
We thank the reviewers and the editor for their constructive comments. In the revised version we carried out all modifications
proposed in the initial response to the reviews and addressed the two comments of the editor as well. In the following we intro-
duce the changes we made following each comment. Comments are typeset in bold, responses in normal weight font.

Editor’s comments

1) I believe that some description of the hydrologic model that serves as the basis for this work, and is published in5

earlier work, would be a useful addition to this paper (as requested by Reviewer #2). This can be a general description
which does not need to be more than 1-2 paragraphs, and can be placed in the supplemental information (although it
might fit better in the main body of the paper). I believe this will be helpful to readers, who can then access the earlier
papers if they would like more detail.

The description of the hydrologic model was revised and expanded to be more informative on the basics of this simple concep-10

tual model:

"We use the modified LogSPM conceptual model (original: Kuczera et al. [2006], modified version: Honti et al. [2013, 2014])
to simulate stream discharge at the catchment outlet due to its simplicity and acceptable performance of its varieties in sev-
eral catchments (Kuczera et al. 2006, Reichert and Mieleitner 2009, Honti et al. 2013). This conceptual model belongs to the
saturated path family of models, it describes runoff formation by assuming a non-linear function that unambiguously maps15

between average soil moisture content and saturated fraction of catchment surface (Kavetski et al. 2003). We use the modi-
fied parameterisation by Honti et al. (2013) for the saturation function, which is based on the catchment-scale analogies of
characteristic soil moisture contents. Field capacity corresponds to soil moisture when saturated area is negligible, while full
saturation means an almost complete saturation of the catchment area. Water is routed from the soil storage to either surface
runoff, subsurface flow or recharge, proportionally to the saturated area. A linear groundwater storage produces the long-term20

memory of the model and provides baseflow. Surface runoff, subsurface flow and baseflow make up the total flow in the stream.
A detailed description of the model and calibration procedure can be found in Honti et al. (2013, 2014)."

(2) a more detailed description of the geology and hydrology in the study region would be a useful addition, and also pro-
vide more credibility in terms of the application of the proposed methods to the circumstances involved. Some mention
of the both the hydrogeological details and the human modifications (e.g., tile drains) would help readers understand25

why the proposed methods are suitable in this case, as well as providing some indication as to how generalizable these
methods might be to other regions.

A short description of the geology and hydrology of the site was added:

"Geologically, the area is dominated by tertiary river deposits (Upper Freshwater Molasse) and moraines from the last glacia-
tion (Würm) (Zingg, 1934; https://map.geo.admin.ch). Both have a rather poor permeability. From these substrates, cambisols30

and gleysols have developed as the main soil types on the hillslopes and flat areas, respectively (FAL, 1996). About 50% of
agricultural soils are artificially drained by tile and pipe drains. The area is characterized by shallow groundwater that feeds
the baseflow throughout stream network."

An extra sentence was added to section 5.3 about the need to adapt the model parameters and even the structure when applying
it in other catchments:35

"Therefore, while the approach is quite general, transferring this conceptual model into another catchment would certainly
require a recalibration. If system analysis reveals that important components are missing, the model structure needs to be
adapted, too."
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Review #1

The manuscript is overall well-written, despite a few small grammatical and language errors, and is well-supported
by figures and tables. The claim of a comprehensive model that can be subject to uncertainty analysis is certainly a
potentially important contribution that is within the scope of HESS. However, it is unclear what novel breakthrough or
insight the authors have made that allowed them to accomplish this contribution. In other words, what is it that allowed5

them to achieve this balance of completeness and simplicity when other previous researchers could not? The authors
need to more clearly and convincingly explain this important aspect of their work. If they can do this, I believe the work
is publishable in HESS.

A grammar and language check was carried out and several grammatical and spelling errors were removed.

In the revised version we emphasize in the Introduction that the presented model framework was newly developed for this10

study and – except for the hydrological part – has not been published yet. The introduction now makes clear the motivations of
developing the new model:

"Hence, there is a need for water quality predictions, which are comprehensive enough to cover the aspects relevant for
management decisions, allow for coupling of global change processes with the regional and local contexts, but are based on
sufficiently simple models, which allow for proper uncertainty analysis that propagates uncertainty through the entire model15

chain. We recognised that these requirements can be fulfilled with a conceptual model framework that includes all major urban
and agricultural pollution sources and transport pathways and Bayesian inference of catchment-specific parameters."

The following sentence emphasizes the novelty of the model:

"First, we introduce a new conceptual catchment model (the iWaQa model) that was developed for small streams with IWRM-
specific objectives in mind (simple, consistent and comprehensive in terms of both pollutants and pollution sources). Due to the20

model’s simplicity, it is possible to estimate parameters from data and to perform a nonlinear error propagation with Monte
Carlo techniques in a ’total uncertainty analysis’ framework, which overcomes the major limitations mentioned above."

In the abstract it was made clear that covering all major pollutant sources while being simple enough to be subject of a full
uncertainty analysis are the key aspects of the new model:

"The conceptual ’iWaQa’ model was developed to support the integrated management of small streams. It can be used to predict25

traditional water quality parameters like nutrients and a wide set of organic micropollutants (plant and material protection
products) by considering all major pollutant pathways in urban and agricultural environments. Due to its simplicity, the model
allows for a full, propagative analysis of predictive uncertainty, including certain structural and input errors."

1. The abstract is unnecessarily long. I think it could be cut by a third to allow for a more concise overview. In particular,
the first few sentences, which are mostly introductory content, could be removed without loss of information. Addition-30

ally, the abstract is rather vague near the end. The use of uncertainty quantification to inform robust management
could be described more specifically.

The abstract’s introduction part was streamlined and an explicit description of using the results for robust management was
added. The abstract’s overall length was reduced from 383 to 354 words:

"The design and evaluation of solutions for integrated surface water quality management requires an integrated modelling35

approach. Integrated models have to be comprehensive enough to cover the aspects relevant for management decisions, allow
for mapping of larger-scale processes such as climate change to the regional and local contexts. Besides this, models have
to be sufficiently simple and fast to apply proper methods of uncertainty analysis, covering model structure deficits and error
propagation through the chain of submodels. Here, we present a new integrated catchment model satisfying both conditions.
The conceptual ’iWaQa’ model was developed to support the integrated management of small streams. It can be used to predict40

traditional water quality parameters like nutrients and a wide set of organic micropollutants (plant and material protection
products) by considering all major pollutant pathways in urban and agricultural environments. Due to its simplicity, the model
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allows for a full, propagative analysis of predictive uncertainty, including certain structural and input errors. The usefulness
of the model is demonstrated by predicting future surface water quality in a small catchment with mixed land use in the Swiss
Plateau. We consider climate change, population growth or decline, socio-economic development and the implementation of
management strategies to tackle urban and agricultural point and non-point sources of pollution. Our results indicate that
input and model structure uncertainties are the most influential factors for certain water quality parameters. In these cases5

model uncertainty is high already for present conditions. Nevertheless, accounting for today’s uncertainty makes management
fairly robust to the foreseen range of potential changes in the next decades. The assessment of total predictive uncertainty
allows selecting management strategies that show small sensitivity to poorly known boundary conditions. The identification of
important sources of uncertainty helps to guide future monitoring efforts and pinpoints key indicators whose evolution should
be closely followed to adapt management. The possible impact of climate change is clearly demonstrated by water quality10

substantially changing depending on single climate model chains. However, when all climate trajectories are combined the
human land use and management decisions have a larger influence on water quality against a time-horizon of 2050 in the
study."

2. The introduction is strong, with adequate citation of previous work and models. The last paragraph, however, should
give an indication of HOW the main novelties of the paper were accomplished. What major task or insight allowed15

these contributions to be made?

The following sentences were added to the introduction to highlight our motivations for developing the new model:

"Hence, there is a need for water quality predictions, which are comprehensive enough to cover the aspects relevant for
management decisions, allow for coupling of global change processes with the regional and local contexts, but are based on
sufficiently simple models, which allow for proper uncertainty analysis that propagates uncertainty through the entire model20

chain. We recognised that these requirements can be fulfilled with a conceptual model framework that includes all major urban
and agricultural pollution sources and transport pathways and Bayesian inference of catchment-specific parameters."

The model description part was amended at several places to better introduce the train of thought that led to the presented
model structure.

3. My suspicion is that the separation of relevant flow components described in section 2.2 is one of the important25

contributions of this work, however it is described in too little detail for this to be clear.

We emphasize the novelty of calibration-based recognition of pollutant pathways and their binding to micropollutant transport
and will provide a paragraph about this part of the model to section 2.2.

The first paragraph of section 2.2 already introduced the motivation to use a more detailed flow separation than the one in the
hydrological model:30

"The hydrological needs of a conceptual model aiming to simulate pollutant transport are usually different from the needs of a
hydrological catchment model. Due to the specific transport pathways of pollutants one needs to consider water fluxes that are
extremely important for the propagation of a given pollutant family but may not be of any particular importance for streamflow
on the catchment or sub-catchment scale. This means that – building on the modelled flow components – we have to use a
more elaborate flow routing scheme that includes all important pollutant transport pathways but remains easily derivable from35

the catchment-scale flow components (baseflow, subsurface flow, runoff)."

In the same section more details were added to the description of the flow separation routine:

"We divide catchment-scale flow components between more detailed flow paths according to simple linear partitioning rules
(section S2 in the SI). First we sequentially applied a recursive baseflow filter (Eckhardt, 2005; Rimmer & Hartmann, 2014)
to get slow (baseflow), fast (subsurface flow) and immediately (runoff on the rainfall’s day) responding flow components.40

Separated flow components were distributed afterwards among pollution transport pathways based on the partitioning scheme
calibrated based on the observed concentrations of nutrients and major ions (see section 3.3)."
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Whereas in section 3.3 we describe how the further separated flow components (after calibrating to observed ion concentrations)
could be used to model the pathways of micropollutants:

"This flow partitioning enabled us to get a good description of the various pollutant sources, including all three types of sewer
systems (rain, combined, and separate), and the varying elimination efficiency at the wastewater treatment plant. Micropollu-
tant data were less abundant, and without sufficient temporal resolution to be involved in the recognition of pollutant pathways,5

but the established flow paths could be used in the micropollutant model afterwards."

4. How was the calibration accomplished? What calibration methods and criteria were used?

The first paragraph of section 2.2.3 was rewritten to provide more information on the calibration process:

"The uncertainty of model and error parameters was assessed with single-objective Bayesian calibration and uncertainty anal-
ysis based on formal statistical likelihood functions for all model outputs. Sub-models were calibrated separately. Naturally,10

the likelihood functions differed by component, because a reliable likelihood function should reflect our knowledge about the
error-generating processes, which are different from variable to variable. Hydrological predictions were mostly affected by
input errors, therefore we could apply a likelihood function that can account for both input uncertainty and model structure
deficits (del Giudice et al. 2013, Honti et al. 2013). Here a heteroscedastic, rainfall-dependent autoregressive function served
as a Bayesian description for the impacts of these uncertainty sources in observed flow. The identification of error parameters15

was possible due to the huge number of good quality, frequent discharge data. For water temperature data and traditional pol-
lutants a simpler error model (independent, identically distributed normal errors) was applied satisfactorily, as data scarcity
prevented us from identifying the parameters of model bias and their input-dependence. The same error model was used for mi-
cropollutants, but a Box-Cox transformation with an exponent of 0.3 was applied to both the observed and modelled time-series
to account for heteroscedasticity originating from the high variability of these data. "20

5. The results are described in good detail and are adequately supported by figures and tables. However, it would
be valuable to describe how such results might actually be used. Robust management methods in response to high
uncertainty is mentioned, but no specific examples are given. I think it is important to show how and why the ability to
perform uncertainty analysis adds value.

