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Abstract. A 1-D biogeochemical/physical model of marine 1 Introduction
systems has been applied to study the oxygen cycle in four
stations of different sub-basins of the Baltic Sea, namely,The Baltic Sea is a semi-enclosed and brackish sea, which
in the Gotland Deep, Bornholm, Arkona and Fladen. Thecombined with specific physical as well as socio-economic
model consists of the biogeochemical model of Neumann etharacteristics makes it very sensitive to anthropogenic pres-
al. (2002) coupled with the 1-D General Ocean Turbulencesures (Bonsdorff et al., 2001). Eutrophication remains the
Model (GOTM). The model has been forced with meteoro- most pressing problem in the region, as nitrogen and phos-
logical data from the ECMWF reanalysis project for the pe- phorous inputs are still high, despite considerable efforts to
riod 1998-2003, producing a six year hindcast which is vali-reduce discharges. The inflow of salty and oxygen rich wa-
dated with datasets from the Baltic Environmental Databaseer from the North Sea through the Danish straits is due to
(BED) for the same period. The vertical profiles of temper- episodic pulses (Omstedt et al., 2004). The strong pulses
ature and salinity are relaxed towards both profiles providedare driven by special atmospheric forcing conditions, which
by 3-D simulations of General Estuarine Transport Model cause large and long-lasting sea level differences between the
(GETM) and observed profiles from BED. Modifications in Kattegat and the Western Baltic. Since the early 1980s, the
the parameterisation of the air-sea oxygen fluxes have led tBaltic Sea has experienced long-lasting stagnation periods
a significant improvement of the model results in the surfacewith absence of strong pulses (Maitts and Nausch, 2003).
and intermediate water layers. The largest mismatch withOnly in 1993 and 2003 such major inflows took place (Jakob-
observations is found in simulating the oxygen dynamics insen, 1995; Feistel et al., 2003b). Inflows from the North Sea
the Baltic Sea bottom waters. The model results demonstratare currently the main source of oxygen in the deep water.
the good capability of the model to predict the time-evolution The deepwater basins in the Baltic Proper suffer severely
of the physical and biogeochemical variables at all differentfrom long-term oxygen depletion. Oxygen deficiency has
stations. Comparative analysis of the modelled oxygen conprevailed over very large areas. In the central Baltic Proper
centrations with respect to observation data is performed tahe oxygen concentrations are less than 90 [mmaid) at
distinguish the relative importance of several factors on thearound a depth of 100 m, or even shallower than that (HEL-
seasonal, interannual and long-term variations of oxygen. IICOM, 2003). At the same time, the area covered by hydro-
is found that natural physical factors, like the magnitude ofgen sulphide extends from the main eastern Basin of the Got-
the vertical turbulent mixing, wind speed and the variation of land Sea towards the Northern Central Basin (Fig. 1). Typ-
temperature and salinity fields are the major factors controlically in August, oxygen is depleted in the bottom water of
ling the oxygen dynamics in the Baltic Sea. The influencethe Bornholm Basin and the western Gotland Basin. In the
of limiting nutrients is less pronounced, at least under theArkona Basin the oxygen situation is good in the near-bottom
nutrient flux parameterisation assumed in the model. water, although the level is lower when compared to the long-
term measurements.

Additional to the above mentioned horizontal advection
of oxygen the most important natural physical factors af-
fecting the concentrations of oxygen in the marine environ-
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aimed at improving the model parameterisation and for the
investigation of some system properties. We have identified
a number of questions that need explicit attention:

— How well are the air-sea fluxes and vertical mixing pa-
rameterised?

— What alternatives can be ruled out?

Latitude

— How sensible are the model results to variation in hy-
drographic characteristics, atmospheric forcing and nu-
trient loads?

— How accurate is the model at different locations?

There are two main reasons for applying the 1-D approach
L W —, of Burchard et al. (2006). First, the model has to remain
Longitude as simple as possible, both conceptually and computation-
ally for a future incorporation into a 3-D circulation model.
Fig. 1. Map of the Baltic Sea showing the sampling stations: FladenSecond, the model has to be able to describe main physical
station (FS), Arkona station (AS), Bornholm station (BS), Gotland 5 piogeochemical processes within the water column and
station (GS) and Landsort station (LS). simulate the dynamics of oxygen on time scales of several
years. Before coupling the 1-D ecosystem model with a 3-D
model we have to assess the relative importance of different
1980). The other major factor controlling oxygen concentra-factors controlling the oxygen cycle in the water column of
tions is the biological activity in the water and at the seafloor:the Baltic Sea. Once the ecosystem model is used in the 3-
photosynthesis producing oxygen and respiration and nitrifi-pD modelling framework it will not be possible anymore to
cation consuming oxygen. clearly separate the contribution of horizontal and vertical
The present study is motivated by the need to explore théransport processes, which will make it very hard to under-
processes that are controlling the oxygen dynamics in thestand the reasons for any disagreements.
Baltic Sea. For this purpose, the 1-D ecosystem model of
Burchard et al. (2006) is used. Marine ecosystem models
which involve the interaction of physical and biogeochem- 2 Study area

!{Eal tprocdess_es are useful_t?_ols for dafsse_sg‘ln% a_nd rf[:]edmtmghe strong density stratification in the Baltic Sea suppresses
€ trends |t|jb|<)x3t/gen varia :jor}. and for 'Il'hen ifying d Ie ar yertical mixing of the water and the transport of oxygen from

€as susceptible 1o oxygen deficiency. These models MUk q o ace to the bottom. During very exceptional condi-

take into account the most important biogeochemical pro-

d the physical irol of th tem dri btions when the inflow lasts long enough (over two weeks)
Ccesses and e pnysical control of the ecosystem Grven B ;,q \yater from the North Sea can reach far enough into the
advection and diffusion. Efficient models of marine systems

. S ..~ Baltic Sea. The saline water is only very slowly mixed with
can simulate the seasonal evolution, inter-annual variability,

. . Baltic Sea water and it flows through the Arkona and Born-
and spatial heterogeneity across the range of coastal and ®Holm basins in about six months, then further to the central
trophic situations with little or without re-parameterisation. !

