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Executive summary

To achieve the goals of the Water Framework Directive for surface water bodies, Member States must
adopt measures to progressively reduce pollution from priority substances and cease or phase out
emissions, discharges, and lossesof priority hazardous substances. To tackle, reduce or eveneliminate
emissions, itisfirst necessary toidentify and quantify them and to prioritize which emission pathways
are mostrelevantforcritical substancesimpairing the status of waterbodies.

This Technical Guidance Document has been produced by the Danube Hazard m3c projectto provide
supportto managersinthe fieldof water qualityacross the Danube River Basin indesigning and setting
up an integrated strategy to efficiently generate exhaustive and harmonized emissions inventories of
hazardous substances (HS) at national level, with focus on their compatibility and value for an effective
transboundary pollution control.

This document merges recommendations based on the scientificstate of the art of knowledge in the
field with examples, experiences and lessons learned during the implementation of activities in the
projectitself.

The technical guidance is structured in three main chapters, which address the three main pillars
needed to generate emissioninventories:

= Monitoring — strategies, methodologies and devices to gather the necessary information on
occurrence and concentration level of HS in rivers for a reliable estimation of riverine loads
and in different compartments, which contributeto the mostsignificant emission pathways

= Data base — conceptualization, technical implementation and examples of added value and
usages of relational data bases containing the information of HS concentrationinriversandin
the most important environmental and engineered compartments

= Emission models —types, scope, technical requirementsand usage of emission modelling, with
focus on the two models further developed and applied in the project, namely MoRE model
(example for pathway-oriented approach) and DHSM model (example for source-oriented
approach).

To whomiis the technical guidance addressed?

» This Technical Guidance Manual addresses decision makers and technical experts from
authorities responsible for water management at the national and Danube River Basin scale,
including representatives from ICPDR and its expert groups, interest groups from planners,
technology suppliers, industry, agriculture, and associations for wastewater treatment,
environmental NGOs, and representatives from higher education and research institutions
withinthe DRB.
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1 Introduction and background

The EU Water Framework Directive (WFD 2000/60/EC) has the purpose to establish a framework for
the protection and enhancement of waters and to ensure sustainable use of water resources. The main
aim of the WFD is to achieve agood ecological and chemical statusin all water bodies and to prevent
deterioration of the good status of all water bodies. The good chemical status of surface water bodies
isachieved by abody of surface waterin which concentrations of selected contaminants do not exceed
the environmental quality standards (EQSs) established in Annex | of the EQS Directive (Directive
2008/105/EC, as amended by Directive 2013/39/UE). Member States have to identify, control and
reduce or eliminate the emissions of priority substances soto achieve a good chemical statusin their
waterbodies. Inthis context, Art. 5 of the EQS Directive stipulates that Member States are obliged to
establish an inventory of emissions, discharges and losses (IEDL) of all priority substances and all
pollutants listed in Part A, Annex | of the Directive. The Technical Guidance Document No. 28
“Preparation of an Inventory of Emissions, Discharges and Losses of Priority and Priority Hazardous
Substances” recommends atiered approach for establishing such inventories at the riverbasin level.

As describedindetail inthe projectoutput O.T3.1 Report on existing policies and management plans
regarding HS pollution in the DRB, the status of development of these emission inventories withinthe
Danube RiverBasinisstill at an early and insufficient stage. Only inthree countries (Germany, Austria
and Hungary), the third tier was applied, by identifying specific diffuse emission pathwaysvia modelling
approaches. Inmost countriesonlythe firstand secondtiers have been appliedso far, which only allow
for the identification of major point emission pathways (municipal and industrial wastewater
treatment plants), while diffuse emission can only be estimated as black-box via difference between
riverine loads and pointemissions. A furthergap identified all overthe Danube RiverBasinis the lack
of targeted monitoring at high-flow events, which leads to the inaccurate calculation of riverine loads
for many substances and thus to the likely underestimationof the emission loads via diffuse pathways.
Last, a major gap and challenge towards a coordinated control of HS pollution in the Danube River
Basin wasidentified in the lack of harmonized methods and lack of institutional competencies and skills
with regard to monitoringand setup of inventories for HS emissions. The criticality of these gaps has
recently been exacerbated by the EU proposals for the new Urban Wastewater Treatment Directive,
new Water Framework Directive, Groundwater Directive and Environmental Quality Standard
Directive, which introduce the necessity of performing risk assessment and complex integrated
evaluations at river basin scale, which are not possible without the solid basis of data and system
understanding provided by extensive emission inventories.

In such context, this technical guidance manual aims at supporting water quality managersin the DRB
in designing, selecting and implementing activities aimed at generating solid and thorough emission
inventories for hazardous substances at national level, with a focus on important aspects in view of
the harmonization of the inventories at transboundary scale and of the optimization of trade -offs
between needed resources and expected gain of information. This document is structured in three
main chapters, which address the three pillars leading to emission inventories, namely monitoring, set
up of data bases and emission modelling. This guidance merges recommendations based on the state
of the art of knowledge with examples and lessons learned from the activities developed, implemented
and thus testedin the Danube Hazard m3c project.
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2 Targeted monitoring as basis for inventorying

2.1 General aspects

Monitoring is a well-organized regular activity whichis intended for a specific goal. In general, water
guality monitoring aims at evaluating the status quo, studying and predicting its change and finding
the causes of its deterioration.

Monitoringis much more than simple data collection. Itis
a comprehensive activity, which ranges from sampling and
lab analysis to the statistical evaluation of the results.
Collected data should provide information which can

Decision

Synthesis

Evaluation

Summary
Systematization
Collection

supportdecisions.
The monitoring system must meet several criteria, the mostimportant of which are:

e representativeness (temporal and spatial variability)
e reproducibility of the applied methodologies

e continuity of the measurements

o flexibility

e cost-effectiveness.

Monitoringis neededto fill knowledge gaps, to know the status quo and to track potential changesin
the status of the environment, and the consequences of the measurestaken. Itisalso neede d forthe
development, refinement, calibrationand validation of models aiming at understanding the processes
describingthe release, spreading and transformation of contaminants.

2.1.1 Scopeand objectives of the inventory-supporting monitoring

Inline with the WFD, Member States haveto perform surveillance monitoring of hazardous substances
(HS) to assess the chemical status of the water bodies. Specificgoals are trend detection and assessing
the effect of implementing measures (operational monitoring). The shortage of these programmes is
that this type of monitoring approach does not provide information about riverine loads, pollution
sources and emission pathways.To fulfil the objectives of the emission inventory, a different approach
isneeded. Inventory-supporting monitoringis designed to measure concentrations and loads in rivers
and inrelevant pathways (both pointand diffuse).

WED monitoring
Main goal: status assessment

Specificgoals: trend detection (surveillance monitoring), assessing the effe ct of the implementation
of measures (operational monitoring)

Does not provide information aboutriverine loads and pollution sources and emission pathways!
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Inventory-supporting monitoring
Main goal:load calculation and support of modelling

Conceivedtomeasure concentrationsand loadsin riversand in different pointand diffuse emission
pathways

It providesinformation forsubstance balances and input for modelling.

Hazardous substances released into the environment as a consequence of human activities can be

transported into surface and ground water from numerous sources via different point and diffuse
pathways, asshownin Figure 1.

— Municipal waste water treatment plant effluent
Point municipal wwtp
pathways Industry (direct) Direct industrial discharges
Groundwater
Geogenous )-— (baseflow and interflow)
sources _ Erosion (particle bound) %
- c% Surface runoff (dissolved) 8
Agriculture > 0
Tile drainage D
: o ©
Atmospheric Atmospheric deposition =
deposition 8
i @
Diffuse 73 Highway runoff ‘£
pathways Traffic and E o ?
construction > 5 s 5
@ o= Storm sewers
% 33
o i)
Industry 2 ;
S —» £
(indirect) —‘ 52 Combined
»- g 9| sewer overflows
:

Figure 1: Sources and pathways of HS into the aquatic environment (S. Kittlaus CC-BY-SA 4.0)

2.1.2 Monitoring performed inthe Danube Hazard m3cto supportinventory

The measurement activities within Danube Hazard m3c (described in detail in the Output O0.T1.2
Demonstration of a harmonized and cost-effective monitoring) showcase the design and execution
overone year of such monitoringaimed at supporting the creation of an emission inventory.

Besides being focused on collecting the necessary information for accurate and representative estimations of
river concentrations and load of micropollutants, the project monitoring aimed at gathering the necessary
information for the further development and validation of two models (MoRE and DHSM), which estimate the
contribution of different point and diffuse emission pathways at pilotcatchment and Danube River Basinscale,
respectively. Table 1 summarizes the substance-specific inputdata required by the model MoRE. The substance-
specificinputrequired by the DHSM model (reported in
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Table 2) does not need data deriving from the monitoring programme, but the validation of its
intermediate results does. These are summarized in Table 3. Given the above, a targeted monitoring
concept has been designed so to enable the quantification of river concentrations and river loads of
selected contaminants across diverse catchments and which considers the data requirements of the
MoRE and DHSM models.

Table 1: Requirements of substance-specificdata for the MoRE model. AU: analytical unit.

Type of Pathway Input data Spatial scale Temporal

pathway scale

Point Municipal WWTP Effluent loads ORwater amount  For each plantor  Annual
effluent and effluent concentration lumped over AU average

Point Industrial WWTP effluent  Effluent loads ORwater amount  For each plantor  Annual
or directindustrial and effluent concentration lumped over AU average
discharge

Point Abandoned miningsite Effluent loads OR water amount  For each siteor Annual

and effluent concentration lumped over AU average

Diffuse Agricultural erosion Soil content inagriculturalland  Lumped over AU Current

conc. level

Diffuse Erosionfrom natural soils  Soil content innaturally covered Lumped over AU Current

land conc. level

Diffuse Surface runoff from Concentration insurfacerunoff  Lumped over AU  Annual
pervious soils from pervious land average

Diffuse Tiledrainage Concentration intiledrainage Lumped over AU Annual

discharge average

Diffuse Groundwater Concentration in groundwater Lumped over AU  Annual

average

Diffuse Atmospheric deposition Depositionrate OR Lumped over AU  Annual

Concentration inrainwater and average
amount of precip.

Diffuse Dischargethrough Concentration in combined Lumped over AU  Annual
combined sewer sewer overflows average
overflows

Diffuse Dischargethrough storm  Concentration instorm sewer Lumped over AU  Annual
sewer outlets outlets average

Diffuse Inland navigation Emissions loads viasteel Lumped over AU  Annual

construction for hydraulic average
engineering

Diffuse Inland navigation Emissions loads via motor boat Lumped over AU  Annual

exhaust average

In addition, the validation of MoRE requires annual average concentrations orthe total annual load of
contaminantsinrivers atthe outlet of each analytical unitemployed for the validation.
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Table 2: Requirements of substance-specific data for the DHSM model. SC = sub-catchment, basic spatial unit

derived from the underlying hydrological model

Type of Pathway Input data Spatial scale Temporal
pathway scale
Point & Wastewater Use volume and use type of Lumped per SC, use Annual
Diffuse chemical, population density map, volume optionally per average
wastewater management maps country or even on EU
(connection to sewers, treatment level
level)
Point & Stormwater Use volume and use type of Lumped per SC, use Annual
Diffuse chemical, population density map, volume optionally per average
paved area map, combined- country or even on EU
/separated sewers map level
Point Abandoned Effluent loads ORwater amount and Annual
miningsite effluent concentration average
Diffuse Agricultural Amount used Country level or finer if Annual
emissions available average
(pesticides)
Diffuse Atmospheric Deposition rate Lumped per SC Annual
deposition average
Diffuse Inland Emissions viasteel constructionfor  Lumped per SC Annual
navigation hydraulic engineering average
Diffuse Inland Emissions viamotor boats Lumped per SC Annual
navigation average

Table 3: Intermediate results of the DHSM

model for which validation data arerequired. AU: analytical unit.

Type of Pathway Validation data Spatial scale  Temporal
pathway scale
Point Municipal WWTP effluent  Effluent loads OR water amount For each plant  Annual
and effluent concentration or lumped over average
AU
Point Industrial WWTP effluent  Effluent loads OR water amount For each plant  Annual
or directindustrial and effluent concentration or lumped over average
discharge AU
Diffuse Agricultural erosion Soil content inagriculturalland Lumped over Current
AU conc. level
Diffuse Erosion from natural soils  Soil content innaturally covered Lumped over Current
land AU conc. level
Diffuse Surface runoff from Concentration in surfacerunoff Lumped over Annual
pervious soils from pervious land AU average
Diffuse Tiledrainage Concentration intiledrainage Lumped over Annual
discharge AU average
Diffuse Groundwater Concentration in groundwater Lumped over Annual
AU average
Diffuse Dischargethrough Concentration incombined sewer Lumped over Annual
combined sewer overflows AU average

overflows

10
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Type of Pathway Validation data Spatial scale  Temporal

pathway scale

Diffuse Dischargethrough storm  Concentration in storm sewer Lumped over Annual
sewer outlets outlets AU average

2.1.3 Selection of substances

Consideringthe high financial cost of the chemical analysesfor micropollutants,itis advisableto select

forthe inventory-supporting monitoring indicator substances, which can be consideredrepresentative
of sources and emission pathways and of specificenvironmental fate patterns. The selection concept
applied in the Danube Hazard m3c followed this rationale. Bearing in mind the large number of HS
presentinthe waterbodies, the project focusedon 46indicator substances from 5different substance
groups of high relevancein the Danube River Basin, which are representative of different major sources

and emission pathways: (a) substances of both natural and anthropogenic origin; (b) industral
chemicals; (c) substances of intensive agricultural use and (d) pharmaceuticals. The final selection is

listedinTable 4.

Table 4: Substances measured inthe Danube Hazard m3c project.

Group of substances

Substances

Typical emission
pathway

Combustion products

16 PAHs: Acenaphthene, Acenaphthylene, Anthracene,
Benzo(a)anthracene, Benzo(a)pyrene,
Benzo(b)fluoranthene, Benzo(k)fluoranthene,
Benzo(g,h,i)perylene, Chrysene,
Dibenzo(a,h)anthracene, Fluoranthene, Fluorene,
Indeno(1,2,3-cd)pyrene, Naphthalene, Phenanthrene,
Pyrene

Atmospheric deposition

Potentially toxic metals

Hg, Cd, Ni, Pb, Cr, Cu, Zn, As

Soil
Miningtailings

Wastewater
Agricultural fungicides Tebuconazole Soil
Agricultural herbicides Metolachlor, Metolachlor -ESA, Metolachlor — OA Soil

Pharmaceuticals

Diclofenac
Carbamazepine

Municipal wastewater

Industrial chemicals

Perfluorooctane sulfonate (PFOS)
Perfluorooctanoic acid (PFOA)
Perfluoropentanoic acid (PFPeA)
Perfluorohexanoic acid (PFHxA)
Perfluoroheptanoicacid (PFHpA)
Perfluorononanoic acid (PFNA)
Perfluorodecanoicacid (PFDA)
Perfluoroundecanoicacid (PFUNnA)
Perfluorododecanoicacid (PFDoA)
Perfluorotridecanoic acid (PFTrA)
Perfluorotetradecanoic acid (PFTeA)

Municipal andindustrial
wastewater

Diffuseemissions

11
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Group of substances Substances Typical emission
pathway

Perfluorobutane sulfonicacid (PFBS)
Perfluorohexane sulfonic acid (PFHxS)

Industrial chemicals Octylphenol Wastewater
Nonylphenol
Bisphenol-A

2.1.4 Spatialscaleand designation of monitoring sites

The emission inventory is based on establishing a mass balance, which is typically set up on (sub-)
catchmentscale. Theriverineload can be measured at the outflow sections based on concentrationin
water (and in the suspended solids) and discharge datain rivers, considering the basic processes of
transport, storage or temporary storage and degradation of substances. The resulting riverine load
provides information about the current pollution status and temporal trends in case of long-term
information. In combination with the information gained in the inventory of point source emissions, it
allows estimating which share of load derives from diffuse emissions (this so-called ,riverine load
approach” would be the first step towards emission modelling). The inventory-supporting monitoring
conceptaimsto getone step beyond by measuring concentrations and loads in different pathways. In
this way, significant transport routes in the catchments as well as the relevance of point and diffuse
pathways can be identified.

The inventory approach leads to some important conclusions for the monitoring design(see Figure 2):

e Catchment borders must be considered for the territorial extent of the inventory-supporting
monitoring

e River monitoring sites must be located at the catchment outflow section (or outflows of the
sub-catchmentsin case of further subdivision)

e Intheriver, concentration and discharge should be measured simultaneouslyto determinethe
riverine load (sampling sites should be located at or close to river gauges)

e To properlyunderstand and estimate yearly loads of contaminants, high-flow events must be
includedinthe sampling design

e Emissions point sources must be quantified, therefore significant municipal and direct
industrial wastewater effluents (volume, concentration) must be measured.

e The measurements should cover other transport pathways that might be relevant in the
catchment and for the substances of interest (e.g. atmosphericdeposition, soil, groundwater,
surface runoff, stormwateroverflows, etc.).

12
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Figure 2: Monitoring concept appliedinthe project.

Figure 3 demonstrates an example of selecting monitoring sites in amedium-sized catchment (Upper-
Zagyvain Hungary, area: 1216 km?). The catchmentis divided into four sub-catchmentsin the applied
modelling approach. In the outlets, river monitoring sites were planned at existing flow gauges. Sub-
catchments representdifferentintensities of anthropogenicimpacts: (i) the headwater areais covered
mainly by forests and natural vegetation, (ii) one tributary receives significant wastewater discharge,
(iii) one tributary where arable land dominates land use, and (iv) the lower part representing mixed
conditions and the outflow.

13
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Figure 3: Monitoring sites planned for implementing the inventory support monitoring (Upper-Zagyva

catchment, Hungary)

2.1.5 Compositesamplingapproach

A way to design a cost-efficient measuring concept is to build it on time or space-integrated
composite sampling as well as stratified sampling focusing on flow, climatological or land use
patterns and considering specific pressures in order to optimize the trade-off between obtained

information and number of samples.

The followingsections describe adequate sampling strategies and equipment for the monitoring
of each compartment.

2.2 Sampling of different matrices
2.2.1 Riverwater

Grab (spot) sampling

The most typical sampling method consists of thelab personneltravellingto the sampling point, taking
a limited amount of the matrix in some bottle/case, and analysing it in the lab. The efficiency of this
sampling method highly depends on the appliedfrequency, which has its limits. Traditional monitoring
programmes rely predominantly on this approach, which can provide reliable information about the
low- and medium-flow conditions in rivers. However, infrequent observations cause errors in the
estimation of material flows, because the amount transported during large runoff events is
underrepresentedinthe time series.
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Equipmentneeded forspotsampling (Figure 4):

e Avessel mountedinatelescopicholder, orasimple bucket

¢ Immerse anopen-mouthed bottle of sampling systeminto a flow stream approximately 30cm
below the riversurface

e Theinletofthe sampling bottle should face the direction of the river flow

e Bottlesshould be filled maximum of 85% of the bottle volume.

Figure 4: Spot sampling.

During high-flow events, importantprocesses take placein river catchments, which determine changes
in the relevance of emission pathways, such as soil erosion and dilution of point source emissions.
Therefore, it is essential to gather information on the concentration of contaminants during such
events.

In this context, the aim is to sample rivers when the flow rate is comprised between Q0 and Q10 (0-
10% percentage of exceedance), and turbidity rises significantly above its typical baseflow/mid-flow
level. Each event should possibly be sampled flow-proportionally during its whole duration, i.e. both
in the rising and descending part of the hydrograph, and the obtained composite samples must be
cooled and sentimmediately tothe laboratoriesin the provided bottles.

The sampling can eitherbe carried out manually orviaautosamplers. Inthe case of auto sampling, the
samplerhasto be controlled by the turbidity probe signal in away that the sample volume is adjusted
proportionally to the flow.

Composite samples and automated sampling

This approach means that by the extension of grab sampling, samples are grabbed with a higher
frequency, mixed together, and the so-generated mixed sample (composite)is analysed. This is usually
done with an automated sampling device.

The concentration valuesof the composite sample are representative of the whole periodin which the
samples were taken. Samples can be added to the composite at equal time intervals (time
proportional, e.g. every hour) ordepending on some hydrological property (e.g. flowproportional). In
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the second case, automatedflow measurements are needed at the sampling location. Linking sampling
frequency to turbidity values (measurable online) is also a possibility (Lewis, 1996).

Requirements forthe autosamplers (Figure5) are as follows:

e Enabletime-,volume-, flow-, and event-proportional sampling (thelatter requires continuous
detection of the water level (or other trigger parameters) and must be programmable —see
Figure 8.),

e 12..24 vesselsora composite containerare used,

e Temperature control for the sample storage chamber (passive cooling can be applied, too —
see Figure 6)

e Powersupplyrequired (AC, battery, solar panel),

e Regularmaintenance mustbe provided!

Figure 6: Passive cooling of portablesampler.

Autosamplers are widely used for getting series of samples. A properselection of different automatic
samplers is available on the market; however, their price or some of the technical limitations might
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pose difficulties for particular research aims. If the goal is to gain information on the intra-event
dynamics, a series sampler is needed and many samples will have to be analysed. However, for the
guantification of interevent variability, composite samplers are sufficient, on condition that they can
adjustthe pumpingrate to be proportionalto the flow during the sampling process(Budaiet al, 2020).
The concentration of substances in such samples will represent the so-called event mean
concentration (EMC) whichisawidelyaccepted parameter usedto characterize unique events. (Gobel
et al. 2007). As flow-proportional composite samples inherently yield the EMCs (Gasperi et al. 2014)
they allow forthe calculation of the total eventloads as well (by multiplication with the event runoff).

Autonomous flow-proportional water sampler was developed by Budai et al., 2020, for the continuous
composite sampling of runoff events (Figure 7). The equipment aims:

- Continuous waterlevel monitoring and recordingin user-defined time intervals,

- Samplingdriven by aflexible, user-specified program, based on actual measured water levels,
- Inexpensiveand simplesystem partsthat are easily replaceable orrepairable on-site,

- Low-energy consumption (in orderto enable off-grid deployment).
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Figure 7: Autonomous flow-proportional water sampler: system layoutin a river section (left), an example

demonstrating the sampling characteristics for two consecutive runoff events (right).

Flow & Turbidity threshold sampling uses real-time turbidity and river level information to
automatically collect targeted water quality samples during high flow events and to estimate
suspended sedimentloads during a specifictime period. The system uses a programmable data logger
in conjunction with a water level measurement device, a turbidity sensor, and a pumping sampler.
Specialized software enables the userto control the sampling process by setting threshold valuesfor
sample collection.

Thresholds are usually chosen so that the square roots of NTU values are evenly spaced to adequately
define loads for small storms without oversampling large storms. A programmable data logger,
typically recording at 10- or 15-minute intervals, instructs an automatic pumping samplerto collecta
sample wheneverathresholdis crossed (Lewis and Eads, 2009).
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2.2.1 Stratified compositesamplingofrivers to estimate riverineload

The general conceptforriversamplingisto collectinformation on pollutant levels separately for base
flow conditionsand high-flow conditions as for some pollutants the concentrations(and thereforethe
loads) in these conditions are significantly different due to sediment bound transport from the
catchment, mobilisation of urban sources or dilution of point source emissions.

