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Primary parameter draft key messages 
Changes in carbonate chemistry (incl. air-sea exchange of CO2) 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Level of confidence: Level of 
confidence: 

Level of confidence: Level of confidence: 

Changes in 
carbonate 

chemistry (incl. 
air-sea exchange 

of CO2) 
 

Affiliation of 
expert 

 
 

Karol Kulinski – 
Institute of 
Oceanology 

Polish Academy 
of Sciences 

Carbonate system 
(CO2 system) is a 
major component 
of the acid/base 
balance in seawater 
and thus shapes the 
seawater pH. 
It is characterized 
by the 
thermodynamic 
equilibria between 
hydrogen ions (pH) 
and the different 
CO2 species (CO2, 
H2CO3, HCO3

-, CO3
2-

). 
Both ions HCO3

- and 
CO3

2 are bases and 
are part of the total 
alkalinity (AT) of 
seawater. AT is 
defined as an 
excess of proton 
acceptors over 
proton donors (or 
bases over acids). 
Thus AT controls 
change in seawater 
pH upon the 
addition of CO2 or 
other acids and is 

The atmospheric 
CO2 concentration 
will increase in the 
future and 
influence the 
marine CO2 system. 
It is thus likely that 
the net annual 
uptake will 
increase with 
increasing CO2 
concentrations in 
the atmosphere 
Omstedt et al 
2014). 

 There is clear seasonal pattern 
in the partial pressure of CO2 
(pCO2) in the surface Baltic Sea. 
It is controlled by the 
biologically driven processes 
(organic matter production and 
remineralization) as well as 
changes in the mixed layer 
depth. 
 
In winter the surface Baltic Sea 
is oversaturated with CO2, while 
in the productive periods pCO2 
goes down below the 
atmospheric level with 2 clear 
minima: during spring bloom 
and N2-fixing cyanobacteria 
bloom. 
 
The difference between 
seawater pCO2 and atmospheric 
pCO2 during the productive 
periods has increased due to 
the eutrophication and 
development of cyanobacteria 
blooms.  
During spring bloom it changed 
from about 50 µatm (Buch, 
1945) to ca. 250 µatm (BACC II), 
while during summer from 
about 

 Due to the high spatial 
and temporal 
variability of the 
seawater pCO2 it is not 
known whether the 
Baltic Sea as a whole is 
a net sink or net 
source of CO2. Most 
previous research 
results concerning the 
carbon budget cover 
shorter periods, 
indicating a range 
between –1.16 and 2.9 
mol m−2 y−1) 
(e.g.Wesslander et 
al.,2010;Kulinski and 
Pempkowiak,2012). 
Some studies indicate 
a sink (Kulinski and 
Pempkowiak (2012)) 
others a source 
(Norman et al., 2013, 
Parard et al., 2017).  
 
It is unclear what is the 
source of total 
alkalinity increase in 
the Baltic Sea, and 
whether it will 
continue in the future 
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regarded as the 
buffer capacity of 
seawater. 
 
Changes in the 
carbonate 
chemistry control 
the acidification 
mechanism. 
 
The exchange of 
CO2 between the 
water and the 
atmosphere is 
controlled by the 
air–sea difference 
in partial pressure 
of CO2 (in practice 
the water-side 
concentration) at 
the surface and of 
the efficiency of the 
transfer processes. 
The partial pressure 
at the water surface 
is controlled by 
biological, chemical 
and physical 
processes in the 
ocean. The 
efficiency of the 
transfer processes 
is determined by 
the resistance to 
the transfer in the 
atmosphere as well 
as in the water (can 
be simplified by 

40 µatm (Buch, 1945) to 300 
µatm (BACC II). 
 
The pCO2 seasonal cycle in the 
surface water together with the 
transfer velocity (mainly wind 
driven) controls the annual CO2 
exchange through the air/sea 
interface. The Baltic Sea is a sink 
or a source of CO2 to the 
atmosphere depending on the 
season, net annual mean is 
relatively small.  
 
AT is increasing in the Baltic Sea 
in the last 20 years. The highest 
AT trend was found in the Gulf 
of Bothnia (7.0 µmol kg-1 yr-1), 
followed by 3.4 µmol kg-1 yr-1 in 
the central Baltic whereas no 
trend could be detected in the 
Kattegat (Müller et al., 2016). 

 

with the same 
magnitude. 
 
Ecosystem productivity 
and thus pCO2 
decrease in the period 
after the spring bloom 
(from mid-April until 
mid-June) is not 
explained 
quantitatively due to 
the missing N source. 
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using the wind 
speed). 

 

Riverine nutrient loads (incl. dissolved organic matter and nutrients) 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Level of confidence: 
??  

Level of confidence: Level of 
confidence:?? 

Level of confidence: 

Riverine nutrient 
loads (incl. 
dissolved organic 
matter and 
nutrients) 

 

Draft text by 
Michelle 
McCrackin 

Baltic Sea Centre, 
SU 

 

 

The timing and 
magnitude of 
nitrogen and 
phosphorus inputs 
from land to the sea 
via waterborne and 
atmospheric 
transport. 

 

Waterborne nutrient 
loads are strongly 
impacted by 
patterns of 
precipitation and 
run-off. 

 

External nutrient 
loads strongly 
impact the 
eutrophication 
status of the sea. 

 

GCMs suggest the 
north be wetter and 
the south will be 
drier (BACC II).  

 

Models suggest 
land-based nutrient 
management will 
have greater effect 
on loads than 
uncertainties caused 
by greenhouse gas 
emission scenarios 

(Saraiva et al. 2019) 

 

DOC inputs will 
increase in areas 
affected by 
permafrost thaw 
(BACC II) 

 

 No statistically 
significant linear 
trends in annual river 
discharge to the sea 
has been detected. 
Winter flows have 
increased due to 
temperature while 
spring flows have 
decreased (BACC II) 

 

PLC reports 
statistically 
significant reductions 
in riverine nutrient 
loads to the sea 
relative to the 1997 
to 2003 reference 
period (PLC6). 

These reductions are 
not attributed to 
climate.  

 

 

 

How fertilization 
practices, crops grown, 
and land use will change 
in response to climate 
change.  

 

 

 

The coastal countries 
have agreed to 
reduce nitrogen and 
phosphorus loads 
from land to the sea 
in the Baltic Sea 
Action Plan (BSAP). 
The effects of climate 
change, both on the 
eutrophication and 
the delivery of 
nutrients from land 
to sea have not been 
incorporated into the 
BSAP. The Water 
Framework 
Directives requires 
EU member states to 
develop programmes 
of measure to reduce 
nutrient inputs in 
their River Basin 
Management Plans.  
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Existing scenario 
simulations of the 
Baltic Sea were 
carried out with 
nutrient load 
scenarios that span 
the range of 
plausible future 
socio-economic 
conditions from the 
most optimistic 
(BSAP) to the worst 
scenario (Saraiva et 
al., 2019; Meier et 
al., 2019). 

 

In the reference 
scenario, nutrient 
loads represent the 
average loads of the 
period 2010-2012. 
The high or worst 
case scenario 
assumes changes 
caused by a ‘fossil-
fuelled 
development’ 
scenario coupled to 
increasing river 
runoff. Changes in 
nitrogen and 
phosphorus loads 
were calculated 
from regional 

DOC inputs to the 
sea have increased 
over the past century 
but the cause is not 
known (BACC II).  
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assumptions, e.g., 
on population 
growth, changes in 
agricultural practices 
such as land and 
fertilizer use and 
expansion of sewage 
water treatment 
plants (Zandersen et 
al., 2019). 

 

 

Atmospheric deposition of nutrients 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Level of confidence:  
1). High, 2) medium 

Level of confidence: 
medium 

Level of confidence: 
high 

Level of confidence: 
high 

Atmospheric 
deposition of 

nutrients 
 

Draft text by 
Mikhail Sofiev 

Finnish 
Meteorological 

Institute, Finland 
 
 

The timing and 
magnitude of 
nitrogen input from 
the atmosphere to 
the sea. 
 
Airborne nutrient 
deposition is 
controlled by (i) 
atmospheric 
emission of nutrients 
and its seasonality, 
but also by (ii) 
regional wind 
patterns, (iii) the 
precipitation 
features. 
 

1) Modelling studies 
consensus is that the 
climate change per-
se has very limited 
impact on AQ and 
related depositions. 
Much bigger impact 
comes from 
emission changes, 
which partly can be 
prompted by the 
climate change, i.e. 
the indirect impact 
is the main (Colette 
et al., 2015; Langner 
et al., 2012; Simpson 
et al., 2014; Soares 

Stronger and longer 
dry spells and heat 
waves prompt the 
vegetation fires, 
sources of NOy, NH3 
and organic 
aerosols. Such 
events will cause 
strong episodic 
nutrient deposition 
onto the sea. 

No trends in nutrient 
deposition can be 
reliably associated 
with the climate 
change. Emission 
reduction efforts 
keep reducing both 
NOy and NHx 
concentrations and 
depositions. 
However, NHx 
emission and model-
predicted deposition 
reduction both 
stalled since mid-
2000s (Gauss et al., 
2019). Similar 
pattern is shown by 

Major heat waves are 
occurring more 
frequently and are 
accompanied with 
stronger fires, 
especially to the east 
of the Baltic Sea. The 
fire-related emissions 
are also updating the 
records almost every 
other year 
(http://is4fires.fmi.fi).  
 

Ammonia emission and 
its dynamics are among 
the worst-known 
processes controlling the 
nutrient deposition. 
 
 

Reduction of NH3 
emission, unlike NOx, 
requires large efforts 
and political and 
public consensus. 
Since the poorly 
controlled processes 
such as NH3 
evaporation are likely 
to increase the semi-
natural emission 
fluxes, need for 
additional efforts 
seems to be growing. 
 
 

http://is4fires.fmi.fi/


 

Page 8 of 49 
 

Albeit small compare 
to the riverine input, 
airborne nutrient 
loads can impact the 
eutrophication of 
the open sea, where 
the riverine input 
does not easily 
reach. 
 
 

et al., 2016) and 
references therein 
 
2) Among the 
sources of concern is 
the NH3 evaporation 
from manure fields 
& storages: 40-100% 
more NH3 emission 
per each 5C 
temperature rise.  
(Sutton et al., 2013) 
(Skjøth and Geels, 
2013)  
 

wet deposition 
observations (Colette 
et al., 2012) 
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Temperature (sea) and heat waves 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance Mean change Extremes Mean change Extremes 
Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Temperature (sea) 
and heat waves 

 
Christian 

Dieterich, SMHI 

As a response to 
higher air 
temperature, the 
water  temperature 
rises fastest at the 
surface. Heat 
spreads downward 
through different 
processes and 
eventually the whole 
water column warms 
up and comes to a 
new steady state 
with the 
atmosphere. This 
has consequences 
for the stratification 
(EN-CLIME 
stratification), sea 
ice cover (EN-CLIME 
sea ice), 
eutrophication (EN-
CLIME nutrient 
cycle) and sea level 
rise (EN-CLIME sea 
level). 

