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Abstract:

To address the continental and large scale aspkatater quality assessments new modelling
approaches are required. This paper describestredappment of a continental-scale model of
river water quality - WorldQual. Simple equationsnsistent with the availability of data on
the continental-scale, are used to simulate thmorese of biochemical oxygen demand
(BODs) and total dissolved solids (TDS) to anthropogéoaclings and flow dilution. A
methodology is developed that is appropriate fenacio analysis on the continental and
global scale. Average monthly river water qualgynodeled on a 5 arc-minute grid covering
all Europe. Loadings are derived from assumptidimiiwater use, return flows and other
variables. The model WorldQual is tested againsisueed longitudinal gradients and time
series data at specific river locations. The mpeaeformance on European scale shows that a
good fit can be reached when using concentratiassdications as a measure: For BOBL

% of the simulated data is in the same qualityscéssthe measurements and 30 % differ only
by one water quality class; for TDS the respectizieies are 35 % and 41%. WorldQual was
applied to investigate the impact of climate chaogeesulting changes of in-stream
concentrations. The results for Europe show thairéuclimate changes only have a small
impact on European in-stream concentration levieBQDs, except for the Eastern part and
the Black Sea region. This effect is stronger fier PCM4-A2 scenario than for the MIMR-
A2 scenario.

Nomenclature

BODs = Five-day biochemical oxygen demand (i |
TDS = Total dissolved solids (mg)!

INTRODUCTION

Over the past two decades the idea that waterndsaad policy have not only local and
regional aspects but also important continentalgabal scale dimensions has gained
credence (e.g. Alcamo et al. 2008). But this nevibgl view of water has focused mostly on
the quantity of water rather than its quality. Biate of global water quality was assessed
twenty years ago (Meybeck et al. 1989) but suckffont has not been repeated since. The
reasons for this are not clear, but perhaps itdde with the difficulty in evaluating water
guality on the large scale. In comparison to tha&tire ease in estimating water availability



52 through mass balances of precipitation and othersomed parameters, estimating the large

53 scale patterns of water quality is usually a mamaglicated task, requiring more detailed

54 data about sources and sinks of water quality pat@s Also, the spatial distribution of

55  water quality is frequently more heterogeneouslaodally determined than water quantity,

56 also increasing data requirements. Furthermore oitten possible to characterize water

57 quantity with simple metrics such as volume of wakr unit drainage area, whereas water

58 quality can only be described by many differengeimchemical quantities, as wide-ranging

59 as the content of dissolved solids, or the consiomutf oxygen. The sum of these

60 considerations makes continental or global asse#sméwater quality a great challenge.

61

62 Although catchment scale modelling of water anditgolransport and transformations is a

63 widely used technique to study pollution pathways affects of policies and mitigation

64 measures (e.g. Schob et al. 2006, Barlund et @lf,28esse et al. 2008, Krause et al. 2008,

65 Volk et al. 2008) there are only a few examplesaftinental water quality modelling

66 approaches (Seitzinger et al. 2002, Green et 84,26rizzetti and Bouraoui 2006). On global

67 scale, models developed so far focus on pollutathyways and loadings within a river

68 catchment or into a river stream (e.g. Siebert 20@%H Drecht et al. 2005, Véroésmarty et al.

69 2010).

70

71 Yet these challenges need to be met, first obaltause the lack of understanding of large

72 scale water quality patterns is a major gap inungterstanding of the state of the

73 environment. Second, the assessments of the $tat@rldwide aquatic biodiversity and

74  threats to biodiversity require knowledge of ambigater quality and their trends. Third,

75 poor quality surface waters and groundwater pdsea#th hazard over large areas that need to

76 be evaluated. Finally, global drivers such as d@mwhange are likely to have a far-reaching

77 continental and global impact on water quality. Titergovernmental Panel on Climate

78 Change has pointed out that many of the changesctegbin water quality may be negative,

79 including reduced dilution capacity of some riveexause of more frequent droughts, or

80 increased bacterial loadings to other rivers dughtnges in rainfall patterns (Bates et al.,

81 2008).

82

83 To address the continental and large scale aspkatater quality assessments, we present

84 here a continental-scale model of river water qualiVorldQual. The model is generally

85 intended to address the following questions:

86 = Whatis the current state of water quality ovegdéaareas? (Filling in large gaps in spatial

87 and temporal observations).