To demonstrate the relevance for management more explicitly, we added a paragraph to section 4.6 about the potential use of25

results in a multi-criteria decision support process and the importance of quantifying the uncertainty of predictions:

"The model results can directly be used by river managers for a cost-benefit (Hanley & Spash, 1993) or a multi-criteria deci-
sion support analysis (Reichert et al. 2015). Which approach is most appropriate depends on the management objective. For
example, if the goal is to achieve a good chemical state of the river by a specific point in time, predictions can be fed into the
chemical assessment procedure and the managers can screen for the management alternatives with the highest probability to30

achieve a good state considering all future scenarios. If the management objective is to choose the most effective management
alternatives given a fixed budget, the managers can screen first for all (combinations of) measures that meet the budget and
then select the most effective ones. In general, providing predictive uncertainty in addition to the best guess of consequences
of management alternatives is crucial (1) to assess if differences between alternatives are significant, (2) for the search of
alternatives that are robust regarding uncertain changes in future boundary conditions and (3) to support credibility of scien-35

tific research by being transparent about predictive uncertainty. In contrast to intuition, a high forecast uncertainty does not
preclude effective decision support, because it often does not affect the relative ranking of competing management alternatives
(Reichert & Borsuk, 2005). Last, but not least, quantified uncertainty (4) facilitates learning by updating the predictions when
new information arises (e.g. by monitoring changes after implementation of measures)."

In addition, we made it explicit why elucidating the sources of predictive uncertainty is relevant for stakeholders (see response40

to comment 7 below).

6. Section 5.1 includes the term “change signal” in the section title. What does this mean? This aspect is not actually
described. At the top of page 14, it is described that “relative differences between different alternatives are often robust
and can lead to a stable ranking of management alternatives.” Is this what is meant by “change signal”? This point
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would be valuable to explore and to discuss. Might some of the large uncertainty in model predictions disappear if the
focus is on differences between alternatives, rather than absolute predictions of alternatives?

We replaced ’change signal’ by ’future change’, because that was the true focus of that section. Regarding a stable ranking of
management alternatives, we could not set up a ranking here: this being an exposure study, we had no information on the costs
of alternatives and preferred endpoints of the involved stakeholders (this will be explored in a following stage).5

7. In the conclusions, I found the first sentence of the second paragraph promising: "From our results we can derive
definite recommendations for practical water management." However, I felt that the recommendations that followed
(e.g. uncertainty analysis should always be performed, one should follow climate change effects) were not specific enough
to be practical. I would have liked to have read more about how "proper accounting of uncertainty today" will "make
management fairly robust" in the next decades. By what means is such robustness actually achieved? Overall, I feel the10

authors need to more strongly articulate their contribution in terms of the means by which they were able to accomplish
their objectives. The paper would also be more valuable if they could demonstrate how the information on uncertainty
would actually be used to formulate more robust management decisions.

Conclusions were completely re-written to provide more details about the recommendations for practical water manage-
ment:15

"The objectives of this paper were to integrate the current state of knowledge to analyse how water quality of catchments may
develop over the next decades under the influence of climate change, socio-economic development and the implementation of
different management strategies to improve water quality and to develop a model structure that makes such a comprehensive
analysis possible. The results demonstrate the usefulness of such a broad approach that incorporates the major (quantifiable)
sources of uncertainty by propagating all relevant sources of uncertainty through an integrated model framework.20

Our results underline the importance of uncertainty assessment of model simulations, including the identification of uncer-
tainty sources. The latter is a key requirement for management, because it delivers information on potential ways of reducing
uncertainty. Without identified uncertainty sources only a general robustness of management actions can be considered, namely
a weak sensitivity to poorly known boundary conditions. However, when portions of total uncertainty are attributed to certain
input data, boundary conditions, or sub-models, an iterative adaptive management process focusing on the critical aspects can25

be designed. In case of dominant input or model uncertainty, one should investigate whether reducing input or model uncer-
tainty would be worth the efforts for getting better input data or process understanding. In case of a positive answer, managers
should invest in getting such data or commence focused research. Hence, there is an action identified that can be actively
taken. If scenario analyses reveal that future climate change uncertainty is dominant, there is no use of improving input data
or akin. However, it might be recommended to carefully monitor how climate actually develops and how predictions perform30

over time such that the evaluations of management options may improve over time. In this case, a re-assessment after a couple
of years might be recommended. Overall, depending on the outcome of the uncertainty analysis, different recommendations
can be given to stakeholders.

Our analysis for the Mönchaltorfer Aa catchment in Switzerland revealed different major sources of uncertainty for individual
water quality variables: for some variables such as biocides input uncertainty was dominant. These were difficult to predict35

even under current conditions just because accurate usage data were lacking. Interestingly, lack of input data not only limited
model testing and improvement, but most probably increased uncertainty from model structure deficits too. Nevertheless, cli-
mate change increased prediction uncertainty for biocides, while it did not for PPPs (see Fig. 7). Therefore, as a management
recommendation, we propose to concentrate monitoring and research efforts on micropollutants unless a clear political will
arises to ban certain groups of them on the catchment.40

The answer to the question in the title – Can integrative catchment management mitigate future water quality issues caused
by climate change and socio-economic development? – from our case study is generally positive, but with some amendments.
Socio-economic scenarios in this study were really influential compared to climate change for the time horizon considered
(2050), yet they were compiled by local stakeholders on the ground of reality, just like the climate predictions by the creators
of the ENSEMBLES database. Moreover, climate change as a whole was more uncertain than the individual model chains due45

5



to the divergence between them. The same applied to future socio-economic development: pooling all 4 scenarios together
(symbolizing that we don’t know which will actually happen) blurred clear individual changes into uncertainty. At the end,
most management measures were powerful enough to compensate for non-manageable effects, such as climate change and
socio-economic development. Therefore, by careful planning and continuous monitoring of the direction of socio-economic
development and climate change, one can actually maintain the present water quality in the case study area and even improve5

certain components in the future."

Review #2

This paper describes the application of an integrated-water-resources-management model to a small catchment in the
Swiss Plateau in order to analyze potential effects of different drivers on future water quality. The authors have chosen
a question as title (“Can integrative catchment management mitigate future water quality issues caused by climate10

change and socio-economic development?”), but I am not sure whether they really answer it. It appears that some
aspects of current practice (e.g., the application of pesticides within the catchment) are so uncertain that almost no
scenario leads to significant changes, whereas other factors (in particular climate change in the study area) are simply
not strong enough that a model could quantify effects. This is somewhat frustrating – and I would actually have loved
to get a clearer answer to the question posed in the title, which seems to be “no”. Or maybe “not as long as we don’t15

know what the farmers are actually applying on their fields”.

The conclusions were extended with an explicit answer to the question in the title:

"The answer to the question in the title – Can integrative catchment management mitigate future water quality issues caused
by climate change and socio-economic development? – from our case study is generally positive, but with some amendments.
Socio-economic scenarios in this study were really influential compared to climate change for the time horizon considered20

(2050), yet they were compiled by local stakeholders on the ground of reality, just like the climate predictions by the creators
of the ENSEMBLES database. Moreover, climate change as a whole was more uncertain than the individual model chains due
to the divergence between them. The same applied to future socio-economic development: pooling all 4 scenarios together
(symbolizing that we don’t know which will actually happen) blurred clear individual changes into uncertainty. At the end,
most management measures were powerful enough to compensate for non-manageable effects, such as climate change and25

socio-economic development. Therefore, by careful planning and continuous monitoring of the direction of socio-economic
development and climate change, one can actually maintain the present water quality in the case study area and even improve
certain components in the future."

I believe that the authors are stuck in a classical dilemma. They have chosen a study area with a comparably good
data situation (even though the data in pesticide applications were still bad), in which not much direct climate change is30

expected. The temperature will rise, but won’t make Northern Switzerland semi-arid. Precipitation estimates are highly
uncertain and projections even don’t agree on the sign of the change. Even before performing the study one could have
guessed that climate change will have a smaller impact on water quality in the chosen catchment than changes in
legislation regarding the use of certain pesticides. It would have been much more exciting to perform the analysis in a
Mediterranean setting where much more severe climate-change effects can be expected, and maybe also more change35

in land use. Unfortunately, the data situation in these countries with respect to micropollutants is typically much worse
than in Switzerland. Thus, while the authors’ intension is a noble endeavor, their choice of application leads to some
inconclusiveness.

We rephrased the results section on climate change (4.3) to emphasize that climate change is strong but uncertain:

"However, because only one climate change path will develop, the analysis of single model chains proves that water quality40

may change substantially depending on the actual future climate."
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I was not able to understand what the hydrological model does. Also the supplementary information is illusive in this
regard. In particular, it has been impossible for me to figure out how evapotranspiration is modeled, which in the study
area most likely will more strongly be influenced by climate change than precipitation. The authors talk about three
flow components (baseflow, subsurface flow, runoff), but it’s not clear to me which physics are behind the separation
between baseflow and subsurface flow. Neither could I see which flow component is how important. Maybe this has5

been described in one of the two preceding papers; but I have not read them.

We added more details about the hydrologic model to section (see response to Editor’s comments). The description of the flow
separation routine was extended as well (see response to comment 3 of Reviewer #1).

The paper contains hardly any description of the catchment. However, the appropriateness of the model choice strongly
depends on the geological setting and the agricultural land-use management. The authors need to explain this. My own10

quick research yielded: The geology is dominated by upper freshwater molasse (poorly permeable bedrock) with limited
Quaternary overburden containing peat (particularly close to lake Greifensee). There is practically no groundwater
body. The Mönchaltorfer Aa is connected to several drainage channels and/or tile drains, which exist essentially all
over the valley. This information may justify a model concept that essentially denies explicit groundwater pathways.
The infiltrating water is rapidly captured by the tile drains, so that restricting transformation processes to soil layers15

may be OK. However, other catchments are quite different and require an explicit treatment of groundwater flow,
transport, and management. That is, integrated water resources management in the chosen catchment has the stream
(and lake Greifensee) as its target, whereas in other catchments drinking-water production from groundwater is a
major issue. In as much, "integrated water resources management" means different things in different catchments,
requiring different model concepts.20

The catchment description was extended with geological details and the importance of groundwater and drains. Please see
response to Editor’s comments.

The authors choose comparably simple descriptions for all processes, which I can understand given the difficulty of cal-
ibrating more complex models. However, if the transformation behavior of the pesticides is mainly based on calibrating
simple first- order elimination models, the important influences of climate and land-use may be neglected. Some pro-25

cesses within the model contain an influence of air temperature (which is not identical with soil temperature). But I
have not seen a potential influence of soil moisture, which may change more than precipitation in a warmer climate be-
cause of stronger evapotranspiration. Personally, I believe that including such effects will still not lead to strong climate
signals in Northern-Swiss water quality. But, the best stochastic analysis does not help if the decisive dependencies are
lacking in a model. Conversely, identifying the decisive dependencies requires data that cover a sufficient range in the30

controlling variables. In as much, I agree with some of the statements made by the authors in their discussions regard-
ing the uncertainty caused by not identifying the decise mechanisms. While I don’t have a solution either, it’s not clear
to me what the authors are recommending. Should we do more stochastic analysis on parameters that we can handle
even though we know that the highest model uncertainty is on conceptual levels?

We agree that the stochastic analysis can’t mend the model. However, a proper uncertainty analysis will translate model35

deficiencies into stochastic variability and reveal the true uncertainty of model predictions to the decision maker. A good
practice seems to be periodically analyzing key system properties that indicate or even foretell system transitions. This was
integrated into the conclusions as parts of the practical recommendations and the outline on how uncertainty analysis can
improve management. Please refer to response to comment 7 of Reviewer #1.

I am sorry that my (very much delayed) review contains remarks that are almost philosophical rather than going into40

specifics of the model and the application. But is appears that most of the latter was described in the two former papers.
Therefore, it’s also not easy to grasp what was actually done in this particular study without studying the preceding
papers by the same authors.
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The entire water quality model presented here is novel, we emphasize this novelty more (please see responses to Reviewer #1).
Following the Editor’s suggestions, we included more details about the already published hydrological model into the main
text.

References

del Giudice, D., M. Honti, A. Scheidegger, C. Albert, P. Reichert, és J. Rieckermann (2013), Improving uncertainty esti-5

mation in urban hydrological modeling by statistically describing bias, Hydrol. Earth Syst. Sci., 17(10), 4209–4225, doi:
10.5194/hess-17-4209-2013.