The temperatures of 
the oceans are rising 
[high confidence] 
(e.g. Balmaseda et 
al., 2013a, 2013b) 
and will continue to 
rise [high 
confidence]. 
Regional scenarios 
for the Baltic Sea 
project an ensemble 
mean increase of 
SST of 1.9 C (RCP2.6) 
to 3.3 C (RCP8.5) in 
the period 2070 to 
2099 relative to the 
period 1970 to 1999 
(Meier et al., 2019, 
Gröger et al., 2019). 
Individual 
projections and 
different ensembles 
give similar but 
consistent results 
that vary between 
1.6 C (RCP2.6) and 
2.7 C (RCP8.5) SST 
increase (Saraiva et 
al., 2019). The 

In the RCP4.5 and 
RCP8.5 scenarios an 
increase in the 
occurrence of 
tropical nights (daily 
minimum air 
temperature above 
20 C) over the Baltic 
Sea has been 
observed. Tropical 
nights are an 
indicator for heat 
waves. This has 
consequences for 
the water 
temperature which 
will reach record 
breaking values from 
year to year much 
more often under 
projected climate 
change in RCP8.5 
(Meier et al., 2019b). 

The marginal seas 
around the globe 
have warmed more 
than the average 
over the global 
ocean (Belkin, 2009). 
The Baltic Sea has 
warmed since the 
second half of the 
19th century, 
although the 
interannual 
variability is high. 
During the period 
1982 to 2006 the SST 
increased by 1.35 C 
in the Baltic Sea. No 
other sea has 
warmed up that 
much. In a longer 
perspective climate 
change and decadal 
variability (see EN-
CLIME circulation, 
stratification) both 
play an important 
role in Baltic Sea 
temperature trends 
(Kniebusch et al., 
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projections include a 
possible uncertainty 
range of 1.5 C 
(RCP2.6) and 2.5 C 
(RCP8.5). The SST 
changes in the 
RCP8.5 scenarios are 
significantly above 
the natural 
variability (Source 
SMHI). 
 

2019). Average Baltic 
Sea SST trends 
between 1978 and 
2007 are 0.4 
C/decade while 
trends between 1856 
and 2005 are 
estimated at 0.03 
C/decade. 
 

 

Temperature (air) and heatwaves 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance Mean change Extremes Mean change Extremes 
Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Temperature (air) 
and heatwaves 

 
Anna Rutgersson, 

Uppsala 
University 

Air temperature is 
usually defined as 
the temperature at 2 
m above the surface.  
Air temperature 
shows the clearest 
response to the 
increased green-
house effect, mean 
air temperature is 
often used as the 
indicator of a 
changing climate 
(globally or 
regionally). 
 
Changes in 
temperature 
extremes may 
influence human 

Air temperatures in 
the Baltic Sea area 
are projected to 
increase with time, 
with the increase 
generally greater 
than the 
corresponding 
increase in global 
mean temperature. 
This is usually the 
case for land areas, 
which warm more 
quickly than sea 
areas but is also the 
case for the Baltic 
Sea region, largely 
due to the strong 
winter increase. This 
winter increase is 

The strong increase 
in winter daily mean 
temperature is most 
pronounced for the 
coldest episodes 
(Kjellström 2004). 
This is also the case 
for the most 
extreme daily 
maximum and 
minimum 
temperatures 
(Kjellström et al. 
2007; Nikulin et al. 
2011) with a 
significant decrease 
in probabilities of 
cold temperatures 
(Benestad 2011). In 
summer, warm 

A significant surface 
air temperature 
increase in the Baltic 
Sea region during the 
last century was 
detected (BACC 
Author Team 
2008;2014; 
Rutgersson et al., 
2014). The 
temperature 
increase is not 
monotonous but 
accompanied by 
large (multi-) decadal 
variations dividing 
the 20th century into 
3 main phases: (1) 
warming in the 
beginning of the 

During the past 
decades the duration 
of extremely mild 
periods has increased 
significantly in winter, 
while the number of 
heat waves has 
increased in summer 
(Kysely 2010). Here 
heat wave is defiend 
from Huth et al. 
(2000) A general 
increase has been 
observed for the 
annual numbers of 
days with daily 
maximum 
temperature above 
both 25 and 30 °C, 
and a decrease in the 

There are limitations in 
the knowledge 
concerning the link to 
changes in large scale 
circulation patterns. 

use examples e.g. 
France and Moscow 
2010 (80% chance 
that it would not 
have happened 
without climate 
warming, Rahmstorf 
and Coumou, 2011) 
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activity much more 
than changes in 
average 
temperature. 

the result of a 
positive feedback 
mechanism involving 
declining snow and 
sea-ice cover, 
leading to even 
higher 
temperatures—
reduced snow and 
ice cover will 
enhance the 
absorption of 
sunlight, and so 
enable greater 
amounts of heat to 
be stored in the soil 
and water (BACCII, 
2015). 
The increase in 
winter temperatures 
are projected to 
reach 8 degrees C in 
northern 
Scandinavia 
depending on the 
representative 
concentration 
pathway (RCP). The 
RCP2.6 scenario 
leads to a 
temperature rise of 
3 degrees C. Less 
warming (2 C to 4 C) 
is projected for the 
southern Baltic Sea 
region. There is 
uncertainty in these 
projections from 

extremes are 
projected to become 
more pronounced. 
For example, Nikulin 
et al. (2011) showed 
that warm extremes 
in today’s climate 
(1961–1990) with a 
20-year return value 
(defined as the 
temperature that 
will be exceeded 
once every 20 years 
as a statistical 
average) will occur 
around once every 5 
years in Scandinavia 
by 2071–2100 
according to an 
ensemble of six RCM 
simulations, all 
downscaling GCMs 
under the SRES A1B 
scenario. 

century until the 
1930s; (2) cooling 
until 1960s; and (3) 
another distinct 
warming during the 
last decades of the 
time series. Linear 
trends of the annual 
mean temperature 
anomalies during 
1871−2013 were 
0.10 K decade−1 
north of 60°N and 
0.08 K decade−1 
south of 60°N in the 
Baltic Sea region. The 
trend for the Baltic 
Sea region is larger 
than the global mean 
trend, which is about 
0.06 K decade−1 for 
the period 1871–
2005 (IPCC 2007). 
There are large 
variations, in 
particularly during 
winter, but the 
warming is seen for 
all seasons (being 
largest during 
spring). These 
changes are also 
resulting in 
seasonality changes: 
the length of the 
growing season has 
increased, whereas 
the length of the cold 

length of the frost 
season and in the 
annual number of 
frost days. 
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different sources. 
The largest 
uncertainty is due to 
the unknown future 
emissions (RCPs) 
(Kjellström et al. 
2011, Strandberg et 
al., 2014) 

season has 
decreased. The 
number of days by 
which autumn and 
winter are delayed 
differs from south to 
north and east to 
west, but as an 
example in Tartu, 
Estonia, the number 
of deep winter days 
(with snow cover) 
has decreased by 29 
d over the past 
century while the 
growing season has 
increased by 13 d in 
this period (Kull et al. 
2008). 
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Solar radiation and cloudiness 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

https://doi.org/10.1111/j.1600-0870.2010.00475.x
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Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Solar radiation 
and cloudiness 

 
Anna Rutgersson, 

Uppsala 
University 

 
Thomas Carlund, 

SMHI 

Solar radiation is the 
sunlight (direct and 
diffuse) reaching the 
surface is is then 
either reflected or 
absorbed by the 
surface. The solar 
radiation is the 
engine of the climate 
system. 
Total cloudiness 
consists of clouds on 
all levels (low, 
medium and high) 
and is related to the 
general circulation 
as well as the water 
cycle. Solar radiation 
at the surface is to a 
large extent 
depending on the 
cloudiness (amount 
and type of clouds) 
as the direct 
radiation is 
effectively reflected 
in the presence of 
clouds (reflectivity of 
clouds varies from 
40 to 80%). 
Atmospheric 
aerosols have a 
smaller, but 
significant impact. 
Atmospheric 
aerosols affect solar 
radiation under clear 

Mean change is 
uncertain. Global 
climate models 
indicate an increase 
in surface solar 
radiation which is 
highest over 
southern Europe 
and decreases 
towards north, but 
still showing a slight 
increase over the 
Baltic. However, 
regional climate 
model runs could 
instead show a 
decrease insurface 
solar radiation over 
the Baltic area, i.e. 
there is a large 
discrepancy in 
modelled surface 
solar radiation 
between global and 
regional models 
(Bartók et al., 2017). 
Unknown future 
aerosol emissions 
add to the 
uncertainty. 

No possible to 
discuss around 
extremes. 

Multidecadal 
variations, known as 
“dimming” and 
“brightening” have 
been observed both 
in Europe and many 
other parts of the 
world, e.g. Wild et al. 
2005, Wild et al. 
2012, Wild et al. 
2017 (especially on 
the northern 
hemisphere).  
No long-term 
measurements over 
oceans. However, 
(aerosol-induced) 
multidecadal 
variations in surface 
solar radiation could 
be expected also 
over oceans (Wild et 
al. 2016). 
Satellite data records 
of trends in 
cloudiness since the 
1980s disagree over 
many areas but there 
is some consistency 
about a decline in 
cloudiness over the 
Baltic area (Karlsson 
and Devasthale, 
2018). Data records 
agree of the weak 
negative trend (0.5–
1.9% per decade for 

No possible to 
discuss around 
extremes. 

Multidecadal variations 
in surface solar radiation 
are generally not well 
captured by current 
climate model 
simulations (Allen et al. 
2013, Storelvmo et al. 
2018). The extent to 
which the observed 
surface solar radiation 
variations are caused by 
natural variation in 
cloudiness induced by 
atmospheric dynamic 
variability (Stanhill etal. 
2014, Parding et al. 
2016), or anthropogenic 
aerosol emissions 
(Ruckstuhl et al. 2008, 
Philipona et al 2009, 
Wild 2012, Storelvmo et 
al. 2018), or perhaps 
additional causes, is not 
well quantified.  

Influences biological 
activity and eco-
systems, in particular 
algae blooms. 
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skies directly and 
through interaction 
with clouds 
indirectly.  
 

global cloudiness). A 
negative trend is 
significant for the 
northern latitudes. 

 

Large scale atmospheric circulation 
Brief description and links to other parameters 

The climate of the Baltic Sea region is strongly influenced by the large-scale atmospheric circulation (e.g. Andersson, 2002; Tinz, 1996; Meier and Kauker, 2003; Omstedt and Chen, 2001; Zorita 
and Laine, 2000; Lehmann et al., 2002), in particular the North Atlantic Oscillation (NAO) and blocking and on longer time scales the Atlantic Multidecadal Oscillation (AMO).  

The NAO is the dominant mode of near-surface pressure variability over the North Atlantic and its impact is strongest during winter (Hurrel et al., 2003), when it accounts for almost one-third of 
the sea level pressure (SLP) variance. During the positive (negative) phase of the NAO the Icelandic Low and Azores High pressure systems are enhanced (reduced), leading to a stronger (weaker) 
than normal westerly flow (Hurrell, 1995). For the Baltic Sea region the positive phase of the NAO is related to mild and wet winters and increased storminess (Hurrell et al., 2003). 

Atmospheric blocking occurs when persistent high pressure systems interrupt the normally westerly flow over the middle and high latitudes, like e.g. the North Atlantic. This is also frequently 
observed in the Baltic Sea region. Due to the persistence of blocking events they are often responsible for extreme weather events (Rex, 1950a; Rex, 1950b). 

The AMO describes fluctuations in North Atlantic sea surface temperature (SST) with a period of 60-90 years (Knight et al., 2006). Thus in the 150-year instrumental record only a few distinct 
phases have been observed. However, a recent model study suggests that variations in the AMO may have an impact on the precipitation over the Baltic Sea region (Börgel et al., 2018). 

What is expected to happen? 

NAO: 

In the future, the NAO is very likely to continue to exhibit large natural variations similar to those observed in the past. It is likely to become on average slightly more positive due to an increase 
in greenhouse gases (GHG) (IPCC, 2013). 

