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Abstract Multi-model ensemble simulations using three
coupled physical-biogeochemical models were performed to
calculate the combined impact of projected future climate
change and plausible nutrient load changes on biogeochemical
cycles in the Baltic Sea. Climate projections for 1961-2099
were combined with four nutrient load scenarios ranging from a
pessimistic business-as-usual to a more optimistic case follow-
ing the Helsinki Commission’s (HELCOM) Baltic Sea Action
Plan (BSAP). The model results suggest that in a future climate,
water quality, characterized by ecological quality indicators like
winter nutrient, summer bottom oxygen, and annual mean
phytoplankton concentrations as well as annual mean Secchi
depth (water transparency), will be deteriorated compared to
present conditions. In case of nutrient load reductions required
by the BSAP, water quality is only slightly improved. Based on
the analysis of biogeochemical fluxes, we find that in warmer
and more anoxic waters, internal feedbacks could be reinforced.
Increased phosphorus fluxes out of the sediments, reduced
denitrification efficiency and increased nitrogen fixation may
partly counteract nutrient load abatement strategies.
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INTRODUCTION
The Baltic Sea environment

The Baltic Sea is a semi-enclosed sea surrounded by nine
northern European countries (see Fig. S1, Electronic
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material, which is available to authorized users.
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supplementary material). About 85 million people live in
the Baltic catchment area which is four times larger than
the Baltic Sea surface area (e.g., Leppidranta and Myrberg
2009). During the past 100 years, parts of the Baltic Sea
have changed from oligotrophic to eutrophic systems,
caused by human-induced nutrient load increases (Elmgren
2001; Savchuk et al. 2008; Gustafsson et al. 2012). As a
consequence of eutrophication, environmental problems
like spreading of hypoxia and increased frequency and
intensity of cyanobacteria blooms have been observed
(Vahtera et al. 2007). Hypoxia increased both in the deep
offshore waters (Conley et al. 2009; Savchuk 2010) and in
the coastal zone (Conley et al. 2011).

Baltic Sea Action Plan (BSAP)

The Helsinki Commission’s (HELCOM) BSAP aims to
restore the good ecological status of the Baltic environment
by 2021 (HELCOM 2007). The BSAP has the vision of “a
healthy Baltic Sea, with diverse biological components
functioning in balance, resulting in good ecological status
and supporting a wide range of sustainable human, eco-
nomic, and social activities” (HELCOM 2007). In this
context, nutrient load abatement strategies have been dis-
cussed (Wulff et al. 2007). The existing BSAP was
developed without taking into account possible future
climate changes. However, due to the long time scales of
the Baltic Sea system, observable improvements of the
ecological status cannot be detected before 2040, assuming
that the BSAP will be fully implemented by 2020 (Meier
et al. 2011a). Thus, the impact of future climate change
might be important and should be taken into account for the
calculation of country-wise, maximum allowable loads of a
revised BSAP.
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Impact of Changing Climate

The unprecedented warming of the Baltic Sea during the
recent decades might indicate a systematically changing
climate (Fonselius and Valderrama 2003). For the twenty-
first century, projections for the Baltic Sea suggest warmer
waters and reduced sea-ice cover combined (eventually)
with lower salinity compared to present climate (BACC
2008). These changes of the hydrography might have a
significant impact on the marine ecosystem (Neumann
2010; Meier et al. 2011a, b). For instance, Meier et al.
(2011a) showed that nutrient load reductions following the
BSAP combined with AlB greenhouse gas emissions
(Nakic¢enovi¢ et al. 2000) would result in only slightly
smaller hypoxic areas compared to present climate. To
produce these results Meier et al. (2011a) used regionalized
climate data sets from global scenario simulations using
General Circulation Models (GCMs) of the latest assess-
ment report of the Intergovernmental Panel on Climate
Change (IPCC) (Solomon et al. 2007). In this study, the
multi-model ensemble approach of scenario simulations
used by Meier et al. (2011a) is further developed.

New Method

An ensemble of simulations for the period 1961-2099 was
performed with coupled physical-biogeochemical models,
driven with regionalized climate data to calculate the
impact of nutrient load reductions in a future climate.
Uncertainties in the model simulations are caused by biases
of global and regional climate models (RCM) and coupled
physical-biogeochemical models of the Baltic Sea as well
as by unknown socioeconomic developments with impacts
on greenhouse gas emissions and nutrient loadings from
land. The ensemble simulations allow the calculation of the
ensemble mean and the standard deviation among the
ensemble members to quantify the spread within the
ensemble, henceforth considered as a measure of uncer-
tainty. Thus, it is assumed that the models are independent
of each other. New for the approach of this study compared
to earlier efforts, e.g., by Meier et al. (2011b) and Neu-
mann (2010), is that the model ensemble comprises even
three different marine biogeochemical and two catchment
models to assess uncertainties of biogeochemical process
descriptions and of runoff and nutrient loads, respectively.

Aim

The aim of this study is to calculate changing water quality
in a future climate, assuming plausible nutrient load sce-
narios and to explain the causes of climate effects by
analyzing biogeochemical fluxes between nutrient pools,
simulated with the Baltic Sea models.
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MATERIALS AND METHODS
Dynamical Downscaling Approach

As the horizontal resolution of GCMs is too coarse to
resolve regional details, a RCM with increased resolution is
used which enables a greater number of explicitly resolved
processes and a better representation of surface conditions
like the regional orography and land—sea mask. In the
dynamical downscaling approach, the RCM is driven at the
lateral boundaries of the model domain by GCM data.
Thus, the large-scale circulation is controlled by the GCM
dynamics, whereas the RCM adds regional details. The
more realistic atmospheric surface fields of the RCM are
used to force three coupled physical-biogeochemical
models for the Baltic Sea.

