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Abstract We quantified horizontal transport patterns and
the net exchange of nutrients between shallow regions and
the open sea in the Baltic proper. A coupled biogeochemi-
cal-physical circulation model was used for transient sim-
ulations 1961-2100. The model was driven by regional
downscaling of the IPCC climate change scenario A1B from
two global General Circulation Models in combination with
two nutrient load scenarios. Modeled nutrient transports
followed mainly the large-scale internal water circulation
and showed only small circulation changes in the future
projections. The internal nutrient cycling and exchanges
between shallow and deeper waters became intensified, and
the internal removal of phosphorus became weaker in the
warmer future climate. These effects counteracted the
impact from nutrient load reductions according to the Baltic
Sea Action Plan. The net effect of climate change and
nutrient reductions was an increased net import of dissolved
inorganic phosphorus to shallow areas in the Baltic proper.
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INTRODUCTION

The Baltic Sea (Fig. S1, Electronic supplementary material)
salinity is controlled by the large freshwater supply and the
water exchange with the North Sea (e.g. Leppiranta and
Myrberg 2009). Meier (2007) calculated the pathways and
ages of various water masses with the high resolution ocean
circulation model, Rossby Centre Ocean model (RCO),
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article (doi:10.1007/s13280-012-0322-1) contains supplementary
material, which is available to authorized users.
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which is used in the present study. For the surface layers, he
found that mean ages associated to inflowing saline water
from Kattegat ranged from about 26 years in the south to
42 years in the most northern Baltic Sea. Because of the
long water residence time and the salinity induced density
stratification that hamper the ventilation of deep waters,
oxygen deficiency is a common feature in the Baltic Sea.

Impact of Nutrient Loads and Changing Climate

The biogeochemical cycling in coastal seas and especially
in areas of restricted water exchange are affected by
increasing pressures from human activities and population
growth (Rabalais et al. 2010). Increased anthropogenic
nutrient loads (Conley et al. 2011; Gustafsson et al. 2012)
and increased water temperatures that are especially pro-
nounced in enclosed northern European seas (Philippart
et al. 2011) are important environmental factors that affect
the Baltic Sea ecosystems. The annual mean surface water
temperature in the Baltic Sea is in future scenarios expected
to increase by some 2—4 °C (BACC Author Team 2008).
Climate change studies using coupled hydrodynamic-bio-
geochemical models for the Baltic Sea have recently been
initiated. These studies have focused on changes in the state
of ecological quality indicators such as oxygen, phyto-
plankton, and the pools of nutrients in water and sediment
(Neumann 2011; Meier et al. 2011a, b, 2012a, b). The lower
solubility of oxygen in warmer waters, the possible faster
decomposition rates of organic matter and increased pro-
ductivity influence the bottom water oxygen concentrations
negatively by increased oxygen consumption and reduced
supply of new oxygen (Meier et al. 2012a). Also, the
strengthened temperature stratification alone might exac-
erbate hypoxia (Rabalais et al. 2010). Changes in the coastal
zones of the Baltic Sea due to high nutrient loads are region
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specific and manifested, for example, by increased occur-
rence of hypoxia, reduced nutrient retention, increased
growth of opportunistic filamentous algae and drifting algae
mats, and changes in species composition (Ronnberg and
Bonsdorff 2004; Conley et al. 2011). Increased hypoxia also
causes enhanced internal loads of dissolved inorganic
phosphorus (DIP) and removal of dissolved inorganic
nitrogen (DIN) which lead to lower N:P ratios and an
increased potential for cyanobacteria blooms in the Baltic
Sea (Vahtera et al. 2007). Exchanges of nutrients between
sub-basins have been studied by Savchuk and Wulff (2007),
but high-resolution studies of the transports that on longer
time scales distribute the internal loads of nutrients to dif-
ferent parts of the Baltic Sea have not been discussed much
before. The fate of river-borne nitrogen was followed by
Neumann (2007), and Almroth Rosell et al. (2011) modeled
long-term average transports of organic nutrients, but no
general description of nutrient transports on time scales of
changing climate (30 years) is available. We will therefore
discuss transport patterns and regional variations of the
internal nutrient loads in present climate and also how they
are affected by future climate change and changes in
external nutrient loads.