. basin of the Baltic Sea, the Gotland Deep. There it is replac-
Although the usual way to develop such models is to couple P P

reulati dels with biological models. simplified model ing the old Baltic Sea water, which often contains little or
circuiation moceis with biological models, simpiilied Modet , oxygen but some hydrogen sulphide instead (Feistel et al.
systems based on 1-D water column models (e.g. those

Burchard et al., 2006; &hn and Radach, 1997: Blackford 003b). The medium-strength inflows are important as well

because they have the potential to renew intermediate layers
etal, 2904) are very hel_pful tools_ for model development: of the Baltic Proper halocline (Feistel et al., 2006). Since
Depe_ndmg on the sqenﬂﬂc question, they. can be also re“'one of our purposes is to explore the influence of the princi-
gb le in studying marine ecosystem dyn_amlc_:s O_f coastal r_nabal hydrographic situation on the oxygen cycle in the water
rine areas. The validity of a 1-D approximation in the Baltic

: : . . column of the Baltic Sea, the oxygen and nitrogen cycle
Proper is confirmed also by other model studies (Vichi et al., . : A trog ycles

) e have been simulated at several stations with very different
2004; Qmstedt and AerI., 1998; Stlgebrath, 1.987)‘ .T.heyhydrographic characteristics. For a detailed presentation, we
are mainly related to periods when advection is negligible

(so-called stagnant periods). Despite that a 1-D model eXselected four stations with a quite different location in the

A o . : " Baltic Sea, namely:
hibits limitations in simulating seasonal and interannual vari-
ability of the deep water mixing and the formation of den- — Gotland (GS, 249 m depth), a very deep central station
sity currents (Axell, 1998), it is a good tool for basic studies, of the Baltic Proper (20E, 57.3 N), with limited water
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exchange, with a well-mixed surface layer and a salinity vanishes sulphate is reduced to hydrogen sulphide. Hydro-
stratified deeper layer; gen sulphide is accounted for as negative oxygen concentra-
tions (2HS=0,). Reduction of nitrate (denitrification) is
— Bornholm (BS, 91m depth), a central station of the counted as a loss of nitrogen in the model. In detail, the state
Bornholm basin (159E, 55.2 N), with limited water  yariables are: ammonium, nitrate, phosphate, flagellates, di-
exchange, with a well-mixed surface layer and a salin-atoms, blue-green algae, detritus, zooplankton, oxygen and
ity stratified deeper layer; sediment detritus.
i The model of Neumann et al. (2002) is coupled to the
— Arkona (AS, 47m depth), a central station of the physical model as BIOOW module of the GOTM pack-
Arkona basin (14E, 55'N), a s_hallow station strongly age. The GOTM-BIOOW model was tested by Burchard
influenced by the pulses of saline and oxygenated wateg g, (2006) for the Gotland station (GS) with water depth
from the Kattegat; of about 250 m. The comparisons between model results and
— Fladen (FS, 80 m depth), a station of the Kattegat basirﬁbslfrvit'f'gfgg\;rofm ?hOMBlNE E;%%ralngg(timdherv\fhg tuhmt-
(115 I.E’.57'3D N), close to the North Sea, with the high- thr:ae r?}nodcasting of i)ntzrraniupe(telr\ll(;riability_of nutrs;eﬁtsenitra'?e
est salinity among our selected stations. and phosphate, and phytoplankton was not satisfactory. Bur-

Each of the first three stations might be considered as a regehard et al. (2006) found that the-¢ model predicts too
resentative station for the corresponding basin (Reissmanrghallow mixed layers in the Baltic Sea when applied without
2006). The regional characteristics of the salinity, potentiallimitation of turbulent kinetic energymin [m*/s°]. It was il-
temperature and oxygen content are represented well by théistrated that the parameteyin can act as a tuning parameter
hydrographic measurements in the corresponding central st&f the model (Burchard et al., 1998; Burchard et al., 2006).

tions. However, more complete and accurate studies of model sen-
sitivity analysis and/or model skill assessment were not re-
ported.

3 Model description and methods We run the model for a six year period, from 1 Jan-

uary 1998 to 31 December 2003 whereby the initial val-

We used the coupled 1-D ecosystem model of Burchard eties are approximated from available oceanographic mea-
al. (2006) to study the sensitivity of oxygen dynamics at surements. The selected stations (Fig. 1), which might be
above selected stations of the Baltic Sea to external forcrepresentative for the corresponding region, are from North
ing. As the physical part of the 1-D ecosystem model GOTMto South: Landsort Deep (LS), Gotland Sea (GS), Bornholm
(General Ocean Turbulence Modelww.gotm.nef was ap-  Sea (BS), Arkona Sea (AS) and Kattegat (FS). The simu-
plied. Turbulence is modelled with a two-equation turbu- lation period includes stagnant (1998-2002) and fluctuant
lence model; one equation for the turbulent kinetic energy(2003) periods. The only major inflow to the Baltic Sea dur-
and one equation for the dissipation rate of the turbulent ki-ing the investigated period was in 2003 (Feistel et al., 2003b).
netic energy. The model includes a simple parameterisatiotiowever, several inflows of less strength occurred during the
of deepwater mixing. In order to parameterise unresolvedperiod (Matttaus and Nausch, 2003).
turbulence production by internal wave shear, internal wave Depth profiles of temperature and salinity along with
breaking or Kelvin—Helmholtz instability under stably strat- surface meteorological data and nutrient components were
ified conditions, a lower limit to the turbulent kinetic energy used to force the model. The meteorological forcing data
is set kmin=const). From the large number of well-tested tur- were taken from the ECMWF (European Centre for Medium
bulence models implemented in GOTM, the often used Range Weather Forecast, www.ecmwf.int) data server (ERA-
model is considered to be a very appropriate tool to model0 re-analysis data). The frequency of the meteorologi-
the dynamical vertical structure and the actual turbulent dif-cal data is six hours. Data sets of temperature, salinity,
fusive vertical transport in some Baltic Sea stations. concentrations of oxygen and chlorophylwere extracted

A biogeochemical model of medium complexity (The from the Baltic Environmental Database (BED) via the in-
Baltic Sea Research Institutes Ecosystem Model (ERGOM}ernet based software NESHt{(p://nest.su.se/bd The
with ten state variables) was used in this study (Neumanninitialization of some initial parameters of the BIOQOW
2000; Neumann et al., 2002). This model is of Eulerian- module was done by the use of BED data, as well. Fin-
type, so all state variables are expressed as concentrationish Institute of Marine Research (FIMR) Baltic Sea moni-
no matter whether they are dissolved chemicals (e.g. nutritoring data littp://www.fimr.fi/en/tietoa/helconseuranta/en
ents, oxygen) or particles (e.g. phytoplankton cells). In theGB/bmp/datg was also used for model verification. The
model, the oxygen utilisation and production is connectedwater transparency of the Baltic Sea, measured as Secchi
with nitrogen conversion. The oxygen concentration controlsdepth, had been thoroughly estimated in the report of Laama-
processes as denitrification and nitrification. If oxygen is de-nen et al. (2004) and it was assumed to be 5m in our calcu-
pleted, than nitrate is used to oxidize detritus, and if nitratelations. The computed temperature and salinity profiles were
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relaxed towards observational profiles (BED data) or profiles 15
calculated with the GETM modehfvw.getm.euy Stips et al.,
2005). The optimal relaxation time is about 5 days. The
model was run using a two year repeating cycle of forcing
data for 1998 as a “spin-up” period in order to achieve a
quasi-equilibrium state and obtain reasonable initial condi-
tions. Nutrient fluxes at the air-sea surface were adjusted
in order to parameterise lateral nutrient fluxes which are ne-
glected in the 1-D model. Thus, much higher values than the
real ones were used in the calculations. In order to highlight
the differences between the physical conditions at the studied
stations, we fixed the surface fluxes and initial concentrations : ;
of ammonium, nitrate, and phosphate for all numerical sim- ; E S
ulations. The estimation of the nutrient values was done on : :
the base of the sensitivity analysis (Sect. 4.5). Normalised Standard Deviation
Statistics, such as correlation coefficie®t, normalised
standard deviationy = om/a, (o, andoy, are the standard Fig. 2. Taylor diagram of the model sensitivity to the vertical turbu-
deviations of the reference and the model field, respectively)lent exchange parameterisation (different valuesgf, are used).
and normalised “unbiased” root mean squared differe@ce, Model to reference statistics are presented for oxygen (denoted with
(normalised by, are used in the following sections in order Circles "), phosphorus (denoted with trianglea”), ammonium
to compare the multiple model runs with the reference (ob-(aSterisks &), nitrate (diamonds #”) and chiorophylla (squares
senvatonal data). Th diference between nomaised RMSD ) T2 11 Pefes 1090-2003 109, The o ar e
and potential bias is denoted with. The RMSD is a mea- - n I o .

