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Vorwort

weitergehende Amnstrengungen zur Verbesserung der physikalisch-chemischen
Wasserbeschaffenheit erforderlich. Im Bundesland Medklenburg-Vorpommerm (MV),
betrifft dies insbesondere die Reduzierung der Nahrstoffparameter Stickstoff und
Phosphor. Die Entwicklung reduktionswirksamer Mafnahmen benttigt eine gute
Kenninis  der  Eintragspfade und — Transport-Transformationsprozesse.
Grundvoraussetzung hierfiir ist ein belastbares Monitoring. Das Bundesland
Mecklenburg-Vorpommern betreibt gegenwiartig ca. 240 quantitative Messstellen fiir
Oberflachengewssser und 610 Grundwasserpegel. Dem  stehen knapp 50
Gewissergiitemessstellen fiir Oberflichengewiasser und 133 Grundwassermessstellen
gegemiiber!. Letztere werden nur stichprobenartig (in der Regel monatlich) untersucht.
Trotz des damit verbundenen etheblichen personellen und finanziellen Aufwands ist
die raumliche und zeitliche Auflésung des behérdlichen Monitorings kaum
ausreichend, um riumlich ausreichend differenzierte Aussagen zu Eintragspfaden
und damit zu erforderlichen Reduktionsmafnahmen abruleiten Dies gilt
insbesondere in Bezug auf diffuse Nahrstoffeintrage, welche sich im Gegensatz zu
Klaranlagen nicht durch Messungen an einem diskreten Emissionspunkt erfassen
lassen. Es ist deshalb notwendig, die integral erfasste Belastungssituation an den
Gewidssermessstellen  durch Modellierung oder intelligente Datenauswertung
raumlich und zeitlich besser aufzulésen und im Idealfall quantitativ verschiedenen
Eintragspfaden zuzuordnen Echte Prozessmodelle bendtigen hierfiir zusitzliche
Eingangsdaten, welche nur bedingt verfiighar sind (z B. schlaggenaue Informationen
zur landwirtschaftlichen Aktivitit) Umso wichtiger ist es deshalb, die bereits
verfiijgharen Daten prozessorientiert auszuwerten und miteinander sinmvoll zu
kombinieren. Hier setzt die Arbeit von Muhammad Waseem an. Ziel der von ihm
Monitoringdaten in Raum (Teileinzugsgebiete), Zeit (Tag) und wesentlichem
Eintragspfad (Grundwasser, Drainage, Punktquelle). Grundidee ist die Kopphmg
eines verbesserten hydrologischen Verstindmisses vom Einzugsgebiet mit den
wenigen verfiighbaren Giitemessungen. Hierfiir mutzt er zwei Ansitze mit
unterschiedlicher Komplexitat i) rein datengetrieben, ii) durch Erstellung eines
hochaufgelésten hydrologisch-hydrodynamischen Prozessmodells.

Die Ergebnisse zeigen, dass bereits mit etablierten hydrologischen Methoden der
Datenauswertung (Ganglinienseparation, Darcy-Ansatz) eine Differenzierung der
Eintragspfade (Grundwasser, Drainagen, Oberflachenabfluss, Punktquellen) moglich
ist. Ein hochaufgelastes hydrologisches Modell ermiglicht eine weitergehende
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Differenzierung in Teileinzugsgebiete und eine iberschligige Bilanzierung
gewasserinterner Umsatzprozesse. Weiterhin lassen sich derartige Ansatze auch fiir
eine Optimiering des Monitorings nutzen. Die Methoden sind auch auf andere
Gewidssersysteme  fallweise anpassbar. Es wiare zu wiinschen, dass die hier
entwickelten Ideen durch die verantwortlichen Institutionen aufgegriffen und in
nutzbare Werkzeuge fiir den behérdlichen Vollzug tiberfiihrt werden.

Die Arbeit entstand im Eahmen des BEMBF-Projekts , Bootmonitoring™ (FKZ 033W039).
Mein besonderer Dank gilt an dieser Stelle dem Projekitrager Filich und dem
Staatlichen Amt fiir Landwirtschaft und Umwelt Mecklenburgische Seenplatte fiir die
hervorragende Kooperation.

Prof. Dr-Ing. habil Jens Tranckner
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Kurze Zusammenfassung

Das Tiefland ist vergleichsweise starker dkologischen und soziodkonomischen Gefahren
ausgesetzt, da es einen Schwerpunkt der landwirtschaftlichen Produktion und damit
verbundenen  landwirtschaftlichen  wirtschaftlichen  Aktivititen darstellt.  Im
Einzugsgebiet des Augrabens wurde eine Datenanalyse mit  einfachen
Parametrisierungstechniken (Ganglinienseparation und hydraulische
Gradientenmethode) durchgefithrt, um den Oberflichenabfluss in Basisabfluss und
schnelle  Abflusskomponenten zu unterteilen. Basierend auf der Schitrung des
Basisabflusses mittels Ganglinienseparation wurden die MNitrateintrige liber das
Grundwasser wihmend Vegetations- und vegetationsfreier Peroden im Eneugsgebiet
des Augraben geschitzt. Eine anschlieBende Modellvergleichsstudie zielte auf die
Auswahl eines peeigneten Modellierungswerkzeugs zur Quantifisierung der Hydrologie
und Wasserqualitit in Tieflaindeinzugsgebieten und  erliutert und  vergleicht
verschiedene weit verbreitete integrierte Wassermodellierungswerkzeuge, deren
Verwendungseweck, Parameter und Prozesse, Einschrinkungen, Stirken und deren
Anwendbarkeit unter bestimmbten Randbedingungen. Basierend auf den Ergebnissen des
Modellvergleichs wurde ein integriertes gekoppeltes hydrologisches und hy draulisches
Modell (MIKE SHE und MIKE 11) aufgebaut, um die meteorologischen Auswirkungen
auf die Wasserhaushaltskomponenten und den Austausch von Grundwasser und
Oberflichenwasser  au quantifizieren.  Durch  Kombination  hydrologischer
Modellergebnisse mit begrenst verfligharen Wasserqualititsdaten wurde die Dynamik
von Wasserhawshalt/Abfuss und Wasserqualitisparametern  auf die Ebene von
Teileinzgsgebieten projiziert. Die Ergebnisse dieser Studie kinnen von den lokalen
Umwoeltschutzbehiirden verwendet werden, um das Emneugsgebietsmanagement zu
verbessern und kritische Bereiche zu identifizieren, die erhiihte Anstrengungen zur
Ermeichung der WRRL-Ziele erfordem. Der in dieser Studie verwendete methodische
Rahmenkann auf andere FlieBgew dsser des norddeutschen Tieflands tibertragen werden.



Thesis Summary

Water resources management requires proper assessment and management of the
watershed combined with constant monitoring of surface water (5W) and groundwater
(GW) quality and quantity. Environmental policy decisions and sucoessful management
execution needs robust and meaningful methods for assessing the hydrology and water
quality vadations in a particular catchment. It further helps in determining the estimated
and achieved com pliance with the desired watershed management objectives.

Lowlands are comparatively more exposed to environmental and socioeconomic hazards
being an epicenter for agricultural production and related agricultural economic
activities. Hydrological processes in moderate climate lowland catchments can be
complicated. Lowland catchments are characterized by a high GW table, low flow
velocity, flat topography, and a significant presence of organic soils. Due to glacial
telescoping, morphology and geology is partly highly heterogeneous. Lack of topography
increases their susceptibility to flooding, climate change, and deterioration of water
quality resulting from low flow velocities and higher GW tables. Due to high GW tables,
lowland catchments are usually heavily regulated with the provision of drainage systems
that result in eutrophication in rivers and lakes due to the reduction in water and mnutrdent
retention times. Decreased retention times means that the fertilizer applied to the
crops/plants does not have sufficient Hime to be taken up by the plants or o decompose
through denitrification, resulting in in GW quality detedoration. GW base flow, and more
importantly the drainage flow, increases the mutrent concentrations in 5W bodies and
causes higher algae growth and low oxygen levels in SWs. Due to com plex SW and GW
interactons, and due to this com plexity, precise hydrological water balance information
is a prerequisite o develop management practices for the sustainable use of water
resources. Integrated hydrological models play an essental role by providing the
necessary information regarding the detailed water balance, and 5W and CW interactions
withina catchment to develop and improve the management practices of water resournces.

In Europe, agricultural activities continue to affect the 5W and GW quality in terms of
MNOsN pollution. The EU nitrate directive was infroduced in 1991 to identify and reduce
the NOs-N pollution in water bodies (Directive 91/676EEC), and it focuses on integrated
management of water in fdver catchments to acquire, improve, or maintain a good
chemical and ecological status. Despite enormous efforts, a large ratio of European GW
and 5W bodies stll do not comply with the “good chemical and ecological status”
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according to the defined criteda of the European water framework directive (ELUT-WFD).
Ome reason is the still-poor identification, quantification, and management of diffuse
pollution sources. The EU-WFD demands to reach a good chemical and ecological status
of freshwater bodies by the year 2027, In the case of Germany, improvements ane required
due to the possible surplus use of agricultural fertilizers. Germany is continuously
struggling with GW MNOs-N concentrations higher than 11.3 mg/L, a threshold for a “good
chemical and ecological status” of GW. Due to deficiencies in implementing the ordinance
of agriculture fertilizer application and surplus use of both synthetic and organic
fertilizers, a rise in MNOs-N concentrabions in comparison to the reported NOs-N
concentrations from 2004 to 2007 is observed.

In this context, theoverall objective of this cumulative thesis is to provide and assess tools
for a process oriented analysis of hydrologic and eutrophication processes in lowlands,
based on available monitoring data. Tollense River has been taken as a representative of
northeastern German lowland catchment. Mutrient levels in Tollense and its tributaries is
a concemn for achieving good chemical status of Tollense river. Hydrological and water
quality modelling is important to understand the dynamics and as well as to identify the
critical pollution levels in the water body as the mass balances are not sufficient in order
to understand the dynamics and transport patterns of nutrients through surface and
subsurface sources. 5o the Tollense river basin represents all the hydrological, hy draulic
and water quality processes interms of nitrogen diffuse pollution in addition to particular
lowland catchment characteristics such as backwater effect, control structunes, pump
flows, eutrophication, decreased retention imes due to provision of drainage, high GW
and higher inter and base flows.

The research questions of the present study include:

» Data demand, effort and expressiveness of robust methods and detailed physically
based hydrological models for the estimation of hydrology and mass balance in a
lowland catchment.

»  Suitability of semi-distributed and distributed hydrological models to estimate
hydrology and diffuse water pollution in MNorth-Eastern Germany lowland
catchments with intensive agricultural land use.

¢ Simulation of 5W and GW hydrology in a lowland catchment with a coupled
hydrologic and hydraulic model to quantify the meteorological effects on water



balance components and the exchange of GW and 5W during dry and wet
hydrological years.

* Developing an approach to condud a detailed mass balance analysis by using the low
frequency monitored data in combination with hydrological modelling,

wi
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The current study is carried out in Tollense dver basin. Tollense fver starts as an outflow
of the lake Tollense (at the city Neubrandenburg) Neubrandenburg) and flows about 68
km through a glacier terrain to its confluence with river Peene in the small town Demmin.
The presented study was performed on the downstream section of the Tollense fver with
an approximate length of 30 km, staring from Klempenow to Demmin, with an average
catchment anea of about 400 km?.

In this study the mentioned objectives were achieved on the basis methodological
framework explained in Figure (a). Initially the robust analysis of the available time series
data was conducted to understand the problem extent and to find important relationshi ps
between different parameters. By applying hydrograph separation techniques on
observed flow hydrograph the flow was divided intobase flow and quick flow. GW levels
(contours) in the study area were developed on the basis of average GW tables at available
boreholes in the study area. Based on constructed GW contours the catchment was
divided imto four sub catchments. Simple parametrization techniques were used to
quantify the GW and 5W flows from sub catchments. The study uses available 5W and
GW quality data in order to calculate 5W and GW NOs-N loads at sub catchment levels
in the Augraben catchment Further the analysis was done for water quality variations
during vegetation and non-vegetation perods. Results of this study effectively provided
the estimates of GW and 5W interactions, SW and GW dynamics, water quality variations
both spatially (in each sub catchment) and temporally (during vegetation and non-
vegetation periods). In this time seres analysis, applied method provides a robust
estimation of GW contribution to NOs-N loads by using typically available moniboring
data of environmental protection authorities. However, a detailed assessment of
catchment hydrology requires process based integrated hy drological models.

Secondly, four different process based integrated hydrological models were compared to
examine the environmental interactions, transport of solute, flood modelling and
understanding of catchment hydrology. It is always important to select the appropriate
hydrological and water quality modelling tools to predict and analyze the lowland
catchments and also consider their strengths and weaknesses, Integrated water modelling
tools, SWAT (Soil and Water Assessment Tool), SWIM (Soil and Water Integrated Model),
HSFF (Hydrological Simulation Program- FORTREAN) and a combination of tools from
DHI (MIKE SHE coupled with MIKE 11 and ECO Lab), have been reviewed by focusing
mainly on the characteristics of the lowland catchments located in north-eastem
Germany. DHI combined tools and SWAT were more suitable for simulating the desired
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hydrological processes, but in the case of dver hydraulics and water quality, the DHI
family of tools has an edge due to their integrated coupling between MIKE SHE, MIKE 11
& BECO Lab. In case of SWAT, it needs to be coupled with another tool to model the
hydraulics in the Tollense River as SWAT does not include backwater effects and
provision of control structures. However, both SWAT and DHI tools are more data
demanding in comparison to SWIM and HSPF. For studying nitrogen fate and transport
in unsaturated, saturated, and river zone, HSPF was a better model to simulate the desired
nitrogen transformation and transport processes. However, for nitrogen dynamics and
transformations in shallow streams, ECO Lab had an edge due its flexibility for inclusion
of user-desired water quality parameters and processes. In the case of SWIM, most of the
input data and goveming equations ane similar to SWAT but it does not include water
bodies (ponds and lakes), wetlands and drainage systems Coupled MIKE SHE and MIKE
11 model was selected based on this review study to simulate the hydrology in the study
area,

After time series analysis and selection of modelling tool, in third phase of this study, a
physically-based distributed hydrological model, MIKE SHE, coupled with a
hydrodynamic model, MIKE 11, was set-up and calibrated for a typical lowland
catchment in moderate climates, the Tollense River in the north-east of Germany. The
Tollense rver catchment was selected as study anea in collaboration with the regional
environmental protection agency (StALU-MS) due to its ty pical characteristics and related
typical waker management challenges. Large areas are provided with artificial drainage/
GW abstraction pumps to support intensive agriculture in the study area. Tollense river
is equipped with two weirs named as Osten and Tiickhude to regulate the river flow. The
artificial drainage is applied to lower the GW level for agricultural use, especially in the
spring months and accelerates flow and transport of nuthents in the catchment.
Depending on the fertilizer application, plant growth state and the meteorological
conditions fertilizer applied to the crops is partly washed off in GW and 5W, leading to
increased nutrient concentrations (namely nitrate) in both systems. Weirs serve opposite
to the drainage by raising the SW levels on their upstream side (u/s), and results in SW
contribution to the GW. The Tollense dver also observes a backwater effect at its
confluence with the dver Peene in Demmin, due to low hydraulic gradients influenced
by the Baltic Sea. In the last decade, the region has faced strongly varying meteorological
conditions, with very wet years and partial flooding of agricultural areas (e.g., in 2011 and
2M7) and very dry years with partial drought (e.g., in 2018). Due to the close interaction
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of 5W and GW, calibration of GW levels and 5W discharges was conducted in parallel.
Especially the calibration of GW level became challenging due o the extreme soil
heterogeneity, which is typical for glacial soils. Auto calibration was not applied in this
study, as the intention was not to enforoe an optimum fit between the observed and
simulated data, but to gain a better process understanding and to identify the model
deficiencies. The calibration process was initiated after the sensitivity analysis and
following calibration techniques were applied for the different river flow calibration
outcomes. In step 1—when the model was unable to simulate the peak flows, a caneful
review of the data was done for both the precipitation and river flow, as this happens
normally due to the neason that either the rainfall station is not representative or due to
the malfunctioning of the precipitation or flow gauges. In step 2—when the model
continuously over predicted the flow, evapotranspiration, soil water content, percolation,
and GW recharge rates were adjusted. In step 3—whene simulated flow followed the
observed flow dynamics but lags the actual flow consistently, fdver bed leakage coefficient
rates and Marning’s roughness coefficient were adjusted. Instep 4 —when the model over
predicted the peak flows but under predicted the average normal dver flows, infiltration
rate, interflow, and base flow mecession parameters were adjusted. A water balance
estimation was performed following the calibration process, as the interest of this study
was to get a better insight into the interaction of the different subsystems and hydrological
processes in highly GW influenced lowland rdver basing The water balance was
performed for the whole calibration perod and additionally for each hydrologic year,
which is defined between 1st October to 30th September of the next year in Germany . The
total water input into the model was via precipitation and surface and subsurface inflow,
which was further divided into ET, runoff and change in storage, and GW and 5W
interactons. Water balance error was calculated after balancing all the majorhydrological
components that includes precipitabion, evapotranspiration, runoff, surface and
subsurface inflow, and change in storage. With a water balance error of less than 2%
during the calibration period, the total estimated water balance is satisfyingly good.

The coupled model resulted in intense interactions among SW and GW. Long term, 5W
flows follow the pattern of CW levels in the defined catchment with the higher GW flows
followed by higher 5W discharges. Model calibration of SW discharges was difficult due
to the lmited monitoring data availability of SW discharges, and that highlights the
significance of high resolution field monitoring data in hydrological modelling. GW is a
major contributor to the balance of 5W flows durng the low flow periods, and GW
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contribution rises up to 45% of total SW flows during the observed partial drought in the
catchment; and, with exclusion of fdver flows from lake Tollense, GW contributes mainly
to the Tollense river nearly up to 95% of total SW flows. In the lowland catchment, the
unsaturated zone is very shallow durng the wet seasons. Due to this, infiltration and
evapotranspirabion are vital processes that control the rate of recharge. Results illustrate
that the saturated sone gains approcimately 30%—40% of total precipitation, out of which
a major portion is drained to the river via artificial drainage available in the study area.
The simulated hydrograph shows relatively overestimated river flows during peak flow
perinds. A successful calibration of saturated zone boundary conditions and geological
layers” vertical discretization, saturated hydraulic conductivities, drainage time constant,
and leakage coefficient play a vital role to successfully quantify the SW and GW
interactions. The above discussed differences between simulated and monitored GW
levels and 5W discharges are due to a combination of different sources of uncertainty:
Structural (grid size, simplification of geology), nput data (climate data), and parameter
uncertainty (e.g., saturated hydraulic conductivity).

After, developing a calibrated process based coupled hydrological and hydraulic model,
in fourth and final phase, available low frequency monitored flow and water quality data
in combination with integrabed hydrological and hydraulic modelling was used to
represent the SW and GW hydrology and MNOs-N loads in Augraben River cabchment.
Lack of monitoring data in most of the catchment studies is a hurdle in water quality
assessment.

In Augraben River catchment, a tributary of the Tollense river, discharge data was only
available at catchment outlet. Mo measured discharges were available at Augraben River
tributaries. GW levels were available at only two monitoring stations. It was assessed
beforehand that these two monitoring locations could never be sufficient for the intended
water quality assessment and varations. 50 available, but not used GW boreholes by local
environmental protection authorities were selected (at least one borehole in each defined
sub catchment) and monitored on monthly resolution for a perod of a year and later on
monitored data was used to calibrate the hydrological model.

In this study, integrated coupled hydrological and hydraulic model (MIKE SHE and
MIEE 11) with limited available water quality data is used to estimate the hydrology and
water quality variations. Based on coupled hydrological and hydraulic model results, we
have successfully estimated the NOs-N loads at catchment and sub-catchment scale by
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combining low frequency monitoring data with hydrological modelling. This enhances
both, the explanatory strength of generally available and imexpensive quantitative
hydrological data and the so far only qualitative status information from grab sampling.
We related the responses of NOs-N and P concentrations to the meteorological input and
to the responses of simulated SW discharge and GW levels. These nelations were used to
estimate NOs-N and P loads in study area. We have estim ated the loads at SW moniboring
stations and identified the GW contributions and the contribution of waste water
treatment plants. In summer time, the measured load is found lower than the sum. The
difference can be a rough estimate of NOs-N transformations and plant uptake rates. The
results of this study demonstrate that using the explanatory strength of quantitative
hydrological data can significantly im prove load estimates. Short-term dynamics of 5W
quality varations are not captured by common low-frequency grab sampling.
Catchments charactedzed by rapid minfall-runoff processes would require ideally
continuous monitoring systems. However, in lowland river, dominated by base and
intermediate flow, optimized grab sampling with few, well located hydrological
measurements can provide meaningful data. The approach presented in this paper can be
applied to improve quantitative and gqualitative water management in similar
hydrological conditions.

Key Contributions

An integrated hydrological model coupled with a hydrodynamic model was developed
with intent to simulate the moderate climate lowland hydrology. In order to represent the
surface and subsurface hydrology at a large scale, simplifications and assumptions wene
made in order to represent the UZ and 5Z. Findings support the hypothesis that the
hydrological processes in lowlands are dominated by 5W and GW interactions. The key
contribution of this study includes

¢ Comparison of empircal methods and physically based coupled distributed
hydrological and hydraulic models to analyze hydrology and water balance in rural
lowland river basins

¢ Development of a technique for quantificaion of detailed mass balance and
identification of critical areas in lowland catchments by using only the low frequency
monitoring data from the local authorities.
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Increased emissions due to land-use or so far unidentified point sources can be allocated.
Further addition of a nutdent transport model is intended and will help to study the 5W
and GW quality under different land use scenarios.
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1. General Introduction

Mutrients are essential for all living organisms, animals and plants to grow. Problem is
initiated when too much nitrogen and phosphorus emits into the environment usually
from human activities [1]=[4]. The important causes of nutrient pollution include fertilizer
runoff from agricultural fields, animal waste eg. retum flow from livestock activities and
agricultural lands in Mecklenburg-Vorpommem [5]. High nutrient levels will result in
higher growth of algae, as consequence algae will consume excessive amount of oxy gen
which is necessary for fish and other aquatic organisms to survive. Excessive algae in
water bodies will make water cloudy and reduces the photosynthetic radiation to deeper
water levels, which in turn lead to oxygen depletion there [6], [7]. Higher nitrate
concentration levels in the groundwater (GW) can risk public health and environment [8].
Mutrient pollution also has effects on economy by affecting different sectors dependent
on clean water, especially drinking water supply [9].

Agriculture nitrate diffuse pollution has increased considerably over the past few decades
due to human activities nelated to the surplus use of both organic and synthetic fertilimers
[2]. Ower application of nitrogen M fertilimers to the crops in thin soils with steeper errain
can cause significant damages to the environmental ecosystem especially during wet
seasons, Surplus nitrogen input is identified as a key contributor to the increased nutdent
concentrations in surface, ground and coastal waters. World Health Organization (WHO)
and EU-WFD defines 50 mg/L NOs or 113 mg/L NO+N as maximum acceptable
concentration of nitrate in the drinking water and serves as a threshold for a “good
ecological status™ of a water body [10].

In Europe, agricultural activities continue to affect the 5W and GW quality in terms of
nitrate pollution. The excessive entry of nuttents in water bodies causes eutrophication
and effects the ecology in rdvers, lakes and coastal waters [11], [12]. In the Federal State of
Mecklenburg-Vorpommem diffuse nutrient pollubon s a major concern. Despite
enormous efforts a large ratio of GW and surface water (SW) bodies still do not comply
with the “good ecological status™ according to the criteria of European Union water
framework directive (EU-WFD) [13].

Multiple monitoring based studies have been made in north eastem lowlands of Germany

to access the surface and subsurface water quality. In case of Germany, 18 percent of GW

sampling sites exceeds the threshold value of 50 mg/l especially in ancas with intensive

agriculture activities [14]. In January 2017, Germany published its most recent report on
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nitrate pollution of waters (“Mitratbericht 20167, for the monitoring period up to and
including 2014), in line with the obligations under the EU Nitrates Directive. The report
underlines that agricultural fertiliners continue to negatively affect water quality in
Germany, in particular GW. Almost one third of the monitoring points for GW quality
show values above the imit value of 50 mg/l nitrate [5]. A study carried out in Zamow
basin in Mecklenburg-V orpommern showed that 32 % of all the CW samples exceeds the
permissible drinking water mit of 113 mgl NO=N [15]. A study conducked in
Mecklenburg-Vorpommem, states that 76% of the monitored 5W have at least a
significant pollution with nitrate and 40% with phosphate [16]. Most of these studies are
based on extensive monitoring campaigns and requines excessive amount of human and
financial efforts. Moreover, these study results are site specific and cannot be extrapolated
to other catchments.

Multiple hydrological modelling studies have been made in north eastermn lowlands of
Germany with empirical and semi-distributed (e.g. SWAT and SWIM) models. Different
mediums like GW, drainage, surface runoff and atmospheric deposition ete., have their
different shanes in transport of nitrates into the SW. A study done in Schleswig-Holsteins
about the role of different sources of diffuse emission in Baltic Sea with a MOMNERIS
(Modelling Nutrient Emissions in River Systems) model yielded that drainage (51 % of total
load) and GW (39 % of total load) are the dominant pathways [17]. Nitrogen transport
and reduction has been studied for the federal state of Mecklenburg-Vorpommem by
Wendland et al. [18]. This study is comprised of a nutdent balance model, a waterbalance
model (GROWA), a reactive nifrate transport model in soil (DENUZ) and a reactive
nitrate transport model in GW (WEKLU). Drainage was found to be a dominant pathway
resulting in approximatel y 35% of the N transport leaching from the agriculture fields to
the 5W bodies. In federal state of Mecklenburg-Vorpommern, it is estimated that 54% of
the nitrogen leaving the root sone is reduced before it reaches the SW bodies due to
denitrification. This study has stated that model fits well to the observed data in larger
catchments, while in case of smaller catchment the difference between observed and
simulated values increase.

