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Abstract. Long-term oxygen and nutrient transports in theti@s&ea are reconstructed using the Swedish
Coastal and Ocean Biogeochemical model (SCOBI) ledufn the Rossby Centre Ocean model (RCO). Two
simulations with and without data assimilation aonvg the period 1970-1999 are carried out. Here,"theakly
coupled” scheme with the Ensemble Optimal Interfiata(EnOIl) method is adopted to assimilate obskrve
profiles in the reanalysis system. The reanalyb®ss considerable improvement in the simulatiorboth
oxygen and nutrient concentrations relative toftee run. Further, the results suggest that thendason of
biogeochemical observations has a significant eféecthe simulation of the oxygen dependent dynanoic
biogeochemical cycles. From the reanalysis, nuttr@msports between sub-basins, between the taask and
the open sea, and across latitudinal and longidlidinoss sections, are calculated. Further, botoeas of
nutrient import or export are examined. Our resehltgphasize the important role of the Baltic profegrthe
entire Baltic Sea, with large net exports of nuiiseinto the surrounding sub-basins (except thespiharus
transport into the Gulf of Riga and the nitrogeangports into the Gulf of Riga and Danish Straltsagreement
with previous studies, we found that the Bothniaa $mports large amounts of phosphorus from the¢idBal
proper that are buried in this sub-basin. For @leutation of sub-basin budgets, it is crucial vehdére lateral
borders of the sub-basins are located, becausgamsiports may change sign with the location of libeder.
Although the overall transport patterns resembderéisults of previous studies, our calculated egémdiffer in

detail considerably.
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1 Introduction

The water exchange between the Baltic Sea and antt [Sea is restricted by the narrows and silhéDanish
transition zone (Fig. 1). The hydrography of thdtiB&Sea also depends on freshwater from riverschvbauses
large salinity gradients between the surface |layet the saltier bottom layer, and between the eomtisub-
basins and the entrance area (e.g. Meier and Ka2@@8). The low-saline outflowing surface wateseparated
from high-saline inflowing bottom water by a traiwi layer, the halocline. The bottom water in teep sub-
basins is ventilated mainly by so-called Major Balbflows (MBIs) (Matthaus and Franck, 1992; Fiscland
Matthaus, 1996). MBIs can significantly affect béoghemical processes in the deep basins becauthe of
inflow of large volumes of saline and oxygen-richter into the Baltic Sea (e.g. Conley et al. 2088ychuk,
2010). In the Baltic Sea, the density stratificatand long water residence time hamper the veiotilaif deep
waters. As a result, oxygen deficiency is a comrfeature. Additionally, nutrient loads from agriaui and
other human activities of the large populationha tatchment area increased nutrient concentrdtichge water
column. Actually, eutrophication has become a largeironmental problem in the Baltic Sea in reatgtades
(e.g. Boesch et al., 2008; Pawlak et al., 2009;fiAatl al., 2001; Andersen et al., 2015). Theref@aegurate
estimates of the ecological state and nutrient\aatér exchange between sub-basins and betweeroéstat
zone and the open sea are of particular importemneenaging the marine environment system.

On one hand, the estimation of biogeochemicatgsses, ecological state and nutrient exchangerehapn
coupled marine ecosystem-circulation models (egurhhnn et al., 2002; Eilola et al., 2009; 2011; rblin-
Rosell et al., 2011; 2015; Maar et al., 2011; Ddeamel Schrum, 2013). However, addressing biogeoizém
cycles is a challenging task due to the complegitythe system. Obviously, there are large unceresnn
marine ecological simulations (e.g. Eilola et &011). In contrast to the modelling of the physafsthe

atmosphere or ocean, where a basic descriptiomeofribtion is provided by conservation equationsrehs no
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basic set of equations that describe the maringystem. Many biogeochemical processes are stillyp&nown
and their uncertainties are difficult to quantifycarately. These potential sources of errors lthétapplicability
of the models both in forecasting and reanalysisther, imperfect initial conditions and model fioig also
cause biases in the simulation results.

On the other hand, estimating nutrient budgetd tansports between sub-basins may directly ogly

observations and basin integrated budget modelgcB&, 2005). The estimation accuracy depends en th

spatial and temporal coverage of the measurementshe locations of borders between sub-basinsioAth
the data coverage in the Baltic Sea has graduatiseased over time, the lack of observations stdkes it

difficult to estimate reliable biogeochemical cyxld oday, the availability of satellite sensor diita ocean

color data from the OCTS (Ocean Color and Tempeza®ensor) and from the SeaWiFS (Sea-Viewing Wide

Field-of-View Sensor) has provided the best spatakrage of measurements. However, these sensgrgive
an estimate of a few biogeochemical parameterseastirface of the marine ecosystem, and not the stahe
entire marine ecosystem in the water column. Caotis observations of the deep ocean are only pessith
in situ sensors, which have been deployed at ofitgited number of stations (Claustre et al., 2010)

Given the coverage of observations and modididacies, we decided to perform a reanalysis dhagmon a
high-resolution, coupled physical-biogeochemicabtigido estimate the physical and biogeochemic# sththe
Baltic Sea. For this purpose, data assimilatiortioonusly updates the model variables at the lonatiof the
observations and in their neighborhood. Integratiotime of the prognostic model equations allotws $pread
of the information from the observations within thedel domain.

The assimilation of data into coupled phylsitageochemical models is confronted by variousotitical
and practical challenges. For example, the respohfige three-dimensional biogeochemical modelxteraal
forcing caused by the physical model is highly fiaear. Further, it is difficult to use the biologi
observational information to reduce biases in thaukation of ocean physics which has an impact adeled
biogeochemistry (Beal et al., 2010). Presently,ube of data assimilation to complement ecosyst@aieing
efforts has gained widespread attention (e.g. iHeteal., 2003; Allen et al., 2003; Natvik and Esen, 2003;
Hoteit et al., 2005; Triantafyllou et al., 2007; ¢het al., 2012; Triantafyllou et al., 2013). Armaprehensive
review of biological data assimilation experimecas be found in Gregg et al. (2009).

