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The new approach to model the oxygen dependent phosphate release by implementing formulations of the
oxygen penetration depths (OPD) and mineral bound inorganic phosphorus pools to the Swedish Coastal and
Ocean Biogeochemical model (SCOBI) is described. The phosphorus dynamics and the oxygen concentrations
in the Baltic proper sediment are studied during the period 1980–2008 using SCOBI coupled to the 3D-Rossby
Centre Ocean model. Model data are compared to observations from monitoring stations and experiments.
The impact from oxygen consumption on the determination of the OPD is found to be largest in the coastal zones
where also the largest OPD are found. In the deep water the low oxygen concentrations mainly determine the
OPD. Highest modelled release rate of phosphate from the sediment is about 59 × 103 t P year−1 and is found
on anoxic sediment at depths between 60–150m, corresponding to 17% of the Baltic proper total area. The depo-
sition of organic and inorganic phosphorus on sediments with oxic bottom water is larger than the release of
phosphorus, about 43 × 103 t P year−1. For anoxic bottoms the release of total phosphorus during the investigat-
ed period is larger than the deposition, about 19 × 103 t P year−1. In total the net Baltic proper sediment sink is
about 23.7 × 103 t P year−1. The estimated phosphorus sink efficiency of the entire Baltic Sea is on average about
83% during the period.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 3.0 license

(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Phosphorus has been discussed to be a key nutrient for the eutrophi-
cation of the Baltic Sea (Conley et al., 2009). Not only external supplies
of nutrients (phosphorus and nitrogen) from land and atmosphere
contribute to the increasing eutrophication, but also internal loads,
i.e. the impact from an intensified recycling of nutrients in the sedi-
ment (Conley et al., 2002; Stigebrandt et al., 2014). Gustafsson
et al. (2012) estimated that external phosphorus loads increased by
a factor of 5 from 1850 to around 1980. After 1980 external phospho-
rus loads started to decrease, but the phosphorus efflux from the
sediments and the phosphorus pool in the water continued to
increase. A number of studies have shown that the sediments play
an important role in controlling the phosphorus supply to the pelagic
realm as they regionally act as an internal source or sink for dissolved
phosphate (Emeis et al., 2000; Lukkari et al., 2009b; Viktorsson et al.,
2012, 2013).
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The deepwater in the southern and central basins of the Baltic Sea is
separated from the surfacewater by a permanent halocline at a depth of
about 60 m (Stigebrandt, 2001; Väli et al., 2013), which prevents verti-
cal circulation and ventilation of the bottomwater. Onlymajorwater in-
flows of dense surface water from Kattegat with higher salinity and
oxygen can oxygenate the deep waters in the basins. The inflowing
water replaces the anoxic and phosphate rich bottom water in the
deeper part of the basins, which is lifted up to more shallow water
depths (Eilola et al., 2014; Fischer and Matthäus, 1996; Reissmann
et al., 2009; Schneider, 2011). The vertical transport and mixing of
the deep bottom water due to MBI have been discussed in earlier
studies (e.g. Reissmann et al., 2009; Schneider, 2011). The destiny
of the deep water due to MBI in the Baltic proper was investigated
in a tracer study by Eilola et al. (2014), who concluded that regional-
ly the direct impact on the uplift of nutrients from waters below the
halocline to surface waters due to MBI could be quite large, but that
the overall direct impact was small because comparably large verti-
cal transports occur also in years without MBI. The impact from the
East Gotland Deep water on eutrophication in the Baltic Sea is ex-
pected to be small because the volume of water below 150 m is
small (Eilola et al., 2014). During the stagnant periods, between the
major inflows, the oxygen concentrations in the deepwater decrease
the CC BY-NC-ND 3.0 license (http://creativecommons.org/licenses/by/3.0/).
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with time, often until depletion (Lass and Matthäus, 2008, and refer-
ences therein).

Phosphate has the ability to adsorb on hydrated metal oxides, e.g.
iron(III) oxy hydroxides (oxides), which build up in the oxidized
sediment layer. Large amounts of phosphate can thus build up in the
sediment during oxic bottom water conditions. During anoxic periods
the oxides reductively dissolve, which prevents further adsorption of
phosphate to iron oxides and the previously adsorbed phosphorus is re-
leased to the pore water in the sediment and can thus diffuse to the
water column (Froelich, 1988; Mortimer, 1941, 1942; Sundby et al.,
1992). Thus, the low retention capacity of phosphorus in the sediment
during anoxic conditions and the limited vertical circulation and venti-
lation of the bottom water leads to high phosphate concentrations in
the anoxic bottom water. Further, Jilbert et al. (2011) suggested that
preferential phosphorus mineralization with respect to carbon, may
be a key player besides themineral bound redox dependent phosphorus
dynamics. However, with the present model setup this effect cannot be
investigated. Sediment that has been anoxic for a longer period might
get the accumulated pool of mineral bound inorganic phosphorus de-
pleted. The release of phosphate will then depend on the supply and
degradation of organic matter and the mineralization rate of organic
phosphorus (Viktorsson et al., 2012). Today, about 40% of the total
bottom area in the Baltic proper (including the Gulf of Riga and the
Gulf of Finland) is estimated to be overlain by hypoxic (dissolved O2

concentrations less than 2 ml l−1 or 91 μM) or anoxic bottom water
(Hansson and Andersson, 2013). In contrast to soft water lakes marine
waters also have a sink for iron. Saline water contains sulfate which is
used during bacterial anaerobic decomposition of organic material.
The produced hydrogen sulfide reactswith iron and precipitates asmin-
erals, e.g. FeS or pyrite FeS2 (Blomqvist et al., 2004; Skoog et al., 1996).
Iron(III)oxides and phosphate form aggregates with the molar (Fe:P)
ratio of 2:1 (Gunnars and Blomqvist, 1997; Gunnars et al., 2002). If the
molar ratio is less than two, the phosphate can escape from the sedi-
ment without binding to iron(III)oxides. The produced FeS and FeS2
acts as a sink of iron and may thus lead to a reduced retention capacity
of phosphate in the sediment (Blomqvist et al., 2004; Lehtoranta et al.,
2009). The salinity dependence of the phosphorus release capacity
from the sediments in the Swedish Coastal and Ocean Biogeochemical
model (SCOBI; Eilola et al., 2009; Marmefelt et al., 1999) was discussed
by Eilola et al. (2009).

Field studies in the Gulf of Finland have shown that in spite of oxic/
sub-oxic conditions in thewater column therewere high release rates of
phosphate from the sediment (Conley et al., 1997; Lehtoranta and
Heiskanen, 2003; Lehtoranta et al., 2009; Pitkanen et al., 2007).
Lehtoranta and Heiskanen (2003) argued that a low availability of
iron(III)oxides, due to limited vertical diffusion of iron(II) towards the
oxidized surface layer of the sediment, limited the phosphorus adsorp-
tion and allowed for high release rates of phosphorus. According to
Lehtoranta et al. (2009) the release of phosphate in spite of oxic bottom
waterwas due to high deposition of organicmaterial and that sulfate re-
duction and thus formation of FeS2 decreased the availability and
recycling of iron in the sediment. Conley et al. (1997) concluded that
the phosphorus content in the sediment was very high in the Gulf of
Finland as compared to other Baltic Sea sediments. Also Hille (2005)
discussed, based on measurements in the Baltic proper, that the high
phosphorus flux rates correspond to sites with high accumulation
rates of organic matter. Decomposition and oxidation rate of organic
matter at these sites is therefore high. The depth of the oxidized sedi-
ment layer, and hence the amount of hydrated metal oxides available
for phosphorus adsorption, depends on the oxygen concentrations in
the bottom water and also on the oxygen consumption rate in the
sediment (Cai and Sayles, 1996). Hence, if the oxygen penetration
depth is largemore iron can transform to iron(III)oxides and larger frac-
tions of the mineralized phosphorus may be adsorbed. The importance
of oxygen consumption rate on the oxygen diffusion and penetration
into the sediment has not previously been accounted for in the state-
of-the-art model described by Eilola et al. (2011). Oxygen concentra-
tions in the bottomwater have usually been used to describe the status
in the sediment.

The model system in the present study consists of the SCOBI model
coupled to a three-dimensional high resolution ocean circulation
model, the Rossby Centre Ocean model (RCO; Meier et al., 2003). The
aimwith this studywas to further develop thedescription of the benthic
phosphorus dynamics in SCOBI and to discuss themodel results in com-
parison to available observations. A map of the horizontal variability of
the oxygen penetration depth and the effects of major deep water
inflows on the phosphate release in the Baltic proper will be described.
The relative importance of oxygen consumption rate, compared to the
importance of bottom water oxygen concentration, on the actual
oxygen penetration depth as well as the sink efficiency of phosphorus
in the Baltic Sea will be studied.

2. Material and methods

The Baltic Sea is a sensitive environment which is highly affected by
the large amount of people living around its coast. Eutrophication with
increased nutrient concentrations and, as a consequence, algae blooms
and bottom anoxia has been observed during decades in the Baltic
Sea. It is a landlocked sea that can be divided into several sub-basins
connected by sills. The connection to the North Sea goes through the
shallow Danish straits, Little Belt, Great Belt and Sound, and Kattegat.
The model domain of the coupled RCO-SCOBI model system used in
this study covers the entire Baltic Sea, including Kattegat (Fig. 1) and
has been used in several applications for the Baltic Sea (e.g. Eilola
et al., 2012, 2013; Meier et al., 2011, 2012a; Neumann et al., 2012;
Skogen et al., 2014). The model system has shown good performance
compared to other Baltic Sea models and observations (Eilola et al.,
2011). In this study themain focus has been on the Baltic proper, includ-
ing the Gotland, Bornholm and Arkona basins, and the Gulf of Riga and
Gulf of Finland during the period 1980–2008.