. . . minimum value of the RMSD for oxygen is indicated by black dia-
sure of the ave_rage magnitude of the difference, wlireay mond (*$”"). The black circle at a correlation of 1.0 and normalised
be conceptualized as an overall measure of the agreement bgpnqard deviation of 1.0 represents the reference.
tween the amplitudes() and phaseK) of two temporal pat-
terns. For this reasork, & and Q are referred as “pattern
statistics”. The three pattern statistics are related to one an4  Sensitivity analysis
other by (Taylor, 2001)

0=v1+62-25R. (1)
The oxygen exchange with the atmosphere is usually de-

The normalised standard deviation and the correlation coefscriped by

ficient from the model to reference field comparisons may

be displayed on a single Taylor diagram (see, for examplel’ = V (Osat— O), (2)
Fig. 2). On it the distance from the origin is the normalised

standard deviationg, while the azimuth angle is propor- is the transfer (piston) velocity, O and@mmolQ,/m] are

tional to arccosR). Therefore the reference field point has ¢ d saturati rati ivel
the polar coordinates (1.0, 0). Model to reference compar—Sur ace and saturation oxygen concentrations, respectively.
n the BIO.IOW module the piston velocity is assumed as

ison points are assessed by how close they fall to the referJ- . oo
ence point. This distance is equalgo The relationship (1) 2 constant and the saturation oxygen concentration is calcu-
makes the Taylor diagram useful because the individual con!ateOI by

.tribution of m_isf_its of amplitude may bg compared to misfits Osat= a1 —az Ty, ©)

in phase to distinguish how they contribute to the normalised

unbiased RMSD. All calculations have been done on the bawhereT; is the surface temperature amgd a, are constants

sis of all the available measurements of a selected water cokNeumann et al., 2002; Burchard et al., 2006).

umn (see, stations in Fig. 1) during the period 1998-2003 Another option to estimate the piston velocity is to apply
and the corresponding model results. It is important to notethe model of Liss and Merlivat (1986), which includes three
that the model and reference fields were not log-transformedegimes (smooth surface, rough surface and breaking waves)
or averaged in all the presented comparisons. depending on the magnitude of wind speed,

at w<3.6[m/s]: V=1.003w/5c%56
at36<w<13m/s|: V =5.9(2.85w—9.65)/5c%5 (4)
at 13< w[m/s]: V =5.9(5.9w —49.3)/5c%5

k 107 [m%s°)

05

Normalised Standard Deviation

4.1 Effect of air-sea exchange

whereF[mmoIOz/mzs] is the air-sea oxygen flu¥/ [m/s]
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Table 1. The impact of the air-sea oxygen exchange parameterisation and primary production on surface oxygen concentrations.

Cases Parameterisation of air-sea oxygen exchange Mean absolute error  Correlation RMSD
[mmolO,/m3] coefficient,R  [mmolO,/md]

0] Eqgs. (2-3),V =6.10"2[m/s] 17.91 0.880 44.44

(D) Eq. (2),V =6.10">[m/s], 8.31 0.892 23.18

Weiss formula for Qat

(1 Egs. (2-5). 7.70 0.957 27.24

(Iv) Eq. (2), Weiss formula for @qtand Egs. (4-5) fo¥ 0.02 0.964 12.64

V) Without phytoplankton growth and grazing; 9.78 0.939 19.43

oxygen exchange is calculated as in the case IV

The Schmidt numbe§c is defined as ratio between the  An estimation of the influence of biological activity on the
kinematic viscosity and the molecular diffusivity of oxy- surface oxygen is given as case V in Table 1. The lack of
gen. We have applied the following parameterisationSfor  biological activity does not affect considerably the correla-
(Stigebrandt, 1991) tion coefficient but it does affect the mean absolute error and
RMSD. Itis worth noting that even without any primary pro-

Sc = 1450— 71T, + 1.1T2. (5)

Equation 5 is valid in the interval @ T; < 40°C and thus,
it is applicable in the case of a non-freezing sea surface. In
stead of the linear dependence qg{®n temperature like in
the BIO.IOW module, we have used the correct formula of

duction (case V) the improved model (case V) predicts rea-

sonable surface oxygen concentrations. Moreover, statistics
in case V are much better than these in case |. The statistics
presented in Table 1 clearly indicate that the parameterisa-
tion of the air-sea oxygen exchange has a major effect on the

surface oxygen dynamics.

oxygen solubility of Weiss (1970).

