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Modelling Water Quality in the Elbe and its Estuary -
Large Scale and Long Term Applications with Focus
on the Oxygen Budget of the Estuary

Andreas Schil, Birte Hein, Jens Wyrwa and 1V olker Kirchesch

Summary

The current status of numerical water quality modelling of the German part of the Elbe
and its estuary (km 0 to 727) with the model QSim is presented and simulation results are
compared with field data for validation. Based on a large scale 1d approach, a consistent
input signal from the river (upper 585 km) is generated to investigate the context between
phytoplankton development and oxygen deficits in the estuary with enhanced mean water
depth (> 10 m). In the shallow and eutrophic river, phytoplankton biomass is produced
up to a seasonal mean (May-October 2000) of nearly 150 ug chlal! causing oxygen super-
saturation. In the freshwater part of the estuary, the algae biomass declines sharply and
oxygen deficits occur. Our simulations demonstrate that net algae growth rates become
negative due to light limitation, while high grazing losses by zooplankton (seasonal mean
of 0.5 per day) causes a decline of the biomass. Due to the input of algal derived and easi-
ly degradable organic carbon imported from the river and organic carbon from algal die-
off, the Elbe Estuary becomes heterotrophic and depleted of oxygen in summer.

Referring to the large scale 1d approach, we simulate and validate the long term de-
velopment of the water temperature, phytoplankton, and oxygen of the Elbe Estuary for
a 13-year period (1998-2010). Recent developmental steps towards more-dimensional
water quality modelling with QSim by offline coupling with a hydrodynamic model are
outlined. This approach is tested concerning the horizontal water temperature distribu-
tion of a side channel system of the estuary.
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Zusammenfassung

Das eindimensionale Gewdssergiitemodell QSim wird fiir die dentsche Elbe einschliefSlich ibres Astuars
(R O bis 727) angewendet. Durch den Vergleich von Simulations- und Messergebnissen wird eine 1Va-
lidierung fiir das Modell gegeigt. Mit der Berechnung der Gewdssergiite fiir den 585 fmr langen Flusslauf
der Elbe wird ein konsistentes Eingangssignal fiir das Astuar erzengt, um damit den Sanerstoffhanshalt
und die Entwicklnng des Phytoplanktons im Bereich des Hamburger Hafens und der Seeschifffabrtsstra-
fe mit seinen grofien mittleren Wassertiefen (> 10 m) u modellieren. Die Simulationen fiir das Jabr
2006 zeigen, dass in der Vegetationsperiode von Mai bis Oktober hobe Algenbiomassen von im Mittel
etwa 150 ug chla I im flachen und entrophen Flussabschnitt der Elbe produziert werden. Diese hobe
Primdrpoduktion fithrt anch zu deutlichen Sauerstoffiibersittignngen auf der Fliefstrecke. Im anschlie-
[fenden limmnischen Abschnitt des Elbe-Astuars gehen dann die Algengebalte dentlich 3uriick. Parallel
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dazu treten Sanerstoffdefizite anf. Die Analyse der Modellergebnisse beziiglich des Riickgangs der Algen
zeigt, dass das netto-Algenwachstum in den tiefen Abschnitten des Astuars anfgrund der Lichtlimitie-
rung negative Raten annimmt und gleichzeitig starke Verluste durch den Wegfraf§ durch das Zooplank-
ton (Saisonmittel von 0.5 pro Tag) anftreten. Der Eintrag von lebenden Algen und leicht abbanbaren
algenbiirtigen Koblenstoffstoffverbindungen ans dem Fluss in das Astuar fiihrt im Sommer zu beterotro-
phen Bedingungen im Elbe-Astuar und als Folge 3n Sanerstoffdefiziten.

Mit dem grofiskaligen eindimensionalen Modellansatz wird zudem fiir einen 13-jiabrigen Zeitraum
(1998-2010) die Wassertemperatur, das Phytoplankton und der Sauerstoff fiir den Flusslanf und das
Astuar simuliert und validiert. Dariiber hinans werden nene Entwicklungen vorgestellt, wie das Modell
OSim mit mebrdimensionalen hydrodynaniischen Modellen offline gekoppelt und betrieben werden kann.
Fiir ein Testgebiet wird die horizontale 1 erteilung der Wassertemperatur in einem durch Nebenrinnen
charakterisierten Abschnitt des Astnars simuliert und mit Beobachtungswerten verglichen.

Schlagworter

Gewdssergiitenmodell, Elbe-Astuar, W assertemperatur, Sanerstoff, Phytoplankton
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1 Introduction

Water quality conditions and management in estuaries have received increasing attention
in recent years. One significant ecological issue in estuaries and adjacent coastal waters is
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the appearance of low oxygen conditions (hypoxia) (RABALAIS et al. 2009, HOWARTH et
al. 2011, ZHU et al. 2011).

It has been shown for many river systems that excessive nutrient loading in the
catchment can foster phytoplankton blooms and eutrophication in the middle and lower
part of rivers (SALMASO and BRAIONI 2008, PUSCH et al. 2009). The high organic matter
load caused by phytoplankton leads to heterotrophic conditions in the estuaries of
eutrophic rivers, mainly indicated by oxygen deficits (PAERL and PINCKNEY 1998,
GARNIER et al. 2001). In well-mixed estuaries, the longitudinal location of low oxygen
zones seems to be specific for each estuary. While in less eutrophied estuaries the oxygen
minimum often occurs in the maximum turbidity zone, the oxygen minimum in more
heavily loaded estuaries can be observed in the freshwater section (GARNIER et al. 2001).
In addition to the amount of organic matter loading and the amount of freshwater (river
discharge) entering the estuary, the bathymetry is an important factor influencing the
oxygen concentration in the estuary.

In the freshwater zone of the Elbe Estuary, low oxygen conditions in summer regular-
ly occurred during the last four decades. The phenomenon of hypoxia in the Elbe Estu-
ary has been described by CASPERS (1984), ARGE ELBE (1984), FLUGGE (1985) and
more recently by BERGEMANN et al. (1996) and YASSERI (1999).

While most of the biogeochemical processes of oxygen depletion in estuaries are qual-
itatively well-known, a temporally and spatially detailed quantitative analysis is needed to
fulfil requirements concerning management strategies, e.g. eutrophication control by nu-
trient reduction. Numerical modelling of surface water quality can be a useful tool to
support these analyses and has been used extensively as a scientific and management tool
to analyse and quantify oxygen deficits in estuaries (BILLEN et al. 2001, ZHENG et
al. 2004).

This paper presents an approach of numerical modelling of water quality, particularly
water temperature, algal as well as zooplankton development and oxygen conditions, in
the German part of the Elbe and its estuary. To simulate water quality components, the
physical transport and the biogeochemical processes have to be linked. Therefore, a
hydrodynamic model is coupled with a water quality model simulating the biogeochemical
processes. This general model coupling approach was realized in the Chesapeake Bay
Model Package (CBMP) by CERCO and COLE (1993) and is nowadays realized in many
“software families”. Recently, a coupled hydrodynamic and biogeochemical model for
the Schelde Estuary is applied by ARNDT et al. (2011) and GYPENS et al. (2013).
Other developments are concepts of dynamic coupling of hydrodynamic models to bio-
geochemical moduls, such as Framework of Aquatic Biogeochemical Models (FABM)
(BRUCE et al. 2013).