88 = What percentage of river systems will have degradser quality due to driving forces

89 such as population change and economic growth?

90 = How will climate change affect water quality ovarde river areas?

91 = How will changes in water use and wastewater diggsaaffect water quality over large

92 continental areas?

93

94  The first application of the WorldQual model isrieer systems of Europe. The model itself

95 has been developed as part of the EU-funded SCEN&S8ct (“Water Scenarios for Europe

96 and for Neighbouring States” 2006-2011) which had the principal goal of developing new

97 scenarios of the future of water resources in Eei(g@mari et al. 2008). Estimates of future

98 water quality are needed for two major reasonasgess the future state of aquatic

99 ecosystems and to determine the suitability ofesgrfvater supply for different water users
100 such as industries, agriculture and the domestitoselhe aim of this paper is to describe a
101 modeling methodology to tackle some of these qoestand to present results of applying
102 this methodology. For this, the paper addressetuthee of Europe’s water resources as
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impacted by climate change under natural flow comls. Biochemical oxygen demand
(BOD:s) is used as a representative measure for scezaadolation but the framework is
generic and thus applicable to any other substamcesalts or total nutrients.

MATERIAL AND METHODS
Modeling Strategy

Before explaining the modeling strategy, it shdudnoted that modeling water quality on the
continental scale is only now becoming feasiblealngse of new developments in large scale
modeling of water resources. These developmenhsdadhe availability of “fine” scale
continental hydrologic models (5 arc-minute resohit which allows the tracking of the
pathways of rivers on a continental scale grid emables the matching of river quality
monitoring stations with modeled river coordinat&sother new development is the
computation of stream velocity which permits tinféravel computations in streams on the
continental scale. Time of travel is a key variahleomputing the longitudinal gradients of
non-conservative substances such as 8®ally, the development of spatially-explicit
water use models makes it possible to locate rétoms and wastewater discharges more
accurately on the continental-scale.

The design of the WorldQual model is determinedt®goals which are:

= To fill in for gaps in observational data over largreas.

= To characterize average and extreme conditionatenguality in the absence of
observational data.

= To assess the impact of climate change on watéityjaser large regions

» To develop scenarios of changing water quality uctianging water use and wastewater
discharges.

These goals influence the design criteria for tloel@h which can be divided into:
= Spatial and temporal resolution of calculations,

=  Water quality constituents,

= Model equations.

Spatial and Temporal Resolution

The first decision regarding the design of Worldlth&s to do with selecting the spatial and
temporal resolutions of the model. Since wateriguehn be altered very significantly and
quickly in the vicinity of large wastewater sourceg select a model that can compute the
continuous spatial change in water quality alontheaer reach within a 5 arc-minute grid
cell. Each river is divided into “reaches”, theestef a grid cell, and within each reach, the
model computes continuous spatial changes in wataity from the beginning to the end of
the reach. Only “smooth” changes are computed withe river reach since the model cannot
take into account every wastewater point source.

With regards to temporal resolution, we select atmy averaging period for computing
water quality. This is a compromise between tw@sa®n one hand, it would be preferable
to compute water quality at daily or hourly intdsjdbecause the model would then simulate
temporarily high levels of contamination. Howeuadeling at this time scale is not realistic
because it requires modeling inputs that are nailaMe on the continental basis. On the
other hand, it would be preferable to compute ahaverage water quality because the
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database of water quality measurements at thisgoake is relatively large, at least in many
industrialized countries. However, averaging wgtglity constituents over a year is too
crude a resolution to capture the important seds@mebility of water quality caused by the
seasonal variations in flow and other conditionsnée we select a monthly averaging period
as a compromise between daily and annual averages.

Water Quality Constituents

The next decision is to select the water qualitystibuents to be computed by the WorldQual
model. At first we select the following substant@salculate with the model, but other
substances will be included into the model calooest later:

» Biochemical oxygen demand (B@Dwhich is an indicator of the level of organic
pollution and its oxygen-depleting potential, aedves as a metric for the overall health
of aquatic ecosystems.

» Total dissolved solids (TDS) which is a measur#hefsuitability of water for household,
industrial and agricultural use. Since TDS doesdeabmpose or otherwise decay in a
waterway, it is a useful tracer of flow inputs andputs in a river reach and can be used
for validating the flow balance of a river.

