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Chapter 1

The Vistula Lagoon -
Modelling results and recommendations

Mariusz ZalewsKi Malgorzata RobakiewiézBoris Chubarenkt Andrey Sokolo¥,

Aleksander Kilest) Malgorzata Bielecka
'National Marine Fisheries Research Institute, Palan
?nstitute of Hydro-Engineering of the Polish Acagesh Sciences, Poland
®Atlantic Branch of P. P. Shirshov Institute of Ogelagy of Russian Academy of Sciences, Russia

1. Introduction

In this report calibration and validation resulfsnaodels set up to answer specific questions
related to the impact of different climate and semtonomic scenarios developed for the
Vistula Lagoon will be presented.

The multi-model approach is used for the Vistulgdan to analyse a coastal lagoon dynamics
on different time-scales - from seasonal variatiomshe climate scale variations (30 years)
under natural and anthropogenic forcing.

Climate change and socio-economic impact on thesh@undary Vistula Lagoon is analysed
with the application of the two modelling suits) the Delft3D numerical model analysing
response of the Vistula Lagoon to the climate aodioseconomic impacts and) MIKE
modelling suite to answer a specific, however viengortant to Kaliningrad City, question:
what will be the impact of climate changes on thé @trusions into the Pregola River,
polluting the city’s fresh water uptakes.

The first numerical model of the Vistula Lagoon wset-up based on Delft3D software
(Deltares 2010). Due to natural processes, maimbydirectional flow in the Baltiysk Strait
responsible for water exchange between the lagadrtlee Gulf of Gdask, it was decided to
use a three dimensional approach to represent ibtell& Lagoon. The modelled area was
covered by a curvilinear orthogonal grid in theibontal plane (Fig. 1.1) and in the vertical by
a system of layers using sigma coordinates (Talile In the hydrodynamic model spatial and
temporal variations of water levels, currents aalbihgy were reproduced. Results from this
model were coupled with the water quality modelahhiakes into account such processes as
nitrification, denitrification, algae growth, resgiion and aeration, mineralization of particulate
and dissolved organic matter; for more detailsh@nmhodels set-up see LAGOONS 2012b.
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Fig. 1.1. Representation of Vistula Lagoon by dimear orthogonal grid: hydrodynamic model (left),
and aggregated grid for water quality model (right)

Table 1.1. Discretization of Vistula Lagoon in veat plane.

layer no| thickness [%] layer no| thickness [%]
1 5 8 9

2 9 9 7

3 12 10 4

4-6 14 11 2

7 10

The second numerical model of the Vistula Lagoos g&t-up based on MIKE modelling suite
(MIKE 21 & MIKE 3 Flow Model FM Hydrodynamic and @&nsport Module. 2005). The
model will applied in order to carry out some s@gopéntary simulations basing on specific
data for the Russian part of the Vistula Lagoooaweer the whole spectra of the tasks related to
the lagoon simulations of climate scenarios.

As it was mentioned in D61.1, the MIKE modellingsym (also used in the MANTRA-East
project in its 2D version) was used for the Vistudaoon in two versions: (1) regular grid (200
x 200 m) and 2-dimensional version, which was tradally operated in Kaliningrad region
and installed at end-users institutions, and @jilflle mesh version (mesh size of 50-100 m in
the river stream and of 1 — 1.5 km in the lago@agralso in 2-dimensional mode, which is
recently used for the scientific analysis.

Calibration of both 2-dimensional versions of théKE21 regular grid and the MIKE21
flexible mesh for the simulations of the Vistulagomn hydrology and an effect of salt wedge
intrusion upstream the Pregolya River (to finalgeparation of the model set-up for future
climate simulations) was made.
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Table 1.2. Description of model set-ups for simolza on the basis of data for the Russian patief t
Vistula Lagoon.

Model Grid size Vistula Lagoon Vistula Lagoon Results
version only and downstream
of the Pregolya
River
Calibration/verification of salt wedge intrusion upstream the Pregolya River
MIKE 21 (2- | 200 x 200 r Period 09.04 - Salinity variations
dimensional) 20.11.1998, (one year) over
model warming the lagoon
01.01-09.04.98,
MIKE 21 Flexible mesh Vistula Lagoor Shor-term Water level
Flexible Mesh | triangular elements | was included into | episodes: variations and

(mesh size is of 50-
100 m in the river
stream, and of 1 —

domain as
adjacent water
body

29.09 - 11.10.12,
2 sec time step
(calibration

salinity intrusion
in the Pregolya.
Calibration data

1.5 km in the lagoon
area).

period) of salinity in the
river were
collected for 06 -
08.10.2012.
Verification
period 13.08 -
15.09.2013.
Exact data for
verification —

04.09.2013.

2.DELFT 3D modelling suite

2.1 Data overview and analysis

Each numerical model requires its calibration aalithation to confirm that processes modelled
reproduce those observed in natural conditions. é¥ew it is well known that any numerical

model is not able to reproduce conditions obsermedature perfectly. From one side, the
discretization of the modelled area introducescuoaacies, on the other the existing knowledge
on forcing phenomena is limited by data availapilibth in time and space. The main goal of
the model calibration and validation is to estimati®rs in representation of natural processes.

To calibrate the hydrodynamic and water quality eleddata from three consecutive years
1998, 1999 and 2000 were applied. They were celteetithin EU FP5 “MANTRA—-East”
project (Bielecka et al., 2004). For the modeldation purposes, data from the year 2009 were
collected within the LAGOONS project.

Below an overview of data sets applied for botlibcation and validation are presented.
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2.1.1Climate data

The Vistula Lagoon is an area where three basmatic parameters influence hydrodynamics
and water quality, namely wind, air temperature jargtipitation.

Wind is the main forcing of water movement in thistula Lagoon; in natural conditions its
direction and speed vary in time and space. Contisumeasurements of wind conditions are
limited to two stations in the Vistula Lagoon regiBaltiysk — on the Russian side, Frombork
- on the Polish side). Based on earlier analysigléBka et al. 2004) it was found that to
reproduce hydrodynamic conditions in the Vistulgdan wind measurements from the coastal
station Baltiysk can be assumed as representativéhé area. Wind velocity and direction
were measured for all analysed periods with a feaqy of 3 hours by the Kaliningrad Centre
for Hydrometeorology and Environmental MonitoringGGMS), Russia. Comparison of wind
roses for each year presented in Fig. 2.1 showsirthall analysed years the southern wind
dominates; from that sector the maximum wind magl@twas usually observed. Eastern wind
was observed rather frequently, however its madeithardly ever exceeded 4 m/s in the
analysed years.
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Fig. 2.1. Comparison of wind roses for the Baltigsktion for years 1998-2000 and 2009.

Air temperature and precipitation are very impadrtparameters characterising climate in the
drainage basin of the Vistula Lagoon. They arectlyeelated to amount and temperature of
water discharged by rivers into the lagoon. Bottap®ters were analysed in details in Chapter
6.1 of D5.1 Report (LAGOONS 2013).

2.1.2Hydrological data

Hydrology in the Vistula Lagoon basin is cruciabrn the point of view of lagoon’s
hydrodynamics and water quality. Inflow of rivermater into the lagoon modifies the general
water circulation pattern created by meteorologomaiditions. In the same time riverine water
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carries dissolved chemical elements playing an mapb role in water quality processes in the
lagoon.

From the modelling point of view the following hydogical parameters are important:
river discharge and water temperature;
water levels;
water exchange through the Baltiysk Strait.

River discharge and its temperature

River discharges play an important role in the riicatiion of hydrodynamic conditions in the
Vistula Lagoon, especially in the river mouth regioAs shown in Table 2.1 (in Appendix 1),
measurements were done regularly on most riveirpacated in the model, however their
frequency varies from 1/day till 1/month. For twdlows (sewage collector, Prokhladnaya)
direct measurements were not carried out; in tlkases estimated values were introduced.
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Fig. 2.2. Location of discharge points (left) anwrage discharges in years 1998, 1999, 2000 &%l 20
introduced into the model.

In the Vistula Lagoon drainage basin discharge ftbenPregola River dominates on the scale
of a year. Its average discharge reached #6 imthe year 1998, ~60%f in the year 1999 and
~48.5 nils in the year 2000, while in the year 2009 it vemdy ~34 ni/s. Much bigger
differences for Pregola River are observed in ttadesof seasons. The most wet was the first
quarter of the year (months I-1ll) when the averadgeharge for the Pregola in all analyzed
years exceeded 110°fs, with the maximum value of 134%s in the year 2000.

The Pastka River, located in the central part of lagoorthe vicinity of the Polish-Russian
border, is characterized by low average dischat§e @4 n¥/s) in years 1998 - 2000, and even
lower discharge (12.7 #s) in the year 20009.
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It is very characteristic that discharge in thel&River was found relatively high in the years
1998-2000 when data were available only 1/monthtHe year 2009 when data were available
1/day much lower average discharge was found.
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Fig. 2.3. Average discharges into the Vistula Lagwodivision into three months periods.

Water levels

Water levels were measured at several coastabissadf the Vistula Lagoon with different
frequencies, for details see Table 2.2 (AppendixThpse data were in use for the calibration
and verification of hydrodynamic model. Data frone tBaltiysk station played a special role;
they were applied as model boundary conditionsaizet analysis of water levels will be
presented in Section 2.3.

Water temperature and salinity in the lagoon

Water temperature and salinity were measured aomiisly at a few coastal stations at the
Vistula Lagoon (Tables 2.3, 2.4 - Appendix 1). Adrhally, those parameters were measured
at vertical profiles (CTD measurements) in a nundfelocations in the lagoon. Overview of
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collected data is given in Table 2.5 (Appendix d) the Polish part, and Tables 2.6 and 2.7
(Appendix 1) for the Russian part. In Fig. 2.4 keation of measurements is given.

Fig. 2.4. Location of CTD measurements in years3i2800.

2.1.3Ecological data

Data for calibration

The hydro-meteorological data and measurement witésh were adopted for reconstruction
of nutrient cycling during the calibration proceduare presented in Fig. 2.5, whereas
parameters and frequency of measurements are fedsenTable 2.8 (Appendix 1). Four
Polish rivers: Paska, Elbhg, Bauda, and Nogat and Szkarpawa (taken togetherg
considered in the model of the Vistula Lagoon estesy. In the Russian part of the lagoon
four rivers were incorporated: Pregofa (with thegést water outflow to the Vistula Lagoon),
Nelma, Prokhladnaya and Mamonovka (Fig. 2.6, T&Be - Appendix 1). Data on nutrient
concentrations as well as organic matter contentewgathered within the EU Project
MANTRA-East (ttp://mantraeast.ibwpan.gda)plThe data used in the modelling are mainly
from monitoring programs carried out by the statenmistration and scientific institutions in
Poland and Russia. Data for the Gulf of Gdansk weéaborated based on publically available
Baltic Environmental Databasént{p://nest.su.se/bed/ The data sources and frequency of
measurements are presented in Tables 2.10 andAppéndix 1).

For the years 1998-2000 and for the Vistula Lagatata from 43 sampling points: 25 in the
Polish part and 18 in the Russian part of the lageere used. The measurement stations are
presented in Fig. 2.7.
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Fig. 2.7. Locations of measurement stations irviseula Lagoon (black dots — location of
measurement points in Polish part of the lagooey giots — Russian part of the lagoon).

Data for validation

In the present work, data from 2009 were used &idation of the model used in the Vistula
Lagoon. The frequency and data sources of hydreanelbgical are presented in Table 2.11
(Appendix 1).

Similarly to the calibration procedure, in the daliion procedure four rivers on the Polish side
and four rivers on the Russian side were takenantmunt. The outcome from the monitoring
programs conducted by the regional administratias the main source of measurement data.
All available data on nutrients and organic mattencentrations in the rivers entering the
lagoon and concentrations in the lagoon’s watetheryear 2009 are presented in Tables 2.12
and 2.13 (Appendix 1).

2.2 Hydrodynamic model calibration and validation
2.2.1Calibration methodology and results

The hydrodynamic model of the Vistula Lagoon is stomcted based on Delft3D-FLOW

software. Taking into account the specific chanastie features of the area, a curvilinear
orthogonal grid in the horizontal plane (Fig. 1akd 11 layers in the vertical, using sigma
coordinates, were introduced (Table 1.1). In thedrbglynamic model, water levels, water
currents and salinity changes in time and space waiculated. The calibration was carried out
using data from three consecutive years 1998, EH@92000. Water currents in the Vistula
Lagoon are mainly wind driven, modified by inflow overs and water exchange with the
Baltic Sea through the Baltiysk Strait. Due to datatation, time varying and spatial uniform

wind conditions as measured at the coastal st8@dinysk were applied.

11
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Initial conditions

Based on available data, the initial conditionseveneated using the following procedure:
- preparation of salinity spatial distribution in &ag based on available historical data;

- run of the model with a steady wind, rivers infland water level conditions as on the
20" December 1997;

- continuous run of the model with time varying boarndconditions till £ January 1998.
Boundary conditions

To run the Vistula Lagoon model the following datere taken into account:

- wind velocity and direction from Baltiysk station years 1998-2000, frequency
6 h (Fig. 2.8);

- water levels (Fig. 2.9; freq. - 3 h) and salinifyig. 2.10— freq. 1 day) in the Baltiysk
Strait — years 1998-2000;

- inflow of rivers — years 1998-2000, frequency as Tmable 2.1 (Appendix 1)
(Fig. 2.11).
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Fig. 2.10. River discharges in years 1998-200@énmain inflows to Vistula Lagoon.

To calibrate the model, several runs using a waémumerical parameters were carried out.

Below, the results from the best run are presentedhat case the following numerical

parameters were applied:

Manning roughness coefficienpC 0.015

0.1%s
1 fAfs
0 ffs
0 s

Horizontal eddy viscosity:

Horizontal eddy diffusivity:

Vertical eddy viscosity

Vertical eddy diffusivity:

0.0025

Wind drag coefficient:

13
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Results

Comparison of measured and modelled values wiiresented for all parameters in the same
manner:

- graphically;

- using two evaluation criteria: Nash and Sutcliffificeency (NSE), and Deviation in
Balance (DB).

Nash and Sutcliffe efficiency (Nash, Sutcliffe, D97s a non-dimensional measure describing
the squared difference between the simulated asdredd values. It is defined as:

",(abs, —sim.)?

NSE=1- =
E?:j_(o'bsi _Obsﬂx]‘

where:obs - observed value;
sim — simulated value.

The efficiency can vary from minus infinity to In case NSE<O the observed mean value
(obs,) is a better predictor than the model, while fd8EB-0 the model is a better predictor
than the observed mean.

Deviation in balance (DB) is a measure which déesrithe quality of simulated model results
as the difference of observed values against thelated ones. It is defined as:

sim_,,— aobs,,
DB = av 2¥ % 100

absmr

where:simy, - mean value of simulated data;
obs, - mean value of observed data.

Comparison of model results with situ measurements covered the following parameters:

- water level variations in time at coastal statiggsaphical comparison - Fig. 2.11; NSE
and DB evaluation criteria — Fig. 2.15);

- salinity variations in the lagoon (graphical compan: Figs. 2.13, Fig. 2.14; NSE and
DB evaluation criteria — Figs. 2.15, 2.16, 2.17parison of averages in verticals — Figs.
2.18, 2.19).
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Fig. 2.11. Water level variations in time at siai located at Vistula Lagoon coast — comparison
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Fig. 2.13. Salinity variations in time at choseodtions in the Russian part of Vistula Lagoon —

modelled versus measured data.
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Comparison of model results using both graphicas@ntation and evaluation measures leads
to the following conclusions:

water level variations at coastal stations areaapced by the model with high
accuracy in most locations taking into account biegd comparison and NSE
measure. The lowest efficiency was observed at NBaterowo, close to the EHg
river inflow to the lagoon. This discrepancy can dglained by probable low
accuracy of discharge for the EQflriver in years 1998-2000 (see Section 2.2.1).
Usage of DB measure for averaged measured and ieddelues leads to errors up
to 60%. However, it has to be noted that variatiohsvater level around the
reference level were taken into account;

salinity variations were analysed separately inRioéish and Russian parts of the
lagoon due to different data sources. In the Pagtialt (Fig.2.15) a substantial

difference is observed between the results fromydas 1998, when the agreement
was good, and years 1999-2000 for which the agreemas lower. In the Russian

part (Fig. 2.16) quite opposite situation can bseoted. In both parts the accuracy
of the modelled salinity is lower than for watevdés as a consequence of much
lower accuracy of input data. Comparison of therayed observed and measured
salinity values (Fig. 2.17, 2.18) shows rather gagteement with the exception of
the year 2000 in the Polish part. The measuredegade much higher than those
measured earlier and later; it seems that a sy§temaasurement error occurred.

2.2.2Validation methodology and results

Model validation was carried out for the year 2088g all numerical parameters as derived in
the calibration process.

Initial conditions

Similarly as for the calibration, also for the dation purposes it was not possible to create
initial conditions using thén situ data. In such circumstances, the procedure tdeciedial
conditions was as follows:

salinity spatial distribution in layers were prepédibased on available historical data
(the same as for the calibration);

run of the model as steady state for th& P@cember 2008 to reach the steady
state;

continuous running of the model as time varyingnét varying boundary
conditions) till £' January 2009.

Boundary conditions

To run the Vistula Lagoon model the following datere provided:

wind velocity and direction from Baltiysk statiogear 2009, freq. 3 h (Fig. 2.19);

water levels (Fig. 2.20; freq. - 3 h) and salinfBig. 2.20— freq. 1 day) in the
Baltiysk Strait — year 2009,

inflow of 9 rivers/discharges — year 2009, frequeas in Fig. 2.21.
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Fig. 2.21. River discharges in year 2009 in thenmafiows to Vistula Lagoon.

Results
Comparison of the model results withsitu measurements covered the following parameters:

- water levels variations in time at coastal statiggraphical comparison — Fig. 2.22;
NSE and DB evaluation criteria — Fig. 2.25)

- salinity variations in the lagoon (graphical comgan: for the Polish part —
Fig. 2.23, for the Russian part — Fig. 2.24; NSHE &B evaluation criteria —
Fig. 2.26 and 2.27; comparison of averages atoadsti- Figs. 2.28, 2.29) .

7 Krynica - T5 ’ 7 Tolkmicko - P10
modeled modeled I
- measured - measured

1.0 “‘

29/08/09 —
16/10/09 —f
03/12/09 —
20/0110 —
01/01/09

07/04/09 —
25/05/09 —
12/07/09 —
29/08/09 —
16/10/09 —f
03/12/09 —
20/0110 —

@
=4
]
=4
S
«

7 Nowa Pasteka - P3 }
08 — modeled
] measured
04 —
E _
% 00 |
04 —|
0.8 T T T T [T T T T T T [T ]

01/01/09

07/04/09 —
25/05/09 —
12/07/09 —
29/08/09 —
03/12/09 —
20/0110 —

Fig. 2.22. Water level variations in time at sia$i located at Vistula Lagoon coast — comparison
between measurements and modelled values — 2009.
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Fig. 2.24. Salinity variations in time at choseadtions in the Russian part of Vistula Lagoon,
modelled versus measured data — 2009.
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The validation of the model, using the data seinfriie year 2009, leads to the following
conclusions:

- water levels were reproduced by the model withnailar accuracy as achieved in
the calibration; for comparison only 3 coastalista were available;

- salinity variations were reproduced by the mode¢hwai comparable accuracy as the
calibration. Better agreement was achieved in tlodsi part of the lagoon.
Comparison of the averaged values of salinity aticads (Fig. 2.28, 2.29) shows
good agreement with regard to tendencies; in neatly cases the model
underestimates the salinity. This situation canultesrom relatively poor
information on water exchange between the lagoartlaa Gulf of Gdask.

2.3 Ecological model calibration and validation
2.3.1Calibration methodology and results

Below the data used to calibrate the water quatibgel and results achieved are described in
detail.

Water temperature conditions

The daily measurements of water temperature invibula Lagoon showed relatively small
differences among the measurement sites in harbdotkemicko, Krasnoflotskoye, Battiysk
and Kaliningrad (Pregola outlet). Although the aggr difference did not exceed C5in the
winter and summer season the difference betweem#asurement sites would even reach 5-
6°C. In the summer season of 1998, water temperataseabove 20C, and the maximum
value on the level 215Z was observed only during 12 days. In contrastemt@mperature in
1999 above 2T was observed for 58 days and the maximum rea@Be@lC. In 2000,
temperature above 20 was observed for 25 days, with the maximum rewcBil,£C.In order

to reproduce thermal conditions of the Vistula Lawgo the average temperature from
measuring points was adopted and that is presentéd. 2.30.
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Fig. 2.30. The average temperature from measuonggused in the model.

Ice conditions

Information on ice condition in the Vistula Lagomas gathered at two observation points — in
Krynica Morska (Polish part of the lagoon) and Kafifotskoye (Russian part of the lagoon).
In December 1997, the solid ice cover was obsefoedlO days, whereas on the turn of
January and February for 11 days. The longest ¢hevith the solid ice cover amounting to 58
days was noted from 20 November 1998 till the baigo of January 1999, and then from 10
February 1999 till the beginning of March 1999. W¥m1999/2000 was warmer than the
preceding one, as the overall number with solidcaeer amounted to 23 days, i.e. from the
end of December 1999 till February 2000. In wirg®00/2001 no ice cover was observed.
Data on ice conditions are presented in Table 2.14.

Table 2.14. Time period of ice condition used ia thodel.

Year Floating ice Solid ice
(time period) (time period)
1998 11.02 - 20.02 30.01 - 09.02
20.11 - 31.12
14.01 - 16.01 01.01 - 05.01
29.01 - 30.01 10.02 - 02.03
1999 02.02 - 09.02 25.12 - 31.12
03.03 - 06.03
29.12 - 31.12
2000 15.01 - 20.01 01.01 - 05.01
23.01 - 02.02

Light conditions

The light conditions in the Vistula Lagoon wereaddished based on measurements carried out
in Gdynia, located ca. 70 km west of the lagoore &kerage illumination dose was ranged
between 1,4-2,1 [MJ td'] (winter months December-January) and 15-21 [M3 dif]
(spring and summer months May-July). In the modétudations, daily values of irradiation
were adopted (PAR - Photosynthetically Active Radg. Additionally, for winter conditions
and at presence of solid ice cover in the Vistuégdon, the daily dose of irradiation was

28



a oons Deliverable 6.2 _"7;

SEVENTH FRAMENEE
ARDGRANMA:

limited to 10% of the measured value, and to 50%éncase of floating ice. Reproduction of
light conditions (PAR) adopted in the model, isgamated in Fig. 2.31.
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Fig. 2.31. Daily light measurements used in the eh@uieasurements done in Gdynia by IMWM).

Wind conditions

Wind conditions for the period 1998-2000 were etabed based on measurements collected in
Baltiysk, with the frequency of four measuremerdadyd The average daily value was adopted
in the model. In the considered period, there pmédated winds with speed 2-8 [rit]s(50-
80% of time within a month). In the winter seasthe frequency and the strength of stormy
winds increases, and at the same time the numbeaysfwith windless conditions (0-2 [5
decreases to a few percent. For winter conditionisa the presence of solid ice cover, zero

value for wind was adopted, whereas 50% of theevalufloating ice. Reproduction of wind
conditions is presented in Fig. 2.32.
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Fig. 2.32. Reproduction of wind conditions usethi@ model.
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Rivers — water inflow to Vistula Lagoon

In the water quality model (Delt3D-WAQ) the aveeagionthly water flows in rivers were
adopted. Data were elaborated based on valuesiusied hydrodynamic model. The detailed
information on water flows in Polish and Russiasers are presented in Section 2.2.

Rivers — concentration of ammonium

Measurements of ammonium concentrations in thesRalvers took place in the Nogat (in
1998 and 2000) and the Bauda (in 1999) rivers. Amuam concentrations in the Pgeh were
approximated based on proportions between N-ldkd N-Kjeld determined for the years
1990-1995, when both parameters were measurefiatmperiod the average value for N-NH
was equal to 39% of N-Kjeld, and such a proporti@s adopted for the years 1998-2000. The

values for the remaining years were approximategd@an measurements carried out in 1989-
1998.

In the Russian rivers, measurements of ammoniume wearried out in the Pregolya,
Mamonovka and Nelma rivers. The gaps in data wiéeel up by interpolation. Lacking data
for the Prokhladnaya were replaced by respectiveantrations in the Mamonovka. In the
majority of cases, ammonium concentrations did exateed 1 [gii]. Higher concentrations

were noted in the Elipy, Nogat and Pregolya rivers. Ammonium concentnatiased in the
model are presented in Fig. 2.33.

20 N-NH,, adopted Paseka

—&— Nogat
—e—Elblag
—8— Bauda

N-NHa4, g m™

0,0

Jan-98
Mar-98 |
May-98
Sep-98
Nov-98
Jan-99 |
Mar-99
May-99
Sep-99
Nov-99 |
Jan-00
Mar-00

30



a oons Deli ble 6.2 __7;

SEVENTH FRAMENEE
ARDGRANMA:

"0 N-NH.. adonted —e—Pregolya
, —e— Mamonovka
—o— Nelma

Jul-98 |

T T
o ©
o ©°
S &
(]
I

T T T T T T T T T T

® ® ® o 9O 9 o O O o 9 9 o 9O o
Q 2 2 %9 2 @ 2 @ Q@ Q@ < Q@ Q@ 9 <
> - = > =5 o > L X = & >
3 ® &8 8 &8 ¥ 3 o & & 8 8 2 © 3
S 0w Z » = = 0w 2 » = = 0w Z2

Fig. 2.33. N-NH concentrations in rivers entering the Vistula Lagosed in the model (based on data
from KCGMS and IMWM). For the Prokhladnaya Rivee game values as for the
Mamonovka River were adopted.