2.1. The RCO-model

The RCO-model, Rossby Centre Oceanmodel (Meier et al., 2003), is a
three-dimensional Bryan-Cox-Semtner primitive equation circulation
model with a free surface (Killworth et al., 1991) and open boundary
conditions (Stevens, 1991) in the northern Kattegat (Fig. 1). Subgrid-
scale mixing is parameterized using a turbulence closure scheme of
the k-ε type with flux boundary conditions to include the effect of a
turbulence enhanced layer due to breaking surface gravity waves and
a parameterization for breaking internal waves (Meier, 2001). The
deep water mixing is assumed to be inversely proportional to the
Brunt-Väisälä frequency with a proportionality factor α = 1 ×
10−7 m2 s−2 following Lass et al. (2003). As the layer thicknesses of
the vertical grid are too large to resolve the bottom boundary layer
(BBL) accurately, a BBL model is embedded to allow the direct commu-
nication between bottom boxes of the step-like topography (Beckmann
and Döscher, 1997). The oceanmodel is coupled to a Hibler-type sea ice
model (Hibler, 1979) with elastic-viscous-plastic rheology (Hunke and
Dukowicz, 1997) and explicit representation of five undeformed and
two deformed sea ice categories (Mårtensson et al., 2012). RCO is used
with a horizontal resolution of 3.7 km (2 nautical miles) and with 83
vertical levels with layer thicknesses of 3m. In themodel themaximum
depth amounts to 249 m. For further details of the RCO model and the
performance of relevant model variables compared to observations
the reader is referred to Meier (2001), Meier et al. (2003), Meier
(2007) and Väli et al. (2013).

2.2. SCOBI

The Swedish Coastal and Ocean Biogeochemical model (SCOBI;
Eilola et al., 2009) describe the dynamics of nitrate, ammonium,



Fig. 1. The model domain of the RCO-SCOBI model covers the Baltic Sea, including Kattegat. The color bar shows the depth in meter and the black filled circles shows positions of the sta-
tions used for validation. The names of the stations in the Gulf of Finland and central Baltic proper are displaced to the right and down for clarity. The SMHI monitoring station BY15 has
approximately the same position as GB-F and is not separately shown.
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phosphate, phytoplankton, zooplankton, detritus, and oxygen. Phyto-
plankton consists of three algal groups representing diatoms, flagellates
and others, and cyanobacteria (corresponding to large, small and nitro-
gen fixing cells). The growth rates depend on nutrient concentrations,
irradiance, and water temperature. The modelled cyanobacteria also
have the ability to fix molecular nitrogen. Organic matter sinks and en-
ters the sediment containing benthic nitrogen andphosphorus. The sed-
iment processes include oxygen dependent nutrient regeneration and
denitrification as well as permanent burial of nutrients. Resuspension
of organicmatter depends on the combined effects ofwaves and current
induced shear stress (Almroth-Rosell et al., 2011). In this study detritus
is separated into different nitrogen and phosphorus pools in accordance
with the description given by Savchuk (2002). The nutrient loads for the
present run are identical to the historical loads described by Gustafsson
et al. (2012). The sediment part in the SCOBImodel has been further de-
veloped compared to the model described by Eilola et al. (2009) and
Almroth-Rosell et al. (2011). New pelagic and sediment pools of inor-
ganic phosphorus have been implemented to simulate the adsorption
behavior of phosphate on e.g. iron(III)oxides, which in the sediment is
regulated by the oxygen penetration depth (OPD).

Soetaert et al. (2000) tested five different levels of coupled
sediment-water nutrient flux model complexity for continental shelf
areas. The most complex model version (level 4) couples the water col-
umn processes to a vertically resolved biogeochemical sediment model
(e.g. Reed et al., 2011). The results by Soetaert et al. (2000) suggested,
however, that the vertically integrated dynamic sediment model
(level 3) approach represent the best balance between computational
demand and attained accuracy. The level 3 type model has been used
with good results in the coupled physical-biogeochemical RCO-SCOBI
model and other Baltic Sea models as well (Eilola et al., 2011). The
aim is therefore to keep the basic structures of the SCOBI model formu-
lations, described in Eilola et al. (2009) and Almroth-Rosell et al. (2011),
for the new formulations to account for the oxygen penetration depth
and dynamics of inorganic phosphorus, described in Sections 2.2.1 and
2.2.2, respectively.

2.2.1. Oxygen penetration depth
The depth to which oxygen penetrates into the sediment depends

on the rate of oxygen consumption in the sediment and the diffusive
transport of oxygen from the bottom water to the sediment (Cai and
Sayles, 1996). The OPD is calculated using Eq. (1) from Cai and Sayles
(1996), who showed that this estimation of OPD describes well the sit-
uation in continental marginal seas. This equation describes the OPD at
steady state porewater oxygen profiles and a homogenous depth distri-
bution of carbon decomposition in the OPD layer with no bioirrigation
included. In frontal areas with highly variable oxygen concentrations
in the bottom water the equation might therefore temporary give
deviations from observations, but these occasions are believed to be of
less importance for the long term study of the present paper.

OPD ¼ 2∅Ds
O2½ �Bw
F0O2

ð1Þ

Ds ¼
D

1− ln ∅2
� � ð2Þ

where OPD is the oxygen penetration depth in meter, Ø is the sediment
porosity, [O2]BW is the bottomwater oxygen concentration (ml O2 l−1),
F0O2 is the oxygen flux to the sediment (ml O2 m−2 s−1) and Ds is the
diffusivity of oxygen in the sediment (m2 s−1).

Local sediment porosity is in the model grid described by three dif-
ferent values representing sediment types at accumulation bottoms
(0.94), transport bottoms (0.85) and erosion bottoms (0.64). The bot-
tom types were defined by the method described by Almroth-Rosell
et al. (2011). The oxygen flux F0O2 is in the SCOBI model given by the



Table 2
List of biogeochemical state variables.

State variables Description Units

O2 Oxygen ml O2 l−1

OPD Oxygen penetration depth meter
PO4 Phosphate mmol P m−3

WIP Mineral bound phosphate in the water mmol P m−3

PBT Benthic organic phosphorus mmol P m−2

BIP Benthic inorganic phosphorus mmol P m−2
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oxidation rate of organic matter and nitrification (of ammonia to ni-
trate) and the corresponding uptake of oxygen to the sediment. The ox-
ygen penetration depth is properly described by this equation down to
about 8 cm (Cai and Sayles, 1996). The porosity dependent diffusivity of
oxygen in the sediment (Ds) is described by Eq. (2)where D is the salin-
ity (S) and temperature (T) dependent diffusivity for oxygen in water
(Boudreau, 1996; Hall et al., 2007), which is calculated from Eq. (3).
The Eqs. (3) and (4) were defined from the best polynomial fits
to data from an oxygen diffusion table (Ramsing and Gundersen,
2014) based on calculations using more sophisticated equations (e.g.
Broecker and Peng, 1974; Himmelblau, 1964; Li and Gregory, 1974).

D ¼ A � 1−S � B1 � B2þ B3 � Tð Þð Þ ð3Þ

A ¼ C1 � T2 þ C2 � T þ C3
� �

� C4 ð4Þ

where the salinity is in the range 0–35 and thewater temperature in the
range 0–30 °C. The values of the constants are shown in Table 1.

The relative impact of oxygen concentration and oxygen consump-
tion on the magnitude of the OPDs was calculated from Eq. (5):

R ¼
O2½ �a.

O2½ �b

F0O2
b
�

F0O2
a

ð5Þ

where [O2] is the oxygen concentration and F0O2 is the oxygen con-
sumption at yearly minimum OPD denoted by the superscripted letter
a and at yearly maximum OPD denoted by the superscripted letter b.
The equation was derived from Eq. (1) as OPDmin/OPD max where the
oxygen concentrations were clustered and compared to the oxygen
fluxes. The ratio (R) is higher than 1 when the oxygen consumption in
the sediment controls the OPD and lower than 1 when it is the oxygen
concentrations that determines the OPD. The temperature dependent
sediment diffusivity is also a parameter that affects the OPD (Eq. (1))
and its relative contribution can be calculated in a similar way, using
Eq. (5). Thus, instead of oxygen concentrations the modelled sediment
diffusivity at the maximum OPD and minimum OPD, respectively, are
used.

2.2.2. Benthic inorganic phosphorus
The new elements of the present SCOBI model are described below

using formulations similar to the tables in the Appendix of Eilola et al.
(2009). The source termsdescribing the change in time for each variable
of the sediment model equations are described by changes in benthic
organic phosphorus (PBT in Eq. (6)) andmineral bound inorganic phos-
phorus (BIP in Eq. (7)). Themineral bound inorganic phosphorus in the
water (WIP) is followed in each discrete depth layer as a passive tracer
without any biogeochemical sources or sinks in the water (WIP in
Eq. (8)). The formulations of sediment resuspension of organic andmin-
eral bound phosphorus are similar and follow in detail the formulations
described by Almroth-Rosell et al. (2011) and Eilola et al. (2009), and
will not be further discussed here. Also the sinking rate ofWIP is similar
Table 1
Constants of Eqs. (3) and (4).

Parameter Value

B1 35−1

B2 0.05
B3 0.00075
C1 0.000424
C2 0.042265
C3 1.105
C4 10−9
to the sinking of detritus described by Eilola et al. (2009). The units of
relevant variables of the present paper are listed in Table 2.

SPBT ¼ SINKIOP−PBTOUTPO4−PBTOUTBIP−SEDPLOSS−BURIALPBT ð6Þ

SBIP ¼ SINKIIP þ PBTOUTBIP þ SCAVPO4−LIBPPO4−SEDIPLOSS−BURIALBIP
ð7Þ

SWIP ¼ SINKIIP−SINKOUTIP þ SEDIPLOSS ð8Þ

The basic model concept of the new sedimentmodel is illustrated in
Fig. 2, where sinking organic phosphorus is deposited on the sediment
and a pool of benthic organic phosphorus builds up. Organic matter is
mineralized (Eq. (9)) and an oxygen penetration depth (OPD) depen-
dent fraction (PRC) of the mineralized phosphorus (DCOMPPBT) is re-
leased directly to the overlying water (Eq. (10)). The salinity
(S) dependence of the PRC (Eilola et al., 2009) is not used in the present
model setup. The remaining fraction (Eq. (11)) is added into the pool of
BIP. Under anoxic conditions (OPD=0) all themineralized phosphorus
is directly released to the overlying water (PRC = 1). Burial of PBT and
BIP are similar and described by Eq. (14) and (15), respectively, and the
values of the constants are shown in Table 3.