In the Baltic Sea, the biogeochemical datanaitsion has started to become a research focuseXxample,

Liu et al. (2014) used the Ensemble Optimal Int&jpan (EnOI) method to improve the multi-annuaighz
3
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resolution modelling of biogeochemical dynamicshie Baltic Sea. Fu (2016) analyzed the responsecofipled
physical-biogeochemical model to the improved hggimamics in the Baltic Sea. Recently, several data
assimilation studies have focused on the historgahalysis of salinity and temperature in theiB&ea (e.g. Fu
et al., 2012; Liu et al.,, 2013; 2014). Reanalysss Ihelped enormously in making the historical récof
observed ocean parameters more homogeneous andlfosefhany purposes. For instance, ocean reaisadiga
have been applied in research on ocean climatabibty as well as on the variability of biochemjstand
ecosystems (e.g. Bengtsson et al., 2004; Cartah, &005; Friedrichs et al., 2006). Ocean reaimlyasn also be
used for the validation of a wide range of modsuites (e.g. Fontana et al., 2013). For instaneepttean mean
state and circulation can be calculated from rgemalresults to evaluate regional climate oceaneiso(e.g.
Meier et al., 2012). Moreover, reanalysis in theast is beneficial to the identification and cori@ttof
deficiencies in the observational records, as w@aeglfilling the gaps in observations. Regional aszhl model
studies may use reanalysis results as initial auchdiary conditions.

The present paper focuses on the assimilafigmadiles of temperature, salinity, nutrients amd/gen in the
Baltic Sea following Liu et al. (2014). We aim teproducing the ocean biogeochemical state witthéip of
information from both observations and a couplegsptal-biogeochemical model for the period 19709.99
Since 1970 the data coverage in the Baltic Seatisfactory. The results of the reanalysis are sspg to be
used to estimate the water quality and ecologitzé swith high spatial and temporal resolution égions and
during periods when no measurements are availgbhther, nutrient transports across selected @estens or
between vertical layers are calculated with highohation and accuracy taking the complete dynaroics
primitive equation models into account. This infation can't be obtained from neither observatiolosie or
from model results without data assimilation beeatl® latter might have large biases in both spacktime.
We assess the nutrient budgets of the water colmdrnsediments, as well as of the nutrient exchabgegeen
sub-basins and between the coastal zone and thesepe As a reanalysis can never be dynamicalstensiand
does not preserve mass, momentum and energy, itheated budgets are compared to the results adroth
studies to evaluate our results meant as consistreck. Hereby, we follow studies of other regiapplying
data assimilation for a biogeochemical reanalysisong-term scale (Fontana et al., 2013; Teruzzlet2014;
Ciavetta et al., 2016).

This paper is organized as follows. The physaca biogeochemical models are described in Se@idrhen

the observational data set and the method of #uealgsis are introduced in Section 3 and 4, resmdgt The
4
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experiment results, including comparisons with oletions, are presented in Section 5. Finally,éot®n 6 and

7, discussion and conclusions finalize the paper.

2 Models

The RCO (Rossby Centre Ocean) model is a Bryan-S&axtner primitive equation circulation model with a
free surface (Killworth et al., 1991). Its open hdary conditions are implemented in the northermtd{smat,
based on prescribed sea level elevation at thealdteundary (Stevens, 1991). An Orlanski radiattondition
(Orlanski, 1976) is used to address the case dloaytand the temperature and salinity variables mudged
toward climatologically annual mean profiles to Idedh inflows (Meier et al., 2003). A Hibler-typgynamic—
thermodynamic sea ice model (Hibler, 1979) withstita-viscous—plastic rheology (Hunke and Dukowic297)
and a two-equation turbulence closure scheme df-théype with flux boundary conditions (Meier, 200Bvie
been embedded into RCO. The deep-water mixing ssinasd inversely proportional to the Brunt-Vaisala
frequency, with the proportionality factor baseddissipation measurements in the Eastern GotlasthBhass

et al., 2003). In its present version, RCO is usél a horizontal resolution of 2 nautical milesq{&m) and 83
vertical levels, with layer thicknesses of 3 m. R@lws direct communication between bottom boxethe
step-like topography (Beckmann and Doscher, 1997ux-corrected, monotonicity-preserving transp@CT)
scheme is applied in RCO (Gerdes et al., 1991). R@©Ono explicit horizontal diffusion. For furthéetails of
the model setup, the reader is referred to Meiat. €¢2003) and Meier (2007).

The biogeochemical model called SCOBI (Swedxiastal and Ocean Biogeochemical model) has been
developed to study the biogeochemical nutrientiogcin the Baltic Sea (Marmefelt et al., 1999; Elet al.,
2009; Almroth-Rosell et al., 2011; 2015). This miodendles biological and ecological processes ensa as
well as sediment nutrient dynamics. SCOBI is codipte RCO (e.g. Eilola et al., 2012; 2013; 2014)tWhe
help of a simplified wave model, resuspension gbaic matter is calculated from the wave and ctxiretuced
shear stresses (Almroth-Rosell et al., 2011). SCi@aBla constant carbon (C) to chlorophyll (Chljor&:Chl =
50 (mg C (mg Chlj), and the production of phytoplankton assimilatagon (C), nitrogen (N) and phosphorus
(P) according to the Redfield molar ratio (C:N:R@6:16:1) (Eilola et al., 2009). The molar ratioao€omplete
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oxidation of the remineralized nutrients is:© = 138. For further details of the SCOBI mod&k treader is
referred to Eilola et al. (2009, 2011) and Almr&absell et al. (2011).

RCO-SCOBI is forced by atmospheric forcing datdculated from regionalized ERA-40 data using the
regional Rossby Centre Atmosphere (RCA) model (Sdsson et al., 2011). The horizontal resolutioRGA is
25 km. A bias correction method following Meieragt (2011) is applied to the wind speed. Monthlyameiver
runoff observations (Bergstrom and Carlsson, 189d)used for the hydrological forcing. Monthly et loads

are calculated from historical data (Savchuk et28112).

3 The Dataset

The Baltic coastal shelf observation systems haenlargely improved by the joint efforts of theuotries
surrounding the Baltic Sea. For example, the l@onal Council for the Exploration of the Sea (B)E
(http://www.ices.dk) and the Swedish Oceanografata Centre (SHARK) (http://sharkweb.smhi.se) are
collecting the observations with the aim to monitbe Baltic Sea. Furthermore, the Baltic Sea Ojmrak
Oceanographic System (BOOS) (http://www.boos.dggfroviding near real-time observations and thiliply
available database BED (Baltic Environmental Dasabttp:/nest.su.se/bed) of the Baltic Nest tunsti(BNI)