Rivers — concentration of nitrates and nitrites

In the Polish rivers, concentrations of nitratesl amtrites for the years 1998-2000 were
measured in the Pgkh and Eldg. The missing data for the year 1999 for the Baadi
Nogat rivers were adopted in a similar way as enchse of ammonium. In the case of Nogat,
model calculations were based on monthly concaot&ifrom the years 1989-1998, whereas
in the case of the Bauda river, monthly concemnretifrom 1994-1997 were adopted. In 1998
and 2000, concentrations of N-N@ Polish rives had very similar seasonal patteith

maximum values on the level of 2-3 [§in winter season, and below 1 [§min summer
time.

As the data for the Pregolya and the remaining iRassvers were lacking, concentrations
measured by Aleksandrov and Dmitrieva 2003 were.uddditionally, the winter values for
the Pregolya were adopted from the Polish riversr Fhe remaining Russian rivers,

concentrations from the Peakh River were adopted. Data adopted for calculatiane
presented in Fig. 2.34.
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Concentrations of nitrates and nitriteBolish and Russian rivers entering the Vistula
Lagoon used in the model.

Rivers — concentration of phosphates

In some Polish rivers concentrations of phosphate® measured, whereas the lacking data
were adopted in a similar way as in the case of aniunmn and nitrate concentrations. Minimal
concentrations were noted in spring, and those @ilewed by an increase to reach the

maximum values in summer and autumn. Due to tHaente of the city of Elah, maximum
concentrations were noted in the BtpRiver.

As to the Russian rivers, all available data onsphate concentrations were questionable.
Therefore, for the period 1998-2000 mean monthlyes for the vegetative season from the
2001-2002 years (Aleksandrov and Dmitrieva, 2008jenadopted in the Pregolya River. The
winter concentrations in this river were adoptemhfrPolish rivers, and the accepted average
value of P-PQwas equal to 0.1 [gif}. In the remaining Russian rivers, concentratiofisP-

POy were the same as in the Réat River. Data adopted for calculations are preskmm
Fig. 2.35.
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Fig. 2.35. Concentrations of phosphate in PolishRussian rivers entering the Vistula Lagoon used
in the model.

Rivers — concentration of silicates

Silicate data in the Polish rivers were not avadakherefore, the seasonal pattern of silicate
concentrations was calculated on the base of ddkacted in 2002-2004 in the Vistula and
Oder Rivers by M. Pastuszak (NMFRI, Gdynia) andlighbd in Humborg et al. (2006).They
observed maximum values of concentration in wirgeason and minimum in spring and
summer. For all the Polish rivers the same meantmhoralues were used. For the Russian
rivers the existing data were used for the Pregalyamonovka and Nelma rivers; for the

Prokhladnaya river the same values as for the Mawmi@anwere adopted. Data adopted for
calculations are presented in Fig. 2.36.
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Fig. 2.36

. Concentrations of silicates in Polisd &ussian rivers entering the Vistula Lagoon used
in the model.

Rivers — organic carbon

Organic carbon was not measured in the Polish amskiBn rivers. Calculations of this
parameter for the Polish rivers were done on thasbaf COD-Mn relationship using the

conversion factor calculated on the basis of daienfthe Oder River (data from 1993-2006;
Zasoby Wodne Kraju, 1993-2003 and Biuletyn PSHM)42Q006):

Corg = COD-Mn x 1.1902 + 1,3632 (n=302 R0.575)

As the variation of yearly values was very smdig same values were used for the Polish
rivers. Data adopted for calculations are presemnt&ay. 2.37.
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Fig. 2.37. Organic carbon in Polish rivers entgtime Vistula Lagoon used in the model.
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Approximations of organic carbon in the Russiaenmswere done by comparing BODS in the
Polish and Russian rivers. Only the Pregolya Rhaeat nearly twice as high BODS5 values as
the remaining rivers in which BOD5 was on the les€l2-5 [g@m?®]. The same values of

organic carbon were used for the Mamonovka and HPadkaya rivers. Data adopted for
calculations are presented in Fig. 2.38.
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Fig. 2.38. Organic carbon in Russian rivers entethe Vistula Lagoon used in the model.

According to Wetzel (2001), the ratio of dissolh@danic carbon (DOC) to particulate carbon
(DetC) in rivers amounts to about 3:1, whereasuimophic lakes it is about 6:1. For the Polish
and Russian rivers the ratio between DOC and Det€agsumed to be 4:1.

DetC = (Corg - Cphyt) x 0.2
DOC = (Corg - Cphyt) x 0.8

Carbon content in phytoplankton (Cphyt) was cakadafrom chlorophyll-a concentrations
(40:1 [g/9)).

Rivers — organic nitrogen

Concentrations of organic nitrogen for the Polisiens were estimated on the basis of N-Kjeld
and N-NH:

Norg = N-Kjeld — N-NH

In the Russian rivers the concentrations of orgaiiogen were estimated based on data found
in the literature. According to Wetzel (2001), tta¢io of carbon to nitrogen oscillates around
12 in autochthonous organic matter, and reacheS04% allochthonous organic matter.
Organic carbon to organic nitrogen ratio was edeahas 15 for the Mamonovka, Nelma and
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Prokhladnaya rivers, and that was close to theevd@termined for the Polish rivers (in Polish

rivers C to N ratio falls into the range 13.2-1$151998-2000). Data adopted for calculations
are presented in Fig. 2.39.
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Fig. 2.39.

Concentrations of organic nitrogen aigh and Russian rivers entering the Vistula Lagoo

used in the model. The same values were usedddvitmonovka, Pregolya and
Prokhladnaya rivers.

Dissolved organic nitrogen (DON) and particulatgasic nitrogen (DetN) were calculated in
the same way as organic carbon:

DetN = (Norg - Nphyt) x 0.2
DON = (Norg - Nphyt) x 0.8

Using Redfield stochiometric ratios of elementspimytoplankton, the organic nitrogen was
estimated based on carbon content.
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Rivers — organic and absorbed phosphorus

Because there are not data on the proportion betwee-living organic phosphorus and
adsorbed phosphorus, a division of phosphorus phtwsphorus in detritus (DetP), dissolved

organic phosphorus (DOP), and phosphorus adsontedrmorganic matter (AAP) was done in
the following way:

DetP = (Ptot - P-P© Pphyt) / 3
DOP = (Ptot - P-P©Q- Pphyt) / 3
AAP = (Ptot - P-PQ- Pphyt) / 3

In the Polish rivers gaps in the data were filldce lin the case of P-ROAIso organic

phosphorus in phytoplankton was calculated usingfiRlel stochiometric ratios of elements in
algae.

In the Russian rivers phosphorus in detritus (DetB3$ estimated on the basis of DetC and
carbon to phosphorus ratio, based on results froetz&V/ (2001). In particulate organic matter
in rivers and shallow lakes the ratios are as ¥adtoC:P < 135 and N:P < 12 [g/g]. Therefore,
for detritus in smaller Russian rivers, a ratiacafbon to phosphorus = 80 was adopted.

Similarly to Polish rivers, dissolved organic phlbsps was assumed to equal phosphorus in

detritus (DOP = DetP) in the Mamonovka, Nelma anckRladnaya rivers. Data adopted for
calculations are presented in Fig. 2.40.
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Fig. 2.40. Concentrations of organic phosphoraesg®Phyt) in Polish and Russian rivers entering

the Vistula Lagoon used in the model. The sameagalvere used for the Mamonovka,
Pregolya and Prokhladnaya rivers.

As the measurements for phosphorus adsorbed antganic matter (AAP) were lacking in the

Russian rivers, the data for the Polish BlestRiver were adopted. Data adopted for
calculations are presented in Fig. 2.41.
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Fig. 2.41. Concentrations of phosphorus adsoriéal inorganic matter (AAP) in Polish rivers entgrin

the Vistula Lagoon used in the model. The samewata applied in all Russian rivers as in
the Pastka River.

Rivers — organic silicon

Organic silicon in rivers was divided into two arparticulate (DetSi) and dissolved (DOSI)
on the basis of measurements carried by M. PatudMFRI, Gdynia) in the Vistula and

Oder rivers and published in Humborg el al. (2008pnthly means for the years 2003-2004
were adopted according to following ratios:
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DetSi: DOSi=7:1
DetSi = 7/8 Si-org
DOSi = 1/8 Si-org

For decomposing diatoms the same ratio is suggdstetthe authors of the Delft3D-WAQ
manual (Delft Hydraulics, 2001). In the Polish dRdssian rivers the same mean monthly

values of DetSi and DOSi were applied. Data adofitectalculations are presented in Fig.
2.42.
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Fig. 2.42. Concentrations of organic silicon fdriraders entering the Vistula Lagoon used in thedelo

Rivers — chlorophyll-a

For the Elbdg and Nogat rivers all data from the years 1996i2@@re averaged to monthly
values and these results were used to fill gapkia for the 1998-2000 period. For the Bauda

River (due to lack of available data) monthly cbleinyll-a concentrations from the Pgdst
River were used (time period 1996-2001).

In the Russian rivers data for chlorophyll-a coricaions for 1998-2000 were not available,
therefore for the Mamonovka, Nelma, and Prokhladnayers the same values as in the
Pastka River were adopted. For the vegetative seasdhenPregolya River, chlorophyll-a
concentration on the level of 18 [mg Chl-a’lnwas accepted and that value followed the
outcome of measurements carried out in 2001-200&8Ié&ksandrov and Dmitrieva (2003). For
the remaining months, chlorophyliconcentration on the level of 2 [mg Chl-&Jmvas used.
Data adopted for calculations are presented inZF43.
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Fig. 2.43. Concentrations of chlorophyll-a for iBleland Russian rivers entering the Vistula Lagoon
used in the model.

Rivers — oxygen

In all Polish and Russian rivers seasonal pattéroxygen concentrations were observed,
however, there are some gaps in data for the pa988-2000. The pattern of measurements
goes as follows: in the Nogat River - field measugats available from 1998 and 2000; in the
Bauda River — the missing data for 1998 and 2000ewealculated as mean monthly
concentrations from 1988-1997; in the BRatRiver - mean monthly concentrations from the
period 1985-1995 were used in the model; in thdagIRiver - mean monthly concentrations

from 1989-1998 period were used, and in 1999 thesee supplemented with numbers
obtained for the Nogat River.

In the Russian rivers (the Mamonovka and Nelmakimigsmonthly values were calculated by
interpolation. The data for the Mamonovka were uegdhe Prokhladnaya River. Minimum

values of oxygen content were observed in summ@gmaaximum in winter. Data adopted for
calculations are presented in Fig. 2.44.
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Fig. 2.44. Concentrations of oxygen for Polish &ussian rivers entering the Vistula Lagoon used in
the model. The same values were used for the Mavkarend Prokhladnaya rivers.

Rivers — inorganic matter

Concentrations of suspended inorganic matter (Isgduin the model were calculated as a
difference between total suspended matter (TSM)asdm of carbon in detritus (dry form)
and carbon in phytoplankton (dry form) multiplieg 25, which is a ratio DetC/ Cphyt:

IM = TSM — (DetC + Cphyt) x 2.5

Total suspended matter concentrations (TSM) werasared only in the Nogat River in 1998
and 2000, and in the Bauda River in 1999 and 198®2For the Pagta River (as in the case
of oxygen concentrations) the mean monthly cone#iotts of TSM were adopted from the

1986-1995 period. Similarly to oxygen concentratiototal suspended matter was determined
for the Elbhg and Bauda rivers.

Due to lack of measurements of total suspendedemaitthe Russian rivers, values from
Pastka River were applied. Data adopted for calculatiare presented in Fig. 2.45.

41



agoons 4%

Deliverable 6.2 S AR
40 IM, adopted Paseka |
—e— Nogat
3% f —e—Elbl
ag
30 /\ —e— Bauda _|

Jan-98
Mar-98

Fig. 2.45. Concentrations of inorganic matter (Fef) Polish and Russian rivers entering the Vistula

Lagoon used in the model. The same values werefasétiamonovka and Prokhladnaya
rivers.

Nutrients inflow to the Vistula Lagoon from the BalSea

Water inflows from the Gulf of Gdsk have a great impact on the water budget of thauM
Lagoon. For the calculation of nutrient loads tporged from marine into the lagoon waters,
nutrient concentrations from the 0-20m layer in tloethern part of the Gulf of Gdsk were
used. Data on N-NK N-NG, N-tot, P-PQ, P-tot, Si-SiQ, O, and Chl-a concentrations were
assessed from the Baltic Environmental Databhip:{/nest.su.se/bgd/Due to poor coverage
of measurements, for the years 1998-2000 only niypnteans were calculated.

Due to limited data on organic fractions of nuttg&gronly annual mean concentrations of these
parameters could be estimated on the basis of waylBradtke et al. (2005), Burska et al.
(2005), Rcherzewski and Lawacz (1975), Pempkowiak et aB4).9Delft Hydraulics (2001).

Because in the hydrodynamic model salinity of 6 Rf$ adopted for the seawater incoming
from the Gulf of Gdask through the Baltiysk Strait, it was assumed thath water was
composed of one part of the lagoon water (saliBRgBU) and three parts of open sea water
(salinity 7 PSU - typical for surface water of tBalf of Gdaisk). Therefore, concentrations of
all nutrients in water incoming through the BalkyStrait were calculated according to the
following equation:

Cx =0.25 x C-lagoon + 0.75 x C-sea

where:

Cx — nutrient concentration entering the lagoon,
C-lagoon — nutrient concentration in the lagoonenat
C-sea — nutrient concentration in the Gulf of &xla
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Nutrients — atmospheric deposition

Atmospheric depositions of nutrients were carrietiio Gdynia and teba (the open Baltic Sea
coast). These sampling stations were located a@f@ukm and 250 km away from the Vistula

Lagoon. Data from both locations did not show ewmidseasonal trend in variation of

ammonium and nitrogen deposition. Also no cleafed#nce in concentrations measured in
teba and Gdynia were observed. Therefore, atmosptheposition of inorganic nitrogen to the

Vistula Lagoon was evaluated on the basis of data the station in Gdynia (located closer to
the Lagoon than teba). Wet and dry deposition (te@osition) of N-NQ and N-NH, were

taken into account in the model calculations. Ratapted for calculations are presented in Fig.
2.46.

According to HELCOM (2005), phosphorus atmosphdeposition to the Baltic Sea is low,

amounting to 1-5% of riverine inputs in the yea®@0Therefore, this parameter was omitted in
the model.
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Fig. 2.46. Deposition of total (dry and wet) inanic nitrogen measured in Gdynia used in the model
(data based on the data by IMWM).
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Sediments

Nutrient content in the bottom sediment of the $topart of the Vistula Lagoon was studied in
1994 by Ucinowicz and Zachowicz (1996), and the sedimentasar(2cm depth) samples
were collected at ca. 100 sites. In the Russiangiahe lagoon, nutrients in the 0-10cm layer
of the sediment were measured at ca. 20 samplieg Isicated mainly in the north-eastern part
of the lagoon (the Kaliningrad and Primorskaya B&selyanov, 2002). Nutrient content in
the sediment was given as percentage of sedimgnnhdss. Mean C:N:P ratio in the surface
layer of sediment in the Polish part equalled 2and in the Russian part equalled 24:5:1
(data based onddinowicz and Zachowicz, 1996 and Emelyanov, 2002).

Estimations of carbon, nitrogen and phosphorus Wweased on concentrations in clayey silts
(typically found in the Polish part of the Vistulagoon), and silts (common in the Russian
part). The following concentrations of carbon, aifen, and phosphorus: 160 [gC]m26 [gN
m?], 8 [gP n¥] were used as spatially uniform starting valuestia model. Division of
phosphorus pool into organic phosphorus in thensedi (DetPSed) and adsorbed phosphorus
in the sediment (AAPSed) was set arbitrary at &tlor As the data on biogenic silicon
concentrations in the sediment of the Vistula Lageeere unavailable, the data from other
coastal lagoon (Szczecin Lagoon) were used (Padtust al., 2008). According to these
authors, the average content of biologically oagénd SiQ in the 2cm layer equals
128 [gSi nf]. In the model a value of 125 [gSidnwas used as a starting concentration.

In the water quality model the sediment layer (eatd of the nutrients) is described below:

Organic carbon, carbon in the detritus (DetCSeti$& [gC nf],
Organic nitrogen, nitrogen in the detritus (DetNSe@6 [gN nt],
Organic phosphorus, phosphorus in the detritusRBetl) = 4 [gP i,
Adsorbed inorganic phosphorus in the sediment (A&RS 4 [gP ],
Organic silicon, silicon in the detritus (DetSiSed) 25 [gSi ],
Inorganic matter in the sediment (IMSed) = 1250en[d.

Results

For the model calibration, data from 11 measuriomts were used. These points correspond
to eight model “cells” and were used for comparisbthe model calculations with field data.
On the Polish side, seven measuring points correlgubto four model (WAQ) “cells”, and on
the Russian side four measuring points corresporidetbur model (WAQ) “cells”. The
selected stations had the most complete data sdtsvere located along the Vistula Lagoon,
forming a longitudinal transect (Fig. 2.47).
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Fig. 2.47. Location of points used for model cadiiiyn (black and grey points).

In order to statistically compare the empiricaladand the model calculation outcome, two
mathematical measures were used: average devighidDh and deviation of average value

(DAV). These are defined by the following formulae:

n _ 2
AD = l Ziv(xmxe) x100%
n i=1 Xe

where:
Xe — Mmeasured (empirical) value,
Xm — modelled value for the same dates as measurement

n — number of measurements compared during siraalgeriod.

DAV = (Xm— %) / X x 100%

where:
Xe — average of measured (empirical) values,

Xm — average of modelled values for the same dategasurements.
For all the parameters and all the locations, tre¥age values of AD and DAV were used as

final indicators of the model fit.
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Comparison of data simulated by the water qualibglehand measured data showed that the
best fit was obtained for parameters describediwmMariability in time (e.g. oxygen), also for
parameters where field data were available ongnatpart of the lagoon, either the Polish part
or the Russian part of the lagoon (mean value efage deviation < 30% and mean value of
deviation of average values < 20% - absolute vaNesH,, Si-SiQ,, Ntot, Corg, oxygen). The
range of calibration is given in Table 2.15.

Deliverable 6.2

Table 2.15. The range of average deviation (AR) deviation of average values (DAV) obtained in
the model calibration.

Average deviation, data 1998-2000

N-NH4 N-NO3 P-PO4  SiSi04  Ntot  Ptot  Corg  OXY  Chka  SUsP-  Secchi average
Matter depth value
Max 34,4 49,1 64,3 39,2 28,4 45,2 14,2 43,2 401,1 70,6 57,9 77,1
Min 0,0 23,8 20,1 13,9 23,3 20,2 9,9 6,7 34,9 42,7 7,6 18,5
Mean 9,3 33,1 45,3 26,2 26,2 32,6 11,9 14,5 73,3 55,2 29,8 32,5
Deviation of average values, data 1998-2000
N-NH4 N-NO3 P-PO4  SiSi04  Ntot  Ptot  Corg  OXY  Chka  SUsP-  Secchi average
Matter  depth value
Max 2,5 24,9 17,9 -9,9 -7,4 28,8 -3,1 17,9 44,5 5,7 26,3 17,2
Min -51,1 -39,2 -47,6 -30,3 -30,4 -25,1 -10,8 -10,3 -36,4 -7,9 -44,0 30,3
Mean -15,9 -5,2 -21,0 -18,4 -16,4 -7,6 -8,0 -0,4 -6,8 -0,1 -4,2 9,4

For the data available from both parts of lagodw, differences of average deviation were
much higher, up to 65% for phosphate (P-PO4) orneseveral hundred percent for
chlorophylla (Chl-a; Table 2.15). This situation could suggest aelitiit different functioning
of the Polish and Russian parts of the lagoon tlaaidwas not accounted for in the model. Also
the sets of available data might contribute to acrease of differences between model
simulation and field data (data origin from diffatanstitutions which were using different
methodologies).

Significant differences between the overall fielatad and the model simulations outcome of
phosphate concentrations (P4 @sulted rather from different functioning of theosystem in
the Polish and Russian parts of the lagoon, butombt from a disturbance at one single
station.

Measurements data suggest that seasonal pattepheghate concentration in the Polish and
the Russian parts of the lagoon were similar. Alsads discharged to the lagoon by rivers
(with the monthly resolution) might generate diffieces between field and modelled data
(especially for parameters with high variability)he data presented in the graphs (Figs 2.48
and 2.49) are from two locations; the first - (MBRwhich is typical for the central part of the
Vistula Lagoon, close to the Polish-Russian bordaed the second - (AN-1) which is under
riverine water influence as it is situated closéh® mouth of the Pregolya River.
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Fig. 2.49. Variability of phosphate concentratiomgasured/field data and values simulated by
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Nitrate concentrations are a good example of dasmacterized by low variability and qune
nice fit measurement data and model simulationsmAviay to October nitrate concentrations
were low, whereas between the end of October andtiMhey showed high values, reaching
1-2 [gN m?. The model simulates a peak of nitrate conceinimaa little bit lower than the
measurement data. Starting from April, i.e. the il@gg of vegetative season, nitrate
concentrations are steadily dropping to reach timenmam in summer (Fig. 2.50).
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Fig. 2.50. Variability of nitrate concentrationseasured/field data and values simulated by the mode

The largest differences between the model resuits the field data were exhibited by
chlorophylla concentrations. Very low chlorophyll-a concentrasi, observed at the Polish
south-western part of the Vistula Lagoon, can lgentlain reason for this discrepancy to occur.
This can be explained by the presence of densea zabssel bedsDfeissena polymorpha

Ezhova et al., 2005). Zebra mussels are very @fteéitrators, and they are able to filter the

whole water column within a few days (Wolnomiejakid Waniczka, 2003, 2007). The model
did not take into account this peculiarity.

During the vegetation season, chlorophyll-a cormegioins changed from a few to over 60 [g
m] in the central part of the Vistula Lagoon and wi@nity of the Pregolya River mouth (Fig.
2.51). In spring 1998 and 2000, a moderate peathlofophyll-a concentration was observed
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(in April). Then the concentrations dropped (May alune) and increased again in summer
time. In general, high concentrations of chloroplaylvere noted in 1999. This situation was
probably linked to the development of nitrogenrftxicyanobacteria and water temperature in

the Vistula Lagoon (the highest mean value of teafpee in summer compared with values
found in 1998 and 2000).
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Fig. 2.51. Variability of chlorophyll-a concenti@ts, measured/field data and values simulated by
the model.

For all the parameters, mean deviations of avevadiees were lower than 20%, and in most

cases lower than 8% (Table 2.15). It seems th#tanmajority of cases the model generated
values a little bit lower than the field data (TeBl15).
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2.3.2Validation methodology and results

Below the data used to validate water quality maahel results obtained are described in detail.

Water temperature conditions

The daily measurements of water temperature in\Misula Lagoon were used for the
validation procedure. For the model calculationdata set from the harbour of Tolkmicko was
adopted. In 2009 summer season, water temperatoxe 20C was observed during 24 days.
In contrast, in 1999 and 2000, water temperatuoveal2GC was observed for 58 days and 25
days, respectively. Thermal conditions in the MatLagoon in 2009 are presented in Fig. 2.52.
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Fig. 2.52. Water temperature used in the modeldaabn procedure).

Light conditions

As in the calibration procedure, the light condigoin the Vistula Lagoon were established
based on measurements carried out in Gdynia locaed0 km west of the lagoon. In the
validation procedure daily values of irradiationrev@dopted (PAR - Photosynthetically Active

Radiation). Reproduction of light conditions (PARJlopted in the model, is presented in
Fig. 2.53.
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Fig. 2.53. Light conditions used in the model (gation procedure).

Wind conditions

For the year 2009, values of wind speed with d&idguency were adopted. The detailed
information on wind speed in 2009 is presentedhm hydrodynamic part of the report in
Sections 2.1 and 2.2

Rivers — water inflow to Vistula Lagoon

In the water quality model (Delt3D-WAQ) the aveeagionthly water flows in rivers were
adopted. Data were elaborated based on valuesiusied hydrodynamic model. The detailed

information on water flows in the Polish and Russiarers is presented in Sections 2.1 and
2.2.

Rivers — concentration of ammonium

In Polish rivers, data concerning ammonium conegiain in 2009 were taken as monthly
values from the monitoring program conducted by tbégional administration (IEP). Data
adopted for calculations covering 2009 are preseint&ig. 2.54.

As to the Russian rivers, lacking data for 2009 enad adopt numbers from the years 1998-
2000. The selection of a particular year from teaqd 1998-2000 was made by comparing the
average annual riverine outflow in that year witle wvater outflow in 2009. The comparison
gave the following outcome: in case of the Pregdireer, data from the year 1998 were

adopted, whereas in case of the Mamonovka, NelrdaPaakhladnaya rivers, data from the
year 2000 were adopted.
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Fig. 2.54. Ammonium concentrations in Polish rézentering the Vistula Lagoon used in the model for
the year 2009.

Rivers — concentration of nitrates and nitrites

In the Polish and Russian rivers the same procedaseapplied for preparation data for 2009

year as for ammonium. For the Polish rivers datapsetl for the year 2009, the results of
calculations are presented in Fig. 2.55.

