is tracked by applying a k-means cluster algorithm which is related to
the algorithm proposed by Lloyd (1982). The cluster algorithm (CA) finds k cluster
centroids that minimize the distance between data points and the nearest centroid. The
CA is a robust way to identify the minimum and maximum of the NAO pattern. The
center of each cluster is obtained by calculating the mean position of the cluster.

The idea of an EOF analysis with overlapping time windows has also been applied
by Lehmann et al. (2011) to track the spatial shift of the NAO centers of action. They
performed an EOF analysis for the time period 1958 to 1997 with time windows of
20 years with each period overlapping by 10 years. However, in the present study the
overlapping EOF is constructed separately for each time step.

2.4. Wavelet transformation

A continuous wavelet transform (CWT) is used to analyze the power spectrum of the
AMO signal. Similar to a common power spectrum, CWT expands a time series into
frequency space, but without losing the time information. This allows analyzing time-
localized oscillations in the signal (Torrence & Compo 1998). To find a relationship
between the AMO and the NAO, wavelet coherence (WTC) is used. WTC compares
two CWTs and finds locally phase-locked behavior of two signals. By using Monte Carlo
simulations, the statistical significance level of the WTC is tested. A large ensemble of
n=300 surrogate dataset pairs with the same AR1 coefficients as the input datasets is
created. For each scale of the CWT the significance level is estimated by calculating
the wavelet coherence with each pair of datasets. (Grinsted et al. 2004).

2.5. Storm tracks

To evaluate the impact of the AMO on the storm tracks a calculus-based cyclone
identification (CCI) method is used. CCI uses multiple least squares regression to a
truncated series of sinusoids to estimate the coefficients of the Fourier approximation.
Solving the first and second derivative along the north-south and east-west profiles of
the SLP searching for zero crossings and positive values respectively, results in the local
minima. A detailed description is given by Benestad & Chen (2006).

3. Results

To analyze the relationship between the AMO and the NAO in ECHO-G we use CWT
and WTC (see Figure 1). The AMO and the NAO alternate between positive and
negative states. During the Medieval Climate Anomaly (MCA) from 950 to 1300, the
AMO and the NAO are predominantly positive. During the transition to the Little
Ice Age (LIA; 1400 to 1700), AMO- and NAO- states appear more frequently and the
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The AMO controls the impact of the NAO on North European climate 6

number of positive and negative states is more balanced (Figure 1 (a)). The CWT
reveals that the AMO has two persistent low-frequency components (Figure 1 (b)).
From 1150 to 1400 the AMO has significant power in the frequency band from 90 to 180
years. During the LIA the power distribution changes and significant power is found
in the frequency band from 60 to 90 years. As the power of the AMO signal is not
stationary in time and changes between the MCA and the LIA, we use WTC to reveal
a non-stationary, low-frequency coherence between the AMO and the NAO (Figure 1
(c)). The WTC shows that the AMO and the NAO have a significant coherence in the
time span from 1150 to 1450 in the frequency range from 90 to 180 years. During the
LIA from approximately 1450 to 1700, a significant coherence is found in the frequency
range from 60 to 90 years. For the phase relationship we find that the AMO is leading
the NAO by roughly 12 years during the MCA. As the dominant frequency shifts from
90 to 180 years to 60 to 90 years during the LIA, the phase relationship changes with
the NAO leading the AMO by 6 years on average.

To capture the spatial variability of the NAO, we perform an EOF analysis with
overlapping time windows of 30 years (see Figure 2). As the wavelet analysis revealed
that the dominant frequency of the AMO changes between the MCA and the LIA, we
analyze both climate states separately, to see if the frequency of the AMO impacts the
spatial shift of the NAO.

Figure 2 (a) shows the spatial variability of the IL and AH during the MCA. We find
that the mean position of the IL is shifted westwards (eastwards) during AMO+ (AMO-)
phases. In contrast, the mean position of the AH is shifted eastwards (westwards) during
AMO+ (AMO-) phases. The wind fields are extracted from RCA3 and therefore do not
cover the whole domain. However, matching the observed shift of the IL and AH, we
find increased westerlies at the location of the Azores High and increased easterlies at
the location of the IL. The distance between the mean position during AMO+ and
AMO- phases is greater for the AH than for the IL.

Figure 2 (b) shows the spatial variability of the IL and AH during the LIA. Again,
we find that the mean position of the IL is shifted westwards (eastwards) during AMO+
(AMO-) phases. The AH is shifted in the opposite direction as during AMO+ (AMO-)
phases the AH is located further east (west). The wind difference between AMO+ and
AMO- phases shows stronger westerlies at the location of the AH and stronger easterlies
at the location of the IL. The distance between the mean position during AMO+ and
AMO- phases is slightly greater for the AH than for the IL.

Comparing the MCA and the LIA we find that both time periods show similar
results. The IL is located further west during AMO+ phases and further east during
AMO- phases. The opposite relationship is found for the AH. While the impact on
the AH remains similar during the MCA and the LIA, the distance between the mean
position of the IL during AMO+ and AMO- increases during the LIA. Since both centers
are moving away from each other, we observe a tilting of the axis between the IL and
the AH. It should be noted that the results are independent of the selected time window
for the EOF analysis (see Figure 5).
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The AMO controls the impact of the NAO on North European climate 7

Figure 1. Calculated AMO and NAO index (a), wavelet power spectrum of the AMO
(b) and the wavelet coherence of the AMO and the NAO (c). The black contour lines
show statistical significance according to Grinsted et al. (2004). The cone of influence
where edge effects might influence the results is hatched (Grinsted et al. 2004) The
arrows in the significant regions indicate the phase relationship between the signals:
pointing right (left) in phase (antiphase), and AMO leading (lagging) straight up
(down). AMO = Atlantic Multidecadal Oscillation; NAO = North Atlantic Oscillation.

During AMO+ phases the IL and the AH are located further west and east
respectively (Figure 2). The position of the of both NAO centers of action is likely
related to the position of the storm tracks (Luo et al. 2010). Therefore, we analyze the
impact of the shift on the storm track density,.

Figure 3 (a) shows the mean storm track activity over Northern Europe for
the period 950 to 1800. The center of the mean storm track density is located at
approximately 22◦W and ranges from 54◦N to 66◦N. Further, we find that the storm
track density stretches east across northern Scandinavia. Figure 3 (b) shows the storm
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The AMO controls the impact of the NAO on North European climate 8

Figure 2. Spatial shift of the Icelandic Low and the Azores High sorted by AMO+
and AMO- phases during MCA (a) and LIA (b). Each marker corresponds to the
center position obtained by the EOF analysis with overlapping time windows. Red
(blue) markers indicate AMO+ (AMO-) phases. The black markers show the mean
position of both NAO centers of action (AH and IL) during AMO+ and AMO- phases.
The arrows show the mean wind field and are scaled to [m/s]. The contour shows the
wind speed difference between AMO+ and AMO- phases. MCA = Medieval Climate
Anomaly; LIA = Little Ice Age.; IL = Icelandic Low; AH = Azores High

track density difference associated with zonal shifts of the IL for the period 950 to 1800.
The shifts of the IL are defined as the deviation from its mean position. We find that
the storm track density decreases in the northern part of the model domain, starting
west of Iceland and stretching east across northern Scandinavia. Further, we find a
slight decrease at 20◦W and 54◦N west of Great Britain. A slight increase is found east
of Great Britain at 0◦E and 60◦N. However, only the decrease near Iceland stretching
east is statistically significant.

Next, the regional importance of the NAO for Northern Europe is analyzed using
the example of the Baltic Sea (Figure 3 at 9◦E to 30◦E; 54◦N to 66◦N). Figure 4 (a)
shows the 30-year running correlation between the NAO and regional climate variables -
mean SST, sea ice extent and runoff of the Baltic Sea, respectively - and the longitudinal
position of the Icelandic Low.

The SST shows a positive correlation with the NAO of up to 0.8 from 960 to 1090
but decreases to 0.0 at around 1750. The correlation between the NAO and the sea ice
extent is negative and varies between -0.2 to -0.8. Lastly, the correlation between the
NAO and runoff amounts to 0.5 from 1000 to 1100 but then changes sign with about
-0.2 during 1120. All variables exhibit strong multidecadal variability.
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The AMO controls the impact of the NAO on North European climate 9

Figure 3. Mean storm track density for the period 950 to 1800 (a). Storm track
density difference between ILeast - ILwest (b). Statistical significance is hatched and
calculated with a two-tailed Student’s t test (α = 0.05), where the calculated differences
are compared to yearly storm track fluctuations. IL = Icelandic Low

The longitudinal position of the IL varies between 12◦W and 20◦E. Similar to
the three regional variables it also exhibits multidecadal fluctuations. To analyze the
importance of the IL for the regional climate of the Baltic Sea, the correlation between
the position of the IL and all three running correlations is computed. Considering the
time lag due to the inertia of the ocean, we find a correlation of 0.5 for the SST, a
correlation of 0.42 for the sea ice extent, and a correlation of 0.35 for the runoff.