Eckhardt, K.: How to construct recursive digital filters for baseflow separation, Hydrol. Process., 19, 507–515, doi: 10.1002/hyp.5675,
2005.

Hanley, N., and C. L. Spash: Cost-benefit analysis and the environment. Aldershot, Hants, England: E. Elgar. 1993.10

Hargreaves, G. and Z. Samani: Reference crop evapotranspiration from temperature, Transactions of ASAE, 1, 96 – 99,
1982.

Honti, M., C. Stamm, and P. Recihert: Integrated uncertainty assessment of discharge predictions with a statistical error model,
Water Resour. Res., 49, 4866 – 4884, doi: 10.1002/wrcr.20374, url: http://dx.doi.org/10.1029/2009WR008884, 2013.

Honti, M., A. Scheidegger, and C. Stamm: The importance of hydrological uncertainty assessment methods in climate change15

impact studies, Hydrol. Earth Syst. Sci., 18, 3301–3317, doi: 10.5194/hess-18-3301-2014, 2014.

Kuczera, G., D. Kavetski, S. Franks, and M. Thyer (2006), Towards a Bayesian total error analysis of conceptual rainfall-runoff
models: Characterising model error using storm-dependent parameters, Journal of Hydrology, 331(1-2), 161 – 177.

Leu, C., H. Singer, C. Stamm, S. R. Müller, and R. P. Schwarzenbach: Simultaneous Assessment of Sources, Processes,
and Factors Influencing Herbicide Losses to Surface Waters in a Small Agricultural Catchment, Environmental Science &20

Technology, 38, 3827–3834, doi: 10.1021/es0499602, 2004.

Reichert, P. and M. Borsuk: Does high forecast uncertainty preclude effective decision support?, Environmental Modelling &
Software, 20, 991–1001, doi: 10.1016/j.envsoft.2004.10.005, 2005.

Reichert, P., and J. Mieleitner (2009), Analyzing input and structural uncertainty of nonlinear dynamic models with stochastic,
time-dependent parameters, Water Resources Research, 45, W10402, doi: 10.1029/2009WR007814.25

Reichert, P., S. D. Langhans, J. Lienert, and N. Schuwirth: The conceptual foundation of environmental decision support,
Journal of Environmental Management, 154, 316–332, doi: 10.1016/j.jenvman.2015.01.053, 2015.

Rimmer, A. and A. Hartmann: Optimal hydrograph separation filter to evaluate transport routines of hydrological models,
Journal of Hydrology, 514, 249–257, doi: 10.1016/j.jhydrol.2014.04.033, 2014.

Wittmer, I., Bader, H.-P., Scheidegger, R., Singer, H., Lück, A., Hanke, I., Carlsson, C., and Stamm, C.: Significance of30

urban and agricultural land use for biocide and pesticide dynamics in surface waters, Water Research, 44, 2850 – 2862, doi:
10.1016/j.watres.2010.01.030, 2010.

Zingg, T.: Atlasblatt 7. Blätter: 226 Mönchaltdorf, 227 Hinwil, 228 Wädenswil, 229 Rapperswil, Geologischer Atlas der
Schweiz 1:25 000., Kümmerly and Frey AG: Bern, 1934.

8



Can integrative catchment management mitigate future water
quality issues caused by climate change and socio-economic
development?
Mark Honti1, Nele Schuwirth2, Jörg Rieckermann2, and Christian Stamm2

1MTA-BME Water Research Group, Hungarian Academy of Sciences, Műegyetem rkp. 3, Budapest, H-1111, Hungary
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Abstract. Catchments are complex systems where water quantity, quality and the provided ecological services are determined

by interacting physical, chemical, biological, economic, and social factors. The awareness of these interactions led to the

prevailing catchment management paradigm of Integrated Water Resources Management. The
:::
The

:
design and evaluation of

solutions for integrated water resources management requires to predict changes of local or regional water quality, which

requires integrated approach for modeling too. On one hand, integrated
::::::
surface

:::::
water

::::::
quality

::::::::::
management

:::::::
requires

::
an

:::::::::
integrated5

::::::::
modelling

:::::::::
approach.

::::::::
Integrated

:
models have to be comprehensive enough to cover the aspects relevant for management de-

cisions, allow for mapping of global change processes –
:::::::::
larger-scale

::::::::
processes

::::
such

:
as climate change , population growth,

migration, and socio-economic development – to the regional and local contexts. On the other hand
::::::
Besides

::::
this, models have

to be sufficiently simple and fast enough to apply proper methods of uncertainty analysis, which can consider
:::::::
covering

:
model

structure deficits and propagate errors
::::
error

::::::::::
propagation

:
through the chain of submodels. Here, we present an

:
a
::::

new
:

inte-10

grated catchment model satisfying both objectives
::::::::
conditions. The conceptual ’iWaQa’ model was developed to support the

integrated management of small streams. It can predict both
::
be

::::
used

::
to

::::::
predict

:
traditional water quality parameters like nu-

trients and a wide set of organic micropollutants originating from (plant and material protection products
:
)
::
by

::::::::::
considering

:::
all

:::::
major

:::::::
pollutant

:::::::::
pathways

::
in

:::::
urban

::::
and

:::::::::
agricultural

::::::::::::
environments. Due to the model’s simplicity, it

::
its

:::::::::
simplicity,

:::
the

::::::
model

allows for a full, propagative analysis of predictive uncertainty, including certain structural and input errors. The usefulness of15

the model is demonstrated by predicting future
:::::
surface

:
water quality in a small catchment with mixed land use in the Swiss

Plateau. The focus of our study is the change of water quality over the next decades driven by
:::
We

:::::::
consider

:
climate change,

population growth or decline, socio-economic development and the implementation of management strategies for improving

water quality
::
to

:::::
tackle

:::::
urban

::::
and

:::::::::
agricultural

:::::
point

:::
and

::::::::
non-point

:::::::
sources

::
of

:::::::
pollution. Our results indicate that input and model

structure uncertainties are the most influential factors on
::
for certain water quality parametersand in these cases the uncertainty20

of modeling is already very high for the
:
.
::
In

:::::
these

:::::
cases

:::::
model

::::::::::
uncertainty

::
is

::::
high

::::::
already

:::
for

:
present conditions. Neverthe-

less, a proper quantification of
::::::::
accounting

:::
for

:
today’s uncertainty can make the

:::::
makes

:
management fairly robust for

::
to the

foreseen range of possible evolution into
:::::::
potential

:::::::
changes

::
in
:

the next decades. With a time-horizon of 2050, it seems that

1



:::
The

::::::::::
assessment

::
of

::::
total

:::::::::
predictive

::::::::::
uncertainty

:::::
allows

::::::::
selecting

:::::::::::
management

::::::::
strategies

::::
that

:::::
show

:::::
small

:::::::::
sensitivity

::
to

::::::
poorly

:::::
known

:::::::::
boundary

:::::::::
conditions.

::::
The

:::::::::::
identification

::
of
:::::::::

important
:::::::
sources

::
of

::::::::::
uncertainty

:::::
helps

::
to

:::::
guide

:::::
future

::::::::::
monitoring

::::::
efforts

:::
and

::::::::
pinpoints

:::
key

::::::::
indicators

::::::
whose

::::::::
evolution

::::::
should

::
be

::::::
closely

::::::::
followed

::
to

:::::
adapt

:::::::::::
management.

:::
The

:::::::
possible

::::::
impact

::
of

:::::::
climate

::::::
change

::
is

::::::
clearly

:::::::::::
demonstrated

:::
by

:::::
water

::::::
quality

::::::::::
substantially

::::::::
changing

:::::::::
depending

:::
on

:::::
single

:::::::
climate

:::::
model

:::::::
chains.

::::::::
However,

::::
when

:::
all

:::::::
climate

:::::::::
trajectories

:::
are

:::::::::
combined

:::
the human land use and management decisions have a larger influence on water5

quality than climate change. However, the analysis of single climate model chains indicates that the importance of climate

grows when a certain climate prediction is considered instead of the ensemble forecast
:::::
against

::
a

:::::::::::
time-horizon

::
of

::::
2050

:::
in

:::
the

::::
study.

1 Introduction

Catchments are complex systems where water quantity, quality and the ecological services provided are determined by inter-10

acting physical, chemical, biological, economic, and social factors. The awareness of these interactions led to the prevailing

catchment management paradigm of Integrated Water Resources Management (IWRM) (GWP, 2000). IWRM relies on the

conviction that none of these factors can be altered without influencing water quantity and quality and hence all aspects need

to be considered in sustainable water management and when evaluating different management alternatives. Unfortunately, it is

not trivial to assess the influence of many of these factors. While large-scale processes like climate change or socio-economic15

development propel global change, understanding the effects of global change on water resources requires focusing on the

regional or even local context. Improving water quality at the outlet of a catchment requires a reduction of relevant point or

non-point sources of pollution within the catchment, which depend on land-use and infrastructure. Therefore, the effective-

ness of a particular management strategy may strongly differ between catchments. Some water quality management strategies

require long-term investments, e.g. improving the wastewater infrastructure. Hence scenario analyses about possible future20

developments and their influence on the effectiveness of water quality management strategies are crucial for decision making

in this field. Just like any intervention into a complex system, water quality management can also have undesired side-effects.

A blind application of management recipes can actually have a partly undesired outcome. For example, the reduction of sus-

pended solids load increases water transparency, which, given enough residence time in large rivers like the Danube can lead to

advanced eutrophication (ICPDR, 1999). This could have been forecasted by an integrated modelling approach, but side-effects25

can also come from outside the simulation domain of catchment models: the revitalisation of a section of the Aare River in

Switzerland has improved recreational attraction, which caused an unexpected increase in disturbance and waste load (Witschi

and Käufeler, 2014).

To reliably address the effects of Global Change on regional or local water resources, a potentially useful model must

include all major factors and transport processes that control water quantity and quality at the catchment scale. For IWRM,30

this is particularly challenging because most managed catchments contain both rural (natural and agricultural) landscapes and

settlements in varying proportions. This holds especially true for densely populated areas like the Swiss Plateau, where we

apply our approach. Accordingly, an ideal model has to have sufficient coverage of both rural and urban processes.
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In this regard, we reviewed existing and potentially suitable tools and found that all of them had deficits in this aspect.

Specifically, the majority of popular models seems to be focusing on either rural (AnnAGNPS [Bingner and Theurer, 2001],

ANSWERS [Bouraoui et al., 2002], CREAMS [Knisel, 1980], GWLF [Haith and Shoemaker, 1987]) or urban (SWMM [Met-

calf and Eddy Inc. et al., 1971]) areas. The remaining two universal models (HSPF [Donigian et al., 1995], SWAT [Arnold

et al., 1995]) lack sufficient detail in the descriptions of urban water infrastructure. For example, they do not include combined5

sewer overflows (CSO), which often play an important role for water quality as emitters of pesticides into streams in urban ar-

eas (Wittmer et al., 2010) and the design of urban water infrastructure alternatives. Important processes of rural catchments are

often lacking too. Some models calculate the emission and transport of nutrients only (ANSWERS, GWLF, PhosFate [Kovacs

et al., 2008]), while others include routines to simulate pesticide loads and concentrations as well (AnnAGNPS, CREAMS,

HSPF, SWAT). In summary, none of these readily available models simulate all important pollutant classes and their sources for10

typical subjects of local water quality management: small catchments covering tens of km2
::::
km2 and having both settlements

and agricultural areas. A detailed comparison of these models is presented in section S1 of the Supporting Information (SI).

The preceding analysis of model comprehensiveness might suggest the use of more complex models in order to simulate

as many processes as possible and therefore restricting the number of phenomena not covered by the model. There is indeed

intensive research towards model frameworks that combine specialised models into an integrated system. Certain model frame-15

works address certain micropollutants (see Vezzaro et al. (2014) for a case with urban water systems; Bloodworth et al. (2015)

for drinking water risk assessment) and some even cover certain economical aspects (Boehlert et al. 2015). There is a high ex-

pectation towards integrating more modules, data and knowledge into ever growing model systems (Holzkämper et al., 2012;

Hipsey et al., 2015; Salvadore et al., 2015). However, we argue that models used for management purposes should not only

represent the relevant aspects of the managed system but also allow for a realistic and technically feasible assessment of the20

uncertainties linked to model predictions. The statistically valid estimation of prediction uncertainty is essential to make robust

decisions about management options, but can be hardly addressed in large frameworks.

