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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 longitldatoss sections, are calculated. Further, thdiadpa
distributions of regions with nutrient import orpatt are examined. Our results emphasize the iraporole of
the Baltic proper for the entire Baltic Sea, wieinge net transport (export minus import) of nutgeinom the
Baltic proper into the surrounding sub-basins (pktiee net phosphorus import from the Gulf of Ragal the net
nitrogen import from the Gulf of Riga and Danisha8s). In agreement with previous studies, we tbtivat the
Bothnian Sea imports large amounts of phosphonm the Baltic proper that are retained in this babin. For
the calculation of sub-basin budgets, it is crugibkre the lateral borders of the sub-basins axatda, because
net transports may change sign with the locatiothefborder. Although the overall transport patdaemsemble

the results of previous studies, our calculateineges differ 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;firatl 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; rilin-
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
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atmosphere or ocean, where a basic descriptiolneofniotion is provided by conservation equationstehis no
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 fiog 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 measuremeuntshe 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 TempezaBensor) and from the SeaWiFS (Sea-Viewing Wide

Field-of-View Sensor) has provided the best spat@krage of measurements. However, these sendgrgiee
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 assimilatiortinonusly updates the model variables at the lonatiof the
observations and in their neighborhood. Integratiotime of the prognostic model equations allotvs $pread

of the information from the observations within thedel domain.

The assimilation of data into coupled phylsimageochemical models is confronted by variousotietical
and practical challenges. For example, the respohsiee 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 adeed
biogeochemistry (Beal et al., 2010). Besides, @atgEimilation as used in this study does not coesarass,

momentum and energy. Therefore, a reanalysis with assimilation can never be dynamically fully sistent.
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Nevertheless, the use of data assimilationptementing ecosystem modeling efforts has gainddspread
attention (e.g. Hoteit et al., 2003; Allen et @D03; Natvik and Evensen, 2003; Hoteit et al., 200&ntafyllou
et al., 2007; While et al., 2012; Triantafyllouatt, 2013; Teruzzi et al., 2014). Data assimilaiitio ecosystem
models has focused both on parameter optimizathwhan state and flux estimations (Gregg et al, 2089

comprehensive review of biological data assimilagaperiments can 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 Inti&jpan (EnOIl) method to improve the multi-annuaighs
resolution modelling of biogeochemical dynamicshe Baltic Sea. Fu (2016) analyzed the responsecotipled
physical-biogeochemical model to the improved hggramics 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). Reanalysés thelped enormously in making the historical récof
observed ocean parameters more homogeneous anitifosehany purposes. For instance, ocean reasatigin
have been applied in research on ocean climatahiity as well as on the variability of biogeochstry and
ecosystems (e.g. Bengtsson et al., 2004; Cartah, @005; Friedrichs et al., 2006). Ocean reaimlyan also be
used for the validation of a wide range of modsutes (e.g. Fontana et al., 2013). For instanaeptiean mean
state and circulation can be calculated from rgaimslresults 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 waslfilling the gaps in observations. Regional avzhl model
studies may use reanalysis results as initial anchdlary conditions. Aapd reanalysis of biogeochemical state
variables can dynamically describe indicators dfamhication such as the long-term development afew

nutrient pools.

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 withhéip of
information from both observations and a couplegisptal-biogeochemical model for the period 197094.99
Since 1970 the data coverage in the Baltic Seatisfactory. The results of the reanalysis are eseg to be

used to estimate the water quality and ecologitzdk svith high spatial and temporal resolutionegions and
4



107 during periods when no measurements are availkbl¢her, nutrient transports across selected @estens or
108 between vertical layers are calculated with highoh&tion and accuracy taking the complete dynanoics
109 primitive equation models into account. This infation cannot be obtained from either observatidoseaor

110 from model results without data assimilation beesti® latter might have large biases in both spacktime.

111  We assess the nutrient budgets of the water cohsnwell as of the nutrient exchanges between ssindand

112 between the coastal zone and the open sea. Thdatalt budgets are compared to the results of stheies to
113 evaluate our results. Hereby, we follow studiestbier regions applying data assimilation for a bmghemical
114 reanalysis on long-term scale (Fontana et al., 2Cik8/etta et al., 2016).

115

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

117 the observational data set and the method of #ueatgsis are introduced in Section 3 and 4, resmdgt The

118 experiment results, including comparisons with oketons, are presented in Section 5. Finally,eat®n 6 and

119 7, discussion and conclusions finalize the paper.

120 2 Models

121 The RCO (Rossby Centre Ocean) model is a Bryan-8exi#ner primitive equation circulation model with a
122 free surface (Killworth et al., 1991). Its open hdary conditions are implemented in the northertitd€gt,
123 based on prescribed sea level elevation at thealdteundary (Stevens, 1991). An Orlanski radiatondition
124  (Orlanski, 1976) is used to address the case dloaytand the temperature and salinity variables mudged
125 toward climatologically annual mean profiles to ldedh inflows (Meier et al., 2003). A Hibler-typgynamic—
126 thermodynamic sea ice model (Hibler, 1979) witts#taviscous—plastic rheology (Hunke and Dukowk297)
127 and a two-equation turbulence closure scheme df-théype with flux boundary conditions (Meier, 200 5ve
128 been embedded into RCO. The deep-water mixing ssimasd inversely proportional to the Brunt-Véaisala
129 frequency, with the proportionality factor baseddissipation measurements in the Eastern GotlasthEhass
130 et al., 2003). In its present version, RCO is us#&l a horizontal resolution of 2 nautical milesA&m) and 83
131 vertical levels, with layer thicknesses of 3 m. R@l@ws direct communication between bottom boxethe

132  step-like topography (Beckmann and Ddscher, 1997lux-corrected, monotonicity-preserving transp@CT)
5
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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 codigte 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
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 desdculated from regionalized ERA-40 data using the
regional Rossby Centre Atmosphere (RCA) model (Sdsson et al., 2011). The horizontal resolutioRGfA is
25 km. A bias correction method following Meieragt (2011) is applied to the wind speed. Monthlyameiver
runoff observations (Bergstrom and Carlsson, 199d)used for the hydrological forcing. Monthly retit loads

are calculated from historical data (Savchuk et28112).