The same analysis is repeated for the AH (see Figure 4 (b)). Just like the IL, the
AH exhibits multidecadal variability. Its position varies between 20◦W and 22◦E. Again,
we compute the correlation between the running correlations of the regional climate
variables with the NAO and the longitudinal position of the Azores High. For SST,
sea ice extent and runoff we find correlations of up to -0.1, 0.05, and -0.14 respectively.
Comparing the position of the IL and the AH, the position of the IL plays an important
role for the climate of the Baltic Sea, while the position of the AH does not have a
significant impact on the climate of the Baltic Sea.
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The AMO controls the impact of the NAO on North European climate 10

Figure 4. Comparison of the longitudinal position of the IL (a) and the AH (b) with
the 30-year running correlation between the NAO and regional climate variables of the
Baltic Sea, namely, sea ice extent, runoff and SST. NAO = North Atlantic Oscillation;
SST = sea surface temperature; IL = Icelandic Low; AH = Azores High

4. Discussion

The climate mode AMO influences the spatial pattern of the NAO. This connection is
revealed by the EOF analysis with overlapping time windows (Figure 2). We find that
the state of the AMO influences the zonal position of the IL and the AH. AMO+ states
cause a westward shift of the IL which in turn reduces the regional importance of the
NAO for the North European climate.

To analyze the characteristics of the AMO in ECHO-G and its relationship with the
NAO we use CWT and WTC (Figure 1). The frequency of the AMO varies from 90 to
180 years during the MCA and from 60 to 90 years during the LIA. The simulated AMO
tends to stay in a positive phase during the MCA, which is in agreement with studies
by Mann et al. (2009), Landrum et al. (2013). Frequency shifts of the AMO appear
throughout the entire 7000 years of the ECHO-G Holocene simulation. There are several
studies discussing possible reasons for these shifts of the AMO on centennial time scales:
By analyzing seven Holocene climate proxies Knudsen et al. (2011) revealed changes in
the dominant frequency and regional importance of the AMO over a period of 8000 years.
Further, Frankcombe et al. (2010) proposed that the AMO can be viewed as a damped
oscillatory internal ocean mode that is excited by atmospheric noise, modulating its
dominant frequency. In addition, changes of the dominant frequency of the AMO were
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also found in a Greenland ice core record (Chylek et al. 2012). The simulated NAO
in ECHO-G tends to stay in a positive state during the MCA as well, which is also
found by Trouet et al. (2009). They argued that the climate transition between MCA
and LIA was coupled to prevailing La Niña– like conditions which were amplified by
an intensified AMOC during the MCA. These studies are in good agreement with the
dynamical interpretation of the AMOC and the NAO interplay proposed by Wills et al.
(2019) or Delworth & Zeng (2016) as they described the frequency of the AMO as a
result of the interaction between atmosphere, i.e. NAO, and the ocean.

The WTC between the AMO and the NAO reveals a significant coherence in a
frequency range that can be attributed to the AMO. We find that the phase relationship
between the AMO and the NAO changes between the MCA and the LIA. However, with
a frequency of 50 to 90 years during the LIA the AMO lags the NAO as discussed by
Delworth & Zeng (e.g. 2016), Sun et al. (e.g. 2015), Wills et al. (e.g. 2019). We argue
that the changing phase relationship is also caused by the previously described climate
transition between the MCA and the LIA.

The impact of the AMO on the spatial position of the NAO is analyzed in Figure
2 and distinguishes between MCA (a) and LIA (b). However, independent of both
climate states we find similar results for both periods as the AMO causes a westward
shift of the IL and an eastward shift of the AH during AMO+ phases. Previous studies
argued that the change of the mean flow causes a zonal shift of the IL and AH (Jung
et al. 2003, Luo & Gong 2006, Luo et al. 2010). Hence, the observed shift of both
pressure centers is likely related to the difference in the wind fields between AMO+
and AMO-. Further, Luo et al. (2010) found that the position the Atlantic storm track
likely influences the position of both NAO centers of action. However, we find that the
position of the IL and the AH as influenced by the AMO is not affecting the position of
the mean storm track density. Instead of an increasing storm track densities during an
eastward shift of the IL, we find a lower numbers of storms (Figure 3 (b)). By analyzing
the SLP fields we find that the state of the AMO is influencing the number of storm
tracks instead of the position of both centers. A westward or eastward shift of the IL
corresponds to AMO+ and AMO- states respectively (Figure 2). The SLP difference
between westward and eastward shifts of the IL shows negative values at the location
of the IL and positive values at the position of the AH, resembling an NAO+ pattern
(Figure 6). This results in a higher SLP gradient and a higher number of storms (not
shown). Further, the difference between eastward shifts of the AH and westwards shifts
of the AH, corresponding to AMO+ and AMO- states, results in the same SLP pattern
as for the IL. We find a higher SLP gradient, increasing the number of storms.

Nevertheless, the shift of the IL and the AH is of particular importance when
studying the impact of the NAO on, e.g., local precipitation patterns. Studies discussing
global climate such as Landrum et al. (2013) neglected that the correlations of the
NAO and regional climate variables change over time. However, a few regional climate
studies considered that the influence of the NAO on regional climate variables in Europe
changes over time (Vihma & Haapala 2009, Omstedt & Chen 2001, Hünicke & Zorita
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2006, Chen & Hellström 1999, Meier & Kauker 2002, Beranová & Huth 2008). The
Baltic Sea has been shown to respond very sensitively to external forcing (Belkin 2009).
It is exposed to a variety of anthropogenic pressures such as agricultural, industrial,
and urban activities. In this study we are investigating the impact of natural variability
on the environmental state of the Baltic Sea because this impact may be even more
important than anthropogenic climate change in the near future, as 58% of the decadal
variability in the Baltic Sea mean SST can be explained by the AMO (Kniebusch et al.
2019).

Using the Baltic Sea as an example for the impact of the NAO on regional climate
(Figure 4), we find that the correlation between regional climate variables and the NAO
varies on multidecadal time scales. The correlation between the NAO and SST varies
immensely with correlations ranging from 0.0 to 0.8. Beranová & Huth (2008) found a
higher correlation between the NAO and the European climate when the NAO centers
of action are located farther east. While our findings support their claims, we find that
only the position of the IL is relevant for the regional correlation with the NAO in
Northern Europe.

Previous studies have focused on the stationary relationship between the AMO and
the NAO. The present study is the first showing an influence of the multidecadal vari-
ability of the AMO on the spatial structure of the NAO over longer periods of time. As
presented in this study, the AMO influences the east-west position of the IL and the
AH, with a NW-SE shift during AMO+ phases. We find that it is important to consider
the respective state of the AMO since it indicates whether the correlation between the
NAO and regional climate will increase or decrease.

Appendix

The first row of Figure 6 shows the sea level pressure anomaly for an eastward shift of the
IL and a westward shift of the AH. The observed shift corresponds to an AMO+ state.
The second row shows the sea level pressure anomaly for the IL located west and the
AH located east, which corresponds to an AMO- state. The last row shows the sea level
pressure difference between a westward (eastward) shift and eastward (westward) shift
of the IL (AH). It is found that during AMO+ phases the sea level pressure gradient
between the IL and the AH is higher compared to AMO- phases.
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Figure 5. Center position of the Icelandic Low and Azores High for different EOF
overlap time windows. Each marker represents one period, with blue (red) markers
indicating AMO- (AMO+) phases. On the left (right) side the relationship during
the Medieval Climate Anomaly (Little Ice Age) is shown. The rows represent EOF
overlapping time windows of 20, 30, 40, and 50 years. The black marker shows the
mean position of NAO centers of action during AMO+ and AMO- phases.
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Figure 6. Sea level pressure anomaly associated with the zonal position of the IL and
the AH. IL = Icelandic Low; AH = Azores High
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Temperature Variability of the Baltic Sea Since 1850 and
Attribution to Atmospheric Forcing Variables
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Abstract The Baltic Sea is highly impacted by global warming and other anthropogenic changes and is
one of the fastest-warming marginal seas in the world. To detect trends in water temperature and to
attribute them to atmospheric parameters, the results of two different ocean circulation models driven by
reconstructed atmospheric forcing fields for the period 1850–2008 were analyzed. The model simulations
were analyzed at temporal and spatial scales from seasonal to centennial and from intrabasin to basin,
respectively. The strongest 150-year trends were found in the annual mean bottom temperature of the
Bornholm Deep (0.15 K/decade) and in summer mean sea surface temperature (SST) in Bothnian Bay
(0.09–0.12 K/decade). A comparison of the time periods 1856–2005 and 1978–2007 revealed that the SST
trends strengthened tenfold. An attribution analysis showed that most of the SST variability could be
explained by the surface air temperature (i.e., sensible heat flux) and the latent heat flux. Wind parallel to
the coast and cloudiness additionally explained SST variability in the coastal zone affected by the
variations in upwelling and in offshore areas affected by the variations in solar radiation, respectively. In
contrast, the high variability in stratification caused by freshwater and saltwater inflows does not impact
the long-term variability in the SST averaged over the Baltic Sea. The strongest SST trends since the 1980s
can be explained by the superposition of global warming and a shift from the cold to the warm phase of the
Atlantic Multidecadal Oscillation.