Catchment models have a complex hierarchical structure ranging from basic variables that affect many others, such as hy-

drological flow components and water temperature, to endpoints, on which no other variable depends, such as specific pollutant

concentrations. Therefore, a proper uncertainty assessment involves a mechanistic propagation of uncertainty through this hi-25

erarchy. Since such models are usually strongly non-linear, numerical methods are needed to propagate parameter uncertainty

and for model calibration. Bayesian inference allows taking into account prior knowledge about parameters as well as data

on output variables to estimate the posterior parameter distribution and model output uncertainty (Gamerman, 1997). How-

ever, this requires tens to hundreds of thousands of model runs. The quantified parameter uncertainty is then transferred to

the predictions by again thousands of predictive runs on the combination of possible model and error parameter values. Thus,30

the creation of such probabilistic predictions is extremely resource-intensive, which practically excludes all computationally

expensive models from such an analysis.

Hence, there is a need for water quality predictions, which are comprehensive enough to cover the aspects relevant for

management decisions, allow for coupling of global change processes with the regional and local contexts, but are based on

sufficiently simple models, which allow for proper uncertainty analysis that propagates uncertainty through the entire model35
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chain.
::
We

::::::::::
recognised

:::
that

:::::
these

:::::::::::
requirements

::::
can

:::
be

:::::::
fulfilled

::::
with

::
a
:::::::::
conceptual

::::::
model

:::::::::
framework

::::
that

::::::::
includes

::
all

::::::
major

:::::
urban

:::
and

::::::::::
agricultural

::::::::
pollution

:::::::
sources

::::
and

:::::::
transport

:::::::::
pathways

:::
and

::::::::
Bayesian

:::::::::
inference

::
of

::::::::::::::::
catchment-specific

::::::::::
parameters.

Accordingly, the objectives of this paper are threefold.

First, we introduce a
:::
new conceptual catchment model (the iWaQa model) that was developed for small streams with IWRM-

specific objectives in mind (simple, consistent and comprehensive in terms of both pollutants and pollution sources). Due to5

the model’s simplicity, it is possible to estimate parameters from data and to perform a nonlinear error propagation with Monte

Carlo techniques in a "total uncertainty analysis" framework, which overcomes the major limitations mentioned above.

Second, we investigate how water quality in catchments may develop over the next decades until 2050, considering the

impacts of climate change, socio-economic development and the implementation of management strategies to improve water

quality. To this aim, we apply the model to a small catchment with mixed land use in the Swiss Plateau, where a very good10

data coverage and a wealth of field observations are both available to condition the model.

Finally, we discuss how the insights gained from the application of the model to the case study can contribute to improved

management of water quality under global change in general.

The main novelties of this paper are the following: (i) The integrated analysis of climate change, socio-economic develop-

ment and management, covering boundary conditions over a wide spectrum of sources and scales; (ii) a comprehensive, "total15

uncertainty analysis" along the entire integrated modelling procedure. This not only considers uncertainty in inputs, model

structure, model parameters, and output observations, but also accounts for uncertainty from our current lack of knowledge re-

garding important boundary conditions by ensemble forecasts; (iii) Modelling the dynamic concentration of important organic

micropollutants, such as plant and material protection products, based on observed data; (iv) Carrying out the case study in a

mixed-landuse catchment, which receives important pollutant contributions from both agriculture and urban settlements.20

2 Methods

2.1 Hydrology

We use the modified LogSPM conceptual model (original: Kuczera et al. [2006], modified version: Honti et al. [2013; 2014])

to simulate stream discharge at the catchment outlet due to its simplicity and acceptable performance of its varieties in sev-

eral catchments (Kuczera et al., 2006; Reichert and Mieleitner, 2009; Honti et al., 2013). This conceptual model
::::::
belongs25

::
to

:::
the

:::::::
saturated

:::::
path

:::::
family

:::
of

:::::::
models,

:
it
:

describes runoff formation by assuming a
::::::::
non-linear function that unambiguously

maps between average soil moisture content and saturated fraction of catchment surface . The model produces both total

streamflow and individual flow components, namely baseflow
:::::::::::::::::::
(Kavetski et al., 2003).

:::
We

:::
use

:::
the

:::::::
modified

::::::::::::::
parameterisation

:::
by

::::::::::::::::::
Honti et al. (2013) for

:::
the

::::::::
saturation

::::::::
function,

:::::
which

::
is

:::::
based

:::
on

:::
the

:::::::::::::
catchment-scale

::::::::
analogies

:::
of

:::::::::::
characteristic

:::
soil

::::::::
moisture

:::::::
contents.

:::::
Field

:::::::
capacity

::::::::::
corresponds

::
to
::::
soil

:::::::
moisture

:::::
when

::::::::
saturated

::::
area

::
is

:::::::::
negligible,

:::::
while

:::
full

:::::::::
saturation

:::::
means

:::
an

::::::
almost30

:::::::
complete

:::::::::
saturation

::
of

:::
the

:::::::::
catchment

:::::
area.

:::::
Water

::
is

::::::
routed

::::
from

:::
the

::::
soil

::::::
storage

::
to
::::::

either
::::::
surface

::::::
runoff,

:::::::::
subsurface

::::
flow

:::
or

::::::::::
groundwater

::::::::
recharge,

::::::::::::
proportionally

::
to

:::
the

::::::::
saturated

:::::
area.

::
A

:::::
linear

::::::::::
groundwater

:::::::
storage

::::::::
produces

:::
the

::::::::
long-term

:::::::
memory

:::
of
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::
the

::::::
model

::::
and

:::::::
provides

::::::::
baseflow.

:::::::
Surface

::::::
runoff, subsurface flow and surface runoff

:::::::
baseflow

:::::
make

:::
up

:::
the

::::
total

::::
flow

:::
in

:::
the

:::::
stream. A detailed description of the model and calibration procedure can be found in Honti et al. (2013, 2014).

2.2 Separation of relevant flow components

The hydrological needs of a conceptual model aiming to simulate pollutant transport are usually different from the needs of a

hydrological catchment model. Due to the specific transport pathways of pollutants one needs to consider water fluxes that are5

extremely important for the propagation of a given pollutant family but may not be of any particular importance for streamflow

on the catchment or sub-catchment scale. This means that – building on the modelled flow components – we have to use a

more elaborate flow routing scheme that includes all important pollutant transport pathways but remains easily derivable from

the catchment-scale flow components (baseflow, subsurface flow, runoff).

Since the majority of pollutants originate from settlements and agricultural areas, these subsystems deserve a more detailed10

hydrological description (Fig. 1). From a hydrological perspective the behaviour of a rural catchment is dominated by water

storage in different soil horizons. Urban areas need to be relatively large to exert a detectable effect on the flow regime on

aggregated time-scales (e.g. days). Consequently, conceptual rainfall-runoff models typically lack a detailed urban hydrol-

ogy module that would represent the different building blocks of the urban water infrastructure, as they would be anyway

unidentifiable in the output.15

We divide catchment-scale flow components between more detailed flow paths according to simple linear partitioning rules

(section S2 in the SI). Partitioning parameters are calibrated by fitting the model to
::::
First

:::
we

::::::::::
sequentially

::::::
applied

::
a
::::::::
recursive

:::::::
baseflow

::::
filter

:::::::::::::::::::::::::::::::::::::::::
(Eckhardt, 2005; Rimmer and Hartmann, 2014) to

:::
get

::::
slow

::::::::::
(baseflow),

:::
fast

::::::::::
(subsurface

:::::
flow)

:::
and

:::::::::::
immediately

::::::
(runoff

::
on

::::
the

:::::::
rainfall’s

:::::
day)

:::::::::
responding

::::
flow

:::::::::::
components.

:::::::::
Separated

::::
flow

:::::::::::
components

::::
were

:::::::::
distributed

::::::::::
afterwards

::::::
among

:::::::
pollution

::::::::
transport

::::::::
pathways

:::::
based

:::
on

:::
the

::::::::::
partitioning

::::::
scheme

:::::::::
calibrated

:::::
based

:::
on

:::
the observed concentrations of traditional20

inorganic pollutants like nutrients or major ions , such as sulphate
:::::::
nutrients

:::
and

:::::
major

::::
ions

::::
(see

::::::
section

:::
3.3).

2.2.1 Water temperature

Water temperature is simulated in a semi-distributed empirical way (section S2 in SI). We used the steady state solution of the

full process-based stream temperature model of Meier et al. (2003) to estimate daily mean equilibrium temperatures, which

is the water temperature at which the net heat flux through the air-water interface is zero under the given meteorological25

conditions (Edinger et al., 1968). The bulk heat exchange through the air-water interface is then proportional to the difference

between the actual and equilibrium temperature (Edinger et al., 1968) and thus the temporal evolution of temperature follows

first-order kinetics. For the description of heat transport, we adopted the semi-Lagrangian plug flow approach by Yearsley

(2012) combined with a discharge-weighed averaging of the travel time to depth ratios. This was a good approximation of the

full solution of the plug flow heat transport problem in small catchments (Tendall et al. in prep).30
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2.2.2 Water quality

Our model is a simplified stream quality model because concentrations are calculated from stream loads and discharge. In-

stream processes are neglected, which is an acceptable simplification for small streams with limited residence time. The detailed

description of water quality calculations is presented in section S2 of the SI).

We use the separation of total flow into different pollution transport pathways to calculate nutrient concentrations by asso-5

ciating each pathway with a typical concentration and mixing these components proportionally in the stream. Mixing is linear,

except for pH (section S2 in SI). Elimination or transformation of pollutants inside the wastewater treatment plant (WWTP) is

described by first-order models based on long-term mean removal/transformation efficiency and the relative hydraulic residence

time inside the WWTP.

Out of the large diversity of organic micropollutants, we focus here on pesticides (including biocides for protecting mate-10

rials and plant protection products [PPPs]). They consist of biologically active ingredients, occur frequently in Swiss surface

waters (Moschet et al., 2014) and have both agricultural and urban sources (Wittmer et al., 2010).
:::::::
Previous

::::::
studies

:::::
(e.g.

::::::::::::::::::::::::::::::::
Leu et al. (2004); Wittmer et al. (2010))

:::::::
mapped

::::::::
pathways

::
of

:::::::::::::
micropollutant

:::::::
transport

::::
into

:::
the

::::
river

::::::
system

::::
and

::::
were

:::::
used

::
to

:::::
define

:::
the

:::::
basic

::::::::::
architecture

::
of

::::
the

::::::
present

::::::
model.

:
These compounds are treated in a similar way after being mobilised as

traditional pollutants: fluxes from various sources are gathered by the various converging flow components and in-stream con-15

centrations are calculated by division by stream discharge. For biocides an additional assumption is that the source stock is

constant and proportional to the application area in the catchment. PPPs are assigned a dynamically changing stock that con-

siders application amounts and periods and a unified dissipation process that accounts for all loss processes other than export

to the stream network, such as in-situ biotransformation, photodegradation, ageing, etc.

2.2.3 Uncertainty assessment20

The uncertainty of model and error parameters was assessed with Bayesian uncertainty assessment separately for each sub-model.

The likelihood for total discharge was determined using a composite error model containing a heteroscedastic autoregressive

process, the so-called "model bias" and independent Gaussian observation errors (Honti et al., 2013). Conceptually, the Gaussian

errorscan be interpreted as random observation errors and the bias covers the remaining systematic discrepancy between the

model and the data.25

:::::::::::::
single-objective

::::::::
Bayesian

:::::::::
calibration

:::
and

::::::::::
uncertainty

:::::::
analysis

:::::
based

::
on

::::::
formal

::::::::
statistical

:::::::::
likelihood

::::::::
functions

:::
for

::
all

::::::
model

::::::
outputs.