Coastal and Open Sea Interactions

The exposure of sediments to bottom stress from waves
and currents has a great impact on the Baltic Sea scale. The
transports of resuspended matter influence the distribution
of sediment nutrient contents, bottom type distributions and
also the oxygen demand in the deeper waters (Almroth
Rosell et al. 2011). However, much of the resuspended
matter and a large fraction of nitrogen supplied from land
seem to be trapped in the coastal regions (Voss et al. 2005;
Almroth Rosell et al. 2011), and denitrification seems to be
an important nitrogen sink in the Baltic proper (Voss et al.
2011). In the present paper, we will investigate how the
exchanges with the open sea may change in the projected
future climate and discuss how the changes may affect the
nutrient abatement in the coastal areas. The nutrients sup-
plied from external sources that are not permanently
removed or accumulated inside the Baltic proper will
eventually become exported to the adjacent seas. Changes
in nutrient transports between the Baltic proper and the
adjacent seas will therefore also be discussed.

MATERIALS AND METHODS
General Approach

We calculated the long-term mean horizontal transport
patterns in the high-resolution coupled physical-
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biogeochemical model RCO-SCOBI (Swedish Coastal and
Ocean Blogeochemical model) of the Baltic Sea (Meier
et al. 2003; Eilola et al. 2009). For practical reasons, the
investigation was restricted to the Baltic proper as defined
in (Fig. S1, Electronic supplementary material). Grid points
with bottom depth less than 30 m were regarded as shallow
and the net import of nutrients from the deeper Baltic
proper to these shallow areas was quantified. By this def-
inition, these shallow areas dynamically correspond to the
areas having the most intensive impact from wave-induced
sediment resuspension in the model (cf. Almroth Rosell
et al. 2011). Grid points with bottom depth less than 10 m
were regarded as very shallow. Similarly, the net import of
nutrients to the Baltic proper from adjacent seas, the Gulf
of Bothnia in the north and the Danish Sounds in the
southwest, was computed. For comparison, we also sum-
marized the external supplies of nutrients from land and
atmosphere to the Baltic proper.

To produce maps showing the regional distributions of
internal nutrient sources and sinks in the Baltic proper, we
computed the net import to each cell of the horizontal
model grid. Positive values indicate an import (sink), while
negative values indicate an export of nutrients (source)
from the grid cell. The sink of DIN and DIP is primary
production and, in the case of DIN, also pelagic denitrifi-
cation. Organic nutrients are removed by pelagic mineral-
ization and net sedimentation. Pelagic mineralization and
fluxes of inorganic nutrients from the sediments to the
water are sources of DIN and DIP, while primary pro-
duction and net resuspension are sources of organic
nutrients.

The long-term (30-year) annual and seasonal average
transports and imports of inorganic and organic nutrients
were computed for the scenario period 2069-2098 (S3) and
the control period 1978-2007 (CO) of a transient simulation
1961-2100. The mean changes were calculated from the
differences between period S3 and CO.

Results were derived from RCO-SCOBI, forced with
regionally down-scaled atmospheric forcing from two
General Circulation Models (GCMs), HadCM3 from the
Hadley Centre in the UK (Gordon et al. 2000) and
ECHAMS (ECHAMS/MPI-OM) from the Max Planck
Institute for Meteorology in Germany (Roeckner et al.
2006, Jungclaus et al. 2006). Here, version 13 is used (see
Meier et al. 2012a). The acronyms of the GCM models are
used below to differentiate between RCO-SCOBI results
derived with the two different forcing’s. An evaluation of
RCO-SCOBI results of the control period CO is presented
by Meier et al. (2012b). Observations of nutrient transports
are not available. As the control climates from the GCMs
constitute different realizations of present climate, the
chronologies of observed and simulated weather differ.
However, Meier et al. (2012b) showed that the statistics of

@ Springer



588

AMBIO 2012, 41:586-599

observed and simulated physical and biogeochemical
variables are in satisfactory agreement.

Physical Model

RCO is a Bryan—Cox—Semtner primitive equation circula-
tion model with a free surface coupled to a Hibler-type sea
ice model. A flux-corrected, monotonicity preserving
transport (FCT) scheme is embedded. The resolution is
3.7 km in the horizontal and 3 m in the vertical, and the
time step used in the present study was 75 s. No explicit
horizontal diffusion is applied and vertical diffusion is
described by a k—¢ type turbulence closure scheme. The
deep water mixing is assumed to be inversely proportional
to the Brunt-Viisild frequency. A bottom boundary layer
model is embedded. Open boundary conditions are applied
in the northern Kattegat. A simplified empirical wave
model is included to calculate the combined effect of wave
and current induced shear stress and thus the re-suspension
of organic material. The 29 most important rivers are
included which all together represent the total runoff to the
Baltic Sea. For further details and references of the RCO
model, see Meier (2007) and Meier et al. (2003).