In order to investigate in detail the effect of parameterisa-
tion of the air-sea exchange on the surface oxygen dynamic4-2 Effect of vertical turbulent exchange
we considered four cases with different parameterisations of
the air-sea exchange and additionally a case without phytoThe results of 10 separate model runs with different values
plankton growth and grazing (Table 1). The mean absoluteof kmin are shown in Fig. 2. It is a Taylor diagram of the
error (mean value of the absolute differences between simusensitivity of the model to the vertical turbulent exchange.
lated and measured values) represents the magnitude of thighe diagram shows the model to reference statistics for the
difference between the BED observation data and our numerexygen, phosphorus, ammonium, nitrate and chloropdyll
ical simulations, while the linear correlation coefficieRt, fields during the period 1998—2003 at Bornholm station (BS).
measures the strength and the direction of a possible lineafhe parameter investigated here is the minimum turbulent
relationship between them. A root mean square differencekinetic energykmin, Which is used in the turbulence model
(RMSD [mmol O/m?3]) of simulated and measured surface as a parameterisation to account for unresolved mixing pro-
oxygen concentrations is also given in Table 1. It is a mea-cesses such as internal waves (Burchard et al., 2006). The
sure of discrepancies between simulated and observed sucolour bar represents 10 different valueskgafn x 107 in
face concentration of oxygen. A complete description of thethe interval [5;30]. The selection of this interval is based
above mentioned statistics can be found in Taylor (2001).0n the values ofkmin used in the forth numerical experi-
The statistics are calculated on the basis of the available meanent of Burchard et al. (2006). Generally, the best model
surements of the surface oxygen content during the studiegerformance is achieved for oxygen (the highfsvalues
six year period at GS and the corresponding simulated valand the smallesO values). Limiting nutrients have an in-
ues. In case | (constant piston velocity and linear oxygen sattermediate goodness of fitR(values ranging from 0.4 to
uration) both mean absolute error and RMSD reach the high9.8 and 0 values from 0.65 to 1) and chlorophydl has
est values, while the correlation coefficient has the lowestthe highest misfit with the observed values. The spread of
value (Table 1). We have found the best agreement with the&eomparison points in Fig. 2 demonstrates thah is an im-
observation data in case IV (new piston velocity and nonlin-portant parameter for predicting all the presented state vari-
ear oxygen saturation). The comparison of statistics in casables. We found the best fits for nutrients in the interval
Il and 1Il with case | shows that the model improvement is 6 x 107 < kmin < 8 x 10~/[m?2/s%] (blue colour in Fig. 2).
caused approximately to the same extend by both variabldét appears, that chlorophydl is not strongly influenced by
piston velocity (Egs. 4 and 5) and nonlinear oxygen saturathe variation ofkyin. Since our interest is mainly related to
tion (Weiss, 1970). the oxygen dynamics, we will discuss in detail the sensitivity
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of oxygen to changes in the vertical turbulent mixing. Fig-

ure 2 clearly indicates that the model overestimates the sea-

sonal variability at lowkmin (< 7.10~7[m2/s?]) and under- 1
estimates it at highmin (> 15.10'[m?/s?]). The value of

& changes rapidly with increasinignin, while the value of

R does not. In other words, the vertical turbulent mixing
has a higher influence on the amplitude rather than on the
phase of the simulated oxygen field. Both minimum of the
total RMSD (indicated by &”) and minimum of the unbi-
ased RMSD (dotted lines on the Taylor diagram are the iso-
lines of Q) are found forkmin = 1.10~8[m2/s%]. Thus, the

Normalised Standard Deviation
o °
= >

bias between modelled and reference fields has also a mini- oz
mum at this point. 11,0

The best fit between the model and reference oxygen fields % = 5 04 06 08 ¢ 12
was found folkmin x 10'[m2/s2]: 8 at GS; 25 at AS; 80 at FS; Normalised Standerd Deviation

5at LS. These part:CUIar Yaluesmi” are l_‘ls,ed n f”‘” simula- Fig. 3. Taylor diagram comparing’, S and O calculated by the
tions presented below. Itis obvious thin is an important use of BED forT'/S relaxation (comparison points are denoted with

model parameter and one must decide carefully how t0 pagmaj| etters) and 3-D model values faVs relaxation (denoted
rameterise it when one couples the GOTM-BIOW model  with capital letters). The pattern statistics Bf S and O are nor-

with a 3-D circulation model of the Baltic Sea. malised by the standard deviation of the corresponding observation

There is a decreasing trend of the optinkaln for oxy- field. Different letter colour in the diagram refers to a particular
gen (80; 25; 10; 8; 5)10‘7[m2/52] with distance from the station: BS — blue; GS —red, AS - green; FS — yellow.
entrance of the Baltic Sea, which might reflect the decrease
in the effective vertical exchange in the Baltic. The strength , . , )
of the density stratification expressed as the observed meah@t &ll comparison points af/S in the run (i) are very close
vertical density difference (bottom to surfacg)ikg/m®] for (0 the reference. o .
the period 1998-2003, shows a similar spatial pattern: 11.56 |tcan be seenin Fig. 3 that the forcing with BED data gives

at FS: 8.17 at AS: 8.63 at BS: 6.4 at GS and 6.41 at LS. slightly better results for oxygen. The close coincidence of
the oxygen comparison symbols for FS and AS (yellow and

green letters) points to the low sensitivity of the oxygen dy-
namics at these stations to the prescribed salinity field. The
influence of ther' /S forcing data is more pronounced for the

) ) ] ) other two stations and in particular for BS whére- 0.8 and

As it has been mentioned in Sect. 3, the model is relaxedg _ g 95 in the run (ii). However the agreement of the simu-
to prescribed depth profiles of temperaturg @nd salinity  |5ted oxygen with the observation data is better in the run ().
(8)- The relaxation t@'/$ profiles is necessary for 1-D sim-  pegpite the underestimation of salinity, the good results for
ulations in an environment where lateral processes cannot b8xygen demonstrate that it is possible to utilise 3-D model

neglected (Reissmann et al., 2009). The model performancgata forr/ s relaxation in all cases when observation data is
depends on the salinity relaxation time scale rather than oRc5rce or absent.

that of temperature.

We have performed two separate runs with two different4.4 Effect of atmospheric forcing
types of T/S relaxation profiles: (i) experimental profiles
from BED; (ii) calculated profiles from a 3-D simulation. A In order to investigate the model sensitivity to variations in
Taylor diagram is drawn in Fig. 3 which is comparifig S atmospheric forcing, we present results from five different
and O (oxygen) calculated by the use of BED dataZf¢§ cases and compare them with the observational data. The
relaxation (comparison points are denoted with small lettersnormalised pattern statistics of oxygen have been calculated
and 3-D model values (denoted with capital letters). The patfor the period 1998-2003 after varying the wind speed val-
tern statistics off’, S and O are normalised by the standard ues in the ERA-40 re-analysis data. Namely, the wind speed
deviation of the corresponding observation field. The differ- has been rescaled by a factor of 0.5, 0.8, 1.0, 1.2, and 1.5
ent colour of the letters in the diagram refers to the different(plotted with different colours in Fig. 4). The close group-
stations. The overall impression from Fig. 3 is tRa§ fields  ing of the comparison points for GS (circles) indicates that
in the run (i) partially disagree with the experimental ones the oxygen dynamics at this deep station is not sensitive to
(reference). This is especially valid for salinity wiitr 0.45 a possible uncertainty in the forcing data. We get significant
andQ ~0.57 at BS and GS, however the model salinity field changes in the modelled oxygen for all other stations. Partic-
is well phased for all stationR(> 0.88). It is not a surprise  ularly, when the wind speed is scaled down the comparison

4.3 Effect of relaxation to temperature and salinity
profiles
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Legend:
OO ®_(GS
‘e "_BS
e * - AS
+-FS

