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Abstract. A blended model structure has emerged as an alternative to the traditional representation of model structure in a
hydrologic model, in which multiple algorithmic choices are used to represent some hydrologic process within a model, and
are combined within a single model run using a weighted average of process fluxes. This approach has been shown to improve
overall model performance, as well as provide an efficient way to test multiple model structures. We propose that a blended
model may also be at least a partial solution to the calls for a more robust Community Hydrologic Model, which can mitigate
the need for developing new hydrologic models for each catchment and application.

We develop an updated version of the blended model configuration which defines the suite of all possible hydrologic process
options in the blended model. Configuration development was guided by model performance for more than 30 different discrete
model configurations across 12 MOPEX catchments. Improvements to the blended model include the introduction of blended
potential melt and potential evapotranspiration as new process groups, inclusion of non-blended structural changes, and a
revision of the process options within each existing group. This leads to a very high-performing model with a mean calibration
Kling-Gupta Efficiency (KGE) score of 0.90 and mean validation KGE score of 0.80 across all 12 MOPEX catchments, a
substantial improvement in model performance relative to the initial version of 0.06 and 0.07 in calibration and validation,
respectively. We test for overfitting of models and find little statistical evidence that increasing the complexity of blended
models reduces validation performance. We then select the preferred model configuration as version 2 of the blended model,
and test it with 12 independent catchments, which shows a mean calibration and validation score of 0.89 and 0.76, respectively,
and improvement over the original model (0.03 in mean calibration KGE score). Version 2 of the blended model is robust across
arange of catchments without the need for adjusting its flexible model structure, and may be useful in future hydrology studies

and applications alike.

1 Introduction

Hydrologic models have been useful tools in the hands of hydrologists for many decades. The exponential increase in computa-
tional power available to researchers and practitioners is partially responsible for the rapid development of hydrologic models,
where discussion around the ‘plethora of hydrologic models’ (Clark et al., 2011) and the existence of too many hydrologic

models (Horton et al., 2021) have been noted in more recent literature. Weiler and Beven (2015) advocate for the development
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of a so-called Community Hydrologic Model, which would have enough flexibility to offset the increasing number of new
hydrologic models being developed. Such a model could be applied at different scales and for different watersheds without a
need for developing new models. The hydrologic modelling community is still largely in search of a model that successfully
fulfills this purpose.

Despite this, the number of models being developed and used in studies is increasing. Nearing et al. (2021) state that the
reason for the relatively unsuccessful efforts to nonetheless find scale-relevant theories in hydrologic models is simply that the
hydrology community has failed to find them. Nearing et al. (2021) argue that the ability of deep-learning models to capture
complex relationships in catchments, and to provide better daily streamflow predictions in ungauged basins than traditional
hydrologic models do in gauged basins demonstrates that these relationships can be found, but have not been discovered through
traditional modelling efforts. The traditional belief that overparameterizing a model leads to poor validation performance also
does not appear to be the case with deep-learning models (e.g., see Mai et al., 2022c), which tend to have orders of magnitude
more parameters than process-based hydrologic models. Additional work in the machine-learning community is being done to
improve the realism of machine-learning and deep-learning based models, such as the inclusion of mass-balance constraints
on models (Frame et al., 2022a), addressing a common criticism of machine-learning approaches. The relatively successful
efforts of deep-learning models in hydrology (Nearing et al., 2021; Nevo et al., 2022; Frame et al., 2022b; Lees et al., 2022;
Klotz et al., 2022; Arsenault et al., 2023) leave the process-based modelling community with a fundamental question of how
process-based models can be made to capture complex streamflow signals, as demonstrated with deep-learning models. The
recent success of machine-learning and deep-learning models relative to process-based or conceptual models in controlled
intercomparison studies (e.g., Mai et al., 2022c) further encourages hydrologists pushing for process-based approaches to
confront these deficiencies in their models.

Here, we argue that the recently introduced blended model approach (Mai et al., 2020) may serve to provide some answers
to these important questions in process-based hydrologic modelling, as both a plausible basis for the Community Hydrologic
Model and as a substantial step forward in process-based hydrologic model development. A blended model is one that uses
multiple process options to determine the flux of a hydrologic process (e.g., infiltration) within each time step of the model;
model weights can be adjusted through calibration or other exercise, which effectively provides the flexibility in the model
to change its structure without a need for separate model codes or setups. This is a feature that may allow a well-constructed
blended model configuration to serve as a form of generalized model applicable to different scales and catchments. This char-
acteristic of blended models also allows them to not only maintain a relatively high performance across a range of catchments,
but inform the selection of preferred structural options, and do so with a fraction of the computational cost relative to the more
common approach of running multi-model ensembles, as demonstrated in Chlumsky et al. (2021). The additional complexity
of process representation introduced by the blended modelling approach, while maintaining the important features of process-
based models such as mass conservation and physical interpretation of state variables, is a feature that we suggest may allow
for the successful representation of complex watershed dynamics that are seemingly captured by deep-learning models. In
the recent Great Lake Runoff Intercomparison Project (GRIP) over the Great Lakes watershed (i.e., GRIP-GL), the original

blended model of Mai et al. (2020) was one of the most successful among process-based models in a comparison against the
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dominant deep-learning model (Mai et al., 2022c). These results have been further confirmed when more than 600 experts
where tasked to rate these hydrographs without revealing the model that was used to produce the hydrograph (Gauch et al.,
2022).

In this study, we improve upon the original blended model introduced by Mai et al. (2020) and employed by Chlumsky et al.
(2021), Mai et al. (2022b), and Mai et al. (2022c) with the goal of producing an improved blended model. This goal is distinct
from building an optimal model for a single application and catchment; #his intention is to design a blended structure that can
be robust across many applications and catchments. The process undertaken in developing a new configuration for the blended
model is also discussed in this work, and may be useful in future development of blended models.

The main objectives of this study are to (1) test additional blended model configurations, (2) improve upon the original
blended model by creating a new blended model version that is tested in multiple catchments, and (3) validate the updated
blended model version with additional catchments not used in objective (2) to demonstrate its improvement.

The remaining sections of the manuscript are organized as follows. The methods (Section 2) is organized into several
sections. Section 2.1 introduces the concept of blended models in general and provides the theory necessary to understand
the subsequent model developments. Section 2.2 discusses the update to the initial blended model configuration, including a
description of the developments and the empirical approach taken. Section 2.3 describes the tests used to check for model
overfitting. Section 2.4 describes the metrics used to aid in the selection of a single preferred blended model structure from the
multiple candidate configurations. Section 2.5 describes the methodology for validation of the selected blended model version
2 against the original version in an independent set of catchments. Results and Discussion (Section 3) are presented in parallel,
presenting the results associated with each method described along with accompanying discussion of those results. Concluding

points are presented in Section 4.

2 Methods

The following methodology sections are organized as follows. Section 2.1 introduces the blended modelling approach and
provides the necessary background on the original blended model. Section 2.2 discusses the iterative development and evalua-
tion of candidate blended model configurations. Section 2.3 examines the methodology undertaken to assess model overfitting,
and ensure that additional model parameters do not decrease the performance of blended model configurations in validation.
Section 2.4 discusses the selection process for a new version of the blended model from the set of plausible blended model
configurations. Finally, Section 2.5 describes the process to validate the new blended model version with a set of catchments

independent from the development and selection of the new blended model version.
2.1 Blended hydrologic model

The concept of a blended model was introduced by Mai et al. (2020), and provides a method to include multiple process options
for use in calculating hydrologic process fluxes within a single model simulation. A given blended model configuration defines

all model state variables, processes and process options that can be simulated. The original blended model configuration
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included five process ‘groups’: infiltration, quickflow, baseflow, evapotranspiration, and snow balance. Within each process
group G, the process flux (e.g., infiltration rate) for that process at a given timestep ¢, fg(t), is calculated as a weighted average

of the model output of NP process options. Mathematically, this may be expressed for any given process group as:

NPg

fo(t)=">_ wgifai(t) (1)
=1

where fg;(t) is the process flux f (typically in mm/d) simulated for time step ¢ by the i*" process algorithm within the group
g.