The model coupling approach can be applied for one or more dimensions to fulfil dif-
ferent resolutions in space, depending on the investigation objectives. In 1d model ap-
proaches, the systems are strongly simplified by considering a fully mixed water body and
by neglecting lateral as well as vertical resolution. Nevertheless, these approaches are suc-
cessfully used for large scales (where dominant longitudinal gradients exist) like catch-
ments or large river sections, especially in the context of global change studies (BILLEN et
al. 2001, DUCHARNE et al. 2007, QUIEL et al. 2011). In contrast, more-dimensional ap-
proaches are useful concerning the research on a smaller scale like harbour basins, dis-
tinct bays and also whole estuaries in which drying and flooding plays a major role.
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2 The model QSim

The water quality model QSim simulates physical, chemical and biological processes in
rivers (KIRCHESCH and SCHOL 1999; SCHOL et al. 2002, MATZINGER et al. 2013). QSim
was established in the 1980s and has been expanded and improved since then (SCHOL et
al. 2006 a/b, BECKER et al. 2010, QUIEL et al. 2011).

QSim is a deterministic model with a modular structure, i.e. processes concerning the
heat budget, nutrient as well as oxygen budget and plankton development are described
as separate modules in the form of differential and algebraic equations without any sto-
chastic effect.

2.1 Concept of coupling QSim with hydrodynamic drivers

A hydrodynamic model is needed for water quality simulation with QSim. Depending on
the dimension of the hydrodynamic model, a 1d, 2d or 3d QSim simulation of water
quality can be achieved. The 1d approach of QSim is coupled off-line with HYDRAX
(OPPERMANN 1989). QSim and HYDRAX are integrated by the graphical user interface
GERRIS (BFG 2013). The 2-dimensional approach of QSim has been recently coupled
off-line with casu (WYRWA 2003) (Fig. 1). In this approach, the existing QSim code is
embedded as FORTRAN-subroutines by implementation of shell-routines wrapping.

1d coupled modelling 2/3d
HYDRAX casu
f (SELFE, HAMSOM)
flow i )

pre- 2/3d .
P advection-diffusion post-
rocessin; ;

g I < solver processing
Gerris transport information Gerris
Graphical Graphical
User User
Interface Interface

(model set up,
Input data,
grid generation)

Figure 1: Concept of coupling between the water quality model (QSim) and hydrodynamic
models (HYDRAX or casu).
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1d QSim approach with HYDRAX

HYDRAX is a 1d hydrodynamic model to simulate unsteady flow in a network of water
bodies (OPPERMANN 1989, 2010). In HYDRAX, the Saint Venant equations are solved
numerically with the implicite difference scheme of Preismann (CUNGE et al. 1980). The
non-linear system of equations is solved iteratively with two different Double Sweep
methods for tree-based and network-based graphs (CUNGE et al. 1980, FRIASINOV 1970).
The flow can be calculated either in a stationary or in a dynamic non-stationary way.
HYDRAX calculates the hydraulic conditions (river discharge, water level, mean water
depth, and flow velocity) along the river stretch using cross-sectional profiles, bed rough-
ness and slope of the river stretch. At the upper boundary and the inflowing tributaries,
measured river discharge is prescribed. At the lower boundary HYDRAX is forced by
measured water levels. Data on the hydraulic conditions along the investigated water
body are provided to QSim using the common grid structure.

Water quality input data are needed for the tributaries, for the upper and - in case of
modelling an estuary with tidal changes of the flow direction — for the lower model
boundary in order to indicate the starting conditions for model calculations. Generally,
the biogeochemical processes in QSim are computed on an hourly basis. Due to stability
reasons, sub-time steps are used to calculate the advection and diffusion of the 70 biolog-
ical variables. For the case study Elbe, the second-order QUICKEST transport algorithm,
which includes a limiter function, is used (LEONARD 1961).

2d QSim approach with casu

The 3d flow solver casu (WYRWA 2003), which is based on the numerical proposals of
CASULLI and CHENG (1992), is used as a hydrodynamic driver. It solves the 3d shallow
water equations. When discretised with only one depth layer, the computation is reduced
to a 2d depth-averaged model. At downstream/seaward boundaries water levels are set,
which is appropriate also for flow reversal in tidal motion. At upstream/landward bound-
aries model data from the 1d approach are used. Internally casu distributes both hydro-
dynamic conditions along the boundary faces. The water level is set constant along the
downstream boundary line. The flow velocities at the boundaries are distributed assuming
that each vertical would be a straight rough channel and all verticals have the same water
level slope. Casu computes transient solutions. Stationary flow fields are obtained when
the flow converges gradually to stationary boundary conditions. The 3d hydrodynamic
driver casu in contrast to the 1d hydrodynamic model HYDRAX already includes an ad-
vection-diffusion (transport) solver which is needed for hydrodynamically active concen-
trations (salt, suspended sediment) and turbulence quantities. Casu uses ELM for advec-
tion and finite differences for diffusion (WYRWA 2003). The offline stored transport-
matrices can be used directly by QSim by multiplication with the concentration fields
(discretised as vectors).

2.2 Description of QSim modules

The model QSim comprises twelve modules that can be grouped into a heat module,
which calculates the water temperature, seven biogeochemical modules for process de-
scription of the seston budget, pH-value, nutrients dynamics of nitrogen (N), phospho-
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rous (P) and silicium (Si), organic carbon and oxygen content, three biological modules
for phyto- and zooplankton and benthic filter feeders (not applied for the Elbe) and a
sediment module which calculates early diagenesis of sediment dynamics including oxy-
gen, carbon and nutrient fluxes. For all modules we hereby provide brief descriptions and
references. Input variables and parametrisation of processes are given in Tab. 2 and 3.

Heat module

The basis for calculating the heat budget of a water body is the simplified heat balance
equation. The water temperature is influenced by radiation (qs), evaporation (qv), convec-
tion (gk), the temperature of the riverbed (qus), the sediment-water heat exchange (qu)
and direct discharges (gg), i.c. tributaries and thermal power stations, into the river. Input
variables are measured data of global radiation, air temperature, relative humidity, cloudi-
ness, and wind velocity (Tab. 2) at distinct sites of the model area. Further information of
components and their parameterisation are given in IKSR (2013).
The heat balance equation can be written as:

0Ty _ds =4y ~9x +9us —4v +4x 1)
Ot ey *H*p,

Ty - water temperature [°C]

t - time [h]

g, - heat flux from radiation [kJ*h-*m-|

qy - heat flux from evaporation [k]*h-1*m|

gk - heat flux from convection [k]*h"*m2|

q,s - heat flux from radiation into the sediment [k]*h1*m|
qu - sediment - water heat exchange [k]*h1*m2|

g, - heat flux from direct discharge [k]*h*m-|

¢y - special heat capacity of water = 4.1868 103 J*kg ¥
H - average water depth of the cross section [m]

pw - density of the water = 1,000 kg*m-3

However, this equation of the heat balance cannot be solved explicitly, as the different
components are not independent of each other. Therefore, the equation is solved by iter-
ation, taking into account that short time steps for iteration should be used in cases of
low water depth in order to avoid large differences in water temperature during the itera-
tion loops.