3 Observations

The Baltic coastal shelf observation systems haenlargely improved by the joint efforts of theuntries
surrounding the Baltic Sea. For example, the l@gonal Council for the Exploration of the Sea (B)E
(http://www.ices.dk) and the Swedish Oceanogragbata Centre (SHARK) (http://sharkweb.smhi.se) are
collecting the observations with the aim to monitobe Baltic Sea. Furthermore, the Baltic Sea Opmerak
Oceanographic System (BOOS) (http://www.boos.dasgfroviding near real-time observations and thieliply
available database BED (Baltic Environmental Dasab#ttp://nest.su.se/bed) of the Baltic Nest tunsti(BNI)

(http://www.balticnest.org) store physical and eommental data from BNI partner institutes (see
6
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http://nest.su.se/bed/hydro_chem.shtml). Also thta df SHARK have been stored in BED. As a resllt,
comprehensive data set is collected for the BSia region. The assimilated observations in thidystomprise
both physical (temperature and salinity) and bichemical variables (oxygen, nitrate, phosphate and
ammonium) from the SHARK database. Before assiiofatthe data were quality controlled. These cdstro
include checks of location and duplication, andneixation of differences between forecasts and ehsens. A
profile was eliminated from the assimilation progezlwhen the station was located on land defineth&yRCO
bathymetry. We also removed observations when tiferehce between model forecasting field and
observations exceeds the given standard maximumatieyv (for example 4.0 mL Lfor oxygen concentration).
We used an average of the observations in the &yaewhen there was more than one observatiohager.
These observations cover almost the whole BalteciBeluding Kattegat and the Danish Straits. Fighishows
the number of biogeochemical observation profitedifferent sub-basins, and the temporal distrdubf these
biogeochemical observations. The number of obsenstis inhomogeneous in both temporal and spatial
distribution over the period from 1970 to 1999. fiehare relatively more observations in the Baltaper than in
other sub-basins. In the Gulf of Riga, a minimunmber of observation profiles (30 for oxygen, 30 for
phosphate, 28 for nitrate and 28 for ammonium)oisnél. Obviously, the number of observations dutimg
period of 1988-1994 is higher than that during ogeriods. Further, there are generally less obgiens from
1981-1983 than during other periods. The maximumber of observation profiles occurred in 1991 feygen
(1,844), phosphate (1,728) and nitrate (1,758). ¢l@w, the number of ammonium observation profilas &
maximum value of 1,222 in 1992. Moreover, compdecedther variables the numbers of oxygen and amuamoni
observations are largest and smallest, respectividigse observations from SHARK and BED are used to

validate the model and assimilation results.

The simulated spatial variations of the lateter surface layer nutrient concentrations are gamed with the
spatial variations reconstructed from BED with D&ta Assimilation System (DAS) by Sokolov et al9gT).
Due to insufficient historical data coverage therage March fields were computed for time perid@bgL-2005)
from over 3600 oceanographic stations found in BEBo nutrient pools of dissolved inorganic nitrag@®IN)
and phosphorus (DIP) calculated with DAS (see Sakich010) are compared with the results of thishatbee
Eilola et al. (2011) for more details about theadandling by DAS.
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4 Methodology and Experimental Setup

Here we briefly describe the configuration of thetadassimilation system of this study. We focudhmnstate
estimation via EnOl. The distribution of stochastitors are assumed to be Gaussian and non-bigs€xy.
estimates an 'optimal' oceanic state at a givea tising observations, the numerical model and gssoms on

their respective bias distributionhe relationship between them can be expresseulawing:
Y=y +K(d-Hy") (),
K=P'"H"(HP'"HT +(N-)R)™* ().
Where d 00" is the vector of observations with being the number of observationg.[10" is then

dimensional model state vector which includes tee level anomaly, temperature, salinity, oxygerasphate,

ammonium and nitrate. The superscriptand f refer to “analysis” and “forecast”, respectiveK OO ™" is

the Kalman gain matrix anH is an operator that maps the model state ontoltiservation space—ofiH is
linear interpolationd — H¢ ' OO™ is the innovation which is calculated in the olaéipn spaceR 00 ™™ is
the observation error covarianchl is the number of the ensemble samples. EnOl caspie Background
Error Covariance (BEC) matr PO O™ , which determines how to spread out informatiomfrabservations in

space and between variables, by the ensemble Ipatitm matri; A' = A —A as follows:

_L ’ nT
= A ) 3).

o N
Here A = (¢, ¢,...¢) 00O "N is the sample ensemble akd= %Zwi is the sample ensemble medine

i=1
subscripi T denotes the transpose of a matrix and the schditgr o [1(0,1] is introduced to tune the variance

of the sample ensemble perturbations to a realistiel in order to capture the variability of mogelrameters

like temperature and dissolved oxygen, which is idated by misplacement of mesoscale features anchwh

varies in location and intensity seasonally. Thanefwe hypothesize that the background errorpiemeortional

to the model variability on intra-seasonal timelssaWe selected the samples from model resulésfohdcast

simulation without data assimilation from one andaf month before and after the calendar datehef t
8