(http://www.balticnest.org) store physical and eommental data from BNI partner institutes (see
http://nest.su.se/bed/hydro_chem.shtml). As a teautomprehensive data set is collected for thikicBS&ea
region. The assimilated observations in this stedymprise both physical (temperature and salinitydl a
biogeochemical variables (oxygen, nitrate, phospheatd ammonium) from the SHARK database. Before
assimilation, the data were quality controlled. §&heontrols include checks of location and dugbcatand
examination of differences between forecasts arsgmiations. A profile was eliminated from the askition
procedure when the station was located on lanche@foy the RCO bathymetry. We also removed obsenst
when the difference between model forecasting faald observations exceeds the given standard maximu
deviation (for example 4.0 mL1for oxygen concentration). We used an averageebbservations in the same
layer when there was more than one observatioteper. These observations cover almost the wholecBzea
including Kattegat and the Danish Straits. Figuh8@ws the number of biogeochemical observatiofilgsan
different sub-basins, and the temporal distributminthese biogeochemical observations. The numlfer o

observations is inhomogeneous in both temporal sppadial distribution over the period from 1970 t899.
6
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There are relatively more observations in the Baftioper than in other sub-basins. In the Gulf @faRa
minimum number of observation profiles (30 for ospg 30 for phosphate, 28 for nitrate and 28 for amiom)
is found. Obviously, the number of observationsriuthe period of 1988-1994 is higher than thatirduother
periods. Further, there are generally less obsensfrom 1981-1983 than during other periods. fifaximum
number of observation profiles occurred in 1991 daygen (1,844), phosphate (1,728) and nitrate5@),7
However, the number of ammonium observation prefilas a maximum value of 1,222 in 1992. Moreover, t
number of the oxygen and ammonium observationargebkt and smallest, respectively, compared tatiher

variables. These observations from SHARK and BEbused to validate the model and assimilation t&sul
4 Methodology and Experimental Setup

Here we briefly describe the configuration of treadassimilation system of this study. We focuglenstate
estimation via EnOIl. The distribution of stochastitors are assumed to be Gaussian and non-bige€xl.
estimates an 'optimal’ oceanic state at a givea tiging observations, the numerical model and gssoms on

their respective bias distributiofihe relationship between them can be expressaullawihg:
Y=y +K(d-Hy") (1),

K=P'"HT(HP'HT +(N-D)R)™ (2).
Where d is the vector of observations agd is the model state vector which includes the sgallanomaly,
temperature, salinity, oxygen, phosphate, ammoranah nitrate. K is the Kalman gain matrix arH is the
observation operator that maps the model statethetobservation space.— Ht,Uf is the innovation which is
calculated in the observation spa€®.is the observation error covariance. The sup@tscaand f denote the
analysis and forecast, respectively. is the number of the ensemble samples. EnOI casapghe Background
Error Covariance (BEC) matrix by the centered stamembl A" (i.e A'=A —K), as follows:

_L ' nT
P= N_lA (A" 3).
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Here the subscrif T denotes the transpose of a matrix and the sciitgr « [1(0,1] is introduced to tune the

variance of the model ensemble perturbations teatistic level in order to capture the variabildy model
parameters like temperature and dissolved oxygéichais dominated by misplacement of mesoscaleufest
and which varies in location and intensity seadgndherefore, we hypothesize that the backgroumdrg are
proportional to the model variability on intra-seaal time scales. A total of 100 model samples layriing
selection” are adopted to obtain a quasi-statiobagkground error covariance (BEC). The “selectiisnh one
and a half month period before and after the caleddte of the assimilation time from the perio®491968
(Liu et al., 2013). Hence, from every year durihg selected period 1964-1968 20 snapshots havesbimted.
An adaptive scaling factor was calculated to adaphe instantaneous forecast error variance befach local
analysis (Liu et al., 2013; 2014). Further, localian is used to remove unrealistic long-rangeeatation with a
guasi-Gaussian function and a uniform horizontatedation scale of 70 km. As a result, the quatifyfields
obtained by data assimilation is determined by dbeerage and quality of observations (She et &072
Moreover, the assimilation frequency or window iwther factor to affect the assimilation fields.eYhare
directly related to how many observations are émethe assimilation cycling and how often the nddéial
condition is adjusted by data assimilation (Liuakt 2013). Here, we select an assimilation winddwhree days
and the assimilation frequency is once every saleys in the reanalysis experiment. It means tHathael
observations in three days before and after thiendaton time are selected to yield the “new” ialtcondition
for the following simulation during the current essgation cycle.

Based on the above configuration, two experim&om January 1970 to December 1999 have beeiedar
out. One experiment is a simulation without datsimagation (FREE). The other simulation is consteal by
observations using the “weakly coupled” assimilatsttheme based upon the EnOIl method following Lial.e
(2014) which was briefly described before (REANBpth simulations, FREE and REANA, are initializeat f
January 1970. The initial conditions are taken framearlier run with RCO-SCOBI. The observatioroem
REANA is defined according to Liu et al. (2014). wever, in Liu et al. (2014), only a shorter assatdn
experiment for a 10-year period is presented, arfdrsthe reliability of the assimilation schememlti-decadal
simulations has not been shown. Following Liu et(2014), our REANA experiment assimilated both bl
and biogeochemical observations. In this study, famus mainly on nutrient transports derived frone th

reanalysis.



209 To assess the results with (REANA) and witHGlREE) data assimilation, the overall monthly mMSDs

210 (root mean square differences) of oxygen, nitrgtiepsphate and ammonium were calculated relative to
211 observations during the whole integration periothe Toverall monthly mean RMSD is calculated by the
212 following formula:

1& [1d
213 RMSD:N—Z —>(&)? 4,

j i=1 Nt i=1
214 where N, is the number of the observations at assimiletfioe t and N, is the number of days observed in one
215 month for one field for entire Baltic Sea, = x_,_(t) — x..(t) represents the difference between model result (

216 X ,) and observation X ,,) at time t and at thei™ observation location. We calculateg] at only the

217 observation location at the time which is calculated by mapping the model fieldoothe observation space.
218 Here it should be noted that the RMSDs were caledldefore the time of assimilation analysis, ahne t
219 corresponding observations were not yet assimilatedRCO-SCOBI (Liu et al., 2014).

220 Based on the reanalyzed simulation, the anmean net DIN and DIP transports, as well as DIRip&Ency

221 are also calculated. Net transpoN8A( ) are vertically integrated at every grid poinkaery time step of the

222 integration according to:
N

223 VATrans = chukAZk (5)1
k=1

where C,,u,,Az, and N are the field concentrations of DIN, DIP and oiiggshosphorus (OrgP), the current

velocity vector, vertical dimensions of a grid calhd the number of wet grid cells in the water goily

respectively. From the net transport vector fiedthomagnitude and streamlines are calculated.
224 The total nutrient budgets are calculated frovn $um of inorganic and organic bioavailable notse The
225 combined nutrient supplies from land and from ttleasphere have been taken into account. Nitrogetidin is
226  not included in the external supplies. The nutrfentes caused by sediment-water exchanges arealsolated.
227 The sediment sinks (burial) are calculated from difference between the net deposition of nutrig¢otshe
228 sediments and the release of nutrients from thienseds. The nutrient flows for the total budgets stegrated
229 along the selected borders of sub-basins usingtiequa. Annual nutrient flows are averaged for gegiod

