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We thank Dr. Savchuk for your very good comments. We have followed all the
comments from you and car efully made the improvement in our revision.

The study deals with application of datairagation approach to reconstruction of long-
term dynamics of 3D nutrient fields as a base falysis of nutrient transport processes in the
Baltic Sea. Both the approach and obtained reatdtsignificantly novel in methodological and
geographical senses to deserve publishing in “Risgences”. However, scientific and
presentation qualities should be substantially owed by the major revision of the manuscript
along the lines suggested below.

1. General comments and suggestions

1.1 Objectives and applicability. The assimilataf whatever available data is fully justified

for an improvement of short-term forecasting of toyhysical fields aiming at the search-and-
rescue operations, propagation and expansion aéttaphic spills as well as management of
the maritime activity. However, its applicabilityrf long-term hindcasts of biogeochemical
phenomena and properties requires careful consioerand clear explanation of the

purposes/objectives of the assimilation (whwyd awhat for). Such considerations and
explanations should already be given in the Intotida section, with particular attention to the

limitations, especially non-conservativeness ofapproach (what can and cannot be done).

Response: We have specified the aims of data assimilatiotié introduction more clearly. The
data assimilation meets the gap between obsergatioth numerical modeling in this study. We
aim to reproducing the ocean biogeochemical statk the help of information from both
observations and a coupled physical-biogeochemicalel. The results of the reanalysis can be
used to estimate the water quality and ecologiedé svith high spatial and temporal resolution
in regions and during periods when no measurenaetavailable. Regional and local model
studies may use the data as initial and boundamgitons. Further, nutrient transports across
selected cross-sections or between vertical laygght be calculated with high resolution and
accuracy taking the complete dynamics of primiteguation models into account. This
information cannot be obtained from neither obsgrma alone or from model results without
data assimilation because the latter might hawgelaiases in both space and time. We assess
the nutrient budgets of the water column and sedlispeas well as of the nutrient exchanges
between subbasins and between the coastal zorthewgen sea. As a reanalysis can never be
dynamical consistent and does not preserve massgemntam and energy (see our response to
1.2), the calculated budgets are compared to thdtseof other studies to evaluate our results
meant as consistency check. Hereby, we follow setidif other regions applying data
assimilation for a biogeochemical reanalysis omgtmrm scale.

For example, Teruzzi et al. 2014. Journal of Gesflay Research, 119, 1-18.
Ciavatta, S., et al. 2016, J. Geophys. Res. Ogehzis, 1824-1845.



Fontana, C., et al.,2013, Ocean Sci., 9, 37-56.

In the introduction section we further clarify thlFeady listed limitations of data assimilation
with respect to estimating nutrient budgets andaveite the objectives of this study.

1.2 Artificial non-conservation. Biogeochemical iadnles are non-conservative by definition,
while the entire models of biogeochemical cycles asually designed as conservative, i.e.
explicitly accounting for all the external and imtal sources and sinks of the matter. In such
models (including the implemented RCO-SCOBI systdimng dynamics of simulated nutrient
fields is determined by continuous, mutually adjdsinteraction of physical transport and
biogeochemical transformation processes. If thd3efidlds (x, y, z, t) are not absolutely
identical to the corresponding fields reconstructexn observations, then an every act of
“correction” of simulated towards reconstructeddge during assimilation procedure would
create in the model fictitious 3D sinks and souroéshe matter not generated by either
transport or transformation processes. Theseifigtitfluxes of nutrients are then included into
biogeochemical cycles, thus making the model eoosly non-conservative. Evidently, the
studies of eutrophication and biological produtyivn general are particularly vulnerable for
these effects of data assimilation. As can be dediufor instance, from Figs. 3-5, such effects
are quite substantial.

On the other hand, with a certain confidence inutated transport agents (water currents and
mixing) supported, e.g. by the plausible dynangsitsconservative” salinity (e.g. as in Liu et
al. 2013), the “corrected” fields of nutrients adlde used for improving simulation of nutrient
transport processes. Here, again, the discussiomoon such improvement would affect
simulation of transformation processes and, in ,tunould be affected by them could
significantly augment the scientific value of theppr. Also, the questions arises — could not the
same results regarding transport processes be@veadhust with the “observed” nutrient fields
used for assimilation, without running and “jerkicgrrecting” the biogeochemical model.

In any case, the artificial non-conservativenessukh be explicitly acknowledged and
explained, its effects evaluated, presented, asclidsed, in addition to- and, perhaps, together
with analysis of biases by means of RMSD. The et of non-conservation and its spatial
and temporal dynamics must be computed from ardiffee between model fields before and
after acts of assimilation, starting from the gilitconditions.Then the knowledge of needed
“correction” can also be used in pinpointing poksilkleficiencies in the biogeochemical
parameterizations.

Response: In the long-term simulation, the new initial caimwh for an assimilation cycle
differs from the ending ocean state of the lastecyhen at that time observations are available.
In this sense, the data assimilation introducescesuand sinks of the nutrient cycles by
interrupting the model simulation and adjusting ithiéal condition. However, we provide the
“optimal” initial condition with data assimilatiofor the RCO-SCOBI for every simulation
cycle. It means we don't change the equations ®REO-SCOBI and just integrate currents
and concentrations. The simulation process is ceasee during the simulation between two
assimilation occasions.

We agree with Dr. Savchuk that the data assimiasiffects conservation properties for the
long simulation as a whole. Although the reanalysisonserved during every “independent”
simulation cycle, the adjustment of data assinatatmplicitly creates unknown complementary
sources or sinks to the biogeochemical model. Tagnitude of these adjustments depends on
the bias between model and observations. Thecti§ources/sinks are directly related to the
model biases. Figure 3 shows that the model hag larases during the beginning of the
simulation. However, data assimilation has corikdtee mismatch between model state and
observation to an “optimal” level during an initiatjustment period. After the adjustment
period, the mismatch between model and observdtiecomes small and the successive
adjustment due to data assimilation also becomesll sthiu et al. 2014). Further, the
adjustment of data assimilation is related to {hegtial-temporal coverage of observations. Here
we assimilated only observed profiles into the nhode
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The advantage of the data assimilation is that incaiéables at any station are very likely more
accurate than the model output without data assiimil. For instance, time series of profiles or
transports across vertical sections have veryikesmaller bias compared to observations than
the corresponding model results without data asaiimn. Compared to available observations
the information from the model is higher resolvedl &nhomogeneous in space and time. Of
course, it is difficult to evaluate the quality afiodel results at high resolution because
independent observational data sets are usuallgimgis An exceptional effort to utilize
independent data was done by Liu et al. (2014) sigphat the statement about the added
value of data assimilation is true for the avakabhdependent cruise data at high resolution.
However, one can not expect that budgets calcufabed the summation of fluxes from model
results with data assimilation are more accuratalse usually small artificial sources and
sinks from the data assimilation are becoming gmimtant as physically motivated sources and
sinks when sums of fluxes are compared. Hence aleellated budgets with the aim to evaluate
the reanalysis data and to estimate the magnitfidetificial sources and sinks by comparing
our results with other studies using only obseorati We are aware that it is impossible to
claim that our budgets are more accurate than thodgets that are derived from observations
only despite the higher temporal and spatial réswitin model outputs. Hence, the advantage
of the reanalysis is that measurements are extigebin space and time based upon physical
principles of the model. However, the disadvantegthat the reanalysis data does not obey
conservation principles. We will discuss advanteyes disadvantages of the reanalysis in more
detail in the revised version of the manuscript. &de a paragraph to discuss the limit of data
assimilation for reanalysis and the artificial nmomservation.

1.3 Plausibility of the RCO-SCOBI model. The RCOEBI model has been extensively used
for forecasts (aka projections) of possible chanigethe Baltic Sea biogeochemistry under
different scenarios of driving forces, practicaily the same authors. Therefore, the scientific
value of the paper could be significantly increabgdhe discussion and speculations on how
the model’s deficiencies in simulation of transpitwtvs and transformation fluxes, which are
revealed due to the data assimilation, for instamtehe form of RMSD, could affect the
predictions. Good starting point could be a stat@nat line 387.

Response: RCO-SCOBI has been widely used for the Baltic &e@ the model was carefully
evaluated using various observational data setsardsother model RCO-SCOBI had to be
calibrated because many processes including soamessinks of nutrients are not detailed
enough known. Hence, an “optimal’ parameterizatdrunresolved processes is one of the
requirements for the predictive capacity of the eloBurther requirements to calculate correct
transports and transformation processes in additiooptimized model equations are high-
quality atmospheric and riverine forcing data, dmgh-quality initial and lateral boundary
conditions.

We discussed already in the present version ohtaeuscript why FREE has so large biases
compared to the results by Liu et al (2014, Telh)s and compared to biogeochemical
observations. Most of the large differences areseduy imperfect initial conditions, which can
be seen from the temporal evolution of the RMSy(Fe 3).

For projections of future climate and for nutriéméd abatement scenarios the reanalysis has a
very high scientific value as reference data set tfee historical period of the climate
simulations. The evaluation of the regionalizednelie (the statistics of mesoscale variability,
e.g. the mean state) during the historical peradlme done much more accurate based upon the
reanalysis data than with sparse observational &atainstance, it is very difficult to calculate
the climatological mean state just from observatitimt are casted only during the ice-free
season of the year. Using a reanalysis as referéatze for historical climate is a common
method in regional climate studies of the atmosphidere we provide a corresponding data set
for the ocean to evaluate simulated present-dayaté. We add a paragraph to the discussion to
highlight the value of reanalysis data sets fanalie studies.



1.4. Description and explanation of Method#&ll the methods implemented in the
manuscript must be described in more detail andsidering an intended expansion of the
paper's coverage from the “hydrophysical” audierser the “Bio-Geo-Chemical” one, in
somewhat more popular style. Assimilation procedutn addition to references to (Liu et
al. 2013, 2014), several details, especialbs¢himportant for magnitude and distribution of
4D fictitious fluxes, must be repeated and expicéxplained in this paper as well. The
explanations should include, for instance, suchildeds: a) verbal description of procedure for
reconstruction of “observed” fields used furtheassimilation and in calculation of RMSD in
FREE and REAN experiments, b) spatially aedporally varying uncertainties of such
fields determined by the scarcity and sparsity liepvations, c¢) frequency of the assimilation
acts and its possible effects on the differenceséen model and observation used in calculation
of RSMD (Liu et al., 2014), and whatever else wdoédnecessary for further presentation and
discussion of issues from Comment 1.2 above. Wiitlsach clarifications, three sentences at
lines 170-173 look as isolated abracadabra andtre@gm almost useless.

Nutrient transports, trends, and budgets. The edafihitions of all the nutrient transports,
trends, and budgets measures and characterisjethew with algorithms of their calculation,
including derived units, should be clearly presdnédready in Methods. This will clarify
possible confusions with the usage and interpmatadf the terms vs. phenomena, commented
in details below, in Section 2.

Response: We detail and rewrite the text in the method’s desion according to your
comments. See the sections 4 “Methodology and kxrpetal Setup”.

