Reply to Anonymous Referee’s comments (RC1)

We thank the anonymous referee (RC1) for their constructive comments and careful evaluation of our
manuscript. Their feedback has been very helpful in improving the clarity and robustness of the paper.
Below, we provide a detailed, point-by-point response to all comments. The referee’s remarks are
shown in black, and our responses and corresponding revisions are provided in blue.

This paper demonstrates and compares approaches to combine multiple hydrological models (i.e.
multi-model mosaics vs multi-model combinations), answering the question of which multi-model
approach performs best over a large sample of catchments in the US. First, I'd like to say that | really
enjoyed reading this paper. It covers an important topic — how to improve streamflow simulations
through multi-model approaches — in a novel way. | also appreciated the discussion of sampling
uncertainty, which is often overlooked in modelling studies. The figures were excellent, well presented
and very clear, and the paper was well-written. | would recommend that this manuscript is worthy of
publication with minor corrections and clarification of the methods. Further comments and
suggestions are outlined below.

We thank the referee for this positive evaluation of our work. We appreciate the constructive feedback
and address all specific comments below.

Further justification is needed for the use of model structure with best median KGE as a benchmark.
This is a difficult benchmark to beat — it already requires a multi-model approach running all 78
combinations of model structures and selecting the ones with the highest overall performance. The
selected benchmark model is dependent on your catchment selection, and | wonder if this gives an
unfair advantage to catchments which are the least similar to other CAMELS-US catchments (i.e. where
the benchmark model structure is less suitable and therefore easier to beat). | am curious why you did
not use the FUSE variants based on the four existing models (i.e. relating to VIC, PRMS, SAC and
TOPMODEL) as benchmarks, as these may be a better representation of what we might expect from a
single model approach which your multi-model approaches then build on.

We thank the referee for this thoughtful comment. We agree that the selected benchmark represents
a strong baseline, as it is identified from a large ensemble of 78 model structures. Our intention was
precisely to define a robust upper bound for a single-structure solution thereby providing a stringent
reference against which the added value of more complex multi-model approaches can be assessed.
In other words, we aimed to evaluate whether multi-model strategies offer clear improvements over
the top-performing single model available within the ensemble, rather than over a legacy or arbitrarily
chosen “one-size-fits-all” model. This also avoids implicitly promoting more complex multi-model
approaches (with their associated computational cost and uncertainty) when a carefully selected single
model may perform equally well in terms of performance metric values.

We acknowledge that the selected benchmark depends on the catchment sample considered.
However, this dependence applies equally to all multi-model approaches tested here, as they are all
calibrated and selected on the same set of catchments. Importantly, the benchmark does not
systematically outperform other structures in every catchment and thus does not necessarily confer
an advantage in regions where it is less suitable.

Regarding the use of the four parent FUSE configurations (VIC, PRMS, SAC, and TOPMODEL) as
benchmarks, these models are embedded within the broader FUSE structural space but represent only
a small subset of possible configurations. To improve transparency, we now explicitly highlight these
four parent configurations in Figure 3, allowing readers to directly assess their relative performance
within the full ensemble. Our objective was not to compare multi-model methods against legacy model
formulations, but rather to assess whether more complex multi-model strategies provide added value



over the simplest one, using the best-performing single structure available within the considered
ensemble. We have clarified this in the revised manuscript.

The FUSE model variants share many similarities: all lumped conceptual hydrological models run at a
daily timestep with the same input data. It would be worth discussing their similarities as well as the
key differences given in Table 2 — as a more diverse multi-model ensemble may have even greater
benefits. This is briefly touched upon in the discussion, but | feel that it is also worth elaborating upon
in the methods.

We thank the referee for this important remark. We agree that the 78 FUSE variants share a common
modelling framework, as they are lumped conceptual models run at a daily timestep with identical
forcing data. While this ensures methodological consistency and a controlled comparison of structural
decisions, it also limits the diversity of the ensemble compared to combinations of fundamentally
different modelling paradigms (e.g., with physically-based or machine learning models).

