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Abstract

The Baltic Sea is a shallow, semi-enclosed brackish sea suffering like many other coastal seas from eutrophication caused
by human impact. Hence, nutrient load abatement strategies are intensively discussed. With the help of a high-resolution,
coupled physical-biogeochemical circulation model we investigate the combined impact of changing nutrient loads from land
and changing climate during the 21st century as projected from a global climate model regionalized to the Baltic Sea region.
Novel compared to previous studies are an extraordinary spin-up based upon historical reconstructions of atmospheric, nutri-
ent load and runoff forcing, revised nutrient load scenarios and a comparison of nutrient load scenario simulations with and
without changing climate. We found in almost all scenario simulations, with differing nutrient inputs, reduced eutrophication
and improved ecological state compared to the reference period 1976-2005. This result is a long-lasting consequence of
ongoing nutrient load reductions since the 1980s. Only in case of combined high-end nutrient load and climate scenarios,
eutrophication is reinforced. Differences compared to earlier studies are explained by the experimental setup including
nutrient loads during the historical period and by the projected nutrient loads. We found that the impact of warming climate
may amplify the effects of eutrophication and primary production. However, effects of changing climate, within the range
of considered greenhouse gas emission scenarios, are smaller than effects of considered nutrient load changes, in particular
under low nutrient conditions. Hence, nutrient load reductions following the Baltic Sea Action Plan will lead to improved
environmental conditions independently of future climate change.

Keywords Baltic Sea - Future climate scenarios - Future socio-economic scenarios

1 Introduction

As eutrophication is regarded today as the most challeng-
ing environmental problem of the Baltic Sea (Boesch et al.
20006), nutrient load abatement strategies have been devel-
oped resulting into the so-called Baltic Sea Action Plan
(BSAP) facilitated by the Helsinki Commission (HELCOM).
The BSAP is a commitment of all Baltic Sea countries to
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reduce nutrient loads country wise (HELCOM 2007, 2013).
The adopted maximum allowable loads of the BSAP were
calculated by using a coupled physical-biogeochemical
model for the Baltic Sea such that the nutrient load reduc-
tions met the targets of good environmental status. The sce-
nario simulations assume that the climate in the Baltic Sea
will not change. However, many studies suggest that changes
in temperature, sea ice, salinity, stratification, runoff, etc.
will affect biogeochemical cycling considerably (The BACC
II, Team Author 2015). Hence, the BSAP will be perhaps
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less effective in future climate than under present conditions
(Meier et al. 2011a, b; Neumann et al. 2012).

The more general research topic on the biogeochemical
cycles sensitivity to changes in physical conditions due to
future climate and to changes in nutrient supply from land
and atmosphere due to human activity, was addressed in
several recent studies (e.g. Meier et al. 2011a, b, 2012a, b,
2017; Friedland et al. 2012; Neumann et al. 2012; Omstedt
et al. 2012; Ryabchenko et al. 2016). For this task, plausible
transient scenario simulations are needed. The first transient
simulations (1960-2100) for the marine environment of the
Baltic Sea were carried out by Neumann (2010) who inves-
tigated the impact of changing climate on the marine eco-
system under two greenhouse gas emission scenarios A1B
and B1 (Nakicenovic and Swart 2000). Meier et al. (2011a)
presented results of an ensemble study using regionalized
climate data from two global general circulation models
(GCMs), three coupled physical-biogeochemical models for
the Baltic Sea and a series of combined nutrient load and
greenhouse gas emission scenarios (A1B and A2). In the
latter study, the estimate of uncertainties in projections due
to model biases in global and regional climate models, nutri-
ent load scenarios and natural variability was an important,
novel result. Later, similar approaches were presented also
by (Friedland et al. 2012; Meier et al. 2012a, b; Neumann
et al. 2012; Omstedt et al. 2012; Ryabchenko et al. 2016).

The results by Meier et al. (2011a) indicated that oxygen
depletion in the Baltic Sea deep water will aggravate in future
climate due to (1) enlarged nutrient loads due to increased
runoff from land, (2) reduced air-sea oxygen fluxes and (3)
intensified internal nutrient cycling. The warming of the sea
mainly causes (2) and (3). (1) is a consequence of the inten-
sified hydrological cycle in the Baltic Sea region in warmer
climate. Nutrient load changes in Meier et al. (2011a) were
calculated from the product of nutrient concentrations in river
water and volume flow. Three scenarios for nutrient concen-
trations were then applied: BSAP, reference and ‘worst case
(or business-as-usual). In the BSAP and ‘worst case scenarios
the changes in nutrient concentrations in river flows were
calculated as relative changes compared to observed nutrient
concentrations averaged for the period 1995-2002 (Gustafs-
son et al. 2011). The latter serves as reference concentrations.
Hence, in all three scenarios, nutrient loads will increase in
time by higher runoff. Thus, the reductions of loads following
the BSAP scenario will be much smaller than planned under
present climate conditions. In the present study, future nutrient
load scenarios (2006-2100) are revised. In the most optimistic
nutrient scenario, BSAP is assumed but without any impacts
of changing climate and the worst case scenario follows recent
results from Zandersen et al. (2018). The method described
in Zandersen et al. (2018) consists in the estimation of an
impact factor due to future socio-economic changes, estimated
based on the regional downscaling of globally defined Shared
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Socio-economic Pathways (SSPs), (e.g. O’Neill et al. 2014;
van Vuuren et al. 2011), to the Baltic Sea region. The worst
case scenario assumes the most pessimistic socio-economic
development estimated by Zandersen et al. (2018) in combina-
tion with the climate change effect calculated from a hydrolog-
ical model E-HYPE (Hydrological Predictions for the Environ-
ment, http://hypeweb.smhi.se) in the reference scenario. Loads
and runoff in this reference scenario are direct results from the
hydrological model driven with the same regionalized GCM as
used for the atmospheric forcing of the ocean model, assuming
no changes in the socio-economic development. An ensem-
ble of long-term simulations for present climate conditions is
presented, using only one driving GCM. Uncertainties due to
biases in GCMs are investigated thoroughly in an accompanied
study (Saraiva et al. 2018).