This blending approach is implemented in the Raven hydrologic modelling framework (Craig et al., 2020), and can be
extended to hydrologic process where multiple process algorithms are available. Raven is an open-source, object-oriented
software framework with more than 100 process algorithms encoded, which allows for a large selection in building both
blended model configurations and flexible model structures more generally. Two key design principles for the Raven software
include efficient runtime and model flexibility, making it an ideal choice for this type of research where the model must be
continually modified and run millions of times.

In Raven, the weights for each process group may be supplied in one of two ways; either directly as weights that sum to
unity, or they may be supplied as N P; — 1 independent numbers each distributed uniformly between 0 and 1, i.e., so-called
weight-generating parameters. If supplied in the latter way, these weight-generating parameters are transformed within Raven
using the so-called “pie share” method (Mai et al., 2022a) of generating random numbers summing up to unity while making
sure the random variables are independent and identically distributed. This approach of determining weights also allows the
weights to be sampled independently, since the constraint of summing to unity is met as part of the transformation of these
NP5 — 1 weight-generating parameters to /N P weights.

The blended approach respects the water balance, since all weighted fluxes are limited by water availability within the
relevant storage units, which is the same handling as non-blended fluxes. A blended model is also consistent with the structure
of other process-based and conceptual hydrologic models with respect to tracking of state variables, such as soil moisture. This
approach is therefore distinguished from machine-learning approaches in which these characteristics typically do not hold.

Theoretically, blended models allow for the exploration of model space that is not available when only discrete process
options are used in flexible modelling frameworks. The continuous weighting of process options in a blended model allows
model structure to be expressed as a continuum of plausible options, rather than discrete points represented by separate model
structures. If we imagine that optimal model solutions may exist within this continuum, rather than precisely at a specific model
structure defined by discrete options, then it becomes easy to imagine why the blended model structure generally performs

better than individual discrete model structures, as was found in Chlumsky et al. (2021) and Mai et al. (2022c).
2.2 Blended model development and performance evaluation

This study deploys a blended model in over 30 model configurations, with up to seven blended process groups used in any

given model configuration. In the model development phase, blended model configurations are tested in calibration mode using
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the 12 catchments from the second and third workshop of the Model Parameter Estimation Experiment (MOPEX) (Duan et al.,
2006). These 12 catchments cover the southeastern portion of the United States, and were selected because they represent a
relatively diverse range of hydrologic conditions, making them suitable for testing a given blended model configuration for
robustness across various conditions.

In each calibration, a blended model configuration is run with a daily timestep and calibrated using the Dynamically Di-
mensioned Search (DDS) algorithm (Tolson and Shoemaker, 2007), as implemented in the Ostrich calibration toolbox (Matott,
2017). DDS is applied with a calibration budget of 10000 iterations with a two year warm up period followed by a calibration
period of 12 years from 1972 to 1983. The Kling-Gupta Efficiency (KGE) metric (Gupta et al., 2009) is used as the objective
function. The temporal validation scores are then calculated for the six year period of 1984-1989. Each calibration was per-
formed in all 12 MOPEX catchments independently and repeated with 20 independent calibration trials for each deployment
of a blended model to account for the variable performance of the optimization algorithm. The calibration and validation setup
is consistent with the approach used in Chlumsky et al. (2021), with the exception of using KGE here rather than NSE as the
calibration objective function. The KGE metric was selected over the Nash Sutcliffe Efficiency (NSE) metric as the KGE is
considered to be a better indication of overall model fit with a more balanced evaluation of high and low flows, with some
studies suggesting that KGE may be a better choice even for high flows than NSE (Mizukami et al., 2019).

This study adopts a comparative and empirical strategy to inform model development. This approach compares all subse-
quent blended model configurations against previous ones, including the original blended model configuration, to check for
improved performance. This type of empirical model development is different from a more traditional approach of model
development via prior perceptions of dominant hydrologic processes, and has been used in the development of conceptual
hydrologic models such as GR4J (Perrin et al., 2003).

With the analysis of successive each blended model configuration, the primary approaches to examining the empirical results
includes the use of box and whisker plots of calibration and validation performance, both in individual catchments and across all
catchments. The median and maximum KGE performance is visually examined and compared between model configurations.
The weight distributions of process options within each process group (Chlumsky et al., 2021, such as Fig. 5 therein), are also
examined within a model configuration to determine if a given process option is a) not being selected within a given catchment,
or b) not being selected in any catchments. Process options with low weights across the 20 independent trials and across all
catchments (scenario b)) indicate that the process option is not a valuable contribution to the process group and therefore the
given blended model configuration overall; these process options are replaced in a subsequent model configuration with others.

The model development process involved (a) the adjustment of selected process equations (Section 2.2.1), (b) addition of
new blended process groups (Section 2.2.2), (c) testing of the so-called conglomerate model, (d) changes to the non-blended
part of the model structure (Section 2.2.4), and (d) the reduction of complexity by removing process equations with marginal
contribution to performance (Section 2.2.5). These specific developments are discussed in the following subsections. The

specific algorithms included in process groups for each blended model configuration is provided in Table A1 of the Appendix.
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2.2.1 Adjustment of selected process equations

Within each blended process group exist two or more process options. Iterating on various combinations and numbers of process
options from the ones available within Raven is part of the model development process to empirically find options within a
process group where the overall model performance is improved, and all of the options within the process group are selected as
preferable (indicated with calibrated process weights) in at least some of the tested catchments. An initial modification to the
original blended model is the selection of new process options within each blended group, recognizing that the original blended
configuration selected some options that worked well based on variations from the HMETS model (Martel et al., 2017) rather
than options that would maximize robustness and coverage of model space. In cases where process options of a similar form or
function exist within the same process group, one of the options may be replaced and this new configuration tested empirically

to determine if a functionally different process option enhances the blended model configuration.
2.2.2 Introducing blended forcing groups

The potential melt (POTMELT) and potential evapotranspiration (PET) estimators were both revised from their original (single)
algorithm to blend two or more algorithms. Potential melt (mm/d) is defined as the snowmelt rate if snow is present, a surrogate
for energy availability at the snow or land surface. Blending forcings in addition to hydrologic fluxes is a recent feature
implemented in Raven and a contribution of this work, as this option was not available when developing the initial version
of the blended model. The potential melt and potential evapotranspiration forcings are estimated in Raven using precipitation
and temperature data. The blending of potential melt and potential evapotranspiration follows the same form as other blended
groups, i.e., as a weighted average of two or more process options. As long as algorithms are used to provide modelled estimates
of the same units (e.g., PET and POTMELT both in mm/d), then these estimates may be combined as part of the same blended

forcing group.
2.2.3 Conglomerate model

A so-called conglomerate model (model configuration 24) is tested and calibrated in the 12 MOPEX catchments. This con-
glomerate model is special in that it includes all process groups and process options tested in prior model configurations,
includes 4 or more options in each process group with a total of 79 parameters. The second-largest model in terms of number
of parameters has 59 parameters (model configuration 10). This model configuration is constructed to test whether indicate
whether the maximization of the number of process options included in the blended model configuration is advantageous

relative to more carefully curated model configurations.
2.2.4 Non-blended structural changes

In addition to iterating on the blended process groups, non-blended changes in the model structure are tested in the model
configurations. Model configuration 3 adds depression storage to the model, allowing for water to be stored on the landscape

in depression storage and seep into soil storage. Later model configurations (34-37) add a set of canopy processes, including
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canopy interception, storage, drip and evaporation; the selection of non-blended (i.e. singular) process options for these are
iterated on with different model configuration. The leaf area index (LAI) ratio is also allowed to vary seasonally in these model
configurations (34-37) by introducing calibration parameters that modify the seasonal LAI input to the Raven model, allowing
for either seasonal peaks in LAI during July and August or a flatter LAI ratio year-round as a function of new calibration
parameters. Finally, processes are introduced in model configuration 34 that allowed the upward movement of water between

soil layers, including from the third soil layer that was previously treated as a sink for deep groundwater.
2.2.5 Reduction in complexity

Attempts are made between the model configuration iterations to reduce the complexity of a given blended model configuration
by reducing the number of process options in one or more process group. While checks are made in the model methodology
for overfitting (see Section 2.3), instances where the model complexity can be reduced by removing one or more options (and
parameters) from the model without a reduction in performance in either calibration or validation across the 12 tested MOPEX
catchments is generally regarded as a benefit. This strategy of reducing model complexity was employed throughout the model

development stages where possible to maintain parsimony.
2.3 Model overfitting

One of the assumptions made in this study is that increasing the complexity and the number of model parameters in a blended
model configuration is not a concern as far as model performance is considered. With a fixed calibration budget, it would be
expected that at some point; increasing model complexity will result in a lack of convergence in calibration, and an increasing
inability to identify optimal model solutions.