1. Introduction
With a volume of 21,700 km3, including the Kattegat (BACC Author Team, 2008), and a salinity range from
3 to 12 g/kg (Fonselius & Valderrama, 2003), the Baltic Sea is one of the largest brackish seas in the world.
Its physical characteristics such as salinity and temperature and also oxygen concentration are dominated
by changes in the atmosphere, particularly temperature, sea level pressure, precipitation and river runoff,
the cloudiness/radiation budget, wind, and nutrient inputs from rivers and the atmosphere. The Baltic Sea
is connected to the open sea only by the narrow Danish straits. Moreover, its strong stratification prohibits
vertical mixing due to a permanent halocline (Matthäus & Franck, 1992).

As climate change results in an increase in temperature as well as changes in circulation patterns, the Baltic
Sea is also affected by increasing air and water temperatures (BACC II Author Team, 2015). Belkin (2009)
analyzed reconstructed sea surface temperature (SST) trends of all large marine ecosystems between 1982
and 2006, collocating them by their trends. The Baltic Sea showed the largest temperature change of 1.35 K
since 1982, followed by the North Sea, with a change of 1.31 K. Both changes were more than 7 times larger
than the global rate. Coastal seas are known to be more sensitive to global climate change, as the absorption
of sunlight at the surface of shallow and turbid waters is higher (Belkin, 2009), but also among coastal
seas, the temperature rise in the Baltic Sea region is extreme. Considering a longer time period (1957–2006)
produces different results because the local minimum in the 1980s was lower in the Baltic Sea than in other
large marine ecosystems. Thus, the total temperature increase during the last 50 years was smaller than that
during the last 30 years.

Hence, it is of special interest to investigate why the temperature change in the Baltic Sea was so strong
during the last 30 years. The air temperature in the Baltic Sea catchment area rose by 0.4 K/decade during
1970–2008 (BACC II Author Team, 2015; Lehmann et al., 2011), while the values for the northern Baltic Sea
were even larger. The global change amounts to 0.177 K/decade (IPCC AR4, 2007a).
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Several publications have dealt with satellite-derived SST trends, considering different periods and spatial
means of the Baltic Sea (Belkin, 2009; Gustafsson et al., 2012; Lehmann et al., 2011; Siegel et al., 2006). In
addition, many publications reported the strongest SST trends during the summer months (Lehmann et al.,
2011; Siegel et al., 2006; Stramska&Białogrodzka, 2015).Withmonitoring data from the southern Baltic Sea,
MacKenzie and Schiedek (2007a) showed that the summer SST increased 2–5 times faster between 1985 and
the early 2000s than the global rate over the same period of time. Belkin (2009), Siegel et al. (2006), Lehmann
et al. (2011), and Stramska and Białogrodzka (2015) calculated similar annual Baltic Sea mean SST changes
of approximately 0.56–0.57 K/decade during 1982–2006 and 1990–2004 and 0.5 K/decade during 1990–2008
and 1982–2013.

Although many publications (e.g., Lehmann et al., 2011; MacKenzie & Schiedek, 2007a; Stramska &
Białogrodzka, 2015) have analyzed the general evolution of the hydrographic state of the Baltic Sea, partic-
ularly the SST, and reported exceptionally strong temperature trends in that region, very few studies have
dealt with the temperature variability and its atmospheric drivers in detail. Lehmann et al. (2011) examined
a large increase in air temperature but also a decrease in cloud cover, which could be an important factor
warming the Baltic Sea surface water. There is also evidence for increasing warm summer inflow events
during the last decades bringing warm surface water from the North Sea to deeper areas of the Baltic Sea
(BACC II Author Team, 2015; Leppäranta &Myrberg, 2009; Meier et al., 2006; Mohrholz et al., 2006). Thus,
in 100 years, the bottom temperature at Bornholm Deep increased exceptionally fast (Fonselius & Valder-
rama, 2003). A sensitivity test showed that higher absorption rates due to increased turbidity led to higher
temperatures at the surface (Löptien & Meier, 2011). Eutrophication led to increased algal blooms and a
remarkable decrease in Secchi depth during the last 100 years (Laamanen et al., 2004). However, the strong
trends in summer SST since 1880 cannot be explained by increased algal blooms alone (Löptien & Meier,
2011). Stramska and Białogrodzka (2015) found higher annual variability in shallow coastal areas with large
riverine nutrient inputs.

Many publications have also looked at the connection between the North Atlantic Oscillation (NAO; e.g.,
Hurrell, 1995; Visbeck et al., 2001) and SST changes, which is strongest in winter (Lehmann et al., 2011;
Stramska & Białogrodzka, 2015). The NAO describes the strength of the dipole between the Icelandic low
and Azores high pressure systems and plays an important role in the large-scale circulation pattern over
Northern Europe. However, the NAO is not always the dominant pattern representing the atmospheric vari-
ability of the Baltic Sea region (Kauker & Meier, 2003; Meier & Kauker, 2003). The Atlantic Multidecadal
Oscillation (AMO; Knight et al., 2006) is another important index of large-scale internal climate variability
and is represented by the mean SST averaged over the North Atlantic (Knight et al., 2006). The associated
atmospheric and oceanic circulation has an impact on the climate in the Northern Hemisphere, including
Europe and the Baltic Sea. The AMO is related to variations in the transport of warm water toward Europe
(Pohlmann et al., 2006; Sutton & Hodson, 2005) via the Gulf Stream and North Atlantic Current. This effect
is more pronounced during the summer season. The northward heat transport in the Atlantic is the reason
that Europe is warmer thanNorthAmerica, although they are located at the same latitudes (Pohlmann et al.,
2006). Hence, in phases with a high AMO (anomalous high SST over the North Atlantic), there is increased
heat transport toward Europe. Börgel et al. (2018) showed that the AMO also has an effect on the Baltic
Sea salinity.

Temperature variability, especially at the surface, affects the ecosystems of the Baltic Sea. For instance, SST
is an important factor for the onset and spatial distribution of cyanobacterial blooms (Kanoshina et al.,
2003; Neumann et al., 2012) and for the populations of some fish species (MacKenzie & Köster, 2004). The
complex system of the Baltic Sea has changed in different ways during the last 160 years since the first
observations of temperature, salinity, and Secchi depth were recorded. Numerous studies concerning the
long-term changes in the Baltic Sea using observations (Fonselius & Valderrama, 2003; Winsor et al., 2001)
as well as simulations (Meier & Kauker, 2003; Schimanke et al., 2014) were performed during the last two
decades. This study uses simulations of two models of the physical and biogeochemical evolution of the
Baltic Sea from 1850 to 2008 with the same atmospheric forcing variables to understand the changes in
temperature variability of the Baltic Sea. The advantage of model simulations over observational data sets is
that the former are dynamically consistent and provide better spatial and temporal resolution. This study is,
to the best of our knowledge, the first attempt to analyze temperature trends of the Baltic Sea with respect
to seasonal and spatial differences with model simulations as well as several observational data sets and
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Figure 1. Bathymetry of the MOM setup with basins and stations (from the database of the Leibniz Institute for Baltic
Sea Research IOW and lightships) used in this study. The red line between Kattegat and Skagerrak represents the
boundary of the RCO model.

attribute the changes to variability in the atmosphere. We also provide a possible explanation of why the
Baltic Sea warmed so quickly during 1982–2006.

In section 2, the model simulations, observations, and reconstructions used for the evaluation as well as the
statistical methods are introduced. Section 3 presents simulated temperature trends and their evaluation
relative to observations. Our results are also compared with the results from previous publications, and the
trends are attributed to atmospheric forcing parameters. In sections 4 and 5, the results are discussed, and
the conclusions of this study are drawn, respectively.