::::::::::
Sub-models

:::::
were

::::::::
calibrated

:::::::::
separately.

:::::::::
Naturally,

:::
the

:::::::::
likelihood

::::::::
functions

::::::
differed

:::
by

::::::::::
component,

:::::::
because

:
a
:::::::
reliable

::::::::
likelihood

::::::::
function

::::::
should

::::::
reflect

:::
our

::::::::::
knowledge

:::::
about

:::
the

::::::::::::::
error-generating

:::::::::
processes,

::::::
which

:::
are

::::::::
different

::::
from

::::::::
variable

::
to

:::::::
variable.

:::::::::::
Hydrological

::::::::::
predictions

:::::
were

::::::
mostly

:::::::
affected

:::
by

:::::
input

:::::
errors,

::::::::
therefore

::::
we

:::::
could

:::::
apply

:
a
:::::::::

likelihood
::::::::

function

:::
that

:::
can

:::::::
account

:::
for

:::::
both

::::
input

::::::::::
uncertainty

::::
and

:::::
model

::::::::
structure

::::::
deficits

:::::::::::::::::::::::::::::::::::::
(del Giudice et al., 2013; Honti et al., 2013).

::::
Here

::
a30

:::::::::::::
heteroscedastic,

:::::::::::::::
rainfall-dependent

::::::::::::
autoregressive

:::::::
function

:::::
served

::
as

::
a

:::::::
Bayesian

::::::::::
description

::
for

:::
the

:::::::
impacts

::
of

::::
these

::::::::::
uncertainty

::::::
sources

::
in

::::::::
observed

::::
flow.

::::
The

:::::::::::
identification

::
of

::::
error

::::::::::
parameters

:::
was

:::::::
possible

::::
due

::
to

:::
the

::::
huge

:::::::
number

::
of

::::
good

:::::::
quality,

:::::::
frequent

::::::::
discharge

::::
data. For water temperature data and traditional pollutants a simpler error model (independent

:
,
:::::::::
identically

:::::::::
distributed

6



normal errors) was applied satisfactorily
:
,
::
as

::::
data

::::::
scarcity

:::::::::
prevented

::
us

::::
from

::::::::::
identifying

:::
the

:::::::::
parameters

::
of

:::::
model

::::
bias

::::
and

::::
their

::::::::::::::
input-dependence. The same error model was used for micropollutants, but a Box-Cox transformation with an exponent of

0.3 was applied to both the observed and modelled time-series to account for heteroscedasticity originating from the high

variability of these data.

Posterior parameter distributions were estimated with Markov chain Monte Carlo sampling using the traditional Metropolis5

algorithm (Gamerman, 1997). Chain length varied between 100,000 and 500,000 iterations depending on convergence between

3 independent chains. Predictive model output uncertainty was estimated by propagating the predictive uncertainty of all

variables through the submodel hierarchy. A random sample of 1000 iterations was used for uncertainty propagation and the

estimation of 95% uncertainty intervals.

3 Case study10

3.1 Location

The Mönchaltorfer Aa catchment (NE Switzerland, area=43 km2) is a typical representative of catchments with mixed landuse

on the densely populated Swiss Plateau. Landuse is dominated by intensive agriculture (57%); other important categories are

forests (15%) and settlements (11%). Presently, five villages are home to 24 000 inhabitants. However, the area is just 20

km away from the booming metropolitan centre of Zürich; therefore intensive suburbanisation is likely to take place in the15

close future if the economy of Switzerland keeps growing dynamically (see socio-economic scenarios below). Urban areas

are gaining ground against agriculture in most parts of the Swiss Plateau (Lanz et al., 2014) due to economic pressure from

elevated property prices. These potentially dynamic socio-economic conditions and the good data coverage (Wittmer et al.,

2010) made the Mönchaltorfer Aa catchment an interesting subject for our analysis.

:::::::::::
Geologically,

:::
the

::::
area

::
is
::::::::::

dominated
::
by

:::::::
tertiary

:::::
river

:::::::
deposits

::::::
(Upper

::::::::::
Freshwater

::::::::
Molasse)

::::
and

::::::::
moraines

:::::
from

:::
the

::::
last20

::::::::
glaciation

:::::::
(Würm)

:::::::
(Zingg,

:::::
1934;

::::::::::::::::::::::
https://map.geo.admin.ch).

:::::
Both

:::::
have

:
a
::::::

rather
::::
poor

::::::::::::
permeability.

:::::
From

:::::
these

:::::::::
substrates,

::::::::
cambisols

:::
and

:::::::
gleysols

:::::
have

::::::::
developed

::
as

:::
the

:::::
main

:::
soil

:::::
types

::
on

:::
the

:::::::::
hillslopes

:::
and

:::
flat

:::::
areas,

::::::::::
respectively

:::::::::::
(FAL, 1996).

::::::
About

::::
50%

::
of

::::::::::
agricultural

::::
soils

:::
are

::::::::
artificially

:::::::
drained

:::
by

:::
tile

:::
and

::::
pipe

::::::
drains.

::::
The

:::
area

::
is
:::::::::::
characterized

:::
by

:::::::
shallow

::::::::::
groundwater

::::
that

::::
feeds

:::
the

::::::::
baseflow

:::::::::
throughout

::::::
stream

:::::::
network.

:

3.2 Water quantity and quality variables25

The water quantity and water quality variables modelled in the case study are summarised in Tab. 1. The model calculated

daily mean values for all variables. Micropollutant concentrations were aggregated to weekly means during calibration to be

comparable to the similarly aggregated observations. The selection of the micropollutants considered in this study was largely

driven by the availability of measured data.
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3.3 Model calibration

Catchment hydrological parameters were calibrated based on 10 years of daily discharge and precipitation data (2000-2009)

measured at the catchment outlet (AWEL, 2010); see Honti et al. (2014) for a detailed description. The site-specific exposure

parameters for atmospheric heat exchange (Tendall et al. in prep) were calibrated based on 3 years of daily mean water temper-

atures (2004-2006, [AWEL, 2010]). Discharge time-series were decomposed into fast, medium and slow response components5

by recursive digital filtering (Eckhardt, 2005; Rimmer and Hartmann, 2014) to provide estimates of runoff, subsurface flow

and base flow for the measured discharge data as well.

Parameters controlling urban hydrological pathways and traditional pollutant behaviour were calibrated based on a 3 years’

daily concentrations of Cl, SO4, DO, NO3, NH4, PO4, and TP at the catchment outlet (2004-2006, [AWEL, 2010]). These

water quality parameters contain good tracers of sewage (Cl in summer only because of its use in winter as de-icing agent10

on roads; SO4 all year), a good indicator of WWTP treatment efficiency (NO3) and a good indicator of fresh organic matter

emissions (NH4). By utilising the many-faceted behaviour of these pollutants we could calibrate the partitioning parameters that

distribute catchment-scale flow components among the modelled pollutant transport pathways. For micropollutants we used

the already calibrated transport pathways and calibrated the
::::
This

::::
flow

::::::::::
partitioning

:::::::
enabled

::
us

::
to

:::
get

::
a

::::
good

::::::::::
description

::
of

:::
the

::::::
various

:::::::
pollutant

:::::::
sources,

::::::::
including

:::
all

::::
three

:::::
types

::
of

:::::
sewer

:::::::
systems

::::
(rain,

:::::::::
combined,

:::
and

:::::::::
separate),

:::
and

:::
the

::::::
varying

::::::::::
elimination15

::::::::
efficiency

::
at

:::
the

:::::::::
wastewater

::::::::
treatment

:::::
plant.

::::::::::::
Micropollutant

::::
data

::::
were

::::
less

::::::::
abundant,

:::
and

:::::::
without

::::::::
sufficient

:::::::
temporal

:::::::::
resolution

::
to

::
be

::::::::
involved

::
in

:::
the

::::::::::
recognition

::
of

::::::::
pollutant

:::::::::
pathways,

:::
but

:::
the

::::::::::
established

::::
flow

:::::
paths

:::::
could

:::
be

::::
used

::
in

:::
the

:::::::::::::
micropollutant

:::::
model

::::::::::
afterwards.

:::
The

:
compound-specific application, persistence, and export parameters

::
of

:::::::::::::
micropollutants

::::
were

:::::::::
calibrated

separately.

3.4 Boundary conditions for prediction: scenarios of climatic change and socio-economic development20

The time-horizon for our predictions was the year 2050, so we carried out simulations for the period 2035–2064. For future

climate we used stochastically downscaled data from 10 ENSEMBLES GCM-RCM model chains for the IPCC A1B emission

scenario. We did not consider additional emission scenarios because they are practically the same during our prediction period.

Details about the stochastic downscaling procedure can be found in Honti et al. (2014).

We used four scenarios for socio-economic development (Tab. 2) based on a workshop with local stakeholders and predic-25

tions about the regional population driven by domestic and international migration (Lienert et al., 2014). Three out of the four

scenarios covered moderate growth, stagnation, and moderate decline in population, with moderately growing and stagnant ur-

ban area, respectively. In contrast, the fourth scenario described ’exploding growth’ in population with a simultaneous radical

increase in settlement area.

’Moderate growth’ was envisioned as an environmentally friendly way of development, supported by the reportedly high30

environmental attitude of the Swiss population (Franzen and Vogl, 2013). Moreover, regardless of the attitude of the local

society, moderate growth can also represent a gradual landscape development typical to Central Europe in the last century

(Niedertscheider et al., 2014). The rather extreme ’exploding growth’ scenario described an intensive urbanisation in about
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half of the total catchment area with a 7-fold increase in population. While this may seem excessive in a developed country

like Switzerland, it was still considered feasible by local stakeholders, probably due to the several precedents of a comparable

level of regional urban development in the last decade in the large metropolitan area of Zürich (Lienert et al., 2014).

3.5 Management alternatives

As integrated management was in the focus of our study, we investigated management alternatives that could improve present5

and future water quality (Tab. 3). Since societal adaptation to climate change covers various spatial, temporal and organisational

scales (Adger et al., 2005), we investigated management actions on both local and wider political scales. An example for local

actions would be the adaptation of the urban water infrastructure, whereas an example for management on a wider political

scale could be the regulation or complete ban of the use of certain PPPs. This would have to be implemented through cantonal

(autonomous administrative units of Switzerland) or federal regulations and policies.10

Specifically, we investigated the impact of the following management alternatives: i) the regulation of material protection

to reduce biocide emissions into streams, ii) adaptation of urban water infrastructure to reduce urban runoff and storm water

emissions, iii) the upgrading of WWTPs to enhance the removal of nutrients and micropollutants (Eggen et al., 2014, see e.g.),

and iv) reducing diffuse pollution from agricultural areas. For the sake of comparison, we also predicted future water quality

given the ’current practice’ and the ’total management’ alternative, the latter combining all management measures and thus15

providing information regarding the best achievable outcome. The latter two alternatives delineate the degree of freedom of

management under given socio-economic and climatic conditions. The translation of management alternatives into quantified

changes in catchment properties, emissions, and other boundary conditions is presented in section S4 of the SI.

3.6 Comparison of predictions under different boundary conditions

Our model predictions for water quality were driven by different realisations of the 10 stochastic climate processes belonging to20

the 10 GCM-RCM model chains (Honti et al., 2014). As opposed to a ’delta change’ approach, our dynamic weather generation

approach meant that we had independent realisations of weather for each model chain, so – except for a seasonal correlation

–there wasn’t any connection between the alternative values of modelled discharge for a given day in the future. Thus, the

change in the statistical properties of discharge had to be analysed instead of the differences between the time-series (Honti

et al., 2014). The same argument holds also for the time series of water quality parameters. Therefore, to summarise changes,25

we analysed the relative difference in the extreme high (97.5%), median (50%), and extreme low (2.5%) quantiles from the

simulated series for each variable.