In order to test this assumption, the model performance in validation for each blended model configuration (except for the
conglomerate model) is checked against the number of parameters in each model configuration in a simple regression exercise.
This is done across all model configurations and catchments, and repeated within each of the 12 MOPEX catchments. In
each case, a regression slope significantly less than zero would indicate a negative relationship between model performance
in validation and the number of parameters, suggesting that more model parameters does reduce validation performance and
model overfitting is an issue. This analysis is repeated using the validation gap (defined as the maximum calibration KGE score
minus the validation KGE score of the same trial) instead of the validation KGE for both pooled results and individual MOPEX
catchments. When the validation gap is used, a statistically significant positive slope would indicate that the discrepancy

between the calibrated KGE score and its associated validation KGE score is increasing as more parameters are added.
2.4 Selection of a preferred blended model configuration

Following the development of over 30 model configurations, a single model configuration needs to be selected from the set
of plausible candidates. While the KGE metric averaged over multiple independent trials and catchments is used to evaluate

relative performance in model configurations, minute discrepancies in this metric may not be the most informative when
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Should this be "both"?



RC: yes, adjusted

.
Highlight
I think this section is incomplete without listing why parsimony is a goal worth pursuing. Is this to save computational costs for either runs or calibration (I could understand this), or from a more general philosophy of "simpler is better"? 



The latter principle is tricky in my opinion: we might want our models to be as simple as they can be, but no simpler than they need to be. Defining the difference between these two things can be challenging.



RC: added a line to bolster this argument, with reference to the conglomerate model test. We show that including all possible options leads to a reduced performance because of real issues in model complexity and model calibration, and this is a guiding principle to ensure that all added complexity is improving the model (i.e. the Okham's razor argument)

.
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I'd strongly suggest to define the term "complexity". This term is often (implicitly) used to relate with the number of free parameters but seems not to be the case here. Does complexity here relate to the number of equations in a model configuration, or the number of variables/constants/parameters used in these equations, something else?



RC: added a definition as suggested (added to Section 2,2,5 as complexity is discussed there in detail first), that is a worthwhile one to include
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Given the caption of Fig. 4, I'd suggest to rephrase this as "statistically significant". This would distinguish it from the more loosely used "significant" that's often used as a synonym for "substantial".



RC: thank you, added 'statistically' here

.
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It needs to be explained why the mean KGE is an appropriate metric to use here. The results show that even though the average KGE goes up, there's quite a wide variety in performance changes when comparing the new blended models with the original one. It needs to be justified why (especially across a sample of only 12 cases), it is acceptable to trade decreased performance in a number of catchments for increased performance in different catchments.



This is especially pertinent because the final test of the selected new blended model on new data is declared a success because it improves (calibration) performance in more cases than it decreases it (line. 387-388). Why is this a good enough result?



RC: I have adjusted the language here to say that the mean KGE metric was used to guide model development, rather than as the only metric used to develop new configurations. In practice more information was considered in developing the set of configurations, which is outlined more in Section 2.2



In the updated manuscript, the evaluation will examine the mean KGE within each validation catchment and report statistically significant differences in the KGE distribution for calibration and validation. This avoids the issue of using an averaged KGE across catchments with embedded tradeoffs, and also accounts for the uncertainty by means of using a statistical test. More details in the main response.
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Judging from Table A1 these changes are (mostly) cumulative: each new model configuration includes at least some changes made in earlier iterations. Why are changes tested in this specific order? Would conclusions change if the order of changes were different?



RC: discussed more in the general response letter
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picking from similarly performing model candidates (i.e., a mean KGE of 0.865 may not be a better candidate model than one
with a mean KGE of 0.864).

To aid in the evaluation of these numerous model configurations, additional metrics are used. The first is the difference
between the maximum calibration KGE and the median calibration KGE for a given model configuration and catchment, then
averaged across each of the 12 catchments. This metric is termed ‘calibration consistency’, with an ideal value of zero indicating
complete consistency between the maximum and median calibration performance. Second is the maximum calibration KGE
score minus the validation KGE score of the same trial, again averaged across 12 catchments. This is termed ‘validation gap’,
and represents the drop in performance from calibration to validation. An ideal value would realistically be zero, indicating no
drop in performance between calibration and validation, though the validation performance could also theoretically be greater,
resulting in negative values. Third, the maximum calibration KGE performance, averaged across 12 catchments is used. Finally,
the averaged validation KGE of 20 independent trials within a given catchment, then averaged across catchments is used. These
last two metrics are simpler performance metrics relating to calibration and validation performance, respectively.

These four metrics are plotted in a set of two plots, which are used to discriminate between multiple high-performing model
configurations. The pareto principle is applied in each case to determine which models outperform others on the plotted metrics,
where a model that is better on both plotted axes can be considered to ‘dominate’ the performance of another model. The non-
dominated models in these plots, i.e. the models that are better than any other model on at least one of the two plotted metrics,
become part of the reduced set of candidate model configurations to be selected. The model configuration selected in this way

becomes a new version of the blended model, referred to as version 2 of the blended model herein.
2.5 Validation of the selected blended model

The original blended model introduced by Mai et al. (2020) (model configuration O in this study) and the new blended model
selected from plausible model configurations in this study (model configuration 36, now version 2) are evaluated with an
independent set of 12 additional catchments, selected from a subset of the HYSETS catchments (Arsenault et al., 2020). This
is considered a form of spatial validation, as these catchments were not used in the development or selection of the new blended
model version 2. These 12 independent catchments were selected randomly from the set of catchments calibrated by Mai et al.
(2022b), with the criteria that they were also 1) located in the United States, 2) had a total catchment area within range of
the MOPEX catchments, and 3) had streamflow observations available within the calibration and validation periods selected
previously for this study. The map of the 12 MOPEX and the 12 independent catchments is provided in Figure 1. Additional

information on the selected catchments is provided in Table 1.


.
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In addition to the approach described below, it would be good to account for the uncertainty in the calculation of the KGE scores. It's known that KGE (and NSE) scores can be quite sensitive to the data used to calculate the scores, because some single errors may have disproportionately large impacts on the overall score. If the KGE score itself has an uncertainty of 0.10 (which is not uncommon), differences between individual models less than the uncertainty in the scores should be treated carefully. 



A recent R tool can be used as a post-processing step to calculate these uncertainties (no new runs needed):

- paper: https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020WR029001

- tool: https://cran.r-project.org/web/packages/gumboot/vignettes/using_gumboot.html



This is perhaps a viable suggestion to understand the uncertainty. We have decided to use the Wilcoxon rank sum test to test for differences in central tendency of the distributions, and do so within each catchment instead as a way to account for uncertainty in means. We have also added 12 additional independent catchments to add to the strength of the validation.
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RC: thank you, updated
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It could be interesting to add the MOPEX catchments to this table too, and add some basic climatic (mean P, snow, seasonality) and catchment descriptors (slope, catchment shape, landscape type) so the reader can get a feel for how similar the MOPEX and independent catchments are.