Global Climate Models

In this study, lateral boundary data from two GCMs are
used: HadCM3 from the Hadley Centre in the UK (Gordon
et al. 2000) and ECHAMS/MPI-OM from the Max Planck
Institute for Meteorology in Germany (Jungclaus et al.
2006; Roeckner et al. 2006), henceforth short ECHAMS.
HadCM3 is forced with the A1B greenhouse gas emission
scenario (Naki¢enovié et al. 2000), whereas ECHAMS is
driven both with A1B and A2. These scenarios were
selected because projected global mean surface tempera-
ture changes are at medium scale within the range of
available IPCC scenarios (Solomon et al. 2007). In this
study, the uncertainty due to unknown future greenhouse
gas emissions is not addressed.

As in both ECHAMS scenario simulations the projected
increases of global mean surface temperature are quite
similar, they are considered together within one ensemble.
In addition, two realizations of ECHAMS forced with A1B
greenhouse gas emissions, but using differing initial con-
ditions, are studied (denoted with -r1 and -r3). Hence, in
total four GCM datasets, HadCM3-A1B, ECHAMS-r3-
A1B, ECHAMS-r1-A1B, and ECHAMS-r1-A2, are used.
All simulations are transient runs for the period
1961-2099.

Regional Climate Model

The results of the four global scenario simulations are
downscaled using the coupled atmosphere—ice—ocean
model RCAO (Rossby Centre Atmosphere Ocean model,
see Doscher et al. 2002) with a horizontal resolution of
25 km (Meier et al. 2011c). RCAO model results in the
form of three-hourly atmospheric surface fields like 2-m air
temperature, 2-m specific humidity, sea level pressure,
10-m wind speed, precipitation, and total cloudiness are
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used to force three Baltic Sea models and two hydrological
models.

For the control period (CTL, defined as 1978-2007), the
quality of the atmospheric surface fields calculated with
RCAO was assessed by Meier et al. (2011c). ECHAMS and
HadCM3 were selected because biases of RCAO driven by
these GCMs over the Baltic Sea region are relatively small
compared to biases of other GCMs (Meier et al. 2011c).
According to Meier et al. (2011c), in ECHAMS5-driven
simulations, the winter mean air temperature especially in
the northern Baltic Sea is generally too warm. Otherwise,
the results are satisfactory.

In the Baltic Sea region, the four investigated projec-
tions suggest that the annual mean temperature and pre-
cipitation will increase between 2.7 and 3.8 °C, and
between 12 and 18 %, respectively (Meier et al. 2012).

Hydrological Models

Runoff is calculated with two different methods. First, a
statistical model (STAT) is used to calculate the runoff into
five different sub-basins, i.e., Bothnian Bay, Bothnian Sea,
Gulf of Finland, Baltic proper, and Kattegat from the dif-
ference of precipitation and evaporation from RCAO over
land (Meier et al. 2012). Second, the more sophisticated
process oriented, hydrological model HYdrological Pre-
dictions for the Environment (HYPE, see Arheimer et al.
2012), driven with precipitation and air temperature fields
from RCAO is used to calculate the water discharge of the
29 largest rivers (even including not gauged coastal seg-
ments) for 1961-2099 (Arheimer et al. 2012). Hence,
HYPE resolves the regional scales of the Baltic catchment
area in more detail than STAT.

Baltic Sea Models

The transient simulations for 1961-2099 were carried out
with three state-of-the-art, coupled physical-biogeochem-
ical models. These are the BAltic sea Long-Term large-
Scale Eutrophication Model (BALTSEM) (Savchuk 2002;
Gustafsson 2003), the Ecological Regional Ocean Model
(ERGOM) (Neumann et al. 2002), and the Swedish Coastal
and Ocean Biogeochemical model coupled to the Rossby
Centre Ocean circulation model (RCO-SCOBI) (Meier
et al. 2003; Eilola et al. 2009). The models are structurally
different in that ERGOM and RCO-SCOBI are three-
dimensional circulation models with uniformly high hori-
zontal resolution of 5.6 and 3.7 km, respectively, while
BALTSEM resolves the Baltic Sea spatially in 13
dynamically interconnected and horizontally integrated
sub-basins with high vertical resolution. All models are
forced with the same three-hourly atmospheric and
monthly river runoff data from four climate projections
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(see above). The time steps of RCO-SCOBI, ERGOM, and
BALTSEM amount to 150 s, 600 s and 3 h, respectively.

A thorough comparison of hindcast simulation results of
the three biogeochemical models driven with regionalized
ERA-40 re-analysis data (Samuelsson et al. 2011) during
1970-2005 was performed by Eilola et al. (2011). Eilola
et al. (2011) concluded that the models capture much of the
observed variability and that during 1970-2005, the
response to changing physical conditions is simulated
realistically.