This so-called stratified composite sampling approach —which was applied in the DHm3c—isillustrated
in Figure 8 and Figure 9). Base flow concentrations were determined by a large set of weekly baseflow
grab samples collected during baseflow-midflow conditions. High-flow samples were collected in two
ways inthe pilot catchments, either (1) by using autosamplers, which either collected pre -programmed

series of samples or a composite sample by varying pumping rate and (2) a series of grab samples
collected duringflood events.

Lowflow sampling has to be continued for a minimum one-year long time at river stations to cover
time variability and seasonality. As faras high-flow samplingis concerned, the aimisto sample rivers

whenthe flow rate is comprised between Q, and Q¢ (0-10% percentage of exceedance), and turbidity
risessignificantly aboveits typical baseflow/mid-flow level.

—Q (m3/s)

16 1 composite sample

1,2 q-
i
1 —> i
0,8 = f'

4

okt-01
okt-15
okt-22
okt-29
nov-05
nov-12
nov-19
nov-26
dec-03
dec-10
dec-17
dec-24
dec-31
jan-07
jan-14
jan-21
jan-28
febr-04
febr-11
febr-18
febr-25

@ Low- and mindflow conditions: weekly spot sampling, 8 samples/ 2 months) = 1 composite

¢=m) High flow events: flow proportional sampling with autosamplers above a threshold discharge (or water level)

Figure 8: The concept of the stratified compositesamplingapproach appliedinthe DH m3c project.
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Figure9: Examplefor the sampling: discharge timeline of Wulka river (AT) with colour according to flow condition,
diamonds show the composite samples used for concentrations data.

Preparing composites samples

The preparation of the composite samples requires extrawork in the lab. After each weekly sampling,
an aliquot of the fresh sample is pouredinto the bottle/containerin the fridge/freezer (depending on
coolingtemperature) and if necessary a proportional amount of stabilizing compound is added.

Contrary to the typical protocol, which foresees that chemical analysis must be performed
immediately, samples will be processed with a significant time delay. Therefore, proper storage and
preservation must be ensured. Thisissue will be discussed laterin aseparate chapter.

2.2.2 Continuousonlinemeasurementsinrivers

Continuous measurements of water level, temperature, conductivity, and turbidity are recommended
throughoutthe whole year. One of the cornerstones of the DH m3c monitoring program was to install
the online sensors at the key points of the pilot regions to get continuous informationaboutimportant
parameters for a better understanding of the process dynamics in the catchments and for more
accurate riverine load calculations.

Conductivity is an essential water quality indicator, easy to measure, which enables the detection of
sudden and unexpected water quality changes. Additionally, conductivity enables the estimation of
the share of baseflow or surface flow to total flow. Turbidity is required to estimate the total
suspended particulate matter (SPM) load over the monitoring year. Turbidity —SPM correlation can be
established based onthe SPM concentration measurementsin a sufficient number of spot samples.

To gain accurate turbidity measurements, two aspects are very important:
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e The placementofthe probein the riverneedsto be planned andimplemented very carefully
because the turbidity is not equally distributed over the cross-section (Rode & Suhr, 2007).
This also holds true for the sampling spots for establishing the turbidity-SPM-concentration-
relationship. The probe should not be placed too close to the channel banks and not too close
to the channel bed. Manual turbidity measurements (ideally with the probe to be installed)
can helpto identify the zone that gives a representative value for SPM. Especiallyin the case
of largerrivers, the cross-section of the sampling spot should be measured in several vertices
and several depth/vertices to gain a full picture of the sediment yield distribution. The final
location should be ina position thatrepresents the average of the section.

e Drifting of the turbidity-probe caused by the establishment of biofilm on the window of the
optical probe has to be avoided by either havingan automatic mechanical cleaning or regular
manual cleaning. Itis preferred to use a probe with an automaticwiper.

In the project, the measured parameters were water level and/or velocity, temperature, electrical
conductivity and turbidity. Sensors (and automated samplers) were installed at the river monitoring
stations.

The installation of the instruments proved to be challengingin several cases. Common problems were
to provide sensor positioning and fixing that is representative and flood resistant at the same time.
Another typical issue was to lay cables in a safe way, which was either solved by digging the cables
underground orinstalling the cablesin protection pipes. Each location provided different possibilities,
constructionteams had to adapt to local conditions. Examplesfrom three stations can be seenin Figure
10, Figure 11 and Figure 12).

Figure 10: Autosampler and samplingsetup at Eisbach station (Wulka, AT).
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Figure 12: Solar panels and wind turbine installed in Hungarian stations to provideelectricity supply for sensors
and autosamplers (left: Nemti, Zagyva, right: Torokkoppany, Koppany).

Ensuring a continuous and reliable operation of the online monitoring took a considerable effort in
maintenance, including sensor cleaning (Figure 13), data collectionand solving data transfer problems.
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The other majorelement of operating online monitoring is data storage and processing. Inthe DHm3c
project a large amount of data has been collected (almost 2 years of continuous data, with 1-10 min
intervals).

Figure 13: Turbidity sensor before and after cleaning (left) and probe with self-cleaning windows.

2.2.3 Suspended particulate matter (SPM)

Sediments are animportant source of information for the level of legacy pollutionin awaterbody and
for the internal pool of contaminants that could be mobilized or released back into the water column,
whereas SPMreflects the current contamination level. Moreover, in comparison to sediments, SPM
contains ahigher percentage of fine-grained fraction, in which particulate-bound contaminants mainly
accumulate.

The analysis of micropollutants in the solid matrix requires a minimum availability of approximately
200-250 g (dry weight) of particulate matter. This amount of sample is needed as some of the trace
elements would be below the levels of detection, therefore contaminants need to be extracted and
enriched fromalarger mass of sediments. The collection of such an amount of SPMis very challenging
and cannot be achieved through small-volume grab samples.

Devices for the collection of SPM

Different devices have been designedforthe collectionof relevantamountsof SPM, which range from
relatively simple traps located in the river itself to relatively expensive devices located on the river
banks and activated electronically.

The main advantage of simpletrap or decanting devicesis that theyare relatively inexpensive and they
mostly rely on a passive principle, i.e. they do not require electricity ( Figure 14). They present, however,
major disadvantages.Their performancedepends on the type of riverand on the grain size of the SPM.
Clogging problems occur due to very fine sediment or algal growth. Further, they often do not allow
collectingthe finest fraction (as they do not settle), which is highly relevant for the adsorption of trace

pollutants (Phillips etal.,2000). Last, a severe issue affecting their suitability for the projectis that they
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do not allow any back-calculation of real particulate concentrations of contaminantsin the water
column, because it is not possible to know the corresponding volume of water with exactitude and

thusthe SPM concentrationinit.

Figure 14: Time-integrated Philips samplerinstallation to measuredifferent stage intervals.

A rather expensive alternative, which requires electricity and automatic control, is the use of high-
volume samplers. An example of these are the samplers developed and employed within the
international INN Project (Kittlaus et al., 2016; Kittlaus and Fuchs, 2015), namely 1 m3 stainless-steel
tanks, designed and equipped in a way that optimizes the deposition and the separate collection of
SPM. The fact that the total volume of sampled water is known allows the calculation of particulate
concentrations of the micropollutantsin the water column. The possibility of automatic control allows
the targeted sampling at different flow and turbidity conditions.

SPM sampling performed in the DH m3c project

River SPMsampling was performed at only three catchments(Wulkain AT, Koppanyand Zagyva in HU)
as this was not the mainfocus of the project, however, the collection of the fine suspended partides
carries a lot of interestinginformation with regard to catchment transport processes.

Sampling was performed using two approaches: (1) a simple time integrated, completely handmade
Philips sampler (Figure 15and Figure 16) (Phillips, Russell and Walling 2000) and (2) flow-proportional
automatic sampler (Hungarian catchment: Budai et al., 2020, Wulka: Endress+Hauser, LIQUISTATION
CSF48).

The collection methods are differentinmany ways. The P hillipssamplers can be used to collect samples
overalongperiod of time, thereforethere is a bigger chance to collect sufficient amounts of sediment,
especially during low-flow periods. Phillips samplers,however, cannot be related to concentrations of
a certain flood event, as they are not designed to collect all the SPM in the water phase (part of the
fine sediments are released through the outlet hole). In other words, samples from a Phillips sampler
are suitable to provide a representative concentration of a given substance carried by the suspended
matter, but not applicable to provide SPM concentration from a certain flood event. The automatic
samplers are suitable for providing exact SPM concentrations of a flood event and therefore link
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contaminant levels to it. The downside of this collection method is the limited sample volume and
therefore the limited sample amount. The latter was used to create sufficient amounts for metals
analysisonly, and from some extremely erosive runoff events at Koppdny station, for which suffident
solid matter (> 1kg) was collected to measure all the monitored substances.

Figure 15: Philips typesampler for high-flow condition at Nemti station (left) and sample collected from a flood
event at Torokkoppdny station (right).

Figure 16: Philipssampler at Wulka stationand a 20 L glass collection container.

Sampling was successful in both cases. The experiences can be summarized as follows:
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- Philips sampler devices are easily built but installation in the riverbed can be challenging.
Decanting the Philips sampleron site needs two persons and alarge volume sample holder. It
isimportantto mobilize the SPM by swirling to obtain the whole sample.

- Sampling by high-flow events autosampler: a sufficient amount of sample was collected for all
analyses (1-2 kg). This is site specific. This approach is recommended for locations with
substantial erosive runoff events. At lower SPM concentration this will not work, so multiple
flood waves should be sampled together.

2.2.4 Atmosphericdeposition

The input of micropollutants viaatmosphericdeposition (AD) on surfaces (waters, soil, or urban areas)
is an essential pathway in many catchments. To quantify this pathway, deposition rates for the
substances are necessary.

Three approaches are available for collecting AD:

e Bulk deposition samplers are the simplest and cheapest method to monitor atmospheric
deposition. The sampling device is a tray or a bucket. The diameter of the platter or funnel
should be chosen depending onthe amount of precipitation (~20— 70 cm). Both settled dust
indry weather and particles bound to precipitation are collected.

e Wet deposition is similar to bulk deposition, but the sampleris e quipped with a humidity
sensoranda lid, whichis closed except during precipitation events (Pekey et al., 2007).

e Wetand dry deposition happen alternatively with the placement of a second bucket: the lid
covers eitherthe wetor the dry bucket (Amodio et al., 2014).

Device and sampling strategy

The configuration is similarto devices developed to measure PAH deposition (Foanetal., 2012), where
the main elements of the bulk deposition sampler are (a) glass funnel and collection bottle, (b) plate
for litter recuperation, (c) collector support and tube for protection against sunlight (examples are
shownin Figure 17).

The specific design of the sampler, i.e. the required volume and materials to be utilized, must be
defined based onthe expected precipitation and onthe sampling strategy:

A. Sampling for 4 months in a year: For this setup, itis required that the samples are collected
from the sampler after every storm event during 4 predefined months distributed over one
year. As there are two sample bottles, they can be exchanged forsampling. The sample must
be immediately transferred into alarger storage containerinthe freezer. Inthis option, after
four months, after eight months, and at the end of the year, the cumulated bulk deposition
collected and frozen in the storage container are thawed and delivered in adequate aliquots
to the laboratories for analysis. In this way, three composite samples of atmospheric
deposition(each representing four months period) provide information on temporal variability
and seasonality of concentrations of HSin atmosphericdeposition.
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B. Samplingduringawhole year: Forthissetup, itisrequired thatthe samples are collected from
the sampler after every storm event for one year. As there are two sample bottles, they can
be exchanged forsampling. The sample must be immediately transferred into alarger storage
containerinthe freezer. Inthis option, each composite sample corresponds to the cumulated
deposition collected during each month. The procedure to obtainand to send the samplesis
the same as indicated for Setup A.

The diameterof the funnel and the volume of the collection bottle hasto be calculated based on the
expected annual precipitation ranges (delivered from long term statistics) and on the amount of
required volumeforthe chemical analyses.

Material requirement assuming 4 | required sample amount (lab analysis of organic pollutants and
metals):

e Funnel(glass, diameter 100 - 300 mm)

e Collectionbottle, glass, 2or5 or 10 |, 2 pieces
e Storage bottle, glass, 201, 2 pieces

e Plug, aluminiumfoil

Itis recommendedtosetup one AD stationin each (sub) catchment. For quality assurance: Duplicate
device is to be installed at each sampling location. The reason behind this is that deposition devices
mightclog, therefore areplacement sample would be available. This would involve the emptying and
cleaning of the secondary devices. The sample of the secondary device would only b e transported to
the composite if the primary sample is lost or not representative.

In DH m3c simple bulk deposition collection was delivered at all locations using large diameter glass or
ceramicfunnels (Figure 17 and Figure 18) to collect enough waterduringthe sampling periods, which
were covering a minimum of one month and was collected at least three times in different seasons.
Samples collected during precipitation events were immediately collected after the eventand poured
intoa largercontaineronsite. Following the initial negative experienceswith breaking of the samples,
the projectteam decided to change the method of preservation from freezingto cooling. Samples at
Wulkaand Ybbs catchment were however frozen using specific safety glass containers.
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Figure 17: Examples of the applied simple deposition collectors at Viseu (left), Koppany (middle) and Vit (right)
catchments.

Figure 18: Atmospheric deposition samplers and transformer atKrenstetten and at Opponitz.

Challenges addressed during the sampling:

e To cover seasonal effects of pollutant distribution and precipitation amounts, a whole year of
samplingis deemed necessary. Toreduce the associated staff resources, selected months can be
sampledto coverto a satisfactory extent the seasonal variations.

e The bigger the sampling devices get, the more complicated the handling and storage become.
Thus, the sampled volume shouldbe a compromise aimed to collect the necessary amount without
losing part of samplesduringintense events.
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e The samples need to be taken out of the sampling device immediately after the rain events to
avoid evaporation and degradation.They need to be stored in afreezer until analysis. The samples
should be protected from direct sunlight atall times by wrapping themin aluminium foil.

e The contamination of samples from soil or vegetation must be avoided. Thus, the samplers should
be placedinan openspace at least 1.5 m above ground.

e Disturbance of the mean spatial rainfall and dry deposition pattern should be avoided by keeping
distance to higherobjects (buildings, trees...).

e Thelocation of the samplers should ensure their protection from vandalism.

2.2.5 Wastewater

An underlying principle for wastewater effluent sampling is that the greatest possible information
concerning household and industry connected to the WWTP is needed. Household effluents are in
general relatively homogeneousin time, although the population number can fluctuate seasonally or
weekly (dueto work and vacation patterns). Industrial discharges are widely diverse and can fluctuate
extremely. Ingeneral, itis beneficial to do the sampling for atleast one weekand to repeatit seasonally
(Moseret al, 2015).

Two approaches can be applied forthe sampling of wastewater:

e Grab samplesconsist of eithera single discrete sample orindividual samples collected overa
time not exceeding 15 minutes. The grab sample should be representative of the wastewater
conditions at the time of sample collection. The sample volume depends on the type and
number of analysesto be performed (Simpson, 2017).

e Composite sampling means collecting many samples throughout a longer time into one
container and doing the analyses on the mixed liquid. It can be done either time or flow
proportionally. A time composite sample consists of equal volume discrete sample aliquots
collected at constant time intervals into one container. A time composite sample can be
collected either manually or withan automatic sampler. A flow proportional composite sample
can be obtained following one of the twofollowingapproaches: i) collecting a constant sample
volume at varying timeintervals proportional to the wastewater flow, ii) collecting the samples
by varying the volume of each individual aliquot proportional to the flow, while maintaining a
constanttime interval between the aliquots (Simpson, 2017).

In addition to effluents of wastewater treatment plants, asubset of untreated influent should also be
sampled and analysed. The rationale behind thisis thatin parts of the Danube River Basin wastewater
isnot treated yet and therefore, this part of the sampling shall deliver relevantinformation on how to
estimate emission loads into water bodies via untreated municipal wastewater.

Sampling procedure

In general, it is beneficial to do the sampling for at least one week and to repeat it seasonally.
Therefore, the influent and effluent of each examined municipal and industrial wastewater treatment
plant should be sampled at least 3 times throughout the year at approximately three-four months
distance. The aim is to obtain each time a flow-proportional weekly composite sample. During every
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campaign, samples have to be collected for seven consecutive days and thereafter merged and
homogenized (Figure 19). Depending on the local possibilities, wastewater can be sampled either
manually orvia autosamplers.

24 h composite sample
using automatic effluent
sampler of the WWTP

1

Stirring to garantee
representative
subsamples

7 consequtive
days (1 week)

1 L sample/day stored
at4°C

|

Homogenization

Transport
— for analysis

Figure 19: Scheme of sampling procedure for wastewater.

WWTP sampling
The aim is to obtain each time a flow-proportional weekly composite sample
Wastewaterdischarge must be measured at the time of samplingin orderto calculate the load.

Knowledge concerning households and industries connected tothe WWTP is needed.

Selection of WWTPs

A differentnumber of plants, both municipal and industrial, shall be examined, depending mostly on
the contribution of wastewater plant discharges to total river flowand thus on the relative importance
of these pointsources forthe total transported loads of micropollutantsin the different catchments.

In the DH m3c waste water samples were collected at 15 plants (including mining tailings) across the
seven pilot regions. Where automated samples were available (Figure 20), samples were collected
during one week, each day producing a 24-hour composite sample. Sub-samples were mixed
afterwards, proportionally to flow rates. Samples were cooled during collection either by built-in
cooling or by passive cooling, using insulated boxes and cooling-packs. Where this was not possible,
grab samples were collected manually and then mixed into composite samples.
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Figure 20: Sampler of effluent at WWTP A (left) andat WWTP B (middle & right) at Wulka catchment.

2.2.6 Soil

Soils can be a major source of diffuse pollutantsinriverbasins. Particle-bound pollutantsare
transported viaerosion, while dissolved pollutants leaching from soils can reach water bodies
by runoff. Soil data (e.g. concentrations of the contaminants by land uses and soil types) are
veryimportantinputs to watershed models.

Spatial representativeness of soil sampling

River catchments considered in emission inventories and emission models can be several
hundreds of km? in size (or larger) and their soils are very heterogeneous. Therefore, it is
difficult to get a spatially explicit sampling from the whole watershed. Nevertheless, it is
possible to representthe major soil types and the primary land use types by collecting a high
number of samples. To increase the representativeness of soil samples, itis common to use
spatially-integrated composite soil samples instead of point samples. In the LUCAS survey
(Téth etal., 2013), a 4x4 m square area was used with five sub-sampling pointsin an X shape
to create a composite sample. Other studies used larger sample grids of 10 m and 9 sample
points within (Rocco et al., 2016) and showed that discrete sample concentrationsshow much
higherlocal concentrations than composite samples. In plot scale studies, itis common to use
1to 5 ha grids with atleast 20 sampling points within(Sarkadiet al., 1986). This study suggests
that 20 samples should be the minimum number to create a composite sample with an
acceptable error of the real mean concentration.
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In the DH m3c project, a cost-effective composite sampling programme was executed in all pilot
regions. For the selection of representative points, land use and soil classes should be overlappedby
GIS application for each sub-catchment to create land units for composite sampling. The specific
sampling points should be distributed randomly within the land units by GIS techniques, and finally,
the sample positions should be adjusted manually to position them near the roads where they can be
realistically reached. In the project, sampling locations have been selected by random sampling as
described above. The presented locations were based on land use data, that is not too accurate,
especially at the borders, sometimes outdated, and sometimes biased during the processing of the
original remote sensing data. A careful review of each location was thus necessary using up-to-date
satellite images. An exampleis introduced in Figure 21. Even with careful design, the locations were
sometimesinaccessible, therefore some of the points necessary to be replaced within the spatial unit.

Legend

@ Samples_all_500
[ <allother values>
UNIQUECOMB
I forest soilt
B aoricuture soil2
[ forest soi2
- mixed agriculture soil2
I:I rangeland soil2
[: ariculture soild
- agriculture soild
- forest soil3
:] mixed agriculture soil
I aoricutture soilt
- agriculture soil5

Figure 21: Example of selection of sampling points for the Koppany catchment in Hungary: GIS based planning
andfine tuning with satelliteimages.

Sampling strategy

A reasonable compromise to cover the heterogeneity of soils in the pilot regions was to generate
composite samples for each major land-use type, with a total of 10 composite samples in each pilot
region. The minimum thresholdforthe majorland uses was setto 5% of the total area. Each composite
sample should be composedof atleast 20 sub-samples. Each of the 20 samplesis composedintum of
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1-5 subsamples, to be taken close to each other at one location. Soil sampling campaigns should be
ideally carried out during springand summer, whenfertilization has occurred but vegetation is not yet
dense. This sampling campaign, including several sub-samples to increase the representativity of the
composite samples, required a significant effort and was extended over one-two weeks at each pilot
region.

Tools and methods

Soil samples can be taken for chemical analysis by simple auger tools, no specific drill is necessary:
Plrckhauer ground augers (Figure 22) specifically suitable for dense, hard soils. Edelman augers for
softersoils. 1-5s0il sub-samples have to be collected and homogenized by physical defragmentation

The upper soil layer should be sampled because this soil profile is the most important as runoff will
play a much bigger part than subsurface flow in the emissions of such chemicals. For grasslands and
forest soils, the upper 10 cm shall be sampled, whereas for agricultural soils, the upper 30 cm is
relevantdue to the tillage mixing of the soil layer. Litter (plantresidues) should be removed from the
surface priorto sampling. The depthshould be similarat each location. Soil samplers should be cleaned
between sampling spots. All soil samples are collected in clean and sealable glass jars to prevent
contaminant reaction with the container’s material. Composite samples are generated by merging
equal aliquots of the sub-samples straight after sampling onssite.

Figure 22: Plrckhauer type soil sampler used in mostcatchments.

Lessons learned from the soil sampling campaigns in the pilot regions:

e Soil samplerinstrument: In compacted dry soil, the sampling was almost impossible. Rubber
hammerwas used. Inforestand tilled agricultural soilsthe sampling was easy. Main problems
occurred on grasslands and in places where the plantation was already high. In these places
the soil was heavily compacted in some cases.
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e Augertype soil samplerinstrument: Due to the rotation motion for extracting the soil sample,
the auger soil sampler met no difficulties even over stiffand compacted land.

e Access to soil sampling points is extremely important. Often geospatial analysis using GIS
methods can determine the mostaccessible locations of these points. However, this analysis
doesnot consider whetherthe landis fenced or not. Anotheraspect to be mentioned here is
the spatial resolution of the maps used (digital terrain model, road maps, and land use map),
a lowresolution of the input data can wrongly determine a point with adifferent land use than
thereal one. That is whyinthe maps made for the location of the sampling points the type of
land use was also mentioned.

e Sample processing: Plirkhauer sampler with relatively small diameter was used to reduce
sample amount. The benefit was that samples could be used in their fully amount and
therefore no cross contamination due to mixingand separation had occurred.

e Soil sub-samples were collected in a bucket and homogenized by physical defragmentation.
Immediately afterward 100 grams were measured and placed inaglassjaronsite. In order for
the scale to work properly, aflatand hard surface is needed —the measurements can be done
inthe trunk of a car.

e Sample processing: soilsamples were collectedin aceramictray and homogenizedby physical
defragmentation of the samples. Soil was mixed with spoon several times, then adequate
amountwas measured to the collectorglassjar. Very dry samples were hard to defragme nt.

e Augertype soil samplerinstrument: Due to the rotation motion for extracting the soil sample,
the auger soil sampler met no difficulties even overstiffand compacted land.