Legend:
* — oxygen

Normalised Standard Deviation

Normalised Standard Deviation

. Nor?nEaIised Standard D:aviation
Normalised Standard Deviation

_ _ ) _ ~ Fig. 5. Taylor diagram for the model sensitivity to limiting nutrients
Fig. 4. Taylor diagram comparing oxygen fields calculated using showing model to reference statistics for the oxygen (red) and the
o!lfferent meteorological forcing at the _prlnmpal stations for _the Pe- chlorophyll a (green) field for the period 1998-2003 at BS. The
riod 1998-2003. Symbols representing the different stations arg:omparison points with the minimum RMSD values are indicated
labelled in the figure. Different symbol colours categorise the vari- by a black diamond ). The ranges of the intervals in which
ation of wind speed scaling: 0.5 —blue; 0.8 —red; 1.0 — green; 1.2/ary the initial concentrations and surface fluxes of nutrients are
—yellow; 1.5 — magenta. given in Table 2.
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points are farther away from the reference than when it is gzof
scaled up. In summary, one can conclude that an increase of st
wind speed by a factor of 1.2 has led to a general improve-
ment in the model performance. For the scaling factor of
1.5 the correlation is slightly improved for FS and AS, even
though the results fo¥ and Q are worse for BS. Another

possible inference drawn from Fig. 4 could be that the wind
speed magnitude of the ERA-40 reanalysis could be under-+
estimated.
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In the model, the nutrient load is taken into account via ini- Fig. 6. Modelled (solid line) and observed (symbols): (a) — surface
tial concentrations and surface fluxes of nitrate, phosphatéemperature at BS; (b) — bottom to surface density difference at BS.
and ammonium. For the 1-D model considered here, the nu-

trient fluxes at the air-sea interface have to be adjusted in

order to parameterise lateral nutrient fluxes. A Taylor dia-chlorophylla fields to a relatively big variation in the values
gram is drawn in Fig. 5 for testing the model sensitivity to of the nutrient surface fluxes could be explained with the sim-
limiting nutrients. It shows the model to reference statisticsple flux parameterisation used (as a constant). Typically, the
for oxygen (red) and chlorophylt (green) at BS. The re- surface water concentrations of nutrients in the Baltic Sea are
sults of 150 separate model runs are shown on the diagrarvery low in summer and high in winter. It worth noting, that
and the corresponding intervals from which the initial con- at these points the unbiased RMSDs have also a minimum.
centrations and the surface fluxes of nutrients are randomlyrhe initial concentrations and surface fluxes of nutrients for
chosen are given in Table 2. The surface fluxes of nutrientsvhich we have found the best fits for oxygen and chlorophyli
are assumed as constants during a single model run. The aw-are given in Table 2.

erage values (for the upper 20 m) of chlorophylare used

for comparison. It appears that both oxygen and chlorophyll

a are weakly sensitive to the variation in the concentrations

of nutrients. Moreover, only the amplitude of the model oxy-

gen field is sensitive, while the phase remains approximately

unchangedR = 0.95). The low sensitivity of the oxygen and
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Table 2. Ranges of initial concentrations and surface fluxes of limiting nutrients used in the sensitive analysis and the corresponding values,
for which the minimum of the RMSD has been found.

Phosphorus Nitrate Ammonium

Range of initial concentratiorfsnmol N/mq] 0.5-0.7 4-9 0.1-0.5
Range of surface fluxgsnmol N/mzd] 0.03-0.1 0.5-1 0.2-0.8
Initial concentrationgmmol N/m3] 0.6 8. 0.4
with the minimum RMSD for oxygen
with the minimum RMSD for chlorophyll 0.6 7. 0.3
Surface fluxegmmol N/m?d]
with the minimum RMSD for oxygen 0.06 0.7 0.4
with the minimum RMSD for chlorophyll 0.05 0.7 0.7
5 Model results and validation layer disappear and finally wave and wind actions mix the
whole layer above the halocline.
5.1 Water column structure The vertical oxygen distribution at BS is shown in Fig. 7

for selected representative days during the year 2001. It is

The annual temperature variation in the surface water of thd'€@rly constantin the layer above the halocline except for the
Baltic Sea is great, with differences of up toZD. For illus- ~ SUmmer months. Moreover, the concentrations of oxygen are
tration, in Fig. 6a is shown the surface temperature at statioffigher in the layer below the thermocline (cold intermediate
BS. The surface temperature at GS (also at FS and AS) pdayer) thanin the other water Iayers. In the haloc;lme oxygen
haves in the same way like that at GS, while the bottom one i§lecreases rapidly, so the halocline acts as a barrier for oxygen
approximately constant ¢T) at both stations (it decreased transport_ into the deeper waters. Thus, one can distinguish
to 3°C only after the cold inflow of 2003). At BS the surface three main Iaye_rs of the water column at BS (as well as at the
salinity is about 7.5 (7 at GS) and the bottom salinity variesOther three stations):

slightly between 15 and 17.5 (12 and 13 at GS) and reaches
a peak of 19.2 after the inflow in 2003. A halocline sepa-
rates the surface waters with lower salinity (6—9) from the
deep waters with higher salinity (15-20), (for all stations ex-
cept for FS, where the surface salinity varies between 16 and — intermediate layer (the depths below thermocline till the
30 and the bottom one between 33 and 35) and excludes the end of halocline), where the temperature, the salinity
deep water from vertical mixing. The halocline begins at a and the oxygen concentrations change significantly;
depth of about 10-20 m in the Fladen station, 30-40 m in the o

Arkona basin, 35-50 m in the Bornholm basin, and 60-70m bottom layer, where the temperature, the salinity and the

in the Gotland basin (IOW, 2003; Wasmund et al., 1998). oxygen concentrations become approximately constant.

For illustrating the seasonal variability of the density |nthe surface layer, the calculated oxygen concentrations are
stratification, in Fig. 6b is shown the comparison betweenijn perfect agreement with the measurements. Then, in the
the simulated and observed density differenoe= o, —  intermediate layer the model well predicts the trends in the
ps [kg/m?] (wherep,, and p,are the bottom and surface den- vertical distribution of oxygen. In the bottom layer, the cal-
sity, respectively) at BS. It particularly indicates the less culated concentrations of oxygen are reasonable however not
stratified winter period and the presence of more stable conmatch well the observations. Negative oxygen is the amount
ditions in summer (Lass and Mohrholz, 2003; Mohrholz et of the oxygen equivalent to the amount of hydrogen sulphide
al., 2006; Sellschopp et al., 2006). The variabilitymfis  produced through reduction of sulphate. Generally, the ver-
simulated quite well, because of the applied salinity relax-tical structure of oxygen is highly correlated with the mea-
ation. surements in each period of the year.