This study presents new features on the experimental setup
of the scenario simulations compared to earlier studies:

1. a major revision of the consistently calculated runoff
and nutrient load scenarios including a BSAP without
impact of changing climate;

2. a long-term spin-up simulation with reconstructed
atmospheric and hydrological forcing since 1850 to cal-
culate proper initial conditions for the deep water and
sediment;

3. an improved Baltic Sea model version to reduce model
biases;

4. aregionalization of an improved GCM from the Coupled
Model Intercomparison Project 5 (CMIPS) of the Inter-
governmental Panel of Climate Change (IPCC 2013)
using two greenhouse gas emission scenarios corre-
sponding to the Representative Concentration Pathways
(RCPs), RCP 4.5 and RCP 8.5;

5. scenario simulations with three nutrient load scenarios
under present and future climates to separate the impact
of changing climate and changing nutrient loads.

The paper is organized as follows. In the next section the
regional climate modeling approach is explained. We intro-
duce the Baltic Sea model and the forcing data sets for the
atmosphere, runoff and nutrient loads. The experimental setup
including projections with and without changing climate
is presented. In Sect. 3 the results for the historical period
(1976-2005) and the future projections until 2100 are pre-
sented. We focus on the analysis of changing water tempera-
ture, salinity, and nutrient, oxygen and phytoplankton con-
centrations, primary production, nitrogen fixation, hypoxic
area and cod reproductive volume (total volume of water with
salinity higher than 11 and oxygen concentration higher than
2 mLL™"). Finally, in Sects. 4 and 5 the results are discussed
and some conclusions of the study are drawn, respectively.
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2 Methods
2.1 Baltic Sea model

This study makes use of a three-dimensional physical-
biogeochemical model RCO-SCOBI, which consists of the
physical Rossby Centre Ocean (RCO) model (Meier et al.
2003) coupled with the Swedish Coastal and Ocean Bio-
geochemical (SCOBI) model (Eilola et al. 2009; Almroth-
Rosell et al. 2011). The model domain covers the Baltic Sea
area, assuming an open boundary in the northern Kattegat,
with a horizontal resolution of 3.7 km and vertical resolu-
tion of 3 m, corresponding to 83 depth levels (Fig. 1). The
biogeochemical model SCOBI describes the dynamics of
nitrate, ammonium, phosphate, three phytoplankton groups
(diatoms, flagellates and others, and cyanobacteria), zoo-
plankton, separated N and P detritus, oxygen and hydrogen
sulfide in the water column. RCO-SCOBI has been previ-
ously evaluated and applied in numerous long-term climate
studies. For further details and a thorough evaluation the
reader is referred to Meier et al. (2003, 2011b, 2012b);
Eilola et al. (2009, 2011); Almroth-Rosell et al. (2011).

2.2 Regional climate data sets

The climate projections used in this study are based upon
the results of the global GCM MPI-ESM-LR (https://www.
mpimet.mpg.de) downscaled to the Baltic Sea region using
the coupled atmosphere-ice-ocean model RCA4-NEMO
with a horizontal resolution of 25 km (Dieterich et al. 2006;
Wang et al. 2015; Groger et al. 2015). The domains of the
atmosphere and ocean models cover the EURO-CORDEX
(Jacob et al. 2014) and Baltic and North seas, respectively.
The method uses GCM results as initial and boundary condi-
tions for the high-resolution regional climate model (RCM).
In this way, the large-scale circulation is combined with
regional processes in high resolution to provide more realis-
tic atmospheric surface fields that are used as forcing for the
physicalbiogeochemical Baltic Sea model. This method has
been used in previous approaches, (e.g. Meier et al. 2012b).

2.3 Projections with climate change
We focus on the greenhouse gas concentration scenarios

RCPs 4.5 and 8.5 (Moss et al. 2010; Detlef et al. 2011;
Stocker et al. 2013) that have been used in IPCCs Fifth

Fig.1 The Baltic Sea bathym- Depth
etry, locations of river mouths, .
monitoring stations and [ Basins iy
sub-basins as defined in this 1-Kattegat
study. In this study, the basin 2—Oresund
designated by Baltic proper 3—Belt Sea
comprises Arkona Basin, Born- “ 4—Arkona
holm Basin and Gotland Basin o 5—Bornholm Sea — 200
6—East Gotland
7-NW Baltic proper
8—Gulf of Riga
9-Gulf of Finland L 150
10—Archipelago Sea
11—Aaland Sea
OZ e 12—Bothnian Sea
13—Bothnian bay
— 100
A River discharge 50
“ O Monitoring Stations
1-ANHO
2-BYS5
3-BY15
4-BY31 0
5—-SR5
I I I I I
5 10 15 20 30

@ Springer


https://www.mpimet.mpg.de
https://www.mpimet.mpg.de

S. Saraiva et al.

Assessment Report. They represent high-end and interme-
diate greenhouse gas concentration scenarios, respectively.
Figure 2 represents the climatology (30-year average) of the
main atmospheric variables in the different scenarios used
as forcing of the 3D coupled physicalbiogeochemical model
for the Baltic Sea. By comparison between EURO4M (Euro-
pean Reanalysis and Observations for Monitoring, http://
www.euro4m.eu/) and RCM results, the statistical distribu-
tion of the winds over sea agrees well up to 10 ms™' but the
models underestimate the winds above 10 ms~! by a factor
of 1.6. Therefore, a correction was made by multiplying the
portion of the wind exceeding 10 ms~! by 1.6 without alter-
ing the direction.