These substances are also relevant indicatorsudyiag compliance with the general
ecological requirements for European waters sptin the Water Framework Directive of
the European Union (Anon 2000). They can contriboit@ut are not sufficient for)
determining "good ecological status" and "good deahstatus” of river systems, as called
for by the Directive. We note again that these tiarents are only the first parameters to be
modeled, and they will be followed by total phospisoand total nitrogen as indicators of the
ecological health and level of eutrophication irers.

Model Equations

In selecting model equations the challenge is #meesas with all river modeling, namely that
a compromise must be found between the desirerolaie conditions precisely, and the
reality that data limitations will hinder the rungiand testing of the model. These data
limitations are especially crucial for modeling waguality on the continental basis. Aim of
this paper is to show, that the model is genesddlg to work on global scale with simple
types of equations and with a limited amount oadaput. Therefore the model presented
here was fed with standard values from literatureith results from other model
calculations as described in the next section. &fhes also, the model is not calibrated.

Solute transport in open water channels is an itapbtopic in water quality studies. In
addition to any biological and biochemical reacsidimat may occur in river streams, polluting
solutes that enter water courses are transportédiapersed downstream. The ability to
describe and predict the effects of the transpatgsses on the distribution of solute
concentration is of great importance. In appligaion such a large scale only very simple
approaches can be considered, such as was intebyd@hapra (1977). Based on this work
different formulations for conservative and non®envative substances were derived.

For non-conservative substances (e.g. BQBe equation from Thomann and Mueller (1987)
was used, which describes the change in concenrtratia substancewithin a river reach as

a function of an initial concentration and of atdiited load that enters at an equal rate along
the river reach within a grid cell (Fig.1). The adtage of this approach is that it calls for a
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distributed wastewater load along the river reatthiwa grid cell rather than requiring
information on the location of all point sourceghin the reach. We note that it is feasible to
estimate the total load within a 5 arc-minute grsthg available information (see below) but
it is not possible to estimate the location and mitage of every point source along every
river reach over an entire continent. The matherabformulation for non-conservative
substances is given in equation (1) assuming adgetye dependent decay rate dec(T):

C(x) = Co * grdec(Mx/u 4 Cd * (1_ e—dec(T)]k/u)
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Temperature dependent decay rates for Bf@low equation (5) (Benham et al. 2006, Bowie
et al. 1985). The decay rate at 20 °C is 0.23 1fmand the temperature correction
coefficient is 1.047 (Paliwal et al. (2007), Boveieal. (1985), Thomann and Mueller (1987),

Chapra (1997)).
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For conservative substances the equation from Thoraad Mueller (1987) was selected. It
simulates the change in an initial concentratioth @stributed source as it is diluted by
increasing flow input along the river reach. Thaantration is expressed in equation (6):

C(X)=C,* &% +C, *[1-e™%) (6)
with
[ Q)
=ln| = 7
Ay (on " (7)
and
S
Cd_ Input (8)
1
where
q, = coefficiert for distributedinflow [1/km]

Other variables are the same as in (1). Convefainors are also used here to obtain a
consistent result.

Note that the equations are different mainly irt th&quation 1 the decay rate of the
substance is the mechanism of decrease in conttentrahereas flow dilution is the cause in
Equation 6. The flow dilution effect is not inclutlen (1) because an analytical solution is not
available for the case where concentration is &gteby both a decay coefficient and flow
dilution. However, the lack of a dilution term ordjfects calculations within a grid cell. The
mass balance carried out at the beginning of eadtcgll ensures that the dilution effect is
properly taken into account for both equations.

Data input

Data input into the model equations can be dividéal hydrological components and
pollution loadings. Here the strategy for modehvager quality on the European-scale takes
into account the large gaps in data at differec&tions and over time.