Within this common framework, structural diversity arises from differences in upper- and lower-layer
architectures, baseflow parameterizations, surface runoff generation mechanisms, and percolation
formulations (Table 2). These decisions lead to substantial differences in performance across
catchments (Figure 3), yet they remain variations within a conceptual modelling family.

We agree that a more heterogeneous ensemble, including structurally distinct modelling paradigms,
could potentially yield larger benefits from multi-model approaches. We have expanded the
description of the FUSE framework in Section 2.2 to better clarify both the shared assumptions and
the sources of structural diversity, and we now explicitly acknowledge this limitation earlier in the
manuscript.

Section 2.3: “Each model is calibrated for each catchment over the period 1989-1998 with a
preliminary warm-up period of two years.” Please could you further specify these dates — were they
run over water years or calendar years, and was the warm-up period before the calibration i.e. 1987-
1988 inclusive or the first two years of the calibration period 1989-19907 Is two years sufficient for a
warm-up period for your catchments? We have found that some groundwater dominated catchments
require longer warm-up times depending on the model initialisation, but | have no experience of
modelling catchments in the USA. This choice of calibration period should be explained in the paper —
10 years is relatively short and may not capture particularly dry/wet years.

The calibration period covers calendar years 1989-1998, and the two-year warm-up period precedes
calibration (calendar years 1987—1988). This has now been clarified in Section 2.3.

We agree that a two-year warm-up period may not be sufficient in all contexts, as the time required
for model spin-up depends on model structure, climate, and catchment characteristics. To assess
whether the chosen spin-up was adequate in our case, we analysed the temporal evolution of
streamflow error (simulated vs observed) for different dates across the 78 structures and 559
catchments. This analysis indicates that model errors generally decrease rapidly and stabilise within
the first few months of simulation for most structures and catchments. While we acknowledge that
some groundwater-dominated catchments may require, in theory, longer spin-up periods depending
on model formulation and initialisation, the results suggest that the two-year warm-up period is
sufficient for the purposes of this large-sample comparative study. This behaviour is consistent with
the lumped and conceptual nature of the FUSE configurations, which typically exhibit shorter memory
than physically based models with explicit aquifer representations.
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RC1 — Figure 1 : Mean streamflow error (Qsim — Qobs) computed over a 15-day window for selected dates, across the 78
FUSE structures (y-axis) and the 544 catchments (x-axis). Rows typically correspond to different years, while columns
distinguish between winter and summer seasons. Decisions are ordered numerically, and catchments are arranged according
to their identifiers.

Regarding the overall simulation period, we acknowledge that longer time windows may capture a
broader range of hydro-climatic variability. Nevertheless, the selected period includes both relatively
wet and dry years across CONUS for calibration and evaluation, providing a balanced compromise
between representativeness and computational feasibility given the number of catchments and the
size of the model ensemble. An additional constraint arises from data availability: the Daymet forcing



product provided within CAMELS spans 1980-2015, limiting the maximum possible simulation length
to 35 years. In practice, however, near-complete streamflow observations are rarely available over
such an extended period. The 22-year window used here (2 years warm-up, 10 years calibration, 10
years evaluation) was therefore selected to maximize the number of catchments with sufficiently
complete streamflow time series, while maintaining consistency with previous large-sample CAMELS-
based studies (e.g., Knoben et al., 2020). These aspects are now clarified in the revised manuscript.

Section 2.5 would benefit from a more thorough description of the multi-model approaches. In
particular, | noted the following:

(1) Section 2.5.2.2 left me with questions such as what are the benefits of minimising the number
of models, how exactly does the method reduce the number of models required, and how
many model structures remained? On further reading | found that more details are given in
appendix A — it would be helpful to refer to this in the main text.

We agree that the description of the performance-equivalence mosaic in Section 2.5.2.2 was too
concise and required additional clarification.