DCOMPPBT ¼ αPBT � EXP βPBT � Tð Þ � PBT ð9Þ

PBTOUTPO4 ¼ PRC � DCOMPPBT ð10Þ

PBTOUTBIP ¼ 1−PRCð Þ � DCOMPPBT ð11Þ

PRC ¼ αPRC−δPRC ð12Þ

δPRC ¼ 1= 1þ aδ � EXP −bδ �
OPD
dδ

−cδ

� �� �� �
ð13Þ

BURIALPBT ¼ αBUR � PBT ð14Þ

BURIALBIP ¼ αBUR � BIP ð15Þ

The basic ideas of the modelled mineral bound inorganic phospho-
rus dynamics follow Neumann and Schernewski (2008) and Reed
et al. (2011). In order to account for the dynamics of changing strength
of vertical gradients of phosphorus and oxygen in the sediment regula-
tions according to the first order reaction kinetics was introduced.
Hence, the release rate (LIBPPO4) of PO4 from the sediment (Eq. (16))
decreases as the sediment concentration of BIP decreases below a half
saturation value. Similarly the release rate increases when the oxygen
penetration depth decreases and reaches its maximum at anoxic condi-
tions. At small OPD values, the half saturation value limits the amount of
hydratedmetal oxides available for phosphate adsorption. The values of
the half saturation constants were evaluated from theoretical consider-
ations and tested and calibrated against realistic values of sediment con-
centrations in a spread data-sheet model before the implementation
into the RCO-SCOBImodel. These calibration constants might be further
studied and tuned in future experiments using a level 4 type of
diagenetic model.
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The uptake of phosphate from the bottom water to the sediment
(SCAVPO4) is regulated by interfacial reactions and phosphate diffusion
across the sediment interface. The diffusion is driven by the gradient be-
tween the bottom water and the sediment pore water concentration at
the sediment-water interface (cf. Eq. (3) in Reed et al., 2011). The for-
mulation (Eq. (17)) may transfer PO4 from the water to the sediment
if the sediment is under saturated with BIP with regard to the amount
of hydratedmetal oxides available for phosphate adsorption. This situa-
tionmay occur e.g. after a period with anoxic conditions whenmost BIP
have been released to the overlayingwater and BIP decreases below the
half saturation value. The uptake requires, however, also that the oxy-
gen penetration depth is deep enough to produce an active oxidized
layer. This is regulated by the half saturation value of OPD. The values
of the constants are shown in Table 4.

LIBPPO4 ¼ αLIBP �
BIP

BIP þ βLIBP
� 1− OPD

OPDþ ηLIBP

� �
� BIP ð16Þ

SCAVPO4 ¼ αSCAV � 1− BIP
BIP þ βLIBP

� �
� OPD
OPDþ ηLIBP

� PO4water ð17Þ

The transfer rate (αSCAV) of phosphate from the water to the sedi-
ment (m s−1) is regulated by the sediment porosity and the tempera-
ture (°C) dependent phosphate diffusivity (m2 s−1) formula (D’)
adopted from Krom and Berner (1980).

αSCAV ¼ DPO4 �
ϕ
ΔX

ð18Þ
Table 3
Constants and units of Eqs. (9)–(15).

Parameter Unit Value

αPBT day−1 0.0005
βPBT °C−1 0.15
αPRC - 1.15
aδ - 0.5
bδ l ml−1 1.5
cδ ml l−1 0.7
dδ m−1 (ml l−1)−1 6.164 × 10−4

αBUR day−1 2.8/1.8/1.4/1.0 × 10−4
DPO4 ¼ D0

1− ln ϕ2
� � ð19Þ
D0 ¼ C1SCAV þ C2SCAV � T−C3SCAVð Þ ð20Þ

The length scale of the diffusion gradient ΔX was set to 1 cm
(0.01 m) and the values of the constants are shown in Table 5.

2.3. Model validation

The pelagic modelled oxygen and phosphate concentrations are
validated qualitatively by comparison of long time series of the model
results and data from the central Baltic proper. Observations from the
database Svenskt HavsARkiv (SHARK, 2014) at SMHI are used for
validation. Hydrogen sulfide concentrations are both in the models
and in the observations represented by “negative oxygen” equivalents
(1 ml H2S l−1 = −2 ml O2 l−1) (Fonselius and Valderrama, 2003)

Modelled OPDs in SCOBI have been validated through comparison
with observed OPD found in the literature for the Eastern Gotland
Basin (Steenbergh et al., 2011;Wenzhöfer et al., 2002), and to calculated
OPD according to formulations from Cai and Sayles (1996) using obser-
vation data of bottomwater oxygen concentrations and benthic oxygen
fluxes together with known porosity (Viktorsson et al., 2013; Nilsson
et al., unpublished results; M. Kononets, pers. comm.). Observation
data for the OPD have preferentially been chosen because both
P-fluxes and oxygen penetration depths from the same study site at
the same occasion are included. Stations used for validation are shown
in Fig. 1.
Description

Mineralization rate, of benthic organic phosphorus, at 0 °C
PBT mineralization temperature dependence
Constant in benthic redox dependence of phosphate
Constant in benthic redox dependence of phosphate
Constant in benthic redox dependence of phosphate
Constant in benthic redox dependence of phosphate
Constant in benthic redox dependence of phosphate
Burial rate in the Bothnian Sea/Gulf of Finland/Bothnian Bay/Elsewhere



Table 4
Constants of Eqs. (16) and (17).

Parameter Unit Value Description

αLIBP day−1 0.01 Maximum release rate of benthic
inorganic phosphorus

βLIBP mmol m−2 484 Half saturation value of BIP
ηLIBP meter 10−4 Half saturation value of OPD
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3. Results and discussion

3.1. Validation of model results

Validation processes of large scale biogeochemical models are
complicated and include many variables. It is not only the variability
of the weather, but the statistics (mean, standard deviation, etc.) or
the climate which needs to be simulated correctly. The nutrient and
oxygen concentrations at certain times are much influenced by the
characteristics of the hydrodynamic model, such as the timing of in-
flows or the vertical stratification. The chronology between observed
and modelled concentrations may therefor differ. For the present
study it is desirable that themodel captures the characteristic dynamics
of oxygen and phosphate concentrations in the deepest water layer.

3.1.1. Variability of oxygen and phosphate concentrations
Modelled oxygen and phosphate concentrations have been com-

pared to observations from monitoring stations (Eilola et al., 2009)
and results from the present model version from the stations BY05
and BY15 (for locations see Fig. 1) in the bottom water are shown
(Fig. 3). Generally the model captures the long-term variability of oxy-
gen and phosphate concentrations in the Baltic proper.

In the bottom water (90 m depth) and ten meters above bottom at
station BY05 the variability of phosphate concentrations is satisfactory
reproduced (Fig. 3) during large parts of modelled period. However,
during a few occasions e.g. at the end of the 1980s and from about
2006 and forward the concentrations are too low because the modelled
oxygen concentrations were not low enough during these periods
(Fig. 3). About ten meters above the bottom the oxygen mean value is
too high compared to observations, which probably is due to the a
weakness in the simulation of the stratification (Väli et al., 2013).
These higher oxygen concentrations do, however, not seem to affect
significantly the oxygen concentrations at the bottom most water
layer at this station. Overall are the dynamics of oxygen and phosphate
concentrations at station BY05 reasonably reproduced (Fig. 3).

At BY15 are the stagnation periods aswell as the consequences from
deepwater inflows (1970, 1976, 1993 and 2003) captured by themodel
both at the bottom most layer (240 m) and at about 100 m depth
(Fig. 3). During the stagnation periods the oxygen concentrations de-
crease while the phosphate concentrations in the deep water increase.
However, the modelled phosphate concentrations in the bottom most
layer are lower compared to observations, which is clearly seen during
the stagnation period 1983–1993. The increase in phosphate concentra-
tions levels off from themid-1980smuch because themodelled benthic
inorganic phosphorus pool becomes depleted (not shown). The
modelled oxygen concentrations follow the observations at both 240
m and 100 m depth, with the exception in the end of the period
where the modeled oxygen does not capture the observed, fast deple-
tion of oxygen.
Table 5
Constants of Eq. (20).

Parameter Value

C1SCAV 7.34 × 10−10

C2SCAV 0.16 × 10−10

C3SCAV 25
The long-time average profiles (1980–2008) of the modelled and
observed phosphate and oxygen concentrations at station BY15
(Fig. 4) confirm that the model manages to capture the oxygen and
phosphate dynamics. However, below the halocline oxygen and phos-
phate concentrations are too high and too low, respectively,with largest
differences closest to the bottom.

A comprehensive validation of the physics is presented by Väli et al.
(2013).

3.1.2. Oxygen penetration depth
The model seems to simulate oxygen penetration depth with reli-

able magnitude and variability. However, there are differences between
model results and observations (Table 6) that will be discussed below.
The OPD in a coastal zone is in general of the magnitude of millimeters
(Glud, 2008) and fluctuates depending on the bottom water oxygen
concentrations and the amount of organic material. E.g. Rasmussen
and Jorgensen (1992) found seasonal variations of the OPD in Aarhus
Bay in the range from −5.1 mm during winter to −1.2 mm during
spring. During summer the OPD was between −1.3 and −2.5 mm.
However, there are some general problems when model results are
compared to observations, especially for measurements in the
sediment. One important factor is the size of the horizontal grid and
the lack of spatial variation in each grid cell of the model. Observations
aremade on a very limited spatial scale which is assumed to represent a
larger area, while the horizontal resolution of the presentmodel system
is about 3.7 km. This causes the differences between the observed and
modelledwater depths at someof the stations (Table 6). It is also impor-
tant to remember that the model results in Table 6 are monthly means
while the observations are snapshots at specific dates, or at the most
averages of snapshots from two or maximum three measurement
occasions. The limited number of observations restricts the possibilities
to perform a statistical evaluation. It would therefore be desirable to
have more observations of OPD to be able to do a more comprehensive
validation in the future.

Largest difference between modelled and observed OPD is found at
station GB-A (Table 6) which is a station in the Eastern Gotland Basin
at about 60 m depth with oxic bottom water (Viktorsson et al., 2013).
The estimated observation of OPD at this station is −1.5 mm while
the modelled monthly mean value for the same month is as deep
as −21 mm. The limited numbers of measurements of the OPD make
it hard to determine whether or not they are representative as well as
the fact that the observed OPD is estimated fromobservations of oxygen
concentrations and consumption instead of a direct measurement. The
estimation is on the other hand calculated in the same way as the
modelled OPD (Eq. (1)). Another important factor is that the bottom
depth in the model at this station (45 m) is in the ventilated waters
above the modelled halocline, why the oxygen concentrations and the
OPD are higher.