9



4 Results

4.1 Model calibration and main sources of pollution

Daily discharge, mean water temperature and certain traditional water quality parameters (Cl in summer, SO4, DO, and NO3)

could be calibrated well (Fig. 2, Nash-Sutcliffe index NS = 0.75 [NO3] – 0.86 [SO4]). Pollutants bound to rare, very intense

precipitation events through stormwater overflows and soil erosion were calibrated with substantial uncertainty (NH4, PO4).5

TP was found to be the most problematic traditional pollutant due to its connection to intense rain events that cause strong

yet seasonally variable particulate P peaks via erosion and some continuously high-TP periods in the observation data in 2006

stemming from sources which could not be identified with certainty (a plausible explanation could be in-stream construction

works in the upstream network).

Most PPPs show a clear seasonal pattern as the largest stream concentrations occur during the first few storm events after10

the application (Leu et al., 2004, 2005). This expressed seasonality of concentrations helped the model to attain a reasonable

overall performance, despite the significant uncertainty of individual event concentrations (Fig. 3). The situation was different

for biocides. Due to their intentional persistence, biocide stocks were less variable throughout the year, so the uncertainty of

the numerous individual peaks resulted in an almost uninterrupted high concentration uncertainty during all rain events (Fig.

3). We present the results for the different uncertainty assessment approaches by study site.15

4.2 Future water quality

The combination of four socio-economic scenarios, the ten GCM-RCM model chains and ten management alternatives resulted

in 400 combinations of boundary conditions for our single simulation site. Although we modelled all combinations, for the sake

of clarity we first compare the effect of the three main classes of boundary conditions (climate, socio-economic development,

and management) separately.20

Predictive uncertainty was often very high for the boundary conditions of the calibration period (Fig. 4). While variables

like water temperature and most nutrients were simulated very well, predictions for pollutants like biocides or PPPs were much

more uncertain. We identified model structure deficits and input uncertainties (e.g., how much of a given biocide is actually

applied in a catchment and where) as the major sources of uncertainty.

4.3 Climate change25

The possible effect of climate change on water quality strongly depends on whether all climate models are pooled or whether

one investigates single climate models individually (Fig. 4, section S5 in the SI). If all climate models are pooled (reflecting the

overall current uncertainty about climate change) the climate-driven changes were generally negligible compared to prediction

uncertainty for micropollutants, indicated by the similar position of black and red bars in the upper panel of Fig. 4. The reasons

for the large uncertainty are the strong deviations among the climate models regarding future precipitation patterns. Contrary30

to the increasing air temperature, there was no qualitative consensus among the ten different GCM-RCM chains in the future
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evolution regarding precipitation. This caused a corresponding divergence in pollution dynamics (Tab. 4). However, because

only one climate change path will develop, the analysis of single model chains can give insight how strong the climate signal

may affect water quality in the future. Water quality
::::::
proves

:::
that

:::::
water

::::::
quality may change substantially depending on the actual

future climate (Fig. 4, comparison of the upper and lower panel). With the ETHZ HadCM3Q0 CLM model chain, runoff was

predicted to decrease in a significantly drier future climate, which also reduced the wash-off of PPPs and biocides from fields5

and buildings, respectively. A wetter climate – e.g., the SMHI BCM-RCA model chain – is predicted to do the opposite, i.e.

increasing the loss rates of many micropollutants (see Tab. 4).

4.4 Socio-economic development

Socio-economic development was found to be a key determinant of water quality, which was especially impaired by the

expansion of urban settlements at the costs of the existing agricultural area. However, changes were again negligible compared10

to the uncertainty and present variability, except for the "Exploding growth" scenario (Tab. 5). As expected, the "Decline"

scenario caused no change, except for a slight decrease in water temperature due to the decreased discharge of WWTP effluents.

In similar fashion, the "Moderate growth" scenario only resulted in a small increase of biocide concentrations, due to the 5%

expansion of settlements. Here a counter-decrease in agricultural pesticides could not be observed, because the urban expansion

extends only over 1% of the total arable land.15

The huge changes envisioned in the "Exploding growth" scenario lead to predictions where changes in the mean exceeded

both prediction uncertainty and intrinsic variability. Changes in discharge led to an increase in high flows and a decrease in

low flows due to the immense new paved areas. Water temperature rose due to the 8-fold increase of WWTP effluents. PPPs

decreased due to the reduction of arable land, biocides increased due to the growing number and size of buildings.

4.5 Management20

As mentioned above, the effects of management alternatives are case study specific, because they depend on the dominant

sources of pollution in the catchment. In the Mönchaltorfer Aa, most management alternatives had significant impact on their

water quality targets according to our model predictions (Tab. 6), except the StoreVol alternative. The failure of StoreVol

is partially due to our model’s structure and partially due to real phenomena because increasing the storage volume leads

to effects with contrasting influences on pollutant discharge. On the one hand, the increased buffer volumes in the drainage25

network decreased overflow volumes into streams. On the other hand, this increased the hydraulic load at the WWTPs and

caused a decrease in modelled WWTP removal efficiency, which was comparable to the pollution prevented at the CSOs.

The overall modelled effect was that there was no noticeable decrease in pollutant loads. This outcome can be regarded as an

estimate of the real, only slightly reduced pollutant loads that could be achieved in reality by optimising WWTP operation with

regard to hydraulic stress.30

For the remaining management alternatives, the only side-effect with regard to micropollutants appeared for certain biocides:

efforts to reduce urban runoff (PermPave, RetRain) on one hand decreased flood peaks, but on the other they reduced the
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dilution capacity for biocide pulses. Overall, this resulted in elevated biocide peak concentrations, when the biocide’s sources

were outside of runoff retention zones.

4.6 Robustness of changes, management potential

The joint analysis of all predictive combinations allowed us to find out general change patterns and examine the potential effi-

ciency of management measures under future conditions. Pooling the predictions of all socio economic and climate scenarios5

into a single set blurred the often substantial differences between predictions based on individual boundary conditions (for

example, the effect of individual GCM-RCM chains in Fig. 4). As a result, small differences disappeared and others, which

were probably less significant but showed up in many combinations, were revealed (Figs. 5-7). The following findings were

obtained for a ’fully uncertain’ future, which contained the full set of all predictions under all socio-economic scenarios and

climate change predictions around 2050 (where for example "exploding growth" is just as likely as "decline").10

Discharge is not expected to change significantly in the fully uncertain future (Fig. 5). In the present climate the Sta-

tusQuo+All combination had the lowest (12.3�C) and the Exploding Growth+CurrPrac setup had the highest (13.7�C) mod-

elled annual mean water temperature. Mean water temperatures show a clear increase in the future by +1.01 to +1.16 �C due to

the warming climate. This seems to be difficult to mitigate substantially by increasing riparian shading through the restocking

of riparian buffer zones. Without a change in management practice, traditional pollutant concentrations will remain similar15

to their present values. NO3, Cl and PO4 can be managed to some degree by the combined management alternative, with

NO3 showing the largest decrease. Other pollutants (NH4, SO4) remain similar, regardless of management. This indicates that,

with the exception of NO3, traditional water quality variables can only be managed efficiently when the uncertainty of future

boundary conditions is reduced by examining specific scenarios: not even the "All" alternative is effective under fully uncertain

future boundary conditions.20

There are no differences due to climatic and socio-economic changes for PPPs (Fig. 6, overlap of the grey area and black

line). The efficiency of management fundamentally depends on whether a compound is affected by a future ban (legislative ban

or abandoning the cultivation method it belongs to: atrazine, isoproturon, metolachlor, 2,4-D, diazinon, MCPA, terbuthylazin)

or not (DEET and pirimicarb). Biocides showed a uniform expected increase for the future due to the chance of extensive

urbanisation (Fig. 7). By the combined management options this increase could be reduced to present levels for mecoprop or25

even further for the two compounds affected by a ban in "BanBioc" (diuron and terbutryn).

In summary, the iWaQa model could predict river water quality in our small case study catchment for traditional physical-

chemical variables, and organic micropollutants under future boundary conditions. We found that future prediction uncertain-

ties were generally large. Unfortunately, despite of the excellent information base, the uncertainties of present water quality

predictions are already excessive for certain variables. Our results suggest that input and model structure uncertainties are often30

the most influential factors of future water quality.

:::
The

::::::
model

::::::
results

:::
can

:::::::
directly

:::
be

::::
used

:::
by

::::
river

:::::::::
managers

:::
for

:
a
::::::::::
cost-benefit

::::::::::::::::::::::::
(Hanley and Spash, 1993) or

:
a
::::::::::::

multi-criteria

:::::::
decision

::::::
support

:::::::
analysis

:::::::::::::::::::
(Reichert et al., 2015).

::::::
Which

::::::::
approach

::
is

::::
most

::::::::::
appropriate

:::::::
depends

:::
on

:::
the

::::::::::
management

:::::::::
objective.

:::
For

::::::::
example,

:
if
:::
the

::::
goal

::
is

::
to

:::::::
achieve

:
a
:::::
good

:::::::
chemical

:::::
state

::
of

:::
the

::::
river

:::
by

:
a
:::::::
specific

::::
point

::
in

:::::
time,

:::::::::
predictions

::::
can

::
be

:::
fed

::::
into
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::
the

::::::::
chemical

:::::::::
assessment

:::::::::
procedure

:::
and

:::
the

::::::::
managers

:::
can

::::::
screen

::
for

:::
the

:::::::::::
management

::::::::::
alternatives

::::
with

::
the

:::::::
highest

:::::::::
probability

::
to

::::::
achieve

:
a
:::::
good

::::
state

::::::::::
considering

::
all

::::::
future

::::::::
scenarios.

::
If

:::
the

:::::::::::
management

:::::::
objective

::
is
::
to

::::::
choose

:::
the

:::::
most

:::::::
effective

:::::::::::
management

:::::::::
alternatives

:::::
given

::
a

::::
fixed

:::::::
budget,

:::
the

::::::::
managers

::::
can

:::::
screen

::::
first

:::
for

:::
all

::::::::::::
(combinations

:::
of)

::::::::
measures

::::
that

::::
meet

:::
the

::::::
budget

::::
and

:::
then

::::::
select

:::
the

::::
most

:::::::
effective

:::::
ones.

::
In

:::::::
general,

:::::::::
providing

::::::::
predictive

::::::::::
uncertainty

::
in

:::::::
addition

::
to

:::
the

::::
best

:::::
guess

::
of

::::::::::::
consequences

::
of

::::::::::
management

::::::::::
alternatives

::
is

::::::
crucial

:::
(1)

::
to

::::::
assess

:::::::
whether

:::::::::
differences

:::::::
between

::::::::::
alternatives

:::
are

:::::::::
significant,

:::
(2)

:::
for

:::
the

::::::
search5

::
of

::::::::::
alternatives

:::
that

::::
are

:::::
robust

:::::::::
regarding

::::::::
uncertain

:::::::
changes

::
in
::::::

future
::::::::
boundary

:::::::::
conditions

::::
and

:::
(3)

:::
to

::::::
support

:::::::::
credibility

:::
of

:::::::
scientific

:::::::
research

:::
by

:::::
being

:::::::::
transparent

:::::
about

::::::::
predictive

::::::::::
uncertainty.

::
In

:::::::
contrast

::
to

:::::::
intuition,

::
a

::::
high

::::::
forecast

::::::::::
uncertainty

::::
does

:::
not

:::::::
preclude

:::::::
effective

:::::::
decision

:::::::
support,

:::::::
because

::
it

::::
often

::::
does

:::
not

:::::
affect

:::
the

:::::::
relative

::::::
ranking

::
of
:::::::::
competing

:::::::::::
management

::::::::::
alternatives

:::::::::::::::::::::::
(Reichert and Borsuk, 2005).

:::::
Last,

:::
but

:::
not

::::
least,

:::::::::
quantified

:::::::::
uncertainty

:::
(4)

::::::::
facilitates

:::::::
learning

::
by

::::::::
updating

:::
the

:::::::::
predictions

:::::
when

:::
new

::::::::::
information

:::::
arises

::::
(e.g.

:::
by

:::::::::
monitoring

:::::::
changes

::::
after

:::::::::::::
implementation

:::
of

:::::::::
measures).10

5 Discussion

Despite the large prediction uncertainty, we think that our approach can effectively support river water quality management.