Biogeochemical modules
Nutrients (N, P, Si)

QSim calculates the important processes of the cycling of nutrients (IKIRCHESCH and
SCHOL 1999). The nitrogen components are total nitrogen, ammonium, nitrite and ni-
trate. Main processes are assimilation by phytoplankton, ammonification by decay of or-
ganic matter, nitrification and denitrification. The growth of suspended nitrifiers (INz#ro-
somonas and Nitrobacter) is depending on water temperature, oxygen concentration and
substrate concentration (ammonium or nitrite). The nitrification/denitrification process
and the N-fluxes from/to the sediment are implemented in the sediment module.
The balance of the particulate fraction of total phosphorus and the dissolved fraction of
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ortho-phosphate is simulated. While ortho-phosphate is lost due to assimilation by algae,
it is produced by respiration of algae, rotifers and benthic filter feeders (mussels) as well
as by the decay of detritus. Faeces released by rotifers and benthic filter feeders are
sources of ortho-phosphate after bacterial degradation. Dissolved silica is modelled,
because it is a structural element of the cell wall of diatoms and can limit their growth.
Besides the silica uptake by diatoms, a release of silica from the sediment during decay of
diatoms is considered in the model.

Organic carbon

The hydrolysis of the biodegradable organic matter fractions to monomeric substances is
calculated following the conceptual model of organic matter degradation by BILLEN
(1991), who gave a general view of bacterial growth in aquatic systems. The organic mat-
ter is divided into five fractions, where the particulate refractory organic matter is a
permanent sink and not linked to degradation processes by bacteria. The four other frac-
tions are biodegradable, characterized by different hydrolysis rates. The biomass of each
biological group that enters the organic matter fractions by mortality, excretion or in
form of faeces is added equally to each of the five fractions. The substrate uptake rate of
bacteria only depends on the available concentration of monomeric substances:

Sy (1) @)

— *
UPgue = UP Bac max
’ C,+K
M S.Cy

UPpaemar - Maximal uptake rate of bacteria [d1]

Cy - concentration of monomeric substances [mgC*l1]
Kse, - half saturation constant of bacteria for monomeric substances [mgC*1!]
Jrae (T) - temperature dependence ratio [-]

In the QSim modelling approach, bacterial biomass is linked to total biodegradable car-
bon and to the degradability of the substrate. Both variables are derived from the ratio
between carbon-based BODs and chemical oxygen demand (COD). This approach ena-
bles to calculate the bacterial biomass from routine measurements, although the bacterial
biomass itself was not measured (BERGFELD 2002).

Biological modules
Phytoplankton

In QSim, three major taxonomic phytoplankton groups with different physiological chat-
acteristics can be distinguished (Tab. 2). The algal biomass balance is:

e e LY EV RS ®
A - algal biomass [mg*11]

U - actual growth rate [d]

kyesp - respiration rate [d-1]

kore - morttality rate [d-1]

Agra: - grazing losses [mg*l1*h1]

Asea - sedimentation losses [mg*]-*h-1]

t - time [h]
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The effective limitation of phytoplankton growth by the three parameters temperature,
light and nutrients is calculated by multiplying the production rate with the limitation fac-
tors of these parameters (SCHOL et al. 2002; SCHOL et al. 2006a).

H= B *(Chla:C)* [ [y * 1, *

mean - mean production rate in the vertical profile [mgC* mgChla"*h-1
Chla : C - chlorophyll-a/catbon ratio [mgChla*mgC-]

Jr - effect of temperature on growth rate [-]
Sy - effect of nutrients on growth rate [-]
/i - effect of light (photo-inhibition) on growth rate [-]
Nutrient limitation is defined by the most limiting nutrient.
Sy =min ((N/(ky+N)); (P[(kp+P)); (Si/(ks+5i))) (5)
psi - half saturation constant of nutrient x [mg*l-]

- nitrogen concentration [mg*1]
- phosphorus concentration [mg*1!]
- silicate concentration [mg*l-']

© vz

Light limitation is calculated taking into account the quantum yield of phytoplankton dur-
ing its transport through the vertical light gradient as well as the (light-dependent)
chla/carbon ratio (OLLINGER 1999).

Zooplankton

Zooplankton is represented by rotifers as described in SCHOL et al. (2002). In the Elbe,
rotifers are the dominant group (HOLST 2006). Crustaceans become an important group
in the estuary of the Elbe, but no separate modelling approach for this group is imple-
mented in QSim.

dROT
7 (Mgor - TSPy por -MOTtyor) * ROT ©)
ROT - biomass of rotifers [mgC*]!]
Hror - growth rate [d!]
resp,por - basic respiration rate [d-]
morty, - mortality rate [d']

Sediment module

The sediment module is designed after DI TORO (2001) as a two layer approach with a
separate implementation for oxic and anoxic processes, respectively. Flux calculations
take place at each time step to realize a dynamic pelagic-benthic coupling. Further details
are described in BFG, 2013).

210



Die Kuste, 81 (2014), 203-232

3  QSim application for the Elbe and its estuary

The description of the model area, boundary conditions, model calibration and para-
metrisation refer to the 1d QSim approach with HYDRAX. Model-specific options con-
cerning the 2d approach (QSim coupled with casu) are mentioned.

3.1 Model area

The Elbe has a length of 1,094 km from its spring in the Giant Mountains (Czech Repub-
lic) to the North Sea (Germany). The main German tributaries are Schwarze Elster,
Mulde, Saale and Havel.

The model area of the 1d approach starts about 367 km below the source of the Elbe
at the border between the Czech Republic and Germany (Elbe-km 0) and reaches until
the North Sea at Cuxhaven (Elbe-km 727). It comprises the stretch of the Elbe River up
to the tidal weir of Geesthacht (km 0 to km 585) and the Elbe Estuary (km 585 to km
727) (Fig. 2). The estuary can be divided into a freshwater region (< 0.5 PSU), an oligoha-
line zone (0.5-5 PSU) and a mesohaline zone (5-18 PSU). These salinity limits are accord-
ing to the “Venice System”. The zones have been determined based on a longitudinal
salinity profile measured by the River Basin Community Elbe (FGG Elbe:
http:/ /www.fgg-clbe.de/fgg-elbe.html) on the 24/08/2006 at ebb tide. The mean dis-
charge during the period 24/07/2006 to 24/08/2006 has been 413 m>*s! at the station
Neu Darchau (km 530).

The tributaries are considered as lateral boundaties. The river stretch is divided into
1622 segments. Generally, the spatial resolution of the river and the estuary is 500 m. The
1d approach is extended by the implementation of groyne fields influencing the main riv-
er by lateral transfers (SCHOL et al. 2006a). The complete river stretch is modelled to get a
consistent input data set for the water quality simulation of the estuary.

Cuxhaven (km 727) Upper and lower
== model boundary

lower
oo
Geesthacht (km 585)

North s
Sea 727

Gliickstadter

Hamburg Nebenelbe

676 \\
672

624
623

mesohaline  oligohaline
(5-18 PSU) _ (0.5-5 PSU) freshwater (< 0.5 PSU)

Mean Depth [m]

-20 =7 T T T T 1
725 705 685 665 6845 625 805 585
Elbe-km

Figure 2: Entire model area (left) and 1d model structure of the Elbe Estuary with longitudinal
profile of modelled mean water depth [m] (right) and salinity zonation. HB — Harbour Basin.
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The 2d model approach covers only the Elbe Estuary. The irregular triangle mesh con-
tains 42,442 nodes and 76,357 elements with a mean edge-length of 90 m ranging from
4.6 m to 440 m and a mean element size of 5,300 m?* ranging from 18 m?* to 120,000 m?.
For the 2d QSim approach, the biological and physical-chemical boundary conditions at
the upstream inflow at Geesthacht (km 585) are taken from 1d model results. In Tab. 1,
the hydrological properties of the 1d as well as the 2d approach are listed.

Table 1: Water volume [km?], water surface [km?| and mean depth [m]of the Elbe Estuary.