211 assimilation time during the period 1964-1968 (kiual., 2013). The snapshots during the period 19%8
212 have been stored every three days. From everyduwamg the selected period 1964-1968 20 snapstzots h
213 been selected. Hence, a totalNof= 100 model samples are adopted to obtain a quasistatilBBEC matrix.
214  The analysis by EnOl rely on the sample ensembbaus®e the analysis increment is a linear combinaifo
215 sample ensemble anomalies. Other, more “sophistitample ensembles could be tested but thisyisrokthe
216  scope of this studyAn adaptive scaling factor was calculated to atlafite instantaneous forecast error variance
217 before each local analysis (Liu et al., 2013; 20F4)ther, localization is used to remove unreialiging-range
218 correlation with a quasi-Gaussian function and ifoam horizontal correlation scale of 70 km. Asesult, the
219 quality of fields obtained by data assimilatiordetermined by the coverage and quality of obsaymat{She et
220 al., 2007). Moreover, the assimilation frequencywindow is another factor to affect the assimilatiields.
221  They are directly related to how many observatimesentering the assimilation cycling and how oftenmodel
222 initial condition is adjusted by data assimilati@iu et al., 2013). Here, we select an assimilatndow of
223 three days and the assimilation frequency is oneeyeseven days in the reanalysis experiment. &nse¢hat all
224  the observations in three days before and afteragsemilation time are selected to yield the “nemitial
225 condition for the following simulation during thercent assimilation cycle. When observations becavagable
226 at a certain time, the 'optimal' state variables ealculated by Equation 1, which are used as metmali
227  conditions for the next simulation cycle.

228

229 Based on the above configuration, two experim&om January 1970 to December 1999 have beeiedar
230 out. One experiment is a simulation without datsim#ation (FREE). The other simulation is consiel by
231 observations using the “weakly coupled” assimilatscheme based upon the EnOl method following Lial.e
232  (2014) which was briefly described above (REANARtEB simulations, FREE and REANA, are initialized fo
233 January 1970. The initial conditions are taken frmmearlier run with RCO-SCOBI. The observatioroein
234 REANA is defined according to Liu et al. (2014). wkver, in Liu et al. (2014), only a shorter assatidn
235 experiment for a 10-year period is presented, arfdrsthe reliability of the assimilation schemeninlti-decadal
236 simulations has not been shown. Following Liu ef{2014), our REANA experiment assimilated both sbgl
237 and biogeochemical observations. In this study, famus mainly on nutrient transports derived frone th
238 reanalysis.

239
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To assess the results with (REANA) and witHGlREE) data assimilation, the overall monthly mMSDs
(root mean square differences) of oxygen, nitrgepsphate and ammonium were calculated relative to
observations during the whole integration periothe Toverall monthly mean RMSD is calculated by the
following formula:

_ 1S LS
RMSD-N—Z —> (&) (4),

e Nt i=1
where N, is the number of the observations at assimildiime t and N is the number of days of one month
for one field for the entire Baltic Sea, = X, (t) — X..(t) represents the difference between model resuylt

and observationx,,) at timet and at thé" observation location. We calculateg only at the locations of the

observations at the time, which is calculated by mapping the model fieldootine observation space. Here it
should be noted that the RMSDs were calculatedrbdfe time of assimilation analysis, and the apoading
observations were not yet assimilated into RCO-SOQB et al., 2014).

Based on the reanalyzed simulation, the anmesn DIN and DIP transports as well as DIP persistare

also calculated. These transpoN&( ) are vertically integrated from the sea floor lte sea surface at every

ans

horizontal position at every time step of the imédign according to:
N
VATrans = zckukAzk (5)1
k=1

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

velocity vector in horizontal direction, verticaintensions of a grid cell and the number of wet getls in the

water column, respectively. From the net transpector field both magnitude and streamlines areutated.

The total nutrient budgets are calculated frown $um of inorganic and organic bioavailable notse The
combined nutrient supplies from land and from ttmeasphere have been taken into account. Nitrog@tidn is
not included in the external supplies. The sinkghef nutrient budgets are calculated from the sepgiom
land/atmosphere, import/export from other basind e changes in pelagic nutrient pools during gegod

(sink=supply+import-export-pool change). By thisfidéion the nitrogen sink includes nitrogen fixai and
10



261 denitrification. The nutrient flows for the totalidigets are integrated along the selected bordessitpbasins
262 using Equation 5. Annual nutrient flows are avedafge the period 1970-1999. The total amount ofieats for
263 every sub-basin is calculated from the integralnofrient concentrations from phytoplankton, zooftan,

264  detritus and dissolved nutrient times the volum#efsub-basin according to:

Ne NN

265 Total=) > >'C A Ay Az, (6),

i=L j=1 k=1
WhereChj’k,Ax'j ,AyLj and Az, are the field concentrations (including nutrieri®m phytoplankton,
zooplankton, detritus and dissolved nutrients),itbdgzontal and vertical dimensions of a grid cedkpectively.
N, Nj and N, are the number of grid cells in horizontal andieat direction for every sub-basin, respectively.

Net transports across sections of sub-basins doelated from the difference between export andarhp

(relevant for the results in Sections 5.6 and 5.7).
266 5Results

267 In the following sub-sections, we evaluate the iotp# data assimilation on the long-term evolutaimbiases
268 (Section 5.1), and on vertical (Section 5.2) andzoatal (Section 5.3) distributions of nutrientncentrations.
269 For the evaluation of time series of simulated @nygnitrate, phosphate and ammonium concentratibies,
270 reader is referred to Liu et al. (2014, their Fi§gsand 7). After the evaluation of the assimilatroathod, we
271 focus on the analysis of nutrient transports inBa#dic Sea based upon our reanalysis data thaowsider to be
272  the best available data set for such an analysipatticular, we analyze the horizontal circulat@nnutrients
273  (Section 5.4), the horizontal distribution of natri sources and sinks, the nutrient exchange bettheecoastal

274  zone and the open sea (Section 5.5), and the miulriglgets of sub-basins (Section 5.6).
275 5.1 Temporal evolution of biases and pools

