We would like to thank the reviewers for their highly constructive comments on the
manuscript “Incremental model breakdown to assess the multi-hypotheses problem”

(comments of the referees are printed in blue, responses of authors are held in black, added
text to the manuscript is in italic)

Response letter to Reviewer #1 (L.A. Melsen)

Jehn et al. provide a case-study of incremental model-breakdown; starting off with a
(benchmark) model including a high number of processes (and parameters), the model is
compared to models where fewer processes are explicitly represented. Finally, based on this
information, a simplified model is presented with a higher model performance than the
benchmark model. The manuscript is well written and well-structured, and the figures and
tables are to the point. | liked the fluxogram.

We created a citable repository for the fluxogram and its code which is now referenced in the
paper (http://doi.org/10.5281/zenodo.1137703).

There are, however, some questions, especially about the rationale, that I think need to be
addressed, and the results and discussion sections are limited. This can improve with a more
in-depth analysis of the results, for which | provide a (first) suggestion. About the rationale: In
the introduction and the conclusion the ‘incremental model-breakdown’ is presented as an
alternative next to step-wise model building and comparison of pre-defined structures.

1) My intuition would be to conduct a sensitivity analysis, and based on that determine which
processes are relevant and which are not. What is the advantage of doing the incremental
model-breakdown rather than a sensitivity analysis? (except that the parameter is completely
removed from the model rather than fixed at some point).

“Incremental model-breakdown” has the same aims as a sensitivity analysis. The main
difference is, as you state, that a process (together with its parameters) is removed
completely and does not remain in the model anymore within the incremental model-
breakdown. We see this as advantageous, as it reduces the structural complexity of the
model. To make this clearer we added the following sentence to the discussion: “In this
regard, the incremental model breakdown is different to methods like sensitivity analysis
where the model structure is untouched, as we reduce the structural model complexity.”

2) Another alternative, besides the incremental model-breakdown, step-wise building, and
pre-defined structures, is to replace formulations of certain processes with alternative
formulations, for example the SUMMA framework which you cite (Clark et al, 2015ab). How
does the incremental model breakdown compare to this approach?

Step-wise model building has the same goal as the incremental model breakdown: Finding
the right model. However, the focus differs. The SUMMA approach (which is entirely possible
using CMF as a base framework) deals with the question: “What is the best formulation of a
process in a given model?”, while the question for the incremental model breakdown is:
“What is the best overall structure for a model in a given catchment?”. In future studies it
would be worthwhile to combine both approaches, to get an even more thoroughly
exploration of the catchment. To clarify this, we added the following sentence to the
introduction: Clark et al (2015ab) propose with the SUMMA concept another approach to test
multiple hypotheses. Their question is: do we use the right formulation for this process? This
study asks instead: Is the process relevant for this catchment at all?

3) What is the added value of the incremental model-breakdown compared to all the
alternatives? p.2,1.28 states that only a minor quantity of the vast space of possible model
structures is explored, but isn’t this also true for the incremental model-breakdown as
presented in the manuscript, since only a single ‘complex’ model was employed?

We agree that this was ambiguously worded. It is clear that our approach will not be able to
sample the space of possible model structures exhaustively. Nevertheless, we think that
incremental model-breakdown samples a larger part of the potentially available model
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structure space than most other approaches, as we start with a very complex model structure
(complex in the realm of lumped models), containing all processes which seem to be
important for the catchment and trim it down sequentially. This way, more processes might
be considered, as when starting with a simple model structure, adding pieces and settle for a
structure once a sufficient value of the objective function is reached. To clarify, we added the
following line to the conclusions: From the surface, the water is either directly routed to the
river or enters three serial soil/groundwater layers, which in turn would allow a completely
exhaustive exploration of the space of possible model structure. And the following sentence
to the introduction: While still not being able to sample the entire space of possible model
structures, this approach might find some model structures which are likely missed with other
methods.

Main points:
The model was run with a daily time step for a catchment in the order of 3000 km2. As
becomes clear later on (section 2.5), the response time of the catchment is less than a day.
How do you expect this influences your results?
Obviously, this temporal resolution is not sufficient to capture the dynamics of the catchment.
(follow up on that; It is unclear to me why you had to move the time-series; the river-part
could easily be implemented as a routing with a time delay rather than a storage-system,
which is more common for rainfall-runoff models).
We agree that a daily time step is insufficient to model all subdaily dynamics in mesoscale
catchments. However, most of the public hydrological data are only available on a daily time
step. Therefore, modellers have to cope with it. One approach is the routing with a time
delay, which we considered in model 1 where we included a “river” storage which simulated
a behaviour with a retention time. But this showed to be less appropriate, as Model 1 was not
being able to produce behavioural runs with this process included. Our approach of shifting
the time series by one day is another viable option, see Bosch et al. (2004) or Asadzadeh et
al. (2016).
We would like to stress that routing or shifting does not affect the idea of our paper, which is
presenting an alternative blueprint for hydrological model set up rather than a case study and
best model practice for the Fulda river.
Asadzadeh, M., Leon, L., Yang, W. and Bosch, D.: One-day offset in daily hydrologic
modeling: An exploration of the issue in automatic model calibration, J. Hydrol., 534,
164-177, doi:10.1016/j.jhydrol.2015.12.056, 2016.
Bosch, D. D., Sheridan, J. M., Batten, H. L. and Arnold, J. G.: Evaluation of the SWAT
model on a coastal plain agricultural watershed, Trans. ASAE, 47(5), 1493-1506,
doi:10.13031/2013.17629, 2004.

The discussion of equifinality in the manuscript seems incosistent. Generally, the risk on
equifinality is higher with more degrees of freedom (more parameters compared to the
information in the available data for calibration). But on page 13, 1.3 is written: ‘[incremental
model-breakdown]..have a positive impact on model performance, given the increased
number of behavioural runs’. So; more behavioural runs is positive? But also an implication
of equifinality? On p.14, 1.11 it states ‘[incremental model-breakdown]. is a good way to
improve model performance and reduce equifinality’. Please clarify. This relates to my next
point: is it a fair comparison to take the mean of the behavioural runs? | have not figured it
out myself completely yet, but | don’t see why a particular model should be ‘punished’ for
having more (or less) behavioral parameter sets, see e.g. p.16, 1.3-7. Perhaps consider
another metric to compare the models.

Our use of the term “behavioural” was indeed inconsistent. We deleted this section and
rephrased all other sections where the term “behavioural” was used in this way. We further
do not use the number of behavioural runs as a performance indicator anymore. To further
increase the quality of the evaluation we now included the NSE as fourth objective function
particularly focusing on model performance for higher flows.



p.9, 1.20; for every model, a LHS of 300.000 is taken, despite the number of parameters. So,
for models with fewer parameters, each parameter is sampled more often. This could explain
why the more frugal models (fewer parameters) have more behavioural runs. Do you think
this is the case?
It is true that the parameter space of the models with less parameters is sampled more
exhaustively. Nevertheless, LHS is a robust enough method to counter this. As the
parameter space is sampled very uniformly when using LHS, a smaller number of runs is
needed, as in comparison with e.g. Monte Carlo Algorithms.
The LHS allows to calculate how many runs are needed for good sampling of the parameter
space (see McKay et al. (1979)) and this threshold (n=262,144 for 19 parameters) is
achieved for all models. This is also in line with our personal experience when using LHS.
Usually, models reach good values for the objective functions in the first few hundred runs
(even when they are complex), and all following runs are adding only small increments in
performance.
Still, our procedure might allow models with less parameters to get more behavioural runs.
Therefore we now excluded the number of behavioural runs as a performance indicator.
McKay, M. D., Beckman, R. J. and Conover, W. J.: A Comparison of Three Methods
for Selecting Values of Input Variables in the Analysis of Output from a Computer
Code, Technometrics, 21(2), 239, doi:10.2307/1268522, 1979.

Please add a motivation why you chose these three objective functions. None of the
objective functions focusses on high flows, but still peaks and high flows are continuously
discussed in the results and discussion section (e.g. p.13,1.17), while low flows are not
discussed at all.

We agree and see this shortcoming. Therefore we now included the NSE in our multi
objective calibration approach as a fourth objective function. Accordingly, we added
respective parts in the methods, results and discussion sections.

Can you provide an order of magnitude for the drinking water abstraction? The process is
included in the model because water is abstracted for 80,000 inhabitants (p.4,1.2) but turns
out to be unimportant, possible because of low population (159 persons per km2, p.15,1.10).
In other words: where did you base the min and max parameter boundaries for drinking
water extraction on? (Table 3)

As we did not find reliable data to quantify the influence of the drinking water abstraction, we
decided to include a subjective estimation, to test whether there is a potential influence on
the water flux estimation and if so, how large this influence is. In the revised version of the
manuscript, we state this up-front: “As the influence of the drinking water abstraction is not
known, the amount of water abstracted is calibrated”. As it turns out, drinking water
abstraction is of marginal influence in the catchment for the annual water balance.

In general, please provide references or motivation how and why you defined these
boundaries for your parameters (Table 3).
We included the following section in the calibration and validation section to explain the
parameters and also present units for all parameters in Table 3:
The lower and upper bounds for VO_soil and ETV1 were taken from Blume et al. (2016) for
typical field capacities reported for German soils in the range of 20 to 300. Canopy
parameters are in line with values provided by Breuer et al. (2003). Groundwater transit
times are roughly corresponding with Wittmann (2002) and Wendland et al. (2011). For all
other parameters we could not find reliable data and thus estimated them subjectively. The
parameters use a wide range intentionally to allow the parameters to adapt to the very
different model structures.
Blume, H.-P., Bruimmer, G. W., Horn, R., Kandeler, E., Kégel-Knabner, 1.,
Kretzschmar, R., Stahr, K., Wilke, B.-M., Scheffer, F. and Schachtschabel, P.: Kapitel
9: Bdden als Pflanzenstandorte, in Scheffer/Schachtschabel Lehrbuch der
Bodenkunde, Springer Spektrum, Berlin Heidelberg., 2016.