2. Specific comments and suggestions.

2.1 “Cycling” in the title and similar statements that effect elsewhere Accordingly to

comments 1.1-2 above, the non-conservative modeiateébe used for comprehensive studies
of nutrient CYCLING. Hence, the title should be rifimdl — consider, please, something like
“Nutrient TRANSPORTS in the Baltic :::” instga Correspondingly, the usage of “cycling”

and similar statements and expressions about tmanafion processes should be carefully
revaluated throughout the entire text, for instanat lines 80, 189, 310, 306-307, 362-363,
466, and throughout the entire Section 5.6,

Response: Following your suggestions, we change the tegtw@se nutrient transports instead of
nutrient cycles.

2.2 Calculation of RMSD. Line 194 — What is the mieg of “overall” and “monthly mean” in
“the overall monthly mean RMSDs” and how they weadculated — for how many fields per
month? covering the entire Baltic? cell by cell iisterpolated “observational” fields or only for
cells with the real observations?

Response: We add the following Equation to specify the c#dt¢ion process of RMSD in the
revised manuscript.

The overall monthly mean RMSD is calculated byftilwing formula:

R SRR e
RMSD—N—Z —>(&)

i i=1 N, =

where N, is the number of the observations at assimilatioe tand N; are the number of

days observed in one month for one field for erBadtic Sea.&; = X, (t) — X, (t) represents
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the model-observation difference at the time tatit" observation positionXy,, and X, are

the modeled and observed field. We calculagat only the observation position at the tifne
which is calculated by mapping the correspondingehfield to the observation space.

2.3 Nutrient transports. Explain and clarify, pleamvolved terms and interpretations — What
does “net” (which is usually used with the word ¢bange” and represents a difference between
inputs/imports and outputs/exports) mean at lines2b9-260, 277, 300, 338, 356, 360, and
492; — Why some characteristics related to singk aglls or a grid “column” are called “net”,
has it something to do with the difference betweemand out- transport flows or/and is it meant
to account for local changes due to transformatioagsing difference between inflows to the
cell (column) and outflows from it? For instance, limae 694 — How exactly the vertical
averages and vertical integrals (e.g. line 259eHa@en computed? Why ANNUAL average is
expressed in ton/ km/MONTH (Fig. 7, lines 694-60DA)ould vertical averages multiplied by
the depth of grid point be equal to vertical inEgP? What is the point
presenting/contrasting/comparing (e.g. in Fig.véitically averaged transport for the locations
with, for instance, 200 and 20 m depths? — Debingi and explanations for calculations of
nutrient sources and sinks from integral transpartaild be helpful in understanding and
interpretation of Section 5.6. Some consideratiod discussion on how much the sinks and
sources could depend on which transformation pessesand how much they would be
determined by fictitious fluxes might be useful .todlso, check the consistency of term’s usage

both in the text and, especially in legend to Fig8. and 9 (annual average IMPORT
(transports?); again ANNUAL is expressed on per MBINbasis.

Response: We add the following equation to explain the cadtioin process of the nutrient
transports in every grid ‘column’ or ‘cell'. Netansports VA, ,..) are vertically integrated at
every grid point at every time step of the inteigraticcording to:

N
VATrans = ZCkukAzk ’
k=1

where Ck,uk,Azk and N are the field (DIP/DIN) concentrations, the cutrealocity vector,

vertical dimensions of a grid cell and the numbémnwet grid cells in the water column,
respectively.

Here the net transports express the differencedsstwnflow and outflow transports. Both “net”
and “exchange” are common usage in the descrigtidransport. Just like you mention here
the “net” denotes the difference between inputsirigoand outputs/exports. We define “net” in
the method part of the revised manuscript.

For example. Eilola et al . Ambio., 41, 574-585120Treguier et al.,Ocean Sci., 10, 243-255,
2014.

The “net” usages also denote the horizontal laeasport change at every grid position.

We correct the legends usage and change the “Moratérage” figures to “ANNUAL
average” figures. The calculated process refeadd above Equation.

The Figure 6 shows the annual mean net DIP/DINspart at every horizontal model grid. The
value at every grid in Figure 6 is the sum of ahmu@an net DIP/DIN transport of total water
‘column’. From that we address the descriptionte hutrient exchanges between sub-basins
and between the coastal zone and the open see#t gs a hint to detect the intensity and
direction of the nutrient transport in the BaltieeS

Definitions and explanations of sources and sirgkaetbeen given in the text of Section 5.5(also
see our response to 2.6). Further, we give howspram is calculated in every grid cell or
‘column’ (see Equation in the reply to 2.4 ).



We change the legend usage in the Figures andhmyuse the consistent description.

2.4 Nutrient budgets. Explain, please, how the btalgvere computed: — How nutrient in- and
outflows (as product of velocity and concentratiben obtained from integrals of continuous
computations for period 1970-1999 or from averaghgnonthly or annual integrals? — How
have annual sink/sources been calculated? Haveahsformation processes (sediment-water
exchanges, burial, nitrogen fixation, denitrificatj been accounted for? — How trends in Table
1 been estimated? What does P sources in the KTal BB (sic!) as well as N source in GF
mean? — How the total amounts (pools) of nutriemse calculated, by averaging of which
fields, integrated with which frequency?

Response: The calculations of nutrient budgets are betkgiagned in the revised version. The

nutrient flow for the budgets is calculated by Humilar method to the above shown integral
equation at the selected borders of Baltic subAsa$Ve obtain the annual average nutrient flow
from integrals of continuous computations for peri®70-1999.

In the nutrient budgets the P and N external ssuace computed from the combined supplies
from land and atmosphere. Nitrogen fixation is matluded in the external supplies. The

sediment sinks are calculated from the differeretvéen the net deposition of nutrients to the
sediments and the release of nutrients from thiensgds.

The model includes all these transformation praeessediment-water exchanges, burial,
nitrogen fixation, denitrification). The resultsveataken these processes into account. (refer to
Eilola et al, J. Mar. Syst., 75, 163-184, 2009 admuroth-Rosell et al, Journal of Marine
Systems, 144, 127-141, 2015.)

The potential impact from artificial sources orksirdue to data assimilation is of course also
included in the results. Because of the unknowraithfrom this “process” it is better to avoid
detailed discussions especially about the chamgsinutrient pools. The trends in Table 1 are
calculated from the differences between the nutiigruts and nutrient exports seen in Figures
9 and 10.

The total amounts (pools) of nutrients were caledlaas the sum of the inorganic and organic
bioavailable nutrients in the water.

The total amount of nutrients for every sub-basircalculated from the integral of nutrient
concentrations from phytoplankton, zooplankton,rilet and dissolved nutrient times the
volume of the sub-basin according to:

N Nj N

Total :ZZZC.,,-,kAX,jAYi,jAZk

whereC,Ax,Ayand Az are the field concentrations (including nutriefram phytoplankton,
zooplankton, detritus and dissolved nutrient), tloeizontal and vertical dimensions of a grid

cell, respectively.N;,N; and N, are the number of grid in horizontal and vertidiagction for
every sub-basin, respectively.

These explanations are necessary but noicieuff for understanding how 30-year average
annual “tendencies” (trends? deviations?) agrek pdabls? Most illustrative are P sources. In
BB, 0.8 Kt P/yr *30 yrs=24 Kt P comparing to theopof 5.9 Kt P; in GF, 5.9 Kt P/yr *30
yrs=177 Kt P comparing to the pool of 29.9 Kt P. &h has such hefty P excess gone,
accumulated in the sediments? Evidently, the obsmd nutrient pools in sediments must be
included into consideration as well regardlessmf Iplausible they are.



Response: We redefine the borders of the sub-basins (Figant recalculate the total nutrient
budget based on the new borders. Meanwhile we aothe mistake caused by the unit
transform. The results are regarded reliable aadomable. For example, the net phosphorus
tendency for the Gulf of Finland is 24.3-22.5+8.8-6 3.7 Kton/yr. Further, in the Bothnian
Bay, the net nitrogen tendency is zero. Comparisith the results of Savchuk (2005, 2007)
based on Knudsen approach, the difference is maialsed by the external supply from
atmosphere and land. But phosphorus tendency i dsiRiga still a net loss of 0.5 Kton/yr.
The difference between our result and Savchuk (R&08ue to different internal removal. Our
results and Savchuk (2005, 2007) are treating reifiteperiods, the loads in the 1970s and the

1980s were larger indeed compared the loads ins1990

— Legend to Figs. 10 and 11 says: "External notrieputs are separated into terrestrial and
atmospheric sources. Terrestrial loads are redbgephosphorus retentions for the coastal
zones.” However, external inputs are presented ®iigle numbers. Is it a sum of terrestrial
and atmospheric loads, then the word is “combinadftvat is the coastal P retention, how it
was estimated and which values were prescribed® N\iaputs treated in a similar way?

Response: the value of external inputs is a sum of the ujifom atmosphere and land. We
change the text in these figures description. Weoke the text “Terrestrial loads are reduced
by phosphorus retentions for the coastal zonesleswur model has consider these process

during the model calculating nutrient flux.

Similar explanations and considerations, startiognfalgorithm of calculation should be given
also to horizontally integrated flows at transgétig).12, lines 349-378) with special attention
paid to explanation of the purpose of their analysi a view of complex picture of water
circulation and nutrient transports in Fig. 7. ddegations about possible contributions of
transformation vs. fictitious processes would pprapriate in Section 5.7 or in discussion of
presented results as well.

Response: we have given the answer for these commentsasBlesfer to the reply to 1.2 and
2.3.

2.5 Secchi depth (see also comment for lines 1&kbEow). The water transparency seasonal
variations and long-term trends depend on too nfaotors that either are not included in the
model (e.g. CDOM and SPM distribution and variatior are determined by complicated
feedbacks from transformation processes (e.g. gpyinproduction and sedimentation of
decomposing organic matter) to be used as unedliviadicator of improved simulation of the
nutrient fields. In result, the related analyises 250-253) looks weak and unconvincing, for
instance, the decrease of inorganic nutrients shocauise the decreased primary production and
how realistic is that? Or is it a correct effect the wrong reason? Therefore, | would
recommend deleting consideration of Secchi deptmfthe paper entirely. However, if the
authors will chose to retain these consideratibies ta few words about how Secchi depth is
estimated in the model (what it does and does camiumt for) would be useful for readers.

Response: we follow the suggestion by the reviewer and wetbis section about the Secchi
depth in the revised manuscript.



2.6 Presentation of pelagic and sediments pools.it Appears from Comments 2.4 and lines
380-388 in Discussion, presentation of pelagic aadiment nutrient pools could help to
untangle several issues in interpretation of result

Response: As mentioned earlier, the potential impact fronifiaral sources or sinks due to data
assimilation is of course also included in the itssiecause of the unknown impact from this
“process” it is better to avoid detailed discussi@specially about the changes in the nutrient
pools.

3. Minor things, technical corrections and languegemetics.

In the revised version, we have several major chanigp the text that may affect the
interpretation of the detailed suggestions giverthegyreviewer. We seriously consider and take
into consideration all minor comments from the esyer also in the reworking of the text.

Lines: 3 — | guess, it is Eilola not Eolila;
Response: we correct it in revised manuscript.

