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Abstract. The Baltic Sea, located in northern Europe, is a ssmliosed, shallow and tidess sea with seasonal
seaicecover in its northern subasinslts longwaterresidence timeontributes taxygen depletion in the bottom
water ofits southern sulhasinsin this studyyecently performed scenario simulations for the Baltic Sea including
marine biogeochemistry weemnalysed and compared with earlier published projecti@ueecifically,dynamical
downscaling using a regiomakcoupled atmospherecean climate mod&las used to regionaé four global Earth
System ModelsHowever, ashe regional climate model does mutlude componentepresentingerrestrial and
marine biogeochemistry, an additional catchmentaswlipled physicabiogeochemical model for the Baltic Sea
wereincluded Previousscenario simulationand scenarios taking into accotime impact ofvarious water level
were examined.According to theprojections compared to the present climatégher water temperatures, a
shallower mixed layer witta sharper thermocline during summesssseaice cover andyreatermixing in the
northern Baltic Seduring wintercan be expecte@oththefrequency andheduration of marine heat wavesl|
increase significantlyin particular in the coastal zone of the southern Baltic Sea (except in regions with frequent
upwellings). Nonetheless, due the uncertiaties intheprojectionsregardingregional wind, thewater cycle and
theglobal sedevel rise, robust and statistically significant salinity chargesd notbe identified. The impact of

achanging climate on biogeochemical cyclingtiedicted to beonsiderable butill smaller tharthat ofplausible

nutrient input changes. Implementing the proposed Baltic Sea Action Plan, a nutrient input abatement plan for the

entire catchment area, would result in a significantly improved ecological status Béltie Sea including
reductions in theize of thehypoxic area also iafuture climatewhich in turn would increastne resilience of
the Baltic Sea against anticipated climate change. While our findiggsdingchangesn heatcycle variables
mainly confirm earlier scenario simulatiorthey differ substantiallyfrom earlier projections of salinity and

biogeochemical cycleslue to differences iaxperimental setups ammtinput scenariofor bioavailable nutrients

1 Introduction

The Baltic Sa is a shallow, sergnclosed sea located in northern Europe (Figlt ias a mean depth of 54 m
but dueto its strongly varying bottom topograplitycan be divided intseverakubbasinswith limited transport

betweerthem(Sjoberg, 1992)In particuar, water exchandeetween the Baltic Sea atite North Sea is hampered
1
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because of two shallow sills located in narrow channels conndbtisg two water bodie$hus, largesaltwater
inflows occur only sporadically, on average once per,y@ainly durirg the winter season but never during
summer(Mohrholz, 2018) Furthermorebecaus¢he Baltic Sea is embeddedthin a catchment area that is about
four times larger than the Baltic Sea surfas®ual freshwater inpsiare largeelative to the volume dhe Baltic
Sea(Bergstrom and Carlsson, 199%he volume of the Baltic Séa~21,700 kni (Sjoberg, 19923nd the turnover

time of the total freshwater supgly16,000 nis?) is 35 year§Meier and Kauker, 2003These features contribute

to strong horizontal and vertical salinity gradients in the Balti(Eeaselius and Valderrama, 2008)oreover,

due to its location and physical characteristiespeciallythe long wate-residence time, the Baltic Sea is
vulnerable to external pressurescluding eutrophication, pollutiomndglobal warming (e.g.Jutterstrém et al.,
2014). Ocearxirculation modding has shown thahe time scale of the salinity response to changes in atmospheric

and hydrological forcings 20 years(Meier, 2006)

Some85 million people, in 14 countriesurrently livein the catchment ares the Baltic Segandanthropogenic
pressureon the marine ecosystens accordingly high(HELCOM, 2018) Insufficiently treated wastewater,
pollutantemissionsoverfishing, habitat degradation and intensive marine traffcdudingoil transport placea
heavy burden on the Baltic SeeosystenfReckermann et al., 202Xpneconsequencis oxygen depletion of the
Baltic Se® deep wates, such thabottomareadack higher lifeforms(e.g, Carstensen et aR014 Meier et al.,
20181. In 2018, the area of dead bottom was equtilatof the Republic of Ireland;73,000 knd, which is about
one sixth of the sea surfaeeeaof the Baltic SeaOxygendepletion inthe deeper parts of the BalBeaarise
from the limited ventilationof those watersaand the accelerated oxygen consumptiobat accompaniethe
remineralgation of organic mattefMeier et al., 2018b)Hence, nutrient input abatement strégegsuch as the
Baltic Sea Action Plan (BSAPhave been propos€éHELCOM, 2007) with projectionsof their impactequested

by stakeholders such as the Helsinki Commission (HELCOM) or national environmental protection Agencies

Projectionsof the Baltc Se@ slimate at the end of the 2tentury were among the first to be made for coastal
seas worldwidéMeier and Saraiva, 2020Already at the beginning of the 200@e first scenario simulations
were carried out for selected time slices in present and future climateddapala et al., 200Meier, 2002a, b
Omestedt et al., 20Q0In thedynamical downscaling approaaked for those simulationggional climate models
(RCMs)wereemployedo refine predictions ofglobal climate change to regional and local scéatethis case for

the Baltic Sea (e.dRummukainen et al., 2004; Doscher et al., 20B@wever thosefirst projections were based

on scenarios consisting afsingle global climatsmodel (GCM) and a single greenhouse gas (GHG) concentration
(150% increase in equivalent @Ebncentration in the atmospherdtiefuturevs. thehistorical climate) and only
covered 16&year time slicesThese initiabttemptavere therefore followed byore advanced scenario simulations
using miniensembles (e.d6scher and Meier, 200Meier et al., 2004pMeier et al., 2004aRaisénen et al.,
2009 and centennidbng simulations (e.gMeier, 2006 Meier et al., 2006 Meier et al.,2011¢ Table 1).
However, the latter studies considered only monthly mean chamgfes futurevs. thepresent climate, applying
aso-called delta approactvhile neglecting possible changes in intemual variability. From these oceanographic
studies it was concluded that fmean annual sea surf ac

the end of the 21st century. Ice extent in the sea would tleeaate by some 50 to 80%. The average salinity of

Ihttps://helcom.fi/helcorat-work/events/eveni&021/ccfslaunch/
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77  the Baltic Sea could range between present day values and decreases of as much as 45%. However, it should be
78 noted that these oceanographic findings, with the exception of salinity, are based upon ealyidoat scenario
79 simulations using two emiss i(BA@CAutkocTeama2008ps and t wo gl o
80
81  For the second assessment of climate change in the Baltic Sea(B&@@ Il Author Team, 2015)ontinuously
82 integrated transient simulatiorisom present to future climates became availabold evenincluded marine
83  biogeochemical modules (eHilola et al., 2013Friedland et al., 2012; Grawe and Burchard, 2012; Grawe et al.,
84  2013; Groger eal., 2019; Groger et al., 2021Holt et al., 2016Kuznetsov and Neumann, 201 gier et al.,
85 2011k Meier et al.2011¢ Meier et al., 2012aVeier et al., 2012dMeier et al., 2012dNeumann, 2010Neumann
86 etal, 20120mstedt et al., 2021Pushpadas et al., 2008yabchenko et al., 2016kogen et al2014) and higher
87  trophic levels (e.g.Bauer et al., 2019; Ehrnsten et al., 2020; Gogina et al., 2020; Holopainen et al., 2016;
88 MacKenzie et al., 2012; Niiranen et al., 2013; Vuorinen et al., 2015; Weigel et al., Z&@5BACC Il Author
89 Team(2015concl uded that Arecent studi es claté change intthee f i nd
90 Bal ti c SAekay fildimgaftmeid report wasthdi No cl ear tendencies in saltwe
91  Howeverthe uncertainty in salinity pjections is likely to be large due to biases in atmospheric and hydrological
92  models.Although wind speed is projected to increase overesagcially over areas with diminishing ice cover,
93 nosignificant r end was found in poffemtiealgyeneor gymdgenha zrae d e
94  accordancevith earlier results, it was found that deael rise hagreater potential to increase surge levels in the
95  Baltic Seahan does increased wind speladcontrast to the first BACC assessm@wmCC Author Team, 2008)
96 the findings reported in this chapter are bazednultrmodel ensemble scenario simulations using seGirkb
97  emissionscenariogand Baltic Sea models. Howeviiis very likely that estimates of uncertainty caused by biases
98 in GCMsare stillunderestimated in most studig8ACC Il Author Team, 2015)
99
100 Since the early 21st century, transient simulations for the period 2960 using regional ocedHolt et al., 2016
101 Pushpadas et al., 201&hd regiondy coupled atmosphergcean mdels, secalled Regional Climate System
102 Models (RCSMsBilow et al., 2014Dieterich et al., 201,9Groger et al., 2019; Groger et al., 2021Bve been
103 available for the entire combined Baltic Sea and North Sea system. An overview was dhobinumg et al(2016)
104  as part of the North Sea Region Climate Change Assessment Report (NOS@Ewe and Colijn, 20)&nd by
105  Groger et al.Z021a)within the Baltic Earth Assessment Report (BEAR) project (this thematic issue).
106
107  There is a notable diffenee inthe salinity projections between the first two assessm@nAECC Author Team,
108 2008; BACC Il Author Team, 2015nd recent scenario simulatiofideier et al., 2021)The first Baltic Sea
109 scenario simulationslriven by nine RCMs and five GCl\showeda pronounced negative ensemble mean change
110 in salinity because two of the GCNxludeda significant increase in the mean west wind compofidaier et
111  al., 2006) Thesepronounced changes in the laigeale atmospheric circulation were adeature ofater studies
112  (Saraiva et al., 2019aHowever,as thenaturalvariability waspoorly sampledthis findingmay be coincidental
113
114  The large spread in river discharge did not decrease between the, sardjesyf r o 8% td+26%(Meier et al.,
115 2006;2021) Sincein more recent assessmettie projected rates aflobal sea level riséSLR) were revised

116  upwards(e.g.IPCC, 2019a; Bamber et al., 20189cent scenario simulations for the Baltic Sea also considered



117 risein sea leve(Meier et al., 2021)Asa consequence of compensating effects of the competing drivers of salinity
118 changes, i.e. wind, freshwater input and sea level, future salinity chaegegredicted to bemall (Table 2).