To better interpret the obtained results, we would like to discuss in this section the following points: i) uncertainty, natural

variability and change signal
:::::
future

::::::
change, ii) relative importance of boundary conditions, iii) evaluation of the transferability

of the approach, and iv) whether models should be used at all for such long-term predictions.15

5.1 Uncertainty, natural variability and
:::::
future changesignal

Understanding the sources of predictive uncertainty regarding water quality is essential from a scientific as well as from a

practical point of view. It can guide further research and management decisions. The model concepts and its
:::
their

:
implemen-

tation presented in this paper can be used to quantify different possible sources of predictive uncertainty like climate change,

socio-economic development or model and input uncertainty. We found that for some water quality parameters predicted fu-20

ture changes are much smaller than the observed quantile variability and predictive uncertainty together. This holds mainly

for quantities that are difficult to predict under current conditions due to model structure deficits and input uncertainty (e.g.,

certain PPPs and biocides). While observed variability is outside a modeller’s scope, the quantified model uncertainty could be

most probably substantially reduced for certain compound groups, most notably the biocides. A more detailed identification

of sources and application patterns could improve the fit between model simulations and observations for the past, which is a25

necessary first step towards reducing predictive uncertainty.

5.2 Relative importance of boundary conditions

We ranked boundary condition categories by the effective impact on pollutant concentrations caused by them. For pollutants

banned in a certain management alternative, management was the most powerful factor, followed by socio-economic develop-

ment and climate change at the last place. For compounds not to be banned in a certain management alternative, socio-economic30
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development swapped places with management. Traditional pollutants like nutrients cannot be banned, so they all belonged to

the second class.

This ranking highlights that drastic management measures (decided predominantly on national or regional level) can poten-

tially mitigate the effects of almost any socio-economic or climatic change from the exposure aspect. However, this does not

apply to all variables and technical possibility does not mean that such management solutions necessarily become politically or5

financially affordable and sustainable in the future. Because the most drastic and therefore the most efficient measures, such as

a ban for certain chemicals, are predominantly decided on a national or regional level, these options involve more stakeholders,

influence factors and slower implementation compared to decisions to be taken locally.

One reason behind the relatively small importance of climate change is that our predictive time horizon positioned around

2050 is relatively
::::
quite

:
close to the reference period, which meant that changes compared to the present climate were limited.10

A projection to the year 2100 could alter this outcome dramatically. Obviously, a few percent changes of climatic parameters

could not catch up with the often extreme development and management scenarios. Thus, it should be kept in mind that the

above importance ranking is conditional on the boundary conditions of our study. That said, we would like to emphasize that,

although future water quality seems to be comparably insensitive to the impact of the ensemble climate predictions, there were

often significant differences between the predictions based on individual model chains. Water quality differences between15

the driest and wettest model chains were comparable to changes caused by the limited development scenarios ("Status quo",

"Moderate Growth", "Decline"). However, aggregation into an ensemble forecast converted these differences to uncertainty.

Given the low relative importance of the climatic boundary conditions for most water quality parameters in our case study,

the computational burden caused by the proliferation of combinations of boundary conditions could be reduced by neglecting

climate change for all variables except discharge and water temperature. This would have reduced the number of simulations20

by a factor of 10. However, it is arguably difficult to make such a decision a priori.

5.3 Transferability of the approach

The prediction of local water quality requires skilful choice between available mathematical models. The emphasis to be put

on processes taking place in the catchment or in the stream depends on the
:::::::
structure

:::
of

:::
the

::::::::
catchment

::::
and size of the stream

network. In small catchments with short water residence times of only a few hours, in-stream transformation can usually be25

neglected. Compounds that are not stable in this timeframe have already undergone degradation upstream, e.g. in the sewers. In

contrast, for large rivers that are much bigger than their individual tributaries, travel time gets comparable to residence times in

small lakes and therefore in-stream processes can completely suppress the influence from the adjacent catchment (Istvánovics

et al., 2014).
::::::::
Therefore,

:::::
while

:::
the

::::::::
approach

::
is

::::
quite

:::::::
general,

::::::::::
transferring

::::
this

:::::::::
conceptual

:::::
model

::::
into

::::::
another

:::::::::
catchment

::::::
would

:::::::
certainly

::::::
require

::
a

:::::::::::
recalibration.

::
If

::::::
system

:::::::
analysis

::::::
reveals

::::
that

::::::::
important

::::::::::
components

:::
are

:::::::
missing,

:::
the

::::::
model

::::::::
structure

:::::
needs30

::
to

::
be

:::::::
adapted,

::::
too.

Not surprisingly, our approach faces the same challenges as any other integrated catchment modelling approach:
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1. The relatively simple iWaQa model relies entirely on calibration. Therefore, it requires a lot of data for the past, which

may not exist everywhere. More complicated models tend to hide the necessity of calibration, but they can’t get rid of it

completely.

2. Even though the iWaQa model is conceptual and rather simple, it considers many catchment processes, and thus requires

a detailed definition of scenarios for future climate, socio-economic development and management alternatives. This5

would be even worse for a complicated model demanding more input data, like detailed land use or infrastructure maps.

3. Despite the integrated approach and calibration, the model still cannot guarantee precise forecasts due to existing uncer-

tainty and lack of knowledge.

4. Uncertainty due to unknown mechanisms not included in the calibration data or unintended side-effects illustrated in the

introduction cannot be quantified. We will discuss this further in the next section.10

5.4 Should models be used for long-term predictions at all?

The typical simplifications in catchment models mean that they require at least partial calibration and as such they are intrinsi-

cally bound to the system they were calibrated to. Calibrated models emphasise processes that were important in the calibration

dataset, and suppress others that did not significantly influence the observed behaviour. Model validation on independent data

could in principle reveal if the model retained enough generality to predict "never seen before" events, but it is rare that vali-15

dation data contain significantly different input and boundary conditions than the calibration dataset and the model keeps its

predictive performance. Thus, there is indeed a contradiction between such an indirect conditioning of models to observed

phenomena and the practical need to extrapolate with the model, i.e. predict environmental changes under potentially heavily

changing boundary conditions. Unfortunately, this makes predictions by environmental models very uncertain.

Contrary to the uncertainty assessable from the mismatch between model simulations and historic observations, the potential20

inability of a model to work properly under never experienced boundary conditions is impossible to quantify. However, to

support decision making about long-term investments in water quality improvements today, we have to rely on the best available

knowledge and we need to quantify remaining sources of uncertainty to the degree possible. At best, we must be always aware

that this might still be a conservative estimate and should be communicated openly.

In addition, high forecast uncertainty does not necessarily preclude efficient decision support. As shown by Reichert and25

Borsuk (2005), although absolute water quality changes might be very uncertain, relative differences between different alter-

natives are often robust and often lead to a stable ranking of management alternatives. In a similar fashion, for our study we

can at least detect whether we can expect a significant positive effect from different management strategies on traditional water

quality parameters and micropollutants. This is already important information to decide which investments are justifiable under

the current state of knowledge. In summary, we conclude that models shall be used also for long-term predictions because i)30

they can coherently summarise our current understanding and ii) can often deliver a stable ranking for a set of for water quality

management alternatives, despite large absolute prediction uncertainties. However, one has to be aware that the quantifiable

15



uncertainty yields only a lower limit of the real uncertainty, and a model cannot think "out of it’s box", which makes it is

impossible to assess the consequences of certain side-effects by modelling.

6 Conclusions

The objectives of this paper were to integrate the current state of knowledge to analyse how water quality of catchments may

develop over the next decades under the influence of climate change, socio-economic development and the implementation of5

different management strategies to improve water quality and to develop a model structure that makes such a comprehensive

analysis possible. The results demonstrate the usefulness of such a broad approach that incorporates the major (quantifiable)

sources of uncertainty by propagating all relevant sources of uncertainty through an integrated model framework. Our analysis

:::
Our

::::::
results

::::::::
underline

::
the

::::::::::
importance

::
of

:::::::::
uncertainty

::::::::::
assessment

::
of

:::::
model

::::::::::
simulations,

::::::::
including

:::
the

:::::::::::
identification

::
of

:::::::::
uncertainty10

::::::
sources.

::::
The

:::::
latter

:::
is

:
a
::::

key
:::::::::::
requirement

:::
for

:::::::::::
management,

:::::::
because

::
it
:::::::

delivers
:::::::::::

information
:::
on

:::::::
potential

:::::
ways

:::
of

::::::::
reducing

:::::::::
uncertainty.

:::::::
Without

::::::::
identified

::::::::::
uncertainty

::::::
sources

::::
only

:
a
:::::::
general

:::::::::
robustness

::
of

::::::::::
management

::::::
actions

::::
can

::
be

:::::::::
considered,

:::::::
namely

:
a
:::::
weak

::::::::
sensitivity

::
to
::::::
poorly

::::::
known

::::::::
boundary

::::::::::
conditions.

::::::::
However,

:::::
when

:::::::
portions

::
of

::::
total

::::::::::
uncertainty

::
are

:::::::::
attributed

::
to

::::::
certain

::::
input

:::::
data,

::::::::
boundary

::::::::::
conditions,

::
or

::::::::::
sub-models,

:::
an

:::::::
iterative

::::::::
adaptive

:::::::::::
management

::::::
process

::::::::
focusing

:::
on

:::
the

::::::
critical

:::::::
aspects

:::
can

::
be

:::::::::
designed.

::
In

::::
case

:::
of

::::::::
dominant

:::::
input

::
or

::::::
model

::::::::::
uncertainty,

::::
one

::::::
should

:::::::::
investigate

:::::::
whether

::::::::
reducing

:::::
input

::
or

::::::
model15

:::::::::
uncertainty

::::::
would

::
be

::::::
worth

:::
the

::::::
efforts

:::
for

::::::
getting

:::::
better

:::::
input

::::
data

::
or

:::::::
process

:::::::::::::
understanding.

::
In

::::
case

::
of

::
a
:::::::
positive

:::::::
answer,

::::::::
managers

::::::
should

:::::
invest

::
in

::::::
getting

:::::
such

::::
data

::
or

:::::::::
commence

:::::::
focused

::::::::
research.

::::::
Hence,

:::::
there

::
is

::
an

::::::
action

::::::::
identified

::::
that

:::
can

:::
be

::::::
actively

::::::
taken.

::
If

:::::::
scenario

::::::::
analyses

:::::
reveal

::::
that

:::::
future

:::::::
climate

::::::
change

::::::::::
uncertainty

::
is

:::::::::
dominant,

::::
there

::
is
:::

no
:::
use

:::
of

:::::::::
improving

::::
input

::::
data

::
or

::::
akin.

:::::::::
However,

:
it
:::::
might

:::
be

:::::::::::
recommended

::
to

::::::::
carefully

:::::::
monitor

::::
how

::::::
climate

:::::::
actually

:::::::
develops

::::
and

:::
how

::::::::::
predictions

::::::
perform

:::::
over

::::
time

::::
such

::::
that

:::
the

::::::::::
evaluations

::
of

:::::::::::
management

:::::::
options

::::
may

::::::::
improve

::::
over

:::::
time.

::
In

::::
this

::::
case,

::
a
::::::::::::
re-assessment20

::::
after

:
a
::::::

couple
:::

of
:::::
years

:::::
might

:::
be

:::::::::::::
recommended.

:::::::
Overall,

:::::::::
depending

:::
on

:::
the

::::::::
outcome

::
of

::::
the

:::::::::
uncertainty

::::::::
analysis,

::::::::
different

::::::::::::::
recommendations

:::
can

:::
be

:::::
given

::
to

:::::::::::
stakeholders.