Biogeochemical Model

SCOBI describes the dynamics of DIN (nitrate and ammo-
nium) and DIP (phosphate), and particulate organic nitrogen
(OrgN) and phosphorus (OrgP) that include phytoplankton,
zooplankton, and detritus. The nitrogen and phosphorus
content of organic matter is described by the Redfield molar
ratio (C:N:P = 106:16:1). Oxygen dynamics are included
and hydrogen sulfide concentrations are represented
by “negative oxygen” equivalents (1 mlH,S1™'=
—2 ml O, 17"). Phytoplankton consists of three functional
groups representing diatoms, flagellates and others, and
cyanobacteria. The latter group has the ability to fix
molecular nitrogen. Organic matter sinks and enters the
sediment containing benthic nitrogen and phosphorus. The
sediment processes include oxygen dependent nutrient
regeneration and denitrification as well as burial of nutrients.
Burial of nitrogen and phosphorus in the sediment and
denitrification are the permanent nutrient sinks in the model.
For further details, see Eilola et al. (2009, 2011) and Almroth
Rosell et al. (2011).

Regional Climate Forcing

The scenario simulations were forced with the greenhouse
gas emission scenario A1B from IPCCs Special Report on
Emission Scenarios (SRES, Nakicenovic et al. 2000).
Results from the regional climate model, Rossby Centre
Atmosphere Ocean model (RCAO, see Doscher et al.
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2002), with lateral boundary data from HadCM3 and
ECHAMS were used. No bias correction of the atmo-
spheric forcing was applied, however, wind speed was
modified using simulated gustiness (Hoglund et al. 2009) to
improve wind speed extremes (Meier et al. 2011c¢).

Freshwater Supply

The process oriented, hydrological model, HYdrological
Predictions for the Environment (HYPE, see Lindstrom
et al. 2010), driven with precipitation and air temperature
fields from RCAO was used to calculate the volume flows
of the 29 largest rivers (including adjacent coastal seg-
ments) for 1961-2100 (Arheimer et al. 2012).

Nutrient Loading

Nutrient loads from rivers were calculated from the product
of the nutrient concentration and the volume flow follow-
ing Stalnacke et al. (1999). Two scenarios were considered.
Firstly, a reference scenario (REF) with current nutrient
concentrations from rivers and point sources and current
atmospheric deposition following Filola et al. (2009) was
performed. Secondly, a scenario with reduced nutrient
concentrations following the Baltic Sea Action Plan
(BSAP) (HELCOM 2007) and 50 % reduced atmospheric
deposition was carried out. For details, see Gustafsson et al.
(2011). In all scenario simulations, lateral boundary con-
ditions in the Skagerrak were unchanged.

Transports and Imports of Nutrients

Transports of nutrients from one grid cell to another, ver-
tically integrated from the sea floor to the sea surface (in
ton km ™! month_l), were calculated during the model run
from the horizontal fluxes between grid cells. The transports
were accumulated in time and saved to file every second
day. For each horizontal grid cell, the total net import of
nutrients (ton km~2 month™") from surrounding grid cells
was then computed from the vertically integrated transports.

Accumulated Import as Function of Bottom Depth

The import of nutrients was summarized to all grid points
shallower than a given bottom depth. By doing this for
subsequently deeper and deeper areas in the Baltic proper,
the integrated imports discretized with a depth resolution of
3 m given by the model was obtained. This accumulation
method allows for an analysis of how the internal transports
transfer nutrients between different depths within the Baltic
proper. Note that the accumulated imports to all areas with a
maximum depth less than 30 m then give the import to the
shallow areas discussed above. The total accumulated net
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import of nutrients from adjacent seas to the Baltic proper is
obtained when the import to all areas shallower than the
maximum model bottom depth (<250 m) is integrated. For
comparison, we also similarly summarized the external
supplies of nutrients from land and atmosphere to all grid
points shallower than a given bottom depth. Hence, the sum
of supplies to areas shallower than the maximum depth of
the model gives the total external supply of nutrients from
land and atmosphere to the Baltic proper.

Persistency

The persistency (R) of the net transports was defined
similar to Andrejev et al. (2004), except that the ratio of the
vector and scalar mean transports were computed instead
of the current speeds (D1)

VS, TU) +(E S, TV,
L3, \/TU2 + TV?

Here TU and TV are the eastward and northward trans-
ports, respectively. N is the number of observations which
in our case is the number of model results saved every
second day during the 30-year period. The persistency is
given in percent. If the net transport is unidirectional in
time, R equals 100 %, while R becomes zero when the net
transport is zero.