119

120 In the following we provide an overviewef theprojections perfaned since 2013, i.e. after the last assessment of
121  climate change for the Baltic Sea basin, and conmgaent results with previous findings by the BACC Il Author
122  Team(2015) We focus on projections for the marine environmémm both physial and biogechemcal

123  perspectives. Among the analysed variabledeargerature, salinity, oxygen, phosphate, nitrate, phytoplankton,
124  primary production, nitrogen fixation, hypoxic area and Secchi depth (measuring water transparency). An
125 accompanyingtudy byChristensen et a{2021)investigatedatmospheric projectionis the Baltic Sea region.
126  For an overviewof the development of RCSMs and their applicatjadhe reader is referred @réger et al.
127  (2021a) In ourcomparisos of the various scenario simulas, weanalyseonly published data (Table ,Jyith a

128 focus on two recently generated sets of scenario simulaBaiscAPP and CLIMSEA (Table 1, s&araiva et
129 al, 201%, b; Meier et al.,, 2019a2021) These arecompare with the previous ECOSUPPORTenario
130 simulations(Meier et al., 2014pssessed by the BACC Il Author Team (201B6Yyestigations othe impact of
131  climate change on primary productionthe Baltic Sea that did not utilise a RGMolt et al., 2016; Pushpadas et
132 al., 2015) are not addssedherein, nor areutrient input reduction scenarios under present climate,as.g.
133  described by Friedland et al. (202Th our knowledge, further coordinated experimexitsed atprojections for

134 the coupled physicdliogeochemical system of the Bal8ea after 201Bavenot beenpublished. Uncoordinated
135 scenario simulations performed prior to 2013 (includtyg@bchenko et al., 201&nd their uncertainties were
136  previouslydiscussed bieier etal. (2018a;2019b)

137

138 The paper i®rganiseds follows. In Section 2, the dynamical downscaling mettimbatchment and Baltic Sea
139 models, the experimental setup and dinalyticalstrategy are introduced. In Sectiontt3e historical and future
140 climatesresults of the three scenario simulatioB§OSUPPORT, BalticAPP and CLIMSEA, are compared.
141 Tables1, 3 and 4orovidean overviewof these(Tables 3 and 4dnd othe(Table 1)scenario simulationfsom the

142 literature A consideration of knowledggaps and a summaof our findingsconcludethe stug. Acronyms used
143  inthis study arelefinedin Table 5.

144 2 Methods

145  2.1Regionalisation of a changing climate

146  Dieterich et al(2019 produced an ensemble of scenario simulatigth a coupled RCSM, called RCAYEMO,

147  whichwas introduced by Wang et §2015) Grdger et al(2019; 2021band Dieterich et a{2019)validated and
148 analysed thdaifferent aspects of the RCAYEMO ensemble discussed hiereThe atmospheric component
149 RCA4(RossbyCentre Atmosphere modelersion 4)was run at a resolution 622 and 40verticallevels in the
150 EURO-CORDEX domainJacob et al., 2014and thecoupledNorth SeaBaltic Sea model NEM@Nucleus for
151 EuropeanModelling of theOcear) at a resolution of two nautical miles (3.7 km) and 56 levels. The two
152 components ofte RCSM are coupled by sendisga surface data sea level pressure, energy, mass and
153 momentum fluxes every hfrom the atmosphere to the oceandel Converselythe atmosphenmodelreceives

154  data ofsea and icewsface temperatures and the $eafraction and albedat the same frequency
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This RCSMwas applied to downscale eight different Earth System Models (ESéé&h onealriven by three
Representative Concentration Pathways (RCPs). For the Baltic Sea projections, four ESNMSIMER, EC-

Earth, IPS.=CM5A-MR, HadGEMZ2ES; see Groger et dR019 andreferences for the ESMs therein) and the

GHG concentration scenarios RCP4.5 and RCP8.5 were selected (Table 3). The four ESMs were part of the Fifth
Coupled Model Intercomparison Project (CMjHByor et al., 2012 and their results were assesgethe Fith

IPCC Assessment Report (ARPCC, 2013)

Surface variables of the atmospheric component were saved at hourhyotoly frequenciego allow for an
analysis of means and extremes in present future climates. As RCAMEMO does not contain model
components for terrestrial and marine biogeochemistry, two additional models forced with the atmospheric surface

fields of RCA4NEMO, i.e. a catchment and a marine ecosystem model, were employe®)(Fig

For the ECOSUPPORT scenario simulations, dynamical downscaling was performed with the regional Rossby
Centre Atmosphere Ocean (RCAQO) mo(iabtscher et al., 2002RCAOQO consist®f the atmospheric component
RCA3(Samuelsson et al., 2014nd the ocadc component RCQMeier et al., 2003; Meier, 200,4yith horizontal

grid resolutions of 25 km and six nautical miles (11.1 km) respectively. In the vertical, the ocearhasddel

levels with layer thicknesseangingbetween 3 m close to the surface and 12 m at 250 m depth. The latter was the

maximum depth in the model.

2.2 Catchment moded

In BalticAPP/CLIMSEA and ECOSUPPORThd catchment model-BYPE (Hydrological Predictions for the
Environment, http://hypeweb.siinge), a procesbased, higiresolution multibasin model applied for Europe
(Hundecha et al., 2016; Donnelly et al., 2Q1af)d a statistical hydrological mod&TAT (Meier et al., 2012¢)
were respectivelyapplied to calculate river runoff and nutriemiputs under changing climate but without
considering land surface chang€he statistical model calculates/er runoff asprecipitation minus evaporation
over the catchment argd@ver-borne nutrient inputareestimatechsthe product of a given nutrienoncentration

and the statistically derived volume fld@ustafsson et al., 2011; Meier et al., 2012c)

In CLIMSEA, two nutrient input scenarios, defining plausible future pathways of nutrient inputs from rivers, point
sources and atmospheric depositioa. the BSAP and reference (REF) scenari8zdiva et al., 209 b), are

used (Fig. 3). In BalticAPP, nutrient input scenarios follow BSAP, REFVinodst Case(WORST) scenarios
(Saraiva et al., 209 b; Pihlainen et al., 2090Finally, in ECOSUPPORT, instead of WORST a busir&ss

usual (BAU) scenarits applied(Gustafsson et al., 2011; Meier et aD111).

In the BSAP scenario in CLIMSEA and BalticAPP, nutrient inputs linearly decreasettimattualvalues in
2012 (i.e., the average for 202D12) to the maximum allowable input in 2020 defined by the mitigation plan.
Thereafter nutrient inputs remain constant until the end of the century. A similar temporal evidudisfimed in
ECOSUPPORT but wita reference perioof 1997 2003(Gustafsson et al., 201their Fig. 3.1).
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In the REF scenario, in CLIMSEA and BalticAPP, nutrient inguecalculatedusingE-HYPE, which consides
the impact of changing river flow on nutrient inputs Imeglectsany changes in land use or socioeconomic

development. These inputs correspondaverageo the observedheaninputs during the period 2012012.

The two additional, abovmentioned scenarios on future projections, BAU and WORS&,notcompared
because theorrespondindgnput assumptions differ (sedeier et al., 2018a However, both areharactesed by
population growth and intensified agricultural practices such asclavet changeandfertiliseruse HELCOM,
2007 Zandersen et al., 201®ihlainen etal., 2020) In this studythey are discussednly for the sake of

completeness.

A comparison ofhe historical (19802005) and future (2072097) periodseveals that the reductioimsnutrient
inputs under the BSAP scenarace smaller in ECOSUPPORT thanBalticAPP and CLIMSEAMeier et al.,
2018atheir Fig. 3. In ECOSUPPORT and BalticAPP/CLIMSEAing the samphysicatbiogeochemical model
RCO-SCOBI, inputchanges of bioavailabfghosphorus amount td 1 ktons (Model A in Meier et al., 2018a) and
1 34 ktons (Model C in Meier et al., 2018a) respectiv@gble 6) Corresponding input changes in bioavailable
nitrogen arg 230 andi 269 ktons.Table 6 alsdists the calculated changes for the oti@p biogeochemical
models in ECOSUPPORT, BALTSEKModel Fin Meier et al., 2018aandMOM-ERGOM (Model D in Meier

et al., 20183)and for the REF scenario®\ comparison confirmghe considerable differences between
ECOSUPPORT and BalticAPP/CLIMSEA scenario simulatidnghe next section, the Baltic Sea modaie

introduced.

2.3 Baltic Sea moded

This studyuseddata from three different Baltic Sea modd&ise Swedish Coastal and Ocean Biogeochemical
model coupled to #an Rossby Centre Ocean mo@LCO-SCOBI)is driven by the atmospheric surface field data
calculated byeither RCAO orRCA4-NEMO and by the river runoff and nutrient input scenarios derived from
either STAT orE-HYPE projections and atmospheric deposition (Fig. 2). Atmospheric depositieassumed

to be constant or reduced as in the BSRAR. 3). RCO is a BryarCox-Semtneitype ocean circulation model
with horizontal and vertical grid resolutions37 km and 3 m respective(jvieier et al., 1999; 2003/eier, 2001
2007. SCOBI is a biogeochemicenodule of the nutrieaphytoplanktorzooplanktordetritus (NPZD) typgit
considersstate variables such as phosphate, nitrate, ammonium, oxygen concentraigiytoplankton
concentrations of three algal types (diatoms, flagellates and others, agteri) and detritug&ilola et al., 2009;
Almroth-Rosell et al., 201,12015. RCO-SCOBI has beemsed in many Baltic Sea climate applications (for an
overview seMeier and Saraiva, 2020evaluated with respect to measurements and cochpatie other Biic
Sea modelg¢Eilola et al., 2011Placke et al., 2018; Meier et al., 2018a)

The Ecological ReGional Ocean Mod€ERGOM, see www.ergom.net) is a marine biogeochenrivadlel
coupled with an ocean general circulation model andiblertype sedace model (MOM, Griffies, 2004)its
complexityis roughly the same as thattbb RCOGSCOBI model The horizontal resolution of the modeHS.6
km and thussomewhat coarser thahnat of RCO-SCOBI butin the surface laysts vertical resolution isigher,

i.e.1.5m in the upper 3étn andbelow that depth gradually increasittgas high a$ m (Neumann et al., 2012).

6
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The BAltic sea LongTerm largeScaleEutrophication Model (BALTSEM}patiallyresolves the Baltic Seatm

13 dynamically interconnected andrizontally averaged subasins with high vertical resolutiq@ustafsson et

al., 2012). For further detaitsf these and otheavailableBaltic Sea ecosystem models the reader is referred to
Meier et al. (2018a).