Hydrological variables like river discharge, celhoff, and flow velocity will be fed by

output from the global model WaterGAP (Water — Glohssessment and Prognosis, Fig. 2).
WaterGAP is developed at the Center for EnvironaeBystems Research of the University
of Kassel, Germany. It comprises two main compa)englobal hydrology model and a
Global Water Use Model (Alcamo et al. 2003, D6laet2003, Florke and Alcamo 2004,
Verzano 2009). The Global Hydrology Model simulates macro scale behaviour of the
terrestrial water cycle to estimate water resourd#éalculations are performed on 5’ grid
cell level to ensure that the most detailed inptdgrimation available on that level can be
used. The Global Water Use Model of WaterGAP (AeisBeek et al. 2010, Florke et al.
2011) consists of five sub-models to determinewthter withdrawals and water consumption
in the household, electricity, manufacturing, iatign, and livestock sectors. In this context,
water withdrawals depict the total amount of wateed in each sector while the consumptive
water use indicates the part of withdrawn watee WMater use sectors only consume a part of
the water withdrawals and the remaining water retumto the river system. These return
flows are used to calculate input loadings in WQuidl.
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Pollution loadings in WorldQual are distinguishestieeen point sources and diffuse sources.
Point sources are divided into manufacturing, ddimesid urban loadings, whereas diffuse
loadings come from scattered settlements, agri@llimput (for instance livestock farming
and irrigated agriculture), and also from natutkground sources. Detailed information
about the development of point and diffuse loadialgulations are described in Williams et
al. (this issue) and Malve et al. (this issue). Thentry-scale estimates of water use and
pollution loadings are downscaled by the model iwithe respective countries using
demographic and socio-economic data. Water temperased in the WorldQual model to
calculate decay rates of non-conservative subssasaalculated by a non linear function
(Vol3 et al. 2009).

Baseline climate and scenario selection

Climate forcing data used for the baseline in ghigly has been compiled and regionalised by
the Climate Research Unit (CRU) of the Universitfast Anglia, Norwich, UK (version TS
2.1, Mitchell and Jones, 2005). CRU data cover®paiin 10’ resolution and monthly time
steps. In order to use it for the water quality eibdg the dataset have simply been
disaggregated to a spatial resolution of 5'.

The climate scenarios chosen for this work weretas two global circulation model -
IPCC SRES A2 emission scenario combinations esdlgntomparing the effect of different
future rainfall patterns.

* |IPCM-A2: IPSL-CM4, Institute Pierre Simon Laplaégance + A2 scenario (Denvil,
2005): high temperature increase with low precitaincrease or precipitation
decrease

* MIMR-A2: MIRCO3.2, Center for Climate System Resd#marUniversity of Tokyo,
Japan + A2 scenario (Nozawa, 2005): high tempezatarease, high precipitation
increase or low decrease.

The original spatial resolution (IPCM4-A2: lat 2%6ton 3.75°, MIMR-A2: lat 2.8° x lon
2.8°) was re-sampled by bilinear interpolation toifutes grid cells.

The time frame of the climate scenarios used imibdel calculations are the 2050s (2040 —
2069). As base year 2005 is used as it is theenederyear for water use calculations in the
SCENES project. Scenario development in SCENESavsakeholder driven process
(Kamari et al. 2008). A characteristic feature lirstorylines developed in this process was
the focus on climate change impacts as a majagdritp changes in human and thus societal
awareness and behaviour (Kok et al. 2009, Kok.&é(Hl1). Thus the SCENES stakeholders
who participated in the storyline development gllyed a key role in choosing an
appropriate IPCC SRES scenario to relate the madehlork within SCENES to the
storylines. Their recommendation was to concentatthe A2 scenario only in order to
emphasise the trigger role of climate change istallylines.

RESULTS AND DISCUSSION

To test the model, 15 basins across Europe weeetsdl These represent a range of large
river basins (> 9000 km2 to 820 000 km?), climdeesd and humid), geogenic background
conditions (e.g. different salt concentrations) dedrees of anthropogenic influence (e.g.
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different population densities and pollution loagih Another important criterion is that at
least monthly measurements were available for miffesubstances in these basins for testing
the model. In this paper, results from all catchteeme summarised and the BQBsults
presented more detailed examination of the Ebramiés river basins and similarly the TDS
results for Ebro and Vistula basins.

Test results are presented in two formats. Firkghygitudinal profiles show the ability of the
model to simulate spatial gradients of river wapeality. In Figures 3 to 10 (a, b) model
calculations are compared to monthly average obiens because this corresponds to the
target temporal resolution of the model. The maslétsted against data from high river flow
periods (Figs. 3 to 10 a) and low flow periods &g to 10 b). The year 2000 is selected for
testing because of the good availability of datae $econd format for testing the results is to
compare model calculations on yearly time seriap@isurements at specific locations in the
rivers (e.g. up- or middle stream) (Figs. 3, 43,€).