276 The biases in both FREE and REANA have been catxlileelative to observations for dissolved oxyged a
277 inorganic nutrients using Equation 4 (Fig. 3). Dassimilation has significantly reduced bias of thedel

278 simulation. Generally, the RMSDs of oxygen and ieatr concentrations in REANA are smaller than tbit
11
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FREE. However, the degree of improvements differoreg the variables. The RMSD of oxygen is mostly
greater and smaller than 1.0 mLltfor FREE and REANA, respectively. The mean RMSDxfgen during this
period has been reduced by 59% (from 1.43 to 0.59LM). Similar improvements appear in nitrate and
phosphate concentrations. The mean RMSDs of nitnatephosphate in REANA were reduced by 46% (from
2.04 to 1.11 mmol ) and 78% (from 1.05 to 0.23 mmol Inrelative to that in FREE, respectively.
Furthermore, the variability of RMSD of phosphateRREE is large during the first 10 years, and e®ses
afterwards with time. However, the data assimitattannot always improve the model results. Foraimss,
although the mean RMSD of ammonium is reduced W 46om 1.15 to 0.63 mmol H), the ammonium
concentrations in REANA become worse relative twséhin FREE during some months. An example appears
February 1975 when the RMSD of the ammonium comatians in REANA (3.07 mmol i) is greater than that
in FREE (2.75 mmol ). These results are similar to the findings by &ital. (2014). However, here we show
that even the 30-year long assimilation is reliahled that the RMSD of phosphate concentrationedses even

further with data assimilation continuing for mahan 10 years.

Further, the annual averaged pelagic pootsmofilated DIN and DIP in the Baltic proper are camgul to the
corresponding pools estimated from the BED dathénBaltic proper (Fig. 4). The maximum annualeafifinces
of DIN and DIP pools compared to BED, have beemnced by 57.5% and 72.3%, respectively, from 400 kto
and 650 kton in FREE (not shown) to 170 kton an@l B®n in REANA. The remaining differences between
REANA and BED may be explained by the methods tégration that differ. BED estimates are based on a
limited amount of observations while the model hssare based on a large number of grid points with
dynamically varying state variables. A similasult for hypoxic area was found by Vali et al013). They
showed with the help of model results which wemnagad at the same times and locations of the obsens

that the applied interpolation algorithm undereated hypoxic area by about 40%.

5.2 Mean seasonal cycle of nutrients

The long-term average seasonal cycles of temperand inorganic nutrients at monitoring station BYdt
Gotland Deep (for the location, see Fig. 1) givhid of how data assimilation improves simulatedrieat

dynamics in the Baltic proper (Fig. 5). The surfémger temperature and stratification show raptease in
12
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April to May, with concurrent rapid decrease ofrierit concentrations due to primary production deav60—60

m depths. The cooling and increased vertical miximgautumn and winter reduce temperatures and bring
nutrients from the deeper layers into the surfangerns. RCO-SCOBI captures these variations. However
compared to BED, FREE has obvious biases, suclvagsiimated temperature stratification around 805
depth from late winter to early spring, higher cemication of nutrients at the 50-60m depth, strowgetical
stratification of nutrient concentrations and lekscrease of nutrients in the summer, especiallpvbehe
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 theimecare not known, but possible reasons are disclby
Eilola et al. (2011). These biases are signifigamdduced in the reanalysis which provides an iwgdo

description of vertical distributions of nutriemsthe layers above the halocline.

5.3 Spatial variations of late winter nutrient concentrations

The average March concentrations (1970-1999) of && DIN in the upper layers (0-10m), as well asrth
ratio (DIN:DIP), were calculated (Fig. 6). Due tosifficient historical data the corresponding BERps
describe the averages for the period 1995-2005 lzssia for model to data comparison. In BED resihits
highest concentration of DIP occurs in the GulRiga and the Gulf of Finland. Relatively high contrations
of DIP are found in the entire Gotland Basin. THE Doncentrations in the Bothnian Sea and BothBiay are
obviously lower than in other regions. Generalhe DIP in FREE has been largely overestimatedlireglons
relative to BED, especially in the Baltic properrther, in BED high concentrations of DIN occur ioastal
waters close to the river mouths of the major svearthe southern Baltic proper. DIN concentrationthe Gulf
of Finland and in the Gulf of Riga are also highd a&over large areas of these gulfs. Unlike the BB, the
DIN in FREE has high concentrations also in therergouthern and eastern coastal zones of thecBatbiper.
As a result, FREE shows a gradient in DIN concéiotna between the coastal zone and the open gka entire
southern Baltic proper. The DIN and DIP patterrsuitein high and low DIN:DIP ratios in the Bothni8ay and
Baltic proper, respectively. The highest DIN:DIRi@a are found in the Bothnian Bay in BED and ia Gulf of
Riga in FREE. FREE has captured this large-scatenpa but there are substantial regional diffeesn®@y the

constraints of the observation information, REANAshimproved the spatial distributions of DIN andPDI
13
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significantly compared to BED. In particular, DIBrzentrations in REANA are much closer to the piéated

BED observations.

5.4 Mean horizontal circulation of nutrients

Nutrient transport directly affects the biogeocheahicycles and the eutrophication of the Baltic .SEae
persistency of vertically integrated transportg(H) is defined, for instance, by Eilola et al012). One should
note that the results by Eilola et al. (2012) aasda upon 30-year averages for the control pe@d8-2007 of a
downscaled climate scenario from a global circatatnodel. Similar calculations of transports whlétefore be
briefly presented in the present study, since thddast period is better represented when the medetced by
the assimilated atmospheric (ERA—-40) and Balticd@ga (REANA). DIP has the largest transports endéntral
parts of the Baltic proper, with high persisten®céuse the volume transports are generally largeleeper
rather than in shallower areas. In the BornholmirBaed the eastern parts of the central Baltic @ropyclonic
circulation patterns are found. In the western aftthe central Baltic proper, southward transpgrevail.
Relatively large magnitudes of transports of DI atso found in the northwestern Gotland Basinthi
southern Bornholm Basin, and through the Slupskn@blconnecting Bornholm Basin and Gotland Basin.
Similar transport patterns are also found for DIMgP and OrgN (not shown). Compared to Eilola ef24112),
DIN, DIP, OrgP and OrgN transports and their pégsisy are larger, although the overall patternssarglar.
For example, in Eilola et al. (2012, their Fig. [Ayge DIN transports appear in the southern Baltiper and the

Bornholm Basin. Similar differences are also foimtoth DIP and OrgP transports.