Model Elbe Estuary | Volume [km?] Water surface [km?] | Mean Depth [m]
1d 2.3 245.9 8.2
2d 2.4 305 7.7

3.2 Boundary conditions

The 1d QSim application of the Elbe and its estuary uses a considerably set of input vari-
ables at all boundaries and for the atmospheric forcing (Tab. 2). For 2d QSim tempera-
ture simulations, the same meteorological forcing as in the 1d approach is applied, using
the records from weather stations in Hamburg and Cuxhaven. Water temperatures at the
upper boundary of the 2d approach at the weir of Geesthacht are based on the 1d model
results.

Table 2: Input data needed for water quality modelling with QSim.

Morphological/ hydrological: Bathymetry (cross sections), discharge, water level

Meteorological: Global radiation, air temperature, cloud cover, relative humidity, wind

velocity

Biological: Biological oxygen demand (carbon-derived, C-BOD and nitrification-
derived, N-BOD), biomass of planktonic algae (chlorophyll a) and proportion of
diatoms, green algae and cyanobacteria, zooplankton biomass, biomass of nitrifiers
Physical-chemical: Water temperature, oxygen, chemical oxygen demand, total
nitrogen, nitrate, nitrite, ammonium, silicate, alkalinity, seston, total phosphor, ortho -
phosphate, calcium, conductivity

Hydrology and water level

The upper model boundary at km 0 is forced with daily discharge data. For the four main
tributaries (Schwarze Elster, Mulde, Saale, Havel) and six other large tributaries, daily dis-
charge data are used, while for eight smaller tributaries only yearly mean discharge is con-
sidered. Depending on availability, daily or monthly data are applied for the sewage
plants. The lower model boundary is forced with the water level of the gauging station
Cuxhaven-Steubenhoft.

Meteorology

The following parameters have been provided as daily data by the German Weather
Service for the years 1998-2010: daily sum of the global solar radiation (J*cm), minimum
and maximum air temperature (°C), mean relative humidity (%), mean wind velocity
(m*s1) and mean cloud cover. Along the river stretch the data of four stations (Dresden,
Wittenberg, Magdeburg, Sechausen) and for the estuary of two stations (Hamburg and
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Cuxhaven) are used. The solar radiation is not recorded at the station Magdeburg and
Cuxhaven, and is therefore replaced by data of the nearby stations of Braunschweig
respectively Hamburg.

Water quality parameters and phytoplankton biomass

Water quality parameters are provided by the River Basin Community Elbe (FGG Elbe)
and by the Observational Network of Water Quality of Hamburg (Institute of Hygiene
and Environment). The water quality data at Schmilka (km 3.9) and Cuxhaven (km 727)
are used to force the model at the open boundaries. The data of the following stations are
used for the main tributaries: Gorsdorf (Schwarze Elster), Dessau (Mulde), Rosenburg
(Saale) and Toppel (Havel).

The main sewage plants situated in the river stretch of the Elbe (Dresden-Kaditz and
Magdeburg-Gerwisch) as well as in the Elbe Estuary (Hamburg-Dradenau) are also im-
plemented in the model.

3.3 Model calibration

Water level

The water level is calculated by the 1d hydrodynamic model HYDRAX. To characterise
the flow, different zones can be differentiated (retention area, floodplain, main channel).
For every zone, a different Manning roughness coefficient can be set.

For the Elbe a constant Manning coefficient is used for each zone (main channel
40 m'/3*s1) floodplain 12 m!/3*s retention area 0 m!/%*s1). For the Elbe Estuaty, the
roughness of the main channel is represented by a function of the roughness coefficient
depending on the water level as shown in Fig. 3. For the floodplains of the estuary the
same approach is applied using a factor of 0.3. The value for the retention area of the
estuary is set to the same value like in the river stretch of the Elbe.
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Figure 3: Manning roughness coefficient [m1/3*s-1] used for the main channel of the Elbe
Estuary.
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Biological Parameters

The standard set of parameters which is either based on literature or on own expeti-
mental results was adjusted for the Elbe Estuary (Tab. 3). The light saturation for diatoms
and green algae was increased, the maximum growth rate decreased. The adaptions were
performed to reflect the specific species composition of the Elbe. The coefficient of
absorption for yellow substances (humics) at 440 nm was increased by the factor 10 to
parameterise the effect of high seston content of the Elbe Estuary.

Zooplankton abundances are not recorded in the regular monitoring programme of
the Elbe. Therefore, abundances at the upper (km 0) and the lower (km 727) boundaries
are estimated with the value of 25 Ind*I"!. This low abundance is sufficient as an inocu-
lum to enable the development of the zooplankton in dependency of the food supply by
phytoplankton.

Table 3: List of parameters for green algae, diatoms, cyanobacteria, rotifers, nitrifiers and others

in Qsim.

Parameter Unit Value

Green Algae / Diatoms / Cyanobacteria

Chlorophyll/Biomass ratio pgChla*mgBio 21.5/21.5/21.5
Maximum growth rate d! 1.6/ 13/ 1

Light saturation of the photosynthesis pE*m s 176/ 78/ 34

Half saturation constant Nitrogen (N) mg*]" 0.048/ 0.018/ 0.02
Half saturation constant Phosphotrus (P) mg*l’1 0.022/ 0.02/ 0.02
Half saturation constant Silicium (Si) mg*1’ -/ 0.08/ -

Basic respiration d' 0.085

Proportion of growth dependend respiration 0.2

rate -

C-BOD; of phytoplankton 0.004/0.021/0.004
COD of phytoplankton 0.073/0.105/0.073
Maximum cell quota N rng*mgBio'1 0.049/ 0.1/ 0.085
Maximum cell quota P mg*mgBio ' 0.012/ 0.009/ 0.007
Maximum cell quota Si mg*mgBio' -/ 0.18/ -
Minimum cell quota N mg*mgBio’' 0.008/ 0.017/ 0.014
Minimum cell quota P mg*mgBio ' 0.0016/ 0.0011/ 0.0009
Minimum cell quota Si mg*mgBio ' -/ 0.18/ -
Maximum uptake rate N d! 0.09/ 0.31/ 0.31
Maximum uptake rate P d! 0.69/ 0.62/ 0.62
Maximum uptake rate Si d! -/ 25/ -

Minimal O, production mg O,*mgBio’ 13

Maximal O, production mg O,*mgBio” 1.8

Intensity of sedimentation between 0 and 1 0.5/0.5/0
Temperature optimum °C 33.5/20/26

Lethal temperature °C 47/31/35

Rotifers

Maximum ingestion rate ;.J.gC*p.J.gC’Z/ *d! 2.9

Half-saturation constant for C ingestion mg*]" 0.43

Biomass (dry mass) ug 0.3

Basic respiration d! 0.12
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Parameter Unit Value
Filterability of diatoms 0-1 0.6
Filterability of green algae 0-1 0.8
Filterability of cyanobacteria 0-1 0.1
Nitrifier

Maximum growth rate Nitrosomonas d’ 1.08
Half saturation constant Nitrosomonas mg NH,-N*" 0.48
Mortality rate Nitrosomonas d! 0.1
Maximum growth rate Nitrobacter d' 1.1
Half saturation constant Nitrobacter mg NO,-N*I'! 1.3
Mortality rate Nitrobacter d' 0.1
Other