In north eastern Germany most of the studies are based on extensive monitoring in
combination with empircal or semi distributed models. However, the low frequency
monitoring data from local authorities in combination with distributed models have not
been used so far. A study that just uses the monitoring data to study the hydrology and
mass balance assessment can significantly improve the mass balanoce assessment and can

26



successfully identify the areas requiring maximum atbention to achieve WFD objectives.
These kind of studies are also helpful as in case of imited or no financial assistance can
provide better quality results. The current study is a combination of empircal methods
and physically based fully distributed coupled hydrological and hydrodynamic models.
This study uses available low-frequency monitored flow and water quality data in
combination with empirical and integrated hydrological and hydraulic modelling to
represent the SW and GW hydrology and MNOs-M loads in Tollense River catchment.

Mutrient levels in Tollense river and its tributaries is a concern for achieving good
chemical status of Tollense rver basin. Phosphorous and nitrogen are two significant
nutrients resulting from organic and inorganic fertilizers through livestock grazing,
pesticides and disinfectants. To develop more effective measures to reduce nutrent
emissions, input, transport and transformation processes must stll be better understood,
especially for a higher spatial and temporal resolution. Hydrological and water quality
modelling is important 0 understand the dynamics and as well as to identify the critical
pollution levels in the water body in order to understand the dynamics and transport
patterns of nutrdents through surface and subsurface sources.

1.2Aims and Objectives

The fundamental aim of this thesis is to develop an integrated approach to model the
lowland hydrology in Tollense dver basin. The objectives of this thesis are as follows:

1) Application of empirically based robust models to the available hydrological and water
quality monitoring data to obtain preliminary findings regarding the GW and 5W
interactions and water quality;

2). Suitable modelling tool selection to describe the desined hydrological and hydraulic
process in moderate climate lowland catchments based on the comparison of four
process-based hydrological models;

3). Incorporation of all relevant processes and boundary conditions and to calibrate
holistically the coupled hydrological and hydraulic model;

4). Detailed water balance estimation and quantification of GW and 5W interactions;

5). Quantification of the meteorological effects on water balance components and the
exchange of GW and 5W during dry and wet hydrological years;
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6). Estimation of the saturated mone represented by each water quality monitoring station
in the study area and SW discharges at ungauged locations;

7). Representation of flow and water quality by combing low frequency monitored data
with calibrated coupled hydrological and hy draulic model;

8). Assessment of the chosen approaches, namely of physically based distributed coupled
models MIKE SHE and MIKE 11, and their ability to simulate lowlands with moderate
climatic conditions
1.3, Thesis Oufline

Chapter 1 provides the problem statement and research objectives about the research
study.

Chapter 2 presents the available monitoring data analysis by using simple
parameterization techniques to assess the GW contribution o 5W contamination in a
north German low land cabchment with intensive agricultural land use. 5W and GW
concentrations at the available 5W and GW quality monitoring stations and quantification
of critical nitrate, nitrite and ammonium loads during vegetation and non-vegetation
periods in Augraben River catchment wereestimated. Hydrograph separation techniques
were used to divide the total flow into base flow and quick flow, and based on base flow
calculations GW nitrate loads into SW were estimated. This chapler consist of the
following publication

Waseem, M., Koegst, T., & Trinckner, ]. (2118). Groundwater Contribution to Surface
Water Contamination in a Morth German Low Land Catchment with Intensive
Agrcultural Land Use. Joumal of Water Resource and Protection, 10(03), 231.

https: i. 0. jwarp 2018.103014

Chaper 3 presents the review study focused mainly on the selection of an appropriate
modelling tool to quantify the hydrology and water quality in lowland catchments and
explains and compares different widely used integrated water modelling tools, their
intended use, parameters and processes, limitations, strengths and their application to
particular conditions. The selected models differ in the degree of complexity in explaining
the catchment spatially, temporally and also the complexity of their representation of the
physical, chemical and biochemical processes involved in forecasting the fate and
transport of nutrients. This report allows researchers to make informed decisions when
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selecting a suitable model to predict hydrology and water quality in lowland catchments.
This chapler consist of the following publication

Waseem, M., Kachholz, F., & Traenckner, ]. (2118). Suitability of common models to
estimate hydrology and diffuse water pollution in Morth-eastern German lowland
catchments with intensive agricultural land use. Frontiers of Agricultural Science and
Engineering, 5(4), 420-431.

httpsy/doi.org/10.15302/]-FASE-2018243

Chapter 4 presents the suitability of a coupled hydrologic (MIKE SHE) and hydraulic
(MIKE 11) model to simulate SW and GW hydrology in a typical North-Eastern Germany
lowland catchment. In this study a detailed water balance and seasonal dynamics of GW
levels and SW discharges were estimated. This chapler consist of the following
publication

Waseem, M., Kachholz, F., Klehr, W., & Trinckner, J. (2020). Suitability of a Coupled
Hydrologic and Hydraulic Model to Simulate Surface Water and Groundw ater
Hydrology in a Ty pical Morth-Eastern Germany Lowland Catchment. Applied Sciences,
10¢4), 1281.

Jfdoi. 10,3390, 10041281

Chapier 5 presents the representativeness of GW quality monitoring results in the context
of nitrate loads. Estimation of the saturated zone represented by each water quality
monitoring station in the study area and possible new locations of boreholes for GW
quality monitoring werne estimated. Based on detailed water balance estimation and
quantification of GW and 5W interactions, quantification of GW nutrient loads and
estimation of land-use impacts on GW quality were estimated. This chapter consist of the
following publication

Waseem, M., Schilling, ]., Kachholz, F, & Trinckner, J. 2020). Improved Representation

of Flow and Water Cruality in a North-Eastern German Lowland Catchment by
Combining Low-Frequency Monitored Data with Hydrological Modelling,

hitps//doiorg/10.3390/u1 2124812
Chaper 6 presents the discussion about the combined results of the current study

Chaper 7 presents the proposed directions for the future research of this study
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2. Empirical Source Separation of Nitrate in Surface Water
Runoff

Based on the research article:

Waseemn, M., Kpepst, T, & Trinckner, [. (2018). Groundwater Cort dbution to Surdface Water
Contamination in a Noth-Eastern German Low Land Catchment with Intensive Agricultural Land
Use. Jowrnal of Water Resowrce and Profection, T0(03), 231

https: /doi org/10.4236 fwarp. 2018.103014

Abstract: The contribution of groundwater (GW) to the nitrate loads in surface water (SW)
was exemplarily studied for the River Augraben with a catchment area of 899 km?
located in Morth-Eastern Germany. The study uses available GW and 5W quality datain
order to develop a relationship between SW and GW in the Augraben River cabchment.
The calculated ratio of base flow varies between 40% to 80% using vardous hydrograph
separation methods. Results on the basis of monitoring data and hydrograph separation
in quick flow and base flow showed that during winter periods, high SW concentrations
ame observed in paralle]l to the perods of high GW flows. A strong correlation exists
between the observed 5SW and GW concentrations. These findings also coincided with the
measured high NOs-MN concentrations during non-vegetation period due to low nitrogen
uptake by plants. Measured GW concentrations in the catchment differ strongly,
depending on land-use with elevated concentrations in agricultural areas in com parison
to monitoring stations in grassland and forest areas. At the GW monitoring station, “Au
I Alt Kentzlin,” MNOs-N concentrations exceeds twice the maximum permissible Hmits
{MPL) of 113 mgl NOsN). High NH+N concentrations at GW momitoring stalion
“Kriesow” can possibly due to excessive application of manure. Drainage and interflow
proved to be a significant contributor with 55-65% of total SW NOsN loads.

Keywords: Base flow separation, Diffuse pollubion, Drainage and interflow,
Groundwater nitrate, River Augraben

2.1. Introduction

Agriculture related pollution has attracted increased attention worldwide over the past
40 years due to its consequences on water quality [1, 2]. Nitrogen inputs in intensive
agricultural catchments have been identified as a significant factor in the trends of
increased nutrient concentrations in the surface, ground, and coastal waters [3]. Inputs
from effluents and atmospheric deposition are also important. Mitrate is the most
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frequently introduced pollutant in GW systems [4]. Pollution of GW and 5W by diffuse
souroes is a severe problem in the Buropean Union (ELT) [5].

Use of fertilizer for agricultural production enhancement continues to negatively affect
the overall 5W and GW quality in Germany [6]. Mitrate in GW can originate from the
direct application of mineral fertilizer or via the tramsformation from ammonia, either
from mineral fertilizers or manure from animal husbandry. Ammonia is as a cation in
tendency better retained in the soil. However, its ecotoxic relevance is even higher due to
the high oxygen demand when transformed to nitrate and the acute tosdeity of NHa [7, 8].
Ammonia toxicity in aquatic systems is of particular concem in regions of high human
habitation with insufficient wastewater treatment facilites [9%12] The maximum
acceptable concentrabion of nitrate for potable water according o the World Health
Organization (WHO), is 11.3 mg/l NOs-N or 50 mgl NOs[13]. The same concentration is
defined as a threshold for the good chemical status of GW according to the European
Water Framework Directive (EU-WFD). Even below this threshold, nitrate is highly
relevant because of its eutrophication potential.

In 2110 the total nitrogen input in the Baltic Sea through water and airbome sources was
977,000 tons of nitrogen. Manure leaching accounts for 60-70% of the total diffuse and
maore than half of the waterbome inputs in the Baltic Sea [14]. Accordingly, pollution of
GW and 5W through diffuse sources is a significant concern in the Federal State of
Mecklenburg-Vorpommem (MV) in North-Eastern Germany and ultimately in the Baltic
Sea. Objectives to reduce eutrophication were set in the Baltic Sea Action Plan (BSAT),
implemented in A7 [15], and reviewed in 2013 [16]. In the 5th Baltic Sea pollution load
compilation (PLC5.5), a 9% reduchon in total nitrogen loads in the Baltic Sea was
estimated from the period between 1997 to 2003, but it is also observed that a further
reduction of 14% is still required [17]. Analyzing the monitoring data from 1970 to 2000,
Saaltink et al. [18] found that the reduced nitrogen loads ane not evenly distributed but
display considerable spatial variation and are related to the socio-economic devel opments
within the Baltic S5ea Basin. The estimated nitrogen (N) reduction of 26% is further
required in the Baltic Sea [17], out of which 5000 t/a N shall be reduced by the stabe MV.
Specific estuaries and coastal waters may require even higher specific abatements in order
to protect coastal and transitional water ecosystems and comply with the objectives of the
EU-WFD [19].
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Wendland et al. [20] found drainage as a dominant pathway nesulting in approximately
35% of the N transport leaching from the agriculture fields to the 5W bodies in the Federal
stabe of MV, It is estimated that only 54% of the N leaving the root zone is reduced before
it reaches the SW bodies due to denitrification. In January 2017, Germany published its
report on nitrate pollution of waters (“Nitratbericht 216" for the monitoring perod up
to and including 2014), in line with the obligations under the EU Nitrates Directive. The
report underlines that agricultural fertilizers continue to affect water quality in Germany,
particularly the GW. Almost one-third of the GW quality monitoring stations showed
values above the threshold value of 50 mg/l NOs. Inthe case of MV, a study carried out
in the Zamow basin showed that 32 % of all the GW samples exceeds the threshold value
of 113 mgll NOs-N [21]. Another study carried out in MV, statkes that 76% of the
monitored SW have at least a significant pollution with nitrate and 40% with phosphate
[22]. Different pathways like GW, drainage, surface runoff, and atmospheric deposi tion
ete., have their different shares in the transport of nitrates into the SW. A study carried
out in MV and Schleswig-Holsteing about the role of different sources of diffuse emission
in Baltic Sea shown in Figure 21, vielded that drainage (51 % of total load) and GW (38 %
of total load) are the dominant pathways [23].
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Figure 11 Pathways contributing to eutrophication of the Baltic Sea [23].

Inorder to reduce GW pollution, several approaches are available to predict and estimate
nitrate contamination from different sources. One approach is to apply solute leaching
maodels [13] which are difficult to calibrate and their boundary conditions cannot be easily
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satisfied in complex land-use systems espedially in non-uniform strata [24]. An easier and
more convenient method is 0 make the comparson and integration of 5W and GW
quality data from monitoring networks. Though these approaches do not describe the
processes itself but can combine available data with adapted conceptual approaches to
get reliable estimates of the pathways. In this study, GW flow in a characteristic lowland
river, the Augraben, was estimated by using hydraulic gradient method and different
hydrograph separation techniques. The hydraulic gradient method is based on aquifer
characteristics and the measured hydraulic gradients in the river and nearby available
boreholes. This method works well in local CW fluxes near o the gauging stations
However, it does not always represent reasonable estimations of GW flow in longer
reaches. The hydrograph separation method takes into account the time seres of river
discharge and then divide it inbo base flow and quick flow [25]. Since separation methods
ane no process-based models, the interpretation of base flow and quick flow is often not
distinct, especially concerning the interflow (e.g., drainage). This study is mainly focused
to develop and apply a method to assess the contribution of GW to the nitrogen loads in
5W based on available monitoring data.

The research objectives of this study include i) Comparison of the 5W and GW
concentrations at the available GW and 5W quality monitoring stations; ii) Quantification
of critical MOs-N, MO=MN and NHs-N loads during vegetation and non-vegetation periods
in Augraben River catchment; i) Quantification of GW contribution to caleulated NOs-N
loads in the Augraben. In order to achieve these objectives, available data is analyzed at
each 5SW and GW quality monitoring station. The main emphasis of this study is on
nitrogen compounds introduced by GW into the Augraben (NOs-N, NO»=-N, NHs-N).

2.2 Materials and Methods
221, Study Area
Figure 22, shows the Augraben River catchment (89.9 km?) located in North-Eastern
Germany. Land use was estimated by the aerospace images obtained from the “Rapid Eye
Science Archive”™ website [26]. The study area consists of 222% water, 2% settlements,
18% forest area, 75% arable and grassland while 3% miscellaneous. The catchment area is
mainly used for agriculture and is equipped with artificial drainage. The tile drainage was
established in the study area in the 60s and 70s. I was not possible to obtain the tile
drainage maps of the farms due to data privacy rights of the farmers. The geology in the
study area is very heterogeneous and consists mainly of glacial deposits of fluvial sand
and glacial tll. Due to extreme geological heterogeneity, a large and diverse system of
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unconfined and confined aquifers with different flow directions and residence times
exdsts in the lowlands located in north-eastern Germany.
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Figure 2.2 (Right) Location of River Augraben catchment in Germany. (Left) Location of
GW quality monitoring stations (Green), 5W quality monitoring stations (dark blue), and
small rivers (light blue) in the catchment area.

222, Data Acquisiion and Processing

GI5 was used for the effect ve management of GW quality data [27-30]. A digital elevation
model (DEM) was used to predict the surface flow based on the topography of the
catchment. Artificial drainage was constructed in Are-GIS based on the lowest points on
the DEM. Land-use classification was performed in Arc-GIS. Plausible drainage was
constructed based on the topography using Arc hydro tools in GI5. The constructed
drainage could be different from the actual artificial drainage system installed in the study
anza but gives a rough idea of drainage flow directions.
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2221, Water Quality Data
Omnly 3 GW boreholes ane in use by Landesamt firr Umwelt, Maturschutz und Geologie
Mecklenburg-Vorpommem (LUNG-MV) for GW quality monitoring in the study area.
The monitoring interval for the GW quality assessment is every six months. Table 2.1,
shows the availability of GW quality data from 2011 to 2014 for the available CW quality
monitoring stations in the study area.

Table 21 Availability of GW quality data for the available monitoring stations

Station Sampling
201 2012 2013 2014
Mame Interval
Eentzlin | --= | Dec | Aprl |Oct | Aprl |Oct | Aprl | Oct

Térpin |Aug |Dec [Aprl [Oct [Aprl [Oct |[April |Oct |6months
Kriesow |Aug |Dec [Aprl [Oct [Aprl [Oct |[April [Oct

The Augraben Biver catchment was divided into four sub-catchments named as
“Lindenberg” (yellow), “Hasseldorf” (Green), “Grischow™ (light green) and “Ivenack”
(grev) based on groundwater contours, SW, and GW quality monitoring stations as
shown in Figure 2.3, As there was no GW data available in zone A and C, a measurement
campaign was launched and GW quality data was collected monthly at Gnevezow (Zone
A) for six months from January 2017 till June 2017. GW samples were collected and
analyzed onesite for NOsN, NOe-N, and NHsN concentrations. In case of zone C, no
boreholes were available in that area. As a result, GW concentrations in the nearest zone
B werne used. The reason behind this assumption was that the land use in zone B and zone
C is similar having similar assumed fertilizer application rates.
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Figure 23 Augraben River catchment divided into Zone A (yellow), B (green), C (light
green), and D (grey).

SW quality monitoring in the study area is organized and managed by state authorities.
SW quality data at a particular sub-catchment outlet represent and characterize the
integrated impact of that whole particular sub-catchment. SW quality data was collected
and analyzed at each of the available SW quality monitoring station inorder o identify
the critical locations in terms of nitrate pollution and also to access the water quality
variations against the flow in these areas. Table 12, shows the SW quality data at
available monitoring stations with their sampling interval. SW quality and discharge data
were analyzed at the gauge station installed near Gehmkow, representing the outflow of
almost 85% of the whole River Augraben catchment Flow at each outlet of four zones A,
B, C, and D was estimated from the average flow data provided by Biota [31]. Available
flow data at Augraben River catchment outlet is shown in Figure 2.4.
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Table 2.2 Surface water quality monitoring stations with a monthly sam pling interval

Station Name 2 2 013 2014 15
Lindenberg » »
Hasseldorf » »
Ivenack . -
Bei Lindenberg » » »

Hydrograph separation was done at Bei Lindenberg where maximum observed data was
available to estimate the impact of GW on MNOs-N loads in the Augraben. GW flow was
separated by combining hydrograph separation and hydraulic gradient method to
quantify the impact of GW on 5W NOsN concentrations.

223, Flow Data at Gehmkow Gauging Station
Available daily average discharge data was collected for Gehmkow gauging station
{Augraben river catchment cutlet) for the period from 2009 to AN 5. The flow hydrograph
in Figure 2.4 shows that high flows occur during the winter seasons in comparison to the
observed flows during the summer. Flow data was separated into quick flow and base
flow in order to quantify the GW inflow and its role in the overall NOs-N loads in SW.
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Figure 24 Daily flow hydrograph at Gehmkow gauging station from 20092015
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2.3 Hydrograph Separation with Module BFI+3.0

The main objective of hydrograph separation is to divide the flow hydrograph into quick
flow (a short term response to a rainfall event) and base flow (delayed GW flow). The
applied methods can be categorized as (i) graphical methods (i) filledng methods (i)
frequency analysis method. For hydrograph analysis and its separation, different tools
and programs are available [32, 33]. In this study, the base flow index module BFI+3.0 was
applied. BFI+3.0 uses filkering methods to analyze and separate the base fow from the
total How.

Hall [34], defined the delayed portion of flow which originates from GW and other
sources as base flow. Base flow time series represents the GW dynamics in a particular
catchment. Proportion of base flow from the total flow as an index can represent the
ability of a cabchment to stone and discharge water during the dry periods. A higher value
of base flow index shows that the catchment has a stable flow regime and can sustaineven
during the prolonged dry perods [32].

231. Filtering methods of hydrograph separation

Filtering methods are the most popular ways of streamflow hydrograph separation into
its components as base flow and direct flow. These methods do not have any hydrological
and physical basis, but can provide a reasonable estimation of base flow. With this
principle algorithm, it separates base flow as a low-frequency signal and direct flow as a
high-frequency signal. The results of filtering methods are comparable to graphical
techniques [35). Hydrograph separation methods used in this study are described as
follows.

2.3.11. Hydrograph separation by Lyne & Hollick
Following is the algorithm given by Lyne and Hollick [36]
Qo =) + 5 (Qreo + Qre-ny) [
Where; Q, = Base flow, @ = Total stream flow, i = time step number, a = coefficient (0,925)
[37]-

2312, Hydrograph separation by Mathan and McMohan
Equation [1] was later modified by Mathan and McMohan [38] as follows

Daiiy = aQag-1y + B + ) (Qrg + Qrpi-y) @



Where, Q,; = Direct flow (2, = 0) for the initial ime step, @ = Total stream flow, a =
coefficient (0.925) [37], f = coefficient (0.5) [39]. By inserting the values of @ and § in
equation [2]
Dam = 09250 g5 -1y +0.9625(Qrg + Qrp-1y) [3]

2313, Hydrograph separation by Chapman

Hydrograph separation techniques known as Chapman method was used and is as
follows

Qainy =E{Qd{£—1}] "'317{9?{_:} + Qrpi-y) 4
Where; a = coefficient (0.925) [37].

232, GWlInflow inRiver Augraben by Hydraulic Gradient Method
In parallel to hydrograph separation techniques, flow through an unconfined aquifer to
the surface water system was estimated by using the hydraulic gradient method. Its
application requires the assumption of the following conditions (i) flow wvelocity is
proportional to the tangent of the hydraulic gradient instead of sine. (i) flow is considered
horizontal and uniform throughout the vertical section. For unidirectional flow, specific
discharge is given below
q=—knZ (5]
Where K =hydraulic conductivity, h= water table height above the reference point and x
= direction of flow. Figure 1.5, below shows the GW flow to the stream in an unconfined
aquifer [25].
On the basis of GW table fluctuations based on the logger data from 2000 to 2015 provided
by LUMNG-MV at six boreholes in the study area, hydraulic gradient method was apphied,
and average GW velocities were calculated in all four zomes A, B, C, and D, as 0.35 m/day,
0.4 m/day and 0057 and 0.04 m/d respectively. Only upper unconfined aquifer was
considened to be contributing in the Augraben based on the geological data of borehole
logs provided by LUNG-MV.
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Figure 2.5 Schematic diagram of GW confribution to the streams in an unconfined aquifer
[25].

233, DataProcessing
Com parison of SW and GW quality data obtained from monitoring locations in a lowland
artificially drained cabchment was used to get an insight into the SW and GW interactions.
GW quality concentrations for all the available monitoring stations were analysed for
NN, NOe-N, and NHs-N concentrations and trends have been established. Due o the
lack of permanent monitoring locations, GW concentrations were calculated in the
catchment area based on average concentrations for the spatial extent of homogeneous
aneas within the cabchment SW quality and discharge data was analyzed at the gauge
station installed near Gehmbow.

2.4 Results
241. Hydrograph Separation and Role of drainage
2411. Hydrograph Separation
Hydrograph separation was carfed out with different mentioned methods and found

that CAM estimates the base flow 50-60% lower than the other methods throughout the
considened period with the least value of standard deviation. In the case of LMM, N&M,
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Lé&H, and FIM, these methods calculated that around 70-80% flow in Augraben is the sum
of base flow and interflow. In contrast, the calculated GW flow applying hydraulic
gradient method with 6-8% is significantly lower throughout the study period.

2412 Drainage Estimation

This difference between hydraulic gradient method and other empircal base flow
estimation methods can be explained with delayed interflow from drainage. As in
BFI+3.0, all the defined methods do not explicitly consider interflow and drainage effects,
and the derived base flow may be interpreted as the sum of interflow and GW flow
depending on the parametrization and the actual interflow characteristics of the regarded
system. The hydraulic gradient method is based on the GW and river water levels and
can quantify the GW infiltration. 50 the difference between both approaches can be
interpreted as an estimate for interflow mainly caused by the drainage system installed
in the cabchment. The relatively constant value of base flow by hydraulic gradient method
is possibly due to very flat GW levels in the Augraben River catchment and water levels
in the Augraben, as shown in Figure 2.6, Overall analysis showed that the local minimum
method overestimates the base flow during high flows, while Nathan and McMohan's
method remained stable during high and low flows. Local Minimum method, Mathan and
MecMohan, and Lyne and Hollick method showed a similar amount of base flow
percentage from total streamflow, while Chapman logarithm yields a rather low base
flow. Figure .7 shows the percentages of base flow from the total flow. By taking into
consideration the difference, drainage and interflow was estimated to contribute 500 of
the total flow in the Augraben.
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Figure 2.6 CW levels from reference point at Kriesow during 2013
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242, SWNO»N Loads during Vegetation and Non-Vegetation Periods
Vegetation period in Morth-East Germany was considered on average from April ll
October every year [40]. High NOs-N loads were observed durng the non-vegetation
periods between November and February, as shown in Figure 18, It can be explained that
during the non-vegetation period, there is no plant uptake of nitrogen compounds from
ﬂ'iemilremﬂtsmrﬁghaleachingafmhiemﬁﬂunmsummr. Moreover, higher base
flows in winter seasons nesult in a higher contribution of GW to total SW NOs-N loads.
Fertilization rates and their application times play a vital role as the applied fertilizers at
the harvesting times will be available for leaching during the winter season.

