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Abstract This work advances a unified approach to process-based hydrologic modeling to enable con-
trolled and systematic evaluation of multiple model representations (hypotheses) of hydrologic processes
and scaling behavior. Our approach, which we term the Structure for Unifying Multiple Modeling Alterna-
tives (SUMMA), formulates a general set of conservation equations, providing the flexibility to experiment
with different spatial representations, different flux parameterizations, different model parameter values,
and different time stepping schemes. In this paper, we introduce the general approach used in SUMMA,
detailing the spatial organization and model simplifications, and how different representations of multiple
physical processes can be combined within a single modeling framework. We discuss how SUMMA can be
used to systematically pursue the method of multiple working hypotheses in hydrology. In particular, we
discuss how SUMMA can help tackle major hydrologic modeling challenges, including defining the appro-
priate complexity of a model, selecting among competing flux parameterizations, representing spatial vari-
ability across a hierarchy of scales, identifying potential improvements in computational efficiency and
numerical accuracy as part of the numerical solver, and improving understanding of the various sources of
model uncertainty.

1. Introduction

1.1. The Development of Process-Based Hydrologic Models

Improving process-based hydrologic models requires progress on several fundamental research challenges:
(i) defining appropriate equations to simulate the fluxes of water, energy, and momentum for the different
subsystems within the model domain; (ii) representing the variability of hydrologic and biophysical proc-
esses across a hierarchy of spatial scales; (iii) solving the model equations, including coupling of processes
across the different model subdomains; (iv) estimating input data and model parameters; and (v) character-
izing model uncertainty. Many of these challenges were articulated by Freeze and Harlan [1969] and have
captured the attention of the hydrologic research community over the last four decades [e.g., Beven and
Kirkby, 1979; Sivapalan et al., 1987; Famiglietti and Wood, 1994; Reggiani et al., 1998; Beven, 2002; Qu and
Duffy, 2007; Gupta et al., 2008; Clark and Kavetski, 2010; Kollet et al., 2010; Clark et al., 2011; Wood et al., 2011;
Montanari and Koutsoyiannis, 2012].

When faced with the complex and interdisciplinary challenge of building process-based hydrologic models,
different modelers often make different decisions at different points in the model development process.
These modeling decisions are generally based on several considerations [Clark et al., 2011], including fidelity
(e.g., what approaches faithfully simulate observed processes), complexity (e.g., which hydrologic processes
should be represented explicitly), practicality (e.g., what is the computational cost of the model simulations;
are there sufficient resources to implement the desired modeling concepts), and data availability (e.g., is
there sufficient data to force and evaluate spatially distributed hydrologic models). Consequently, the
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hydrologic research community, comprising modelers of diverse background, experience, and modeling
philosophy, has historically amassed a wide range of models, which differ in many aspects of their concep-
tualization and implementation [Kampf and Burges, 20071.

The diversity of models has been useful to explore a myriad of scientific and applied questions, across spa-
tial domains from meters to global, and for time periods ranging from single events to centuries. Modern
land-surface models provide a detailed representation of many biophysical and hydrologic processes, por-
traying land-atmosphere feedbacks within century-scale climate simulations [e.g., Lawrence et al., 2012].
Hydrologic models are used for a wide range of engineering applications, ranging from flood forecasting
[e.g., Thielen et al., 2009] to water resource assessments [e.g., Vano et al., 2012]. Moreover, at least in princi-
ple, the diversity of models provides opportunities to characterize predictive uncertainty arising from differ-
ent modeling assumptions [e.g., Butts et al., 2004].