11-12 — What is “improvement in :: concentratiohsConsider, please, something like
“improved simulation/reproduction/imitation of cartrations” or similar;

Response: We change it to “...improvement in the simulatiohbmth oxygen and nutrient
concentrations”

33-34 — Perhaps, not as much “living conditionstetox dependent biogeochemical processes;
here the reference to (Conley et al., 2009) or/Bakchuk, 2010) would be appropriate in
addition to- or instead of (Fu, 2013)

Response: We change this sentence to “MBIs can significaraffect the biogeochemical
processes in the deep basins because of the infidarge volumes of saline and oxygen-rich
water into the Baltic Sea (e.g. Conley et al. 2GR#®ychuk, 2010).”

50-54 — poor choice of words: “ ::: of BIOLOGICALorfimulations (either empirical or
mechanistic) to UPDATE biogeochemical concentratiorthat sounds as (physical)
oceanographers’ slang; why only “biological”, wietupdate” and “simulation accuracy”, why
“In reality..”, “applicability” to what purposesPlease, reformulate more carefully;

Response: To clarify, now we delete “In general, coupledygical-biogeochemical models use

a variety of biological formulations (either empal or mechanistic) to update biogeochemical
concentrations. As a result, the model formulaaod the reliability of their parameterizations

play a key role in determining the simulation aecyrof biogeochemical processes. In reality
these processes governing the interactions bethiegeochemical compartments vary in space
and time (Losa et al., 2004; Doney, 1999).” intttndsed version.

92 — “The reanalysis is mainly based on ::: ” Cdasj please, replacing something like with
“The success of reanalysis ::: ” or “The confidenrcesanalysis is based on (or stems from) ::: "
or similar;

Response: We delete this sentence in the revised manuscript

94-96 — neither ICES nor SHARK *“are monitoring” tBeltic Sea, both just maintain databases
with monitoring results, correct appropriately;

Response: We change it to “For example, the Internationau@cil for the Exploration of the
Sea (ICES) (http://www.ices.dk) and the Swedish d@ographic Data Centre (SHARK)
(http://sharkweb.smhi.se) are collecting the obegous with the aim to monitor the Baltic Sea.
Furthermore, the Baltic Sea Operational Oceanogre®ystem (BOOS) (http://www.boos.org/)
is providing near real-time observations.” and mweve them to the observation description

section.



104 — in that context a reference to Gustafssoal.et(2012) would be more appropriate in
addition to- or instead of Savchuk et al. (2008);

Response: We delete the corresponding paragraph text iisia@v.

110-111 —is “ ::: a better assessment of HISTORIChanges in the nutrient budgets of the
water column and (OS — especially) sediments ;:true and legitimate aim of this study?
Where are historical changes then?

Response: we change description of the aim of this studgaBe see the reply to 1.1.

119 — unusual usage of “sea surface heights”,acepl please, with “sea level (variations)”;
Response: we replace the “sea surface heights” by “seal lefevation”

148 vs. 165 —is it SHARK only or SHARK and BEDg&ther? If the later, then there are
much more observations in BED, for instance, fer@ulf of Riga;

Response: Yes, data from SHARK are assimilated into RCO-8COBut data from both
SHARK and BED are used for validation. We corréat revised manuscript.

178-180 vs. 81-82 — repetition, delete, perhapsy fintroduction;

Response: we delete the “However, in Liu et al. (2014), yal shorter assimilation experiment
for a 10-year period is presented, and so far thigilgy of the assimilation scheme in multi-
decadal simulations has not been shown.” in inictidn section.

182 — instead of “we focus ::: on nutrient budgatsl transports ::: ", perhaps, “we ::: on
nutrient transports and budgets derived from therhwould better reflect both the focus and
importance of results;

Response: we accept your comments and change itwe focus mainly on nutrient transports
derived from the reanalysisn the revised manuscript.

185-186 — consider simplification as “ ::: longfrtetrends in eutrophication as indicated by
Secchi depth (Section 5.4)", because if the waigersparency can be used as indicator of the
eutrophication as the entire phenomenon, it seeméar-fetched to use it for evaluation of the
“excess of nutrients in the water column”.

Response: we delete this sentence: “and long-term trendsuitnophication (excess of nutrients
in the water column) as indicated by Secchi degttiion 5.4)"

198-199 — what does “ ::: positive impact on thedeisimulation” mean, improved model-data
comparability, or model-data resemblance or sifilarit unexpected?

Response: the positive impact means reanalysis resultseclosta relative to FREE, which
reduce the uncertainty (bias) of model simulatidte. have clarified it in revision.

216 — perhaps, “ ::: how data assimilation makesukited nutrient dynamics in the Baltic
proper look more realistic” would be more corredtoduction to Fig. 4?

Response: we change it according to your comment.
266 — concentrations should be HIGHER not GREATER.
Response: We change the word “greater” to “higher”.

268 — Why AMPLITUDES, most common meaning is as theasure of range, fluctuation,
difference between maximum and minimum, i.e. laageplitude could mean small NET
transports. Maybe, MAGNITUDE?

Response: We change the word “amplitude” to “magnitude”.ahlks for your kind comment.
285 — maybe, “contrast” would be better word theontradiction™?

Response: We change the word “contradiction” to “contrast”.

306 — What “uptake and deposition of DIP”, by whpriacess (es)?



Response: We change this sentence by “This result mightekplained by local processes
causing the phytoplankton uptake and sediment deposf DIP.".

310 — “taken up” or retained?
Response: it should be “retained” and we correct it in €.
311-313 — needs better, clearer explanation.

Response: The phosphorus sink may also be partly caused Xygem dependent water—
sediment fluxes that bind DIP to ironbound phospkoin oxic sediments (Almroth et al.,
2015). This effect is not included in the Eilolaakt(2012), but might potentially be accounted
for by the adjusted DIP transports in REANA. Theules of REANA indicate that there is an
additional sink but the relative importance of €iffnt processes causing this sink (data
assimilation or sediment processes) is, howevdrpossible to evaluate from the reanalysis
data set.

315 — Which “vertical exchange”, in the water cotuor along the bottom, how estimated?

Response: the *“vertical exchange profile” description islated to the internal nutrient
sink/source at different water depth (Figure 8)t #w clarification, we delete “vertical” in the
revised manuscript.

380-388 vs. 177-178 — Has not initialization sainat adjusted the fields? In any way, these
considerations once more call for presentatioredfreents’ pools.

Response: Both REANA and FREE take the start initial comatit from the same earlier run.
However, to REANA, we firstly use the data assitmia method to “optimize” the initial
condition and then forward the integration. FREEMard the integration based on the non-
“optimal” the initial condition.

428-432 — There is a confusion and misinterpretatibout P loads that should be corrected.
Possible underestimation of P load was guesseabghBk and Wulff (2007) only for the Gulf

of Riga. In all other basins, HELCOM data on uefiéd samples were used and GF load of 7
Kt P/yr used by Savchuk and Wulff (2007) are adyuedry close to the latest compilation by
Knuuttila et al. (JMS, 2016). However, the lo&wshe 1970s and especially, the 1980s were
larger indeed.

Response: we clarify it by delete this sentence: “Howevéheir total phosphorus load, for
example to the Gulf of Finland, is underestimatedause the particulate phosphorus fraction is
neglected (Savchuk et al., 2012).”

454 — Isn’'t location of halocline and, correspomyiimn different volumes of hypoxia prone
layers a rather important explanation?

Response: Yes, we also think it is good explanation of mobiases. We add it into revised
manuscript.

484 — |s it denitrification and not PP? Why?

Response: Thank you for the comment. The high productivitythe shallow areas effectively
transfers DIN to OrgN. The denitrification act carder scales and decrease the exports of
nitrogen from coastal areas to the deeper areaspdtential impact from artificial sources or
sinks due to data assimilation is also includeth& results. The discussion in the manuscript
will be revised accordingly.
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Interactive comment on “Nutrient cycling in the BalSea — results from a 30-year physical-
biogeochemical reanalysis” By Ye Liu et al.

Anonymous Referee #2
Received and published: 28 October 2016

We thank you for your most helpful and thoughtful comments in the evaluation of our
manuscript.

General comments

this manuscript the authors use a numerical madecombination with data assimilation to
estimate nutrient fluxes within the Baltic Sea. eylshow that the data assimilation scheme
greatly improves the results in terms of spatioterap concentrations fields. Without data
assimilation the model have significant bias inhbtite annual cycle of the surface layers as
well as spatial distribution of nutrient levels ttas shown, the assimilation procedure eliminate
significantly of these systematic biases in a vergressive way. | am unfortunately not at all
familiar with data assimilation methods. | triexiget a quick grip on what and how it is done
by reading the method description in not only thanuscript, but also previous papers by the
authors. Unfortunately, my background knowledgéots small to really understand even the
basics of how it is done. Therefore, | hope thabtler reviewer is able to penetrate the
technicalities of the method and judge its applidsbl can only see the end result and that the
assimilated model results really do resemble tladityeat the scales presented. | think given
that the end results are useful for a wider comiyuamd focus on the discussion is not on the
technical aspects, it would be useful if the awghinclude a brief paragraph describing in words
how observations and model are merged in the dasiom procedure. Liu et al presents a solid
reanalysis of 4 dimensional nutrient fields in tBaltic Sea. The nice correspondence with
observations indicate that resulting data set abaly the best available data set and should
provide useful for many purposes. Further thasgmeinteresting spatial budgets on both fine
and basin-wide scales. One can, of course, questio knowledge of the certainty of the
detailed source/sink calculations, but anyway #silts are interesting and could definitely be
considered best available. Given the journal anddchave wished for deeper analysis of the
results in terms of biogeochemical processes. Wecaf my limited understanding of the
methodology | cannot really advice on how far sadlalysis could go, but now there is very
little analysis on whether the spatial fields ofig@s and sinks may be due to or how they are
connected to various processes. Although discussiamther weak, | think the results are
interesting enough, both in terms of the apparestiyellent data quality the method results in
as well as the Baltic Sea specific results on entrluxes that | recommend publication.

Response: We detail and rewrite the text in the method’'s deson according to your
comments. See the sections 4 “Methodology and Exgetal Setup”, which describes how the
observations and model are merged in the assionlatiocedure.

In general, by relatively small effort, the manugictext can be improved and | provide some,
hopefully helpful, comments below to most sections.

Specific comments

Section 5.1 It is not surprising that the authard some significant RMSD for e.g. ammonia in
the 1970s. There are substantial temporal trendata quality and consistent high-quality data
is generally achieved only after international irdalibration became standard in the first half of
the 1990s. | also believe that ammonia is ondefarameters with largest errors in the 1970s,
while phosphate and nitrate was more reliable.

| do not understand “stability” of the assimilatjdout that is surely due to my ignorance of the
methodology.

Response: Thanks for specifying the quality of the ammoniservation.
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Here we mean the assimilation results give a rieliaistimation of the ocean state during the
whole period. EnOl relies on the selected ensersafaple to estimate the background error
covariance of model. The poor sample ensemble aasecthe failure of the analysis. With the
evolution of simulation, the performance of theadassimilation is different. The success of
data assimilation at one time can’'t guarantee noatl success of data assimilation at another
time. Therefore, the “reliable” of a data assinidatsystem is key to the successful reanalysis.
The RMSDs in Figure 3 denoted our estimation witiOEis successful during the whole
simulation period, which proved that our data agaimon system is valid and “reliable”. To
clarify, we instead “stability” by “reliable” in sed manuscript.