B Vegetation Period ~ BNon Vegetation Perod

E —
Lindenberg U/E = = - |

Bei Lindenberg ———

Nitrate Loads (ton/ year)

Figure 2.8 Calculated NOs-N loads at all the available surface water quality monitoring
stations during vegetation and non-vegetation period.
243, Raole of GW in SW NOsN Loads

GW quality data was collected and analyzed at available GW quality monitoring stations.
GW quality monitoring station named “Torpin” is situated in a residential area, while
“Kriesow” and “Au Alt Il Kentzlin® are located in the agriculture area. In the case of NOs
N oncentrations, high values were observed at Au 1l Alt Kentzlin, while in case of the
other two stations NOs-N concentrations were relatively low. MOs-MN concentrations at GW

45



quality monitoring station Au II Alt Kentslin located in zone D exceeds twice the
permissible limits and also contribute maximum NOs-N load in the River Augraben as
shown in Figure 2.9. NO=N concentrations shown in Figure 2,10, shows a gradual
decrease except in the year 2013 were all three stations showed a higher concentration.
NHeN is an indicator of the application of animal marure in agricultural areas.
Application of liquid manure is by law hmited to the vegetation period from March to
October. Figure 2,11 shows observed increased and seasonally changing concentrations of
NHeN at the GW quality monitoring point in Kresow shows higher concentrations in
summer than in winter. On the other two GW quality monitoring stations in the study
area, named as Torpin and Au Il Kentzlin, NH«N concentrations are very low and stable
during the perod between 2011 o 2014 Monitored data reflect the typical agricultural
practices in the study area.
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Figure 29 Observed NO»-N moncentrations in groundwater (down) and surface water {up)
at water quality monitoring stations in Augraben River catchment.
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Figure 211 Observed NHe-N concentrations in groundwater (down) and surface water
{up) at water quality monitoring stations in Augraben River catchment

In case of Kriesow as shown in Figure 211, the overall situation is not good as WHO [41,
47] does recognize odour effects at a concentration of ammonium nitrogen at 1.5 mg/L
and taste effects at 35 mg/L. NHe-N can change int free ammeonia, which is toxic for fish
and aquatic life based on pH and temperature. Ammonia is toxic to fish and other forms
of aquatic life at very low concentrations. Accordingly, the German order for surface
freshwater systems [43] defines a target value for NHa-N of 0.04 mg/l. Higher SW nitrate
loads were observed in Zone D, while zone A and Esl'u:rwedanauerage]mnra]ma;af
NO=N loads as it can be correlated with GW quality as in case of GW loads zone D
showed higher loads in comparison to other zones as shown in Figure 212, GW loads of
each zone wene caleulated using the hydraulic gradient method.
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Figure 212 CW NOsN loads in zone A, B, C and D in study area
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244, Overall SW Quality in Gehmkow Catchment

Figure 213 shows the daily average discharge, base flow and NOsN concentrations at
Bei Lindenberg from 2011 to 2015 in River Augraben catchment. Discharge data shows a
strong correlation between rainfall and river water discharge, and high concentrations
were observed after periods of rainfall. Quick drainage of the catchment is due to the
presence of an artificial drainage network in the area. GIS was used to identify the critical
GW pollutant areas based on measured concentrations in the GW. GW loads calculated
from estimated base flow calculations from different base flow separation methods and
measured GW concentrations resulted that the GW contributes around 25-45% of the total
loads in Augraben while the remaining 55-75% is probably through the other sources such
as drainage system, overland flow, and atmospheric deposition. This study also showed
that management and monitoring of GW and SW should be done in high temporal and
spatial resolution
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Figure 213 Overall trend of SW flow and concentrations in Augraben River catchment
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2.5 Conclusion

Based on analysis of data collected from mond toring programs indicates that GW is one of
the dominant contributor to 5W ontamination in Augraben River catchment. Test
catchment analysis found a strong relationship between 5W and GW quality. This means
that GW improvement will result in improved standards of SW quality. Different other
methods like flow difference method, tracer method ete, need to be considered in
combination with gradient flow and flow hydrograph separation method as these are the
simplest ways to quantify the GW role in total nitrogen loads in surface waters by just
using the available monitoring data. For a better local mesolution and process
understanding, it would be beneficial to perform flow monitoring at the outlets of drainage
channels small channels entering into the Augraben. It is also advisable to collect the GW
concentration data in higher resolution than on a seasonal basis. This way, the orrelation
between land use and CW concentrations can be described more neliably by combining
the data analysis and simple flow equations. Regarding the EU nitrate directive and EU
WEFD, the NOs-M concentration in GW are twice over the limit at Au IT Alt Kentzlin and
requires maximum efforts to reduce NOs-N pollution in the study area.

Software Availability

BFI+3.0 can be downloaded from the following link and it is open to use.

hitps: Vhydrootfice.or g/ Downloads Miems=Softwane
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3. Selection of a Suitable Modelling Tool

Based on the research article:

Waseem, M., Kachholz, F., & Traenckner, ]. (2118). Suitability of common models to
estimate hydrology and diffuse water pollution in Morth-eastern German lowland
catchments with intensive agricultural land use. Frontiers of Agricultural Science and
Engineering, 5(4), 420-431.

https://doi.org/10.15302/]-F ASE-2018243

Abstract: Varous process-based models are extersively being used to analyze and
forecast catchment hydrology and water quality. However, it is always important to select
the appropriate hydrological and water quality modelling tools to predict and analyze the
watershed and also consider their strengths and weaknesses. Different factors such as
data availability, hydrological, hydraulic, and water quality processes and their desired
level of complexity are crucial for selecting a plausible modelling tool. This review is
focused on a suitable model selection with a focus on desined hydrological, hydraulic and
water quality processes (nitrogen fate and tramsport in surface, subsurface and
groundwater bodies) by keeping in view the typical lowland catchments with intensive
agricultural land use, higher groundwater tables, and decreased retention times due to
the provision of artificial drainage. In this study, four different physically based, partially
and fully distributed integrated water modelling tools, SWAT (Soil and Water
Assessment Tool), SWIM (Soil and Water Integrated Model) HSPF (Hydrological
Simulation Program- FORTRAN) and a combination of tools from DHI (MIKE SHE
coupled with MIKE 11 and ECO Lab), have been reviewed particulardy for the Tollense
River cabchment located in Mortheastern Germany. DHI combined tools and SWAT werne
maore suitable for simulating the desired hydrological processes, but in the case of rver
hydraulics and water quality, the DHI family of tools has an edge due to their integrated
coupling between MIKE SHE, MIKE 11 & ECO Lab. In the case of SWAT, it needs to be
coupled with another tool to model the hydraulics in the Tollense River as SWAT does
not include backwater effects and provision of control structures. However, both SWAT
and DHI tools are more data demanding in com parison to SWIM and HSPF. For studying
nitrogen fate and transport in unsaturated, saturated, and dver zone, H5FF was a better
maodel to simulate the desired nitrogen transform ation and transport processes. However,
for nitrogen dynamics and transformations in shallow streams, ECO Lab had an edge due
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to its flexibility for the inclusion of wser-desired water quality parameters and processes.
In the caseof SWIM, most of the input data and governing equations are similar to SWAT,
but it does not include water bodies (ponds and lakes), wetlands, and drainage systems.
In this review, only the processes that were needed to simulate the Tollense River
catchment were considered. However, the resulted model selection criteria can be
generalized to other lowland catchments with similar complexity.

3.1 Introduction

Water resources management requines constant monitoring of waterquality and quantity.
Proper assessment and management of watershed is the basis for conservation and
rational utilization. Environmental policy decisions and successful management
execution need robust methods forassessing the hydrology and contribution of point and
diffuse pollution sources to water quality problems, and also for assessing the estimated
and achieved compliance with the desired watershed hydrology and water quality
management objectives [1-3). Surface, subsurface and groundwater quality is controlled
by different key factors such as land use, water management, and agricultural practices,
diffuse and point emission sources, lithology, and geological structures of the aquifer [4-
7). Agrculture is the most prominent sector to affect the surface and subsurface water
quality acting as a significant diffuse water pollution source through the use of excessive
amounts of fertilizers [8-10]. EU Water Framework Directive (WFD) aims to maintain a
good ecological status in surface and groundwater bodies, and to prevent any further
deterioration in the existing status of waters through hydrological and water quality
management practoes [11, 12].

In Europe, agricultural diffuse water pollution is responsible for 50% to 80% of the total
nitrogen load insurface water systems [13, 14]. Use of fertilizer for agricultural production
enhancement continues to negatively affect the overall water quality in Germany and
especially in the lowlands due to their higher vulnerability to environmental pollution
[15]. Lowlands are comparatively more exposed to environmental and socioeconomic
hazards being an epicenter for agricultural production and related agricultural economic
activities. In addition, the lack of topography increases their susceptibility to flooding,
climate change, and deterioration of water quality resulting from low flow velocities and
higher groundwater tables. Soil types in lowland catchments are usually organic soils,
eg., peatlands, bogs, and fens. Due to high groundwater tables, lowland catchments are
usually heavily regulated with the provision of drainage systems that result in
eutrophication in rivers and lakes due to the reduction in water and nutrient retention
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times [16]. Decreased retention fimes means that the fertilizer applied o the crops/plants
does not have sufficient time to be taken up by the plants or to decompose through
denitrification, resulting in groundwater quality deterioration. Groundwater base flow,
and mone importanfly, the drainage flow increases the nutrient concentrations in surface
water bodies and causes higher algae growth and low oxygen levels in surface waters [17-
19]. Tollense River has been taken as a representative of northeastern German lowland
catchments with all the hydrological, hydraulic and water quality processes in terms of
diffuse nitrogen pollution in addition to particular lowland catchment characteristics such
as backwater effect, control structures, pump flows, eutrophication, decreased retention
times due to provision of drainage, high groundwater and higher inter and base flows.

311. Tollense river catchment and water quality analysis

The Tollense Biver is about 30 km long from its source, Tollense Lake, to its confluence
with the Peene River at Demmin. Mutrdent levels in the rver and its tributaries are a
concern for achieving a good chemical and ecological status. Within the framework of an
ongoing German Govemnment funded project (BOOT-Monitoring, boat-based monibori ng
of water quality in the Tollense River), water quality is measured continually along a
longitudinal secion of the Tollense River from Klempenow to Demmin, with an
approximate contributing catchment of about 300 km? (Figure 31). The catchment is
mainly used for agriculture and is equipped with artificial drainage established during
the 60s and s, The current land wse was estimated by the aerospace images obtained
from the Rapid Eye Science Archive websibe. The study area consists of 2% water, 2%
settlements, 18% forest, 75% arable land and pasture, and 3% miscellaneous. The initial
results of the boat monitoring project have found nutrient concentrations higher than the
permissible water quality limits according to the EU framework directive. A strong
correlation between base flow (saturated flow and drainage flow) and the Tollense River
nutrient concentrations is observed. The inflow of small water channels mainly fed by
inter or drainage flow causes high nutdent concentrations in particular sechons of the
river. In order to understand the land-use impacts and the fate and transport of nitrogen
in the saturated, unsaturated, and rver zones, complete integrated hydrological and
water quality modelling is necessary.
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Figure 31 Tollense area of investigation (Tollense River catchment from Klempenow to
Demmin). Source: Rivers, lakes and land use data was kindly provided by LUNG-MV
(Landesamt fiir Umwelt, Naturschutz und Geologie Mecklenburg Vorpommem).

To quantify the inflow of nuirients, Gehmkow Augraben, a characteristic tributary of the
Tollense River, was studied based on available monitoring data [20]. 25% to 45% of the
nutrient content in the Gehmkow Augraben derives from the base flow. Being heavily
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regulated, artificial drainage is a significant contributor to the higher surface water
nutrient concentrations due to decreased retention times As a result complete
hydrological and water quality modelling is necessary to analyze and predict the
hydrology and water quality in the whole Tollense River catchment The current review
study was conducted to find a suitable modelling tool to detect the sources of nutrient
pollution and nitrogen dynamics in the Tollense River. Furthermore, it is necessary to
quantify the land use impacts on the nutrents concentrations in the groundwater and
then via groundwater and drainage flow in the Tollense River, as the available mass
balances are insufficient to understand the dynamics and transport patterns of nutrients
through surface and subsurface sources. Figure 32 shows the overall water quality and
nutrient concentrations in Gehmkow Augraben at the Lindenburg flow and surface water
quality monitoring station.
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Figure 3.2 Relationshi p between preci pitation, measured surface and estimated base flow
with NOs-N concentrations in Gehmbkow Augraben at surface water quality monitoring
station (MS) Lindenburg [20].
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To determine the water quality in the Tollense River catchment, a measurement program
was conducted from January t December 2017 to measune the groundwater
concentrations of nitrate, nitrite, and ammonium. 20% of the sampling stations showed
higher NOs-N concentration than the recommended imits of EU WFD. The collected data
will be used for calibrating the modelling results, but it also raises the need for an
integrated hydrological and water quality modelling in the area to determine the causes
of higher nutrient concentrations in the groundwater. This review study focused mainly
on the selection of an appropriate modelling tool to quantify the hydrology and water
quality in lowland catchments and explains and compares different widely used
integrated water modelling tools, their intended use, parameters and processes,
limitations, strengths and their application to particular conditions. The selected models
(described below) differ greatly in the degree of complexity in explaining the catchment
spatially, temporally and also the complexity of their representation of the physical,
chemical, and biochemical processes involved in forecasting the fate and transport of
nutrients in surface and subsurface waters. This report will allow researchers to make
informed decisions when selecting a suitable model to predict hydrology and water
quality in lowland catchments.

312, Brief description of models
Here the following four physically based, distibuted modelling tools are briefly
explained according to their advantages and disadvantages, and their ability to simulate
the shallow rivers.

3.1.21. Hydrological simulation program-FORTRAN (HSPF)

HSFF is a semi-distributed, constant simulation model developed by HYDROCOMP, Inc.
under a contract from the US Environmental Protection Agency in 1980 and until now the
model was considered as ome of the best simulating tools to model comprehensively
watershed and water quality with a comparatively high level of flexibility [21-23]. HSFF
can mepresent contributions of nutrients, sediment, pesticides, comservatives and faecal
coliforms from agricultural aneas and to continually simulate and predict water quality in
pervious and impervious land surfaces, streams and wellmixed impoundments [21, 24-
25). It is capable of simulating the water quality processes in a watershed by taking into
account both diffuse and point sources of pollution [26, 27).
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3.1.22. 5oil and water assessment tool (SWAT)

SWAT developed by the US Department of Agriculture, is a continuous in time,
physically based, distributed water quality model for the prediction of long-term effects
of rural and agricultural practices on water quality in large composite watersheds with
variable soils, land use and management practices [28, 29]. SWAT is proficent in
modelling a single catchmentora system of hydrologically connected subcatchments. The
GI5 based interface model, ArcSWAT, defines the river mnetwork and the point of
catchment outflow, and the distribubion of subcatchments and hydrological response
units (HRLT). HEUs comprise parts of each subcatchment with a distinctive mixture of
land use, soil, opography and land management practices. This helps SWAT to model
various parameters, including ET, erosion, plant growth, surface flow, and water balance
for each subcatchment or HEL, which increases the precision of the simulation results
[30]. SWAT daily water balance takes into account actual evapotranspiration, plant
transpiration, canopy interception, surface runoff, soil evaporation, and vertical water
movement in the unsaturated soil @one to the aquifer [31]. For nitrogen transformation
and transport, SWAT takes into account both point and diffuse sources of emissions
(fertilizer applications as diffuse sources and outflow from wastewater treatment plants
as point sources in the case of the Tollense River catchment) [32, 33]. SWAT simulates the
nitrogen cycle and losses to the river network in varous forms (dissolved and particulate)
through surface runoff, sediment, tile drainage, and aquifer [31].

3.1.23. Soil and water integrated model (SWIM)

SWIM is a ime-continuous, spatially semi-distributed model with an ability to simulate
integrated hydrological processes, nutrent cycle, vegetation growth, and sediment
transport at the cabchment scale. The system also includes the interface to the geographic
information system GRASS (Geographic Resources Analysis Support System ) [34], which
provides the freedom to extract spatally distributed parameters of land use, soil,
elevation, hydrotope and routing structure for the basin under consideration [35]. Model
objectives include a comprehensive GIS-based tool for the coupled hydrological and
water quality simulation in large scale watersheds ranging from 100 o 10,000 km2.
Climate change and land use impacts on hydrological processes, agricultural food
production, and water quality deterioration at a regional scale can be simulated and
analymed with SWIM [36].



3.1.24. DHI tools (MIKESHE, MIKE 11, and ECO Lab)
MIKE SHE [37] is a physically-based, fully distributed modelling system capable of
analyzing all significant processes in the land phase of the hydrologic cycle. MIKE SHE
simulates all the processes in the hydrological cycle by fully imbegrating the surface,
subsurface, and groundwater flow [38-40]. MIKE 11 is a hydraulic river model capable of
simulating potential hydrology and flood rsks. Moving from hydraulic model to water
quality model, the upper boundary simulates water temperatunes by allowing heat
balance and wind options within the hydrodynamic module. This allows the use of
comprehensive heat calculations, which consider humidity, air temperature, sunshine
hours, and wind speed to model and predict water temperatunes alongside the river. The
advection-dispersion module determines the movement of water quality in the system
through advection and dispersion processes. The ECO Lab water quality module
simulates the biogeochemical cycling of water quality factors. ECO Lab module contains
several standard templates, comprising different combinations of water quality
determinants and processes, including water temperature, salinity, dissolved oxygen,
biochemical oxygen demand, ammonia, nitrate, and orthophosphate. Overall, ECO Lab
needs a large amount of data, and it is difficult to simulate the determinants without
having a sufficient amount of data [41].
3.2 Materials and Methods

This study focused on the selection of a suitable modelling tool. The model selection
framework is based on (1) desired hydrological and hydraulic processes, (2) specific
characteristics of hydrological and water quality models (governing equations, and
spatial and temporal resolution, (3) data availability, (4) ability to model the fate and
transport of nitrogen in surface, subsurface and saturated water zones.

3.21. Hydrological and hydraulic processes
Desired hydrological and hydraulic processes simulated by a model are the key
arguments to determine whether the model has the ability to predict the required results.
Desired hydrological processes in the case of the Tollense River catchment require
precipitation, interception, evapotranspiration, infiltration, and transport of nutdents
through surface and subsurface flow. In the case of hydraulics, the Tollense River has a
problem of backwater effects from the Peene River in the periods with low flow in the
Tollense. The Tollense River is equipped with thoee broad-crested weirs with gates, so it
also needs a control strategy to operate the gates in periods of high and low flows. All the
maodels included in this study are physically-based distributed models and can simulate
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the watershed. Figure 3.3 and Table 3.1 explains the desired hydrological and hy draulic
processes and the ability of different selected models to simulate the desired processesin
a lowland catchment
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Figure 3.3 Desired hydrological and hydraulic processes in the study area of the Tollense
River catchment.

Table 3.1 Ability to model the desired hydrological processes by selected modelling tools.

Desired hydrological Relevant models
PIOOESSES SWAT HSFF MIKE SHE SWIM
Surface runoff . . . .
Evapotranspiration - . » »
Infiltration - . » »
Interflow . . -
Base flow . . . .
Pumping flow . .
Drainage - »
Urban drainage » »

The channel flow calculation can be realized by coupling the hydrological model to a
hydrodynamic model. The reason why hydrological models are not used for simulating
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open charmel flow is that their use of simple flow routing methods, which concentrate
only on flood wave delays and attenuation such as the linear reservoir model [42] and
Muskingum method [43]. That means the desired hydraulic processes, such as backwater
effect, operation of control structures, and pump operations cannot be taken into acoount.
1D hydraulic models simplify the dver chammel into a number of cross-sections
perpendicular to the chammel centerline, and the floodplain s viewed as an
extended cross-section. These models can provide a good explanation of flood routing for
in-bank flows and are extensively in practice. Examples of wellknown 1D hydraulic
modelling  systems  include [44] MIKE 11[45], and HEC-RAS [46]. Due to
simplification, 10 models are incapable of precisely reproducing floodplain imindati ons
and flows over complex topography. 3D hydraulic models, such as FLUENT
[47] and MIKE 3 [48], involve full representations of flow processes in three-dimensions.
These models may potentially provide an improved representation of the physical flow
processes and hence more precise results, but they are also computationally challenging
due to the complex model structures. Unlike hydraulic models based on kinematic wave
equations, hydraulic models using diffusive, dynamic, or inertial wave equations can
handle backwater effects. These models can be coupled with defined hy drological models
but will require data preparation tools to modify the hydrological model's output
accordingly. The internal coupling has also been reported in the literature [49], and the
governing equations for hydraulic models and hydrological models can be solved
separately, with information at the shared boundanes updated and exchanged at each
computational time step [50].

322, Specific characteristics of hy drological and water quality models
Governing equations, spatial and temporal resolutions are elementary to all the
hydrologic models and affect the performance and applicability of a model. In phy sically-
based models, mass transfer, momentum, and energy are analy sed usually by using Saint-
Venant equations for surface flow, Richards equation for unsaturated flow, an empirical
Eristensen and Jensen method for evapotranspiration and Darcy equation for
groundwater flow calculations and are solved by vardous numerical methods. Saint-
Venant equations or dynamic wave equations consist of continuity and momentum for
gradually varied unsteady fow, require much computing time, and are not often used in
catchment modelling. Diffusive and kinematic wave equations are used in many surface
runoff routing models. In diffusive wave equations, continuity equations and momentum
equations ignoring dynamic terms (local and convective accelerations) are used while in
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kinematic wave equations, the momentum equation is approximated by ignoring all the
acceleration and pressure gradient terms of the dynamic momentum equation (i.e., energy
gradient is equal to bed slope). DHI tool (MIKE SHE) uses diffusive wave equations and
finite difference approximation for their solutions. SWAT uses the Soil Conservation
Service runoff curve number method to compute runoff volumes and other empirical
relations to compute peak flows [38, 51]. The transfer of parameter sets over different
temporal and spatial mesolutions s usual practice in many large-scale modelling
hydrological studies. The amount to which parameters are transferable across temporal
and spahal resolutions is also a key factor for undestanding how well spatial and
temporal varability is simulated in the models [52]. Table 3.2 shows the strength of
models based on their resolution (spatial and temporal) and apphed goveming equations.

Table 3.2 Goveming equations, spatial and temporal resolution of selected modelling
tools

Resolution Govemning equation
* Bunoff volume (Modified SCS<curve number or G&A
SWAT infiltration method)
Spatial: flexible, + Peak runoff rate (modified rational formula or the 5CS
Temporak TR-55 method)
continuous [38, 54] # Lateral subsurface flow & percolation (kinematic storage
routine) [53]

» Potential evapotranspiration (Hargreaves, Priestley-
Taylor and Penman-Monteith equations)

» Sediment yield (modified universal soil loss equation)

» Water routing (variable storage coefficient method or
Muskingum routing method and Manning’s equation to

define flow)
HSFPF »  HSPF uses basic continuity to model water flow
Spatial: flexible, through the charmmel [55] (otherwise known as storage
Temporak flexible routing or kinematic wave).
or user-defined time
step [54]

+  Surface runoff volume (modified SCS-curve mumber
technique)
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SWIM ¢ Peak runoff rate (modified rational formula)

Spatial: flexible, »  Storage routing technique [57]

Temporak daily [56] |+ Lateral subsurface flow kinematic storage routine [53]
»  Potential evapotranspiration [58)

*  Soil evaporation and plant transpiration [59]

¢ Groundwater flow [60]

»  Transmission losses [61]

» Runoff onoverland (2D diffusive wave equations)

MIKE SHE » Runoff in charmmels (1D diffusive wave equations solved
Spatial: flexible, by implicit fine-difference method)

Temporalk event » Vertical flow (Richards equations)

based &continuous | » Actual evapotranspiration [62]

[38] » Subsurface flow (3D groundwater flow equations solved

using numerical finite-difference method and simul ated

rver ground water exchange)
» Chemical simulations (numerdcally solved advection-

dispersion equation)

323, Input data requirement

Input data required to run a model is another important criteron for the selection and
application of any hydrologic and water quality model. Lack of required data is a major
constraint, especially in the developing world, for the successful application of a model.
The MIKE SHE and the SWAT model require extensive data but can be managed with
readily available datasets from varous public sources, as in case of the Tollense, most of
the hydrological and water quality data was provided by LUNG-MV (Landesamt fiir
Umwelt, Naturschute und Geologie Mecklenburg Vorpommern) and StALU (Smatliche
Amter fiir Landwirtschaft und Umwelt Mecklenburg Vorpommem). Climate data was
collected from DWD (Deutsche Wetterdienst), German Weather Services Department. On
average, MIKE SHE and SWAT have extensive input data requirements, while HSPF and
SWIM require least input data to run the model shown in Table 3.3.

Table 3.3 Input data required by the selected hydrological and water quality models [22,
23, 37, 38, 53-55, 63-67]

Tool I Category I Parameters |
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Rainfall, air temperature, solar radiation, wind

Climate (6) speed, evapotranspiration, and humidity/dew
point
Water table height hydraulic conductivity,
Hydmology and groundwater extraction, initial shallow aquifer
hydrogeology (7) storage, recharge water, drain spacing, and
irrigation
Layer thickness, bulk density, initial soil water
Soil data (7) content, field capacity®, wilting point®, hydraulic

conductivity, and porosity

SWAT Land use and vegetation Land ugel, vegetabion type, vef:;nlah;tkm height,
leaf area index, root depth, fertilizing rate, and
@ Crop management
Area, elevation, land surface slope length, land
Topography (6) surface slope steepness, hill slope length, and
hillslope steepness
Climate (5) Rainfall, air temperature, solar radw:;at'mrl, wind
speed, and grass reference evaporation
Water table height, hydraulic conductivity (x-, y-
Hydrology and and z-directions), qpeuﬁ: }ruéld, specific ﬁtt’rralge,
hydrogeclogy () groundwater extraction, 1:r|11:lall fhaﬂtwl.r aquifer
storage, recharge water, drain spacing, and
irrigation
Layer thickness, bulk density, initial soil water
MIKE | Soil data (6) content, field ecapacity, wilting point, and
SHE hydraulic conductivity
Land use and vegetation | Land use, vegetation type, leaf area index, root
[£=)] depth, and fertilizer application rates
Topography (1) Drigital elevation model
Rainfall, air temperature, solar radiation, wind
Climate (6) speed, evapotranspiration, and humidity/dew
point
Hydmology and Active groundwater storage, interflow storage,
HSFF hydrogeclogy (3) and lower zone storage
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Soil data (3)

Layer thickness, bulk density, and initial soil
waber content

Land use and vegetation
(2)

Land use, and vegetation ty pe

Area, elevation, land surface slope length, land

SWIM

Topography (4) surface slope steepness

Rainfall, air temperature, solar radiation, wind
Climate (6) speed, evapotranspiration, and humidity/dew

point

Water table hei hydraulic conductivi
Hydrology and specific yield gi:.d;w extraction dmz
hydrogeology (6) i o ’

spacing, Irrigation

Layer thickness, bulk density, initial soil water
Soil data (7) content, field capacity, wilting point, hydraulic

conductivity, and porosity

Land use and vegetation
(5)

Land use, vegetation type, leaf area index, root
depth, and fertilizer application rates

Topography (7)

Area, elevation, land surface slope length, land
surface slope steepness, hill slope length, hill
slope steepness, and hillslope width

*Provided as input or calculated by the model.

324, Nitrogen dynamics
For the simulation of nutrient fate, additional input data ane required to characterize the
system. The major forms of N inputs described in models are organic N, fresh organic N,
active organic N, dissolved N, NOZ, NOZ, NH], NH;s, and total N. The sources of N inputs
shown in Table 3.4 are mainly soil, groundwater, surface water bodies, plant uptake,
urban source, point source, fertilizer, and atmosphere.

Table 3.4 Input required for predicting nitrogen transformations and transportin
surface and subsurface water [39, 53-55, 62-67]

Ttem

Relevant models

| swar

[ swim ECO Lab* HSPF

Initial soil nitrogen
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Organic N . . . .
NO3 . . . .
NH; . .
Point sources
Organic N . .
NO3 . .
NO3 . .
NH; . .
Fertilizer nitrogen (crop-specific)
Organic N . .
Active organic N . .
Inorganic N . .
NH; . .
In<stream nitrogen
Organic N . .
NO3 . . .
N3 . . .
NH; . .
Atmospheric deposition
NO3 in rain . .
NHj in rain .