The objective of minimizing the number of models is to identify the smallest subset of structures that
can reproduce performance within the sampling-uncertainty bounds across catchments. This approach
reduces the “noise” that may arise in a traditional performance-based mosaic, where a different best-
performing model is selected independently for each catchment, which can give the impression that a
large number of distinct structures are necessary, whereas many of them may be statistically
equivalent. By identifying a minimal set of equivalent models, the method improves parsimony and
interpretability at the domain scale.

We have expanded the description in Section 2.5.2.2 to clarify how the linear programming algorithm
identifies the minimum set of equivalent models (i.e., by solving a set-cover type problem). We now
explicitly report in the main text that only eight model structures are required to cover all catchments
under the performance-equivalence mosaic. We also added an explicit reference to Appendix A, where
further methodological details and supporting figures (Figures A3—A4) are provided.

(2) Section 2.5.3.1. Could you clarify how the models were combined? “using a simple average of
up to four models” — did you take an equally weighted mean of discharge values from all four
models for each timestep?

In Section 2.5.3.1, the combination is computed as an equally weighted arithmetic mean of simulated
streamflow from the selected structures. In other words, for a combination of n models, streamflow
at each timestep is calculated as the simple average of the n individual simulations, with weights equal
to 1/n and constant across both time and space for this approach. We have clarified this explicitly in
the revised manuscript.

(3) Section 2.5.3.2. — the method selects “the combination of up to three models that yields the
highest KGEcomp scores over the calibration period” —1'd be curious to know if there any cases
where a single model is better than any combination of 2 or 3 models? And in this case would
you use the single model as ‘the best combination’ or does this method require a minimum of
2 models? Again, this section could refer to appendix A.

In the present study, a single model (i.e., a combination of size one) was not considered within the
combination framework and was therefore excluded from the search space. As a result, the top-
performing combination always consists of two or three models. We have clarified this point in Section
2.5.3.2 and added an explicit reference to Appendix A.

We note that in a limited number of cases (73 catchments over 544), the best-performing single model
achieves a higher KGEcomp value than any combination of two or three models over the calibration
period. This indicates that while model combinations tend to improve performance overall, they do
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not systematically outperform single structures in every catchment. Allowing combinations of size one
could therefore lead to marginal improvements in a small subset of catchments. However, given the
limited number of affected cases and the generally small differences in KGEcomp, the overall
performance distributions and the main conclusions of the study would remain unchanged. This
analysis was added in Appendix C.
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RC1 — Figure 2 : Difference of performance KGE.mp between the top-performing single model and the top-performing
combination (2 or 3 models) for each catchment over the calibration period. Each dot represents a catchment, and they are
ordered by difference of performance. The dashed black line indicates equality; dots under show that the top-performing
combination of 2 or 3 models is better than the top-performing single model and vice versa. The dashed red line highlights the

tipping point.

Figure 9. This figure has a lot of information content with the locations of all gauges, but it is hard to
see at a glance which methods are doing better and which are equivalent. | found myself trying to read
and compare the numbers written above each map and struggled to see any patterns with so much
information available. Could it be presented more clearly, e.g. as a table of pie charts/bar graphs rather
than a table of maps?

We thank the referee for this helpful suggestion. We agree that the original presentation of Figure 9
made it difficult to directly compare the relative proportions of “better”, “equivalent”, and “worse”
outcomes across methods.

To improve clarity, we have replaced the table of maps with bar graphs summarizing the percentage
of catchments falling into each category for each pairwise comparison. This revised visualization allows
a more immediate comparison of the relative performance of the different approaches.

Appendix line 646: “Interestingly, these are the two top-performing models in Figure A2, but model 72
is not selected in Figure A4, suggesting a large degree of similarity (i.e., equivalence) between both
models.” Could this also be because model #72 is equivalent with other model structures (e.g. 96) —
rather than necessarily being equivalent with #126? And does equivalence (i.e. similar KGE scores)
necessarily mean similarity (i.e. similar hydrographs)?

We thank the referee for raising this important point. We agree that the absence of model 72 in Figure
A4 does not necessarily imply direct equivalence with structure 126 alone. Model 72 may also be
performance-equivalent to other structures (e.g., model 96 or others), and therefore may not be
required in the minimized set identified by the linear programming procedure. We have revised the
text to clarify this point.