2. Data andMethods
2.1. Models
Two models were used. The Modular Ocean Model coupled with the Ecological ReGional Ocean Model
(MOM-ERGOM;Neumann, 2000) and theRossbyCentreOcean circulationmodel coupledwith the Swedish
Coastal and Ocean Biogeochemical Model (RCO-SCOBI; Eilola et al., 2009; Meier et al., 2003) were both
forced with the same reconstructed High-Resolution Atmospheric Forcing Fields (HiResAFF) by Schenk
and Zorita (2012). The model domains and bathymetry are shown in Figure 1. Both models use the same
atmospheric forcing, river runoff, and bathymetry data. However, the latter data were interpolated to
different grids with a different spatial resolution.
2.1.1. RCO-SCOBI
The RCO model is a Bryan-Cox-Semnter-type ocean circulation model coupled to a Hibler-type sea ice
model (Meier et al., 1999, 2003). The horizontal and vertical resolutions are 3.7 km and 3 m, respectively.
The subgrid-scale mixing in the ocean is parameterized using a k-𝜖 turbulence closure scheme with flux
boundary conditions (Meier, 2001). A flux-corrected, monotonicity-preserving transport scheme is embed-
ded without explicit horizontal diffusion (Meier, 2007). The model domain comprises the Baltic Sea and
Kattegat with lateral open boundaries in the northern Kattegat. In the case of inflow temperature, salin-
ity, nutrients (phosphate, nitrate, and ammonium), and detritus, the values are nudged toward observed
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climatological profiles, and in the case of outflow, a modified Orlanski radiation condition is used (Meier
et al., 2003). Daily sea level variations in the Kattegat at the open boundary of the model domain were
calculated from the meridional sea level pressure gradient across the North Sea using a statistical model
(Gustafsson et al., 2012). The SCOBImodel comprises the dynamics of nitrate, ammonium, phosphate, oxy-
gen, hydrogen sulfide, three phytoplankton species (including nitrogen-fixing cyanobacteria), zooplankton,
and detritus (Eilola et al., 2009). The sediment contains nutrients in the formof benthic nitrogen and benthic
phosphorus. Processes including assimilation, remineralization, nitrogen fixation, nitrification, denitrifica-
tion, grazing,mortality, excretion, sedimentation, resuspension, and burial are considered.With a simplified
wave model, resuspension of organic matter is calculated (Almroth-Rosell et al., 2011). Fluxes of heat,
incoming longwave and shortwave radiation, momentum, and matter between the atmosphere, ocean, and
sea ice are parameterized using bulk formulae adapted to the Baltic Sea region (Meier, 2002). Inputs to the
bulk formulae are state variables of the atmospheric planetary boundary layer, including 2-m air tempera-
ture, 2-m specific humidity, 10-m wind, cloudiness, and mean sea level pressure, and ocean variables such
as SST, sea surface salinity (SSS), sea ice concentration, albedo, and water and sea ice velocities. A detailed
description of the model setup can be found in Meier et al. (2018).
2.1.2. MOM-ERGOM
“The physical part of themodel is based on the circulationmodelMOM (version 5.1) (Griffies, 2004) and has
been adapted to the Baltic Sea with an open boundary condition to the North Sea and riverine freshwater
input. The MOM is complemented with a sea ice model to estimate ice cover thickness and extent. The
horizontal resolution of the model grid is approximately 5 km, while vertically, the model is resolved into
134 layers, with a layer thickness of 2 m” (Neumann et al., 2017).

Since the MOM is operated in an uncoupled manner (without an atmospheric model) in this application,
the downward heat fluxes have to be prescribed. The longwave radiation is calculated according to Berliand
and Berliand (1952) with an adjustment of the cloud coverage (Kondratyev, 1969). For shortwave radiation,
we used the model by Bodin (1979).

Essentially, the ERGOM simulates the marine nitrogen and phosphorus cycles. Three functional phy-
toplankton groups are involved in primary production (large cells, small cells, and cyanobacteria). A
dynamically developing bulk zooplankton variable provides grazing pressure on the phytoplankton. Dead
particles accumulate in the detritus state variable. In the sedimentation process, a portion of the detritus
is mineralized into dissolved ammonium and phosphate. Another portion reaches the sea bottom, where it
accumulates as sedimentary detritus and is subsequently buried, mineralized, or resuspended into thewater
column, depending on the velocity of near-bottom currents. Under oxic conditions, some of themineralized
phosphate is bound by iron oxides and is thus retained in the sediment, becoming liberatedwhen conditions
become anoxic. Oxygen development in themodel is coupled to biogeochemical processes via stoichiometric
ratios, with oxygen levels in turn controlling processes such as denitrification and nitrification.

Additionally, we created a boxmodel in theMOM (hereafter calledMOMbox) by constructing a rectangular
basin with 3 × 3 grid points and a flat bottom with a depth of 100 m. We positioned the box model in the
Gotland Basin from 19.5◦E to 20.5◦E longitude and 57.0◦N to 57.5◦N latitude. To omit advectional processes,
the horizontal ocean currents were set to 0. Since neither sporadic inflows through the Danish straits nor
freshwater input from the rivers was considered in the 1-Dmodel, the salinity profile had to be predescribed,
while precipitation was maintained. In this manner, the box model was initialized each year with a new
salinity profile to maintain the vertical stratification. We followed two approaches: One simulation used
the same vertical salinity profile for each year, and the second used the salinity profile from the original
simulation to meet the temporal variability in the salinity. The time series of SST, SSS, and bottom salinity of
the boxmodels are shown in the supporting information. The boxmodelwas driven by the same atmospheric
forcing as in the previous simulations.

2.2. Forcing Data
The HiResAFF data set developed by Schenk and Zorita (2012) were used in this study. This data set was
already used and evaluated in Gustafsson et al. (2012) and Meier et al. (2012). Schenk and Zorita (2012)
applied the analogue method to assign regionalized reanalysis data to the few available observational sta-
tions in the early periods. In thismanner, the authors obtained consistentmultivariate forcing fields without
artificial interpolation. Simulations of the Rossby Centre regional Atmosphere-Ocean (RCAO; Döscher
et al., 2002) model with a 0.25◦ × 0.25◦ spatial resolution and daily model output were performed, using
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ERA40 reanalysis data (Uppala et al., 2005) during 1958–2007 as forcing variables. The fields for 2-m air
temperature were taken from an atmosphere-only simulation with RCA3, which was driven by observed
SSTs (Samuelsson et al., 2011). The generated pool of daily atmospheric forcing fields (analogue pool,
1958–2008) including air temperature, wind, relative humidity, total cloud cover, precipitation, and mean
sea level pressure was assigned to available observations during 1850–1957 (reconstructed period) using the
analogue method (Schenk & Zorita, 2012). This method has been tested using various settings of the ana-
loguemethod and by comparing the results with reanalyzed data and observations, which indicated that the
data set is reliable and robust. River runoff and riverine nutrient loads were reconstructed following Meier
et al. (2012) and Gustafsson et al. (2012), respectively.

2.3. Observations
For model evaluation, long-term observations from various observational data sets were used. The in situ
temperature and salinity observations from the Leibniz Institute for Baltic Sea Research Warnemünde
(IOW) database (https://www.io-warnemuende.de/en_iowdb.html) provide profiles at the most important
stations, while reconstructions such as the U.K. Meteorological Office Hadley Centre data set HadISST1
(Rayner et al., 2003; https://www.metoffice.gov.uk/hadobs/hadisst/data/HadISST_sst.nc.gz) and the Opti-
mum Interpolation SST (OISST) Version 2 satellite data from the National Oceanic and Atmospheric
Administration (NOAA; Reynolds et al., 2007,http://monitor.cicsnc.org/obs4MIPs/data/OISST/Monthly/)
provided spatial information for the SST. The daily OISST (Reynolds et al., 2007; Stramska & Białogrodzka,
2015) data have a spatial resolution of 0.25◦ × 0.25◦ but are only available since 1982. Many satellite data
provide only sea skin temperature, but with the so-called optimum interpolation method (Reynolds et al.,
2007) the data can be interpolated to real sea surface water temperatures; thus, the data can be compared
directly with model results. The HadISST1 data set is a reconstruction of merchant ship measurements,
in situ observations, and values from other sources (MacKenzie & Schiedek, 2007b; Rayner et al., 2003)
and provides only monthly data with a resolution of 1◦ × 1◦ but includes data collected since the 1870s.
This data set has already been used for analyses in the Intergovernmental Panel on Climate Change (IPCC)
report (IPCC AR5, 2013). Additionally, temperature measurements from Swedish lightships (Lindkvist &
Lindow, 2006; http://smhi.diva-portal.org/smash/record.jsf?pid=diva2%3A947588&dswid=-8586) were
used to verify simulations back to the 1860s. Sea ice data of the Baltic Sea were provided by the European
Environment Agency (EEA; Baltic Sea ice data (FMI), 2017, https://www.eea.europa.eu/data-and-maps/
daviz/maximum-extent-of-ice-cover).