R =

x 100. (D1)

Supplementing Guide to the Present Study
of Transports and Imports

For the discussions about transports and imports, one
should bear in mind that the figures for OrgP are valid also
for OrgN, only differing in magnitudes by the constant
Redfield ratio. The relative changes in future projections
are therefore equal for OrgN and OrgP. The organic
nutrients in the model include only biologically active
nutrients in phytoplankton, zooplankton, and dead organic
matter. The background concentrations of more refractory
dissolved organic nutrients assumed not bioavailable in the
Baltic Sea, are comparably high especially for organic
nitrogen (see e.g., Eilola 2009), but they are not included in
the transports discussed here.

To clarify the relative importance of future changes in
imports, these are weighted to corresponding total external
supplies in the control period CO. The changes are shown in
percent relative to the total external supply (% rxs). To
have a common reference also for the comparison of
changes in spatial distributions of imports, the changes are
calculated relative to the horizontal average of the total
external supply (CO) to the Baltic proper (% rhxs).

The presentation of results for the control period was
mainly based on the HadCM3 case. The results differed

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

mostly in the magnitudes of transports and imports that
were larger in the ECHAMS case because of slightly higher
nutrient concentrations in the control period (cf. Meier
et al. 2012b). Only the most significant differences between
the cases are pointed out below.

RESULTS AND DISCUSSION
Control Period C0

The persistent patterns of the modeled long-term mean
transports of nutrients agree with the large-scale internal
water circulation of the Baltic Sea (BACC Author Team
2008, Fig. A7). However, for the vertically integrated
transports discussed in this study, there are features that
emerge due to the spatial and temporal variation of nutrient
concentrations and the depth of the water column.

Annual Mean DIP Transports

The annual mean DIP transports are largest and most
persistent in the deeper central parts of the Baltic proper
(Fig. 1) because the DIP and DIN concentrations are nor-
mally highest in the deep waters (e.g., Eilola et al. 2011).
The transports are also relatively large in other deep areas
such as the Gdansk Bay, the Bornholm Basin and in the
Gulf of Finland. There is a general cyclonic pattern with
northward transports in the eastern and southward trans-
ports in the western parts of the central Baltic proper.
Along the Swedish coast the transport is southward, except
closer to the north-western coast of the Gotland island
where a weak cyclonic circulation shows net northward
transports. A major branch of the southward flow continues
to the south and to the west along the Swedish coast, into
the Bornholm Basin and further to the Arkona Basin.
Another branch of the southward transport continues
towards the Gdansk Bay in the southern Baltic proper. A
persistent eastward flow from the southern and central
Arkona Basin continues north of Bornholm through the
central parts of the Bornholm Basin and turns southward
towards the Gdansk Bay and joins the cyclonic circulation
in the central Baltic proper. The Gulf of Finland and the
Gulf of Riga show cyclonic circulation with inflows along
the southern parts and outflows in the northern parts of the
gulfs, respectively. A tendency towards cyclonic circula-
tion patterns can also be noticed in the central parts of the
Arkona Basin and the Bornholm Basin.

Annual Mean DIN and Organic Nutrient Transports

In contrast to DIP, relatively large transports of DIN can
also be found in coastal areas in connection to the major
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0 50 100 150

Fig. 1 HadCM3-REF control period annual average net DIP trans-
port and corresponding persistency are shown in the upper left and
right panels, respectively. The annual average net DIN and OrgP
transports are shown in the lower left and right panels, respectively.

rivers (cf. Eilola et al. 2011). This can also be noticed for
the transports of organic nutrients (Fig. 1). Generally, the
main transports of organic nutrients are found closer to the
coast where much of the modeled primary production and
biomass is found (cf. Meier et al. 2011a), and also the
resuspension of organic nutrients from the sediments takes
place (cf. Almroth Rosell et al. 2011).

Seasonal Variations in Transports

The seasonal net transport is largest in winter for all
nutrients and smallest during summer as exemplified for
OrgP in Fig. 2. Much of the variations are explained by the
seasonal nutrient cycles as well as pelagic mineralization
and sedimentation which cause declining transports of
organic nutrients with increasing distance from the more
productive coastal areas. The increased wind-wave driven
sediment resuspension in autumn and winter causes
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The black solid lines with arrows show the streamlines and direction
of transports. The magnitude of transports (ton km™' month™") and
the persistency (%) is shown by the background color. The
corresponding values are shown in the lower color bars

increased transports of organic matter in shallow areas
(Fig. 2).