Breuer, L., Eckhardt, K. and Frede, H.-G.: Plant parameter values for models in
temperate climates, Ecol. Model., 169(2-3), 237-293, do0i:10.1016/S0304-
3800(03)00274-6, 2003.

Wittmann, S.: Tritiumgestlitzte Wasserbilanzierung im Einzugsgebiet von Fulda und
Werra, <http://www.hydrology.uni-freiburg.de/abschluss/Wittmann_S 2002_DA.pdf>,
Diploma-Thesis at the Institut for Hydrology, Albert-Ludwigs-University Freiburg,
2002.

Wendland, F., Berthold, G., Fritsche, J.-G., Herrmann, F., Kunkel, R., Voigt, H.-J. and
Vereecken, H.: Konzeptionelles hydrogeologisches Modell zur Analyse und
Bewertung von Verweilzeiten in Hessen, Grundwasser, 16(3), 163—-176,
doi:10.1007/s00767-011-0169-6, 2011.

This is a good addition to the paper. Therefore, we now created a parameter distribution plot
for the parameters shared by Model 1 and Model 15, to enable a more thoroughly
comparison. To explain this plot, we added the following sentences to the results:

The remaining ten parameters in Model 15 behave different from the same ones in Model 1
(Figure 5). Some parameters like tr_soil_GW and fEVTO have almost the same density
distribution. Still, there are several parameters like tr_soil_river and ETV1 whose density is
much more focused around a specific value for Model 1 than for Model 15.

Regarding the discussion:

Model 1 has less equifinality in some parameters, compared to Model 15 (Figure 5). E.qg. the
parameter ETV1 has two very distinct peaks for Model 1, while for Model 15 the distribution
for this parameter is widely spread. The behavior of ETV1 might also be linked to the
rightward shift of the parameter beta_soil_GW. This parameter controls the speed in which
water leaves the soil in the direction of the groundwater. The increase in its value lets the
water stay longer in the soil storage, allowing more evapotranspiration, which in turn allows
the parameter ETV1 be handled more flexible by the model.
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Figure 1: Distribution of all parameters shared by Model 1 (blue) and Model 15 (green), fitted with kernel density.

Then, it would be interesting to see which parameters compensate for which processes. The
manuscript lacks a discussion of how the calibration period relates to the validation period.
More parameters could fit better in the calibration period but can be flawed in the validation,
which is something that should be discussed in relation to model complexity and number of
parameters (see Kirchners paper on being right for the right reasons).

How do models compensate lack of realism is indeed a highly interesting question. We think
this is better to show exemplary for selected processes in a smaller catchment were the
relevant processes are known and merit a study on its own.

The main criteria to determine which processes were important, was the ability of model to
have any behavioural model runs at all. To understand the influence of the model structure
on the parameters we included Figure 1. We did this only for Model 1 and Model 15, as those
are the most important models in the study. To make it more clear on what the process
selection was based we added the following sentence to the Material and Methods section:
The main criteria to determine the value of a process was the ability of the model to produce
behavioral runs in the calibration period at all.

To better explain the differences between the calibration and the validation period we added
a cumulative sum plot for the precipitation and discharge (Figure 2). With this it is more clear
that both periods are different. In addition to the figure, we added the following text to the
Material and Methods section:

The model time step and temporal resolution of the data are both daily. Both the validation
and the calibration period behave differently in regard of their patterns of precipitation and
discharge (Figure 1). The calibration period is wetter and contains six of the seven large
rainfall events (>30 mm d™). In addition, in both periods there is one year representing
contrasting extreme weather conditions. In 1985, during the calibration period, very little
discharge is observed with at the same time high precipitation, while in 1988 during the
validation period high discharge was recorded at comparingly low precipitation.

Also we added the following sentences to the end of the discussion:



Incremental model breakdown bears, as any model intercomparison study of calibrated
models, a risk of overfitting. In the context of this study, overfitting would results in the
acceptance of a process that seems only by chance relevant in the calibration period, but
has only weak predictive power. Another overfitting effect would be a preference of
parameter rich models. An indicator for overfitting are great results in the calibration period
but flawed results in validation. This shows the importance of a validation period that is never
used in any selection process, neither for structure nor for parameters. In this study, the
performance of the models during validation generally exceeded the performance of the
calibration period, despite the different characteristics of those periods.

All'in all, Incremental model breakdown and inspection of parameter distribution, as well as
comparison with already established models and the flowpath in a model with a fluxogram
might help determine if models do the right things for the right reasons.
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Figure 2: Cumulative discharge plotted against cumulative precipitation for the calibration and validation period and two
years with extreme behavior. For the calibration and validation period, the cumulative discharge and precipitation are the
average of the corresponding years.

Other points:

Please mention the model time step and the temporal resolution of the input data in
the ‘model input and validation data’ section.

Added as proposed.

Please check the units of Eq.1. VO is a volume (p.4,1.24) but has the units of a rate.

What are the units of V and Q?

We changed the section to make it more clear. The description of the kinematic wave in CMF
is now more exactly described by discarding tr and introducing QO, which is the flux in m3 per
day when the volume of the storage equals the parameter Vo.

Calculating the mean for a NSE is tricky since the NSE is highly non-symmetrical (+1
to minus infinity). Consider using the median.
Changed as proposed. Boxplots use the median now.

Figure 3, caption. | think the word ‘uncertainty’ in ‘uncertainty of the behavioural model
runs’ is not in place here. All you look at is the spread in your behavioural runs, which
is certainly different from uncertainty.

Changed “uncertainty” to” range”.

The same holds true for p. 17, 1. 1, ‘less uncertain’
We realized that this wording is confusing and deleted it.

p.2, .21 comparability -> comparison
Changed as proposed.



p.4, 1.6 unnecessary brackets around CMF, 2017
Changed as proposed.

p. 10, table 3; caption; ‘indented’, in the table: ‘intendent’ -> intended
Changed as proposed.

p. 16, 1.8-13 repetition of p. 15, 1.26
Deleted all repeated sentences.



We would like to thank the reviewers for their highly constructive comments on the
manuscript “Incremental model breakdown to assess the multi-hypotheses problem”

(comments of the referees are printed in blue, responses of authors are held in black, added
text to the manuscript is in italic)

Response letter to Reviewer #2 (F. Anctil)

In this paper, submitted by Jehn et al., a breakdown approach is proposed in order to simplify
a complex model into a structure with “improved model performance, less uncertainty and
higher model efficiency” (line 17, page 1). The method is validated on a 3-year time series
from a single gauging station in Germany.

General comment:

The main argument in favour of experimenting with the proposed incremental model
breakdown is that it may lead to a better model than the more common stepwise bottom-up
approaches, arguing that “there is a chance that they have missed an even better model
performance by including further modifications” (line 28, page 2). Yet no comparison with a
stepwise model building is presented, providing no evidence that a breakdown approach is
superior.

We do not see the incremental model breakdown as being superior to the other approaches,
but more like another way to explore possible model structures. The main difference is that
incremental model breakdown tries to explore the model space another way by turning the
stepwise process upside down.

A direct comparison of both approaches by the same set of authors would not work, as
experience from one approach will inevitably influence the decision of model building during
the other approach. For future work, it might be a worthwhile idea to give two separate
research groups the same information about a catchment and let them built a model: One
group using incremental model breakdown and one group using stepwise model building.
Finally, both resulting model structures are compared in their performance and structure.
However, for the current work presented here, which focuses on the general idea of
incremental model breakdown, such a comparison would go beyond the scope of the paper.

Major comments:

There is possibly some confusion on the size of the watershed, which drains only about 3
km2 according to line 14, page 3. It is more likely that the size be 2977 km2 and not 2.977
km2, in order to accommodate 108 meteorological stations and an altitudinal range from 150
to 950 m a.s.l. A map of the watershed would have allowed to clarify this issue. It is
recommended to add one.

This was a typo. The Fulda Catchment is 2977 km2 in size. We now added a map (Figure 1).



Wasserkuppe
(River Head)

Figure 1: Relief map of the Fulda catchment for the gauging station Grebenau (black border).

Lumped hydrological models often need shorter time series for calibration than distributed
ones. But in the context of a research on the selection of structural components, | am
surprised that only 6 years of data was selected for calibration and only 3 more for validation
(line 3, page 9). This needs to be justified. Longer series offer the advantage of stabilizing
the results in regards to climatological variability. Were there no data available after 19887 At
least, the authors need to inform on the climatology of the calibration and validation datasets
in regard to the general, say, 30-year climatology. For instance, models usually work much
better in wet years than in dry years. Was it the reason for selecting observations from the
80’s?

We thank the reviewer for this comment, but we have a different opinion on this point.
Indeed, a longer time series contains more climatic variability. However, a good model
should be able to cope with climatic variability, as its inner structure should resemble the real
processes in the catchment. This viewpoint is also shared for example by Kirchner (2006) or
Klemes (1986).
Uncertainty about rainfall is one of the major sources of model uncertainty. To reduce this
uncertainty, we selected the time period with the greatest number of rainfall stations without
missing data relevant for our study area. Any longer or later time series would result in a
strongly reduced number of stations. To better describe the data we used, a figure on
cumulative discharge and precipitation is now included (see also response to reviewer #1).
We also added the following sentence: Still, the precipitation stays in the long term range for
this catchment for all years (Fink and Koch, 2010).
Finally, we would like to add that the objective of this paper is not to find the “best” model for
the Fulda catchment in the sense of a case study, but present a new way of model building
using a rejectionist approach.
Kirchner, J. W.: Getting the right answers for the right reasons: Linking
measurements, analyses, and models to advance the science of hydrology, Water
Resour. Res., 42(3), doi:10.1029/2005WR004362, 2006.
Klemes§, V.: Operational testing of hydrological simulation models, Hydrol. Sci. J.,
31(1), 13-24, doi:10.1080/02626668609491024, 1986.