Because of the lack of data density the qualitpnotiel calculation can not be presented with
usual methods like, Nash-Sutcliff coefficients oefficients of determination. Concentrations
were divided into classes and the difference deleasses between calculated and measured
values evaluated. The concentrations were equilgittited into 7 (BOB) or 9 classes

(TDS) in order to have comparable data sets. Té@uton for BOR is 5 mg/l and for TDS

250 mg/l. Another possibility to test the modedliy is the use of the 90-percentile
concentration. Here a set of all available datespaii monthly average concentrations
(measured and simulated) for the year 2000 is (B&@s: Ebro (205), Thames (50), Europe
(1421), TDS: Ebro (207), Vistula (306), Europe (836

BODs

The results for Europe show that for the completia det the model gives a satisfactory result
since 51% of reaches were predicted in the samerwatlity class as observed data and

30 % show a difference of only one class betweeasomed and simulated values. 9 % of
rivers were modelled with a difference of two cksand only 8 % differ by more than two
classes. The 90-percentile (Tab. 2) for the medstaéa is 7.7 mg/l and for the calculated
11.0 mg/l. The modelled results generally overesténthe observed values. This is an
encouraging result given that the model has nat lbaBbrated for water quality (only for
river flows) and is driven by national level datat has largely been reported through
European level databases. There will be regiongenine model poorly reproduces observed
data due to local conditions that are not capturdtLiropean scale data. Two examples for
the Ebro and the Thames river basins will senvélustrate this point.

For the Ebro, the model shows a clear underestimati BOD; concentrations in comparison
to longitudinal measurements for high and low floanditions as well as in the monthly time
series. (Figs. 3a to 3c); 20 % of the measureccalulilated values belong to the same water
quality class, 40 % differ by one class and 13 %way classes. 27 % show a difference of
more than three classes. Underestimation in the Ehmainly due to the estimation of
pollution loading of livestock. In WorldQual thedding input from livestock production is
generally treated as a diffuse source, but accgridifcuropean Pollutant Emission Register
database (2010), many animal production facilitvékin the Ebro basin (poultry and pork)
discharge their wastewater directly into the riwater and are thus point source inputs. This
phenomenon can be found mainly in the down stresgion. If the inputs are modified to
treat the animal waste like inputs from a manufactupoint source, the modified input
loadings show an increase of the manufacturingddeom 1.2 t to 117.9 t, from 1.2 % of
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total loadings to 54.7 % respective (Tab. 3). Whiis modified input the BOPin-stream
concentration fit improves considerably when coregdo the longitudinal measurements for
both high and low flow conditions (Figs. 4a and.4wever, the BOBconcentration is

now overestimated in summer between June and Sketdfig. 4c). These results are also
reflected by the model goodness-of-fit (Tab. 2)e Tifference of classes between measured
and calculated values are not better than withegalar input and the 90-percentile shows an
overestimation with 14 and 22.6 mg/l respectivalgl{. 2). More information is probably
needed on the timing of the animal production dasghs if this aspect of the model is to be
improved.

In contrast to Ebro, the Thames shows an overestimaf simulated values against
measured along river length especially for low floenditions (Figs. 5a / b). This result is
confirmed by the 90-percentile (Tab. 2). For reguiaut only 14 % of calculated
concentration values belong to the same classeandasured ones, but as can be seen 70 %
show only a small difference of one and 16 % of thasses. One source of uncertainty may
be the inaccurate estimation of river flows in Tiemes, especially in the upper catchment.
Another more important uncertainty factor concehgsshare of domestic loading that,
especially for the middle and down stream Thangegeiy high (~80%, Tab. 3). Local
information on domestic sewage treatment showswitiain the Thames basin removal of
BOD is likely to be 97 % rather than 90 % usedhm $tandard load estimation methods for
WorldQual (Williams et al., this issue, Butwelladt, 2009). Making this correction, the
simulated BOR concentration fit much better to in-stream measerds (Figs. 6a / b). Only
the upper part of the catchment shows still anestenation in concentrations probably due
to the underestimation of river flows in this regimentioned above. The 90-percentiles of
measured and calculated values are 2 mg/l and ¥ megppectively and there are no
differences within the water quality classes (T3b.