*BECO Lab is not a model, but a module that works in combination with MIKE SHE and
MIEE 11 model to simulate the nitrogen fate and transport in groundwater and surface
water,

3.3. Results and Discussion
It is expected that the simpler the model, the more imprecise the understanding.
Therefore, basic models could be used for the initial characterization of a surface water
body. As more reliable data are available, a more nefined and improved model could be
used. Therefore, during the selection of the model the key issue is the availability of data
for the key parameters in time and space. However, it should also be acknowledged that
more complicated models donot necessarily result in more accurate understanding of the
processes being described. A prudent approach is to start with a basic model and
gradually move to mone detailed and comprehensive model. Data requirement is usually
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an important aspect of selecting a model. All four models have the tendency to model the
catchment on average, but in terms of hydrological processes SWAT and MIKE SHE
demand more data in comparison to HSPF and SWIM, but at the same time can take into
account all the desired hydrological processes including pump flow and drainage, not
included by HSPF and SWIM. In case of topography in MIKE SHE, the parameters needed
ane less than the other models because it takes a digital elevation model as an input to
simulate the topography, while in case of SWIM, the higher number of topographical
input parameters needed makes it more data demanding. In case of SWIM, most of the
input data and goveming equations ane similar to SWAT but it does not include water
bodies (ponds and lakes), wetlands and drainage system. In terms of hydraulic processes,
none of the selected hydrological models have the ability to simulate the hydraulic
processes involved in the Tollense River basin. All these models need to be coupled with
another model to analyze and predict the backwater effect and control strategy for
operation of weirs and gates. Here MIKE 5HE is considered good, being a component of
the DHI software family, as it can be coupled with MIKE 11, which can simulate
backwater effect, pump flows, rfiver gates, and weir operations. Figure 3.4 shows the input
data requirements of the models.
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Figure 3.4 Summary of minimum input parameters required by the selected models.

For N transport and transformations, ECO Lab and HSPF are better and include the N
cycle in comparison to SWIM and SWAT. A problem in using SWAT for nitrogen
transformation is the use of only built-in parameters, and new parameters carmot be
included. MIKE SHE has a shell or module called ECO Lab, which has the tendency to
model the nitrogen transformations in the river and desired parameters can be added
accordingly . SWAT and SWIM donot have the ability to simulate the soil nitrogen and in
terms of interflow which i a considerable part in the case of the Tollense River bagin.
SWAT and SWIM can only model NO3, while ECO Lab and HSFF can predict both NOG
and NH] in interflow. Interflow inorganic N, however, can only be simulated with ECO
Lab. The case of groundwater flow follows the same pattern, with SWIM and SWAT only
predicting NO3, while ECO Lab can predict NO3, NH and dissolved N, whereas HSPF
can only predict the first two. Nitrification, denitrification and decomposition can be
handled by all tools. For plant uptake, SWAT and SWIM can only simulate inorganic N
taken up by plants, whereas, HSPF cannot model inorganic N but can model NOg, NHF,
and ECO Lab can handle all three parameters. These differences ane summarized in Table
3.5



Table 3.5 Prediction of nitrogen transformations and transport in surface and subsurface
watbers by the selected models [59-62)

Item Relevant models
SWAT | SWIM ECO Lab HSFPF
Soil nitrogen
Organic N . .
NO3 . .
NH; . .
Transport through surface runoff
NO3 in water . . . .
NH in water . .
Transport through interflow
NO3 . . . .
NH; . .
Inorganic N .
Transport through subsurface drainage flow

Inorganic N I I .

Transport through groundwater flow
NO3 . . .
NH; . .

Transformation
Fixation . .
Nifrification . . .
Ammonia . . .
volatilization
Denitrification . SWIM . .
Adsorption and desorption

Total N | . | | .

Model openness, availability of graphical user interface, and online support are other
important considerations in selecting the appropriate model and also depend on the
available budget for a particular study. Table 3.6 details these aspects of the models and
their orgins with their license requirements.
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Table 36 Openness, availability of graphical user interface and online support for
selected models [53-67]

Flexibility to Flexibility in Possibility of
Ttem Model type
grid struchure resolution calibration
Physically sub-basin depends on the | automatic and
SWAT based and structure but can | definition of sub- marual
distribubed be operated on basins
grids
Physically sub-basin depends on the | tools available
HSFF based and structure but can | definition of sub-
distribubed be operated on basins
grids
Physically sub-basin depends on the | tools available
SWIM based and structure but can | definition of sub-
Semi- be operated on basins and
distribubed grids hydrotopes
DHI tools Physically flexdible flexible aubom atic and
based and marual
distributed
« SWAT: hitps:/lswat tamu edy
» HSPF: hitpsy/fwww.epagoviceam / hydrological-simulation-
Tools program-FORTRAN-HSPF
availability » SWIM: Potsdam Institute for Climate Impact Research, Potsdam,
Germany
« DHITools: https//www. mikepoweredbydhi.com
* SWAT: open source
License « HS5FPF: open
agreement « SWIM: provided on request
«  DHI tools: license required

3.4 Conclusion
The models were designed and verified for a specific area and were built around the data
currently available to the developers so different hydrological conditions and
unavailability of the required input data will limit the use of specific modelling tools. In

addition, for more complex models, the data requirements are often so high that it is
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difficult to collect all the required data, especially when the model is to be applied to a
large area. This review was focused on the desired objective of modelling the nitrogen
dynamics in lowland catchments by considering the hydrological, hydraulic and water
quality processes. This study aimed to be objective, and does not declare any judgment
about good or bad modelling tools, but rather made comparisons based on multi-criteria
analysis. In this review, the Tollense River catchment was considered as a characteristic
eample of northeastern lowland catchments, and unique lowland catchment
characteristics served as a representative for selecting a suitable modelling tool. DHI tools
and SWAT are able to model the desired hydrological processes in detail, but in case of
hydraulic processes, DHI tools have the edge over SWAT due to theirintegrated coupling
within the DHI tools as SWAT needs coupling with other modelling tools to handle the
hydraulic processes. For nitrogen fate and transport in unsaturated, saturated, and river
zones, HSPF is a better model to simulate the desired nitrogen transformation and
transport processes. In contrast, in the case of nitrogen dynamics and transformations in
shallow streams, ECO Lab has an edge due to its openness for the inclusion of user-
desired water quality parameters and processes. However, for lowland catchments,
whene integrated modelling is required to determine the impacts of land use on surface
and subsurface water and the nitrogen dynamics in a river, DHI tools are a good
compromise. Overall, open-source tools such as SWAT are preferable due to a large
number of users, available literatune, and platforms for sharing problems and issues. This
review focused on northeastern German lowland cabchments but can be generalized to
the other similar lowland catchments.
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4. Detailed Water Balance Analysis by Applying Integrated
Modelling

Based on the research article:

Waseem, M., Kachholz, F., Klehr, W., & Trinckner, J. (2020). Suitability of a Coupled
Hydrologic and Hydraulic Model to Simulate Surface Water and Groundwater
Hydrology in a Ty pical Morth-Eastern Germany Lowland Catchment. Applied

Sciences, 10(4), 1281.

hitps://doi.org/10.3390/app10041281

Abstract: Lowland river basins ane characterised by complex hydrologic and hy draulic
interactons between the different subsystems (aerabed zonme, groundwater, surface
water), which may require physically-based dynamically-coupled surface water and
groundwater hydrological models to reliably deseribe these processes, Exemplarily, for a
typical north-eashem Germany lowland catchment (Tollense river with about 400 km?),
an integrated hydrological model, MIKE SHE, coupled with a hydrodynamic model,
MIEKE 11, was developed and assessed. Hydmological and hydraulic processes werne
simulated from 2010 to 2018, covering strongly varying meteorological conditions. To
achieve a highly reliable model, the calibrabion was perfformed in parallel for
groundwater levels and river flows at the available monitoring sibes in the defined
catchment. Based on sensitivity analysis, saturated hydraulic conductivity, leakage
coefficients, Manning's roughness, and boundary conditions (BCs) were used as main
calibration parameters. Despite the extreme soil heterogeneity of the glacial terrain, the
model performance was quite reasonable in the different sub-catchments with an error of
less than 2% for water balance estimation. The resulted water balance showed a strong
dependency on land use intensity and meteorological cond itions. During relatively dry
hydrological years, actual evapotranspiration (ETa) becomes the main water loss
component, with an average of 60%-65% of total precipitation and decreases to 55%-60%
during comparatively wet hydrological years during the simulation period. Base flow via
subsurface and drainage flow accounts for an approximate average of 30%-35% during
wet years and rises up to 35%-45% of the total water budget during the dry hy drological
years. This means, groundwater is in lowland river systems the decisive compensator of
varying meteorological conditions. The coupled hydrologic and hydraulic model is
valuable for detailed water balance estimation and seasonal dynamics of groundwater
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levels and surface water discharges, and, due to its physical foundation, can be
extrapolated to analyse meteorological and land use scenarios. Future work will focus on
coupling with nutrient transport and river water quality models.

Keywords: groundwater—surface water imberaction; integrated hydrological-hy draulic
modelling; lowland hydrology; MIKE SHE; MIKE 11; Tollense fver; water management

4.1. Introduction
Hydmological processes in moderate climate lowland catchments can be complicated due
to complex surface water (SW) and groundwater (GW) interactions, and due to this
complexity, precise hydrological water balance information is a prerequisite to develop
management practices for the sustainable use of water resources. Hydrological research
and forecast has become increasingly important due to the growing problems with the
available water resources, and due to this reason, the hydrological forecasts have been
modemised, extending from simple flood predictions to detailed water management
decisions and practices that requine extensive hydrological processes information [1-4].
Integrated hydrological models play an essential role by providing the necessary
information regarding biological, physical, and chemical processes and their interact ons
within a catchment [5,6]. In general, the temporal and spatial variations of GW and 5W
resources ane imprecisely known which effects the proper management of water resources
[7-9]. Physically-based dynamically-coupled 5W and CW hydrological models ane
increasingly being used to examine the environmental imteractions [10], transport of
solute [11], flood modelling [12], and understanding of catchment hydrology [13-18]. A
good forecast of an integrated hydrological model does not only depend on the code but
also on the ability of the modelling tool to adequately characterise the complex surface
and subsurface hydrological processes and parameter distributions, which otherwise
results in greater uncertainty and higher degree of errors [19,20]. Lowlands are
characterised mainly with high GW levels, low hydraulic gradients, and flat topography.
This may lead to direct hydraulic interactions between the different subsystems which are
not adequately described by pure hydrologic model approaches. Human interventions
such as land use, artificial drainage, GW abstracton via pumps river hydraulic
structures, etc., also effect the natural water balance in lowlands. The complex SW and
CW interachons can be reliably considered by bi-directionally-coupled hydrologic—
hydraulic models of both systems. However, due to their complexity and numerical
challenges, those models are rarely applied, so far. In this study a physically-based
distributed hydrological model, MIKE SHE, coupled with a hydrodynamic model, MIKE
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11, was set-up and calibrated for a typical lowland catchment in moderate climates, the
Tollense River in the north-east of Germany. The Tollense river catchment was selected
as study area in collaboration with the regional environmental protection agency (StALU-
MS5) due to its typical characterstics and related typical water management challenges
(flood protection and maintenance of water infrastructures vs. near natural conditions,
agricultural impact on water quality and balance) and the availability of the sufficient
monitoring data. Dominant land use in the Tollense catchment is intensive agriculture.
Large amas are provided with artificial drainage/CW abstraction pumps, while the
Tollense river is equipped with two weirs named as Osten and Tiickhude to regulate the
river flow. The artificial drainage is applied to lower the GW level for agricultural use,
especially in the spring months, and accelerates flow and transport of nutdents in the
catchment. Depending on the fertiliner application, plant growth state and the
meteorological conditions fertilizer applied to the crops is parfly washed off in GW and
5W, leading to increased nutrient concentrations (namely nitrate) in both systems. Weirs
serve opposite o the drainage by raising the SW levels on their upstream side (w/s), and
results in SW contribution to the GW. The Tollense river also observes aback water effect
at its confluence with the river Peene in Demmin, due to low hydraulic gradients
influenced by the Baltic Sea. In the last decade, the region has faced strongly varying
meteorological conditions, with very wet years and partial looding of agricultural areas
(g, in 2011 and 2017) and very dry years with partial drought (eg, in 2018). This
illustrates that the development of adaptive water management is challenging and
requires a deterministic model to forecast probable climate and land use scenarios and to
assess the effect of water management options. Before deciding for the chosen model
combination, four different process models were reviewed, which integrate GW and 5W
processes: SWAT (soil and water assessment tool), HSPF (hydrological simulation
program— FORTRAN), SWIM (soil and water imbegrated model), and a bi-directional
coupling of MIKE SHE and MIKE 11. By focusing mainly on moderate climate lowland
catchments with intensive agriculture, high GW tables and decreased retention times,
these models were compared on the basis of their data requirement, desired complexity
level, and their ability to simulate relevant hydrologic and hydraulic processes. Both
SWAT and MIKE 5HE are able to simulate the desired hydrological processes shown in
Figure 4.1, but in case of simulating the hy draulic structures and their data in comparison
to HSPF and SWIM. SWIM and SWAT are based on similar goveming equations and
input data requirements, but SWIM does not simulate ponds, lakes, wetlands, and
drainage systems. Both H5FF and SWIM do not provide a satisfying solution to include
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pump flow drainage. HSPF is more suitable to study the fate and transport of nitrogen in
unsaturated, saturated, and surface flow zones. In order to simulate the backwater effect
and control structures and theiroperational strategies, all these models need to be coupled
with hydrodynamic models. Here, MIKE 5HE is advantageous, since it provides a ready
coupling interface to the hydrodynamic model MIKE 11, which can simulate backwater
effects, hydraulic structures (e.g., weirs, gates, ete.), and their operations [21-32]. MIKE
SHE is a physically-based distributed hydrological model that allows the integrated
modelling of hydrological processes and can simulate the SW and GW interactions within
a catchment [4,5]. MIKE SHE has the ability to simulate the catchment areas ranging from
less than 1 km? [33-36] to thousands of km? [37-39]. MIKE SHE water movement module
consists of six components that describe the hydmological cyce, including
precipitation/interception, evapotranspiration (ET), saturated zome (5Z), unsaturated
zone (UZ), overand (OL) flow, and exchange between 5SW and GW [36]. As the above
described hydrologic, hydraulic, and infrastructural conditions apply large aneas in the
Morth and West of Europe, Morth Westemn, MNorth America, and (with different
meteorological conditions) also in Asia, the chosen model combination should be
interesting for these areas too.

The research main questions of the present study include:

1. Possibility to satisfyingly incorporate all relevant processes and boundary conditions
and to holistically calibrate the model.

2, Quantification of the meteorological effects on water balance components and the
exchange of GW and 5W during dry and wet hydrological years.

3. Effects of weather varations on seasonal dynamics of GW levels and river discharges
in lowlands.

4. Use of physically-based distributed coupled models and their ability to simulate
lowlands with moderate climatic conditions.
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Figure 41 Ability of selected modelling tools to simulate the desired hydrological
processes in north-eastern Germany lowland catchment based on literature [40].

4.2 Materials and Methods
421. Study Area

Tollense river basin is an example of a ty pical lowland catchment located in north-castern
Germany (Figure 4.2). The Tollense river starts as an outflow of the lake Tollense (at the
city Neubrandenburg) Neubrandenburg) and flows about 68 km through a glacier terrain
to its confluence with river Peene in the small town Demmin The presented study was
performed on the downstream section of the Tollenge river with an approximate length
of 30 km, staring from Klempenow o Demmin, with an average catchment area of about
400 km2. The Tollense river catchment is provided with artificial drainage and is
primarily used for agricultural activities Land use maps were developed in AreGISbased
on aerospace images provided by the Rapid Eye Science Archive platform. Supervised
image classification performed in ArcGIS resulted that the study area consisted mainly of
18% forests and 70% arable land and pastures [40].
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Figure 42 Tollerse River originating from Tollense lake in Neubrandenburg towards its
downstream end in Demmin, and land use in Tollese dver catchment from Klempenow
to Demmin. @ Rivers, lakes, and land use data was provided by “State office for the
Environment, Nature Conservation and Geology Mecklenburg-Vorpommern” (LUNG-

422, DataCollection

4221, Groundwater Data

To conduct a successful model calibration, it was necessary to improve the existing
database of observed GW levels by continuous monitoring, For this, continuous GW data
loggers wene installed at 7 boreholes in the catchment with an hourly log rate, starting
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from Movember 2016 to the end of April 2018, Boreholes for data logger installation were
selected on the basis of their geographic location, accessibility, functionality, and
protection from theft and animals (Figure 4.3 (left)). Borehole funcHonality was
determined based on refill tests performed in collaboration with StALU-MS, being
incharge of the institutional GW monitoring. Some of the boreholes were identified as
clogged due tolack of operational management and some were not found due to
misleading coordinates. Figure 43 (right) shows the constructed GW contours in the
study area based on recorded GW levels via data loggers. These were further used as an
initial condition during simulation.
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Figure 43 (a) Summary of the available boreholes and their functionality status in the
study area, where Green circles are the boreholes found and working; yellow circles are
the boreholes found but not working: and red circles are the boreholes not found; (b)
constructed the groundwater contours in study area.

4223 Climate Data
Accumulated daily precipitation data ranging from 2010 to 2018 was collected for 6
climate stations named as Demmin; Gross Kiesow Schlagtow; Anklam; Fredland;
Trollenhagen; and Gross Luckow, located within or nearby the defined Tollense river
catchment. The Thiessen poly gon inter polation method was used to divide the catchment
anea under each climate station shown in Figure 44 (up). Perman Monteith method [41]
was used for potential evapotranspiration (ETp) calculation and it requires relative
humidity, cloud cover, wind speed, and daily maximum and minimum wind
temperatures to calculate the ETp [42]. For ETp calcul ation, data from the climate station
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named as “Demmin” was used as it was the nearest climate station where all the required
data was available to calculate the ETp. Figure 4.4 (down) shows the average monthly ET
and precipitation rates for the climate monitoring station “Demmin®” from 2000 to 2017,
MIEKE SHE uses the Kristensen and Jensen method [43] to compute the Eta on the basis of
specified ETp rates and soil moisture available in the root sone.
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Figure 4.4 (a) Catchment area under each climate station by using Thiessen Polygon
interpolation method and (b) average monthly precipitation and ET at Demmin from 2010
to 2017,
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4223 Land Use Diata

Land use, shown in Figure 4.2, is based on Rapid Eye Science Achieve images and an
image classification was performed in AreGIS to obtain the land use maps. Land use was
classified as arable land, wetlands, grassland, industral aneas, forests, small gardens,
settlements, concrete surfaces, roads, water facilities, and miscellaneous, based on the
image classification results. Table 4.1 shows the summary of the data used in this study
and the related sources from where the data was obtained. Leaf area index (LAT) based
on project “Communal waters collective development in urban areas”™ (KOGGE) [44] in
monthly temporal resolution is shown in Figure 45 and average root depth (RD) on
seasonal temporal resolution [45] is shown in Table 42,

Table 41 Summary of the data used in this study and the sources from where the data is
obtained.

Type of data Sources
Digital elevation model LUNG-MV
(DEM)
Land use Rapid Eye Achieve images
Precipitation German weather services (DWDY)
Potential evaporation (ETp) Penman Monteith method [41]
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Leaf area index (LAIT) Project KOGGE [44]
Root depth (RD) ATV-DVWE-M 504 [45]
Topography LUNG-MV
Soil properties LUNG-MV
Soil Profiles LUNG-MV
Manning Roughness Literature
Coefficient
Geological data LUNG-MV
Piezometer levels LUMG-MV
River Network LUNG-MV
River Cross-sections ADCP measurements and DEM
River flow Research- Project
“BOOTmonitoring ™
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Figure 45 Average monthly variation of leaf area index used in Tollense river basin [44]



Table 4.2 Average root depths during the summer and winter season in Tollense river
basin [45]

Land use class Avg RD (summer) Avg RD (winter)

{mm) {mm)
Arable land 600 00
Wetlands 300 300
Greenland a0 100
Industry 600 600
Forest 800 800
Orchards 500 500
Settlements 600 600
Parking surfaces 600 600
Water surfaces 0 0

423, MIKE SHE Model Setup
SHE model uses different process-orented components o describe the hydrological cycle
by coupling the UZ and 57, as shown in Table 4.3 MIKE SHE uses three different
methods to account for UZ flow simulations, named as two-layer UZ method, Richards
equation, and gravity flow method. The MIKE SHE model uses the Kristensen-Jensen
method [43] to estimate the ET and interception processes by using climatic and
vegetative data. Due to the computational time constraints, a simplified two-layer water
balance method was used to estimate the UZ flow based on the formulation provided by
Yan and Smith [46]. The main objective of the module is to compute the ETa and the
volume of GW necharge and is mainly advantageous in ancas with a shallow GW table
(e.g., wetlands where the ETa is nearly equal to the reference ET rate). In catchments with
higher TIZ depths, the two-layer method does not precisely characterise the UZ flow
dynamics. The two-layer UZ method considers only the average conditions and does not
account for the UZ hydraulic conductivity and soil moisture content relationship, and
hence does not consider the soil ability to transport water to the plant roots. That means
if sufficient water is available in the root zone it will be available for ET. However, by
calibrating the input parameters, the two-layer UZ method performs quite well in most
of the conditions. The defined method takes into account the processes of canopy
interception, ponding, and ET and considers the whole UZ to consist of two layers
representing average conditions in the UZ, where vegetation data is defined as LAI and
RD. The soil properties are defined by a constant infiltration capacity, soil moisture
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content at wilting point, field capacity, and saturated water content. The two-layer UZ
method fulfils the main objectives to account for ETa and the 57 recharge mainly requined
in this study. The MIKE SHE model uses the 3D-Boussinesq equation to simulate the 52
flows [36], while river hydrodynamics (stage and discharge) are defined by using the
simplified diffusion wave approximation of the Saint-Venant equation.

Table 4.3 MIKE SHE water modelling components and related numerical solutions
[35,47,48].

Component MNumerical methods
« ET o Kristensen and Jensen method [43]
e«  Two-layer water balance method
[46]
o UZFlow « Richards equation

o« Gravity flow

«  Two-layer water balance

o OL-Flow o 2D-finit difference diffusive wave
equation

o Channel Flow |« 1D-Saint-Venant equation

¢ Flow Routing |+ MNo routing

»  Muskingum method

»  Muskingum-Cunge method

o AD-Finite difference method

o Linear reservoir method

o SZFlow

Due to the limited ability of MIKE SHE to simulate the hydraulic structures and their
operations, MIKE 11, a 1D-hydrodynamic model, was used to incorporate the control
structures such as the weirs, sluice, culverts, gates, ete., and their ime varying operations.
The MIKE SHE model used in this study uses the “ETRS_1989_UTM_Zone_33N_Sstellen”
coordinate system in metric units. The performance of the hydrological model was
evaluated at different grid sizes (A, 50, 100, 200, and 300 m) and a spatial resolution of
100 m was selected as an optimum compromise between computational time and model
performance. The model area of 400 km?® was divided into 100 x 100 m computational cells
to represent the spatial vadations in soil, land use, and geology. Model area was divided
into computational grids in order to have the numercal solutions of the goveming
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equations [49-51]. DEM with a resolution of 5 m was used to represent the topography in
the study area and was provided by LUNG-MV. In case of temporal discretization, the
computational time steps wene chosen in such a way that OL-flow computational time
step is always less or equal to the UZ time step, while the UZ time step is always less or
equal to the 57 time step. During the temporal discretization, selected time steps are
always critical for minimizing the water balance errors [3]. Aquifer BC used in this study
ame explained in Figure 4.6; zero flux BC was selected where lateral fows were expected
tobeminimum based on the GW contours and topographical characterstics, while in case
of gradient BC, selected gradient values were estimated based on GW contours. The two-
layer UZ method was used to predict the flow through or within the UZ Soil data and
Van Gemuchten parameters [52,53] were obtained from LUNG-MV and were used to
develop the detailed soil map. The soil column vertical discretization was kept constant
in the entire model with a minimum soil thickness of 0.5 cm at the ground surface to
comprehensively quantify the nonlinear evaporation and transpiration to the maximum
vertical discretization of 1 m at the model outer depth. The 5Z was characterised by three
layers of geology and a three-dimensional Boussinesq equation was used to estimate the
5Z flows. The depth of the aquifer was estimated based on geological data obtained from
60 boreholes available in the study anea, and these interpolated GW levels were used as
57 initial conditions. Fine tuning of vertical and horizontal hydraulic conductivities of
geological layers played a vital part in the successful model calibration.
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Figure 4.6 Boundary conditions used in the 52 where black line is zero flux BC, vellow
line is positive gradient BC, and red line is negative gradient BC.

424, Coupling of MIKE SHE and MIKE 11
MIEE 11 uses complete dynamic wave formulation of the Saint-Venant equation and is
able to simulate the wide range of hydraulic structures such as weirs, culverts, gates, and
bridges, ete. The river network in the defined catchment containing the main Tollense
River, its tributaries, and control hydraulic structures are shown in Figure 47 (right). A
fully-dynamic 1D-5aint-Venant equation was used to describe chammel flow in the
Tollense river and its tributares. Two weirs, named as Osten and Tickbude, equipped
with adjustable gates and variable operational strategy, were modelled in MIKE 11, as
shown in Figure 47 (left). Channel cross-sections were based on ADCP surveys
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conducted at 29 locations along the Tollense river, in the river section starting from
Demmin (downstream) to Klempenow (upstream). The river bed was considered fully
connected with the 52 as a result the exchange between the ﬁmrmmmaqujferwas
defined by the hydraulic conductivity of the aquifer instead of the river bed material. In
case of the Tollense River, ime series of discharge at daily temporal resolution was
ingerted as an upstream BC at Klempenow and average water levels were used as a
downstream BC at Demmin The data used in the present study in the MIKE11model
includes river network, control strategy of hydraulic structures, river cross sections,
hydraulic structures and their geometry, seasonal Manning's roughness coefficients, river
boundary conditions, and hydrodynamic parameters.
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Figure 4.7 (a) Weir gate openings from reference level at Tiickhude and Osten. (b) MIKE
11 model of Tollense river and its tributaries, channel cross sections (red rectangles) and
control structures (black circles).