The authors should also avoid vague statements like “climatic conditions during the
calibration (1980-1985) and validation period (1986-1988) were rather similar” (line 31, page
3). Chances are that they are not so similar at least in terms of low flows, otherwise how can
one interpret the raise in validation logNS values in Table 2, in comparison to their calibration
counterpart.

We deleted the statement and added additional data and Figure 2 (in response to reviewer
#1) to communicate the climatic conditions more clearly. See also replies to the comment
above.

The issue of shifting the simulated discharge one day into the future to improve overall
performance (line 8, page 9), thus simulating Q(t+1) instead of Q(t), typically falls from some
failure in the routing components of the model and sounds more like fudging than modelling.
What is the operational consequence of that trick? The argument that rainfalls occur in the
“later time of a day” is weak and needs to be substantiated. This information should be
included in Figures 1 and 4.
We still think this is a valid method. We now included further information in respective figure
captions.
Most of the public hydrological data are only available on a daily time step. Therefore,
modellers have to cope with it. One approach is the routing with a time delay, which we
considered in model 1 where we included a “river” storage which simulated a behaviour with
a retention time. But this showed to be less appropriate, as Model 1 was not being able to
produce behavioural runs with this process included. Our approach of shifting the time series
by one day is another viable option, see Bosch et al. (2004) or Asadzadeh et al. (2016).
We would like to stress that routing or shifting does not affect the idea of our paper, which is
presenting an alternative blueprint for hydrological model set up rather than a case study and
best model practice for the Fulda river.
Asadzadeh, M., Leon, L., Yang, W. and Bosch, D.: One-day offset in daily hydrologic
modeling: An exploration of the issue in automatic model calibration, J. Hydrol., 534,
164-177, doi:10.1016/j.jhydrol.2015.12.056, 2016.
Bosch, D. D., Sheridan, J. M., Batten, H. L. and Arnold, J. G.: Evaluation of the SWAT
model on a coastal plain agricultural watershed, Trans. ASAE, 47(5), 1493-1506,
doi:10.13031/2013.17629, 2004.

GLUE is a convenient tool to assess the level of the parameter uncertainty of a model and to
identify a number of equifinal (behavioural) parameter sets. Its use here as a calibration tool
needs to be better justified (line 13, page 9), for example in comparison to more operational
calibration schemes.

We used GLUE as it is widely recognized in the hydrological community and gives a clear
statement in regard of the model’s capabilities to accomplish predefined criteria. As we were
not aiming to find a single best parameterization of our models but rather scrutinize the
associated parameter space of our models, we still think that GLUE is an appropriate tool for
this question. To make this clear, we added the following sentences to the calibration and
validation section:

It should be noted, that other calibration schemes, objective functions and parameter ranges
might have lead to different results. However, we are not striving to find the best performing
parameter set. Instead, we uses GLUE for the identification of behavioral model runs to
evaluate the various model structures.

Here, models variants are essentially compared in Table 2 on the basis of their number of
behavioural runs that surpass three thresholds advocated by Moraisi et al. (2007), while
parameter uncertainty is not explored. In practice, this has two limitations. 1) No performance
information is provided for models 2, 3, 5, 8, and 10, for which the suppression of a structural
component turned out detrimental. The issue is that we are provided no information on how
much detrimental this operation is, which is quite important to the manuscript since model 15
is essentially built around them.



To our understanding, the parameter uncertainty of models 2, 3, 5, 8 and 10 is not worth to
consider any further. None of the tested parameter sets has achieved the thresholds of the
predefined objective functions. So why bother to evaluate these models? Therefore, we
applied the SPOTPY software in such a configuration that unbehavioral model runs are not
saved for further analyses. With the now included boxplots for all models with behavioural
runs it is also more obvious that all models with behavioural runs were a good deal better
than those without, were all model runs are below the lower whisker of the boxplots.

2) A small gain in performance may lead to a large increase in the number of behavioural
runs. Information in Table 2 is not that informative because it reflects only the behavioural
runs. For instance, we are told that model 13 should be dismissed even if its metrics are
better than model 15, because of a much lower number of runs to compute metrics (line 4,
page 16). It would be easier to address that by giving all the information (not just the mean
and the standard deviation) for example in the form of a box plot. From an operational point
of view, hydrologists are looking for the best possible model, and variant 13 may fit their
needs better than variant 15.

This is a very valuable comment. We therefore deleted table 2 from the paper and added all
behavioural models as boxplots (Figure 2, 3). It is now more obvious that Model 15 delivers
runs with much higher values for the objective functions than Model 13. Descriptions
referencing to table 2 are changed accordingly.
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Figure 2: Boxplots of the objective functions for all models with behavioural runs in the calibration period. The yellow bar
marks the median. Number of behavioural runs noted on boxplot.
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Figure 3: Boxplots of the objective functions for all models with behavioural runs in the validation period. The yellow bar
marks the median. Number of behavioural runs noted on boxplot.

Minor comments:

Are the authors aware of any other hydrological studies on the same site that could

offer some basis of comparison?

We found one additional conference paper by Fink and Koch (2010) which we added. The
only other study that we are aware of by Wittmann et al. (2002) has already been cited.

Figure 2 is not much useful.
This is true. Therefore, we deleted the figure from the paper.

Figure 3 would be more intelligible if it would be split in two: a figure for model 1 and

another one for model 15

We see the problem, the referee is mentioning. Having two time series in one plot is always a
bit difficult to look at. Nevertheless, we think that it is necessary here to have both models in
the same plot, as it allows a better comparison of the two.



We would like to thank the reviewers for their highly constructive comments on the
manuscript “Incremental model breakdown to assess the multi-hypotheses problem”

(comments of the referees are printed in blue, responses of authors are held in black, added
text to the manuscript is in italic)

Response letter to Reviewer #3 (Anonymus)

The article presents an incremental model breakdown approach to determine an optimal
hydrological model structure for rainfall-runoff modeling. The hypothesis of the authors is
that one should start from a model structure that includes all possible processes and that this
structure should then be incrementally simplified by successively removing the unimportant
processes, i.e. those for which the model performance is not degraded or even improved
when they are removed from the structure. The approach is demonstrated on a catchment in
Germany. Though the approach is interesting, | have several concerns about the way it is
applied and demonstrated:

- | think that the “one-at-a-time sensitivity analysis” approach that is applied makes the
hypothesis that all processes are independent from each other in the model structure.
However, this is probably not the case and it is most likely that there are interactions and
compensations between model components. Therefore, | find it is difficult to conclude on the
individual value of each component based on these tests only. There is no guarantee that the
model structure selected at the end is optimal, since only a very limited number of structures
among all the possible ones have been tested. It is likely that there are many options which
are close to each other in terms of performance.

We thank the reviewer for the valuable comments on the paper. However, we would like to
point out that this paper is meant to introduce a new concept to explore the space of possible
model structures. We realize that the method would be validated in a more profound way if

- several more catchments had been used

- the validation and calibration time period had been swapped

- several different time series from the same catchment had been compared

- the incremental model breakdown had been iterated several times, and

- the comparison with other approaches like step-wise model modelling had been more in
depth.

We think though that all these suggestions sufficient to fill several papers and would bloat the
current paper that is mainly meant for an introduction of a new concept.

We further agree that it is correct to criticize that even in our study only a limited number of
models is used. Still, 15 (or 16 with HBV-Light) different models is a large set of different
model structures that only few other studies have compared. We therefore think that our
work as a good starting point for future, even more comprehensive applications of
incremental model breakdown.

We also agree that we cannot ensure independency of all processes from each other and we
do not have a guarantee that this process is successful in the end. Failures of this approach
would lead either to a model with lower performance than the original in the calibration period
or to an overfitted model. While the first type of failure is obvious (we would not submit such
a result for publication), the problem of overfitting has been not sufficient discussed in the
original manuscript. We added a discussion of overfitting to chapter 4.3. Secondly, the
connection of processes is shown in a shift of the parameter space, which we have shown
exemplary between model 1 and 15 in Fig. 1. We do not claim , that our method leads to a
single optimum model, but we explore a new path to model structure improvement. To clarify
this we have extended the last sentence of the introduction with: ...obvious, even if a
theoretical optimal model structure is still unknown.

- The parameter sampling approach, drawing 300,000 parameter sets for each structure,
makes that the parameter space will be much more densely scrutinized in the case of a
model with 10 parameters than in the case of a model with 19 parameters. This means that
the chance of getting behavioral parameter sets is much more limited in the second case



than in the first case. This may induce a bias in the way the models are compared when
using the GLUE approach. This should at least be discussed or ideally further tested.
Itis true that the parameter space of the models with less parameters is sampled more
exhaustively. Nevertheless, LHS is a robust enough method to counter this. As the
parameter space is sampled very uniformly when using LHS, a smaller number of runs is
needed, as in comparison with e.g. Monte Carlo Algorithms.
The LHS allows to calculate how many runs are needed for good sampling of the parameter
space (see McKay et al. (1979)) and this threshold (n=262,144 for 19 parameters) is
achieved for all models. This is also in line with our personal experience when using LHS.
Usually, models reach good values for the objective functions in the first few hundred runs
(even when they are complex), and all following runs are adding only small increments in
performance. Still, it might allow models with less parameters to get more behavioural runs,
but as we now excluded the behavioural runs as a performance indicator, this does not
change the observed performance of the models.
McKay, M. D., Beckman, R. J. and Conover, W. J.: A Comparison of Three Methods
for Selecting Values of Input Variables in the Analysis of Output from a Computer
Code, Technometrics, 21(2), 239, doi:10.2307/1268522, 1979.