2.4 Scenario simulations

In CLIMSEA, we analysetheensemble of 48 RC@COBI scenario simulations for the period 18Z@98 (Table

3) that was produced following the dynamical downscaling approach described in Secii@n3 &ig. 2) and
presentedn Meier et al. (2021)Unlike in previous tudies(Meier et al.,2011h Saraiva et al., 2019athe
CLIMSEA scenario simulations also consider various scenarios of globaliStie three SLR scenarios starting

from the year 2003hat wereapplied byMeier et al.(2021), the mean sea level changedative to the seabed
projected by the year 21@0e (scenario 1) 0 m, (scenario 2) the ensemble mean of RCP4.5 (0.54 m) and RCP8.5
(0.90 m) IPCC projectiondRCC, 2019bHieronymus and Kalén, 202@nd (scenario 3) the 95th percentiles of

the lowest @se(1.26 m, here combined with RCP4.5) drighest cas€2.34 m, here combined with RCP8.5)
scenarios following Bamber et a2Q19;Table 3).A deepeningf the water depth at all grid points every 10 years
increasathe relative sea level linearly. The spatially varying land uplift was not considered. For details, the reader
is referred tdVieier et al.(2021)

The CLIMSEA ensemble simulatiorsse compared with earlier ensemtgeenariosimulations by Meier et al.
(2011b;, 20129 and Neumann et al2Q12 (ECOSUPPORY, and by Saraiva et al2Q1%, b) and Meier et al.
(2019a)(BalticAPP. Both ECOSUPPORT and BalticARP&ly ona downscaling approadimilar to thatusedin

the CLIMSEA projections (Fig. 2). However, theegario simulations of ECOSUPPORifebased upon different
global and regional climate models, three coupled phybiocgleochemical models for the Baltic Sea and previous
GHG emission scenarios as detailed by the tholPCC Assessment Report (AR%able 1). Compared to
BalticAPP, the CLIMSEA ensembls enlarged by three SLR scenarios (Table 3) whereas previous projections
assumecho change inthe mean sea level relative to the seabed.ifitlasion of SLR scenariogollowed the
finding that the relativesea level above the sills in the entrance area limits transport and controls salinity in the
entire Baltic SeaMleier et al., 201} As the relative SLR during the period 192814 was estimated to bé10

mm yeal?, resulting from the net effect of pamtstatic SLR and land uplifM@adsen et al., 20)9alowestcase
scenario for the future would lzewater level above the silthatis relatively unchange@eier et al., 202]L In
CLIMSEA, mean and higistcase scenarios follow the median valueshefRCP4.5 and RCP8.5 ensembles
reportedoy Oppenheimer et a(2019)and the 98 percentiles ofhelowest and higlestcase scenariasf Bamber

et al.(2019 Table 3).

2.5 Analysis

Evaluation of the historical period
In this study, thenodel results of thBalticAPP and CLIMSEA scenario simulations during the historical period
were evaluated by calculating thenual and seasonal mean biases during the historical pbtaided witrRCO-

SCOBI simulations and reanalysis datau(et al., 2017) Liu et al. (217) utilised theEnsemble Optimal
7
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Interpolation (EnOIl) methodo integrateprofiles of temperature, salinitand the concentrations obxygen,
ammonium, nitratand phosphatdetermined byhe Swedish environmental monitoring program into the RCO
SCOBI malel.As reanalysis data are available for the period 19939, we limiedour biascalculatiorsto 1976

1999 the overlap period between the historical period of the scenario simulations and the reanalydisdihta
data of historical periods of Balti¢’®® and ECOSUPPORT scenario simulations were evaluated by Saraiva et al.
(2019, b andMeier et al. 011k 2012c, g respectively.

Mixed-layer depth

The mixedlayer depth (MLD) was calculated followirtp Boyer Montégut et al2004), usinga threshold value
for the difference betweethe nearsurface watetemperatureat 10 m depthand the temperature at the MLdD
T = 0.2°C.

Secchi depth

Secchi depth (B) is a measure of water transparency and is calculated fiom IS57/k(PAR), where k(PAR) is
the coefficient of underwater attenuation of the photosynthetically available radkatiaindr et al., 2003 Factors

controlling k(PAR) in the RCE&COBI modelarethe concentrations of phytoplankton and detritus. In amditi
salinityis used in one of the other Baltic Sea modsI®M-ERGOM) of the ECOSUPPORSCenario simulations

as a proxy of the spati@mporal dynamics afoloured dissolved organic matter yellow substances.

Trends

First, the monthly average of SSilas computed fronthe model output every 48. The linear trend waghen
calculatedusingthe TheitSen estimatorTheil, 1950 Sen, 1968 The trend computed with this methadsthe
median of the slopes determined by all pairs of sample points. Thetageaf thiscomputationallyexpensive
method is that it is much less sensitive to outliers. The significartbe 85T trends was evaluated from a Mann
Kendall nonparametric test with a threshold of 95%. The SST trends were computed by season afhd Ennual

the latter casehe annual cyclevasremoved before the linear tremés computed

FollowingKniebusch et al.2019, we performed sanking analysis t@entify theatmospheric drivers others than

air temperatur¢hatare most important for the monthly variability of SST in each ESM forcing of the CLIMSEA
data set and itheRCP scenarios RCP4.5 and RCP8.5. The SST trend is dominated by the trend in air temperature
Thus to eliminatethe air temperature effect on SSig difference between the SSTs aadinearregression
betweenthe SSTs and surfaceair temperature (SATs) was calculated This was followed by applying cross
correlation analysisf the residual SST® determine the main factor driving the SST trefak. each grid point

and variable (i.e. cloudiness, latent heat flux atvdrind components), the explained variance was calculated and

the variable explaining the most variance was identified.

Marine heat waves

Duringrecentdecades, the Baltic Sea regioeswarmed faster thaeitherthe global mean warmindrtgersson
et al., 2015Kniebuschet al., 2019 or any other coastal séBelkin, 2009) makingit prone to marine heat waves
(MHWSs). Indeed shortperiodsof abnormdly high water temperatures hat’eendocumented for the Baltic Sea
(Suursaar, 2090MHWSs can be defined with referencate mean climatologfe.g.the90th, 95th, 98th percentile

8



312 temperature) or btemperaturegxceeding absolute temperature thredg§alefined with respect ttheenduser
313  application(Hobday et al., 2018)Jn most cases, MHWSs are defined by the number of petiogisintensity, their
314  duration andhe specific purposeHobday et al., 2018 In this study,the focuswason the general impact of
315 climate changandthe sensitivity of ecosystem dynamitence MHWSs aredefinedhereinas periodof SSTO
316  20°C lasting for at least Iébnsecutivelays.For comparison, we showed also MHWSs defined as perioBS of

317  exceeihgthe95th percentilef the SST distribution also lasting for at least 10 consecutive days.

318 3 Results

319 3.1 Historical period

320 3.1.1 Water temperature

321  The climate of the Baltic Sea region varies consideralig to maritime and continental weather regimes. lir t
322  period 19701999, the annual mean S®&s~7.8°C (Fig. 4). The mean seasonal cycle of the SST is pronaunced
323  Thus, every winterthe northern Baltic Seancluding the Bothnian Bay, Bothnian Sea and the eastern Gulf of
324  Finland is typically covered byseaice (not shown). Due tds large latitudinal extension, the Baltic Sea is
325 charactesgedthroughout the yedny a distinct SST difference betwethre colder northern and warmer southern
326  subbasins (Fig. 4). In the southern Baltic Sea, there is also a pronouncédaseseémperature gradient, mainly
327  during summer and autumn, which reflects the lagge cyclonic circulation thtansportsvarmer more saline

328  southern waters along the eastern coastalukr, less salinenorthernwatersalongthe western side (s€grdger

329 etal., 2019their Suppl. Mat. S1; Fig. 4).

330

331  On average, during the period 19260, the climatein the CLIMSEA simulationsis warmerthanthe climate

332  according tahe reanalysis data (Fig. 4)uring spring and summer, the shallow coastal zone of the northern and
333  eastern Baltic Seis too warm. The spatially averaged biases during winter, spring, suamd@utumn andn

334  the annuameanare0.8, 0.9, 0.8, 1.0 and 0.9°C. The reason for the warm bias is likely a bias of the RCSM.
335 driven by the reanalysis data ER#O (Uppala et al., 2005)RCA4NEMO systematically overestimates water
336 temperatures and underestimatesiseacover in the Baltic Sefar the period1976 2005 (Groger et al., 2019

337  their Suppl. Mat. S1).

338

339 IntheECOSUPPORT scenario simulations, there is also a systematic wasroftiie RCAO driven by GCMs

340 atthe lateral boundariesych thatvinter water temperaturegetoo warmand sedce covelris too low (Meier et

341 al.,2011d d; 2012c,d). While these biasesccurin all three applied Baltic Sea models (Table 3) forced with
342 RCSM atmospheric surface fields,the simulations driverby regionalsed reanalysis data (ERAO) the mean

343  biasesaresmaller(Eilola et al., 2011)

344  3.1.2 Mixedlayer depth

345  Figure 5 shows the seasonal MLD cycle calculated after de Boyer Montégu{2804) A deeper MLDwith
346  pronounced westast gradientsharacterises thepen oceanThis is related to the predominant southwesterly

347  wind regimewith thelarger wind fetches and higher significant wave heights in the eastern Gotland Basin causing
9
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waveinduced vertical mixing. Furthermore, a positive-aaosphere temperature contriastourshigher wind
speedg pbsitive winter thermal feedback lodsréger et al., 20152021b) In spring, a weakening wind regime,
which reducesieat exchangenith a ift from heat loss to heat gainpgether with théncreased solar irradiance
leads to a thinner MLD in the southern Balt®eawhile melting sea ice and subsequent thermal convection and
wind-induced mixing maintaiaMLD > 50 min thes e andrtkern partDuring summenvhenatmosphereocean
dynamicsareweakesta pronounced thermoclingevelopsand MLDsare shallowes{the summer thermal short
circuitg Groger et al., 2021b)During autumn, the atmosphere cools faster tharEddhd suiface and land
masses faster than open sea arBassencreased thermadifferencegesult in a strongdargescale wind regime
with apositive feedback othe MLD.