5.5 Internal nutrient sources and sinks

The horizontal distributions of areas with intereaurces and sinks of phosphorus and nitrogerilasgrated in
Fig. 8. A net inflow (inflow> outflow) of nutrients to each cell of the horizalnthodel grid is defined as a sink
(import) and counted as positive, while net outfignilow < outflow) is defined as a source (export) and cednt

as negative (Eilola et al., 2012). Source ared3lBfgenerally coincide with sink areas of OrgP, &i# versa.
14



357 This is alsgpartly true for DIN and OrgN, but the sink for DiNis a large contribution from denitrification that
358 transfers DIN to dissolved NThe difference between phosphorus and nitrogemces and sinks is oxygen
359 dependent, because the removal of N is enhandedi@t oxygen concentrations, while the sedimentphorus
360 sink is weakened (e.g., Savchuk, 2010). Sedimeratg aven temporarily become a source under anoxic
361 conditions, when older mineral-bound P can be sel@do the overlying water. Source areas of DINnaaenly
362 found in the Gulf of Riga, and the deeper parthefArkona Basin and Bornholm Basin. The large$t Bdurces
363 occur in the eastern parts of the Gotland Baswelkas in the deepest parts of the Bornholm Basuh Arkona
364 Basin, whereas the largest sink of OrgP occurercentral Baltic proper. The main sources of D#generally
365 found in regions where water depth is greater tfaum (in other words below the permanent halodimée
366 Baltic proper), while the main sources of OrgP (&rdN) are found in the productive coastal areadl®er
367 than about 30—40 m (see also Fig. 9). Indeed, Rffore is largest in areas with a water depth betw&e and
368 100 m, and decreases towards greater water dépth®y.

369

370 According to the accumulated import of nutrie(&ig. 9), the magnitude of the DIP export is éarthan that
371 of the DIP import. This indicates that not all betsupply of phosphorus from land and atmospheretagned
372  within the Baltic proper as will be further discadsfrom the nutrient budgets in section 5.6. Fd¥,However,
373 we may notice only a very small net export from Buadtic proper to adjacent sub-basins, while fog®and
374 OrgN, imports and exports are almost balanced (g.The nitrogen and phosphorus supply from land i
375 implemented in sea areas with a bottom depth yso&lé m. This is where the river mouths are loddtethe
376 model.

377

378 There is a large import of DIP to areas witepth range between 40-70 m (Fig. 9). This impo#sadnot
379 show a counter-part in the export of OrgP in FigThis result might be explained by local processausing the
380 phytoplankton uptake and sediment deposition of. DHre is an import of DIN to these areas thagtiogr with
381 nitrogen fixation and sediment—-water fluxes of Dihay support local production of organic matter. The
382  phosphorus sink may be partly caused by oxygenripe water—sediment fluxes that bind DIP to iranizb
383  phosphorus in oxic sediments (Almroth-Rosell et2015). This effect is not included in Eilola €t@012), but
384  might potentially be accounted for by the adjudidB transports in REANA. The results of REANA indie
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385 that there is an additional sink but the relatimepartance of different processes causing this $ddta
386 assimilation or sediment processes) is, howevémpossible to evaluate from the present reanatiatia set.
387

388 A partly opposite exchange profile is found @mgP (Fig. 9). Coastal areas with a water depthpofo 40 m
389 are exporting organic phosphorus, whereas deepas anport OrgP. Production in the coastal zorteeBaltic
390 proper and sedimentation in the open sea is albadahced.

391

392 The largest export of DIN occurs due to rivierghe very shallow coastal zone. The magnitudeIdf imports
393 and exports in areas with greater water depthsnaigh smaller. Obviously, DIN supplied from landaiseady
394 consumed in the coastal zone (Voss et al., 2008yrdth-Rosell et al., 2011) and, consequently, @lypinor
395 fraction of the nitrogen supplied to the shallowaacan continuously reach regions deeper than 1(Eilata et
396 al., 2012; Radtke et al., 2012).

397 5.6 Nutrient budgets of sub-basins

398 The Baltic Sea is divided into seven sub-basinsraiicg to the selected sections, which form thedbs of the
399 sub-basins (Fig. 1). We calculate total nutrierddmts for each of the sub-basins from the reamaly®gs. 10
400 and 11). Changes in pools are calculated as diffee between 1971 and 1999 because the initiabtatmt
401 process due to the assimilation is taking placénduhe first year (1970) (not shown). The largastual mean
402 external phosphorus load occurs in the Baltic prepel amounts to 34.2 kton“y(Fig. 10). In addition, in the
403  Baltic proper the largest annual mean phosphornlsdfi 25.0 kton yi is also found. Whereas during the period
404 1971-1999 the phosphorus content in the Gulf ofitidaroper increased, we found decreasing phogghor
405 content in the Gulf of Finland, Bothnian Bay, Batim Sea and Danish Straits. Largest export and rinrgdo
406 phosphorus between sub-basins are found for theaege between the Baltic proper and the Gulf ofalih,
407  which amount to 24.3 and 22.5 ktoriyrespectively. However, the largest net exchgirgport minus export)
408 appears between the Baltic proper and Bothnian Beas. also found that the Baltic proper exportsreno
409 phosphorus to neighboring sub-basins than it inspogkcept for the Gulf of Riga. The annual mean net
410 phosphorus exported from the Baltic proper into Bramish Straits, the Bothnian Sea, the Gulf of &fdl and

411  Gulf of Riga during the period 1971-1999 amounts.% 3.6, 1.8, and -0.6 kton'ymespectively. The exchange
16
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of phosphorus between the Baltic proper and thé @uRiga is smallest relative to the other threéghboring
sub-basins. Further, we found that the net transpoport and export of phosphorus into the Bothrigay are

smallest relative to the other sub-basins.