230 1970-1999. The total amount of nutrients for evenp-basin is calculated from the integral of nulrie
9
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concentrations from phytoplankton, zooplanktonyritlet and dissolved nutrient times the volume af gub-
basin according to:

N Nj N

Totalzzzzk:qyj,km,jAyi,jAzk (6),
ol

whereC,Ax,Ay and Az are the field concentrations (including nutrieftsm phytoplankton, zooplankton,

detritus and dissolved nutrient), the horizontadl aertical dimensions of a grid cell, respectively,, Njand

N, are the number of grid in horizontal and vertidakction for every sub-basin, respectively. Furthbe

tendencies in Table 1 are calculated from the wiffees between nutrient inputs and exports oLaHtssins.
5 Results

In the following sub-sections, we evaluate the iotpH data assimilation on the long-term evolutarbiases
(Section 5.1), and on vertical (Section 5.2) andzoatal (Section 5.3) distributions of nutrientncentrations.
For the evaluation of time series of simulated @uygnitrate, phosphate and ammonium concentratibes,
reader is referred to Liu et al. (2014, their Fi§gsand 7). After the evaluation of the assimilatroethod, we
focus on the analysis of nutrient transports inBha#ic Sea based upon our reanalysis data thaowsider to be
the best available data set for such an analysipaiticular, we analyze the horizontal circulat@mnutrients
(Section 5.4), the horizontal distribution of natri sources and sinks, the nutrient exchange battheecoastal

zone and the open sea (Section 5.5), and the miuriglgets of sub-basins (Section 5.6).
5.1 Temporal evolution of biases

The data assimilation has significantly positiveo@ot on bias reduction of the model simulation. &elty, the
RMSDs of oxygen and nutrient concentrations in RBABre smaller than that of FREE. However, the
improvements of these four variables simulation ehalifferent variation characteristics caused by the
assimilating of biogeochemical observations. TheJEMf oxygen is mostly greater and smaller thamdL0L™

for FREE and REANA, respectively. The mean RMSDorygen during this period has been reduced by 59%

10
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(from 1.43 to 0.59 mL T). Similar improved simulation also appears inat#rand phosphate concentrations.
The RMSDs of nitrate and phosphate in REANA weduced by 46% (from 2.04 to 1.11 mmof)rand 78%
(from 1.05 to 0.23 mmol ) relative to that in FREE, respectively. Furthereyahe variability of RMSD of
phosphate in FREE is large during the first 10 yeand decreases afterwards with time. Howeverdéia
assimilation cannot always improve the model regiliu et al., 2014). For instance, although therait RMSD

of ammonium is reduced by 45% (from 1.15 to 0.63ainm®), the ammonium concentrations in REANA
become worse relative to those in FREE during soroaths. An example appears in February 1975 when th
RMSD of the ammonium concentrations in REANA (3ol m°) is greater than that in FREE (2.75 mmol m
%). These results are similar to the findings by &tual. (2014). However, here we show that the &@-Jong
assimilation is reliable, and that the RMSD of piteae concentrations decreases even further with da

assimilation continuing after 10 years.

5.2 The seasonal cycle of nutrients

The long-term average seasonal cycles of temperatnd inorganic nutrients at monitoring station BYdt
Gotland Deep (for the location, see Fig. 1) givhiat of how data assimilation makes simulated euatri
dynamics in the Baltic proper more realistic (. The surface layer temperature and stratificasioow rapid
increase in April to May, with concurrent rapid dese of nutrient concentrations due to primarydpetion
down to 50-60 m depths. The cooling and increasgtical mixing in autumn and winter reduce tempaed
and bring nutrients from the deeper layers into sheface layers. RCO-SCOBI captures these varition
However, compared to BED, the model has obviousdsiasuch as from late winter to early spring teatpee
stratification in FREE around the 30-50m depthhbkigconcentration of nutrients at the 50-60m degiitonger
vertical stratification of nutrient concentratiogsd less decrease of nutrients in the summer, iedipdmelow the
thermocline, as well as also in the surface layersphosphate. One reason for the biases is thecaker
displacement of the halocline that is too shalloRCO (e.qg. Fig. 4 in Liu et al., 2014). The causeshe model
bias in nutrient depletion below the summer theidmecare not known, but possible reasons are distlby
Eilola et al. (2011). The reanalysis has signifitaneduced all these biases and provides an ingarawodel

description of vertical transports of nutrientghe layers above the halocline.

11
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5.3 Spatial variations of late winter nutrient concentrations

The average March concentrations of dissolved sty phosphorus (DIP) and nitrogen (DIN) in the empp
layers (0-10m), as well as their ratio (DIN:DIP)eng calculated (Fig. 5). In BED the highest conegiun of
DIP occurs in the Gulf of Riga and the Gulf of faimél. Relatively high concentrations of DIP are fbum the
entire Gotland Basin. The DIP concentrations inBbénian Sea and Bothnian Bay are obviously lotvan in
other regions. Generally, the DIP in FREE has bleegely overestimated in all regions relative to IBE
especially in the Gotland Basin and Bornholm BalirBED, low DIP concentrations appear at the easteast
of the Eastern Gotland Basin. In FREE, this sp&tiature of DIP concentrations is not found. Furtive BED
high concentrations of DIN occur in coastal watdose to the river mouths of the major rivers ia #outhern
Baltic proper. DIN concentrations in the Gulf ohkind and in the Gulf of Riga are also high, andecdarge
areas of these gulfs. Unlike the BED data, the DINREE has high concentrations also in the estnghern
and eastern coastal zones of the Baltic propea sult, FREE shows a gradient in DIN concentnatioetween
the coastal zone and the open sea in the entitbesouBaltic proper. The DIN and DIP patterns reguhigh
and low DIN:DIP ratios in the Bothnian Bay and Balproper, respectively. The highest DIN:DIP ratare
found in the Bothnian Bay in BED and in the GulfRifya in FREE. RCO-SCOBI has captured this largdesc
pattern, but there are substantial regional diffees. By the constraints of the observation infeiona REANA
has improved the spatial distributions of DIN ani@ Bignificantly. In particular, DIP concentratioimssREANA

are much closer to observations.