RC: This is a good suggestion, we will add a few key statistics for these catchments in tandem with the ones for the original MOPEX catchments.
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Figure 1. Map of the 12 MOPEX12 catchments located in the southeastern part of the United States, as well as 12 additional independent
catchments selected to further test the blended model version 2 (model configuration 36). Captions indicate the state abbreviation; the number

in parentheses indicates the catchment index (i.e., 1 to 24).
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Table 1. Independent catchments from HYSETS selected for validating the blended model version 2

Index Catchment ID Catchment Name Area (km?)
13 01017000 AROOSTOOK RIVER AT WASHBURN, ME 4282.0
14 01122500 SHETUCKET RIVER NEAR WILLIMANTIC, CT 1045.9
15 01318500 HUDSON RIVER AT HADLEY NY 4307.9
16 02472000 LEAF RIVER NR COLLINS, MS 1923.5
17 03434500 HARPETH RIVER NEAR KINGSTON SPRINGS, TN 1768.2
18 10150500  SPANISH FORK AT CASTILLA, UT 1688.0
19 11189500 SF KERN R NR ONYX CA 1372.1
20 11272500 MERCED R NR STEVINSON CA 3295.6
21 11276500 TUOLUMNE R NR HETCH HETCHY CA 1183.1
22 13073000 PORTNEUF RIVER AT TOPAZ ID 1491.2
23 13139500 BIG WOOD RIVER AT HAILEY ID 1656.9
24 13200000 MORES CREEK AB ROBIE CREEK NR ARROWROCK DAM ID 1027.8

The evaluation of the two model versions (initial and final) is done by calibrating both model versions with the same setup
as the original experiment, i.e., using DDS with a KGE objective function, the same warm-up and evaluation periods, and with
20 independent trials of each calibration in each of the 12 additional independent catchments. These results can then be viewed

to compare the two model versions directly in terms of calibration and validation performance.

3 Results and Discussion

The following results and discussion sections are organized as follows. Section 3.1 presents a summary of the developments
in each blended model configuration and initial performance results. Section 3.2 presents the statistical analysis undertaken
assess model overfitting. Section 3.3 presents the selection process to determine version 2 of the blended model from the
set of blended model configurations. Section 3.4 describes the process to validate the blended model version 2 with a set of
additional independent catchments. Finally, Section 3.5 provide additional discussion on how blended models can be used to

assess structural identifiability for scientific questions.
3.1 Blended model version development and performance evaluation

The model development began with the initial blended model version, as published in Mai et al. (2020), which is referred
here to as model configuration 0. The key developments by model configuration are summarized below, and are discussed in
more detail in this section. Model configurations not listed below (25-28, 31-32) were used for the purposes of testing different
weight-generation schemes in calibration and did not contribute to an improved blended model version, and are therefore

omitted from the results. A complete listing of the process options in each model configuration is provided in Table A1 of the

10


.
Highlight
There's a "to" missing here.



RC: thank you, added

.
Highlight
At this point in the text the reader does not know what this means. Adding a reference to the relevant section where this is explained signals to the reader that this will be explained later. 



RC: added a line and reference here to point the reader, thank you
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Appendix. Further descriptions of the process options in Raven may found in the Raven User’s Manual (Raven Development

Team, 2022).

1. Model configuration O: original model version from Mai et al. (2020);
2. Model configuration 1 - original model version but using data sourced from MOPEX/HYSETS rather than PET_OUDIN;

3. Model configuration 2: initial update of blended process options from the original blended model version based on expert

consideration;
4. Model configuration 3-5: addition of depression storage & seepage, followed by adjustments to other process options;
5. Model configuration 6-23: introduction of blended forcings, followed by iteration of process options;
6. Model configuration 24: testing of the conglomerate model configuration;
7. Model configuration 29-30, 33: experiments in reducing model complexity;

8. Model configuration 34-37: addition of non-blended processes (including canopy processes), and additional complexity

reduction experiments.

As expected with the nature of this type of empirical model development process, _
with successive model configurations, particularly in the initial configurations. The mean calibration KGE across catchments,

i.e. the average of all 20 independent trials and 12 catchments, improved from 0.836 in the original blended version (model
configuration 0) to 0.896 in model configuration 36, and the mean temporal validation KGE also improved from 0.728 to
0.799. The conglomerate model calibration performance was generally reduced relative to other model configurations (median

calibration KGE reduced from 0.902 in model configuration 23 to 0.876 in the conglomerate model configuration 24). -

be an optimal strategy. The performance of select model runs to summarize the changes with each stage of development are

shown in Figure 2. The distribution of performance results for select model configurations is provided in Figure 3, which also

shows a general improvement in performance with model configuration.
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Highlight
It is my understanding that new process equations are introduced in this paper. Have the Raven docs been updated to include these?



RC: new process equations were not added, just the functionality to blend some of them is new. I have updated the reference here to the latest version of the Raven Manual which has all of these features documented

.
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I'd suggest to make this more specific with something like the following (e.g. mentioning the exact model config this new one is based on, and a more elaborate description of changes):



"model config 0, but with the automated PET estimation procedure (PET_OUDIN) that uses X replaced by PET timeseries obtained from the MOPEX/HYSETS data sets which use Y and Z."



RC: updated the description to be more specific
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I'd suggest to make this more specific: "model config 0 but with updated process options X, Y, Z based on expert consideration"



RC: updated line to be more specific
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Suggest to put this on a separate line and to make more specific.
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Are both of these based on model config 0, or are these incrementally building on each other?



RC: these generally build on each other, each one is generally a modification to the previous configuration. Add some language to make the clearer here in each bullet

.
Highlight
Given the complexity of this development process it might be easier on the reader if this information were presented in a flow chart instead. That might more clearly show the dependencies between different model configurations, which I find difficult to make out in this list, even when I combine the list with flicking back and forth to Table A1. A flowchart might give less cause for confusion. 



For example, the text describing model configuration 2 initially suggested to me that this is based on model configuration 0 ("update of [...] the original blended version.."). Table A1 however shows that model config 2 is in fact based on model config 1.



RC: Thank you, we will consider creating this figure in the resubmitted manuscript.

.
Highlight
This needs to be a definitive statement: i.e. the word "possible" in "possible convergence issues" needs to be removed. Model config 23 is a subset of the options available in model config 24, so it's theoretically possible for model config 24 to reach at least the same performance as model config 23. 



More generally, this highlights an important issue. If (1) the model space is enlarged by including more process options, but (2) model calibration budget is limited, and (3) conclusions are based on relative KGE scores that may be thus be lower for larger model spaces than they theoretically can be, then (4) how certain can we be about any conclusions about which processes should and should not be included in the model, if differences between models are at least partly caused by incomplete searching of the model space? 



RC: updated this sentence, as that makes sense. Broader discussion addressed in letter response

.
Highlight
Table A1 seems to suggest that differences between model configurations are not necessarily limited to 1 change only. For example, between config #4 and #5 one AET equation was added, another was removed, one baseflow equation was added, one infiltration equation was added while another was removed, and one quickflow equation was removed. It may be the model config #5 now outperforms config #4, but it will be incredibly difficult to determine what caused this increase. Can it be clarified why the model development process seems somewhat random (in terms of what changes between consecutive model configurations) rather than sticking with a single change between consecutive model configurations, so that any performance differences can be more clearly attributed to a single cause?



RC: the model development choices were largely based on the weight distributions, where process algorithms with 'low' weights across all 12 catchments can be considered in some sense non-contributing. In cases where more than one tweak was made, multiple groups were adjusted to remove low-weighted options in one adjustment. It would certainly be easier to isolate impacts with one change at a time, though given the number of iterations made and computations required with each iteration, some configurations had more than one change to expedite this process. I've added some text in lines 151 (Methods section) to address this.

.
Highlight
There are some interesting features in both figures:



- Fig. 2: calibration performance seems to plateau around config #6 for both cal and val series

- Fig. 2: drop in both cal and val for config #16

- Fig. 2: val performance seems more variable than cal.



- Fig. 3: there are large differences in the gap between cal and val performance for different catchments (e.g., close for MPX3, far away for MPX1)

- Fig. 3: there can be large difference in the calibration ranges for different model configurations in a given catchment (e.g. MPX8 has very narrow and very wide boxplots)

 Fig. 3: Model config #0 and #24 show a tendency to have quite wide calibration boxplots



Will any of this be discussed in the paper?



RC: The discussion will be updated to capture some of this discussion from the figures. The focus is still on the new model being developed, though there are some interesting insights and research questions that can spawn from this discussion.

.
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The MOPEX catchments have been used for many modelling exercises. How do these performance values compare to other studies using these catchments?



How do these changes in mean KGE compare to the sampling uncertainty in the KGE scores themselves?



RC: We can consider a short comparison to other studies that also use KGE with the mopex catchments, although comparing across various evaluation periods may still make the comparison of metrics a minimally useful exercise.