To quantify the variability in surface air temperature (SAT), a long record of air temperature measurements
in Stockholm collected at the old astronomical observatory since the 1750s was considered (Moberg et al.,
2002; https://bolin.su.se/data/stockholm/homogenized_monthly_mean_temperatures.php).

In addition, time series of the large-scale NAO and AMO climate indices were used to attribute the Baltic
Sea mean SST variability to external drivers. Long-term observations of the sea level pressure differences
between Reykjavik, Iceland, and Gibraltar, Spain, constitute the NAO index, which is available from the
Climatic Research Unit, University of East Anglia (Jones et al., 1997; https://crudata.uea.ac.uk/cru/data/
nao/nao.dat). The AMO index is defined as the mean SST over −80◦E to 0◦E and 0◦N to 60◦N detrended
by the global mean SST change and shows a periodicity of approximately 60 years, oscillating between high
and low mean SST values. A time series of the AMO index based on the HadISST1 data set is available from
the Royal Netherlands Meteorological Institute (KNMI) Climate Explorer (Kennedy et al., 2011; Trenberth
& Shea, 2005, https://climexp.knmi.nl/data/iamo_hadsst_ts.dat).

2.4. Statistical Methods
The analysis of the data mentioned above was performed using either the Climate Data Operators (CDO,
2015) or the statistical program R (R Core Team, 2015), while many figures were created using the package
“ggplot2” (Wickham, 2009).

In this paper, anomalies were calculated relative to the period 1981–2008 because of the shortest observa-
tional data set (OISST). Baltic Sea mean temperatures refer to areas east of 13◦E longitude (Figure 1). In
the figures, time series of temperature are low-pass filtered with a cutoff frequency of 10 years to visualize
the long-term variability. However, the linear andmultilinear regression analyses were performed using the
unfiltered annual or seasonal (winter, December to February [DJF]; spring, March toMay [MAM]; summer,
June to August [JJA]; and autumn, September to November [SON]) mean. The linear regression analysis
was performed using the general least square fit method by maximum likelihood, taking the autocorrela-
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Figure 2. Profiles of simulated and observed temperatures in the Bornholm Deep (BY5), Gotland Deep (BY15), and
Bothnian Sea (SR5). In the left column, for both simulations and observations, dashed and dotted lines show the
median and the 25th and 75th percentiles during 1978–2007, respectively. In addition, the solid lines show median
temperatures in the simulations during 1870–1899. In the right column, the simulated climate change signal in
temperatures for the periods 1870–1899 and 1978–2007 is shown.
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Table 1
Mean Annual Maximum Ice Extent in Observations and Simulations (in 106 m2),
Root-Mean-Square Error (RMSE), and Correlation (Cor) of Simulations Compared to
Observations for the Whole Simulated Period (1850–2008), the Reconstructed Period (1850–1957),
and the Period of the Analogue Pool (1958–2008)

Mean RMSE Cor
Time Obs RCO MOM RCO MOM RCO MOM
1850–2008 198.5 165.8 293.9 74.8 117.1 0.79 0.79
1850–1957 205.4 172.5 301.8 83.5 123.3 0.76 0.76
1958–2008 183.8 151.7 277.0 52.0 102.9 0.88 0.89

tion at a time lag of 1 (alpha) into account, which is a measure of the internal variability and important for
calculating realistic confidence intervals (Ribes et al., 2016). To determine alpha, the first 50 years of each
time series were used, while for shorter time series such as the OISST or lightship data, the value for alpha of
the corresponding time series in the model simulations was used. For the regression analysis, the R package
“Linear and nonlinear effect models” (Pinheiro et al., 2016) was applied. The interpretation of significance
levels based on the p value and the corresponding thresholds was carried out according to Box 1.1 (“Treat-
ment of Uncertainties in theWorking Group I”) in the IPCCAR4 (2007a), while the null hypothesis was that
no trend existed. Furthermore, the considered period for long-term trends (1856–2005) was chosen accord-
ing to IPCC AR4 (2007a), while the short-term trends were calculated for the last 30 years in the simulation
(1978–2007) without the record year 2008 (cf. Figure 12).

The correlation coefficient was calculated using Pearson's correlation, while its squared value was used to
indicate the explained variance (Wilks, 2011).

Lastly, a ranking analysis was performed to determine which atmospheric drivers are most important for
the variability in the Baltic Sea SST. Since air temperature explains most of the variability in the SST and is
not stationary, the SST was subtracted by the residuals from a linear model fitting the SST to the SAT. The
trend in air temperature dominated the time series of SST and thusmasked other effects, which is why it was
removed. To identify the second and third most important drivers of the SST, a cross-correlation analysis
was applied because the effects of wind on the SST in upwelling areas is delayed by several days. For each
grid point and variable (cloudiness, latent heat flux, and both wind components), the explained variance
with a maximum time lag of 30 days was calculated. Finally, the variable explaining the most and second
most variance was identified for each grid point.

3. Results
3.1. Evaluation of theModel Results
In situ observations from the IOWdatabasewere used to validate the temperature profiles at three exemplary
stations from south to north (Bornholm Deep [BY5], Gotland Deep [BY15], and Bothnian Sea [SR5]; cf.
Figure 1).

In Figure 2, the vertical mean temperature profiles for the period 1978–2007 show good agreement at the
selected stations, which represent different vertical temperature gradients. The SST is underestimated in
both models but is still within the standard deviation of the observations, except for the MOM in the Both-
nian Sea. Simulated profiles are also shown for the period 1870–1899. The difference between the twoperiods
in the model results represents the climate change signal and is shown in the right column. The change in
temperature at every station and depth is positive. The largest changes occurred at Bornholm Deep with
differences between 1.7 and 2 K. Toward the north, the changes become smaller for both the surface and
deeper layers. In general, the changes at and below the thermocline are the smallest. In the deeper layers of
the Gotland and Bornholm basins, saltwater inflows dominate the variability in water masses, with higher
temperature changes than in the surface layer.

Since sea ice is a very important factor for the temperature variability in the Baltic Sea, in Table 1, the sim-
ulated maximum ice extent is compared with observations (Baltic Sea ice data (FMI), 2017). In this study,
the total area of all grid points with a monthly mean sea ice concentration larger than 10% was summarized
(Meier & Kauker, 2003). According to the observations, this was performed for the whole simulation area,
while the RCOwas corrected by 6.4% due to the datamissing from the Skagerrak. The observedmean annual
maximum ice extent during 1850–2008 amounts to 198.5 × 106 m2, while the MOM produces a mean of
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Figure 3. Simulated and observed 10-year running mean summer sea surface temperatures at lightship sites (cf. Figure 1) and corresponding linear trends
during time periods with lightship observations.
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Figure 4. Ten-year running mean of simulated and observed time series.
(top) SAT anomalies in Stockholm. (bottom) Baltic Sea mean and Gotland
Deep SST anomaly. SAT = surface air temperature; SST = sea surface
temperature.

293.9 × 106 m2 and the RCO produces a mean of 165.8 × 106 m2, with
root-mean-square errors of 117.1 × 106 and 74.8 × 106 m2, respectively.
In addition, the variability in the annual maximum ice extent is under-
estimated in both models, while the MOM reproduces years with a
completely ice-covered sea surface but overestimates the absolute mean,
whereas the RCO result is closer to the observations but underestimates
the mean sea ice extent.

Hereafter, mainly SST will be considered because the effects of the atmo-
spheric forcing are most obvious for this variable. If measurements are
available, these data sets (HadISST1 and OISST) will be included in the
graphs to verify the detected long-term trends and variability.

To evaluate the long-term SST variability back to the 1860s, Figure 3
compares the 10-year running mean lightship measurements (Lindkvist
& Lindow, 2006) with the corresponding simulated temperature at the
closest model grid points. Since winter measurements during that time
are very sparse, especially in the northern Baltic Sea, only the summer
months (JJA) are considered.

The temperature variability is well reproduced by both models at all sta-
tions, while themean error differs spatially. At themost northern station,
Sydostbrotten, and in the southern areas (Utklippan and Falsterborev),
the time series show good agreement, especially for the RCO in south-
ern areas. However, in areas around the Archipelago Sea (Finngrundet,
Grundkallen and Svenska Björn), the models show a large positive bias
of 2–3 K. Nevertheless, at all stations, the variability in themeasurements

and simulations shows very good agreement. The estimated trends for periods when observations are avail-
able show qualitative agreement. All time series exhibit the highest trends at Utklippan and the lowest at
Fladen. Due to the different time periods of measurements at each lightship, conclusions about the spatial
distribution of trends cannot bemade.With respect tomissing values and long periods with gaps in themea-
surements, we conclude that the variability in summer SST is well reproduced by both simulations. Figure 3
emphasizes the differences between the models. In northern areas, the MOM simulates slightly higher (or
almost identical) temperatures than the RCO model. However, the more south the station is, the less the
simulated SST of the MOM follows the observations and the lower it is below the observations, while the
RCO values and observations are very close.