TDS

Of all calculated concentrations of European riva5$6 belong to the same class as
measured values — 41 % and 14 % differ by onewodlasses, respectively. Only 7 % show
a difference by three or more water quality clas$bs calculated TDS concentration for
Europe is generally underestimated (Tab. 4). Thpé@entiles differ by about 400 mg/l.
Possible reasons can be river flow conditions arerainties in loading input, as for the
BODs concentration. A third factor can be the geogéaickground concentration. As can be
seen in Tab. 1, the background calculation is basetie geologic variation considering a
median salt concentration of all available non-@agdtural water quality measurement points
within the rivers of a country (Salminen 2005)tte case that data for a country are not
available the drinking water mean value of 250 m@$ used. As for BOftaking account

of the lack of model calibration and the use ohhigvel European data, these results are
encouraging.

As for BOD; allowance for local conditions can improve the eiqekerformance in specific
basins. In the Vistula river basin modelled TDSamnirations underestimate the measured
concentrations (Figs. 7a - ¢) especially in theanggart of the river. For the first 300 km the
measured TDS values are very high, up to 4200 migdse upstream levels are due to the
contribution of salt effluents from the mining iredty (Ericsson & Hallmans 1996,

Buszewski et al. 2005, Turek 2004). This input l@dot accounted for in the model
estimated loads and therefore the 90-percentileseaisured and calculated values differ by
~1600 mg/l (Tab. 4). Only 8 % of the calculateduesl have the same water quality class as
the measured values. 70 % differ by one or twoselasind 22 % by three or more classes. In
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order to raise the TDS concentrations in the mtal#iese levels an additional input of 12
Mio t salt would be needed, which is about 91 %ceet of the total loading amount
mentioned in Ericsson & Hallmans (1996) (Tab. %irld the modified input the simulated
concentration along the river length fits the meadunigh and low flow conditions very well,
and also the monthly dynamics are closely reprodl(E®s. 8a — c). The 90-percentiles differ
only by ~300 mg/l (Tab. 4). 47.5 % of calculatedlies belong to the same class as the
calculated ones, 42.6 % differ by one or two clasaad only 10 % show a difference of three
or more classes.

With regular loading input the model calculate®aaentration for the Ebro River that is too
low for low flow conditions, especially in the lowbkalf of the river (Figs. 9a / b). The 90-
percentile confirms this result with a measuredigalf 862 mg/l against a calculated value of
543 mg/l (Tab 4). Main factor of TDS input withine Ebro basin is the irrigation sector
(~66 % with regular input, Tab. 5). There is evicewof significantly higher irrigation
following a monthly cycle that is clearly differefiom that used in the WorldQual loading
calculations (Causapé et al., 2006, Tedeschi @08l1). They report very intensive irrigation
practices especially in the downstream part ol&beo for the effluents of Cinca and Segre
Rivers. Using these local data TDS loadings ina@dasn 0.7 Mio t to 12.5 Mio t per year.
Furthermore the monthly distribution is changedtiAfhese changes the contribution of
loading from the irrigation sector rises up to 9(Pab. 5). The results with the modified
input show a better result for low flow conditiozusd a similar one for high flow conditions
(Figs. 10a/ b). All in all there is more dynamateng the river, but the 90-percentiles in
Tab. 4 show a clear overestimation of TDS concéntrdbecause of too high concentration
values for the months June and July.