5.4 Mean horizontal circulation of nutrients

Nutrient transport directly affects the biogeocheahicycles and the eutrophication of the Baltic .SEae
persistency of the net transports (Fig. 6) is @fjrfor instance, by Eilola et al. (2012). One stioote that the
results by Eilola et al. (2012) are based upon&f-averages for the control period 1978-2007 ddwnscaled
climate scenario from a global circulation modemi&r calculations of transports and sources an#sswill
therefore be briefly presented in the present stsitige the hindcast period is better representezhwhe model
is forced by the assimilated atmospheric (ERA—41@) Baltic Sea data (REANA). DIP has the largestidparts

in the central parts of the Baltic proper, withhigersistency because the volume transports aerabnlarger
12
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in deeper rather than in shallower areas. In thatBdm Basin and the eastern parts of the cent@#idBproper,
cyclonic circulation patterns are found. In the tges parts of the central Baltic proper, southwethsports
prevail. Relatively large magnitudes of transpoft®IP are also found in the northwestern GotlargiB, in the
southern Bornholm Basin, and through the Slupskn@blklconnecting Bornholm Basin and Gotland Basin.
Similar transport patterns are also found for DIMgP and OrgN (not shown). In contrast to Eilolale(2012),
DIN, DIP, OrgP and OrgN transports and their p&gsisy are obviously stronger, although the overatterns
are similar. For example, in Eilola et al. (201#it Fig. 1), large DIN transports appear in thetlsern Baltic

proper and the Bornholm Basin. Similar differenaesalso found in both DIP and OrgP transports.

5.5 Internal nutrient sources and sinks

The horizontal distributions of areas with interealirces and sinks of phosphorus and nitrogerilasgrated in
Fig. 7. A net inflow (inflow> outflow) of nutrients to an area is defined asirk gimport) and counted as
positive, while net outflow (inflows outflow) is defined as a source (export) and cedrats negative (Eilola et
al., 2012). Source areas of DIP generally coingiidk sink areas of OrgP, and vice versa. Thisss partly true
for DIN and OrgN, but the sink for DIN has a largentribution from denitrification that transfers NDIto
dissolved N. The difference between phosphorus and nitrogences and sinks is oxygen dependent, because
the removal of N is enhanced at lower oxygen comagans, while the sediment phosphorus sink iskerad
(e.g., Savchuk, 2010). Sediments may even temppi@acome a source under anoxic conditions, wheerol
mineral-bound P can be released to the overlyinggnw&ource areas of DIN are mainly found in thédf Gt
Riga, and the deeper parts of the Arkona BasinBordholm Basin. The largest DIP sources occur éndastern
parts of the Gotland Basin as well as in the degpess of the Bornholm Basin and Arkona Basin, rebs the
largest sink of OrgP occurs in the central Baltieger. The main sources of DIP are generally fannegions
where water depth is greater than 70 m (in otheds/below the permanent halocline in the Baltiqoerd, while
the main sources of OrgP (and OrgN) are found engioductive coastal areas shallower than abouA®Bor
(see also Fig. 8). Indeed, DIP export is largestreas with a water depth between 70 and 100 mgeacases
towards greater water depths (Fig. 8).
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326 According to the accumulated import of nutrie(&ig. 8), the magnitude of the DIP export is éarthan that
327 of the DIP import. This indicates that not all betsupply of phosphorus from land and atmospheretagned
328 within the Baltic proper. For DIN, however, we nagtice only a very small net export from the Bafifoper to
329 adjacent sub-basins, while for OrgP and OrgN, ingand exports are almost balanced (Fig. 8). Thregan
330 and phosphorus supply from land is implementeceamareas with a bottom depth usually of 6 m. Thishere
331 the river mouths are located in the model.

332 There is a large import of DIP to areas witepth range between 40-70 m (Fig. 8). This impo#sadnot
333 show a counter-part in the export of OrgP in FigT8is result might be explained by local processausing the
334  phytoplankton uptake and sediment deposition of. DHere is an import of DIN to these areas thagtiogr with
335 nitrogen fixation and sediment—-water fluxes of Dihay support local production of organic matter. The
336  phosphorus sink may be partly caused by oxygenripe water—sediment fluxes that bind DIP to iranizb
337  phosphorus in oxic sediments (Almroth-Rosell et2015). This effect is not included in Eilola €t@012), but
338 might potentially be accounted for by the adjudidB transports in REANA. The results of REANA indie
339 that there is an additional sink but the relatimepartance of different processes causing this ddta
340 assimilation or sediment processes) is, howevémpossible to evaluate from the present reanatiatia set.

341 A partly opposite exchange profile is found @mgP (Fig. 8). Coastal areas with a water depthpofo 40 m
342  are exporting organic phosphorus, whereas deepas @mport OrgP. Production in the coastal zortbeBaltic
343 proper and sedimentation in the open sea is albadahced.

344 The largest export of DIN occurs due to rivierthe very shallow coastal zone. The magnitudBIdbf imports
345 and exports in areas with greater water depthsnaich smaller. Obviously, DIN supplied from landaiseady
346 consumed in the coastal zone (Voss et al., 200@r@&h-Rosell et al., 2011) and, consequently, @lyinor
347 fraction of the nitrogen supplied to the shallowaacan continuously reach regions deeper than 1(Eilata et
348 al., 2012; Radtke et al., 2012).

349 5.6 Nutrient budgets of sub-basins

350 The Baltic Sea is divided into seven sub-basinsraieg to the selected sections, which form thedb of the
351 sub-basins (Fig. 1). We calculate total nutrierddmis for each of the sub-basins from the rearsa({sg. 9 and

352 10). The largest annual external phosphorus loadredn the Baltic proper and amounts to 34.2 kioh(Fig.
14
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9). In addition, in the Baltic proper the largesinaal phosphorus sink of 21.7 ktori'yis also found. The
tendencies of phosphorus in the various sub-balifes. Whereas during the period 1970-1999 thesphorus
content in the Gulf of Finland, Baltic proper, Kagtat and Bothnian Bay increased, we found decrgasintent
in the Gulf of Riga, Bothnian Sea and Danish Siréiable 1). Largest export and import of phosphdietween
sub-basins are found for the exchange between d@hie Broper and the Gulf of Finland, which amotm®4.3
and 22.5 kton yt, respectively. However, the largest net exchamggears between the Baltic proper and
Bothnian Sea. It is also found that the Baltic gropxports more phosphorus to neighboring sub-babin it
imports, except for the Gulf of Riga. The annuél pleosphorus exported from the Baltic proper it Danish
Straits, the Bothnian Sea, the Gulf of Finland &wf of Riga amounts to 1.7, 3.6, 1.8, and -0.6nkwl,
respectively. The exchange of phosphorus betwezB#itic proper and the Gulf of Riga is smallesatree to
the other three neighboring sub-basins. Furtherfowed that the net transport, import and exponplafsphorus
into the Bothnian Bay are smallest relative todtteer sub-basins.

Nitrogen transports between Baltic Sea sub-kasia different compared to phosphorus transpbits (0).
For example, the Baltic proper has larger nitrogarks than external sources. Further, the nitrogament
decreased in the Baltic proper and increased iGthieof Riga during the period from 1970-1999 pedtively.
In Bothnian Bay, the difference between externgpfuand internal sink of nitrogen is equal to tiet transport
into the Bothnian Bay. The large burial of nitrogarthe Bothnian Bay is noteworthy. We also fouathtively
large net transports of nitrogen from the Gulf afj@Rinto the Baltic proper. This is mainly explainby the
relatively high nitrate concentrations in the GafliRiga relative to other sub-basins.