Nutrient Load Scenarios

Nutrient loads from rivers are calculated from the products
of riverine nutrient concentrations and water discharges
following, e.g., Stalnacke et al. (1999). The approach was
successfully used earlier by Eilola et al. (2009) and Meier
et al. (2011b). Four scenarios are considered:

e REFerence (REF): current riverine nutrient concentra-
tions and current atmospheric deposition (see Eilola
et al. 2009),

e Current LEGislation (CLEG): riverine nutrient concen-
trations according to the legislation on sewage water
treatment (EU wastewater directive) and 25 % reduc-
tion of atmospheric nitrogen deposition,

e BSAP: reduced riverine nutrient concentrations follow-
ing HELCOM (2007) and 50 % reduction of atmo-
spheric deposition,

e Business-As-Usual (BAU): increased nutrient concen-
trations in rivers assuming an exponential growth of
agriculture in all Baltic Sea countries as projected in
HELCOM (2007) and current atmospheric deposition.

Between 2007 and 2020, simulated nutrient concentra-
tions in rivers, loads from point sources, and atmospheric
deposition change linearly from present to future values.
After 2020, nutrient concentrations are assumed to be
constant. The nutrient load scenarios are implemented in
the Baltic Sea models as relative changes compared to the
loads for the control period because the nutrient loads
differ among the models. The major differences are due to
the different assumptions on the bioavailability of phos-
phorus loads (Eilola et al. 2011).

Boundary Conditions in Kattegat/Skagerrak

All three models have an open boundary in the northern
Kattegat (BALTSEM, RCO-SCOBI) or in the Skagerrak
(ERGOM). At the boundaries, vertical profiles of temper-
ature, salinity, and nutrients (inorganic and organic) are
relaxed to climatological mean observations of the control
period in a model specific manner. In the scenario simu-
lations, these boundary conditions do not change with time.

© Royal Swedish Academy of Sciences 2012
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As inflow water into the Baltic Sea originates from the
surface layer in Kattegat, we assume that changing
boundary conditions will not affect the results of the sce-
nario simulations much within the Baltic Sea. However,
results for the Kattegat and Skagerrak are less reliable.
Sea levels at the open boundaries are calculated with the
help of statistical models from the meridional atmospheric
pressure difference across the North Sea following
Gustafsson and Andersson (2001). In case of RCO-SCOBI
and BALTSEM, a statistical method is applied to correct
underestimated sea level extremes (Meier et al. 2012).

Initial Conditions

The Baltic Sea models are started from initial conditions
representing the beginning of the 1960s, following Eilola
et al. (2011). Due to model-specific spin-up periods, these
initial conditions differ among the models. However, in all
scenario simulations, the same initial conditions for each
model are used.

Analysis Strategy

We focus the analysis on changing ecological quality
indicators like winter surface nutrient, summer bottom
oxygen, and annual mean phytoplankton concentrations, as
well as annual mean Secchi depths between present
(1978-2007) and future (2069-2098) climates. Surface
concentrations are vertically averaged over the upper 10 m.
Secchi depth (Sd) is calculated from Sd = 1.7/k(PAR),
where k(PAR) is the coefficient of underwater attenuation
of the photosynthetically available radiation (e.g., Kratzer
et al. 2003). Factors controlling k(PAR) in our models are
the concentrations of phytoplankton and detritus. In addi-
tion, salinity is used in BALTSEM as a proxy of the spa-
tiotemporal dynamics of yellow substances.

Ensemble means and standard deviations among the
ensemble members are calculated. Ensemble mean changes
with a signal-to-noise ratio (the ratio between the absolute
value of the ensemble mean change and the standard
deviation) smaller than one are regarded as not significant.
In total, 16 scenario simulations for 1961-2098 were per-
formed both with RCO-SCOBI and BALTSEM using
runoff from STAT (see Table S1, Electronic supplementary
material). With ERGOM, only six transient experiments
were carried out. As ERGOM and climate projections
based upon HadCM3 are under-represented in our ensem-
ble compared to the other two Baltic Sea models and
compared to ECHAMS5-driven simulations, the ensemble
members were weighted according to Table S1 (Electronic
supplementary material). However, our analysis indicates
that the overall conclusions of this study do not depend on
the chosen weights (not shown).

© Royal Swedish Academy of Sciences 2012
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To follow the changes in nitrogen and phosphorus
turnover, biogeochemical fluxes were extracted from a
subset of the ensemble for the entire Baltic Sea, excluding
the Kattegat. These runs with the three Baltic Sea models
were driven by HadCM3-A1B and ECHAMS5-r3-A1B
realizations with nutrient inputs according to the REF,
BSAP, and BAU scenarios generated from STAT (or
HYPE in case of RCO-SCOBI) river runoff. We calculated
the total N and P supply to the water column from the sum
of nutrient release from the bottom sediments, input by
nitrogen fixation, and by land and atmospheric loads,
minus the net export of bioavailable nutrients to the Katt-
egat. As the net export term was not directly available from
all the models, we determined it by a simple mass balance:

E—I=L — B+N — D — ATpel — ATsed, (1)

where E-I denotes the net nutrient export to the Kattegat, L is
the load from land and atmosphere, B is the nutrient removal
by burial in the bottom sediments, N is the nitrogen input from
nitrogen fixation, D is the removal by denitrification, and
ATpel and ATsed are the changes in nutrient pools in the water
column and bottom sediments, respectively. Both the pelagic
and the sediment pools consist of total inorganic and bio-
available organic nitrogen or phosphorus.