We also agree that performance equivalence — defined here based on KGEcmp, within sampling-
uncertainty bounds — does not necessarily imply similarity in hydrograph shape or process
representation. It indicates statistical indistinguishability with respect to the chosen metric, but does
not guarantee identical dynamic behaviour. We have clarified this distinction in the revised Appendix.

Figure A10: how are the catchments ordered in this figure? Knowing if catchments are grouped by
location, key characteristics, or performance would help with the interpretation of this plot.

In Figure A10, catchments are ordered according to their station identifiers (USGS IDs). This ordering
does not reflect any deliberate grouping by hydrological characteristics or model performance,
although USGS station numbers broadly follow a regional logic and therefore may roughly correspond
to geographical organization.

We have clarified this in the revised figure caption to facilitate interpretation.



Reply to Anonymous Referee’s comments (RC2)

We thank the anonymous referee (RC2) for their constructive comments and careful evaluation of our
manuscript. Their feedback has been very helpful in improving the clarity and robustness of the paper.
Below, we provide a detailed, point-by-point response to all comments. The referee’s remarks are
shown in black, and our responses and corresponding revisions are provided in blue.

This paper investigates and compare several instances of multi-model approaches over a large set of
catchments:

¢ mosaic methods that assign a single model to each catchment,

o combination methods that merge multiple models using static or dynamic weighting schemes.
By all means an excellent work: clear presentation, smooth writing, a pleasure to read and (why not)
an example to cite.

We sincerely thank the referee for this very positive evaluation of our work. We greatly appreciate the
recognition of the clarity of presentation and the overall contribution of the study.

[introduction]
If you know who first introduced the expression “multi-model mosaic”, write it.

The term “multi-model mosaic” has emerged in recent hydrological literature to describe approaches
that assign a single model to each catchment (or sub-catchments) based on local performance. One of
the early explicit uses of this term appears in the context of the NextGen project (Ogden et al., 2021;
Johnson et al., 2023; Ogden et al., 2026), and it has been adopted subsequently in other recent studies
(e.g., Knoben et al., 2025; Thébault et al. 2025). We have now added these references and a brief
historical note in the introduction to clarify the usage of the term.

Johnson, J. M., Fang, S., Sankarasubramanian, A., Rad, A. M., Kindl Da Cunha, L., Jennings, K. S., Clarke,
K. C., Mazrooei, A., and Yeghiazarian, L. (2023). Comprehensive Analysis of the NOAA National Water Model: A
Call for Heterogeneous Formulations and Diagnostic Model Selection, J. Geophys. Res.-Atmos., 128,
€2023JD038534, https://doi.org/10.1029/2023)D038534

Knoben, W. J. M., Raman, A., Griindemann, G. J., Kumar, M., Pietroniro, A., Shen, C., Song, Y., Thébault,
C., van Werkhoven, K., Wood, A. W., & Clark, M. P. (2025). Technical note : How many models do we need to
simulate hydrologic processes across large geographical domains? Hydrology and Earth System Sciences, 29(11),
2361-2375. https://doi.org/10.5194/hess-29-2361-2025

Ogden, F., Avant, B., Bartel, R., Blodgett, D., Clark, E., Coon, E., Cosgrove, B., Cui, S., Kindl da Cunha, L.,
Farthing, M., Flowers, T., Frame, J., Frazier, N., Graziano, T., Gutenson, J., Johnson, D., McDaniel, R., Moulton, J.,
Loney, D., Peckham, S., Mattern, D., Jennings, K., Williamson, M., Savant, G., Tubbs, C., Garrett, J., Wood, A., and
Johnson, J. (2021). The Next Generation Water Resources Modeling Framework: Open Source, Standards Based,
Community Accessible, Model Interoperability for Large Scale Water Prediction, in: AGU Fall Meeting Abstracts,
vol. 2021, AGU Fall Meeting 2021, held in New Orleans, LA, 13-17 December 2021, H43D-01, Bibcode:
2021AGUFM.H43D..010, https://ui.adsabs.harvard.edu/abs/2021AGUFM.H43D..010/abstract
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T., Frame, J. M., Frazier, N. J., Garrett, J. L., Graziano, T. M., Hughes, J. D., Johnson, J. M., McDaniel, R., Moulton,
J. D., Peckham, S. D., Salas, F. R., Savant, G., ... Wood, A. (2026). The NextGen Water Resources Modeling
Framework : Community Innovation at the Intersection of Hydrologic, Data and Computer Sciences. JAWRA
Journal of the American Water Resources Association, 62(1), e70089. https://doi.org/10.1111/1752-1688.70089