Figure 5. Trends in global (IPCC AR4, 2007a) and Baltic Sea annual mean surface air temperature in different periods.
The global trends are taken from Table TS.6 of IPCC AR4 (2007b).
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Figure 6.Maps of simulated 150-year linear SST (top row) and bottom temperature (bottom row) trends in Kelvin per
decade for the MOM (left column) and RCO model (right column) during 1856–2005. Areas with a high significance
level are hatched (p values lower than 0.01), and areas with no significance (p values larger than 0.33) are excluded
(white). SST = sea surface temperature.

3.2. Detection of SST and Bottom Temperature Trends
Figure 4 shows the temperature development of both SAT (top panel) and SST (bottom panel) anomalies
in the Baltic Sea region. The temperature variability in the forcing fits well with the long-term temperature
measurement in Stockholm (Moberg et al., 2002). The correlation on a monthly scale amounts to 0.9. Addi-
tionally, the warm periods in the 1930s and 1990/2000s, which were repeatedly reported in recent studies
(BACC II Author Team, 2015; IPCC AR4, 2007a), are clearly visible. The temperature after 2000 exceeded
the highest values ever measured since 1756.

In the bottom panel of Figure 4, the results of both model simulations and observations from the Baltic
Sea mean SST show good agreement, with correlations between 0.8 for the HadISST1 data set and 0.85 for
the OISST data set. The mean error of the simulated SST amounts to −0.4 K for the MOM and +0.1 K for
the RCO model, while the errors differ spatially, as seen in Figures 2 and 3. Nevertheless, the correlations
betweenmeasurements and simulations are very high, which allows us to assess the temperature variability
from continuous simulations since 1850.

Figure 5 summarizes Baltic Sea mean air temperature trends in different periods and data sets as well as the
global trend reported in Table TS.6 by the IPCCAR4 (2007b). The temperature trends are consistently higher
in the Baltic Sea than at the global scale. Especially during the last 25 years, the trends in the Baltic Sea were
3 times higher. The observations in Stockholm show even higher values. The error bars of the Baltic Sea air
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Figure 7.Maps of simulated 30-year linear SST (top row) and bottom temperature (bottom row) trends in Kelvin per
decade for the MOM (left column) and RCO model (right column) during 1978–2007, as in Figure 6. SST = sea surface
temperature.

temperature trends aremuch taller than those for the global trends due to the higher variability in the former
(Figure 4). However, the overlap of the confidence intervals of global and Baltic Sea trends during the last
period is very small or lacking (Stockholm observations), which shows that the increase in temperature in
the Baltic Sea region during recent decades has been significantly larger than the global rate. However, the
trends are underestimated in the forcing data.

The spatial distributions of the sea surface and bottom temperature trends during 1856–2005 with a sig-
nificance level higher than 66% are shown in Figure 6. The models show comparable results regarding the
spatial distribution, although the MOM simulated slightly stronger SST trends, especially in western areas,
and the RCOmodel simulated stronger bottom temperature trends in the deeper parts of the Baltic Sea. The
increase in the bottom temperature during 1856–2005 generally followed the bathymetry of the Baltic Sea.
Most striking is the strong trend at Bornholm Deep, which amounts to almost 0.15 K/decade in the RCO
model and 0.13 K/decade in the MOM and is comparable to the results in Figure 2.

Because the rate of global warming has increased in recent decades (cf. Figure 5), it is interesting to examine
whether the spatial distribution changed. Figure 7 shows the same results as Figure 6 but for the period
1978–2007. Regions with relatively strong SST trends expanded to northern areas, while the RCO model
simulates higher values than theMOM. In contrast, the SST trends at the Swedish coastline are weaker than
those throughout the whole Baltic Sea, especially in the RCO simulation. The bottom temperature trends in
deeper parts of the Baltic Sea are different from those shown in Figure 6. In deeper parts below 60 m, the
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Figure 8. Seasonal and regional (basins, cf. Figure 1) trends in simulated SST and reconstructed air temperature. (left)
The height of the bars represents the trend in the annual mean SST for two time periods (1856–2005 and 1978–2007).
The height of the colored bars shows one quarter of the seasonal trends, representing the proportion of the seasons.
(right) Scatter plot of SST over SAT trends with 90% confidence intervals; the gray line represents the direct relation
between SAT and SST. Basins: BB = Bothnian Bay; BS = Bothnian Sea; F = Gulf of Finland; R = Gulf of Riga;
GB = Gotland Basin; AB = Arkona Basin and Bornholm Basin. Seasons: DJF = winter; MAM = spring; JJA = summer;
SON = autumn. SST = sea surface temperature; SAT = surface air temperature.

differences between the models are quite large, and most of the trends are not significant; in fact, even the
signs of the trends differ. In shallow areas (up to a 50 m depth), the surface layer is well mixed, and the SST
trends of this layer are homogeneous with depth, which can be seen for both models.

3.3. Seasonal Variability in SST and SAT
For a closer look at the seasonal and spatial variations of the SST and SAT trends, Figure 8 shows simulated
and reconstructed trends in different seasons and subbasins (cf. Figure 1) of two different periods (150 and
30 years, cf. Figures 6 and 7). The significance levels are represented by the transparency of the colors,

Figure 9. Explained variance (in percent) between the simulated annual
mean sea surface temperature (RCO) and the forcing air temperature
(HiResAFF) over the whole simulated period.

but strong trends mainly have a significance level higher than 90%. The
bar plot (left column) shows both periods in direct comparison, while
the height and the color of the bars represent the annual trend and the
proportion of the seasonal trend (since all trends are positive), respec-
tively. The trends during the last three decades are approximately 10 times
stronger than those since 1856, which can also be seen in Figures 6 and 7.

In addition, the scatter plot on the right-hand side of Figure 8 compares
the trends in SST and air temperature during 1856–2005 directly, while
the gray line represents the direct relation between them. Points above
this line mean that the water temperature rises faster than the air tem-
perature, and vice versa. The simulations show similar results, with small
differences in the magnitude of the temperature increase between sub-
basins and seasons. The temperature trends show very high seasonal and
regional variability. The strongest seasonal SST trends can be found in
Bothnian Bay during summer, which are stronger than equivalent trends
in the forcing air temperature (Figure 8), while the strongest SAT trends
occur during winter and spring. The increase in air temperature is larger
in northern than in southern areas in all seasons except autumn, espe-
cially in Bothnian Bay during winter and spring. Except in summer, the
trends in SST are weaker than those in the SAT. The differences between
SST and SAT are not significant, except in the northern basins (Bothnian
Sea and Bothnian Bay) during summer (at least in theMOM), winter, and
spring, with 90% confidence.
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Figure 10. Annual cycle of the mean difference during 1850–2008 between SAT and SST in Kelvin for all basins and
the whole Baltic Sea. The temperature difference between water and air is a measure of the sensible heat flux.
SST = sea surface temperature; SAT = surface air temperature.

3.4. Attributing the SST Trends to the Atmospheric Forcing and Oceanographic Variables
The main driver of SST is the variability in the air temperature, with the highest explained variances on an
annual scale of between 80% and 93% in the RCOmodel in the central areas of the Baltic Sea (Figure 9). The
1-D simulation of the MOMbox confirms this result (cf. bottom panel of Figure 4) because the long-term
temporal variability does not change considerably when advectional processes are omitted. Furthermore, a
sensitivity analysis by Meier et al. (2018) showed that the long-term trends in SST vanish if the interannual
variability in the forcing SAT is removed. Already shown by Omstedt and Rutgersson (2000), the Baltic Sea
thermodynamically behaves like a closed ocean basin, and heat fluxes through the Danish straits are small.
Hence, the attribution is confirmed, and we can apply the statistical approach of removing the induced vari-
ability in the air temperature to identify other important atmospheric variables, which was not previously
possible because the variability in the air temperature was too dominant.

However, the link between SST and SAT is not always apparent. As shown in Figures 8 and 9, SST trends
show different behaviors among seasons and regions. Indeed, Figure 9 shows lower explained variances in
coastal areas, river mouths, the Bothnian Sea, Bothnian Bay, and the Gulf of Finland. To explain the discrep-
ancies between SAT and SST during the different seasons, Figure 10 shows the mean difference between air
and water temperature, which is a measure of the sensible heat flux according to the applied bulk formula
(Meier, 2002; Meier et al., 1999). In most of the seasons, the difference is positive, which means that the
water is warmer than the air. Only at the end of spring and in early summer is the heat flux directed toward
the water, while the difference is largest in Bothnian Bay, where the strongest SST trends can be found.