Cause-and-Effect Studies

In addition to the large ensemble consisting of 38 simula-
tions using RCO-SCOBI, BALTSEM, and ERGOM forced
with runoff from STAT (Table S1, Electronic supplemen-
tary material), also 16 scenario simulations using RCO-
SCOBI forced with HYPE were carried out. The latter
simulations are not considered for the calculation of the
ensemble mean changes as mentioned above but are used
to compare the effect of differing runoff forcing data sets
on RCO-SCOBI results.

RESULTS
Evaluation of the Control Period

Results from control simulations, i.e., model results forced
with regionalized GCM data in the present climate, are
evaluated. 30-year-long records of model results are com-
pared with observations from 1978 to 2007. Note that
GCM-driven simulations cannot reproduce the observed
chronology due to the chaotic nature of the Earth system
and, for instance, the observed stagnation period
1983-1993 may not be reflected in the model results. In
principle, GCM-driven simulations will only reproduce the
statistics of observed weather, i.e., observed climate, if the
models are perfect. We compare the simulated ensemble

@ Springer
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mean and observed mean vertical profiles of water tem-
perature, salinity, oxygen, phosphate, nitrate, and ammo-
nium concentrations at two selected stations (for the
locations see Fig. S1, Electronic supplementary material),
Gotland Deep (BY15) with a permanent halocline and
LLO7 in the Gulf of Finland. At LLO7, the stratification is
weaker and the bottom layer is intermittently ventilated due
to wind-driven mixing events.

Simulated ensemble mean temperature and salinity
profiles are in accordance with observations and in general
within the range of &1 SD from the observed mean profiles
(Fig. 1a—d). However, the halocline in the Baltic proper is
too shallow (especially in HadCM3-driven simulations, not
shown) and the vertical stratification in the Gulf of Finland
is too strong. Oxygen and nutrient concentrations are
simulated satisfactorily (Fig. le-1), although (very likely)
the bias of the vertical stratification in the Gulf of Finland
causes too low oxygen and too high phosphate concentra-
tions in the bottom water. In the Arkona, Bornholm, and
Gotland basins, nutrient dynamics are generally better
simulated than in the northern Baltic Sea (not shown), in
agreement with results by Eilola et al. (2011).

Changing Runoff and Nutrient Loads

Despite rather different approaches in STAT and HYPE, the
results are qualitatively similar. According to STAT and

Fig. 1 Ensemble average
vertical profiles and changes in
a-b temperature (in °C),

c—d salinity (g kg™') and

e, f oxygen (in ml O, 1_1),

g, h phosphate (in

mmol P m_s), i, j nitrate (in
mmol N rn73) and

k, 1 ammonium

(in mmol N m™)
concentrations at the monitoring
stations at Gotland Deep (BY15,
left panels) and in the Gulf of
Finland (LLO7, right panels)
(for locations see Fig. S1,
Electronic supplementary
material): observations (green),
control period 1978-2007
(black), changes between
2069-2098 and 1978-2007 in
BSAP (blue), CLEG (cyan),
REF (black), and BAU (red).
Negative oxygen values
represent hydrogen sulfide. The
range of variability is indicated
by the £1 standard deviation
band around the ensemble
average of model results (dotted
lines) or observations (gray
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addition, the calculation of evaporation from surface temper-
atures in HYPE takes more detailed information about land
surface conditions into account than in state-of-the-art RCMs.
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between future and present climates are shown. Note that
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rivers are not considered. For instance, riverine nitrogen
concentrations may decrease because of increased denitri-
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Fig. 2 River runoff changes (in
%) between 1971-2000 and

Runoff changes (2070-2099)-(1971-2000)

Il stat-ESA1B1

2070-2099, simulated with two
different hydrological models 30+
(STAT and HYPE), each driven
with four climate simulations
(ECHAMS5-r3-A1B = E5A1B3, 25 |
ECHAMS-r1-A1B = ESAI1BI,
ECHAMS5-r1-A2 = E5A2,
HadCM3-A1B = HADAIB). 20
The river runoff into the
Bothnian Bay (BB), Bothnian
Sea (BS), Gulf of Finland (GF), 15+
Gulf of Riga (GR), Baltic proper 58
(BP), total Baltic Sea (excluding
Kattegat) (TOT) and Kattegat 10 -
(KA) is depicted

Il stat-ESA1B3
I stat-E5A2
Stat-HADA1B
Hype-E5A1B1
Hype-E5A1B3
Il Hype-E5A2
Il Hype-HADA1B

L 1 1 L L

_5 1 L
KA BP

which may flush phosphorus out of the soils (Arheimer
et al. 2012). However, as these processes are not well
understood, climate change induced nutrient concentration
changes remain rather uncertain. Hence, we assume that,
for a given nutrient load scenario, nutrient concentrations
are constant in time, following earlier approaches (e.g.,
Stalnacke et al. 1999). Consequently, the increase of total
bioavailable phosphorus and nitrogen loads in future cli-
mate is accelerated in BAU due to the projected increase of
freshwater runoff (Fig.3a, b). Also, the nutrient load
reductions in BSAP are affected and less efficient in the
wetter future than in present climate.