Thébault, C., Perrin, C., Legrand, S., Andréassian, V., Thirel, G., & Delaigue, O. (2025). What can be
expected from a semi-distributed multi-model approach for streamflow forecasting? Tailoring the structure and
size of a super-ensemble on the Rhone basin. Journal of Hydrology, 661, 133589.
https://doi.org/10.1016/j.jhydrol.2025.133589
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| may be old-fashioned, but I like to pay tribute to the “eminent forebears” at least in an introduction.
| would suggest to cite here to initial ambition of Linsley (1982) who defended the idea of a single
model arguing that it should be no longer “necessary for each hydrologist to develop his or her own
model for each catchment”. One of the arguments of Linsley was that “a new model for every
application eliminates the opportunity for learning that comes with repeated applications of the same
model.” Note that your “Spatially and temporally static combination” represent to some extent a
“multi-model” extension of this ambition.

We thank the referee for this historically grounded suggestion. We have now incorporated a reference
to Linsley (1982) in the introduction to acknowledge the early discussion on the ambition of applying
a single general model rather than developing a different model for each catchment.

Eventually, you could cite the work of van Esse et al. (2013) as an (unsuccessful) attempt in mosaic-
type approaches.

We agree and have now added a reference to van Esse et al. (2013) in the introduction to acknowledge
earlier applications of mosaic-type approaches in hydrological modelling.

[Materials and methods]
147 : “couple” -> “coupled”

Corrected.

[Results]
Why did you wait the results section to mention the 15 catchements that you excluded? | would have
said it from the beginning.

We agree and have now moved this information to Section 2.1 (Catchments and hydrometeorological
data).

[Conclusion]

Based on the surprising result you obtained with your benchmark, one of the first things | would
personally try would be to test the Oudin et al’s (2006) multi-calibration approach with this one-size-
fits-all structure!

We thank the referee for this suggestion. In their original work, Oudin et al. (2006) demonstrated the
benefit of using a seasonal index to weight hydrographs derived from two distinct calibrations (one
favoring high flows and the other low flows), depending on the filling level of the production store in
GR4J. Implementing such a framework in our context would require identifying an appropriate internal
state variable within the selected FUSE configuration to serve as a proxy for hydrological conditions,
as well as recalibrating the model separately for high- and low-flow regimes. While this represents a
promising direction, it is beyond the scope of the present study.

Also, it would be extremely interesting to check whether, even if a multi-model is not much superior
to a single one-size-fits-all structure, it does not prove more robust in a climate-change perspective. A
possibility would be to run some kind of climate robustness test (for example the RAT of Nicolle et al.,
2021).

We thank the referee for this suggestion. Assessing the relative robustness of single- and multi-model
approaches under climate change conditions is indeed an important and highly relevant extension of
the present work, as already highlighted in the concluding section of the manuscript. Implementing
such an analysis, for example using a climate robustness framework such as the Robustness
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Assessment Test (RAT) proposed by Nicolle et al. (2021), would require dedicated climate perturbation
experiments and a specific evaluation protocol designed to assess transferability under non-stationary
conditions. This would substantially expand the scope of the present study, which focuses on
comparative performance under observed historical conditions. Nevertheless, we fully agree that
robustness under changing conditions is a critical aspect of model evaluation, and we now explicitly
acknowledge this perspective in the conclusion as a priority direction for future research.