- The way the structures versions are selected is unclear. Is this based on results in
calibration or in validation? Actually these two options should be tested and discussed.

To avoid a selection bias, we reserved strictly a period of the dataset that is never used in
any selection process. The validation period that is only used as a final check for overfitting.
As for any model calibration study, the division of calibration and validation period is in the
end arbitrary. We have considered to use multiple calibration periods, but rejected this
approach in favour of longer time series. To clarify the meaning of the validation period we
included as the second sentence in 2.5: The validation period is strictly not used in any
selection process to avoid overfitting and only used in the last validation step of the overall
method. And further in the chapter we extend: We used the Generalized Likelihood
Uncertainty Estimation (GLUE) methodology (Beven and Binley, 1992) to find behavioral
parameters sets for the calibration period.

Furthermore, how a model structure is judged to be significantly better than another? Is there
any threshold in model improvement or statistical test associated?
We realize that is not completely made clear how the model structures were selected. We
have not made clear enough that it is not the “good” model we need for the decision, but to
collect the reject models. Following other comments related to this, we emphasized this
process more in the Introduction:
A subprocess is marked as necessary, when models lacking it are rejected. On this base, a
subsequent model is constructed which uses only meaningful subprocesses. Incremental
model breakdown is therefore a rejectionist approach, built on the learning from failure and
not an optimization process. Beven (2005 ) assumed that a rejectionist approach is generally
better suited to gain insight about process hypotheses.
and Material and Methods:
A model is rejected, when it is not able to produce runs of acceptable performance for all
parameters. And rejected means in this study, the model is missing a process to important to
ignore. If a model lacking a certain subprocess is able to produce behavioural runs that
subprocess is irrelevant for this application.
Beven, K.: A manifesto for the equifinality thesis, J. Hydrol., 320(1-2), 18-36,
doi:10.1016/j.jhydrol.2005.07.007, 2006.

The robustness of the structure selection should be discussed. The model structure is
selected based on the use of the first period as calibration and the second as validation. |
think the authors should at least test the procedure by inverting the role of the two periods. It
Is likely that the structure selection may end up (maybe not on this catchment but there are
probably cases where it may happen) with different model structures in the two cases.



We decided to reserve a strict validation period, never used in any model selection. By
switching the periods around the independency of the validation period is lost. However, we
discussed the role of the validation period more in chapter 4.3: Incremental model
breakdown bears, as any model intercomparison study of calibrated models, a risk of
overfitting. In the context of this study, overfitting would results in the acceptance of a
process that seems only by chance relevant in the calibration period, but has only weak
predictive power. Another overfitting effect would be a preference of parameter rich models.
An indicator for overfitting are great results in the calibration period but flawed results in
validation. This shows the importance of a validation period that is never used in any
selection process, neither for structure nor for parameters. In this study, the performance of
the models during validation generally exceeded the performance of the calibration period,
despite the different characteristics of those periods.

This raises the problem of equifinality in the choice of model structures, and may be a limit
of the proposed approach. The selected structure may be overspecialized for the selection
period and not really transposable on periods with other conditions. This is what can be
observed in the case of model parameters and it is probably also the case in terms of
structures. This is probably even a larger problem for periods with much contrasted
characteristics.
From the original manuscript it might not be clear, that the validation period is differs slightly
from the calibration period. We add, also in reponse to reviewer #1 a new fig. 2 to show the
differences between the periods. All models with behavioural runs produce accepted results
in the validation period and rejected structures are rejected in the validation period also. We
see this as a strong indicator for transferability between time periods, and hope that we
clarified this issue with the discussion section above. The GLUE answer to the problem of
equifinality is to drop the search for the best model parameterization to accept and instead
search for parameterizations to reject. In this study, we transfer this approach to model
structures and gain information from the model structures that fail and not from the models
that work. The rejectionist approach has been clarified in Material and Methods as given
above. Also we are discussing this now in chapter 4.3:
A second effect when both structural and parameter uncertainty are to be compared, we are
not only facing an equifinality of parameter sets but add equifinality of structures. We based
the recognition of relevant processes on the rejection and not the optimization of certain
model structures, as suggested by Beven (2005) to gain a robust method.

Beven, K.: A manifesto for the equifinality thesis, J. Hydrol., 320(1-2), 18-36,

doi:10.1016/j.jhydrol.2005.07.007, 2006.

- The authors did not really discuss the respective roles of structural and parametric
complexity in the results. At the end, they have a much more simple structure than at the
beginning but which still has ten parameters, which may appear as overparameterized at the
daily time step. It may be interesting to have even more simple model structures, to see how
the further simplification possibly leads to degradation in the modeling.

We agree, but see this suggestion as part of future work. This paper is mainly meant to
introduce the idea of model breakdown and not to find the “best” model possible. In further
studies, it could be tested, to which results it would lead to make several iterations of the
incremental model breakdown approach. Testing which processes are the most important for
the model, reducing the structure to those processes, define a harder boundary for
behavioural runs and repeat the process.

- The authors criticize the usual approach which takes existing models, with interesting
arguments. To further demonstrate the value of their approach compared to the classical
one, they could test an existing model (e.g. HBV or another model of this type) as a
benchmark, to explain the added value of their approach compared to the case when one
simply take an existing model.

We now included HBV-Light as a benchmark model and added several sections to explain it.



Material and Methods: As there have not been many studies regarding the construction of
models via modelling frameworks, this study uses HBV-Light as a benchmark to make
results more comparable with non-framework studies and to allow a more precise evaluation
of the performance of the proposed incremental model breakdown method. HBV-Light is a
widely used model, which has proven its functionality in very diverse catchments [Seibert and
Vis, 2012]. It is a lumped, parsimonious model. We used the simplest setup of HBV-Light
with a single soil storage and no lapse rate. As HBV-Light has no internal way to calculate
potential evapotranspiration, we used the same approach by Samani [2000] as for all other
models.

Results: HBV-Light performs best of all models in this study. Its performance increases from
the calibration to the validation period, especially in regard of the maximal values of the
objective functions (Table 3, Figure 4). The largest differences manifest in the values for the
RSR and the NSE between HBV-Light and the other models. However, HBV-Light seems to
have problems in simulating the base flow of the Fulda catchment, resulting in a worse value
for the logNSE in comparison to the other models. Here the performance is similar to Model
15. Also, HBV-Light has a very wide range for the values of the objective functions in the
validation period, hinting to a large parameter equifinality.

Discussion: All three models show a distinct behavior (Figure 5), with HBV-Light and Model
15 behaving rather similar. The main differences between the models are the ability to
predict the peaks, an over/underestimation of base flow and the shape of the hydrograph in
general. Model 1 captures the shape of the low base flow best, while HBV excels at
simulating the peaks. Model 15 is somewhere in between. Those differences are probably
caused by the number of storages in the models and processes that mimic saturation
excess.

Model 15 and HBV-Light are quite similar with regard to their model structure and the
considered hydrological processes. The main differences in model performances is the way
the mathematical process descriptions are implemented. HBV-Light has a maximal value for
percolation and the triangular weighting function that changes the shape of the flow curve
(Seibert and Vis, 2012) .With the maximal value for percolation, additional water is forced to
become discharge, as there is no other way it could go. This allows HBV-Light to forecast the
peaks better, but also might make the model react too quickly. This behavior though is
counteracted by the triangular weighting function of HBV-Light. In contrast, Model 15 predicts
the peaks correct only during times of low evapotranspiration. Another main difference exists
for the simulation of base flow. Model 1 depicts a highly correlated base flow to the observed
one, but the model is overestimating the total amount. Model 15 and HBV-Light mimic the
shape and timing of the low flow worse, but predict the amounts better. One reasons for this
behaviour might be that a model needs a good representation of the groundwater to simulate
discharge minima (Plesca et al., 2012). This is the case for Model 1, but only to a lesser
extent for HBV-Light and Model 15.

We agree that an additional catchment might yield some interesting results as well. However,
as stated in several studies, lumped models need to be tailored for every catchment
separately (see e.g. Kavetski and Fenicia (2011) and Fenicia et al. (2014). Therefore, it is to
be expected that different catchment would lead to different model structures. Still, we think
that this is a worthwhile endeavour for future studies, but would go beyond what can be done
for the work presented her.

Fenicia, F., Kavetski, D., Savenije, H. H. G., Clark, M. P., Schoups, G., Pfister, L. and

Freer, J.: Catchment properties, function, and conceptual model representation: is

there a correspondence?, Hydrol. Process., 28(4), 2451-2467, doi:10.1002/hyp.9726,

2014.

Kavetski, D. and Fenicia, F.: Elements of a flexible approach for conceptual

hydrological modeling: 2. Application and experimental insights: Flexible framework



for hydrological modeling, 2, Water Resour. Res., 47(11),
doi:10.1029/2011WR010748, 2011.

| also have other comments detailed below. In summary, | think there is valuable material in
the article, but that the methodology should be further tested and more thoroughly evaluated
to provide a more convincing demonstration of its usefulness. | suggest major revision.

Detailed comments

1. P2,L28: This is probably true for all modelling approaches!
This is true and the sentence is removed.

2. Section 2.1: Say in which country the basin is located. Maybe a location map could be
added. Is catchment size actually 2.977 or 2,977 km2?

We apologize for this error. The Fulda Catchment is almost 3,000 kmz large. As proposed,
we added a map to make this more clear (see response to reviewer #2).

3. P4,L10: | find that the definition of a process in the structure should be given. When a
process is removed, what happens in the connections in the structure, especially when there
are several branches coming to/departing from this process?

To better explain the removal of processes we added the following sentences to the Material
and Methods section: When a process was removed, the connections leading to it were then
connected to the next nearby storage. For example: If the surface storage was removed, the
Canopy and the Snow Storage were connected to the soil. Or if the river was removed, all
connections leading to it were directly connected to the outlet.