Nitrogen transports between Baltic Sea sub-Baaie different compared to phosphorus transpbits (1).
For example, the Baltic proper has larger nitrogiais than external sources. Further, during thienge 971—
1999 the nitrogen content decreased in the GuRigh and increased in the Bothnian Bay, respegtivalthe
Gulf of Finland and Danish Straits, the differefetween external supply and internal sink of nigogs equal
to the net transport into the Gulf of Finland anahi3h Straits. The large sink of nitrogen in thélB@an Bay is
noteworthy. We also found relatively large net sfaorts of nitrogen from the Gulf of Riga into thel&c proper.
This is mainly explained by the relatively highrate concentrations in the Gulf of Riga relativeotber sub-

basins.

The 3D nutrient pools constructed by data aaiion methods offer an opportunity to evaluatéhvimproved
estimates the changes in Baltic Sea eutrophicafisnan example, an investigation of the trophidestaom
changes in five year average nutrient pools in REAgtiows that the total nitrogen pool in the Baftioper
increased from 657 kton to 1045 kton from the pkd871-1975 to 1995-1999 while the total phosphpas
decreased from 469 kton to 448 kton between the g@riods. Hence, nitrogen increased by about 58%e w
phosphorus decreased by about 4%. Similarly théqdddIN in REANA increased by 80% while DIP decsed
by 6%. The corresponding numbers obtained from BE®wed an increase of 100% for DIN and an increése
7% of DIP. The results indicate large increasesitwbgen pools in the Baltic proper during the istgated

period but only relatively small changes of phosplgools.

Subsequent periodic assessments can be usedel future eutrophication changes. While estimgathe
trophic state, it should be noticed that the chamg&ophic state depends on the chosen time pgribdr
example, from the year 1971 to 1999 the total phosgs (TP) in the Baltic proper increased with &ah yr.
This result differs from the decrease seen fronffitfeeyear average change discussed above. Therréashe

impact from short term fluctuations of nutrient temt (Fig. 4) that may be larger than the long-tehanges.
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5.7 Baltic nutrient flows

To further analyze the variability of the budgéthe reanalyzed nutrients, Fig. 12 providesdiuss sectional,
integrated nutrient flows in the different sub-lb@siHere the eastward and northward net transjpogtsby
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 ofemittransports
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 Yyifor the Bothnian Sea and Bothnian Bay,

respectively.

In the Baltic proper, inflow and outflow as wels the net northward flow of phosphorus increasm fthe
south until a section along 56.8° N; they remaanthbout constant until a section along 58.7° M,thareafter
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 theongipk works differently for nitrogen (i.e. deification) than
for phosphorus, which is retained mainly by buiathe sediments. The net northward flow decreasebe
latitude of the Gulf of Finland where phosphorusd(aitrogen) are transported towards the Gulf, eensn

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 thtéaw in the western parts into an inflow of phbspus in

the eastern parts.
18
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In the Gulf of Finland, in— and outflows genéralecline from the west to east. In the entranfcte Gulf of
Finland, the net inflows of nutrients are almostoz& 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 ofhbplhosphorus and nitrogen change
their directions in the Gulf of Finland and forrmogen this change take place closer to the Baltpgr entrance
than for phosphorus. These results indicate that linge 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, RCOB®ad to be calibrated because many processksling
sources and sinks of nutrients are known not inughodetail. Hence, an “optimal” parameterization of
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 condentgat
between model results and observations can infeud¢ine seasonal primary production. In REANA, howeve
from the beginning of the experiment, the biasesadneady significantly reduced during the firsaiyand remain
relatively small during the integration comparedrB®EE. This result indicates a need of new ing@iditions of

the sediments.

6.2 Non-conservation in REANA
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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 inpiing the model simulation and adjusting the ihitianditions.
The magnitudes of these artificial sources andssarke directly related to the biases between mesellts and
observations. Figure 3 shows that the model hag larases during the beginning of the simulatiooweler,
data assimilation has corrected the mismatch betwexlel state and observation to an “optimal” leliging an
initial adjustment period. After the adjustmentipdy the mismatch between model and observatioorbes
small and the successive adjustment due to dataikden 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 assimilatioycte, the simulation continues with “optimal” irdticonditions
based upon conservation principles. As the equaitmiRCO-SCBI have not been changed, masses of all

constituents of the model are conserved at leastglthe simulation between two assimilation ocoasi

6.3 Advantages of data assimilation

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 obsematitie information from the model is higher resdhamd
homogeneous in space and time. Of course, it iEculif to evaluate the quality of model results hagh
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 one available, independenise data set at high resolution.