Maximum NH, oxidation rate in sediments m*d" 0.25
Maximum denitrification rate in sediments m*d’ 0.32
Hydrolysis rate for easily degradable particulate

organic C-compounds d' 0.12
Hydrolysis rate for easily degradable dissolved

organic C-compounds d' 18
Half saturation constant for hydrolysis of easily

degradable dissolved organic C-compounds mgCH' 0.25
Half saturation constant for hydrolysis of pootly | mgC*l"

degradable dissolved organic C-compounds 2.5
Half saturation constant for degradation of

monomer C-compounds mgCH' 0.1
Maximum uptake rate of monomer C-

compounds of bacteria d' 24.7
Yield coefficient for bacteria biomass - 0.25
Basic respiration heterotrophic bacteria d’ 0.03
Absorption coefficient for yellow substanc-

es/humics at 440 nm - 7.5

4 Results

4.1 Water levels in the estuary

For the station St. Pauli (km 623) measured and modelled water levels are compared for
the 1d model HYDRAX and the 2d model casu (Fig. 4a and b). The hydrodynamic mod-
el HYDRAX simulates the point in time of high tide and low tide accurately. The ampli-
tudes are also reproduced well. However, the values of the low tide are often underesti-
mated. Based on houtly measured and simulated data for the petiod 25/09/2006 to
09/10/2006 the mean difference refetring to the absolute values between measutements

and simulations is 0.11 m.

Based on 15 min values simulated by the 2d approach with casu the mean difference
for the period 03/07/2010 to 17/07/2010 is 0.10 m.
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Figure 4a: Measured (black line) and modelled (red line) water levels [m] of the 1d model HY-
DRAX at St. Pauli (km 623) for the petiod 25/09/2006 to 09/10/2006 (measured data: Ham-
burg Port Authority).
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Figure 4b: Measured (black line) and modelled (red line) water levels [m] of the 2d model casu at
St. Pauli (km 623) for the period 03/07/2010 to 17/07/2010 (measured data: Hamburg Port
Authority).

4.2 Longitudinal profiles of water quality parameters

The 1d QSim simulations of the year 2006 are compared with measured data. Therefore,
a seasonal mean from 01/05/2006 to 31/10/2006 as a representative value for the vege-
tation period is used. This period has beneficial conditions for algal growth due to suffi-
cient global radiation, high water temperatures and low discharge conditions leading to
water retention times in the river (km 0 to km 586) of more than 5 days.

For the considered period the position of the salinity threshold of 0.5 PSU was locat-
ed at Brokdorf km 685 meaning that the freshwater region of the estuary comprised
about 100 km until the tidal weir of Geesthacht (km 585) (Fig. 2).

Phytoplankton

The inoculum of algal biomass at the model boundary (km 0) is high with a mean value
of 54 ug chla*l'l. The longitudinal development of the phytoplankton is shown by the
seasonal mean chla values and their standard deviations (Fig. 5). Both the modelled and
the measured mean chla values increase along the river. The modelled values end up with
a maximal mean of 143 ug*lt at km 574 just some kilometres upstream the weir of
Geesthacht (km 585), while the measured values reached 167 pg*l! at km 598, just some
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kilometres below the weir. Along the estuary, the algal biomass declines sharply.
At km 660 near the seaward limit of the freshwater region a low mean value of
6 (£ 9) pg chla*l! is calculated by the model. Measurements at that site have a seasonal
mean of 12 (£ 5) ug chla*l'l.

300 1 3007 4y
a3
= 250

250 . .
— ©
D 200 4 =
3 200 Z 150
e S 100 an
;: 150 A 5 %
o (13)
o (4)
£ 100 0
(&] =

600 650 700 750

50 4 Elbe-Km

400 500 600 700 800

Elbe-Km

0 100 200 300

Figure 5: Longitudinal profile of measured (black dots) and modelled (dark grey line) seasonal
means of chlorophyll a [ug*l'| from Schmilka (km 0) to Cuxhaven (km 727) for May to October
2006. Number of measurements is given in brackets. Standard deviations of measurements re-
flected by bars and of modelled data (n = 184) by the light grey area.

Beside the coincident increase and decrease of the modelled and measured seasonal chla
means, it is noteworthy that the standard deviations (o) of model data and measurements
have the same magnitude and longitudinal pattern. In the river, a wide range of chla con-
centrations are measured giving a high o. This is mainly caused by changing discharge
conditions, which cause different development times for algae in the river. This depend-
ency is already indicated by the boundary values. The simulation reflects this pattern well.
A correlation of the chla content in relation to the discharge conditions at km 586 shows
a weak negative correlation with a 1> = 0.21. In the estuary the seasonal variability of chla
is only notable for the upper section, already at km 629 o is lowered to 20 ug chla*l'! with
the measured mean of 71 pg chla*l'l. Concerning the modelling results the range of o is
38 ug chla*l! related to a mean value of 45 ug chla*l'l. The o-value is diminished even
more at km 660 (values given above). At the estuarine sites the seasonal variability of the
chla concentration becomes less influenced by river discharge, but, as shown by analysing
the model results, increasingly influenced by zooplankton grazing.

Zooplankton

For the season in 2006 the simulations show a mean increase of zooplankton (represent-
ed by the rotifer Brachionus sp. in the QSim model approach) along the river stretch from
estimated 25 Ind*l! at the upper boundary at km 0 to 160 Ind*I'! at km 470 and
318 Ind*I! at km 586 at the entrance to the estuary (data not shown). In the estuary, the
development of zooplankton is strongly enhanced due to both optimal food supply and
long residence times. In the area of the harbour the model results show a seasonal mean
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of 1,482 Ind*l" and a maximum abundance of up to 4,256 Ind*l" (km 629). Further
downstream the mean abundances decrease rapidly below 500 Ind*I! at km 660.

There are only very few counted zooplankton data available, but in 2006 biweekly
sampling at Cumlosen (km 470) by the Environmental Agency of Brandenburg and at
Seemannshéft (km 629) by the Institute of Hygiene and Environment, Hamburg took
place. Between 10 and 20 1 water volume was filtered through a net of 55 um meshes.
The fixed samples were counted under an inverse microscope. Seasonal means of the year
2006 of the rotifer and crustacean zooplankton were 555 and 81 Ind*l! at km 470
(n =13) as well as 822 and 221 Ind*I! at km 629 (n =12).

Based on the modelled zooplankton abundances the grazing rates along the Elbe and
in the estuary are calculated. Our 1d modelling approach identifies grazing as the domi-
nant loss process for phytoplankton in the Elbe Estuary. Seasonal mean (May — October)
grazing rates in the river at km 470 reach only 0.02 per day, but rise up to 0.5 per day with
a maximum of 2.0 per day in the estuary at km 629.