N-NO3, adopted
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Fig. 2.55. Concentrations of nitrates in Polisters entering the Vistula Lagoon used in the model
for 2009.

Rivers — concentration of phosphates

Data for 2009 in the Polish and Russian rivers werepared in the same way as for

ammonium. The Polish data are presented in Figh @lfe Russian data are presented in the
calibration procedure).
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Fig. 2.56. Concentrations of phosphates in Polishrs entering the Vistula Lagoon used in the nhode
for 2009.

Rivers — concentration of silicates

In the Polish rivers, concentrations of silicatesrevbased on available 2009 measurements.
Missing data for this year (monthly values) werepmamented by adopting the average value
calculated for the period 2007-2010. Data adoptdtie Polish rivers for 2009 are presented in

Fig. 2.57. As to the Russian rivers, the same phaeeof data preparation was adopted as in
the case of ammonium.

Si-Si0Oy4, adopted
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Fig. 2.57. Concentrations of silicates in Polistens entering the Vistula Lagoon used in the model
for 2009.

Rivers — organic carbon

Data on organic carbon in 2009 in the Polish angskun rivers were prepared in the same way
as in the case of silicates. Polish data, adote®d09, are presented in Fig. 2.58.
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As to the Russian rivers, the same procedure @keircase of ammonium and silicates was
applied. Data for 2009 were adopted from years 188%), and the annual riverine water
outflows provided key information. The selectionegaas follows: the Pregolya River - data

from 1998 were adopted; the Mamonovka, Nelma amkiPadnaya rivers - data from 2000
year were adopted.

Corg, adopted
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Fig. 2.58. Organic carbon in Polish rivers entetimg Vistula Lagoon used in the model for 2009.

Rivers — organic nitrogen

As in the case of organic carbon in the Polishrayeoncentrations of organic nitrogen were
based on 2009 measurements. The missing data ferydar (monthly values) were
supplemented by calculating the average values ffe@mperiod 2007-2010. Data adopted in
the Polish rivers for 2009 year calculations arespnted in Fig. 2.59. For the Russian rivers,
the same procedure as in the case ammonium wasdppl

Norg, adopted
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Fig. 2.59. Concentrations of organic nitrogen atigh rivers entering the Vistula Lagoon used in
the model for 2009.
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Rivers — organic and absorbed phosphorus

For the year 2009, data preparation was carriediow similar way to the calibration
procedure. If there was a lack of data, monthlyraye values were calculated from respective
values available for the years 2007-2010. Data t&dbin the Polish rivers for 2009 modelling
calculations are presented in Fig. 2.60.

As to the Russian rivers, the same procedure &iseirmmmonium and silicates was applied.
Data for 2009 were adopted from years 1998-2008e8&n the annual riverine outflows, the
selection goes as follows: the Pregolya River deden the year 1998 were adopted; the
Mamonovka, Nelma and Prokhladnaya rivers data titwaryear 2000 were adopted.
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Fig. 2.60. Concentrations of organic and adsogdtesphorus in Polish rivers entering the Vistula
Lagoon used in the model for the 2009.
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Rivers — organic silicon

Organic silicon in rivers was divided into two arparticulate amorphous forms, which are
referred to as biogenic silica (BSi) and dissol{f2&i) on the basis of measurements carried by
M. Pastuszak (NMFRI, Gdynia) in the Vistula ande©dvers and published in Humborg el al.
(2006). For all the Polish and Russian rivers, saene data and assumptions as in the
calibration procedure were used (see the calibrggiocedure).

Rivers — chlorophyll-a

As in the case of organic nitrogen in the Polisiens, concentrations of organic nitrogen were
based on 2009 measurements. Missing data for &ais (ynonthly values) were supplemented
by respective average values calculated from the foa the period 2007-2010. For the Bipl
River, data from Pagta River were applied. Data adopted in the Poliskrs for 2009
calculations are presented in Fig. 2.61.

For the Russian rivers, the same procedure asnfiomaaium was applied. Data for the year
2009 were adopted from the period 1998-2000. Onbdws of the annual riverine outflows,
the selection goes as follows: the Pregolya Rivatadfrom 1998 were adopted; the
Mamonovka, Nelma and Prokhladnaya rivers data fitwaryear 2000 were adopted.

Chl-a, adopted
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Fig. 2.61. Concentrations of chlorophyll-a for iBllrivers entering the Vistula Lagoon used in
the model for 2009. For the Edjgl River, data from the Pagkh River were applied.

Rivers — oxygen

Oxygen concentrations were based on field measuntsnag 2009. Missing data for this year
(monthly values) were supplemented by average satadculated for the period 2007-2010,
and the procedure was the same as in the casdoodpghyll-a concentrations. Data adopted in
the Polish rivers for 2009 calculations are presgim Fig. 2.62.

For the Russian rivers, the same procedure aseircahbration was applied. Data for 2009
were adopted from the years 1998-2000. On the bésisnual riverine outflows, the selection
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goes as follows: the Pregolya River data from 1888 adopted; the Mamonovka, Nelma and
Prokhladnaya rivers data from the year 2000 weoptzdl.
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Fig. 2.62. Concentrations of oxygen for Polisterssentering the Vistula Lagoon used in the model
for 2009.

Rivers — inorganic matter

In all the Polish rivers, the annual patterns @frganic matter concentrations were calculated
on the basis of field measurements from 2009. Misdiata for this year (monthly values) were
supplemented by average values calculated basetheordata from 2007-2010. All the
remaining assumptions were used in the same wam dke calibration procedure. Data
adopted in the Polish rivers for 2009 calculatiares presented in Fig. 2.63.

In the Russian rivers, annual patterns of inorgamatter concentrations were based on data for
the period 1998-2000, and the procedure was the sanm the case of oxygen concentrations.
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Fig. 2.63. Concentrations of inorganic matter (Fef) Polish rivers entering the Vistula Lagoon used
the model for 2009.
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Nutrients inflow to the Vistula Lagoon from the BalSea

Comparisons of levels of phosphates, nitratescasds and chlorophyll-a did not generate
significant differences between mean monthly valfresn the 1998-2000 period and those
from 2009. Therefore, the same data for nutriefibw to the Vistula Lagoon from the Baltic
Sea as for the calibration procedure were used d$sumption allowed keeping fixed balance
between inorganic and organic fractions/forms ofriants (for details see the data for
calibration).

Nutrients — atmospheric deposition

There were available data concerning atmospheqosigon for 2009. Field measurements
were carried out in Leba (the open Baltic Sea ¢odstis sampling station is located about
250 km away from vicinity of Vistula Lagoon. Wetdadry depositions (total deposition) of N-
NOs; and N-NH, were taken into account in the model calculatiddata adopted for the
calculations for 2009 are presented in Fig. 2.64the remaining assumptions for 2009 year
were the same as in the calibration procedure.
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Fig. 2.64. Deposition of total (dry and wet) inanic nitrogen measured in eba and used in the imode
for 2009 (data based on the data by IMWM).
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Sediments

Because of the lack of specific data of nutrienhteat in bottom sediments of the Vistula
Lagoon for 2009, the data were adopted in the saayeas for the calibration procedure. For
details, see the sediments in calibration procedure

Validation results

Ten measuring points were used for the validatioocedure for 2009. These points
corresponded to seven model “cells” and were used¢dmparison of the model calculations
with the field data. On the Polish side, seven meag points corresponded to four model
(WAQ) “cells”, whereas on the Russian side, thresasaring points corresponded to three
model (WAQ) “cells”. Similarly to the calibrationrpcedure, the selected stations were located
along the Vistula Lagoon and they formed a longntabitransect (Fig. 2.65).

Similarly to the calibration procedure, two mathéicel measures were used (average
deviation (AD) and deviation of average values (DAVThe data presented in the graph
(Fig. 2.51) are from two locations, as in the aailon procedure. The first - (MIR-5) is typical
for the central part of the Vistula Lagoon, closehe Polish-Russian border, and the second -
(AN-1) remains under a river influence as it isdter close to the mouth of the Pregolya River.

.rad

Fig. 2.65. Location of points used for model vatiola (black and grey points).

Average deviations (AD) between the calibration asadidation procedure showed values
which stayed at similar levels. Maximum differenoésiverage values (between the calibration
and validation) came to not more than 15% (the amesrdeviation for all estimated
parameters). The maximum difference of deviatiorthef average values (DAV; for mean
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values) was reached about 5% between the calibratd validation procedure (Tables 2.15

and 2.16).

Table 2.16. The range of average deviation (AR) @eviation of average values (DAV) obtained in
the model validation.

Average deviation, data 2009

N-NH4 N-NO3 P-PO4  SiSi04  Ntot  Ptot  Corg  OXY  Chka  SUsP-  Secchi average
Matter depth value
Max 38,3 35,4 67,3 29,6 32,0 41,8 19,1 42,3 255,1 49,6 77,5 62,6
Min 0,0 24,1 18,3 17,7 23,8 24,4 15,0 8,2 33,6 34,8 18,7 19,9
Mean 10,5 37,0 52,2 25,5 28,5 32,6 16,6 15,4 64,5 39,9 35,8 32,6
Deviation of average values, data 2009
N-NH4 N-NO3 P-PO4  SiSi04  Ntot  Ptot  Corg  OXY  Chea  SUsP-  Secchi average
Matter depth value
Max 0,0 26,5 20,3 25,8 -4,1 13,6 -9,4 14,0 15,7 -13,1 55,0 18,0
Min -50,7 -56,0 -53,5 8,2 -31,0 -32,6 -15,2 -11,0 -37,2 -30,5 -25,6 32,0
Mean -17,2 -18,0 -24,5 17,2 -15,4 -14,9 -13,1 -2,2 -10,6 -20,0 8,6 14,7

Similarly to the calibration, in the validation medures better fits were observed for

parameters characterized by low variability in tifeeg. oxygen, organic carbon). Comparable
deviations (for the calibration and validation)ayerage deviations (AD) were seen in the case
of ammonium, phosphates, total nitrogen, and toltalsphorus. Better fits between the field

data and the model simulation were achieved foorolphyll-a concentrations (see compared

values of calibration and validation; Tables 2.h8 &.16).

Measurement data showed that seasonal patterrtsosppate concentration in the Polish and
Russian parts of the lagoon were similar. The ab&l data on phosphate concentrations point
to the fact that in 2009 phosphate concentratioesevgimilar in both parts of the lagoon, or

slightly higher in the Russian part (Fig. 2.66).

Both, the model simulations and the measuremerda d&tphosphates, indicate that this
parameter could be recognized as a limiting fadtor phytoplankton growth (very low
concentrations of phosphates during the springosgas
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Fig. 2.66. Variability of phosphate concentratiomgasured/field data and values simulated by
the model (validation procedure).

Similarly to the calibration procedure, nitrate centrations are characterized by low
variability and quite a good fit between the meamwent data and the model simulations.
Starting from the turn of April and May, nitrateteadily decline to reach the minimum

concentrations in the period of May to October. faolate spring and throughout the entire
vegetative period, nitrogen can become a limitingiant phytoplankton for the growth. Model

simulates nitrate concentrations a bit lower thenrheasurement data (Fig. 2.67).
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Fig. 2.67.

Variability of nitrate concentratiomseasured/field data and values simulated by theemod
(validation procedure).
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Also in the validation procedure for chlorophglieoncentrations, the largest differences were
observed between the model results and the figll dde main reason of this discrepancy was
described in the calibration procedure. In thedatlon procedure, the discrepancy between the

field data and the model simulation result was bgud 40% lower than in the calibration
procedure (Tables 2.15 and 2.16).

Chlorophyll-a concentrations, during vegetativessea changed from a few to over 70 [g]m

in the central part of the Vistula Lagoon and ie thicinity of the Pregolya River mouth
(Fig. 2.68). In spring 2009, chlorophyleoncentrations showed moderate values (below 40 [g
m?] (the model simulations and measurements). Thensummer time, concentrations
increased to over 40 [gTh(in the measurements and model simulations).

The model results and field measurements allowesdat® that during vegetative season there
was a change of limiting nutrient from phosphomnki¢h plays a key role during early spring
time) to nitrogen (which plays a key role duringelapring and summer time; Fig. 2.68).
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. Variability of chlorophyl& concentrations, measured/field data and valueslated by
the model (validation procedure).
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3.MIKE modelling suite

3.1 Data overview and analysis
3.1.1Climate data (atmospheric forcing)
The following data regarding the atmospheric fagowvere used for the lagoon simulations.

Period 01.01.1998-29.12.200BLKE 21 regular mesh (200 x 200 m) simulations.ikakion

of the model set-up for the Vistula Lagoon. Winda¢mitude and direction) is uniform for the
whole computational domain. Wind data is for thatish in Baltiysk (measurements of the
Kaliningrad Centre for Hydrometeorology and Envimemtal Monitoring). Wind data were
imported from an archive of the MANTRA-East project

Period 29.09-11.10.201MIKE 21 flexible mesh simulations. Calibrationthe model set-up
for the Vistula Lagoon and downstream area for Rinegolya River. Wind (magnitude and
direction) is uniform for the whole computationadrdain. Wind data is for the station in
Baltiysk (measurements of the Kaliningrad Centne Hydrometeorology and Environmental
Monitoring). Wind data were collected during a oatll project RFBR 12-05-31248
(supervisor - D. Domnin).

Period 13.08-15.09.2013 Verification of the flexible mesh model set-upr fthe Vistula

Lagoon and downstream area for the Pregolya Riwénd (magnitude and direction) is
uniform for the whole computational domain. Windtalas for the station in Baltiysk
(measurements of the Kaliningrad Centre for Hydr@moelogy and Environmental
Monitoring). Wind data were collected during a oa#l project RFBR 12-05-31248
(supervisor - D. Domnin).

Exact date for the verification is 04.09.2013, widdnect salinity measurements were made in
the Kaliningrad city segment of the Pregolya River.

3.1.2Hydrological data

Period 01.01.1998-29.12.200BLKE 21 regular mesh (200 x 200 m) simulations.ikakion

of the model set-up for the Vistula Lagoon. Timeiatdons of the discharge of 7 rivers
Pregolya, Mmonovka, Nelma, Bauda, Elblag, Nogat, Pasleka. Whteel and salinity
variations at the open boundary (Baltiysk) — arsults of measurements of the Kaliningrad
Centre for Hydrometeorology and Environmental Monitig. Data was imported from an
archive of the MANTRA-East project.

Period 29.09-11.10.201MIKE 21 flexible mesh simulations. Calibration thie model set-up
for the Vistula Lagoon and downstream area for Rhegolya River. Time variations of the
discharge of only Pregolya River was used. Thisldisge as well as water level and salinity
variations at the open boundary (Baltiysk) wereaotetd during a national project RFBR 12-
05-31248 (supervisor - D. Domnin). Data of salimtygasurements in the Pregolya River for
three days (06-08.10.2012).

Period 13.08-15.09.201%¥erification of the flexible mesh model set-up the Vistula Lagoon

and downstream area for the Pregolya River. Tinmatrans of the discharge of only Pregolya
River were used. This discharge as well as watezl land salinity variations at the open
boundary (Baltiysk) were obtained during a natigmaject RFBR 12-05-31248 (supervisor -
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D. Domnin). Exact data for verification is 04.0913) when direct salinity measurements were
made in the Kaliningrad city segment of the Pregdtyver.

3.2 Hydrodynamic model calibration and validation
3.2.1Calibration methodology and results

The MIKE 21 regular grid model for the Vistula Lagm (Fig. 3.1) was calibrated during the
MANTRA-East Project and re-calibrated during theG@ON project.

THELIST OF RIVERS FOR VISTULALAGOON

g 200 rated

- % & ® & § & ¥ & % #

Fig. 3.1. Regular mesh (200 x 200 m) model-up for the Vistula Lagoon, including existii
navigational canal, and 7 rivers.

MIKE 21 regular grid, mesh size is of 200 x 200 Existing navigation canal is included.
Calibration period was 01.01.1998-29.12.2000. Wimagnitude and direction) is uniform for
the whole computational domain. Wind and atmosptergerature data were for the station in
Baltiysk (measurements of the Kaliningrad Centne Hydrometeorology and Environmental
Monitoring). Time variations of the discharge ofrivers - Pregolya, Mmonovka, Nelma,
Bauda, Elblag, Nogat, Pasleka. Water level andisalivariations at the open boundary
(Baltiysk). All boundary data — are results of measnents of the Kaliningrad Centre for
Hydrometeorology and Environmental Monitoring. Akta was imported from an archive of
the MANTRA-East project.

40 simulations were made with different values alibration parameters (wind and bottom
friction coefficients and eddy viscosity and dispen coefficients).

The set of calibration simulations was divided Mo sub-sets:

- calibration on the basis of data for water levatiations at 4 coastal points: Krynica and
Tolkmicko (Poland), Krasnoflotskoe and Kaliningr@lssia), Fig. 3.2.
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Krynica Morska

Krasnofiotskoe €

Kalin ingrad
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Fig. 3.2. Coastal points of water level measurements used-calibration of the MIKE 21 mode
(regular grid mode, 200 x 200 m) in the LAGOON pubj

These sub-series gave information for the calibratagainst wind and bottom friction
coefficients;

- calibration on the basis of data for salinitydaiemperature variations at 11 monitoring
stations within the lagoon area (7 stations onRbssian side and 4 stations on the Polish side
of the Vistula Lagoon), Fig. 3.3.

EI Poland

pa Q@

10 RAS,

Stations of seasonal monitoring
of water propeities

MANTRA Project Vistula Lagoon

Fig. 3.3. Monitoring points (4 on the Polish side and 7 aaRussian one) of salinity and tempera
measurements used for re-calibration of the MIKEibel (regular grid mode, 200 x 200
m) in the LAGOON project.

These sub-series gave information for calibratigaisst eddy viscosity and dispersion
coefficients.
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Calibration against wind and bottom friction coeféints. Time period 09.04 — 20.11.1998,
model “warming” from 01.01.1998. Time step is 2%.s¥alues of wind friction and bed
resistance coefficients (both are dimensionless)istied in Table 3.1.

Table 3.1. Values of wind friction and bed resis&noefficients (both are dimensionless) used for

calibration.
Wind friction coefficien Bed resistanc
0.000: 5
0.0026 32
0.0017 40
0.0013 50
70

Examples of time sets (modelled and measured) &emlevel variations in Kaliningrad are
presented at Fig. 3.4.

Level (Kaliningrad, Pregel) 9.04 - 20.11.1998
1 — Pregel_data
- - —Pr_1
Kaliningrad (RU)
06 - Pr_3
—Pr_4

0.4 4

-0.2 4

-0.4 1

-0.6 Pr_14

09.04.1998 0:00
24.04.1998 0:00
09.05.1998 0:00
24.05.1998 0:00
08.06.1998 0:00
23.06.1998 0:00
08.07.1998 0:00
23.07.1998 0:00
07.08.1998 0:00
22.08.1998 0:00
06.09.1998 0:00
21.09.1998 0:00
06.10.1998 0:00
21.10.1998 0:00
05.11.1998 0:00
20.11.1998 0:00

Fig. 3.4. Time sets of mdelled (for different calibration parameters) ahderved water lev
variations at the point Kaliningrad (see Figure) 3o2 the period of 09.04 — 20.11.1998.

The same results were obtained for Krynica and mako (Poland), and Krasnoflotskoe
(Russia). For each modelled time series its stanhdiviation as well as the correlation
coefficient between it and the measured time seateshis particular coastal point were
calculated. Taylor diagram technique was used saalise the relations between statistics of
each modelled series (characterized by standardataev and correlation coefficient) and
measured data series (observed standard deviatorelation coefficient equal to 1). An
example of such a diagram for Kaliningrad is préseénn Fig. 3.5, the same diagram was
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obtained for Krynica and Tolkmicko (Poland), anda&noflotskoe (Russia). A minimum value
of the root mean square difference between thereddeand each modelled time series for all
four coastal points was achieved for the wind ibictcoefficient equal to 0.001@ndthe bed
resistance coefficient equal to.3Bhese values were selected and used further dtinig
calibration against the eddy viscosity and dispersoefficients.

a) b)
- D Eddy viscosity Dispersion
T om—— 0 20 10
’b’{# i [0) 20 45
Lo ‘%‘?ﬁ [0) 20 120
Q'.b [} 20 100
e B %
B =
: =
B
:
B 'y 18
1
&

Standard deviation

40

Blandong cursation ' N og |

0361
Standard deviation

Fig. 3.5. Examples of Taylor dicrams for calibration modelled time sets (a) forevdevel variation:
at the Kaliningrad and (b) for salinity variatioaisthe point R7, both for the period of 09.04 —
20.11.1998. Each colour point is referred to onaufated time series. The distance between
each colour point and the point ‘OBS’ (‘'OBS’ meatiservation time series) illustrates the
root mean square difference between these twodéetse The closer are a colour point
(referred to simulation time series) and “OBS” ppthe better this simulated series fits to
observation results.

Calibration against eddy viscosity and dispersioefticients.Time period 09.04 — 20.11.1998,
model “warming” from 01.01.1998. Time step is 25c.s&/alues of eddy viscosity and
dispersion coefficients are listed in Table 3.2.

Table 3.2. Values of eddy viscosity and dispersioefficients used for calibration.

Eddy viscosity coefficient (*/sec Dispersion coefficient (/sec
0 10
10 20
20 30
50 45

200 70
800 80
100
120
150
170
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Modelling time sets for salinity at each monitoripgint (see Fig. 3.3) were obtained. For each
modelled time series, its standard deviation as$ agelhe correlation coefficient between it and
the measured time series at this particular mongopoint were calculated. Taylor diagram
technique was used to visualise the relations Etwstatistics of each modelled series
(characterized by standard deviation and correlatmefficient) and the measured data series
(observed standard deviation, correlation coefficiequal to 1) at this particular monitoring
point. An example of such a diagram for monitono@nt R7 at the Russian side of the Vistula
Lagoon is presented in Fig. 3.6.

— 2 -\..-'-'3_,:" 5pin L
. Al

g s };':.-;’j';i: Lﬁwﬂ‘h'fmlﬂk

L ]

LTI

e i e & i E
WA T = e (L] | = |

Fig. 3.6. Combined computational domain for thestula Lagoon and downstream area of
Pregolya. River including the Deyma River branééxible mesh, triangular elements (mesh
size is of 50-100 m in the river stream and of1L5-km in the lagoon area), rivers (except
Pregolya) are not included.

A minimum value of the root mean square differebeaveen the observed and each modelled
time series for all 11 monitoring points within théstula Lagoon was achieved for the eddy
viscosity coefficient equal to 10 and 20%sec), and the dispersion coefficient equal to 100
and 120 rfisec. These values were selected for further stinng

The same parameters of the wind friction and begistance coefficients as well as the
viscosity characteristics were used for the MIKE R#&xible Mesh model for the Vistula
Lagoon.

Calibration ofMIKE 21 Flexible Mesh model set-up for the combineldmain — the Vistula
Lagoon and downstream area of the Pregolya Rivercluding the Deyma River branch,
(Fig. 3.6) was made on the basis of data of reaso@ments of salinity in the Pregolya River
during the period of 06-08.10.2012, collected dgiran national project RFBR 12-05-31248
(supervisor - D. Domnin).

There were two events of high wind (gusts wereai@3 m/sec) during the period of 29.09 —
11.10.2012. Measurements were made at the segrhém &regolya River corresponding to
the Kaliningrad centre (stations numbers of 24@08", 7" and &' of October 2012 at noon or

evening (Fig. 3.7).
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Fig. 3.7. Wind speed (gusts) and wind direction duringbration period (data from the Baltiy:

Station). Red dashed lines correspond to timeeelaf measurements in the Pregolya River
(Kaliningrad city segment).

Boundary conditions on water level variations & Houndaries of the computational domain:
Baltiysk (sea-lagoon boundary), Gvardeysk (upstreéthe Pregolya River), Polessk (Deyma
Branch mouth at the Curonian Lagoon) for the peab@9.09 — 11.10.2012 are presented in
Fig. 3.8.

| g | I T T T T
t T

| | 2
0.9 | — Baltiysk | | /’
98 ‘— ----- Gvardeysk B 27 el

2 0.7 | IIIIIII Poleask l ! ,/ - 1%

Ko ' .

>

ks |

3 |

g | | .

_! !
i | .
0.1 | 5 5 5 | |
| | | _ Dates, Sep-Oct 2012
29.9 1.10 3.10 5.10 7.10 9.10 11.10

Fig. 3.8. Water level variations at the boundaries of tomputational domain: Baltiysk (s-lagoon
boundary), Gvardeysk (upstream of the PregolyarRifRolessk (Deyma Branch mouth at
the Curonian Lagoon) for the period of 29.09 — 012012.

Comparisons of simulation results with measuredeslbre presented in Figs 3.9 and 3.10 for
different sets of the calibration parameters —ltbé resistance and eddy viscosity coefficients,
respectively.
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Fig. 3.9. Salinity distribution along the PregoRaer (Kaliningrad city segment) on 06, 07,
08.10.2012 during a strong western wind event. Meskdata (11:00 — 13:00 local time) and
simulated results for different bed resistanceédent value of the Manning coefficient).
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Fig. 3.10. Salinity distribution along the PregoRiver (Kaliningrad city segment) on 06, 07,
08.10.2012 during a strong western wind event. Meskdata (11:00 — 13:00 local time)
and simulated results for different values of tdyeviscosity coefficient (in a Smagorinsky
approach).
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After a quantitative analysis of differences betweeodelling and measurements results for
three days and at each station (Tables 3.3 andtt®4ipllowing calibration parameters were

selected: the Manning number equal to 40, a coefiian the Smagorinsky formulation equal

to 0.28.
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Table 3.3. Root mean square deviations betweerelredcand measurements series for different values
of the Manning number in a bed resistance formonati

6.10.1: 7.10.1: 8.10.1: Mean for 0(-08.10.1.
Manning3: 1.32 0.38 0.66 0.79
Manning4( 1.27 0.41 0.57 0.75
Manning5( 1.29 0.52 0.55 0.79

Table 3.4. Root mean square deviations between ltaddend measurements series for different values
of the eddy viscosity coefficient.