The results of the reanalysis can be usedtimate the water quality and ecological state withh spatial
and temporal resolution in regions and during mkriovhen no measurements are available. This sgpport
improved assessments e.g. of eutrophication statlisators as exemplified in Section 5.6. Regicaradi local

model studies may use the data as initial and Byndonditions. For projections of future climatedafor
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526 nutrient load abatement scenario simulations thealkysis has a very high scientific value as refegedata set
527 for the historical period of the climate simulatsorThe evaluation of the regionalized climate @letistics of
528 mesoscale variability, e.g. the mean state) dutfieghistorical period can be done much more aceurased
529 upon the reanalysis data than with sparse obsenatdata. For instance, it is very difficult toladate the
530 climatological mean state just from observatiora #re casted only during the ice-free seasoneoyélar. Using
531 a reanalysis as reference data for historical ¢éms a common method in regional climate studieshe
532 atmosphere. Here we provide a corresponding dafarste ocean to evaluate simulated present-timate.
533

534 Further, nutrient transports across selectedsesections or between vertical layers are catiedlfrom the
535 reanalysis with high resolution and improved accyr&lowever, one cannot expect that budgets catulifsom
536 the summation of internal fluxes from model reswith data assimilation are more accurate becassally
537 small artificial sources and sinks from the datairasation are becoming as important as physicaihd
538 biogeochemically motivated sources and sinks whenssof fluxes are compared. Hence, we calculated in
539 Section 5.6 budgets only from external supply, ingand exports and changes in the water poolaiients
540 with the aim to compare the reanalysis results witfier studies using only observations. It is peshaot
541 possible to claim that our budgets are more aceuhain budgets that are derived from observatiohs despite
542  the higher temporal and spatial resolution in maulgputs. However, the advantage of the reanalgsibat
543 measurements are extrapolated in space and tired bhgsn physical principles of the model.

544

545 6.4 Comparison with other assimilation methods

546 Fu (2013) estimated the volume and salt transphrtgrg the 2003 MBI with a three-dimensional vdcdasl
547 data assimilation method (3DVAR) in the Baltic Skathe present study, we estimate the impact efdhta
548 assimilation based upon the EnOIl method on thevoletme and nutrient transports as well as calclatigets
549  for major sub-basins of the Baltic Sea. The voluraesports obtained with different assimilation neets may
550 Dbe different. The sea level in Fu (2013) is keptstant in the assimilation process, while sea lew#iis study is
551  varying accordingly during the assimilation of tesrgture and salinity based upon the statisticahigances.
552  The variability of sea level may enhance the baptrflow, which is one of the reasons for theati@nces in net
553 volume transport between the results by Fu (20h8) REANA. However, transports within the sub-bazia

554  also indirectly affected by the interaction of bamucity and topography.
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6.5 Comparison with other studieson nutrient budgets

In contrast to Eilola et al. (2012), in this stualyeas with DIN export are also found at the soutlzd eastern
coasts as well as at some small local regions enirther parts of the Baltic proper (Fig. 8). In REA the
magnitudes of DIP imports and exports are largen in Eilola at al. (2012), and there is pronounicagort of
DIP in the western part of the Eastern Gotland B8asiow 100 m (Fig. 8) that is not as significanEilola et al.
(2012). This, and the larger variability of DIN ionqis and exports, indicates that there is a higlegree of
small-scale localized transport and productiongpast that are not captured by Eilola et al. (200/&)in sinks of
DIN are found in the deeper areas, but significamts 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 ofstisitudy, more phosphorus is retained by the sedinmenthe
depth range of 40-70 m than in the simulation bgl&iet al. (2012). The present results show, h@wnean
export contribution from DIN sources in deeper aréa.g. 60-90 m depths) that may have been caused b
reduced denitrification efficiency of oxidized sewtints in the REANA simulation compared to Eilolaagt
(2012).

The in- and outflows of phosphorus betweendghle-basins, except the Gulf of Riga and Gulf afland,
simulated in REANA are smaller than the resultdNlff and Stigebrandt (1989), Savchuk (2005) andc8ak
and Wulff (2007). However, the net transports obgphorus 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 kepmind that the above mentioned studies estimtiteahutrient
budgets from mass balance models together withr-lbi@sin transport calculations based upon Knudsen's
formulae to calculate nutrient budgets of the Befiea (see, e.g. Savchuk, 2005). Obviously, threr&naitations
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
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584 consider the complete set of primitive equationkigh-resolution, taking into account not only tr@ume and
585 salt conservation of sub-basins according to Knoidsirmulae, but also the wind-driven circulatibatween
586 and within sub-basins. Hence, we have, for the fiinge, the potential to quantify spatial transpmaitterns with
587 high confidence even within sub-basins, as in ttehange of nutrients between the coastal zone lapen
588 sea.

589

590 Eutrophication of the Baltic Sea is directlyeaffed by the long-term evolution of external nutrisupply that
591 has three components (waterborne land loads, dd@at sources at the coasts, and atmospheric ifi®ps3
592  which are associated with the biogeochemical dyosmi the Baltic Sea. In our study, we used thensttucted
593 external nutrient input data by Savchuk et al. @0Nutrient budgets (Figs. 10 and 11) of sub-lxsie time-
594 averaged and represent in our study the overalltsesf the period 1970-1999. The phosphorus |a@alg in
595 different periods, for example, the phosphorus $oadhe 1980s are larger relative to the 1990s §e/chuk et
596 al., 2012). Therefore, the phosphorus supply inéoGulf of Finland is greater in our study compae&avchuk
597 and Wulff (2007). The greater phosphorus supplyngka the phosphorus content and phosphorus coatientr
598 in the Gulf of Finland. This is one reason why pgitagus transports between the Gulf of Finland éedRaltic
599 proper in our study are greater than the transpattsilated by Savchuk (2005) and Savchuk and W21f07).
600

601 Since our study covers a different time periadnpared to the studies by Wulff and Stigebrand89).9
602 Savchuk (2005) and Savchuk and Wulff (2007) nutrmncentrations and related budgets differ in tane
603 space. Hence, it is not surprising that other ssidhow deviating results. For example, duringoéiméod 1970—
604 1999, HELCOM (2013) showed that the TP concentnatienerally decreased in the Bothnian Bay and has
605 increased in the Gulf of Riga. However, these chang TP concentrations were not monotonous. Famele,
606 the TP concentration obviously increased during geeod 1970-1976 in the Bothnian Bay. While in the
607 Bothnian Sea, TP concentration increased duringpémmd 1970-1983 and decreased during the pef66-1
608 1999. Similarly, changes in total nitrogen concatin differed during different periods.