Blocking: 

There is medium confidence that the frequency of blocking will not increase. However, trends in the intensity and persistence of blocking remain uncertain and therefore also the implications of 
blocking related changes in the Baltic Sea region (IPCC, 2013). 

AMO: 

Based on paleoclimate reconstructions and long model simulations it is unlikely that the AMO will change its behaviour in the future under a changing mean climate (IPCC, 2013). 

What is already happening? 
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NAO: 

Considering the whole observational period since the mid-19th century there is no statistically significant trend in the NAO. While the NAO exhibited a positive trend from the 1960s to the 1990s 
it has returned to lower values in the early 2000s with exceptionally low anomalies in the winters of 2009/2010 and 2010/2011, which considerably weakened the positive trend.  

Blocking: 

While some studies find an eastward shift of blocking events over the North Atlantic (Davini et al., 2012; Croci-Maspoli et al., 2007) and increase in blocking duration over the Northern 
Hemisphere since about 1990 (Mokhov et al., 2013), there is low confidence in these changes due to methodological differences between studies (IPCC, 2013). 

AMO: 

The AMO has been warming from the late 1970s to the 2000s as part of its natural variability and has since remained in a warm state. Natural fluctuations in the AMO over the coming few 
decades will likely influence regional climates, like e.g. the Baltic Sea region, at least as strongly as human-induced changes (IPCC, 2013). 

Knowledge gaps 

NAO: 

While CMIP5 climate models are able to simulate the main features of the NAO, its future changes might be sensitive to boundary processes, like e.g. stratosphere-troposphere interactions or 
atmospheric response to Arctic sea ice loss, which are not yet well represented in many climate models (IPCC, 2013). 

Blocking: 

Most CMIP5 models still underestimate the frequency of blocking over the Euro-Atlantic sector (IPCC, 2013).  

AMO: 

Since the observational record is relatively short, our understanding of the AMO and its possible changes largely depend on models, whose assumptions are difficult to verify (Knight, 2009). 

However, while possible changes in these climate phenomena contribute to the uncertainty in near-term climate projections, they are not the main driver of the projected warming over Europe 
by the end of the century (Cattiaux et al., 2013; IPCC, 2013). 

Policy relevance 

… 
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Sea ice 
Brief description and links to other parameters 

Sea ice, and more so sea ice of a region, has many parameters which can used to characterize it. The most common is ice concentration for sea ice itself; and to characterize ice winters in the 
Baltic the most common is the maximum ice extent in a winter season (maximum or accumulated ice volume are also used). Further parameters are the sea ice thickness, with the distinction 
between level ice thickness and ridged ice thickness. Ridging and rafting itself are very influenced by sea ice drift and ice compression. Regarding the winter season an important parameter is 
also the length of the ice season, which in regions with intermittent ice cover can differ from the number of days with ice.  There are even more ice parameters, but most are and cannot be 
represented in numerical models used for weather and climate predictions. 

The most important factor determining the forming of sea ice in the Baltic is air temperature and wind has a large influence on sea ice drift and rafting and ridging. Other parameters like snow 
cover, ocean currents, precipitation, etc. have also influence. Within the energy cycle sea ice has a strong influence due to the large albedo difference between sea ice and water; sea ice reflects 
most of the incoming radiation lowering the near surface temperature, while water absorbs a large portion of this radiation.  

What is expected to happen? 

In the future it is likely, that the inter-annual variability continues to be very large, although the probability of very strong winters will very likely be lower than in the past. But in climatological 
sense it is very likely that the maximum sea ice extent of a winter season will decrease. The level ice thickness will also very likely decrease in the future, but there are still larger uncertainties in 
the thickness of ridged ice. It is likely that the length of the ice season will decrease, but with larger regional differences. 

There is some indication (low confidence) in climate scenarios that the snow cover on the sea ice will decrease. This will reduce the reflectivity of the surface and more heat can be absorbed and 
thereby amplifying the ice reduction (Höglund et al., 2017). 

What is already happening? 

Looking back a little bit more than 100 years, the ice winters have become milder, the maximum ice extent has decreased and the ice season is shorter. Also indexes based on the total ice 
volume of the winter show a decreasing trend. Severe ice winters can still happen nowadays, but the possibility therefore has decreased.  

The maximum ice extent in the Baltic Sea is changing between 50 and 400 km^2 from year to year. During mild winters just the Bothnian Bay is ice covered while in severe winter the whole 
Baltic Sea can be ice covered (SMHI ice service) like in the ice winter 1986. 

Knowledge gaps 

Sea ice as a brittle material is not so good represented in the numerical models which represent the world as a more continuous medium. Therefore ice dynamics like rafting and ridging are not 
so well represented, which leads to larger uncertainties, also in sea ice thickness. Also in measurements the thickness is not so well known as the concentration and the time series of sea ice 
thickness are more sparse and do not reach so much back in time.   

Policy relevance 

Relevance for shipping (e.g. cost and need for ice breakers) but less ice does not mean no severe ice winters (including e.g. presence of pack-ice/ridging). Lack of sea ice increases the level of 
erosion in areas susceptible to erosion and will have a significant effect on planning and coastal defences. 
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Spring bloom will occur earlier in the northern parts of the Baltic Sea due to increased  

Increased windspeeds could be relevant for wind-power generation 
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Wind waves 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance Mean change Extremes Mean change Extremes 
Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Wind waves 
 

Ralf Weisse, HZG 

Wind waves are 
generated on the 
sea surface by the 
action of the wind. In 
deep water the 
height and period of 
the waves, to a first 
approximation, are 
determined by wind 
speed, wind duration 
and the area over 
which the wind 
blows (fetch). In the 
Baltic Sea fetch is 
often determined 
and limited by wind 
direction. Highest 
waves typically occur 
during long-lasting 

Changes in the wave 
climate are strongly 
linked to 
corresponding 
changes in the wind 
climate. As changes 
in the wind climate 
are highly uncertain 
(Christensen et al. 
2015), the same 
holds for the wave 
climate. 
 
Reduction in 
seasonally ice 
covered areas may 
change wave climate 
and increase fetch. 
Increases in wind 

Changes in extreme 
waves are linked to 
corresponding 
changes in high wind 
speeds that are 
highly uncertain 
(Christensen et al. 
2015).  
 
Studies focusing on 
potential future 
changes in wind 
waves for the Baltic 
Sea are limited. An 
ensemble study 
using data from a 
wave model 
simulation driven by 

There are no 
substantial long-term 
trends in wind speed 
but substantial 
decadal variability 
(BACCII). 
Correspondingly, 
there are no clear 
indications for long-
term trends in wave 
heights. 

From a long-term 
perspective, no 
robust signals of 
change can be 
detected (BACCII). 

There is a substantial 
lack on future wind wave 
projections and the 
assessment of changes 
on alongshore sediment 
transport and associated 
spatial and temporal 
variability. Little is known 
on coastal processes 
such as wave set-up.  
 
In face of the 
pronounced inter 
decadal variability, 
detection and 
attributions studies 
together with 
development of decadal 

Changes in offshore 
wave climate will 
have direct impacts 
on safety of any 
offshore operation 
and the design of 
structures. 
 
Changes in coastal 
wave climate will be 
of immediate 
relevance for coastal 
protection and will 
affect coastal sea 
level and erosion. 
 
 
Adaptation to 
changes in wave 
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storms with high 
wind speeds and 
long fetch.  
 
A wave field typically 
consists of many 
individual waves 
with different 
periods, heights, and 
directions. From 
their spectrum,  
characteristic 
parameters such as 
the significant wave 
height, period, or 
mean direction  
are derived that are 
used to characterize 
the wave climate. 
Wave climate in the 
Baltic Sea shows a 
pronounced 
seasonal cycle with 
higher/smaller 
waves in 
winter/summer. 
 
In shallow water 
wave height is 
limited by water 
depth. Energy 
dissipation from 
breaking waves may 
substantially 
increase coastal sea 
level (wave set-up). 
Waves are the major 
driver of nearshore 

speed over such 
areas (Tobin et al., 
2016) suggest 
corresponding 
changes in wave 
climate. 
 
Studies focusing on 
potential future 
changes in wind 
waves for the Baltic 
Sea are limited. An 
ensemble study 
using data from a 
wave model 
simulation driven by 
wind fields from two 
realizations  
of two emission 
scenarios points 
towards higher wind 
waves by the end of 
the 21st century 
(Groll et al. 2017). 
Changes consistent 
among the 
simulations are in  
the order of 5% for 
the long-term mean 
significant wave 
height and are more 
pronounced and 
consistent in the 
northern and 
eastern parts of the 
Baltic Sea. Changes 
are superimposed by  

wind fields from two 
realizations  
of two emission 
scenarios points 
towards higher wind 
waves by the end of 
the 21st century 
(Groll et al. 2017). 
Changes consistent 
among the 
simulations are in  
the order of 10% for 
extreme wave 
heights. Changes are 
superimposed by  
substantial multi-
decadal and inter-
simulation 
variability. 
 
 

predictions would be 
beneficial. 

climate may 
comprise measures 
such as revisiting 
design guidelines or 
coastal protection 
strategies among 
others. 
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sediment transport. 
High waves during 
storms are the 
primary influence  
in determining the 
extent of erosion. 
 
  
 
 

substantial multi-
decadal and inter-
simulation 
variability. Together  
with the high 
uncertainty in future 
wind projections for 
the Baltic Sea 
(Christensen et al., 
2015), this still 
points to substantial 
uncertainties in 
future wind wave 
projections. 
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Wind extremes 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 
Level of confidence: Level of 

confidence: 
Level of 
confidence: 

Level of 
confidence: 

Wind 
extremes 

 
Erik Kjellström, 

SMHI 

The wind climate 
is largely 
determined by 
the large-scale 
atmospheric 
pressure pattern. 
Strong horizontal 
pressure 
gradients are 
associated with 
high wind speed 
and the 
strongest winds 
in the Baltic Sea 
region are 
therefore 
generally 
connected to 
synoptic scale 
low pressure 
systems. 
Conversely, weak 
pressure 
gradients are 
connected to 
weak winds or 
calm conditions.  
 
Thermal 
contrasts 
between land 
and sea can 
induce land-sea 

Changes in the wind climate are highly 
uncertain. Decreases in seasonal mean 
wind speed are projected over large parts 
of the northern mid-latitudes including 
Europe (Karnauskas et al., 2018, 
https://www.nature.com/articles/s41561-
017-0029-9.pdf). For the Baltic Sea, on the 
other hand, several EURO-CORDEX RCMs 
instead project increasing wind speed 
(Moemken et al., 2018). Findings are, 
however, not robust to sampling and in a 
larger ensemble of 18 EURO-CORDEX 
regional climate change projections very 
little agreement is found on future 
changes in wind speed in the region 
(Christensen and Kjellström, 2018).  
 
One feature where there is some 
agreement, however, relates to significant 
increases over parts of the Baltic Sea that 
are covered by sea-ice in the reference 
period but not in the warmer future 
climate (Tobin et al., 2016). In these areas, 
average wind speed increases likely as a 
result of a reduction in the number of days 
with calm conditions to light to moderate 
winds when the static stability of the 
planetary boundary layer is decreased. 
 

Changes in high 
wind speed are 
highly uncertain 
(BACCII). In a 
more recent 18-
member EURO-
CORDEX 
ensemble 
consisting of 
regional climate 
model 
projections at 12 
km grid spacing 
for all of Europe 
there is no 
agreement 
between the 
models even 
about the sign of 
change in the 10-
year return value 
of daily 
maximum wind 
speed 
(Christensen and 
Kjellström, 2018).  
 