Changing Water Temperature

The largest sea surface temperature (SST) changes occur
during summer in the northern Baltic Sea (Fig. S2a, Electronic
supplementary material). We found ensemble mean changes
of more than 4 °C in the Bothnian Bay and of about 2.5 °C in
large areas of the Baltic proper (Bornholm Basin, Gotland
Basin) and the Gulf of Riga. The northern amplification of the
warming is partly explained by the ice-albedo feedback due to
the larger sensitivity of SSTs in seasonal ice covered sea areas
as climate is warming (Meier et al. 2011c). The water tem-
perature in the surface layer increases by about 1 °C more than
in the deep layer (Fig. 1a, b).

Changing Salinity

Due to the increased freshwater supply, sea surface and
bottom salinities are projected to decrease (Fig. S2b, c,
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Electronic supplementary material). In the Baltic proper,
the vertical distributions of salinity changes are rather
homogeneous (Fig. Ic). Ensemble mean salinities are
projected to decrease by about 1.5-2 gkg™'. The changes
are slightly larger in the bottom water of the deep sub-
basins and in the Gulf of Finland (Fig. 1d). Hence, the
density difference between bottom and surface waters
slightly decreases. At Gotland Deep, the largest changes
are found in the depth range of the halocline due to a
deepening of the halocline (Fig. 1c). However, these
changes in halocline depth are rather uncertain because
simulated changes in BALTSEM are larger than in ER-
GOM and RCO-SCOBI (not shown). As the habitat of
many marine species is influenced by the salt conditions,
the projected salinity decrease may affect the biodiversity
of the marine ecosystem considerably.

Changing Pelagic and Sediment Nutrient Pools

Relative changes of pelagic and sediment nutrient pools are
largest in BAU (Fig. 3). In BSAP, ensemble mean nutrient
pools decrease both in the water and the sediment, but also
in this case, some simulations show increased pools
(Fig. 3).

Changing Summer Bottom Oxygen Concentration

Summer bottom oxygen concentrations are generally pro-
jected to decrease in almost all regions (Fig. S2d-g,
Electronic supplementary material). Also with reduced
nutrient loads in BSAP and CLEG, significantly increased

© Royal Swedish Academy of Sciences 2012
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bottom oxygen concentrations are found only in the central
Gulf of Finland (Fig. S2d-e, Electronic supplementary
material). These improved oxygen conditions are partly
caused by a weaker vertical stratification (Fig. 1d), which
enables reinforced ventilation of the bottom layer.

As the solubility of atmospheric oxygen decreases in
warmer water, oxygen concentrations in the surface layers
and consequently also in the bottom waters in weakly
stratified coastal areas are reduced in all scenarios. In
CLEG, REF, and BAU, the oxygen decrease in the deep
water of the Baltic proper is even larger than in bottom
waters of the coastal zone (largest in BAU and smallest in
CLEG) (Fig. S2e—g, Electronic supplementary material). In
BSAP, bottom oxygen concentrations also decrease in the
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Gotland Deep area but increase in the depth range of the
halocline (not shown). However, these changes in BSAP
are smaller than the spread within the ensemble and con-
sequently not depicted in Fig. S2d (Electronic supple-
mentary material). In the depth range of the halocline and
in the deep water of the Bothnian Bay and Bothnian Sea,
projected bottom oxygen concentration changes are rela-
tively uncertain in all nutrient load scenarios.

Changing Winter Surface Nutrient Concentration
Projected winter surface nutrient concentration changes

vary substantially among the models (Fig. S2h—o, Elec-
tronic supplementary material). However, a common
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Fig. 4 Ensemble mean changes between 2069-2098 and 1978-2007
of a-d annual mean phytoplankton concentration (in mg Chl )
and e-h Secchi depth (in m). From left to right, the nutrient load
scenarios BSAP, CLEG, REF, and BAU are shown. Areas with a

behavior is that with increasing nutrient supply, surface
concentrations of both dissolved inorganic phosphorus
(DIP) and dissolved inorganic nitrogen (DIN) increase. In
the Baltic proper, winter DIN significantly increases in
REF and BAU and winter DIP increases in CLEG, REF,
and BAU. Largest changes in DIN are found in BAU in the
eastern Gulf of Finland and in the Gulf of Riga (Fig. S2o,
Electronic supplementary material). In BSAP, simulated
winter surface nutrient concentration changes differ
between the models, and ensemble mean changes are not
significant (Fig. S2h, 1, Electronic supplementary material).
An exception is the eastern Gulf of Finland area with
significantly reduced DIP concentrations.

In the deep water of the central Baltic proper, phosphate
and ammonium concentrations increase and nitrate con-
centrations decrease with increasing nutrient loads
(Fig. 1g-1). These changes are caused by decreasing oxy-
gen concentrations (Fig. le-f). In BSAP, phosphate,
nitrate, and ammonium concentration changes are rela-
tively small. In the deep water of the Gulf of Finland, both
the DIP and the DIN concentrations increase in BAU and
decrease in BSAP.

@ Springer

signal-to-noise ratio smaller than one, i.e., the absolute value of the
ensemble average change is smaller than the standard deviation of the
individual changes, are shown in white

Changing Phytoplankton Concentration and Secchi
Depth

In almost all areas of the Baltic proper and in all nutrient
load scenarios, spring phytoplankton concentration chan-
ges are not significant (not shown). However, in REF and
BAU summer cyanobacteria concentrations in the Arkona
and Bornholm basins are projected to increase significantly
(not shown). Hence, in these scenarios and also in CLEG,
annual mean phytoplankton concentrations increase
(Fig. 4a—d). Consequently, the Secchi depth decreases
(Fig. 4e-h).