In summer, additionally a thermocline forms at about 15— Correlation coefficientR, normalised standard deviation,
20 m depth and the temperature of the intermediate water bes and RMSD of oxygen concentrations are given in Table 3.
tween thermocline and halocline usually remains the same aghe statistics are calculated on the basis of the available mea-
during winter (4-10C). The thermocline exists until Octo- surements for the full water column during the year 1998 at
ber, then in autumn the surface water starts cooling and sinkfive stations and the corresponding simulated values. In ad-
ing until it reaches the temperature of maximum density. Thedition to the statistics for the four studied stations, the statis-
thermocline and the related density differences in the uppetics for the Landsort station (LS), 440 m depth (see Fig. 1),

— surface (mixed) layer, where the temperature, the salin-
ity and the oxygen concentrations are more or less ver-
tically constant;
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Fig. 7. Vertical oxygen profiles at BS in some selected days of 2001. Calculated results are presented with a solid line, while circles connected
with a dashed line show the observation data of BED.

is also presented to support the model val|dat|9n. The ME3taple 3. Correlation coefficientR, normalised standard deviation,
sured oxygen concentrations of each observation have beei anq root mean square difference, RM8BMolO,/m3], of the
interpolated on the computational grid of the water columnsjmulated and measured oxygen concentrations in the full water col-
and thenr, ¢, and RMSD are calculated (the same proce-umn forn days in the year 1998.

dure has been done for the statistics presented in Table 4).

It should be noted that the number of observations at each  vear1998 ES AS BS GS LS

station is about 15 per year and the number of observation
points in the water column related to the station depth is also
similar for all stations. Therefore, we can consider the statis-
tics of these stations as equally reliable. The model-data
agreement is perfect for BS, GS and LS and nearly perfect
for the other two stations. The relatively low values of the
RMSD in comparison to the variability of the data indicate a
close match between predicted and observed concentration.?é
In summary, the statistical quantities support our conclusions
that the model successfully reproduces the vertical water col-
umn variability of the oxygen.

n 16 15 14 15 32
R 0.83 0.83 0.97 0.98 0.99
6 0.80 0.94 1.0 0.91 0.94
RMSD 27.24 30.81 29.92 4243 30.81

ble 4. The same statistics like in Table 3 but for a six year period.

1998-2003 FS AS BS GS
96 80 78 77

n

5.2 Seasonal and interannual variability R 079 080 097 096
o 0.65 0.71 1.00 0.79
RMSD 35.28 39.30 31.71 79.49

5.2.1 Surface and intermediate layer

The model results are analysed at the previously identified

three main water column layers for the period 1998-2003.

Figure 8 shows the modelled time series of surface oxygertegat, close to the North Sea, where the surface water salin-
for all stations compared with the BED and FIMR data. The ity is affected by the irregular inflows and outflows of salty
time interval between two subsequent major ticks in all timeOr brackish water, respectively. Despite this little misfit, the
series plots is 2 months. At the surface, the modelled oxyger@dequate accordance between simulations and data indicates
is in a near-perfect agreement with the observations. Théhat the parameterisation (2), (4) and (5) used to compute the
observed increase of surface oxygen concentrations with desurface oxygen flux is appropriate for the Baltic Sea and the
creasing surface temperature is well captured by the modefime evolution of surface oxygen is mostly determined by the
Some peaks of the oxygen concentrations are underestimatétfs exchange at the surface.

for FS (Fig. 8d) for the years 1999, 2002 and 2003. Thisis The oxygen time series in the intermediate layer are shown
partially caused by the inflow of oxygenated surface waterin Fig. 9. In the intermediate layer the model matches very
from the North Sea at this station. FS is placed in the Kat-well the data, see the stations GS (50 m depth in Fig. 9a), BS
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Fig. 8. Simulated six year time series of surface oxygen. Calculated
results are presented with a thick solid line, FIMR data with aster-
isks, and BED data with diamonds: (a) — at GS; (b) — at BS; (c) — at
AS; (d)—atFS.
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— P— Fig. 9. Oxygen time series in the intermediate and bottom layer for
(40m depth in Fig. 9b) and AS (20 m depth in Fig. 9c). The a six year period. Calculated results are presented with a thick solid

discrepancy between calculated and observed Concentratlorﬂﬁe: magenta colour (intermediate); red colour (bottom). BED data

of oxygen is higher at station FS (Fig. 9d). This is expectedig genoted by black squares (intermediate) connected with a thin
because the influence of horizontal advection is more profine and blue circles (bottom) connected with a thin line. FIMR

nounced at FS than at the other selected stations. data is presented with green asterisks. (a) — at GS; (b) — at BS; (c) —
atAS; (d) —atFS.
5.3 Bottom layer and inflow dynamics

The model performance in deep water layers, at the bottom, Notwithstanding that the main hydrographic conditions of
is not really satisfactory (Fig. 9). The sediment oxygen de-the Baltic Sea are characterised by permanent salinity strat-
mand is only partially taken into account in the model and ification, these conditions are not the same for the differ-
therefore the simulated bottom oxygen is approximately con€nt regions of the Baltic Sea. The bottom temperature is
stant in time at the deep stations GS and BS. A modifiedabout constant except during inflow events for the stations
model of Neumann et al. (2002) including a non-Redfield of the Baltic Proper and varies seasonally at AS and FS. The
stoichiometry has not led to a significant improvement of thevariation of bottom salinity is shown in Fig. 10, exhibiting
simulated near bottom oxygen at a central Gotland Sea stavery distinct features in the different regions. In the Kattegat
tion (Kuznetsov et al., 2008). The introduction of a prog- area (Fig. 10a) frequent small variations occti}, in the
nostic sediment layer is still an ongoing development for thisArkona basin (Fig. 10b) we find large quasi seasonal fluctu-
model. Contrary to the surface layer, the horizontal advec-ations ¢~10) and in the Bornholm Sea (Fig. 10c) there is a
tion of oxygenated water is a very important component ofsteady decrease interrupted by irregular inflow events.

the oxygen dynamics in the bottom layer. This can be clearly When one compares the evolution of bottom temperature
seen by the sudden increases in bottom oxygen in Figs. 9a,land salinity with bottom oxygen at FS, AS and BS, several
which are linked to the major inflow in January 2003. features of these time series can be underlined. First, at the
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entrance area (small bottom salinity fluctuations) where sta-
tion FS is placed, we find a strong negative correlation be- zss| ¢
tween observed temperature and oxygen field®(@f, O,) = Af
—0.82. This seems to indicate that the bottom oxygen con-
centration at FS is mainly determined by the inverse temper- . L L o ‘
ature dependent oxygen saturation and less by the sediment 1099 2000 s 2002 2003 2004
oxygen demand.