The ensemble model mean in CLIMSEA reprodubesedynamics and the spatial pattertatevely well. During
the cold season, howevéhe MLD is somewhashallowerin the simulatiorthan in the reanalysis daté Liu et
al. (2017) This may be the result of eea coupling. Groger et #2015 2021 demonstrated thahe complex
thermal airsea feedbacks in winter are less well representesidndalone ocean modethan byfully coupled
oceanatmosphere GCMs. This can result in SST biases andh@ltow MLDs (Groger et al., 2015Fig. 7a

therein Groger et al., 2041). However the real reasorfer the underestimated winter MLD are unknown.

In the literature, MLDs inthe ECOSUPPORT scenario simulations have not laeatysed

3.1.3 Marine heat waves

Baltic Sea MHWs are definduereinas periods of >10 days duratidaring whichl) the SSTis >20°C and 2)
theSST exceesithe 95th percentile temperatuidne CLIMSEA climate model ensemble meandthereanalysis

data set generated by the same madelcompared in Figure(Giu et al., 2017)

The first MHW index uses a fixed thresholihat emphasisethe environmental impact dhe heat waves. In
particular, diartrophic nitrogen fixation becomes effective at higher temperatures. The spatial pattern of MHWs
is strongly related to the simulated SST. Figure 6a shbatdMHWs are mostly absent in the open sea of the
Baltic proper and further north in the Gulf of Bothrhaittheyarehighly abundant in shallow marginal bastsch

asthe Gulf of Finland and Gulf of Riga as well as along the codbts MHWs produced bthe RCO ensemble
mean aregenerally more frequer@ndof longer duration thathose ofthe reanalysis data set. Furthermore, the
coastal signature of high abundamogends furtheoffshore (Fig. 6a)For the Belt Sea and Bay of Lubeck, this

leads to coriderable deviations from the reanalysis data set.

The second index is based on a reference climatologydeéreedasthat 0f1976 1999. The number of MHWSs
(Fig. 6c) correlatesnegativelywith their average duration (Fig. 6d). This is somewhat morequmaeed in the
reanalysis data set. In generifle patterns obtained with thieanalysis data antthe RCO are similar but the
amplitude of spatial variance is higher in fbemer (Fig. 6¢) as it includesmaltscale regional observations.
the RCO (Fig. 6d) MHWSs in the open seare of the longest duration, witheir interruption likely due to the

vertical mixinginduced by wind events
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387  Since MHWs in the Baltic Sesre predominantly a summer phenomeriba stability of the seasonal thermocline
388 s likely a key element iheir dynamicssuch thatprocesseselated tovertical mixing can be considered a
389 benchmark irtheir simulation by the model&iventhat mixing is highlyparameteriseth current oceamodels,
390 theRCO reproduces the spatial patofithe number and average duratiotifiwW reasonably well.

391

392 In the literature, MHWs ithe ECOSUPPORT scenario simulations have not laeetysed

393  3.1.4 Salinity

394  The annual mean sea surface salinity (SSSyidution shows a large noitkouth gradiet mirroring both the
395 input of freshvater from rivers, mostly located in the northern catchment area, and saltwater inflows from the
396  North Sea (Fig. 7). The SSS drops from about 20 §ikghe Kattegat to < 2 ¢g' * in the northern Bothnian Bay
397 and eastern Gulf of Finland. For the period T9™AD9, the annual mean SSS of the Baltic Sea incluitieg
398 Kattegatwas~7.3 g kd'. Largeinflows of heavy saltwater frorthe Kattegatoccasionallyventilate the bottom
399 wate of the Baltic Sea, filling its deeper regions (Fig. A3.tidesare almost absenmixing is limitedsuch that
400 the water column isharacterisethy a pronounced vertical gradient in salinity, and consequently also in density,
401  between the sea surface ahd bottom.

402

403  Probably due to differences in tbata of théhydrological model (EHYPE) compared to observations, SSS in the
404  coastal zone anthe Kattegat § on average Merin the CLIMSEA climate models than the reanalysis daiaf
405 Liu et al. (2017)Fig. 7). The spatiafl averaged, annual mean biasg 0.4 g kg*. Bottom salinities in the Belt
406  Sea, Great Belt area and the Gotland Basspéciallyin the northwestern partj@considerably higher and in the
407  Bornholm Basin considerably lowén the climate modelghan in the reanalysis data (Fig. 7). The spatially
408 avaaged, annual mean bias+0.3 g kg*. Hence, vertical stratification in the Belt Sea, Great Beea and the
409 Gotland Basing alsolarger inthe climate models than in the reanalydata because the difference between
410 surface and bottorsalinitiesis a good proxy for vertical stratification

411

412 In the ECOSUPB®RT scenario simulations, SSSoverestimatedn the entire Baltic Sean particular inits
413 northern and easteregions(Meieret al.,2011¢ 2012c) In both the ensemble mean bottom salirahd vertical
414  stratificationare also overestimated whilé¢he bottom salinityin the eastern Gotland Basigwell reproduced
415  (Meier et al., 2012c)

416 3.1.5 Sea level

417  Due to the seasonal cydlewind speed, with wind directions predominantly frtime southwest, the sea level in
418 the Baltic Sea varies considerably throughout the yeitin,the highest level§~40 cn), measuredelative tothe
419  Kattegaf occurringduring winter at the northern coasisthe Bothnian Bay and at the eastern coasthe Gulf
420  of Finland (Fig. 7). For the period 197899, the annual mean sea lemghe Nordic height system 1960 (NH60)
421  as determinethy Ekman and Mé&kinen (1998)jas~16 cm, with a horizontal norflsouth difference of35 cm
422  (not shown). This sea level slopasexplained by the lighter brackish water in the northeastern Baltith8ea
423  inthe Kattegat and by wincbmingfrom thesouthwesterly directigrwhich pushes thevater to the north and east

424 (Meier et al., 2004a
11
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The differencesn the mean sea level betweéine CLIMSEA climate models andhe reanalysis datara small

(Fig. 7) and the spatially axaged, winter mean biasonly +0.6 cm. Sea levels in some parfghe coastal zone
sud as the western Bothnian Sea higher inthe climate modelghan inthe reanalysis datarobably due to
lower salinities. The negative sea level bias in the eastern Gotland Basin suggests an intensifiedjebasin
cyclonic gyre.The seasonal cycle of the ensemble mean sea level is relatively well simblatedth an
overestimated sea level in early spring andinderestimated sea level in summer at all investigated tide gauge

locations compared to observatiared toa hindcast simulation driven lggionalsedERA40 data (Fig. 8).

In theECOSUPPORT scenario simulatigeea levels were not systematicathalysedIn one of the three models
(RCO-SCOBI), seasonal mean biasesrecomparable to the biasestire CLIMSEA scenario simulation@eier
et al.,20113.

3.1.6 Oxygen concentration and hypoxic area

Since the 190s, nutrient inputs into the BaltiSeahave increased due to population growth and intensified
fertiliser use in agricultureGustafsson et al., 201#g. 3). Nutrient inputs reached their peak in the 198@s
have steadilyleclinedfollowing the implementation dfiutrient inputabatement strategiddonetheless, sindée
1960s, the bottom water of the Baltic Sea below the permanent halbalinbeercharacterisedy oxygen

depletion and largecale hypoxia (Fig. 9).

Consistent with thestratification biases in the deeper swdsins of the Baltic Sea, summer bottom oxygen
concentrations in the BornholBasinarehigherandthose in th&otlandBasinlowerin the CLIMSEA/BalticAPP
climate simulations than ithe reanalysis datef Liu et al. (2017)(Fig. 9). The strongervertical stratification
especially at the halocline depttampersertical fluxes of oxygercausing prolonged residence times &wder
bottom oxygen concentrations. Spatially averaged biases during winter, spring, samdragtumn andn the

annual meare small but systematic0.6,710.7,10.7,710.5 andi 0.6 mL L' ! respectively.

In the ECOSUPPORT scenarios, the ensemble nusspwater oxygen concentration in the eastern Gotland
Basinis slightly higher (but within the range of natural variability) ahdt in the Gulf of Finlandignificantly

lowerthan determined frorabservationgMeier et al.2011h 2012d)

3.1.7 Nutrient concentrations

Nutrient (i.e. phosphorus and nitrogeontentin the surface layer during wintisra good indicatoof the intensity
of the following spring bloomSeasurfacemean winteconcentrationsf phosphate and nitrageehighestin the
coastdzone, in particular close to the mouths of the large rivers in the southern Baltic Sea that transport elevated

inputs of nutrients into the sea (Fig. 9).

For the historical periodof 1976 1999, winter surface phosphate concentratiansording to theclimate
simulations are relatively close titose of theeanalysis data (Fi@). The concentrationsliffer substantiallyonly

in thosecoastal regions influenced by large rivesach ashoseaffected bydischarges of the Odra, Vistula and
12
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Parnu riversSpatially averaged biases are largest during summer and awtithhan average bias summerof
+0.2 mmol P .

Likewise, winter surface nitrate concentratiansthe simulationsre close tdhosein the reanalysis data but in
coastal regionshey differ due to differenes in thanputs from large rivers (Fig. 9Yhis is exemplified byhe
Gulf of Riga and the eastern Gulf of Finlamehere the large differencestween themare due to inputsom the
NevaRiver. Spatially averaged biases during wintgpring, summe autumn andn the annual mearnra rather

small but systematid 1.1,7 1.3,710.5,1 0.7 and 0.9 mmol N m? respectively

In theECOSUPPORT scenario simulatiottsgsimulated profiles of phosphate, nitrate and ammoratawithin
the range of observatiorfer 1978 2007, exceptn the case ophosphate in the Gulf of Finlan@/eier et al.,
2012d) According to hindcast simulatiothe biases ithecoupled physicabiogeochemical modelsf the Baltic
Sea relative to the stdard deviations of observatioaselargerfor the northern Baltic Sea thdar the Baltic

proper(Eilola et al., 2011

3.1.8 Phytoplankton concentrations

During the period 1978999, densephytoplankton blooms were confined to the coastal zoeghe area with

the highest nutrient concentrations (Fig. 10). Water transparency, measured by Secchi deghnishHevBaltic

Seathan inthe open ocearFlemingLehtinen and Laamanen, 2012ndfor the period 19701999 the annual
mean Secchi depth aveeajfor the entire Baltic Sea, includitiye Kattegat,was only~6.6 m.The Secchi depth
is alsomuch smallein the coastal zonéhan in the open Baltic Sea (Fig. 1@ndin the northern Baltic Sethan

in the Gotland Basirattributableto yellow sulstarces originating from landHemingLehtinen ad Laamanen,
2012.