Cause-and-Effect Studies

Although the magnitude of changes in ecological quality
indicators is larger in STAT than in HYPE-driven simu-
lations (cases REF and BAU), the changes in all scenarios
agree qualitatively (not shown). Hence, the cause-and-
effect analysis of changing processes and biogeochemical
fluxes does not depend on the choice of the hydrological
model.
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Changing Biogeochemical Fluxes and Nutrient
Budgets

Despite only minor changes in phosphorus and nitrogen
loads in the REF scenario, the model ensemble projects a
substantial (60 %) increase in primary production (Fig. 5a).
In the BAU scenario, primary production roughly doubles,
while the BSAP reduces primary production slightly. The
uncertainty in the ensemble, described by the ensemble
standard deviation, increases with increased nutrient loads
from BSAP, to REF and BAU scenarios. In contrast to
primary production, nitrogen fixation shows little differ-
ence between the REF and BAU scenarios, which both
approximately triple the influx of fixed dinitrogen (Fig. 5b).
BSAP implementation would only stabilize nitrogen fixa-
tion on a high level of twice the flux in 1971-2000.
Ensemble means, in particular for BSAP scenarios, show a
transition period after the load changes in 2007, when
nitrogen fixation rates initially increase, contrary to their
later long-term decreasing behavior.

Compared to primary production and nitrogen fixation,
the rates of sediment processes show less change, which
is projected with more certainty. Both the phosphorus
(Fig. 5¢) and the nitrogen (Fig. 5d) release from the bot-
tom sediments are projected to increase in REF and BAU
scenarios, whereas the BSAP would result in a decline
after 2007. Due to increased phosphorus mobility in the
sediments (Fig. 5f), the relative changes in phosphorus
outflux from the bottom sediments are larger than the
changes in the sediment phosphorus pool in all cases
(Fig. 5e). As the sediment pools show no significant
trends during the last 20-30 years of the simulations, we
do not expect any drastic changes after 2099. Higher
temperatures accelerate phosphorus mineralization in the
bottom sediments, and low oxygen concentrations further
increase the phosphorus release to the water column.
Therefore, the increase in phosphorus mobility is largest
in the highly anoxic BAU scenario and weakest in the
BSAP scenario.

The different load scenarios also have a pronounced
effect on denitrification, the major nitrogen sink in the
Baltic Sea. Denitrification was simulated to increase by 30
and 50 % in REF and BAU scenarios, respectively, and to
decline slightly with BSAP nutrient loads (Fig. 5g). How-
ever, the denitrification increase in the BAU scenario is
smaller than the enhanced nitrogen output from the bottom
sediments. Hence, denitrification becomes less efficient
and removes a smaller fraction of the total nitrogen supply
(Fig. 5h). In the BAU scenario, anoxia may significantly
weaken the efficiency of the Baltic Sea denitrification sink.
Denitrification efficiency remains approximately the same
in the REF scenario and slightly improves with BSAP
nutrient loads.

© Royal Swedish Academy of Sciences 2012
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The changing nutrient fluxes from the bottom sediments,
together with changes in nitrogen fixation and denitrifica-
tion, have a pronounced effect on the nutrient supply to the
water column in future climate (Fig. 6), which is calculated
here as the sum of nutrient release from the bottom sedi-
ments, input by nitrogen fixation, and by land and atmo-
spheric loads minus the net export of bioavailable nutrients
to the Kattegat. Present (1978-2007) and future
(2069-2097) phosphorus release from the bottom sedi-
ments is 4.5-6 times larger than the bioavailable loads
from land and atmosphere (Table 1). Thus, the release from
the bottom sediments provides 84-89 % of the annual
phosphorus supply to the water column. Nitrogen is con-
tributed in similar portions by bottom sediments, nitrogen
fixation, and land and atmospheric loads. Compared to the
control period, the total phosphorus fluxes into the water
column increase by 12 and 35 % until 2069-2097 in the
REF and BAU scenarios, respectively, while the BSAP
scenario reduces the total phosphorus supply by 12 %. The
effect of the BSAP on the total nitrogen supply to the Baltic
Sea ecosystem is even smaller (—4 %), as increasing
nitrogen fixation almost offsets the decreased nitrogen
load. However, the nitrogen turnover becomes much larger
in REF and BAU scenarios. Sediment release and nitrogen
fixation raise the total nitrogen supply by 27 % in the REF
scenario, despite almost constant loads, and the increase is
even larger in the BAU scenario (55 %).

Phytoplankton Growth

Primary production follows the trends in the phosphorus
supply to the water column in all models and scenarios
(Fig. 7, top left). However, nutrients can be used for phy-
toplankton production several times before they reach the
bottom sediments due to pelagic decomposition (i.e., bac-
terial detritus mineralization and zooplankton excretion)
and vertical transports of the mineralized nutrients to the
productive surface layer. Therefore, primary production is
always larger than the Redfield equivalent of the nutrient
supply from bottom sediments and land loads (the Redfield
ratio is the molecular ratio of carbon, nitrogen and phos-
phorus in plankton). The intensity of the pelagic recycling
loop is model specific and models with stronger recycling
simulate larger primary production.