The uncertainty question is addressed with the added statistical analysis (Wilcoxon rank sum test) discussed elsewhere in the main response

.
Highlight
As above. Items 6-8 could be made more specific too



RC: updates made to these lines
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Figure 2. Model performance in calibration and validation by model configuration. The maximum calibration KGE is the maximum KGE
within a given catchment across 20 independent trials. The validation KGE is the KGE associated with the maximum calibration KGE score,
where the model setup with the maximum calibration KGE score is used to perform a temporal validation simulation. The values shown in
this figure are the maximimum calibration KGE and validation KGE averaged across 12 MOPEX catchments, and plotted for each blended

model configuration.
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calibration performance within the 20 independent trials.

3.2 Model overfitting

In order to assess overfitting in the blended model configurations, a series of linear regressions of validation performance
against the number of model parameters were performed in order to look for statistically significant relationships. A linear
regression was first applied to all model configurations and catchments, and second to individual catchments. The overall

regression for all model configurations and catchments is shown in Figure 4, and the individual regressions are summarized in

Table 2.
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.
Highlight
Something I'm missing in this section is a discussion of what can be seen in Figure 3: namely that for certain catchments calibration and validation scores are very close together (e.g. MPX3, 4, 10), while for other catchments the difference are rather large (e.g. MPX1, 8, 11).



If overfitting is defined as matching calibration noise, rather than the underlying signal, and that leading to reduced performance on unseen data, then it seems that there is something worth investigating in these basins. 



Even if no answer can be found, I believe this needs to be at least mentioned in this section.



RC: We agree, and a this will be added to the discussion here as an interesting observation in the updated manuscript

.
Highlight
Why are results for the conglomerate model (79 parameters) not included? If there's some reason to justify not adding that to one the analysis, that reason needs to be mentioned.



RC: add a sentence to mention this. In short, the conglomerate model was a known instance where this was occurring, and the point here was to test the assumption that overfitting in the other model configurations was not occuring. 
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Figure 4. Validation KGE on the y-axis plotted against the number of calibrated model parameters on the x-axis. Each of the 372 data
points represents the validation score associated with the top-performing calibrated model of 20 independent trials, for each of 31 model
configurations 12 MOPEX catchments (31 x 12 = 372). A regression line for this relationship is shown in blue as a nearly flat relationship
(slope of 3.2F — 4 with a corresponding p-value of 0.757 for a null hypothesis of slope 31 = 0), with a 95% confidence interval shown in

transparent grey.

14



https://doi.org/10.5194/hess-2023-69 Hydrology and
Preprint. Discussion started: 23 March 2023 Earth System
(© Author(s) 2023. CC BY 4.0 License. Sciences

Discussions
By

Table 2. Values from individual regressions applied to data separately within each MOPEX catchment correlating validation KGE to the
number of parameters across multiple independent trials and model configurations. All p-values less than the 10% significance level or
shown in bold. Regression was a basic linear regression of the form Y ~ 31 X + (o and the p-values are associated with null hypothesis of

slope 51 = 0.

Index Catchment ID (State) slope (41) intercept (Bo) slope p-value

1 01608500 (West Virginia)  -9.83e-04 0.651 0.148
2 01643000 (Maryland) 3.88e-04 0.801 0.570
3 01668000 (Virginia) 1.12e-03 0.817 0.066
4 03054500 (West Virginia) 2.61e-04 0.858 0.317
5 03179000 (West Virginia)  -5.17e-04 0.883 0.545
6 03364000 (Indiana) -1.17e-03 0.884 0.188
7 03451500 (North Carolina) 1.1e-04 0.828 0.886
8 05455500 (Idaho) -7.37e-05 0.596 0.964
9 07186000 (Missouri) 8.92e-04 0.827 0.144
10 07378500 (Louisiana) 8.46e-04 0.859 0.206
11 08167500 (Texas) 1.14e-03 0.533 0.375
12 08172000 (Texas) 1.78e-03 0.667 0.171
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Figure 4 shows that across all catchments and model configurations there is no evidence of a linear relationship between

validation KGE and the number of calibrated parameters, with a slope that is approximately 0.00032. When the regression is

295 applied to all individual catchments, no catchment had significant evidence of a negative correlation which would indicate a
decrease in validation KGE with an increase in the number of blended model parameters.

A similar analysis was repeated but using the validation gap (defined in Section 2.4) to detect decreases in relative validation

performance with an increasing number of parameters. When this linear regression was applied across all model configurations

and catchments, there was no evidence of a slope significantly different from zero (p-value of 0.96). This regression was then

300 applied in all catchments individually, and these results are summarized in Table 3.
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Table 3. Values from individual regressions applied to data separately within each MOPEX catchment correlating the validation gap (max-
imum calibration KGE minus validation KGE of the same model run) to the number of parameters across multiple independent trials and
model configurations. All p-values less than the 10% significance level are shown in bold. Regression was a basic linear regression of the

form Y ~ (1 X + o and the p-values are associated with null hypothesis of slope 51 = 0.

Index Catchment ID (State) slope (41) intercept (Bo) slope p-value

1 01608500 (West Virginia) 1.12e-03 0.232 0.111
2 01643000 (Maryland) -4.69e-05 0.104 0.938
3 01668000 (Virginia) -8.73e-04 0.071 0.066
4 03054500 (West Virginia) ~ -1.33e-05 0.027 0.966
5 03179000 (West Virginia) 5.54e-04 0.023 0.449
6 03364000 (Indiana) 1.23e-03 0.032 0.081
7 03451500 (North Carolina)  2.67e-04 0.099 0.666
8 05455500 (Idaho) 4.56e-04 0.268 0.718
9 07186000 (Missouri) 2.2e-05 0.049 0.975
10 07378500 (Louisiana) -3.28e-04 0.046 0.450
11 08167500 (Texas) -5.23e-04 0.303 0.712
12 08172000 (Texas) -1.34e-03 0.129 0.250
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Table 3 shows that only one catchment had a positive slope that was significantly different from zero (catchment 6 in
Indiana, p-value of 0.081). This indicates that there is an increase in the validation gap at the 10% significance level, i.e. greater
discrepancy between the calibration and validation KGE, with an increasing number of parameters. However, the p-value shows
this finding is not incredibly strong, and the 11 other catchments had either no evidence of a slope significantly different from
zero or had a negative slope (i.e., indicating that the discrepancy between validation and calibration decreases with additional
parameters).

Overall, there is little evidence that additional calibrated parameters in the blended model configurations reduce the valida-
tion performance (absolute value or relative to calibration) in this experimental setup. However, as indicated by the conglom-
erate model, it seems likely that the validation KGE could degrade with an increase in the number of parameters at some point
beyond 59 parameters, the maximum number of parameters of model configurations in this regression. Similarly, a decrease in
the calibration budget used here of 10000 runs could also eventually affect convergence in calibration, likely degrading both

the calibration and validation performance.
3.3 Selection of a preferred blended model configuration

The sequential improvement of the overall model performance is shown in Figure 2. However, a ‘best’ model would ideally
be selected from this set of models, such that practitioners may have a single preferred blended model structure to work with.
This task is made more difficult by the models which appear to have a similar performance, based on the mean calibration and
validation KGE. This selection is therefore informed here by additional metrics (described in Section 2.4) which are plotted
in Figure 5. In both plots A and B, the ideal point is set in the bottom left corner of the plot.

For Figure 5A, this ideal point is located at [0,0], and represents the point where the maximum calibration KGE is equal
to the mean calibration KGE (i.e. all independent trials result in the same KGE score), and the validation KGE is equal to
the maximum calibration KGE. The validation KGE may theoretically be greater than the calibration score, but a model is
generally not expected to perform better in validation than in calibration, and on average this assumption (calibration scores
better than validation scores) holds in this experiment. The dashed line in this plot represents the Pareto front of non-dominated
model configurations, i.e. model configurations that are not clearly inferior in performance on these axes to another model
configuration (namely, model configurations 36, 37, 34, 29, and 30). In Figure 5B, this ideal point is located at [1, 1], where
the mean of the maximum calibration KGE and the mean validation KGE are both equal to the maximum KGE value of 1.0.

In Figure 5A, a Pareto front of tradeoffs in the calibration consistency and the validation gap are generated, with model
configurations 36, 37, 34, 29, and 30. It is noteworthy that model configuration 0, the original blended model configuration, is
dominated in this plot by all model configurations except two (model configuration 1 and 8).