For 1976-2005, the RCM results are compared to inde-
pendent synoptic observations from the Swedish Meteoro-
logical and Hydrological Institute (SMHI) (Fig. 2). Gridded
data of sea level pressure, 2 m air temperature, 2 m relative
humidity and total cloud cover are available since 1970 with
a temporal resolution of three to six hours. In addition, 12

Historical Period

hourly accumulated precipitation fields are available at 06
and 18 UTC. Geostrophic wind speeds were calculated and
reduced to 10 m wind speed by using a varying factor in the
range between 0.5 and 0.6, depending on the distance to the
coast (Bumke and Hasse 1989). From Fig. 2 we conclude
that the downscaled atmospheric forcing captures well the
seasonal cycle of the properties and model values are within
the error bars of observational data sets. Future projections
result in higher temperature, precipitation and humidity,
with larger changes projected by RCP 8.5 than by RCP 4.5.
Variables with less systematic changes are the fraction of
clouds, wind speed and sea level pressure.

2.4 Projections without climate change

To better assess the impact of climate change on the Baltic
Sea ecosystem, scenarios assuming no changing climate of
atmospheric and hydrological forcing and sea level changes
at the lateral boundary were built. For this we split the
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Fig.2 Atmospheric variables in the different scenarios used as forc-
ing of the 3D coupled physicalbiogeochemical model for the Baltic
Sea at the monitoring station Gotland Deep (BY15): future (2069-
2098), historical (1976-2005) and observed climatology. From the
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upper left to the lower right panel: air temperature in 2 m height, pre-
cipitation, wind speed in 10 m height, cloud fraction, specific humid-
ity in 2 m height and mean sea level pressure
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forcing from the historical period (1961-2005) into inter-
vals of 10 years and repeated these time series randomly
between 1961 until 2100. In order to avoid sudden changes
in atmospheric and oceanographic variables when connect-
ing the different intervals, the separation instants were care-
fully chosen by selecting times that could fulfil, as close as
possible, the following criteria: (1) sea level height at the
boundary close to zero; (2) start in August to avoid strong
gradients of sea surface pressure within the Baltic Sea area;
(3) low wind velocity; (4) interval of 10 years to allow a
realistic decadal variability. From the different possible
instants, the selection was then made by choosing combina-
tions with similar characteristics (small differences between
atmospheric variables and sea level). The selected intervals
were then randomly repeated to build complete data sets of
atmospheric conditions between 1976 and 2100. The pro-
cedure was repeated three times to build three different ‘no
climate change or present climate scenarios that form an
ensemble of scenario simulations. The main atmospheric
variables and its comparison with the results of the future
climate scenario simulations can be found in Fig. 2.

2.5 River runoff

Runoff from the 30 largest rivers into the Baltic Sea (for the
locations see Fig. 1) is considered (Fig. 3). The projected
changes in discharge and nutrients to the Baltic Sea were
simulated using the E-HYPE v3.2 model (Hundecha et al.
2016) updated to include water quality after the method
of Donnelly et al. (2013) and using projected climate as
described by Donnelly et al. (2017). Since E-HYPE sim-
ulations were performed under the same greenhouse gas
concentration scenarios and driven with the same region-
alized global climate model, the necessary consistency
between runoff and atmospheric conditions (precipitation
and air temperature) is guaranteed. Present climate scenarios
assume in each river during the period 1975-2100 clima-
tology of present conditions (1976-2005) simulated with
E-HYPE driven by RCA4/MPI-ESM-LR. During the histori-
cal period simulated runoff is about 10% lower than obser-
vations by Bergstrom and Carlsson (1994), see also Meier
and Kauker (2003). Future projections suggest an increase
in the total runoff to the Baltic Sea (Fig. 3, upper left panel).
The increase is significantly larger in RCP 8.5 than in RCP
4.5. The comparison between present and future climatol-
ogy shows higher runoff during winter (Fig. 3, upper right
panel). This shift in the seasonal pattern that is also more
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Fig. 3 Runoff projections to the Baltic Sea for 1975-2100 (upper left panel), mean seasonal cycle (upper right panel) and annual mean runoff in
various sub-basins in present (1976-2005) and future climates (lower panel)

@ Springer



S. Saraiva et al.

pronounced in the RCP 8.5 than in the RCP 4.5 scenario
is the result of changes in the snow conditions due to the
increase in air temperature. Higher temperatures lead to an
earlier snow melt causing larger runoff during winter. On
average, annual runoff increases by about 1 and 15% in RCP
4.5 and RCP 8.5, respectively, with a slightly higher increase
in the northern (Gulf of Finland, Bothnian Sea and Bothnian
Bay) than in the southern sub-basins (Baltic proper).

2.6 Nutrient loads

In this study, projections of nutrient concentrations in river
discharges are related to socio-economic conditions in the
future. SSPs are used in the climate research community to
explore uncertainties in mitigation, adaptation and impacts
associated with alternative climate and socio-economic

Future climate

futures (O’Neill et al. 2014). Here, three different SSPs
are used to build three scenarios that cover a broad range
of plausible nutrient loads. The different scenarios are
described below, and the obtained nutrient loads are pre-
sented in Fig. 4. During the historical period (1976-2005)
all simulations are forced with observed total nutrient loads
from BED (Baltic Environmental Database, http://nest.su.se/
bed) including riverborne loads, point sources and atmos-
pheric deposition.

1. Baltic Sea Action Plan (BSAP). This scenario is related
with SSP1, sustainability or the green road, where there
will be a commitment to achieve development goals,
increasing environmental awareness and gradual move
towards less resource intensive lifestyle (Zandersen et al.
2018). The translation of this SSP to the Baltic Sea is the
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Fig.4 Observed, present and projected total nutrient loads (nitrogen
and phosphorus) to the Baltic Sea between 1970 and 2100 (upper left
panels), mean seasonal cycle (upper right panels) and annual mean
nutrient loads to the entire Baltic Sea in present (1976-2005) and
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future (2069-2098) climates (lower panels). Note that in the model
30% of the river borne organic nitrogen supply is regarded as bioa-
vailable but not listed here. The total loads include riverborne loads,
point sources and atmospheric deposition
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BSAP proposed in the framework of HELCOM (HEL-
COM 2007, 2013). In this scenario, nutrient loads from
rivers in different basins will linearly decrease from
2012 from current values (average 2010-2012), esti-
mated by Svendsen et al. (2015), to the maximum allow-
able input defined in the plan until 2020. After that, the
nutrient loads will remain constant until 2100. Atmos-
pheric depositions are assumed to follow the BSAP as
well.