To further analyze the variability of the budgéthe reanalyzed nutrients, Fig. 11 providesdiuss sectional,
integrated nutrient flows in the different sub-lb@siHere the eastward and northward net transpogts by
definition, positive. Obviously, the integrated memt flows vary significantly in space accordirggthe nutrient
loads from land. The inflows and outflows also vdspending on the depth of the water column andemit
concentrations that influence the vertically insggd mass fluxes. In general, the magnitude ofemnittransports
declines along transect A from south to north. iRstance, the largest annual northward flow ofogién in the
Baltic proper reaches 392 ktori'ymwhile it is only 133 and 87 kton yifor the Bothnian Sea and Bothnian Bay,
respectively.

In the Baltic proper, inflow and outflow as wel$ the net northward flow of phosphorus increasm fthe

south until a section along 56.8; they then remain about constant until a seaiomg 58.7 N, and thereafter
15
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decrease rapidly further to the north. This indisathat major sources are located in the southenther large
rivers pour their loads into the Baltic Sea, wiiile major net sinks are mainly found in the nomhgarts of the
Baltic proper. The behavior of net northward flow mitrogen is different. Nitrogen transports desea
constantly with increasing latitude because theormsipk (i.e. denitrification) works differently faitrogen than
for phosphorus, which is retained mainly by bumalthe sediments. The net northward flow decreasebe
latitude of the Gulf of Finland where phosphoruad(aitrogen) is transported towards the Gulf, asnsa
transect C.

In the Arkona and Bornholm basins, nitrogen phdsphorus transports increase from the west tedbe Due
to the nitrogen load from the Oder River, the inflof nitrogen increases significantly at the bordetween the
Arkona and Bornholm basins, whereas the outflonsdu® show any discontinuity. As a result, the fleav of
nitrogen shows an accelerated increase. The situddr phosphorus in the Arkona and Bornholm bassns
different compared to the nitrogen transports beean- and outflow, as well as the net flow, chadgection.
The phosphorus loads from the Oder River turn thitlawv in the western parts into an inflow of phbspus in
the eastern parts.

In the Gulf of Finland, in— and outflows gengralecline from the west to east. In the entranfcte Gulf of
Finland, the net inflows of nutrients are almostozd he largest net flow (westward) of nutrientpegr at the
inner end of the Gulf of Finland, where the lariyer Neva enter the Gulf, with a magnitude of 38rkyr* for
nitrogen and 2.6 kton yt for phosphorus, respectively. The net flows ofhbphosphorus and nitrogen change
their directions in the Gulf of Finland and forroigen this change take place closer to the Batbpgr entrance
than for phosphorus. These results indicate that l#ige supply of nutrients from the Neva River are

accumulated or removed within the Gulf of Finland.

6 Discussion

6.1 Biases of FREE

RCO-SCOBI has been widely used for the Baltic Sed the model was carefully evaluated using various

observational data sets. As any other model, RCOEBMad to be calibrated because many processlesling

sources and sinks of nutrients are not detailedugincknown. Hence, an “optimal” parameterization of
16
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unresolved processes is one of the requirementhdgpredictive capacity of the model. Further fegruents to
calculate correct transports and transformatiorcgsses in addition to optimized model equationshégb-
guality atmospheric and riverine forcing data, aigh-quality initial and lateral boundary conditfon

Most of the large biases in FREE are causedripeifect initial conditions. The reason is that therient
pools in the sediments have not been spun up appiely. As a consequence, phosphate concentrations
FREE are higher than observed concentrations allegiths. The biases in surface phosphate condensgat
between model results and observations can infeud¢ine seasonal primary production. In REANA, howgeve
from the beginning of the experiment, the biasesalready significantly reduced and remain rel&ianall
during the integration compared to FREE. The biafephosphate reduce with time both in the FREE and

REANA runs. Hence, this indicates a need of netiainconditions of the sediments.

6.2 Non-conservation in REANA

In the long-term simulation, the new initial conalit for an assimilation cycle differs from the emgliocean state
of the last cycle when at that time observatiores arailable. In this sense, the data assimilatiwroduces
sources and sinks of the nutrient cycles by ingging the model simulation and adjusting the ihitianditions.
The magnitudes of these artificial sources andssark directly related to the biases between medellts and
observations. Figure 3 shows that the model hae latases during the beginning of the simulatioowelver,
data assimilation has corrected the mismatch betwemlel state and observation to an “optimal” leliging an
initial adjustment period. After the adjustmentipdy the mismatch between model and observationrhes
small and the successive adjustment due to dataikd®on also becomes small. Further, the adjustnoé data
assimilation is related to the spatial-temporalerage of observations. Here we assimilated onlyermves!
profiles into the model. After every assimilatie@ycle, the simulation continues with “optimal”itial
conditions based upon conservation principles.n&seguations of RCO-SCBI have not been changedsanad

all constituents of the model are conserved at asng the simulation between two assimilationasions.

6.3 Advantages of data assimilation
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The advantage of the data assimilation is that inealéables at any station are very likely moreuaate than
the model output without data assimilation. Fortdnse, time series of profiles or transports acrassical
sections have very likely a smaller bias compacedhtservations than the corresponding model resuittsut
data assimilation. Compared to available obsematite information from the model is higher resdhand
homogeneous in space and time. Of course, it i&culif to evaluate the quality of model results ragh
resolution because independent observational ddtaae usually missing. An exceptional effort tdiae
independent data was done by Liu et al. (2014) siguwhat the statement about the added value & dat
assimilation is true for the available, independenise data at high resolution.  The resulthefreanalysis can
be used to estimate the water quality and ecolbgiate with high spatial and temporal resolutiomggions and
during periods when no measurements are availReigional and local model studies may use the dataitéal
and boundary conditions. For projections of futclimate and for nutrient load abatement scenanwikitions
the reanalysis has a very high scientific valueredsrence data set for the historical period of ¢himate
simulations. The evaluation of the regionalizedhelie (the statistics of mesoscale variability, #thg.mean state)
during the historical period can be done much nameurate based upon the reanalysis data than pattses
observational data. For instance, it is very dificto calculate the climatological mean state jérstm
observations that are casted only during the iee-freason of the year. Using a reanalysis as mefedata for
historical climate is a common method in regionkinate studies of the atmosphere. Here we provide a

corresponding data set for the ocean to evaluatelaied present-day climate.