Section 5.2 The improvement in capturing the sealstytle is impressive. When | study figure
4 in Liu et al (2014) referred to in the text, éesns however, that the improvement is not due to
the improved halocline only, but really due to #msimilation of chemical variables. In that
figure DIN and DIP seem to be worse when only S &rigl assimilated. | am not exactly sure
how much interpretation on processes that can be domparing different assimilated runs,
but it seems that when assimilating only S andhg&, model fails in using the additional In
nutrients mixed up. However, | agree that a prasitgufor a deep spring bloom is a deep
halocline.

Response: As shown by Liu et al. (2014), adjusting the phgbkicondition for biogeochemical
model doesn’t guarantee the better biogeochemiitalation

Requirements to calculate correct simulation initamtthl to optimized model equations are
high-quality atmospheric and riverine forcing datad high-quality initial and lateral boundary
conditions. As any other model, RCO-SCOBI had tochibrated because many processes
including sources and sinks of nutrients are naaidel enough known. Hence, an “optimal”
parameterization of unresolved processes is orleeofequirements for the predictive capacity
of the model. The “optimal” physical forcing fielsl one of conditions to guarantee the correct
the biogeochemical simulation. Assimilating onlyT Skill possibly break the balance of
physical-biogeochemical condition, which providd® t“optimal” initial condition for the
circulation model and maybe degrade the usageeofdimer “optimal” parameterization for
biogeochemical model. As a result, the physicagbachemical simulation using only T/S
assimilation is done with “non-optimal” initial cdition. Therefore, both physical and
biogeochemical observations are necessary to bmikded into the model to produce the
“optimal” initial condition for a coupled physichiogeochemical model simulation.

Section 5.3 Also here the improvements are impresand the spatial variations in winter
nutrient concentrations are well captured. Tkally gives credibility to use these results in
flux calculations.

Response: thanks for your comments!

Section 5.4 Secchi depth is a complex variableutgio strong dependence also on coloured
organic matter. It is evident that a high&ecchi depth is obtained using the
assimilation, but calculating Secchi depth in Badtic Sea from modeled algae biomass is not
really well constrained so one could argue thatdmalculating Secchi using somewhat different
attenuation from CDOM could also give a fit to obs#ions with the model without
assimilation. Since temporal variation is not cagd (which may be due to other causes than
biomass), there is no way of knowing which caldolatis actually the best and thus
applicability of Secchi depth for validation is nagry promising. Therefore | suggest that you
can remove this section and the associated

Response: Following your advice we delete this content frdra tevised manuscript.

Section 5.5 I am not really sure what these hotadtuxes tell us!

Response: The aims of presenting mean horizontal nutrientesus in the Baltic Sea is helpful
to address the description of the nutrient exchauhgéween sub-basins and between the coastal
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zone and the open sea in manuscript. The nutriamsport in Baltic Sea is differing from other
regions because of its physical and biological @¢m (e.g. the shallow mean water depth,
much river runoff, the weak tide, the much souiio&)js The horizontal distribution of the
nutrient transport gives the hint to detect thensity and direction of the nutrient transport.

Section 5.6 Does the assimilation as such affedcsewvation or constitute a part of the
source/sink? Baring in mind my limited understagdof the methodology, | am wondering
whether by having an underlying model simolati with error, corrected by the
assimilation scheme the total source/sinks may gorae erroneous results? However, | guess
if you just integrate currents times concentratjaigre should not be any problem. These
results are quite interesting, although a bit @mging to understand. Perhaps it would be
somewhat easier to explain if Total P (N) and ODPN) were used instead of Org P (N). The
totals would then give the net source/sink of thi&riant and the inorganic show the “gross”
source/sink due to net turnover. It would be easieead if the comparison with Eilola 2012,
was postponed to the discussion. Now, | think tfe@nmesults from this study is unnecessary
difficult to follow, because of the frequent comigan with the previous paper.

Response: In the long-term simulation, the new initial conalit for an assimilation cycle
differs from the ending ocean state of the lastecyhen at that time observations are available.
In this sense, the data assimilation introducescesuand sinks of the nutrient cycles by
interrupting the model simulation and adjusting ithiéal condition. However, we provide the
“optimal” initial condition with data assimilatiofor the RCO-SCOBI for every simulation
cycle. It means we don’t change the equations ®fREEO-SCOBI and just integrate currents
and concentrations. The simulation process is ceasee during the simulation between two
assimilation occasions.

We agree that the data assimilation affects coasiervproperties for the long simulation as a
whole. Although the reanalysis is conserved dugmgry “independent” simulation cycle, the
adjustment of data assimilation implicitly creatagnown complementary sources or sinks to
the biogeochemical model. The magnitude of thegesadents depends on the bias between
model and observations. The artificial sourcessiake directly related to the model biases.
Figure 3 shows that the model has large biaseaglthie beginning of the simulation. However,
data assimilation has corrected the mismatch betwaedel state and observation to an
“optimal” level during an initial adjustment periodfter the adjustment period, the mismatch
between model and observation becomes small andubeessive adjustment due to data
assimilation also becomes small (Liu et al. 20Ed)ther, the adjustment of data assimilation is
related to the spatial-temporal coverage of obsemns Here we assimilated only observed
profiles into the model.

We want to keep the discussion of internal dynansicénorganic and organic nutrient. As
mentioned earlier, the potential impact from aci#fi sources or sinks due to data assimilation is
included in the reanalysis results. Because ofutllenown impact from this “process” it is
better to avoid detailed discussions about thesoatces and sinks.

We move the comparison with Eilola et al. (2012)h® discussion section.

Section 5.7 To my knowledge, the model used dobsiodude bio available nutrients. This is
fine but should be clearly stated to avoid confusioEspecially for nitrogen, there is a
significant net flux through the system of refragtdN that is not captured here. | further
assume that the budgets are made summingamg and organic nutrients, but adding a
sentence about that makes it easier for the raadetlow. | am confused by the fact that the
budgets in figs 10-11 does not add up. A smallaoetid be attributed to changes in water
column storage, but looking for example at phospsiin Gulf of Finland the net is 8.6+54.7-
50.7-6.7 = 12.6 -6.7 = 5.9 kton/yr. This is far tmoich to be storage change. | thought that it
could be that only a part of the load was used]dmking at Gulf of Riga there is a net loss of
1.4 kton/yr. Is it a consequence of the data akgion? In that case, how should this residual
be interpreted? In any case it should be clariied shown in figures 10-11. That gross fluxes
are different between approaches are not surprisimge it will depend on time-resolution as
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the authors point out. Oscillating flows due tgieas processes cause a dispersive transport
that to some extent is resolved by the 3D modeilithsi not given that the net effect is correct if
the processes that regulate the dispersive transpohn as e.g., mixing and frontal movements
are appropriately modeled. Without really detaitd$ervations of currents and concentrations
one have to resort the validation of the dispersigasport to the net effect on e.g. salinity in
the basin. Thus, in some sense, the estimatetafansport by a full 3D model may not be that
different from the assumptions behind those of gighre diagnostic Knudsen approach, i.e. a
strong correlation between salinity and the comstit of interest. Having said that, the level of
detail is of coarse massively different and thesfimkties to make temporal and spatial analyses
also greater.

Validation currents and circulation patterns arey\difficult and | do not demand that, but it

could have been nice with a discussion on how denti we can be in the results of nutrient
circulation and source/sink spatial variations ight of how the data assimilation improves
circulation. A starting point could be the consetpes of that a clear majority of the

hydrochemical data has been collected at singlgtitots usually quite central in the basins and
not along the stretches of strong circulation. alva issue that | personally wondering about is
whether assimilation of point wise observations nmalyice spurious circulation patterns?

Response: Thanks for your comments. Yes, the budgets are nsademing inorganic and
organic bio-available nutrients. We add text fari€ying the total nutrient in this section in
revised manuscript.

The budget calculation is recalculated with newdeos. Meanwhile we corrected the mistake
caused by the unit transform. The results are deghareliable and reasonable. For example, the
net phosphorus tendency for the Gulf of Finland4s3-22.5+8.6-6.7 = 3.7 Kton/yr. Further, in
the Bothnian Bay, the net nitrogen tendency is .zE€amparison with the results of Savchuk
(2005, 2007) based on Knudsen approach, the diieres mainly caused by the external
supply from atmosphere and land. But phosphorudetaty in Gulf of Riga still a net loss of
0.5 Kton/yr. The difference between our result &achuk (2005) is due to different internal
removal. Our results and Savchuk (2005, 2007) reaihg different periods, the loads in the
1970s and the 1980s were larger indeed comparddats in 1990s.

In the Baltic Sea, wind forcing and topography e main factors that affect the variability of
the circulation in the shallow region where streéifion is weak and the surface circulation may
affect the sea floor. Our reanalysis changes salamd temperature of seawater but it does not
change the horizontal circulation explicitly sinde equations of RCO-SCBI have not been
changed. Further, we change the stratificatiorha Baltic Sea which will affect the vertical
circulation in our assimilation experiment (Liuat 2013). Fu et al. (2011) has validated the
improvement of sea level in assimilating temperatand salinity observations with EnOl
method. In this study, the forcing isn’t changed assimilated physical state variables include
the sea level, temperature and salinity. We conditle impact of barotropic and baroclinic
balance during the assimilation. Besides, Wenzell.e2001) proved that, when sea level is
assimilated in the circulation model in additiontéonperature and salinity to adjust the small-
scale variability, the large-scale circulation witht be degraded. We estimated the assimilation
increment according to optimal statistics of theewacolumn in every grid point. The water
mass is mainly controlled by the temperature ankhisa We estimated the “optimal”
characteristics (temperature and salinity) of watess in our reanalysis. The “optimal”
characteristics will produce the “optimal” hydrologl dynamic balance based on the model
dynamic equations. As a result, we don't degradesgtimation of horizontal transport

M. Wenzel et al. (2001) Progress in Oceanography348.19.

It is difficult to evaluate the quality of modelswdts at high resolution because independent
observational data sets are usually missing. Aregti@nal effort to utilize independent data
was done by Liu et al. (2014) showing that theestent about the added value of data
assimilation is true for the available, independamise data at high resolution. However, one
can not expect that budgets calculated from thengation of fluxes from model results with
data assimilation are more accurate because ussrahyl artificial sources and sinks from the
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data assimilation are becoming as important asigdllys motivated sources and sinks when
sums of fluxes are compared. Hence, we calculatethdis with the aim to evaluate the
reanalysis data and to estimate the magnitudetifical sources and sinks by comparing our
results with other studies using only observatiolis. are aware that it is impossible to claim
that our budgets are more accurate than those tsutlget are derived from observations only
despite the higher temporal and spatial resolttianodel outputs.

| would argue that the sub-basin boundaries inntleelel of Gustafsson etc also (2012) is not
arbitrary chosen. As far as possible sub-basin thaies of this model is chosen according to
dynamical constraints such as sills or fronts ttet be parametrizised. A discussion of the
implications of the high-resolution sink/sourceld&gfor our understanding of major processes
would have been quite interesting. What does tlagiadpdistribution of e.g. net sedimentation

or denitrification imply? What are the pathways doganic matter? | am not sure how far you
can take this given methodological limitations, hutould be nice here with a few things and

not only referring to other model simulations.