Scenario application: Impact of climate change atev quality

The in-stream concentration of B@IM Europe for the baseline 2005 shows that little
influence of loading on water quality is detectedNorthern Europe (Fig. 11). In contrast,
the highest concentrations can be found for thedhd?eninsula, Western Asia and Eastern
Mediterranean. All other rivers of Europe have kmwnedium BOI concentrations. The
BODs concentration in rivers for the scenario calcolaiis coupled with water quality
classes, which are used in literature and prebematural and chemical status of a river
system (Pettine 2004). Thereby <1 mg/l means veog@nd >50 mg/l means highly polluted
river streams. For the baseline as well as fotwlrescenarios all cells within a river basin
belong to one of these seven classes. In ordevg&siigate the in-stream B@D
concentrations in more detail, the differences betwthe classes (scenario minus baseline)
were calculated for the IPCM4-A2 and MIMR-A2 sceoar(Figs. 12 a,b). Thereby positive
values (degradation of water quality), negativeigal(improvement of water quality) and
zero values (no changes) occur. The climate chaoggearios have three potential effects on
water quality: first, the changes in precipitatlead to changes in runoff and thus in-stream
water availability; second, changes in air tempggaaffect in-stream degradation of organic
substances and thus the B&ddncentration; and third, two loading components i
WorldQual namely diffuse loading and wash-off frepaled areas is affected by changes in
precipitation.

As can be seen for both scenarios there is no ehangater quality classes in most rivers of
Northern, middle and Western Europe. Followingl®@M4-A2 scenario in Eastern Europe
and in the Black See region the in-stream conciotravill get worse by up to 2 classes
compared to the baseline 2005. Different patteamsbe found in the MIMR-A2 scenario in
which only the Black Sea region will show an ingeaf BOLR concentrations.
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Analyses concerning the impact of climate changthe BOR decay rate and on the
affected loadings have shown, that they are vellssnd do not considerably influence the
in-stream concentration. The main effect for thaults is the change in water availability due
the different climate conditions. IPCM4-A2 is driban MIMR-A2 and therefore there will
be smaller river flow for IPCM4-A2. If you have banges in loadings the effect of less
river availability will be an increase of conceritba and a decrease of water quality.

CONCLUSIONS

This paper has presented a new global scale waaditygmodel — WorldQual and illustrated
its performance through its application to modgllBOD; and TDS across Europe. The use
of such a model at the European scale has alsoilbestrated by considering the effects of
climate change on future B@Boncentrations.

With reference to the European rivers it has béema that the model is robust and works in
the expected way. Overall of Europe, comparisohsd®n observed and modelled
concentrations were encouraging given that the isadere only calibrated for water flow
and not water quality. The aim of the model isfiovide a mechanism for investigation
trends in water quality which might occur in respeto continental scale drivers such as
climate change, European policy or changing pomriat Global models are no substitute for
detailed models of individual catchments if theu®of management is at that local scale.
However, it has been shown that local informatian gnprove the simulations of individual
river basins within the WorldQual model framework.

Because of the acceptable model performance ietiaggwater quality classes the modeling
methodology described here can be applied to siceaaalysis pointing out potential water
quality hotspots.

The results for Europe show that future climatengfes are likely to have only a small impact
on European in-stream concentration levels of B@Rcept for the Eastern part and the
Black Sea region. In these regions, the impactam tonditions seems to be more
pronounced than in other parts in Europe, leadraypotential degradation of water quality.
This effect is expected to be larger for the IPCM2scenario than for the MIMR-A2
scenario.

As a next step the model will be tested with furthigbstances like total nitrogen and total
phosphorus and other scenario calculations inctudiranging socioeconomic drivers, such
as treatment levels and population, which are erpeo have a bigger effect on in-stream
water quality.
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700 Table 1. Assigned background concentrations of thésolved solids
701

COUNTRY CONCENTRATION COUNTRY CONCENTRATION
[mg '] [mg ']
ALBANIA 250 JORDAN 250
ANDORRA 250 KUWAIT 250
AZERBAIJAN 250 LEBANON 250
AUSTRIA 186 LATVIA 278
ARMENIA 250 LIECHTENSTEIN 250
BELGIUM 247 LITHUANIA 640
BOSNIA AND
HERZEGOVINA 250 LUXEMBOURG 250
BULGARIA 250 MALTA 250
BELARUS 250 MOLDOVA 250
CROATIA 250 NETHERLANDS 293
CYPRUS 250 NORWAY 17
CZECH REPUBLIC 109 POLAND 263
DENMARK 99 PORTUGAL 74
ESTONIA 250 ROMANIA 250
RUSSIAN
FAROE ISLANDS 250 FEDERATION 250
FINLAND 25 SAUDI ARABIA 250
FRANCE 127 SLOVAKIA 206
GEORGIA 250 SLOVENIA 250
GERMANY 135 SPAIN 288
GREECE 229 SWEDEN 24
HUNGARY 606 SWITZERLAND 250
SYRIAN ARAB
ICELAND 250 REPUBLIC 250
IRAN 250 TURKEY 250
IRAQ 250 UKRAINE 250
IRELAND 105 MACEDONIA 250
ISRAEL 250 EGYPT 250
ITALY 201 UNITED KINGDOM 78
SERBIA AND
MONTENEGRO 250
702
703