There are no 
confirmed long-
term trends in 
wind speed but 
large decadal 
variability 
connected to 
variability in the 
large-scale 
atmospheric 
variability 
(BACCII).  

Changes in 
storminess over 
decades have 
been observed in 
the Baltic Sea 
region. However, 
in a long-term 
perspective no 
robust signs of 
change can be 
detected (BACCII). 

The natural 
variability is very 
large and there is a 
lack of agreement 
between model 
projections about 
future climate 
change that needs 
to be addressed 
better.  
 
Even if climate 
scenarios are 
becoming more 
frequent and there 
is now a growing 
ensemble of 
relatively high-
resolution regional 
climate scenarios 
for Europe the 
scenarios still only 
samples a subset of 
the global climate 
model projections 
assessed by the 
IPCC. This means 
that the 
uncertainties of 
future climate 
change in the Baltic 
Sea region is not 
fully captured at 

Changes especially in 
the frequency and 
intensity of high 
wind speed events 
may have strong 
impacts on climate 
change adaptation in 
the region. For 
instance, with focus 
on coastal 
infrastructure and 
erosion. 
 
Changes in wind 
extremes can to 
some extent be 
taken into account 
when planning for 
coastal 
infrastructure 
making sure 
appropriate 
adaptation measures 
are taken. 
There is a lack of 
information to build 
decisions on climate 
change upon. Very 
large ensembles of 
high-resolution 
coupled model 
projections would be 

https://www.nature.com/articles/s41561-017-0029-9.pdf
https://www.nature.com/articles/s41561-017-0029-9.pdf
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breeze 
circulations 
implying that 
regional and 
local 
temperature 
conditions are 
important for 
modifying wind 
conditions. Also, 
the vertical 
stability of the 
atmosphere is 
important in 
determining the 
wind speed close 
to the surface. 
 
Locally, strong 
winds can occur 
in connection to 
convective 
clouds and 
sometimes 
tornados can be 
formed.  
 
 

adequate 
horizontal 
resolution for 
pursuing detailed 
studies of climate 
change impacts in 
the region.  
 
Wind speed 
changes over the 
Baltic Sea are highly 
uncertain as most 
climate change 
projections have 
been done with 
stand-alone 
atmospheric 
models implying 
that sea-surface 
conditions may not 
be in line with the 
overlying 
atmosphere. This 
could introduce 
spurious errors and 
biases. 
 

one tool for use with 
such decisions. 
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Sediment transport and erosion 
Topic Description  What is expected to 

happen? 
What is already 
happening? 

Knowledge gaps Policy relevance 

Mean change Extremes Mean change Extremes Knowledge gaps 
Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Sediment 
transport and 

erosion 
 

Wenyan Zhang, 
HZG 

Sediment transport 
is triggered mainly 
by currents in 
marine environment, 
by waves in the 
nearshore and by 
wind in subaerial 
coastal environment. 
Its direct 
consequence is a 
gradual change of 
the earth surface 
landform, leading to 
erosion or accretion.  
 
Short-term and 
small-scale sediment 
transport is strongly 
hinged on a variety 
of local state 
variables including 
wind velocity and 
direction, water 
level, waves as well 
as the antecedent 
state of the system, 
while long-term and 

If the relative sea 
level rise in the 
southern Baltic Sea 
follows the mean 
value of  RCP2.6 
projection, which is 
~0.24 m until 2065, 
the rate of sea level 
rise in this region 
(~1.2 mm/yr for the 
past few decades) 
would be 
accelerated. As a 
natural consequence 
coastal erosion 
would be regionally 
enhanced to fill the 
increased 
underwater 
accomodation 
space. The extent of 
enhancement in 
erosion depends on 
not only the sea 
level but also 
storms.  
 

A critical threshold, 
which distinguishes 
a linear and a non-
linear (following a 
quadratic or a higher 
power law) 
relationship 
between foredune 
height and rate of 
relative sea level 
rise, seems to exist 
in the southern 
Baltic Sea coast. If a 
rise by 0.3 m in the 
relative sea level 
(RCP8.5) would 
occur by 2065 in this 
region, such critical 
threshold would 
probably be reached 
before 2050, causing 
drastic change on 
the foredune 
characteristics and 
much stronger 
erosion on cliffs and 
old coasdtal dunes. 

Due to a combined 
effect of isotstaic 
adjustment and 
eustatic sea level 
change, the coastline 
change of the Baltic 
Sea is characterized 
by a North-South 
gradient from an 
uplift of max. 9 
mm/yr in the North 
to a subsidence of 
min. -2 mm/yr in the 
south since the onset 
of the Holocene. The 
subsiding southern 
Baltic Sea coast is 
characterized by a 
series of barrier 
islands and sandy 
dunes connected 
with soft moraine 
cliffs. The 
composition of soft, 
mobile sediments 
makes the southern 
Baltic Sea coast 

Many sandy beaches 
along the Gulf of 
Finland have recently 
been severely 
damaged by frequent 
storm surges, despite 
extensive protective 
measures. 
 
Soft cliffs in Latvia are 
eroded 3–6 m/yr 
after each storm, 
with a maximum of 
up to 20–30 m/yr at 
local sites. 
 
Extreme erosional 
rate along Lithuania 
and 
Russia(Kaliningrad) 
for cliff are 10 m/yr.  
 
Poland: recent 
erosion after each 
storm surge reaches 
3–6 m/yr;  
 

 We lack a comprehensive 
understanding of 
alongshore sediment 
transport and associated 
spatial and temporal 
variability along the Baltic 
coast. In general, an 
eastward transport 
dominates along a major 
part of the southern Baltic 
coast due to the impact of 
the prevailing westerly 
winds. However, the 
intensity of secondary 
transport induced by 
easterly and northerly 
winds is much less 
understood. Its 
combination with storm 
surges further complicated 
the understanding 
because in such 
circumstance the sandy 
dunes and cliffs are 
exposed to highest 
erosional impact.  
 

Sediment transport 
and coastal erosion 
are relevant for 
coastal 
management, 
construction and 
protection 
strategies. 
 
In general two 
main types of 
management 
strategy: 1) coastal 
protection by soft 
or hard measures; 
and 2) adaptation 
to coastal change, 
accepts that in 
some places the 
coast 
would be left in its 
natural state. 
Soft protection: 
1) Beach 
nourishment; 
2) Artificial planting 
of pioneer grass 

https://doi.org/10.1029/2018JD028473
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large-scale sediment 
transport and 
coastal erosion are 
primarily controlled 
by sediment supply 
modulated by large-
scale processes, 
notably mean sea 
level, storms, the 
regional wind and 
wave pattern, and 
engineering 
structures.  
 

Due to the impact of 
the prevailing 
westerly winds, the 
dominant sediment 
transport will remain 
eastwards along a 
major part of the 
southern Baltic 
coast, but with a 
high variability along 
some local coast 
sections which have 
small incidence 
angle of incoming 
wind-waves. 
 
Development of the 
foredunes will 
continue in 
prograding coasts.  
 

extremely vulnerable 
to wind-wave 
induced transport 
and erosion.  
Most coastline 
erosion along the 
southern Baltic Sea is 
caused either by 
storms or human-
induced depletion of 
sediment supply (e.g. 
side effect of 
engineering 
structures). 
 
Mean erosional rate 
along Latvia and 
Lithuania for the 
sandy coasts and soft 
cliffs are 1–2 m/yr 
and 0.5-0.6 m/yr in 
the latter half of the 
twentieth century. 
Since 1980s 
erosional rates of 
certain sections  
have been enhanced 
to 1.5–4 m/yr; 
 
Mean erosional rate 
along Lithuania and 
Russia(Kaliningrad) 
for the sandy coast 
and cliff are 0.5-
0.8 m/yr and 1-1.5 
m/yr, respectively, 
and rates have 

Germany: erosion by 
storms has reached 
3 m/yr at some local 
coastal sections 
 
Maximum erosion 
rates along the dune 
coasts in the Kattegat 
are ~2 m/yr. 

Another knowledge gap in 
understanding coastal 
erosion in response to 
future climate change is 
on the impact of water 
levels and the 
submergence of the 
beach.  
 
Anthropogenic influence 
imposes one of the largest 
uncertainty in sediment 
transport and coastal 
erosion. 
An engineering structure 
(e.g. pier, seawall) 
influences coastline 
change at a much larger 
spatial scale than the 
dimension of the structure 
itself.  

species in front of 
the foredune.  
 
Hard protection: 
1) Groynes; 
2) Dykes; 
3) Seawall and/or 
revetments; 
4) Artificial 
headlands; 
5) Breakwaters 
 
Administrative 
efforts for coastal 
protection differ 
among Baltic Sea 
countries, even 
between 
neighbouring 
states or nations. 
Management 
actions are 
complicated by 
morphodynamic 
changes caused by 
artificial coastal 
protection in some 
places and its 
consequent 
disruption in 
downstream area. 
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increased over the 
past decade. 
 
The Polish coast is 
mainly formed of 
soft sandy sediments 
, with an average 
rate of retreat of 
0.5–1.5 m year−1. 
Coastal towns which 
experienced erosion 
of 0.3–0.7 m/yr now 
have a nourished 
beach.  
 
Mean erosion rate 
along the German 
sandy coast is 
0.4 m/yr.  
 
In southern Sweden, 
the soft moraine 
cliffs have retreated 
1–1.5 m year−1 over 
the past 150 years.  
 
Erosion rates along 
the dune coasts in 
the Kattegat are 
within 2 m year−1. 
 
Coastal erosion has 
the following direct 
consequences: 
1. loss of coastal 
lands; 
2. loss of coastal 
resilience; 
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3. loss of valuable 
natural habitats; 
4. loss of economic 
value and private 
property; 
5. increasing cost to 
society in terms of 
coastal protection. 
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Sea level 
Give a brief description of the parameter sea level 

Sea level is traditionally measured with a scale on the harbor wall. The earliest scales from the 18th century were marks on large, prominent boulders along the shoreline of the Baltic Sea 
(Ekman, 2009). Nowadays many automated stations all along the Baltic coast deliver this information with time intervals between 1 minute and 6 hours. Sea level changes when water is added 
to the global ocean, when it expands by warming or when the land is rising to which the scale is attached. These are the three most important contributions to long-term changes in sea level in 
the Baltic Sea (BACC I, Hünicke et al., 2015). 

Due to an excess of precipitation and river runoff over evaporation the sea level in the Baltic is higher than in the North Sea and water flows out of the Baltic through the Danish straits into the 
North Sea.  The amount of water flowing through this narrow strait depends to a large extent on the wind regime in the larger scale Baltic-North Sea transition zone. It is also over this way, that 
the global sea level rise has repercussions on the Baltic sea level. The fill factor is highly correlated with the local sea level at Landsort, showing maximal amplitude of about 1m. The longer term 
seasonal cycle shows a minimum in May and a maximum in December. 

Changes in oceanic and atmospheric circulation cause variations of sea levels in the Baltic Sea on seasonal to decadal time scales (Chen and Omstedt, 2005). Winter sea level in the Baltic Sea is 
usually higher than summer sea level (Samuelsson and Stigebrandt, 1996). And mild winters with stronger than average winds show higher sea levels than severe winters (Andersson, 2002, 
Karabil et al., 2018). During the cold seasons from fall to spring the risk is higher for storms to produce storm surges along the coasts of the Baltic Sea (Lehmann et al., 2011). Storm surges are 
water masses pushed against the coasts by the wind of atmospheric low pressure systems. The lower atmospheric pressure in a storm can add to the amplitude of the storm surge (Wiśniewski 
and Wolski, 2011). Storms also excite oscillations in the Baltic Sea that are highest at the ends of the different basins and lowest in the Baltic Proper (Weisse and Weidemann, 2017). The most 
effective wind for a storm surge in the western Baltic is a strong northeasterly wind over the southern Baltic. For the eastern Gulf of Finland it is more a strong westerly wind over the Central 
Baltic and the Gulf of Finland. So extreme sea levels have to be discriminated regionally.  