Response: We clarify the boundaries description in Gustafssbal. (2012). The importance of
regional variations of sources and sinks for natgeon the calculation of transports between
sub-basins seem to be significant and need torbeefs studied. The nutrient cycling inside the
sub-basins include many complicated process likesttdiment, internal exchange of nutrient
and denitrification and decomposition. Given tineartainty caused by data assimilation in the
present study we must however save the detailetlestwf these issues to future work where
the artificial impact of data assimilation on sascand sinks will be traced and quantified
during the run.
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Abstract. Long-term oxygen and nutriemtansportsin the Baltic Sea are reconstructed using the ®hed
Coastal and Ocean Biogeochemical model (SCOBI) ledufp the Rossby Centre Ocean model (RCO). Two

simulationswith and without data assimilati@overing the period 1970-1999 are carried out. Hbe“weakly

coupled” scheme with the Ensemble Optimal Interjamta(EnOIl) method is adopted to assimilate obskrve

profiles in the reanalysis system. Theanalysisshows considerable improvement ifne simulation ofboth

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 longididinoss 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 thespiarus
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 Smports large amounts of phosphorus from thdid3al
proper that are buried in this sub-basin. For thleutation of sub-basin budgets, it is crucial vehthe lateral

borders of the sub-basins are located, becausgamsiports may change sign with the location of libeder.
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Although the overall transport patterns resembderéisults of previous studies, our calculated egémdiffer in

detail considerably.

Keywords: reanalysis; data assimilation; numerical modglliBaltic Sea; biogeochemicalnsports nutrient

budgets

1 Introduction

The water exchange between the Baltic Sea and ahtt [Sea is restricted by the narrows and silhéDanish
transition zone (Fig. 1). The hydrography of thédtiBésea 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 wateséparated
from high-saline inflowing bottom water by a traiwi layer, the haloclinelChe bottom water in the deep sub-
basins is ventilated mainly by so-called Major Ralbflows (MBIs) (Matthaus and Franck, 1992; Fiscland

Matthaus, 1996). MBIs can significantly affdotogeochemical process@s the deep basins because of the

inflow of large volumes ofaline andoxygen-rich water into the Baltic Sea (e@pnley et al. 2009; Savchuk,

2010. In the Baltic Sea, the density stratificatiorddong water residence time hamper the ventilatibdeep

waters. As a result, oxygen deficiency is a comrfeature. Additionally, nutrient loads from agriauk and

otherhumanactivities of the large population in the catchma®a increased nutrient concentrations in therwate
column. Actually, eutrophication has become a |lageronmental problem in the Baltic Sea in reatgtades
(e.g. Boesch et al., 2008; Pawlak et al., 2009;fiAail al., 2001; Andersen et al., 2015). Theref@egurate
estimates of the ecological state and nutrient\aatér exchange between sub-basins and betweeroéstat
zone and the open sea are of particular importemeenaging the marine environment system.

On one hand, the estimation of biogeochemicatgsses, ecological state and nutrient exchangerehapn
coupled marine ecosystem-circulation models (egurhnn et al., 2002; Eilola et al., 2009; 20Almroth-
Rosell et al., 2011; 2015; Maar et al., 2011; Ddeamel Schrum, 2093 However, addressing biogeochemical

cycles is a challenging task due to the complegitythe system. Obviously, there are large unceresnn
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marine ecological simulations (e.&ilola et al., 201). In contrast to the modelling of the physics bé t
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 quantifscarately. These potential sources of errors lthetapplicability

of the modelsboth in forecasting and reanalysFurther, imperfect initial conditions amdodel forcing also

causebiases irthe simulation results.
On the other hand, estimating nutrient budgetd @ansports between sub-basins may directly osly
observationsand basin integrated budget modéBavchuk, 2005). The estimation accuracy dependshen

spatial and temporal coverage of the measurensnishe locations of borders between sub-ba#lthough

the data coverage in the Baltic Sea has graduatiseased over time, the lack of observations stdkes it
difficult to estimate reliable biogeochemical cygl& oday, the availability of satellite sensor déta ocean
color data from the OCTS (Ocean Color and Tempeza®ensor) and from the SeaWiEs:a-Viewing Wide

Field-of-View Sensorhas provided the best spatial coverage of measumtsnidowever, these sensors only give

an estimate of a few biogeochemical parameterseastirface of the marine ecosystem, and not the stahe

entire marine ecosystem the water columnContinuous observatiorts the deep oceaare only possible with

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 meanalysisased upon a

high-resolution, coupled physical-biogeochemicabgido estimate the physicalndbiogeochemical statef the

Baltic Sea For this purpose, ata assimilatiortontinuously updates the model variables at thatioes of the

observations and in their neighborhood. Integratimfime of the prognostic model equations allotws $pread

of the information from the observations within thedel domain.

The assimilation of data into coupled phylsiageochemical modglis confronted by various theoretical
and practical challenges. For example, the respohsiee three-dimensional biogeochemical modelxteraal
forcing caused by the physical model is highly haear. Further, it is difficult to use the biologi

observational information toeduce biases in the simulation agean physicsvhich has an impact omodeled

biogeochemistry (Beal et al., 2010). Presently,ube of data assimilation to complement ecosyst@aeing
efforts has gained widespread attention (e.g. Heteal., 2003; Allen et al., 2003; Natvik and Esen, 2003;
Hoteit et al., 2005; Triantafyllou et al., 2007; ¢het al., 2012; Triantafyllou et al., 2013). Amaprehensive

review of biological data assimilation experimecais be found in Gregg et al. (2009).
3



76 In the Baltic Sea, the biogeochemical datanaitstion has started to become a research focuse¥xample,

77  Liu et al. (2014) used the Ensemble Optimal Inte&fan (EnOIl) method to improve the multi-annuaiigh:

78 | resolution modelling of biogeochemiailnamicsin the Baltic Seak-u (2016) analyzed the response of a coupled
79 | physical-biogeochemical model to the improved hggramics in the Baltic Sea. Recentlsyeveral data
80 assimilation studies have focused on the historgahalysis of salinity and temperature in theiB&ta (e.g. Fu

81 et al, 2012; Liu et al.,, 2013; 2014). Reanalysss helped enormously in making the historical récofr

82 observed ocean parameters more homogeneous antlfos@hany purposes. For instance, ocean reasatiga

83 have been applied in research on ocean climatabibity as well as on the variability of biochemistand

84  ecosystems (e.g. Bengtsson et al., 2004; Cartah, @005; Friedrichs et al., 2006). Ocean reamalyan also be
85 | used for the validation of a wide range of modsuits (e.g. Fontana et al., 201Byr instance, the ocean mean

86 | state and circulation can be calculated from reaimlresults to evaluate regional climate oceaneaisoe.g.

87 | Meier et al.,, 2012)Moreover, reanalysis in the ocean is beneficialhte identification and correction of

88 | deficiencies in the observational records, as waslfilling the gaps in observatiorigegional and local model

89 | studies may use reanalysis results as initial authdbary conditions.

90 The present paper focuses on the assimilafigmadiles of temperature, salinity, nutrients amd/gen in the

91 | Baltic Sea following Liu et al. (2014)Ve aim to reproducing the ocean biogeochemic#d stéth the help of

92 | information from both observations and a couplesispial-biogeochemical model for the period 1970999

93 | Since 1970 the data coverage in the Baltic Seatisfactory. The results of the reanalysis are sseg@ to be

94 | used to estimate the water quality and ecoloqizdé swith high spatial and temporal resolutionegions and

95 | during periods when no measurements are availkbhgher, nutrient transports across selected @estons or

96 | between vertical layers are calculated with highohation and accuracy taking the complete dynanoics

97 | primitive equation models into account. This infatmon can’t be obtained from neither observatiolose or

98 | from model results without data assimilation beeatie latter might have large biases in both spacktime.

99 | We assess the nutrient budgets of the water coamdnsediments, as well as of the nutrient exchabgegeen

100 | sub-basins and between the coastal zone and thesepe As a reanalysis can never be dynamicalstensiand

101 | does not preserve mass, momentum and energy, hidated budgets are compared to the results adroth

102 | studies to evaluate our results meant as consisi@rerck. Hereby, we follow studies of other regiapglying

103 | data assimilation for a biogeochemical reanalysisong-term scale (Fontana et al., 2013; Teruzzl.et2014;
104 | Ciavetta et al., 2016).
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This paper is organized as follows. The physaca biogeochemical models are described in Se@idrhen

the observational data set and tmethod of the reanalysis are introduced in Se@i@md 4, respectively. The

experiment results, including comparisons with oletions, are presented in Section 5. Finally,éot®n 6and

7, discussion and conclusions finalize the paper.

2 Mode€ls

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{mt,
based on prescribed seael elevationat the lateral boundary (Stevens, 1991). An Orlarekation condition
(Orlanski, 1976) is used to address the case dloaytand the temperature and salinity variables rmudged
toward climatologically annual mean profiles to Ide#h inflows (Meier et al., 2003). A Hibler-typgynamic—
thermodynamic sea ice model (Hibler, 1979) withstita-viscous—plastic rheology (Hunke and Dukowik297)
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 GotlasthEhass

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. SCO8toupled to RCO (e.g. Eilola et al., 2012; 2013; 40With the
help of a simplified wave model, resuspension giaic 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
5
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(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 datdculated from regionalized ERA-40 data usihg
regionalRossby Centre Atmosphere (RCA) modsauelsson et al., 2011). The horizontal resolwfdRCA is

25 km. A bias correction method following Meierakt (2011) is applied to the wind speed. Monthlyameiver
runoff observations (Bergstrom and Carlsson, 199d)used for the hydrological forcing. Monthly et loads
are calculated from historical data (Savchuk et28l12).