2.3 Sample preparation, storage and transport to the laboratory

As a general rule, the chemical analysis should be carried out as soon as possible after sampling.
However, in the case of inventory-supporting monitoring, anon-traditional approach with composite
sampling was carried out in order to maximise the information obtained from the measurements at
the lowest possible analytical cost.

New methodology forthe preparation of composite sampleshad to be developed to find the best way
how to preserve samples for such a long time. Sample preservation was initially determined by the
consortium for all sampled matrix and for all samples. The methods were described in the Standard
Operations Procedures (SOP) document that was revised a few times during the project when
alterations of the methods were needed. Table 5 summarizes the applied preservation in case of the
different substancesand matrices.

2.3.1 Preservationofsamples

River water samples

Samples shall be kept in cold conditions during transport using cooling packs and insulation boxes.
Filtration and acidification have to be carried out in the laboratory right after sample transportation
(within 4 hours after collection). Preparation: in the case of low-flow composites, the sample have to
be storedinavessel (materialand cooling temperatureis depending on the analysed substance). Every
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weekaweeklyaliquot +a proportional amount of stabilizing compoundisadded to the vessel. Storage
takes place in cold (<4°C) or frozen conditions. Samples are transported to the analysing laboratory at
the end of the collection period. From high-flow events, a flow-proportional composite should be
prepared (sampled by flow triggered programming auto samplers or manually from the sampleseries.
After necessary filtering and stabilization (where needed), high-flow samples shall be immediately
transported tothe analysinglaboratories.

Wastewatersamples

Have to be collected in cooled instruments. Cooling can be either made by active or passive cooling
(insulation boxes and cooling packs). Wastewater samples haveto be collectedand transported to the
lab daily or bi-daily.Samples have to be stored in cold (<4°C) and dark conditions until the total weekly
samples are collected. Preservation and transport of the composite samples takes place as described
belowinthetable.

Atmosphericdeposition

To preserve the samples during months of collection, it was decided in the consortium that freezing
would be the selected procedure for storage, but this required to use large volume (10l) glass bottles
to avoid sample loss to plastic. The initial negative experiences of glass breaks forced to change the
preservation either to safety glass containers (expensive) or to cooling in dark conditions (<4 °C)
instead of freezing.

Soils and sediments

Following sampling, the samples were kept in dark, cold conditions until delivery to the lab, where
samples have to be homogenized and lyophilized to preserve contaminants.

Table 5: Preservation and storage information for the liquid phasesamples

Substance Sample matrix Volume and bottle Preservation
material

Hg and other metals  All matrices 0.5 1 Teflonor PE 0.16 mL of HCl s.p. (30%) or 0.16 mL

(total and 0.16 L of filtered of HNO3 s.p. (65%)

dissolved*) water Frozen

16 PAH total and River, 1L The inner surface of plastic cups

dissolved** Atm.Dep. Amberglass covered with aluminium foil,
Wastewater Cooling(2-4°C)

16 PAH SPM, Sail 1 kg, Rex glass Lyophilisation

PFAs (PFOS, PFOA, 250 ml, PE Frozen for composites, otherwise

PFAC - PF12C, PF4S - cooling: max 6 days

PF10S) All matrices

4-ter Octylphenoal, 1 Ldark glass Cooling(2-4°C) and max 2 months

Nonylphenol
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Substance Sample matrix Volume and bottle Preservation
material
Metolachlor  (incl. 2x40 ml EPA vial Cooling(2-4°C) max 2 months

Metabolites),
Tebuconazole

Diclofenac, 1 Ldark glass Cooling(2-4°C) max 2 months
Carbamazepine

Bisphenol A
*Filtering Metals: Due to the carbonate precipitation the dissolved samples should be filtered and
acidified immediately after sampling. Only specified pure filters and acids should be used to avoid
contamination

**Filtering PASs: specified glass fibrefilters.

2.3.2 Procedures for cleaning of bottles and vessels

Cleaning procedure for glass bottles:

Reagents: Nitric acid HNO; (65% pro analysis - p.a.), Ultrapure water e.g. (Milli-Q) (>18 M Q cm), or
HPLC reagent grade water

1) rinsethe glass bottlesthoroughly with tap water;

2) soak glassbottles with 10% HNO3 (65%) (v/v) for 24 hours and afterward rinse with ultrapure
(Milli-Q) water, fillthe bottle with 10% HNO; and leave for 24 hours;

3) rinsethe bottlesthoroughly with ultrapure (Milli-Q) water (5times);

Cleaningthe PEand teflon bottles

1) putthegloveson

2) takethe bottlesout of the zip-locked bags

3) emptythe Teflon bottles, which are filled with diluted acid

4) rinse themthoroughly with the watersample (3times)

5) fillthe bottletillthe top withthe sample (Thisis only applicableif onlyone sample is taken and
no composite is collected) and acidify them immediatelywith 1 mLof HCl s.p. (37%) or 1 mL of
HNO;s.p. (65%) per1 L of water, so that final concentrationis 1% v/v)

6) putthesamplertothe freezer.

7) put the bottles in PE zip-locked bags and store them for further analysis (if the sampling is
taking place during the summertime, the samples should not be stored at room temperature)
(Thisisonlyapplicable if only one sampleistaken and no composite is collected).

For quality control reasons blank samples (procedure blanks, autosamplers) have to be prepared.
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2.3.3 Transportofthe samples to the lab

As soon as the composite samples are ready, they are sent to the respective laboratories via express
couriertransportin boxes of polystyrene foamfilled with dry ice, orice batteries.

The receiving laboratories should measure sample temperatures at delivery. In case of temperatures
above 8°C, the laboratory should contact the sender, who should reconsider the shipment procedure.

Inthe laboratory, careful thawing of the samples should be performedat controlled room temperature
(4°C) or at room temperature, in order to prevent losses of volatile PAH (e.g. Naphthalene). This
procedure only applies to the atmospheric deposition samples (and maybe wastewater), which are
stored frozen and where the distribution to the smaller bottles is arranged at the end of the collection
period.

Freezing has a significant impact on the measurements of dissolved metals: white precipitation was
observed when thawing of the sample. ater chemical parameters showed a strong change after
freezingthe samples as composites: obvious signs of CaCO3 precipitation. Thisis provenindirectly, by
increased pH, reduced Electric Conductivity, several fold increase in turbidity and around 40-60% loss
of hydrogen carbonate, and strong loss of calciumin water samples. There is a risk of loss of partide
bound contaminants from the samples, high risk of measurementerrors. Therefore, samples have to
be filtered on-site right after sampling delivery to the own lab, using specific pure filter: Sartorius
Ministart NML, syringe filter, 28 mm, 0.45 um pore size.

2.3 Laboratory methods

It is recommended that chemical analysis is performed by the same lab for the same parameters for
all samples. Methods and LOD/LOQ concentrations applied in the DH m3c project are summarised in
Table 6 forall liquid matrices and Table 7 for soil and SPM.

Table 6: Analytical methods, LOQ and LOD values for liquid matrices.

CAS Substance name Unit Method Standard LOQ LOD
Potential toxic elements (PTEs) in AD and RIV_dissolved

CAS_7440-43-9_Cadmium and its ug/l ICP-MS  ISO 17294- 0,013 0,004
compounds 2:2016

CAS_7439-92-1_Lead and its ug/l ICP-MS  ISO 17294- 0,05 0,015
compounds 2:2016

CAS_7440-02-0_Nickel and its ug/l ICP-MS  ISO 17294- 0,02 0,006
compounds 2:2016

CAS_7440-38-2_Arsenic and its pg/l ICP-MS ISO 17294- 0,033 0,01
compounds 2:2016

CAS_7440-50-8_Copper and its ug/l  ICP-MS  ISO 17294- 0,043 0,013
compounds 2:2016

CAS_7440-66-6_Zinc and its pg/l ICP-MS ISO 17294- 0,233 0,07
compounds 2:2016
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CAS Substance name Unit Method Standard LoOQ LOD

CAS_7440-47-3_Chromium and its ug/l ICP-MS ISO 17294- 0,02 0,006

compounds 2:2016

CAS_7439-97-6_Mercury and its ug/l CVAAS ISO 17294- 0,00027 0,00008

compounds 2:2016

Potential toxic elements (PTEs) in WW and RIV_total

CAS_7440-43-9_Cadmium and its ug/l ICP-MS  ISO 17294- 0,133 0,04

compounds 2:2016

CAS_7439-92-1_lLead and its ug/l ICP-MS ISO 17294- 0,5 0,15

compounds 2:2016

CAS_7440-02-0_Nickel and its ug/l ICP-MS  ISO 17294- 0,2 0,06

compounds 2:2016

CAS_7440-38-2_Arsenic and its pg/l ICP-MS ISO 17294- 0,333 0,1

compounds 2:2016

CAS_7440-50-8_Copper and its ug/l ICP-MS ISO 17294- 0,433 0,13

compounds 2:2016

CAS_7440-66-6_Zinc and its ug/l ICP-MS  ISO 17294- 2,33 0,7

compounds 2:2016

CAS_7440-47-3_Chromium and its pg/l ICP-MS ISO 17294- 0,2 0,06

compounds 2:2016

CAS_7439-97-6_Mercury and its ug/l CVAAS ISO 17294- 0,0027 0,0008

compounds 2:2016

Organic substances inRIV and AD

CAS_1763-23-1_Perfluorooctane ug/l HPLC- WBSE- 0,00015 0,00004

sulfonicacid (PFOS) and its MS/MS  121:2019

derivatives

CAS_335-67-1_PFOA ug/l HPLC- WBSE- 0,00015 0,00004
MS/MS  121:2019

CAS_2706-90-3_Perfluoropentanoic ug/l HPLC- WBSE- 0,002 0,0006

acid MS/MS  121:2019

CAS_307-24-4_Perfluorohexanoic ug/l HPLC- WBSE- 0,002 0,0006

acid (PFHxA) MS/MS  121:2019

CAS_375-85-9_Perfluoroheptanoic ug/l HPLC- WBSE- 0,002 0,0006

acid (PFHpA) MS/MS  121:2019

CAS_375-95-1_Perfluorononanoic ug/l HPLC- WBSE- 0,002 0,0006

acid (PFNA) MS/MS  121:2019

CAS_335-76-2_Perfluorodecanoic ug/l HPLC- WBSE- 0,002 0,0006

acid (PFDA) MS/MS  121:2019

CAS_2058-94-8_Perfluoroundecanoic g/l HPLC- WBSE- 0,002 0,0006

acid (PFUnA) MS/MS  121:2019

CAS_307-55-1_Perfluorododecanoic pg/l HPLC- WBSE- 0,002 0,0006

acid (PFDoA) MS/MS  121:2019

CAS_72629-94- ug/l HPLC- WBSE- 0,002 0,0006

8_Perfluorotridecanoicacid (PFTrA) MS/MS 121:2019
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CAS Substance name Unit Method Standard LoOQ LOD
CAS_376-06- ug/l HPLC- WBSE- 0,002 0,0006
7_Perfluorotetradecanoicacid MS/MS 121:2019
(PFTeA)
CAS_375-73-5_Perfluorobutane ug/l HPLC- WABSE- 0,002 0,0006
sulfonicacid (PFBS) MS/MS  121:2019
CAS_355-46-4_Perfluorohexane pg/l HPLC- WABSE- 0,002 0,0006
sulfonicacid MS/MS  121:2019
CAS_15307-86-5_Diclofenac pg/l HPLC- WBSE- 0,001 0,0003
MS/MS  124:2019
CAS_298-46-4_Carbamazepin ug/l HPLC- WBSE- 0,001 0,0003
MS/MS  124:2019
CAS_140-66-9_Octylphenol (4- ug/l GC-MS EN ISO 0,01 0,005
(1,1',3,3'-tetramethylbutyl)- phenol) 18857-
1:2007
CAS_104-40-5_4-nonylphenol ug/l GC-MS EN ISO 0,01 0,003
18857-
1:2007
CAS_80-05-7_Bisphenol A ug/l HPLC- WBSE- 0,01 0,003
MS/MS 124:2019
CAS_107534-96-3_Tebuconazole pg/l HPLC- WBSE- 0,01 0,003
MS/MS 93:2020
CAS_51218-45-2_Metolachlor ug/l HPLC- WBSE- 0,01 0,003
MS/MS  93:2020
CAS_171118-09-5_Metolachlor ESA ug/l HPLC- WBSE- 0,01 0,003
MS/MS  93:2020
CAS_152019-73-3_Metolachlor OA ug/l  HPLC- WBSE- 0,01 0,003
MS/MS  93:2020
Organic substances in WW
CAS_1763-23-1_Perfluorooctane ug/l HPLC- WBSE- 0,0016 0,0005
sulfonicacid (PFOS) and its MS/MS  121:2019
derivatives
CAS_335-67-1_PFOA pg/l HPLC- WBSE- 0,0016 0,0005
MS/MS 121:2019
CAS_2706-90-3_Perfluoropentanoic  pg/l  HPLC- WBSE- 0,0016 0,0005
acid MS/MS 121:2019
CAS_307-24-4_Perfluorohexanoic ug/l HPLC- WBSE- 0,0016 0,0005
acid (PFHxA) MS/MS 121:2019
CAS_375-85-9_Perfluoroheptanoic ug/l  HPLC- WBSE- 0,0016 0,0005
acid (PFHpA) MS/MS  121:2019
CAS_375-95-1_Perfluorononanoic ug/l HPLC- WBSE- 0,0016 0,0005
acid (PFNA) MS/MS 121:2019
CAS_335-76-2_Perfluorodecanoic ug/l HPLC- WBSE- 0,0016 0,0005
acid (PFDA) MS/MS 121:2019
CAS_2058-94-8_Perfluoroundecanoic pg/I HPLC- WABSE- 0,0016 0,0005
acid (PFUNA) MS/MS  121:2019
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CAS Substance name Unit Method Standard LoOQ LOD
CAS_307-55-1_Perfluorododecanoic  pg/I HPLC- WBSE- 0,0016 0,0005
acid (PFDoA) MS/MS  121:2019
CAS_72629-94- ug/l HPLC- WBSE- 0,0016 0,0005
8_Perfluorotridecanoicacid (PFTrA) MS/MS 121:2019
CAS_376-06- pg/l HPLC- WBSE- 0,0016 0,0005
7_Perfluorotetradecanoicacid MS/MS 121:2019
(PFTeA)
CAS_375-73-5_Perfluorobutane pg/l HPLC- WABSE- 0,0016 0,0005
sulfonicacid (PFBS) MS/MS  121:2019
CAS_355-46-4_Perfluorohexane ug/l HPLC- WBSE- 0,0016 0,0005
sulfonicacid MS/MS  121:2019
CAS_15307-86-5_Diclofenac ug/l HPLC- WABSE- 0,0016 0,0005
MS/MS  124:2019
CAS_298-46-4_Carbamazepin ug/l  HPLC- WBSE- 0,0016 0,0005
MS/MS 124:2019
CAS_140-66-9_Octylphenol (4- ug/l  GC-MS  EN ISO  0,0016 0,0005
(1,1',3,3'-tetramethylbutyl)- phenol) 18857-
1:2007
CAS_104-40-5_4-nonylphenol ug/l GC-MS EN ISO 0,0015 0,0004
18857-
1:2007
CAS_80-05-7_Bisphenol A ug/l HPLC- WBSE- 0,0015 0,0004
MS/MS  124:2019
CAS_107534-96-3_Tebuconazole ug/l HPLC- WBSE- 0,02 0,006
MS/MS  93:2020
CAS_51218-45-2_Metolachlor ug/l HPLC- WABSE- 0,02 0,006
MS/MS  93:2020
CAS_171118-09-5_Metolachlor ESA ug/l HPLC- WBSE- 0,02 0,006
MS/MS  93:2020
CAS_152019-73-3_Metolachlor OA pg/l HPLC- WBSE- 0,02 0,006
MS/MS  93:2020
Table 7: LOQ and LOD values for soil and SPM.
CAS Substance name Unit LoQ LOD
Potential toxic elements (PTEs) and rare elements
CAS_7429-90-5_Aluminium and its compounds mgkg™' DM 99,9 30
CAS_7723-14-0_Total phosphorus mgkg'DM 72,594 21,8
CAS_7440-47-3_Chromium and its compounds mgkg”'DM  0,41625 0,125
CAS_7439-89-6_lron and its compounds mgkg'DM 41,625 12,5
CAS_7440-02-0_Nickel and its compounds mgkg'DM  1,24875 0,375
CAS_7440-50-8_Copper and its compounds mgkg'DM  0,624375 0,1875
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CAS Substance name Unit LoQ LOD
CAS_7440-66-6_Zinc and its compounds mgkg'DM 15,8175 4,75
CAS_7440-38-2_Arsenic and its compounds mgkg'DM  0,8325 0,25
CAS_7440-43-9_Cadmium and its compounds mgkg”'DM  0,208125 0,0625
CAS_7439-91-0_Lanthanum mgkg'DM  0,041625 0,0125
CAS_7440-45-1_Cerium mg kg 'DM  0,041625 0,0125
CAS_7439-92-1_Lead and its compounds mgkg'DM  0,208125 0,0625
Organic substances

CAS_129-00-0_Pyrene ug/kgDM 1,8 0,88
CAS_85-01-8_Phenanthrene pg/kg DM 5,6 2,8
CAS_91-20-3_Naphthalene pg/kg DM 8 4
CAS_193-39-5_Indeno(1,2,3-cd)pyrene pg/kg DM 0,36 0,1
CAS_86-73-7_Fluorene ug/kgDM 1,1 0,53
CAS_206-44-0_Fluoranthene pg/kg DM 2,2 1,1
CAS_53-70-3_Dibenzo(a,h)anthracene pg/kg DM 0,42 0,12
CAS_218-01-9_Chrysene ug/kgDM 0,66 0,19
CAS_207-08-9_Benzo(k)fluoranthene pg/kg DM 0,62 0,2
CAS_191-24-2_Benzo(g,h,i)perylene pg/kg DM 0,66 0,2
CAS_205-99-2_Benzo(b)fluoranthene pg/kg DM 0,83 0,25
CAS_50-32-8_Benzo(a)pyrene pg/kg DM 0,48 0,12
CAS_56-55-3_Benzo(a)anthracene pg/kg DM 0,75 0,23
CAS_120-12-7_Anthracene ug/kgDM 0,73 0,37
CAS_208-96-8 Acenaphthylene pg/kg DM 0,43 0,11
CAS_83-32-9_Acenaphthene pg/kg DM 0,45 0,13
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3 Inventory of hazardous substances - relational and harmonized
database

3.1 Inventory of HS emissions
3.1.1 Setting up the inventory - scope and objectives

The setup of inventories of emissions of hazardous substances into surface waters is a heavily data
driven process. The most important part consists of substance-specific data, which are necessary to
guantify the emission loads. This can be concentrations in different environmental or technical
matrices (e.g. wastewater orsoil), surface specificrates (e.g. atmosphericdeposition rates), emissions
factors for different activities (emissions per vehicle and driven kilometre) or emission loads (e.g.
industrial emission reported to PRTR register). Based on such data, different types of emissions and
transport models can be used to quantify the overall emissions. Such models need to be validated,
which again needs measured concentration data from surface waters. To collect these data together
with all necessary metadata, an inventory of concentrations was created in the Danube Hazard m3c
project (DHm?3c). This inventory serves as example and guidance for anyone who aims to set up a similar
data collection system on a national or transnational scale. Thus, in the following, we present the
structure of the database, the method of data collection in detail as well as some important lessons
learned.

In the DHm3c project, the aim of this activity was to collect pre-existing data from the Danube basin
which were available from different sources and in different formats and combinethem together with
the monitoring data generated within DHm3c to generate a database as broad as possible for three
applications:

1. Generate input data for emission models, especially for the MoRE model (Fuchs et al., 2017)
whichis mainly based on representative concentrationsin different pathways.

2. Supply validation data for emission models such as the source driven Danube Hazard
Substance Model (DHSM) (van Gils et al. (2020) and DHm3c Output Upgraded version of the
SOLUTIONS model (now called DHSM) adapted to territorial needs for transnational modelling
of HS emissions in the DRB and the pathway driven model MoRE.

3. Supplyharmonized dataforsurface water status assessment.

4, Create a database for research of drivers behind the concentration patterns, which can lead
to a better system understanding and thus to better performing emission models.
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Figure 23: The cycle of hazardous substance management at the river basinscale(blue), the role of datain this

cycle(yellow) and which part the database presented here should cover (green) (Kittlaus 2023, CC-BY-SA 4.0)

3.1.2 Consideredideas and requirements

As the DHm3c inventory database had a strong focus on capitalization of pre-existing knowledge,
available data sources were investigated regarding their structure and the use of controlled
vocabularies. These are the following databases with data available forthe Danube Basin:

e Hostedby the ICPDR®:
o Transnational Monitoring Network (TMNM)
o JointDanube Survey Results (JDS1, JDS2, JDS3)

e Hosted by the NORMAN EMPODAT database?:
o JointDanube Survey 4 Results

e Hosted by the EU
o Reported monitoring datainthe WISE framework
o Reported emissions underthe UWWT directive
o Reportedemissionunderthe PRTRdirective

Regardingthe selection of the technical framework to collect the data, itis essential to have a system
which meetsthe following requirements:

e Collectionof dataina format, whichis manageable for all contributing institutions.
e Possibility of rigorous quality control of the collected data and metadata during data
import.

e Easy handlingof large dataamounts without any restrictions.

! https://www.icpdr.org/wg-db/

2 https://www.norman-network.com/nds/empodat/
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e Dataworkflow to be handled with the available skills of the projectteam.

In the project, to make data available inthe best possible way the principles of FAIR data (Findability,
Accessibility, Interoperability, and Reuse) were considered as faras possible:

The DHm3c database has been made availableas one main output of the project for furtheruse in the
research data repository of TU Wien, accessible via https://doi.org/10.48436/xwve4-h7v43.

3.2 Implementation of the inventory
3.2.1 Data collection and import

For a transnational database, the data collection has to be shared between project partners, as
national administrations have a better overview and access to national dataand e.g. universities better
access to scientific publications. Nevertheless, many data sources, especially those which are not
directly waterrelated (e.g. soil data) were difficult orimpossible forthe project team to access. While
surface water quality related institutions were included as partners in the project and surface water
guality datawere available in their department, data regarding other compartments (soil, atmospheric
deposition, wastewater) are partly in the responsibility of other institutions or other departments of
the same institutions and therefore have been difficult or even impossible to access. Data collection
and data harmonization are of prime importance for a well-structured database. Therefore, this
document presents, as a good example, the workflow of how the data was collected, checked and
uploadedto the database duringour project (Figure 24).

1. To facilitate asmooth datacollection with the available technical knowledgeand setup, it was
decidedto create data request sheets (DRS) in Microsoft-Excel format, distribute them to the
partnersand collect the datainthese templatesinanonline storage (cloud) system. Examples
of how such DRS were conceived and structured are available as excel files in the Annex
“Technical Guidance — Annex—Data request sheets” published on the projecthomepage °.

2. Thefilled DRSwere collectedinthe cloud of the TU Wien and then centrally processed by few
project members using mainly R programming language (R Core Team, 2022). Questions
occurring during data checking were send back to the data collecting partners to clarify the
situation and where necessary to update the submitted Excel-files.