Phytoplankton growth also responds to changes in the
input of nitrogen from bottom sediments and external loads
(Fig. 7, top right). However, the relationship is somewhat
weaker compared to the relationship between primary
production and phosphorus supply. Thus, in addition to the
supply from loads and sediments, nitrogen fixation fuels
primary production when phosphorus is available. Nitrogen
and phosphorus supply from bottom sediments and external
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Fig. 5 Ensemble average
relative changes (solid lines) of
selected biogeochemical fluxes
and pools in REF (black), BSAP
(blue) and BAU (red) scenarios.
Panels show primary production
(a), nitrogen fixation (b),
phosphorus (c¢), and nitrogen
(d) release from bottom
sediments, the sediment
phosphorus pool (e), ratio
between phosphorus release and
sediment phosphorus pool (f),
denitrification (g), and the ratio
between denitrification and the
nitrogen supply from bottom
sediments, nitrogen fixation,
and net input from loads and
exchange with the Kattegat (h).
The range of variability is
indicated by the £1 standard
deviation band around the
ensemble average (dotted lines)
of results from six experiments,
based upon two climate
projections (HadCM3-A1B and
ECHAMS5-r3-A1B) and three
Baltic Sea models (RCO-
SCOBI, BALTSEM, ERGOM),
see “Materials and methods”
section. Fluxes are shown as
decadal moving averages
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loads co-vary in all models and scenarios (Fig. 7, bottom  bottom sediments (i.e., phosphorus fluxes not matched by
left), but the DIN:DIP ratio in the nutrient supply is gen-  nitrogen fluxes according to the Redfield ratio), weakly
erally below the Redfield ratio. Excess phosphorus  correlates with nitrogen fixation in all models and scenarios
(eDIP = DIP — DIN/16) in the supply from loads and  (Fig. 7, bottom right). The amount of nitrogen fixed is
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Fig. 6 Phosphorus (fop) and
nitrogen supply (bottom) to the
water column of the Baltic Sea
without Kattegat for the
ensemble mean (middle) and the
ensemble mean with +1
standard deviations, calculated
from six experiments (left and
right). Dark gray, medium gray,
and light gray shaded and solid
bars show the nutrient output
from the bottom sediments,
input from nitrogen fixation, and
net input from loads, exchange
with the Kattegat and
denitrification, respectively.
CTL denotes fluxes during
1978-2007, BSAP, REF and
BAU fluxes during 20692097
for the respective scenarios
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Table 1 Ensemble mean nutrient fluxes in present (CTL, 1978-2007) and future climate (2069-2097) for BSAP, REF, and BAU scenarios
(entire Baltic Sea, excluding Kattegat) and standard deviation (in brackets)

Flux Units CTL BSAP REF BAU
Primary production gC m~2 year 51.8 (25.9) 52.6 (28.4) 90.2 (66.7) 121.2 (94.4)
Nitrogen fixation ktons N year™ 331 (239) 444 (241) 596 (241) 617 (235)
Loads (land + atm.), N ktons N year™ 835 (111) 604 (73) 819 (54) 1108 (114)
Loads (land + atm.), P ktons P year_l 39 (13) 27 (7) 39 (11) 51 (15)
Phytoplankton uptake, N ktons N year™ 3272 (1594) 3213 (1834) 5662 (4463) 7792 (6317)
Phytoplankton uptake, P ktons P yearf' 507 (257) 515 (282) 884 (661) 1189 (934)
Sediment release, N ktons N year™ 437 (152) 464 (153) 625 (259) 788 (327)
Sediment release, P ktons P yeaf1 172 (39) 161 (43) 206 (41) 246 (44)
Denitrification ktons N year™ 1035 (217) 1002 (289) 1294 (257) 1509 (296)
Sediment burial, N ktons N year_l 83 (62) 60 (47) 97 (70) 159 (120)
Sediment burial, P ktons P year™ 23 (10) 21 (10) 25 (13) 29 (17)

Net export, N ktons N year™ 23 (62) 1 (64) 37 (68) 69 (82)

Net export, P ktons P yearfl 6 (9) 7(8) 13 (10) 19 (12)
Water column supply, N ktons N yearf1 1580 (356) 1510 (390) 2003 (451) 2444 (529)
Water column supply, P ktons P yeaf1 205 (42) 181 (39) 231 (42) 278 (51)

generally larger than the Redfield equivalent of the excess
phosphorus flux, because pelagic nutrient regeneration also
plays an important role in sustaining nitrogen fixation at
least in one of the three models. In addition, pelagic
denitrification may add to the production of excess P.
However, the large scatter in the relationship suggests that

cyanobacteria.

© Royal Swedish Academy of Sciences 2012
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other factors, in addition to the nutrient supply, play an
important role in determining nitrogen fixation in the
models. This finding is in agreement with other studies.
Also, warm, calm, and sunny weather with high SSTs
(above 15°C) is a prerequisite for the growth of
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Fig. 7 Drivers of phytoplankton growth. Top panels Relationship
between primary production and phosphorus (fop left) and nitrogen
(top right) supply to the water column given by release from the
bottom sediments and net input from loads, exchange with the
Kattegat and denitrification. Bottom panels The relationship between
N and P supply (bottom left) and the relationship between nitrogen

DISCUSSION
Reinforced “Vicious Circle”

In this study, the combined impacts of climate change and
various nutrient load scenarios on ecological quality indi-
cators and biogeochemical fluxes in the Baltic Sea are
investigated. The applied ensemble simulations suggest
that changing internal phosphorus fluxes play a key role for
future biogeochemical cycles in the Baltic Sea. A feedback
mechanism is suggested that explains why changing cli-
mate counteracts nutrient load abatement strategies in our
model experiments. Higher water temperatures reinforce
the so-called vicious circle which was suggested by earlier
studies (e.g., Vahtera et al. 2007; Savchuk 2010).