704
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Table 2. Difference of 90-percentiles of calculatetles against measured values for BOD
in-stream concentration with regular and modifieplt loading [mg/l].

regular modified
measured calculated measured calculated
Europe 7.73 10.97 - -
Thames 2.01 11.57 2.01 4.03
Ebro 14.00 7.86 14.00 22.60

Table 3. BORloadings and loading fractions 2000 for Ebro ahdnies for different sectors
with regular and with modified input loading.

manufacturing domestic scattered urban runoff diffuse total
settlements
[t/a] [%] [t/a] [%] | [tla] | [%] [t/a] [%] [t/a] [%] [t/a]
Ebro - regular 1201] 1.2 15075| 15.2 16/ 0.02 2| 0.002 | 82734| 835 99 029
Ebro - modified 117 906| 54.7 15075| 7.0 16| 0.01 2| 0.001 [ 82734| 38.4 215734
Thames - regular 1013] 1.3 62 871( 80.0 430 0.55 [ 1323 1.683 | 12977] 16.5 78 613
Thames - modified 304 1.4 7960( 37.1 27| 0.13 167| 0.779 | 12977| 60.5 21435

Table 4. Difference of 90-percentiles of calculatatles against measured values for TDS
in-stream concentration with regular and modifieplt loading [mg/l].

regular modified
measured calculated measured calculated
Europe 776.23 370.83 - -
Vistula 1970.74 297.73 1970.74 1669.36
Ebro 861.62 543.24 861.62 1546.23

Table 5. TDS loadings and loading fractions 20@0Bbro and Thames for different sectors
with regular and with modified input loading.

industry| domestic scattered urban diffuse total
settlements runoff

Ebro - regular [t/a] 1201 15 075 16 2| 82734 99029
(%] 1.2 15.2 0.02 0.002 83.5 100.0

Ebro - modified [t/a] 117 906 15 075 16 2| 82734| 215734
(%] 54.7 7.0 0.01 0.001 38.4 100.0

Thames - regular [t/a] 1013 62 871 430 1323 12977 78 613
(%] 1.3 80.0 0.55 1.683 16.5 100.0

Thames - modified [t/a] 304 7 960 27 167| 12977 21435
(%] 1.4 37.1 0.13 0.779 60.5 100.0
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Figure 3. BOR results for Ebro River with regular input.
(a) Longitudinal profile, high flow, May 2000

(b) Longitudinal profile, low flow, March 2000
(c) Time series — middlestream
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Figure 4. BOR results for Ebro River with modified input.

(a) Longitudinal profile, high flow, May 2000
(b) Longitudinal profile, low flow, March 2000
(c) Time series — middlestream
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783 Figure 5. BOR results for Thames River with regular input.
784 (a) Longitudinal profile, high flow, November 2000

785 (b) Longitudinal profile, low flow, August 2000
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Figure 7. TDS results for Vistula River with reguiaput.
(a) Longitudinal profile, high flow, March 2000

(b) Longitudinal profile, low flow, November 2000

(c) Time series — upper- and middlestream
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Figure 8. TDS results for Vistula River with modifi input.
(a) Longitudinal profile, high flow, March 2000

(b) Longitudinal profile, low flow, November 2000

(c) Time series — upper- and middlestream
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852 Figure 9. TDS results for Ebro River with regulaput.
853 (a) Longitudinal profile, high flow, May 2000

854 (b) Longitudinal profile, low flow, March 2000
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Figure 10. TDS results for Ebro River with modifiegut.
(a) Longitudinal profile, high flow, May 2000
(b) Longitudinal profile, low flow, March 2000
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Figure 11. BOD in-stream concentration in Europe — Baseline 20Q0s.
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Figure 12. Effect of climate change on BiD-stream concentration in Europe.
(a) Changes in water quality classes in July (28802050s) under IPCM4-A2 climate
(b) Changes in water quality classes in July (260802050s) under MIMR-A2 climate
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