2. Reference. This scenario assumes that nutrient sources
to rivers and point sources and atmospheric deposi-
tion do not change over time, i.e., that they will not be
controlled by additional measures. The nutrient load
changes are thus only a consequence of changing cli-
mate (runoff and atmospheric conditions). This scenario
uses the E-HYPE projections for nutrient loads under
the two different greenhouse gas emission scenarios
(RCP 4.5 and RCP 8.5) where the land and fertilizer
usage, soil properties and sewage water treatment do not
change over time. The assumptions of this scenario are
based upon past developments (e.g., economic growth,
demographic transition). Hence, the Reference scenario
is related to SSP2, the middle of the road.

3. Worst. This scenario pretends to represent the worst
possible scenario with increasing nutrient loads. It is
based on SSP5 that assumes a fossil-fuelled develop-
ment with accelerated globalisation and rapid develop-
ment of developing countries (Zandersen et al. 2018).
This scenario was built by combining the climate change
effects caused by runoff changes (E-HYPE projections
on nutrient loads for the two considered RCPs) with
a socio-economic impact factor that summarizes the
impact of socio-economic development on current nutri-
ent loads. The impact factor is computed as relative dif-
ference between the nutrient load projections presented
by Zandersen et al. (2018) and the present loads (Svend-
sen et al. 2015). Changed atmospheric depositions fol-
lowing the socio-economic development of this scenario
are considered.

2.7 Experimental setup

The combinations of future (RCP 4.5 and RCP 8.5) and
present climate scenarios and socio-economic scenar-
ios (BSAP, Reference and Worst) result in 15 different
model simulations. All the simulations have the same
initial conditions, which were obtained from a long-
term hindcast simulation (1850-2005). This simulation
is based upon reconstructed atmospheric, hydrological,
and nutrient load forcing using available historical obser-
vations (Meier et al. 2012c¢). Present climate simulations
are always presented as an ensemble average of the three

random realizations. In all figures the range between
minus and plus one standard deviation is shown as shaded
area.

In a first step, the historical period (1976-2005) will be
compared with observations with the aim to validate and
test the model performance and to assess biases induced
by the usage of the atmospheric forcing from the regional-
ized GCM and E-HYPE runoff simulations. In a second
step, the impacts of climate and nutrient load changes on
the marine ecosystem are quantified by comparing vari-
ous future scenarios (2006—-2100) in terms of annual and
seasonal changes in temperature, salinity, and nutrient,
oxygen and phytoplankton concentrations, nitrogen fixa-
tion, primary production, hypoxic area and cod reproduc-
tive volume for the entire Baltic Sea and for individual
sub-basins (for the locations see Fig. 1).

3 Results
3.1 Historical period (1976-2005)

The model performance is evaluated during the historical
period by comparing the model with available observa-
tions. For the historical period, the comparison between
the observed and simulated mean vertical profiles for tem-
perature, salinity, nutrients and oxygen at two particular
monitoring locations, i.e. Gotland Deep (BY15) and Born-
holm Deep (BYYS), is presented (Fig. 5). For all variables,
the model results are in accordance with observations. The
observed patterns are generally well described, and the
mean simulated results are within the range of the vari-
ability of the observations. However, salinities in GCM
driven simulations are slightly higher than in observations,
which can be explained by the runoff from the E-HYPE
model under GCM conditions, which is about 10% lower
than the observations (Fig. 3). The horizontal and vertical
patterns of the different variables are well described. At
the bottom we can find on average higher salinity, phos-
phate and ammonium concentrations and lower oxygen
concentrations. More details of the model validation and
performance of the main biogeochemical processes can be
found in (Eilola et al. 2009, 2011).

3.2 Future projections

3.2.1 Temperature and salinity

The climate model simulation results suggest that water
temperature will increase with time as a direct conse-

quence of the increase in air temperature projected by the
driving GCM (Fig. 6). Baltic Sea average changes in sea

@ Springer



S. Saraiva et al.

Fig.5 Simulated (orange solid line) and observed (black dotted line, »

data from BED) mean profiles of temperature, salinity, nutrients and
oxygen at the monitoring stations BY5 and BY15 (for the locations
see Fig. 1) for the historical (1976-2005) period. Observations are
given at HELCOM standard depths and linearly interpolated between
these depths. For observations (grey) and climate model results
(orange) ranges between minus and plus one standard deviation of
the temporal variability are shown as shaded areas. In addition, for
present climate conditions an ensemble mean (green solid line) of
three simulations representing the historical period 1961-2005 and
the range between minus and plus one standard deviation among the
ensemble members indicating the ensemble spread (green shaded
area) are shown

surface temperature (SST) between future (2069-2098)
and historical (1976-2005) conditions in RCP 4.5 and RCP
8.5 scenarios amount to about 1 and 2 °C, respectively.
Highest changes in SST are found in the central and north-
ern parts of the Baltic Sea during spring (April, May, June)
(Fig. 7). In the Bothnian Sea maximum changes exceed
1.5 and 3.5°C in RCP 4.5 and RCP 8.5, respectively. This
larger warming in the northern compared to the southern
Baltic has been detected before (Meier et al. 2012b) and it
is explained by changes in sea ice cover and surface albedo
(Meier et al. 201 1a; Wang et al. 2015) and by the reduced
thermal convection under warmer and fresher conditions
as discussed in Hordoir and Meier (2012). However, larg-
est and smallest annual mean warming in volume averaged
temperature is found in (1) the Gulf of Finland and Gulf of
Riga and (2) Kattegat, respectively (Fig. 8). The latter is
very likely an artefact of the lateral boundary conditions
using climatological temperature and salinity profiles in
case of inflow. Warming in the Bothnian Bay is about as
large as in the Arkona Basin.