Due tonutrient concentration biaseglgannual mean surfa@hytoplankton concentratioms the simulationsre
closeto those ofthe reanalysis dataf Liu et al. (2017)but they deviatein coastal regions (Fig. 10). Spatially
averaged biases during winter, spring, sumraedautumn andn the annual meanrarelatively smalt +0.02,
10.1,70.009, +0.06 and0.008 mgchlorophyll (Chl) m'3 respectivelyNote that the reanalysiata ofLiu et al.
(2017)assimilatenutrient and oxygen concentrations but not chlorophyll data.

Similar results e found for the mean biasesthe simulated Secchi depths (Fig. 10).climate simulations
Secchi depthare systematically deeper in the regisnsth of Gotlandindatthe entrance to the Gulf of Finland
(northeastern Gotland Basith)an elsewhere in the Baltic Se@patially averaged biases during winter, spring,

summerandautumn ad in the annual meaare+0.2, +0.4, +0.06, +0.1 and +0.2raspectively

Compared tdhe Secchi depth data from HELCOMWELCOM, 2013 their Table 4.3) an&avchuk et al(2006
their Table 3, the CLIMSEA climate simulations undesind overesinatethe Secchi depth in the sowtlestern
and northern Baltic Sea sctively, while in the Gotland Basithemodel resultsvell fit the observationgMeier
et al., 2019a)
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In the ECOSUPPORT scenario simulations, Secchi deth notcompared witlobservations.

3.1.9 Biogeochemical fluxes

An evaluation of biogeochemicéllxes, such as primary production and nitrogen fixatimndifficult because
observationsre lacking An exception is the study byieronymus et al(2021) in which historical simulations
with RCO-SCOBIwere compared with in situ observations of nigodixation TheRCO-SCOBI modeincludes

a cyanobacteria life cycle (CLC) modélense and Beckmann, 2Q@®10)driven by reconstructed atmospheric
and hydrological datalhe authorgound a satisfactory agreemewith the resultsnainly within the unceainty
range of the observations. However, simulated monthly mean nitrogen fixation during2@98%howed a
prolonged peak period in July and Augugiereas according tobservationghe peakwas mostly confined to
July. It should be notethat the RCGSCOBI versiorused irnthescenario simulationdiscussed her@.g, Saraiva

et al., 2019ajloesnot contain a CLC model.

3.2 Future period

3.2.1 Water temperature

Annual and seasonal mean changes

In Figures 11 and 12nd Table7, annual and seasonal mea®Tchanges between 197805 al 2069 2098 in
RCO-SCOBI are depictedand quantified respectivelyThe maximum seasonal warming signal propagates
between winter and summer from the Gulf of Finland via ththBian Sea into the Bothnian Bay (Fig. 11).
Maximum warming occurs during summer in the Bothi8aa and BothniaBay. The seasonal patternsRE€P4.5

and RCP8.5 are similar although warming is greaténérlatter As SLR has almost no impact on SST changes,
BalticAPP and CLIMSEA scenario simuilas yield similarresults(not shown). The warminigvel according to
ECOSUPPORT is betweethmat predicted byCLIMSEA/BalticAPP RCP4.5 and RCP8.5 because the GHG
emissions of the A1B scenario, which forces the ECOSUPPORT engganblbetweethose oftheRCP4.5 and

RCP8.5 scenarios.

In the CLIMSEA/BalticAPPRCSM projectionsthe annual mean SST changes in the Baltic Sea diiyefiour

ESMs i.e. MPI-ESM-LR, EGEARTH, IPSL-CM5A-MR, HadGEM2ES under the RCP8.5 scenawmoe +2.3,

+3. 7, + 3 . Srespetively (&rdbger7et al.,, 2019 Thus, the ensemble mean change-3s. 5 . The
corresponding ensemble mean changéghsnRCO-SCOBI scenario simulations is smajler2 . 9 . Di ffere
MLDs, vertical stratification and seae cover in the two ocean modeRCO-SCOBI and NEMOmay explain

the different responses. Indeed;omparison of the MLD between the two models reveals a shallower MLD in

the RCSMthan inRCO-SCOBI (not shown) which argue for a higher sensitivity of the RCSM to climate

warming.

2One of the scenario simulations of ESOPPORT is driven by the Agcenarip which due to higher GHG
emissions is generally warmer than the A1B scen&tawever, this particular simulation of the ECHAMS
MPIOM GCM is exceptional and at the end of thé! 2&ntury the temperature is not much warmer than that
obtained with the corresponding run based on the same model under the A1B scenario.
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While the spatiapatterns othe SST changes ithe scenario simulationef ECOSUPPORT (e.gMeier et al.,
2012c)and CLIMSEA (e.g.Saraiva et al., 2019k e similar,the uncertainties due to the applied glofdleier
et al., 20113 or regional(Meier et al, 2012b)modelare in some casansiderableOf note isthe summer
ensemble rangef the various GCMs(Meier et al.,20113. The differences ithe magnitude of w@rming ae

explained by the GHG concentration scenasioswn inFig. 12.

Trends

Since SLR and nutrient input scenarios have a negligible impact on SST changéise &@y4.5 and RCP8.5

scenariosn CLIMSEA/BalticAPParecomparedThe multimodel mean otheannualmeanSST trendsveraged

over the Baltic Se® ~0.18 decad€ and~0.35 decadg! in the RCP4.5 and RCP8.5 scenarios respectively

(Fig. 13a, f). At the Baltic Sea scale, seasonal SST treasisd orannual values vary only slightly (x0.01

decad€& in both scenarios). However at the sadsin scale, seasonal variatiame much stronger, reaching +0.05
decad®! in the northern Baltic Sea, with a maximum in summer (Fig. 13). This summer maximum can be

explainedby the projected declein seaice coverin summer as occurredduring the period 1850 2008

(Kniebusch etl., 2019)

As seen in Figure 14herelative SST trends indicafaster warming othe northern than the southern Baltic Sea
(0.02 decadt'and 0.04 decadg!in the RCP4.5 and RCP8.5 scenarios respectivelif) the largest trengls
calculated ovethe entire period 200@099 reaching ~0.24 decadg' and ~0.45 decadg' in RCP4.5 and
RCP8.5 respectively. However, a calculation of the SST trends-yga@0slice periods every 10 years over the
entire period shows that annual SST trends are varaglietime (not shown). The natural variability appears to
modulate these trendsith successive periods of increasing and decreasing SST treeids period of about 30
years.For examplein the RCP8.5 scenario, SST trends gradually increase ovérsthg0 years of the period
reaching a maximum of 0.5 decad&' betweer2046and2075, before declining slightly from 2060 onwarAs

in the RCP4.5 scenarithis isa result of the pronounced natural variability in this scenario. Despite the rolsustnes
of thespatial patterof theSST trends (p €.05 everywherejgnanalysis of SST trends for the four ESM forcings
reveals an important dependencylafsetrendson atmospheric forcingsvith a spread of +0.06 decadg&' from

the multimodel mearof bath scenarios (not shown).

At anannual timescale, the variability the air temperature, through the sensible heat fluxes, is the main driver
of the Baltic Se® $ST (Kniebusch et al., 2019)llustrated here by the high varianceSST explainedby air
temperaturébetween 0.85 and 0.95, Fig. 15). The minimum of variance explained is located in the Bothnian Bay,

where the se&e cover isolates seawater from #iein winter.

The processes responsible fibire SST trendsvere analysed using rank analgis of atmospheric variables (i.e.

latent heat fluxes, cloud cover andy wind components) following Kniebusch et @019;Fig. 16).The second
parameter (after SAT) explaining the variability the SST differs according to the location and ESM.
Neverheless, in all ESMs and in both RCP scenarios, zonal and meridional wind components are the variables
that best correlat&ith SST along most of the coastal areas, probably because of upwelling. In the open sea of the
Baltic proper andn the Bothnian Baythe second most important variable is cloudiness. This is also thencase i

the Botmian Sea under the R@B scenario. However, in RGBS the second most important variable at this
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locationis the latent heat flux. The differenteperhaps due tilne abenceof sea iceandthereforethe amplified

air-sea exchangeinder RCP8.5

In the vertical, temperature trends &mgerin the surface layethan inthe winter wateof the Baltic Seaabove
the haloclingthuscausing a more intense seasonal thermocline (see Sectionii3:&t#¢h thetrendsare largest
in spring and summeénot shown). Elevated trendéso characterisgdeep waterdue to the influence of saltwater
inflows that will be warmer ira future climae becauséhey originate from the shallow entrance asral occur
mainly in winter Hence, in sulbasins that are sporadically ventilated by lateral saltwater inflsweh as the
Bornholm Basin and the Gotland Basine deep water below the halocliwéd| warm more than the overlaying

intermediate layer water.

In the literature, trends in ECOSUPPORT scenario simulatiaaenot beenanalysed

3.2.2 Mixedlayer depth

Figure 17shows theehanges inthe MLD. During winter, reduced se&e covelin theBothnian Sea and Bothnian
Bay, likely caused by windnduced mixing favours a widespread deepening ofithdLDs. In spring, the most
pronounced feature is a strong shallowingh&fMLD in the Bothnian Segrobably attributable tthe radiative
fluxes hat warm the surface layer atudess thermal convectigidordoir and Meier, 2012During the historical
period, water temperatures in this aveere between 2.0 and 3.0°ig. 4) Thus, in the futuresurface water

warming between 1.6 and 2.4°C (Fid.) Inay hamper thermal convective mixing

Thechangesiuring summer are less pronounckdcontrasto winter,there isan overall shallowingn the entire
Baltic Sea This is in agreement with a shallowerore intense thermocline in warming scenarasssuggested
by Groger et al.2019, andit is a common feature amottige projections becausehe changes in wind speed are
small(Christensen et al., 2021utumnis primarily charactesedby a prolongation of the thermal stratificatjon

leading to an overall shallower MLibanduringthe historical period.