:::
Our

:::::::
analysis

:
for the Mönchaltorfer Aa catchment in Switzerland reveals

:::::::
revealed

:
different major sources of uncertainty

for individual water quality variables: for some variables such as biocides input uncertainty is
:::
was

:
dominant. These are

::::
were

difficult to predict even under current conditions just because accurate usage data are
::::
were

:
lacking. Interestingly, lack of input25

data not only limits
:::::
limited

:
model testing and improvement, but most probably increases

::::::::
increased

:
uncertainty from model

structure deficits too. Nevertheless, climate change increased prediction uncertainty for biocides, while it did not for PPPs

(see Fig. 7).
::::::::
Therefore,

:::
as

:
a
:::::::::::

management
:::::::::::::::
recommendation,

:::
we

:::::::
propose

::
to
::::::::::

concentrate
::::::::::

monitoring
::::
and

:::::::
research

::::::
efforts

:::
on

:::::::::::::
micropollutants

:::::
unless

:
a
:::::
clear

:::::::
political

:::
will

::::::
arises

::
to

:::
ban

::::::
certain

::::::
groups

::
of

:::::
them

::
on

:::
the

:::::::::
catchment.

:

From our results we can derive definite recommendations for practical water management too: Water quality analysts should30

always assess the uncertainty of their model simulations, not only when planning for the far future. Given the complexity of the

catchment systems, some water quality parameters cannot be hindcasted with high confidence. This can be due to input as well

as model structure uncertainty. The positive aspect of this situation is that a proper accounting of this uncertainty today will

16



make the management fairly robust for the foreseen range of possible evolution into the next decades. However, the analysis of

single climate model chains also indicates that the importance of climate grows when model chains are considered individually.

As a practical consequence, one should carefully follow how climate change unfolds and how it changes water quality.

Despite all uncertainties, the results clearly show that the direct human influence via the local, regional and national

scales exerts the largest effect on water quality. At least for the time horizon considered in this study (
:::
The

::::::
answer

:::
to

:::
the5

:::::::
question

::
in

:::
the

::::
title

:
–
::::

Can
:::::::::
integrative

:::::::::
catchment

:::::::::::
management

:::::::
mitigate

::::::
future

:::::
water

::::::
quality

:::::
issues

::::::
caused

:::
by

::::::
climate

:::::::
change

:::
and

:::::::::::::
socio-economic

::::::::::::
development?

::
–

::::
from

:::
our

::::
case

:::::
study

::
is
::::::::
generally

::::::::
positive,

:::
but

::::
with

:::::
some

:::::::::::
amendments.

::::::::::::::
Socio-economic

:::::::
scenarios

:::
in

:::
this

:::::
study

:::::
were

:::::
really

:::::::::
influential

::::::::
compared

:::
to

::::::
climate

::::::
change

:::
for

:::
the

:::::
time

::::::
horizon

::::::::::
considered

:
(2050), land use

and management options to control water quality seem to dominate over climate change effects. This provides a chance and

::
yet

:::::
they

::::
were

::::::::
compiled

:::
by

:::::
local

:::::::::::
stakeholders

::
on

:::
the

:::::::
ground

::
of

::::::
reality,

::::
just

::::
like

:::
the

:::::::
climate

:::::::::
predictions

:::
by

:::
the

:::::::
creators

:::
of10

::
the

:::::::::::::
ENSEMBLES

::::::::
database.

:::::::::
Moreover,

::::::
climate

::::::
change

:::
as

:
a
::::::
whole

:::
was

:::::
more

::::::::
uncertain

::::
than

:::
the

:::::::::
individual

::::::
model

:::::
chains

::::
due

::
to

:::
the

:::::::::
divergence

:::::::
between

::::::
them.

:::
The

:::::
same

:::::::
applied

::
to

:::::
future

::::::::::::::
socio-economic

:::::::::::
development:

:::::::
pooling

:::
all

:
4
::::::::

scenarios
::::::::

together

:::::::::::
(symbolizing

:::
that

:::
we

::::
don’t

:::::
know

:::::
which

::::
will

::::::
actually

:::::::
happen)

::::::
blurred

:::::
clear

::::::::
individual

:::::::
changes

:::
into

::::::::::
uncertainty.

:::
At the corresponding

responsibility for active catchment management to achieve a good water quality status
::::
end,

::::
most

:::::::::::
management

:::::::::
measures

::::
were

::::::::
powerful

::::::
enough

::
to

::::::::::
compensate

:::
for

::::::::::::::
non-manageable

::::::
effects,

:::::
such

::
as

::::::
climate

:::::::
change

:::
and

:::::::::::::
socio-economic

::::::::::::
development.15

::::::::
Therefore,

:::
by

::::::
careful

:::::::
planning

::::
and

:::::::::
continuous

:::::::::
monitoring

::
of

:::
the

::::::::
direction

::
of

:::::::::::::
socio-economic

::::::::::
development

::::
and

::::::
climate

:::::::
change,

:::
one

:::
can

:::::::
actually

:::::::
maintain

:::
the

:::::::
present

:::::
water

::::::
quality

::
in

:::
the

::::
case

::::
study

::::
area

::::
and

::::
even

:::::::
improve

::::::
certain

::::::::::
components

:
in the future.
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Table 1. Water quantity and quality variables modelled in the case study

Category Notation Description

Hydrology Q Discharge

Thermal regime T Water temperature

Tracer ions
Cl Chloride concentration

SO4 Sulphate concentration

Oxygen and pH
DO Dissolved oxygen concentration

pH pH

Nutrients

NO3 Nitrate concentration

NH4 Ammonium concentration

PO4 Phosphate concentration

TP Total phosphorus concentration

Plant

protection

products

(PPPs)

Atrazine Atrazine concentration⇤

Isoproturon Isoproturon concentration

Metolachlor Metolachlor concentration

2,4-D 2,4-dichlorophenoxyacetic acid (2,4-D) concentration

DEET N,N-diethyl-meta-toluamide (DEET) concentration

Diazinon Diazinon concentration⇤

MCPA 2-methyl-4-chlorophenoxyacetic acid (MCPA) concentration

Pirimicarb Pirimicarb concentration

Terbuthylazine Terbuthylazine concentration

Biocides

Diuron Diuron concentration†

Mecoprop Methylchlorophenoxypropionic acid (MCPP) concentration

Terbutryn Terbutryn concentration

⇤Now banned in Switzerland, kept as a proxy for future substitute compounds; valuable model compound given long time series in

water bodies. †Also used as a PPP

Table 2. Socio-economic development scenarios for 2050

Development Scenario Content

Status quo Urban area and population do not change

Moderate growth 20% growth in population, 5% growth in urban area

Exploding growth 730% growth in population 300% growth in urban area

Decline 20% decline in population, no change in urban area
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Table 3. Management alternatives

Category Name Content Rationale

Current practice CurrPrac Current practice (included for comparison)

Material Protection BanBioc Banning application of biocides on façades Reduce biocide loads

Urban

Water

Infrastructure

StoreVol Increasing storage volumes in urban drainage

systems

Reduce stormwater emissions

PermPave Increasing proportion of permeable pavements Reduce urban runoff

RetRain Retention of rainwater from roofs Reduce urban runoff

End of Pipe WWTP Enhancing WWTP treatment efficiency Reduce point source loads

Agriculture

OrgFarm Exclusively organic farming Eliminate agricultural pesticides

BufZone Reconstruction of riparian buffer zones Less erosion, more shading

NatPark Nature Park Eliminate intensive agriculture and pesticides

Total Management All All measures combined Best available management
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Table 4. Signs of change for future physical parameters and micropollutant concentrations considering climate change only [assuming Status

quo+CurrPrac], derived from a figure similar to Fig. 4. +: general increase (none of Q2.5%, Q50%, and Q97.5% decreased; red), �: general

decrease (none of Q2.5%, Q50%, and Q97.5% increased; blue), ±: quantile-specific response (at least a pair out of Q2.5%, Q50%, and

Q97.5% changed in different directions; purple), 0: no change (grey)

Variable Ensemble future climate ETHZ HadCM3Q0-CLM SMHI BCM-RCA

(10 GCM-RCM model chains) (dry) (wet)

discharge ± � +

water temperature + + +

atrazin 0 0 0

isoproturon + � +

metolachlor � � 0

2,4-D + � +

DEET � � +

diazinon � � 0

MCPA � � +

pirimicarb � 0 +

terbuthylazin � ± �
diuron � � ±
mecoprop � � ±
terbutryn � � ±
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Table 5. Signs of change for future physical parameters and micropollutant concentrations considering socio-economic scenarios only [as-

suming present climate+CurrPrac]. Notation is the same as for Tab. 4. +: general increase (red), �: general decrease (blue), ±: quantile-

specific response (purple), 0: no change (grey)

Variable Moderate growth Exploding growth Decline

discharge 0 ± 0

water temperature 0 + �
atrazin 0 � 0

isoproturon 0 � 0

metolachlor 0 � 0

2,4-D 0 � 0

DEET 0 � 0

diazinon 0 � 0

MCPA 0 � 0

pirimicarb 0 � 0

terbuthylazin 0 � 0

diuron + + 0

mecoprop + + 0

terbutryn + + 0

Table 6. Signs of change for future physical parameters and selected representative micropollutant concentrations considering management

only [assuming present climate+Status quo]. The full version is shown in the SI (in section S5). Notation is the same as for Tab. 4. +: general

increase (red), �: general decrease (blue), ±: quantile-specific response (purple), 0: no change (grey)

Management measure Q T Atrazin Isoproturon Diuron Mecoprop

All � � � � � �
BanBioc 0 0 0 0 � 0

StoreVol 0 0 0 0 0 0

PermPave � 0 0 0 + +

RetRain � 0 0 0 + 0

WWTP 0 0 0 0 � �
OrgFarm 0 0 � � 0 0

BufZone 0 � � � 0 0

NatPark 0 0 � � 0 0
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CSO

Infiltrating groundwater

Sewage

WWTP

Rainwater sewer

Combined sewer

Separated sewerSewage

Urban runoff

S
T

R
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Intensive agriculture

Erosion

Treated 
effluent

Overflow

Solute 
transport

Extensive agriculture

Solute 
transport

Forest

Solute 
transport

Figure 1. Pollutant sources, flow components and transport pathways considered in the iWaQa model.
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Figure 2. Calibration performance for selected inorganic parameters. Dots are observations, the red line is the model simulation with maxi-

mum posterior probability parameters, the grey region is the 95% uncertainty interval (total uncertainty). All values are daily mean concen-

trations.
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Figure 3. Calibration performance for selected micropollutants (top row: PPPs, bottom row: biocides). Dots are observations, black line is

the model simulation with maximum posterior probability parameters, the grey region is the 95% uncertainty interval. All values are weekly

mean concentrations; detection limits were 10 ng L-1 for all observations. PPPs not featured here are shown in section S3 in SI.
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Figure 4. Relative change for high (Q97.5%), median (Q50%) and low (Q2.5%) quantiles of predicted model variables. a: Reference (cal-

ibration) period vs. ensemble future climate [assuming Status quo+CurrPrac in both cases]. b: Reference period vs. future according to the

ETHZ HadCM3Q0 CLM model chain (drier climate) [assuming Status quo+CurrPrac in both cases]. Missing low quantiles correspond to

cases where a present expected value of 0 for the low quantile prevented the meaningful normalisation of values.
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Figure 5. Ensemble future predictions for physical parameters and selected nutrients under management alternatives "All" (red) and "Cur-

rPrac" (black), compared to present (grey). Distributions were normalized to be comparable across variables. Scale is logarithmic, except for

water temperature, where the locally placed linear axis applies. Open symbols indicate mean concentrations of individual scenarios: circle:

"Status quo", square: "Moderate growth", diamond: "Exploding growth", pyramid: "Decline".
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Figure 6. Ensemble future predictions for PPPs under management alternatives "All" (red) and "CurrPrac" (black), compared to present

(grey). Distributions were normalized to be comparable across variables. Open symbols indicate mean concentrations of individual scenarios:

circle: "Status quo", square: "Moderate growth", diamond: "Exploding growth", pyramid: "Decline".
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Figure 7. Ensemble future predictions for biocides under management alternatives "All" (red) and "CurrPrac" (black), compared to present

(grey). Distributions were normalized to be comparable across variables. Open symbols indicate mean concentrations of individual scenarios:

circle: "Status quo", square: "Moderate growth", diamond: "Exploding growth", pyramid: "Decline".
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