3 The Dataset

The Baltic coastal shelf observation systems haenbargely improved by the joint efforts of theuotries

surrounding the Baltic Sea. For example, the lmttonal Council for the Exploration of the Sea (BE
(http://www.ices.dk) and the Swedish Oceanogragbata Centre (SHARK) (http://sharkweb.smhi.se) are

collecting the observations with the aim to monitbe Baltic Sea. Furthermore, the Baltic Sea Opmralk

Oceanographic System (BOOS) (http://www.boos.asyfroviding near real-time observations and thigliply
available database BED (Baltic Environmental Dasabttp://nest.su.se/bed) of the Baltic Nest tunsti(BNI)

(http://www.balticnest.org) store physical and eomimental data from BNI partner institutes (see

http://nest.su.se/bed/hydro _chem.shtml). As a teautomprehensive data set is collected for thkicB8ea

region. The assimilated observations in this stuctynprise both physical (temperature and salinity) and
biogeochemical variables (oxygen, nitrate, phosphatd ammonium) from the SHARK database. Before
assimilation, the datavere quality controlled. These controls include clseok location and duplication, and
examination of differences between forecasts arsmhtions. A profile was eliminated from the askition
procedure when the station was located on landhel@fby the RCO bathymetry. We also removed obsenst
when the difference between model forecasting faald observations exceethe given standard maximum
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.Uf&g2 shows the number of biogeochemical observatiofilesin

different sub-basins, and the temporal distributminthese biogeochemical observations. The numifer o
6



158 observations is inhomogeneous in both temporal sppadial distribution over the period from 1970 t@99.
159 There are relatively more observations in the Bagtioper than in other sub-basins. In the Gulf @aRa
160 minimum number of observation profiles (30 for ospg 30 for phosphate, 28 for nitrate and 28 for amiom)
161 | is found. Obviously, the number of observations dwytime period of 1988-1994 ggherthan that during other
162 periods. Further, there are generally less obgensfrom 1981-1983 than during other periods. frfaximum
163 number of observation profiles occurred in 1991 daygen (1,844), phosphate (1,728) and nitrate5@),7
164 However, the number of ammonium observation prefilas a maximum value of 1,222 in 1992. Moreover, t
165 number of the oxygen and ammonium observationargebkt and smallest, respectively, compared tatiher
166 | variables. These observations from SHARK & are used to validate the modeld assimilatiomesults.

167 4 Methodology and Experimental Setup

168 Here we briefly describe the configuration of theadassimilation system of this study. We focugtanstate
169 | estimation via EnOl. The distribution of stochastitors are assumed to be Gaussian and non-biasé€l.

170 | estimates an 'optimal' oceanic state at a givea tising observations, the numerical model and gssoms on

171 | their respective bias distributiofihe relationship between them can be expresseaallawing:
172 Yr=y"'+Kd-Hy") ),
173 K=P'"HT(HP'THT+(N-D)R)™* (2).

174 Whereg is the vector of observations agi_is the model state vector which includes the seallanomaly,

175 | temperature, salinity, oxygen, phosphate, ammoranoh nitrate.K _is the Kalman gain matrix ar H _is the

176 | observation operator that maps the model statetbetobservation spacd.—H¢ " _is the innovation which is

177 | calculated in the observation spaé®.is the observation error covariance. The supemsxgand f denote the

178 | analysis and forecast, respective& is the number of the ensemble samples. EnOl caaghe Background

179 | Error Covariance (BEC) matrix by the cemsd state ensemlA_’ (i.,e A'=A -A ), as follows:

a
180 P=——A'(A)T (3).
N -1 (A") )
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Here the subscrif T denotes the transpose of a matrix and the scilitgr a [1(0,1] is introduced to tune the

variance of the model ensemble perturbations teadistic level in order to capture the variabildf model

parameters like temperature and dissolved oxygémchnis dominated by misplacement of mesoscalaifeat

and which varies in location and intensity seadgnaherefore, we hypothesize that the backgroundrg are

proportional to the model variability on intra-seaal time scalesA total of 100 model samples by “running

selection” are adopted to obtain a quasi-statiobagkground error covariance (BEGhe “selection” is in one

and a half month period before and after the caeddte of the assimilation time from the perio®491968
(Liu et al., 2013). Hence, from every vear durihg selected period 1964-1968 20 snapshots havesbksted.

An adaptive scaling factor was calculated to adaphe instantaneous forecast error variance befack local

analysis (Liu et al., 2013; 2014jurther, localization is used to remove unrealiktim-range correlation with a

quasi-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 807

Moreover, the assimilation frequency or window mther factor to affect the assimilation fields.eVhare

directly related to how many observations are éamjethe assimilation cycling and how often the niaddial

condition is adjusted by data assimilation (Liwakt2013). Here, we select an assimilation winddwhree days

and the assimilation frequency is once every salays in the reanalysis experiment. It means thathal

observations in three days before and after thendatSon time are selected to yield the “new” ialtcondition

for the following simulation during the current msgation 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” assimilatstheme based upon the EnOIl method following Lial.e
(2014) which was briefly described befo(REANA). Both simulations, FREE and REANA, are igized for

January 1970The initial conditions aréaken from an earlier run with RCO-SCOBThe observation error in

REANA is defined according thiu et al. (2014). However, in Liu et al. (2014nlp a shorter assimilation

experiment for a 10-year period is presented, arfdrsthereliability of the assimilation scheme in multi-decadal
simulations has not been shown. Following Liu ef{2014), our REANA experiment assimilated both bgl
and biogeochemical observations. In this study, fa®us mainly on nutrient transports derived frone th

reanalysis.



209 To assess the results with (REANA) and without (ERBata assimilation, the overall monthly mean RMSD

210 | (root mean square differences) of oxygen, nitrgtieosphate and ammonium were calculated relative to

211 | observations during the whole integration periothe Toverall monthly mean RMSD is calculated by the

212 | following formula:

N;j N, .
213 RMSD:NiZ iZ(é}')z (4),

j i=1 Nt i=1

214 | where N, is the number of the observations at assimileiioe 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 | Xgyn) and observation X,;) at time t_and at theﬂ observation location. We calculateg] _at only the

217 | observation location at the tinte which is calculated by mapping the model fieldoothe observation space.

218 | Here it should be noted that the RMSDs were cdledldefore the time of assimilation analysis, ame t
219 | corresponding observations were not yet assimiliatedRCO-SCOBI (Liu et al., 2014).

220 Based on the reanalyzed simulation, the annual meal®IN and DIP transports, as well as DIP pezsisy

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

222 | integration according to:

N
223 VA\'rans = zckukAzk —(—)-’5
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 oolu

respectively. From the net transport vector fiedthbmagnitude and streamlines are calculated.

224 The total nutrient budgets are calculated fromgstm of inorganic and organic bioavailable nutrienfche

225 | combined nutrient supplies from land and from ttmeasphere have been taken into account. Nitrogehidin is

226 | notincluded in the external supplies. The nutrfetes caused by sediment-water exchanges arealsolated.

227 | The sediment sinks (burial) are calculated from difference between the net deposition of nutrigntshe

228 | sediments and the release of nutrients from thenseds. The nutrient flows for the total budgets ertegrated

229 | along the selected borders of sub-basins usingtBgui. Annual nutrient flows are averaged for fexiod
9
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1970-1999. The total amount of nutrients for evenb-basin is calculated from the integral of nultrie

concentrations from phytoplankton, zooplanktonritdet and dissolved nutrient times the volume o gub-

basin according to:

Ni NJ’ Ny

Total=> > > C ;X B, A7, (6),
i ]k

whereC,AX,Ayandg are the field concentrations (including nutrieffsm phytoplankton, zooplankton,

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

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

tendencies in Table 1 are calculated from the diffees between nutrient inputs and exports oudHmsins.

5 Results

In the followingsubsections, we evaluate the impact of data assimilatn the long-term evolution of biases
(Section 5.1)and onvertical (Section 5.2) and horizontal (Section B&}ributions of nutrient concentrations.
For the evaluation of time series of simulated @xygnitrate,phosphate an@ammonium concentrations, the
reader is referred to Liu et al. (2014, their<Fi§ and 7). After the evaluation of the assimilatrmethod, we
focus on the analysis of nutriemhnsportsn the Baltic Sea based upon our reanalysis dataxt consider to be
the best available data set for such an analysipatticular, we analyze the horizontal circulatminnutrients
(Section 54), the horizontal distribution of nutrient souraewd sinks, the nutrient exchange between the doasta
zone and the open sea (Sectids),5and the nutrient budgets @fb-basis (Section 5.6).

5.1 Temporal evolution of biases

The data assimilation has significantly positivgauat onbias reduction othe model simulation. Generally, the

RMSDs of oxygen and nutrient concentrations in RBABre smaller than that of FREE. However, the
improvements of these four variablesmulation have different variation characteristics caused thg

assimilating of biogeochemical observations. TheJEMf oxygen is mostly greater and smaller thamdL0L™
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for FREE and REANA, respectively. The mean RMSDorygen during this period has been reduced by 59%
(from 1.43 to 0.59 mL ). Similarimproved simulatioralso appearin nitrate and 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. Furthereycthe 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 regilliu et al., 2014). For instance, although therait RMSD

of ammonium is reduced by 45% (from 1.15 to 0.63ailnm®), 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 ni®) 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 isreliable and that the RMSD of phosphate concentrationsedses even further with data

assimilationcontinuingafter 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) givdiat of how data assimilation makes simulataedtrient

dynamics in the Baltic propenore realistio(Fig. 4). The surface layer temperature and §itation show 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 the surflgers. RCO-SCOBI captwsehese variations.
However, compared to BED, the model has obviousdsiasuch as from late winter to early spring teatpes
stratification in FREE around the 30-50m depthhbkigconcentration of nutrients at the 50-60m degiitonger
vertical stratification of nutrient concentratiozsd less decrease of nutrients in the summer, iedipdmlow 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 signiftgareduced all these biasesid providesan improved model

description of vertical transports of nutrientghe layers above the halocline.
11



275 5.3 Spatial variations of late winter nutrient concentrations

276 The average March concentrations of dissolved entirgphosphorus (DIP) and nitrogen (DIN) in the epp
277 layers (0-10m), as well as their ratio (DIN:DIP)eng calculated (Fig. 5). In BED the highest conegiun of
278 | DIP occurs in the Gulf of Riga and the Gulf of fintl. Relatively high concentrations of DIP are fbunthe

279 | entireGotland Basin. The DIP concentrations in the Bathrfsea and Bothnian Bay are obviously lower than in

280 other regions. Generally, the DIP in FREE has bleegely overestimated in all regions relative toBE
281 | especially in the Gotland Basin and Bornholm BasirBED, low DIP concentrations appear at the eastern coast
282 | of the Eastern Gotland Basin. In FREE, this spd#iature of DIP concentrations is not found. Furthe BED

283  high concentrations of DIN occur in coastal watdose to the river mouths of the major rivers ia Houthern
284  Baltic proper. DIN concentrations in the Gulf ohkind and in the Gulf of Riga are also high, andecdarge
285 ‘ areas of these gulfs. Unlike the BED data, the DINREE has high concentratioasoin the entire southern
286 and eastern coastal zones of the Baltic propea result, FREE shows a gradient in DIN concentnatioetween
287 ‘ the coastal zone and the open sea in the entitbesouBaltic proper-The DIN and DIP patterns result in high
288 and low DIN:DIP ratios in the Bothnian Bay and Balproper, respectively. The highest DIN:DIP ratare
289 found in the Bothnian Bay in BED and in the GulfRifa in FREE. RCO-SCOBI has captured this largdesc
290 pattern, but there are substantial regional diffees. By the constraints of the observation inféiona REANA
291 has improved the spatial distributions of DIN an Bignificantly. In particular, DIP concentratioimsREANA

292 are much closer to observations.
293 ‘ 5.4 Mean horizontal circulation of nutrients

294  Nutrient transport directly affects the biogeocheahicycles and the eutrophication of the Baltic .SEae
295 ‘ persistency of the net transpofisg. 6)is defined, for instance, by Eilola et al. (201@nhe should note that the
296 results by Eilola et al. (2012) are based upon&f-yaverages for the control period 1978-2007 adwanscaled

297 climate scenario from a global circulation modemiar calculations of transports and sources an#sswill