While Hordoir et al.(2018 2019 speculated that these changes in thermocline depth during sumiliierpact
the vertical overturning circulation, the meridional overturning citcuhain the Baltic proper does not show a
clear signal butathera northward expansion of the main overturning cgtger et al., 200)9Indeed, the effect

is expected to be smgRPlacke et al., 2021)

3.2.3 Marine heat waves

The number of MHWs within climatological 30year time slicess shown in Figure 18Jnder historical climate
conditions,MHWs are virtually absent in open ocean areas. They are most frequent in shallow regions and more
abundant along the eastefBaltic States)thanthe western(Swedish) coasts, which may refle¢he greater
frequency oftoastal upwelling events along the westiignthe eastern coasté the Baltic Sea Evenunderthe

RCP4.5 scenario, wide areas of the Baltic proper are affected by MbBWghly once a year. Thetrongest
response is projected for the highission RCP8.5 scenarendspecificallyin marginal basinsuch aghe Gulf

of Rigaandthe Gulf of Finlandwherein the futureMHWs will occurtwo or thregiimes per year. Not only the
16



614 frequency but also thaverage duration tieMHWswill increase with climate warming. Under RCR&/B1Ws
615  of ~20 dag durationwill occureven in the open Gulf of Bothni#&ig. 18).This increase in MHWSs is likewise
616 linked to an increased frequency of tropical nights in thki®SeaMeier et al., 2019a; Groger et al., 2021b
617

618 MHWSs can also be analysed by calculatthgm with respect to the 95th percentile temperature of the historical
619 reference climate (Fig. 19). For the historical clim#te,average duration MHWSs in most regionss < 20i 30
620 days although irthe southern Baltic Sea, especially west of the Baltic prdfidvV's are more frequenHowever,
621 theclimate change signal tharactesedby MHWsthat arebothmore frequenandof longer durationin RCP4.5
622 MHWsin the Baltic Seaccur at least every year. The strongest increase in frequency is near thebcotss
623 average duratiomcreasedessthan inthe open sea (Fig. 19). This is probably related to repeateedvedéd
624  entrainments from the openasthat interrupt warm periods because of the larger variabilitlye coastal zone
625 than inthe open sea. In additiowjth theirlower heat storageapacity shallow areas are more sensitive to cold

626  weather events and the associated oceanic heat loss.

627  3.24 Salinity

628 Inthe CLIMSEA ensemble, salinity changes are not robust, i.e. the ensemble spread is larger than(fdeisignal
629 etal., 2021)Under both RCP4.5 and RCP8.Betensemble measalinity changés small because the impaurt
630 salinity of the pojected increase in total river runoff from the entire catchment (Fig. @ppsoximately
631 compensated by the impact of larger saltwater inflows due to the projectedlshRR §. Hence, compared to
632  previous studies such #wose byMeier et al. 2011 ECOSUPPORT) and Saraiva et &0{9a;BalticAPP;Fig.
633 12), the ensemble measalinity changes in CLIMSEA are much small@iable §. In idealised sensitivity
634  experiments performed with the RESLCOBI model for the period 1862008 (Meier et al., 20372019]), the
635 change inheaverageBaltic Seasalinity (1988 2007) increasglinearlywith SLR and at a rate of1.4 g kg m'?
636 (Table 9.

637 3.2.5 Sea level

638  Following global sea level changes, SLR in the Baltic Sea will acceldfétsgke et al.2015 Church etal.,
639 2013 Bamber et al., 2019Dppenheimer et al., 201Weisse and Hinicke, 20}, %lbeitat asomewhat slower
640 ratethan the global mean because of the remote impact of the melting Antarctic idg&ssimstéed, 2015)Changes
641 in SLR in the North Atlant (and the Baltic Seajill be largeiin response tthemelting of the Antarctic ice sheet
642 thantothemelting of Greenlanddue to gravitational effect&or a midrange scenariGGLR in the Baltic Seais
643  projected to be ~83 of the global mea(Pellikka et al., 2020)Land uplift will partly compensate for the eustatic
644  SLR, in particularmi the northern Baltic Sea (efdill et al., 2010. In RCP2.6 andRCPB.5, the global mean sea
645 level in 2100 is 43 cm and 84 cm highlean duringhe period 19862005(Oppenheimer et al., 201%or these
646  two scenarios, likely rangese29i 59 cm and 611110 cmrespectively. Bamber et 2019 assesseite sheet
647  dynamics in detaibnd subsequentlestimated globamedian SLR3n 21000f 69 cmand 111 cnfor low- and
648  high-case scenariagspectivelyLikely rangesaccording to the authorgere49i 98 cm and 70174 cm and very
649 likely ranges 36126 cm and 62238 cm.

650
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In BalticAPP and CLIMSEA scenario simulations, sea level changesnaaé (Fig. 12 Table8) whereasin
ECOSUPPORTscenario simulationthey are larger, particularlyn spring, because one member of the multi

model ensemble considgkr c hi medesdé pr i nci pHesealével changstioveniv Rigure 1I2Not e t h
consider only changing river runoff, changing wind, and melting seasiaffecting the sea levelccording to

Archi medesdé principle (onlagneitherthe gl meda GSRorPaRIQRITIs e ns e mb |
included theyhave to be added (e lgleier, 2006 Meier et al., 2004a

In CLIMSEA, there are nostatistically significantseasonal changds the SLR (Fig.20). In both GHG
concentration scenariahelargest changeareonly about £5cm. According totheseresults systematichanges
in the regional wind fieldChristensen et al., 202ahdnonlinear effects areegligible Insteadjn the projections,
the mearabsolutesea level in the Baltic Seamply follows the mean sea level in the North Atlantitowever,
the spatially inhomogeneous isostatic adjustmalitconsiderablyalter patterns of sea level changes relative to

the sea floor.

In responseo the global mean SLRhesea level extremes in the Baltic Sea that are rare today will become more
common in the future (e.ddieronymus and Kalén, 202However, changes in sea level extremes relative to the
mean sea levekill not be statistically significant because wind velocitieare projected teemain unchanged
(Christensen et al., 2021Jhe eceptions are areas witteaice decline since they are linked todecreasén
atmospheric stability accompanied by increased wind velocities result ofincreass in temperature and
turbulent fluxes (Meier et al., 20&)l These increases will mostisanslate aghanges from calm to light wind
conditionsasthe stable atmospheric boundary lagecomedess stable. For stronger wind conditions related to
high sedevel extremesthe impact of stratification effects on mixing is small. In additimpen water areas after
seaice loss have a smaller surface roughrtessice-covered areasyith thereduced surface frictioleading to

an increase in wind velocities.

As sea level extremes also depend on the path gbtessure systemkdhmann et al2011; Suursaar and Soodaar,
2007, whichin afuture climatedo not show systematic chang€hristensen et al., 2021ghanges in sea level
extremeselative to the mean sea level are not expedtedddition, a large internal variability at low frequesgci

prevents the detection of climatarmingrelated changes in sea level extremem§ and Mikolajewicz, 2019

3.2.6 Oxygen concentration and hypoxic area

Bottom oxygen concentration

Projected changesin bottom oxygen concentratisndiffer considerably between ECOSUPPORT and
BalticAPP/CLIMSEA scenario simulationas illustrated for summer (Fig. ZIable10), whereas the differences
between BalticAPP (SLR = 0 cm) and CLIMSEA (SLR > 0 cm) scenarios are siifdar et al., 2021)The
differences betweethe ECOSUPPORT and BalticAPP ensembles mainly reflect the different experimental setups
of the simulations and the different nutrient input scendhitiser et al., 2018a)WVhile in shallow regions without
apronounced halocline fute bottom oxygen concentrations decrease in all scenario simu)atienothelower
oxygen saturation concentrat®nin deeper offshore regions with a halocline, changes in bottom oxygen

concentration depend largely on the nutrient input scenariodEjgln ECOSUPPORT scenario simulatiotie
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690 future bottom oxygen concentration decreasigsificantlyin all scenarios excephe BSAP, where in deeper
691 regionsit changeonly slightly on averageséeMeier et al.,2011h. By contrast, irthe BalticAPP projections,
692 underthe BSAP bottom oxygen concentratioms deeper regionscrease considerahlyegardless of the degree
693  of warming 6eeSaraiva et al., 2019eier et al. 2011H. Under RCP4.5, bottom oxygen concentrations increase
694  even undethenutrient inputof REF and WORST whereas RCP@redictsslight reductions in the Bothnian Sea
695 and southwestern Baltic &ein particular under WORSSimilar resultswere calaulated for the CLIMSEA
696 ensemble (Meier et al., 2021).

697

698 The differences irthe oxygenconcentration changes betwettre ECOSUPPORT and BalticAPP/CLIMSEA
699 ensemblesanbe explained as follows. In ECOSUPPORT, changesutrientinput relative to the historical
700 period 19612006 including the observed nutrient inputaveragedrom the period1995 2002 were applied
701  (Gustafsson et al., 2011; Meier et al., 2001 For the historical period 1982002, these inputserelower than
702  in BalticAPP/CLIMSEA scenario Biulations because in the latthe observed monthly nutrient inpuitscluding
703  the ponounced decline from the peak in the 1980s until the mucérlosecent valugsvere usedastheforcing
704  (Meier et al., 2018a)Furthermore, in ECOSUPPORT1uture nutrient inputs under the BSAP scenario were
705 calculated as relative changessulting in higner future inputs than in BalticAPP/CLIMSEM which absolute
706  values of the BSAWvereapplied

707

708  Hence, theeductionsetween future and historicalitrientinputs are smalléan ECOSUPPORT under the BSAP
709 than in BalticAPP/CLIMSEATable 6)andresult ina smaller response of biogeochemical cycling. We argue that
710 the more realistic historical simulatigncluding a spirup since 185Mased ombserved or reconstructed nutrient
711  inputs as useth the BalticAPP and CLIMSEA ensemblessult ina model respaethat ismore realistichan
712  that ofthe ECOSUPPORT scenario simulations.