Waves that are generated during storms can add to extreme sea levels measured along the coast (Eelsalu et al., 2014). The amplitude of tides is relatively small in the Baltic Sea and adds to 
extreme sea levels only in the Kattegat and Skagerrak. 

Show links to other parameters.  

The mean sea level of the global ocean is closely related to the volume of the ocean. The volume is changing due to geologic activity and to the addition of water that was previously frozen on 
land like the Antarctic and Greenland ice sheets and mountain glaciers. Melting rates of glaciers are sensitive to changes in air temperature, snow cover and the resulting brightness. Ice sheets in 
polar regions are affected additionally by contact with ocean water melting the ice from below, which can cause instabilities in the integrity and the flow of the ice sheets. Ocean temperatures 
affect the mean sea level because warmer water is lighter and takes up more volume than colder water. The continuous redistribution of heat from the tropics to the polar regions establishes 
the ocean circulation systems that form a sea surface relief along which the ocean currents are flowing. This sea surface relief modulates the global mean sea level by up to half a meter (e.g. Yin 
et al., 2009). The mean sea level in the Baltic Sea depends on the strength of the ocean circulation in the Atlantic (Yin et al., 2009, 2010, Yin, 2012, Balmaseda et al., 2013b). Temperature and 
freshwater distribution in the ocean leave their imprint on height of the sea surface and cause it to vary on decadal time scales (Balmaseda et al., 2013a). Atmospheric winds are another 
important driver of sea level variability on time scales from decades down to a couple of hours during a storm surge. 

What is happening? 

Mean changes 
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Global mean sea level rise is measured at 1.5 mm/year during the 20st century. It is estimated at a rate of 2.8 mm/year during the period since satellites are measuring (1993 to 2010). The rate 
of global mean sea level rise is increasing [high confidence]. During the second half of the past century thermal expansion of sea water and the addition of melt water from the Antarctic and 
Greenland ice sheets and from glaciers have contributed about equally to the process [high confidence] (Church et al., 2013). Sea level rise (relative to the ellipsoid) in the Baltic Sea in the past 
50 years is estimated between 1 and 3 mm/year (Milne et al., 2001, Hill et al., 2010, Richter et al., 2011, BACC I, BACC II). 

For the last decades and centuries the land uplift is the most important factor contributing to sea level change in the Baltic. The highest rates of land uplift of 10 mm/year are found at Höga 
Kusten. The land uplift diminishes away from this center and is very small and even reaching negative numbers along the German and Polish coasts of the Baltic Sea. There the sea level rise is 
about plus 1-2mm/year; similar to the global sea level rise. Up in the northern Baltic the measured local sea level rise is more around minus 7-8mm/year. For the period 1886-2009, Swedish 
Baltic Sea records showed a positive sea level trend (including land uplift) of about 1.5 mm/year, accelerating to 3 mm/year in the past 30 years. Along the southern Swedish coast where land 
uplift is small sea level has risen by around 20 cm since 1886 (Hammarklint, 2009). 

Extremes 

Return levels with corresponding return periods is a concept to assess the amplitude and the probability of extreme events. A storm surge with a 100-year return period will occur on average 
once in 100 years. The amplitude of the event depends on the location in the Baltic Sea. Storm surges at the end of the basins furthest away from the Baltic Proper are higher than those in the 
center of the Baltic Sea [high confidence] (Meier et al., 2004, Wolski et al., 2014, Dieterich et al., 2019). No long-term trend has been found so far that points to an increase of extreme sea levels 
in the Baltic Sea (EN-CLIME wind, BACC II). There are however studies (e.g. Suursaar and Sooäär, 2007) that confirm extreme sea level e.g. in the Gulf of Finland to be very sensitive to the 
position of the storm tracks. A northward shifting storm track (EN-CLIME wind) can be expected to change the statistics of storm surges in the Gulf of Finland [low confidence, low evidence, 
knowledge gap]. 

What is expected to happen in the future? 

Mean changes 

Since the ice has melted that covered Scandinavia during the last ice age the earth crust is rebounding. The highest rates of land uplift of 10 mm/year are found at Höga Kusten on the Bothnian 
Bay. The land uplift diminishes away from this center and is very small along the German and Polish coasts of the Baltic Sea. This process is expected to continue for hundreds of years [high 
confidence]. Along most of the Baltic Sea coasts the land uplift causes sea level to fall. On top of this change, global mean sea level rise will continue to raise sea levels in the Baltic Sea at an 
increasing rate [high confidence] (Church et al., 2013). When the rate of sea level rise becomes larger than the land uplift, sea level will start to rise relative to land. First in the southern Baltic 
Sea and with accelerating rates of global mean sea level rise the line of rising sea level will move northward. During this century melting ice sheets in Antarctica and Greenland will contribute 
more to the total than in the past [medium confidence] (Church et al., 2013). The sea level rise due to melting ice is not distributed uniformly around the global ocean. Sea level rise from melting 
ice sheets in Antarctica is more pronounced in the northern hemisphere because the missing ice mass has a smaller gravitational pull on the surrounding water. As in Scandinavia, the missing ice 
causes the earth crust to rebound which makes the sea level rise slower where the ice is melting [medium confidence]. Based on these processes the mean sea level rise in the Baltic Sea is 
projected to amount to 80% of the global mean sea level rise (Grinsted, 2015). A number of modeling studies have projected mean sea level changes for the Baltic Sea, based on changes in 
global mean sea level, changes in global climate and changes in regional climate (e.g. Meier et al., 2004). Recent efforts since the latest IPCC report that focused on the contribution of Antarctic 
ice sheets to global mean sea level rise have shown that the interaction of warming ocean water, melting the ice sheets from below can lead to instabilities in the ice sheet dynamics. The ice 
sheets flowing from land into the ocean are in contact with the ocean floor out to the grounding line. From there on outward the ocean is melting the ice from below and the ice sheets become 
thinner and lighter. If the weight of the ice sheet becomes less than the weight of the ocean water it replaces, it floats up and away. The grounding line retreats inland where the ice sheet is 
thicker and the ice flow larger and reinforces the ice loss (Mercer, 1978). This and related feedback loops could lead to an extra meter of sea level rise until the end of the century [low 
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confidence] (e.g. Sweet et al., 2017). The most recent estimates (Bamber et al., June 2019) for global mean sea level rise in 2100 relative to 2000, including these potential contributions 
(including land water storage) are 69 cm and 111 cm for low and high sea level scenarios, respectively. For the high sea level scenario the likely range (5% to 95%) is between 62 cm and 238 cm. 

Changes in the Baltic sea levels will also be affected by possible changes in the fill factor but projected changes are very uncertain. 

Extremes 

How extremes will change is highly uncertain, as they are dependent on the strength, the position and the path of future low pressure systems. And the dependence also varies strongly with the 
position of the considered point along the Baltic coast.  

In the Baltic Sea, return levels show a low to moderate increase for increasing return periods (HazardSupport, 2018). The 100-year return level above the mean sea level for Stockholm for 
example is estimated at 102 cm, while the 200-year return level is 107 cm. Both estimates have a large uncertainty of 25 cm and 30 cm, respectively (Södling and Nehrheim, 2016). The 100-year 
return level relative to land in 2100 for Stockholm for example is estimated at 143 cm, while the 200-year return level is 149 cm. Both estimates have a large uncertainty of 24 cm (Andersson 
and Johansson, 2018). Under projected increase of mean sea level in the Baltic Sea in the RCP8.5 scenario, extreme events that are rare today will be much more common towards the end of 
the century. In the above example a net sea level rise of 20 cm in 2100, including the land uplift will turn the 100-year storm surge in Stockholm into an event that occurs every 10 years on 
average [medium confidence]. Thus, the main driver of changes in Baltic Sea storm surges is the global mean sea level rise [medium confidence]. 

Knowledge gaps 

There is potential for mean sea level rise in the Baltic Sea that is caused by the freshening of the Baltic Sea. Under a warming climate precipitation patterns over the Baltic Sea drainage basin 
change (EN-CLIME precipitation) and the river discharge is expected to increase (EN-CLIME discharge). Fresher water in the Baltic Sea will take up more volume and sea levels in the Baltic Sea 
will rise. There has been no comprehensive study so far to assess the impact of halosteric contributions to the Baltic Sea level. Also the impact of changing land water storage for the Baltic Sea 
region on Baltic Sea levels needs to be assessed (Haasnoot et al., 2015 for the Netherlands). 

On the global scale it has been shown (Bingham and Hughes, 2012) that sea level will raise proportionally more on the shallow shelf regions around the continents than in the deeper, open 
ocean. For the Baltic Sea no such study exists that could answer whether mean sea level rise applies to coastal regions in the same way as for the open Baltic Sea. 

Storm surges and other hazards can turn into disaster if they occur concurrently. There have been some examples and studies (e.g. Zscheischler et al., 2018) that have shown that the impact of 
multiple hazards can be much worse than a single extreme event. Not much is known today about the interaction of extreme events with a focus on storm surges. 

The coverage in time and space of sea level measurements in the Baltic Sea is among the best in the world. Many records date back to late 19th century. Nevertheless, the observational record 
tends to be too short to capture the full variability in extreme sea levels (Lang and Mikolajewicz, 2019) in the Baltic Sea. One example is the Backafloden 1872. It is not clear which return period 
should be attributed to this event (Fredriksson, 2016, 2017). With today’s observational time series it cannot be categorized. Two conclusions can be drawn here. First, more research is needed 
to investigate the influence of natural variability on storm surges in the Baltic Sea. Second, long measurement records are of vital importance to assess natural variability in coastal flooding 
around the Baltic Sea. 

Policy relevance: 

Relevance is high, both for mean sea level rise and for extreme events. 
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Sea level rise influences and interacts with wind waves (EN-CLIME waves) and coastal erosion (EN-CLIME sediment). 

What can be done about it (possible responses)?  

The implementation of the COP 21 Paris agreement 2015 of the United Nations Framework Convention on Climate Change helps to reduce the risk of large contributions to sea level rise from 
the West Antarctic ice sheets. 

Sea level changes have lead to the relocation of harbors in the past (Söderköping) and today (Lulea). 

Especially focusing on avoidance, alleviation, adjustment and adaptation. 

- Saint Petersburg Flood Prevention Facility Complex 

- Stockholm Sluice 

- Levees along the German and Polish coasts 

What is already being done about it? 

Existing agreements/policies:  

The EU water directive has led to a Swedish ordinance and a directive (översvämningsdirektivet) by the Swedish Civil Contingencies Agency to chart areas prone to flooding (including coastal 
flooding) and how to deal with risks of flooding. 

The Swedish insurance company Länförsäkringar has decided not to give out housing insurance anymore for new buildings in areas that are at a high risk for flooding (Länförsäkringar, May 
2019). 

How does it affect measures taken to reduce pressures on the Baltic Sea? 