6.10.1: 7.10.1: 8.10.1: Mean for 0+-08.10.1.
Smag 0.« 1.32 0.38 0.66 0.79
Smag 0.2 0.99 0.57 0.42 0.66
Smag 0. 0.69 0.92 0.73 0.78

3.2.2Validation methodology and results

The validation of the MIKE21 flexible mesh modelt-s® was made for the event of
04.09.2013. Only two events of salt wedge intrusigpgstream the Pregolya River were
observed during 2013. The first time it was obsernvethe period of 13.685.09.2013, after
an impulse of increasing western wind velocity (me&d wind speed was 12-18 m/sec, lowest
speed was of 4-8 m/sec). The second time it waspieriod starting on $4of November 2013.

Using available data for the water level variati@ml Pregolya River discharge (a national
project RFBR 12-05-31248, supervisor - D. Domnimnf March to December of 2013, the
salinity variations were simulated for differentims along the Pregolya River stream,
corresponding to locations of monitoring statioRgg( 3.6). Modelled salinity variations in
time at the different points on the Pregolya Ree presented in Fig. 3.11.
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Fig. 3.11. Variations of salinity at different locations ofetlmonitoring stations along the Pregc
River, stations 22, 26, 30, 33m, 27.03 —12.12.2013
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Due to the lack of measured data, only one evestwsad for the validation, namely that of
13.08-15.09.2013. Direct measurements were don840d0.2013. Modelling results fit the
measured characteristics quite well (Fig. 3.12kr&fore, we may consider the validation to be
was fulfilled successfully.

Salinity distribution along the Pregolya River, 04.0  9.2013

3.5
3

(=]
v

Salinity, psu
[
- LT, B )

=]
o bn

22 24 26 27 28 29 30

— Measurements of salinity —| Model simulations of salinity

Fig. 3.12. Spatal distribution of salinity along the Pregolya Risegment in the centre of t
Kaliningrad City, 04.09.2013, stations 22-30.

4.Problems and recommendations

The calibration and validation of the hydrodynamid the water quality models were carried
out using available data sets from years 32080 and 2009.

The basic problems encountered concern the quaidyrepresentation of initial and boundary
conditions:

- data: data homogeneity — the data were collecteatiffatent times, with different
time resolution and different methodology of measugnts;

- initial conditions:

* lack of in situ data to represent spatial distitutof analysed parameters (e.g.
salinity, temperature);

- boundary conditions:

» availableriver dischargedata coming from in situ measurements was done with
a different frequency for the calibration and vieafion periods;

e wind conditions, due to limited in situ measurementsrenintroduced into the
model as spatially uniform;

* limited information on water exchange in the BakStrait;
- calibration/verification data:

» smaller database from 2009 than from years 1998-&fl0almost all parameters;
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» salinity measurements mainly from CTD probes, haatly long-term data in the
lagoon available;

* N0 measurements to calibrate water currents.

The weakest point in the future simulations of elien scenarios and the anthropogenic
influence on the system consisting of the Vistuégdon and the Pregolya River will be the
estimation of the water level in the Pregolya Risgstem (upstream points). The model set-up
for the combined domain (Fig. 3.6) is very sensitie water level differences at the lateral
boundaries of this domain.

The problem is that the catchment SWIM model presidharacteristics of the river discharge,

but not of the water level. Therefore, some spe@focedure has to be applied to complete the
set-up by using the information about the wateell@t two open boundaries — in the Pregolya
River (near the City of Gvardeysk) and at the Ciaohagoon mouth of the Deyma Branch.

It is planned to test additionally the usage oflthesl-discharge curve for the upstream points
of the Pregolya River.

Recommendations:

The Vistula Lagoon is a very dynamic water bodydidyglynamic and water quality processes
in the Polish and Russian parts are quite diffecer® to natural characteristics of both parts.
Modelling capabilities of the Vistula Lagoon go beg the present data availability with
respect to representation of initial and boundamyddtions.

The collected hydrodynamic and water quality daaebfor the Vistula Lagoon is relatively
extensive (e.g. chlorophyll-a, oxygen, nutrientbath Polish and Russian sides); however, the
existing picture of nutrients supply from the VistlL,agoon catchment remains incomplete. As
an example, the lack of winter data or incomplafermation on important parameters of river
loads can be mentioned. Filling the existing gagguired assumptions and simplifications
resulting in averaged picture of the Vistula Lag@onditions, often lacking important details.

Appearing inconsistency in data for some paramgteasifested in a considerable difference
in values, lead to their rejection.

All remarks mentioned above indicate the necessityetter coordination of research activities,
carrying out intercalibration between laboratomeslved in in-situ measurements, and further
development of joint monitoring program for Poleid Russian parts.
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AAP
AAPSed
AD
AtlantNIRO

BED
BODs
C

Chla
COD
CODuwn
Corg
Cohyt
DAV
Delft3D

Delft3D FLOW
Delft3D WAQ
DetC
DetCSed
DetN
DetNSed
DetP
DetPSed
DetSi
DetSiSed
DOC

DON

DOP

DOSI

HD

IBW PAN
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Adsorbed inorganic phosphorus (in water colymn
Adsorbed inorganic phosphorus in sediment;
Average deviation;

Atlantic Scientific Research Institutef Marine Fisheries and
Oceanography in Kaliningrad;

Baltic Environmental Database, website;

Biochemical oxygen demand;

Carbon;

Chlorophylla;

Chemical oxygen demand;

Chemical oxygen demand — potassium permangaretteod
Organic carbon;

Carbon in algae cells;

Deviation of average value;

modelling software for 3-dimensional mddej developed by Delft
Hydraulics, website;

hydrodynamic module of the Delft3D;
water quality (biogeochemical) moduletioe Delft3D;
Detritus carbon (in water column);
Detritus carbon in sediment;
Detritus nitrogen (in water column);
Detritus nitrogen in sediment;
Detritus phosphorus (in water column);
Detritus phosphorus in sediment;
Detritus silicon (in water column);
Detritus silicon in sediment;
Dissolved organic carbon;
Dissolved organic nitrogen;
Dissolved organic phosphorus;
Dissolved organic silicon;
Hydrodynamic;
Institute of Hydro-Engineering, Polish Aemy of Sciences in Gdsk;
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Inspectorate of Environmental Protection inbldg/Gdaisk/Olsztyn

(WIOS);
Particulate inorganic matter (in water column);

Institute of Meteorology and Water ManagementNational Research

Institute;
Particulate inorganic matter in sediment;

Kaliningrad Centre for
Monitoring;

Nitrogen;

Kjeldhal nitrogen (sum of ammonium and ang nitrogen);
National Marine Fisheries Research Institat&dynia;
Ammonium nitrogen,;

Nitrite nitrogen;

Nitrate nitrogen;

Sum of nitrite and nitrate nitrogen;

Organic nitrogen;

Nitrogen in algae cells;

Total nitrogen;

Oxygen (dissolved in water);

Phosphorus;

Photosynthetically active radiation;

Organic phosphorus;

Phosphorus in algae cells;

Phosphate phosphorus;

Practical salinity units;

Total phosphorus;

Correlation coefficient (linear);

Secchi disc visibility (Secchi depth);

Shirshov Institute of OceanologRussian Academy of

Kaliningrad;

Silicon;

Organic silicon;

Silicate silicon;
Temperature;

Total suspended matter;

Hydrometeorology andEnvironmental

Sciences,
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Appendix 1

Table 2.1. Overview of river discharge data appirethe Vistula Lagoon model (KCGMS, Russia;
IMWM - Institute of Meteorology and Water Managemed?oland).

River discharge: 199¢-200( 200¢

frequenc' data sourc frequenc' data sourc
sewage collecto estimatec- edimated-

constant constant
Nelma 1/5day: KCGMS estimate
Pregola 1/ 5 day KCGMS 1/day KCGMS
Prokhladnaya estimated- time KCGMS estimated-

varying time varying
Mamonovka 1/5 Day: KCGMS 1/day KCGMS
Paskka 1/10 Day: IMWM 1/day IMWM
Bauda 1/montl IMWM 1/day IMWM
Elblag 1/montl IMWM 1/day IMWM
Nogat 1/montl IMWM 1/day IMWM

Table 2.2. Overview of water level measurementastal stations of the Vistula Lagoon in years
1998, 2000 and 2009.

water level frequency data source
gauge: 199¢ 199<¢-200( 200¢

Baltiysk 6 hour: 6 hour: 6 hour: KCGMS
Kaliningrac 6 hour: 3 hour: KCGMS
Krasnoflotsky: 6 hour: 3 hour: KCGMS
Nowa Pastek 4 hour: 4 hour: 2 hour: IMWM
Tolkmicka 4 hour: 4 hour: 12 hous IMWM
Nowe Batorow: 4 hour: 4 hour: IMWM
Ostonke 4 hour: 4 hour: IMWM
Krynica Morski 4 hour: 4 hour: 2 hour: IMWM

Table 2.3. Overview of water temperature measurésrarncoastal stations of the Vistula Lagoon in
years 1998-2000 and 2009.

water temperature 199&-200( 200¢

gauge: frequenc data sourc frequenc' data sourc
Tolkmickao 1/day IMWM 1/day IMWM
Baltiysk 6 hour: HYDROMET

Krasnoflotsko 6 hour: HYDROMET
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Table 2.4. Overview of salinity measurements astaatations of Vistula Lagoon in years 1998-2000

and 2009.
water salinity gauge: 199&-200( 200¢
frequenc' data sourc frequenc' data sourc
Tolkmickao 1/day IMWM 1/day IMWM
Baltiysk 1/day KCGMS 1/day KCGMS
Krasnoflotsko 1/day KCGMS

Table 2.5. Dates of CTD measurements done by IMWidicals located in the Polish part of the
Vistula Lagoon (see Fig. 2.4).

date P1 Pz P: PE p6 p7/TE p8 p9/Tz piC
199¢-04-23 + + + + + + + + +
199¢-05-20 + + + + + + + + +
199¢-06-22 + + + + + + + + +
199¢-07-28 + + + + + + + + +
199¢-08-19 + + + + + + + + +
199¢-0%-16 + + + + + + + + +
199¢-10-07 + + + + + + + + +
199¢-11-09 + + + + + + + + +
199¢-04-07 + 4+ 4+ o+ + + + +
199¢-04-23 +
199¢-05-12 + + + 4+ + + + +
199¢-05-20 +
199¢-06-22  +
199¢-07-28 +
199¢-08-19 + + + + + + + + +
199¢-09-08 + + + 4+ + + + +
199¢-0¢-16  + + + + +
199¢-1C-11 + 4+ o+ o+ + + + +
199¢-11-03 + + + 4+ + + + +
200(-04-26 + + + + + + + + +
200(-05-25 + + + + + + + + +
200¢-06-15 + + + + + + + + +
200(-08-22 + + + + + + + + +
200¢-09-1¢ + + + + + + + + +
200(-11-3¢ + + + + + + + + +
200¢-04-20 + + + +
200¢-04-21 + + + + +
200¢-05-11 + + + +
200¢-05-12 + + + + +
200¢-06-22
200¢-06-23 + + + +
200¢-07-27 + + + + +
200¢-07-28 + + + +
200¢08-24 + + + +
200¢-08-25 + + + + +
200¢-08-21 + + + +
200¢-08-22 + + + + +
200¢-1C¢-1¢ + + + o+
200¢-1C-20 + + + + +
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Table 2.6. Dates of CTD measurements done by KC@M#&@rticals located in the Russian part of the
Vistula Lagoon (see Fig. 2.4).

date Vi V2 V3 V4 V6 V7 V8 V9 V10
199¢-04-17 +
199¢-05-28
199¢-06-19
199¢-07-16
199¢-08-1C
199¢-08-2C
199¢-09-19
199¢-11-03
199¢-05-27
199¢-08-26
199¢-1C-11
200(-03-29
200(-04-29
200(-05-22
200(-06-02
200(-07-26
200(-08-18
200(-08-23 +
200(-09-13
200(-1C-17
200(-11-16
200(-12-13
200¢-06-01
200¢-07-29
200¢-08-21
200¢-08-29

+

+
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Table 2.7. Dates of CTD measurements done by ANBRO at verticals located in Russian part of the
Vistula Lagoon (see Fig. 2.4).

date Vi V2 V3 V4 V6 V7 V9 VI0
199¢-04-09 +
199¢-05-18
199¢-06-1C
199¢-07-15
199¢-08-17
199¢-06-15
199¢-1C-19
199¢-11-11
199¢-04-21
199¢-05-24
199¢-06-17
199¢-07-13
199¢-08-19
199¢-08-21
199¢-10-20
199¢-11-15

FlH| ||| ||| |||+
FlH| ||| ||| |||+
FlH| ||| ||| |||+
FlH| ||| ||| |||+
FlH| ||| ||| |||+
FlH| ||| ||| |||+
FlH| ||| ||| |||+
o I I e o R o SN () S TS Y g [ [
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Table 2.8. Time resolution of the hydro-meteoratagdata for the 1998—2000.

Deliverable 6.2

Parameter Station location Time resolution Data source
Krasnoflotskoye daily
Water Baltiysk daily KCGMS (unpubl.)
temperature Kaliningrad daily
Tolkmicko daily IMWM (unpubl.)
Krasnoflotskoye daily KCGMS (unpubl.)
Ice cover Warunki
Krynica Morska daily srodowiskowe
(1999+2001)
Z‘ég‘s dd"ec“on and g tiysk daily KCGMS (unpubl.)
Irradiance Gdynia daily IMWM (unpubl.)
Warunki
Precipitation Elblag monthly Ssrodowiskowe

(1999+2001)

4

SEWIHIH FAAEWLEE

ARDGRANMA:

83



aqoons

Table 2.9. The data sources and frequency of memsunts of riverine, atmosphere, and the Gulf of
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Gdansk loads.
Parameters Station location Time period Time resolutio n Data source
River water flow Pasteka 1998+2000 monthly
- ) IMWM bl.
(Polish rivers) Bauda 1998+2000 monthly (unpubl.)
Elblag, Nogat and . tazarienko and
Szkarpawa 1951+1965  monthly Majewski, 1975
River water flow Pregolya 1998+2000 monthly
(Russian rivers) Nelma 1998+2000 _ monthly KCGMS (unpubl.)
Mamonovka 1998+2000 monthly
Prokhladnaya 1951+1965 monthly tazarienko and

Majewski, 1975

Concentrations Oy,

CODy, CODg,, BODs, Pasteka 1988+2000  monthly IEP Gdansk, IEP
N-NHg4, N-NO, N- Olsztyn/ Elblag
NOg, P-POy, Niot, Prot, (unpubl.)
TSM Bauda 1999 monthly
Nogat 1998 & 2000 monthly
Elblag 1998+2000 monthly
Concentrations Oy, monthly or every
COD¢,, BODs, N-NH., Pregolya 1998+2000 2 month
N-NO3, N-NOg, P-
PO,, Si-SiO4
Mamonovka 1998+2000 every 2 month  KCGMS (unpubl.)
Nelma 1998+2000 every 2 month
. monthly during
Concentrations N- . . Aleksandrov and
NO,, P-PO,, Chl a Pregolya 2000+2002 vegetative Dmitrieva, 2003
season
Kaliningrad sewage " Doklad o
Loads Niot, Ptot, BODs collector 20002001 annual sostojanii, 2002
Atmospheric loads N- Gdynia 1998+2000 monthly IMWM (unpubl.)
NH4, N-NO3
t eba 1998+2000 monthly
Concentrations O,, N-
NHa,N-NOs, N-NO2, P- -\ o Gdansk 1993+1998  monthly BED, website

PO41 Ntota Ptota Si-SiO4,
Chla

84



aqoons

Table 2.10. The hydro-chemical data from the VastLdgoon used in the modelling.
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Parameter Stathns . Depth Data source
and time period

Russian part

Temp., salinity, Oy,

BODs, N-NHy, 9 stations, monthly

N-NO3, N-NO,, April-November
1998+2000

P'PO41 Ntoh Ptoh

Chl a, Secchi depth

surface AtlantNIRO
measurements  (unpubl.)

3-9 stations, 3—-10

Temp., salinity, O .
P, salinity, Oz, e per year,

surface and near- Shirshov 10

Secchi depth 19982000 bottom RAN (unpubl.)
Polish part
Temp., salinity,
chlorides, Oy, CODwp,
CODcr, BODs, N-NHs, stations, monthly
- IEP Olsztyn/
April-November, surface
N-NO3, N-NO;, 199822000 Elblag (unpubl.)
P'PO41 Ntoh NKjeId1 Ptoh
TSM, Chl a, Secchi
depth
Temp., salinity, 3-15 stations, every Tef“!“' and
wo weeks salinity every
N-NHa, N-NO, April-November 1998 0.25 m,tother NMFRI (unpubl.)
N-NOz, P-PO,, and 1999, February— Parameters -
L hi hi June 2006 surface and 1.5
Si-SiO,4, Chl a, Secchi m depth
depth
4 stations, 4—6
N-NH,, N-NOs, N- measurements during surface and near-
NO,, P-POy, Niot, Piot  Vegetative period, bottom IMWM (unpubl.)

1999+2000

Table 2.11. Time resolution of hydro-meteorologdata for the year 2009.

Parameter Station location Time resolution Data source
Water temperature Tolkmicko daily IMWM (unpubl.)
Wind direction and . .

speed Baltiysk daily KCGMS (unpubl.)
Irradiance Gdynia daily IMWM (unpubl.)
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Table 2.12. Data on riverine, atmosphere, andihlé of Gdaisk loads and concentrations used for
validation of the water quality model.
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Parameters Station location Time period Time resolutio n Data source
River water flow Pasteka 2009 monthly
(Polish rivers) Bauda 2009 monthly IMWM (unpubl.
Elblag, Nogat and
Szkarpawa 2009 monthly IMWM (unpubl.)
River water flow Pregolya 2009 monthly
(Russian rivers) Nelma 2009 monthly KCGMS (unpubl.)
Mamonovka 2009 monthly
tazarienko and
Prokhladnaya 2009 monthly Majewski, 1975
Concentrations O,
Corg, CODyp, CODg,, Pasteka 2007-2010  monthly IEP Gdarisk, IEP
BODs, N-NH,, N-NO,, Olsztyn/ Elblag
N-NOgz, P-PO4, Ny, (unpubl.)
Pit, TSM Bauda 2007-2010 _ monthly
Nogat 2007-2010  monthly
Elblgg 2007-2010  monthly
Concentrations O, _ monthly or every
COD¢,, BODs, N-NH,, Pregolya 1998+2000 2 month KCGMS (unpubl.)
N-NO,, N-NO3, P-
PO, Si-Si0,
Mamonovka 1998+2000 every 2 month KCGMS (unpubl.)
Nelma 1998+2000 every 2 month
. monthly during
Concentrations N- . . Aleksandrov and
NOs, P-PO,, Chla Pregolya 2000+2002 vegetative Dmitrieva, 2003
season
Kaliningrad sewage " Doklad o
Loads Niot, Piot, BODs collector 20002001 annual sostojanii, 2002
Atmospheric loads
N-NH,, N-NOs teba 2009 monthly IMWM (unpubl.)
Concentrations O,, N-
NH4,N-NO3, N-NOg, P- .
M 3 277 Gulf of Gdansk 1993+1998  monthly BED, website

PO4, Niot,Prot, Si-SiOg,
Chla

86



aqoons

Table 2.13. The hydro-chemical data from the V&slLdgoon used for validation of the model.
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Parameter Stathns . Depth Data source
and time period

Russian part

O, BODs, )

N-NO3, 4 S'[?.'[IOHS, monthly surface Aleksandrov and
April-November 2007- ts S lov. 2011

P-PO4, Pioy, 2009 measurements myslov,

Chla

Polish part

Temp., salinity,
chlorides, O,, CODwn,

CODcr, BODs, N-NH., o stations, monthly

April-November, 2007- surface IEP Olsztyn/
N-NOz, N-NO, 2010 measurements  Elblgg (unpubl.)
P'PO41 Ntota NKjeIda Ptota
TSM, Chl a, Secchi
depth
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Chapter 2

The Ria de Aveiro Lagoon -
Modelling results and recommendations

Joéo Lencart e Silva and Jo&o Miguel Dias
CESAM & Physics Department, University of AveirortBgal

1.Introduction

The Ria de Aveiro (Fig. 1.1) consists of four malrannels which radiate from the mouth with
several branches, islands and mudflats. The lagooresotidal with an average tidal range of

2 m (tidal amplitude at the inlet ranges from 0.6nnmeap tides to 3.2 m in spring tides) (Dias
et al.,2000).
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Fig. 1.1. (a) Study area, bathymetry and staticeslun the calibration of the tide; (b) numericatig
discharge locations and open boundary (thick liaea modified after calibration (dashed
line); (c) stations used in the calibration of haatl salt according to Vaz and Dias (2008).
Adapted from Lencart e Sihet al (2013).

The total fluvial discharge into the lagoon durimgidal cycle is about 1.8x10r®, while the
tidal prism is 137x10m® for maximum spring tide, and 35L& for minimum neap tide
(Dias et al., 2000). Due to the combined effects of the fresbwatischarge and tidal
propagation, the central area of the Ria de Avexioibits a longitudinal salinity gradient from
about 0 in the upper reaches of the Espinheiroralan about 36 at the bar entrance (e.g. Vaz
and Dias, 2008). The tide dominates as the mamsport mechanism for the better part of the

88



a oons Deli ble 6.2 __7;

MIH
ARDGRANMA:

hydrological cycle. However, due to the charactiessof part of the catchment draining into
the lagoon, after strong rainfall events, the 8vean increase their flow by 2 orders of
magnitude and the lagoon is flooded with freshwateth estuarine circulation assuming a
greater influence in the transport of dissolved amspended substances, mainly at the head of
the channels (Vaet al.,2012). The average depth of the lagoon relativdhsot datum is about

1 m, except in the navigation channels where dreggperations are frequently carried out.
Due to the shallowness and to the tidal wave aog#it the intertidal area is a significant part
of the total area being studied.

The model used for hydrodynamics and transport thinge Delt3D-Flow, is a three-
dimensional, finite difference hydrodynamic andngport model which simulates flow and
transport resulting from tidal and meteorologicatcing. In the present application, the
hydrodynamic model solves the Navier-Stokes shallsater equations with hydrostatic,
Boussinesq and f-plane approximations (Delft3D-FLQW10; Lesser et al., 2004). Delft3D-
Flow uses a horizontal Arakawa-C grid with contvolumes, and for most applications an
Alternating Direction Implicit (ADI) integration nteod. The Delft3D-Flow platform has been
used previously in estuarine conditions under meésbtforcing in, e.g., Tomales Bay,
California (Harcourt-Baldwin and Diedericks, 2006).

A Cartesian, curvilinear orthogonal grid was deswmjrio represent the main hydrodynamic
features of the lagoon with the minimum number a@tglation points. An offshore zone was
set to allow for the dissipation of spurious openfdary effects before reaching the mouth of
the lagoon. The original grid has 267 by 164 calédculating the solution at 9828 points. An
open boundary at the shelf was defined for the sefgnrepresented in Fig. 1.1b. The
curvilinear properties of the grid allow a ~30 nsotition in narrow tidal channels and a
~700 m resolution at the offshore open boundary. 2Alimensional depth-averaged
approximation was made, given that the Ria de Avisimostly a vertically well-mixed system
(Vaz and Dias, 2008). During the calibration precas3-dimensional setup was tested. For
more details please see LAGOONS (2012).

Fig. 1.2. Computational grid detail of the ilha@bannel: (a) original single domain (detail from
Fig. 1.1b); (b) decomposed domain with correctezholel morphology.
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During the calibration stage of the water qualitydel, significantly low values for river-borne
variables prompt for a revaluation of the hydrodymagrid and bathymetry. The original
depth soundings for the ilhavo Channel were founte defective, and a new grid had to be
drawn to allow the accurate representation of eid&l\bathymetric dataset. The fine resolution
of the bathymetric data and the narrow morpholofgthe channel could be better represented
with a domain decomposition strategy, where diffiereesolutions coexist in 6 domains,
exchanging information in two ways between the seaand finer domains. Fig. 1.2 shows a
detail of the redesigned area, comparing the aigiesign presented in Fig. 1.1 and the final
design (Fig. 1.2b). The resolution of the origigald is approximately ten times coarser than
the new domain at its finest resolution.

All hydrodynamic runs start from a still, unpertacowater surface and constant salinity and
temperature. From this cold start, the model isasipu 4 summer months (June to October).
This initial time interval is always considered afid in terms of results and only after thedf
October are the results analysed.

Table 1.1. List of active processes in the Delf3B@water quality model.