713

714  Hypoxic area

715 In ECOSUPPORTthehypoxic area is projected to increase under REF and BAU nutrient input scéNeies
716  etal.,20110. Only under BSARs therea slight decreassompared to the early 20Q0s

717

718 In CLIMSEA under REFRthehypoxic area is projected to decreabghtly until about 2050as a delayed response
719  to nutrient input reductiongnd then increase again towards the end of the cemtteyumably irresponse to
720 increasd nutrient inpus and warming (K. 22). Larger hypoxic areaseacalculated under RCP8.5 than under
721 RCP4.5. Under BSARhehypoxic area is projected to considerably decrease. At the end of the century, the size
722  of thehypoxic area iexpected tde 22 78% smallerthanthe average sizéuringthe period 19762005.This
723  rangerepresentshe results of the variouscenario simulations

724

725  In accordancevith previous studiesuch as Saraiva et al. (2012in)d Meier et al. (2021)he impact of warming
726  (reduced oxygen solubility, increased internal nutrient cycling, increased riverine input®)f amzteasing
727  stratification (decreased ventilation)ll be an amplifieddepletionof oxygenthat enlargethe hypoxia area in the
728  Baltic Sea and partially counteraautrient input abatement strategies such as the BSAP. Howeaéiguailable

729  scenarios the impact of climate change is smaller than the impact of nutrient input changes.
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3.2.7 Nutrient concenrations

While in ECOSUPPORT scenario simulatimfduture climatethe projected surface phosphate concentrations
winter increase under all three nutrient input scenarios (except in the Gulf of Finland in BSAP), in BalticAPP
projectionsthe surface phsphate concentratioms winter decrease almost everywhere (except in the Odra Bight
and adjacent areas in REF and WORST) (not shown). In contridms tearly ubiquitous changesthre surface
phosphate concentration, larger nitrate concentration changessually confined to the coastal zamal differ

in their signs. In ECOSUPPORT projectiortig increass in winter surface nitrate concentratiomsREF and
BAU are largesin the Gulf of Rigathe eastern Gulf of Finland and along the eastern cadistee Baltic proper
(not shown). In BalticAPP projectioneincreassin winter surface nitrate concentrationsREF and WORST
are largesin the Bothnian Bay andhe Odra Bight while in the Gulf of Riga antthe Vistula lagoonnitrate
concentrationdecrease Overall, the differences in surface nutrient concentrations between theeta/mf
scenario simulationare considerable (not showanidcan beexplained bythe large differences inutrient inputs
from land.Thus,while theprojected changes inputsin ECOSUPPORTefer to the average inputs during 1995
2002, in BalticAPP scenario simulations the obsehistbricalchangesncludeadecline in ntrient inputs since

the 1980gMeier et al., 2018a)

3.2.8 Phytoplankton concentrations

Annual mean changes in surface phytoplankton concentration (expressed as chlorophyll concentration) follow the
changes in nutrient concentrations and are confined to the productive zone along the coasts (Fig. 23). In
ECOSUPPORT projections, annual meancBedepthsiecreasa all scenario simulations (see Fig. 24 and Table

11). In the BalticAPP projectionsthe areaaveraged Secchi depths generally increase, except icothbined

RCP8.5 and BAU scenario (Takld), indicating ageneraimprovement of thevater quality in future compared
tothepresent climate. The most striking changes occur in the BSAP scenavitch theSecchi depth increases

by up to 2 m in the coastal zone of the eastern Baltic proper. Changes in stratification (illustratediffarénees
between BalticAPP and CLIMSEA ensemblasd betweerthe CLIMSEA ensemble mean and high SLR
scenarioyhave onlya minor impact on water transparency (Tab®. The overwhelming driver dhe changes

in the Secchi depthare nutrient input scemios (illustrated by the differences between ECOSUPPORT and
BalticAPP/CLIMSEA ensembleandhighlighted by in some casespntradictory signs in the changes).

3.2.9 Biogeochemical fluxes

In CLIMSEA under the BSAP, primary production and nitrogen fixaticeprojected to considerably decrease in
afuture climate (Fig. 22)According tothis scenario, the interannual variability deciinender REF, nitrogen
fixation is projected to slightly decrease uatl05Q as a delayed response to nutrient input reductemmd then

to increase towards the end of the centlikgly in response tincreasedhutrient inpus and warming. At the end
of the century, primary production and nitrogen fixatigti be at the sameVel as under current conditions. The

impact of warming is larger under higllanunder low nutrient conditions (Saraiva et al., 2019b).
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3.2.10 Relation to largescale atmospheric circulation

The dominant largscale atmospheric pattern controlling thenzlte in the Baltic Sea region during winter is the
North Atlantic Oscillation (NAO; Hurrell, 1995) However,its influenceis not stationary but depends on other
modes of variabilitysuch as the AtlantiMultidecadal OscillatiorAMO; Bdérgel et al., 2020 During the past

climate, the relationship between the NAO index and regional climate variables in the Baltic Sea region, such as
SST, changed over tim¥ihma and Haapala, 200®@mstedt and Chen, 2001; Hunicke and Zorita, 2@¥&n

and Hellstdm, 1999; Meier and Kauker, 20(eranova and Huth, 20D8

Figure 25 shows the calculated ensemble nveiater (Decembédr~ebruary)NAO index for the period 2006
2100. For the RCP4.5 emission scenario, the NAO shows high interannual varifdoliopving a wavelet
analysis, the calculated NAO indexhibitsdecadal variability, which differs for every model (not showh).
comparisorof RCP4.5with the highemission scenario RCP8showsthat the spread of the ensemble increases
with increasingGHG concentations. Figure 2&lsodepictsthe running correlation between the NAO index and
the areaaveraged SSTThe correlation remains positive but it is not constant in tilso evident from a
comparison oRCP4.5 and RCP8i5that there are no systematiatigesn the twoemission scenarigalthough

for RCP8.5theensemble spredd slightly larger.

4 Knowledge gaps

In the largest set of scenario simulationshig study the CLIMSEA ensembl@nly four ESMs wereegionalsed
usingonly one RCSM consequentlythis ensemble is still too small to estimalbe uncertainties caused by ESM

and RCSM differencedVhile nine ESMs with the same RCSM weaeeentlyregionalsed, they did not include
running modules for terrestrial and marine biogeochem@toger et al., 2021bjuch thathese simulationaere

not considered in our assessméitite uncertainties related to unresolved physical and biogeochemical processes
in the Baltic Sea and on land wexlsonot considerethecause only one Baltic Sea ank catchment model were

used. Although the CLIMSEA ensemble is larger than the ensembles in previous studies, it is still too small to

estimate all sources of uncertainty.

In addition to the uncertainties related to global and regional climate and impdets, pathways of GHG and
nutrient emissionare thus faunknownandthe role of natural variability versus anthropogenic forcing is not well
understoodMeier et al., 2018a; 2019b; 202Recent studies suggest that the impact of natural variaksilich

as the lowfrequency AMQis larger than hitherto estimated. For instance, in paleoclimate simulations the AMO
affecedBaltic Sea salinitattime scales of GQL80 yeargBorgel et al., 2018which is longer than the simulation
periods of available scenario simulations. Funthene the AMO mayalsoinfluencethe centre®f action of the

NAO (Borgel et al., 2020)Lateraltilting of the positions othe IcelandicLow and AzoresHigh explains he
changesn thecorrelatiors betweerthe NAO and regional variables such as water temperaturéceemver and

river runoff in the Baltic Sea regidiBorgel et al., 2020)Despiteindications that the AMO is affected by climate
states such as the Med& Climate Anomaly and Little Ice Agé\ang et al., 2017Bdrgel et al., 2018 how

future warming would affect these modes of climate varialiitynclear
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Changesin seaice coverwere not analysed in this studyecause in the recent scenario simaret of the
CLIMSEA ensemble sei@e cover is systematically underestimated. However, we found that futieessaver

is projected to be considerably reduced, vaitton-average icdree Bothnian Sea and western Gulf of Finland.
Recent results by Hogluhet al. 017) confirmed earlier results by Me{@002h and Meier et a2011d 2014,
see BACC Author Team (208

The various scenario simulatieatshave in common that plausible nutrient input changes have a bigger impact
on changes in biogeochemical variabsh as nutrient, phytoplankton and oxygencentrationghanof either
theprojected changes in climasich as warmingr changes in wiéical stratification. The latter would be caused
by increasd freshwaterinputs SLR or changes in regional wind fieJd@ssuming RCP4.5 or RCP8.5 scenarios.
Longterm simulations of past climate support these results. Although historical warming hageant on the
size ofthepresentday hypoxic area, model results suggest that hypoxia in the Baltis Best explained bthe
increass in nutrient inputs due to population growth and intensified agriculture since (%afsson et al.,
2012; Carsteren et al., 2014; Meier et al., 2082019c¢, d) Hypoxiais also a feature dhe Medieval Climate
Anomaly (Zillén and Conley, 2010However,a preliminaryattempt to simulate the past 1000 yeeosld not
explainthe low-oxygenconditions withousubstantial increasén nutrient input{Schimanke et al., 2012Jhus,
the sensitivity of statef-the-art physicalbiogeochemicaimodelsto various driversanbe questioned anidl is

clear that thenodels do not reprodudl important processes.

As autlined in previous assessments, current and future bioavailable nutrient inputs from land and atmosphere are
unknown and were consequently classified as one dftlgestuncertainties (Meier et al., 2019l5jor a more

detailed discussion of uncertainties in Baltic Sea projections, the reader is referred to Me{@0&8al.2019b;

2021)

5 Summary

As shownin Section 3, e latest published scenario simulations confirm the findings of the first and second
assessments of climate change in the Baltic Sea ré@R@C Author Team, 2008; BACC Il Author Team, 2015)

namely thatin all projections driven by RCP4.5 and RCP8.5 and by four selected ESMs of CMIP5, water
temperature is projected to increase andiseaover to decrease significantly. In the RGP scenariosthe

ensemble mean annual changesSST between 1978007 and 20622098 are2°Cand 3 respectiyv
Warming would enhance the stability across the seasonal thermoclinaws®a shallowddLD during summer.

During winter, however, the mixed layer in the northern Baltic Sea would be deepeably because of the

declining sedce cover and the associated intensification of wind speed, waves and vertical mixinghd3oth

frequency andhe duraion of MHWSs would increase significantly, in particular south of 60°N and in the coastal

zone (except in regions with frequent upwelihg

The spatial patterns of seasonal SST tremulsjected for 2006 2099 are similar to thosef historical
reconstructionsf the periodl850 2008 although in most regions the magnitudéraftrendsis larger.Thelargest
trendsarethosein summer in the northern Baltic Sea (Bothnian Sea and BothniaraBdyhusn regions where

under a warmerlicnate sea ice would melt earlier disappeacompletelydue to the icalbedo feedback. This
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implies thaf with increasing warming, SST trends in the northern Baltic Sedeadibmdargerthan thosén the
southern Baltic Seaccordingly, in contrasta the present climatein which mean SSTs considerably decline

from south to northin a future climatethe northsouth temperature gradient will weaken.