Higher water temperatures are projected to (1) reduce
oxygen concentrations in the water column due to lower
solubility of oxygen in warmer water and (2) accelerate
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fixation and excess phosphorus calculated as eDIP = DIP — DIN/16
(bottom right). Dots Annual average fluxes for each ensemble
member and cover the time period 1961-2097, with colors according
to biogeochemical models (BALTSEM black, ERGOM green, RCO-
SCOBI red). Solid lines Relationships corresponding to Redfield
ratios (16 mol N/mol P)

organic matter mineralization and oxygen consumption.
Greatly expanding anoxia will (3) increase phosphorus
release rates from the sediments, and amplify the phos-
phorus recycling which will reduce the permanent removal
of phosphorus from the ecosystem. Together with an
accelerated pelagic recycling loop (4), this will intensify
primary production. In addition, as the denitrification effi-
ciency will decrease and nitrogen fixation increases, the
pelagic nitrogen pool will increase as well. Finally, more
nutrients in the water column will increase primary pro-
duction and oxygen consumption, reinforcing the phos-
phorus release from the sediments.

The increased phosphorus mobility in hypoxic regions
of the Baltic Sea affects also connected sub-basins. At least
in two out of three ensemble members, phosphorus trans-
ports from the Baltic proper to adjacent seas are increased
and phosphorus pools in the sediments of the Bothnian Sea
will grow (not shown). As the phosphorus geochemistry in

© Royal Swedish Academy of Sciences 2012
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fresher water bodies is treated differently among the bio-
geochemical models, the response in the Bothnian Sea does
not show an agreement. Lower denitrification efficiency in
highly eutrophic and anoxic scenarios is a feature in two
out of three biogeochemical models and determines the
behavior of the ensemble average. Despite high denitrifi-
cation rates, denitrification removes a smaller fraction of
the nitrogen turnover and the growth of the pelagic DIN
pool accelerates. This is in contrast to the state of the Baltic
Sea during the 1980s and 1990s, when increasing hypoxia
reduced the pelagic DIN pool (Vahtera et al. 2007; Sav-
chuk 2010).

Differences to Other Studies

Meier et al. (2011b) studied the quasi-steady state response
to changing climate in 100-year simulations. They found
that in warmer waters, the spring bloom will start earlier
but will also end earlier because nitrate concentrations limit
biomass production. However, phytoplankton concentra-
tions will decrease if increased wind-induced mixing cau-
ses a change in the DIN:DIP ratio. In the scenario
simulations of this study, wind speed changes are relatively
small and the latter effect is relatively unimportant.

Another reason for the different responses in this study
and the study by Meier et al. (2011b) might be different
parameterizations of temperature-dependent nutrient fluxes
from the bottom sediments. In at least two out of three
models of this study, the sensitivity of sediment nutrient
remineralization to temperature changes is larger than in
the model by Meier et al. (2011b), see Eilola et al. (2011).
Hence, phytoplankton biomass changes caused by
increased water temperatures are larger in this study than in
the study by Meier et al. (2011b).

Neumann (2010) found that the season favoring cyano-
bacterial blooms is prolonged, with the spring bloom in the
northern Baltic Sea beginning earlier in the season. However,
there is little change in the annual nitrogen fixation. He further
found that oxygen conditions in the deep water are expected to
improve slightly, perhaps due to the decreasing stability of
vertical stratification in the Gotland Sea, together with
increased wind-induced mixing. Both the results contradict our
findings. In the scenario simulations by Neumann (2010), the
impact of increased water temperatures is very likely over-
shadowed by the impact of increased wind-induced mixing.

CONCLUSIONS

1. Ensemble modeling using a variety of models is a
powerful tool to identify model biases, complementary
to a comparison with scarce observations. Despite
large uncertainties of simulated changes depending on

© Royal Swedish Academy of Sciences 2012
www.kva.se/en

the variable and region of interest, we found common
ensemble mean changes of selected ecological quality
indicators with signal-to-noise ratios larger than one.

2. Assuming present day REF nutrient loads, projections
of selected ecological quality indicators suggest that in
future climate, water quality will deteriorate. The
results indicate that oxygen depletion in the bottom
water, winter nutrient concentrations in the surface
layer and phytoplankton concentrations in most areas
of the Baltic proper will increase. Even in case of
nutrient load reductions according to the BSAP and
CLEG scenarios, the environmental situation will not
improve significantly and in case of the BAU scenario,
the water quality is considerably deteriorated com-
pared to present conditions.

3. In warmer and more anoxic waters, increased phos-
phorus fluxes from the sediments will partly compen-
sate the effects of the BSAP. Changes in both
temperature (which directly affects phosphorus min-
eralization rates in the sediments) and oxygen condi-
tions in the different nutrient load scenarios will
accelerate the sediment phosphorus turnover.

4. Increased anoxia will reduce the denitrification effi-
ciency. However, in the models, the internal phosphorus
supply is the primary driver of primary production, which
is mainly fueled by nitrogen and phosphorus release from
the sediments, nitrogen fixation, and river loads.
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