Second, the picture at AS is more complicated, as both
temperature and salinity variations are influencing the bot-
tom oxygen dynamics. For example, at the end of August
1999 there is a summer inflow of warm and salty water V \
from the Belt Sea, at the same time oxygen is depleted and .5 T T 2
therefore it reaches a minimum. A similar event happens in ®
July/August 2002. Contrary to these low oxygen summer 2
inflows, the normal winter inflow of high salinity and low  z*f
temperature is oxygen saturated (see the inflow in Januaryé N
2003). As a consequence of these different inflow types, the £ "'/
correlation between observed temperature and oxygen fields 1_2 AR A4 VoM ten AN
in the bottom layer at AS i®(T, O2) = —0.57. 199 1999 2000 X 2002 2003 2004

Third, in the Baltic Proper, at BS the increase of oxy-
gen usually corresponds to a sudden increase in salinityrig. 10. Time series of bottom salinity for a six year period. Calcu-
(Fig. 10c). The correlation between salinity and oxygen inlated results are presented with a thick solid blue line, observation
the bottom layer seems to indicate that the increase of thélata of BED with magenta squares and FIMR data with green aster-
near-bottom oxygen is due to infrequent pulses of North SedSks: (8) —atFS; (b) —atAS; (c) —at BS.
inflow. The warmer inflows in October 1999 and Decem-
ber 2001 (Feistel et al., 2003a) bring less oxygenated watet . . .
however t(hey ventilate to som)e extgnd the ggttom water a{hg any inflow dynamics. Evidently, the near bottom oxygen

. . . —dynamics and near bed consumption are not well considered
Bornholm station. The decrease of oxygen during stagnatlo%nd further adjustments to the model are necessary. How-

periods which is caused by the sediment oxygen demand i ) . )
practically not captured by the model. It appears that at BS%ver, even the correct accounting of the sediment oxygen de

and GS. the bottom oxvaen flux is of higher importance formand will not lead to improved 1-D simulations, as we have
' Y9 9 P ._to consider advection by applying a 3-D model or at least

the oxygen concentration. Therefore, a better parameterisa- ' .
parameterise the effect of the inflow events on the oxygen

::g:q of the oxygen consumption in the bottom layer is eSSeNn-. . centrations for the 1-D runs.

In summary the seasonal variability of bottom oxygen atg 3 1 Summary statistics for a 6 year period
stations FS and AS is only partially matched by the model; it
is only capable to capture the variation to some extent, withSummary statistics of the interannual model performance
a reduced range of amplitudes and with a phase shift of 1Table 4) shows a high correlation between the observed and
2months. The oxygen dynamics in the more central Balticmodelled valuesR andé are close to one, the RMSD are
stations (BS and GS) cannot be reproduced by a 1-D modetelatively small, although they are higher than those for the
However, the discrepancy between model and observationglear 1998 (Table 3). Especially, the RMSD at GS is approx-
data is not only due to the omitted horizontal advection asimately doubled due to the existence of permanent mismatch
the 3-D circulation model used by Neumann et al. (2002)petween model results and observational data in deep wa-
predicts also too high values of the near bottom oxygen ater layers (Fig. 9a). The summary statistics are generally
BS and GS (stations 213 and 271 in Fig. 13 of Neumannless favourable for FS and AS than for BS and GS. The
et al., 2002) for the period from 1983 until 1990. Unfortu- modelled values of oxygen underestimate the measured ones
nately, it seems that the simulation of the horizontal trans-(5 = 0.71at AS ands = 0.65 at FS). The low values of the
port of their 3-D model is too diffusive (see the near bottom correlation coefficient at FS and AS are expected because of
salinity in Fig. 5 of Neumann et al., 2002), so that likely in the phase shift in the bottom oxygen time series (Fig. 9c, d).
the simulations no inflowing oxygen rich water has arrived This discrepancy is mainly due to the effect of inflow dynam-
at the bottom of the Gotland Sea. In Neumann and Schics and oxygen sediment demand which are fairly considered
ernewski (2005) the vertical resolution has been increasedn the model. Unfortunately, there is not enough observation
which led to some improvement of the near bottom oxygendata to check this assumption.
concentrations. The calculated time series of near bottom
oxygen intersects with the observational data without show-

[N
X

Bottom sali
w
&
T

25

N
=]
T

Bottom salinity

151

WWW.ocean-sci.net/6/461/2010/ Ocean Sci., 6, 46%4-2010



472 S. Miladinova and A. Stips: Sensitivity of oxygen dynamics in the water column

Thus, the statistics presented in Table 4 confirms the in- A A AN AA AL AR AAAAAMA AL A AL AL AL A A
formation shown in the time series plots (Figs. 8 and 9). The “
agreement between modelled and observed oxygen concen-
trations will be a little better if we would exclude the year
2003 from the comparisons. This exclusion could be justi-
fied for our 1-D simulations because of the occurrence of the
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major inflow event in January 2003 (Feistel et al., 2003b), & 1999 2000 2001 2002 2003 2004
which would require the consideration of horizontal oxygen @
transport. A
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5.3.2 Chlorophyll @ simulation

Average Chla [mg/ms]

Biological activity is another major factor controlling oxy-
gen concentrations. The interannual variability of simulated W MR E T e
and observed average phytoplankton concentrations, shown 19 1999 2000 2001 2002 2003 2004

as average chlorophydl (Chl a) is given in Fig. 11. The

time series of calculated Chi concentrations and in-situ Fig. 11. Modelled (thick solid line) and in-situ data (denoted with
data of BED and FIMR correspond to the water column av-blank magenta diamonds and green asterisks) of average: Chl
erage values (from the surface to 20 m depth). Also pre-[mg/m3] at: (a) — BS, (b) — GS. Data from satellite images (EMIS
sented in the figure are the monthly mean values taken fronglatabase) is presented with filled black circles connected with a
satellite images (Environmental Marine Information Systemdash line.

(EMIS) databasehttp://emis.jrc.ec.europa.gu/The model
predicts a spring bloom mostly composed of diatoms andb
flagellates in the beginning of March for BS (Fig. 11a) and

8
6
4
2
0

oth measured data types (in-situ and satellite data). The
satellite data are often missing the spring bloom peak, which

in the beginning of April for GS (Fig. 11b). To some ex- __. : . .
. -t . might be related to cloud cover during that time. An interest-
tent this result coincides with the HELCOM (1996) report ing finding is that the model shows better succession in the

stating that the spring bloom of phytoplankton develops ear- h | L :
: . g nkton content for th rs when in-situ an Mli
lier at the western part of the Baltic Sea than in its easterrP ytoplankton content for the years whe situ and satellite

d north ts. In the latt ¢ ing bl data match better. This might be an indication that in such a
and northern parts. in the fatlerareas, a strong spring bloon, ;¢ agreement the observed data are more representative
develops in April/May, followed by a small summer bloom

in JUlV/A t and t bl in October/N b of the real situation in the field. Despite the above mentioned
in July/august and-an autumn bioom in JCLObErINOVEMDEL. . yiationg of the model, we can conclude that under the in-
After mild winters, the spring bloom could appear earlier.