Due to the increased runoff volume averaged salinity
decreases by about —0.4 and —1.2 in RCP 4.5 and RCP 8.5,
respectively (Fig. 8). These values are within the range
of previously published projections summarized by the
The BACC II, Team Author (2015). Natural variability is
large causing large salinity differences between RCP 4.5
and RCP 8.5 at the end of the century whereas differences
before 2070 are small (Fig. 6). Largest volume averaged
salinity changes are found in the Gulf of Finland and Gulf
of Riga and, in case of RCP 8.5, also in the Gotland Basin
(Fig. 8). Again, smallest changes in volume averaged salin-
ity in Kattegat might be an artefact caused using clima-
tological profiles as boundary conditions. Nevertheless,
changes in salinity are rather evenly distributed over the
various sub-basins.

Although absolute values of changes vary between
the two climate scenarios, the main pattern of the aver-
age profiles of temperature and salinity does not change
significantly (Fig. 9) and strong stratification will still be
one of the main characteristics of the Baltic Sea. In the
ensemble of present climate simulation, built with the
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Fig.6 Volume averaged water temperature and salinity in the Bal-
tic Sea including Kattegat for the period 1975-2100 in present and
future climates. For present climate conditions an ensemble mean
(green line) of three simulations representing the historical period
1961-2005 and the standard deviation among the ensemble members
(green shaded area) are shown. In addition, projections representing
future evolution in time following RCP 4.5 (light orange line) and
RCP 8.5 (thick orange line) are depicted. The orange shaded area is
the range between RCP 4.5 and 8.5 illustrating the uncertainty in pro-
jected water temperature and salinity due to the unknown greenhouse
gas emission scenario

repetition of weather conditions as observed during the
past 1961-2005, changes between future and present vol-
ume integrated temperatures are small. These changes are
caused by the long-term natural variability of the system
and by artificial drifts as the model has not been started
from an equilibrium under the given forcing such as the
climatological runoff. In both RCP scenarios, the volume
averaged temperature changes due to warming climate are
significantly higher than natural variability, i.e. 1 and 2.5
°C in RCP 4.5 and RCP 8.5, respectively. Thus, the impact
of climate change is considered to be significant (Fig. 8).

Volume averaged salinity, in turn, is projected to decrease.
However, the absolute change in salinity in RCP 4.5 of
— 0.5 is only slightly higher than the absolute change in
the present climate scenarios (+ 0.3) (Fig. 8), suggesting
that the salinity changes are not statistically significant.

3.2.2 Biogeochemical variables

Nutrient (ammonium, nitrate and phosphate) projections for
the Baltic Sea suggest a large range of different changes.
Both changing nutrient loads and changing climate have
important impacts on biogeochemical processes. First, the
simulation results under reference nutrient loads and present
climate conditions are investigated. Second, the changes of
the nutrient cycles due to changing nutrient loads and/or
changing climate are analyzed.

3.2.3 Present-day forcing

If nowadays nutrient load and climate conditions are main-
tained for the next decades, the model projects that nutri-
ent concentrations averaged for the entire Baltic Sea will on
average change (between 1976-2005 and 2069-2098) by
about — 81% for ammonium, + 7% for nitrate and — 38% for
phosphate (Fig. 10, middle panel). These changes are a con-
sequence of the adjustment of the system to the considerable
decrease in nutrient loads during the historical period due
to the high residence time of nutrients in the water column
and sediments (Fig. 4). As a result, there is a considerable
time lag between the implementation and effectiveness of
measures on nutrient loads.

The main consequence of the decrease in nutrients is a
decrease in primary production (about —34%) and nitro-
gen fixation (about —64%) (Fig. 10, middle panel) that also
results in lower phytoplankton concentration of all simu-
lated groups (Fig. 11). Oxygen concentration is, on average,
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Fig.8 Volume averaged temperature and salinity changes between
future (2069-2098) and historical (1976-2005) periods in the two
climate scenarios RCP 4.5 (yellow) and 8.5 (orange) in various sub-
basins. In addition, ensemble mean changes of three simulations rep-
resenting present climate are shown. The sub-basin designated by P
comprises Arkona Basin, Bornholm Basin and Gotland Basin and B
comprises the entire Baltic Sea
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Fig.9 Projected mean temperature and salinity profiles (orange
solid line) for the period 2069-2098 in RCP 4.5 and 8.5 at the Got-
land Deep station (BY15) compared to present climate (green solid
line) and observations (black dotted line). In addition, mean profiles
of the historical period (1976-2005) in transient (orange dashed line)
and present (green dashed line) climates are shown. For present cli-
mate conditions an ensemble mean (green line) of three simulations
representing the historical period 1961-2005 and the standard devia-
tion among the ensemble members (green shaded area) are shown.
In addition, projections representing future evolution in time follow-
ing RCP 4.5 (light orange line) and RCP 8.5 (thick orange line) are
depicted. The orange shaded area is the range between RCP 4.5 and
8.5 illustrating the uncertainty in projected water temperature and
salinity due to the unknown greenhouse gas emission scenario
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Fig. 10 Volume averaged, 30-year mean changes in temperature,
salinity and nutrient, oxygen and phytoplankton concentrations in the
entire Baltic Sea under the different climate and nutrient load scenar-
ios: BSAP (upper panel), Reference (middle panel) and Worst (bot-
tom panel). Relative temperature changes are based upon tempera-
tures in °C

projected to slightly increase by about 7%, but the average
hypoxic area would be about 45% smaller than during the
historical period. Results show that by maintaining the pre-
sent forcing conditions, the overall ecological state of the
system would improve, mainly because the projected nutri-
ent loads, even in the Worst scenario, would be still lower
than the high levels during the past (Fig. 4).