The circulation in the northern parts of the Baltic proper
seems mostly affected by seasonal dynamics. Here, the
large accumulation of juvenile freshwater during spring
and changed winds during summer (Eilola and Stigebrandt
1998; Hordoir and Meier 2010) cause changes in the
transport patterns of nutrients. During winter and spring,
the transports into the Gulf of Finland are larger than the
outflow to the Baltic proper. In summer, the outflows from
the Gulf of Finland start to dominate, and also the north-
ward transports to the Bothnian Sea change to southward
transports. The cyclonic transport pattern northwest of
Gotland changes to anti-cyclonic, and for all nutrients, the
southward transport takes place mainly along the western
coast of Gotland in summer. In summer and autumn, the
eastward component of the organic nutrient transports in
the southern Baltic proper increases and the south-eastward
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Fig. 2 HadCM3-REF control period seasonal average of winter
(Dec-Feb), spring (Mar-May), summer (Jun—Aug), and autumn
(Sep—-Nov) net OrgP transports are shown in the upper left, upper
right, and the lower left and right panels, respectively. The black solid

transports into the western parts of the Gdansk Bay are
shifted to eastward and northward transports instead.
During summer, inorganic nutrient concentrations are
negligible in the surface layer which is why most DIN and
DIP transports occur in deeper layers. This might explain
why only the transports of organic nutrients, which take
place mostly in the surface layers, may show changes in
direction in the southern Baltic proper during summer.

Imports from Adjacent Seas and External Supplies

The net DIP export to the adjacent seas is about 50 and
75 % of the total external supply of DIP to the Baltic
proper for HADCM3 and ECHAMS cases, respectively
(Table 1). For DIN, the total external supply from land and
atmosphere is generally accumulated or lost in the internal
sink of the Baltic proper. Organic phosphorus and nitrogen
are supplied to the Baltic proper from external sources and
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lines with arrows show the streamlines and direction of transports.
The magnitude of transports (ton km~' month™') is shown by the
background color with the corresponding values shown in the lower
color bars

a minor portion from adjacent seas. There is also an
additional source of nitrogen from N-fixation by cyano-
bacteria (not shown), which is balanced by the internal
nitrogen sink in the model. The budget model by
Savchuk and Wulff (2007) indicated that about 60 and
10 % of the total external phosphorus and nitrogen supplies
(1997-2003), respectively, were exported from the Baltic
proper. However, the numbers are not comparable with the
present study because, in addition to the differing time
periods, their total transports included also nutrients
regarded as not bioavailable.

Depth Dependence of External Supplies
The rapid increase with depth of accumulated external
nutrient supplies (Fig. S2, Electronic supplementary

material) demonstrate that the largest inputs of nutrients
take place in the very shallow areas with a maximum
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Table 1 The total external supplies from land and atmosphere to the
entire Baltic proper and to areas shallower than 30 m are shown in
rows A and B, respectively. The import from adjacent seas to the

Baltic proper is shown in row C. The import from deeper parts of the
Baltic proper to areas shallower than 30 m is shown in row D

HadCM3 ECHAMS HadCM3 ECHAMS HadCM3 ECHAMS5 HadCM3 ECHAM5
OrgP OrgP DIP DIP OrgN OrgN DIN DIN
Control period CO
A 1.0 0.9 1.2 1.2 6.9 6.8 429 42.7
B 1.0 0.9 1.0 1.0 6.9 6.8 31.9 31.6
C 0.2 0.2 —0.6 -0.9 1.2 1.1 —0.2 —0.1
D —2.6 -32 1.0 1.5 —18.7 —229 —-11.3 -9.7
REF Scenario S3
A 0.9 1.0 1.1 1.2 6.5 7.0 414 434
B 0.9 1.0 0.9 1.0 6.5 7.0 30.3 323
C 0.1 0.1 —1.1 —-1.2 0.9 0.9 -0.2 -0.5
D -3.0 -3.6 1.5 1.9 —-21.8 —26.2 -9.2 -9.0
BSAP Scenario S3
A 0.5 0.5 0.7 0.8 3.6 3.8 28.5 30.0
B 0.5 0.5 0.5 0.6 3.6 3.8 22.9 24.4
C 0.2 0.2 —0.5 —0.6 1.1 1.2 —0.1 0.0
D —2.1 -25 1.3 1.6 —153 —18.0 -5.6 -5.6

Results (103 ton month_l) for OrgP, DIP, OrgN, and DIN are shown for the HadCM3 and ECHAMS cases in the control period CO and in the
projected REF and BSAP scenarios. Negative numbers are interpreted as an export

bottom depth of less than about 10 m in the model. This is
due to the supplies from land that include all external
supplies of organic nutrients, 83 and 74 %, respectively, of
the total external supplies of DIP and DIN (Table 1). There
is also an atmospheric deposition of DIN and DIP that
causes a continuous increase with depth when consecu-
tively deeper areas are added to the accumulated supply.