Policy gaps 

Sea level rise for coastal cities around the Baltic Sea is more sensitive to the thermosteric expansion of the global ocean compared to coastal cities around the coasts of the Atlantic or Pacific 
Ocean (Larour et al., 2017). Also, ice sheet melt in Antarctica has a disproportional high impact in the Baltic Sea while ice sheet melt in Greenland has no effect. Sea level research focused on the 
Baltic Sea may take this into account. 
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Precipitation and extreme events 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance Mean change Extremes Mean change Extremes 
Level of confidence: Level of confidence: Level of confidence: Level of confidence: 

Precipitation and 
extreme events 

 
Erik Kjellström, 

SMHI 

Precipitation is water 
falling to the ground. 
It can take various 
forms including 
melted (e.g. rainfall 
and drizzle) or frozen 
(e.g. snowfall and 
hail) or in mixed 
forms involving both 
snow and rain (e.g. 
sleet). Precipitation 
is measured in mm 
of melted water over 
a certain time 
interval that could 
include one or 
several precipitation 
events. 
 
Show links to other 
parameters.  
 

A warmer climate 
leads to an 
amplification of the 
hydrological cycle. 
For areas with large 
amounts of 
precipitation this 
implies even more 
precipitation while 
for dry areas there is 
a risk of further 
drying. In the Baltic 
Sea region this 
implies increasing 
precipitation, most 
notably in the winter 
half of the year and 
in the north in 
summer. There is a 
large uncertainty as 
whether 
precipitation will 

A warmer 
atmosphere that can 
hold more water 
vapor increases the 
potential for 
precipitation 
extremes. Both 
droughts and heavy 
rainfall events can 
become more 
intense. 
 
Recent climate 
model simulations 
performed for other 
regions in Europe 
and North America 
indicate that high-
intensity rainfall 
events associated 
with summertime 
convection may 

On average, annual 
mean precipitation 
has generally 
increased over most 
of the Baltic Sea 
region over the 20th 
Century. Differences 
between different 
parts of the region 
and between 
seasons are 
prominent. 
 
 

Precipitation increase 
in northern Europe is 
generally associated 
with an increase in 
the frequency and 
intensity of extreme 
precipitation events. 
Observed changes 
include increasing 
intensity and/or 
frequency of intense 
precipitation events, 
changes in duration 
of wet and dry spells.  
 

Focus on different 
aspects of precipitation 
characteristics, different 
methods and different 
data sets used in various 
national studies in the 
Baltic Sea region implies 
that the picture of the 
precipitation climate 
including its past 
changes is not fully 
coherent.  
 
Even if climate scenarios 
are becoming more 
frequent and there is 
now a growing ensemble 
of relatively high-
resolution regional 
climate scenarios for 
Europe the scenarios still 
only samples a subset of 

To suppress future 
changes in 
precipitation requires 
strong climate 
change mitigation 
action. To reduce 
impacts of future 
changes adaptation 
measures may be 
needed. For changing 
precipitation this 
involves both 
increasing 
precipitation with 
risks for flooding and 
decreasing 
precipitation and 
risks of drought. 
 
Agricultural policies 
 
Urban flooding  

https://doi.org/10.1126/sciadv.1700537
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Precipitation is 
strongly linked to 
other parameters 
describing the water 
cycle. The amount of 
water in the air is 
one of the most 
important factors 
implying that the 
history of an air 
mass including 
previous evaporation 
and precipitation 
events. As the 
amount of water 
that can be held in 
air depends on 
temperatures, 
precipitation has 
some temperature 
dependency 
(generally more 
precipitation in 
summer than in 
winter in large parts 
of the Baltic Sea 
region). Precipitation 
is also strongly 
modified by 
orographic features 
implying that the 
large-scale 
circulation of the 
atmosphere 
including wind 
direction and vertical 
stability are 
important factors. 

increase or decrease 
in summer in the 
southern part of the  
Baltic Sea region 
that is closer to the 
dry regime of 
southern Europe. 
 
A warmer future 
climate will lead to a 
shortening of the 
snow season. In 
winter, climate 
models project more 
precipitation and 
higher 
temperatures. In 
many areas this will 
likely be manifested 
as more rain and 
less snow but in 
some areas that are 
still cold increasing 
amounts of snow 
may be seen. 
 
The degree of 
change depends on 
the change in 
forcing conditions 
and the regional 
response of the 
climate system. Both 
of these are 
associated with large 
uncertainties. In 
addition, internal 
natural variability of 

generally increase 
with up to 10-15% 
per degree of 
temperature 
increase. 

the global climate model 
projections assessed by 
the IPCC. This means 
that the uncertainties of 
future climate change in 
the Baltic Sea region is 
not fully captured at 
adequate horizontal 
resolution for pursuing 
detailed studies of 
climate change impacts 
in the region. 
 
New, very high-
resolution so called 
convective-permitting 
climate models 
operating at grid spacing 
of 1-3 km are lacking for 
the Baltic Sea region. In 
other  regions such 
models have shown 
better agreement with 
observations in 
representing 
precipitation extremes 
and sometimes also a 
larger climate change 
signal compared to the 
more traditional “high-
resolution” models 
operating at c. 10 km 
grid spacing. 

 
Urban flooding due 
to heavy rainfall. 
 
Effect on runoff, 
salinity and 
stratification. 
 
Link to real life 
events (e.g. CPH) 
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Precipitation is a key 
feature in 
determining soil 
moisture conditions, 
runoff and 
discharge. The 
impact on soil 
moisture can 
represent a strong 
feedback mechanism 
as dry conditions 
lead to less 
evaporation and 
thereby less 
precipitation etc.  

the climate system 
adds another level 
of uncertainty when 
addressing 
precipitation 
changes for a certain 
time period. 

 

Salinity and saltwater inflows 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Level of confidence: 
Low confidence 

Level of confidence: Level of confidence: 
Low confidence 

Level of confidence: 

Salinity and 
saltwater inflows 

 
Markus Meier, 
IOW and SMHI 

Salinity is the 
dissolved salt 
content of a body of 
water and an 
important variable 
for density that 
controls the 
dynamics of currents 
in the ocean. Due to 
freshwater supply 
from the Baltic Sea 
catchment area and 
due to the limited 
water exchange with 
the world ocean, 

Due to the projected 
increased 
freshwater supply 
from the catchment 
area by about 1 to 
21% at the end of 
the century 
depending on the 
climate model, 
surface and bottom 
salinity is projected 
to decrease by 
about  in the 
ensemble mean with 
a large spread 

 There are no 
statistically 
significant trends in 
salinity (Fonselius 
and Valderrama, 
2013), river flow 
(Meier and Kauker, 
2003) and MBIs 
(Mohrholz, 2018) on 
centennial time 
scales. However, 
salinity, river flow 
and MBIs showed a 
pronounced multi-
decadal variability 

 Due to uncertain 
changes in regional 
water cycles 
(precipitation) and global 
sea levels, the 
confidence in future 
salinity projections is low 
(BACC II Author Team, 
2015; Meier et al., 
2019). 
 
Changes in total salt 
import have not been 
sufficiently investigated. 
 

Salinity and the 
ventilation of the 
deep water with 
oxygen are important 
drivers of the Baltic 
Sea ecosystem 
functioning, including 
reproduction of fish, 
e.g. cod, and 
biodiversity 
(Vuorinen et al., 
2015) and are of 
major concern for 
marine policies 
(HELCOM). 
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surface salinity 
varies from > 20 g 
kg-1 in Kattegat to < 
2 g kg-1 in the 
Bothnian Bay. The 
dynamics of the 
Baltic Sea is 
characterized by a 
two layer system 
because of a 
pronounced, 
perennial vertical 
gradient in salinity. 
 
Meteorologically 
driven large 
saltwater inflows 
(so-called Major 
Baltic Inflows, MBIs) 
sporadically renew 
the deeper parts of 
the Baltic Sea with 
saline, oxygen rich 
water. Hence, MBIs 
are the only process 
that effectively 
ventilate the deep 
water. However, 
MBIs are estimated 
to contribute to the 
total salt important 
by only 20%. 

among the 
ensemble members 
(Saraiva et al., 2019). 
 
The intensity and 
frequency of MBIs 
are projected 
to remain 
unchanged (with 
potential tendency 
of a slight increase  
(Schimanke et al., 
2014).  
 
 

with a period of 
about 30 years. Part 
of this variability is, 
for instance, the 
stagnation period 
during 1983-1992 
without MBI and 
with decreasing 
salinity (Nehring and 
Matthäus, 1991). 
Model results 
suggest that 
decreasing salinity 
over ten years 
appear 
approximately once 
per century on 
average and belongs 
to the natural 
variability of the 
system (Schimanke 
and Meier, 2016). On 
longer time scales, 
Baltic Sea salinity is 
under the influence 
of the Atlantic 
Multidecadal 
Oscillation with a 
period of about 60-
90 years (Börgel et 
al., 2018). Since 
about the 1980s, 
increased bottom 
salinities and 
decreased surface 
salinities were 
observed (Vuorinen 

Ensemble studies taking 
also rising global mean 
sea level together with 
changes in wind fields 
and river flows into 
account do not exist but 
would be needed (Meier 
et al., 2018). 
 

 
MBIs and their links 
to algal blooms and 
resuspension of 
nutrients from the 
deep basins. 
 
Large-scale changes 
in climate will affect 
salinity in the Baltic 
Sea. Hence, 
mitigation of 
greenhouse gas 
emissions might be 
the only measure 
against 
anthropogenic 
changes in salinity on 
centennial time 
scales. 
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et al., 2015; Liblik 
and Lips, 2019). 
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Run-off and extreme events 

Topic Description  
What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Run-off and 
extreme events 

 
Jukka Käyhkö; 
Harri Kuosa; 
Janika Laht; 

Marcin Kawka; 
Markus Meier 

Run-off describes 
general, long-term 
and/or regional 
processes and is 
typically given as 
litres per second per 
square kilometre (l s-

1 km-2) (allowing 
comparisons 
between rivers of 
different sizes), or 
millimetres per year 
(mm a-1) (allowing 
comparisons with 
precipitation and 
evaporation), 
whereas inflow and 
discharge typically 
refer to immediate 
channel flow and 
are given as cubic 
metres per second 
(m3 s-1). 
Extreme runoff 
events refer to 
floods, which 
typically occur 
during spring-time 
snow melting period, 
but can also be 
related to 

Climate change is 
likely to have a 
clear influence on 
the seasonal flow 
regime as a direct 
response to 
changes in the 
form of the 
precipitation, as 
well as by altering 
the temperature-
evapotranspiration 
regime. (BACC II) 
For areas in the 
northern Baltic Sea 
region presently 
characterized by 
spring floods due 
to snow melt, the 
floods are likely to 
occur earlier in the 
year and their 
magnitude is likely 
to decrease owing 
to less snowfall, 
shorter snow 
accumulation 
period, and 
repeated melting 
during winter 
(Veijalainen et al. 
2010)..  