BOD

Closely related to the algal development, the modelled seasonal mean C-BODs increases
along the river from 5.3 mg O2*I'! at the start (model boundary) to a maximum of 7.0 mg
O2*1! at km 577. In the estuary the mean values decrease from 5.5 mg O2*1'! at km 629
down to values below 3 mg O2*1! at km 653 (Fig. 6). Because the C-BODs is not part of
the Elbe monitoring programme, the measured BODy is applied for comparison. Because
the incubation period differs by two days and the BOD includes the oxygen consumption
by nitrification, the modelled C-BODs value is multiplied the factor 1.5 to get the same
range of values for both parameters. Due to methodologically caused high variation of
the parameter and a low number of samples, the measured mean BOD7 values do not
show a clear trend in the river (range between 4.7 to 7.7 mg O2*I'1), but at the estuarine
stations a clear decrease from 5.6 mg O2*l'! at km 629 down to values not higher than
2 mg O2*1'! is obvious.
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Figure 6: Longitudinal profile of seasonal means of measured BOD; [mg*l"] (black dots) and
modelled C-BOD, [mg*1"] (dark grey line) from Schmilka (km 0) to Cuxhaven (km 727) for May
to October 2006. Number of measurements is given in brackets. Standard deviations of meas-
urements reflected by bars and of modelled data (n =184) by the light grey area.
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Oxygen

The measured seasonal mean oxygen content is derived from continuous measurements
by probes at the given monitoring sites (FGG Elbe: http://www.fgg-elbe.de/fgg-
elbe.html). Along the river the measured mean values increase from 9.6 mg O2*I'! at km 4
up to 12.6 mg O2*I'! at km 474, while the maximum modelled value is reached at km 566
with a slightly lower maximum of 11.1 mg O2*I! (Fig. 7).
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Figure 7: Longltudinal profile of measured (black dots) and modelled (dark grey line) oxygen
content [mg*l"| from Schmilka (km 0) to Cuxhaven (km 727) for May to October 2006. Number
of measurements is given in brackets. Standard deviations of measurements reflected by bars and

of modelled data (n=184) by the light grey area.

Entering the estuary the oxygen content still remains high (measured: 9.4 mg O2*l1;
modelled: 10.4 mg O2* 1) at km 609, the upper end of the Hamburg harbour. Further
downstream a strong decrease of oxygen is measured and modelled, reaching an observed
mean minimum at km 629 with 4.9 (+ 1.83) mg O2*'! and a modelled mean minimum of
5.8 (£ 1.90) mg O2*! at km 644. At these both sites about 16 % of the measured and
modelled values were below 3.1 mg O2*! and below 3.9 mg O2*l', respectively. Further
downstream at the seaward limit of the freshwater region at km 660, the oxygen content
is elevated. The measurements show a mean value of 8.0 mg O2*I'! and the model results
a value of 6.4 mg O2*l', i.c. the increase of the oxygen concentration in the model simu-
lation is less pronounced.

Considering the variability of the daily measured oxygen content, the highest o with
1.8 mg O2*! appears at km 609 as well as in the oxygen minimum zone of the estuary at
km 629. Concerning the model results, a o value of 1.8 mg Ox*I'! is calculated for the
reach from km 619 to km 647.
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Oxygen budget of the estuary

The simulated oxygen consumption as well as input rates show clear longitudinal differ-
ences (Tab. 4). In the upstream section of the estuary at km 609, higher utilisation rates
(consumption -1.72 and input 1.04 mg O2*-1*d"1) are calculated than at the more down-
stream sections. Additionally at both upstream sites (km 609 and km 0629) the gap
between consumption and input is large (the delta of the absolute values of the summed
input as well as consumption rates is 0.68 and 0.66 mg O2*I'1*d1, respectively), while at
the furthest downstream section (km 660) a balanced oxygen budget is calculated.
Concerning the single processes a strong longitudinal decrease of algal related pro-
cesses is obvious: production rates of 1.11 mg O2* I''*d! fall down to 0.03 mg O2*1-1*d!
and the absolute values of the respiration rates from 0.87 down to 0.04 mg Ox*l'1*d-1.
By this the phytoplankton oxygen balance concerning input versus respiration turns
from a positive value (delta 0.24 mg O2* I'*d-! at km 609) into a negative one (delta -
0.07 O2*1'"*d1 and -0.01 O2* I''*d"! at km 629 and 660), i.c., the algae respire mote oxy-
gen than they produce. The overall decrease of the rates is simply explained by the de-
crease of algal biomass, while the change in ratio is mainly due to stronger light limitation
in the deeper sections of the estuary.
Table 4: Oxygen budget in the freshwater region of the Elbe Estuary — seasonal (May — October

2006) mean rates [mg O,* 1"*d'] and standard deviation (in brackets) of processes and the sum
of consumption and input rates at three different sites (km 609, km 629, km 660).

Processes Seasonal mean rate [mg O,*1*¥d"]
km 609 km 629 km 660

Re_acration 20.07 (£ 0.15) 0.18 (£ 0.14) | 0.28 (+ 0.09)
O,-production L o +
by alsnc 1.11 (+0.51) 0.19 (£0.17) | 0.03 (+ 0.06)
X Input 1.04 0.38 0.31
Respiration T + +
by alunc - 0.87 (+0.40) 0.26 (£021) |- 0.04 (£ 0.05)
Nitrification 0,02 (+ 0.02) 20.16 (£ 0.15) |- 0.10 (£ 0.04)
Heterotrophic 1 5 4 ,0g) 030 (£ 0.13) |- 0.12 (£ 0.05)
consumption
Respiration by | 17 4 g6 S018 (£0.17) |- 0.04 (£ 0.04)
zooplankton
Sediment

_ + - +_ - +
oxyeen demand | 049 (£ 0.08) 0.12 (+-0.01) |- 0.02 (+ 0.006)
X Consumption |- 1.72 -1.04 -0.31

The physical re-aeration rate is strongly driven by the existing oxygen saturation. There-
fore due to a mean oversaturation during the season at km 609 an export of oxygen is
calculated. Downstream the atmospheric oxygen input is higher at km 660 than at km
629, which might be due to a lower mean depth at this site of the estuary. Regarding the
heterotrophic consumption of oxygen, it is evident that it is the most important con-
sumption process at the sites further downstream (km 629 and km 660).

At km 629 all other rates (nitrification, sediment oxygen demand and respiration by
zooplankton) have a significant proportion on the overall consumption of oxygen as well.
At km 660, additionally to the heterotrophic consumption, only the nitrification is an im-
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portant consumption process. Concerning the most upstream site at km 609, the sedi-
ment oxygen demand shows higher rates than the heterotrophic oxygen consumption.
The comparable low mean water depth (3.6 m) at this site supports the impact of the sed-

iment on the oxygen budget of the water column.

4.3 Validation of the long term simulation of water quality parameters

Water temperature

The long term series of the period 1998 to 2010 of modelled water temperature (daily
means) is illustrated for three sites (km 609, 629, 660) along the estuary and compared to
daily means of water temperature derived from continuous measuring stations at these

sites (Fig. 8).
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Figure 8: Measured (grey line) and modelled (red line) water temperature [°C] at Bunthaus (km
609), Seemannshoft (km 629) and Grauerort (km 660) for the years 1998-2010 (Measured data:

Institute of Hygiene and Environment, Hamburg and NLWKN Stade).
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The deviations are quantified by the calculation of the Nash-Sutcliffe Efficiency (NSE)
(MORIASI et al. 2007). The NSE indicates the difference of a plot of measured and mod-
elled data from a 1:1 plot. By using NSE it can be noticed that the modelled and meas-
ured values show a good agreement (the NSE based on daily data ranges between 0.960
and 0.967 at all sites) concerning the seasonal dynamics.

For the sites at km 609 and km 629 the compliance is weaker in winter (NSE: 0.888
and 0.944) than in summer, ie., particularly during the vegetation period the modelled
data fit the measured data well. The squared correlation coefficient (r?) of measured and
modelled values for all three sites range between 12 = 0.971 and 0.976. The corresponding
slopes (s) of the linear correlation between s = 0.931 to 0.949 proof that the simulation
slightly underestimates the water temperature. The seasonal differences between meas-
ured and modelled values can be explained by the lack of heat discharge from cooling
plants, with the highest impact during winter time. Another reason for deviations be-
tween measurement and simulation is due to the 1d approach neglecting the effect of
tidal flats on heat budget of the estuarine water body.