Depth Dependence of Internal Imports

The import of DIP to areas shallower than 30 m is sub-
stantial and of the same order of magnitude or larger as the
external supply (Fig. 3). This internal supply of DIP fuels
the productivity in the shallow regions, and the export of
OrgP from shallow areas is even larger than the external
supply of total phosphorus to the entire Baltic proper
(Table 1). The net export of DIN and DIP from the very
shallow areas is less than the corresponding external supply
(Fig. S2, Electronic supplementary material) because the
high productivity in these regions effectively transfers DIN
and DIP to OrgN and OrgP, respectively. Eventually about
25-30 % of the total nitrogen supply to the shallow areas
becomes exported as DIN, while 50-60 % is exported as
OrgN to the deeper areas (Fig. 3). The rest is accumulated
and/or denitrified in the shallow areas. However, the
accumulated exports of inorganic and organic nitrogen
(Fig. S2, Electronic supplementary material) decline rap-
idly with increasing bottom depth, and only a minor
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fraction of the nitrogen supplied to the shallower areas
reaches areas deeper than 100 m in the Baltic proper. These
results are in agreement with the studies by Voss et al.
(2005) and Almroth Rosell et al. (2011) which both indi-
cate that much of the inputs from land are trapped along the
coastal rim of the Baltic proper.

Spatial Distributions of Internal Imports

The internal recycling of phosphorus illustrated in Fig. 4
shows that areas importing OrgP generally export DIP,
while the export areas for OrgP show an import of DIP.
Also the shallow areas having the largest imports of DIN
correspond well with areas having large exports of
organic nutrients and large imports of DIP. The largest
exports of DIP occur at intermediate depths between
about 60 and 100 m, while exports from deeper areas are
relatively smaller (cf. Fig. S2, Electronic supplementary
material). This corresponds with the separation between
Group 1 and Group 2 type of sediment sampling stations
according to Mort et al. (2010) and Jilbert et al. (2011).
They defined depths shallower than 90 m as oxic—sea-
sonally anoxic and deeper areas as semi-permanently
hypoxic—anoxic. Jilbert et al. (2011) did not find any
clear trend with water depth in sediment DIP fluxes. It is,
however, difficult to draw any further conclusions about
long term mean fluxes comparable to the present results
from a set of data collected at discrete times and places.
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External supplies to shallow areas

DIN OrgN TotN DIP OrgP TotP
319/31.6 69/68  388/384 10 /10 1.0/09 20/19

}

Areas shallower than 30 meter
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DIN OrgN TotN DIP OrgP TotP
113/97 187/229 300/326 1.0/1.5 26/32 16/1.7

Deeper areas

Fig. 3 The total external supplies of DIN, OrgN, TotN, DIP, OrgP,
and TotP from land and atmosphere in the control period (HadCM3-
CO/ECHAMS-CO0), to the areas shallower than 30 m are shown above
the gray box (c.f. Table 1). The corresponding internal imports from
deeper parts of the Baltic proper to areas shallower than 30 m are
shown below the box. Arrows pointing out from the box indicate
negative import, i.e., an export to deeper areas
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More detailed studies using RCO-SCOBI, following the
ideas of Reed et al. (2011), who used a coupled benthic-
pelagic reactive-transport model to study oxygen and
phosphorus dynamics in the Arkona Basin, may clarify
the processes involved.

The difference in the functionality of DIN and DIP sinks
becomes obvious in the Eastern Gotland Deep where there
is an annual average import of DIN but a net export of DIP
(Fig. 4). This difference is due to denitrification and
nutrient retention in the sediments, which increase the
removal of DIN and reduce the removal of DIP, respec-
tively, when oxygen concentrations become low (hypoxic)
(e.g., Savchuk 2010). On an annual basis, mainly the
Arkona Basin, parts of the Bornholm Basin and the Gulf of
Riga show significant exports of DIN and DIP. With few
exceptions, the rest of the area is generally importing DIN
with largest imports found along the coasts.