3. The supplied data in the format of the DRS was rather easy to import because the data
structure was given and fitted to the SQL database structure. However, for various reasons,
not all data were made available inthe DRS format. The quality of these varied, from easy to
process subsets of databases to unformatted .xlIsx-Files which took a lot of effort to encrypt.
The needfora unified publicdatacollection was clearly evident.

4. The data import was performed with the programming language R (R Core Team, 2022) in
reproduceable, easy to verify scripts. Because dataimportis notalways a single task but must
sometimes be repeated, e.g. if the data have been imported incorrectly or new metadata
become available. Itisimportant that the import-scripts are well structured and documented

3The DRS included inthe Annex do not reflect the laststatus of the data basestructure finally generated in the

project, but serve as example of structure, scopeand level of complexity.
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and follow the guidelines for clean code. Thus, subsequent verificationis traceable and later
changes are easily possible.

5. Forthetransformation of the raw datainto aclean datafile ascriptforeach compartment has
been prepared. There, the raw data have been processed and cleaned so that they met the
criteria of the database. The actual importinto the inventorydatabase was performedwith an
extrascript.

Data « By the project partners
collection « with Excel spreadsheets

Sicteye o+ By core team
Sl iyiseie e With R programming
into the data language
base « PostgreSQL data base

AEIUELLEGE « By core team

L RIS IEE R o With R programming

Ualilecidle) Fe i o In a research data repository
WSEEIER R o As SQL-dump

PostgreS0L

Figure 24: Workflow and software for data collection, checking, evaluation and publication chosen in the Danube
Hazard m3c project (Kittlaus 2023, CC-BY-SA).

From the project experience itcan be concluded thatit is betterif only few people are responsiblein
a centralized way with the whole process of data import, as the understanding of different meta data
and theirassociated controlled vocabularies varies between different persons and a harmonization of
thisunderstandingis necessary to finally achieve a harmonized database and to enable an automated
and reliable evaluation. Thisrequires either the availability of a detailed documentation or, especially
during the development stage of such a data base structure, an intense collaboration of all involved
team members.

3.2.2 Datastorage ina well-structured SQL database

For storage of the data, itis important to choose a robust, efficient tool which is well-known by the
persons importing and centrally managing the data, which allow handling large amounts of data and
which is open-source. In the DHm3c project, the relational database was implemented in PostgreSQL
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(Version 9.6)*, as this tool was already available, known by some team members and is a powerful
opensource data management system which can handle huge amount of data.

The relational database consists of several tables, which are connected by columns, that refer from
one table toanother. There are maintables which containthe actual dataand supporting tables, which
in turn list and describe the allowed entries for columns with controlled vocabularies. The use of
controlled vocabularies is of outmost importance to harmonize the metadata from different data
sources and make the data evaluable asawhole.

Separate tables were created for the following five environmental and engineered matrices:

1. Waterbodies:
a. surface waterincluding also suspended particulate matter
b. groundwater
Wastewatertreatment plants: municipal and industrial, influent and effluent
Stormwater: combined sewer overflows and stormwater outlets in separate sewer systems
Atmosphericdeposition
Soil

vk wN

In order for the inventory to be able to include both original monitoring data wherever possible, but
alsodatapublishedinanaggregated form, e.g.in scientific publications and other reports, each section
was designed to contain tables for single measurements as well as tables for aggregated
measurements.

Further tables are needed to contain metadata about the hazardous substances (names, identifiers)
and the data sources (license, data owner), which are referenced in every data set in the main data
tables (concentrations). The most important tables and columns will be shortly described in the
following sections. The full documentation of the DHm3c database tables and columns can be found in
the technical documentation which comes along with the database itself.

Tables for general metadata
Determinants

To make the datainteroperable and specially to make hazardoussubstances easily identifiable , several
identifiers and - in some cases - several names per substance should be collected. The following
substance identifiers and names are particularly relevant and useful:

e CASregistry no. and EEA coded no. (for compatibility with the WISE database)
e ECnumberused bythe European Chemicals Agency (ECHA®)

e NormanSusdatID (usedinthe NORMAN-network databases)

e name of the substance mainly taken from ECHA website

e abbreviation of the name for presentationinfigures

“ https://www.postgresql.org Current Version of PostgreSQL is 15.2. The delivered databaseis compatiblewith this
version.
® https://echa.europa.eu/de/information-on-chemicals
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e furthernameslike IUPACname and product names

Amongall these names and identifiers, CAS registry number and EEA coded number should be used as
the primary identifiers (where available), because these are also the primary identifiers of the EU
harmonized WISE database.

To support interpretation of HS data, further water quality standard parameters were collected as
determinants, e.g. watertemperature, pH, suspended solid concentration.

One table classifies the determinants according to different categories, e.g. chemical groups like PAH
or PFAS or application arealike biocides or pharmaceuticals.

The available environmental quality standards are listed in a further table to facilitate status
assessment.

Moreover, relations between determinants can be described in a furthertable: e.g. whether one
determinant is the degradation product of another, substances are chemically similar, or if
determinants are mainly used together.

Data sources

To facilitate reuse of the datafor all data sets, the source of the data hasto be indicated and foreach
data source details should be givenin adedicated table:

e Whenthe data set was published and where.

e What type of data setitis (e.g. national orregional database, scientific publication)
e Whoisthe data owner(organisation) and whoisthe contact person.

e How shouldthe datasetbe citedifitis reused.

e Whichlicense appliestothe datafor reuse.

Precipitation data

Data on precipitation amounts are relevant for interpretation of atmospheric deposition
measurementsand for storm water runofffrom impervious surfaces. Therefore, the inventory contains
a section to store metadata and data from precipitation gauges.

Single concentration measurements (for all compartments)

Disaggregated concentrationmeasurements are preferable over aggregateddata, as more information
about data variability and correlation with sampling conditions can be evaluated from single data. All
tablesforsingle measurements should contain the following information foreach dataset:

e identifierofthe sample
e identifier of the determinant
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e observed value with unit of measure, analytical limit of quantitation (LOQ) and limit of
detection (LOD), and the indication of whether the measurement value is below these
thresholds ornot

e analysed matrix: total (wholesample), dissolved (filtered sample), solid

e analysinglaboratory, applied analytical method and norm describing the method

e informationifthelaboratoryisaccredited forthatanalysis method

e identifierof labanalysis as given by the analysinglab

e identifierof the datasource

e commentswithadditionalrelevantinformation related tothe measurements.

Aggregated concentration measurements (for all compartments)

If single, disaggregated data cannot be made available for the inventory, then two kinds of time-
integrated data can still be relevant and informative for the relational database:

e concentration data from grab samples which were analysed separately and the results were
thereafter statistically aggregated overa certain time period (usuallyone year)

e concentration data from single composite samples, which are time-integrative during
sampling.

The followinginformation should be collected regarding the concentration measurements:

e identifierof the determinant

e numberof aggregatedvalues, numberof values belowLOQand LOD

e unitof measure

e highestLOQand LOD relevantforthe aggregated measurements or forthe composite sample
e statistical descriptors: minimum, median, mean, maximum

e for each statistical descriptor the information of whetherthe value is below LOQ
e standard deviation of the aggregated values

e analysed matrix: total (wholesample), dissolved (filtered sample), solid

e analysinglaboratory, applied analytical method and norm describing the method
e informationifthe laboratoryisaccredited forthatanalysis method

e commentswithadditionalrelevantinformation related to the measurements.

The information about the samples in these tables are different depending on the sampled
compartment, thereforethey will be presented in the following separate sections.

Surface and groundwater

This subset of tables should include measurements for surface and groundwaterincluding suspended
particulate matterin surface waters, togetherwith information on the monitoringsites.

For the single samples the following information should be collected:

e sample identifier, ideally using the original identifier provided in the source from which the
data come from
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International GenericSample Identifier (IGSN®), a persistentidentifier for samples
identifier of the monitoring site where the sample was collected

information of which kind of water body was sampled, surface water orgroundwater

time of sampling with time zone

sampling method, e.g. grab sample, large volume sample, and information of whether the
method was accredited ornot

river flow attime of samplingin m3/s

forgroundwater: waterlevel belowsurface inthe well during groundwater sampling, negative
valuesforartesianaquifers

identifier of the datasource

comments with additional relevantinformation related to the sampling procedure.

For aggregated measurements the information regarding samples should be the following:

identifier of the monitoring site

information which kind of water body was sampled, surface water or groundwater

beginand end of sampling withtime zone

the sampling method, e.g. grab sample, large volume online solid phase extraction, SPM
samplingorlarge volume samplerand information of whether the method was accredited
mean river flow, TSS concentration and electrical conductivity during sampling, calculated as
the mean of the parameterforeach sub sample inthe aggregated value or composite sample
for single composite samples the sampleidentifier should be given

for single composite samplesthe IGSN can be given

identifier of the datasource

comments with additional relevantinformation related to the sampling procedure.

For the monitoringsite, the followinginformation shall be collected:

identifier of the monitoring site as used inthe original data source and based on which schema
the identifier was build

countryin whichthe monitoringsite is located, coded by ISO 3166-1 alpha-2

name of the samplingsite

coordinates including the coordinate reference system coded by the European Petroleum
Survey Group (EPSG) code, e. g 4326 for WGS84 -CRS

identifier of a correlated monitoring site, e.g. nearby river discharge gauge correlated to a
guality monitoring station

area of the monitoring sites upstream catchment

long-term discharge characteristics of the monitoring site: Mean discharge (MQ), mean base-
flow discharge, 10% percentile of discharge

long-term annual flood discharge with a statistical recurrence rate of one year, one decade
and one century

long-term mean concentration of total suspended solids

® https://www.igsn.org
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identifier of the water body the monitoringsite is placedin

ground water monitoring well: depth of water extraction

ground water monitoring well: long-term water level depth

ground water monitoring well: main land use surrounding the well and potentially influencing
the water quality. The controlled vocabulary from the CORINE land cover classification (Kosztra
etal.,2019) is applied

identifier of the datasource

comments with additional relevantinformation related to the monitoringsite.

A furthertable gives the characteristics of the water bodies:

identifier of the water body and scheme from which the identifier was taken

type of water body, with a classification system based on catchment size and topography for
rivers, and type of hydrogeology for ground water

name of the waterbody

countryin which the waterbody s situated, coded by ISO 3166-1 alpha-2

comments with additional relevantinformation related to the water body.

Wastewater treatment plants ( WWTP)

Inthe followingtables, concentrationdataand metadata from wastewater treatment plants and other

wastewater systems are collected. Data can derive from different sampling points in wastewater
systems and treatment plants (inflow, outflow, sludge) and from different types of WWTPs (municipal
orindustrial).

For the single samples, the following information should be collected:

sample identifier, ideally using the original identifier provided in the source from which the
data come from

International GenericSample Identifier (IGSN7), a persistentidentifier for samples
identifier of the wastewatertreatment plant discharge point where the sample was collected.
For inflow samples the attribution to the discharge point is not perfectly correct, but this
makes it possible to work with the same structure forinflow and outflow dataand no further
problems should be experienced

place of the samplinginthe WWTP system e.g. inflow, outflow, primary sludge, excess sludge
time of sampling with time zone

sampling method, e.g. grab sample, large volume sample, and information of whether the
method was accredited

flow volume of the sampled stream (inflow, outflow) attime of samplingin m3/s
identifier of the datasource

comments with additional relevantinformation related to the sampling procedure.

" https://www.igsn.org
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For aggregated samplesthe information regarding samples should be the following:

identifier of the waste watertreatment plant discharge point where the sample was collected
place of the sampling in the WWTP system e.g. inflow (applies also for sampling from sewer
outletsin absence of a WWTP), outflow or primary sludge

beginand end of samplingwithtime zone

the sampling method, e.g. grab sample or composite sample and information of whether the
method was accredited

for single composite samples the sampleidentifier should be given

for single composite samplesthe IGSN can be given

identifier of the datasource

comments with additional relevantinformation related to the sampling procedure.

For the wastewater treatment plants or other wastewater sampling sites the following information
should be collected:

identifier of the treatment plant or monitoring site as used in the original data source and
based on which schemathe identifier was build

countryin which the monitoringsite is located, coded by ISO 3166-1 alpha-2

name of the samplingsite

type of the wastewater treatment plant e.g. municipal, industrial, mixed or other

design capacity of the WWTP in population equivalent (PE) and classification of the capacity in
intervals of PE: [0, 2 000, 5 000, 10 000, 100 000, Inf]

real connected PEand inhabitants

share of area drained by combined sewer systeminthe WWTP catchment

information aboutthetreatment technologiesapplied at the plant.The system of classification
was based on the UWWT-Directive reporting system®

identifier of the datasource

comments with additionalrelevantinformation related to the WWTP.

Since a WWTP could have more than one discharge point, a further table gives the characteristics of
thisaspect of highimportance foremission modelling:

identifier of the discharge pointand the source of the discharge pointidentifier.
identifier of the WWTP, to which the discharge point belongs

name of the discharge point

countryin whichthe discharge pointislocated, coded by ISO 3166-1 alpha-2

coordinates including the coordinate reference system coded by the European Petroleum
Survey Group (EPSG) code, e. g 4326 for WGS84 -CRS

NUTS level 3 code to locate the discharge pointin cases where coordinates are not available.
Nomenclature of Territorial Units for Statistics or NUTS (French: “Nomenclature des unités

8 http://dd.eionet.europa.eu/datasets/latest/UWWTDArt15/tables/UWWTPs
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territorialesstatistiques”)is ageocode standard forreferencing the administrative divisions of
countriesfor statistical purposes. The standard, adopted in 2003, is developed and regulated
by the European Union (European Commission, 2022)

e type of recipient of the WWTP effluent e.g. surface water, ground water, municipal sewer
network orsoil

e identifier of the receiving water body (if applicable and known), referring to the table with
waterbodies

e name of firstreceiving surface water (might not be a waterbody)

e meanvalue of the discharge peryearin m3/a

e identifier of the datasource

e commentswithadditionalrelevantinformation related to the discharge point(s).

Stormwater

This section presents the structure for tables containing measurements from stormwater outflows,
both from combined sewers and from separate sewer systems.

For the single samples, the followinginformation should be collected:

e sample identifier, ideally using the original identifier provided in the source from which the
data come from

¢ International GenericSample Identifier (IGSN°®), a persistentidentifier forsamples

e identifier of the storm water monitoringsite

e place of samplinginthesysteme.g. outlet of asewer (without treatment), after sedimentation
tank or aftersoil filters

e beginandend of samplingwith time zone

e samplingmethod, e.g. grab sample, time proportional sample, flow proportional sample,and
if the samplingmethodis accredited

e meandischarge volume of the sampled sewer during sampling

e numberofsub samplesinacomposite sample

e numberofoverflow events combined in one composite sample

e percentofeventvolume which was successfully sampled

e identifier of the datasource

e commentswith additionalrelevantinformation related to the sampling procedure.

For stormwater no data for temporal aggregated grab samples were delivered inthe project, thus no
table was prepared. However, the information for such cases is similarto the one presented for
aggregated samplesin previous matrices.

For the stormwater samplingsites, the followinginformation should be collected:

e identifier of the treatment plant or monitoring site as used in the original data source and
based on which schemathe identifier was build

° https://www.igsn.org
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e countryin whichthe monitoringsite islocated, coded by ISO 3166-1 alpha-2

e name of the samplingsite

e coordinatesincluding the coordinate reference system coded by the European Petroleum
Survey Group (EPSG) code, e. g 4326 for WGS84 -CRS

o typeofthe sewersystemsampled: combined or separate sewer

e characterisation of the sewer catchment upstream the sewer outlet: total catchmentarea, size
of the impervious catchment area, size of the impervious and connected catchment area,
population number in the catchment, directly connected catchment area (without upstream
overflow facilities), traffic areas in the directly connected catchment area, industrial and
commercial areasinthe directly connected catchment

e storage volume of the CSO/SSO facility

e throttled flow tothe wastewatertreatmentplantinl/s

e typical discharge atthe monitoringsite in m3/year

e identifierof arelated precipitation gauge, where precipitation dataare available

e average annual precipitation

e identifierof the datasource

e comments with additionalrelevantinformation related to the monitoringsite.

Atmospheric deposition

Atmospheric deposition is the process of transferring substances from the atmosphere, where they
might be available as gas, as aerosol or as suspended dust, onto surfaces during dry weather (dry
deposition) orduring rain and snowfall (wet deposition).

Dry deposition is caused by condensation and sedimentation of atmospheric matter, while wet
depositionisadditionally caused by awash-out effects.

Atmosphericdeposition cannot be easily derived from air concentration measurements; therefore, it
requires its own monitoring set up. Nevertheless, bulk deposition (dry + wet deposition) is often
reported as concentration, but referring to precipitation volume (or even dry matter in the
precipitation), not to air volume. It is important to have the duration of sampling, the area of the
samplersurface and the sample volume availableto calculate depositionrates (mass/(area-time)), the
finally needed information.

For atmosphericdeposition samples, the following metadata should be collected:

e identifierof the sample asreportedinthe datasource
e International GenericSample Identifier (IGSN)

e identifierof the samplingsite

e beginandend of the sampling with time zone

e samplingmethodandifthe methodisaccredited

e typeofdepositionsample: wetonly, dryonly, bulk

e solidsconcentrationinthe sample.

e value of the precipitationinthe sampleinmm.
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annual precipitationinthe year the sample was takenin mm.

projected surface area of the sampling device

collected sample volume

value of the precipitation during the sampling period from an independent precipitation
gauge.

identifier of the datasource

comments with additional relevantinformation related to the sampling procedure.

For the deposition samplingsites, the followinginformation were collected:

Soil

identifier of the sampling site, as given by the datasource

countryin whichthe sample was taken, coded by ISO 3166-1 alpha-2

name of the samplingsite

coordinates including the coordinate reference system coded by the European Petroleum
Survey Group (EPSG) code, e. g 4326 for WGS84 -CRS

classification of the sampling site regarding potential main pollution sources: background,
urban, industrial, mixed, rural, agriculture, unknown

long-term mean annual precipitation at the sampling site in mm/year.

identifier of a correlated precipitation monitoring site

NUTS level 1,2and 3 code. In cases where the exact location of the stationcan not be disclosed,
the NUTS units can be used to give rough localization.

identifier of the datasource

comments with additional relevantinformation related to the monitoringsite.

Soil can contribute to surface water pollution via soil erosion. Therefore, concentrations in top soils

are very useful to support the estimation of HS emissions via this pathway.

In some studies (including Danube Hazard m3c), soil composite samples are created from a certain
number of sub-samples taken from different spots in a catchment based on common properties
(mainlyland use). To be able to representthese circumstancesinthe database, the relation between
samples and sampling sites can be defined as a many:many relationship, namely many samples can

originate from one sampling site and many sampling sites can contribute to one sample.

The following meta data should be collected for soil sampling:

identifier of the soil sampleas givenin the datasource

International GenericSample Identifier (IGSN), a persistent identifier for samples
date on which the sample was taken

part of the soil column, which was sampled, e.g. Top soil 0-5 cm or Humus cover

the method how the sample was taken, e.g. from profile, cutting frame (20x 20 cm) or core or
sleeve-type borer (split-tube sampler) and if the method is accredited

share of dry matterfrom the total sample weightand organiccontentinthe sample
identifier of the datasource
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e comments withadditionalrelevantinformation related to the sampling procedure.

For the soil samplingsites, the following metadata should be collected:

e identifierof the soil samplingsite and its source

e name of the sampling site and country in which the sample was taken, coded by ISO 3166-1
alpha-2

e coordinates including the coordinate reference system coded by the European Petroleum
Survey Group (EPSG) code, e. g 4326 for WGS84 -CRS

e texture of the soil at the sampling site, with the controlled vocabulary based on the FAO sail
texture classification with 12 classes (Food and Agriculture Organization of the United Nations
(FAO, 2006)

e genetictype of thesoil, e.g.rendzina, brown forest soil, young raw casting soils. Unfortunately,
the controlled vocabulary was not harmonized yet, as geneticsoil classification systems differ
inthe different countries quite alot

e usage/coverage of the land at the soil samplingsite, with the controlled vocabulary from the
CLC classification

e identifier of the datasource

e commentswith additionalrelevantinformation related to the samplingsites.

In some cases, it may also be interesting to examine lower layers, in this case the suggested tables
below should be supplemented with information on the sampling depth and information about the
sampled layer.

3.2.3 Dataevaluation

Visualization and pre-processing of the data

The data are imported and stored in different tables for measurements (single and aggregated),
samples, sampling sites, determinants and data sources, to have the least possible redundancy in the
database and reduce therefore mistakes inthe metadata. However, thisisnotavery suitable structure
for data evaluation, as information about the metadata of one measurement (what is the CAS of the
determinant, when, how and where was the sample taken?) is distributed over several tables. To
overcome this problem, dataviews shallbe definedin the database to join togetherall the information
from different tablesinto widerviewtables. Dataretrieval can therefore be done withmuch less effort
fromthese views, which deliveradirectly usable result data set.

The actual data analysis, cleaning, filtering, plotting and statistical testing shall be implemented in a
suitable data processing and statistical analysis environment. Withinthe DHm3c project, these steps
were implemented in R (R Core Team, 2022). The data are directly downloaded from the database
viewsintotheR programmingenvironment, so the data evaluation is always based on the most current
state of the database. In R, further steps of data harmonization, e.g. therecalculation of concentrations
from different source units (mg/l, ug/l, ng/l) into one suitable target unit, are implemented in a pre-
processingscript.
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Handling of censored data

When working with HS concentration data, in many cases a significant share of the measurements is
below the analytical limit of detection (LOD) or quantification (LOQ). Such data are called censored
data, more precisely left-censored data. For these left-censored data it is only known, that they are
between 0 and a certain threshold but no better estimate about their value is available. Regrettably,
the most common way of treating such censored data is the imputation of a fixed value (between 0
and the censoringthreshold, in most cases LOQ/2). It has been widely demonstrated in the literature
that this imputation introduces bias in the data and can lead to false conclusions when applying
statistical tests and calculating descriptive statistics (Helsel, 2006).

Better methods are available fromthe field of survivalanalysisand are introduced for the field of water
guality data in Helsel (2012). For the R programming environment two packages are available with
tests and functions for working with left-censored data: NADA, NADA2 (Lee, 2020; Julian & Helsel,
2023). If data evaluation is done in Python, these packages can still be utilized by packages which
facilitate the utilization of R packagesin Python.

The following statistical methods - readily available in the mentioned packages- were usedforexample
inthe project:

e Regressionon order statistics (ROS) to calculate descriptive statistics from censored data

e Kendalls rank correlation coefficient to investigate correlation between censored (and
uncensored) data. Warning: The computing of this coefficient becomes quite resource
intensiveif the datasets are bigger.

e Peto& Peto modification of the Gehan-Wilcoxon test (Peto & Peto, 1972) which investigates
if at least one group of two or more groups of concentrationsis significantly different than the
others.

e Adapted box-and-whiskers-plots (Figure 25) with clear indication of the (range of) LOQ and
notched boxestodisplay the confidence interval of the median. The notches allow to visually
check if the medianvalues are significantly different with a confidence interval of 95%.
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Figure 25: Box and whiskers plots to present and compare groups of HS concentrations censored at multiple
levels (Kittlaus 2023, CC-BY-SA 4.0)

3.3 Scope of use of the information in the relational database. Application
examples

The inventory of concentrations can be used for several aims. The following sections present three
examples based on analyses carried out on the database generated within the DHm3c project: 1)
comparison of concentrations in water bodies with environmental quality standards (EQS), 2)

derivation of model input data for emission modelsand 3) derivation of model validation data for
emission and water quality models.