In contrasto previous scenario simulations, recent scenario simulations considered the intpagtaifal mean
SLR on Baltic Sea salinityhich for the ensemble meaalinity would more or less compldiecompensate for
the effects othe projected increasing river runoff. However, as future changes in all three drivers of Gaiitdty
runoff ard SLR) arehighly uncertain, the spread thesalinity projectionf the various ESMs is larger than any

signal.

In agreement with earlier assessments, we conclude that SleRyrester potential to increase surge levels in the
Baltic Sea than doeshangingwind speed or directiorkor the latterthere have beeno statistically significant

changegluring the 21 centurythus far

In agreement with earlier studies, chanigesutrient inputaccording tahe BSAP or REF scenariggll have a
largerimpact on biogeochemical cycling in the Baltic Sea thdlha changing climate driven by RCP4.5 or
RCP8.5 scenarios. Furtmore the impact of climate changdll be more pronounced under higher than under
lower nutrient conditions Hence, without furthe nutrient input reductions, as suggested by the BSAP
eutrophication and oxygen depletionll worsen However, the responsieterminedin recent studies differ
considerablyfrom the responses reported previous studiesbecause of more plausible asgiionsregarding
historical and future nutrient input® some casgthis has led t@pposite signs in the response of bottom oxygen
concentrations. The new scenarios suggest that implementation of the BSAP would lead to a significant

improvement in thealogical status of the Baltic Sea regardless of the applied RCP scenario.

However,recentstudesidentified SLR as a new globalriver. Depending on the combination of SLR and RCP
scenarig, theimpact onthe bottom oxygen concentratianay besignificant A highermean sea level relative to

the seabed at the sills would cause increased saltwater infilairenger vertical stratification in the Baltic Sea

anda larger hypoxic area. The relationship between vertical stratificatiortrendizeof the hypoxic area was
confirmedin historical measurements. Nevertheless, recent studies suggest that the difference in future nutrient
emissions between the BSAP and REF scenarios is a more importanttdaivéneprojected changes in climate

with regect tochanges in hypoxic area, phytoplankton concentration, water transparency (Secchi depth), primary

production and nitrogen fixation.

The currentlyavailable ensembles of scenario simulations are larger than in previous shaissquently, the
uncertainty range covered by the assessed E&iMSs in turn, thespread of the resulere also largetHowever,
the ensemble size might still be too small and model uncertainty is very likely underestiviateolker natural
variability might be a more imptant source of uncertainty than previousynsidered for applications in the

Baltic Sea

In thepresent climate, the climate variability of the Baltic Sea region during winter is dominated by the impact of

the NAO. Howeverin thepast the correlatiobetweerthe NAO and regional variables such as water temperature
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or sea ice varied in tim&he low-frequency changes ithis correlationareprojected to continue. Furthermore,
systematic changes in the influence of the lagge atmospheric circulatiam regional climate and on the NAO
itself could not be detectevhile a northward shift in the mean summer position of the westerlies at the end of
the 21stcentury compared to tH0th century was reported (Groger et al., 2QiQyvasbased upon kmited set

of simulations with a few ESMs.
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915  Figure 2. Dynamical downscaling approach for the Baltic Sea redibemodels for the various components of
916 the Earth System are explainiedSection 2 (Source: Meier et al., 2021)
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Figure 3. Projections of river discharge and nutrient inputs from land and atmosphere into the entire Baltic Sea
according to th@alticAPP and CLIMSEA scenario simulationdgpper panel: Lowpass filtered runoff data (in

m?® s 1) using a cubff period of 30 yearm four regionalsed Earth System model&6Ms illustrated by different

line types) under RCP4.5 (green) and RCP8.5 (red) scenarios. Lower panels: Bioavailable phosptirig (in

P yea'?, left panels) and nitrogen inputs (9° kg N yeaf * right panels) from land (upper panels) afi
atmosphere (lower panels) under RCP4.5, BSAP (blue), RCP4.5, REF (green), RCP8.5, BSAP (orange) and
RCP8.5, REF (red) scenarios. Nutrient inputs during the historical period are depicted in black. The nutrient input
scenario WORST of the BalticAPP scenario simulations (Saraiva et al., 2019a; theiidigt 4jsplayedneither

arethe ECOSUPPORT nutrient input scenarfGaistafsson et al., 2011heir Fig. 3.1). (SourceMeier et al.,

202)
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differentcolourscales used in ¢) and d).
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956  Figure 7: Upper panels: Annual mean sea surface salinity (SSS) and bottom salinity (BS)' (inamkthewinter
957  (DecembeéirFebruary) mean sea level (Sh;cm) inthereanalysis dataf 1971 1999 (Liuet al., 2017from left
958 toright). Note that the model resufts sea level are given in the Nordic height system 1960 (NH6@®kinyan
959  and M&kinen1996) Lower panels: Difference betwetireclimatologies of the ensemble mean oftbgionalsed
960 ESMs usd in BalticAPP (Saraiva et al., 2019ajuring the historical period (19vB005) andthoseof the

961 reanalysis data.
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Figure 8: Monthly mean sea levelccording to @indcast (driven by regionalsed reanalysisof atmospheric

surface fieldsi.e. RCA4 dwven by ERA40; Hindcast 388 reanalysiswith the data assimilatiorof Liu et al.

(2017) (Hindcast 88&nd four climate simulatiorfellowing Saraiva et ali2019a) Run _ A0 0 1, é , Run _
the ensemble mean and observations for the historical period 28¥% at the sea level stations Klagshamn,
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Figure 9: Upper panels: Summer (Jlidaigust) mean bottom dissolvestygen (DO) concentrations (in mLLY),

winter (DecembéiFebruary) mean surface phosphate (PO4) concentrations (in mmdF)Pand winter
(DecembeirFebruary) mean surface nitrate (NO3) concentrations (in mmdPNimthereanalysis dataf 1976
1999(Liu et al., 2017)Negative oxygen concentration equivalents denote hydraigiphideconcentrationswith

1 mLHS L't=12mL G L% Nutrient concentrations are vertically averaged for the upper 10 m. Lower panels:
Difference betweethe climatologiesof the ensemble mean of the ESaraiva et al., 2019a@ndthose ofthe

reanalysis dataf the historical period (197€005).
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Figure 10: Upper panels: Annual mean gbplankton concentrations (CHin mg Chl m3) ard annual mean
Secchi depth (SDOn cm) of the reanalysis datéor 1976 1999 (Liu et al., 2017) Phytoplankton concentrations
are vertically averaged for the upper 103mcein the calculation ofthe Secchi depth as background only one
value for the concentration of yellow substanceasspébasin is available, artificial borders between-balsins
become visible. Lower panels: Difference betwtesclimatologies of the ensemble mean of the ESS8kraiva

et al., 2019aandthose othe reanalysis dafar the historical period (197@005).
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Figure 12: From left to righf changedn the mean SST°C) in summer (JurieAugust) the annual nean sea

surface salinity (SS$ kg 1), amual mean bottom salinity (Bg;kg' 1), and winter (DecembgFebruary) mean
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2019a)and BalticAPP RCP8.5 (grey backgroudyraiva et al., 2019a)
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Figure 13: Multi-model mean (MMM) of annual (& k) and seasonal {le, gi j, Ii 0) SST trends (in decadg!)
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Figure 17.Mixed-layer depth calculategiccording tdhe criterionof de Boyer Montégut et a2004) Shown are
theensemble average changes of four different ESMs betweeii 28 and 2062098 with the mean sdéevel
rises a) 0.90 m (RCP8.andb) 0.54 m (RCP4.5). (Data sourdéeier et al., 2021)
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1033  Figure 18.a) Number of feat waves (defined aise number ofperiodsO10 daysin which thewater temperature
1034 i s 20%) for historical (19762005), and futur¢2069 2098) climates. b) Average durationtb heat waves.
1035 Note that no temperature bias adjustment was done prior to the analysis. Shtherm@semble averages of four
1036  different ESMs with the mean skvel rises a) 0.54 m (RCP4.5) and b) 0.90 m (RCP8.5). (Data st et
1037 al., 202)
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Figure 19.Same as ifrigure 18 but for heat waves defined as period®d¥ daysn which thewater temperature

exceededhe95th percentile of the historical reémce temperature. (Data sourbteier et al., 2021)
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Figure 20: Monthly mean sea level changes between 12065 and 20622098 at Klagshamn, Landsort, Hamina
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Figure 21: a) Ensemble meachangesn thebottom dissolved oxygeooncentration (mL &) in summer (Jurie
August)between 1978007 and 2062098. From left to righttheresults of the nutrierihput scenariosf the
Baltic Sea Action Plan (BSAP), Reference (REF) and BusiAsddsual (BAU). From top to bottoptheresuts
of the ensemigls ECOSUPPORT (white backgroumdeier et al. 20110, BalticAPPRCPA4.5 (grey background;
Saraiva et al., 2019and BalicAPP RCP8.5 (grey backgroun8araiva et al., 201%9ab) Asin panel a but for
CLIMSEA RCP4.5 (uppepanels) andCLIMSEA RCP8.5 (lowepanels) undeahigh sea level risscenario, i.e.
1.26m (RCP4.5) and 2.34 m (RCP8.5¢ft and right columns shothe BSAP and REF scenarsorespectively
(SourceMeier et al., 2021L
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Figure 22: From top to bottom: hypoxic area (m?), volumeaveraged primary production (kg C yea'?') and
volumeaveraged nitrogen fixation (kg N yea' ) for the entire Baltic Sea, including the Kattegat (seef€if)

in the historical (until 2005, blacklines) and scenariaafter 2005, coloured lines3imulationsdriven by four
regionalised ESMs (illustrated by different line types) under RCP4.5, BSAP (blue), RCP4.5, REF (green), RCP8.5,
BSAP (orange) and RCP8.5, REF (red) scenarios. Agpisimulationsince 1850 was performeds illustrated

by the evolution of hypoxia. (Sourcileier et al., 2021
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Figure 23: As in Figure 21a but for annual mean surface phytoplankton concentration changes (mg3Chl m
Concentrations are vertically averaged for the uppenl@&ource:Meier et al. 2011k Saraiva et al., 2019a
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1085  Figure 24.As in Figure 21a but forchangesn theannual mean Secchi depth (m). (Souideier et al, 2011h
1086  Saraiva et al., 201%a
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