 24E 28°E

20 40 60

6%E 0°F 24°E 28°E

-300 -200 -100 0 100 200 300

Fig. 4 HadCM3-REF control period, spatial distribution of annual
average import of nutrients. Imports of DIP and OrgP are shown in
the upper left and right columns, respectively. DIN and OrgN are
shown below. The black solid and dashed lines show 30 and 100 m
depth contours of the model. The magnitude of import
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(ton km™2 month™!) is shown by the background color with the
corresponding values shown in the lower color bar. Green color
denotes positive values (import) and yellow to red colors denote
negative values (export)
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Fig. 5 Relative changes (%) between periods S3 and CO of annual
mean transports of DIP and OrgP/OrgN are shown in the upper left
and right columns, respectively. DIN is shown below. The change in

Future Climate Scenario S3

In climate projections, transports show only small changes
in their directions (Fig. 5). Because of the large regional
variations in the magnitude of transports (cf. Fig. 1), it is
hard to compare the changes in absolute numbers. The
changes in Fig.5 are therefore shown relative to the
transports in the control period. The transports of DIP and
OrgP increase in REF (Fig. 5). Some reduced DIP trans-
ports are also noticed, e.g., in the south-eastern part of the
Gulf of Finland and the Gulf of Gdansk (Fig. 5). Generally,
the DIN transports decrease according to HadCM3-REF.
However, significant increases occur in the northern parts
of the Gulf of Finland and in some smaller areas in the
southern Baltic proper (Fig.5). In ECHAMS-REF, DIN
transports increase also in the Arkona and Bornholm
basins, along the southern coasts and in the eastern parts of
the Baltic proper (not shown).

@ Springer

case of HadCM3-REF is shown and the change of direction is given
by the difference between the white (S3) and the black (CO) arrows
(only shown if direction changed more than 10°)

Nutrient transports in BSAP are generally slightly
reduced but areas with increased transports are also found,
e.g., in the deep parts of the Gulf of Finland, the Bornholm
Basin and the north-western Baltic proper (not shown). In
ECHAMS-BSAP, DIN transports increase in all deep areas
surrounding Gotland.

The Reference Scenario

The total external supply of nutrients decreases in Had-
CM3-REF (4-6 % rxs) while there is a small increase in
ECHAMS-REF (2-3 % rxs) (Table 1). The difference is
due to the changes of freshwater runoff which decreases in
HadCM3 and increases in ECHAMS (Meier et al. 2012a).
The export to adjacent seas increases, and all DIP supplied
from land and atmosphere to the Baltic proper becomes
exported to adjacent seas (Table 1). The import of organic
nutrients from adjacent seas is slightly reduced while the
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Fig. 6 Relative changes (% rxs) between periods S3 and CO of
annual average net imports of DIP, OrgP, and DIN to regions with the
same depth in the Baltic proper (gray bars) are shown in the left,
middle, and right columns, respectively. The changes in cases
HadCM3-REF (row 1), ECHAMS-REF (row 2), HadCM3-BSAP
(row 3), and ECHAMS-BSAP (row 4) are shown. The corresponding
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Maximum bottom depth (m)

Maximum bottom depth (m)

changes in the accumulated imports and the external supplies of
nutrients from land and atmosphere are shown by the solid line and
the dash-dotted lines, respectively. Note: In each case, 100 % rxs
correspond to a change equal in magnitude to the actual nutrient
supply given in row A of the control period in Table 1. The relative
changes of OrgN and OrgP are equal
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Fig. 7 The spatial distribution of relative changes (% rhxs) between 100 % rhxs correspond to a change equal in magnitude to the
periods S3 and CO of annual average net imports of DIP, OrgP, and horizontal average of the actual nutrient supply given in row A of the
DIN are shown in the left, middle, and right columns, respectively. control period in Table 1. The area of the modeled Baltic proper

The changes in cases HadCM3-REF (row 1), HadCM3-BSAP (row defined in Fig. S1, Electronic supplementary material is 263 000 km?.
2), and ECHAMS-BSAP (row 3) are shown. Note: In each case, The relative changes of OrgN and OrgP are equal

import of DIN is relatively unchanged (cf. Fig. 6). Both the =~ becomes less effective in the Baltic proper due to intensi-
net import of inorganic nutrients to the areas shallower than  fied nutrient cycling. The field studies by Jilbert et al.
30 m and the export of organic nutrients from the shallow  (2011) further suggest that preferential phosphorus miner-
areas do increase (Fig. 6; Table 1). The results are espe-  alization with respect to carbon, may be a key player
cially pronounced for the import of DIP that shows an  besides the mineral bound redox dependent phosphorus
increase comparable to about 40 % rxs of DIP to the Baltic =~ dynamics. However, with the present model setup this
proper. Also, the exports of DIP from deeper areas, and the  effect cannot be investigated.