3.3.1 Comparison of HS concentrations in surfacewater bodies with EQS

The harmonized database facilitates the evaluation of water bodies regarding their status of pollution.
Itisimportantto highlightthat the chemical status assessment is acomplex task forthe Member States
(MS). During the status assessment, MSs can use the load-based grouping of water bodies, consider
the correction with bioavailable concentrations, the natural background concentrations, and use the
results of biota and/or sediment sampling. Furthermore, the data base stores not only surveillance
monitoringsites, but also all available sampling sites, operative, investigativeand other measurement
results from e.g. research studies, which are not necessarily part of the "official" state assessment of
the countries. In the framework of the DHm3c project, the task is not to perform the full offidal

56



Project Danube Hazard m3c:

rn)))

HILCIICTYy m

Danube Transnational Progran’“im‘é Technical Guidance Manual

evaluation of the status, but nevertheless, we would like (1) to provide a picture of the quality of the
data available in the data base, and (2) to provide a deeperinsight into the information that can be
extracted from the data through the example of asubstance that can be qualified relatively easily.

Generic assessment, quality of the data available in the database

The simplest way of assessing the status (generic assessment) is to calculate the annual mean
concentration for all available monitoring stations and compare it to the water annual average
environmental quality standard (AA-EQS) (European Parliament and the Council, 2013).

Figure 26 presents for selected substances at how many stations measurements were performed and
which share of the stations have sufficient data to derive a mean annual concentration which can be
compared to the AA-EQS to derive a status assessment. The criteria to decide if the available data if
of adequate quality to derive a generic assessment are given below. They were selected as a
compromise between assurance of a certain quality of the assessment and the aimto derive astatus
for as many stations as possible:

. At least 12 grab samples or 6 composite samples need to be available (over the whole time
period where data are available).

o Lessthan 80 % of measurements can be below the analytical LOQ, exceptthe case where the
LOQislowerthan the EQS.

These criteria can be adapted depending on the evaluation to be carried out and are used here as
example toshowcase how the inventory can support the status assessment at the Danube basin scale.

InFigure 26, it isvisiblee.g. that Niand Pb were measured at almost all sampling locations and that Cd
is also a frequently measured element. For these metals, often local or water body specific EQS are
applicable, which are considerably higherthan the genericEQS, so it may occur that the datafrequency
appearing in the figure is not of sufficiently high quality. Therefore, it is important to emphasize the
importance of the EQS correction with bioavailable concentration. Descending the list of substancesin
the figure, the “old” priority substances can be seen, which have been routinely measured by
laboratories formore than a decade.Starting with the banned pesticides(e.g.DDT), where the number
of required samples could be significantly reduced, since several water bodies are in good status and
no new loads are expected to be emitted to the waterbody (WFDannex V. 1.3.3). PAHs are also long-
known priority substances, buttheir EQS values are so low in the monitoring of the water phase that
measuringthemisstill challenging forlaboratories. This partly explains why the 2013/39/EU directive
introduced EQSs for biota monitoring, moreover, the proposed, revised directive already promote to
measure PAHs in sediment too instead thanin the water phase. This also shows how importantitis to
choose the right sampling medium during monitoring. The next group of substancesinthe listare the
chlorinated hydrocarbons, which have also been priority substances for a long time. Given that their
effect on the status are well known and their quantification in laboratory does not pose a major
challenge, the number of samples can be significantly reduced in many places in order to reduce
monitoring costs. Bifenox opens the list for the pollutants introduced by the 2013/39/EU Directive.
Their measurement in the latest RBMP planning period was a serious challenge for the laboratories,
and the Member States were still mostly groping in the dark about where they should be measured
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for the official status assessment. With respect to these substances, a significant quality improvement
isexpectedinthe upcoming RBMP planning period.

The substances at the end of the list (DEHP, HBCDD, PFOS, C10-13 chloroalkanes, tributyltin
compounds) are those, forwhich water phase monitoringis hardly feasible and the basis of the status
assessmentis biotamonitoring. Thisis the main reason behind the small number of results measured
with higher LOQs (measurement with a higher LOQ can be useful for emission calculations and to
compare the concentrations to the MAC-EQS).

Number of stations in the Danube catchment with data for parameters
regulated in the EQS directive with sufficient data for evaluation

(at least 12 grab or 6 composite samples and less then 80% of values below LOQ or LOQ < EQS)
Nickel and its compounds T

Chiorpyrifos (Chlorpyrifosethyl) —
Chlorfenvinphos - —
DD total -
Alachlor
"Trifluirain 5

Tric hloroethylene - —
Dichloromethane - ——
Trichloromethiane - —

1,2-Dichloroethane - ——
Trichlorobenzenes I —
Cyclodiene pesticides - —
Isoproturon -
Tetrachloroethylene - —
Terbutryn —
Pentachiorobenzene - —
Bifenox -—
Aclonifen - —
Quinoxyfen - —
Heptachlor and heptachior epoxide - —

name of the environmental quality standard

Octylphenols
Nonylphenols (4-Nonylphenol)
Dichlorvos
Di(2-ethylhexyl)-phthalate (DEHP) S

stations

. with any information about this substance (group)

with enough guantitative data
to derive status assessment

C10-13 Chloroalkanes J

Tributyltin compounds -
Perfluorooctane sulfonic acid (PFOS) N
Hexabromacyclododecane (HBCDD) Sl
Hexachlorocyclohexane -I- T 1 1 T
0 500 1000 1500 2000 2500

number of monitoring stations in the Danube catchment

Figure 26: Number of monitoringstations inthe Danube catchment with data for status assessment

Finally, the generic status based on monitoringin the water phase for all stations with adequate
number of quantitative values can be assessed and it becomes visible which substances are critical in
the Danube basin (Figure 27). The genericstatus assessment can then be visualized on maps (example
see Figure 28).

In Figure 27, the high percentile of the grey lines indicates that the assessment based on specific
conditions, carried out by experts in the Member States, is very extended. Figure 28 also shows the
spatial distribution of the monitoring locations with adequate quality measurement for Ni, which
mainly consists of the surveillance monitoring network of the EU countries. Note: The Ni EQS used
referstothe bioavailable concentration.
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Status assessment regarding annual average EQS (Directive EU-2013/39/EU)
including stations with some data but not enough or low enough LOQ for status assessment

Nickel and its compounds
Fluoranthene

Lead and its compounds
Cadmium and its compounds
Naphthalene

Perfluorooctane sulfonic acid and its derivatives (PFOS) NN
Arazine SN

Benzo(a)pyrene

Terbutryn

Trichlorobenzenes

tsoproturon -
Di(2-ethylhexyl)-phthalate (DEHP) _

Anthracene
Trichloromethane
Diuron I
Dicofol I
Tetrachloroethylene
Endosulfan
Trichloroethylene
Pentachlorophenol JIMI
DDT total T
Heptachlor and heptachlor epoxide
Simazine
Dichloromethane
Cyclodiene pesticides: Aldrin, Dieldrin, Endrin, Isodrin
Carbontetrachloride
Benzene
Pentachlorobenzene JIFE
1,2-Dichloroethane
para-para-DDT _
Alachlor
Trifiuralin 4T
Chlnrl‘envmphos—

C10-13 Chlnrualkanes
Cybutryne
Chiorpyrifos (Chlorpyrifosethyl) 1
Quinoxyfen
Aclonifen
Bifenox
Tributyltin compounds (Tributylin-cation) I status
Octylphenols ((4-(1,1".3,3tetramethylouty))-phenol) S I
Nonylphenols (4-Nonylphenol) 41
Hexachloroeyclohexane < . goed
Hexabromocyciododecane (HBCDD) 41 [ status_not_assessible
Dichlorvos

. ___________I—
Cypermethrin —

name of the environmental quality standard

25 50 75 1
share of station number in the Danube catchment (%)

Figure 27: General surfacewater bodies status assessmentregarding AA-EQS
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Figure 28: Example for the general status assessment(preliminaryresults for Nickel). Data sources:background

map: OpenStreetMap contributors, Danube river basin:ICPDR

Nicosulfuron: example for evaluation of occurrence and of quality of data in the DRB

Nicosulfuronis acurrently permitted pesticideand is a candidate new Priority Substance with following
proposed EQS valuesin surface waters: MAC-EQSseshwater = 0.23 pg/l and AA-EQSeshwater = 0.0087 pg/I.

Table 8 reportsthe current data availability in the data base for Nicosulfuron inrivers andin different
compartments in the Danube River Basin countries. It can be seen that surface water was measured
for Nicosulfuron in only 3 countries (AT, DE and HU), groundwater in 4 countries (AT, DE, Sl, SK) and
wastewater in only one country (HU). This is complemented by the 2019 campaign of the EU JDS4,
which carried out measurements in the Danube and its main tributaries, but only at a few sampling

locations.

The 9676 surface water sampling results were measuredat 538 locations, with 83.5% of the data being
below the LOQ. The 13510 groundwater sampling results derive from 2458 locations, with 99.6% of
the data below the LOQ. In the case of wastewatertreatmentplants, 119 influents and 146 effluents
were sampled and 90.2% of the data were below the LOQ.
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Table 8: Number of measurements for Nicosulfuronincludedinthe database.

Compartment Countries and Number of Monitored time period
data source type measurements

Surface water Total 9676 2010 2020

(water) AT-GZUV-RW 195 2010 2015
DE-LFU-QUAL 4277 2014 2020
DE-LUBW 440 2015 2020
EU-JDS4 153 2019 2019
HU-FEVISZ/KEHOP 4611 2015 2019

Surface water No data -

(SPM)

Groundwater Total 13510 2009 2020
AT-GZUV-GW 12142 2009 2020
DE-LFU-QUAL 1209 2014 2020
EU-JDS4 21 2019 2019
SI-SEA 112 2017 2020
SK-PVM 26 2014 2020

Atmospheric No data

deposition

Soil No data

Stormwater No data

Wastewater Total 265 2019 2019
EU-JDS4 44 2019 2019
HU-KEHOP 221 2019 2019

Sewage sludge No data

Figure 29 shows the distribution of the dataamong countries.
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Figure 29: Distribution of surfaceand groundwater data for Nicos ulfuron per country

In both industrial and municipal effluents, the measurement results exceeded the limit of
quantification 18 times (with LOQ ranging between 0.004 - 0.1 pg/l). The total available 146
measurement results have poorterritorial distribution and cannot thus be considered representative
of the Danube River Basin. However, it can be seen that the pollutant can arrive via WWTP, so
recommendations of further screening monitoring are justified. Presumably, the pollutant can be
presentina relevant quantity inthe sewage network. Emission factors cannot be estimated from this
information basis, becausethe LOQvalue is not sufficientlylow (medianis under LOQ) and due to very
poor dataavailability. Furtherinvestigationis required by examining the inflow and out flow of WWTPs.

Whether this contaminant can be emitted substantially through stormwater overflows is unknown.
For now, there is no information based on the measurement results as to whether the urban runoff
could be a potentially relevant source of pollutioninthe Danube River Basin.

No sample analysis was performed from soil samples, even though this would be very importantto be
able to model the transport through erosion. It can be seen from the inventory that the pollutant
reaches the groundwater as well. Soil erosion, soil infiltration and interflow transport are thus
potentially relevant emission pathways which should be furtherinvestigated. No sample analysis was
performed from atmospheric deposition either; thus, it is not possible to know whether this
contaminant can be transported through this route as well in substantialamounts.

With respectto groundwater, only 13% of the measurementvalues can be used for comparison with
the EQS in surface waters, since the LOQ in the applied analytical methods was higher than the EQS.
This data basis does not enable areliable evaluation, but 97% of the high-quality data were measured
below EQS, while in 8 cases values above MAC-EQS were identified. Based on this observation, it can
be noted that Nicosulforon can also be occurr in relevant quantities in groundwater and therefore
groundwater appearsto be arelevant pathway, butforamore precise analysis more information from
monitoringis needed.

Figure 30 depicts the results of measurements in surface waters, as well as the corresponding EQS
values. 39% of the measurementscould not be consideredin this evaluation, because the applied LOQ
exceeded the EQS. This high share of data notvalid for further evaluation points at the strong need for
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improvement of analytical methodsin the laboratories. Within the valid dataset, 73% of values were
below LOQ, however, as shown in Figure 30, several measurements often exceeded the EQS. As
expected for a pesticide used in agriculture, peaks of highest concentrations and exceedances were
measured in summer months. This strengthens the importance of gathering more information and on
being able to reliably model its emission via erosion surface runoff and in particular of prioritizing
monitoring during the summer months, instead of distributing it regularly overthe whole year.

Nicosulfuron concentrations [ug/I]
from surface water single measurements
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Figure 30: Nicosolfuron measured concentrations in surface waters inthe DRB.

3.3.2 Modelinputdata and improved system understanding

The second example for usinginventory of concentrations is the derivation of input datafor emission
models. The first valuable input for the emission modelling is a rough estimation of the relevant
pathways. This can be achieved by comparing concentration levels in different environmental
compartments, atask which can be greatly facilitated by the database (Figure 31). Such analysis gives
a firstindication of which emission pathways might play the biggest role for different substancesand
thus helpsto prioritize efforts in emission modelling.
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Concentration of hazardous substances in different environmental compartements

Diclofenac Fluoranthene | Bisphenol A Tebuconazole
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Figure 31:Comparison of concentration levels in different environmental matrices as a resultfrom the inventory

of concentrations. ‘waste_water’ refers here to treated wastewater effluent.

For example,itcanbe seenin Figure 31 that for fluoranthene (a polycyclicaromatichydrocarbon) and
bisphenol A (anindustrial chemical used in production of plastics), stormwater (here not differentiated
between combined sewer overflow and storm sewers in the separate system) plays a majorrole in
emissions. While for fluoranthene the even higher concentrations in atmospheric deposition clearly
pointtoatmospherictransportand deposition on surfaces as the main pathway, for bisphenol A other
sources seem to contribute to determine the load in stormwater runoff. Contrary to these two
substances, for diclofenac (a pharmaceutical compound) the main pathway is the WWTP effluent,
followed by stormwater (here mainly due to the share of sewage in combined sewer overflows).

As nextstep, the concentration levelsfor different quantilesof the dataset can be abstracted from the
database to be used as general input datafor a pathway inthe model. Different quantiles of the data
can be used for different model variants (e.g. best case and worst case). Exemplarily, in Table 9, the
data forperfluorooctanesulfonicacid (PFOS) are shown; surface water concentrationlevels are added
for comparison. In several cases, the meanvalues are higherthanthe 75™ or eventhe 90™ percentile
values, which indicates the presence of extreme outliersin the datacollective.
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Table 9: Statistical description of concentration levels in different environmental compartments, as evaluated
based on the data base, here for the example of PFOS. P10: 10th percentile of the data, ww: wastewater.

Share Number of
censored | aggregated
Compartment Unit P10 | P25 | P50 | Mean | P75 | P90 | data values
Surface water ng/l 0.1 0.2 0.6 1.9 1.7 3.2 0.3 2986
Groundwater ng/l 00 | 0.0 |01 |49 0.7 [40 |08 4161
Municipal ww, untreated ng/l 00 |02 |07 |72 35 13 0.7 207
Municipal ww, treated ng/l 0.7 20 (3.0 |75 5.6 11 0.2 1257
Combined sewer overflow | ng/l 1.4 2.2 2.6 24 29 3.1 0.1 8
Storm sewer outlet ng/l 0.5 1.0 2.9 5.7 7.7 11 0.3 24
Atmospheric deposition ng/l 00 | 0.0 |00 |03 0.1 |05 0.8 88
Soil pg/kg 00 |00 |01 |04 01 |05 |0.2 99

Finally, different groups of data grouped by metadata available in the database can be checked for
statistically significant differences and if these are found and possibly hypothesis exist about the
mechanisms causing them, they can be used to improve the input data set of the model. This should
be shown with two examples.

Example 1: PFAS in municipal wastewater treatment plant effluent

PFAS are a substance group, for which the effluents from municipal wastewatertreatment plants are
a significant pollution pathway, as conventional WWTPs cannot significantly reduce the PFAS load of
wastewater. Therefore, it is important to gain a better understanding of which factors influence the
concentration levelin WWTP effluents.

In Figure 32, the effluent concentrations are presented depending on the size of the treatment plant.
It can be observed that bigger plants in general show higher effluent concentrations, while the
variability of the concentrations is very high. This points to the fact that not only the size of the
treatment plant might influence the effluent concentrations, but other factors as well. Nevertheless,
this finding can already improve the emission modelling by application of different effluent
concentrations for WWTPs of differentsize.

65



(@ w

HILCIICTYy -

Danube Transnational Progran’-lh'\é Technical Guidance Manual

Project Danube Hazard m3c:

Concentration of PFAS in outflow of municipal waste water treatment plants with different sizes
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Figure 32: PFAS concentrations in municipal WWTP effluents depending on the size of the treatment plantgiven

as design capacityin population equivalent (PE). N: the number of measurements available.

In Figure 33 and Figure 34 concentrations are shown against country and applied treatment
technology, two further factors which might influence the effluent concentrations, while country is
only a proxy for regional different application or emission patterns. On the one hand it becomes
apparent that differences of PFOA and PFOS concentrations in different countries are statistically
significant. On the other hand, it is clear that the data on effluent concentrations in the database
currently only cover few countries and types of WWTPs, which does not allow to properly inve stigate
the influence of spatial heterogeneity in the whole basin or dependence of the effluent concentrations
from the applied treatment type. Further monitoring data from a broad range of WWTPs would be

neededto geta more comprehensive picture.
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Concentration of PFAS in outflow of municipal
waste water treatment plants in different countries
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Figure 33: PFAS concentrations in municipal WWTP effluents in different countries. Only for PFOA and PFOS

enough quantitativedata were availablefor this comparison.

Concentration of PFAS in outflow of municipal waste water treatment plants with different treatment stages
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Figure 34: PFAS concentrations in municipal WWTP effluents depending on applied treatment technology.

Whenimplementing further monitoring programs, it would be valuable to collect as much meta data
aboutthe treatment plantsand theircatchmentas possible, e.g. the share of industrial waste water in
the influent, the type of industries located in the catchment, the connected impervious surface area
and the connected inhabitants (not only as Population Equivalent).

Example 2: Heavy metals in top soil

For metals, the pathway of soil erosion is one of the important pathways in areas with significant
slopes. For the quantification of emissions via soil erosion, in addition to the soil loss from different
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areas or sedimentinputloadsintorivers, the concentration of metalsin the mobilized top soil are the
importantinput dataforthe emission modelling. In Figure 35, the concentrations in topsoil of different
land use classes are presented.

While for As, Cd, Ni, Cr, Cu and Zn the concentrationsin forestand other soils covered by permanent
“natural” vegetation are lowerthan forotherland uses,for Hgand Pb concentrationsin these soils are
higher. This might be explained by the fact that these two elements are mainly transported via air and
reach the soil via atmospheric deposition. In forests, the roughness of the vegetation cover is higher
than on pastures and arable land and therefore higher deposition rates may occur.

Furthermore, in forests the soil is not perturbated very often, keeping the enrichment of these
elements in the first centimetres of the top layer while on agricultural areas the soil column is
perturbated and the inputs from atmospheric deposition or fertilizers are diluted be mixing with
deeperlayers (upto 30 cm). Another possible explanation for deposition being higherin forests than
in other land uses is the large LAl (leaf area index) that characterizes forests. According to this idea,
heavy metals transported by air movements deposit on leaves, and fall/settle in autumn and become
soil (in this case pollutant-reach soil) throughout the years afterwards. Due to harvest, this process
doesnothappen on agricultural fields. Furtherinvestigationis needed to confirm thisidea.

A further noteworthy fact are the highest Cu concentrations associated to “diverse agricultural areas”
- a land use class which includes vineyards. It is known that copper is used in viniculture as fungicide
and thusthe elevated concentrationsin such soilsis reasonable.

The different concentrationlevels ondifferent land uses can be used inmodelling to get spatially better
model results. A more detailed classification of land use and further information like soil texture and
soil type - as foreseento be included in the database - might be helpful to furtherexplainthe observed
concentrations. Unfortunately, these metadata are notyetavailable forall soil samples.

Content of heavy metals in soils of different land use
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Figure 35: Heavy metal (and arsenic)concentrations intopsoil dependingon the land useclass of the soil
samplingsite.
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3.3.3 Modelvalidationdata

The third examples for using inventory of concentrations is derivation of model validation data for
emission and water quality models. Emission and transport models are used to quantify the overall
emissions. Such models need to be validated against observed river concentrations and loads, which
rely on sufficient data from river monitoring. The MoRE model outputs are for example total annual
loads and flow weighted mean annual concentrations. To calculate validation data for the model,
monitoring data generated within the Danube Hazard m3c project was used. More precisely, the
discharge data of the monitoring stationsinthe 7DHm3c pilotregions and theirrelated concentration
data was used for the validation of the MORE model. The river loads are calculated with a load
calculation method which was specially adapted to the sampling methodology performed in the DH
m3c monitoring program. It distinguishes between flow conditions, i.e. baseflow and event-flow,
because the observed substance concentrations varied over the flow conditions. Most emissions
model outputs consider uncertainties, e.g. the MoRE model produces variants for best-case, average
and worst-case evaluations. The validation data were also calculated with an uncertainty range, e.g.
the validation loads for the MoRE model with the 25, 50 and 75 percentile concentration. A detailed
description of the material and method can be found in the DHm3c project output 0.T1.2
Demonstration of harmonized and cost-effective monitoring.

3.4 Lessons learned

Inventory Design:

e Considerwishes by usersbutdonotletthe usersdecideaboutthe database structure, as they
might not possess the technical background knowledge and might not be fully aware of the
full workflow and technical details necessary forthe database

e The development of clear definitions for tables, columns and controlled vocabularies is
important. This needs time in advance of the data collection to have a clear request what is
neededtothose, who collect and prepare the data.

e Redesign/Extension of the database schema during data import and evaluation is not
avoidable as new dataset bring newtype of metadatawhich is considered valuable and s hould
beincluded.

Data collection:

e Data accessibilityis still a major issue. If data are accessible, unclear licenses are the next
obstacles. Open datawith clearlicensesis the solution forthe future, awareness needs to be
raised regarding the importance and benefits of free data use.
Reservation against open data partly arise from the idea, that the use and quality of data can
be bettercontrolled, if the dataowninginstitutionis the onlyone offering the datafor use and
controls the access to the data by requesting a procedure to get a data usage agreement.
Two reasons make this a questionableassumption: If data are difficultto access, they will not
be usedin many cases, where the effortto reach data use agreements foreach single data set
isto highto be taken. When dataare less used, they are less checked for quality. As most data

set have data errors, the frequent use and the associated quality checks can help removing
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data errors. The only prerequisite is, that errors if found can be reported to the data owning
institution. Clear workflows (contact data) should be available to do so.
Finally, databases should receive easy to access and standardized automated programming
interfaces (API)which make it possible to automatically reload the datafrom time to time and
therefore avoid having different versions of the data around (corrected ones at the data
owninginstitution, other containing known errorsin other places).