At the stations GB-B and Kasuuni the difference between modelled
and observed OPD was in the range from −2.4 mm to −3.1 mm, thus
themodelled OPDwas underestimated. The Kasuuni station is classified
as transport/accumulation bottom at about 55mwater depth (Almroth
et al., 2009; Viktorsson et al., 2012) but in the model the water depth is
larger, 66 m. The modelled halocline in the Gulf of Finland is too strong
and shallow, approximately at about 50 m depth (Meier, 2007; Väli
et al., 2013). The water exchange, and hence, the supply of oxygen
below the halocline is much less effective than in the surface layers
above. This can be one of the reasons why the modelled OPD is zero at
Kasuuni, while the observations show non-zero OPDs. At GB-B the
modelled and observed depths are about 70 m, which approximately
coincide with the depth of the fluctuating halocline in the Baltic proper
(Väli et al., 2013). The bottom water at this station may therefore often
shift between anoxic and oxic conditions. This is reflected in the vari-
ability of the modelled OPD (Fig. 5, left). It is not possible to simulate
the exact timing and amplitude of observed OPD variations with a
large-scale model although the variability of the model well captures



Fig. 3.Modelled (line) bottomwater concentrations of oxygen (ml l−1) (left) and phosphate (mmol m−3) (right) are compared to observations (circles) at the stations BY05 in the Born-
holm Basin (top), and BY15 (bottom) in the Eastern Gotland Basin, during the period 1980–2008.
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the magnitudes of the observed OPD. A similar fluctuating pattern can
be observed for station W-B (Fig. 5, right). The observed and modelled
water depth at W-B is about 120 m. Due to the restricted water
exchange the bottom water has low oxygen concentrations with
shallow OPD, at the most about 2 mm for the period 1980–2008. The
bottom water often becomes anoxic during long periods with zero
OPD as a result.

3.1.3. Phosphate release from sediment
The oxygen conditions in the sediment affect the release of phos-

phate from the sediment to the overlying water and the bottom water
phosphate concentration. Most observations of phosphate concentra-
tions in the bottom water fit within the variability of the modelled
(1980–2008) phosphate concentrations depicted at different OPD
(Fig. 6A). The mean phosphate release rates from the sediment to the
water column is low with a small standard deviation at large oxygen
penetration depths (Fig. 6B), which is in accordance with observations.
There is also an uptake of phosphate by the sediment, which is seen by
observations (Fig. 6B) for OPD N 1 mm depth in the sediment. These
occasions are not captured by the variability of the model results as
seen from themodelled standard deviation, but themodelledminimum
values shows that the model has the capability to a low uptake of phos-
phate from thewater column. Some observations show high phosphate
release rates also under oxic conditions in the sediment, which is not
captured by the variability (standard deviation) of themodel. However,
the maximum release rates of phosphate at different OPD shows that
the model has the capacity to also capture higher release rates both at
oxic conditions and at zeroOPD. It is difficult to judgewhether these ob-
servations can be regarded as representative values for the monthly
means or if themomentary measurements of sediment fluxes are influ-
enced by temporary fluctuations in the bottom water oxygen concen-
trations. There are also challenges with measuring low phosphate
fluxes (Almroth et al., 2009) that may affect the observations.

The long-term mean (1980–2008) of phosphate concentrations at
different bottom water oxygen concentrations corresponds very well
with the observations, that mainly are within the ±1 standard
deviation of the model results (Fig. 6C). The phosphate release from
the sediment is very low at oxygen concentrations higher than about
100mmol m−3 (Fig. 6D) and increases with oxygen depletion. The var-
iability of modelled phosphate release at anoxic conditions captures



Fig. 4. The long-term (1980–2008) mean profiles of oxygen (ml l−1) and phosphate (mmol m−3) concentrations at station BY15 are shown by the black line in the top and low panels,
respectively. The ±1 standard deviation is shown by the grey shaded area. Observations are to the left and model results to the right.
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well the variability of observed fluxes (Fig. 6D). The modelled maxi-
mum values of phosphate release rates show that the model capture
also the high observed values. The results of the validation to in situ ob-
servations show that the model captures well the dynamics of oxygen
and phosphate in the bottom water.
Table 6
Themean observed oxygen penetration depth (OPD obs) and the standard deviation (STDV ob
(BP) with the observed (ObsDepth) andmodelled (ModDepth) water depth during the given d
representative standard deviation (STDV mod).The difference between OPD obs and OPD mod

Basin Station Year Month Obs
Depth (m)

M
De
(m

BP GB-A2 2008 9 60 4
BP GB-B2 2008 9 75 7
BP GB-D2 2008 9 128 12
BP GB-E2 2008 9 180 16
BP GB-F2 2008 9 210 21
BP W-A3 1996 8 75 7
BP W-B3 1996 8 115 12
BP W-C3 1996 8 155 16
BP W-D3 1996 8 210 23
GF GF12 2002 6 72 8
GF GF22 2002 6 81 8
GF PV11 2003 6 75 4
GF PV11 2004 9 70 4
GF PV11 2005 5 73 4
GF XV11 2005 5 17 3
GF Kasuuni1 2003 7 53 6
GF Kasuuni1 2004 9 54 6
GF Kasuuni1 2005 5 54 6

1 The observed OPD from these stations are calculated from oxygen data (Almroth et al., 20
2 The observed OPD from these stations are calculated from unpublished data.
3 The observed OPD from these stations are adopted from Wenzhöfer et al. (2002).
3.2. Spatial variation of the oxygen penetration depth

The spatial variability of the simulated OPD (Fig. 7) show highest
values in shallow coastal zones, approximately at depth above the
halocline. Lowest values are found in the deeper central basin,
s) for each field study at the different stations in the Gulf of Finland (GF) and Baltic proper
ate (year; month). The model results are calculated asmonthly mean (OPDmod) with the
is given as ΔOPD. For location of the stations, see Fig. 1.

od
pth
)

OPD
Obs
(mm)

STDV
Obs

OPD
Mod
(mm)

STDV
Mod

ΔOPD
(mm)

5 −2.9 0.3 −21.0 1.4 17.8
2 −5.3 0.2 −2.6 0.2 −2.7
3 0.0 0.0 0.00 0.0
5 0.0 0.0 0.02 0.0
6 0.0 0.0 0.00 0.0
5 −1.5 0.0 −1.1 0.00 −0.4
0 −1.5 0.0 0.0 0.00 −1.5
5 −0.9 0.0 0.0 0.00 −0.9
1 0.0 0.0 0.0 0.00 0.0
1 0.0 0.0 0.00 0.0
1 0.0 0.0 0.00 0.0
5 0.00 0.00 0.0 0.00 0.0
5 −1.9 0.2 0.0 0.00 −1.9
5 −0.6 0.2 0.0 0.00 −0.6
9 −1.8 0.4 −0.2 0.3 −1.6
6 −3.1 0.7 0.0 0.00 −3.1
6 −2.4 0.4 0.0 0.00 −2.4
6 −2.4 0.5 0.0 0.00 −2.4

09).



Fig. 5. The modelled (line) OPD (mm) at station GB-B (left) and at W-B (right) over time. Observations are shown as filled circles.

Fig. 6. The average values (black line) of the annual mean, during the period 1980–2008, ±1 standard deviation (grey shaded area) of modelled; A) phosphate concentrations
(mmol m−3) in the bottomwater and B) phosphate release rates (mmol m2 d−1) from the sediment to the overlying water for different oxygen penetration depths (mm); C) the phos-
phate concentrations (mmolm−3) and D) phosphate release rates (mmolm2 d−1) from the sediment at different bottomwater oxygen concentrations (mmolm−3); oxygen penetration
depths (mm) for E) different oxygen consumptions (mmol m−2 d−1) in the sediment and F) oxygen concentrations (mmol m−3) in the bottom water. The thin black lines are the max-
imum and minimum values of the phosphate release rates during the period and filled circles are observations from different stations during the year 1996, 2002–2005 and 2008–2010.
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where the oxygen concentration often is low. The seasonal varia-
tion show lowest long-term (1980–2008) monthly mean values
of OPD (Fig. 7, left) during late summer and early fall (August–Sep-
tember), while the sediment still is enriched by organic material
from algal blooms. This area is approximately the same as where
the minimum oxygen concentrations are found (not shown). Larg-
est mean OPD values (Fig. 7, middle) are mainly found during win-
ter (January–February), before the productive season, thus before
high deposition of organic material on the sediment surface. The
seasonal variation of OPD has been shown also in field studies,
e.g. in the study by Rasmussen and Jorgensen (1992) in
the Aarhus Bay, in Denmark. They also found that the OPD de-
creased during spring/summer and then increased again during
next winter when the fresh organic material was depleted. The
largest OPD in the Baltic Sea found in literature is −40 mm in
the northern Bothnian Bay (Slomp et al., 2013). OPD down to
-3.2 mm has been found in other studies for the Baltic proper
(Hietanen and Kuparinen, 2008; Steenbergh et al., 2011;
Wenzhöfer et al., 2002), while the maximum OPD calculated
from the observation data used in the present study was−5.5 mm.

During storm events increased water mixing (improved oxygen
conditions) and resuspension cause increased OPD. The immediate
response in themodel for changes in the consumption and concentra-
tion of oxygen in the OPD calculations can during resuspension
events momentary lead to large OPD. Thus, during a resuspension
event lasting for a day or more the organic material in the sediment
is removed and by that the oxygen consumption decrease to very
small values causing a maximum OPD (see Eq. (1)). However, the
mean release rate of mineral bound phosphate is decreased by 90 %
already at OPD of about -1 mm (Eq. (16)).

The modelled largest mean OPD is reached at oxygen consump-
tions between N0 and ≤0.5 mmol O2 m−2 d−1 and gets then rapidly
shallowerwith increasing oxygen consumption (Fig. 6E). This is in ac-
cordance with the discussions from earlier studies (Conley et al.,
1997; Lehtoranta and Heiskanen, 2003; Lehtoranta et al., 2009;
Pitkanen et al., 2007) that high amounts of organicmatter on the sed-
iment surface can lead to decreased OPD and thus decreased phos-
phate retention capacity in the sediment, in spite of oxic bottom
water. The OPDs at different bottom water oxygen concentrations
aremore variable (Fig. 6F), which also confirms that the OPD not nec-
essary is large at high oxygen concentrations.

The mean (1980–2008) relative impact of oxygen concentration
and oxygen flux on the magnitude of the OPDs in different areas
(Fig. 7, right) showed that the oxygen consumption controlled the
variability of OPD in the coastal zones. These are approximately at
the same areas as where the large winter values of OPDs are found
andwhere the seasonal variations seem to be large. The consumption
of oxygen has generally a greater impact on theOPD than the temper-
ature dependent sediment diffusivity (not shown).