298 ‘ therefore be briefly presented in the present stsitige the hindcast periosl better representashen the model

299 s forced by the assimilated atmospheric (ERA—410) Baltic Sea data (REANA). DIP has the largesidparts
12
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in the central parts of the Baltic proper, withhigersistency becaugiee volume transpor@re generallyarger

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 largenagnitudef transports of DIP are also found in the nortsteen Gotland Basin, in the
southern Bornholm Basin, and through the Slupskn@&lconnecting Bornholm Basin and Gotland Basin.
Similar transport patterns are also found for DIMgP and OrgNnot shown) In contrast to Eilola et al. (2012),
DIN, DIP, OrgPand OrgNtransports and their persistency are obviouslyngeo, although the overall patterns
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 distributionof areas withinternalsources and sinks of phosphorus and nitrogenlastrdted in

Fig. 7. A net inflow (inflow > outflow) of nutrients to an area is defined as a dinkport) and counted as

positive, while net outflowinflow < outflow) is defined as a source (export) and counted agivedé&ilola et

al., 2012). Source areas of DIP generally coingiidb 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 iskeead
(e.g., Savchuk, 2010). Sediments may even temppi@come a source under anoxic conditions, wheerol
mineral-bound P can be released to the overlyingerw&ource areas of DIN are mainly found in thef of
Riga, and theleeper parts of the Arkona Basin and Bornholm B&due largest DIP sources occur in the eastern
parts of the Gotland Basin as well as in the degpess of the Bornholm Basin and Arkona Basin, rehs 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 Baltigoerd, while

the main sources of OrgP (and OrgN) are founth@éproductive coast@reas shallower than about 30—40 m

(see also Fig8). Indeed, DIP export is largest in areas with séewdepth between 70 and 100 m, and decreases

towards greater water depths (F&y.
13
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According to the accumulated impoftnutrients(Fig. 8), the magnitude of the DIP exportlisgerthan that
of the DIP import. This indicates that not all betsupply of phosphorus from land and atmospheretaéned
within the Baltic proper. For DIN, however, we magticeonly a very small net export from the Baltic proper to
adjacent sub-basins, while for OrgP and OrgN, ingand exports are almost balanced (B)g.The nitrogen
and phosphorus supply from land is implementeceameareas with a bottom depth usually of 6 m. Thishere
the river mouths are located in the model.

There is a large import of DIP to areas wittepth range between 40-70 m (F#j. This import does not
show a counter-part in the export of OrgP in Big-This result might be explained by local processausing the
phytoplanktoruptake andgedimendeposition of DIP. There is an import of DIN to sleeareas that together with
nitrogen fixation and sediment—water fluxes of Dihay support local production of organic matter. The
phosphorus sink may be partly caused by oxygenrdigme water—sediment fluxes that bind DIP to iramizb
phosphorus in oxic sedimer(&limroth-Rosellet al., 2015). This effect is notcluded in Eilola et al. (2012)but

might potentiallybe accounted for by thedjusted DIPtransports in REANAThe results of REANA indicate

that there is an additional sink bilet relative importance of different processesising this sink (data

assimilation or sediment processisshowever, not possible to evaluate fromghesenreanalysis data set.

A partly opposite exchange profile is found @ngP (Fig. 8) Coastal areas with a water depth of up to 40 m
are exporting organic phosphorus, whereas deepas amport OrgP. Production in the coastal zortbeBaltic
proper and sedimentation in the open sea is albaahced.

The largest export of DIN occurs due to rivierthe very shallow coastal zone. The magnitudBIdbf imports
and exports in areas with greater water depthsnaich smaller. Obviously, DIN supplied from landaiseady
consumed in the coastal zone (Voss et al., 2008rdh-Rosell et al., 2011) and, consequently, @lyinor
fraction of the nitrogen supplied to the shallowaacan continuously reach regions deeper than 1(Eilata et
al., 2012; Radtke et al., 2012).

5.6 Nutrient budgets of sub-basins

The Baltic Sea is divided into seven sub-basinsraieg to the selected sections, which form thele of the
sub-basins (Fig. 1). We calculdteal nutrient budgets for each of the sub-basins froewé&analysigFig. 9 and

10). The largest annual external phosphorus load ocauitsei Baltic proper and amounts3é.2 kton yi* (Fig.
14
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9). In addition, in the Baltic proper the largestaal phosphorus sink df1.7 kton yr' is alsofound. The
tendencies of phosphorus in the various sub-balifes. Whereas during the period 1970-1999 thesphorus
content in the Gulf of Finlandaltic proper, Kattegaand Bothnian Bay increased, we found decreasintend
in the Gulf of RigaBothnian Seand Danish Straits (Table 1). Largest export arubitnof phosphorus between
sub-basis are found for the exchange between the Baltipgrand the Gulf of Finland, which amount2$.3

and 22.5 kton yr*, respectively. However, the largest net exchampeears between the Baltic proper and
Bothnian Sea. It is also found that the Baltic gropxports more phosphorus to neighbosng-basis than 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 td.7, 3.6, 1.8 and 0.6 kton yr‘l,
respectively. The exchange of phosphorus betweeB#itic proper and the Gulf of Riga is smallesatree to
the other three neighboring sub-basins. Furtherfowed that the net transport, import and exponpladsphorus
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 h&sger nitrogen sinks than external sources. Further,nitr@gen content

decreaseih theBaltic proper and increased in the Gulf of Rayxing the period from 1970-199@spectively

In Bothnian Bay, the difference between externabfuand internal sink of nitrogen is equal to tie transport

into the Bothnian Bay. The large burial of nitrogarthe Bothnian Bay is noteworthWe also found relatively

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, Fidl provides the cross sectional,
integrated nutrient flows in the different sub-lb@siHere the eastward and northward net transpogts by
definition, positive. Obviouslythe integrated nutrient flows vary significantly in sgaaccording to the 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 annuadrthward flowof nitrogen in the

Baltic proper reache392kton yr*, while it is only133and87 kton yr' for 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 58.8; they then remain about constant until a sedilomg 58.7 N, and thereafter
15



382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

403

404
405
406
407
408

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 theomsink (i.e. denitrification) works differently fanitrogen 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, asns&
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 freat 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, thenetinflows of nutrients are almost zero. The largest flow (westward)of nutrients appear at the

inner endof the Gulf of Finlandwhere the large river Neva enter the Guiith a magnitude o83 kton yr* for

nitrogen and2.6 kton yr ™ for phosphorus, respectiveljhe net flows oboth phosphorus and nitrogen change
their directions in the Gulf of Finlanahd Dr nitrogen this changeke placecloser to theBaltic properentrance
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, RCOB®ad to be calibrated because many processksling

sources and sinks of nutrients are not detailedugmoknown. Hence, an “optimal” parameterization of
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unresolved processes is one of the requirementodgpredictive capacity of the model. Further rssmaents to

calculate correct transports and transformatiorcgsses in addition to optimized model equationshagb-

quality atmospheric and riverine forcing data, Aigh-quality initial and lateral boundary condit®n

Most of the large biases in FREE are causediipeifect initial conditionsThe reason is that the nutrient

pools in the sediments have not been spun up apately. As a consequence, phosphate concentraiions
FREE are higher than observed concentrations adlegiths. The biases in surface phosphate condensat
between model results and observations can infei¢ine seasonal primary production. In REANA, howgeve
from the beginning of the experiment, the biasesadready significantly reduced and remain reldyimall
during the integration compared to FREE. The biagfephosphate reduce with time both in the FREE and
REANA runs. Hence, this indicates a need of netiaintonditions 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 assimilatmroduces

sources and sinks of the nutrient cycles by ingimg the model simulation and adjusting the ihiti@nditions.

The magnitudes of these artificial sources andssarke directly related to the biases between madeillts and

observations. Figure 3 shows that the model hag |larases during the beginning of the simulatiooweler,

data assimilation has corrected the mismatch betweslel state and observation to an “optimal” lekgling an

initial adjustment period. After the adjustmentipds the mismatch between model and observatioorhes

small and the successive adjustment due to dataid®n also becomes small. Further, the adjusinoé data

assimilation is related to the spatial-temporal ezage of observations. Here we assimilated onhemesl

profiles into the model.

After every assimilation cycle, the simulatiomntinues with “optimal” initial conditions based amp

conservation principles. As the equations of RC@Biave not been changed, masses of all constgufrihe

model are conserved at least during the simuldteiween two assimilation occasions.

6.3 Advantages of data assimilation
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438 | The advantage of the data assimilation is that inealgables at any station are very likely morewate than

439 | the model output without data assimilation. Fortanse, time series of profiles or transports acressical

440 | sections have very likely a smaller bias compacedbiservations than the corresponding model resiibut

441 | data assimilation. Compared to available obsematithe information from the model is higher resdhaand

442 | homogeneous in space and time. Of course, it fcdif to evaluate the quality of model results hagh

443 | resolution because independent observational dataae usually missing. An exceptional effort tdiae
444 | independent data was done by Liu et al. (2014) siwpwhat the statement about the added value af dat

445 | assimilation is true for the available, independsnise data at high resolution.
446

447 The results of the reanalysis can be used tma&st the water quality and ecological state witthispatial and

448 | temporal resolution in regions and during periodi®mno measurements are available. Regional aatinoadel

449 | studies may use the data as initial and boundarglitons. For projections of future climate and foitrient load

450 | abatement scenario simulations the reanalysis hasrya high scientific value as reference data settlie

451 | historical period of the climate simulations. Theleation of the regionalized climate (the statsif mesoscale

452 | variability, e.q. the mean state) during the hist@irperiod can be done much more accurate based tne

453 | reanalysis data than with sparse observational Batanstance, it is very difficult to calculateetclimatological

454 | mean state just from observations that are castlyddoring the ice-free season of the year. Usinga@alysis as

455 | reference data for historical climate is a commaihod in regional climate studies of the atmosphdese we

456 | provide a corresponding data set for the oceamahuate simulated present-day climate.
457

458 | Further, nutrient transports across selected @estons or between vertical layers are calculditenh the

459 | reanalysis with high resolution and improved accyurédowever, one cannot expect that budgets caéndifgom

460 | the summation of fluxes from model results withadassimilation are more accurate because usuabdyl sm

461 | artificial sources and sinks from the data assimiaare becoming as important as physically moéidasources

462 | and sinks when sums of fluxes are compared. Hemeecalculated budgets with the aim to evaluate the

463 | reanalysis data and to estimate the magnitudetifitial sources and sinks by comparing our reswulith other

464 | studies using only observations. It is impossiblelaim that our budgets are more accurate thasetbodgets

465 | that are derived from observations only, despite lifgher temporal and spatial resolution in modgbuots.