National surface water monitoring programs often store only very limited me tadata, mainly
only those metadata directly needed for the task the data were primarily collected for. E.g.
samples are often not stored as own entity and can only be somehow reconstructed from
sampling time and place. Information about the applied sampling and laboratory methods,
catchment properties and conditions during sampling are often missing but would be useful
for further data evaluation.

Capacity to handle datasets with more than a few hundred linesis still rather limited in many
institutionsin the Danube basin. Capacity buildingin thisregardis urgently needed.

Data import stage:

Mapping of substance names and other metadata vocabularies from different sources into one
targetschemaisatime-consumingtask during dataimport.The use of standardized controlled
vocabularies should be strongly encouraged. For substances as many different identifiers as
possible like CAS number, NORMAN-SusDat-ID, InCHIKey should be delivered withthe data, to
support the mapping process.

Handling of aggregated data:

Collection of aggregated values creates many problems and itadds no too much value.
Composite samples should be collected in separate table or together with single
measurements, instead of chosen approach to collect them together with aggregated single
measurements.

A high level of technical knowledge regarding data management on the one hand and about
monitoring data for HS on the other hand is necessary to set up such an inventory. To reach the

necessary expertise working with such dataforseveral yearsis necessary.
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4 Modelling and scenarios development for hazardous substances
water pollution mitigation

4.1 Introduction
4.1.1 Why modelling?

The Danube countries, united under the umbrella of the ICPDR, agreed to implement the Water
Framework Directive (WFD), the main EU regulatory instrument for water management, throughout
the entire basin. The WFD requires the preparation of aninventory of emissions, discharges and losses
of all PS. Such inventories should give information on the relevance of priority substances (PS) at the
spatial scale of the Danube River Basin (DRB) orthe national parts thereof,and on the loads discharged
to the aquatic environment, thus supporting subsequent river basin management and WFD
implementation. In 2012, Guidance Document No. 28 on the Preparation of an Inventory of Emissions,
Discharges and Losses of Priority and Priority Hazardous Substanceswas issued, as part of the Common
Implementation Strategy forthe WFD. Thisintroductionisbased on the information compiled in this
guidance.

Among other purposes, an emission inventory should be seen as a tool, which may be used to:

e assistinestablishingandimplementing targeted reduction of emissions, discharges and
losses of HS, eventually leading to the cessation of emissions, discharges and losses of HS
(e.g.byidentifyingthe main sources, theirrelative share with respect to pollution and their
pathways);

e supportthe definition of effective RBMP Programmes of Measures (PoM);

e identifygapsinknowledgeand understanding.

The guidance sketches a two-step approach. The first step servesto identify those substances, which
are clearly of minorrelevanceforthe DRB, at presentandin the foreseeable future,and to concentrate
the efforts of subsequentinventory development on theremaining substances. The secondstep entails
a further elaboration of the emission inventory. For this second step, four so-called “tiers” are
discussed.

1. Tier1 comprisesaninventory of point sources!® usingstatistical dataincluding point source
information reported underthe European Pollution Release and Transfer Register (E-PRTR).

2. Tier2 adds a quantification of in-stream loads, based on concentration and discharge data.
The resultingriverineload, in combination with the information gainedintier 1 allows the
allocation of observedloads to pointand diffuse®! sources. A high contribution of diffuse
sourcesisa reasonto proceedtotier3 or 4.

10 “point source” - a singlelocalized point of discharge of wastewater containing one or more pollutant(s).
1 “Diffuse sources” - the many smaller or scattered sources whose combined impactmay be significant butfor
whichitisimpracticalto quantify them individually.
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3. Tier3isa pathway?-oriented approach, using more specificinformation about the land use,
hydrology and basictransport processes of pollutants towards the surface water.
Regionalised emissions for small catchments (analytical units) are calculated and
subsequently aggregated to larger units.

4. Tier4 isthe source®3-oriented approach, thatsets up a mass balance or Substance Flow
Analysis (SFA) and addresses the whole system starting from the principal sources of
substance release.

Figure 36 provides a schematicoverview of the Tier 2, 3 and 4 and theirinter-relation (Whalley et al.,
2018).
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Figure 36: Overview of riverineload (Tier 2), pathway-oriented (Tier 3) and source-oriented (Tier 4) approaches.

The approaches underTiers 3 and 4 typically involve the use of data-driven models. The use of models
inthese twotiers supports river basinmanagement practices in three different ways. Firstly, compiling

12 “pathways” - the means or routes by which specific substances can migrate or are transported from their
various sources to the aquatic environment.
13 “Sources” - all processes and activities that are likely to contribute to the input of pollutants into the

environment.
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an emissioninventory provides quantitative understanding of present emissions (diagnosis). This is a
prerequisite for being able to define control measures and assess their efficacy. Secondly, it helps
understanding what we do not understand (knowledge gaps) and consequently provid es focus for
future data and information collection. Thirdly, a scenario analysis supported by models helps
guantifying the expected effect of measures (prognosis).

The Danube Hazard m3c projectapplied modelsinsupportto both Tier 3 and Tier 4 approaches. This
chapterdiscusses such applications.

The WFD implementation stipulates emission inventories at the spatial scale of the complete basin or
the national part of an international basin. Regarding the usefulness of the inventory for RBMP
purposes, e.g. foridentifying hot spots (areas with highspecificinputs of substances) or estimating the
effectiveness of measures, the WFD Guidance recommends a significantly higher spatial resolution
(~100-~1000 km?). Both model applications discussed here satisfy this requirement. To support water
managementata local scale, an even higherspatial resolution is necessary.

The application of any method on these smaller scales heavily relies on the availability, quality and
resolution of the required input data. The Danube Hazard m3c project invested in such smaller scale
assessmentsin 7 pilot regions throughout the basin supported by Tier 3modelling. The lessons leamed
were then used forageneralisationtothe larger DRBD, using the Tier4 method. Itis however obvious
that reliable high-resolution input data are not available at the scale of the DRBD. The basin-wide
inventory therefore relies on national or even basin-wide statistics combined with regionalisation of
emissions using various proxy parameters.

4.1.2 Existingmodelling approaches

Models are always an abstraction of the reality. Afterthe selection of processes relevant forthe fate
of substances (e.g. transport, distribution betweenenvironmental compartments, degradation), which
can be formalized as mathematical equations, it has to be defined how detailed the modelling
approach must and can reproduce this reality. This also highly depends on the necessary spatial and
temporal scale and on data availability. It is clear that the goal of modelling always determines the
selection of the most suitable modelling approach, but the goal must be necessarily adaptedbased on
the feasibility.

In general, three different classes of models can be distinguished (Figure 37):

e Black-Box models

e Grey-Boxmodels

e White-Box models
Black-Box models represent empiric input-output models, in which all processes are unknown and
hiddeninablack box. They needthe leastinput datato be setup and allow onlyavery limited increase
inknowledge.

Grey-Box models are semi-empiric, often statisticalapproaches. Here processes are often reproduced
but on a generalized in a highly abstracted way. Equations to describe process be haviour must be
evaluated and implemented beforehand and have a statistical character. To run the algorithms to
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achieve plausibleresults which reflect reality, the dataneedsincrease. Typical representatives of such
model approaches are MONERIS or MoRE and even the Danube Hazard Substance Model (DHSM) is
included inthis class. The increase of knowledge is extended but remains ata general level.

White-Box Models represent analytical or physical basedmodels. The processes are base d on physical
derived equations and to solve them a very extensive amount of input data is necessary. Examples of
this class are groundwater models. The model approach demands a deeper knowledge on causal
dependencies, but is able to deliver the most detailed increase of knowledge. Because of the huge
need of input data, White-Box Models are often restricted to smaller spatial scales. However, due to
significantly increased computing power and improvements in data availability these model
approaches are increasingly losing theirrestrictions.

External modeling Internal modeling

(Analytical;
mi-Empiric; hybrid) physical)
Prior knowledge Deep knowledge
uations*; , Statistics" on causal

dependencies

LBlack-Box* ,Grey-Box* ,White-Box"“
model model model
Minimum knowledge; Increasing data needs Maximum knowledge
External observation; of causation

No process-knowledge
or diversification
MONERIS; MoRE MODFLOW,; DUFLOW; SWAT

Figure 37: Overview of different classes of models, with different complexity and expressiveness.

4.2 MoRE model
4.2.1 Pathway-oriented approach

In Danube Hazard m3c, a Tier 3 pathway-oriented emission inventory was compiled based on the
conceptual model MoRE model (Modelling of Regionalized Emissions) in seven pilot regions in the
Danube Basin. The modelled pilots are used as role models for the Danube riparian countries. The
approach adoptedrelies onthe Technical Guidance 28 (Figure 36) and reflects the proposals included
ina recentreportissued by the European Environment Agency (Van den Roovaart etal., 2022).

Pathway-oriented approaches are well established and applied in many European river basins for
nutrients and heavy metals and they provide a sound insight in the main transport paths to surface
water. However, inthe DanubeBasin, thereis alack of such approaches as it was stated in the Danube
RBMP 2021 update.

The MoRE approach (Fuchs et al., 2017) is a further development of the MONERIS model, which was
originally designed and created to calculate nutrient emission (Behrendt et al., 2002). In Europe the

MoRE modelis currently appliedin Germany (Fuchs et al. 2017b) and Austria(Amannet al., 2019) to
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quantify emissions for different substances and it was also usedin a transboundary project forthe Inn

riverbasin (Fuchs etal., 2019).

In Danube Hazard m3c, the complete model environment with numerous variables, formulas,
calculation stacks and input data sheets, was translated from the German version (original) to English

to enable furtherapplicationsinthe Danube Basin.

Pathways, not yet implemented with relevance for the Danube Basin, were added (e.g. municipal
wastewater collected by sewer but not treated in WWTP; significant leakage of old sewer systems;

abandoned mining; (Figure 38) and new substances were included in the model structure
(phenanthrene, 4-tert-octylphenol, nonylphenol, bisphenol-A) or quantified (chrome, arsenic,

tebuconazole, s-metolachlor and its metabolites s-metolachlor ethanesulfonic acids (ESA) and s-

metolachlor- oxanilicacid (OA)).

In the Technical Guidance 28, pathways are classified into three blocks:

e Pathwaysdependenton pointsources

e Pathwaysdependentondiffuse urbansources

e Pathwaysdependenton diffuse non-urban sources

One benefit and reason for the use of modelsis the evaluation of diffuse emission, which cannot be
simply calculated from data or measurements, but are subject to more or less complex processes that

can be reproduced with modelapproachesinasimplified, abstracted form.
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Figure 38: Pathways from point sources and diffuse sources calculated in the adapted DHm3c MoRE model

version (adapted from Fuchs et al.,2017a).
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4.2.2 Scope,spatialand temporalscales

The MoRE model environment forthe pilot regions was setup for 27 substances representing different
substance groups. The selection reflects the target chemicals of the Danube Hazard m3c project,
chosen to fulfil various criteria: (1) substances representing relevant sources and pathways, (2)
substances relevant for ICPDR, national and regional authoritiesin the basin, (3) substances that can
be actually detected and measured, so that data can be expected to be available. Because the
substances selectedfor modelling represent relevant sources and pathways, their emission inventories
are expected to be representative for a much wider group of substances, and to provide insights for
defining effective pollution control measures beyond the modelled substances alone:

e Metals:arsenic, cadmium, chrome, copper, nickel, lead, zincand mercury

e Polycyclicaromatichydrocarbons: benzo[a]pyrene, fluoranthene, phenanthrene,
naphthalene and the sum of EPA 16-PAH

e Pharmaceuticals: diclofenac, an anti-inflammatory drug and painkiller, and carbamazepine,
an anticonvulsant usedinthe treatment of epilepsy and neuropathicpain

e Industrial chemicals with wide dispersive use: 4-tert-octylphenol, nonylphenoal, bisphenol-A.

e Per-and polyfluoroalkyl substances: perfluorooctanesulfonicacid (PFOS), perfluorooctanoic
acid (PFOA), perfluorobutanesulfonicacid (PFBS), perfluorohexanoicacid (PFHxA) and
perfluoropentanoicacid (PFPeA)

e Pesticides: tebuconazoleafungicide used forwood preservation, and metolachlorand two of
his metabolites (metolachlor-ESA & metolachlor-OA), an herbicidein agriculture.

Duringthe execution of the monitoringinthe pilotregions (project output 0.T1.2 Demonstration of a
harmonized and cost-effective monitoring), the hot spots of contamination became clear, but other
previously selected substances were found to be exclusively, oralmost exclusively, below the limit of
detection or below the limit of quantification (benzo(a)pyrene, fluoranthene, phenanthrene,
naphthalene and the sum of EPA16-PAH, 4-tert-octylphenol, nonylphenol, bisphenol-A). For these
substances, no complete modelling was applied. Validation of the model in these cases would
exclusively depend on the calculation convention of the values below the limit of detection and the
limit of quantification used for the calculation. Consequently, model results would contain a very
limited and uncertain gain in knowledge. However, due to the prepared model structure, modelling
can be applied easily forthese substances, if catchments with higher concentration levels and emission
loads are investigated.

The spatial unit of reference formodeling with MoRE is the mesoscale. In 7 pilot regions with 34 sub-
catchments the units range from 41 to 667 km? (mean of 232 km?) with a wide range of natural
conditions and anthropogenicusesincluded. The total area under modelling is almost 8000 km?2, which
is almost one percent of the Danube River Basin. The spatial distribution of the pilot areas in the
Danube basin are shownin Figure 39.

The delineation of sub-catchments is one important prerequisite for a successful modelling. The
delineationis carried out based on DEM (raster data), water network (raster data) and the definition
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of outlet points (vectordata). The outlet points must be selectedin sucha way that on the one hand
hydrological conditions are considered, and at the same time the possibility of hydrological and
chemical model validation based on discharge information and concentration measurements is
optimized.

Somesul catchment Vit catchment
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Figure 39: Selected pilotregions in Romania, Bulgaria, Hungary and Austria. Sub-catchments, monitoring stations
andriver gauges (Data sources:OpenStreetMap Contributors, SRTM by NASA).

MOoRE operates on annual time steps. Due to the variability caused by years with different climatic and
hydrological conditions, afive tosix years periodis modelled, assuming balanced conditions over the
average of the entire period. The time step makes the inclusion of seasonal fluctuations impossible.
However, the comparison of dry or wet years givesinsightinto climate driven variability of the annual
results.

4.2.3 Main calculation approaches

The standardised technical workflow to setup and run the MoRE model can be summarized in four
mainsteps:

e Evaluationand pre-processing of input data (section 4.2.4)

e The creation of variables (constants, time and catchment-related variables, time-related
pointsource variables) and import of data

e Creationand definition of calculation approaches (formulas, calculation paths, calculation
stacks)

e Calculation of catchment-related emission and concentration by use of the model

guantification kernelforall pathways presentedin Figure 38.
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e Documentation of masterdata(e.g. inputdata, constants, calculation approaches).

The MoRE Developer is the graphical user interface with well-structured main menu and easy-to-use
sub-menus,which accesses the SQL database with allvariables, constantsand formulascreated for the
model (alsoinformerapplications). This has the advantage thatinformation and solution approaches
grow with the model, are well documented, can be easily deactivated and replaced by new solution
approaches, that betterrepresent the prevailing conditions and data availability. This gives the model

approach a greatdeal of flexibility.

Based on the modellingresults further steps are necessary:

e Comparison of model results with datafrom monitoring (run-off, loads and concentration)
e Checkand interpretation of the pathway-related results
e Visualisation of modelresults (here MoRE also provides a userinterface).

MoRE Developer
graphical user interface

Visualisation

+ e &

Figure 40: MoRE Model

https://isww.iwg.kit.edu/MoRE.php).
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4

system, with PostgreSQL-Database and calculation engine (adapted from

The calculation procedure pertime step and per sub-catchment proceeds in different steps:

1 The water balance is calculated based on information of the total run-off. This may be available
e.g. in the form of measurements from gauge stations, provided via interpolation, by
precipitation-runoff modelling, or top kriging approaches. The net area runoff of a sub-
catchmentisdivided into different runoff components:

a. including wastewater treatment plant run-off (municipal, industrial and defined
abandoned mining), combined sewer overflows and storm water runoff from separate
sewer systems, collected sewer not transported to WWTP and runoff from non-urban

trafficareas and

b. run-off components from unsealed surfaces, like precipitation (on surface water areas),
surface run-off, run-off from drainages and groundwater (which includes base flow and
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subsurface flow); because up to now no clear (concentration driven) separation of
groundwater and drainages is possible, both components were combined and represent
the run-off fromthe underground (flowcharts available in the DHm3c project Output T2.2
Reporton system understanding).

2. Releases of HS are quantified from point sources, like municipal WWTPs, industrial WWTPs
and abandoned miningsites (with defined outlet). Furthermore, from urban diffuse pathways,
like combined sewer overflows, storm water runoff, collected and untreated sewer. Finally,
from non-urban diffuse pathways, like atmospheric deposition (direct emitting to surface
waterareas), surface run-off, erosion from arablelandand from pastures, erosion fromforests
and mountainous areas and from the underground (flowcharts available in the DHm3c project
OutputT2.2 Reporton system understanding).

3. HS are traced through various pathways to surface waters; key “pathways” for the evaluated,
dissolved substancesinareas withincreased anthropogenicuse are:

a. Sewer systems collecting wastewater and storm water washed from impervious areas,

whichis discharged to surface waters after treatment or without any treatment;
b. Rainwater collection systemsthat discharge to surface waters with or without treatment;
In natural areas withoutintensive anthropogenicactivities “key pathways” are:
c. Surface runoffand
d. Groundwater (Interflow and base flow).
In mininginfluenced pilot regions obviously:
e. Runoff fromabandoned miningsites

Emission from each substance and all pathways are summed up (kg/a) and transported to the surface
water as total load. Along a defined discharge tree, the discharges and the loads are summed up and
the retention is calculated based on simple approaches, like “hydraulic load” and “specific run-off”,
which consider settling of particles and subsequent retention in sediments. Concentrations are
calculated from annual mean loads and annual discharge at the outlet of each sub-catchment
(flowcharts available in the DHm3c project Output T2.1 Harmonized MoRE model).

Results are available for each sub-catchmentand each year and can be aggregated e.g. to geographic
or use-specificcriteria, like upstream-natural regions and downstream-anthropogenicareas or to the
complete pilot regions.

The calculation approaches implemented in the model differ with respect to complexity and data
needs. While some approaches are reduced to simple load calculations based on multiplication of an
“activity rate” (AR) and an “emission factor” (EF) (e.g. point source emission), others need a multitude
of input data and calculation steps to achieve a final calculation. By way of example, in Figure 41 the
calculation of erosion from arable land transported to surface waters is demonstrated, with a
multitude of input data (e.g. land use data, crop specificinformation, rain intensity) formulas (e.g. the
Revised Universal Soil Loss Equation (RUSLE) and Soil Delivery Ratio (SDR) calculation), algorithms (a
sequence of formulas) and the final algorithm stack (a sequence of algorithms). The solids, which are
finally traced to the surface water, will be multiplied by concentrations of soils from arable land (not
shown here), which are specified by the Enrichment Ratio (a factor, which considers the sequencding of
finer, heavily loaded particles and theirincreased share during transport).
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A detailed documentation to setup the MoRE model is given in the handbook provided on the
homepage of the original MoRE developer (https://more.iwg.kit.edu/wiki-en/index. php?title=MoRE_Developer).

Algorithm stack: Algorithm stack:

Sequence of algorithms e.g. heavy metal emissionvia erosion

1. Area of agricultural land

2. Soilloss via agricultural land

3. Soilloss via naturally covered surfaces
4.

\

Algorithm:
L. .
Algorithm:
. Algorithm: le.g. soil loss via agricultural land
Algorithms: e.g. agricultural land 1. Soil loss via agricultural area

2. R-factor (ABAG)

- iea ciclopianc 5. R-factor (ABAG, long-time)
2. Area of agricultural area 4

3 Area of analytical unit

4 Percentage share of cropland in 1
the whole area )

Formula:

e.g. R-factor (ABAG, long-time)
Formula:
- Description of formula

R_FCT_r_It ABAG = (BI_PREC_s_It
- Definition of result variable

Sequence of formulas

Formula:
e.g. area of analytical
unit

Formula:
e.g. R-factor (ABAG)
ER_FCT_r_ABAG = (BI_PREC_s

- Definition of modelling variants [ Formula: ) '!,T:,'{‘_URB*_“ f o
e.g. area agricultural land e.g. soil loss via agricultural land

IM_A_AGRL ER_agrl_SL_spec_It AL=if(IM_A_AL...
= IM_A_AL+BI_A_GL

Formula:

e.g. area of arable land

IM_A_AL

= BI_A_AL_slope_0_1

+ BI_A_AL_slope_1_2+...

Figure41: Emission calculation procedurefor erosion fromagriculturalland (from https://more.iwg.kit.edu/wiki-
en/index.php?title=MoRE_Developer#Design_of the MoRE_Developer_GUI)

4.2.4 Datarequirements

Input data can be subdividedin:

e Basicinputdata.

e Substance-specificinput data.

Basicinputdata (Table 10) includes all kind of background information on the physical characterization
of each sub-catchment and are not substance concentrations or substance-specific turnover or
removal rates. In general, these data represent GIS data (e.g. specific land use polygons or lines
records), but alsotime series for precipitation or runoff available at specificlocations can build these
databases. In the latter case, punctual information often has to be interpolated by geo-statistical
methods like kriging to produce a valid mean value for the analytical unit of the model: the sub-
catchment.

Basic input data, which are immutable, are called “analytical units variables” (e.g. topography). Basic
input data may also be subject to annual changes, like precipitation or soil loss and are called
“periodical analytical units variables”. Some data are subject to serious changes only over a certain

period of time - forexample, the share of arableland. In such cases the model developer hasto decide
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in which category he puts the data. Once the model setup is prepared and an actualisation must be
established (e.g. for the next policy cycle) only the “periodical analytical units variables” need to be
updated. It should be also tested, if actualized and more precise input data sets were created.

Table 10: Basicinputdata used in MoRE. (x,t) = function of spaceand time; (x) = function of space; (c) = function

of spaceusinghomogeneous values per country.