The other atmospheric variables affecting the SST are both wind components, the latent heat flux and
cloudiness (representative of the radiation budget). Precipitation and air pressure are highly correlated with
cloudiness and have no direct impact on the SST.

The results of the ranking analysis are presented in Figure 11. The 2-day simulation output of the RCO
model is used because the effects of wind cannot be detected on a monthly scale as provided by the MOM
since upwelling only occurs over time periods from several days to weeks (Lehmann & Myrberg, 2008). All
results show high significance with p values less than 0.01.

The latent heat flux is the second most important factor after the SAT at all grid points, while the explained
variances in the detrended SST amount to 30–50%. The third most important atmospheric variable explain-
ing the SST variability differs spatially. The wind component parallel to the coastline is important in most of
the coastal areas. These areas are known to be affected by wind-induced coastal upwelling. The other areas,
mainly located in the open sea and in eastern areas, are dominated by cloudiness, that is, solar radiation.
However, the variances explained by wind and cloudiness are very small (below 4%), while that explained
by upwelling areas is the largest.
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Figure 11. Results of the cross-correlation analysis of the detrended sea surface temperature (2-day output of the RCO
model is used) with the wind components, latent heat flux, and cloudiness. Maps of atmospheric drivers (top row)
with the highest (left column) and second highest (right column) cross correlations and related explained variances
(in percent; bottom row).

3.5. Attribution to the NAO and AMOClimate Indices
In Figure 12, detrended and normalized time series for Baltic Sea mean SST (simulated by the RCO model)
and the NAO and AMO climate indices are shown for 1901–2008. Since the winter NAO is the most promi-
nent large-scale circulation pattern for Northern Europe (Lehmann et al., 2011), winter mean values (DJF)
are considered. The main conclusions for the AMO are the same for the winter and annual means; hence,
the annual mean values are considered for the AMO. Unfortunately, the AMO time series has many miss-
ing values before 1901, which is the reason the shorter time period is used. The explained variance amounts
to 14% for the winter NAO index, while that for air temperature is much higher (25%). At an annual scale,
the explained variance of AMO is quite small (5%). However, considering the long-term variability using the
low-pass-filtered time series with a cutoff frequency of 10 years, 58% of the variability in the Baltic Sea mean
SST can be explained by the AMO, while the NAO explains only 7%.

4. Discussion
4.1. Evaluation of SAT and SST
Comparing reconstructed and observed trends in Stockholm air temperature (Figure 5), we conclude that
HiResAFF provide a good reconstructed air temperature over the Baltic Sea region but fails to resolve the
high variability and slightly underestimates the trends in air temperature. We assume that the forcing data
underestimate severe winters before 1958, as the analogues for the whole simulation period originate from
a period that is already affected by a warmer climate. Thus, forcing fields for cold winters are scarce in
the analogues. This assumption is supported by Table 1, which shows that the root-mean-square errors for
simulated sea ice as well as the correlation are much better for the analogue pool period (1958–2007) than
for the reconstructed period (1850–1957). Hence, the temperature variability and trends are presumably
underestimated in the atmospheric forcing.
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Figure 12. Detrended and normalized time series of the Baltic Sea annual mean SST and two climate indices. (left)
Winter (December–February) mean NAO. (right) Annual and 10-year running mean AMO and SST. SST = sea surface
temperature; NAO = North Atlantic Oscillation; AMO = Atlantic Multidecadal Oscillation.

The differences in simulated SST and sea ice can be explained by the different heat flux parameterizations
and ice albedo values used in the models. Calculating the annual maximum sea ice extent using monthly
mean values is an additional source of uncertainty because the observed time series is based on real-time
observations with a higher temporal resolution (daily sea ice charts during winter; Baltic Sea ice data (FMI),
2017). Additionally, it should be mentioned that the models use different temperature outputs. The RCO
model uses potential temperature, which is comparable to the in situ temperature in a shallow basin such as
the Baltic Sea. In this simulation, theMOMapplies the conservative temperature leading to a constant offset
in comparison to the RCO model. Nonetheless, the correlation between measured air temperatures and
reconstructed air temperatures is quite high, and the simulated SST trends fit quite well to the observations.
In this manner, the simulations used in this study can be used to analyze the long-term variability in water
temperature.

The profiles in Figure 2 show that both models mainly reproduce the vertical structure of temperature but
do not meet the exact location and strength of the thermocline, especially in the Bothnian Sea. In addition,
the SST is underestimated, presumably due to lack of observations in the winter.

Trend estimates from different publications using satellite SST data in different periods and spatial means of
the Baltic Sea are reproduced with our data and compared in Figure 13. Generally, the simulated trends are
consistent with the trends in the observations and in former publications, except for in the period 1990–2004
(Siegel et al., 2006). The trends of recent decades are generally slightly underestimated by both models. In
Figure 4, higher variability in the HadISST1 data can be seen, which leads to lower temperatures during the
colder period in approximately 1980 and higher temperatures in 2008. Since the forcing is not able to repro-
duce the large temporal variability, the large temperature increase since the 1980s is underestimated. In the

Figure 13. SST trends of the Baltic Sea in different data sets and publications (pink lines, from left to right: Gustafsson
et al., 2012, Belkin, 2009, Siegel et al., 2006, and Lehmann et al., 2011). SST = sea surface temperature.
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bottom panel of Figure 4, the global SST variability is additionally shown, emphasizing that the Baltic Sea
follows the global trend but exhibits much higher variability, that is, stronger trends but also higher uncer-
tainties. The periods of several previous studies were relatively short (15–30 years), although temperature
trends in a varying system such as the Baltic Sea are very sensitive to the chosen start and end year. Regard-
ing the high variability, small changes in the time period can lead to large differences in trend estimates, for
example, results from the time period 1987–2001 fit well to the results of Siegel et al. (2006). All publications
used different areas of the Baltic Sea, for example, Siegel et al. (2006) includedKattegat and Skagerrak,which
could lead to different results. This assumption is confirmed by the comparison of OISST and HadISST1,
which show similar results compared to the simulations performed in this study in all periods. In this man-
ner, the analysis in this study is based on consistent basin boundaries and focuses on longer time periods of at
least 30 years to increase the reliability of the results. Estimates fromMacKenzie and Schiedek (2007a) were
based on local observations, including observations from the North Sea, and therefore are not comparable
to our results.

4.2. Processes Affecting Bottom Temperature
In contrast to the SST, the temperature variability at the bottom of the deeper parts of the Baltic Sea ismainly
driven by inflowing water from the North Sea and mixing with upper layers. The strongest SST trends can
be found in the shallow Danish straits in the southwestern part of the Baltic Sea (cf. Figure 6). The water
in this area arrives at the bottom of the Baltic Sea during inflow events. Since the Danish straits are very
shallow, the strong SST trends are projected to the deeper parts of the Baltic Sea. The inflows follow the
bathymetry of the Baltic Sea, spread out from subbasin to subbasin, and accumulate at the bottom of the
Baltic Sea. Presumably, due to mixing in the relatively shallow Arkona Basin, the trends in the Bornholm
Basin are stronger.

Since there are only a few major Baltic inflows (MBIs) bringing surface water to the bottom of the Baltic
Sea, the bottomwater temperature changes abruptly during these events. During stagnation periods, mixing
occursmainlywith the cold intermediatewater layer (cf. Figure 2), and the bottomwater temperature slowly
decreases until the next MBI occurs. In this manner, the choice of the period for trend estimation is crucial
and could lead to artificial temperature trends during relatively short time periods, which is why the bottom
temperature trends in Figure 7 are different in the simulations.

4.3. Processes Affecting SST
The SST in the Baltic Sea is mainly driven by the air temperature, that is, the sensible heat flux. The smaller
explained variances in Figure 9 can be explained by wind-induced upwelling and the seasonal formation of
sea ice.

In Figure 6, the trends in annual mean SST during 1856-2005 show higher values in the southwestern parts
of the Baltic Sea,withmaxima along the Swedish coastline. This is awell-knownupwelling area, which leads
to the assumption that either the upwelling decreases due to changes in wind or the upwelled water from
deeper layers (not necessarily from the bottom) is warmer. In this manner, the strong bottom temperature
trends during 1856–2005 could explain the strong SST trends in the upwelling area. In contrast, the bottom
temperature trends were weaker during 1978–2007 and could explain the weaker SST trends in the coastal
upwelling area along the Swedish coast during 1978–2007 (Figure 7). The effect of the cold water brought
from deeper layers to the sea surface leads to lower annual mean SST values in the affected coastal areas
(not shown). In addition, the autocorrelation of SST in upwelling areas was quite high (not shown), which
led to less accuracy in the statistical analyses. This analysis was performed for the whole time series; there-
fore, periods without upwelling were included and may have altered the results and reduced the explained
variance.