Chlorophyll

The algal biomass is continuously measured in the estuary at km 609 and km 629 by
probes using the fluorescence-method. For comparison with the modelled chla values
(Fig. 9), which are related to chla determined by German standard method using alcohol
extraction and photometric measurement (see description of chla as a input parameter at
the model boundaries), the fluorescence values are multiplied by factor 1.7.
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Figure 9: Measured (grey line) and modelled (red line) chlorophyll a [ug*l'] at Bunthaus
(km 609), Seemannshoft (km 629) and Grauerort (km 660) for the years 1998-2010 (Measured
data: Institute of Hygiene and Environment, Hamburg).
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For the period 2000 to 2009 the seasonal dynamics of chla at km 609 is adequately
simulated for most of the years (NSE = 0.382), although for some distinct years, e.g.
2003 and 2000, an overestimation of chla by the simulation is visible. Using again the
seasonal mean (May — October) for comparison a slightly higher mean of
108 (£ 60) pg chla*l! is calculated by the model in relation to the measured mean of
93 (+ 51) ug chla*l'!. Considering the modelled and measured values at km 629 for the
period 1998 to 2010 seasonal differences are notably. In most of the years the simulated
chla concentrations in spring and eatly summer overshoot the observations. Nevertheless,
the seasonal mean of the simulated values (28 £27 pg chla*l) is slightly lower than the
measured one (33 £16 pg chla*l!). The seasonal differences are reflected in a low NSE of
0.007 for km 629.

Oxygen

For most of the sites along the estuary the modelled oxygen agrees well with the
measurements (Fig. 10). The measured values are daily means calculated based on
continuous measurements (each 5 min) with probes. The seasonal dynamics and
especially the low oxygen contents in summer are well reproduced by the simulations.
Concerning the whole period 1998 to 2010 the seasonal mean (May — October) of the
oxygen content at km 609 is 9.6 mg O2*1'! for the measurements and 10.3 mg O2*1'! for
the simulations, at km 629 5.7 and 6.9 mg O2*I'!, at km 635 6.4 and 6.2, and at km 660
7.8 and 6.7 mg O2*I'l. The NSE reflects the good agreement between simulation and
measurement for km 629 (NSE =0.758), km 635 (NSE = 0.844) and km 660
(NSE = 0.725). However, the NSE for km 609 is lower (NSE = 0.284). These differences
are confirmed by the squared correlation coefficient (+2) of km 629 to 660, which range
between 12 = 0.778 and 0.857, and a clearly lower 12 of 0.296 at km 609. The
corresponding slopes (s) show values above 1 for km 609 (s =1.016) and km 629
(s = 1.042) meaning a slight overestimation of the modelled oxygen contents exists. At
the more downstream stations the slopes fall below 1 (km 635 s = 0.963, km 660
s = 0.930) pointing to an underestimation of the simulated oxygen values.
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Figure 10: Measured (grey line) and modelled (red line) oxygen [mg*l"] at Bunthaus (km 609),
Seemannshoft (km 629), Blankenese (km 635) and Grauerort (km 660) for the years 1998-2010
(Measured data: Institute of Hygiene and Environment, Hamburg and NLWKN Stade).
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4.4 Simulation of water temperature distribution in the Elbe Estuary with
2d QSim

The distribution of water temperature in the Elbe Estuary is simulated with a 2d
approach of QSim coupled with the more-dimensional hydrodynamic model casu.
The same meteorological forcing as in the 1d QSim model approach has been used. The
upper model boundary is situated at the weir of Geesthacht (km 585) and is forced with
the 1d model results for water temperature. For the 09/07/2010 the daily mean water
temperature is higher in the side channel system and its tidal flats than in the main chan-
nel (Fig. 11). The measured and simulated daily means of water temperature in the main
channel at buoy D1 (km 643) reached 23.62 and 23.35 °C and in the side channel at buoy
HNE 24.41 and 24.09 °C, i.e. the difference between the main channel and the side
channel is 0.79 and 0.74 °C respectively. The largest measured difference during the daily
cycle in the main channel is 1.8 °C, while the simulated difference is lower with a value of
1.08 °C. Measured daily amplitude at buoy HNE is 3.4 °C and 1.7 °C for the simulation.

water temp. daily mean in deg. C.

| | | |
245

buoy D1
buoy HNE

Figure 11: Distribution of daily mean water temperature [°C]| on 09/07/2010 in the Elbe Estuary
between km 636 and km 653 including the side channel Hahnofer Nebenelbe and adjacent tidal
flats.

Comparison of measurement and simulation of the water temperature for a ten day
petiod from 03/07/2010 to 13/07/2010 shows that the overall level and range of
temperature is sufficiently matched by the model results. Mean water temperature for
measurements at buoy D1 is 23.41 °C and for simulations 23.06 °C, while at buoy HNE
values of 24.41 and 24.03 °C were reached. Again the measured daily range of water
temperature is higher than the simulated one. A mesh refinement is planned to reveal
whether the transport modelling or the simulation of sediment heat balance is responsible
for this effect.

5 Discussion

Water quality modelling is a very simplifying reproduction of the real world, mainly due
to the necessary reduction of biological and functional diversity of ecosystems. For ex-
ample, the phytoplankton community of the Elbe Estuary consists of more than 290 spe-
cies (KOPPELMANN and KIES 1989 published in ARGE 1998), all with a species-specific
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physiology. The water quality model QSim uses a common approach where only three
functional algal groups (diatoms, green algae and cyanobacteria) with three sets of physio-
logical parameters represent the whole community. Going deeper into detail, the model
description of physiological processes is a simplification too, because separate processes
often are combined or even neglected. Water flows (hydrodynamic) can be better repro-
duced in models, because water motion processes are more suitable for physical and
mathematical descriptions.

A practical consequence of this difference in modelling simplification is the fact that
many more calibration runs and re-runs of biogeochemical simulations are needed than
for hydrodynamic simulations. This favours the approach of off-line coupling because of
the advantage of saving hardware resoutces if only the biogeochemical simulations have
to be run. By this approach, the computation of transport for a large number of variables,
representing concentrations as well as process rates, for multiple long term water quality
simulations becomes feasible.

We show the importance of large scale (catchment) water quality modelling for quan-
titative analysis of oxygen deficits in the freshwater region of the Elbe Estuary. Applying
this approach, the importance of water residence times in each part of the system be-
comes obvious. There are comparably short retention times in the river (5-10 days), but
elevated retention times in the tidally influenced estuary (weeks) depending on river dis-
charges. Already in the freshwater region, including the deep section of Hamburg Har-
bour, retention times increase clearly. Water retention time changes are highly significant-
ly at the scale of days, because this time scale is relevant for biological processes e.g.
growth, decay or grazing (MONSEN et al. 2002).

A crucial point for modelling estuarine budgets and processes is the quality of the in-
put signal from the river. The necessary data could be derived directly from measure-
ments near the entrance of the river into the estuary, but seldom all of the needed param-
eters are measured in sufficient resolution, and therefore, no consistent set of parameters
at the boundary is provided. Using input signals derived from measurements near the
entrance of the estuary leads to another disadvantage concerning modelling that the mod-
elled process rates of different modules are not immediately fully in agreement. To over-
come these drawbacks we recommend a large scale approach and expanded the model
area, including 585 km inland river stretch of the Elbe, although the focus remains on the
oxygen budget of the estuary. Thereby, the modelling results in the estuary become less
dependent on the boundary conditions and simulated model rates in the estuary become
consistent.