A dynamic coupling of MIKE SHE and MIKE 11 considers the exchange of data among
the two models after every computational ime step and their coupling is done by means
of line segments, serving as river links in MIKE 11 to the adjacent MIKE SHE grids. River
links are created for coupled reaches and their locations ane defined automatically from
MIEKE 11 river point coordinates that define the fver branches of a hydrodynamic model.
During simulation, the water levels within the coupled neaches are transported from
MIEE 11 H-points to the adjacent MIKE SHE river links, as shown in Figure 4.8. In retum,
MIKE SHE estimates the OL-flow to each river link as an exchange between the
neighbouring grid squares and the river aquifer, and finally these terms are sent back to
the cormesponding MIKE 11 H-points as an outflow or inflow for the following
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computational time step. If the water level in a grid square gets higher than its
topographic level, it is considered as flooded, and as soon as a grid square gets flooded
MIKE SHE computes infiltration, seepage, OL-flow, and ET in the similar manner as for
a grid square with 5W ponding resulting from precipitation and surface runoff, or the
water table intercepting the ground surface [54].
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Figure 48 Coupling scheme of a hydrological model MIKE SHE with a hydrodynamic
model MIKE 11based on literature [54].

4.3 Resulis
431, Sensitivity Analyses and Calibration and Validation Procedure
Sersitivity analyses were performed in order o assess the most sensitive parameters for
Tollense river catchment model calibration and were performed by changing different
parameters within their allowable range most sensitive parameters were selected for the
calibration process. Sensitivity analyses was performed by adjusting only one parameter
during a simulation while others parameters were kept unchanged during each
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sensitivity test so that sensitivity of each parameter can be evaluated. Table 4.4 shows the
considered variables and their definitions in the MIKE SHE and MIKE 11 model. Due to
the close interaction of GW and 5W, calibration of GW levels and 5W discharges was
conducted in parallel. Especdially the calibration of GW level became challenging to the
extreme soil heterogeneity, which is typical for glacial soils. Auto calibration was not
applied in this study, as the intention was not to achieve an optimum fit between the
observed and simulated data, as the model setup without auto calibration provides betber
process understanding and helps to identify the model deficiencies. Validation is a
procedure to ensures that a system satisfies the stated funcional inbent of the system and
is performed after achieving the calibration.

Table 4.4 Variables used for sensitivity analyses and their definitions in MIKE SHE and
MIEE 11

Parameter Definifon
Drainage »  Depth to subsurface drain
Groundwater » Initial potential heads
o Croundwater influxes and flow
gradients

» Saturated hydraulic conductivity

»  Depth of geological layers
Channel flow | * Manning roughness coefficient

Calibration is a process of model testing with known inputs and outputs and is used to
estimate or adjust different parameters. The calibration process was iniHated after the
sensitivity analysis and following calibration techniques were applied for the different
river flow calibration outcomes. In case 1—when the model was unable to simulate the
peak flows, a careful review of the data was done forboth the precipitation and river flow,
as this happens normally due to the reason that either the rainfall station is not
representative or due to the malfuncioning of the precipitation or flow gauges. In case
2—when the model contiruously over predicted the flow, ET, soil water content,
percolation, and GW mecharge rates were adjusted. In case 3—where simulated flow
followed the observed flow dynamics but lags the actual flow consistently, river bed
leakage coefficient rates and Manning’s roughness coefficient wene adjusted. In case 4—
when the model over predicted the peak flows but under predicted the average normal
river flows, infiltration rate, interflow, and base flow recession parameters were adjusted.
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The coupled MIKE SHE and MIKE 11 model was calibrated by using the measured GW
heads at seven selected GW observation wells shown in Figure 4.9, for the pedod ranging
from Movember 2016 to Aprl 218 River flow calibration was based on flow
measurements performed by StALU-MS and University of Rostock along the Tollense
river at four different chainages in the river secion from Klempenow to Demmin.
Calibrated GW level and surface flow results are presented in Figure 410 and Figure 4.11,
respectively, for a perdod of nine years starting from 2000 to 2018. During the calibration
process, hydraulic conductivity, BCs, roughness coefficient, and specific yield werne
adjusted to calibrate the coupled MIKE SHE and MIKE 11 model and their calibrated
values are shown in Table 4.5.

Table 4.5 Parameters used for calibration and their range and selected values

Parameters Initial value Range Final value
Hydraulic A 1%10% 1¥10-7- 1*104° 110+
conductivity B: 11104 1*10-0- 1+10ke 110~
C: 110w 1*10-0- 1*10ke 1*10-0
Specific yield A D25 1*10-0- 1*10ke 0.266
B: 0.2 1¥10-7- 1*104° 020
C:01 1¥10-7- 1*104° 0.108
Boundary condition +ve gradients: U0015 0.009 - -0.009 00036
- gradients ve gradients: (0.004 0.009 - -0.009 -0.004
Manning roughness Matural charmel: 10 10-25 15
coefficient M Weirs or concrete 80-100 85
surfaces 80

432, Groundwater Dynamics (Calibration and Validation)
Simulated GW levels were calibrated against hourd y observed GW data obtained from the
data loggers installed in the study area for the period ranging from Movember 2016 to
April 2018, In the present study, GW data from seven boreholes located in the Tollense
catchment were used. Borehole HySzw 141/1989 is located near to the Tollense River,
HyStav 712005 and HyBorr 106/1985 are directly at the bank of Gemkow tributary, while
other boreholes are located at banks of small tributaries present in different sub
catchments of the Tollense rver basin shown in Figure 4.9. In this study, the 5 GW
boreholes HyBorr 105/1985; HyStav 2/2005; Hy Borr 106/1985; HyStav 7/2005; HySaow
141/1989 were used to achieve calibration. Remaining two boreholes Hy Kris 12008 Hy
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Top 1/2008, where longer GW monitoring data was available were used for validabion of
the coupled hydrologic and hydraulic model.

for 105 BEE
g g5 Hy Top 112008
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Figure 4.9 Selected boreholes used for groundwater level calibration.

The statistical performance of the calibration and validation process of a coupled MIKE
5S5HE and MIKE 11 model in terms of predicting the GW dynamics is shown in Table 4.6,
wheneas Figure 410 shows the comparison of simulated and observed GW levels at the
selected seven borehole locations located in different sub catchments of the Tollense river
basin. A good agreement was observed between simulated and observed GW levels. But
simulated GW reacts more dynamically. A probable reason is the selection of too course
spatial and temporal discretization to simulate strong soil heterogeneity of the catchment.
As expected, higher GW level occurs during the winter season, then dropping o lower
levels during the summer season with increasing ET. In general, the coupled model
underestimates the GW levels during the high recharge periods, but the performance of
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the model was not equally comparable at all the observation locations. Due to the rather
shallow CW tables, there is a strong relationship spatially and temporally between the
precipitation and resulted simulated GW levels. GW elevations react dynamically to local
precipitation events. Boreholes located in the vicinity of the climate station “Demmin”
showed that the average simulated GW elevations across the middle and downstream
section varies up to around 0.15 m durng an extra ordinary precipitation event that
occurred in October 2017, Coupled model performance was evaluated by using mean
absolute error, root mean squane error, correlation coefficient, and standard deviation
residuals. nitially climate parameters were adjusted according to the basin climate
conditions and after that the calibration process was focused mainly on horisontal and
vertical conductivity and specific storage of the 57 parameters. As a result, the calibration
process includes seasons with different GW dynamics due to varation in rainfall patterns
and resulbed varied CW levels. Specific vield and GW gradients turned out to be the most
adjusted parameters, as boundary gradients normally determine the GW influx, while
specific yield defines the dynamic response of the GW system, hence both have an impact
on estimated water balance.

Table 4.6 Statistics of the objective function for groundwater level calibration.

Calibration
Groundwater well ID MAE(m) NSE R STDwres
(Correlation)
HyBorr 1051985 - LOCID # 466 1467 060 0.845 0352
HyStay 22005 - LOCID # 42 1159 063 0.749 0131
Hy Borr 106/1985 - LOCID # 467 0478 061 0.786 0.351
HyStay 720056 - LOCID # 47 2137 064 0.500 0096
HySew 141/1989 - LOCID # 670 1.080 0.58 0.868 0414
Validation
Groundwater well ID MAE(m) NSE R STDwes
(Correlation)
Hy Kris 1/2008 - LOCID # 37 5987 065 0.7435 0439
Hy Top 12008 - LOCID # 67 1500 067 0.646 0411
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Figure £10 Observed (green) and calibrated (black) groundwater heads in Tollense

River catchment with rainfall (blue) and ET (red) rates.
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433, Stream flow Dynamics
The purpose behind the river flow calibration and validation was to compare simulated
and observed hydrographs at the catchment oulet as adjusted of parameters for GW
calibration has a direct impact on surface flows. The outflow hydrograph has the potential
of epresenting the integrated effect of the hydrological response of the catchment as a
whuole. Flow measurement campaigns wenz launched under the BMBF project named as
“Boat monitoring™ [55], and flow was measured at different chainages along the river
Tollense. River flow was calibrated at four chainages at 270, 1365, 748, and 23,341 m from
the downstream end of the Tollense river. The statistic quality criteria conceming river
dynamics (mean absolute error, root mean square error, correlation coefficient, and
standard deviation residuals) are summarised in Table 4.7. The simulated results were
satisfactory and were able o predict the general characteristics of the discharge time series
at specified chainages. Simulated hydrographs underestimate the river flows during the
observed low flow periods, while overestimate the river flows during the observed peak
flow discharges in the fver Tollense. The probable reason behind this discrepancy is the
artificial drainage in the catchment. Artificial drainage was constructed based on DEM
lowest points and does not fully represent the real installed drainage system in the
catchment. GW levels lower than artificial drainage makes the drainage ineffective and
results in small GW contribution to the river. For periods with GW levels higher than
constructed drainage in MIKE SHE, drainage becomes effective and may contribute more
to the rver Tollense in comparison to reality. Moreover, average rainfall over the entire
ama in each polygon assigned to its respective climate station, average hydraulic
conductivity of an entire geological layer, and drainage time constants also effects the GW
contribution to the SW flows, and cause differences between observed and simulated
river discharges.
Table 4.7 Statistics of the objective function for river flow calibration.

Stream flow observation MAE R
NSE STDres
points (m) {Correlation)
Chainage 270 m from d/s 0.998 0.90 0.974 1.190
Chainage 1365 m from d/s 1.680 12690 1 0412
Chainage 48 m from d/s 0.813 0.94 0.999 0.118
Chainage 23341 m from d/s 0.182 0.95 0.999 0.132
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Figure 411 Observed (black squares) and simulated river (continuous black line) flows
in Tollense River catchment.

434, Water Balance

A water balance estimation was performed following the calibration process as the
interest of this study was to get a betber insight into the interaction of the different
subsystems and hydrological processes in highly GW influenced lowland river basins.
The water balance was performed for the whole calibration period and additionally for
each hydrologic year, which is defined between 1st October to 30th September of the next
year in Germany. The total water input into the model was via precipitation and surface
and subsurface inflow, which was further divided into ET, runoff and change in storage,
and GW and 5W interactions. Water balance error was calculated after balancing all the
major hydrological components that includes precipitation, ET, runoff, surface and
subsurface inflow, and change in storage. With a water balance error of less than 2%
during the calibration pedod, the total estimated water balance is satisfyingly good.

Total water balance: Overall water balance results shown in Figure 412 (a) clearly show
that a considerable portion of precipitations is going back to the atmosphere as an ET loss
that represents approximate average of 60% of the total precipitation. Areas of small lakes,
ponds, and forests contribute to the major part of ET loss. GW contribution to the SW flow
is around 30%-35% wvia drainage, while 5Z storage has decreased over the past nine
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simulated years, and thisis evident in the simulated GW levels in the lowland cabchment.
Tollense river catchment has a very small cross boundary 52 inflow and GW storage is
mainly dependent on local meteorological conditions, such as precipitation and ET.

In the lowland catchment, the UZ is very shallow durng the wet seasons. Due to this,
infiltration and ET are vital processes that control the rate of recharge. Results illustrate
that the 5Z gains approximately 30%—40% of total precipitation, out of which a major
portion is drained to the river via artificial drainage available in the study area.

Water balance in wet and dry hydmological years: The water balance results for a wet
hydrological year (20010-2011) and dry hydrological year 2017-2018) ane shown in Figure
412 (b, ¢). During the wet hydrological year, ET is 56% of total P, while drainage
contributes 34% of P into the river Tollense with a positive GW storage. During the dry
hydrological year, ET raises up to 65% of total P with a raised drainage contribution of
46% in to the rdver flows, resulting in a negative GW storage. The water balance results
show that GW is a main contributor to the surface flows during low rainfall or partial
drought periods and balance SW discharges in the Tollense river catchment.
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Figure 4.12 Water balance for Tollense river catchment ($00km?) during wet hy drological
vear A110-11 (a); dry hydrological year 2017-18 (b); total water balance from 2010-2017 (c).
All figures are in millimetres, where positive and negative storage change represents the
ascending and descending change in water stored in 52 and UZ.
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Figure 4.13 shows yearly water balance components for 8 hy drological years starting
from 2010 to 2017. GW recharge was estimated from the exchange between 5Z and UZ
The water balance results need to be examined cautiously and water balance results in
moderate climate lowlands as it is controlled by climate variations and catchment
characteristics. To ease the comparison between different com ponents, all numbers in the
Figure 413 are in units of mm. Following equation (1) can be applied to convert these
units into volume units of m3/ime,

—a

N== B

Whene; N =value inm?fyear; n=value in mm; A =model area in m?; t = simulation Hime

period in years

Yearly Water Balance 2000-2017
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Figure 413 Water balance for Tollense river catchment (400 km?®) for hydrological years
2010-217. Negative values of water stored in 57 and UZ shows contribution to the
surface water from 5Z and UZ respectively and vice versa.

4.4 Discussion
Bi-directional coupled hydrologic and hydraulic model was applied to Tollense river
catchment that represents many common features of the European lowland catchments
such as shallow GW tables, interacting with SW, control structures, artificial drainage,
and periodic imundation ete. Due to these characteristic, modelling described in study
offers a huge potential o predict the lowlands response to anthropogenic activities and
expected changing climatic conditions and to provide guidelines for management and
conservation practices of vulnerable lowland catchments,
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441. Coupled model performance

In general, the coupled model performance in Tollense dver catchment was satisfyingly
able to describe the interacting hydrologic subsystems GW and 5W, assessed by
comparison with observed GW levels and SW discharges. Modelling results demonstrate
a close association between F, ET, 5W discharges and GW levels. Despite the good
representation of SW and GW dynamics, coupled model performance was not equally
same in all the sub catchments due to heterogeneity of soils and variable availability of
field monitoring data. Grid resolution is very important to define the heterogeneity of the
catchment according to the desired level of complexity. The finally selected resolution
was based on a good compromise between simulation time, numeric robustness and
resulted accuracy. But even with a very fine grid it would not feasible to represent small
scale variations of geology, which is only exactly known at the borehole locations from
the drilling documents. Beside. the required inberpolation/generalization of geology,
necessary estimates on the exact layout of the artificial drainage and drainage time
constants are further uncertainty factors of the GW model. Due to private rights of the
farmer's drainage maps wene not available during the study, artificial drainage was
constructed based on lowest points of DEM inthe defined lowland catchment. Calibration
process showed that dver flows are very responsive to the Mamning's n, drainage time
constant and leakage coefficients. Water balance estimation during dry and wet years
showed the interaction of different water bal ance components, where ET is a major water
loss component and during dry years it eaches up to 65% of total water budget and
results in lowering of GW levels due to contribubion of GW o 5W discharges under
minimum GW recharge rates. Coupled model satisfactorily represented the water balance
with an error of less than 2% of total water budget

442 GWand SWinteraction
Coupled model resulted intense interactions among SW and GW. Long term, SW flows
follow the pattern of GW levels in the defined catchment with the higher CW flows
followed by higher SW discharges. Model calibration of SW discharges was difficult due
to the limited monitoring data availability of 5W discharges and that highlights the
significance of high resolution field monitoring data in hydrological modelling. GW is a
major contributor to balance the 5W flows during the low flow periods and GW
contribution rfses up to 45% of total SW flows during observed partial drought in the
catchment and with exclusion of river flows from lake Tollense, GW contributes mainly
to the Tollense river neardy up to 95% of total SW flows. The simulated hydrograph shows
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relatively overestimated river flows during peak flow periods. A sucoessful calibration of
5Z boundary conditions and geological layvers” vertical discretization, saturated hy draulic
conductivities, drainage time constant and leakage coefficient play a vital role to
successfully quantify the SW and CW imteractions The above discussed differences
between simulated and monitored GW levels and SW discharges are d ue to a combination
of different sources of uncertainty: Structural (grid size, simplification of geology), Input
data (climate data) and Parameter uncertainty: (e.g. saturated hydraulic conductivity); see
also section 3.2 and 3.3.

443, Key problems associated with coupled hydmological and hydraulic
modelling

The advantages of a physical distributed model go along with requinng extensive
hydrological input data, high computing capabilities and long computational times and
thus increases the overall effort to successfully setup and calibrate the model. Input grid
discretization is a priori in MIKE SHE and has to be selected wisely regarding available
data, required accuracy and computational effort. Like other hydrological models such as
SWAT, MIKE 5HE can also simulate catchments size up to thousands of km?, but for
physical distributed models this increases the spatially distributed input data even morne
than models based on hydrological response units (HRU) do. Like semi distributed
models, MIKE SHE cannot represent sub-grid heterogeneity. In case of limited data
availability, satellite data can be very helpful for topography and land use estimation but
additional terrestrial data acquisition e.g. soil, climatic, aquifer data etc, needs o be
gathered. Lack of detailed river cross sections, variation of seasonal Manning's n,
drainage maps and leakage coefficient rates impacts the simulated dver flows. Limited
availability of GW boreholes and monitored GW levels to produce GW contour maps
makes it harder to delineate the GW divide and it is sometimes possible o have cross
boundary GW flows Calibration and validation efforts increase enormously in physically
distributed models with limited observed data, rsking to compensate structural model
errors with incorrect model parametrization. Sufficient amount of observed monitoring
data will help to provide ease in model setup and durng calibration process.

444, Transfer of methodology o other lowland catchments
Coupled model MIKE SHE and MIKE 11 model has demonstrated its potential to simulate
hydrological processes common within lowlands Extensive data requirements are
potential problems to apply coupled physically distributed models in other lowland
catchments. Some of the data used in this study is freely available in Germany such as
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some of the geo-data and climate data provided by DWD (German weather service)
platform and can be used for other lowlands in Germany. Manning's n values can be
obtained from literature and can be used in other similar cabchments. Soil properties were
obtained from local environmental protecton agency; literature values or field
investigations are required for sibes with different soil properties. In Europe high
resolution DEM model can be obtained from local environmental offices. Lack of detailed
river cross sections can be compensated with cross sections based on DEM. Hydraulic
structure dimensions can be roughly estimated with Google earth in case of missing
information. Calibration of 5W discharges and GW flows require monitoring data and
there is no other authentic alternative rather than field investigations in the study area.

445, EKey contdbutions
An integrated hydrological model coupled with a hydrodynamic model was developed
with intent to simulate the moderate climate lowland hydrology. In order to represent the
surface and subsurface hydrology at a large scale, simplifications and assumptions werne
made in order to represent the UZ and 5Z. Findings support the hypothesis that the
hydrological processes in lowlands are dominated by 5W and GW interactions. The key
contribution of this study includes:
« Development and calibration of a physically-based distributed coupled model to
describe the lowlands hydrology, as integrated hydmological-hydraulic modelling
has rarely been done in the north-eastemn region of Germany;
« Theability of physically-based coupled models to describe the lowland hy drology
is demonstrated;
« Simultaneous calibration of 5W and GW with a physically-based integrated
hydrological model proves the robustness and reliability of an integrated model.
« S5W and CW interaction during dry and wet hydrological years in lowlands can
be reliably modelled, which is important with regard to the expected and already
ongoing change of climatic conditions;
« S5W discharges and GW flows can be extrapolated at ungauged sites on a physical
basis;
« The method of coupled modelling, including the steps of model setup and
calibration can be transferred to other sites with comparable characteristics.
Land use management practices and their results on 5W and GW dynamics can be
quantified. Further addition of a nutrdent transport model is intended and will help to
study the SW and CGW quality under different land use scenaros
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5. Detailed Mass Balance Analysis

Based on the research article:

Waseem, M., Schilling, ]., Kachholz, F.,, & Trinckner, J. (2020). Improved Representation
of Flow and Water CQuality in a North-Eastern German Lowland Catchment by
Combining Low-Frequency Monitored Data with Hydrological Modelling,

https://doi.org/10.3300/su12124812

Abstract: Achievements of good chemical and ecological status of groundwater (GW) and
surface water (SW) bodies are currently challenged mainly due to poor identification and
quantification of pollution sources. A high spatio-temporal hydrological and water
quality monitoring of SW and GW bodies is the basis for a neliable assessment of water
quality in a cabchment However, high spatio-temporal hydrological and water quality
monitoring is expensive, laborious, and hard to accomplish. This study uses spatio-
tempaorally low resolved monitored water quality and river discharge data in combination
with integrated hydrological modelling to estimate the goveming pollution pathways
and identify potential transformation processes. A key task at the regarded lowland river
Augraben is (i) to understand the 5W and GW interactions by estimating representative
GW zones (GWZ) based on simulated CW flow directions and GW quality monitoring
stations, (if) to quantify GW flows to the Augraben River and its tributares, and (iii) to
simulate SW discharges at ungauged locations. Based on simulated GW flows and 5W
discharges, NOs-N, NOx-MN, NHeMN, and P loads are calculated from each defined 5W
tributary outlet (SWTO) and nespective GW Z by using low-frequency monitored SW and
GW quality data. The magnitudes of NOs-MN transformations and plant uptake rates are
accessed by estimating a NOs-N balance at the catchment outlet. Based on sensitivity
analysis results, Manning’s roughness, saturated hydraulic conductivity, and boundary
conditions are mainly used for calibrabion. The water balance results show that 60-65% of
total precipitation is lost via evapotranspiration (ET). A total of 85-95% of SW discharge
in Augraben River and its trbutaries is fed by GW via base flow. 5W NOsN loads are
mainly dependent on GW flows and GW quality. Estimated S5W MNOs-N loads at
SWTO _Ivenack and SWTO_Lindenberg show that these tributaries are heavily polluted
and confribute mainly to the total SW MNOsMN loads at Augraben River cabchment outlet
(SWO_CGehmbkow). SWTO_Hasseldorf contribubes least to the total 5W NOs-N loads. SW
quality of Augraben River catchment lies, on average, in the category of heavily polhated
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river with a maximum NO=N load of 650 kg/d in 2017, Estimated GW loads in
CWZ_Ivenack have contributed approximately 9% of the total GW loads and require
maximum water quality improvement efforts to reduce high NOs-N levels. By focusing
on the impacts of NO+=N reducion measures and best agricultural practices, further
studies can enhance the better agricultural and water quality management in the study
area,

Keywords: groundwater and surface water interactions; integrated hydrology; lowlands;
MIEKE SHE; MIKE 11; water management; Water quality

5.1 Introduction

Lowland catchments are characterized by a high groundwater (GW) table, low flow
velocity, flat topography, and a significant presence of organic soils [1-4]. In the past
centuries, different anthropogenic activities, such as dver regulations, enhanced
groundwater abstraction, and provision of artificial drainage to ensune better agricultural
activities, have caused an impact on ecology, water balance, and mutdent dynamics,
resulting in eutrophication and water quality deterioration [5,6]. Diffuse pollution from
agriculture has increased considerably over the past few decades due to human activities
related to the surplus use of both organic and synthetic fertilizers [7,8]. Over application
of nitrogen (M) fertilizers o the crops in thin soils with steeper ferrain causes significant
damages to the environmental ecosystem, especially during the wet seasons [9]. Surplus
nitrogen input s identified as a key contrbutor to the increased nutrient concentrations
in the surface, ground, and coastal waters [10].

In Europe, agricultural activities continue to affect the surface SW and GW quality in
terms of NOsN pollution [11-13]. The EU nitrate directive was introduced in 1991 to
identify and reduce the NOs-N pollution in water bodies (Directive 91/674EEC), and it
focuses on integrated management of water in fver catchments to acquire, improve, or
maintain a good chemical and ecological status. Despite enormous efforts, alarge ratio of
European GW and 5W bodies still do not comply with the “good chemical and ecological
status” according to the defined criteria of the European water framework directive (EU-
WFD). One reason is the still-poor identification, quantification, and management of
diffuse pollution sources. The EU-WFD demands to reach a good chemical and ecological
status of freshwater bodies by the year 2027, In the case of Germany, improvements are
required due to the possible surplus use of agricultural fertilizers. Germany is
econtinuously struggling with GW NOsN concentrations higher than 11.3 mg/L, a
threshold for a “good chemical and ecological status”™ of GW [14,15]. Due o deficiencies
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in implementing the ordinance of agrculture fertilizer application and surplus use of both
synthetic and organic fertilizers, a rse in NOs-N concentrations in comparison to the
reported NOs-N concentrations from 2004 to 2007 is observed [1617] In 2016, the
European court of justioe brought legal action against Germany due to deficiencies in
implementing the ordinance of agriculture fertilizer applications [7,18].

The whole situation stresses the more effective measures needed to understand and
reduce diffuse NOs-N emissions, transport, and transformation processes, especially for
lowlands with intensive agricultural activities. This demands high spatio-temporal
hydrological and water quality monitoring at a catchment and regional scale. Normally,
high-resolution monitoring data in most of the lowland catchments are not available to
reliably quantify and access the chemical and ecological status of water bodies and to
identify eritical areas and/for hidden point sources requiring the maximum measures o
reduce the SW and GW NO>N concentrations. A detailed water and mass balance
information is essential to develop and improve the management practices of water
resources, as SW and GW inferactions mainly control the NOs-N dynamics in lowland
rivers [19]. Physically based hydrological models can quantify the CW and S5W
interactons, and can simulate GW flow direcions and 5W discharges at ungauged
locations. Hydrological modelling results, in combination with low-frequency monitored
water quality data, can estimate the SW and GW NOs-N pollution loads at catchment and
sub-catchment scales. To select a suitable modelling tool to simulate Augraben cabchment
(a typical representative of north-eastern Germany lowland catchments), four different
process-based models, “SWAT” (soil and water assessment tool), “SWIM™ (soil and water
integrated model), “HS5PF" (hydrological simulation program—FORTEAN), and a
coupled “MIKE SHE and MIKE 11" model, are reviewed. These models are compared by
concentrating primarily on temperate-climate lowland catchments with intensive
agricultural land use. Appendix A shows the summary of reviewed models based on
simulated hydrological and hydraulic processes, goveming equations, input data
requirements, spatial and temporal discretization, and limitations [20-31]. The physically
based distributed coupled MIKE SHE and MIKE 11 model is selected in this study to
quantify the detailed water balance, simulation of surface flows at ungauged locations,
and interactions of GW and 5W at a desired level of complexity.