The decrease in 
snow melt induced 
spring floods in the 
southern Baltic 
rivers contrasts 
with the situation in 
the Nordic 
countries, where 
changes in winter 
snowmelt are not 
yet apparent in the 
river runoff data, 
although they are 
expected in the 
future. Simulations 
suggest that large 
(100-year) spring 
floods in the 
northern Baltic 
catchment (Finland) 
will decrease by 8–
22% in 2070–2099 
compared to the 
reference period 
1971-2000. For 
other seasons, 
however, 
simulations suggest 
an increase of large 
floods by 12–40%. 
Variation between 
different sites and 

Run-off to the Baltic Sea 
is governed by various 
systems and processes. 
In the northern region 
and Gulf of Finland, run-
off is strongly linked to 
temperature, wind and 
rotational circulation 
components In the 
southern region, run-off 
is more associated with 
the strength and torque 
of the cyclonic or 
anticyclonic pressure 
systems. (Hansson et al. 
2011) 
Although decadal and 
regional variability is 
large, no statistically 
significant long-term 
change has been 
detected in the 
reconstructed total 
river runoff to the Baltic 
Sea over the past 500 
years. 
As a whole, over the 
past 500 years, the total 
river runoff to the Baltic 
Sea has decreased 
slightly in response to 
the rise in temperature; 

MISSING EXAMPLES OF 
CONSEQUENCES 
 

The impact of how 
climate model results 
are transferred to the 
hydrological model 
are still inadequately 
understood. More 
research is needed to 
quantify the accuracy 
and uncertainty 
associated with 
various bias 
correction methods. 
Several uncertainties 
are associated with 
impact modelling, 
including parameter 
uncertainty and 
model structure 
uncertainty. 
The values of the 
parameters of a 
hydrological model 
are normally found 
through calibration 
against historical data 
and are always 
associated with 
uncertainty. This 
uncertainty will 
translate into 
uncertainty in the 
projected changes. 

Seasonal runoff 
changes will have an 
impact on sediment 
and nutrient load 
and thereby on the 
eutrophication of the 
Baltic Sea. 
Changes in the 
timing of extreme 
events will have 
consequences in 
flood hazard and risk 
in riverside 
settlements. 
Changes in total flow 
will affect salinity 
and consequently 
species distribution 
and food web 
composition, 
 
Land use implications 
 
Agricultural policies 
 
Sediment and 
nutrient extraction 
from the crop fields 
could be mitigated 
by careful planning 
and conduction of 
farming practices 
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precipitation 
extremes.  
 
Links to other 
parameters.  
The magnitude of 
water flow in a river 
is the result of 
various complex 
hydrological 
processes including 
precipitation, 
evapotranspiration, 
infiltration and 
storage (e.g. in the 
form of snow, soil 
moisture, and sub-
surface and 
groundwater 
storage). Therefore, 
explaining changes 
in streamflow 
requires an 
understanding of 
these parameters of 
which precipitation 
is often the pivotal 
one in the cool 
climate of the Baltic 
Sea region. 

 
In the southern 
part of the Baltic 
Sea area, 
increasing winter 
precipitation is 
projected to result 
in increased river 
discharge during 
winter. 
Groundwater 
recharge is 
projected to 
increase y, 
resulting in higher 
groundwater 
levels. During 
summer, however, 
decreasing 
precipitation 
combined with 
rising temperature 
and 
evapotranspiration 
is projected to 
result in a drying of 
the root zone, 
which would drive 
increasing 
irrigation demands 
in the southern 
part of the Baltic 
Sea area. 
Projections with a 
hydrological model 
suggest that under 
RCP 4.5 and RCP 
8.5 scenarios the 

regions will be 
considerable 
(Veijalainen et al. 
2010). 
MISSING 
QUANTITATIVE 
CHANGES 

at a rate of 3%, or 450 
m-3 s-1, per 1°C 
(Hansson et al. 2011). 
The observed 
temperature increase 
has already affected 
stream flow in the 
Nordic countries. In 
general, changes in 
stream flow over the 
20th century show a 
redistribution of the 
seasonal runoff. Higher 
winter temperatures 
bring about less 
snowfall at the expense 
of rain, plus repeated 
and earlier melting of 
accumulated snow. 
Together, these result 
in an increase of winter 
runoff and decrease of 
spring floods. This 
pattern has been 
apparent in the 
southern parts of the 
Baltic catchment 
(Reihan et al. 2007).and 
is gradually moving 
northwards as a 
consequence of climate 
warming (Veijalainen et 
al 2019 The impacts of 
both the observed and 
projected changes in 
precipitation on stream 
flow are unclear (Hisdal 
et al. 2010). 

 
General lack of long 
time series 
information. 

(e.g., timing of 
tillage). 
Flood hazard 
mitigation requires 
both short-term 
(rescue) and long-
term (planning and 
construction) 
measures  
 
Existing 
agreements/policies:  
Directive 2007/60/EC 
on the assessment 
and management of 
flood risks requires 
Member States to 
assess the risk from 
flooding, to map the 
flood extent, assets 
and humans at risk in 
these areas and to 
take adequate and 
coordinated 
measures to reduce 
this flood risk.  
Regarding nutrient 
inflow, the 2008 
marine strategy 
framework directive 
aims to achieve a 
good environmental 
status of the EU’s 
marine waters by 
2020. For the Baltic 
Sea, the relevant 
convention is the 
Helsinki Convention 
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total river flow will 
increase between 
1 and 21% and 
between 6 and 
20%, respectively, 
illustrating the 
large uncertainty in 
hydrological 
projections 
(Saraiva et al., 
2019). Thereby, 
the future period 
2069-2098 is 
compared to the 
reference period 
1976-2005.  
 

 (governed by the 
Helsinki Commission 
(Helcom)) and its 
Baltic Sea action 
plan, which requires 
the reduction of 
nutrient loads from 
the signatory 
countries. 
 
So far, these actions 
have led to limited 
progress towards 
nutrient reduction in 
the Baltic Sea. 
(Combating 
eutrophication… 
2016) 
 
Policy gaps 
The Member States’ 
plans for achieving 
Helcom nutrient 
reductions are based 
on their river basin 
management plans 
prepared on the 
basis of the water 
framework directive. 
These plans lack 
ambition as they 
focus on ‘basic 
measures’ for 
implementing EU 
directives in relation 
to the specific 
activities causing 
nutrient pollution, 
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mainly urban waste 
water and 
agriculture. Less 
focus is put on 
measures for the 
control of diffuse 
sources of nutrients 
and on 
‘supplementary 
measures’ as set out 
in the water 
framework directive. 
Measures are 
established on the 
basis of insufficient 
information. They 
also lack targets and 
appropriate 
indicators for the 
assessment of 
achievements made 
in reducing nutrient 
loads into waters 
(Combating 
eutrophication… 
2016). 
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Stratification 
Description - Give a brief description of the parameter. Show links to other parameters.  

Stratification denotes the vertical layering of water bodies according to different water densities mainly determined by layer specific water temperature and salt concentrations.  Stratification 
controls vertical transports in the water column, e.g. the downward flow of dissolved oxygen from the sea surface into the deep layers. A number of parameters exist to characterize 
stratification. Pycnocline commonly denotes the strongest density gradient in the vertical water column. Corresponding definitions exist for the temperature gradient (thermocline) and salinity 
gradient (halocline) which highlight the governing parameters for the density layering. 

The forces of the winds (i.e. wind stress working at the air water interface) can potentially homogenize the water column fully (some shallow water regions) or partly (deep water regions) and 
thus influence stratification. 

In the Baltic Sea a pronounced halocline persists over the year between 60-80 meters in most regions. During the warm season a thermocline develops at much shallower depths (10-20 meter). 

What is expected to happen? 

Mean Change/level of confidence. - What is expected to happen in the future? Present expected changes quantitatively e.g. through ranges whenever possible.  

Theoretical considerations imply that increased freshwater supply (precipitation minus evaporation, snow melt) over the Baltic Sea drainage basin accompanied by the supply of deep salt rich 
waters from the North Sea as well as warming of the surface layer would favor stronger stratification. Thus the future development of stratification mainly depends on how  the Baltic Sea 
surface will warm up compared to deeper layers and how freshwater supply and saltwater inflow will change (which in turn is linked to large-scale atmospheric moisture transport to the region, 
regional wind patterns and global mean sea level rise). 

Most model studies, however project increasing sea surface temperatures for the end of the 21st century for the Baltic Sea (BACC II).  More recent scenarios with revised greenhouse gas 
emission pathways imply an increase of 2-3 °C depending on the emission scenario RCP 4.5 or RCP 8.5 (Saraiva et al., 2019). 

Most studies suggest rather moderate changes or slightly lowered surface salinities in the Baltic Sea (Meier, 2015). In certain weaker stratified regions like the Gulf of Finland or Bothnian Bay 
changes in deep salinity could lead to decreased stratification (Meier 2015). 

Little is known about future trends in saltwater inflows to the Baltic Sea which mainly impact on deep water salinity (with positive effect on stratification). Favorable atmospheric preconditions 
i.e. the prevalent wind regime for salt inflows have been reported to occur slightly more frequent in future (Schimanke et al., 2014).  

https://doi.org/10.3389/feart.2018.00244
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Few available studies suggest a tendency towards only slightly modified mean and extreme wind speed  over the Baltic Sea at the end of the century (e.g. Kjellström et al., 2011). 

The above described changes in governing parameters would favor stratification to increase. In fact few studies report that stratification is likely to increase in future climate (Gröger et al., 
2019). 

What is expected to happen? 

Extremes / level of confidence. - What is expected to happen in the future? Present expected changes quantitatively e.g. through ranges whenever possible. 

What is already happening? 

Mean Change/level of confidence.  

Direct consequences of increasing stratification is that mixing between well ventilated surface waters and deep waters weakens. This makes the Baltic Sea more vulnerable against 
deoxygenation of bottom waters (haline stratification). An increase in seasonal thermal stratification can additionally lower the vertical nutrient transport from deeper layers to the euphotic 
zone thereby limiting nutrient supply and potentially facilitate  cyanobacteria blooms in the Baltic Sea.  

During the historical past the haline stratification was dominated by the sporadic inflow events from the adjacent North Sea. No long term trend in the Baltic Sea salinity can be robustly deduced 
so far. 

Sea surface temperatures have been risen between X and Y degree since (MAKE CONSISTENT WITH OTHER FACT SHEETS). 

During 1982-2016 stratification has increased in the Baltic Sea (Liblik and Lips, 2019). The seasonal thermocline and the perennial halocline have strengthened in most of the sea during these 35 
years.  

What is already happening? 

Extremes/level of confidence.  

Knowledge gaps 

The complex interplay between temperature change, wind change and changing precipitation makes it difficult to predict future climate effects on stratification. Furthermore, stratification is 
subject to complex processes like winter convection which are likely to change with future climate change.  

Uncertainties: 

Trends in surface temperature can be expected to follow the change in air temperature due to air sea heat exchange. Here global models highly agree at least qualitatively. Under the 
assumption of moderate greenhous gas emissions high resolution model simulations project a warming of surface air temperature by up to 8 °C degree in winter and up to X °C during summer 
for the Baltic Sea region (Lind and Kjellström, 2008) at the end of the 20th century. 
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Changes in salinity are more difficult to predict as this depends more on the ocean circulation and the atmospheric moisture transport to the Baltic Sea drainage basin. However, to robustly 
estimate future moisture transport and runoff to the Baltic Sea requires high resolution atmosphere models to resolve local orography along continental water sheds. Furthermore, even on a 
global scale the water cycle suffers from strong uncertainties (REFERENCES). This makes predictions for the future development of salinity highly uncertain. 

Due to the pronounced multidecadal variability in measured water temperature and salinity any conclusion on long-term trends related to past changes in climate cannot be drawn. 

Policy relevance 

Vertical mixing of nutrients and cyanobacterial blooms 
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Secondary parameters 
Oxygen concentrations and hypoxia 

Topic Description  

What is expected to happen? What is already happening? 