Process Process

Name Description Name Description

Compos Composition S12TraDetN Transport in S1-8#itds nitrogen
Sed_IM1 Sedimentation IM1 S12TraDetP TransportlirSR: detritus phosphorus
S12TralM1 Transport in S1-S2: IM1 SedNPOC2 Sediatrients in POC2

Secchi Secchi depth for visible-light (370-680nm) 12%raOON Transport in S1-S2: OON
TraSe2_IM1 Total of transport in sediment for IM1 123raOOP Transport in S1-S2: OOP
NutUpt_Alg Uptake of nutrients by growth of algae 123 raDiat Transport in S1-S2: Diatoms
Nitrif_NH4 Nitrification of ammonium ResN_DiaS1 Respension nutrients in detritus
RearOXY Reaeration of oxygen Phy_dyn Computatiophytoplankton — Dynamo
BMS1_DetC Mineralisation detritus carbon in sedib®h  CalVS_IM1 Sedimentation velocity IM1 = f (Ter8 Sal)
BMS1_OOC Mineralisation other organic C in sedim@ht CalTau Calculation of bottom friction
GroMrt_Gre Nett primary production and mortalityegn algaeDynDepth dynamic calculation of the depth
PPrLim Limitation (numerical) on primary productionS1_Comp Composition sediment layer S1
CONSBL Grazing module Res DM Resuspension totabhotmaterial (dry mass)
PosOXY Positive oxygen concentration Extinc_VLG iggtion of visible-light (370-680nm) DLWQ-G
BMS1_DetN Mineralisation detritus nitrogen in sedimhS1 Emersion handle emersion z layers
BMS1_OON Mineralisation other organic N in sedim&tt AdvTra Advective transport of solids in sedimen
DecFast Mineralization fast decomp. detritus POC1 atu®XY Saturation concentration oxygen
DecMedium Mineralization medium decomp. detritusd20 TotDepth depth water column
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DecSlow Mineralization slow decomp. detritus POC3 L_DBreen Daylength function for green algae
DecRefr Mineralization part. refractory detritus®® NLGreen Nutrient limiation function for greergak
NutRel_Alg Release (nutrients/detritus) by of miityealgae Rad_Green Light efficiency function gnesgae
NRAIlg_S1 Nutrient release of algae in S1 TF_Green emperature functions for green algae

BMS1_DetP Mineralisation detritus phosphorus inmsemt S1 CalVS_POC2 Sedimentation velocity POC2 = f (Temp SS Sal)

BMS1_OOP Mineralisation other organic P in seding&ght CalVS_POC1 Sedimentation velocity POC1 = f (Temp SS Sal)
Sed_POC2 Sedimentation POC2 3d S2_Comp Compostidiment S2

S12TraO0C Transport in S1-S2: OOC ExtPhDVL Extioretof visual light by algae (Dynamo)
Sed_POC1 Sedimentation POC1 3d DMVolume Volumeyphdhtter in a segment
S12TraDetC Transport in S1-S2: detritus carbon &zgyth Daylength calculation

SedNPOC1 Sedim. nutrients in POC1 CalcRad Radiatie@egment upper and lower boundaries

The model used for water quality modelling, Delft8AQ (Deltares, 2013), solves the
advection-diffusion-reaction equations to calculatiee space and time variation of
biogeochemical and water quality state variablet @derived quantities. Table 1.1 shows the
list of the processes implemented in this versibthe WAQ model.

For the water quality model, spin-up interval of @@nths (October to October) starts from
uniform ocean conditions in the water column anthgis spatially varying distribution of
inorganic and organic particulate matter. Excetitmthis are the quantities calculated by the
hydrodynamic model (water levels, velocities, stetegss, salinity and temperature) which are
read from the corresponding valid record of therbglginamic run.

All calibration and validation runs were forced the catchment boundary using modelled
water quantity and quality.runs were forced at ¢hchment boundary using modelled water
guantity and quality.

2.Data overview and analysis

From among the three stations available, T1 (Figga)lis the one which best represents the
majority of the volume of the lagoon. Despite itgp@sure to oceanic conditions, the tidal
excursion of the order of 10 km allows the majodfythe volume to be advected pass Tl in a
single tidal cycle. As for the stations T11 and [Tttese two are placed deep inside the lagoon
and subjected to strong influence of river-borreekarges.
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2.1 Climate data

For the calibration interval between the years 280@ 2004, time series of wind speed, air
temperature and relative humidity from a local veatstation (Fig. 1.1a) and radiation from
the NCEP reanalysis (Kalnay et al., 1996) wereqgpitesd for the atmospheric boundary.

Hourly weather for the local station for the fulaldation period of 1999-2001 was not
available. Hence, all of the parameters used feratimospheric data were taken from NCEP
reanalysis.

Fig. 2.1 shows the distribution of the wind seffi@s both the calibration and validation runs.
From the comparison of the two, the more synophiaracter of the NCEP data is evident,
where a northerly predominance is present withngtretorm winds from the SW. The
calibration data reflects better the local windedtions and breeze system characteristic of the
weather in the lagoon.
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Fig. 2.1. Wind distribution for calibration (a) awmdlidation (b) runs.

2.2 Hydrological data

The input of freshwater volume, temperature, dissbloxygen and loads of NONH4, PO,
were taken from the SWIM model for both the finalilsration and validation runs, due to the
unavailability of useful measured data for therfastees between the lagoon and the catchment.
Figures 2.2 and 2.3 show the concentrations us@tpass calculated from flow and loads with

a flow cut-off at values < 0.01%t. From the six entry points, the Vouga, Antud aniiaM
Rivers transport more than 80% of the loads ineolty. Most of the sources have a load peak
at the beginning of winter which tails off duriniget year despite some peaks in concentration
due to very low flows. An exception to this is tAatua River which has a much flatter load
curve, with consistent rise in concentration durihg year for both nitrogen and phosphorous
loads.
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For the tidal calibration a set of 15 tide gaugdiehs (Fig. 1.1a) were used, where time series
of SSE were available for at least 30-days-londopksr measured from 2002 to 2004 (Araujo,
2005).

For the calibration of heat and salt, a datasetngasled which represented the full temperature
and salinity gradients, with good spatial resolutiand a temporal resolution capable of
reproducing the annual cycle. The transect sanipfedaz and Dias (2008) crosses the lagoon,
spanning most of its conditions and receiving théflow of all of the other channels, thus
making a good proxy for the temperature and sglicoinditions inside the lagoon and fulfilling
the conditions needed for the calibration dataBké observations were made at a set of 32
stations along 10 sections of the Espinheiro CHa(ffig. 1.1c). These observations were
compared against the water temperature and salinggtel predictions. In their work, this
transect was sampled fortnightly from Septembei32005September 2004, from the inlet to the
mouth of the Vouga, the main river discharging itite lagoon.

The validation set for salinity and temperatureobgk to the same observation program, where
water quality validation data was gathered (Cunhark® et al, 2002). This dataset was
collected at stations T1, T11 and T13 fortnightgtvieeen 04/12/2000 and 21/11/2001 at low
water and high water. There are several problemsestded with this dataset: (i) the spatial
resolution is very coarse; (ii) the values weregathered at or near slack water, and most
frequently near neap tide when dynamic conditioesewparticularly weak; (iii) the data was
collected only at the surface; and most importatly this hydrological year experienced the
heaviest rainfall of the recent decades. The po(n)y to (iv) will lead to bias in the
observations under strong freshwater flow, thusestenating river-borne substances, due to
the likelihood of sampling under stratified conalits only a small fraction of the water column.
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2.3 Ecological data

The dataset used to generate the initial sedimishtidition was taken from the surveys in
Rodrigueset al. (2011) in which the authors give an account ofrilative fraction of fines,
sand and coarse grain sediment.

The dataset used in the calibration of water qualitrameters was gathered by Cunha Duarte
et al. (2004). Due to the paramount importance of esthiolg the fitness of the annual cycle,
from the dataset only the stations with monthlyetter resolution were used. The stations T1,
T11 and T13 were sampled monthly during low anchhide at the surface. The calibration
parameters consistently sampled weres;NNOs;, PQ,, chlorophyll a, and Total Suspended
Solids (TSS) between 07/03/2003 and 17/02/2004. tRer validation dataset, the same
parameters, with the exception of TSS, were sampdethightly for the dates between
04/12/2000 and 21/11/2001 (Cunha Duaittal., 2002).

Similarly to the salinity and temperature validatidataset, the water quality calibration and
validation datasets present the same shortcomingsoth the calibration and the validation
dataset, N1 and PQ were under the detection limit for the measureseatt T1, with
exception of 2 points. These were 0.007 mgNI-1Né¥4 and 0.0077 mgPI-1 for PO4 for the
calibration dataset. For the validation datasetdgtection limits were 0.0280 mgNI-1 for NH4
and 0.0155 mgPI-1 for PO4 (Cunha Duarte et al. 200Q4).

3.Hydrodynamic model calibration and validation

3.1 Calibration methodology and results

The calibration of the hydrodynamic model was perfed in two steps: (i) the adjustment of
the parameters governing the response to tidalamdl forcing, and (ii) the adjustment of the
parameters controlling the salinity and temperature

The forcing of the tide was prescribed by imposi®@gharmonic constituents at the boundary,
calculated from a 366 day record where water lexsed sampled at the mouth of the lagoon
each 6 min between 31/12/2002 and 31/12/2003 (Vat,e2005). Their phases were changed
to account for the distance between the lagoon'stinand the offshore boundary, and the
amplitude adjusted to reflect the depth gradiemtvben the boundary and the mouth of the
lagoon.

A set of runs with the duration of 90 days was qenked, forcing only the tide at the boundary
and comparing the model predictions against thee ¢alibration dataset. The original uniform
bottom roughness was adjusted according to theesitnof the shallow water harmonic
constituents. In its final form, bottom roughnesaswprescribed using a spatially-varying
Manning coefficient as a truncated function of deefRicado et al., 2010). The bathymetry was
corrected locally, where the interpolation methadrapresented the finer scale surveys.
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After these corrections, the representation of tilal response by the model showed an
excellent to very good fit at most stations (skill0.95 and RMSE < 0.2 m), with less
impressive performance on isolated inner meandemegions. Figure 2.1 shows the
comparison between model predictions and obsensafar the main diurnal, semi-diurnal and
shallow water harmonic constituents. The modelqgrer$ with excellent agreement at most
stations when representing semi-diurnal tide (85%he variance), and a good agreement at
most stations when representing diurnal tide (7%hefvariance). Exceptions to this are the
results for the stations closer to the head ofdhannels. This can be attributed to (i) the
resolution of the numerical grid in these regioasd (i) the quality of the observation data
there with shorter time series and less than perdampling (Aradjo, 2005). The poor
agreement of the quarter-diurnal (5% of the vamegni€ caused by the uncertainty in describing
the profile of the intertidal flats due to the abse of detailed up-to-date topographic surveys
there.
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Fig. 3.1. Hydrodynamic model calibration resufts: harmonic comparison for 15 tidal stations (klac
— observed, white — modelled).
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The calibration of salinity and water temperatuswperformed by testing the model response
to ocean boundary conditions, horizontal diffusiand vertical resolution. Hence, in one
configuration, boundary conditions for salinity §36d temperature (15 °C) were kept constant
for the duration of the run (runs CA7 to CD7 of TeaB.1), and in another configuration, a
time-varying vertical profile of the HYCOM model ¢@mings, 2005) was forced at the ocean
boundary (runs CE7 to CJ7). Values of 1, 10 andrii®6" were used for horizontal diffusion
in order to test the model’'s parameterization ef $hb-grid transport processes. Although Ria
de Aveiro is considered a vertically mixed system rhost of the time, there are records of
transient vertical stratification due to freshwaitgout. In order to test the validity of the 2-
dimentional assumption, a set of runs were perfdrméhere 10 uniformly-spacestlayers
were used. The response of the model to differatehenent conditions was tested using a
legacy dataset produced with the SWAT model (Sod ®ater Assessment Tool, Neitseh
al., 2011), and the LAGOONS WPS5 results from the S\isldel.

Table 3.1. Specification of changed parametersdtirand heat calibration runs.

Run ID Watershed T Ocean S Ocean Dim Kxy (ms"2) Notes
Model
CAT7 SWAT 15 36 2D 10
CB7 SWIM 15 36 2D 10
ccr SWAT 15 36 2D 100
cD7 SWAT 15 36 2D 1
CE7 SWAT HYCOM HYCOM 2D 10
CF7 SWIM HYCOM HYCOM 2D 10
CG7 SWAT HYCOM HYCOM 3D 10
CH7 SWIM HYCOM HYCOM 3D 10
cr7 SWAT HYCOM HYCOM 2D 10 ég;f’r:ﬂﬁfo
cJ7 SWIM HYCOM HYCOM 2D 10 ég;f’r:ﬂﬁfo

Results using a constant ocean boundary for wateperature and salinity were encouraging,
with salinity and temperature following the obsehannual cycle. However, a point to point
analysis shows that there were significant depastdrom the observation. The examples
showed in Fig. 3.2 highlight the consequences afgusin invariable ocean boundary for
temperature, and the significant improvements getin the addition of the HYCOM series.

Changing to time-varying boundary conditions folinsy and temperature produced small
improvements in the fitness of the salinity resuttae to the inability to reproduce the low
salinities at the upper reaches. This was sigmflgaimproved when a no-flow-through
condition was imposed on the channel walls in thpen reaches of Espinheiro Channel. No
significant gains were obtained using a 3-dimeraigonfiguration.
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The mean spatial and seasonal skill and RMSE walilated for temperature and salinity.
The seasonal estimator calculates the mean okilie and RMSE for each section surveyed,
thus establishing a system-wide seasonal fitnesseomodel. The spatial estimator calculates
the mean of the skills and RMSE for each date s@dethus establishing a system-wide
spatial fitness of the model. In Fig. 3.3 these w@bimators are plotted against each other
giving a broad view of the results for each of ¢hébration options tested. Hence, this diagram
supports the conclusions that: (i) the SWIM modekuperior to the legacy SWAT model;
(i) the best diffusion was 10 T1s'; (iii) there was no substantial improvement inngsa 3-
dimentional setup; (iv) there was a significant imgement with the addition of the HYCOM
model at the ocean boundary; and (v) morphologjostchents at the head of the channel
marginally improved the fitness.
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Fig. 3.2. Subset of the modelling results for 2B6esurveys analysed for the Espinheiro Channel
representing temperature and salinity surveys mtewiand summer (observed — points and
error bars, CB7 — gray line, CJ7 — black line).

Taking this into consideration, the best overafl was CJ7 which outperformed all others in
skill and RMSE. This run reproduces well the seabaorycle, with an average skill of 0.98 for

temperature and 0.86 for salinity. The seasonala@esl RMSE, bias and Mean Absolute Error
(MAE) were 1.1 °C, 0.1 °C and 0.9 °C for tempemtuespectively. For salinity, these values
were 4, 0.1 and 3. Generally, in terms of surveguxvey spatial fitness of the temperature and
salinity gradients, the model under-performed &mperature (skill = 0.55) and showed poor
results for salinity (skill = 0.75). The poorer §phagreement was mainly due to difficulties in
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representing sections 8 — 10 (Fig. 1.1c). Thisige®oected result due to the uncertainty of the
SWIM daily outputs. This uncertainty is felt to eegter extent nearer the river mouths, whilst
farther downstream tidal dispersion acts as a lassgilter in the time domain.
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Fig. 3.3. Seasonal and spatial skills and RMSEpaoed at the Espinheiro Channel for all heat attd sa
calibration runs.

3.2 Validation methodology and results

Due to the strong tidal influence of the tide ie fRia de Aveiro, controlling more than 90 % of
the variance, only a change in mean sea levelybstry or bottom roughness would change
the character of the tidally-varying sea surfaeation and velocities. Since neither of those
characteristics of the study area changed betwleeratailable observational datasets, there
was no added value in analysing the tidal resparsihe hydrodynamic quantities for an
additional time interval.
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The same does not apply to temperature and saliftigrefore, a validation run was performed
for the interval between November 2000 and Octd@®$)1, and the results for salinity and
temperature are shown in Fig. 3.4 for the statibhsT11 and T13. The clear seasonal trend of
salinity and temperature is reproduced by the mdd@lvever, inferior results were attained in
comparison to the calibration interval. It is wgrihf note that several constrains contribute to
degrade the model fitness for this dataset: (i) high spatial and time uncertainty of the
dataset; and (ii) the extreme character of thefalinluring the interval analysed. This is
especially relevant at station T1 during the windér2000-2001, where salinity values were
measured only at the surface. Here the depth aftithenel is ~20 m, and recorded values of 10
at the surface can only occur with a significastisatified water column. Thus a strong bias is
present in the observations, leading to their uestenation of salinity. Under such strong
freshwater input, the uncertainty of the observatiaataset is maximised and should be taken
into consideration when comparing with a depth-aged model.
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Fig. 3.4 Validationresults for salinity and temperature for statiods(d, d), T11 (b, €) and T13 (c,
Observations (circles and diamonds); model (bluwkrad lines).
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4.Ecological model calibration and validation

4.1 Main calibration steps
The water quality model was calibrated in the feilog main steps:

1. determine initial sediment distribution, its dynantharacteristics and background
optical properties of the water;

2. adjust bottom content of particulate organic magisrording to the recorded values of
organic fraction;

3. adjust primary consumers growth to account for pignkton losses by consumption;
4. load test for model over-training;

5. adjust phosphorous mineralisation rates to fine tilne mean P{concentration at the
head of the channels.

Due to the uncertainty of the composition of botteediments in the Ria de Aveiro, an initial
distribution of cohesive sediments had to be extepd from historical data.

Using Rodrigueet al. (2011), a relation between maximum velocity arelftaction of fines in
the erodible bottom sediment was used to builditit@l distribution of fines based on the
model’s prediction of velocity maximum for eachtbé calculation points. For that, an erodible
0.05 m layer was assumed, and cohesive sedimahindss calculated based on the fraction
predicted by the relation in Fig. 4.1.

To test the characteristics of the sediment, tlsien and deposition critical shear stresses
were varied according to Table 4.1, assuming a maelsedimentation speed of 0.5%1@s".

The results of the final distribution after a 15+dan with no sediment input are plotted against
the velocity maximum for each point of the domamad &he regression lines compared with the
linear model used to generate the initial condition

Due to the inability of the SWIM catchment modelpt@duce solid load results for this region,
there was a need to infer these values in ordendmtain the lagoon’s sediment budget.
Following Lencart e Silvaet al. (2013), the solid loadQs) entering from the catchment was
prescribed as a value predicted from a relation$figifzveen historical river flow and total
suspended solids (TSS):

Qs=aQy,
whereQ, is the flow from the SWIM moded = 9.327 an@ = 1.063.
To account for stabilisation of the sediment dmttion within a full hydrological cycle, the

initial sediment distribution fed into the wateradity model was taken after a 18 months
simulation of sediment transport using Delft3D-FLOW
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Table 4.1. Erosion.. and depositiony critical shear stress for sediment calibratiorsrun

Ted 0.3C 0.4t 0.6(
e  (Nm?)
0.07¢ A D G
0.15( B E H
0.30( C F I

The fraction of POM in the sediment was prescriaedhe mean of the values observed in the
calibration dataset. Distribution of POM by carbantrogen and phosphorus fraction was
prescribed according to the WAQ model default $toimetric mass constants of C:N:P of
1:0.2:0.02.

The primary consumer seasonal curves and densitg a@apted from Frangat al. (2009)
work in the Tagus estuary. These curves were feal til model as forcing functions and
undergo a 9-step iterative process to reproducegridngng activity of zooplankton and benthic
invertebrates (Deltares, 2013):

1. conversion of the biomass forcing function inputhe desired units;

2. adjustment (if necessary) of the imposed grazeméass according to growth and
mortality constraints;

3. calculation of the consumption rates for detritnd algae;

4. calculation of the rates of food assimilation aedritus production;

5. correction of the assimilation rates for respinatio

6. adjustment of the grazer biomass;

7. calculation of the detritus production rates accwdo the food availability constraints;
8. evaluation of the total conversion rates as aduiioutput parameters; and

9. evaluation of the grazer biomass concentratioraldgional output parameters.

A load test was performed to test the model's respdo very different forcing conditions by

increasing the input of the catchment loads toesmé&r values. The model responded by
outputting a proportional increase in the valuevariables inside the lagoon, thus showing
that the calibration did not over-parameterise medel, preventing it from responding to

extreme forcing.

In order to fit better the mean RP@oncentration at the head of the channels, tlyetaate for
the mineralization of organic phosphorous at 28 set at 0.08 day

103



agoons __7;

Deliverable 6.2 NEWENFOHE

SEVEMIH
ARDGRIN A

4.2 Calibration methodology and results

In Fig. 4.1 the results from the testing of critichear stresses for erosion and deposition
detailed in Table 4.1 are compared to the Rodrigates. (2011) surveys (Fig. 4.1, dashed
line). The scenario | of Table 4.1 shows that tleest fit is for the maximum of both critical
shear stresses, representing the sediment withnesslity.

Fig. 4.2 to Fig. 4.4 show the results for 3 stagethe calibration for the available observed
parameters: (i) the left column shows results ptagrid correction and adjustment of the
nitrification rate and resuspension of POM; (iigetmiddle column shows results after grid
correction and prior to the adjustment of the fuation rate and resuspension of POM,;
(i) the right column shows results after grid mtion and adjustment of the nitrification rate
and resuspension of POM.

The results show that the model represents brahdlgeasonal cycle and range of each of the
variables analysed. A clear deficit of salinity NDand PQ is visible in the first column for the
ilhavo Channel for the results before the refinafggthe grid (Fig. 4.2 panels g), indicating a
dilution of the river water in the misrepresentedrpmology. After the correction of the
channel’s volume, the dilution effect was succdstliminated. A choice was made to adjust
the mineralization rate of particulate organic gitasous (POP) to fit the available P&t the
area affected by Antua river, given that this larger contributor to the lagoon in comparison
to the ilhavo channel (Fig. 3.2"%and 3 columns).
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sed max
0.04
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0.03f

|"sed (m)
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Fig. 4.1. Relation between local velocity maxinmal éocal cohesive sediment thickness at the bed.

Circles and dashed line: results and regressiorehfiaem Rodrigues et al. 2011; gray lines
from light to dark: runs A to | of Table 4.1. Adaptfrom Lencart e Silvat al (2013).

Overall, after these adjustments, the nutrientthenlagoon are in range and phase with the
observations. Exceptions to these are: (i) the Vaster peak in nitrogen is present but

underestimated; (ii) station T11 in the Laranjoaai® underestimating the results for nitrogen
and this deficit cannot be accounted by the frastioroduced inside the model.
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Regarding primary production, the model behaves$ ovarall with a tendency to overestimate
the first peak of chlorophyll in the inner-mostt&ias. However, the most significant station,
T1, shows a very good annual correlation and aogdit With regard to TSS, there is a
significant uncertainty given that the observatiorese mainly performed under weak mixing
conditions. The model seems to agree in such dondjtbut the range of variation within the
semidiurnal and spring-neaps cycle is unknown. Hanegiven the good results achieved with
primary production, this setup seems to reproducdigently the light climate in the water
column.

DIN DIN DIN

mgN/|

AW Aﬂj\v;”

- L2y )
Vy vy '\/vnv /

01/04
04/03
06/03
08/03
09/03
11/03
01/04

p
bop P Y
@ @ © @
=4 =4 4 <
3 D> D S
S S =3 3

11/03
11/03

01/04
04/03
06/03
08/03
09/03

105



4

Deliverable 6.2 SEVENTH E ALK

Fig. 4.2. Calibration results for DIN and Pfor stations T1 (a, b, ¢), T11 (d, e, f) and Tg3K, i). T
column: no adjustments™olumn: morphological adjustments of the ilhavatel; &'
column: morphological, POP mineralization rate atipent. Observations (circles and
diamonds); model (blue and red lines).
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Fig. 4.3. Calibration results for Nknd NQ for stations T1 (a, b, ¢), T11 (d, e, f) and T3H; i). £
column: no adjustments™olumn: morphological adjustments of the ilhavaahel; &
column: morphological, POP mineralization rate atiient. Observations (circles and
diamonds); model (blue and red lines).
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TPM TPM TPM

Fig. 4.4. Calibration results for chlorophyll adahSS for stations T1 (a, b, c), T11 (d, e, f) add
(g, h, i). £ column: no adjustments®olumn: morphological adjustments of the ilhavo
Channel; 3 column: morphological, POP mineralization rateiatipnent. Observations
(circles and diamonds); model (blue and red lines).

4.3 Validation methodology and results

Fig. 4.5 shows that the dynamic range and seasyo#@ of DIN at T1 has a good fit for the
validation results, with exception to the large lpealues during the spring of 2001. The
absence of peak values between December 2000 anid28p1 is more pronounced at the
head of the channels at T11 and T13 for both DIN R@;, implying that the loads from the
Vouga seem to compensate this absence despitenthé And the Boco load underestimation.
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Fig. 4.£. Validation results for DIN and F, for stations T1 (a, d), T11 (b, €) and T13 (c
Observations (circles and diamonds); model (bluwkrad lines).
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Fig. 4.¢. Validation results for Nz and NF, for stations T1 (a, d), T11 (b, €) and T13 (c
Observations (circles and diamonds); model (bluwkrad lines).

POy at T1 was always under the observations’ detedtioel, with exception to November and
March campaigns, with the model exhibiting a riseange during the winter, but not reflecting
the peak values. Considerable underestimation afd@@centration occurs at T13 throughout
the most of the validation run. However, the valusftect well the input from the catchment
with values rarely exceeding 0.02 mgP/I.