4. P6,L18-19: As mentioned in the major comments above, | think that it should be explained
how a version is considered to be significantly better or worse than another.
This comment is dealt with in the answer to major comment.

5. P9,L3-8: Why there is not a pure time-delay parameter (possibly non integer) in the model
that would be added in the model structure to account for this time shift and to make it more
generally applicable?
One approach is the routing with a time delay, which we considered in model 1 where we
included a “river” storage which simulated a behaviour with a retention time. But this showed
to be less appropriate, as Model 1 was not being able to produce behavioural runs with this
process included. Our approach of shifting the time series by one day is another viable
option, see Bosch et al. (2004) or Asadzadeh et al. (2016).
We would like to stress that routing or shifting does not affect the idea of our paper, which is
presenting an alternative blueprint for hydrological model set up rather than a case study and
best model practice for the Fulda river.
Asadzadeh, M., Leon, L., Yang, W. and Bosch, D.: One-day offset in daily hydrologic
modeling: An exploration of the issue in automatic model calibration, J. Hydrol., 534,
164-177, doi:10.1016/j.jhydrol.2015.12.056, 2016.
Bosch, D. D., Sheridan, J. M., Batten, H. L. and Arnold, J. G.: Evaluation of the SWAT
model on a coastal plain agricultural watershed, Trans. ASAE, 47(5), 1493-1506,
doi:10.13031/2013.17629, 2004.

6. P9,L12-14: Please remind in brackets for each criterion the optimal value and range of
variations, to avoid misunderstanding in the interpretation of results for readers not fully
familiar with these criteria.

Added as proposed.

7. Table 3: Please add a column for units. Maybe also add a column to remind in which
structural element (as defined in Table 1) each parameter is included. In the caption: “all
model parameters”



We included a column for units as proposed.

8. P11,L11-12: Is not that expected by construction that all model structures have less
parameters than the original one?

This is true. We deleted the sentence.

9. P16,L8-15: This seems to repeat the last paragraph of the previous page.
Deleted all repeated sentences.
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Abstract. The ambiguous representation of hydrological processes have led to the formulation of the multiple hypotheses
approach in hydrological modelling, which requires new ways of model construction. However, most recent studies focus only
on the comparison of predefined model structures or building a model step-by-step. This study tackles the problem the other
way around: We start with one complex model structure, which includes all processes deemed to be important for the
catchment. Next, we create 13 additional simplified models, where some of the processes from the starting structure are
disabled. The performance of those models is evaluated using three objective functions (logarithmic Nash-Sutcliffe, percentage
bias and the ratio between root mean square error to the standard deviation of the measured data). Through this incremental
breakdown, we identify the most important processes and detect the restraining ones. This procedure allows constructing a
more streamlined, subsequent 15" model with improved model performance, less uncertainty and higher model efficiency. We
benchmark the original Model 1 with-and the final Model 15 with HBV-Light and find that the incremental model breakdown
leads to a structure with good model performance, fewer but more relevant processes and less model parameters.

1 Introduction

In the world of hydrological modelling, scientists construct models and apply them for a specific research question. Sometimes,
these models are modified or extended afterwards, but the core components stay the same. This approach has existed from the
earliest days of simple equations until the models of connected, conceptual elements used today (Todini, 2007).

During the development of hydrological models, the issues of parameter and input data uncertainty were often in the center of
the scientific debate and numerous methods for assessing this uncertainty have been proposed. Structural uncertainty has been
investigated in the past decade (Breuer et al., 2009; Son and Sivapalan, 2007) and gained more momentum in the last few years
(e.g Clark et al., 2015; Fenicia et al., 2011; Hublart et al., 2015). It was noted that problems often arose from the focus on
trying to build one model that was meant to work equally well for all catchments (Fenicia et al., 2011).

In order to better scrutinize problems associated with the model structure, the theory of the multiple hypotheses was introduced,
first by Beven (2001, 2002), and more recently picked up by Clark et al. (2011). This theory enables a more structured approach
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to model building, as it identifies a given model not as a single hypothesis, but as an assemblage of coupled hypotheses. Hence,
Clark et al. (2011) proposed that a model should be constructed in a way that allows the testing of every single hypothesis of
every process separately. In addition, the interactions of single elements within such a model should also be considered to
better understand why a certain model works or fails (Clark et al., 2016).

When the idea of multiple hypotheses emerged, there was no easy way to construct models with interchangeable components
(Buytaert et al., 2008) except for some comparison inside the TOPMODEL model family (Beven and Kirkby, 1979). We now
have model frameworks at hand that facilitate such a design, e.g. SUPERFLEX (Fenicia et al., 2011), Structure for Unifying
Multiple Modelling Alternatives (SUMMA) (Clark et al., 2015b, 2015a), or the Catchment Modelling Framework (CMF)
(Kraft et al., 2011). SUPERFLEX targets the construction of lumped conceptual models (van Esse et al., 2013; Gharari et al.,
2014). SUMMA and CMF support the generation of multi scale approaches from plot over hillslope to basins and from lumped
to fully distributed models. SUMMA focusses on the comparison of process-based models with predefined parameters sets
and is up to now mainly tested for surface-atmosphere interactions (Clark et al., 2015b, 2015a). CMF is a programming library
to build hydrological models from building blocks with both, process-based and conceptual models. It can be used for
subsurface and surface water fluxes, surface-atmosphere exchange and solute transport. So far, it has been applied in studies
to better understand hydrological processes (Holl&nder et al., 2009; Maier et al., 2017; Orlowski et al., 2016; Windhorst et al.,
2014), to simulate solute transport (Djabelkhir et al., 2017; Kraft et al., 2010) and to capture hydrological lateral and vertical
transport processes in coupled complex ecosystem models (Haas et al., 2013; Houska et al., 2014, 2017; Kellner et al., 2017).
All toolboxes enable a stepwise modification of the model structure. Additionally, they allow an easier comparability
comparison of different models, as they are all constructed from the same parts and a more straightforwardly handled through
interfaces (Buytaert et al., 2008). Recently, some studies tried to tackle the multi-hypotheses problem within a model
framework (e.g. van Esse et al., 2013; Fenicia et al., 2008; Gharari et al., 2014; Hublart et al., 2015; Kavetski and Fenicia,
2011). Most of these studies built their models incremental from bottom up to find out, if small modifications allow a better
simulation (Bai et al., 2009; Westerberg and Birkel, 2015). Others compared predefined model structures (van Esse et al.,
2013; Kavetski and Fenicia, 2011). In all cases, researchers stopped improving the models once a sufficient performance was
reached. i
modifications: Clark et al (2015ab) propose with the SUMMA concept another approach to test multiple hypotheses. Here, the

number and type of subprocess stay static, yet the mathematical formulation of the process description are scrutinized by

exchange-
Despite having the potential to create a wide range of models with such toolboxes, only a minor quantity in the vast space of

possible model structures is currently explored. However, this thorough exploration is needed to find appropriate model
structures for any catchment, as it seems that current hydrological knowledge does not allow to construct a model that works
equally well for all environmental conditions, especially when using lumped models (Beven, 2000, 2007, 2016; Buytaert et
al., 2008; Fenicia et al., 2014).
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To better use the existing understanding of a given catchment and to test more complex models, this study turns the incremental
approach of adding more process-understanding to a model upside down. First, we develop a conceptual model from current
hydrological understanding that contains all structures-subprocesses that might be important for the functioning of a catchment.
Then, parts of this model are disabled through incremental model breakdown, and the reduced model structures are tested for
their simulation performance. A subprocess is marked as necessary, when models lacking it are rejected. On this base, a

subsequent model is constructed which uses the-insights-gained-fromonly meaningful subprocesses-these-previous-models-with
disabled-processes. Incremental model breakdown is therefore a rejectionist approach, built on the learning from failure and

not an optimization process. Beven (2006) } assumed that a rejectionist approach is generally better suited to gain insight about

process hypotheses.

catchmentatall2-To allow comparability of the incremental breakdown method with common modelling approaches, the

subsequent model is finally benchmarked with HBV-Light.

The objective of this study is to demonstrate that incremental model breakdown allows a detailed examination of model
structures, an easier identification of the most important hydrological processes, and thus the construction of an improved

model. While still not being able to sample the entire space of possible model structures, this approach might find some model

structures which are likely missed with other methods. Ultimately, this approach also enables a better hydrological

understanding of the catchment, as different structures, flaws and errors of a first modelling approach become obvious, even
if a theoretical optimal model structure is still unknown..

2 Material and Methods
2.1 Study area

The study area is an upper section (AEO 2-,977 km?, gauging station Grebenau) of the Fulda catchment (Figure 1), a catchment
with Mid-European temperate climatic conditions. Relevant processes and catchment characteristics to be considered included
the contribution of snowfall to precipitation, a mix of land uses with open and closed vegetation cover, and urban regions that
impact hydrology through non-gradient driven fluxes (e.g. water abstraction for drinking water supply, sewage treatment
works, reservoirs or sealed areas).

Precipitation input is influenced by the surrounding low mountain ridges of the Vogelsberg, the Wasserkuppe, the Kniill-
Mountains and the Melsunger Uplands, leading to a significant contribution of snowfall in winter. The elevation ranges from
about 150 m a.s.l. at Grebenau to 950 m a.s.l. at the Wasserkuppe. Wittmann (2002) used tritium as a tracer and found that the
Fulda catchment has two distinct groundwater reservoirs: A large one reacting slowly and a smaller one with faster reaction.
Land use is dominated by agriculture (37_%) and forests (41_%).
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Figure 1: Relief map of the partial catchment of the Fulda River (black border) with side streams, ridges and parts of the Werra
River.