3.3. Phosphate fluxes in the Baltic Proper

The net phosphate release rates from the sediment are calculated
as long time means (1980–2008) for the whole Baltic Proper at four
different depth levels (0–30, 30–60, 60–150 and N150 m) during
oxic and anoxic conditions. This categorization of depths is similar
to what has been done in previous studies (Mort et al., 2010;
Viktorsson et al., 2013).

The sum of deposition of organic and inorganic phosphorus on
oxic sediments is at all depth levels larger than the release of phos-
phorus (Table 7). For anoxic bottoms the opposite is seen; the release
of total phosphorus during this period is larger than the deposition of
phosphorus. About 43 × 103 t P year−1 is taken up by the oxic sedi-
ments while about 19 × 103 t P year−1 is released from the anoxic sed-
iments. In total the net Baltic proper sediment sink is then about 23.7

× 103 t P year−1. The largest net loss (sources-sinks) of phosphate from



Table 7
The long term (1980–2008)mean of net phosphate release (PO4 Release) from the sediment to the overlyingwater, the net deposition of organic (OrgP Deposition) and inorganic (IorgP
Depositon) phosphorus to the sediment and the burial of phosphorus is given for the different depth levels (Depth) during oxic and anoxic conditions in the Baltic Proper. The correspond-
ing area to each depth level is given, as well as the fraction (%) of the total area which is 262,900 km2.

Depth
(m)

PO4
Release
103 t P yr−1

OrgP
Deposition
103 t P yr−1

IorgP
Deposition
103 t P yr−1

Burial
103 t P yr−1

Area
km2

Area
of tot
%

OXIC 0–30 4.5 23.8 −15.2 4.1 85,400 32
30–60 8.0 28.9 −10.5 8.2 70,800 27
60–150 17.4 34.6 9.9 8.2 49,700 19
N150 0.6 1.1 0.3 0.3 1970 0.8
0–250 30.4 88.4 −15.5 20.7 208,000 79

ANOXIC 0–30 3.8 2.7 0.7 0.3 400 0.2
30–60 8.5 3.7 2.6 1 2700 1
60–150 59.4 30.7 12.8 5.3 43,800 17
N150 5.5 4.0 1.1 0.6 8000 3
0–250 77.0 41.0 17.1 7.2 54,900 21
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the sediment to overlying water was about 59 × 103 t P year−1 (Table 7)
which corresponds to a phosphate release rate of 0.12 mmol P m−2 d−1.
This fluxwas found on anoxic bottoms at depths between 60 and 150m.
On average these anoxic bottoms (Fig. 8, left) cover about 17 % of the total
area in the Baltic proper. During oxic conditions on this depth level the
phosphate release was about 17 × 103 t P year−1 (Table 7), which corre-
sponds to a phosphate release rate of about 0.03 mmol P m−2 d−1.
This release rate is in agreement with the observations found by
Viktorsson et al. (2013) who measured a phosphate release rate of
0.027 mmol P m−2 d−1 at the same depth level. In accordance with
earlier studies (Jilbert et al., 2011; Koop et al., 1990; Mort et al., 2010)
the highest phosphate fluxes are mainly found at periodically anox-
ic areas where the bottom water varies between oxic, hypoxic and
anoxic oxygen conditions. Lowest release rates of phosphate,
0.007 mmol P m−2 d−1, were found at the oxic areas, of which 59 %
were found between surface and 60 m depth (Fig. 8, right) and 17 %
at the depth level 60-150 m (Table 7). Measurements at oxic sedi-
ments has shown a variability of phosphate fluxes that range from
an uptake to the sediment of 0.25 mmol P m−2 d−1 to a release up to
0.36 mmol P m−2 d−1 (Conley et al., 1997; Koop et al., 1990; Laima
et al., 2001; Lehtoranta and Heiskanen, 2003; Lukkari et al., 2009a;
Pitkänen et al., 2001; Viktorsson et al., 2012, 2013). The spatial variabil-
ity of the iron content in the Baltic Sea sediments is not well known and
is therefore not included in the presentmodel setup. Themodel therefore
uses a spatially invariant half saturation constant (Table 4) that describes
the limitation from hydrated metal oxides available for phosphate ad-
sorption. A possible limitation in phosphate retention due to too low
iron concentrations (relative to the need for phosphate binding) would
under oxic conditions lead to higher effluxes of phosphate from the
Fig. 8. The net long termmean (1980–2008) of phosphate release rate (mmol m−2 d−1) at the
ditions (right).
model sediment. The model formulation may be further studied when
more knowledge about the iron dynamics in the Baltic Sea becomes
available.

At anoxic sediments below 150 m depth the model showed aver-
age phosphate release rates of about 0.06 mmol P m−2 d−1. The
modelled release rates at anoxic sediments in the Baltic Proper
(0.06–0.12 mmol P m−2 d−1) are within the large range of measured
fluxes of phosphate at anoxic bottoms, 0.001 to 1.75 mmol P m−2 d−1

(Hille, 2005; Jilbert et al., 2011; Lukkari et al., 2009a; Mort et al., 2010,
Fig. 7; Viktorsson et al., 2012; Viktorsson et al., 2013).

As mentioned in Section 3.1.1 the deep water phosphate concentra-
tions became too lowwhen compared tomeasurements especially dur-
ing the latter part of the stagnation period in the 1980s. At other depth
levels no depletion of the benthic pools of phosphorus occurred. This is
explained by the buildup of the pools during oxic conditionswhenmore
phosphorus is deposited on the sediment surface than is released. Dur-
ing the long anoxic period, however, the benthic pools of inorganic and
organic phosphorus declined substantially and caused low release rates
of phosphate. This shortcoming occurs in the deepest part of the Baltic
properwhere themean anoxic bottom area at depth below150m repre-
sents only about 3 % of the total bottom area why the impact is of minor
importance for the Baltic Sea on the long term. The degradation rate of
benthic organic matter in the present model has a shorter time scale
on which the benthic pools of nutrients can be depleted (Meier et al.,
2012a), compared to the model setup described by Eilola et al. (2009).
The slower degradation rate of organic material in the sediment used in
themodel study by Eilola et al. (2009) lead to a larger pool of phosphorus
which could be released on longer time scales. Stigebrandt et al. (2014)
discussed whether there is a source of phosphate in the sediment that
depth 60–150 m during anoxic conditions (left) and on all depth levels and oxygen con-
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Fig. 9.Monthlymean of the phosphate release (t Pmonth−1) from sediment to water col-
umn during two different time periods, 1990–1998 (blue) and 2000–2008 (red) in the
Eastern Gotland Basin.
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was accumulated before the sediment became anoxic to be able tomain-
tain the high phosphate release during longer anoxic periods. Theymean
that the phosphate source could consist of either organic phosphorus
and/or a hydrous ferric phosphatemineral that undergoes very slow dis-
solution contributing to the long term phosphate release from the sedi-
ment in addition to the degradation of the deposited organic material
from the water column. The importance of the degradation rate may be
further studied from sensitivity experiments with the present model.

3.4. The Baltic Sea phosphorus sink

The balance between phosphorus loads to the Baltic Sea and the ex-
port of phosphorus to the Kattegat is determined by the sink efficiency
in the Baltic Sea, i.e. how large fraction of the loads are permanently re-
moved and storedwithin the Baltic Sea. The calculated phosphorus sink
efficiency, was on average about 83 % during the period 1980 to 2008,
i.e. about 17% of the average loads of phosphorus were exported
from the Baltic Sea. The calculation of the net export to Kattegat
(9.5 × 103 t year−1) is derived from the mass balance between the
load from land, burial and change in the pools of phosphorus (cf.
Meier et al., 2012b). The total annual supply of phosphorus to the Baltic
Sea in the present simulation decreased from a maximum of 74 ×
103 t year−1 in 1980 to about 35 × 103 t year−1 in 2008 and was on
average 54.4 × 103 t year−1 during the period. On average about 50 ×
103 t year−1 was permanently buried and removed from the sediment
while the pools of active phosphorus in the water and sediment de-
creased by 5.1 × 103 t year−1. The decrease in phosphorus pools is
caused by the imbalance between sources and sinks that was caused
by the reduced phosphorus loads during the period.

Meier et al. (2012b) estimated for the period 1978–2007 from a
model ensemble of three coupled physical–biogeochemical models
the sink efficiency to 85 %. According to the numbers by Stigebrandt
et al. (2014) the sink capacity was 88 % in year 1980 and decreased to
75 % in 2005. The calculation of the phosphorus sink efficiency is, how-
ever, somewhat delicate since it depends on the time period of consid-
eration. There were drastic changes in the external loads of phosphorus
after 1980 while the changes in total pools in the water and sediment
are quite slow due to the large pools compared to the relatively slow
burial and export to the Kattegat. The variability of the phosphorus
pools in thewater is large due to the varying oxygen conditions and ex-
changes with the sediment. However, the present results corresponds
to the average sink capacity (82%) of the two years 1980 and 2005 esti-
mated from the numbers presented by Stigebrandt et al. (2014). Hence,
it is difficult to obtain accurate numbers just by judging from one single
year and using information solely from the water column at a few sta-
tions in the Baltic proper. In order to obtain a representative figure of
the sink efficiency, the calculation should preferably be performed dur-
ing a period of equilibrium or cover a longer period accounting for the
natural variability of inter-annual and decadal fluctuations caused by
Baltic Inflows. Because of the long water residence time in the Baltic
Sea also the pools in the Bothnian Sea and Bothnian Bay should be
taken into consideration as the sediments here may act as sinks for
phosphorus exported from the Baltic proper (e.g. Slomp et al., 2013).

The modelled sink efficiency for the periods 1980–1989 and 2000–
2008 was 79% and 88%, respectively. Thus, the modelled sink efficiency
increased from the 1980s to the 2000s in the present simulation. This
result is in contradiction to the results by Stigebrandt et al. (2014)
who saw decreased sink efficiency in 2005 compared to 1980. Accord-
ing to basin scale integrated observations (see Fig. 11 in Eilola et al.,
2011) the phosphorus pool in the Baltic Proper increased from the late
1990s and accelerated rapidly after the Major Baltic Inflows (MBI) in
2003. The rapid increase after 2003 is not reproduced by the present
simulation. The reason for the increased sink efficiency in the current
simulation is much because phosphorus was retained on large areas
with oxic sediments. These areas remained for the last part of the
model run while observations indicated an increase of the hypoxic
and anoxic areas (Hansson and Andersson, 2013). Also the relatively
high burial (50 × 103 t year−1), that causes decreasing sediment pools
of phosphorus, partly describes the increased sink efficiency in the last
part of the run. In the present model the burial rates of the inorganic
and organic sediment pools are assumed equal (Eqs. (14), (15)), thus
about two thirds of the buried phosphorus in sediment with oxic bot-
tom water (Table 7) originates from the mineral bound pool. In sedi-
ment with anoxic condition about half of the buried phosphorus in the
sediments originates from the mineral bound pool. It is possible that
there should be differential burial rates of the different pools because
of the quite different dynamic behavior of the inorganic and organic
fractions of phosphorus in the sediment. Hence, a fraction of the buried
inorganic phosphorus in the present run could for instance be trans-
ferred to the pool of mineral bound phosphorus and become available
for release during anoxic conditions. The main conclusions of the pres-
ent paperwill however not be affected by this.Moremodel experiments
are needed to investigate further the details of this issue.