imports of DIN and organic nutrients to the deeper areas

are increased (Fig.7). The intensified exchange between  The Baltic Sea Action Plan Scenario

the shallower and deeper areas observed here can be

explained by the intensified nutrient cycling in a warmer ~ As a consequence of reduced loads (3048 % rxs)
climate as described, e.g., by Meier et al. (2012a). During (Table 1), the export of DIP decreases from the very
intervals of increased hypoxia and intensified phosphorus  shallow areas where nutrients are supplied (Fig. 6), and
cycling, Jilbert et al. (2011) found that the net burial rate of ~ also the export of DIP to adjacent seas is reduced (Table 1).
organic P increased around the margins of the deep basins. = However, since the imports from the deeper parts of the sea
The results of the present model study suggest, however,  are not reduced as much as the supplies from land and
that the net burial of phosphorus in a warmer climate  atmosphere, the net effect is actually an increased net

. © Royal Swedish Academy of Sciences 2012
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import of DIP to areas shallower than 30 m. Because of the
large contribution from the internal nutrient loading, the
productivity sustains a relatively high export of organic
nutrients from the shallow areas. The OrgP export
decreases only by about 20 % while the external phos-
phorus supplies to shallow areas are reduced by more than
40 % (Table 1). Also the efficiency of DIN removal is
enhanced and the DIN exports decreases more than 40 %,
whereas external DIN supplies to the shallow areas are
reduced by only 23-28 %.

There are differences in the relative responses of Had-
CM3-BSAP and ECHAMS-BSAP, but these are mainly
due to differences in the magnitudes of changes. The only
obvious opposing result is found in the areas deeper than
about 100 m, where HadCM3-BSAP shows increased
exports of DIP, while ECHAMS-BSAP shows decreased
exports (Fig. 7). It was found by Meier et al. (2012b) that
bottom water oxygen concentrations in the ECHAMS-
BSAP case were improved in the deeper areas of the
Gotland Basin, while there were no improvements in the
HadCM3-BSAP. Hence, as the phosphorus release capacity
of the sediments decreases with increased oxygen con-
centrations, it may explain why in ECHAMS5-BSAP also
the export of DIP may decrease. There are also differences
in the responses to BSAP found in other locations as well,
and Meier et al. (2012b) concluded that the different
responses in bottom oxygen conditions between HadCM3-
BSAP and ECHAMS-BSAP influenced also the relative
changes of surface layer nutrient concentrations, e.g., in the
Gulf of Finland.

CONCLUSION

The results of this study suggest that during the control
period, the import of DIP from deeper to shallower areas is
substantial and comparable to the entire supply of DIP
from land and atmosphere to the Baltic proper. The internal
removal of nitrogen balances the supplies while phospho-
rus is exported to adjacent seas.

The transports of nutrients in the Baltic Sea follow to a
large extent the general water circulation. However, the
relative size of the transports of different forms of nutrients
varies spatially due to characteristics of their sources and
sinks. Changes in the general transport patterns in the
future scenarios are small.

We found that the internal removal of phosphorus is
much reduced in the reference scenario and all DIP sup-
plied to the Baltic proper is exported to adjacent seas. DIP
import to shallow areas is substantially enhanced and the
export of organic nitrogen and phosphorus from shallow to
deeper areas is increased.

© Royal Swedish Academy of Sciences 2012
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The intensified internal nutrient cycling and the reduced
internal removal of phosphorus counteract the impact from
nutrient reductions according to BSAP and the net effect of
climate change and nutrient load reductions is actually an
increased import of DIP to areas shallower than 30 m.

Despite differences between the projections based on
HadCM3 and ECHAMS, the main message from both
simulations is generally the same. The results from the
present study have implications for the nutrient load
reductions needed to combat increasing eutrophication in
the Baltic Sea and emphasize that future climate changes
should be taken into account in the BSAP revision process.

In this study, we focused on results from a limited
ensemble of future scenarios to highlight some processes
affected by climate change. Other studies have used multi-
model ensembles and a wider range of future scenarios to
quantify uncertainties of projections (e.g., Meier et al.
2011b). We conclude that there is a need for better
understanding of temperature-dependent biogeochemical
processes and their interactions in the Baltic Sea. Also, the
fate of the increased export of phosphorus to adjacent seas
needs to be further studied. Further detailed investigations
about processes in the coastal zone, such as upwelling
events, sediment resuspension, and vertical transports of
nutrients in different regions, are recommended.
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