This study uses available low-frequency monitored flow and water quality data in
combination with integrated hydrological and hydraulic modelling to represent the SW
and GW hydrology and MNOsN loads in Augraben River catchment. The research
objectives of the present study include: (i) Detailed water balance estimation and
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quantification of GW and 5W interactions, (ii) application of simul ated SW discharges at
ungauged locations to calculate NOsN loads at each SW tributary outlet (SWTO), (i)
estimation of the saturated zone represented by each GW quality monitoring station and
quantification of GW contribution to the SW NOsN loads, (iv) identification of critical
ameas and sources mainly contributing to the water quality detedoration, and (v)
estimation of a nutrent balance at Augraben River catchment outlet to evaluate the
magnitude of NOs-N transformations and plant uptakes.
5.2 Material and Methods

521. Study Area

Augraben River is the largest tributary of the Tollense River in terms of discharge and
length. It is located in the lowlands of north-eastern Germany and is representative for
the typical lowland flood plains of Central Europe. The Augraben River has a total length
of 18 km up to the gauge station Gehmkow. The area of the Augraben River catchment
up o the gauge station Gehmkow is 90 km? In the study area, the precipitation normally
happens throughout the year in Augraben River catchment, with the most precipitation
during the 31 days centred around July. The least precipitation normally occurs around
February. On average, the temperature normally varies from -1 to 25 °C, and is rarely
below =8 °C or above 31 °C during the course of the year. The wet season lasts from May
to February, with more than 24% chance of a given day being a wet day. The dder season
lasts from February to May (hitps:weatherspark.com/ and hitps://dwd.de). Figure 5.1
(a) shows the average monthly temperature and precipitation in the study area during
2M7. The topography is very flat in the study area. The lowest points at the Augraben
River bed level vary between 40 (1/5) and 28 m (dfs) above NN (Reference Level).

The main tributaries of Augraben River include Lindenberg, Hasseldorf, and Au 1T
Kentzlin. Thoee wastewater treatment plants (WWTPs) are located within the Augraben
River cabchment: WWTP_Lindenburg, WWTP_Ivenack, and WWTP_Stavenhagen. The
treated wastewater is discharged into the Augraben River and its tributaries, and then
finally flows to the Tollense River. Table 5.1 characterizes the WWTF in terms of
populations equivalents (PE) calculated from their inflow loads of chemical oxygen
demand (COD), total nitrogen (W), and total phosphorus (P). Additionally, to the
domestic wastewater, WWTP_Stavenhagen handles the wastewater from a large potato
processing company and shows, therefore, a very high COD load. The nutrdent loads ane,
in comparison, much smaller. The is in the German size class 5, and has fulfilled emission
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standards of N-inorganic: 13 mg/L and P: 1 mg/L [32]. The rural WWTPs of Lindenberg
(activated sludge system) and venack (pond system) are treating less than 1000 PE.

The Augraben River is still considered heavily loaded with nutrents. In Augraben
River catchment, agricultural activities and concentrated animal feeding operations are
assumed to be contributing most to the diffuse GW NOsN pollution. For the
implementation of the Nitrates Directive, Germany has formulated a nationwide action
programme for the reduction of nitrate applications. Important elements of the Fertilizer
Ordinance include the application of permitbed amounts of fertilizer during the allowed
time periods with a minimum distance to be maintained from the SW bodies. The
Revision of the German Fertilizer Ordinance in 2007 specifies only an upper limit for
animal manure application, and a farm should, on average, apply less than 170 kg
nitrogen per hectare per annum [33].

Table 5.1 Population equivalent of all three wastewater treatment plants” (WWTPs")
inflow chemical ooy gen demand (COD), total nitrogen (N), and total phosphorus (F).

Standard WWTFP WWTP WWTP
Emissions Lindenberg Ivenack Stavenhagen
Kg/d-inhabitant kg/d FE kgfd PE kg/d PE
CoD 012 11.60 9672 | 7590 | 63252 | 1251022 | 1(4251.9
N 0.011 168674 | 15334 | 409 | 37186 | 654280 59480
P 0.0ms 019 10722 | 09951 | 5528 | 88304 | 4905818

Due to the increased MNOs-MN concentrations, the Augraben River cabchment is
characterized by high primary production of weeds in the vegetation perod and the
formation of organic sediments. Land use in Augraben River catchment is mainly
agricultural. The geology is very heterogeneous and consists mainly of glacial deposits of
fluvial sand and glacial till. Due to extreme geological heterogeneity, alarge and diverse
system of unconfined and confined aquifers with dissimilar flow directions and residence
times exists in the lowlands located in north-eastern Germany . The land-use classification
in Augraben catchment, shown in Figure 5.1 (b), consists of 2% setlements, 2.22% water,
75% arable and grassland, 18% forest area, and 3% miscellaneous. The study area is highly
regulated for improved agricultural activities
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Figure 5.1 (a) Average daily precipitation and temperature in the study area in 2017. (b)
Land use in Augraben River catchment. Land-use, rivers, and lakes data are provided by
“Landesamt fiir Umwelt, Naturschutz und Geologie Mecklenburg Vorpommern (LUNG-
MV)" ©.
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522  DataCollection
5221, Climate data
Climate data were collected as accumulated daily rainfall at three cimate monitoring
stations named Demmin, Gross-Luckow, and Trollenhagen. Demmin is located within
the catchment, while Gross-Luckow and Trollenhagen are located nearby but outside the
study area. The representative area of each climate station was calculated by the Thiessen
Polygon method of interpolation, as shown in Figure 5.2 The Penman-Monteith method
was used to calculate the potential evapotranspiration in the study.

5 Kilometers
S T - -

{a)

Figure 5.2 Representative catchment area of each climate monitoring station estimated by
the Thiessen Poly gon interpolation method .

5222 Land-use
Land use is based on Rapid Eye Archive images (hitpe/(pesa blackbridee com) Tand-use
classification was performed to classify the land wse into arable land, forest, grassland,
wetland, lakes, and settlement areas. Average root depths (RD) for different land -use
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classifications during the winter and summer season are shown in Table 52. Leaf anea
index (LAT) in monthly resolution is presented in Figure 5.3. RD and LAT were collected
from the project KOGGE (www.kogge auf.uni-rostock de) conducted in a nearby
catchment by University of Rostock.

Table 52 Average root depths (RDY) for different land-use classes during winter and
summer season in Augraben River catchment [34].

Average Root Average Root
Land-use Depth in Winter | Depth in Summer
{mm) {mm)
Arable land 00 600
Wetlands 300 300
Grassland 100 300
Forest 800 800
Settlements 600 600
Water surfaces o o

7 B Arable land WG mssland Wetlands Forest B Water surfaces [l Settlements

L3

g “l“l “h”“l"
o MLk 111

FHEF PSS S

Figure 5.3 Leaf area index (LAT) average monthly variation in Augraben River catchment
[34].

Leaf area index
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5223, Surface water discharge data
5W flow data at discharge monitoring station Gehmkow were collected from the local
environmental protection department (StALU-MS) in average daily resolution for a
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period ranging from 2010 to 2018, Surface flow monitoring station Gehmbkow is regarded
as Augraben River cabchment’s outlet and it summarizes all of the upstream monitoring.
Mo surface flow data wene available at other independent tributares (Lindenberg,
Hasseldorf, and Ivenack) contributing to the Augraben River. Figure 5.4 describes the
location of the discharge monitoring station and the main tributaries and their outlets in
the Augraben River catchment. The collected observed flow data were used later for flow
calibration in hydrological modelling,
5224, Water quality and WWTP effluent data

The locations of available GW and 5W quality monitoring stations in the Augraben River
catchment are shown in Figure 4 GW quality data were only available for the GW
monitoring stations (GWMSs) named CGWMS_Torpin and GWMS_Geneveow, and werne
obtined from StALU-MS in yearly resolution. For this sudy, additional GW samples
were collected at three selected GW monitoring  stations (GWMS) named
CWMS_Lindenberg, CWMS_Hasseldorf, and GWMS_Ivenack at monthly resolution
from Jaruary 2017 to December 217, These water samples were analysed for MNOs-M,
NN, and NHsMN concentrations. To monitor the GW level, five boreholes were
installed at GWMS5_Geneveow, GWMS_Lindenberg, CWMS_Ivenack, GWMS_Tirpin,
and CWMS5_Hasseldorf. The CW data loggers provided data with hourly resolution
starting from MNovember 2016 to April 2008. Monitored CW levels wene used for
calibration and validation of the coupled hydrological and hydrodynamic model.

SW monitoring was performed by StALUMS for NOs-N, NO:-N, NH«N, and P
concentrations at the green marked outflows of sub-cabchments. The data ane available at
monthly resolution, but without the according flow data. Effluent flow volume and NOs-
M and total P concentrations from three WWTPs (WWTP_Ivenack, WWTP, Stavenhagen,
and WWTP_Lindenberg) located in the study area were obtained also from StALU-MS.
S5W quality classification was performed by wsing the German surface water ordinance
[36]. The surface water ordinance specifies water quality classes from I (unpolluted) o TV
(excessively contaminated).
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Figure 5.4 . Location of WWTPs, surface water flow directions (yellow arrows), surface
discharge, groundwater quality, and surface water quality monitoring stations in
Augraben River catchment © LUNG-MV.

5.23. MIKE SHE Process-Based Modelling and Mass Balance Framework

As discussed above, MIKE SHE was chosen because of its ability to model GW and
SW interactions and dynamics within a catchment in a physical and reliable way [3637).
The modelling framework describing hydrological processes at the desired level of
complexity and spatio-temporal variability used in this study is explained in Figure 5.5.
The digital elevation model (DEM) is used as a data development function to define the
catchment boundary and stream network. Spatial disaggregation in MIKE SHE is
represented by square grids, and the catchment is distributed into grids of equal size.
Each square grid is considered homogeneous. Grid-based formulation of MIKE SHE is
compatible with grid-based satellite and weather radar data. The soil column is sectioned
into three layers: (i) Surface layer, (i) soil layer, and (iii) groundwater layer in the MIKE
SHE model to simulate GW and SW interactions and flows. The MIKE SHE process-based
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modelling framework includes spatial lumping approaches on catthment and sub-
catchment levels. Finally, a hydrodynamic model 11 is coupled with the integrated
hydrological model MIKE SHE. MIKE 11 can simulate hydraulic structures. The model
framework was also chosen to facillitate the later incorporation of transformation
processes using Ecolab. Based on the resulting detailed water balance and simulated SW
discharges, SW and GW dynamics and SW and GW NOs-N loads are estimated [38-40].

Evapolranspiration
* Ensiencen s Fereen

Dhvedand Flow Channel Flow (MIKE 11)
= Twa dimersional fmite difference - Difhasive wave ‘ . Iy Saimt-Vewent Equations

* Diffusive wave ap prosimation

{ :

I Unsaturated Zone Flosr hfass Bal E
*  Two-layer water balance svethod

= Surfaoe water KOs leads

t P Groasdwanes NOs-N loads
l Corounddwater Floaw ‘ l

¥ Thaes diesoedonal Fiedte Dhifenenos method

Figure 5.5 . Schematic of the modelling framework used in this study.

The hydrological eycle in MIKE SHE is described by a water movement module
(WMIM). The WMM of MIKE SHE includes preci pitation/interception, evapotranspiration
(ET), overand (OL) flow, unsaturated zones (UZ), saturated zones (5Z), and exchange
between GW and SW. The ET in MIKE SHE is estimated by using the Kristensen-Jensen
method. The flow in UZs is modelled by using a two-layer water balance method. 5Z
flows in MIKE SHE are simulated by using 3D Boussinesq equation. Sim plified diffusive
wave approximation of the Saint-Venant equation is used to simulate the river
hydrodynamics. The coordinate system “ETRS 1989 _UTM_Zome 33N_Sstellen”, in
metric units, is used in this study. Based on the computational time and resulting model
performance, the catchment area is divided into 50 = 50 m grids. The topography in the
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study area is represented by a digital elevation model (DEM) at 5 m resolution and was
provided by StALU-MS. Zero-flux and GW inflow and outflow gradients ane used as
aquifer boundary conditions (BC), as shown in Figure 56 (a). Catchment boundaries
whene lateral flows werelikely o be negligible based on GW contours are defined as sero-
flux BC. However, catchment boundaries where GW lateral inflow and outflow were
expected are defined as positive and negative GW gradient BC. The geology is based on
borehole log data and is mainly represented by three geological layers in the 5Z of
Augraben River catchment. The borehole log data from the available 23 boreholes in the
study area were used to define the aquifer depth. The dver network containing the
Augraben River and its tributaries is defined in MIKE 11, as shown in Figure 5.6 (b). The
coupling of MIKE SHE and MIKE 11 was done dynamically by considering the exchange
of data between rver links in MIKE 11 to the adjacent MIKE SHE grids after every
computational time step [41].
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Figure 5.6 (a) Boundary conditions used in the saturated zone, where black line is mero
flux boundary condition, the green line is inflow groundwater gradient boundary
condition, and the red line is outflow groundwater gradient boundary condition; (b)
Augraben River and its tributaries simulated in this study.

5.3 Resulis
531. Coupled Hydrological and Hydraulic Model Calibration and
Validation

The most sensitive parameters for the Augraben River catchment were assessed by
sensitivity analysis. Sensitivity analyses were perfformed by adjusting one parameter
value at a time, while keeping others constant in a particular simulation; the magnitude
of impact on the simulated results was evaluated for every single parameter value
adjustment/fchange. The mesulting most sensitive parameters include inital potential
heads, BCs, and saturated hydraulic conductivity. Hourly monitored GW levels
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(Movember 2016-Aprl 2018) at CWMS_Genevzow, GWMS5 Lindenberg, and
GCWMS_Ivenack were used for the calibration of simulated GW levels. GW levels at
GWMS_Tarpin and GWMS_Hasseldorf from Jarumary 2011 to December 2015 wene used
for model validation. After model calibration and validation, the coupled MIKE SHE and
MIEE 11 model was used for generating discharges at ungauged locations. Table 5.3
describes the calibration parameters, initial and calibration value ranges, selected
calibrated values, and statistical perfformance of GW and 5W calibration and validation.
Simulated and observed GW levels and 5W discharges are shown in Figure 5.7 (a), (b),
respectively. Coupled hydrological and hydraulic model performance was evaluated by
using mean absolute error (MAE), Nash-Sutcliffe efficiency (NSE), correlation coefficient
(E), and standard deviation residuals (STDres).

Table 5.3 Calibration parameters, their ranges, final values, and statistical perfformance
of the coupled model.

Calibration Process
Calibrated
Selected Parameters Initial Input Value Input Range Vakee
Al =10+ 1 = 10701 = 10w 1 =10+
Hydraulic
conductivity [m/s] B:1 = 10# 1 = 10701 = 10w 1 =107
C:1 = 10710 1 = 10791 = 10" 1=10"
A 025 1 = 10701 = 10w 0.266
Specific yield B: 0.2 1 = 10791 = 10" 0.20
01 1 = 10701 = 10w 0.108
Boundary condition
Groundwater inflow | +ve gradients: 0.0015 0.008—0.009 00036
and outflow —ve gradients: 0.004 0.008—0.009 =004
gradients
& roughness Matural chanmel: 10 1028 15
coefficient Weirs or concrete 80-100 85
surfaces: 80
Statistical performance of groundwater calibration
Monitoring Station MAE (m) NSE | R (Correlation) STDres
GWMS_Genevzow 1.467 0.60 0845 0.352
GWMS_Ivenack 1.1 0.63 0749 0131
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GWMS_Lindenberg | 0.478 [ 061 | 0786 0351
Statistical performance of groundwater validation
GWMS_Hasseldorf 1.09 0.65 0.7403 024
GWMS_Térpin 1.500 0.67 D646 0.411
Statistical performance of fiver flow calibration
Monitoring Station | MAE (m%s) | NSE | R (Correlation) STDres
SWO_Gehmkow 04514 0.31 0.7797 05299

MAE = “mean absolute error in meter”; NSE = “Mash-Sutcliffe efficiency”; R =
“Correlation”™; STD = “Standard deviation resid uals™
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Figure 5.7 Observed and Simulated groundwater levels (a), and observed and simulated
surface water discharges (b} in the study area.

The simulated results show that GWlevels are high during the winter and low during
the summer season due to respective low and high ET rates. In the current study, the
coupled MIKE SHE and MIKE 11 model underestimated the GW levels during high
recharge periods. However, model performance was not equally comparable at all
monitoring locations, but showed a strong spatio-temporal relationship between
simulated GW levels and observed climatic data (precipitation, ET). First, we compare the
flow with the only available monitoring station in Gehmkow. Here, the volume balance
is met well, while the dynamics are underestimated during high flows and overestimated
durng low flows with an R* (Nash Sutcliff) of <0.873687. This possibly happens due to the
provision of artificially constructed drainage in MIKE SHE based on the lowest DEM
points. The constructed drainage does not fully reflect the installed drainage in the
Augraben River catchment; Figure 1 shows the branched drainage system used in this
study. Drainage becomes ineffective when the GW levels fall below the provided artificial
drainage levels in MIKE SHE, resulting in smaller GW contribution to the Augraben River
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and its tributaries. Afterwards, the calibrated model was applied to calculate flows at the
ungauged locations.
532, Water Balance Estimation

A detailed yearly water balance was performed for the Augraben River catchment for
2010-2018. Each hydrological year was considered from 1 October to 305eptember of the
upcoming year based on local conditions. In this study, the hydrological model gets its
total water input via precipitation and 52 GW inflow. The total water budget was further
divided into ET, surface runoff, change in UZ and 5Z storage, and GW and 5W
interactions. Water balance error was estimated based on total inflows (precipitation,
surface and subsurface GW inflow), outflows (ET, overland flow, surface and subsurface
GW outflow, GW and 5W interactions), and change in UZ and 5Z storage. The water
balance error of 2% during the calibration period shows the suitable model performance
during the simulation period of 2000-2018. Detailed water balance results show that ET
loss represents an approximate average of 60-65% of the total precipitation in the study
anza. The GW contribution to the Augraben River and its fributaries as a base flow and
the 5W contribution to the GW as infiltration and percolation show the exchange of flows
between MIKE SHE and MIKE 11. 5W discharge is mainly fed by GW. The GW
contribution o total SW discharges accounts for up to 85-95%. The water balance results
show a small decrease in 52 storage over the period of the last eight hydrological years.
Table 54 shows the detailed water balance for the Augraben River catchment; all values
ane in millimetres (mm). Positive and negative storage change represents the ascending
and descending change in water stored in 52 and UZ.

Table 5.4 Water balance for Augraben cabchment (90 km?) during hydrological vear
2010-2018, all values are in millimeters (mm).

Water balance a0 11 M2 M3 2014 2015 2016 2017 2010

components - - - - - - - - -
{mm ) 2011 2012 203 2004 2015 2016 2017 2018 2018

Precipitation 84 511 57 573 59 52 TeT 447 4814

Evapotranspiratio
n

473 Fe #5 45 4 367 482 316 35324

Canopy storage
change

=]
=]
=]
=]
=]
=]
=]
=]
=]
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Overland flow to
59 38 k1) 26 35 34 37 44 311

the rver
Snow storage
1] 1] 1] 1] 1] 1] 1] 1] 1]
change
Owverland storage
8 -2 -4 2 1 1] [ -7 5
change
UZ storage
24 20 - [ 1 -6 29 -44 42
change
5Z storage change 22 146 80 -9%5 -1 -50 39 -53 388
SZdraintorver 123 a0 = a2 68 66 68 79 638
Infil tration 373 138 182 1M 213 180 264 204 1681
Exfiltration 88 61 58 2 54 53 52 68 477
UZboundary
1] 1] 1] 1] 1] 1] 1] 1] 1]
inflow
UZboundary
3 1 1 1 1 1 2 2 13
outflow
57 boundary
61 55 a0 4 43 42 38 43 377
inflow
57 boundary
187 175 1% 15 152 143 152 1330
outflow

533, Surface Water and Groundwater Cuality

Observed 5SW and GW quality data in Augraben River catchment wene partially
measured (at officially exdsting monitoring locations) and partially obtained from the local
environmental protection department in Augraben River cabchment. Observed 5W and
GW MOs-N concentrations were distributed into pollution classes according to the federal
surface water ordinance [35] and the World Health Organization’s (WHO) [15] guidelines
for NOs-N in GW, mespectively. In terms of SW quality, 35.41% of the collected 5W
samples showed NOsN concentrations belonging to the category of very heavily
contaminated rivers A total of 43.75% of the SW samples fell under the category of
heavily contaminated and 625% moderately contaminated. None of the SW samples
showed concentrations belonging to the category of lightly or non-polluted rivers.
Observed NOsN concentrations and their respective pollution categories are shown in
Figure 5.8. Classification at the tributary scale shows that measured NOsN
concentrations at the tributary outlets named SWTO_Lindenberg and SWTO_Ivenack
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come under the water quality class of very heavily polluted, as the measured NO-N
concentrations are clearly elevated, and concentration is reduced only in months from
June to September, but stll lies in the category of heavily polluted rvers. For
approximately similar land-use conditions in the study area, low SW NO-N
concentrations  were  observed at SWTO_Hasseldorf. This shows that the
SWTO_Lindenberg and SWTO_Ivenack water quality monitoring stations were possibly
influenced by the point sources contributing to SW pollution. The observed SW NHe-N
concentrations also lie in the category of very highly contaminated rivers. In terms of GW
NOs-N concentrations, 30% of the GW samples collected in the study area in 2017 showed
higher concentrations then the threshold limit defined by the WHO for GW. CW quality
classification shows that the GW zone (GWZ) Ivenack NOs-N concentrations throughout
the year are higher than the threshold value of 113 mg/L defined by the WHO. However,
GWZ_Lindenberg and GWZ_Hasseldorf show lower NOs-N concentrations.
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Figure 58 Classification of Augraben River and its tributaries surface water (a) and

groundwater quality (b) based on oberflichengewisser verordmang [35].

ET follows the intensity of incoming solar radiation and the resulting number of
surshine hours during the course of the year. Low ET in combination with moderate
precipitation during the winter and spring seasons results in higher discharges. Fertilizer
is applied primarily in spring and (to a lower extent) in early autumn, and plant nitrogen
uptake follows the pattem of ET in the study area. Total monthly NOs-N loads at
SWO_Gehmkow follow the seasonal pattern of the total monthly runoff volume. GW
quality monitoring is influenced by various factors. Observed NOs-N concentrations at a
particular GWMS do not wholly represent the water quality status of a GWZ. The
reliability of GW monitoring is influenced by the selection and location of the boreholes
[42.43]). In the study area, qualitative monitoring was performed at two hydrological
boreholes bi-yearly and at three boreholes monthly. MIKE SHE coupled with a
hydrodynamic model MIKE 11 simulated the GW levels and flow directions in the study
amea. In order to quantify the representative area of the saturated zome under each
monitored borehole, the calibrated GW model MIKE SHE coupled with a hydrodynamic
model MIKE 11 was applied to estimate GW flow directions. The comstructed GW
contours explain that the GW flow direction is towards the Augraben River and its
tributaries throughout the catchment, and that underlines that GW largel y contributes to
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the surface discharges. However, GWZ_Ivenack is special, as GW contributes to the
tributary and also passes undemeath the river towards lower GW elevations. The GW
table, in general, follows the topography of the catchment; however, in some areas, it
differs from the topography. Water in the saturated mone flows due to differences in the
energy stabe of the water, described by the term hydraulic head. The GW flow is
determined by the gradient in the hydraulic head and the hydraulic conductivity, which
is an empircal constant describing the ability of geological media to transmit water. Based
on GW flow directions and available GW monitoring stations in the study area, the
representative area was estimated according to each available GW quality monitoring
station. The Augraben River catchment is divided into three GWZs (GWZ_Lindenberg,
GWZ_Hasseldorf, and GWZ_Ivenack), as shown in Figure 59. The boreholes named
CWMS_Genevzow and GWMS_Lindenberg are located in GWZ_Lindenberg, boreholes
CWMS_Tirpin  and GCWMS_Hasseldof are located in GWZ_Hasseldorf, and
GWMS_Ivenack is located in the GWZ_Ivenack. GW flow paths vary greatly in length
and depth depending on where the GW recharges and the travel time within a catchment.
In highly polluted areas, it is necessary to conduct reliable monitoring of GW, as better
GW quality assessment will help in counteracting the negative effects of pollution [44-
47].

137



&

L Kilometers
B 16
Figure 5.9 Based on simulated groundwater contours and flow directions defined sub-

catchments possibly represented by each available groundwater quality moniboring
station; GWZ_Lindenberg (red), GWZ_Hasseldorf (blue), and GWZ_Ivenack (yellow).