Further, nutrient transports across selected @esens or between vertical layers are calculditech the
reanalysis with high resolution and improved accurélowever, one cannot expect that budgets caamifaom

the summation of fluxes from model results withadassimilation are more accurate because usuabyl sm
artificial sources and sinks from the data asstmiteare becoming as important as physically mégigasources
and sinks when sums of fluxes are compared. Heweecalculated budgets with the aim to evaluate the
reanalysis data and to estimate the magnitudetifitial sources and sinks by comparing our reswlith other
studies using only observations. It is impossiblelaim that our budgets are more accurate thasethodgets
that are derived from observations only, despite lilgher temporal and spatial resolution in modeépots.

Hence, the advantage of the reanalysis is that une@ents are extrapolated in space and time based u
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physical principles of the model. However, the dismtage is that the reanalysis data does not obey
conservation principles as discussed above.

6.4 Comparison with other assimilation methods

Fu (2013) estimated the volume and salt transphntsg the 2003 MBI with 3DVAR in the Baltic Sea the
present study, we estimate the impact of the degangation based on the EnOl method on the netrmeland
nutrient transports as well as calculate budgatsrfajor sub-basins of the Baltic Sea. The volunaadports
obtained with different assimilation methods maydiféerent. The sea level in Fu (2013) is kept ¢ansin the
assimilation process, while sea level in this stigdyarying accordingly during the assimilationtemperature
and salinity based upon the statistical covarianthe variability of sea level may enhance the tvapic flow,
which is one of the reasons for the differencemdéh volume transport in the two simulations. Howeve

transports within the sub-basin are also indireatfgcted by the interaction of baroclinicity amgpography.

6.5 Comparison with other studieson nutrient_budgets

In contrast to Eilola et al. (2012), in this stualgas with DIN export are also found at the soutlerd eastern
coasts as well as at some small local regionsénirther parts of the Baltic proper (Fig. 7). In REA the
magnitudes of DIP imports and exports are largen iin Eilola at al. (2012), and there is pronounicaplort of
DIP in the western part of the Eastern Gotland iBhsiow 100 m (Fig. 7) that is not as significangilola et al.
(2012). This, and the larger variability of DIN imps and exports, indicates that there is a higlegree of
small-scale localized transport and productiongpast that are not captured by Eilola et al. (2008)in sinks of
DIN are found in the deeper areas, but significhmts are also seen in shallow areas and watehsleptabout
60m. As the assimilation of salinity observatioasult in a deeper halocline (Liu et al., 2014), lo&tom water

in a depth range of 40-70 m contains higher oxygencentrations than in the simulation without data
assimilation. Hence, in the REANA simulation ofstisiudy, more phosphorus is retained by the sedementhe
depth range of 40-70 m than in the simulation bpl&iet al. (2012). The present results show, h@nean
export contribution from DIN sources in deeper aréag. 60—90 m depths) that may have been caused b
reduced denitrification efficiency of oxidized sewints in the REANA simulation compared to Eilolaagt
(2012).
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The in- and outflows of phosphorus betweendghle-basins, except the Gulf of Riga and Gulf aflasnd,
simulated in REANA are smaller than the resultdNlff and Stigebrandt (1989), Savchuk (2005) andc8ak
and Wulff (2007). However, the net transports obgghorus are similar between our results and thadier
studies in all sub-basins. Moreover, the nitrogeddets are much lower than the results of earbediss,

especially in the Baltic proper. It should be kepmmind that the above mentioned studies estimtiteahutrient

budgets from mass balance models together withr-lb@sin transport calculations based upon Knudsen's

formulae to calculate nutrient budgets of the Befiea (see, e.g. Savchuk, 2005). Obviously, threrénaitations
in calculations of previous studies. Despite oVaratertainties that also limit the reliability ofir results, like
incomplete understanding of selected biogeochempicadesses (e.g. nitrogen fixation), lacking infation of
sediment parameters, and under-sampled observatispsce and time, our approach has the advantageng
both high-resolution modeling and all available etations made over a 30-year period. Our modelltses
consider the complete set of primitive equationkigh-resolution, taking into account not only tr®ume and
salt conservation of sub-basins according to Knuidsirmulae, but also the wind-driven circulatibatween
and within sub-basins. Hence, we have, for the fiinge, the potential to quantify spatial transpaitterns with
high confidence even within sub-basins, as in ttehange of nutrients between the coastal zone lamapen
sea.

Eutrophication of the Baltic Sea is directlyeaffed by the long-term evolution of external nutrisupply that
has three components (waterborne land loads, dd@iat sources at the coasts, and atmospheric itieps$
which are associated with the biogeochemical dyoamwi the Baltic Sea. In our study, we used thensttucted
external nutrient input data by Savchuk et al. @0Nutrient budgets (Figs. 9 and 10) of sub-basimstime-
averaged and represent in our study the overalltsesf the period 1970-1999. The phosphorus laaag in
different periods, for example, the phosphorus doadhe 1980s are larger relative to the 1990s §e/chuk et
al., 2012). Therefore, the phosphorus supply inéoGulf of Finland is greater in our study compaie&avchuk
and Wulff (2007). The greater phosphorus supplyngha the phosphorus content and phosphorus coatentr
in the Gulf of Finland. This is one reason why gitazus transports between the Gulf of Finland éwedRaltic
proper in our study are greater than the transpaitailated by Savchuk (2005) and Savchuk and W20f07).

Since our study covers a different time peri@mpared to the studies by Wulff and Stigebrandi89)9
Savchuk (2005) and Savchuk and Wulff (2007) nutreoncentrations and related budgets differ in tenel

space. Hence, it is not surprising that other ssidhow deviating results. For example, duringpéméod 1970—
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1999, HELCOM (2013) showed that the total phosps@iiP) concentration generally decreased in thérBai
Bay and has increased in the Gulf of Riga. Howetlgrse changes in TP concentrations were not mooo$o
For example, the TP concentration obviously in@daturing the period 1970-1976 in the Bothnian Békile
in the Bothnian Sea, TP concentration increasethgluhe period 1970-1983 and decreased during ¢hed
1990-1999. Similarly, changes in total nitrogen J ENncentration differed during different periods.
Gustafsson et al. (2012) used a process-orientetel that resolves the Baltic Sea spatially irdgBamically
interconnected and horizontally integrated sub#sasiith high vertical resolution to reconstruct teenporal
evolution of eutrophication for 1850-2006. Savck@B05) and Savchuk and Wulff (2007) applied masarue
models as mentioned above to calculate nutriengdiscf the Baltic Sea. The results of all thesdetsdepend
on the locations of the sub-basin borders whichchmsen as far as possible according to dynamaradt@ints
such as sills or fronts that are parameterizedtaio estimates of the water exchanges. Using laeigolution
circulation model, we showed that nutrient flowghin the sub-basins may vary considerably (Fig. Fbr
instance, we found east- and westward net trarspbntitrogen between the Baltic proper and GulFisfland
depending on border locations at 23a@hd 24.0° E, respectively. The importance of regional véia of
sources and sinks for nutrients on the calculatbriransports between sub basins therefore seeimeto
significant and need to be furthers studied. Gibenuncertainty caused by data assimilation irptiesent study
we must however save the detailed studies of tiessees to future work where the artificial impaétdata

assimilation on sources and sinks will be tracatigurantified during the run.