466 | Hence, the advantage of the reanalysis is that unemgnts 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 transphntisg the 2003 MBI with 3DVAR in the Baltic Sea the
present study, we estimate the impact of the dsgen#lation based on the EnOl method on the natmeland
nutrient transports as well as calculate budgatarfajor sub-basins of the Baltic Sea. The voluramdports
obtained with different assimilation methods maydiféerent. The sea level in Fu (2013) is kept ¢ansin the
assimilation process, while sea level in this stisdyarying 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 differenceméh volume transport in the two simulations. Howeve

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

6.5 Comparison with other studieson nutrient budgets

In contrast to Eilola et al. (2012), in this stumhgas with DIN export are also found at the soutlaed eastern

coasts as well as at some small local regions enirther parts of the Baltic proper (Fig. 7). In REA the

magnitudes of DIP imports and exports are largan iin Eilola at al. (2012), and there is pronounicggort of

DIP in the western part of the Eastern Gotland Bhsiow 100 m (Fig. 7) that is not as significanEilola et al.
(2012). This, and the larger variability of DIN ionis and exports, indicates that there is a higlegree of

small-scale localized transport and productiongoat that are not captured by Eilola et al. (200&)in sinks of

DIN are found in the deeper areas, but significamks are also seen in shallow areas and watehsleptabout

60m. As the assimilation of salinity observatioasuit in a deeper halocline (Liu et al., 2014), hobom water

in_a depth range of 40—=70 m contains higher oxygencentrations than in the simulation without data

assimilation. Hence, in the REANA simulation ofstlsitudy, more phosphorus is retained by the sedamenhe

depth range of 4070 m than in the simulation bgl&iet al. (2012). The present results show, haresn

export contribution from DIN sources in deeper aréag. 60-90 m depths) that may have been caused b
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495 | reduced denitrification efficiency of oxidized sedints in the REANA simulation compared to Eilolaagt

496 | (2012).
497 The in- and outflows of phosphorbstween the sub-basins, except the Gulf of Riga@Guid of Finland,

498 | simulated in REANA aremallerthan the results by Wulff and Stigebrandt (198@)\chuk (2005) and Savchuk
499  and Wulff (2007). However, the net transports obgghorus are similar between our results and thadeer

500 | studiesin all sub-basinsMoreover, the nitrogen budgets areich lower than the results of earlier studies,

501 | especially in the Baltic propeit should be kept in mind that the above mentiortadias estimated the nutrient

502 budgets from mass balance models together withr-basin transport calculations based upon Knudsen’'s
503 formulae to calculate nutrient budgets of the Beftea (see, e.g. Savchuk, 2005). Obviously, threrénaitations
504 in calculations of previous studies. Despite ovaratertainties that also limit the reliability otir results, like
505 incomplete understanding of selected biogeochenpigatesses (e.g. nitrogen fixation), lacking infation of
506 sediment parameters, and under-sampled observatispsce and time, our approach has the advantageng
507 both high-resolution modeling and all available etvations made over a 30-year period. Our modelltes
508 consider the complete set of primitive equationkigh-resolution, taking into account not only tr@ume and
509 salt conservation of sub-basins according to Knoidsirmulae, but also the wind-driven circulatibatween
510 and within sub-basins. Hence, we have, for the fiinge, the potential to quantify spatial transpaitterns with
511 | higher confidence even within sub-basins, as in the exgbaf nutrients between the coastal zone andpbe o
512 | sea.

513 Eutrophication of the Baltic Sea is directlyeaffied by the long-term evolution of external nutrisupply that
514 has three components (waterborne land loads, dd@iot sources at the coasts, and atmospheric itieps3

515 which are associated with the biogeochemical dyosmwi the Baltic Sea. In our study, we used thensttucted

516 | external nutrient input data by Savchuk et al. @ONutrient budgets (Figs. 9 and 10) of sub-basinstiare-
517 | averaged and represent in our study the overalltsesf the period 1970-1999. The phosphorus |aaag in

518 | different periods, for example, the phosphorus $oadhe 1980s are larger relative to the 1990s &m®/chuk et

519 | al., 2012)Therefore, the phosphorus supply into the Gulfiafafd is greater in our study compared to Savchuk

520 and Wulff (2007). The greater phosphorus supplyngka the phosphorus content and phosphorus coatentr
521 in the Gulf of Finland. This is one reason why gitemus transports between the Gulf of Finland &edBaltic
522  proper in our study are greater than the transpattuilated by Savchuk (2005) and Savchuk and W2@07).
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_ Sinceour study covers a different time period comparedhe studies by Wulff and Stigebrandt (1989),
Savchuk (2005) and Savchuk and Wulff (2007) nutrimmncentrations and related budgeii$er in time and
space. Hence, it is not surprising that other stsliowdeviatingresults.For example, during the period 1970—
1999, HELCOM (2013) showed that the total phospd@iitP) concentration generally decreased in thardam
Bay and has increased in the Gulf of Riga. Howetrgrse changes in TP concentrations were not moooso
For example, the TP concentration obviously ineedaguring the period 1970-1976 in the Bothnian Blile
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#dsasvith high vertical resolution to reconstruct teenporal
evolution of eutrophication for 1850-2006. Savcl2805) and Savchuk and Wulff (2007) applied masanuz
models as mentioned above to calculate nutriengdiscf the Baltic Sea. The results of all thesdet®depend

on the locations of the sub-basin bordetsch are chosen as far as possible accordingriardical constraints

such as sills or fronts that are parameterizedtaio estimates of the water exchanddsing a high-resolution

circulation model, we showed that nutrient flowghivi the sub-basinghay vary considerably (Figll). For
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 variations of

sources and sinks for nutrients on the calculatbriransports between sub basins therefore seeimeto

significant and need to be furthers studied. Gitbenuncertainty caused by data assimilation irptiesent study

we must however save the detailed studies of thessmes to future work where the artificial impaétdata

assimilation on sources and sinks will be tracaetl@rantified during the run.

7 Summary and Conclusion

For the first time, a multi-decadal, high-resolatioeanalysis of physical (temperature and salinayd
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 bsegemical observations into a high-resolution datan model

of the Baltic Sea.
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Both assimilated and independent observatiofieated from different databasegsre used to evaluate the
reanalysis results (REANA). Based on the model-dataparison presented in this study, we found theat
model results without data assimilation (FREE) bithsignificant biases in both oxygen and nutriefitke
reasons for these biases are not totally understegdalthough it is speculated that the main reasuight be

related tothe imperfect initial conditionslimitations of model parameterizatignghe inaccurate halocline

position and correspondingly the hypoxic volumeu(kt al. 2014)Based on the calculation of the overall RMSD

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 oxygenratg, phosphate, and ammonium concentraioe improved by
59, 46, 78 and 45%, respectively. These resultodstrate thatrengthof the applied assimilation scheme.

The observation information entering the moaléécts the oxygen dependent dynamics of biogeoitam

transports significantly due to both improved simulation of physical (exgrtical stratification) and

biogeochemical parameters (e.g. nutrient concéomisgt As examples, we presentedprovedresults of mean

seasonal cycles of nutrients, the spatial surfaétélglitions 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 Bornhdasin, in the
Slupsk Channel and in the north-western GotlandrBase persistencef nutrient transports greater in the
eastern and southern than in the northern and md3#dtic Sea.

The horizontal distributions of sources andksimf inorganic and organic nutrients show largatiap
variations and may be partly explained by (1) tkiemmal supply of nutrients from land, (2) the tgpaphcally
controlled horizontal nutrient exchange between sub-basidsbatween the coastal zone and the open sea, and
(3) vertical stratification that determines redoonditions at the sea floor. The latter is importémt the
sedimentwater fluxes of nutrients, and consequently foriduof nutrients in the sediments. The reanalysis
results suggest that in the Baltic proper, in nasis with a water depth less than the depth op&neanent
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 assitioih

method or a real sink is unclear. On the other hamcreas with greater water depth, DIP is exmgb(&g.
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released from the sediments under anoxic condjtiéeerall, the Baltic proper exports DIP to neighibg sub-
basins.

Nitrogentransportsare very different compared to phosphottensports The shallow coastal zone with water
depths less than 10 m plays an outstanding rol®RS because within it, large exports occur duesdpplies

from land. The high productivity in the shallow areas effeelwtransfers DIN to OrgN and denitrification

decreases the exports of nitrogen from coastabdethe deeper areddost of the exported DIN is removed in

shallow waters while at greater depths imports exyabrts of DIN are much smaller, indicating the artpnt
role of the coastal zone for nitrogen removal.

Detailed nitrogen and phosphorus budgets stghes nutrienttranspors in the various sub-basins are
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 surroundinb-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# &lRiga and Danish Straits. In this sub-basiilsothe largest
internal sink of all sub-basins was found. Notewpris the relatively large net export of phosphdinasn the
Baltic proper into the Bothnian Sea, where the sddargest sink for both phosphorus and nitroges faund.
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 Finlarak bet phosphorus transport from the Baltic prapefirected
eastward, but changes direction at about 26°Eh€&urio the east, the net phosphorus transportréectdd

westward.
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764 | Table 1. The 30-year mean tendencies of total giarsig and nitrogen in Baltic sdiasins. Names of the sub-
765 basins are the Kattegat (KT), Danish Straits (D83, Baltic proper (BP), the Gulf of Riga (GR), tGalf of
766  Finland (GF), the Bothnian Sea (BS), and the Bathiday (BB).

ktonyr™ 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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776  Figure 1. The bathymetry of the model (depth inTie border locations of sub-basins of the Balda 8sed in
777  this study are shown by the black lines, and tha®B3tation is shown by the white star.
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786 Figure 3. Monthly mean root mean square deviatRM$D) between model results and observations for

787  oxygen, nitrate, phosphate and ammonium in FREH @ed REANA (blue).
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789 | Figure 4. Theseasonatycle of monthly average (1970-1999) temperati@g, (phosphate concentration (mmol
790 m?®), and nitrate concentration (mmol3jrat BY15 for FREE (row 1), REANA (row 2), and BEiata (row 3),
791 respectively.
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805 | Figure7. Spatial distributions ainnual meaimport of DIP, OrgP, DIN and OrgN averaged for the perioddt97

806 | 1999 The magnitude of impognd its corresponding valifkton kmi” yr'') are shown by the background color

807 | and color bar, respectively\Green cola denote positive values (import), and yellow to mors denote
808 | negative values (export). The black and blue Istesv 30 and 100 m depth contours of the madebectively
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811 | Figure 9. Annual meantotal phosphorus budgets of the Baltic $earagedfor the period1970-1999. The

812 | average total amounts arekiton, and transport flows and sink/source flug@gernal nutrient inputs/buriadre

813 | in kton yr'. External nutrient inputs from atmosphere and |laiedcambined.
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818 | Figurell. Annual mearfluxes of nitrogen (irkton yr') and phosphorus (ikton yr') as a function of the cross
819 sections along transects following the latitude &vditude in the Baltic sub-basins. Northward @adtward
820 | fluxes are, by definition, positivand called inflowsSouthward and westward flows are called outflost
821 | flow is the difference between in and outflowtere, AR, BH, GO, NW, GF, BS, and BB representAhiecona
822 Sea, Bornholm Sea, Eastern Gotland Basin, NortenesBotland Basin, Bothnian Sea and Bothnian Bay,

823 respectively. Transect A summarizes fluxes from sbathern Baltic proper to the Bothnian Bay. Trahd®

824 describes the Baltic Sea entrance area from then&riBasin to the Bornholm Basin, and transect Onsanzes
825 | fluxes in theGulf of Finland(see Fig. 1)
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