Studies in a fjord (Roskilde fjord), different estuaries (Humber and
Ems) and river mouths (Ouse, Trent) show that the retention of phos-
phorus varies between 40 and 90% (Kamp-Nielsen, 1992; Sanders
et al., 1997; Van Beusekom and De Jonge, 1998), while in the North
sea a retention (burial) of the phosphorus load from landwas calculated
to only 2% (Brion et al., 2004). Thus, the estimated sink efficiency
(80–85%) of the present Baltic Sea is in the higher range compared to
other areas, which can be explained by the high residence time of the
water in the Baltic Sea. The net export of phosphorus through estuaries
was found to be inversely correlated with the mean residence time of
the water system (Nixon et al., 1996).

In the future scenarios by Meier et al. (2012b) for the period 2069–
2097, the estimated phosphorus sink efficiency becomes 67% in the
reference scenario and 64% in theworst nutrient load case “the Business
as Usual” scenario. According to the conclusions byMeier et al. (2012b)
the reduced sink efficiency depends on the increased temperature.
Higher water temperatures are projected to reduce oxygen concentra-
tions due to lower solubility in warmer water and accelerate organic
matter mineralization and oxygen consumption. Expanding anoxia in-
crease the phosphate release rates from the sediments, and amplify
the phosphorus recycling which will reduce the permanent removal of
phosphorus from the ecosystem. Together with an accelerated pelagic
recycling loop, this intensifies primary production and oxygen con-
sumption and reinforces the phosphorus release from the sediments.

3.5. Phosphate dynamics during deep water inflows

The impact of major deep water inflows on oxygen conditions and
release of phosphate from the sediment in the deep parts of the Baltic
proper is studied using the present model setup. The decrease in deep
water phosphate concentrations due to MBI (Fig. 3 and e.g. Conley
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et al., 2002; Savchuk, 2013) is a result from a combination of dilution
effects and decreased phosphate release from the sediment because of
increased sediment retention capacity since the bottom water is
oxygenated.

The modelled monthly mean of the net phosphate release from the
sediment at depth below 150 m in the Eastern Gotland Basin was in
the range of 200 and 350 t P month−1 in the beginning of the periods
1990–1998 and 2000–2008, respectively (Fig. 9). In 1993, 1994, 1997
and 2003 large decreases in the phosphate release rates are observed,
which coincidence with MBIs (Reissmann et al., 2009). Also in 2001
therewas an inflow,which resulted in a decrease in themodelled phos-
phate release rate, which is observed in Fig. 9. Due to the MBI in 2003
the modeled net release even becomes negative during 2004, i.e. phos-
phate is taken up by the sediment. In the beginning of 2005 the net
phosphate release rate increases again in agreement with the increased
phosphate concentrations in the deep water shown in Fig. 3. Modelled
net uptake of phosphate from the water to the sediment is only found
in the period from May 2003 to June 2004 and to a very low extent,
on average 2.9 t P month−1, which in total corresponds to about 40 t
phosphorus. The total phosphorus pool in the water the month before
theMBIwas 26× 103 t P. Thus, the uptake of phosphate by the sediment
corresponded to only 0.15 % of the total phosphorus content in the
bottom water (N150 m depth), and can thus be concluded to play a
minor role in the decreased bottom water phosphate concentrations.
This uptake is much lower compared to the uptake calculated in the
study by Schneider (2011), in which it was concluded that the immedi-
ately decrease in phosphate and dissolved inorganic carbon concentra-
tions due to the MBI in the beginning of 2003was caused to 66% by
dilution of the incoming water and to 33% of adsorption to newly
formed iron(III)oxides on the sediment surface. About seven month
after the inflow Schneider (2011) stated that the CT started to increase
again while the phosphate concentrations stayed on a low level. The
phosphate concentrations started to increase in the beginning of 2005,
which is in accordance with the increased phosphate release rate in
2005 seen in the present study. Eilola et al. (2014) found in their
model experiment that about 85% of the tracer mass was removed
due to dilution effects which also is a larger dilution effect compared
to that obtained by Schneider (2011). Sediment uptake of phosphate
from the water column at a normally anoxic station which became
oxic for a period has been measured in situ by Viktorsson et al. (2012).
The time-scale for how long this uptake of phosphate may take place
was, however, not studied why this is a question for future
investigations.

4. Conclusions

The RCO-SCOBImodel reproduces well the bottomwater phosphate
and oxygen concentrations in the Baltic proper during the studied peri-
od 1980–2008. In general the new approach tomodel benthic phospho-
rus captures much of the phosphate dynamics, and the oxygen
penetration depths shows good results compared to observations.

Largest OPDs are found during winter time in the coastal zones,
where also the impact from oxygen consumption on the determination
of the OPD is found to be largest. During late summer the OPD decreases
due to increased deposition of organicmaterial on the sediment surface.
Lowest OPD are found in the deeper parts of the basinwhere the oxygen
concentrations often are low, which mainly determines the OPD at
these areas. The temperature and salinity dependent sediment diffusiv-
ity had a relativelymodest contribution to the determination of the OPD
compared to the oxygen consumption and concentrations.

Highestmodelled release rate of phosphate from the sediment to the
overlying water is about 59 × 103 t P year−1, which corresponds to a
phosphate release rate of 0.12 mmol P m−2 d−1. It is found on anoxic
sediment in the depth layer between 60–150 m, which is an area that
varies between presence of oxygen, hypoxia and anoxia. The sum of de-
position of organic and inorganic phosphorus on oxic sediments is at all
depth levels larger than the release of phosphorus from the sediment.
For anoxic bottoms the opposite is seen; the release of total phosphorus
during the investigated period is larger than the deposition of phospho-
rus. In total the net Baltic proper sediment sink is about 23.7 × 103 t P
year−1. The estimated phosphorus sink efficiency of the entire Baltic
Sea is on average about 83% during the period, i.e. about 17% of the
average external loads are exported from the Baltic Sea.

The phosphate release rate from the sediment is shown to drastically
decrease and even become negative as a result of Major Baltic Inflows,
which transports oxygenated water to the previously anoxic bottoms
in the Baltic proper. However, the decrease in the bottomwater concen-
trations of phosphate due to the MBI is mainly explained by dilution.
The uptake of phosphate by the sediment from the water column was
in this study concluded to be negligible.

The number of available observations of Baltic Sea sediment oxygen
penetration depth and sediment-water fluxes is limited, and more ob-
servations are needed to be able to do more comprehensive validations
covering longer time periods and larger areas.
Acknowledgements

The research presented in this study is part of the Baltic Earth pro-
gramme (Earth System Science for the Baltic Sea region, see http://
www.baltex-research.eu/balticearth) and was funded by the Swedish
Research Council for Environment, Agricultural Sciences and Spatial
Planning (FORMAS) within the projects “Impact of accelerated future
global mean sea level rise on the phosphorus cycle in the Baltic Sea”
(grant no. 214-2009-577) and “Impact of changing climate on circula-
tion and biogeochemical cycles of the integrated North Sea and Baltic
Sea system” (grant no. 214-2010-1575). Additional support came
from Stockholm University's Strategic Marine Environmental Research
Funds “Baltic Ecosystem Adaptive Management (BEAM)” and as part
of the COCOA and BIO-C3 projects from the BONUS, the joint Baltic
Sea research and development programme (Art 185), funded jointly
from the European Union´s Seventh Programme for research, techno-
logical development and demonstration and from FORMAS.

The RCOmodel simulationswere performed on the climate comput-
ing resources “Ekman” and “Vagn” jointly operated by the Centre for
High Performance Computing (PDC) at the Royal Institute of Technolo-
gy (KTH) in Stockholm and theNational Supercomputer Centre (NSC) at
Linköping University. "Ekman" and "Vagn" are funded by a grant from
the Knut and Alice Wallenberg foundation.
References

Almroth-Rosell, E., Eilola, K., Hordoir, R., Meier, H.E.M., Hall, P.O.J., 2011. Transport of fresh
and resuspended particulate organic material in the Baltic Sea – amodel study. J. Mar.
Syst. 87, 1–12.

Almroth, E., Tengberg, A., Andersson, J.H., Pakhomova, S.V., Hall, P.O.J., 2009. Effects of
resuspension on benthicc fluxes of oxygen, nutrients, dissolved inorganic carbon,
iron and manganese in the Gulf of Finland, Baltic Sea. Cont. Shelf Res. 29, 807–818.

Beckmann, A., Döscher, R., 1997. A method for improved representation of dense water
spreading over topography in geopotential-coordinate models. J. Phys. Oceanogr.
27, 581–591.

Blomqvist, S., Gunnars, A., Elmgren, R., 2004. Why the limiting nutrient differs between
temperate coastal seas and freshwater lakes: a matter of salt. Limnol. Oceanogr. 49,
2236–2241.

Boudreau, B.P., 1996. The diffusive tortuosity of fine-grained unlithified sediments.
Geochim. Cosmochim. Acta 60, 3139–3142.

Brion, N., Baeyens, W., De Galan, S., Elskens, M., Laane, R.P.M., 2004. The North Sea: source
or sink for nitrogen and phosphorus to the Atlantic Ocean? Biogeochemistry 68,
277–296.

Broecker, W.S., Peng, T.H., 1974. Gas exchange rates between air and sea. Tellus 26, 21–35.
Cai, W.-J., Sayles, F.L., 1996. Oxygen penetration depths and fluxes in marine sediments.

Mar. Chem. 52, 123–131.
Conley, D., Bjorck, S., Bonsdorff, E., Carstensen, J., Destouni, G., Gustafsson, B., 2009.

Hypoxia-related processes in the Baltic Sea. Environ. Sci. Technol. 43,
3412–3420.