Actual input data code Name Description Unit Source
Analitical Unit (AU) Topography/Area Delineation of Analytical Units
BI_A Area Area of analytical units km?2 (x)
BI_ELEVA Digital Elevation M ean hights of subcatchments m ®)
M odel
Landuse Landuse data set Landuse categories in actual version km?
BlI_A_AL_slope 0-1 Arable land 5 slopeclasses: 0-1; 1-2; 2-4; 4-8; >8 % km?2 ()/(x,t)
(if available)
BI_A_PST Pastures Greenland, meadows kmz ()/(x.t)
BI_A WS mr Water surface Mainriver (also lakes; reservoirs) km?2 (X)/(x.t)
BI_A_WS_trib Water surface Tributaries (also lakes; reservoirs) km? (/(xt)
Bl_A FOR Naturally covered Woods; scrubland km2 (X)/(x.t)
areas
BI_A_O Open areas M ountainous area without vegetation; km? (/(xt)
beaches; dunes
BI_A_OPM Surface mining Mining areas km? ()/(xt)
Bl_A_URB Settlements Total urban areas km?2 ()/(x,t)
BI_A_IMP Impervious urban area | Paved areas inside urban areas: km? ()/(xt)
settlements; industrial estates; car
parks....
BI_A_WL Wetlands Area of Bog, swamp; floodplains km? (/(xt)
BI_A_OR Country roads Paved road area; not included in km? ()/(xt)
settlements
Bl_A REM Other remaining areas Other areas not listed above km?2 (X)/(x.t)
Drainages Melioration cadastre
TD_SHR_a_td_agrl Tile drained areas From arable land and pastures kmz2 (x)
Meteorological Data Climatic data
AD_EVAPO_lt Evapotranspiration Longterm mean annual evapotranspiration | mm (/(xt)
BI_PREC_apr Precipitation Monthly values mm ®)
Hydrological data River Discharges
Bl_Q_net Net runoff M odelling period; annual data m3/s X
Erosion Soil loss
ER_agrl_SL_spec_It_AL Soil loss Soil loss from arable land (optional from t/(ha-a) | (/(xt)
5 slope classes)
ER_agrl_SL_spect_It_PST Soil loss Soil loss from pastures t/(ha-a) | (/(xt)
Sewersytem Statistical Data aboutinhabitants and waste water system
(partly from UWWTD)
BI_INH Number of inhabitants | Populaltion inh (xt)
US cso_VOL _spec_SOT Stormwater overflow Storage volume of stormwater overflow m3/ha (X)/(x/t)
tanks in combined sewer systems, area-
specific
US L CS Combined sewers Length of combined sewers km (X)/(x/t)
US LSS Stormwater sewers Length of stormwater sewers km (X)/(x/t)
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Actual inputdata code Name Description Unit Source
US_SHR_inh_con_tot Connection rate Percentage of inhabitants that are % (X)/(x/t)

connected to sewer systems

connected to sewer systems and waste
water treatment plants

US_SHR_inh_conWWTP_tot Connection rate Percentage of inhabitants that are % ()/(xit)

US_SHR_inh_nss_tot Connection rate Percentage of inhabitants that are not % (X)/(x/t)
connected to sewer systems

US_INHC_H20 Water consumption Inhabitant specific water consumption l/(inh-d)

US_nss_SHR_inhl_towwtp_sept Percentage of inhabitant load that is % (X)/(xt)

transported from septic tanks to waste
water treatment plants

US_Q_spec_COM Runoff rate for commercial waste water l/(ha-s)

Pointsource data (one value Urban wastewater (partly from UWWTD)
for each treatment plant)

to sewer systems and waste water
treatment plants (point sources)

WWTP_ps_INH_conWWTP Connection rate Number of inhabitants that are connected | Inh ()/(xit)

WWTP_ps CP Capacity Capacity of the waste water treatment PE (x)
plant (point sources)
WWTP_ps_PE Load Nominal load of waste water treatment PE (xt)

plant (point sources)

treatment plant (point sources)

WWTP_ps_ TS Treatmenttype Current treatment ty pe of waste water - (X)/(x/t)

WWTP_ps Q Discharge Runoff via waste water treatment plant m3/a (x/t)
(point sources)

Industrial wastewater

ID_ps_Q Discharge Runoff via industrial direct dischargers m3/a (x/t)

Substance specific input data are needed for each pathway (Table 1). For some pathways,
concentration dataare very sparse oralmost non-existent. In such cases data from other pathways are
used for a first estimation (e.g. groundwater for drainages or deposition for surface -runoff). Most
substance specificdata were obtained in the DHm3c project from the relational database (Chapter 3).
The data are prepared based of tested datasets and created query routines, which prepare input data
with different thematicreferences, such as:

e Alldata (datafromdifferent countries and different surveys).

e Country-specificdata.

e Projectspecificdata(e.g. datafrom DHm3c monitoring —total, country-specificor pilot
region specific).

e Data, whichrefertodifferentland use classes.

e Data, whichrefertodifferent WWTP seize classes ortreatment.

To selectthe “right” data set, different criteria have to be considered, e.g.:

e Representativeness of dataset (number)
e Actualityof data
e Spatial resolution

Of course, the best fit of the model results will be achieved using the most regional dataset. However,
this approach contradicts the very utility of MoRE, a modelling approach that averages well toalarger
spatial unit (e.g., country) and largely avoids specific model calibration using regional or local input
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data. Consequently, inthis project most often country specific data sets are used. If specific data are
not available for a country or too uncertain because of a very low number, e.g. data from other
countriesare used.

The database additionally provides a statistical evaluation of the data (e.g. c10, c25, ¢50, c75 and c90
percentiles). The values are used to evaluate a best fit and gain information of possible over or
underestimations on base of the available dataset. Furthermore, itis used to calculate model variants
to address the uncertainties of the approach:

e (50 = basisvariant.
e (C25=minimumvariant.
e (C75=maximumvariant.

4.2.5 Technicalrequirements

The MoRE model is built on a PostgreSQL database in order to store the large datasets required for
modellingandisfreely available. Input datafiles and exports of results is prepared as Excel files. A full
versionislocated on the TU Wien (Lead Partnerof DHm3c) serverand can only be viewed orused by
assigning roles and rights. A slimmed-down model (stand-alone version) is provided, which only
contains the model approaches used in the pilot regions. This reduced SQLite version is available as
DHm3c project output T2.1 Harmonized MoRE model adapted to specific territorial characteristics
within the DRB.

4.2.6 Selection of examples of application and of results in pilot regions

Fordifferent substance groups, like industrial chemicals, pharmaceuticals, heavy metals and pesticides
the model was applied in seven pilot regions with 34 sub-catchments. The model period runs from
2016-2021 (annual time steps). A comparison of monitored mean annualloadsand concentration with
model results was performed for 2021 at 20 monitoring stations situated at catchment or sub-
catchmentoutlets.

The model performance shows significant differences. In most cases, good model fits can be achieved
(e.g.for PFOS, PFAS and some metals like Cuor Cd). The good performanceis a result of combining the
improved MoRE model and the new database providing several extensive substance-specific datasets
for a number of substances (chapter 3).

For other substances the model performance is weaker (e.g. lead or carbamazepine). Even so, the
model reproduces the monitored data to a high extent, it produces some slight systematic
underestimationsinloads (e.g. Ni, Cu, As, PFOS) and slight overestimations (e.g. Cr, Zn).

Insome cases, one ortwo catchments out of 20cannot be modelled sufficiently well. This mostly refers
to pilotregionswherevery specificand extreme conditions prevail. In the Viseucatchment, influenced
by abandoned mining, aspecificdatasetneedsto be used forseveral heavy metalsto achieve at least
approximately reasonableloads and concentration. For some metals, even this dataset developed still
leads to serious underestimations. Other problems could be identified especially in pilot regions with
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extreme 2021 hydrological conditions, like Ybbs (extreme eventinJuly 2021) where huge amounts of
load were transported during three days but also in the Pannonian pilot regions, which face d during
the projectimplementation period an extreme dry weather.

Model results were calculated with base, maximum and minimum variants to address uncertainties.
Monitored mean concentration and load calculations are also subject of serious uncertainties. These
were addressed by considering monitoring results from base flow conditions and from base flow and
eventflow results. The first approach was assumed to represent the standardized national monitoring
strategies with probing from low flow to well above mean flow conditions but without representative
probing of event flows, following a given temporalroutine. The secondone, including event flow (often
starting with the statistical ten percent of the highest dischargesfrom a long-term runoff series)was
assumed to be much closer to realistic conditions. The model comparison orientatess to the latter.
However, if you use model resultse.g. forarisk analyses, the comparison to data sets underestimating
eventflowsand which are related to more average conditions are the much more “realistic” ones.

In Figure 42 the comparison of monitored mean annual concentration for PFOS and PFOA calculated
from two datasets (baseflow and baseflow including event-flow) and of model resultsis presented.

The graphs express the model performance and the range of different concentrations with maximum
concentration in the Wulka pilot and in Zagyva (upstream) as well as in the outlet catchment of
Somesul Mic. All sub-catchments with increased concentrations are subject to high shares of emission
from treated urban wastewaterand from sewer systems ( Figure 44, which lists the percentage shares
of the input pathsinthe pilotregions).

Monitored vs modelled PFOS concentration
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Monitored vs modelled PFOA concentration
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Figure 42: Monitored and modelled concentrations of PFOS and PFOA; monitored concentrations from
baseflow conditions and baseflow+eventflow conditions; modelled concentrationin three variants:base

(column), min. and max. (as bars).

The results demonstrate the relevance of the monitoring approach, which leads to significantly
differences. The more time representative approach, which considers only “normal” baseflow
compared tothe more flow representative approach often resultsin lower concentrations (althougha
high proportion of load comes from point sources). It becomes clear that the significant higher
concentrations calculated under flow representative conditions in some sub-catchments are
underestimated by the model (base variant) and can in some cases be only reproduced by the
maximum model variant. This becomes even clearerin the following scatter plots ( Figure 43).

monitored vs. modelled concentration monitored vs. modelled concentration
Perfluorooctane sulfonic acid [jug/I] Perfluorooctanoic acid [ug/l]
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£ £ 0.004 - &  Wulka
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Figure 43: Monitored (baseflow+eventflow) and modelled concentration of PFOS and PFOA [ug/I] at 20

monitoring stations from seven pilotregions.

Pilot regions dominated by often steep natural and mountainous areas (Ybbs, Viseu, Vit) show
increased shares from surface runoff (mainly PFOS) and groundwater (mainly PFOA). In pilot regions
with highershares of urban areas emissionfrom municipal wastewater and also from combined sewer
systems are of increasing importance, with a clear dominance of wastewater emission in Wulka and
Somesul Mic(Figure 44).

85



)

Project Danube Hazard m3c:

interreg M

EURCFEAN UNIOH

Danube Transnational Programme Technical Guidance Manual

PFOS-relative shares of pathways [%]
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Figure 44: PFOS and PFOA shares of modelled pathways [%] inseven pilotregions;the explanation of

abbreviations isprovidedin Table 13.

Increased area specificrates of PFOS and PFOA [g/hay ] can be found in Austrian and Romanian pilot
catchments with around 0,003 [g/hay™]. Figure 45 shows selected scatter plotsillustrating the model
performance for the estimation of loads for the year 2021 in the pilot regions. Substances directly
influenced by mining in the Viseu catchment (mainly cadmium, copper and zinc) show extreme high
loads, and can only be reproduced approximately. Cadmiumloadsinthe direct mininginfluenced sub-
catchment for example are 50-fold higherthan the highestloads shown here.
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Figure 45: Monitored and modelled loads of dissolved Cd (exclusive results from Viseu), Cu and Cr [kg/y] at 20

monitoring stations from seven pilotregions.

The share of pathways of cadmium, copper and chrome (Figure 46) exemplarily demonstrates the
influence of direct discharges of untreated abandoned mining effluent, which isdominant for copper

and evenforzincinViseu pilot (notshown here).
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Chrome - relative shares of pathways [%]
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Figure 46: Dissolved cadmium, copper and Chrome shares of modelled pathways [%] in seven pilotregions; the

explanation of abbreviations for pathways is givenin table Table 13.

The results illustrate the differences of the pilot regions with predominantly natural or with more
urban characteristics. In Koppany, a high share of ditches and smalllakesleads to a high area of surface
waters, which explains the high proportion of discharges from atmosphericdepositions. In the Wulka
catchmentthe 2021 year was extremely dry. Thisis one reason for the very lowshare of emission from
drainages and groundwater and high shares from treated municipal wastewater.

Within the pilot regions, also the spatial differences can be addressed showing results for each sub-
catchment. As an example the Ybbs catchment is chosen, characterised by a natural pre-alpine
upstreamregion (11008 —11004) and increasing urban areas, agriculture and anthropogenicactivities
in the downstream regions. It is obvious that the dominant inputs for copper stem from natural
background, emitted viathe groundwater (interflow and baseflow) and surface runoff from the steep
areas (Figure 47).

Pilot region Ybbs - Copper - emission from pathways [g/ha*y1]
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Ybbs 11001 Ybbs 11002 Ybbs 11003 Ybbs 11004 Ybbs 11005 Ybbs 11006 Ybbs 11007 Ybbs 11008

WAD_E_HM_CU mERO_agrl mERO_nat mDGW MIND MOR_E MSR_E MCSO MStSEW mWWTP mUNC mMIN

Figure 47: Dissolved copper in [g/ha *y1] in all sub-catchments of the Ybbs-pilotregion; the explanation of
abbreviations for pathways is givenin Table 13.
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From the presentation of all sub-catchmentsinthe Viseu pilot region, the influence of direct emission
from abandoned miningforcopperbecomes obvious (Figure 48). Furthermore, it becomes clear, that
even the upstream sub-catchment 32002, which is in rather the same geological formation as 32003
emits high shares of copperviagroundwater (baseflow and interflow).

Pilotregion Viseu - Copper - emission from pathways [t/y]
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Figure 48: Dissolved copper in [t/y] in all sub-catchments of the Viseu-pilot region; the explanation of
abbreviations for pathways is givenin Table 13.

Of course, model results can also be presented as GIS maps (forvisualizingimportant messages), e.g.
with presenting area specific rates or combine this presentation with statistical evaluations of
pathways foreach sub catchment; or to visualize the spatial distribution of specific pathways.

More and detailed results can be find in the DHm3c project Outputs O.72.2Report on improved system
understanding and 0.T2.3 Demonstration of management plan development in pilots.

4.3 Danube Hazard Substance Model
4.3.1 Source-oriented approach

In Danube Hazard m3c, a Tier4 source-oriented emissioninventorywas compiled based on the Danube
Hazardous Substances Model (DHSM). The approach adopted relies on the Technical Guidance (Figure
36). It further makes use of a recent report issued by the European Environment Agency, which
provides supplementary advice and aims to provide practically applicable methods, and to contribute
to the harmonisation of the methods used across Europe (Van den Roovaart etal, 2022). The source-
oriented approach provides the best possible insight in the origin of the emissions, and therefore
produces essentialinformation for the definition of emission reduction measures.
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The DHSM is a further development of an emissions, fate and transport model developedinthe EU
R&D project SOLUTIONS (https://www.solutions-project. eu/;
https://enveurope.springeropen.com/articles/10.1186/s12302-019-0248-3).

The SOLUTIONS model aimed to be applicable to as many chemicals as possible on the scale of the
European continent. Ittherefore had to rely on a relatively simple emission estimation approach and
on restricted input data. Within Danube Hazard m3c, the SOLUTIONS model was modified to include
additional substances relevant for the DRB (metals). At the same time, the number of modelled
substances was drastically reduced. This allowed a more comprehensive emission modelling approach
with higherdata needs, reflectingdeepersystem understanding and better data availability than what
was feasible withinthe SOLUTIONS project.

The sources included in DHSM are those listed in Figure 36. For man-made chemicals, the source-
oriented method starts from the production of the chemical. Losses to the environment (sources) can
be associated to various life-cycle stages, see Figure 49. This includes losses during production and
industrial use, from consumptive use, from stocks in products, buildings, infrastructure, and from

waste management. Consequently, thesourcesdistinguished in the modelling can be fromany of these
life cycle stages.

N
e — 4 P — —)
M —_— —_— r .” "
>  — —) —)
— R —
Production Industrial processes Instantaneous use In service Waste disposal

do L @ 4ol

Figure 49: Symbolic representation of sources of HS generated duringvarious lifecyclestages.

The Technical Guidance considers atmosphericdeposition as asource, though actuallyitisa pathway.
It is the result of sources towards the atmosphere being transported to the aquatic and terrestrial
environment. To consider atmospheric deposition a pathway is a practical solution, also because
atmospherictransports often involve larger spatial scales that exceed river basin boundaries. Asitisa
pathway, the interpretation towards the underlying true sources needs to be provided by expert
judgement.

The build-up of stocks in the techno-sphere may take a longer period after the start of the use of a
chemical. Depending on the service-lifetime of the products or constructions involved, this could span
a period of decades or more. To avoid such timescalesin the simulation of emissions, the present
stocks of HS are seen as the “activity” contributing to the input of HSinto the environment. For natural
HS (typically metals) asimilar consideration holds for their natural presence and/or build -up of stocks
inthe soils. The current stock of metalsinsoilsis seenasthe “activity” contributing to the input of HS
intothe environment.
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4.3.2 Scope spatialand temporalscales

The DHSM was implemented fora selection of hazardous substances. Thisreflects the target chemicals
of the Danube Hazard m3c project, selected to fulfil various criteria: (1) substances representing
relevant sources and pathways, (2) substances relevant for ICPDR, national and regional authorities in
the basin, (3) substances that can be actually detected and measured, so that data can be expected to
be available.

Because the substances selected for modelling with DHSMrepresent relevant sources and pathways,
their emission inventories are expected to be representative for a much wider group of substances,
and to provide insights for defining effective pollution control measures beyond the modelled
substancesalone.

The DHSM was implemented for the following 17 chemicals:

e Metals:arsenic, cadmium, copper, nickel, lead, zincand mercury.

e Benzo[a]pyreneasa representative of the group of Polycyclic AromaticHydrocarbons.

e Pharmaceuticals: diclofenac, an anti-inflammatory drug and painkiller, and carbamazepine, an
anticonvulsantusedinthe treatment of epilepsy and neuropathic pain.

e Industrial chemicals with wide dispersive use: 4-tert-octylphenol, nonylphenol, bisphenol-A.

e Per-and polyfluoroalkyl substances: PFOS and PFOA.

e Pesticides:tebuconazole afungicide used forwood preservation, and metolachlor, a herbicide
inagriculture.

Water flows are important for quantifying emissions. The DHSM therefore relies on input from a
hydrological model that quantifies runoff, sub-surface flows and river flows. The DHSM uses output
from the pan-European E-Hype hydrology model (Hundecha et al., 2016), and therefore adopts the
spatial schematization. Forthe DRB, this schematization existsof 3,523 elementswith an average area
of 229 km?. Figure 50 shows the schematization of the DHSM, together with the DRB delineation, the
rivers with a catchment area exceeding 4,000 km? and the lakes with a surface exceeding 100 km?, as
identifiedby ICPDR. Italso shows the 7 pilotregions, in which targeted measurement campaigns have
been carried out to fill critical data gaps needed to provide a robust basis for modelling and
management. These pilot regions were also modelled using the MoRE model (Section 4.2). The
information derived from these pilot regions has been used to support the implementation of the
DHSM.
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Figure 50: Overview of DHSM schematization, mainrivers,lakes and pilotregions.

DHSM operates with a time step of 1 day. It uses a time dependent representation of some sources
(e.g.atmosphericdeposition) and especially of the pathways affected by rainfall, runoffand subsurface
flow. This supports the representation of pathways that respond to weather events. It also supports
the representation of interannual variability as controlled by climate variability. The DHSMis therefore
set up for a sequence of 10 hydrological years, so that the impact of climate variability can be

guantified.

4.3.3 Main calculation approaches

The Danube Hazardous Substances Model uses the flow-chart shown in Figure 51 for its emission
calculations.

92



rn)))

Project Danube Hazard m3c:

HILCIICTYy m

Danube Transnational Progran’“im‘é Technical Guidance Manual

directsources [
transport
Impermeable stormwater &
Sources: Surfaces l retention
processes
Atmosphere Sesparated stormwater
ewers
Industry &
Production untreated wastewater, CSOs
Combined WWTP effluents Surface
Comsumptive Use SETETS 5 Waters
Stocks in Techno- l
Sphere
Stocks in Stored ) erosion
Waste — | SSFIOSCkStm transport
oil System &
sub-surface flow
Permeable face fl retention
>
Surfaces processes
surface runoff ’—‘

Figure 51: Set-up of the DHSM model system.

The calculation procedure pertime step and per schematization element proceeds in steps:

1. Releasesof HS (“sources”) are quantified from atmosphericdeposition, agriculture practices,
road traffic, buildings and constructions, households, industry and navigation. Thisis done by
multiplication of an “activity rate” (AR) and an “emission factor” (EF), that can both
optionally be afunction of time and space.

2. ReleasesofHSare allocated to one or more initial receptors: surface waters, impermeable or
permeable surfaces, wastewater or the soil system.

3. Thesoil systemisgivenaninitial concentration that represents natural presence or the build-
up of stocks from historical releases.

4, HS are traced through various compartmentsinthe techno-sphereandthe environmenton
theirway to surface waters; key “pathways” are:

a. Sewersystems collecting wastewater and stormwater washed fromimpervious
areas, that is discharged to surface waters after treatment or without any treatment;

b. Rainwatercollection systemsthatdischarge to surface waters with or withoutsome
degree of treatment;

c. The pathwaysthrough the soil system, controlled by particle erosion and delivery to
streams, by surface runoff and by subsurface flow.

The end results of these calculations are emissionsin g/day for all schematization elements for 10
consecutive years. These results can be aggregated in space and time to provide long term annual
averages and theirinter-annual variability, basin-totals, country totals, sub-basin totals, etcetera.

In a second step, the calculated emissions are input to a water quality model. This model uses the in-
stream water discharges from the hydrology model and the previously calculated emissions to
calculate time- and space-dependent concentrations. The water quality model includes in-stream

retention by various degradation processes and by settling and subsequent retention in sediments.
93



rn)))

Project Danube Hazard m3c:
interreg M

Danube Transnational Progran’“ih'\‘é Technical Guidance Manual

The calculated concentrations were used for model validation. They can be processed into annually
averaged concentrations and the inter-annual variability thereof.

4.3.4 Datarequirements

The data requirements of DHSM are summarized in Table 11 and Table 12. These tables indicate to
what extent these data are space- or time-dependent. This reflects the DHSM implementation
available atthe end of the Danube Hazard m3c project. Table 11 defines the activity rate and emission
factorused to quantify the varioussources, whereas Table 12 lists the otherinput data, which are used
to representthe different pathwaysinthe model.

Table 11: Data used in DHSM to quantify sources. (x,t) = function of spaceand time; (x) = function of space;(c) =

function of spaceusinghomogeneous values per country; () = constant value.

Sources Activity Rate (AR) kind Emission Factor kind  Data source
Atmospheri rainfall (x,t) concentration (x) EMEP model for Cd, Hg, Pb, BaP
c
deposition
concentration (-) DHm3c databasefor other HS
Agriculture  agriculturearea (x) releaseper unit (c) literaturefor metals
area
releaseper unit (x) global gridded data for
area pesticides
Road traffic roadlength (x) releaseper unit (c) global roads database, various
road length literaturesources
Buildings & population (x) per capitarelease () literatureand DH m3c database
constructio
ns
Households population (x) per capitarelease () or DH m3c database
(x)
Industry release (x) 1 () E-PRTR database
Navigation navigable (x) releaseper km () literature
waterways length waterway

Table 12: Other data used in DHSM. (x,t) = function of space and time; (x) = function of space; (c) = function of

spaceusing homogeneous values per country.