The contributions of N@and NH, to DIN are shown in Fig. 4.6, where an overestiombf

the NH, load is clear in relation to NQuring the peak flows. Primary production (Figr)4.
showed good results in the validation runs, botherms of season cycle and range, with a
tendency to overestimate slightly chlorophyll atiT1

Overall, the model seems to respond to a long t@mying mean change in conditions that the
exceptional hydrological year of 20#D01 represented, but, as in most models, it fails
depict exactly the exceptional peaks during veghhiver flow conditions. However, some of

110



agoons ;%_

Deliverable 6.2 I

this underestimation of peak values of river-bosubstances at T1 during low salinity
conditions can be attributed to steep vertical ifg®f which are depth-averaged in the model,
but the observations only sampled the surface wat&2 m). This bias under high freshwater
input was already explained in Section 2.2.
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Fig. 4.7. Validation results for chlorophyll a and TSS faatgins T1 (a, d), T11 (b, €) and T13 (c,
Observations (circles and diamonds); model (bluwkrad lines).
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5.Problems and recommendations

As it stands, the coupled hydrodynamic-transpotiewguality modelling suite fulfils the need
for a comparative analysis between scenarios witlenLAGOONS project regarding water
column concentrations. Despite the model shortcgsjithe results presented herein constitute
the achievable accuracy with the available dataHerlagoon and surrounding catchment. The
responsiveness of the model, the very good deguripf the transport in the water column, its
fair account of the annual cycle and range of npasameters, and its fair independence from
the initial conditions make the model suitable fbfferential comparison between projected
scenarios and reference condition..

However, the following points should be highlightedassist the users in their interpretations
of the results:

i) The description of the bottom boundary of the modek used as a black box to
calibrate the water column. Thus, oxygen consumgtip sediment oxygen demand
is not validated.

i) As was clearly shown in the calibration of salinithe uncertainty of the model
increases towards the heads of the channels favattborne variables.

iii) Particulate organic matter was not modelled atcdtehment and the model does not
model explicitly macrophytes. This prevents the PQMdget to be fully
independent from the initial conditions.

iv) The benthic macrofauna was only modelled as mallifiercing function. When
modelling collapses in these populations, this oailme done dynamically, but only
prescribed as a forcing function.

In the light of the above points, the following du¢ improvements can be made once there is
data to assist these developments:

i) Explicit modelling of the sediment with a set ofydas of varying thickness and
erodibility. This means the availability of the dadetailing the spatial distribution
of the physical properties of the sediment, itsanig matter content, and nutrients
in the pore water which is currently unavailable.

i) Instead of relying on catchment modelling dataurfetcalibrations of water quantity
and quality should be made using gauged obserginth reasonable sampling
frequency, and simultaneous at the several riveathsowithin the lagoon. This
currently unavailable dataset should depict theuahmtycle in both flow and

quality.

i) To allow a complete independence from the init@hditions of POM in the lagoon,
this variable needs to be modelled at the catchmam salt marshes should be
explicitly modelled. This would improve both the M@nd the nutrient budget.
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Chapter 3

The Mar Menor Lagoon -
Modelling results and recommendations

Javier Lloret,
Department of Ecology and Hydrology of the Univigrsi Murcia, Spain

1.Introduction

The Mar Menor is a hypersaline coastal lagoon atat a semi-arid region of southeast Spain.
The lagoon has a surface of approximately 135 &nal a total volume of 610xi@?® (Arévalo
1988). Maximum depth in the lagoon reaches 6.5 th \&wnh average depth of 3.6 m. The
lagoon is isolated from the Mediterranean Sea Bf &m long and 100 to 900 m wide sandy
bar (La Manga), crossed by three shallow chanihésdhamalo, Encafizadas del Ventorillo y
La Torre and EIl Estacio). In the early 1970s, ohé&hese channels (El Estacio) was dredged
and widened to make it navigable. Since then,stiiecome the lagoon’s main connection with
the sea.

Water exchange with the adjacent Mediterranean r8amly occurs through El Estacio
channel. Small tides, mainly diurnals, are resgaedor high frequency dynamics through the
channel, but the main force agent is, by far, theations in atmospheric pressure. Winds are
responsible for main water circulations within thgoon, which, in average, shows an anti-
clockwise circulation pattern. Water residence timéhe lagoon has been estimated as 0.79 yr
(Arévalo 1988).

The lagoon is located at the end of a watersheundlaled by a group of mountain ranges
(Escalona, Algarrobo, Cartagena) that surroundGampo de Cartagena, an extent plain of
about 1440 km Freshwater inputs into the lagoon are restritbesix ephemeral watercourses
called ‘wadis’ or ‘ramblas’. These wide, shallowllgags are generally inactive, but can carry
great quantities of water and sediment during flepisodes. The torrential nature of the
supplies is aggravated by the impermeable soilssaadce vegetation cover of the watershed
areas.

El Albujén wadi is the principal watercourse resgibfe for major inputs of organic and
inorganic nutrients that flow into the lagoon (\&la et al. 2006, Garcia-Pintado et al. 2007). It
drains a surface of about one third of the totaleme of the adjacent agricultural area (Campo
de Cartagena). The principal source is drainage firoigated crops, but sometimes waste-
water treatment plants located in the watershed digcharge large amounts of untreated or
insufficiently treated water into the channel. Teigiation has led to the appearance of certain
eutrophication symptoms in the lagoon, such asraéwhanges in the phytoplankton size
spectrum or the undesirable jellyfish blooms thatus every summer. An extensive
description of the principal lagoonal characterstiits climate, its natural values and
environmental problems is compiled in the LAGOONSepBrt D2.1 available at
http://lagoons.web.ua.pt/
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Despite our current understanding of main enviramadeproblems in the Mar Menor and our
increasing knowledge of lagoonal ecosystem fungigand its threats (mainly eutrophication
and climate change impacts), a quantitative evminaif the degree of possible alteration of
the lagoonal ecological quality status in a rangfeiture scenarios is still lacking. In this sense,
the use of coupled hydrodynamic and ecological ystesn modelling constitutes an
exceptional tool for the quantification of futureéends and the understanding of the
repercussions in the lagoon of changes in the ssmmomic and natural environments.

For the Mar Menor case study the model selectedddih the hydrodynamic and ecological
models was MOHID water modelling system. The MOHstem includes a baroclinic
hydrodynamic module for the water column and 3Dtfer sediments and the corresponding
Eulerian transport and Lagrangian transport moditasameters and processes involving non-
conservative properties are object of specific niesle.g. turbulence module, water quality,
ecology, etc.).

Due to its shallow depth, the water column of thar Mlenor lagoon displays a good vertical
mixing and stratification does not occur. Accordiogthese facts and in order to simplify our
calculations and improve the performance of the ef®ca 2-D approach was selected. The
hydrodynamic and water quality models were appdiedn orthogonal continuous grid defined
by squares of 175 x 175 m. Bathymetric data id#se for all modules of the MOHID system.

The spatial discretization in MOHID is based onngtd volume approach. Bathymetric data is
stored in the grid by assigning a depth point tcheaf the grid points considered, generating
finite volume elements or cells where model caltofes are made. The total number of cells in
the Mar Menor lagoon is 12250 (Fig. 1.1).

= N

Fig. 1.1. Modelled area defined by the applied 2255 m grid and resultant finite volume elements o
cells with depth data
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The hydrodynamic model applied in the Mar Menorolaig is able to simulate the flow of
water masses and calculate current velocities aatérwcolumn levels in the study area. The
model is able to quantify water exchanges betwherldgoon and the adjacent Mediterranean
Sea and therefore calculate water residence timatsiwariation through time. The model also
allows to characterize water circulation within fhgoon and solute transport. The interaction
of water masses with the lagoon bottoms is alsoeleddand erosion and deposition processes
are quantified. The high evaporation rates in ther Mienor and their influence on the salt
balance and water exchanges are also modeled. dkeimportant processes considered are
the heat and salt fluxes (basic to determine tlodugon of water temperatures and salinities in
the lagoon) and the calculation of water resideime (of enormous importance to determine
the magnitude of water exchanges and the abilith®fecosystem to store and/or export land-
derived substances and materials).

In the Mar Menor lagoon the ecological model cates nitrogen and phosphorus

concentrations, phytoplankton densiti€gulerpa proliferabiomasses and water transparency.
To achieve this, the biogeochemical cycles of carlogrogen and phosphorus are incorporated
by considering the following processes:

— Mineralization of particulate and dissolved orgammatter, including nitrification and
denitrification.

— Sedimentation and resuspension of phytoplanktorpanitulate matter.

— Phytoplankton primary production and nutrient uptak

— Effect of phytoplankton and particulate matter @mnmtcations on water column light
attenuation.

— Macroalgal primary production and nutrient uptake.

A more detailed description of the hydrodynamic a@cblogical models set up and
parametrization can be found in the LAGOONS Repd6.1 available at

http://lagoons.web.ua.ptA list of all the equations, assumptions and pesters used for both
the hydrodynamic and ecological models can be faimdvw.mohid.com

2.Data overview and analysis

2.1 Climate data

A set of climate variables were used to feed bbéhhydrodynamic and ecological models as
input variables in order to simulate processes witguat the water-air interface:

- Wind direction and Wind speed: Responsible f& thomentum exchange between air and
water masses and water circulation in the lagoon.

- Atmospheric pressure: Responsible for low fregyewater exchanges between the lagoon
and the adjacent Mediterranean sea due to itsteffewater levels.

- Air temperature: Responsible for the heat exchargween air and water, key for simulating
water temperatures in the lagoon as well as evéiporeates and their influence on lagoonal
water salinities.

- Relative humidity: Important for the simulatiohevaporation rates in the lagoon.
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- Solar radiation and Cloud cover: Both variablembined determine the amount of light that

reaches the water-air interface and were usedmalaie light availability for planktonic and
benthic macroalgae photosynthesis in the lagoon.

Daily averaged data for all these variables wertined from the closest meteorological
station located in San Javier 37°47°20”N / 0°48\02(Fig. 2.1).

Tim 1
San Pedra
A&l Pinstar

N

San Javhr

Mediterranean Sea

1 s
s i Mar Menor $

ELa Uniin

Fig. 2.1. Map showing the location of San Javieteoeological station (red).

Climate data was analysed in order to find outhi¢ tyears selected for calibration and
validation of the model can be considered ‘typical ‘unusual. Air temperature and
precipitation, the most important variables thatedaine hydrological conditions in the area,
were selected for this analysis. Mean annual teatper (MAT), Average summer temperature
(AST), Total annual precipitation (TAP) and Occuece of extreme rain events (OER >20 mm
day’) were calculated for selected years and contrasitbothe same data analysed for the 30-
yr period 1981-2010. Results are shown in the Yahg Table:

Table 2.1. Results of the analysis of climate data for seleaeyears
(HD-M: Hydrodynamic model, Eco-M: Ecological model)

Year MAT (°C) AST(°C) TAP (mm) OER (#)
2002 (HD-M / Eco-M Calibration) 18.07 24.43 203 2
2003 (HD-M / Eco-M Validation) 18.29 25.75 ** 377 6
2007 (HD-M Calibration) 18.18 24.90 329 3
Average 1981-2010 17.64 24.50 313 3.7

** Values above the 95% or below the 5% percentiiethe distribution
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According to the analysis of climate data, the e2002 and 2007 can be considered as
‘typical’ for all the parameters analysed (contdingthin the central 90% of data distribution).
In contrast, 2003 is an ‘unusual’ year with regexrdAST. The observed averaged temperature
of 25.75 °C in the summer was above the 95% paleaitthe 1981-2010 distribution, being
also the hottest summer for the same 30-yr period.

2.2 Hydrological data

Tidal components used for the simulation of tidaicing in the hydrodynamic model were
obtained from Arevalo (1988), who calculated tilatmonics in the area close to El Estacio
channel. The set of nine tidal harmonics usedisdi in the following Table:

Table 2.2. Tidal harmonics used in the hydrodynamienodel.

Tidal harmonic Symbol Amplitude Period
Solar semiannual SSA 0.0338 187
Lunar monthly MM 0.0137 128
Lunar diurnal o1 0.0267 111
Solar diurnal P1 0.0138 169
Lunar diurnal K1 0.0375 171
Principal lunar semidiurnal M2 0.0307 57
Principal solar semidiurnal S2 0.0103 51
Larger lunar elliptic semidiurnal N2 0.0052 45
Shallow water overtides of principal lunar M4 0.004 161

Tidal amplitude in the area is very low, a typichhracteristic of the western Mediterranean
coasts. This fact has a great effect on water exgsmbetween the lagoon and the adjacent sea
since differences in water levels between both matesses are small.

Apart from the tidal and atmospheric forcings, thgdrodynamic model also includes

freshwater discharges as input data. The only diges included in the model were those from
El Albujén wadi, the main watercourse that flowsoirthe lagoon and the only wadi that

displays a continuous flow. Discharge data wereaektd from data of Garcia-Pintado et al.
(2007), who sampled this watercourse fortnighthptighout 2002-2004. To feed the model we
extrapolated the series to daily data (Fig. 2.2).
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Fig. 2.2. Extrapolated daily discharge data sengsacted from Garcia-Pintado et al. (2007).

The extrapolated discharge data series was usedtlglifor the modelling of two of the
calibration/validation periods, 2002 and 2003. Hesve no data was available for 2007, the
period selected for the hydrodynamic model calibratin this case, since the calibration was
made on a dry period in July-August 2007, we asslutine same discharge data as in 2003 for
these same months, being around the §.8'nbase flow. The same assumption was made for
the period between May and September 2002 to emgifgad enough data for the calibration
of the hydrodynamic model since it also correspdnttea dry period in the study area and
taking into consideration the small effect thatMbujon freshwater inputs have on salinities
and temperatures in the Mar Menor lagoon.

Current velocities used for the calibration of th@lrodynamic model were obtained from the
Oceanographic  Information Service of Murcia (SIOMpvailable online at
https://caamext.carm.es/sianThe service provides 10-min current-meter obg@nsa in a
sampling station located in El Estacio channetfierperiod between July®and August  of
2007. The current-meter located at El Estacio chlarthe main inlet that connects the lagoon
with the adjacent Mediterranean Sea, provides Wdudata for the calibration of the model
and the estimation of water exchanges in the &iga 2.3).

Initial and boundary conditions for current veloest were set to 0. The model was allowed to
run the whole year 2007 period with real climatéada ensure stability of the results during
the modelling of the selected calibration period.
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Fig 2.3. Location of the SIOM sampling station éoirrent velocities used for the hydrodynamic model
calibration.

Water temperature and salinity data series in tlea avere obtained from different sources.
Surface water temperatures and salinities usethéoocean boundary condition were obtained
from data of the RADMED project of the Spanish Quegraphic Institute (IEO) available at
http://www.ma.ieo.es/gccThe website provides monthly averaged data foin bariables at a
station located in Cabo de Palos, close to ourysamda (Fig. 2.4). The high surface/volume
ratio of the Mar Menor lagoon and the extremelyglavater residence time in the lagoon, due
to the reduced water exchange with the Mediternar®ea and the microtidal regime in the
area, justify the use of monthly averaged datdhferocean boundary condition in this case.
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Fig. 2.4. Water temperatures and salinities at @ebPalos used as ocean boundary condition foe thes
variables.

Values for temperature and salinity of freshwatgpuis through El Albujon Wadi were
obtained from Velasco et al. (2006) who sampledrioeith of the wadi between September
2002 and October 2003. The authors reported lilgations in salinity ranging from 3.60 to
7.90. In order to simplify our calculations, andnsumlering the little effect that El Albujon
inputs have on lagoonal salinities, we assumedrataat salinity of 6.16 for wadi's inputs,
reported by the cited authors as the annual avebagieng the same study temperatures ranged
from 11.70 °C in the winter to 24.40 °C in the swemnbeing extremely similar to those
observed in the lagoon. For this reason, and irerotd simplify our calculations, input
temperatures were not included as a ‘dischargedun model, since little to none effect is
expected.

Lagoonal water temperature and salinity data avigilan the literature, technical reports or
web-based applications are scarce and mainly qunelsto samples collected in random
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months/years and locations, rather than yearly siatias in fixed locations appropriate for the
calibration/validation of the model. In this cadata series for water temperature and salinity in
the lagoon used for the calibration of our hydradwtc model were extracted from Perez-
Ruzafa et al. (2005) available in the literaturag aorrespond to five locations sampled
fortnightly in the lagoon from May 2002 to April @8 (Fig. 2.5). The distribution of sampling
stations for this data set seems to be sufficemepresent spatial variability in the lagoon, and
periodicity of the sampling seems also adequatat tieast discern major temporal patterns.
There are however some gaps in the series.

San Fedra
dhel Pinatar

Ran Javier

Mediterranean Sea

La Uniin

Fig. 2.5. Location of the sampling stations formed2eRuzafa et al. 2005 (red) used for the
hydrodynamic model validation and ecological maz#ibration.

A second series corresponded to own data for tivee sariables from January to November

2003 in six sampling stations, sampled bi-montHig( 2.6). Sampling stations, although

scarce and located in the western and central gfathe lagoon, represent well the main

environmental gradients in the Mar Menor lagooro(ét et al., 2005, Velasco et al. 2006).

Periodicity of the sampling was lower for this ssrbut ensured some data for the validation of
our model.
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Fig. 2.6. Location of the sampling stations (res@difor the ecological model validation.

Our own data from January 2003 were used as modell iconditions for temperature and
salinity in the lagoon, although the model was vadd to run a whole year prior to the
calibrated/validated periods to ensure model stgbil

2.3 Ecological data

Concentrations of major inorganic nitrogen and phosus and chlorophyll concentrations
used as the ocean boundary condition for the emabgnodel were obtained from the
Oceanographic  Information Service of Murcia (SIOMpvailable online at
https://caamext.carm.es/sianibue to the extremely low concentrations, the tiohilagoonal
water exchanges with the adjacent Mediterranean éelathe scarce variability of major
nutrients at the ocean boundary condition, theinceatrations were considered constant
throughout the year at aroufd02 mg/l of nitrate and 0.0015 mg/l of inorgantwopphorus
Chlorophylla concentrations used as the ocean boundary com@dit@presented in Fig. 2.7.
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Fig. 2.7. Chlorophylla concentrations used as ocean boundary conditramhi®variable.

Nutrient input data from EI Albujon wadi were obted from Garcia-Pintado et al. (2007).
These authors sampled nutrient concentrationsiddtig in the mouth of the wadi from 2002
to 2004. Data was extrapolated to generate dailg Series for nitrate, nitrite, ammonia and
inorganic phosphorus concentrations to feed oureatsodA gap in the nitrate series from
October 2002 to January 2003 was corrected by asgysnoportional concentrations to those
observed in other nitrogen forms and the tenderatissrved for the same period in 2003-2004

(Fig. 2.8).
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Fig. 2.8. Extrapolated daily inorganic nutrient centration data series extracted from Garcia-Pintad
et al. (2007). Dashed line in the nitrate serigsagents assumed concentrations for this period.

As occurred for temperature and salinity, datanfatrient and chlorophyll concentrations in the
Mar Menor lagoon mostly correspond to random swsvaly different locations. In this case
only two data series were available for nutrierd ahlorophyll concentrations in the lagoon.
The first series was extracted from data of PengzaRa et al. (2005) available in the literature,
and correspond to concentrations of nitrate, inmoyphosphorus and chlorophglsampled
fortnightly in five locations within the lagoon thughout May 2002 and April 2003 (see Fig.
2.5). The distribution of sampling stations forstldata set is sufficient to represent spatial
variability in the lagoon and periodicity of thengple seems to be adequate. There are however
some gaps in the series. Furthermore, in this e@seyere only able to use data from October
2002 to April 2003 for our ecological model calitioa, since no data was available for
freshwater and nutrient inputs from El Albujon waldir the period between May and
September 2002.

The second series corresponded to own data fosdhge variables from January 2003 to
November 2003 in six sampling stations, sampleohdnthly (see Fig. 2.6). Sampling stations,
although scarce and located in the western andatqudrt of the lagoon, represent well the
main environmental gradients for nutrients and pbylls in the Mar Menor lagoon (Lloret et
al., 2005, Velasco et al. 2006). Periodicity of saenpling was lower for this series but ensured
some data for the validation of our model.

Despite the fact that our ecological model is ableeompute different forms of particulate,
dissolved, organic and inorganic nutrients, datailability only permitted the calibration of
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nitrate, inorganic phosphorus and chloroplaylleoncentrations. Nitrate and inorganic
phosphorus are the major forms of dissolved indogaatrients in the lagoon and, together
with chlorophyll concentrations, serve as goodaathrs of the trophic status of coastal areas.

Our own data from January 2003 were used also @elnmoitial conditions for nutrients and
chlorophylls in the lagoon, although the model va#lswed to run a whole year to ensure
model stability.

Only one data series was available foaulerpa prolifera biomass in the lagoon and
corresponded to our own data from January 2003aehMber 2003 in six sampling stations,
sampled bi-monthly (Fig. 2.6). Other data@awulerpa proliferabiomass found in the available
literature are scarce and mostly correspond toaiendamples collected in very shallow
locations of the lagoon. Our series was the onka dhat permitted the comparison of our
model results with observed algal biomasses.

Years selected for the calibration and validatiblowr ecological model can be considered as
‘typical’ and no particular ‘eutrophication event® ‘unusual’ concentrations of nutrients or
phytoplankton were recorded during these periods.

3.Hydrodynamic model calibration and validation

3.1 Calibration methodology and results

Current velocity calibration was carried out by @amng our model results with current
velocities obtained from the Oceanographic InforaraService of Murcia (SIOM) available
online at https://caamext.carm.es/siam/The service provides 10-min current-meter
observations in a sampling station in El Estacianctel for the period between Jul§ and
August 8" of 2007 (see Fig. 2.3).

Reference density and reference specific heat wiet@ned from Arevalo (1988) and values
are presented in the following Table 3.1. Calilmnatof bottom rugosity was done manually
until a good fit with the data was achieved; otbarameters included in the model were set as
default as defined in the MOHID Description Docuitnavailable ahttp://mohid.com

Table 3.1. Parameters used in the hydrodynamic motie

Parameter Value
Reference Density 1031 g
Reference Specific Heat 3985 Jtim™t
Bottom Rugosity 0.0025m

The model was able to represent current velociieEl Estacio channel for the calibrated
period in terms of magnitude, direction and pedygi Values of mean and standard deviation
of computed and measured velocities were very ainfilable 3.2).
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Table 3.2. Current mean and standard deviation fothe calibrated period
at El Estacio channel. tn=4888 observations).

Parameter Measured Computed
Mean current velocity modulus (m)s - 0.005 - 0.016
Standard deviation (m*s 0.418 0.442

The comparison between computed and measured vebeities in El Estacio channel for the
calibrated period is presented in the followings=gy1l and 3.2. In general, the model provides
a good reproduction of water currents at E|l Estabennel.
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Fig. 3.1. Computed (red line) and measured (bfatkts) current velocities at El Estacio channel
during the calibrated period.
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Fig. 3.2. Comparison between computed and measetedities at El Estacio channel. Red line
represents adjusted linear regression<R.715).

In order to better quantify the capacity of the mlo reproduce current velocities, the values

of the average error (RMSE), normalized averageat §NRMSE) and Rwere computed and
reported in the following Table:

Table 3.5 RMSE, NRMSE and R2 for current
velocities in the calibrated period*(n =
4888 observations).

Current velocity

RMSE 0.240 m$
NRMSE 0.141
R? 0.715

In order to calibrate water temperature and sglinite model simulated the period from May
2002 to April 2003 and computed values of tempeeatund salinity were compared with the

data collected by Perez-Ruzafa et al. 2005 atdarapling stations in the Mar Menor (See Fig.
2.5).

Results showed a good agreement with the obsemgafar both variables and the model
reproduced well the evolution of temperature antihisa of the Mar Menor during the
calibrated year. A summary of the calibration nestis presented in the following Table:
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Table 3.4. Calibration metrics for temperature andsalinity in the

validated period.

Variable Metric Value
Measured Computed
Mean 21.15 19.96
Temperature S.D. 6.35 6.48
(n=54) RMSE 1.995
NRMSE 0.108
R? 0.938
Measured Computed
Mean 45.14 45.15
Salinity S.D. 1.33 1.20
(n=94) RMSE 0.717
NRMSE 0.103
R? 0.600

Results of the NRMSE calculation for temperaturd aalinity at each individual station are
presented in Table 3.5. The model is able to remredhe spatial variation of both variables

during this period.

Table 3.£. NRMSE values for temperature and salinity at indivdual stations in the

calibrated period.

NRMSE
Variable Al A2 A3 A4 A5
Temperature -- 0.102 0.108 0.075 0.179
Salinity 0.168 0.095 0.211 0.246 0.197

A comparison between observed and computed valtésnaperature and salinity for the
individual stations during the calibrated perioghiesented in Fig. 3.3.
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Fig. 3.3. Comparison between computed (blue) aeasored (red) temperature and salinity for the
calibrated period.
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In general, the model accurately describes temperadand salinities in the lagoon. Metrics
used to estimate the accuracy of the results oValhidated period displayed better agreement
for temperature than salinity. Although the caltedhvalues for NRMSE at individual stations
for both variables are acceptable, it seems theaioe‘outliers’ in the salinity series are
responsible for such a deviation from the compuwaldes. The highest NRMSE score was
observed at A4 station, located close to El Estelb@nnel, a location that is highly influenced
by the daily exchanges of seawater with the adjabéediterranean Sea. Since the model
computed daily average data for salinity, the défees between observed and computed data
may be greater in this case, depending on the dintke day samples were collected, biasing
our comparison results.