2.2 Model input and validation data

Discharge data for the gauging station Grebenau, temperature and precipitation data were obtained from the Hessisches
Landesamt fuir Naturschutz, Umwelt und Geologie (HLNUG). The point measurements for precipitation and temperature of
the 108 measurement stations were extrapolated over the whole catchment, using kriging with altitude as an external drift
(Hudson and Wackernagel, 1994). Finally, the extrapolated values were averaged over the whole catchment to get a single,

lumped value per day.

The Fulda catchment has a humid, temperate climate, —Fhe—climatic—conditions—during—the-calibration(1980-1985)-and
vatidation-period-(1986-1988) wererathersimitarwith an annual precipitation of 838 mm. The annual runoff coefficient ranges

4
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between 0.3 to 0.6 (average 0.39), which is in the range for comparable catchments (e.g. Rawlins et al., 2006). The discharge
and groundwater of the catchment are influenced by drinking water abstraction for 80,000 inhabitants (Rhénenergie Fulda
GmbH, 2017).

The model time step and temporal resolution of the data are both daily. Both the validation and the calibration period behave

differently in regard of their patterns of precipitation and discharge (Figure 2). The calibration period is wetter and contains

six _of the seven large rainfall events (> 30 mm d) are located here. In addition, in both periods there is one year which

represents more extreme weather conditions. 1985 for the calibration period with very little discharge in comparison with the

precipitation and 1988 with very much discharge in comparison to the precipitation. Still the precipitation stays in the long

term range for this catchment for all years (Fink and Koch, 2010).

Calibration
Validation
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800 -

600 -

400 -

200 -

Cumulative precipitation [mm]

| | | | | |
0 50 100 150 200 250 300 350
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Figure 2: Cumulative discharge plotted against cumulative precipitation for the calibration and validation time period and two
years which deviate most from the other years. For the calibration and validation period, the cumulative discharge and
precipitation are the average of the corresponding years.

2.3 Model development using Catchment Modelling Framework (CMF)

For the construction of all models and all numerical calculations_(except HBV-Light), we used CMF. CMF is a modular

framework for hydrological modelling developed by Kraft et al. (2011) (see also {CMF, 20173). For solving the differential
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equations of models constructed with CMF, several numerical solvers are embedded in the toolbox. To avoid numerical
problems (Clark and Kavetski, 2010; Kavetski et al., 2011; Kavetski and Clark, 2011) we selected the CVode Integrator
(Hindmarsh et al., 2005) for all models. The CMF version used for this study was 0.1380.

In a first model set up (Model 1, Figure 31) all processes are reliant on different flow connections. The incoming precipitation
is saved in a snow storage in case the air temperature is below freezing point and rereleased to the surface storage after
snowmelt. All other precipitation is split between the canopy or reaches the surface directly, depending on canopy closure.
From the surface, the water is either directly routed to the river or enters three serial soil/groundwater layers, which in turn
route water to the river as well. In addition, a fixed amount of water is abstracted from the lower groundwater to simulate
drinking water extraction, which in turn is routed to the river. The river then routes all water to the outlet. Thus, it contains the
implementations of processes for evapotranspiration, a canopy, snow, surfaces, a river, upper- and lower groundwater body
(Figure 3%).

Following the findings of Singh (2002) all connections in the model with a flow curve (Figure -13) are described as kinematic

waves (Equation 1) (Singh, 2002), except for the infiltration and the drinking water abstraction.

Q = L (\Hrenuaty” ®

Vo

where Q is the ratio of transferred water, Viesiauar [M?] is the volume of water remaining in the storage, Vo [m? d!] is the

reference volume to scale the exponent, V is the current volume of water in the storage [m?3], and B is a parameter to shape the

response curve [-]. The parameter t; Qq

in-days is the flux in [m? d*], when “—residual — 1,
0

Water that reaches the surface, i.e. throughfall or snowmelt, is routed into the upper soil as infiltration, with the following
limits applied:
- Infiltration excess expressed by a maximum surface permeability Ksa
- Saturation excess expressed by a limiting factor calculated from the water content of the first subsurface water storage
using a sigmoidal function
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Drinking water abstraction is implemented as a fixed amount of water._As the influence of the drinking water abstraction is

not known, the amount of water abstracted is calibrated. It is transferred to the drinking water storage as long as the amount of

water in the groundwater storage is above a threshold. As this threshold is not exactly known, we included it as a parameter
for calibration. From the drinking water storage, all water abstracted for a given day is routed to the river.

Snowmelt uses a simple degree-day method (see APl in CMF (2017)). The snowmelt temperature parameter was calibrated.
Interception from the canopy is realized as Rutter interception (Rutter and Morton, 1977). Potential evapotranspiration was
calculated with the modified Hargreaves equation by Samani (2000).

The devised model was tested by using fluxogram graphs. Fluxograms allow creating animated graphs that resemble model
structures with all their storages and fluxes and they were used to analyse the implemented model processes_(for more

information about the fluxogram graph see Jehn (2018)). The size of the storages and fluxes change for each time step

according to the amount of water stored/moved. For the fluxogram animations we used the model with the highest logarithmic
Nash-Sutcliffe Efficiency (logNSE).

2.4 Incremental model breakdown

To test the influence of different structure elements in Model 1, we used the concept of a one-at-a-time sensitivity analysis,
i.e. disabling one process after the other, to track changes_(Figure 4) . This resulted in 13 additional models with varying
disabled processes (Table 1). In a second step, we disabled up to four processes, to scrutinize the interplay of processes, as

proposed by Clark et al. (2011)._ When a process was removed, the connections leading to it were then connected to the next

nearby storage. For example: If the surface storage was removed, the Canopy and the Snow Storage were connected to the

soil. Or if the river was removed, all connections leading to it were directly connected to the outlet.

-For each simplified model, the model performance was evaluated. If the model performance was getting worse, the deleted
process was valued essential for the model and vice versa. If the performance did not change, the process was rated
unimportant. This allowed us to separate influential processes from unnecessary ones and thereby assess if the chosen

complexity was justifiable for the catchment (Fable-Figure 5, Figure 62). The main criteria to determine the value of a process

was the ability of the model to produce behavioral runs in the calibration period at all. A model is rejected, when it is not able

to produce runs of acceptable performance for all parameters. And rejected means in this study, the model is missing a process

to important to ignore. If a model lacking a certain subprocess is able to produce behavioural runs marks-that subprocess as-is

irrelevant for this application.- The kneMedgegmnedwa&the#used—teﬂeenstruep&fmal Model 15_is constructed from Model

1 by removing the irrelevant subprocesses
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Figure 4: Flow chart for the method of incremental model breakdown




5 Table 1: Structural elements of the models and amount of parameters. GW = Groundwater, DW = Drinking Water. ET = Evapotranspiration. Light gray
indicates active components. Dark grey indicates disabled components.

Rain distribution Groundwater (GW) Number
lower

Canopy Surfaces Snow Soil River | upper GW GW DW ET Parameters
Model 1 (start) * * * * * * * * * 19 10
Model 2 (no GW) * * * * * _ﬁ 13
Model 3 (no ET) * * * * * * * * 18
Model 4 (no river) * * * * - * * * * 17
Model 5 (no rain distribution) * * * * * * 13 15
Model 6 (no surfaces) * * * * * * * * 17
Model 7 (no canopy) * * * * * * * * 17
Model 8 (no snow) * - * * * * * * 17
Model 9 (no DW) * * * * * * - * 17 20
Model 10 (no GW/river) * * * * * 10
Model 11 (no canopy/surfaces) q * * * * * * * 15
Model 12 (no river/surfaces) % * * - * * * * 15
Model 13 (no lower GW) * * * * * * * * 17 25
Model 14 (no lower GW/DW) * * * * * * 15
Model 15 (final) * * * * 10
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2.5 Calibration and validation

A model run was separated into warm-up period of one year (1979), a calibration period of six years (1980-1985) and a
validation period of three years (1986-1988). First CMF model runs showed that many simulated discharge peaks occurred
one day ahead compared to observed data. This is caused by rainfall occurring in the later time of a day, that leads to a reaction
in the hydrograph of the following day as water needs time to reach the gauging station (Ficchi et al., 2016). The model,
however, reacts directly to this as its input data is resolved in a 24 h time step. Therefore, we shifted the simulated time series
one day into the future as proposed by Bosch et al. (2004). This led to better calibration results. This was not needed for HBV-

Light, in which the MAXBAS parameter accounts for shifting peak discharge.

We used the Generalized Likelihood Uncertainty Estimation (GLUE) methodology (Beven and Binley, 1992) to find

behavioral parameters sets for the calibratin period. It should be noted, that other calibration schemes , objective functions and

parameter ranges might have lead to different results. However, we are not striving to find the best performing parameter set.

Instead, we uses GLUE for the identification of behavioral model runs to evaluate the various model structures. As single-

objective calibration lowers the identifiability of model parameters and structural elements (Efstratiadis and Koutsoyiannis,

2010) and often hide shortcomings of models (Ritter and Mufioz-Carpena, 2013), we pursued a multi-objective calibration
procedure. Following the concept of Moriasi et al. (2007), a model run was deemed behavioural, if the logarithmic-Nash-
Sutcliffe-Efficiency (legNSE) was >0.5_(optimal value: 1; range: 1 to - «), the percentage bias (PBIAS) was below/above

+25% (optimal value: 0; range: 0 to + o) and the ratio between root mean square error to the standard deviation of the measured

data (RSR) was <0.7_(optimal value: 0; range: 0 to o). As an additional constrained we also included the logarithmic Nash-

Sutcliffe-Efficieny (IogNSE) (optimal value: 1; range: 1 to - «) to allow a better evaluation of low flows. The legNSE focuses
on tew-peak flows-the-RSR-depictspeakFlows and the PBIAS considers the overall model deviation from observed data. It
should be noted though, that this study does not aim on finding the optimal parameter sets for a single model, but to use the

knowledge gained from calibration and validation to identify the most important processes in the model structure and use this

to improve the model structure and reduce the number of parameters used. The validation period is strictly not used in any

selection process to avoid overfitting and only used in the last validation step of the overall method.