Conley, D.J., Humborg, C., Rahm, L., Savchuk, O.P., Wulff, F., 2002. Hypoxia in the Baltic Sea
and basin-scale changes in phosphorus biogeochemistry. Environ. Sci. Technol. 36,
5315–5320.

http://www.baltex-research.eu/balticearth
http://www.baltex-research.eu/balticearth
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0005
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0005
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0005
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0010
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0010
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0010
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0015
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0015
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0015
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0020
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0020
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0020
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0025
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0025
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0030
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0030
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0030
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0035
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0040
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0040
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0045
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0045
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0050
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0050
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0050


140 E. Almroth-Rosell et al. / Journal of Marine Systems 144 (2015) 127–141
Conley, D.J., Stockenberg, A., Carman, R., Johnstone, R.W., Rahm, L., Wulff, F., 1997.
Sediment-water nutrient fluxes in the gulf of Finland, Baltic Sea. Estuar. Coast. Shelf
Sci. 45, 591–598.

Eilola, K., Almroth-Rosell, E., Dieterich, C., Fransner, F., Höglund, A., Meier, H.M., 2012.
Modeling nutrient transports and exchanges of nutrients between shallow regions
and the open Baltic Sea in present and future climate. Ambio 41, 586–599.

Eilola, K., Almroth-Rosell, E., Meier, H.E.M., 2014. Impact of saltwater inflows on phospho-
rus cycling and eutrophication in the Baltic Sea. A 3D model study. Tellus A 66,
23985.

Eilola, K., Gustafsson, B.G., Kuznetsov, I., Meier, H.E.M., Neumann, T., Savchuk, O.P., 2011.
Evaluation of biogeochemical cycles in an ensemble of three state-of-the-art numer-
ical models of the Baltic Sea. J. Mar. Syst. 88, 267–284.

Eilola, K., Meier, M.H.E., Almroth, E., 2009. On the dynamics of oxygen, phosphorus and
cyanobacteria in the Baltic Sea; a model study. J. Mar. Syst. 75, 163–184.

Eilola, K., Mårtensson, S., Meier, H., 2013. Modeling the impact of reduced sea ice
cover in future climate on the Baltic Sea biogeochemistry. Geophys. Res. Lett.
40, 149–154.

Emeis, K.C., Struck, U., Leipe, T., Pollehne, F., Kunzendorf, H., Christiansen, C., 2000.
Changes in the C, N, P burial rates in some Baltic Sea sediments over the last 150
years – relevance to P regeneration rates and the phosphorus cycle. Mar. Geol. 167,
43–59.

Fischer, H., Matthäus, W., 1996. The importance of the Drogden Sill in the Sound for major
Baltic inflows. J. Mar. Syst. 9, 137–157.

Fonselius, S., Valderrama, J., 2003. One hundred years of hydrographic measurements in
the Baltic Sea. J. Sea Res. 49, 229–241.

Froelich, P.N., 1988. Kinetic control of dissolved phosphate in natural rivers and
estuaries – a primer on the phosphate buffer mechanism. Limnol. Oceanogr.
33, 649–668.

Glud, R.N., 2008. Oxygen dynamics of marine sediments. Mar. Biol. Res. 4, 243–289.
Gunnars, A., Blomqvist, S., 1997. Phosphate exchange across the sediment-water interface

when shifting from anoxic to oxic conditions an experimental comparison of fresh-
water and brackish-marine systems. Biogeochemistry 37, 203–226.

Gunnars, A., Blomqvist, S., Johansson, P., Andersson, C., 2002. Formation of Fe (III)
oxyhydroxide colloids in freshwater and brackish seawater, with incorporation of
phosphate and calcium. Geochim. Cosmochim. Acta 66, 745–758.

Gustafsson, B., Schenk, F., Blenckner, T., Eilola, K., Meier, H.E.M., Müller-Karulis, B.,
Neumann, T., Ruoho-Airola, T., Savchuk, O., Zorita, E., 2012. Reconstructing the devel-
opment of Baltic Sea eutrophication 1850–2006. Ambio 41, 534–548.

Hall, P.O.J., Brunnegård, J., Hulthe, G., Martin, W.R., Stahl, H., Tengberg, A., 2007. Dissolved
organic matter in abyssal sediments: Core recovery artifacts. Limnol. Oceanogr. 52,
19–31.

Hansson, M., Andersson, L., 2013. Oxygen survey in the Baltic Sea 2013 – extent of anoxia
and hypoxia, 1960–2013. REPORT OCEANOGRAPHY No. 49. Swedish Meteorological
and Hydrological Institute (http://www.smhi.se/polopoly_fs/1.35317!Oxygen_
timeseries_1960_2013_final.pdf).

Hibler, W.D., 1979. A dynamic thermodynamic sea ice model. J. Phys. Oceanogr. 9,
815–846.

Hietanen, S., Kuparinen, J., 2008. Seasonal and short-term variation in denitrification and
anammox at a coastal station on the Gulf of Finland, Baltic Sea. Hydrobiologia 596,
67–77.

Hille, S., 2005. Sedimentary deposition and reflux of phosphorus (P) in the Eastern Got-
land Basin and their coupling with P concentrations in the water column.
Oceanologia 47, 663–679.

Himmelblau, D.M., 1964. Diffusion of dissolved gases in liquids. Chem. Rev. 64, 527–550.
Hunke, E.C., Dukowicz, J.K., 1997. An elastic-viscous-plastic model for sea ice dynamics. J.

Phys. Oceanogr. 27, 1849–1867.
Jilbert, T., Slomp, C., Gustafsson, B.G., Boer, W., 2011. Beyond the Fe-P-redox connection:

preferential regeneration of phosphorus from organic matter as a key control on
Baltic Sea nutrient cycles. Biogeosci. Discuss. 8.

Kamp-Nielsen, L., 1992. Benithic-pelagic coupling of nutrient metabolism along an estua-
rine eutrophication gradient. Hydrobiologia 235–236, 457–470.

Killworth, P.D., Webb, D.J., Stainforth, D., Paterson, S.M., 1991. The development of a free-
surface Bryan-Cox-Semtner ocean model. J. Phys. Oceanogr. 21, 1333–1348.

Koop, K., Boynton, W., Wulff, F., Carman, R., 1990. Sediment-water oxygen and nutrient
exchanges along a depth gradient in the Baltic Sea. Marine ecology progress series
63. Oldendorf, pp. 65–77.

Krom, M.D., Berner, R.A., 1980. The diffusion coefficients of sulfate, ammonium, and
phosphate ions in anoxic marine sediments. Limnol. Oceanogr. 25, 327–337.

Laima, M.J.C., Matthiesen, H., Christiansen, C., Lund-Hansen, L.C., Emeis, K.C., 2001. Dy-
namics of P, Fe and Mn along a depth gradient in the SW Baltic Sea. Boreal Environ.
Res. 6, 317–333.

Lass, H.-U., Matthäus, W., 2008. General oceanography of the Baltic Sea. In: Feistel, R.,
Nausch, G., Wasmund, N. (Eds.), State and evolution of the Baltic Sea, 1952-2005.
John Wiley & Sons, Inc., New Jersey, p. 703.

Lass, H.U., Prandke, H., Liljebladh, B., 2003. Dissipation in the Baltic proper during winter
stratification. J. Geophys. Res. Oceans (1978–2012) 108.

Lehtoranta, J., Ekholm, P., Pitkänen, H., 2009. Coastal eutrophication thresholds: a matter
of sediment microbial processes. Ambio 38, 303–308.

Lehtoranta, J., Heiskanen, A.-S., 2003. Dissolved iron: phosphate ratio as an indicator of
phosphate release to oxic water of the inner and outer coastal Baltic Sea.
Hydrobiologia 492, 69–84.

Li, Y.-H., Gregory, S., 1974. Diffusion of ions in seawater and in deep-sea sediments.
Geochim. Cosmochim. Acta 38, 703–714.

Lukkari, K., Leivuori, M., Kotilainen, A., 2009a. The chemical character and behaviour of
phosphorus in poorly oxygenated sediments from open sea to organic-rich inner
bay in the Baltic Sea. Biogeochemistry 96, 25–48.
Lukkari, K., Leivuori, M., Vallius, H., Kotilainen, A., 2009b. The chemical character and
burial of phosphorus in shallow coastal sediments in the northeastern Baltic Sea. Bio-
geochemistry 94, 141–162.

Marmefelt, E., Arheimer, B., Langner, J., 1999. An integrated biochemical model system for
the Baltic Sea. Hydrobiologia 393, 45–56.

Meier, H., 2001. On the parameterization of mixing in three‐dimensional Baltic Sea
models. J. Geophys. Res. Oceans (1978–2012) 106, 30997–31016.

Meier, H.E.M., 2007. Modeling the pathways and ages of inflowing salt- and freshwater in
the Baltic Sea. Estuar. Coast. Shelf Sci. 74, 610–627.

Meier, H.E.M., Döscher, R., T., F., 2003. A multiprocessor coupled ice-ocean model for the
Baltic Sea: Application to salt inflow. J. Geophys. Res. 108, 3273.

Meier, H.E.M., Hordoir, R., Andersson, H.C., Dieterich, C., Eilola, K., Gustafsson, B.G.,
Höglund, A., Schimanke, S., 2012a. Modeling the combined impact of changing
climate and changing nutrient loads on the Baltic Sea environment in an ensemble
of transient simulations for 1961–2099. Clim. Dyn. 39, 2421–2441.

Meier, H.E.M., Müller-Karulis, B., Andersson, H., Dieterich, C., Eilola, K., Gustafsson, B.,
Höglund, A., Hordoir, R., Kuznetsov, I., Neumann, T., Ranjbar, Z., Savchuk, O.,
Schimanke, S., 2012b. Impact of climate change on ecological quality indicators and
biogeochemical fluxes in the Baltic Sea: a multi-model ensemble study. Ambio 41,
558–573.

Meier, H.M., Andersson, H.C., Eilola, K., Gustafsson, B.G., Kuznetsov, I., Müller‐Karulis, B.,
Neumann, T., Savchuk, O.P., 2011. Hypoxia in future climates: A model ensemble
study for the Baltic Sea. Geophys. Res. Lett. 38.

Mort, H.P., Slomp, C.P., Gustafsson, B.G., Andersen, T.J., 2010. Phosphorus recycling and
burial in Baltic Sea sediments with contrasting redox conditions. Geochim.
Cosmochim. Acta 74, 1350–1362.

Mortimer, C.H., 1941. The exchange of dissolved substances between Mud and water in
lakes. J. Ecol. 29, 280–329.