3.2.4 Impact of climate changes

In general, most scenarios with changing climates (except
Worst and RCP 8.5) show the same trend that will also lead
to an improvement of the Baltic Sea ecological state, i.e.
ammonium and phosphate concentrations decrease and
nitrate and oxygen concentrations increasing in future com-
pared with their concentrations in 2005 (Fig. 10). Consist-
ently, phytoplankton and detritus concentrations, primary
production and nitrogen fixation decrease over time. An
exception arises by combining RCP 8.5 with the Worst sce-
nario that induces an increase in primary production and
phytoplankton concentrations.

In all scenarios we found a reduction in hypoxic area
compared to the historical climate. However, it is important
to note that hypoxic areas during the historical period are
unprecedentedly large and by about 30% overestimated by
the model compared to observations (Vili et al. 2013).

Although all scenario simulations show the same trends,
its significances decrease with increasing warming because
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Fig. 11 Volume averaged nutri-
ent, phytoplankton, oxygen and BSAP
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changing climate counteracts the future improvements of the
ecological state due to the historical nutrient load reductions.
Thus, present climate scenarios present higher changes, fol-
lowed by RCP 4.5 and by RCP 8.5.

3.2.5 Impact of nutrient load changes

Although similar trends are found, the impact of climate
depends very much on the nutrient supply. The impacts
of climate, i.e. differences between RCP 4.5 and RCP 8.5
for the same variable, are smaller in BSAP (Fig. 10, upper
panel) and higher in the Worst scenario (Fig. 10, lower
panel) compared with the Reference scenario (Fig. 10, mid-
dle panel). This is also noticeable from the comparison of
long-term mean nutrient profiles (Fig. 12). Further, differ-
ences in profiles between scenarios are generally larger at
the bottom than at the sea surface because nutrient fluxes
between the water column and the sediment are extremely
dependent on temperature and oxygen conditions.

19701985 2000 2015 2030 20452060 2075 2090

19701985 2000 2015 2030 20452060 2075 2090

Primary production and nitrogen fixation differ among
scenario simulations, but the average seasonal patterns
are maintained (Fig. 13). Two major blooms in primary
production can be identified. One occurs during early
spring, mainly dominated by diatoms and flagellates and
others, and another one during late summer, related with
cyanobacteria growth. The latter is also identified in the
mean seasonal cycle of nitrogen fixation (Fig. 13, right
panel). The comparison of the different scenario simula-
tions in terms of these two processes (primary production
and nitrogen fixation) suggests that the impact of changing
nutrient loads is more important than the changes in cli-
mate. Clear differences can also be detected in the summer
bottom concentration of oxygen (Fig. 14).

Under the BSAP in all climate scenarios, projected
hypoxic area is about half of present day hypoxic area
on average (Figs.10, 11, 14) and successively larger with
increasing nutrient loads and warmer climate. In the com-
bination of the worst scenario and RCP8.5, on average
most of the Baltic proper (about 80%) will have anoxic

@ Springer



S. Saraiva et al.

Fig. 12 Mean profiles of nutri-
ent and oxygen concentrations
at Gotland Deep (BY15) in the
three nutrient load scenarios:
BSAP (left panels), Reference
(center panels), and Worst (right
panels). Historical and future
periods are 1976-2005 and
2069-2098, respectively
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bottom conditions during summer. However, even in the
latter scenario hypoxic area is still slightly smaller than
present day hypoxic area (Fig. 10).

Although under BSAP oxygen concentrations increase
in future climate, the increase in cod reproductive volume
is modest because the impact of decreasing salinity is over-
whelming (Fig. 11). Much larger cod reproductive volumes
are found under present climate conditions.

It is also important to note that the response in biogeo-
chemical cycles to changing climate and changing nutrient
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loads differ between the various sub-basins (Fig. 15). Rela-
tive changes between sub-basins are much larger in biogeo-
chemical variables than for temperature or salinity (Fig. 8).
In the BSAP scenario the largest increases in oxygen con-
centrations occur in the Eastern and North-Western Gotland
basins, independent of the applied climate scenario. There-
fore, phosphate and ammonium concentrations decrease,
and nitrate concentrations increase in the Gotland Basin.
However, for phosphate concentrations significant changes
are also found in the northern (Gulf of Riga, Gulf of Finland,
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Future climate
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Fig. 13 Mean seasonal cycle in volume averaged primary production
and nitrogen fixation average in various climate and nutrient load sce-
nario simulations. Historical and future periods are 19762005 and

Archipelago Sea, land Sea and Bothnian Sea) and southern
sub-basins (Arkona and Bornholmbasins). Indeed, earlier
studies suggested that the Bothnian Sea is an important sink
for phosphate exported from the Gotland Basin towards the
north (Liu et al. 2017). Hence, changes in phosphate concen-
trations in the Gotland Basin should affect the Bothnian Sea
as well. In the combined future climate and Worst scenarios
relative changes in phosphate concentrations are largest
in the Gulf of Riga, Gulf of Finland, Archipelago Sea and
Bothnian Bay emphasizing again the important role of the
eastern and northern sub-basins for the phosphorus cycling.
In addition, one should note that the mouths of the rivers
with the largest nutrient loads are in the eastern sub-basins
and the Baltic proper (Fig. 1).

4 Discussion

In this study, an ensemble of 15 scenario simulations were
performed by combining different future climate scenarios,
present climate and nutrient load projections for the 21st
century. The transient simulations under present climate
conditions are forced by a repetition of past atmospheric
conditions of 10-year time slices and, in principle, enable
the estimation of natural variability of water temperature and
salinity. However, there are systematic drifts in the simula-
tions under present climate conditions indicated by a tem-
perature and salinity difference between future (2069-2098)
and historical (1976-2005) periods of +0.4 °C and + 0.3,
respectively (Fig. 8). For salinity the bias is very likely

BSAP — —  Future climate historical
Reference - Present climate historical
- Worst
S
Q

Present climate

N Fixation
[tonNyr!]