The sampling of the parameter space for calibration was done by Latin Hypercube Sampling (McKay et al., 1979) implemented
via SPOTPY (Houska et al., 2015). Fhe-SMFAII models were run 300,000 times each, using a High Performance Computing
Cluster. See the tutorial section of CMF (2017) for more detailed information on the coupling of CMF with SPOTPY for model
calibration. Implemented parameter boundaries for Model 1 are given in Table 32 and remained fixed for all further developed
model structures to ensure comparability.

The lower and upper bounds for VO_soil and ETV1 were taken from Blume et al. (2016) for typical field capacities reported

for German soils in the range of 20 to 300. Canopy parameters are in line with values provided by Breuer et al. (2003).
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Groundwater transit times are roughly corresponding with the findings of Wittmann (2002) and Wendland et al. (2011). For

all other parameters we could not find reliable data and thus estimated them subjectively. The parameters use a wide range

intentionally to allow the parameters to adapt to the very different model structures.

2.6 Benchmarking model

As there have not been many studies regarding the construction of models via modelling frameworks, this study uses HBV-

Light as a benchmark to make results more comparable with non-framework studies and to allow a more precise evaluation of

the performance of the proposed incremental model breakdown method. HBV-Light is a widely used model, which has proven

its functionality in very diverse catchments [Seibert and Vis, 2012]. It is a lumped, parsimonious model. We used the simplest

setup of HBV-Light with a single soil storage and no lapse rate. As HBV-Light has no internal way to calculate potential

evapotranspiration, we used the same approach by Samani [2000] as for all other models.
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Table 2: Lower and upper parameters bounds of all models and their indented meaning. GW = Groundwater

Name Unit Intendent meaning Min Max
tr_soil_GW day Residence time from soil to upper GW 0.5 150
tr_soil_river day Residence time from soil to river 0.5 55
tr_surf_river day Residence time from surfaces to river 0 30
tr_GW_I day Residence time from upper GW to river/outlet 1 1000
tr_GW_u day Residence time from upper GW to river/outlet 1 750
tr_GW_u_GW_| day Residence time from upper to lower GW 10 750
tr_river day Residence time from river to outlet 0 3.5
VO_soil mm Field capacity of the soil 15 350
beta_soil_GW L Exponent the-which changes the shape of the flow curve 0.5 3.2
beta_river L Exponent the-which changes the shape of the flow curve 0.3 4
ETV1 mm Volume under which the evapotranspiration is lowered 0 100
fETVO % Factor by what the evapotranspiration is lowered 0 0.25
meltrate mm °C* day™ Meltrate of the snow 0.15 10
snow_melt_temp e Temperature of snow melt -1 4.2
Qd_max mm day™ Maximal drinking water extraction 0 3
TW_threshold mm Amount of water that cannot be extracted 0 100
LAI L Leaf area index 1 12
CanopyClosure % Canopy closure 0 0.5
Ksat m day™ Saturated conductivity of the soil 0 1
3 Results

3.1 Behavioural runs of Model 1 to 14

Model 1 was able to achieve nine behavioural runs. The model has a better performance in the validation period (Figure 52,

Figure 36, Fable-2) This is true for all other models as well.. The simulated discharge is rather erratic (Figure 37), i.e. it reacts

directly on small changes in precipitation. Those quick reactions are timed correctly. However, they overestimate the discharge
from small precipitation events, while underestimating large ones. These differences are larger in summer than in winter. This
behaviour leads to underestimated high flows and many overestimated small peaks, while the overall simulated amounts are
unbiased. Investigation of storages and fluxes (fluxogram-graph: https://youtu.be/cPOPfDpfW88) show that most of the water
is stored in the upper groundwater storage, while the lower groundwater storage is removed directly by the drinking water

production, as soon as it is above the threshold. Only very small amounts of water are stored in the surface storage, the canopy
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storage and the soil storage. From the soil storage and the canopy storage large amounts of water evaporate, often exceeding
the flow to the outlet. The river storage is mostly recharged from the groundwater and the drinking water storage. The soil
storage contributes significantly to the river storage only at large precipitation events or during snowmelt. Overall, Model 1
slightly overestimates base-low flows and the evapotranspiration, while largely underestimating the peaks.

Most of the deleted model processes from the most complex Model 1 led to more behavioural runs (Fable-2Figure 5, Figure
6). Model 1, 4 (no river storage), 6 (no surface storage), 9 (no drinking water simulation), 12 (no river and surface storages),
13 (no lower groundwater storage) and 14 (no groundwater storages and drinking water simulation) have between two to nine
behavioural runs. Model 7 (no canopy) and 11 (no canopy and surface storage) are able to produce 80 and 90 behavioural runs

respectively (Fable-2Figure 5, Figure 6). The remaining models 2 (no groundwater storages), 3 (no evapotranspiration), 5 (no

rain distribution), 8 (no snow) and 10 (no groundwater and river storages) were not able to produce behavioural runs.

Fhe-Most, but not all simplified models tend to show better performances for their mean-median values of the logNSE, NSE
and the RSR (at least in the validation period) than Model 1, while Model 1 has a PBIAS better than mest-ef the other models.
Especially model-Model 13 (no lower groundwater storage) median values for the legNSE-objective functions outperform

Model 1. Also-a mplified-models make use of le Haramete han-the model-
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3.2 Construction and behavioural runs of Model 15

We can report that representation of model processes for the upper groundwater body, evapotranspiration and snow have a
positive impact on model performance in the Fulda catchment, given the increased number-of-behavioural-runs-and-mean

median values of the objective functions (Fable2Figure 5, Figure 6), as when those processes are excluded the models struggle

to produce behavioural runs. The exclusion of the canopy and drinking water have a more or less neutral impact on the median

performance of the behavioural runs (Figure 5, Figure 6Fable-2). Whereas the chosen implementations of the river, the surfaces

and the lower groundwater affect the model quality negatively (Figure 5, Figure 6Fable-2). The structure of Model 15 was

created after all the other models had been evaluated. For this, we used the process knowledge gained from the reduced models
(see discussion) and constructed Model 15 with only those processes, which had proven to have positive impact on the quality
of the results. Therefore, Model 15 consists only of those processes most important for the given Fulda catchment (Figure 49).
In comparison with the model structure of Model 1, the processes surface water storage, lower groundwater storage, drinking
water extraction, river storage and the simulation of the canopy were disabled.

Profiting from the insights of the models with disabled processes, Model 15 performs better than Model 1. The RSR, NSE and
the logNSE depict better values, both in the validation and calibration period, while the PBIAS is slightly worse for both cases
(Figure 5, Figure 6Fable2Figure-2). Especially the maximal values are for the logNSE, NSE and RSR are much better than
Model 1. Further—it-has-more-behavieural-runs-than-the-best-of-the-reduced-mede able-2)—As for all other models, the

performance increases from the calibration to the validation period for Model 15. The simulated hydrograph is a lot less erratic
than the one from Model 1 (Figure 37). In addition, the peaks fit better than in Model 1. However, summer peaks are less likely
to be predicted than those during the rest of the year (Figure 37). The overestimation of baseflow-low flow in Model 1 is enby
apparent on fewer days. In Addition, to this increase of the performance in comparison with Model 1, Model 15 uses nine

parameters less (Table 21). The remaining ten parameters in Model 15 behave different from the same ones in Model 1 (Figure

8). Some parameters like tr soil GW and fEVVTO have almost the same density distribution. Still, there are several parameters

like tr_soil river and ETV1 whose density is much more focused around a specific value for Model 1 than for Model 15.
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Figure 8: Distribution of all parameters shared by Model 1 (blue) and Model 15 (green), fitted with kernel density.

3.3 Behavioural runs of HBV-Light

HBV-Light performs best of all models in this study. Its performance increases from the calibration to the validation period,

especially in regard of the maximal values of the objective functions (Figure 5, Figure 6). The largest differences manifest in

the values for the RSR and the NSE between HBV-Light and the other models. However, HBV-Light seems to have problems

in simulating the base flow of the Fulda catchment, resulting in a worse value for the logNSE in comparison to the other

models. Here the performance is similar to Model 15. Also, HBV-Light has a very wide range for the values of the objective

functions in the validation period, hinting to a large parameter equifinality.
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calibrated parameters (red), fluxes (black arrows) and flow curves (for all applicable fluxes. Water reaching the outlet is shifted one
day into the future.

4 Discussion
4.1 Overview

The results show that Model 1 fell short on simulating the catchment correctly. Mainly caused by a slow reaction to
precipitation events, which reduced discharge peak prediction and caused the model to focus on evapotranspiration to handle
the excess water. Still, it was a good basis to determine relevant processes by incremental model breakdown. Insights from
this led to an improvement in the performance of Model 15, while at the same time allowed a reduction of the number of

parameters (from n=19 to n=10)(Table 21). Nevertheless, even this improvement did not allow Model 15 to outperform HBV-

Light. Still, Fthis suggests that the method of incremental model breakdown is a good way to improve model performance and

reduce equifinality inthe-posterior-parameter-distributionthrough parameter reduction, which improves the identifiability of
the model structure (Ambroise, 2004). It enables insight to which processes are important for discharge simulations in a given

catchment. It also allows revealing errors, using them “as a means of discovery” of false model assumptions (Elliott, 2004). It
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should be noted that this method does not necessarily lead to an improved model performance, but it allows creating a model,
which relies on fewer processes, parameters and assumptions, thus being an application of “Occam’s razor” (Clark et al.,
2011).