. . o fluence of atmospheric forcing and at different hydrographic
?é?%gtgfofglg?gl rzllz(taerﬁnt%etshlen r:']:'(:gg gggtﬁtg\'}g%g;?g tﬁharacteristics the model reproduces the annual and interan-
al., 1998) and the strength of the winter deep mixing (Janssen ual variability of oxygen typical for the Baltic Sea.

et al., 2004). There is weak evidence of a summer bloom in

the model results at BS (Fig. 11a), however, it is not simu-6  Summary and Conclusions

lated for GS (Fig. 11b) by the model. Typically, the autumn

bloom is predicted to develop in September/October. Then the present work we have examined the influence of some
autumn peak is well phased and the timing corresponds tamportant physical and geochemical factors on the oxygen
all presented observation data. There is a reasonable agreeencentrations at several regions of the Baltic Sea. For this
ment between the modelled and observed average:@hl  purpose we have used the GOTM-BIOW model. The
2003 at BS, however, in all other years the model predictsmodel has been forced with meteorological data for a six year
lower bloom peaks than the observed ones at both stationgeriod. Modifications in the parameterisation of the air-sea
BS and GS. Still one has to keep in mind that comparing in-oxygen fluxes have led to a significant improvement of the
situ and model data involves not only model but also data unmodel results in the surface and intermediate water levels.
certainties. It should be obvious that the typical random pullSensitivity analysis has been performed in order to exam-
of a bucket of water out of a patchy plankton bloom might ine the influence of turbulent mixing, hydrographic forcing
lead to a drastic over- or underestimation of the real mear(salinity and temperature profiles used for relaxation), atmo-
Chl a concentrations in the measurement area. This couldpheric forcing (wind speed), and nutrient loads. The nor-
be overcome only by rather expensive measurement methodsalised standard deviation, the correlation coefficient and
as for example taking about 100 random samples within thehe normalised unbiased RMSD from each model to ref-
comparison region in order to establish statistical means anérence field comparison are displayed as Taylor diagrams.
confidence intervals for the measurements. Additionally, asThere can be no doubt that the 1-D model used here allows
depicted in Fig. 11, there is not a good agreement betweeto distinguish the most important driving mechanisms of the
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oxygen dynamics in the Baltic Sea. An additional strong ar-the horizontal advection of oxygen in the 1-D model, we
gument supporting 1-D modelling is the fact that the usedcould not simulate the increase of bottom oxygen during in-
ecosystem model ERGOM has been applied in many 3-Dflow events. Nevertheless, it is obvious that the oxygen con-
studies of the Baltic Sea (Neumann, 2000; Neumann et al.sumption at the sediment interface demands for an improved
2002; Neumann and Schernewski, 2005, 2008), but the apparameterisation. However, one has to keep in mind that
parent poor parameterisation and simulation of the surfacevhen incorporating a better sediment oxygen demand pa-
oxygen dynamics in the model passed unnoticed for moreameterisation in a 1-D model, the results of the simulation
than 10 years. We would therefore argue that before anyould even become worse because of the fact that an eventual
ecosystem model is used in 3-D simulations, it should be vig-higher consumption will not be counterbalanced by oxygen
orously tested in a 1-D framework. transport. The statistical properties of the modelled nutrient

We could confirm that the major factors controlling the and phytoplankton concentrations are also reasonable. This
oxygen dynamics in the Baltic Sea are natural physical fac:demonstrates the good capability of the model to predict the
tors, like the magnitude of the vertical turbulent mixing, wind 0Xygen dynamics at all selected stations.
speed and the variation in temperature and salinity. The in-
fluence of limiting nutrients is less pronounced, at least undercknowledgementsie are grateful to the Baltic Nest Institute,
the nutrient flux parameterisation assumed in the model.  Stockholm University and the Finnish Institute of Marine Research

The interesting fact that the minimum kinetic energy usedfor making available the hydrographic and chemical data trough the

in the turbulence model giving the best fit of simulations to Baltic Environmental Database.

observations is decreasing with the distance from the enspecial thanks go to the GOTM developers for providing and
trance of the Baltic Sea, namelymin = (80; 25; 10; 8;  maintaining the model. Critical and at the same time helpful
5)x10*7[m2/s2], could be a hint to unresolved mixing due comments of two anonymous referees and relevant suggestions
to e.g. breaking internal waves as the strength of the denby Hans_Burchard and Dimitar Marinov helped us to improve the
sity stratification is decreasing in a similar way. Further this Manuscript

clearly underlines f[he fact tha_t th_e use of a spat|al_ and temM jited by: M. Hoppema
poral constankny in 3-D applications is inappropriate, an

improved parameterisation is urgently needed.

A model validation has been done by evaluating the agree-
ment between predicted values of oxygen and ObservaﬁorI]-Qeferences
data from the BED and FIMR data bases. The correlation
with observation data is good and consistent for all Stati(_)nsAxell, L. B.: On the variability of Baltic Sea deep-water mixing, J.
and with low values of the RMSD (Tables 3.and 4). Spec.lﬂ— Geophys. Res., 103, 667682, 1998.
cally, the oxygen dynamics of the surface mixed layer is sim-gjackford, J. C, Allen, J. I., and Gilbert, F. J.: Ecosystem dynamics
ulated in close agreement with the observations. The factthat at six contrasting sites: a generic modelling study, J. Marine Syst.
the oxygen dynamics at the surface can be accurately sim- 52, 191-215, 2004.
ulated by a 1-D model has been already shown by Vichy etBonsdorff, E., Bnnberg, C., and Aarnio, R.: Some ecological prop-
al. (2004) for the BS during the stagnation period 1979-1990 erties in relation to eutrophication in the Baltic Sea, Hydrobiolo-
and by Kuznetsov et al. (2008) for the Central Baltic Deep  9ia, 475/476, 371377, 2002. _
during 1978-1993. However, it comes certainly as a surprisdtrchard, H., Petersen, O., and Rippeth, T. P.: Comparing the per-
that even the very dynamic transitional stations FS and As formance of the Mellor—Yamada and k-e two-equation closure

. e models, J. Geophys. Res., 103, 10543-10554, 1998.

are very well simulated by the 1-D model, which is ignor- . _ .
. . . . Burchard, H., Bolding, K., Kthn, W., Meister, A., Neumann, T., and
Ing compl_etely the advection of oxygen. And this remamns - ymjauf, L.: Description of a flexible and extendable physical-
true even in the case when a major inflow event appears like piqgeochemical model system for the water column, J. Marine
this in 2003. Therefore, it can be concluded that in the sur-  gyst., 61, 180211, 2006.
face layer the dynamics of the mixed layer and the oxygerreistel, R., Nausch, G., and Hagen, E.: The Baltic inflow of autumn
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