In Figure 5B, only model configuration 36 is considered non-dominated, and model configuration 36 is also on the Pareto
front in plot A. Again, it is noteworthy that the original blended model (configuration 0) is dominated by every other model
configuration, for which it is perhaps unsurprising given the empirical approach to modifying model configurations. The out-
come here suggests that model configuration 36 is preferred over all of the options tested herein for use as a future baseline

blended model. This selection is dependent on the setup of this study, such as the daily timestep, lumped model discretization,

18


.
Highlight
This argument seems incomplete to me. Given that model configuration #24 includes every single other modeling option, it theoretically has the capability to do everything all the other blended models can do (and possibly more). It seems simple to therefore call it the "best" model because it is the most flexible. This argument should list the reason why model configuration #24 cannot be effectively used (both to justify this need to select some other model, and to guide future research directions or hardware investments).



RC: this argument does not respect the practical limitations of calibration algorithms and calibration budgets, and falls into the trap of thinking that a more complex model is always better, which is not the case in practice. I address this comment more in the response letter.

.
Highlight
I'm not sure what the reader is supposed to conclude from this statement. Is this meant to state that because config #0 is outperformed by all tested options, the modeling exercise in this paper can be considered a success?



RC: that the iterative testing based on performance has led to options that generally dominate the original, so in a sense yes. Added a line here

.
Highlight
Following on an earlier comment asking to why mean values across all trials are helpful, how would these plots look if the mean values were replaced with boxplots in both directions? I.e. to also show quartiles and min and max values? Is model config #36 still the winner in such a scenario?



RC: in addressing the response of another reviewer, we tested arranging the metrics in different permutations across plots to show that this does not impact the result. 



In terms of taking into uncertainty, adding the uncertainty would almost certainly show some overlap in metrics, though we would still need to use the metrics to pick a preferred model, and I am not sure that anything but the mean point of the metrics would make sense to use in that instance.
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Figure 5. A) Model configurations plotted based on the consistency in model calibration performance on the y-axis (mean difference in the

maximum calibration KGE minus mean calibration KGE for 20 independent trials, averaged across all 12 MOPEX catchments) against the

‘validation gap’ on the x-axis, measured as the maximum KGE calibration performance (taken as the best solution of 20 independent trials)

minus its associated validation performance, averaged across catchments. The black dashed line shows the Pareto front of non-dominated

model configurations (from left to right, 36, 37, 34, 29, and 30). B) Model configurations plotted based on the mean of the maximum

calibration KGE performance, averaged across all 12 catchments) against the mean validation KGE performance for the model iteration

with the maximum calibration KGE on the x-axis, averaged across catchments. Model configuration 36 is the only non-dominated model

configuration in this plot. In both plots, Pareto points are plotted withllgarger shapes than other data points.
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and available daily forcing data, and the preferred blended model configuration may change with different model decisions in
other applications. The list of processes and process options for model configuration 36 are provided in Table A2, and the pa-
rameter information for model configuration 36 is provided in Table A3 of the Appendix. Raven model files are also available

with the supporting data for model configuration 36 (see the Code and Data Availability section).
3.4 Validation of the selected blended model

The original and the newly selected blended model (model configuration 36) were calibrated on the independent set of 12
catchments as a form of spatial validation, since these new catchments were not used in the development or fine-tuning of
either blended model configuration. The results for the two model versions in the independent catchments are summarized
using a combination of density and box plots for calibration performance, and the validation period performance associated

with the best calibration solution, in Figure 6.
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The manuscript mentions that seepage and depression storage were added to the model as part of this project. I assume this means the Raven source code needed to be changed. Will these changes be integrated into the main Raven repository or are these contained in these Raven model files only?



RC: these processes were just added to the model files, the code did not need to be updated to make that change as Raven is a flexible framework designed to give the modeller that kind of control.
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solution from the 20 independent trials.
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From the results, model configuration 36 improved the calibration performance in 8 of 12 catchments compared to model
configuration 0, with a similar performance in an additional 2 catchments. The overall mean calibration KGE improved from
approximately 0.866 to 0.886 moving from the original blended model configuration to model configuration 36, and improved
just 0.003 regarding KGE in mean validation, effectively signaling no change in validation performance for the additional
catchments. In considering the mean of the best run in each catchment, the KGE improved from 0.886 to 0.899, and the
validation KGE improved from 0.803 to 0.834.

The initial high performance of the original blended model version is noteworthy, with all calibrated model performances
with the original blended model (configuration 0) exceeding a KGE of 0.7, and falling between 0.85 and 0.90 KGE in most
catchments. The calibration and (temporal) validation using a substantially reduced calibration budget of 2000 model evalua-
tions (instead of 10,000) and 10 independent trials (instead of 20) across more than 3000 catchments in North America lead to
a median NSE performance of 0.73 and 0.64, respectively (Mai et al., 2022b, see Fig. 2 therein).

Overall, the work presented here indicates an improvement in the model calibration performance with blended model con-
figuration 36 over the original model configuration 0, but suggests that the increase in validation performance may be less than

that seen in the MOPEX 12 catchments where the new blended model version was developed.
3.5 Identifiability in blended models

In the development of the new blended model configuration and testing multiple process algorithms, distributions of weights for
each process option were continuously examined to determine which options were being selected for. In borrowing the concept
of ‘identifiability’ from literature in being able to select a unique parameter value from the data available (Wagener et al., 2003;
Guillaume et al., 2019), and applying it to model structure, we can informally asses the identifiability of a process group in a
blended model as more or less identifiable based on the broadness of weight distributions for a given model configuration. This
was demonstrated in Chlumsky et al. (2021) in examining box plots of model weights with the blended model. In this study, the
distributions for the baseflow group tend to be quite wide and thus it was difficult to ‘identify’ a preferred option between the
two baseflow algorithms, while the distributions for groups such as infiltration and PET tended to be much narrower and show
some selection across trials. An interesting note is that while there was little identifiability in the baseflow group, reducing the
low identifiability groups to a single option still reduced the performance of the model. This suggests that high identifiability
in process groups is not required for the model to benefit in model performance from the blending of those groups - flexibility
may be more important than identification in this case. This may be related to the mixing of faster and slower subsurface flow
signatures, where a blended group can generate a much more complex signature than a single process.

The identifiability of process groups is very likely impacted by the choice of optimization objective, highlighting the diffi-
culty in selecting a single optimization metric. In this study the KGE was used, which likely allows some process groups, such
as infiltration or snowbalance, to be quite identifiable, and likely obscures the identifiability of processes that respond on a
different timescale, such as baseflow. A low flow metric would likely improve the identifiability of the baseflow group, though

this remains to be tested.
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How is this defined? I count only 6 cases where the blue histogram is (mostly) to the right of the red one. Is this based on the best calibration result only?



RC: this is based on the distribution

.
Highlight
This sentence comes across a bit odd, because in section 3.3 model configuration 0 is mentioned twice (also using the word "noteworthy") as having the comparatively bad performance compared to everything else tested here.



RC: adjusted the word noteworthy in other uses of the word. Here, the point is that the performance of model config 0 was less relatively less than the others, but it is still a high performing model by conventional standards of KGE, thus it sets a high bar to begin with

.
Highlight
While I agree that higher is better, without clear benchmarks it's difficult to say if these values are also indicative of good model performance. Perhaps for some of these catchments it's much easier to obtain a KGE score of .85 (because the streamflow regime has very stable and strong seasonality for example), than it is to obtain a score of .70 in others (because the flow regime is characterized by rapid changes for example). 



Also, these numbers are very different from what's shown in the abstract.



RC: The mean KGE overall for model configuration 0 was around 0.84, so with most between 0.85-0.90 and some below the 0.84 KGE still checks out. However, this can perhaps we reworded to make it not appear at odds with the abstract.

.
Highlight
I'm not entirely sure I understand this paragraph correctly. I'm interpreting these sentences as follows: the performance of model config #0 in this study is noteworthy because the KGE scores in this work are higher than the NSE scores in the Mai et al. paper.