609

610 Gustafsson et al. (2012) used a process-orientetel that resolves the Baltic Sea spatially irdgBamically
611 interconnected and horizontally integrated subszasvith high vertical resolution to reconstruct teenporal

612 evolution of eutrophication for 1850-2006. Savc2®05) and Savchuk and Wulff (2007) applied masarue
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613 models as mentioned above to calculate nutriengdtgcbf the Baltic Sea. The results of all thesdeatwdepend
614 on the locations of the sub-basin borders whichchmsen as far as possible according to dynamaradtraints
615 such as sills or fronts that are parameterizedtain estimates of the water exchanges. Using la-feigolution
616 circulation model, we showed that nutrient flowghin the sub-basins may vary considerably (Fig. Edx
617 instance, we found east- and westward net trarspbmitrogen between the Baltic proper and GulFwofand
618 depending on border locations at 2a8d 24.0E, respectively. The importance of regional véoiat of sources
619 and sinks for nutrients on the calculation of tports between sub-basins therefore seems to beicagm and
620 needs to be further studied. Given the uncertasatysed by data assimilation in the present studymwst
621 however save the detailed studies of these issuesure work where the artificial impact of datsenilation on

622  sources and sinks will be traced and quantifiechduthe run.

623 7 Summary and Conclusion

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

629

630 Both assimilated and independent observatiofieated from different databases were used touatalthe
631 reanalysis results (REANA). Based on the model-dataparison presented in this study, we found that
632 model results without data assimilation (FREE) bihsignificant biases in both oxygen and nutrieritee
633 reasons for these biases are not totally understegdalthough it is speculated that the main neasuight be
634 related to the imperfect initial conditions, limtitns of model parameterizations, the inaccuratechae
635 position and correspondingly the hypoxic volumeu(kt al. 2014). Based on the calculation of thea@l&MSD
636 of oxygen and nutrient concentrations between mopekellts and not-yet-assimilated observationsyé¢kalts in
637 REANA are considerably better than those in FREEe Total RMSD of the oxygen, nitrate, phosphate and
638 ammonium is reduced respectively by 0.84 mi, 0.99 mmol ¥, 0.88 mmol 17, 0.52 mmol . This means
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that the overall qualities of simulated oxygentat#é, phosphate, and ammonium concentrations gm@uad by

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

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 concéomiggt 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 Bornhdassin, 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 md3#dtic Sea.

The horizontal distributions of sources andksimf inorganic and organic nutrients show largatigp
variations and may be partly explained by (1) thiermal supply of nutrients from land, (2) the tgpephically
controlled horizontal nutrient exchange betweentzadins and between the coastal zone and the epemisd
(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 naostis with a water depth less than the depth opénmanent
halocline at about 70-80 m, DIP is imported anddfarmed either to OrgP, or buried in the sedimantsater
depths greater than the wave-induced zone at 46-7@/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 neighhg sub-

basins.

Nitrogen transports are very different compaceghosphorus 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
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decreases the exports of nitrogen from coastabdoethe deeper areas. Most of the exported DHdrizoved in
shallow waters while at greater depths imports exubrts of DIN are much smaller, indicating the artpnt

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 surrougpdinb-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. This findisgin agreement with previous studies. For the bisdgkethe
sub-basins, it is important where the borders efghb-basins are located, because net transpoytsimaage
sign with the location of the border. For instanicethe entrance of the Gulf of Finland, the nebgthorus
transport from the Baltic proper is directed eastlvaut changes direction at about 26°E. Furthéheceast, the

net phosphorus transport is directed westward.
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blaokd lines with arrows show the streamlines and

direction of transports. The magnitude of transpgkton km* yr') and the persistency (%) are shown by the

background color. The corresponding values are shinwhe colored bars.
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Figure 8. Spatial distributions of annual mean imp®6 DIP, OrgP, DIN and OrgN averaged for the peri970—
1999. The magnitude of import and its correspondimge (kton kit yr') are shown by the background color
and color bar, respectively. Green colors denotsitigpe values (import), and yellow to red colorsndie
negative values (export). The black and blue Istesv 30 and 100 m depth contours of the modelecdsly.
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Figure 9. Annual mean, accumulated net importkiaes) and imports of OrgP, DIP and DIN (colar$) to
regions with the same depth in the Baltic prope&raged for the period 1970-1999.
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907
908 Figure 10. Annual mean total phosphorus budgetth®fBaltic Sea averaged for the period 1971-199@ T

909 average total amounts are in kton, and transpmatsfland sink/source fluxes (external nutrient isfsilk) are in

910 kton yr'. External nutrient inputs from atmosphere and karedcombined.
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912

913 Figure 11. The same as Figure 9, but for nitrogen.
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915  Figure 12. Annual mean fluxes of nitrogen (in kioft) and phosphorus (in kton§)ras a function of the cross
916 sections along transects following the latitude &wdjitude in the Baltic sub-basins. Northward @adtward
917 fluxes are, by definition, positive and called avfls. Southward and westward flows are called owtloNet
918 flow is the difference between in- and outflows.réléAR, BH, GO, NW, GF, BS, and BB represent thkohia
919 Sea, Bornholm Sea, Eastern Gotland Basin, Nortlewesgotland Basin, Gulf of Finland, Bothnian Sea an
920 Bothnian Bay, respectively. Transect A summarihesek from the southern Baltic proper to the BatihnBay.

921 Transect B describes the Baltic Sea entrance amaathe Arkona Basin to the Bornholm Basin, andgext C

922 summarizes flwes in theGulf of Finland (see Fig. 1).
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