Input kind source remarks

soil concentrations (c) DH m3c database, Foregs

database
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population (x) gridded population map scaled to match reported
country population numbers
shareof urban population (x) gridded settlement type
map
Hydrology (rainfall, surface runoff (x,t) E-Hype model, dailyinterval,
from impervious and pervious 2003-2013

surfaces, infiltration, exfiltration,
total runoff)

water surface (x) E-Hype model to maintain consistency

impermeable surfaces (x) E-Hype model to maintain consistency

permeable surfaces (x) E-Hype model to maintain consistency

agriculturearea (x) E-Hype model to maintain consistency

connection rate to sewers (x) ICPDR UWWTD inventory

connection rate to |1AS/LS1* (x) ICPDR UWWTD inventory

rate not connected to sewers or (x) implicitly defined

1AS/LS

fraction primary treatment (x) ICPDR UWWTD inventory

fraction secondary/tertiary  (x) ICPDR UWWTD inventory

treatment

fraction advanced treatment (x) ICPDR UWWTD inventory

fraction not treated (x) implicitly defined

fraction of combined sewers (c) literature

fraction of sewage sludgere-used (c) literature

sediment delivered to streams (x,t) unpublished data from EU distributed in time using
project hydrology data

rainfall threshold for occurrenceof (x) assumed CSO volume 5% Local threshold derived from

CSOs hydrology data (rainfall)

share of stormwater centrally (x) assumed equal to share of

collected and discharged to urban population

WWTP/surfacewater

In addition, there are some model parameters, often substance specific, including the removal by
various treatment types, removal in soils and surface waters and soil and surface water partition
coefficients.

4.3.5 Technicalrequirements

The technical requirements forthe DHSM are a Windows based PC (OS Windows 10, 8GB RAM, 20-40
GB storage). The DHSM does not provide any supportivetools to prepare input data or present output
data. Inputdata processing, including GIS operations, is left to the user. Output d ata can be extracted
incomma-separated values text format, for further processing by the user.

4 |AS = Individual and other Appropriate Systems as defined in the Urban Wastewater Treatment Directive

(UWWTD); LS = local systems as defined inthe 2021 Danube River Basin Management Plan.
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4.3.6 Selection of examples of application and of results at DRB scale

The breakdown of the basin-wide calculated annual emissions to surface waters of 17 HS accordingto
their pathwaysis shown in Figure 52. The pathways shown inthis plot are listedin Table 13. The second
columnin this table refersto the legendin Figure 52. The third column links to the pathways as they
are numberedinthe Guidance (Figure 36).

The results show strong differences between the HS. For some metals (Pb, Ni), erosion is the dominant
pathway. For the pharmaceuticals (Cbz, Dcf), treated and untreated wastewater are the dominant
pathways. For pesticides (Met, Tcz), direct emissions from use in agriculture is a significant pathway.
For PFOS, PFOA and OP, subsurface flow is the dominant pathway. Other substances (BaP, BpA, NP)
show a mix of different pathways. It is noted that the dischargesto surface waters from (abandoned
and historic) mining (Pathway P11in the following table) could not be quantified on the basin scale
and therefore hadto be left out of ourinventory.

Table 13: Overview of pathways included in the emissioninventory.

Description Abbrev. Pathway | Cluster
Atmospheric deposition directly to surfacewaters Atm P1 Direct releases
Erosion Ero P2 Erosion -
subsurface
flow
Surface runoff from permeable surfaces SRO P3 Surface runoff
Drainage+ Groundwater (subsurfaceflow) DGW P4 Erosion -
subsurface
flow
Direct emissions to surface waters from agriculture (spray drift) Agr P5 Direct releases
Runoff from impermeablesurfaces to surfacewaters (outsideurban | ROimp P6 Stormwater
areas) and CSOs
Emissions fromwastewater collected but not connected to a WWTP | Unc P7 Wastewater
Combined sewer overflows CsO P7 Stormwater
and CSOs
Emissions from separate storm water collection systems (in urban | StSew P7 Stormwater
areas) and CSOs
Emissions fromtreated domestic wastewater collected in sewers WWTP P8 Wastewater
Direct emissions to surfacewaters from unconnected households HHo P9 Direct releases
Discharges to surface waters from industry Ind P10 Direct releases
Discharges to surface waters from (operational and abandoned) | Min P11 Direct releases
mining
Direct emissions to surfacewaters from navigation Nav P12 Direct releases
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Cd, Pb, Cu, As, Ni, Hg, Zn are metals; BaP = benzo[a]pyrene; Met = metolachlor, Tcz = tebuconazole; Cbz = carbamazepine,
Dcf = diclofenac; NP =nonylphenol, OP = octylphenol, BpA =bisphenol A.

Figure 52: Relativedistribution of emissions to surface waters over pathways for the simulated HS.

The DHSM makes an inventory of HS flows through the various model compartments. An example is
shown in Figure 53. This chart shows for all substances the relative importance of the incoming and
outgoing mass flows for the combined sewers and WWTPs. On the inflow side, combined sewer
systems receive a mix of domestic wastewater, industrial wastewater and stormwater. The relative
contribution of these three contributions varies per substance. On the outflow side, combined sewer
overflows, unconnected sewer systems, re-use of sludge and effluents are quantified. The balance is
closed by the removal in WWTPs (either true degradation or removal by incineration or isolation of
sludge). Similarresults are available forthe other modelled compartments. Reference is made to the
Danube River Basin Scale Assessment Report for more results.
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Cd, Pb, Cu, As, Ni, Hg, Zn are metals; BaP = benzo[a]pyrene; Met = metolachlor, Tcz = tebuconazole; Cbz =
carbamazepine, Dcf = diclofenac; NP =nonylphenol, OP = octylphenol, BpA=bisphenol A.

Figure 53: Figure 4 18: Basin-wide mass balance of the combined sewers and WWTPs compartments.

Because of the detailed spatial schematization, all results can also be differentiated in space. This is
illustrated in Figure 54 for benzo[a]pyrene. The upper panel shows a map of the total area-spedfic
annual emissions. The middle panel shows a map of the dominant pathway cluster (clusters are listed
in the fourth column of Table 13). These two maps illustrate the strong spatial inhomogeneity of the
total emissions and of the distribution over the pathways. The bottom panel shows a disaggregation
of the emissions and their distribution over the pathways per country. The lower panel shows relatively
high emissionsin Slovenia. Thisisthe result of (a) the locally high atmospheric deposition (not shown
here), (b) the local orography and climate conditions that lead to relatively high surface runoff. Similar
results are available forthe other 16 simulated HS.
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Figure 54: Spatial variability of emissions and dominant pathway: benzo[a]pyrene.
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The calculated emissions, together with the river discharges and some retention processes lead to
calculatedin-stream concentrations. Figure 55 shows the simulated long-term average concentration
of PFOS as a result of present emissions. These results were compared to observed concentrations
fromthe Transnational Monitoring Network,from the Joint Danube Survey4and from supplementary
monitoring conductedin Danube Hazard m3cat 6 stations along the main branch of the Danube. Figure
56 shows this comparison for PFOS. For the other simulated HS, similar results are presented in the
Danube Hazard m3c Danube River Basin Scale Assessment Report.

Mean simulated concentration
PFOS (ng/L)
Il < 0.65
B <20
> 2.0
Fd N

Figure 55: Simulated long term average concentration of PFOS as a resultof present emissions.
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Figure 56: Comparison of simulated concentrations and observations from different datasets, plotted along the
length of the Danube River for PFOS.
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4.3.7 Interpretation of results at DRB scale

When using and interpreting the results of DHSM(orany similar modelforthat matter), itisimportant
to realize afew things.

The model can only be as good as its input data are. As the amount of input is significant, there is
always a degree of uncertainty. In the Danube River Basin Scale Assessment Report, the order of
uncertainty has been provisionally quantified by providing a “low” and a “high” emission inventory
nexttothe mostrealisticestimate. This uncertainty is significant, and for most substances higher than
the year-to-yearvariabilitythat originates from climate-induced variability caused by different weather
patterns that affect rainfall, runoffand river discharges.

The uncertainty increases with decreasing spatial scale. Many spatially variable input quantities could
only be quantified on a country-by-country basis. Thisimplies that the resultsfor the main branch of
the Danube and forthe large international tributarieslike Sava and Tisa are probably more robust than
those for the smaller tributaries. Very small rivers are not even resolved by the DHSM, while the
schematization elements have an average surface area of about 200 km?2.

The DHSM strictly satisfy mass balance rules and provides fullinsight in such mass balances. This helps
understanding phenomenashownin the output. Based on system knowledge, DHSMusers can decide
if such phenomenaare artefacts of uncertaininput data or useful managementinsights.

Concentrations calculated by DHSM are true time averages and as such they reflectthe annual mean
concentrations that are regulated by EQS under the WFD. True time averaged concentrations may
differ from the quotient of the annual emissions and the mean river discharge. The difference is the
result of the time variability of the emissions in the watershed and the river discharges. Present DHSM
resultsinthe Arges River (Romania) forexample show that the true annual mean concentration s 10-
20% higherthanthe quotient of the annual emissionsand the mean riverdischarge. In the Iskar River
(Bulgaria), this difference is 50-100%.

4.4 Implementation of scenarios to mitigate HS pollution
4.4.1 Pollution control measures

MoRE

In the MoRE model different management measures can be implemented afterthe model setup and
validationis finished. Management measures can only be implemented if the selected measure can be
related directly to the pathways modelled in MoRE. The followingtable (Table 14) describes the most
common management measuresimplemented in this model.
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Table 14: Implementation of pollution control measures in MoRE.

Measure

Conceptual approach

Data requirements

Wastewater management

Construction of sewer systems

Increaseshare of population
connected to sewers and decrease
shareof population connected to
1AS/LS

Estimate reduction from case
studies, literatureresearch or
stakeholder involvement

Construction of conventional
WWTPs

Change shareof collected
wastewater undergoing treatment

Estimate reduction from case
studies, literatureresearch or
stakeholder involvement

Implementation of advanced
wastewater treatment

Change share of collected
wastewater undergoing advanced
treatment

Estimate reduction from case
studies, literatureresearch or
stakeholder involvement

Stormwater management

Decoupling of stormwater
collection systems

Decrease of share of combined
sewers andincreaseshareof storm
sewers

Estimate of changesineach pilot
area

Increased storagein combined
sewers

Reduction of suspended particulate
matter emissions,adaptKqvalue
for micropollutants

Percentage of reduction of
suspended particulate matter
emissions (i.e.CSO=30%, storm
sewers= 20%), adapted kq values

Air pollution control

reduction of atmospheric
deposition

Reduction of atmospheric
deposition by a certain percentage

Estimate reduction from case
studies, literatureresearch or
stakeholder involvement

Erosion

Measures to reduce erosion

Direct reduction of erosion
pathway

Estimate reduction from case
studies, literatureresearch or
stakeholder involvement

Technical implementation: There are two main possibilities to calculate management measures in the
MoRE model. The first optionisto reduce the emissions from aspecificpathway fora substance by a
specificpercentage.The otheroptionisto calculate the measures outside of the MoRE model and alter
the inputdata directly. As this second option does not require any changesinto the model, but only in
the inputfiles, this option will not furtherdiscussed.

The steps that have to be taken to implement a management measure in the MoRE Model will be
shown with the following example measure: Measures to reduce erosion

First,ameasure variable foreach reduction has to be added to the MoRE Model. In the case of erosion
reduction, there is only one reduction, therefore only one measure variable has to be added
(MM _ER_EFF_AL _SED), whichwill reduce the sediment emissions from erosionand the erosion forall
substance groups by a certain percentage.
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As a second step the measure variables forone variable have to be bundled intoa single measure.In
the case of erosion reduction, the measurevariable MM_ER_EFF_AL SED will be addedto the measure
erosionreduction.

The last step is to combine all single measures that are contributing to a management measurein a
measure combination. The measure combination erosion reductioncontainsonly the measure erosion
reduction. This model structure is very similar to the structure of formulas that form an algorithm and
one or more algorithms are combinedinto an algorithm stack.

DHSM

Table 15 lists a series of measures and indicates how the effect of such measures on the scale of the
DRBD can be quantified using DHSM. The list of measures has been derived from information collected
in the 2021 Danube River Basin Management Plan. The measures are subdivided in different clusters.
Inan occasional case, the tableindicates that there isno direct way to quantifythe effect of ameasure,
because the specificphenomenon or pathway is not explicitly represented (yet) in the DHSM.

Broadly speaking, there are two ways to represent measures in the DHSM input. For source control
measures, often the emission factors need to be modified. For measures involving wastewater and
stormwater management infrastructure, the spatial information that describes this infrastructure
needstobe modified.

Table 15: Implementation of pollution control measures in DHSM.

Measure Conceptual approach Data requirements

Source control

Reduction of emission factors
for one or more sources

Case study/ literature to
estimate reduction

Use regulation

Industrial discharges control Reduction of industry source | Sector prognosisto estimate

reduction
Reduction of emission factors
or activity rates for one or
more sources

Reduction of emissions to soil Case study/ literature to

estimate reduction

Prevention of accidental
discharges and pollution from
contaminated s sites

Best pesticide application
practices

Avoidance of tar-based
products (PAHSs)

Wastewater management

Construction of sewer
systems

No optionsin present DHSM
as this source has not been
guantified yet

Reduction of emission factor
for useinagriculture and/or
use outside agriculture

Reduction of emission factors
for road trafficand navigation

Change share of population
connectedtosewersand
connected to IAS/LS

Case study/ literature to
estimate reduction

Case study/ literature to
estimate reduction

Estimate of which changes
where
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Conceptual approach

Data requirements

Construction of conventional
WWTPs

Implementation of advanced
wastewatertreatment

Handling of sewage sludge

Stormwater management

Increased storage in
combined sewers

Retention and filtration of
combined seweroverflows

Decoupling of stormwater
collection systems

Retention and filtrationin
stormwater collection
systems

Local storage / infiltration of

collected stormwater (Sponge
Cities)

Solid waste management

Improved solid waste
management

Connectivity between rivers
and adjacentsoils

Measuresto reduce erosion

Reconstruction of wetlands
and floodplains

Change share of collected
wastewaterundergoing
treatment

Change share of collected
wastewaterundergoing
advancedtreatment

Change share of sewage
sludge re-used

Modify local rainfall threshold
that causes CSOs

No optiontodirectly
implement, could be
mimicked by increasing
threshold for CSOs

Change of share of combined
sewersandincrease local
threshold for CSOs

Change of substance-specific
removal in such systems

Change of share of
stormwater centrally
collected and discharged to
WWTP/surface water

No optionsin present DHSM
as this source has not been
guantified yet

Directreduction of erosion
pathway

Increase of in-stream
retention processes

Estimate of which changes
where

Estimate of which changes
where, optionally based on
agglomerationsize

Estimate of which changes
where

Estimate of which changes
where

Estimate of which changes
where

Case study/ literature to
estimate removal

Estimate of which changes
where

Estimate forreduction factor,
spatial distribution thereof

Estimate for (increased) removal

and netsettling, spatial
distribution thereof

Some exploratory scenario simulations have been conducted with DHSM. These were aimed at three
types of interventions: (i) the collection and treatment of domestic wastewater, (ii) the management
of stormwater, and (iii) the reduction of erosion. The results of these scenarios are illustrated for a
pharmaceutical (carbamazepine) and fora metal (zinc).

For exploring the effects of changes in the collection and treatment of domestic wastewater, the
following scenarios weresimulated:
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1. AscenarioS01in which full connection to sewer systemsis provided to all DRBinhabitants,
without providing wastewater treatment.

2. AscenarioS02 as the previous, with tertiary treatment applied for agglomerations with more
than 100,000 population equivalents, and secondary treatment applied for agglomerations
with more than 10,000 population equivalents.

3. AscenarioS03 as the previous, with advanced treatment applied for agglomerations with
more than 100,000 population equivalents.

4. AscenarioS04 as the previous, with advanced treatment applied for agglomerations with
more than 10,000 population equivalents.

Figure 57 shows how the basin-wide emission changeinthesefourscenarios,comparedto the present
situation. In SO1, the small contribution from direct emissions to surface water by unconnected
households disappears (“HHo”). The total emissions increase strongly, because of the full connection
without treatment of all currently unconnected households (“Unc”). In S02, where secondary/tertiary
treatmentis provided in agglomerations >10,000 PE, the emissions do not change, as carbamazepine
is assumed not to be removed by conventional treatment. In the pathway distribution, part of “Unc”
shifts to “WWTP”. In S03 and S04 an increasing share of the collected wastewater is undergoing
advanced treatment with an assumed 90% removal of carbamazepine. Thisimplies that the “WWTP”
pathway decreases.
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Figure 57: Changes in basin-wideemissions of carbamazepinein four exploratory scenarios.

Figure 58 shows the simulatedeffectinin-streamconcentrations alongthe Danube River of these four
scenarios. For context, this figure also shows the inter-annual variability of the annually averaged
concentrations with current emissions. This variability is caused by the variability of river flows. The
increased emissionsin scenarios SO1and S02 lead to higher concentrations in the downstream section
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of the river, as most of the presently unconnected households are in the central and east part of the
basin. The reduction by advanced treatment in agglomerations > 100,000 PE (S03) is significant, but
still within the range of natural variability. The reduction by advanced treatmentin agglomerations>
10,000 PE (S04) is a lotstronger, and exceeds the range of natural variability.
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Figure 58: Concentrations alongthe Danube River of carbamazepinein the various scenarios.

For exploring the effects of changes in the management of stormwater and of erosion control
measures, the following scenarios were simulated:

1. AscenarioS05 thatis equal to S02 discussed above, with 100% collection of stormwater,
100% treatment of the collected stormwaterand no combined sewer overflows.

2. AscenarioS06 that is equal to S02 discussed above, with 100% local storage and infiltration
of stormwaterand no combined sewer overflows.

3. AscenarioS07 that starts fromthe presentsituation, in which all erosionis reduced by 50%.

Figure 59 shows how the basin-wide emission change in these four scenariosforzinc, compared to the
presentsituation. In S02, the same phenomenaemergeas those described above for carbamazepine.
The overall change is however much smaller, as the contribution of domestic wastewater to zinc
emissions is a lot smaller. In SO5, the total emissions of zinc increase. This is the result of the
assumption that all stormwater is now collected and discharged to surface waters, where in the
present situation only urban stormwater was collected. The applied treatment cannot make up for
this. InS06, the total emissions decrease, because most stormwateris now infiltrated and only a small
fractionis able to reach surface waters by natural processes. Despite the quite extreme assumptions
in SO5 and S06, no dramaticchangesto the emissions are calculated. Thisis evidentlythe consequence
of erosion and subsurface flow being the main contributing pathways to zinc e missions. These
pathways are controlled by concentrationsin soil, which are part natural and part legacy pollution. As
a consequence, scenario SO7 has the strongest effect on zincemissions.
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Figure 59: Changes in basin-wideemissionsof zincin four exploratory scenarios.

Figure 60 shows the simulatedeffectinin-streamconcentrations alongthe Danube River of these four
scenarios. River concentrationsin S02 are the same as for present emissions. SO5and S06 show asmall
increase and a small decrease respectively, both well within the range of natural variability. The
reduction by erosion control measures underthe currentassumptionsis substantial, and exceeds the
range of natural variability.
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Figure 60: Concentrations alongthe Danube River of zincin the various scenarios.
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4.4.2 Other scenarios

MoRE

The implementation of climate change scenariosin MoRE was not within the scope of Danube Hazard
m3c. However, such scenarios can be easily implemented. Two main areas in modelling must be
adapted:

e Water balance (driven by information on hydrology and affecting most other pathway
calculations).

e Soillossfromagricultural land (annually varied by the R-factor (rainfall erosivity) of the
Revised Universal Soil Loss Equation used in the model).

Consequently, foreach sub catchment the run off has to be modified based on climate scenarios. The
effluent from WWTPs has to be revised, as input data directly derived from the documentation of
wastewater treatment plant effluents. The monthly precipitation needs to be adapted (based on
climate scenarios), from which the R-factoris calculated and the long-term annual soilloss is modified
based on annual time steps.

The direct effects of climate change can finally be shown by comparing the results of the model in the
actual state and the results adapted via the climate change scenarios.

DHSM

The implementation of climate change scenarios in DHSMwas not within the scope of Danube Hazard
m3c. The DHSM has two inputs that are expected to respond to climate change: (i) the hydrology input
and (ii) the sediment delivery to streams. Both inputs are available for the period 2003-2013 with a
dailyinterval. Thisimplies that the climate-induced interannual variability of emissions and in-stream
concentrations could be quantified. For in-stream concentrations, this was already illustrated by the
range of 10 yearsindicated in Figure 58 and Figure 60. For the emissions, thisisillustrated in Figure 61.
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Figure 61: Range of 10 annual emission estimates for different hydrological years for 17 HS.
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A tentative assessment of possible climate changeimpacts on emissions and in-stream concentrations
is discussed in the Danube River Basin Scale Assessment Report. The elaboration of true global
(including climate) change scenarios for the Danube River Basin is anticipatedin the EU R&D project
DOORS (https://www.doorsblacksea.eu/).

4.4.3 Stakeholderinvolvement

Danube countries should establish a dialogue and partnership among the relevant key sectors (e.g.
water management, industry, agriculture) to seek mutually agreed actions to be jointly implem ented.
Efforts have to be made to strengthen coordination, consistency and complementarity between all
relevantsectorial policies and funding schemesto ensure that they work in an integrated way and in
good synergy (OutputT3.3).

A first step in this direction was taken in this project. For each pilot region, a questionnaire was
developed,translated into national language and submittedto regional and national stakeholders from
different sectors. The questionnaire includes specific questions on potential mitigation measures,
which might lead to a significant reduction of investigated substances that exceed the EQS (PFOS in
five out of seven pilot regions, s-Metolachlor in an intensively used agricultural catchment area and
dissolved Cadmium, dissolved Copper and dissolved Zincin a catchment influenced by abandoned
mining).

The proposed measures were described in detail, introduced, and characterized by the gained
knowledge from monitoring and modelling to increase the specificinsights of all Stakeholders. Detailed

information addressed the conditions in the pilot region itself, the origin and effect of the relevant
pollutants, considered the factor of exceedance and characterised the relevant emission pathways.

The proposed measures, which were put upfordiscussion include:

PFOS

e Advanced wastewatertreatmentat medium (10.000-1000.000 PE) and large (>100.000 PE)
treatment plants by implementing quaternary treatment (activated carbon).

¢ Increased retention capacity of combined sewer overflow and increased treatment on WWTP
due to extended storage.

Pesticides (Exceedance of the EQS from the National Substance List)

e Source control - reduction of s-Metolachlorapplication by 50% on all relevant crops.
e Erosioncontrol:reduction of erosion fromarable land.

Heavy Metals

e Short —term perspective: collecting and treatment of abandoned mining effluent from well-
known and prospected locations (five effluents direct discharging into tributaries and main
river).

e Mid-term/Long-term perspective: Groundwater remediation by restoration of most relevant
diffuse sources from abandoned miningsites.
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The Stakeholder were given the opportunity, to assess the proposed measure, make a statement on
the technical feasibility and the extent of implementation. They were encouraged to document
additional ideas or feasible measures by means of textfields that could be filled in freely.

For the seven pilot regions atotal of 59 questionnaires were received. Most answers were submitted
in the Viseau catchment, were abandoned miningleads to significant pollution, which might raise the
awarenessand the will or desire to share his opinion.

The technical implementation of the survey was realized by two main documents. One document
including information on the pilot region, the relevant substances, the dominant pathways and
characterization of possible measures were prepared in a pdf format attached to the mails. The
guestionnaire itself was prepared in Windows Forms and was keptvery short.

The intended employment time was estimated at about 15 minutes, with the documentation
estimated at about 10 minutes and the questionnaire itselfatabout 5 minutes.

The following figure gives animpression of the appearance of the questionnaire (Figure 62).

Zagyva .
14 07:23 Aktiv

R/

Figure 62: Screenshots of one Hungarian questionnaire (left side) and on the automated analyses prepared by
Windows Forms for the Romanian Viseu pilotregion.
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