I think this is debatable because:

1. The setting of the Mai et al paper is different (much larger sample, but less thorough calibration)

2. KGE and NSE scores cannot be compared to one another in any case.



It may be cleaner to simply remove this entire paragraph (l. 351-355) because I'm not sure it adds much.



RC: I agree that the paragraph feels somewhat out of place here, I have removed it in the updated manuscript

.
Highlight
The calibration increases are mixed (8 catchments show mostly improvements, compared to mostly negative changes in the other 4) and small. Validation increases are even more of a toss up. What do we learn from this? Why is this mixed success in a very small number of catchments with only very small changes in KGE scores good enough? 



RC: this is a valid point, and we have improved this section quite a bit with 12 additional catchments and a more rigorous Wilcoxon rank sum test to evaluate results within each catchment for both calirbation and validation, rather than simply eyeballing the improvement in results. See respones for more details.

.
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Where can this be seen?

.
Highlight
Please explicitly state why using KGE would lead to these differences in weight identifiability. I cannot figure this out from the text as is.

.
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Where can this be seen?

rchlumsk
Note
RC: Note that this section is being removed.
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4 Conclusions

The blended model configuration initially published in the literature has been shown in several studies to have a high perfor-
mance when deployed. However, this initial configuration and overall model structure was fixed. In this study, we explore many
blended model configurations and test their performance in the 12 MOPEX catchments located within the continental United
States. In addition to testing different blended process groups, we introduce two blended forcing groups for potential melt and
potential evapotranspiration, and we also introduce non-blended structural changes including processes for depression storage
and canopy interception.

Of the more than 30 alternate model configurations explored, one is found to have a non-dominated performance upon exam-
ination of different calibration and validation metrics. This blended model configuration was then further evaluated against an
additional 12 independent catchments within the continental United States, and generally found to improve model performance
relative to the original blended model configuration in most of the catchments even though validation performances are not
as pronounced as was seen using the 12 MOPEX catchments used to develop the revised model. We also tested for overfit-
ting by performing a series of regression analyses of model validation performance (both absolute and relative to calibration
performance) against the number of model parameters, and found no evidence of a decrease in validation performance with
additional model parameters within the conditions of our calibration experiments.

This study provides several considerations for future development of blended model configurations, including approaches
for evaluating process options when designing a blended model, assessing the identifiability of these processes, new options for
blended forcings, and strategies to reduce the dimensionality of blended models. This study also delivers an improved blended
model as version 2, with a demonstrated increase in calibration and validation performance for catchments in the continental
United States. This blended model version provides enough flexibility to be robust across a range of various catchments without
the need for adjusting its structure beyond what is done in model calibration. The blended model version 2 may be used in
future applications where high model performance is required, and may also be used in addressing scientific questions around

the identifiability of processes in hydrologic models.

Code and data availability. The code and data used for this analysis will be available on Github (https://github.com/rchlumsk/blendedmodel_
update_2022) upon publication of this manuscript. The Raven Hydrologic Modelling Framework v3.6 is available at http://raven.uwaterloo.
ca/Downloads.html. The DDS algorithm and Ostrich software v21.03.16 are available at https://github.com/usbr/ostrich/releases/tag/v21.03.
16.
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The paper would be much stronger if it included (theory-based?) reasons for:

1. Why these model configurations are the ones that make sense to test;

2. Why the are tested in this specific order.



RC: responded to in main response

.
Highlight
These performance increases are very small. How does this compare to sampling uncertainty in the KGE scores? 



RC: this is handled in the validation portion by the use of a statistical test

.
Highlight
One model configuration may be selected, but there's another model in the sample that theoretically can do everything this one does, yet it's not the one selected. Why is inadequate searching of the calibration space a sufficient reason to select config #36 over config #24?



RC: discussed in the response letter regarding calibration algorithms

.
Highlight
More specifically, this model configuration leads to somewhat higher mean calibration KGE scores in some catchments, and lower mean KGE calibration scores in other catchments, and I would say that validation performance cannot be said to really improve at all. 



1. Why is looking at mean KGE scores a valid way to summarize model performance?

2. Why can these mixed results be seen as a success?



RC: this is being revised to use the tabulated results from statistical tests as a much more rigorous form of evaluation

.
Highlight
In the current iteration of this manuscript investigating identifiability seems a bit of an afterthought. The results are barely explained and no figures/tables provided.



RC: I have decided to remove the identifiability angle from this study, as you are correct that it is not really discussed in this version of the manuscript. It was intended to be more of a focus but that is not the way that the study turned out, so it makes sense to focus on the performance-based results and remove that section (and references to identifiability)

.
Highlight
The comments I've left in this conclusion mostly summarize others throughout this document, but I thought it might be helpful to see them anyway.



RC: Thank you!

.
Highlight
Given the comments above (no clear reason why these changes are tested; no clear reason why mean KGE performance is a helpful metric; small/mixed KGE changes at best; the chosen model seems a compromise between theoretical capabilities and practical limitations of the calibration approach), I find this statement questionable. 



RC: I believe that with the updated analysis, this statement will be defensible
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405 Appendix A: Additional information on the blended model configurations

This appendix contains a table showing the process options included within each blended model configuration tested (Table
A1), a table listing all of the processes and process options included in the selected blended model version 2 (Table A2), and

a table listing all model parameters included in the selected blended model version 2 (Table A3).
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Table Al. Process options included within each blended model configuration. Model configurations 25-28 & 31-32 were used for testing

weighting schemes and are omitted.
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SRQ00QEES5Ezez2zRRRRRRRRRRRRRRRESASA54654 |2
1. Original model version from Mai et al. (2020)
0X X|X X | XX X]| X | X X XX| XXX |43
2. Original model version but using data sourced from MOPEX/HYSETS rather than PET_OUDIN
11X XXX | XX XX | X X XX| XXX |43
3. Initial update based on expert consideration of process options
2[X X| XX X X XX | X X X XX XX |45
4. Addition of depression storage & seepage, followed by adjustments to other process options
31X X XX |X X XX X X X XX XX [48
41X XX XX |X X XX X X X XX XX |49
5XX X XXXXX X X X XXX X XX |51
5. Introduction of blended forcings, followed by iteration of process options
6 XX X XXXIXX X X XX X XXX X XX |54
7XX X XXXXX X X XX |X XX XXX X XX |57
gIX X X X X X|X X X XX X XX X XXX XXX |55
IXX X X XXX X X| X XX XXX XXX XXX |58
XX X XXX |X XX X XX X X X XXX XXX (59
XX X XXX [X XX X X X X XXIXXX XXX |56
12XX X XXX |X XX X XX XXXIXXX XXX (59
IBIXX X XXX [X XX X X X XX XXX XXX |58
H4XX X XXX |X XX X X X X X XXX XXX (58
I5XX X XXX X XX X X X X X XXX XXX |55
XX X XXX [X XX X XX X X XXX XXX |55
17X XX XX X X XX X X X X X XXX |52
18X XX XX X X XX X X X X X XX X (44
19X X X XX |X X XX X XXXX X XX X |50
20XX X XX X X XX X XXXX X XX X |50
21XX X XX |X X XX X X XX X X XX X |50
2IXX X XX X X XX X XXX|IX X X X |50
231X XX XX X X XX X X XX X X X X |47
6. Conglomerate model configuration
UXXXXXXXXXXXXXXX| XXXXXXXXXXXXXXXXXXX|XXXX |19
7. Experiments in reducing complexity of the blended configuration
291X XX XX X XX X X XX X X X 41
30X XX XX X XX X XX X X X 40
331X XX X X XX X XX X X 37
8. Addition of non-blended processes, and additional complexity reduction experiments
34X XX X X XX X XX X X 45
351X XX XX X XX X XXX XX X 51
36X XX XX X XX X XX XX X 48
371X XX X X XX X XX X X 44
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Where are depression storage and seepage added? There are no additional X'es in row 3, and the extra X in row 4 suggests only the AET equations were changed.



RC: this table shows the blended processes with X marks. Since depression storage and seepage are not blended (just included in the standard hydrologoc processs chain) they are not displayed here, instead just noted for that set of configurations to show when it was introduced.
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Table A2. Processes and process options used for the blended model version 2 setup (model configuration 36) in Raven. The model pa-

rameters active in each option are listed as well. The ranges and a description of the parameters can be found in Table A3. Note that

weight-generating parameters used to determine process weights within each process group are not listed in this table.