Computed water temperatures ranged between 10°@inter and 30°C in summer, in
agreement with the general temperature patternredgein the Mar Menor (Fig. 3.4).
Computed salinities also reproduced well the gdneatterns in the area (Fig. 3.4) and the
observed salinity gradient from the northern areshe lagoon, more influenced by the
exchanges with the Mediterranean, and the soutparnof the lagoon, more isolated from
these exchanges and displaying in general highiertss (Fig. 3.5).

Both variables displayed a clear seasonal pattethe lagoon (Fig. 3.4). Temperature reaches
its maximum in July-August and its minimum in JamndBebruary. Salinity reaches its
maximum in September-October and its minimum in dMafpril. This seasonal pattern is
clearly defined by the seasonal variability of aspieeric forcings, including solar radiation,
heat exchanges at the water-air interface and ezapo rates. Freshwater inputs and water
exchanges with the Mediterranean seem to have litfluence on the seasonal dynamics of
both variables, although their influence (particlylafor salinity) is more evident in areas
located either very close to the mouth of El Albyjor in the northern areas of the lagoon
close to El Estacio channel and Las Encafizadast iApart from the cited spatial differences
in salinity in the north-south direction, no otlegnificant spatial differences for temperature
and salinity were identified. Although there is te@r evidence that temperatures can reach
values either higher than 30 °C or below 10 °Ceryshallow areas of the lagoon, this pattern
cannot be observed in our model due to the coaideiged in the modelling.

El Albujon wadi freshwater discharges displayedleliinfluence on water salinities in the
lagoon (Fig. 3.5). This result is justified by ttedatively low volume discharges from the wadi
(around 0.2 rhs® base flow) compared to the total volume of theotay of approximately
630- 10 m®. The effects of these inputs are very local arlg affect the area located very close
to the mouth of the wadi.
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Fig. 3.4. Annual variation of computed temperaiigreen) and salinity (blue) averaged for the whole
basin during 2002.
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Fig. 3.5. Yearly averaged salinity in 2002 compuigdhe hydrodynamic model displaying a clear
gradient from north to south.
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3.2 Validation methodology and results

After the hydrodynamic model calibration, in ordervalidate our results, the model simulated
the period from January to November 2003, and coedpualues of temperature and salinity
were compared with the data collected by our teasixasampling stations in the Mar Menor
(see Fig. 2.6). Results of the validation metries@esented in the following Table:

Table 3.6. Calibration metrics for temperature andsalinity in the
validated period.

Variable Metric Value
Measured Computed
Mean 21.09 19.74
Temperature S.D. 7.49 7.09
(n = 30) RMSE 1.672
NRMSE 0.078
R? 0.984
Measured Computed
Mean 44.93 45.30
Salinity S.D. 1.72 1.87
(n = 30) RMSE 1.087
NRMSE 0.134
R? 0.700

Although the reduced number of samples did notatlee calculation of validation metrics at
individual stations, the results obtained in themparison of our model results with
observations in the validated period were agaimsfsatory, confirming the ability of our
hydrodynamic model to reflect major patterns inevaémperature and salinity in the lagoon.

To further validate the hydrodynamic model, we ghated water residence time in the lagoon
for the year 2003 and compared our results withiipus estimations. The method is based on
the dispersion of Lagrangian particles (tracersjlefsned in Braunschweig et al. (2003) (Fig.

3.6).
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Fig. 3.6. Dispersion of Lagrangian particles (@&ra¢ used for the calculation of water residenoe tin
the Mar Menor lagoon.

Our results estimated a residence time of 0.7&any similar to the available estimations of

0.79 yr made by Arevalo (1988). The long waterdesce time in the lagoon is due to several
factors, including the extremely low freshwaterutgpand the low water exchanges with the
Mediterranean Sea, due to the low tidal amplitudéhé area and the shallow and narrow inlets
of La Manga.

It can be concluded that the model accurately ptediasic hydrodynamics, water exchanges
and the heat and salt fluxes in the Mar Menor lagoo

4.Ecological model calibration and validation

4.1 Calibration methodology and results

The ecological model calibration was carried outcbynparing our model results with nitrate,
inorganic phosphorus and chlorophgleoncentrations extracted from Perez-Ruzafa &08I5

at five sampling stations in the Mar Menor (see. Rg). We calibrated the period between
October 18 of 2002 and April 2% of 2003.

Previous ecological studies in the area allowedpdr@meterization of some of the processes
modelled. First, the effect of phytoplankton demesiton water column transparency was
estimated empirically from a regression analysis ooff own data collected in 2003.
Phytoplankton light extinction coefficient was @g®d a value of 0.0833 hraccording to the
regression analysis. Furthermore, the study caroetl by Terrados (1991) allowed the
parameterization d€aulerpa proliferaphotosynthesis, production and nutrient dynanmdse
Mar Menor. Values focCaulerpa proliferaparameters included in the model are listed in the
following Table:
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Table 4.1. Parameterization of Caulerpa prolifera

modelling.
Parameter Value
Endogenous respiration rate 0.0123Yay
Excretion rate 0.008 ddy
Grazing rate 0.0 day*
Maximum growth rate 0.18 ddy
Natural mortality rate 0.001 day
Optimum radiation value 80 Wm
Photorespiration rate 0.018 day
Nitrogen/Carbon ratio 0.071
Phosphorus/Carbon ratio 0.0016
Minimum temperature for growth 10°C
Maximum temperature for growth 35°C
Optimum minimum temperature for growth 20°C
Optimum maximum temperature for growth 30°C

Calibration of the principal parameters important phytoplankton and macroalgal growth in
relationship with major nutrient concentrations vdame manually; other parameters included
in the model were set as default as defined inM@HID Description Document available at
http://mohid.com Values of the principal parameters were adjustediually until a good fit
with the data was achieved.

The ecological model was able to simulate nitraphosphorus and chlorophyl-
concentrations in the lagoon for the calibratedgoeValues of mean and standard deviation of
computed and measured concentrations were veriasi(fable 4.2).

Table 4.Z. Values of the mean and standard deviation of majonutrients and
chlorophylls in the calibrated period.

Mean S.D.
Variable Measured Computed Measured Computed
Nitrate (mg-1) 0.123 0.077 0.126 0.105
Inorganic phosphorus (md)! 0.008 0.009 0.010 0.008
Chlorophylla (mg- m) 0.587 0.608 0.280 0.354

Calibration results demonstrated a good agreemetmieen measured and computed data for
nutrient and chlorophyll concentrations both in rage and deviation values during the
calibrated period. The model slightly underestirdatetrate concentrations during the
calibrated period, although reproduced well itsiakaility. Calibration metrics are presented in
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the following Table 4.3. Due to data availabilingetrics could only be calculated for the whole
pool of samples rather than for individual stations

Table 4.3. Calibration metrics for nutrient and chorophyll
concentrations in the calibrated period.

Variable RMSE NRMSE R?
z\:]i”:afg)(mg'ﬂ 0.086 0.198 0.65
'(?]O:rgf‘[‘)ic phosphorus (&) 505 0.119 0.76
g]hioz%‘;hy"a (mg-nv) 0.242 0.200 0.53

Calculated metrics displayed relatively low valuels RMSE and NRMSE, although the
computed values for®Rwvere relatively low. This result is not surprisidge to the low number
of samples used for the calibration and the higthatbdity of measured values. The model,
however, seems to reproduce well the three vasgablethe ranges observed during the
calibrated period (Fig. 4.1).

Taking into consideration model's assumptions,rdseilts of the calibration can be considered
satisfactory. The 2-D approach for our model seisufar from ideal, but at least computed
values compare relatively well with measured vdeisab Our ecological model results in

specific cells are an integration of the concemrat observed in the whole water column,
while available data correspond to measurement®raad-m depth, a fact that can explain a
certain degree of the mismatch observed.
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Fig. 4.1. Linear adjustments between measurecdamgputed values of nitrate, inorganic phosphorus
and chlorophylla concentration during the calibrated period (redd). Blue line represents

the 1:1 adjustment. Dashed red lines represer@G¥econfidence interval.
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In general, the model simulated well the major ieatrand chlorophyll concentration patterns
in the lagoon, displaying clear gradients for néranorganic phosphorus and chloropteyll-
concentrations throughout the year, associateldetaputs from the El Albujon wadi (Figs 4.2,

4.3 and 4.4 respectively).

Nitrate (mg/]
Nitrate (mg/)
0 04

08 12 16

Fig. 4.2. Yearly averaged nitrate concentratiordd@2 computed by the ecological model displaying
a clear gradient from the mouth of El Albujon wéalthe centre of the lagoon.
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Fig. 4.3. Yearly averaged inorganic phosphorus eptrations in 2002 computed by the ecological
model displaying a clear gradient from the moutkloAlbujon wadi to the centre of the
lagoon.
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Fig. 4.4. Yearly averaged chlorophglleoncentrations in 2002 computed by the ecologrezdel
displaying a clear gradient from the mouth of Bbdjbn wadi to the centre of the lagoon.

4.2 Validation methodology and results

After the ecological model calibration, in ordervalidate our results, the model simulated the
period from January to November 2003, and compu#dieks of nitrate, inorganic phosphorus
and chlkorophyll-a concentrations were comparedh whe data collected by our team at six
sampling stations in the Mar Menor (see Fig. 2.6).

Results showed a good agreement with the obsengafior all variables, and the model
reproduced well the evolution of nutrient and cbfaryll concentrations in the Mar Menor
during the validated year. A summary of the valmatmetrics is presented in the following
Table:
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Table 4 4. Validation metrics for nutrients and chlorophylls in the validated

period.
Variable Metric Value
Measured Computed
Mean 0.255 0.211
Nitrate (mg-) S.D. 0.386 0.290
(n=36) RMSE 0.188
NRMSE 0.101
R? 0.79
Measured Computed
Mean 0.012 0.011
Inorganic phosphorus (mgd)! S.D. 0.013 0.011
(n=36) RMSE 0.005
NRMSE 0.102
R? 0.86
Measured Computed
Mean 1.652 1.729
Chlorophylla (mg- 1) S.D. 0.776 0.796
(n=36) RMSE 0.304
NRMSE 0.113
R? 0.86

The reduced number of samples did not allow theutation of metrics for individual stations,
but, in the light of the values of the metricsdstabove, we can conclude that the ecological
model accurately describes major patterns in mitrénd chlorophyll concentrations in the
lagoon. Computed metrics displayed even betterltee$or the validated period than those
obtained during the calibration of the model, inthg the linear adjustments and the values for
R? (Fig. 4.5). This result can be due to the fact tladidation was carried out by comparing our
model results with data obtained along the maimrientis and chlorophyll gradients in the
lagoon.
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Fig. 4.5. Linear adjustments between measurecdamgputed values of nitrate, inorganic phosphorus
and chlorophylla concentration during the validated period (reddin Blue line represents
the 1:1 adjustment. Dashed red lines represer@3¥%econfidence interval.
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ComputedCaulerpa proliferabiomass distribution was also compared with meabutata
during the validated period. Results are shownabl&@ 4.5. In general, the model accurately
reproduces general biomass distribution pattertianagoon, displaying higher biomasses in
the central part of the lagoon and lower biomasshadlow areas (Fig. 4.6).

Table 45. Validation metrics for Caulerpa proliferabiomass in the validatec

period.
Variable Metric Value
Measured Computed
Mean 147.6 110.2
Biomass (g- ) S.D. 89.3 67.0
(n=23) RMSE 55.3
NRMSE 0.221
R? 0.80

e Ey xr
Cau!erﬁa prolifera biomass :ﬁa’mZ)
0 50 ' 00

100 150 2

Fig. 4.6. Compute@aulerpa proliferabiomass distribution in the Mar Menor lagoon.
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In global terms, the model predicts an averageal tgal biomass of approximately 21285
Tons ofCaulerpa proliferabiomass in the lagoon for the year 2003, a vaiaé is in the same
range of previous estimations of 18215 Tons madeldret et al. (2008).

It can be concluded that the model accurately de=strmajor patterns in nutrient and
chlorophyll concentrations in the Mar Menor lagodine model is also able to reproduce
Caulerpa proliferabottom distributions. Considering the assumptiand simplifications of
our 2-D ecological model for the Mar Menor lagodhe results of the calibration and
validation of the model can be considered satiefganh order to represent the ecological status
of the lagoon.

5.Problems and recommendations

One of the first problems that arose during th@aration of data and set-up of our models was
the lack of accurate bathymetric data in the lagaomarticular for the three main inlets that
connect the lagoon with the adjacent Mediterrar®ea. Two of these inlets, El Estacio and
Marchamalo channels, have been highly modified, @edodically dredged. The other one,
Las Encafizadas, constitutes a natural labyrinthaofow and shallow channels, not very well
described in the literature. More accurate measeinésnof depth and dimensions of these
channels are of extremely importance for the futlefnition and improvement of our models.
A re-design of our original orthogonal grid with reodetailed spatial information in these
inlets will allow in the future a substantial impeoment of our hydrodynamic and ecological
model results.

Despite the high number of scientific studies eatrout in the Mar Menor lagoon area, one of
the main problems for the calibration and validatad our models was data availability. Long
term data series for our state variables are s@ardere usually incomplete and contain many
gaps. Sampling periodicity was also an added issueur model calibration/validation, since
most sampling efforts were made on a fortnightha@easonal basis, being unable to describe
properly some of the processes occurring in thedagat a much faster temporal scale (e.g.
storm events).

Recently, some efforts have been made in this semseding the creation of a monitoring
network in the lagoon that is providing monthly eetts of salinity, temperature, nutrient and
chlorophyll concentrations, organic and inorgandalytants in a total of 28 stations well
distributed in the study area. However, we could nse this data for the calibration or
validation of our model due to the inexistence afaaige station at EI Albujon wadi. Despite
the low discharge volumes, major gradients foriaats and chlorophylls in the whole lagoon
are strongly affected by El Albujon inputs, so dethfreshwater and nutrient input data series
from this wadi are of extreme importance for a eorrcomparison of modelled data with the
observed records for these variables.

Furthermore, some efforts are still necessary aeoto better quantify the concentrations of
certain nutrient forms in the lagoon. On one hawne inorganic nutrient forms, such as
ammonia and inorganic phosphorus, are usually tega@s ‘zero’ or ‘below detection limits’.

It seems clear that sampling methodologies andys@ealare not accurate enough to describe
their concentrations and, although negligible, pneper description of these nutrients will
permit a better calibration of the ecological modeh the other hand, particulate forms of
nitrogen and phosphorus need to be adequately ii@drnboth in the water column and the
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bottoms, and remineralization processes propercriteed. These processes seem to be
extremely important in the lagoon, but they receilittle attention so far.

Another aspect that requires further research iderrto improve the quality of our
hydrodynamic and ecological models is the charaetion of the influence of storm events on
the freshwater, nutrient and particulate inputsnfithe wadis. The scarce precipitation and the
torrential nature of the very few rain events ie #rea are the reasons that freshwater and
nutrient inputs entering the lagoon mainly occurimiyithese particular events that usually take
place for a few hours, although their effects @t for several days in terms of their influence
on water transparency, and can have a strong mdf@ien the areas located close to the mouth
of the wadis (Marin-Guirao et al., 2007).

Some of the previous studies carried out in the Manor lagoon helped the parameterization
of some of the processes modelled, such as theianedt studies of Terrados (1991) for
Caulerpa proliferaphotosynthesis, production and nutrient requirdmeHowever, the area
still lacks a better description of some of the gmsses that determine, for example,
phytoplankton and zooplankton dynamics (includiatlyjish) or a quantification of nutrient
fluxes from the organic enriched sediments in #xgobn. Furthermore, particulate nutrient
forms have been insufficiently quantified and treynamics hardly ever described. However,
these particulate forms seem to have an enormagusrience in the lagoon, probably affecting
transparency in the water column as well as nutfigres to and from the sediments.
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Chapter 4

The Tyligulskyi Liman Lagoon -
Modelling results and recommendations

Yurii Tuchkovenko, Oksana Tuchkovenko, Oleg Shabligleriy Khohlov
Odessa State Environmental University, Ukraine

1.Introduction

For simulation of hydroecological processes in Thigulskyi Liman Lagoon, a modified
version (Brooks, 2008; Ivanov and Tuchkovenko, 208Bthe three-dimensional numerical
non-stationary hydrothermodynamic model (MECCA, Mbdor Estuarine and Coastal
Circulation Assessment) is used as a basic modsdgHL985, 1986, 1989, 2000).

Calibration and validation othe hydrothermodynamic model are based on the data
hydrological observations in the lagoon in the mgisummer period of 2010 and 2012. The
hydrological conditions in the Tyligulskyi Liman gaonin the selected years are characterized
by considerable differences in variability of vedl thermohaline structure of water.

An environmental model (for water eutrophicatiomieh is used fothe Tyligulskyi Liman
Lagoon is the above mentioned hydrothermodynamic modelpplsunented by a
biogeochemical unit. Mathematical structure of thmgeochemical unit of the water
eutrophication model is based on synthesis of Wwadwn models for water qualitfRCA -
HydroQual, 2004; Cerco and Cole - CE - QUAL - ICM95, Ambrose et al - WASP5, 1993).
Previously the model was verified for the north-tees part of the Black Sea (Tuchkovenko
and Savin, 2006; Tuchkovenko Y.S et al - OSENU,120For the case of the Tyligulskyi
Liman Lagoon, the macrophytes were included in thathematical structure of the
biogeochemical unit of the model on the basis of tirinciples stated in the paper
(Muhammetoglu and Soyupak, 2000).

The environmental modelrameters were calibrated the basis of average long-term data on
monthly variabilityin the modellechydrochemical and hydrobiologicaharacteristics of water
in the Tyligulskyi Liman Lagoon during the vegetatiseason, obtained in the period of 2001
2011.
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2.Data overview and analysis

2.1 Climate data

Long-term systematic observations of variabilitynieteorological parameters are carried out
at the three maritime hydrometeorological statitmtsited on the coast in the North-Western
part of the Black Sea in relative proximity to thegligulskyi Liman Lagoon: Yuzhne, Odessa
and Ochakiv (Fig. 2.1).
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Fig. 2.1. Location of the maritime hydrometeorabtadstations in the coastal area of the North-
Western part of the Black Sea close to the Tyliguilkiman Lagoon.

The system of observations at the hydrometeorddgiations includes a set of meteorological
parameters, needed for hydrodynamic and enviroraherddelling: wind speed and direction,
air temperature, total cloud amount, relative aimidity, and atmospheric precipitation. The
observations at the ‘Odessa’ and ‘Yuzhne’ stativase conducted with an interval of 6 hours,
and at the ‘Ochakiv’ statior 12 hours. Unlike the ‘Odessa’ and ‘Ochakiv’ stasipwhere
observations had been conducted well prior to tidy 960s, the observational series at the
‘Yuzhne’ station commenced only in the 1980s. Ageréong-term statistical characteristics of
variability in some meteorological parameters obsérat the mentioned stations are given in
llyin at al. (2012); and The Climatic Cadastre d¢dréaine (2006).

The observational data from the ‘Yuzhne’ statimtated at the distance of approximately 10
kilometers from the southern boundary of the TyBgyi Liman Lagoon, were used as the
basic data. The measurements of solar radiattengity, performed with 3-hour interval at the
‘Odessa’ station, were also used

The average monthly observational data from thethessstation of Bolgrad, located at the
freshwater lake of Yalpug in the south of the OdeRegion, performed within the period of
1960 through 2010, were used for calibration ofpevation rate for the lagoonal water surface.
These values were reduced to the observed valukeg@bnal water salinity with the use of a
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scaling multiplier (Tuchkovenko, Gopchenko, 201ZX)=-0.0033S where S isthe water
salinity in %o.

2.2 Hydrological data

Calibration and validation of the hydrothermodynanmodel required the usef the
observational data on water temperature and salmithe Tyligulskyi Liman Lagoon obtained
by the specialists of the Odessa branch of theitutstof Biology of the Southern Seas
(OBIBSS), National Academy of Sciences of Ukraiime2002-2012. The major drawback of
these observations is their irregularity, as tineimber varies substantially by yeaffie most
informative are the observations in the shallowstalazone at the central part of the lagoon, in
a district between the Chilova and the Ranzhevis §$i200742012 (Fig. 2.2), as well as the
observations at the inshore hydrological stationdeep parts of the lagoon, which were carried
out in 2010 and 2012.
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Fig. 2.2. Variability in water temperaturg),(°C, and salinity (b), %o, in the coastal zone of the
Tyligulskyi Liman Lagoon between the Ranzheva dre&Ghilova spits.
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A characteristic feature of the thermohaline sutetof water in the summer of 2010 was
emergence of cold and salt water in the benthierlay the deep central part of the lagoonal
water area. In July-August 2010, undee water temperature of 28 °C in the surface layer,
the temperature did not exceed98°C at the depth of 45 m. However, the data of
hydrological observations carried out in 2012 shetveat under recurrent high stormy winds in
early May through June, when heating of the surfaeg¢er layer had not yet reached the
maximum values, there occurred an intrusion of he#a the cold benthic layers. As a result,
the vertical thermohaline stratification of watarthe lagoon is characterized by considerably
less vertical gradients of water temperature ahdisa So, in June 2012 the water temperature
increased up to 28C at the depths of more than 10 m, and in Augus26é distribution of
water temperature by depth was almost homogenéagis2.3). These properties of variability
in the thermohaline structure of water in the lagodepending on the hydrometeorological
conditions, were used for validation of the hydesthodynamic model.
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Fig. 2.3. Variability of the vertical thermal sttuce of water in the Tyligulskyi Liman Lagoon in
(a) 2010 and (b) 2012.

In order to specify boundary conditions at the ogea boundary of the artificial canal,
connecting the lagoon with the sea, the data daésyatic observations of the fluctuations in the
sea level (with the measurement interval of 6 housea water temperature and salinity
(averageten-day values), made at the ‘Port Yuzhnyi’ marditmydrometeorological station,

were used.

Specification of depths in the lagoon (Fig. 2.4)svised on generalization of the surveying
works performed in the autumn of 2010 and 2012 mams of Fishfinder-250 (Garmin)
electronic fathometer. Local positioning was bemgde with the use of GPS-72 (Garmin)
navigator.

The data on long-term systematic observationseftater level in the lagoon at the ‘Koblevo’
water station in the period of 1936 through 198d acidental observations of the water
exchange through the artificial connecting canal tne lagoonal water level in 2010 and 2012
were also used for calibration of the model.
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The discharges of the Tyligul River (average montidlues, and in 2010 — average ten-day
values) were specified on the basis of observatidata obtained at the ‘Berezivka’ water
station located 15 kilometres away from the uppaches of the lagoon.
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Fig. 2.4. Bathymetric chart in the WGS-84 coortirsystem and division of the Tyligulskyi Liman
Lagoon into areas.
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2.3 Ecological data

The data of the hydrochemical and hydrobiologidadesvations, which had been collected in
the lagoon by the specialists of the Odessa brahthe Institute of Biology of the Southern
Seas in the period of 2084010, were used for calibration of the ecologicatlel. The system

of observations of hydrochemical parameters oflélgeonal water included determination of

concentrations of dissolved mineral forms of nigngammoniacalNH; , nitrite NO, and
nitrate NO; ) and phosphorusRQO;"), total nitrogen (N,,;) and phosphorusK,; ), dissolved

organic matterPOM), and dissolved oxyge(O, ). The concentrations of organic nitrogen and
phosphorus were calculated by the difference betwee total content and the concentration of
mineral forms:P,; = Pror =Py s Nog = Nygr = Ny -

org

The system of hydrobiological observations includistermination of the concentrations of
chlorophylla, and sampling of phytoplankton and macrophyteshi@gcoastal shallow zone).

The major disadvantage of the hydroecological noomigy of water of the Tyligulskyi Liman
Lagoon in the last decade is that it has been pred irregularly, predominantly in the coastal
zone of the lagoon (Fig. 2.5), without a strictBtablished plan or scheme. The observations
are of episodic nature and are non-uniformly dsiied along the lagoonal water body. Their
number significantly differs by years and monthalfles 2.1, 2.2). In certain years, the
observations were not made at all. The hydrochdraiod hydrobiological observations were
often asynchronous.

In the course of analysis of the average long-tesithin-year variability of hydrochemical
characteristics, to increase statistical reliapif the average values of concentrations, the data
at the stations No. 1-3 and 4-8 were combined asottes relating to the northern and the
southern parts of the lagoon, respectively.

Hydrochemical characteristics of the Tyligul Rivesater were assigned on the basis of
observational data from the station of ‘Bereziviatated 15 kilometres away from the upper
reaches of the lagoon, for the period of 2001-20dth, the discreteness of once in a season.

The concentration of biogenic substances in the water, which inflow into the lagoon
through the artificial connecting canal, were assdy on the basis of the data given in
Hydrological and hydrochemical indicators (2008) &aitsev et al (2006).

The lagoonal ecosystem is not balanced on the mbofebasic biogenic elements - nitrogen
and phosphorus. A characteristic feature of thedgttemical regime of the lagoonal water is a
high concentration of mineral phosphorus as contptoveéhe mineral nitrogen (Figs 2.6, 2.7).
Besides, the correlation between the nitrogen dwabphorus concentrations in the lagoonal
water averages 1:10 for inorganic forms, 9.5:1r-diganic forms, and 3:1 - for total nitrogen
and phosphorus.

The Tyligulskyi Liman Lagoon is characterized bg fack of fresh water balance owing to the
intensive evaporation in summer and decrease inTthgul River runoff as a result of

anthropogenic influence and the climate change. dtsmpensation requires annual
replenishment of the lagoon with salt water. Otheewthe water level in the lagoon may
decrease by 1 m a year. Due to intensive evaparatiche summer period, the biogenic
substances, inflowing into the lagoon with the fakéresh water runoff and the sea water, are
not taken away from it but accumulate over the yeas a result, the concentrations of mineral
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and organic phosphorus in the lagoonal water arghnhigher than those in the Tyligul River
and the sea (Fig. 2.6).