5.34. Nutrent Balance at Catchment Outlet

The uncertainties in average concentration and load estimations can be reduced by
increasing the sampling frequency. However, the 5W and GW sampling sample
transport, and laboratory procedures are expensive and laborious. A favourable approach
is the load estimation from available observed low-frequency concentration data. The
explanatory strength of commonly available contimuous measurements, such as
precipitation, discharge, and CW levels at limited locations, in combination with
hydrological modelling can acoess water quality vardation at ungauged locations. Most of
the commonly available hydrological measurements (precipitation, temperature, wind
speed, ete) are relatively inexpensive and often available near SW and GW quality
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monitoring locations to facilitate the quantitative management of water. First, simulated
5W discharges obtained from the coupled MIKE 5HE and MIKE 11 model wene used to
estimate the SW NOsN, NO=-N, NHe-N, and total P loads at SWTO_Lindenberg,
SWTO_Hasseldorf, SWTO_Ivenack, and SWO_Gehmkow. WWTPs and their effluent
N N and total P loads wene added to estimate the NOs>N balance and NOsN
transformations at the Augraben River outlet. Secondly, simulated GW flows for each
respective GWZ were used to calculate the GW MNOsN loads in all three CW Zs, named
as GWZ_Lindenberg (red), GWZ_Hasseldorf (blue), and GWZ_Ivenack (yellow). k is
estimated that GWZ_Lindenberg and CWZ_Hasseldorf contribute the least to the GW
MNOAN loads, while GWZ_Ivenack, based on measured concentrations and GW volumes,
contributes a maximum of up to 9%6% in terms of GW NOs-N loads. The possible causes
behind the higher observed GW NOs-N concentrations at GWZ_Ivenack in comparison
to GW MNOs-N concentrations at GWZ_Lindenberg and CWZ_Hasseldorf include (1)
infiltration from two nearby WWTPs, whene WWTP_ stavenhagen is a large-scale WWTF,
and effluent MOs-N load discharged into the tributary Ivenack can infiltrate into the GW.
As NOs-N loads are detectable at SWTO_Ivenack, that is why WWTP NOs-N loads are
not specified separately in Figure 510 (a) Total effluent NOsN loads from
WWTP_Stavenhagen account for 47.84 kg/d. Direct GW infiltration is negligible or zem,
as WWTP_Stavenhagen does not allow GW infiltration due to its construction and
operational design. WWTP_Ivenackis a pond-ty pe WWTFP and can possibly influence the
GW quality due to infiltration. However, its small-scale operational capacity also limits
its possible contribution to GW quality. Stormwater runoff from biogas plants and other
agricultural facilities was identified in other studies as a potentially relevant pollution
source [48]. As the land use type is nearly the same in the Augraben River catchment,
higher GW concentration could also point to a different fertilizer usage behaviour in
different ancas of the catchment. A high spatio-temporal monitoring is necessary o
evaluate the GW and 5W quality variation at a smaller scale, but it is evident from the
estimated CW loads that the highest CW loads occur in June, July, August, and
September.

The nutrient balance of the estimated SW loads at the Augraben River outlet is shown
in Fgure 10a. It reveals that, especially in summer, the total NOsN loads at
SWO_Gehmkow are lower than the sum of the calculated SWTO_Lindenberg
SWTO _Hasseldorf, SWTO _Ivenack, and WWTP effluent loads. Here, an inverse
relationshi p between NOs N loads and observed water temperature is visible. The higher
reduction in 5W NOs N loads at the outlet during the summer months indicates
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significant transformation either by denitrification or by increased plant growth, In winter
or during times with low water temperatures, the biological processes are reduced to a
very low level while base flow increases, resulting in higher nitrate loads. The difference
between total SW loads at SWO _Gehmkow and the summed loads from
SWTO_Lindenberg, SWTO Hasseldorf, SWTO_Ivenack, and WWTP gives the
magnitude of the transformation and plant uptake, on average, of up to 50% of total loads
at SWO_Gehmkow during the months of June, July, August, and September. The loads of
MNOe-N, NHsMN, and total P are shown in Figure 5.10 (b). In general, SWO_Gehmkow’'s
water quality status lies in the strongly polluted river category.

The main findings of nutrient balance at SWO_Gehmbow include (1) estimation of SW
and GW loads from each S5WTO and representative GWZ; (2) estimation of NOsN
transformation and plant uptake rabe; (3) critical 5W and GWZ identifications requiring
maximum measures to reduce NOs N loads; (4) explanation of possible NOs-N hotspots
influencing the water quality. It is recommended that the locations of water quality
monitoring stations should be reconsidered based on tributaries with heavy pollution and
GW flow directions to accurately point out the hotspots. This study highlights the need
for further necessary measures o achieve the EU-WFD goals and demands a stronger
process-oriented monitoring. A valuable improvement would already be flow
measurement in parallel with grab sampling.
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Figure 510 (a) Surface water tributary outlet (SWTO), WWTF, and groundwater sone
(GWE) NOs+N loads in the Augraben River catchment and their relation with water
temperature; (b) calculated MNOe-M, NHeM, and total P loads at the Augraben River outlet.

5.4 Discussion
The bi-directional coupled hydrologic (MIKE SHE) and hydraulic (MIKE 11) model
was applied to the Augraben River catchment, a tributary of the Tollense River. The
Augraben River catchment represents common features of the European lowland
catchments, such as shallow GW tables, GW and SW interactions, control structures,
provision of artificial drainage, perodic imundation, efc. Due to these features, the
modelling approach explained in the current study has a huge potental to
simulate/predict the lowland response b anthropogenic aclvities and expected changing
climatic conditions and o provide guidelines for better comservation and management
practices of susceptible catchments.
541, Method Strengths
54.11. Water Balance
Water balance estimation in a rver catchment predicts the detailed SW and GW
interactons. A detailed water balance explains the main water loss components and will
help in developing watershed management practices and better informed policy
decisions [49,50]. In this study, the calibrated coupled MIKE SHE and MIKE 11 model has
predicted the water balance with an error of less than 2%. ET is a main water loss
component. Surface discharges are mainly fed by CW, and GW flow is a dominant
pathway in the Augraben River catchment Higher GW contributions to 5W discharges
in lowland Augraben River catchment are following the hydrological studies conducted
in lowland catchments in north-eastern Germany [1,51-53]. Overland flow or direct
rnunoff is very low in comparison to other water balance components. Lowland
catchments are characterized with low direct runoff flows in contrast to mountainous
catchments, where direct 5W runoff is a dominant pathway [54,55]. The resulting GW
contribution to surface GW and 5W interactions mainly controls the pollutant (NOs-N)
dynamics and influences the SW and GW quality [56,57].
5412, Simulated Surface Flow at Ungauged Locations and Groundwater
Levels
The lack of 5W discharge monitoring stations in small or remote catchments is a hurdle
in defining the catchment management measures [58,59]). In the Augraben River
catchment located in north-eastern Germany, discharge data were only available at the
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catchment outlet. Mo measured discharges weme available at the Augraben River's
tributaries. In the current study, the GW levels and surface discharges were successfully
generated by the integrated coupled hydrological and hy draulic model (MIKE SHE and
MIEKE 11). The simulated discharge at Gehmkow shows good agreement between
simulated and observed discharge with an R (correlation) of 0.7797 and RMSE of 0,579,
The performance of the calibrated model is not the same at all locations due to the defined
simplifications during the modelling procedure.
5413, Mass Balance and NOsN Transformation Rates
The MO+=MN pollution of 5W and CW is a major environmental problem, especially in
lowlands with intensive agriculture and related farm activities. Achievement of
envirommental sustainability requires the detailed assessment of spatial and temporal
variation of water quality at the catchment and regional scale. River mass balance
methods using observed or simulated flows and pollutant concentrabions can be helpful
in describing the magnitude and extent of existing pollutant loads along a rver [60,61].
Based on coupled hydrological and hydraulic model results, we have successfully
estimated the NOs-M loads at the cabchment and sub-catchment scale by combining low-
frequency monitoring data with hydrological modelling. GW levels were available at only
two monitoring stabions. In terms of water quality assessment and its variations at a
catchment scale, limited monitoring data wene available. This enhances both the
explanatory strength of generally available and inexpensive quantitative hydrological
data and the (so far, only) qualitative status information from grab sampling [62]. The
responses of NOs-N and P concentrations can be plausibly linked to the hydrological
dynamics of SW and CGW, triggered by the meteorological input. Combining these data
with measured emission data of WWTF, a trustworthy source apportonment between
diffuse and known point sources is feasible. In summertime, the measured load is lower
than the predicted sum. The difference can be a rough estimate of MOsN transformations
and plant uptake rates. The results of this study demonstrate, in line with similar studies
[63,64] that using the explanatory stremgth of quantitative hydrological data can
sigmificantly im prove load estimates.
542 Method Weakness

Short-term dynamics of SW quality variations are not captured by common low-
frequency grab sampling. The low-frequency monitoring provides an overview of the
average concentrations of chemical species and suggests some general processes that may
explain the observed data. The added wvalue of high<#frequency monitoring is the
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possibility of capturing diurnal cycles and transient events that help relate the causes and
effects of human activities and storms. High-frequency monitoring can go much further
in the interpretation of the data and can more precisely uncover and/or confirm rapid
processes at work in the sysbem [65-67). The method can reliably estimate the contribution
of diffuse sources. To explain loads from point sources, additional data are needed. Here,
only the data of WWTF emissions could be included. Polluted storm water runoff could
be an additional mutdent input, which was not addressed so far,

From the qualitative perspective, the method is purely data-driven. It could be
considened to expand the hydrological model by additional transformation processes.
This was out of the scope of this study, aiming at an improved interpretation of available
monitoring data. However, with regard to designing mitigation measunes, an expanded
process model would be worthwhile.

5.43. Transfer of Methodology to Other Lowland Catchments

The method of the applied coupled hydmological model in combination with low-
frequency monitored data can be transferned at the desired rate of complexdty to similar
lowland catchments. According to our assessment, the chosen model setup was best
suibed to simulate the typical characteristics of lowland catchments, such as (i) artificial
drainage to support better agriculture activities, (i) backwater effect due to smaller
slopes, (iil) complex SW and GW interactions, and (iv) river flows. The subsequent mass
balance and source apportionment are valuable to priortize and allocate measures to
reduce nutrent emissions.

However, the method is not delimited to the model framework chosen here. Under
different boundary conditions, other models could be equally or even more advisable
Four different process-based models—"soil and water assessment tool™ (SWAT), “soil
and water integrated model” (SWIM), “hydrological simulation program —FORTEAN"
(H5FPF), and a coupled “MIKE SHE and MIKE 11" model —wene compared in this study.
The DHI's combined tools and SWAT were more suitable for simulating the desired
hydrological processes, but in the case of dver hydraulics, the integrated coupling
between MIKE SHE and MIKE 11 is a plus. In the case of SWAT, it needs to be coupled
with another tool to model the hydraulics in the Augraben River, as SWAT does not
simulate the backwater effects and operation of control structures (weirs, gates, ebc).
However, both the SWAT and DHI tools are more data-demanding in comparison to
SWIM and HSPF. HSPF, in tum, already contains tools to model nitrogen transformation
and transport processes along the hydrological system, which is helpful for designing
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mitigation measunes. Most of the input data and governing equations in the case of SWIM
and SWAT are similar. SWIM does not simulate water bodies (ponds and lakes),
wetlands, and drainage systems.
544, Usefulness of Model Predictions and Future Applications

The analysis of the model’s predictons/future forecasts and deficiencies related to
model structure and availability of data offers better understanding of the processes
(water and nutrient) at different temporal (monthly and anmual) and spatial scales
(catchment, sub-catchment, river). In the Augraben River catchment, critical areas were
identified where in-depth add ional investigations are required. In particular, the specific
emissions in the Ivenack sub-catchment were noticeably higher than in the other sub-
catchments. Accordingly, monitoring and systems analysis should be strengthened here
to support better catchment management practoes/activities. As expected, higher NOs-N
lnads oocur outside the vegetation perod during autumn and winter. Estimated NOs-N
loads are heavily influenced by temperature. The differences between forecasted and
measured nitrate loads in SW can be interpreted ftransformed/removed; loads ane very
low during the winter and autumn seasons due to thelower temperatunes. Environmental
conditions during the summer and spring seasons favour higher plant uptake and
increased microbial activities.

545, KeyParameters to Reduce Nitrogen Inputs

The study was performed in the phase when the new fertilizer regulation came into
effect The observed state stll represents the conditions before the stronger regulations. It
can be assumed that the reduced tolerated nitrogen surplus will, in the longer term, be
viable in reduced nitrogen concentrations at the GW, and will accordingly reduce loads
to the SW. The increased specific loads from the Ivenack catchment may not only be due
to farming activities. For several years, polluted storm water runoff from sealed areas on
animal farms and biogas plants has been suspected to be an important nutrent point
source. In addition, the view should be open to so far unidentified polluters. Regular
water quality monitoring and sampling frequency at a higher resolution will help in
reliable and precise assessment of the status of surface and groundwater bodies.

5.5 Conclusion

The NOs-N pollution of SW and GW is a major environmental problem, especially in
lowlands with intensive agriculture and related farm activities. Achievement of
environmental sustainability requires the detailed assessment of spatial and temporal
variation of water quality at the catchment and regional scale. The required high-
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resolution spatial and temporal monitoring for profound assessment is often in contrast
the existing data. This study, conducted in a north-eastern German lowland cabchment,
aims at improving the expressiveness of inconsistent monitoring data by combining it
with a coupled hydrologic model. The main conclusions are:

# By combining a coupled SW/GW model with spatially and emporally scarce grab
samples, the dominant nutdent entry pathways can be roughly allocated and
quantified.

»  Process-based hydrological modelling can help in defining SW and GW quality
monitoring locations and schedules.

¢ The modelling approach can be transferred to similar lowlands, and a calibrated
coupled model can be used to identify the prorty areas to reduce nutrient pollution.
Differences between accumulated loads and measured total loads can be used as
rough estimates for instream transformation processes.

The 5W quality in the investigated Augraben River sysbem varies — applying national and

international assessment schemes— between moderately to very heavily polluted. Total

load reached a maximum NOs-N load of 650 kg/d in 2017, In the summer season, GW
loads’ contribution is higher in comparison to the total load at the catchment outlet

However, in winter, a higher SW load is calculated with a small increase in GW load.

MNOsN loads from point sources, such as WWTF, carmot be neglected. In this study,

estimated CW loads in CWZ_Ivenack contributed the most to the total GW loads

WWTP_Stavenhagen, on average, contributes 25% of the total MNOsN load at

SWTO Ivenack. Ancas with higher NOs»N loads (CWZ_Ivenack in this study) require

maximum water quality improvement efforts to reduce high NOs-N levels.
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6. Discussion

Water is essential for humans and as well as for human activities such as drinking,
agriculture and energy production. Quality of aquatic life is heavily dependent on the
ambient water quality in our rivers, lakes and oceans. Unfortunatel y, human activities are
causing different threats to our water bodies through improper land use practices
livestock activities, usage of herbicides and pesticides in agriculture ete. [1].
Eutrophication is relativel y the most common and most, challenging environmental issue.
It is caused by an excessive amount of phosphorus and nitrogen in water. Nutrents are
emential for all living organisms, animals and plants to grow. Problem is initiated when
too much nitrogen and phosphorus emits into the environment wsually from human
activities. The primary causes of nutrent pollution are fertilizer runoff from agricultural
fields, animal waste e.g. retum flow from livestock activities and agricultural lands [2].
High rutrient levels will result in higher growth of algae, as consequence algae will
consume excessive amount of oxygen, that is necessary for fish and other aguatic
organisms to survive. Excessive algae in water bodies will make water cloudy and reduces
the photosynthetic radiation o deeper water levels, which in turn lead to oxygen
depletion therne.

Mutrent pollution also has effects on economy by affecting different sectors
dependent on clean water, especially drinking water supply. Also in the Federal State of
Mecklenburg-Vorpommem, diffuse nutdent pollution is a major concem. Despite
enormous efforts, a large ratio of groundwater and surface water bodies still do not
comply with the “good ecological status”™ according to the criteria of EU water framework
directive. Conceming the chemical water quality, 76% of the monitoned surface waters
have at least a significant pollution with nitrate and 40% with phosphate [3], [4]. Nutrient
levels in Tollense and its tributaries is a concem for achieving good chemical status of
Tollense rver. Phosphorous and nitrogen are two significant mutrients resulting from
organic and inorganic fertilizers through livestock grazing, pesticides and disinfectants.
Hydmological modelling in combination with mass balance assessment is important to
understand the dynamics and transport and as well as to identify the critical pollution
levels in the water body. To develop more effective measures to reduce mutrent
emissions, input, transport and transformation processes must stll be better understood,
especially for a higher spatial and temporal resolution. This demands for an improved
monitoring and modelling at regional and lower scale. Multiple studies have been made
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in north eastern lowlands of Germany with empirical and semi-distributed (eg. SWAT
and SWIM) models [5]-[13].

Current Hydrological and Mass Balance Study

Empirical tools and semi distributed and distributed hydmological models are used to
study complex hydrological processes by the hydrologists. With the development of
hydrology, trend has shifted from empirical hydrological models towards semi
distributed and distrdbuted hydrological models. Information and understanding
provided by hydrological models is central to the sucoessful management of surface and
groundwater resources. Fully distributed models are capable of capturing the spatial
distribution of input vadables includ ing mebeorological conditions (rainfall, temperatune
etr) and physical parameters (land use, soil, elevation etc). 5o, distributed models are data
intensive they need quality data, hard to configure and they require greater simulation
and calibration time. The performance of these models is quite low in hy drological remote
area (data scare regions). Semi-distribubed models, they lump meteorological variables
and physical parameters in o sub-basins, they are easy to setup and require shorter time
relatively. Though it is hard to say one performed better than the other, after model
parameter calibrabion both can provide a comparable result based on available data
quality. The current study is a combination of empirical methods and physically based
fully distributed coupled hydrological and hydrodynamic models. This study uses
available low-frequency monitored flow and water quality data in combination with
empirical and integrated hydrological and hydraulic modelling to represent the SW and
CW hydrology and NOsMN loads in Tollense River catchment.

Empirically Based Approach

In this study, initally an easier and more convenient method is used to make the
comparison and integration of SW and GW quality data from monitoring networks
Though these approaches do not describe the processes itself but can combine available
data with adapted conceptual approaches to get reliable estimates of the pathways. In this
study, GW flow in a characteristic lowland rver, the Augraben (a tributary of Tollense
River), was estimated by using hydraulic gradient method and different hydrograph
separation techniques. The hydraulic gradient method is based on aquifer characteristics
and the measured hydraulic gradients in the river and nearby available boreholes. This
method works well in local GW fluxes near to the gauging stations. However, it does not
always represent reasonable estimations of GW flow in longer reaches. The hydrograph
separation method takes into acoount the time seres of river discharge and then divide it
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into base flow and quick flow [14]. Since separation methods are no processbased
models, the interpretation of base flow and quick flow is often not distinet, especially
concerning the interflow (eg., drainage). This study is mainly focused to develop and
apply a method to assess the contribution of GW to the nitrogen loads in 5W based on
available monitoring data. Based on analysis of data collected from monitoring programs
indicates that GW is one of the dominant contributor to 5W contamination in Augraben
River catchment. The results of this preliminary evaluation are in line with the studies
conducted in north eastern lowlands by Melanie MEWES [13] and Wendland et al. [12]
have also found CGW and drainage as a dominant source of diffuse pollution. Augraben
river catchment analysis found a strong relationship between 5W and GW quality. This
means that GW improvement will result in improved standards of 5W quality. Different
other methods like flow difference method, tracer method etc., need to be considered in
combination with gradient flow and flow hydrograph separation method as these are the
simplest ways to quantify the GW role in total nitrogen loads in surface waters by just
using the available monitoring data. For a better local resolution and process
understanding, it would be beneficial to perform flow monitoring at the outlets of
drainage channels small charmels entering into the Augraben. It is also advisable to collect
the CGW concentration data in higher resolution than on a seasonal basis. This way, the
correlation between land use and GW concentrations can be described more neliably by
combining the data analysis and simple flow equations. Regarding the EU nitrate
directive and EU WFD, the MNOs-IN concentration in GW are twice over the limit at Au I
Alt Kentzlin and requires maximum efforts to reduce MOsMN pollution in the study area.

Physically Based Hydrological Modelling

Different hydrological models have been widely used all around the world to predict
flow, sediment and nutrient load from watersheds of various sizes [15]-[23]. After geting
preliminary results by applying the empirical models, in second stage of this study, bi-
directional coupled hydrologic (MIKE SHE) and hy draulic (MIKE 11) model was applied
to the Tollense River and Augraben River catchment, a tributary of the Tollense River.
The Augraben River catchment represents common features of the European lowland
catchments, such as shallow GW tables, GW and SW interactions, control structures,
provision of artificial drainage, periodic imundation, efc. Due to these features, the
modelling approach explained in the current study has a huge potental to
simulate/predict the lowland response b anthropogenic aclvities and expected changing

155



climatic conditions and to provide guidelines for better conservation and management
practices of susceptible catchments.

In general, the coupled model performance in Tollense rbver catchment was
satisfyingly able to describe the interacting hydrologic subsystems GW and 5W, assessed
by comparison with observed GW levels and S5W discharges. Modelling results
demonstrate a close association between P, ET, 5W discharges and GW levels Despite the
good representation of SW and GW dynamics, coupled model performance was not
equally same in all the sub catchments due to heterogeneity of soils and varable
availability of field monitoring data. Grid resolution is very important to define the
heterogeneity of the catchment according to the desired level of complexty. The finally
selected resolution was based on a good compromise between simulation ime, numeric
robustness and resulted accuracy. But even with a very fine grid it would not feasible to
represent small scale variations of geology, which is only exactly known at the borehole
locations from the drlling documents. Beside the required interpol ation/generalization of
geology, necessary estimates on the exact layout of the artificial drainage and drainage
time constants are further uncertainty factors of the GW model. Due to private rghts of
the farmer’s drainage maps were not available during the study, artificial drainage was
constructed based on lowest points of DEM in the defined lowland catchment. Calibration
process showed that dver flows are very responsive to the Mamning's n, drainage time
constant and leakage coefficients. Water balance estimation during dry and wet years
showed the interaction of different water balance components, where ET is a major water
loss component and during dry years it reaches up to 65% of total water budget and
results in lowering of GW levels due to contribubion of GW o 5W discharges under
minimum GW recharge rates. Coupled model satisfactorily represented the water balance
with an error of less than 2% of total water budget

GW and 5W interactions based on coupled model resulted infense interactions
among SW and GW. Long term, 5W flows follow the patbern of GW levels in the defined
catchment with the higher GW flows followed by higher 5W discharges. Model
calibration of SW discharges was difficult due to the limited monitoring data availability
of SW discharges and that highlights the significance of high resolution field monitoring
data in hy drological modelling. GW is a major contributor to balance the SW flows during
the low flow perods and GW contrbution rises up to 45% of total SW flows during
observed partial drought in the catchment and with exclusion of river flows from lake
Tollense, GW contributes mainly to the Tollense river nearly up to 95% of total SW flows
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The simulated hydrograph shows relatively overestimated river flows during peak flow
periods. A successful calibration of 52 boundary conditions and geological layers” vertical
discretization, saturated hydraulic conductivities, drainage time constant and leakage
coefficient play a vital role to successfully quantify the 5W and GW interactons. The
above discussed differences between simulated and monitored GW levels and 5W
discharges ane due to a combination of different sources of uncertainty: Structural (grid
size, simplification of geology), Input data (climate data) and Parameter uncertainty: (e.g.
saturated hydraulic conductivity).

The NOs-M pollution of 5W and GW is a major environmental problem, especially
in lowlands with internsive agrculture and related farm activities. Achievement of
envirommental sustainability requires the detailed assessment of spatial and temporal
variation of water quality at the catchment and regional scale. River mass balance
methods using observed or simulated flows and pollutant concentrabions can be hel pful
in describing the magnitude and extent of existing pollutant loads along a river [24], [25].
Based on coupled hydrological and hydraulic model results, we have successfully
estimated the MOs-N loads at the catchment and sub-catchment scale by combining low
frequency monitoring data with hydrological modelling. GW levels were available at only
two monitoring stations. In ferms of water quality assessment and its vardations at a
catchment scale, limited monitoring data wene available. This enhances both the
explanatory strength of generally available and inexpensive quantitative hydrological
data and the (so far, only) qualitative status information from grab sampling [26]. The
responses of NOs-N and P concentrations can be plausibly linked to the hydrological
dynamics of SW and CW, triggered by the meteorological input. Combining these data
with measured emission data of WWTF, a trustworthy source apportionment between
diffuse and known point sources is feasible. In summertime, the measured load is lower
than the predicted sum. The difference can be a rough estimate of MOsN transformations
and plant uptake rates. The results of this study demonstrate, in line with similar studies
with low frequency monitoring data [27-28], that using the explanatory strength of
quantitative hydrological data can significantly improve load estimates.

Key Problems in Integrated Hydralogical and Hydrodynamic Modelling

Key problems associated with coupled hydrological and hydraulic modelling The
advantages of a physical distributed model go along with requiring extensive
hydrological input data, high computing capabilities and long computational times and
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thus increases the overall effort to successfully setup and calibrate the model. Input grid
discretization is a priori in MIKE SHE and has to be selected wisely regarding available
data, required accuracy and computational effort. Like other hydrological models such as
SWAT, MIKE SHE can also simulate catthments size up to thousands of km* , but for
physical distributed models this increases the spatially distributed input data even more
than models based on hydrological response units (HRU) do. Like semi distributed
models, MIKE SHE cannot represent sub-grid heterogeneity. In case of limited data
availability, satellite data can be very helpful for topography and land use estimation but
additional terrestrial data acquisition e.g. soil, climatic, aquifer data etc, needs to be
gathered. Lack of detailed river cross sections, variation of seasonal Manning's n,
drainage maps and leakage coefficient rates impacts the simulated river flows. Limited
availability of GW boreholes and monitored GW levels to produce GW contour maps
makes it harder to delineate the GW divide and it is sometimes possible o have cross
boundary GW flows. Calibration and validation efforts increase enormously in physically
distributed models with limited observed data, risking to compensate structural model
errors with incorrect model parameterization. Sufficient amount of observed monitoring
data will help to provide ease in model setup and during calibration process.

Coupled Model Performance and Transferability

Coupled model MIKE SHE and MIKE 11 model has demonstrated its potential to simulate
hydrological processes common within lowlands. The results of the current study in
terms of need for further studies to achieve EU-WFD, dominant pollution pathways, and
identification of criical areas requiring extra attention ane in line with previous studies
conducted in north eastermn lowland catchments. The coupled model has successfully
identified the critical areas requiring maximum attention in accordance with the recent
study conduded by German authorities in MV [29]. Extensive data requirements are
potential problems to apply coupled physically distributed models in other lowland
catchments. Some of the data used in this study is freely available in Germany such as
some of the geo-data and climate data provided by DWD (German weather service)
platform and can be used for other lowlands in Germany. Manning’s n values can be
obtained from literature and can be used in other similar cabchments. Soil properties were
obtained from local environmental protecton agency; literature values or field
investigations are required for sibes with different soil properties. In Europe high
resolution DEM model can be obtained from local environmental offices. Lack of detailed
river cross sections can be compensated with cross sections based on DEM. Hydraulic
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structure dimensions can be roughly estimated with Google earth in case of missing
information. Calibration of 5W discharges and GW flows require monitoring data and
there is no other authentic alternative rather than field investigations in the study area.