4.2 Inspection of internal processes

Even though Model 1 did give sufficient but not excellent results, it was a good foundation for the construction of Model 15.
Due to the implementation of many processes in Model 1, all those processes could be examined on their effect on the
simulation. Upper groundwater, evapotranspiration and the simulation of the snow storage and snowmelt were identified as
the most important processes, as for example models 2, 5 or 10 could not achieve behavioural runs without those processes

(Figure 5, Figure 6Fable-2). Model processes of drinking water and the canopy showed only minor impact on model discharge

simulation performance (Figure 5, Figure 6Fable-2). Improved values for the objective function were found for models 4, 6

and 13 with no river, no surfaces and no lower groundwater, as those processes likely hindered the models from being better.
Excluding these processes make the models react slower and with this, more accurate to precipitation inputs. The drinking
water storage’s minor influence might simply be due to the rather low population of 159 persons per km? in the region, and
neither water withdrawal for irrigation nor water-consuming industries are relevant players in the region’s water cycle. The
canopy, however, is commonly regarded as an important factor, as interception can cause 25 % and more of the rainfall not to
reach the ground (Link et al., 2004). However, Model 15 was able to get better values for the objective functions than Model
1 even though the canopy was disabled (Figure 5, Figure 6Fable-2-Figure-2). Fenicia et al. (2008) showed that canopies have

a large effect in dry regions, which is underpinned by models developed for humid regions neglecting the canopy and still

performing well, e.g. HBV-Light (Seibert and Vis, 2012). Also, the current implementation of the canopy in CMF assumes a
fixed canopy storage for the whole year. A more realistic approach should be implemented for future applications, as was for
example realized in plot scale CMF application coupled to plant growth models for winter wheat (Houska et al., 2014) and
perennial grassland (Kellner et al., 2017).

The river storage is most likely too small to be an important reservoir in comparison to the catchment. The surface storages
probably do not contribute to the runoff itself, because the catchment is mostly vegetated, which impedes overland flow. Lower
groundwater was included because of the ability of the sand- and limestone in the catchment to store large quantities of water
and because of the tritium based tracer experiments of Wittmann (2002). He found two distinct groundwater aquifers in the
catchment. Their study comes to the results that the lower one of the aquifers must be very large. However, our posterior
parameter boundaries indicate a very slow response.

Model 15 falls short in predicting peak flow in summer (Figure 37). Due to that, the model has too much water and needs to
compensate for this by overestimating baseflow and evapotranspiration (Figure 73). The problem of not predicting the peak
flow in spring completely right is probably caused by the lumped and simple implementation of snowmelt. Most of the snow
in the Fulda catchment is stored in a small area along the ridges, while the lumped model does not make such a spatial

distinction-. A further, possibly influential, discrepancy between our lumped modelling assumptions and reality is that the
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snowmelt occurs evenly distributed over the whole catchment, so that the complete snowmelt in the model takes only a few

days, often even in only one day. It might also be linked to the evapotranspiration. . In times of low evapotranspiration, the

water is forced to leave the model as discharge. Therefore, large precipitation events are directly transferred to large peaks.

During times of high evapotranspiration, much water can be released into the atmosphere, and as the water in the soil storage

of Model 15 flows proportionately more if the storage is already high, this allows the water to stay longer in the soil, which in

turn allows more evapotranspiration.

The fluxograms showed that Model 1 did not use the drinking water storage and used the canopy storage only rarely. These
observations underline the demand of Clark et al. (2011) that the internal procedures of a hydrological model should be
inspected as well, to better understand its functioning. The fluxograms helped to detect that canopy and drinking water are not
used by the model.

When examining the mean-median model performance of all reduced models and the resulting Model 15, one can see that the

mean-median values of the objective functions of Model 15 are similar to those of Model 13 (Figure 5, Figure 6Fable-2). Model

15 is considered to be the better representation of the catchment than Model 13, as it has a more streamlined structure and

seven parameters less. In addition, the good values for Model 13 are mainly caused by the low number of behavioural runs (n

= 2), allowing one very good run to distort the meanresults. Also, Model 15 reaches higher maximal values for the objective

functions.

This improved performance of Model 15 in comparison with the Model 1 is overshadowed though, by the higher equifinality

of some parameters in Model 15 (Figure 8). In Model 1 for example the parameter EVT1 has two very distinct peaks, while

Model 15 distribution for this parameter is spread out widely. The behavior of ETV1 might also be linked to the rightward

shift of the parameter beta soil GW. This parameter controls the speed in which water leaves the soil in the direction of the

groundwater. The increase in its value lets the water stay longer in the soil storage, allowing more Evapotranspiration, which

in turn allows the parameter ETV1 be handled more flexible by the model.
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4.3 Comparison with HBV-Light

All three models show a distinct behavior (Figure 5, Figure 6), with HBV-Light and Model 15 behaving rather similar. The

main differences between the models are the ability to predict the peaks, an over/underestimation of base flow and the shape

of the hydrograph in general. Model 1 captures the shape of the low base flow best, while HBV excels at simulating the peaks.

Model 15 is somewhere in between. Those differences are probably caused by the number of storages in the models and

processes that mimic saturation excess.

Model 15 and HBV-Light are quite similar with regard to their model structure and the considered hydrological processes. The

main differences in model performances is the way the mathematical process descriptions are implemented. HBV-Light has a

maximal value for percolation and the triangular weighting function that changes the shape of the flow curve (Seibert and Vis,

2012) .With the maximal value for percolation, additional water is forced to become discharge, as there is no other way it

could go. This allows HBV-Light to forecast the peaks better, but also might make the model react too quickly. This behavior

though is counteracted by the triangular weighting function of HBV-Light. In contrast, Model 15 predicts the peaks correct

only during times of low evapotranspiration. Another main difference exists for the simulation of base flow. Model 1 depicts

a highly correlated base flow to the observed one, but the model is overestimating the total amount. Model 15 and HBV -Light

mimic the shape and timing of the low flow worse, but predict the amounts better. One reasons for this behaviour might be

that a model needs a good representation of the groundwater to simulate discharge minima (Plesca et al., 2012). This is the

case for Model 1, but only to a lesser extent for HBV-Light and Model 15.

4.34 Does model incremental breakdown allow the construction of improved models?

The improved performance of Model 15 shows that a priori model selection is not useful, as the models with different process
implementations deliver very different results. This is in line with the findings of Ley et al. (2016), who used predefined model
structures on a large amount of different catchments and found that no model was able to simulate all catchments well. Similar
results were also found by Kavetski and Fenicia (2011) and Fenicia et al. (2014), who showed that lumped models need to be
tailored for single catchments as they are often over-simplified.

Lumped models have the advantage of an easy set-up and low data requirements, but this comes at the cost of not being able
to address the spatial heterogeneity of the catchments (Ley et al., 2016) and that the parameters and structures have no direct
equivalence in the real world (Bergstrém and Graham, 1998). Therefore, a lumped model structure might simply have been

too simple for the upper section of the Fulda, calling for a semi-distributed or even distributed model set up. This is also hinted

by a study by Fink and Koch (2010), who where able to model the Fulda Catchment quite well with a modified semi distributed

version of SWAT. Overall, we think that the proposed method of incremental model breakdown led to an improvement in
model performance. In addition, the model complexity and amount of parameters and with this equifinality were reduced._In

this regard, the incremental model breakdown is different to methods like sensitivity analysis where the model structure is
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untouched, as we reduce the structural model complexity. Both topics are often stated as the main goals of model development
e.g. Efstratiadis and Koutsoyiannis (2010) and Gupta and Nearing (2014).

Incremental model breakdown bears, as any model intercomparison study of calibrated models, a risk of overfitting. In the

context of this study, overfitting would results in the acceptance of a process that seems only by chance relevant in the

calibration period, but has only weak predictive power. Another overfitting effect would be a preference of parameter rich

models. An indicator for overfitting are great results in the calibration period but flawed results during validation. This shows

the importance of a validation period that is never used in any selection process, neither for structure nor for parameters. In

this study, the performance of the models during validation generally exceeded the performance of the calibration period,

despite the different characteristics of those periods. A second effect when both structural and parameter uncertainty are to be

compared, we are not only facing an equifinality of parameter sets but add equifinality of structures. We based the recognition

of relevant processes on the rejection and not the optimization of certain model structures, as suggested by Beven (2006) Beven
{2005) to gain a robust method.
All in all, incremental model breakdown and inspection of parameter distribution, as well as comparison with already

established models and the flowpath in a model with a fluxogram might help determine if models do the right things for the

right reasons.

5 Conclusion

This study shows that the process-based incremental breakdown of a hydrological model using fluxograms and a multi-
objective calibration allows the identification of important hydrological processes in a model and the reconstruction of the
starting model structure to a tess-uncertain-and-more efficient version. We conclude that the method provided offers a useful
approach in the identification of relevant hydrological processes. Model frameworks such as CMF facilitate the development
of such an approach.

The incremental model breakdown can be used best in two cases: (1) finding out why an existing good model does produce
good results in the sense of a diagnostic tool to assess model structures; or, as in this study, (2) determining which processes
are most relevant, to allow the streamlining of a model.

One goal of this study was to find another strategic way to test the multiple implementations of catchment functioning. We
were able to distinguish between unnecessary and relevant model processes. Further, it became clearer what causes those
problems, by examining the model piece by piece as proposed by Clark et al. (2016). Therefore, this method can be seen as a
useful third way, in addition to step-wise model building (Bai et al., 2009; Westerberg and Birkel, 2015) and the comparison
of predefined structures (van Esse et al., 2013; Kavetski and Fenicia, 2011), to explore the realm of multiple hypotheses. We
propose future research should consider an automatic assemblage of model structures to test not only a manually manageable

number of models but rather scan a larger variety of feasible combinations, which in turn would allow a completely exhaustive

exploration of the space of possible model structure. -
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