Fig. 2.5. Location of the environmental monitorstgtions in the area of the Tyligulskyi Liman
Lagoon.

In case of nitrogen, an accumulation of stable miyaitrogen is observed in the lagoon. The
lack of mineral nitrogen (in the forms of ammoniumnitrites and nitrates) in the summer
months can limit the primary production of orgarsabstance by the phytoplankton. Its
concentration in the lagoon is less than in theglyIRiver water, and, in certain months, is
less than in the sea (Fig. 2.7).

One of the main environmental problems in the Tol8gyi Liman Lagoon is the development

of oxygen deficit (hypoxia) in the benthic wateyda within deep areas of the lagooon in the
summer period. The cases of complete lack of oxygdserved in the areas where deep
hollows in relief of the lagoonal bottom are loachtehad led to the hydrogen sulphide

emergence in the water located deeper than the-lgoa®geneous mixed layer (Fig. 2.8).
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Table 2.1. Information on the number of hydrochehabservations in the Tyligulskyi Liman Lagoon
and their dates in the period of 2001-2010.

Year Number of Dates Number of
stations samples
2001 2 19.06 7
29-30.10 3
2002 2 04.06 9
13-14.08 22
2003 5 16.03 4
22.04 8
22.07 7
17.09 5
28.10 2
2004 3 10.06 4
29.07 4
23.09 3
2005 3 07.06 4
28.07 3
17.10 4
2006 1 31.05 3
2008 1 28.05 6
2010 3 27.06 3
16.07 10
22.07 17

Table 2.2. Information on the number of observatiohphytoplankton biomass and chlorophyll
concentration in the Tyligulskyi Liman Lagoon iretheriod of 2001-2011.

Phytoplankton Chlorophy#

Year Stations Samples Stations Sample
2001 5 9 2 6
2002 2 7 2 14
2003 3 13 4 11
2004 - — 1 2
2005 2 5 1 2
2006 3 9 1 3
2008 1 2 1 3
2010 10 11 7 26
2011 4 12 3 10

[72)

Yearly variability of phytoplankton biomass andaraphyll a concentration in the photic layer
of the lagoon, used for calibration of the biogezraical unit of the model, is given in Fig. 2.9.
The maximum values of phytoplankton biomass aresiiesl in August, however, the data
analysis made separately for the northern anddhbthern parts of the lagoon showed that the
maximum of phytoplankton biomass is observed earighe northern, shallower part, of the
lagoon, than in the southern part (in July), owtindaster heating of the water and influence of
vertical turbulent and diffusion exchange in deegpt pf the lagoon. The occurrence of two
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maxima in chlorophylla concentration, the spring and the summer onesysdedtention to
itself; the first of them is not displayed in théaypoplankton biomass. This fact implies a
considerable seasonal variability in correlatiotm@e=n chlorophyll and an organic carbon in
the phytoplankton cells (Fig. 2.10).
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Fig. 2.6. Variability of phosphorus concentratiamshe water of the Tyligul River, the northerrdan
southern parts of the lagoon, and the sea water.

The bottom macrophytes are widespread in the sogmif water areas only in the northern
shallow part of the lagoon, and in the southernthedcentral parts they are widely-distributed
only in the narrow shallow coastal zone with th@ttle of under 4 m (Fig. 2.4), the width of

which corresponds to 1-2 cells of the horizontddwation net for the model (400 m). Seasonal
variability of macrophyte biomass in various partshe lagoon, with regard to its distribution

by depths, is given in Fig. 2.11.
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water of photic layer in the Tyligulskyi Liman Lago, calculated on the basis of the
observational data of 2001-2011.
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Fig. 2.10. Yearly variability of the ratio of tloalorophyll “a” to the organic carbofor phytoplankton,
calculated on the basis of the observational da289@1-2011.
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Fig. 2.11. Macrophyte biomass variability in vaisgparts of the lagoon with regards to the depth an
seasons, for the data of 2002 through 2011.

3.Hydrodynamic model calibration and validation

3.1 Calibration methodology and results

The model was calibrated in two stages for the timms of 2010. At the first stage, a 1D
version of the model was used (with the verticas agsolution). In that version, the terms of
equations describing a horizontal turbulent exclkasgd an advective transfer were excluded,
and independence of all functions on horizontardmates was assumed. The baroclinic wind
constituent of a stream velocity, being used folcudation of the coefficients of vertical
turbulent exchange and diffusion, is the only woahstituent to be taken into account under
such a problem statement. Thus, the problem ofvirécal thermohaline water structure,
formed as a result of the vertical turbulent impuéxchange and diffusion of heat and salts,
was actually solved. The calculations were aimestiwidy the adequacy of reproduction by the
model of the annual variability in the vertical thehaline structure of the lagoonal water
under the wind impact and the heat exchange wératimosphere.

159



agoons __7;

Deliverable 6.2 AT

SEVEMIH
ARDGRANMA:

Numerical experiments with the model were made wjitake of the data of systematic 6-hour
observations of the air temperature, wind speed direttion carried out at the “Yuzhnyi’
stationary maritime hydrometeorological stationesater columns of 3 m and 15 m depth
were considered for characterization of water teatpee variability in the shallow and deep
parts of the lagoon. In order to take account ef itifluence of fresh water inflow into the
lagoon with the Tyligul River runoff and the saltater through the canal on vertical
thermohaline structure of waters in the deep partbe lagoon, it was assumed that the waters
were originally distributed within the limits oféhnear-surface layer of 1.5 m depth. The area
of river water distribution in the northern parttbe lagoon was assumed to be equal to 74.6
sqg. km,and salt water distribution in the southern andireé¢mparts of the lagoon (up to the
Kordonska spit) - 74.0 sq. km. Changes in the gglof the near-surface water layer due to
evaporation and atmospheric precipitation were tdgen account of. Vertical distribution of
the salt water temperature and the salinity wasndar by the model in the course of
computation.

The calculation results are given in Fig. 3.1 aril 8 is evident from Fig. 3althat the model
correctly describes the annual variation of watesurface and benthic layers in the deep part
of the lagoon. In the shallow water, owing to winduced turbulent mixing, the water
temperature is vertically homogeneous and excegds few degrees the values obtained for
the deep part of the water area. This feature iigiae by the observational data and can be
explained by influence of the heat exchange witllerodeep water on temperature of the
surface water layer in the deep parts of the lag&imce the used observational data for the
water temperature were obtained in the shallowtebasene in deep part of the lagoon (in the
area between the Chilova and the Ranzheva splighrent of the observed values between
the model curves for the water columns of 3 andni%lepth proves well-grounded. The
shallow areas warm up more intensely in the spsingimer period and cool down faster in the
autumn-winter period.

A seasonal thermocline is formed in May and bresdksn in October (Fig. 3.2). Its location at
the depths of 5-13 m matches the observational data

The 3D version of the model was used at the sestagk of calibration. In the course of the
calculations the lagoonal water body was coverea Iwprizontal calculation grid of 4108
mesh points with the mesh cell width of 400 m. aG@lation levels along the vertical were
used in theo - system of coordinates. The depths in the lagoeduced to the lagoon
watermark of -0.4 mBS, were assigned on the bddiseogeneralized data from the surveying
works performed in the autumn of 2010 and 2012. (Eig).

Spatio-temporal variability of the water level imetlagoon and the thermohaline structure of
water was simulated for the period of 20 April tngh 31 August 2010 with regard to the
Tyligul River runoff, the difference between the mtiy totals of atmospheric precipitation
and evaporation and water exchange with the seaghrthe artificial connecting canal. The
choice of the above-mentioned time span for sinarais substantiated by several reasons:
(1) availability of data of hydrological observai® which can be the basis for the model
verification; (2) formation and evolution of a seaal thermocline which determines intensity
of the vertical mass and gas exchange betweeneidresarface (photic) and benthic (aphotic)
water layers in deep parts of the lagoon; (3) tiheperation of the connecting canal in 2010.
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Fig. 3.1. Yearly variability of water temperatueg,CC and salinity (b);/., calculated by the model
under hydrometeorological conditions of 2010 arngtaeined by the observational data.
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Fig. 3.2. Yearly variability of the vertical didbation of water temperatur®, in the Tyligulskyi
Liman Lagoon, obtained by means of 1D version efrtiodel for hydrometeorological
conditions of 2010.

The Tyligul River runoff was specified on the basigshe average ten-day observational data at
the ‘Berezivka’ hydrological gauging station, temglovariability of wind direction and speed,
air temperature, as well as seamarks (with theviatef 6 hours), daily amount of atmospheric
precipitation, sea water salinity and temperataeeage ten-day values) at the maritime
boundary of the connecting canal — on the basithefobservational data obtained at the
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‘Yuzhnyi’ maritime hydrometeorological station. Epaation from the lagoonal water surface
was assigned on the basis of the average montlsigredtional data from the meteorological
station of Bolgrad, averaged for the period of 1962010, reduced to the observed salinity of
the lagoonal water. The width of the connectingataras assigned to be equal to 30 m, and its
initial depth at the seamark of minus 0.4 mBS -5M2 The initial watermark in the lagoon,
according to the observational data, was assuméd td0.2 mBS. A drop in watermark in the
lagoon due to the difference between monthly towfisatmospheric precipitation and
evaporation was taken into account. Vertical distiion of the water temperature and the
salinity in the lagoon at the initial time was bége the observational data and assumed to be
homogeneous on a horizontal plane

Fig. 3.3 and 3.4 give a comparison of the varigbih water temperature and salinity of the

lagoon, obtained as a result of simulation and orealsin the coastal shallow zone in the area
between the Chilova and the Ranzheva gpitthe central part of the lagoon (Fig. 2.4). It is

evident that the measured values of water temperatrrespond to the range of its spatial
variability, calculated by means of the model foe tespective points of time. In the period of

calms and light winds the observed values are ckosthose obtained under simulation for the

shallow water areas of the lagoon, and under ceraide winds, when horizontal advection of

the water intensifies, they are closer to the \alobktained for the deep areas of the lagoon.
Good agreement is registered between the measndetthe simulated values of water salinity

35 1 bl '.l!u:':
Toe | —mmm- 2 Mg

AL
) ! i N

LT
{ o
I" -
ot fod
20 ) a0 '-'Elﬁ;"w{
Tiw"ﬁh
e e I ]
120 150 180 20 240

The days of year

Notation conventions: 1 — the model results for deep part of the lagoon; 2 - the model resultgtershallow
zone; 3 - observations in the coastal zone in tba between the Chilova and the Ranzheva spits.

Fig. 3.3. Temporal variability in the temperatuferee surface water layetC, in May-August 2010,
obtained from simulation, in the deep central pad the shallow zone of the lagoon, and
measured in the shallow coastal zone in the arweeba the Chilova and the Ranzheva spits.
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Notation conventions: 1 - the model results; 2 sevlations in the coastal zone in the area betwWs=iChilova
and the Ranzheva spits.

Fig. 3.4. Temporal variability in the salinity dfe surface water layéeY,,, in May-August 2010,
obtained from simulation in the deep central pathe lagoon, and measured in the coastal
zone in the area between the Chilova and the Raazpts.

As follows from Fig. 3.5, the model satisfactorilgproduces the properties of the vertical
distribution of water temperature in the deep cdmart of the lagoon - on the roads of the
village of Pshenianove.
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Fig. 3.5. Vertical distribution of water temperafiC, obtained by the model (curves) and according to
the data of observations in the central part offtylegulskyi Liman Lagoon (the roadstead
between the Chilova and the Ranzheva spits) in:2@)6- 04 July 2010; (b) — 18 July 2010;
(c) — 01 August 2010.

Variability of the depth-averaged stream velocityl ahe water discharges in the canal under
the specified morphometric characteristics is girefrig. 3.6. Barotropic streams and water
discharges in the canal are characterized by veense short-period variability, both by value
and by direction, which is caused by the combimagaict of wind and fluctuations of the water
level in the lagoon and the sea. The value of strgalocities and water discharges in the
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canal, obtained from the simulation, agree wellhwihe data of a few incidental in-situ
observations performed in 2010.
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Fig. 3.6. Temporal variability in the speed of iampic streams, m/sa)f and the water dischargesys)
(b) in the connecting canal (close to an outflote ithe lagoon) at its present-day
morphometric characteristics. The positive valugsaspond to the inflow of water into the
lagoon, the negative ones — to the outflow. The dotrespond to the observational results.

Wwind forcing exerts predominant influence on thetawacirculation in the lagoon.
Measurements of the streams in the Tyligulskyi Lnmagoon, conducted in 1979 through
1988, showed that the fields of wind-induced stredmad extremely complicated pattern
(Timchenko, 1990)Attempts to obtain a detailed picture of streamthelagoon under stable
winds, on the basis of field instrumental obseoradj did not yield positive results.
Unfortunately, the available instrumentation hasaf@nged since then. In addition, there exist
problems of organizational and economic nature wido not make it possible to provide
multi-day monitoring of streams in the lagoon byame of autonomous current meters.
Therefore, the patterns for water circulation ie tagoon were specified only on the basis of
the simulation results, which were compared to eéholstained earlier by means of barotropic
diagnostic models (Timchenko, 1990) and provygdod match.

Figs 3.7 to 3.9 present the fields of depth inteffvarotropic) water circulation, typical for the

lagoon, as well as the total streams in surface l@mthic water layers in the periods of
prevailing northerly and southerly winds, the agerdong-term recurrence of which makes up
32.8 and 20.2 %, respectivelnccording to the data measured at the ‘Port Yuzhnyi
hydrometeorological station (Ilyin at al., 2013)isl clear that the spatial structure of barotropic
streams has pronounced cellular nature and cordistsgreat number of vortical formations
(circulation cells), located along the longitudireatis of the lagoon. Such nature of water
circulation is conditioned by the features of gegphological structure of the lagoon -

configuration of shores and the bathymetry alorg ldgoon. In the shallow coastal zone the
total streams are uni-directional by depth andnsifg in the areas where the coastline is
leeward-oriented. Along the longitudinal axial lirf the lagoon, corresponding to the
maximum depths in every part of the lagoon, thethiengradient counterflows with the
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windward general direction are formed. These corsgevre bottom streams have an influence

on surface drift flows, thus weakening them.
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and (b) northern constituents
The variability in spatial distribution of watermgerature and salinity in the lagoon in

May-August 2010, obtained from the simulations, is girreFigs 3.10 and 3.11.

Fig. 3.9. Vector velocity fields for depth averdg#reams under the winds with dominant (a) soather
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Fig. 3.10. Variability in the spatial distributiah water temperaturéC, of the surface layer in May-
August 2010, obtained from the simulations.
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Fig. 3.12. Variability in the spatial distributiah water temperaturéC, of the benthic layer in May-
August 2010, obtained from the simulations

3.2 Validation methodology and results

Validation of the hydrothermodynamic model was kage the data for thermohaline structure
of water in the summer of 2012. A characteristatiiee of the temperature conditions during
that year consisted in considerable weakening @k#asonal thermocline in the late June and
its almost complete disappearance by August.

The scheme for model verification was the samendkd case of 2010. The 1D version of the
model was originally used. Calculation was madettierperiod of 12 May through 31 August.
The calculation results are given in Fig. 3.13. isltevident that the model satisfactorily
simulated the variability in water temperature gaénity in the surface layer, however, though
the water temperature in the benthic layer was drigihan in 2010 (Fig. 3a)], it was
substantially underrated as compared to the obde/adees. In our opinion, it is a consequence
of the fact that horizontal advection of the watehich resulted in the well heated shallow
water transported into the deeper areas of theldwad not been taken into account.

Figs 3.14 and 3.15 present the temporal variabitityvater temperature and salinity in the
surface layer at a roadstead point in the centglgf the lagoon between the Chilova and the
Ranzheva spits. It is clear that the model dessribeporal variability of water salinity well,
however it overrates the values of water tempeeatorJuly through early August to some
extent.
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Fig. 3.13. Yearly variability in water temperatiag °C, and salinity (b);/,,, calculated by the model
under the hydrometeorological conditions of 201@ determined by the observational data.
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Fig. 3.14. Temporal variability in water temperatof the surface layetC, in May-August 2012,
obtained from the simulation, in the deep centeat pf the lagoon and measured in a coastal
zone within the area between the Chilova and theReava spits.

It follows from Fig. 3.16 that the model simulatd collapse of a cold benthic layer in the
spring-summer period of 2012 well.
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Fig. 3.15. Temporal variability in water salinity the surface layef/,,, in May-August 2012, obtained
from the simulations, in the deep central parheflagoon, and measured in a coastal zone
within the area between the Chilova and the Raralgits.
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Fig. 3.16. Vertical distribution of water tempenag, °C, obtained in the model (curves) and according
to the data of model observations in the centrelgfaryligulskyi Liman Lagoon (the
roadstead between the Chilova and the Ranzhevs 8pR2012: (a) — 14 June 2012; (b) — 01
July 2012; (c) — 16 July 2012.
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4.Ecological model calibration and validation

Parameters of the biogeochemical unit of the mageé calibrated by the following scheme.

At the first stage, the most probable (typical)uesl of the parameters, included in the model
equations, and the possible range of their vaitgbilnder conditions similar to the ones
observed in the Tyligulskyi Liman Lagoon, are todetermined on the basis of information
from scientific literature.

At the second stage, the parameters of the biogaaichl unit are calibrated by means of a 1D
(by z coordinate) model variant, where the termghefhydrothermodynamic model equations,
describing a horizontal turbulent exchange and ctiree transfer, are omitted and
independence of all functions on the horizontal rdo@tes is assumed. Such problem
statement takes account of only the drift consttuaf current velocity, which is used for
calculation of the coefficients for vertical turbat exchange and diffusion. The main task of
the calibration consisted in achievement of the imar possible equivalence between the
observational data and the results of calculatadngarly variability in the modelled variables.
To reach this goal, the initial values of constéotsthe biogeochemical unit, assigned on the
basis of the data from literature sources, wereected within the acceptance limits.

Preliminary use of a 1D model version is calledHdyy the fact that, under calibration of the
model for water eutrophication, it requires notligdess computing time than a 3D variant.
This makes it possible to perform a large quantynumerical experiments with various
combinations of the model parameters and obtainr¢qeired pattern of variability in the

modelled variables.

In the 1D variant, the parameters of a biogeocheimimit of the model were calibrated
separately:

1. for the deep southern and the central parts ofatipgon without an equation of biomass
dynamics for the bottom macrophytes taken accofint o

2. for the shallow northern part of the lagoon witk #quation of biomass dynamics for
the bottom macrophytes taken account of.

To account for the inflow of biogenic and organidbstances into the lagoon from the external
sources, a relation of the following form (lvandwychkovenko, 2008) is used in the 1D model
version:

=y % (c-
Qi—;wmt (C-Cy),

where: Q — the inflow of substanceé from external sources (the Tyligul River and the

connecting canal to the seaj;— the discharge of souréem®s™; C,, ,C —concentration of the

modelled substancein the water of sourc& and in the water of the studied water area,
respectively;W,: — the total volume of water in a dilution zone gs8ection 3.1). It was
assumed that a primary dilution occurs within hats of upper 1.5-meter layer.

The 1D version was calibrated in three stages.hAaditst step, the parameters of equations for
the biomass dynamics of phytoplanktorB,(), bottom macrophytes B .,), organic
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phosphorus B,,) and nitrogen N,,), and dissolved oxygen(},) were calibrated. The
seasonal dynamics of other variables in the modslagsigned from the observational data.

As the second step, the parameters of equationshéomineral forms of nitrogenNH, ,
NO; +NO;) and phosphorusRO;") were calibrated; moreover, the equation parameter
organic nitrogen ;) and phosphorusR,,) were corrected.

The results of calibration of the biogeochemicat parameters for the ecological model of the
Tyligulskyi Liman Lagoon in the 1D variant are givin Fig. 5.1.

As the third stage of the ecological model caliorat the equation parameters for the
biogeochemical unit of the model, which had beeteriained with the use of the 1D model
variant, were used in the 3D version.

Modelling of seasonal dynamics for environmentalalades of the model in the 3D variant was
performed under the hydrometeorological conditioh010, in a vegetation season from the
last ten-day period in April through October, irewi of the lack of observational data for the
rest of these months. Based on the results ofBhm@delling, certain values of parameters for
the equations of the biogeochemical unit, havingnbassigned in the 1D version, were
specified.

Selected results of the calculations obtained tighuse of the 3D model version are given in
Fig. 5.2 and 5.3.

5.Problems and recommendations

The main problems that arose at the stage of aalior and validation are related to the
ecological model.

Unfortunately, the data on hydrobiological and logiremical observations are distributed
extremely irregularly by months and along the lagdowater area. As an example, the
characteristics for the distribution of the obséioses of phytoplankton biomass by months and
years are given in Table 5.1. The majority of hydhemical observations are carried out in the
summer months. In certain months, the observatwese either not conducted at all or
sporadic. In addition, the data from hydrochemaad hydrobiological observations are often
inconsistent in time and space. The predominantbeunof observations was made in the
southern part of the lagoon. Therefore, the anmaahbility of the modelled hydrochemical

and hydrobiological characteristics, as reprodudo®ah the observational data for the period of
2001-2010, is only a rough approximation to thd esg@rage long-term variability. This fact

considerably reduces the accuracy of calibratianbiogeochemical unit parameters of the
model.

In the course of calibration of the biogeochemiacait, since there were only sporadic
observational data available on water transparéntlye lagoon, the annual changes of water
transparency were specified hypothetically, in adaoce with the available information.
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(variability of the bio-chemical parameters).
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pl it
Table 5.1. Characteristics for the distributiorpbftoplankton observations by months and years.

Number Months
of obser-| | 1 " v V VI VIE VI X X Xl Xl
vations 0 1 3 7 6 11 14 3 6 11 0 0
Years - 2011 | 201C | 200% | 200¢ | 2001 | 200C | 2001 | 200z | 2001 - -
2011 | 2008 | 2002 | 2003 | 2002 | 2010| 2006
2005| 2005| 2010 2010
2006 | 2010
2011

One of the main problems with the use of a 3D wersif the ecological model consists in the
fact that the hydrodynamic and bio-chemical modaiiables are calculated in an integral
spatial calculation grid, although with differemmné steps. For securing numerical stability of
the calculation schemes in the period when theldar@perating and very strong currents are
formed in it, a very small calculation time steptie hydrodynamic unit (a few seconds) is
required. On the other hand, although the calanatime step in the biogeochemical unit of
the model is 1 day, the calculations are made @¢h @@esh point of the computational grid. As
a result, modelling of the annual cycle with the o$ an ecological model lasts97days of the
real time, which significantly limits the number miimerical experiments that could be realized
by means of the 3D model version.

The second problem is in the fact that macrophgteswidespread in a narrow coastal
strip in the southern and the central parts ofldgeon, which in most cases is smaller than the
spatialstepof thecomputationafrid (400 m). Therefore, their contribution to tihgnamics of
the modelled ecosystem components is taken intouat®nly in the shallow northern part of
the lagoon, which, together with a very rough assignt of the variability in water
transparency, results in deviation of the modeligldies of hydrochemical characteristics from
the observed ones.

Recommendations.

In mutual judgment of the experts, a primary thifeathe ecosystem of the Tyligulskyi Liman
Lagoon will be represented in the future not by wWeater eutrophication, but by a long-term
tendency towards an increase in water salinity.(bi§). The salinity growth will lead to a
decrease in biodiversity of the lagoonal ecosystlEss of the prospects for aquaculture
development and significance of the lagoon as &epted natural water body. There are two
ways to decrease the rate of salinity growth: ¢lintrease the Tyligul River runoff by reduced
withdrawal of water for filling numerous ponds arekervoirs in the river catchment area,
(2) to provide maximum possible flowage of the lagoi.e. the inflow of lagoonal water,
together with the salts they contain, into the sea.

For the development of the scenarios for waterigjuatanagement in the lagoon, with the
water salinity as the main environmental issuesa of the 3D model is inappropriate and
impossible in view of the computational limitations

This problem can be solved with the required acgun a long-term temporal scale only by
means of a 0-dimensional model for water-salt ldaof the lagoon that has been developed
and calibrated. The results of the calculations thwedvalidation of the model for the period of
1953 - 2012 are given in Figs 5.4 and 5.5.
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ARDGRANMA:

average monthly water levels, m BS

—— measured in Cobleve —— calculated sealevel @ measured in the lagoon near the canal

Fig. 5.4. Variability in the average monthly valudsvater level in the Tyligulskyi Liman Lagoon,
calculated by means of the model of water-saltriwaddor the period of 1953-2012 and
determined according to the observational data.
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Fig. 5.5. Variability in the average monthly valudsvater salinity in the Tyligulskyi Liman Lagoon
calculated by the model of water-salt balanceHergeriod of 1953-2012.
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FAMEWEE

ARDGRIN A
The results of calculations for the Tyligul Rivemoff and other small rivers and watercourses,
inflowing into the lagoon, in the timespan of 262000, obtained within the framework of
WP5, will be used for the scenario modelling ofdealrrm variability in the lagoonal water
salinity. In addition, the calculations will be nedn the assumption of the reduction in the
number of artificial water bodies located in theacbaent area of the Tyligulskyi Liman

Lagoon by 25, 50 and 75 %, aimed at an increadémnirof fresh water into the lagoon and
prevention of its excessive salination.
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