0 20 40 60 80

Month

2069-2098, respectively. Green and orange dashed lines indicate the
historical period of the present and future climate simulation, respec-
tively

caused by the method to compute the atmospheric forcing
and sea level variations at the lateral boundary in Kattegat.
On average, every 100 years a stagnation period of about
10-year duration occurs, like the observed one in 1983—-1992
(Schimanke and Meier 2016). As we have chosen 10-year
long time slices of atmospheric and sea level forcing, stag-
nation periods do not occur in our simulations and in addi-
tion, the switches in the forcing usually generates saltwater
inflows. Hence, we found in our transient present climate
simulation a drift to higher salinity.

The future climate projections show an increase in air
temperature and total runoff to the Baltic Sea. These changes
have an impact on physical and consequently biogeochemi-
cal variables of the system. Higher temperatures imply an
acceleration of all biogeochemical processes (e.g. phyto-
plankton growth, remineralization, etc.), but also have the
indirect effect of increased runoff and reduced salinities.
Increases in water temperatures by about +1 and + 2 °C
in RCP 4.5 and RCP 8.5, respectively, are considered to be
significant and above the natural variability of the system
(Fig. 8).

On average, salinity will decrease by —0.4 and —1.2 in
RCP 4.5 and RCP 8.5, respectively, due to higher runoff but
only changes in RCP 8.5 are significant as they are clearly
above the range found in the present climate ensemble.

The changes between future and past concentrations of
biogeochemical variables also reflect the adjustment of
the system to the nutrient load reduction occurred during
the historical period due to the high residence time in the
system. The response time scale amounts to about 30 years
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Fig. 14 Projected future (2069—2098) bottom oxygen concentrations during summer (average 2069—2098) in the different nutrient (BSAP, Refer-
ence and Worst) and climate scenarios (Present climate, RCP 4.5, RCP 8.5)

for the deep water renewal (Fig. 6) and is perhaps even
longer for the phosphorus cycle including the sediment
(Fig. 11). In fact, nutrient load projections assumed for the
next 100 years do not reach the high levels from the past,
even in the Worst scenario (Fig. 4).

Therefore, model projections suggest in all scenarios an
overall improvement or at least maintenance of the eco-
logical state of the Baltic Sea with a reduction of nutrient
concentrations, primary production and nitrogen fixation
compared to the period 1985-2005. In addition, slightly
higher oxygen concentrations and a reduction in hypoxic
area are found.

As in the various scenarios, the nitrogen to phosphorus
ratio in the nutrient supply increases in the future com-
pared to the historical period (Fig. 4), nitrogen fixation

@ Springer

will very likely be further reduced. Nevertheless, there are
very significant differences between scenarios that deserve
a closer look. Under the assumption of BSAP, improve-
ments are very pronounced, and the impact of changing
climate does not play a significant role. Under successively
higher nutrient loads (e.g. in Worst), climate changes
become relatively more important and determinant in
the future state of the ecosystem compared to conditions
with smaller loads (e.g. in BSAP). Hence, the response of
biogeochemical cycles to warming climate under various
nutrient load scenarios is nonlinear.

The importance of climate change for the differences
between future and present concentrations/fluxes can also
be assessed by comparing its change directly with the
present climate scenario simulations as shown in Fig. 16.
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When BSAP is assumed, changes in biogeochemical vari-
ables in both climate change scenarios (either RCP 4.5 or
RCP 8.5) are within an interval of 10% of the solid line
indicated by the grey shaded area in Fig. 16, which means
that the values do not differ statistically between present
and future climates. In the Reference scenario, the spread
is larger, and it is possible to distinguish that climate has
now more influence (most of the changes are above the
solid line) but still with absolute values lower than the
changes obtained under present climate conditions (most
of the properties are in the 3rd quadrant in the plot). The
Worst scenario (particularly together with RCP 8.5), as
mentioned before, counteracts the improvements in Bal-
tic Sea ecological state. For this reason the changes in
this particular scenario are generally smaller than in the
other scenarios. There are however some exceptions. In
the case of nitrogen fixation, it is noteworthy that under

B12345678910111213P

the Reference scenario, changes induced by future cli-
mate are not significant (compared with present climate
conditions), but under the Worst scenario, climate change
becomes important.

In summary, concerning the biogeochemical variables,
the comparison between the different scenarios suggests
that the impact of climate depends on the nutrient level.
Under the BSAP the climate change impact is not signifi-
cant. Increasing nutrient loads enlarges the vulnerability
of the system to climate change and the past trend towards
improved ecological state can be compromised.

Our results differ considerably from previous studies by
(e.g. Meier et al. 2011a, b, 2012a, b). For instance, Meier
et al. (2012b) concluded that the BSAP will improve water
quality at the end of the century measured, for instance, by
Secchi depth. However, they found that for the same tar-
gets larger reductions will be necessary compared to present
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Fig. 16 Average changes (in %) between future (2069—-2099) and his-
torical (1976-2005) periods in future vs. present climates for concen-
trations of ammonium, nitrate, phosphate and oxygen and for primary
production, nitrogen fixation and hypoxic area. The grey shaded area
corresponds to changes in the range between — 10 and + 10%

climate. Although differing GCMs (CMIP3 vs. CMIPS),
RCMs (RCAO vs. RCA4-NEMO), versions of the Baltic
Sea model and greenhouse gas emission scenarios (A1B and
A2 vs. RCP 4.5 and RCP 8.5) were used, projected future
climates in our and this previous study are similar (increased
water temperature and runoff, decreased ice cover). Hence,
the main reasons for the differing results in eutrophication
response to nutrient load changes are the assumed nutri-
ent loads during historical and future climates. The main
differences in the nutrient loads assumptions are listed and
discussed below.