Knowledge gaps Policy relevance 
Mean change Extremes Mean change Extremes 

Level of confidence: 

Medium confidence 

Level of confidence: 

Medium confidence 

Level of confidence: 

High confidence 

Level of confidence: 

High confidence 

https://doi.org/10.1007/s00382-018-4330-0
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Oxygen 
concentrations 
and hypoxia 

 

Markus Meier, 
IOW and SMHI 

 

Jacob Carstensen, 

Arhus University 

 

Oleg Savchuk, 

Stockholm 
University 

Dissolved oxygen 
concentration in the 
water column is 
controlled by 
physical transport 
supply (advection 
and diffusion) and 
biological oxygen 
demand for 
oxidation of  organic 
matter. Due to 
limited ventilation 
largely incapable to 
meet the oxygen 
demand by elevated 
concentrations of 
organic matter in the 
water column and 
sediments 
(eutrophication), the 
Baltic Sea deeps 
suffer from 
deoxygenation and 
hypoxia. Hypoxic 
area is defined as 
the extent of bottom 
water with oxygen 
concentrations 
below a threshold 
such as 2 mL O2 L−1. 
Hypoxia is 
characterized by the 
lack of higher forms 
of live. 

Projected warming 
and global mean sea 
level rise may 
reinforce 
eutrophication and 
oxygen depletion in 
the Baltic Sea by 
reducing air-sea and 
vertical transports of 
oxygen -, 
intensifying internal 
nutrient cycling, and 
increasing river-
borne nutrient 
loads. However, the 
response of deep-
water oxygen 
conditions to 
changing climate will 
mainly depend on 
the nutrient load 
scenario. In the case 
of high (low) 
nutrient loads, the 
impact of the 
changing climate 
would be 
considerable 
(negligible). Scenario 
simulations suggest 
that the complete 
implementation of 
the Baltic Sea Action 
Plan (BSAP) resulting 
in required load 
reductions will lead 

For the end of the 
century (2069-
2098), hypoxic area 
is projected to 
change only slightly 
in the ensemble 
mean under 
reference/present-
day (-14 … -5%) and 
high (-2 … +5%) 
nutrient load 
scenarios (see EN-
CLIME Nutrient 
loads) compared to 
the period 1976-
2005.  

 

Under the BSAP 
scenario, hypoxic 
area will be reduced 
by 50 to 60% in the 
ensemble mean at 
the end of the 
century compared 
to 1976-2005. 

Despite the decrease 
of nutrient loads 
from land after the 
1980s, recently 
observed oxygen 
consumption rates 
are higher than ever 
observed, limiting 
the impact of natural 
ventilation by 
oxygen-enriched 
saltwater intrusions 
in the open Baltic 
Sea. Improving 
oxygen conditions 
have been observed 
in some coastal 
systems, where 
inputs of nutrients 
and organic matter 
have been abated. 
However, hypoxia 
remains a large 
problem for many 
coastal systems, 
displaying unaltered 
or even worsening 
conditions. 

In the Baltic Sea 
hypoxia has 
expanded 
considerably since 
the first oxygen 
measurements 
became available in 
1898. In 2016 the 
annual maximum 
extent of hypoxia 
covered an area of 
about 70,000 km2, 
comparable with the 
size of Ireland, 
whereas 150 years 
ago hypoxia was 
presumably not 
existent or at least 
very small. Hypoxia 
was mainly caused by 
accumulation of 
increasing riverborne 
nutrient loads and 
atmospheric 
deposition. The 
impacts of other 
drivers like observed 
warming and eustatic 
sea level rise were 
comparatively 
smaller but still 
important. 

A recent assessment 
suggests that the biggest 
uncertainties in 
projections of 
biogeochemical cycles 
are caused by (1) poorly 
known current and 
future bioavailable 
nutrient loads from land 
and atmosphere, (2) the 
setup of numerical 
scenario experiments 
(including the spin up 
strategy), (3) differences 
between the projections 
of global and regional 
climate models, in 
particular, with respect 
to the global mean sea 
level rise and regional 
water cycle, (4) differing 
model-specific responses 
of the simulated 
biogeochemical cycles to 
long-term changes in 
external nutrient loads 
and climate of the Baltic 
Sea region, and (5) 
unknown future 
greenhouse gas 
emissions. 

High relevance for 
the next update of 
the BSAP. 

Mitigation by fully 
implementation of 
the BSAP nutrient 
load abatement 
strategy. 

Existing 
agreements/policies: 

Reduction of nutrient 
loads since the 1980s 
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to a significantly 
improved ecosystem 
state of the Baltic 
Sea irrespective of 
the driving global 
climate model. The 
latter was shown for 
the ecosystem 
indicators water 
clarity and summer 
mean oxygen deficit 
due to 
biogeochemical 
oxygen consumption 
compared to 
saturated oxygen 
conditions. 

 

Acidification 

Topic Description 
What is expected to happen? 

Where is the change seen first? Is it 
already happening? Other drivers 

Knowledge gaps Policy relevance 

Level of confidence: Level of confidence: Level of confidence: 

Acidification 

 

Karol Kulinski – 
Institute of 
Oceanology 
Polish Academy 
of Sciences 

Acidification – 
mechanism of 
seawater pH 
decrease mostly 
due to the rising 
CO2 
concentrations in 
the atmosphere 
and thus also in 
the surface 
seawater.  

The atmospheric CO2 
concentration will increase and 
influence the marine CO2 system; 
the mean pH decrease by 0.2±0.1 
throughout the Baltic Sea is 
expected until 2100 (Omstedt et 
al., 2012)  

pH decrease of 0.25 – 0.27 is 
expected until 2100 in the Baltic 

The mean CO2 concertation is 
increasing in the surface Baltic Sea 
due to the increase of CO2 in the 
atmosphere. (Schneider et al., 2015, 
BACC II).  

According to the thermodynamics 
of the CO2 system the increase of 
2.0 ppm yr-1 in the atmospheric 
pCO2 should result in the pH 

Quite a number of 
ecosystem parameters 
have other more 
powerful drivers behind 
the present change.  
 
This column presents 
other drivers for the 
reader to understand 
that 
mitigation/adaptation 

 

It is unclear what is the 
source of total 
alkalinity increase in 
the Baltic Sea, and 
whether it will 
continue in the future 
with the same 
magnitude.  
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Since CO2 

dissolved in 
seawater forms 
the diprotic 
carbonic acid, 
hydrogen ions 
are released. 
Although the 
major fraction of 
the hydrogen 
ions are taken up 
by carbonate ions 
(buffer reaction), 
a significant 
fraction stays in 
the water column 
and thus causes a 
decrease of the 
pH. 
 
Ocean 
Acidification 
mechanism 
directly depends 
on “Changes in 
carbonate 
chemistry (incl. 
air-sea exchange 
of CO2)” 
 

Proper and 0.33 in the Gulf of 
Bothnia  (Kuznetsov nad Neumann 
(2013) 

Eutrophication (increased nutrients 
loads) will not inhibit acidification , 
but the seasonal pH cycle will 
become amplified due to the 
increased biological production 
and mineralization (Omstedt et al., 
2012) 

Although loads of AT will increase 
the AT in the Baltic Proper it is 
expected to decrease by 150 µmol 
L-1 until 2100 due to the salinity 
decrease in the Baltic. In 
consequence AT to S ratio is 
expected to increase (Kuznetsov 
and Neumann, 2013)  

decrease of about 0.02 per decade 
if the total alkalinity would be 
constant.  

However, the pH trend expected 
based on the pCO2 increase could 
not be definitively identified in the 
Baltic Sea. 

Ocean acidification (pH decrease) is 
to large extent mitigated in the 
Baltic Sea by the total alkalinity (AT) 
increase (Müller et al., 2016). 

The highest AT increase was found 
in the Gulf of Bothnia (7.0 µmol kg-1 
yr-1), followed by 3.4 µmol kg-1 yr-1 
in the central Baltic whereas no 
trend could be detected in the 
Kattegat. 

Müller J.D., Schneider B., Rehder G., 
2016, Long-term alkalinity trends in 
the Baltic Sea and their implications 
for CO2-induced acidification. 
Limnology and Oceanography 61, 
1984-2002. 

can be done also by 
regulating these 
drivers.  
 
 
Enhanced organic 
matter production 
(euthrophication) and 
remineralization causes 
high amplitude of the 
seasonal pH changes in 
the Baltic Sea 

 

The study by 
Kuznetsov and 
Neumann (2013) 
projects AT decrease in 
the Baltic Sea by 150 
µmol L-1 until 2100 
even though the 
terrestrial AT loads will 
increase. This is due to 
the expected salinity 
decrease  

 

Parard, G. A. Rutgersson, S. R. Parampil, and A. A. Charantonis (2017) Earth Syst. Dynam., 8, 1093–1106, 2017, https://doi.org/10.5194/esd-8-1093-2017 

Norman, M., Rutgersson A. and Sahlee, E. Impact of improved air–sea gas transfer velocity on fluxes and water chemistry in a Baltic Sea model, J. Mar. Syst. (2013), 
http://dx.doi.org/10.1016/j.jmarsys.2012.10.013 

Omstedt, A, Humborg, C, Pempkowiak, J, Perttila, M, Rutgersson, A., Schneider, B., Smith, B. (2014). Biogeochemical Control of the Coupled CO2-O-2 System of the Baltic Sea: A Review of the 
Results of Baltic-C. Ambio43, 1, 49-59   
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http://dx.doi.org/10.1016/j.jmarsys.2012.10.013
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Pelagic habitats 

Topic Description 
What is expected to happen? 

Where is the change seen first? Is it 
already happening? Other drivers 

Knowledge gaps Policy relevance 

Level of confidence: Level of confidence: Level of confidence: 

Pelagic habitats 
(incl. 
phytoplankton 
and zooplankton 
community 
structure, spring 
blooms, 
functional traits 
etc.)  
Harri Kuosa, 
Markku Viitasalo 
(FEI) 
Affiliation of 
expert 

Spring bloom 
phenology 
(timing and 
length)1) 

Spring blooms start earlier and are 
longer 

Observed for a time series 2000-
2014 from the Baltic Proper and the 
Gulf of Finland; consequence is 
potential mismatch with timing of 
zooplankton 

Warming and prevalent 
high pressures 
 

Long-term 
development, effect 
on species 
composition and 
carbon transfer 
(including settling) 

 

Changes in 
plankton 
communities2) 

Both phyto- and zooplankton 
communities are composed of 
smaller species 

Observed on the northern Baltic Sea 
between 1979 and 2011  

 

A complex set of 
drivers including 
warming, 
eutrophication and 
trophic cascades 

Evaluation on the 
importance of the 
climate change 
component  

 

 

Summer biomass 
of 
cyanobacteria2) 
 

Increasing blooms 

 

Observed on the northern Baltic Sea 
between 1979 and 2011  

 

Warming, decreasing 
salinity and changes in 
nutrient ratios 

Evaluation on the 
importance of the 
climate change 
component  

 

Spring bloom 
dinoflagellate 
biomass 
increase3)4)  

Shifting diatom/dinoflagellate 
ratios 

Observed in some basins Ice free winters favor 
dinoflagellates 

The connection still 
not clear, the effect 
may depend on other 
factors 

 

1) Groetsch PMM, Simis SGH, Eleveld MA and Peters SWM (2016). Spring blooms in the Baltic Sea have weakened but lengthened from 2000 to 2014. Biogeosciences 13: 4959–4973 
2) Suikkanen S, Pulina S, Engström-Öst J, Lehtiniemi M, Lehtinen S, Brutemark A (2013). Climate Change and Eutrophication Induced Shifts in Northern Summer. PLoS ONE 8(6): 

e66475.doi:10.1371/journal.pone.0066475 
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3) Klais R, Tamminen T, Kremp A, Spilling K, Woong An B, Hajdu S, Olli K (2013). Spring phytoplankton communities shaped by interannual weather variability and dispersal limitation: 
Mechanisms of climate change effects on key coastal primary producers. Limnol Oceanogr 58: 753-762 

4) BACC2 
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