Process

Process option

Parameters active

Processes with multiple (blended) options:
Quickflow H, BASE_POWER_LAW

" H>; BASE_THRESH_POWER
Soil evaporation (AET) I; SOILEVAP_ALL

" I SOILEVAP_ROOT

" I, SOILEVAP_SEQUEN
Baseflow J1 BASE_POWER_LAW

" J> BASE_THRESH_POWER
PET K1 PET_GRANGERGRAY

" K2 PET_HAMON

{z4, 6,220}
{x5,26,T38, 229 }
{xs, 29}
{xs,2T9,%10,229}
{xs8,29,%10,Z29}
{z11,212,230}
{T44,212,239,730}

" K3 PET_PENMAN_MONTEITH {z55}

{3324,3625,55267$27}

POTMELT L, POTMELT_HMETS

" L, POTMELT_RESTRICTED
Processes with single option:
Infiltration M, INF_HMETS
Snow balance N1 SNOBAL_HBV
Canopy interception O1 PRECIP_ICEPT_USER
Canopy drip P, CANDRIP_RUTTER
Canopy evaporation @1 CANEVP_MAXIMUM
Abstraction R, ABST_PERCENTAGE
Depression seepage S1 SEEP_LINEAR
Groundwater upwelling T7 CRISE_HBV

Percolation U; PERC_LINEAR
Convolution (surface runoff) V; CONVOL_GAMMA
Convolution (delayed runoff) W; CONVOL_GAMMA_2
Rain-snow partitioning X1 RAINSNOW_HBV
Precipitation correction

{z1,x20}
{z18,T10}

{z49, 52,55, T56 }
{zs2, 55,56 }
{28,248, 249,52, 255}
{za1}

{za0}

{xs3, 754}

{x28, 20,235,230}
{z20,%21}
{z22,%23}
{$317CE32}

Y7 RAINSNOW_CORRECTION {33,234}

Processes with single option but no tunable parameter combined to process:

Zy SW_RAD_DEFAULT
Z> ROUTE_DUMP
Z3 ROUTE_NONE

Extraterr. Shortwave Gener.
In-catchment routing
In-channel routing
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Table A3: The model parameters z; used for the blended model version 2 setup (model configuration 36) in Raven. The
parameter numbering is discontinuous as not all parameters across model configurations are used in model configuration
36. The parameter ranges used in calibration are provided. The process option shows where the corresponding parameter is
active. The Raven table and parameter name can be used to locate the parameter in the Raven setup files. The TOPSOIL is
the upper soil layer while PHREATIC is the lower soil layer. The three Raven parameters FIELD_CAPACITY TOPSOIL,
SNOW_SWI_MAX, and MAX_MELT_FACTOR are derived using a sampled parameter (x1¢, 14, and xs5) and SAT_WILT
TOPSOIL, SNOW_SWI_MIN, and MIN_MELT_FACTOR, respectively, to make sure that one parameter is always larger than
the other. The baseflow coefficients BASEFLOW_COEFF TOPSOIL and PHREATIC are derived from parameters x4 and 13

to allow for a logarithmic sampling. The weight-generating parameters, with a range of [0... 1], are omitted from the table.

Param. Range Unit  Proc. Opt. Raven table Parameter name

Quickflow:

T4 [—5.07 —1 .0] 1/d H, SoilParameterList BASEFLOW_COEFF TOPSOIL = 10.074

Ts5 [040, 100.0] mm/d Hy SoilParameterList MAX_BASEFLOW_RATE TOPSOIL

Tg [0.5,2.0] - Hy, H> SoilParameterList BASEFLOW_N TOPSOIL

38 [0.0,1.0] - Hs SoilParameterList BASEFLOW_THRESH TOPSOIL

Soil evaporation (AET):

g [0.07 3.0] - I — I3, Q1 SoilParameterList PET_CORRECTION TOPSOIL

Tg [0.0,0.05] frac Ip,13 SoilParameterList SAT_WILT TOPSOIL

T10 [0.0,0.45] frac Is,13 SoilParameterList FIELD_CAPACITY TOPSOIL =
SAT_WILT TOPSOIL + xz1¢

Baseflow:

11 [— 5.0, —2. 0] 1/d Py SoilParameterList BASEFLOW_COEFF PHREATIC = 10.0"11

T12 [0.5,2.0] - Py, P;  SoilParameterList BASEFLOW_N PHREATIC

39 [0.0,1.0] - Py SoilParameterList BASEFLOW_THRESH PHREATIC

Taa [0.5,100.0] mm/d Py SoilParameterList MAX_BASEFLOW_RATE PHREATIC

Potential melt:

Toy [1.5,3.0] mm/d/°C Ly LandUseParameterList MIN_MELT_FACTOR

Tos [0.0,5.0] mm/d/°C Ly LandUseParameterList MAX_MELT_FACTOR =
MIN_MELT_FACTOR + x25

Tas [0.0,5.0] mm/d/°C Lo LandUseParameterList MELT_FACTOR =
MIN_MELT_FACTOR + 0.5*%x25

Tog [-1.0,1.0] °C L1,Ly  LandUseParameterList DD_MELT_TEMP

To7 [0.01,0.2] 1/mm L4 LandUseParameterList DD_AGGRADATION

Infiltration:

T [0.0,1.0] - M, LandUseParameterList HMETS_RUNOFF_COEFF

Snow balance:

18 [0.0,5.0] mm/d/°C Ny LandUseParameterList REFREEZE_FACTOR

T19 [0.0,0.4] frac N1 GlobalParameter SNOW_SWI

Canopy interception:

Tag [0.0,0.2] - O, VegetationParameterList RAIN_ICEPT_PCT

Ts56 [1.0,1.5] - O, VegetationParameterList SNOW_ICEPT_PCT = z49 * 56

Canopy drip:

T52 [0.0,10.0] - 01,P1,Q1 VegetationParameterList MAX_CAPACITY

T56 [1.0,1.5] - O1,P1  VegetationParameterList MAX_SNOW_CAPACITY = z52 * T56

Canopy evaporation:

T48 [0.0,0.99] - Q1 LandUseParameterList FOREST_SPARSENESS

Abstraction:

Ta41 [0.0,1.0] - R LandUseParameterList ABST_PERCENTAGE

Depression seepage:

T40 [-1.0,-3.0] 1/d S1 LandUseParameterList DEP_SEEP_K = 10.0740

Groundwater upwelling:

T53 [0.0,6.0] mm/d T SoilParameterList MAX_CAP_RISE_RATE TOPSOIL

Ts4 [0.0,12.0] mm/d Ty SoilParameterList MAX_CAP_RISE_RATE PHREATIC

Percolation:

z2g  [0.00001,0.02] 1/d Uy SoilParameterList PERC_COEFF TOPSOIL

T35 [0.01,5.0] - U, SoilParameterList PERC_COEFF PHREATIC

Convolution (surface runoff):

Ta0 [0.3,20.0] - Vi LandUseParameterList GAMMA_SHAPE

To1 [0.01,5.0] - Vi LandUseParameterList GAMMA_SCALE

Continued on next page
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Param. Range Unit  Proc. Opt. Raven table Parameter name

Convolution (delayed runoff):

Too [0.5,13.0] - 7%% LandUseParameterList GAMMA_SHAPE2

To3 [0.15,1.5] - Wi LandUseParameterList GAMMA_SCALE2

Rain-snow partitioning:

T31 [—3.0,3.0] °cC X1 GlobalParameter RAINSNOW_TEMP

T32 [0.5,4.0] °cC X1 GlobalParameter RAINSNOW_DELTA

Precipitation correction:

T33 [0.8,1.2] - Y1 Gauge RAINCORRECTION

T34 [0.8,1.2] - Y1 Gauge SNOWCORRECTION

Soil model:

Tag [0.0,0.5] m Hi 2,11,2,3 SoilProfiles thickness TOPSOIL
My,U;y L

T30 [0.0,2.0] m J1,2, U1 SoilProfiles thickness PHREATIC

LAI model:

55 [0.0,1.0] K3,01, SeasonalRelativeLAI = LAI seasonal decrease factor
P1,Q1
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