The weaker SST trends and lower explained variances due to SAT in the northern areas can be explained
by sea ice cover, which isolates the water column during winter, when the increase in air temperature is
greatest. This result can also be seen in Figure 8. In winter and spring, when the water is frozen, the large
increase in air temperature has no effect on the SST as long as the water temperature is still at the freezing
point. However, the variability in the annual maximum sea ice extent can be explained by local winter mean
values of the air temperature (Tinz, 1996).

The difference between SAT and SST, as a measure of the sensible heat flux, is decreasing with climate
change in most seasons and basins (not shown). Presumably less sea ice cover and the shortening of the
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sea ice season led to a closer relation between the atmosphere and ocean because the decoupling of their
variabilities due to the freezing point vanishes with global warming. In accordance with the ice-albedo feed-
back, the effects are greatest in themelting season (JJA in Bothnian Bay, cf. Figure 8). As the sea ice vanishes
earlier in the year, the SST in summer can increase faster than before because the time when radiative and
sensitive heat fluxes are both directed to the ocean (cf. Figure 10) is extended. This mechanism explains
the strong summer SST trends (cf. Figure 8) as well as the faster strengthening of annual SST trends in the
northern basins (cf. Figures 6 and 7).

The MOM generally simulates higher SST trends than the RCOmodel. It has been discussed before that the
sea ice extent is larger in the MOM than in the RCO model, leading to weaker trends in SST toward north
in winter. This effect was also observed here, although the effect was reversed in summer. Nevertheless, the
qualitative conclusions that could be drawn from the models are the same.

Furthermore, the 1-D simulation in Gotland Deep (MOMBox) without horizontal advection and a constant
salinity profile (presented in Figure 4) shows that the long-term variability in SST is not affected by inflows
from theNorth Sea and corresponding changes in stratification. Differences in Figure 4 are caused by the use
of different spatial means (whole Baltic Sea and Gotland Deep). Since the vertical stratification of the Baltic
Sea is highly variable, an additional simulation using time-dependent salinity profiles from the fully resolved
simulation was performed. Figures S1 and S2 in the supporting information compare the box simulations
to the original simulation.

Figure 12 attributes the SST variability of the Baltic Sea to the large-scale climate variability indices NAO
and AMO. The variance explained by the NAO index is greater on an annual scale (winter mean) than that
explained by the AMO. Hence, in the short term, the NAO is the dominant climate index explaining the
Baltic Sea mean SST, especially in winter. It was previously shown that the winter NAO describes 40–50% of
the sea level pressure patterns over the Baltic Sea area (Lehmann et al., 2011) and 27% of the annual maxi-
mum ice extent (Omstedt & Chen, 2001; Tinz, 1996). In this manner, the explained variances in the winter
SAT and SST of 40% and 14%, respectively, seem reasonable since the correlation between SST and SAT is
weaker during winter due to sea ice cover. In contrast, the AMO explains less than 10% of the variability in
both SST and SAT on an annual scale but almost 60% on longer time scales. Analysis of the low-pass-filtered
time series suggests that the high SST values in the 1930s and the low SSTs during the 1980s can be explained
by the AMO. Variations in heat transport via ocean currents are much slower than atmospheric oscillations
such as the NAO (Peixoto & Oort, 1992, scale analyses on pages 37–40). This difference is why the NAO
exhibits strong correlations on an annual scale and the AMO exhibits strong correlations on a longer time
scale with low-pass-filtered data with a cutoff period of 10 years.

As we have shown, air temperature is the most important forcing variable of SST in the Baltic Sea and thus
leads to similar strong trends in water temperature. In this manner, the shift toward a positive phase in
the AMO index since the 1980s enhanced the effect of the changing climate over Northern Europe and led
to the strongest air temperature trends observed there during 1978–2005 (IPCC AR4, 2007b). Presumably,
the trends will weaken when the AMO mode turns negative again. This weakening may already have been
the case before the 1980s since the short-term temperature trends during the 1940s–1980s were negative.
Unfortunately, the HiResAFF forcing data are only available until 2009; therefore, the following years, with
a slight decrease in the rate of global warming, were not included, and the results of this study could not
be compared with those in the latest IPCC report. However, a comparison with the prolonged time series
ending in 2012 in the IPCC AR5 (2013) reveals that the strongest air temperature trends are no longer in
Northern Europe. This result could indicate that the global warming hiatus is also caused by the AMO.

Belkin (2009) identified the North Sea, which is located in the same region in Northern Europe as the Baltic
Sea, as the second fastest warming coastal sea worldwide. This identification emphasizes that the warming
in this region was generally enhanced and supports our hypothesis that the AMO has an impact on the
warming of the region. In comparison with the North Sea, the Baltic Sea is quite shallow, stratified, and
almost completely surrounded by land, where global warming is generally more pronounced. In addition,
higher latitudes have a higher sensitivity to a warming climate due to polar amplification (Holland & Bitz,
2003; Manabe & Stouffer, 1980). The combination of these factors may have enhanced the heating of the
Baltic Sea even more.
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4.4. Uncertainties
Sources of uncertainty include deficiencies in the analogue data due to biases of the used regional climate
model and discontinuities due to the daily resolution and changing climate not represented by the obser-
vations used as analogue data. The impact of advection on temperature trends might be biased due to the
coarse grid resolution of the models. In addition, we discussed saltwater inflows from the North Sea as a
possible factor affecting bottom water temperature variability but did not analyze the effect of MBIs and
small saltwater inflows statistically. In this study, it was assumed that the long-term variability in in situ and
satellite measurements and model simulations were comparable.

5. Conclusions
From our results, we can draw the following conclusions:

1. The reconstructed annual mean SAT over the Baltic Sea during 1856–2005 increased by 0.06 and
0.08 K/decade in the central Baltic Sea and in Bothnian Bay, respectively. The strongest trends were
identified during winter, including 0.09 K/decade in southwestern and 0.13 K/decade in northeastern
basins.

2. During 1856–2005, the simulated (by both the MOM and the RCO model) Baltic Sea annual mean SST
increased by 0.03 and 0.06 K/decade in northeastern and southwestern areas, respectively. In comparison
to 1856–2005, during 1978–2007, the annual mean SST trends strengthened tenfold, with a mean value of
0.4 K/decade, while the trends in northeastern areas strengthened faster than those in southwestern areas.
The strongest SST trends during 1856–2005 were found in the summer season in Bothnian Bay, including
0.09 and 0.12 K/decade in the RCO andMOMmodel, respectively. These trends exceed the corresponding
trends in air temperature.

3. For 1856–2005, the strongest bottom temperature trends were found in Bornholm Basin, where the trends
amounted to 0.13 and 0.15 K/decade in the MOM and RCO model, respectively.

4. The seasonal sea ice cover plays an important role in the Baltic Sea as it decouples the variability of the
ocean and the atmosphere duringwinter and spring. Hence, in winter, the strong trends in air temperature
were not recognized by the SST because the air temperature was below the freezing point. In contrast,
during summer, the ice-albedo feedback led to stronger SST than SAT trends because the length of the
warming period of the SST was extended.

5. The most important driver of the Baltic Sea SST variability during 1850–2008 was the SAT, with explained
variances between 80% and 93% in the central areas of the Baltic Sea, directly followed by the latent
heat flux, with 30–50% explained variances for the detrended SST. The third most important factors were
wind-induced upwelling in coastal areas and cloud cover over the open sea. The long-term variability in
the Baltic Sea SST was not affected by variability in stratification.

6. The strong SST trends since the 1980s can be explained by the superposition of global warming and a
change from the cold to the warm phase of the AMO, while the polar amplification and higher sensitivity
of shallow coastal seas enclosed by land may also have contributed to the stronger SST trends.
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Additional Supporting Information about the box simulations

The figures of the Supplementary material compare the results of the reference MOM

simulation as used in the publication (MOM (original)) with results of the two box simula-

tions. MOMBox is the simulation shown in Figure 4 in the paper and uses constant salinity

profiles from 1850 for each year. MOMBox2 uses time-dependent annual salinity profiles.

Figure S1 shows the temporal evolution of SSS in all simulations at Gotland Deep and Fig-

ure S2 shows a scatter plot of the SST of the box simulations over the original simulation for

Gotland Deep.

Since the initialization profile from 1850 shows lower SSS, MOMBox generally has

lower SSS values. However, the different initializations regarding the salinity profile do not

change the simulated SST significantly.
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Figure S1. Annual mean of simulated SSS at the station Gotland Deep (lon: 20E, lat: 57.3N) from MOM,

MOMBox and MOMBox2

Figure S2. Annual mean of simulated SST at the station Gotland Deep (lon: 20E, lat: 57.3N) from MOM,

MOMBox and MOMBox2
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