Mortimer, C.H., 1942. The exchange of dissolved substances between mud and water in
lakes. J. Ecol. 30, 147–201.

Mårtensson, S., Meier, H.E.M., Pemberton, P., Haapala, J., 2012. Ridged sea ice characteris-
tics in the arctic from a coupled multicategory sea ice model. J. Geophys. Res. Oceans
117.

Neumann, T., Eilola, K., Gustafsson, B., Müller-Karulis, B., Kuznetsov, I., Meier, H.M.,
Savchuk, O.P., 2012. Extremes of temperature, oxygen and blooms in the Baltic Sea
in a changing climate. Ambio 41, 574–585.

Neumann, T., Schernewski, G., 2008. Eutrophication in the Baltic Sea and shifts in nitrogen
fixation analyzed with a 3D ecosystem model. J. Mar. Syst. 74, 592–602.

Nixon, S., Ammerman, J., Atkinson, L., Berounsky, V., Billen, G., Boicourt, W., Boynton, W.,
Church, T., Ditoro, D., Elmgren, R., 1996. The fate of nitrogen and phosphorus at the
land-sea margin of the North Atlantic Ocean, Nitrogen cycling in the North Atlantic
Ocean and its Watersheds. Springer, pp. 141–180.

Pitkanen, H., Kiirikki, M., Savchuk, O.P., Raike, A., Korpinen, P., Wulff, F., 2007. Searching
efficient protection strategies for the eutrophied Gulf of Finland: The combined use
of 1D and 3D modeling in assessing long-term state scenarios with high spatial reso-
lution. Ambio 36, 272–279.

Pitkänen, H., Lehtoranta, J., Räike, A., 2001. Internal nutrient fluxes counteract decreases
in external load: the case of the estuarial eastern Gulf of Finland, Baltic Sea. Ambio
30, 195–201.

Ramsing, N., Gundersen, J., 2014. Seawater and gases. WEB page, http://www.unisense.
com/files/PDF/Diverse/Seawater%20&%20Gases%20table.pdf, pp. 1–20.

Rasmussen, H., Jorgensen, B.B., 1992. Microelectrode studies of seasonal oxygen up-
take in a coastal sediment: role of molecular diffusion. Mar. Ecol. Prog. Ser. 81,
289–303.

Reed, D.C., Slomp, C.P., Gustafsson, B.G., 2011. Sedimentary phosphorus dynamics and the
evolution of bottom-water hypoxia: A coupled benthic-pelagic model of a coastal
system. Limnol. Oceanogr. 56, 1075–1092.

Reissmann, J.H., Burchard, H., Feistel, R., Hagen, E., Lass, H.U., Mohrholz, V., Nausch, G.,
Umlauf, L., Wieczorek, G., 2009. Vertical mixing in the Baltic Sea and consequences
for eutrophication – A review. Prog. Oceanogr. 82, 47–80.

Sanders, R., Jickells, T., Malcolm, S., Brown, J., Kirkwood, D., Reeve, A., Taylor, J., Horrobin,
T., Ashcroft, C., 1997. Nutrient fluxes through the Humber estuary. J. Sea Res. 37,
3–23.

Savchuk, O., 2013. Large-scale dynamics of hypoxia in the Baltic Sea. In: Yakushev, E.V.
(Ed.), Chemical structure of pelagic redox interfaces. Springer Berlin Heidelberg,
pp. 137–160.

Savchuk, O.P., 2002. Nutrient biogeochemical cycles in the Gulf of Riga: scaling up field
studies with a mathematical model. J. Mar. Syst. 32, 253–280.

Schneider, B., 2011. PO4 release at the sediment surface under anoxic conditions: a con-
tribution to the eutrophication of the Baltic Sea? Oceanologia 415–429.

SHARK, 2014. Svenskt HavsARKiv, online database. Swedish Meteorological and
Hydrological Institute (http://www.smhi.se/klimatdata/oceanografi/havsmiljodata).

Skogen, M.D., Eilola, K., Hansen, J.L.S., Meier, H.E.M., Molchanov, M.S., Ryabchenko, V.A.,
2014. Eutrophication status of the North Sea, Skagerrak, Kattegat and the Baltic Sea
in present and future climates: A model study. J. Mar. Syst. 132, 174–184.

Skoog, A., Hall, P.O.J., Hulth, S., Paxeus, N., Van Der Loeff, M.R., Westerlund, S., 1996. Early
diagenetic production and sediment-water exchange of fluorescent dissolved organic
matter in the coastal environment. Geochim. Cosmochim. Acta 60, 3619–3629.

Slomp, C.P., Mort, H.P., Jilbert, T., Reed, D.C., Gustafsson, B.G., Wolthers, M., 2013. Coupled
dynamics of iron and phosphorus in sediments of an oligotrophic coastal basin and
the impact of anaerobic oxidation of methane. PLoS ONE 8, e62386.

Soetaert, K., Middelburg, J.J., Herman, P.M.J., Buis, K., 2000. On the coupling of benthic and
pelagic biogeochemical models. Earth Sci. Rev. 51, 173–201.

Steenbergh, A.K., Bodelier, P.L., Hoogveld, H.L., Slomp, C.P., Laanbroek, H.J., 2011. Phospha-
tases relieve carbon limitation of microbial activity in Baltic Sea sediments along a
redox-gradient. Limnol. Oceanogr. 56, 2018–2026.

http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0055
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0055
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0060
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0060
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0390
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0390
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0390
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0065
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0065
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0070
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0070
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0075
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0075
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0075
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0080
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0080
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0080
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0085
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0085
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0090
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0090
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0095
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0095
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0095
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0100
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0105
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0105
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0105
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0110
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0110
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0110
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0115
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0115
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0120
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0120
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0120
http://www.smhi.se/polopoly_fs/1.35317!Oxygen_timeseries_1960_2013_final.pdf
http://www.smhi.se/polopoly_fs/1.35317!Oxygen_timeseries_1960_2013_final.pdf
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0125
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0125
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0130
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0130
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0130
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0135
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0135
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0135
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0140
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0145
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0145
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0150
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0150
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0150
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0155
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0155
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0160
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0160
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0400
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0400
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0400
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0170
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0170
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0175
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0175
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0175
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0180
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0180
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0180
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0405
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0405
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0190
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0190
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0195
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0195
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0195
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0200
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0200
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0205
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0205
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0205
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0210
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0210
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0210
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0215
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0215
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0410
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0410
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0220
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0220
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0225
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0225
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0230
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0230
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0230
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0235
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0235
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0235
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0240
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0240
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0245
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0245
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0245
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0250
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0250
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0255
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0255
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0260
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0260
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0260
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0265
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0265
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0270
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0270
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0415
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0415
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0415
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0280
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0280
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0280
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0280
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0285
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0285
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0285
http://www.unisense.com/files/PDF/Diverse/Seawater%20&%20Gases%20table.pdf
http://www.unisense.com/files/PDF/Diverse/Seawater%20&%20Gases%20table.pdf
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0290
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0290
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0290
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0295
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0295
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0295
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0300
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0300
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0305
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0305
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0425
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0425
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0425
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0310
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0310
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0315
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0315
http://www.smhi.se/klimatdata/oceanografi/havsmiljodata
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0320
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0320
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0325
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0325
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0325
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0330
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0330
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0330
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0335
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0335
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0340
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0340
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0340


141E. Almroth-Rosell et al. / Journal of Marine Systems 144 (2015) 127–141
Stevens, D.P., 1991. The open boundary condition in the United Kingdom fine-resolution
Antarctic model. J. Phys. Oceanogr. 21, 1494–1499.

Stigebrandt, A., 2001. Physical oceanography of the Baltic Sea. In: Wulff, F., Rahm, L.,
Larsson, P. (Eds.), A system analysis of the Baltic Sea. Springer-Verlag, Berlin-
Heidelberg, p. 455.

Stigebrandt, A., Rahm, L., Viktorsson, L., Ödalen, M., Hall, P.O.J., Liljebladh, B., 2014. A New
phosphorus paradigm for the Baltic proper. Ambio 43, 634–643.

Sundby, B., Gobeil, C., Silverberg, N., Mucci, A., 1992. The phosphorus cycle in coastal
marine sediments. Limnol. Oceanogr. 37, 1129–1145.

Van Beusekom, J., De Jonge, V., 1998. Retention of phosphorus and nitrogen in the Ems es-
tuary. Estuaries 21, 527–539.
Wenzhöfer, F., Greeff, O., Riess, W., 2002. Benthic carbon mineralization in sediments of
Gotland Basin, Baltic Sea, measured in situ with benthic landers. In: Taillefert, M.,
Rozan, T.F. (Eds.), Environmental electrochemistry. American Chemical Society, pp.
162–185.

Viktorsson, L., Almroth-Rosell, E., Tengberg, A., Vankevich, R., Neelov, I., Isaev, A., Kravtsov,
V., Hall, P.O.J., 2012. Benthic phosphorus dynamics in the gulf of Finland, Baltic Sea.
Aquat. Geochem. 18, 543–564.

Viktorsson, L., Ekeroth, N., Nilsson, M., Kononets, M., Hall, P.O.J., 2013. Phosphorus
recycling in sediments of the central Baltic Sea. Biogeosciences 10, 3901–3916.

Väli, G., Meier, H.E.M., Elken, J., 2013. Simulated halocline variability in the Baltic Sea and
its impact on hypoxia during 1961–2007. J. Geophys. Res. Oceans 118, 1–19.

http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0345
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0345
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0350
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0350
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0350
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0355
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0355
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0360
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0360
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0365
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0365
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0435
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0435
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0435
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0435
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0375
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0375
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0380
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0380
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0385
http://refhub.elsevier.com/S0924-7963(14)00312-1/rf0385

	A new approach to model oxygen dependent benthic phosphate fluxes in the Baltic Sea
	1. Introduction
	2. Material and methods
	2.1. The RCO-model
	2.2. SCOBI
	2.2.1. Oxygen penetration depth
	2.2.2. Benthic inorganic phosphorus

	2.3. Model validation

	3. Results and discussion
	3.1. Validation of model results
	3.1.1. Variability of oxygen and phosphate concentrations
	3.1.2. Oxygen penetration depth
	3.1.3. Phosphate release from sediment

	3.2. Spatial variation of the oxygen penetration depth
	3.3. Phosphate fluxes in the Baltic Proper
	3.4. The Baltic Sea phosphorus sink
	3.5. Phosphate dynamics during deep water inflows

	4. Conclusions
	Acknowledgements
	References