Key Contributions

The key contribution of this study includes Development and calibration of a
physically based distributed coupled model to describe the lowlands hydrology as
integrated hydrological and hydraulic modelling has rarely been dome in the north
eastern region of Germany. The ability of physically based coupled models to describe
the lowland hydrology is demonstrated. Simultaneous calibration of SW and GW with a
physically based integrated hydrological model proves the robustness and reliability of
an integrated model. SW and GW interaction during dry and wet hydrological vears in
lowlands can be reliably modelled, which is important with regard to the expected and
already ongoing change of climatic conditions. 5W discharges and GW flows can be
extrapolated at ungauged sites on a physical basis. The method of coupled modelling,
including the steps of model setup and calibration can be transferred to other sites with
comparable characteristics. Land use management practices and their results on 5W and
GW dynamics can be quantified.
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7. Conclusions and Proposed Directions of Future Research
Conclusions

To achieve a sustainable watershed management in accordance with EU WFD goals this
research is conducted in north eastern Germany lowland catchment. The current study
quantified detailed water and mass balance both with empirically based and physically
distributed models. Base on hydrological and hydraulic modelling the following general
conclusions have been drawn

» Empircally based robust hydrograph separation models can provide reasonable
results with the pre-condition of high spatio-temporal monitoring data availability .
In ameas of limited spatio-temporal data availability, empidcally based models
cannot provide reliable results as these models are not based on hydrological
comsiderations instead process the flow hydrograph as a signal. These models can
provide effective estimation of the long term behavior (g, on annual basis) of
base flow and SW munoff to total unoff. However, conceptual and empircal base
flow separation methods carmot be a meplacement against physically based
hydrological models.

» Process-based hydrological modelling can define in detail SW and GCW
interactions, and can reliably simulate the 5W discharges and GW levels at
ungauged locations. These models are data demanding and requires high
calibration efforts but can be transferred to other catchments and can be calibrated
according to local conditions. The modelling framework presented in this study
based on hydmological modelling and water quality monitoring can be used to
develop future strategies to improve the water quality management by assessing
the dominant nutrient entry pathways contributing to the SW pollution.

Study Area Specific Conclusions

+ Enormous interaction between GW, SW, P and ET exists. The detailed water
balance results show that GW is a main contributor to the SW discharges especially
during periods with low SW flows.

» Contribution of GW and point sources to SW pollutionby combing monitored data
and hydrological modelling found that the ability to perform source separation
techniques (quantification of SW and GW flows and respective loads) in winter are
quite good, while in summer strong influence of nstream transformation is
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estimated. However, this can only be seen, when the emissions and the resulting
rive loads are estimated separately.

Proposed Directions of Future Research

The possible research directions in the future may relate to a more complex research
matrix of improved hydrological and water quality modelling; high spatio-temporal
sample collection; future forecast of discharge and GW levels under climate and land -use
change; best agriculture management practices; and economic impact assessment of
eutrophication.

* Hydrological modelling: The hydrological modelling to simulate the detailed waker
balance needs to concentrate on the use of a finer grid sime to get a better insight in the
5W and GW dynamics and interactions. Applying a high-resolution DEM would
provide a more accurate results eg. to make flood maps and to simulate real flood
conditions in a catchment.

»  Water quality modelling: Land-use management practices and their results on SWand
GW dynamics quantified in this study. Further addition of a nutdent transport model
is intended and will help to study the SW and GW quality under different land -use
soenarios. The hydrological and water quality models review made in this study can
be used for further studies involving waber quality modelling tools.

* High spatio-temporal sample collection: Short-term dynamics of SW quality
variations are not captured by common low-frequency grab sampling. The low-
frequency monitoring provides an overview of the average concentrations of chemical
species and suggests some general processes that may explain the observed data. The
added value of high-frequency monitoring is the possibility of capturing diurnal
cycles and transient events that help relate the causes and effects of human activities
and storms. High-frequency monitoring can go much further in the interpretation of
the data and can mone precisely uncover andfor confirm rapid processes at work in
the system.

# Future forecast of discharge and GW levels under climate and land-use change:
Process-based hydrological models in combination with statistical models needs to be
applied on calibrated SW discharges and GW levels under the influence of different
land-use and climate change scenarios to predict the long terms behavior of SW and
GW hydrology in the study area.
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* Best agriculture management practices: Further studies need to focus that the
envirommental research modelling and environmental practice should go hand in
hand for the sake of both agriculture and environment.

Economic palue assessment of entrophication: Further studies should include the
economic impact assessment of higher SW NOs-M levels and resulted eutrophication in
terms of loss of tourism, fishing, and expenditures on water quality improvement
program.
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Appendix A.

Review summary of the selected modelling tools based on their ability to simulate the

lowland catchments.

Hydrological Processes

SWAT SWIM HSPF MIKE SHE
Interception - Interception Interception
Evapotranspiration o o o
ET) Evapotranspiration | Evapotranspiration | Evapotranspiration
Infiltration (T) Infiltration Infiltration Infiltration
Percolation Percolation Percolation Percolation
Subsurface flow Subsurface flow Subsurface flow Subsurface flow
Baseflow Baseflow Baseflow Baseflow
Surface runoff Surface runo Surface runoff Surface runoff
Drainage - - Drainage
Pump flow - - Pump flow
Urban drainage - - Urban drainage
Hydraulic processes
SWAT SWIM HSPF MIKE SHE and
MIKE 11
- - - River Pumps
- - - Back water effect
- - - Control structunes
Operational
i i i strategies
Govemning Equations

SWAT

Bunoff volumse

Modified Soil Conservation Service (SC5) Curve Number
or Green and Ampt infiltration equation

Peak runoff rate

Rational formula or the SC5 TR-55 method

Subsurface flow and
percolation

Kinematic storage routine equation; is based on several
input data regarding hillslope, field capacity, the volume
of soil water, soil porosity, and hydraulic conductivity




Potential
evapotranspiration

» Hargreaves equation
» Prestley-Taylor equation
*  Perman-Monteith equation

Flow rate and velocity

»  Mamming's equation

Sediment yield Modified Universal Soil Loss Equation
“Muskingum routing method” or “variable stora
Flow routing sgum I EI o e &
routing method™
SWIM
The non-linear function of precipitation and a retention
Surface runoff
coefficient
Subsurface flow Kinematic storage routine equation
Potential
o Priestley-Taylor or Perman-Monteith
evapotranspiration
Sediment yield Modified Universal Soil Loss Equation
HSFF
Infiltration Empirical method based on the type of soil and available
storage
Flow rate and velocity Manning’'s equation

Flow routing Kinematic wave routing or storage routing
MIKESHE
Surface runoff 1D diffusive wave Saint Venant equation

Unsaturated zone flow

+» Richards equation
»  Cravity flow
»  Two-layer water balance method

Saturated zome flow

« 3D finite difference method
» Linear reservoir method

Owverland flow

2D finite difference diffusive wave equation

Evapotranspiration

Eristensen and Jensen method
Two-Layer UZ/ET module

Flow routing

»  DNorouting
* Muskingum method
* Muskingum-Cunge method

Difficulties or Limitations
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»  SWAT does not simulate sub-daily events; eg, asingle
storm event or flood routing of a single event.
*  SWAT does not model the denitrification process

SWAT during water quality modelling.
»  SWAT does simulate organic P and inorganic F, but
takes into account the adsorption or desorption of
inorganic P to particles.
*  S5WIM does not simulate the water quality of
reservoins, ponds, and lakes
SWIM »  Simulation accuracy is not only directly related to the
grid size of the spatial input data, but it is also determined
by optimal model parameters
»  S5WIM simulates many physical processes based on
empirical relations.
HSFPF »  Metrological factors affect the model results” accuracy
# Limited to 1D flows and well-mixed rivers
»  Insensitive to spatial variations
MIKE SHE »  Extensive input data requirements
Input data
SWAT
Climate Hydrogeology Soil data Land use Topography
Soil Land
Daily precipitation | U VT |y icknessor | usefland | B clevation
table height model (DEM)
depth cover
Leaf area
Adr temperatune . . .
(max and min) Aquifer storage | Bulk density index -
(LAT)
Soil Plant root
Solar radiation Drainage maoisture depth -
content (RN
Soil
Wind speed Irrigation hy draulic -
conductivity
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Saturated

Evapotranspiration hydraulic Porosity - -
conductivity
Humidity Groundwater | .1 texture - -
recharge
Adquifer specific
- yield - - -
Groundw ater
- abstraction - - -
rates
SWIM
Climate Hydrogeology Soil data Land use Topography
Soil Land
. Groundw ater . Drigital elevation
Precipitation . thicknessor | usefland
table height maodel ([DEM)
depth oover
Adr temperatune Leaf area
(max, min, and | Aquifer storage | Bulk density index -
average) (LAI)
Soil Plant root
Solar radiation Drainage maoisture depth -
content (RLY)
Saturated Soil
Evapotranspiration hydraulic hy draulic - -
conductivity | conductivity
Groundw ater
- Porosity - -
recharge
Aquifer specific Field
yield capacity
Wilting
i i point i i
HSFF
Climate | Hydrogeology | Seildata | Land use Topography
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Soil Land
surface water
Precipitation thicknessor | usefland
storage
depth oover
Adr temperatune | Aquifer storage | Bulk density - Drigital elevation
- Soil model (DEM) or
pomn PH maoisture - sub-basin area and
tem perature
content average slope
Soil
Subsurface
Solar radiation hy draulic -
flow storage .
conductivity
Wind d Infiltration
ind spee - ) - -
capacity
Evapotranspiration - Soil textune - -
Humidity - - - -
Vapor pressure - - - -
MIKE SHE
Climate Hydrogeology Soil data Land use Topography
Land
. Groundwater | Geological Drigital elevation
Precipitation usefland
table layers model (DEM)
cover
Vegetati
Adr temperatune | Aquifer storage | Bulk density 8 on -
type
Soil ,
. e ) Vegetation
Solar radiation Specific yield maoisture . -
height
combent
Saturated Soil
Leaf area
Wind speed hydraulic hy draulic . -
index
conductivity | conductivity
Rvanotmoenirati Groundw ater P " Root
vapotranspiration exctraction orosity depth -
Groundw ater
Humidity Soil textune - -
recharge rate
Vapor pressure Drainage - - -
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Duaily sunshine o
hours Irrigation - - -
Depth of the
_ saturated zone _ _ _
- Capriﬂa:}r - - -
storage
Spatial and temporal discretization
SWAT SWIM HSFF MIKE SHE
Spatial:
Spatial: Flexible, . Flexible, Spatial: Flexible, Temporal:
Temporel: Spatial: Flexible, Temporal: Event-based and
. Temporal: Daily Flexible or continuous
Contimaous
user-defined
time sbep
Basic Purpose
SWAT's principle purpose is to compute runoff and loadings
from rural areas and watersheds with intensive agriculture.
SWAT SWAT evaluates the effects of different management practices
and decisions on water resources, as well as agricultural
pollutants in large river catchments.
— The SWIM model was established to examine the impacts of
climate and land-use changes at the regional level.
— The H5PF model was developed to simulate both catchment
hydrology and water quality.
The key purpose of the MIKE SHE model is the integrated
MIKE SHE modelling of evapotranspiration, groundwater, surface water,

and groundwater recharge.
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Maodellierung und Simulation der Gewerbeabfallaufbereitung vor dem
Hintergrund der Qutputqualitat, der Kosteneflizienz und der Klimabilanz
Dissertation, erschienen im Okfober 2013, ISBN 978-3-86009-402-0

Band 38

Jan Stefan Riha

Detektion und Quantifizierung von Cyanobakterien in der Ostsee mittels
Satellitenfernerkundung

Dissertation, erschienen im Okfober 2013, ISBN 978-3-86009-403-7



Band 39

Peter Helmke

Optimierung der Verarbeitungs-, Gebrauchs- und Entsorgungseigenschaften
eines naturfaserverstarkten Kunststoffes unter Berlcksichtigung automobiler
Anforderungen

Dissertation, erschienen im November 2013, ISBN 978-3-86009-404-4

Band 40

Andrea Siebert-Raths

Madifizierung von Polylactid (PLA)Ur technische Anwendungen
Verfahrenstechnische Optimierung derVerarbeitungs- und Gebrauchseigenschaften
Dissertation, erschienen im Januar 2014 ISBN 978-3-86009-405-1

Band 41

Fisiha Getachew Argaw

Agricultural Machinery Traffic Influence on Clay Soil Compaction as Measured
by the Dry Bulk Density

Dissertation, erschienen im Januar 2014 |SBN 978-3-86009-406-8

Band 42

Tamene Adugna Demissie

Climate change impact on stream flow and simulated sediment yield to

Gilgel Gibe 1 hydropower reservoir and the effectiveness of Best Management
Practices

Dissertation, erschienen im Februar 2014 ISBN 978-3-86009-407-5

Band 43

Paul Engelke

Untersuchungen zur Modellierung des Feststoffransports in Abwasserkandlen:
Validierung in SIMBA®

Dissertation, erschienen im Februar 2014 ISBN 978-3-86009-408-2

Band 44

16. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft
Tagungsband, erschienen im April 2014, ISBN 978-3-86009-410-5

Band 45
8. Rostocker Bioenergieforum, 19.-20. Juni 2014 an der Universitdt Rostock
Tagungsband, erschienen im Juni 2014, ISBN 978-3-86009-412-9

Band 46

Abschlussbericht Projekt CEMUWA, - Climate protection, natural resources
management and soil improvement by combined Energetic and Material
Utilization of ignocellulosic agricultural WAstes and residues
Projeldbericht, erschienen im Seplember 2014, ISBN 978-3-86009-413-6



Band 47
8. Rostocker Baggergutseminar, 24.-25. September 2014 in Rostock
Tagungsband, erschienen im Sepfember 2014, 1SBN 978-3-86009-414-3

Band 48

Michael Kuhn

Mengen und Trockenrickstand von Rechengut kemmunaler Kldranlagen
Dissertation, erschienen im Okfober 2014 ISBN 978-3-86009-415-0

Band 49
8. Rostocker Abwassertagung, 10.-11. November 2014 in Rostock
Tagungsband, erschienen im November 2014, ISBN 978-3-86009-416-7

Band 50

Mulugeta Azeze Belete

Madeling and Analysis of Lake Tana Sub Basin Water Resources Systems,
Ethiopia

Dissertation, erschienen im Dezember 2014 ISBN 978-3-86009-422-8

Band 51

Daniela Dressler

Einfluss regionaler und standorspezifischer Faktoren auf die Allgemeinglitigkeit
dkologischer und primérenergetischer Bewertungen von Biogas

Dissertation, erschienen im Mai 2015 ISBN 978-3-86009-424-2

Band 52
9. Rostocker Bioenergieforum, 18.-19. Juni 2015 in Rostock
Tagungsband, erschienen im November 2014, ISBN 978-3-86009-425-9

Band 53

Mils Engler

Spurenelementkonzentrationen und biologische Aktivitdt in NaWaRo-Biogas-
fermentern

Dissertation, erschienen im Sepfember 2015 ISBN 978-3-86009-427-3

Band 54

Thomas Schmidt

Mdglichkeiten der Effizienzsteigerung bei der anaeroben Vergdrung
von Weizenschlempe

Dissertation, erschienen im Oktober 2015 ISBN 978-3-86009-428-0



Band 55

Thomas Daorm

Principles, Opportunities and Risks associated with the transfer of environmen-
tal technology between Germany and China using the example of thermal was-

te disposal
Dissertation, erschienen im Dezember 2015 I1SBN 978-3-86009-429-T

Band 56

Uwe Holzhammer

Biogas in einer zukinftigen Energieversorgungsstruktur mit hohen Anteilen
fluktuierender Erneuerbarer Energien

Dissertation, erschienen im Dezember 2015 15BN 978-3-86009-430-3

Band 57

17. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft,
15. Juni 2016 in Rostock,

Tagungsband, erschienen im Juni 2016, ISBN 978-3-86009-432-7

Band 58
10. Rostocker Bioenergieforum, 16.-17. Juni 2016 in Rostock
Tagungsband, erschienen im Juni 2018, ISBN 978-3-86009-433-4

Band 59

Michael Friedrich

Adaptation of growth kinetics and degradation potential of organic material in
activated sludge

Dissertation, erschienen im Juli 2016 ISBN 978-3-86009-4 34-1

Band 60

Nico Schulte

Entwicklung von Qualitatsprifungen fir die haushaltsnahe Abfallsammiung im
Holsystem

Dissertation, erschienen im Juli 2016 ISBN 978-3-86009-435-8

Band 61

Ulrich Dettmann

Improving the determination of soil hydraulic properties of peat solls at different
scales

Dissertation, erschienen im Seplember 2016 ISBN 978-3-86009-436-5

Band 62

Anja Schreiber

Membranbasiertes Verfahren zur weitergehenden Vergarung

von feststoffreichen Substraten in landwirtschaftlichen Biogasanlagen
Dissertation, erschienen im Okfober 2016 ISBN 978-3-86009-446-4



Band 63

André Kirtel

Entwicklung eines selbstgéngigen statischen Verfahrens zur biologischen Stabili-
sierung und Verweriung organikreicher Abfalle unter extrem ariden Bedingungen
flr Entwicklungs- und Schwellenlander, am Beispiel der Stadt Teheran
Dissertation, erschienen im Okfober 2016 ISBN 978-3-86009-447-1

Band 64

Ayman Elnaas

Actual situation and approach for municipal solid waste treatment in the Arab
region

Dissertation, erschienen im Okfober 2016 ISBN 978-3-86009-448-8

Band 65

10. Rostocker Abwassertagung, Wege und Werkzeuge fir eine zukunftsfahige
Wasserwirntschaft im norddeutschen Tiefland, 8. November 2016 in Rostock
Tagungsband, erschienen im November 2016, ISBN 978-3-86009-449-5

Band 66

Gunter Weilkbach

Mikrowellen-assistierte Vorbehandiung lignocellulosehaltiger Reststoffe
Dissertation, erschienen im November 2016 ISBN 978-3-86009-450-1

Band 67

Leandro Janke

Optimization of anaerobic digestion of sugarcane waste for biogas
production in Brazil

Dissertation, erschienen im Mai 2017 ISBN 978-3-86009-454-9

Band 68
11. Rostocker Bioenergieforum, 22.-23. Juni 2017 in Rostock
Tagungsband, erschienen im Juni 2017, ISBN 978-3-86009-455-6

Band 69

Claudia Dermmig

Einfluss des Erntezeitpunktes auf die anaerobe Abbaukinetik der Gerist-
substanzen im Biogasprozess

Dissertation, erschienen im Juli 2017, ISBN 9978-3-86009-456-3

Band T0

Christian Koepke

Die Ermittlung charakteristischer Boderkenrwere der Torfe und Mudden
Mecklenburg-Vorpommermns als Eingangsparameter flr erdstatische
Berechnungen nach Eurocode 7/ DIN 1054

Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-457-0



Band ™

Sven-Henning Schlémp

Geotechnische Untersuchung und Bewertung bautechnischer Eignung
von Millverbrennungsschlacken und deren Gemischen mit Bdden
Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-458-7

Band 72

Anne-Katrin Grole

Baggergut im Deichbau — Ein Beitrag zur geotechnischen Charakterisierung
und Erosionsbeschreibung feinkdrniger, organischer Sedimente

aus dem Ostseeraum zur Einschatzung der Anwendbarkeit

Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-459-4

Band 73

Thomas Knauer

Steigerung der Gesamteflizienz von Biogasanlagen durch thermische
Optimierung

Dissertation, erschienen im Juli 2017, ISBN 978-3-86009-460-0

Band 74

Mathhar Bdour

Electrical power generation from residual biomass by combustion
in externally fired gas turbines (EFGT)

Dissertation, erschienen im Augusf 2017, ISBN 978-3-86009-468-6

Band 75

Johannes Dahlin

Vermarktungsstrategien und Konsumentenpraferenzen fir DUnger und Erden
aus organischen Reststoffen der Biogasproduktion

Dissertation, erschienen im Sepfember 2017, ISBN 978-3-86009-469-3

Band 76

Sdren Weinrich

Praxisnahe Modellierung von Biogasanlagen

Systematische Vereinfachung des Anaerobic Digestion Model No. 1 (ADM1)
Dissertation, erschienen im Mérz 2018, ISBN 978-3-86009-471-6

Band 77

18. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft
Tagungsband, erschienen im Juni 2018, ISBN 978-3-86009-472-3

Band 78
12. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2018, ISBN 978-3-86009-473-0



Band 79

Tatyana Koegst

Screening approaches for decision support in drinking water supply
Dissertation, erschienen im Juni 2018, ISBN 978-3-86009-474-7

Band 80

Liane Miller

Optimierung des anaeroben Abbaus stickstoffhaltiger Verbindungen durch den
Einsatz von Proteasen

Dissertation, erschienen im Sepfember 2018, ISBN 978-3-86009-475-4

Band 81

Projektbericht Wasserwirtschaft

KOGGE - Kommunale Gewasser Gemeinschaftlich EntwickeIn

Ein Handlungskonzept fir kleine urbane Gewasser am Beispiel

der Hanse- und Universitdtsstadt Rostock

Projektbericht, erschienen im September 2018, ISBN 978-3-86009-476-1

Band 82
Adam Feher
Untersuchungen zur Bioverflgbarkeit von Mikrondhrstoffen fir den

Biogasprozess
Dissertation, erschienen im Okfober 2018, ISBN 978-3-86009-477-8

Band 83

Constanze Uthoff

Pyrolyse von naturfaserverstarkten Kunststoffen zur Herstellung eines
kohlenstoffhaltigen Flllstoffs fir Thermoplasten

Dissertation, erschienen im November 2018, ISBN 978-3-86009-478-5

Band 84

Ingo Kaundinya

Prufverfahren zur Abschatzung der Langzeitbestandigkeit von Kunststoff-
dichtungsbahnen aus PVC-P fir den Einsatz in Dichtungssystemen

von Stralentunneln

Dissertation, erschienen im Dezember 2018, ISBN 978-3-86009-484-6

Band 85

Eric Mauky

A model-based control concept for a demand-driven biogas production
Dissertation, erschienen im Januar 2019, ISBN 978-3-86009-485-3

Band 86

Michael Kriger

Thermochemical Utilization of Algae with Focus on hydrothermal Processes
Dissertation, erschienen im Februar 2019, ISBN 978-3-86009-486-0



Band 87
13. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2019, ISBN 978-3-86009-487-7

Band 88
12. Rostocker Abwassertagung
Tagungsband, erschienen im September 2019, ISBN 978-3-86009-488-4

Band 89

Philipp Stahn

Wasser- und Mahrstoffhaushalt von Bdden unter Mischkulturen und
Trockenstress

Disserfalion, erschienen im Juli 2019, ISBN 978-3-86009-489-1

Band 90

BioBind: Luftgestiitzte Beseitigung von Verunreinigungen durch Ol

mit bicgenen Bindermn

Projektberichf, erschienen im Sepfember 2019, ISBN 978-3-86009-490-7

Band 91

Jurgen Miller

Die forsthydrologische Forschung im Mordostdeutschen Tiefland:
Veranlassung, Methoden, Ergebnisse und Perspektiven
Habilitation, erschienen im Oktober 2019, ISBN 978-3-86009-491-4

Band 92

Marcus Siewert

Bewertung der Olhavarievorsorge im deutschen Seegebiet auf Grundlage
limitierender Randbedingungen — Ein Beitrag zur Verbesserung

des Vorsorgestatus

Dissertation, erschienen im November 2019, I1SBN 978-3-86009-492-1

Band 93

Camilo Andrés Wilches Tamayo

Technical optimization of biogas plants to deliver demand oriented power
Dissertation, erschienen im Februar 2020, ISBN 978-3-86009-493-8

Band 94

Robert Kopf

Technisches Benchmarking mit Standortqualifikationsstudie biochemischer
Energieanlagenprojekte (Beispiel Biogas)

Dissertation, erschienen im Februar 2020, ISBN 978-3-86009-494-5



Band 95

14. Rostocker Bioenergieforum und 19. DIALOG Abfallwirtschaft MV
Tagungsband, erschienen im Juni 2020, ISBN 978-3-86009-507-2
DOl httpsyidoi.orgM0.18453/rosdok_id00002650

Band 96

Safwat Hemidat

Feasibilty Assessment of Waste Management and Treatment in Jordan
Dissertation, erschienen im Juli 2020, ISBN 978-3-86009-509-6

Band 97

Andreas Heiko Metzing

Verdichtung von ungebundenen Pllasterdecken und Plattenbeldgen -
Untersuchungen zur Lagerungsdichte des Fugenmaterials
Dissertation, erschienen im Juli 2020, ISBN 978-3-86009-510-2

Band 98

Y¥ing Zhou

Research on Utilization of Hydrechars Obtained by the Organic Components of
Municipal Solid Waste

Dissertation, erschienen im November 2020, ISBN 978-3-86009-515-7

Band 99

Mathias Gieltler

Ein prozesshasiertes Modell zur wirtschaftlich-technischen Abbildung van
Abwasserunternehmen — Beispielhafte Anwendung fir eine l&ndliche Region
mit Bewvdlkerungsrickgang

Dissertation, erschienen im November 2020, ISBN 978-3-86009-516-4

Band 100

Dodiek Ika Candra

Development of a Virtual Power Plant based on a flexible Biogas Plant and a
Photovoltaic-System

Dissertation, erschienen im Dezember 2020, ISBN 978-3-86009-518-8

Band 101

Thomas Zeng

Prediction and reduction of bottom ash slagging during small-scale combustion
of biogenic residues

Dissertation, erschienen im Dezember 2020, ISBN 978-3-86009-519-5

Band 102

Edward Antwi

Pathways to sustainable bicenergy production from cocoa and cashew
residues from Ghana

Dissertation, erschienen im Dezember 2020, ISBN 978-3-86009-520-1
https:/idoi.org0.18453/rosdok_id00002818



Schriftenreihe Umweltingenieurwesen

Agrar- und Umweltwissenschaftliche Fakultat

Band 103

Dissertation

Muhammad Waseem
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