In order to reflect biological seasonality, it is important to produce water quality simu-
lations on a seasonal scale. For example, the yearly cycle of growth and decay of phyto-
plankton plays a major role to the oxygen budget of the estuary. Further on, even longer
time spans are needed to evaluate the interannual variability of water quality for manage-
ment purposes.

Based on the 1d approach, the requirements for long term modelling of water quality
in the context of climate change research can be fulfilled. The tresults for the 13-year pe-
riod (1998-2010) of the heat and the oxygen budget of the Elbe could be used as a refer-
ence period for studying impact of climatically changed air temperature or discharges.
This approach is realized in the KLIWAS research program (BFG et al. 2014). The results
show that in future scenarios the change of discharge conditions is the major influencing

226



Die Kuste, 81 (2014), 203-232

factor on the algal development in the river section of the Elbe and on the resulting oxy-
gen budget of its estuary (QUIEL et al. 2011, HEIN et al. 2014).

In the second section, we discuss the results concerning the modelling of phytoplank-
ton and oxygen budget in the Elbe river/estuary system. The high importance of the river
discharge and thereby riverine load of algal derived organic carbon is a very noticeable
feature of the Elbe Estuary. This is less true for estuaries of rivers with a smaller catch-
ment or in more arid areas of the world. These systems are more characterised by marine
inflow or autochthonous primary production (COLE and PEIERLS 1992). In the case of
the Elbe Estuary, the influence of the river load is restricted to the freshwater region, a
very expanded zone in this estuary. Due to high importance of the riverine load, we simu-
late higher rates of microbial activity in the upper region of the estuary than more down-
stream sections of the Elbe Estuary. The longitudinal decrease of measured BOD7-values
in the estuary reflects the decline of microbial activity, with the lowest level of activity
from the lower end of the freshwater zone until the mesohaline zone (km 660 and
km 725), including the turbidity zone.

Our results confirm that only by a satisfying modelling of growth of phytoplankton in
the eutrophic river section of the Elbe, the oxygen budget of the estuary can be analysed.
In eutrophic rivers like the Elbe, phytoplankton is the main driver of organic carbon cy-
cling and therefore providing carbon substrate for heterotrophic oxygen consumption by
bacteria (THORP and DELONG, 2002). In addition, the phytoplankton directly produces
or respires oxygen. In the freshwater region of the Elbe Estuary the direct impact of phy-
toplankton on the oxygen budget switches from a positive one (km 585 to km 609) —
mean production is higher than respiration — to a negative one in the more downstream
section of the estuary between km 609 and 629. Along this stretch, the water depth in-
creases clearly and algae growth becomes light limited, while the respiration of the exist-
ing biomass is still high.

Looking at the fate of phytoplankton, a challenge for understanding and modelling is
the disappearance of the algal biomass in the upper freshwater section of the Elbe Estu-
ary. Physiological die-off, sedimentation or grazing are important internal and external
loss processes, respectively (MORTAZAVT et al. 2000, HAGY III et al. 2005). The physio-
logical die-off needed some time before algal biomasses disappeared, although a nutrient
limitation may support the waning of the algae. In well mixed estuaries like the Elbe sed-
imentation needs areas of low flow velocities or a long lasting slack water period for an
effective impact on the reduction of algal biomass. The influence of harbour basins in the
Hamburg area may fulfil the above mentioned criteria and should be a subject for appli-
cation of more dimensional modelling.

Our 1d modelling approach identifies grazing as the dominant loss process for phyto-
plankton in the Elbe Estuary. Seasonal mean high grazing rates of 0.5 per day mean that
nearly 40 % of the standing stock of the phytoplankton is reduced per day. Calculated
maximal grazing rates of 2.0 per day lead to a loss of 87 % and by that a nearly complete
control of the algal biomass. In the Schelde estuary such high grazing pressure mainly by
microzooplankton is described and community grazing rates of 0.41 to 1.83 per day were
measured (LIONARD et al. 1997). The Elbe Estuary is a favourable habitat for estuarine
copepods and for river borne rotifers, mainly due to the sufficient food supply. Already
in the river, strong increases of zooplankton abundances were observed during longitudi-
nal surveys from Schmilka to the weir of Geesthacht (HOLST 2006, HARDENBICKER
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2014). The maximum reported abundance were reached at Geesthacht with up to
10,000 Ind*I! for the dominant zooplankton group of rotifers and up to 40 Ind*I! for
crustaceans (HOLST 2006). Our modelling results for the year 2006 show a seasonal mean
of 320 (+/- 190) rotifers of Ind*I at the entrance to the estuary at km 586.

In the estuary, the zooplankton abundances reached a maximum of 4,250 Ind*I! at
km 629 and a seasonal mean of 1,500 Ind*I'l. The counted seasonal mean zooplankton
(rotifers and crustaceans) abundances at that site were 1,050 Ind*l'. Comparabe high
abundances between 200 and 1800 Ind*I'! were reported for the Schelde estuary
(LIONARD et al. 1997). One explanation of the difference between modelled and
observed abundances in the Elbe might be due to the fact that the zooplankton in the
estuaty is not longer represented by the rotifers as assumed in the QSim model approach,
but copepods with higher biovolume and individual dry weight become the dominant
group. Secondly, higher zooplankton abundances are simulated, because no external loss
of zooplankton to a higher trophic level of the food web is taken into account. However,
it is known that zooplankton is an important prey for fish larvae and juvenile fishes in
estuaries (MEHNER and THIEL 1999) and abundances could be reduced clearly by
feeding. Many further investigations and data are required to model and evaluate the role
of zooplankton in the Elbe Estuary.

In addition to the longitudinal development of phytoplankton and oxygen, the lateral
distribution of the oxygen concentrations is of scientific and management concerns. The
importance of tidal flats, side channel systems or harbour basins as sinks or sources for
oxygen are important issues which can only be studied in detail by applying a more
dimensional model approach. As a first step we proof our coupling concept by simulating
the heat budget of a side channel system, showing notable differences of water tempera-
ture between main channel and side channel. Higher water temperatures in the side chan-
nel are due to lower mean water depth and the warming effect by tidal flats.

6 Conclusions and outlook

The 1d QSim simulation approach confirms that the growth and decline of phytoplank-
ton in the eutrophic Elbe and its estuary has to be simulated accurately to get a realistic
picture of the oxygen budget of the estuary. In the eutrophic river phytoplankton bio-
mass is produced up to a seasonal mean (May-October 2000) of nearly 150 pg chla*l.
In the freshwater region of the estuary algae growth becomes negative due to light limita-
tion, leading to net oxygen consumption by algae due to respiration. Additionally, high
grazing losses by zooplankton (seasonal mean of 0.5 per day) reduces algal biomass dras-
tically. Algal derived organic carbon imported from the river and originated in the estuary
during algal die-off provides the substrate for heterotrophic oxygen consumption by
bacteria.

The large scale 1d QSim approach including a 585 km long river section provides a
consistent set of water quality parameter as an input signal for modelling the oxygen
budget of the Elbe Estuary. Furthermore, the ability of simulating latge time petriods
which is a crucial need for climate change modelling of water temperature and oxygen has
been proofed. In contrast, for detailed studies in the side channel systems of the Elbe
Estuary with the tidal flats the higher resolution of the more dimensional model is shown
to be essential. Such horizontal differences of water quality parameters mainly caused by
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morphological structures as side channels or harbour basins are of ecological importance
(improved oxygen conditions or feeding habitat for young fish) and should be subject
of more dimensional modelling in estuaries. Even so more realistic modelling of water
residence times in certain domains of the estuary based on more dimensional modelling is
required.
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