1. For the Reference scenario of this study, we used
observed BED nutrient load data until 2006 and after
2006, a climatological mean based on observed nutri-
ent concentrations in river flow averaged for the period
2010-2012. Hence, for present climate simulations, in
the Reference scenario, nutrient loads will not change
after 2006. On the other hand, Meier et al. (2011b)
assumed for their Reference scenario (REF) constant
nutrient concentrations calculated from BED for 1969—
1998 (Eilola et al. 2011) both during the historical
(1960-2006) and future (2007-2100) periods.

2. The calculation of nutrient load changes in BSAP and
a worst case scenario [called business-as-usual or BAU
by Meier et al. (2012b)] were estimated by Gustafsson
etal. (2011) as relative changes compared to the average
of the reference period 1995-2002.
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Table 1 Total nutrient loads from land and atmosphere to the Baltic
Sea under present climate conditions

Re-calculated (Eilola et al.
2009; Meier et al. 2012b)

This study (see Fig. 4)

P [ktonP N [ktonN N [ktonN N [ktonN

year™!] year™] year™!] year™!]
Historical 36 1054 56 1085
BSAP 23 871 21 781
Reference 36 1054 33 811
Worst (BAU) 49 1519 42 937

3. Meier et al. (2012b) calculated nutrient loads from the
product of nutrient concentrations in rivers and vol-
ume flow, i.e. taking the impact of warming climate on
increasing river flow in all three nutrient load scenar-
ios (BSAP, REF and BAU) into account (Meier et al.
(2012b), their Fig. 6).

4. Load changes by Gustafsson et al. (2011) were applied
to total loads (not only to bioavailable fractions).

The results for present climate conditions are summarized
in Table 1. Hence, for present climate conditions nitrogen
loads after 2006 in the study by Meier et al. (2012a) would
be considerably larger than in our study and were calcu-
lated to be even larger with increasing volume flows (Meier
et al. (2012b), their Fig. 6). In future climate conditions,
phosphorus and nitrogen loads under the worst case sce-
nario called ‘business-as-usual scenario (BAU) by Meier
et al. (2012b), are much larger than the worst scenario of this
study. It is however important to note that: in our study the
impact of climate on nutrient loads in BSAP is not consid-
ered; in the model 30% of the river borne organic nitrogen
supply is regarded as bioavailable but not listed here; his-
torical periods for the analysis of changes are 1971-2000
and 1976-2005 in Meier et al. (2012b) and in this study,
respectively, and in Meier et al. (2012b) the impact of nutri-
ent load changes under present climate conditions was not
investigated. In addition, nutrient loads during the historical
period in the two discussed studies differ. In this study, we
take the observed nutrient load reductions since the 1980s
and the spin-up of the initial conditions for the water column
and the sediment since 1850 into account. Indeed, nutrient
loads averaged for the historical period are larger in this
study compared to Meier et al. (2012b) causing for instance
larger hypoxic area. When we calculate changes between
future and historical climate we compare with an environ-
mental state that is worse compared to the reference state by
Meier et al. (2012b). Hence, in our study the improvements
due to nutrient load reductions are much larger.

One shortcoming of the presented scenario simulations
remains to be solved in forthcoming studies. Global mean
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sea level rise (GSLR) has been reported to have an impact
on biogeochemical cycles in the Baltic Sea in high-end sce-
narios of about 1 m (Meier et al. 2017). This result would
affect at least our scenario simulations based upon RCP 8.5
because the RCP 8.5 scenario might be consistent with a
GSLR of 1 m. However, our main conclusions of the impact
of nutrient load reductions (in particular the BSAP) in pre-
sent and future climates will very likely not be affected.

We have studied regional climate projections based upon
only one GCM (MPI-ESM-LR). Hence, uncertainties due
to model biases of the global model are not investigated. To
estimate these uncertainties and its impact on biogeochemi-
cal cycles in the Baltic Sea under various nutrient load sce-
narios we will investigate four regionalized GCMs of CMIP5
in a forthcoming study.

5 Conclusions

From the model results of this study we draw the following
conclusions:

1. Freezing present nutrient supply from land (Reference)
will improve the ecological state of the Baltic Sea com-
pared to the reference period 1976-2005 independent
how future climate may evolve. However, a combina-
tion of high-end scenarios for nutrient loads (Worst) and
climate (RCP 8.5) may partly counteract the improve-
ments of past nutrient load reductions since the 1980s
and may lead to reinforced eutrophication compared to
1976-2005.

2. Implementation of the BSAP together with negligible
changes in climate will lead to a significant improved
ecological state of the Baltic Sea.

3. Because of the long memory of biogeochemical cycles
in the Baltic Sea (> 30 years) it is very important to per-
form transient simulations taking also past nutrient load
evolution into account. The long response time scale
causes changes far into the future. For instance, in case
of the BSAP a new steady-state for phosphate in the
water column will first be reached after 2060 and for
nitrate it may take even longer.

4. We found large differences in our results compared to
previously performed scenario simulations using the
same model Meier et al. (2012a, b). Hence, the experi-
mental setup and assumptions of nutrient load scenarios
impact the results of the scenario simulations consider-
ably. Also the definition of the reference period is very
important for the magnitude and even the sign of the
calculated changes because large changes during the
historical period are found. Large differences between
projections are caused by the various nutrient load sce-

narios and whether climate change impacts the loads or
not.

5. The impact of climate change (mainly warming) ampli-
fies eutrophication and primary production. However,
effects of changing climate within the range of consid-
ered greenhouse gas emission scenarios (RCP 4.5 and
RCP 8.5), are smaller than effects of considered nutrient
load changes (BSAP, Reference, Worst). The impact of
climate change is larger for high nutrient conditions, i.e.
larger for the Worst scenario than for the BSAP. In case
of Worst the impact of warming may change the sign in
the response of nitrate, oxygen concentration, primary
production and nitrogen fixation.
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