7 Summary and Conclusion

For the first time, a multi-decadal, high-resolatioeanalysis of physical (temperature and salinapy
biogeochemical variables (oxygen, nitrate, phosplaaitd ammonium) for the Baltic Sea was presented. T
reanalysis covers the period 1970-1999. A “weaklypted” assimilation scheme using the EnOl methad w
used to assimilate all available physical and megemical observations into a high-resolution datan model
of the Baltic Sea.

Both assimilated and independent observatiofisated from different databases were used touet@lthe
reanalysis results (REANA). Based on the model-dataparison presented in this study, we found that

model results without data assimilation (FREE) bithsignificant biases in both oxygen and nutrieftke
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reasons for these biases are not totally understegdalthough it is speculated that the main neasuight be
related to the imperfect initial conditions, lintitns of model parameterizations, the inaccuratchiae
position and correspondingly the hypoxic volumeu(kt al. 2014). Based on the calculation of thea/&MSD

of oxygen and nutrient concentrations between mosillts and not-yet-assimilated observationsyebalts in
REANA are considerably better than those in FREEe Total RMSD of the oxygen, nitrate, phosphate and
ammonium is reduced respectively by 0.84 mt, 0.99 mmol ri¥, 0.88 mmol ¥, 0.52 mmol rif. This means
that the overall qualities of simulated oxygentai#é, phosphate, and ammonium concentrations go@uad by

59, 46, 78 and 45%, respectively. These resultodstrate the strength of the applied assimilatchese.

The observation information entering the moafétcts the oxygen dependent dynamics of biogeoidam
transports significantly due to both improved siatidn of physical (e.g. vertical stratification) dan
biogeochemical parameters (e.g. nutrient concéoigt As examples, we presented improved resfilteean
seasonal cycles of nutrients, the spatial surfastalzlitions of DIN, DIP and DIN:DIP of the entiBaltic Sea.
Based on the reanalysis simulation, we analyzedemtittransports in the Baltic Sea. We found thetigally
integrated nutrient transports follow the gene@izontal water circulation, and vary spatiallyadarge extent.
In particular, large nutrient transports were foundhe Eastern Gotland Basin, in the Bornhdatsin, in the
Slupsk Channel and in the north-western GotlandrBase persistence of nutrient transports is gret the
eastern and southern than in the northern and meB#dtic Sea.

The horizontal distributions of sources andksimf inorganic and organic nutrients show largatiap
variations and may be partly explained by (1) thiermal supply of nutrients from land, (2) the tgpephically
controlled horizontal nutrient exchange betweentsadins and between the coastal zone and the egemisd
(3) vertical stratification that determines redoonditions at the sea floor. The latter is importémt the
sediment-water fluxes of nutrients, and consequeioll burial of nutrients in the sediments. Thenagsis
results suggest that in the Baltic proper, in nasstis with a water depth less than the depth opénemanent
halocline at about 70-80 m, DIP is imported anddf@rmed either to OrgP, or buried in the sedimantsater
depths greater than the wave-induced zone at 4@-7@/hether the latter is an artefact of the assitoih
method or a real sink is unclear. On the other haméreas with greater water depth, DIP is exmgb(&g.
released from the sediments under anoxic condjtiéerall, the Baltic proper exports DIP to neighibg sub-

basins.
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Nitrogen transports are very different comparceghosphorus transports. The shallow coastal nétiewater
depths less than 10 m plays an outstanding rol®fsr because within it, large exports occur duestipplies
from land. The high productivity in the shallow aseeffectively transfers DIN to OrgN and denitiafion
decreases the exports of nitrogen from coastabacethe deeper areas. Most of the exported Difgnsoved in
shallow waters while at greater depths imports exubrts of DIN are much smaller, indicating the arpnt
role of the coastal zone for nitrogen removal.

Detailed nitrogen and phosphorus budgets stighes nutrient transports in the various sub-basane
controlled by different processes and show differeaponse to external loads and internal souncésiaks. In
particular, the Baltic proper is the sub-basin with largest nutrient exchanges with its surrougdinb-basins.
The Baltic proper exports phosphorus to all subAsasxcept the Gulf of Riga. Similarly, the Balpooper also
exports nitrogen to all sub-basins except to th GftRiga and Danish Straits. In this sub-basispahe largest
internal sink of all sub-basins was found. Notewypris the relatively large net export of phosphdinasn the
Baltic proper into the Bothnian Sea, where the sddargest sink for both phosphorus and nitroges feand.
This finding is in agreement with previous studiEer the budgets of the sub-basins, it is importamere the
borders of the sub-basins are located, becaudeansports may change sign with the location oftatweler. For
instance, in the entrance of the Gulf of Finlark bet phosphorus transport from the Baltic prapefirected
eastward, but changes direction at about 26°Ehé&urio the east, the net phosphorus transportréctdd

westward.
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759 Table 1. The 30-year mean tendencies of total glarsig and nitrogen in Baltic sub-basins. Namedefsub-
760 basins are the Kattegat (KT), Danish Straits (D83, Baltic proper (BP), the Gulf of Riga (GR), tGailf of

761  Finland (GF), the Bothnian Sea (BS), and the Bathiday (BB).

kton yr* KT DS BP GR GF BS BB
AP 2.7 2.2 6 -0.5 3.7 -3.5 0.6
AN 30 -33 -115 7 16 -39 0
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771 Figure 1. The bathymetry of the model (depth inTie border locations of sub-basins of the Balda 8sed in
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784  Figure 4. The seasonal cycle of monthly averag&@39999) temperature (°C), phosphate concentrétionol
785 m?), and nitrate concentration (mmol*jrat BY15 for FREE (row 1), REANA (row 2), and BEfata (row 3),
786  respectively.
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815 fluxes are, by definition, positive and called avfls. Southward and westward flows are called owtloNet
816 flow is the difference between in and outflows. &¢Je&R, BH, GO, NW, GF, BS, and BB represent theofik
817 Sea, Bornholm Sea, Eastern Gotland Basin, NortenesBotland Basin, Bothnian Sea and Bothnian Bay,
818 respectively. Transect A summarizes fluxes from sbathern Baltic proper to the Bothnian Bay. Trahd®
819 describes the Baltic Sea entrance area from therfriBasin to the Bornholm Basin, and transect Onsanizes

820 fluxes in theGulf of Finland (see Fig. 1).
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