These advances notwithstanding, the current generation of models has followed a myriad of different
development paths, making it difficult for the community to test underlying model hypotheses and identify
a clear path to model improvement [Clark et al., 2011]. Model comparison studies have been undertaken to
explore model differences [Pitman and Henderson-Sellers, 1998; Bowling et al., 2003; Smith et al., 2004; Rutter
et al.,, 2009] but have not been able to meaningfully attribute inter-model differences in predictive ability to
individual model components because there are often too many structural and implementation differences
among the different models considered [e.g., Koster and Milly, 1997; Nijssen et al., 2003; Clark et al., 2011].
Moreover, some model comparison experiments list the models under consideration but do not identify
them when reporting the results [e.g., Duan et al., 2006]. As a consequence, model comparison studies to
date have provided limited insight into the causes of differences in model behavior, and model develop-
ment has often relied on the inspiration and experience of individual modelers rather than on a systematic
analysis of model shortcomings. More broadly, the hydrologic community relies on existing models in its
own research, yet inherits these (often poorly documented) model development decisions.

1.2. Unifying Hydrologic Modeling Approaches

The diversity of hydrologic modeling approaches motivates our effort to develop a unified modeling frame-
work to integrate and compare competing modeling approaches. Our basic goal is to enable controlled
and systematic evaluation of multiple model representations (hypotheses) of hydrologic processes and scal-
ing behavior [Clark et al., 2011].

Our approach to unify different modeling approaches is based on two propositions:

1. Most hydrologic modelers share a common general understanding of how the dominant fluxes of energy
and water affect the time evolution of thermodynamic and hydrologic states. For example, consider Fig-
ure 1, which illustrates the dominant fluxes for a typical domain used in hydrologic and land-surface
models, and compare it to similar diagrams presented in many other modeling papers and textbooks
[e.g., Wigmosta et al., 1994; Bonan, 2002; Andreadis et al., 2009; Lawrence et al., 2011].

2. The major scientific issues in hydrologic model development are (a) representing spatial variability and
hydrologic connectivity throughout the model domain [e.g., Koster and Suarez, 1992; Fliigel, 1995; Bonan
et al., 2002; Vivoni et al., 2004; Vivoni et al., 2005; Maxwell and Kollet, 2008; Newman et al., 2014]; and (b)
parameterizing the fluxes of water and energy at the spatial scale(s) of the model discretization [e.g.,
Wood et al.,, 1988; Reggiani et al., 1998; Beven, 2006b]. Inter-model differences in spatial configurations
and flux parameterizations, while critically important, occur at a lower level in model construction than
the formulation of the conservation equations.

Based on these two propositions, a unifying modeling framework can be created by defining a general set
of conservation equations for mass and energy, with the capability to incorporate multiple choices for spa-
tial discretizations and flux parameterizations. The framework can be viewed as a design concept for a
hydrologic simulation model that is sufficiently flexible, extensible, and modular to encompass a broad
range of existing (and potential future) modeling philosophies and strategies.

Formulating the modeling problem in this way recognizes that while the conservation equations are appli-
cable across multiple spatial scales, the associated flux parameterizations typically have very strong scale
dependencies [Mahrt, 1987; Reggiani et al., 1998; Beven, 2006b]. Our unified framework provides capabilities
to evaluate different representations of spatial heterogeneity and different flux parameterizations, and
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Figure 1. Conceptual depiction of the dominant physical processes at the catchment scale.

therefore tackle the fundamental modeling challenge of simulating the fluxes of water and energy over a
hierarchy of spatial scales [Bloschl and Sivapalan, 1995; Seyfried and Wilcox, 1995; Giorgi and Avissar, 1997;
Reggiani et al., 1998]. The different modeling approaches that can be integrated into the framework include
(a) explicitly representing spatial heterogeneity through different spatial configurations [Koster and Suarez,
1992; Fliigel, 1995; Bonan et al., 2002; Vivoni et al., 2004] and different methods to characterize spatial vari-
ability in dominant processes and model parameters [Maxwell and Kollet, 2008; Winstral et al., 2013]; and (b)
implicitly representing spatial variability below the scale of the model discretization through use of scale-
appropriate flux parameterizations [Beven and Kirkby, 1979; Mahrt, 1987; Luce et al., 1999; Essery et al., 2008]
and/or “effective” model parameter values [Samaniego et al., 2010]. Careful scrutiny of these decisions on
how to explicitly or implicitly resolve spatial heterogeneity is necessary to pinpoint model weaknesses and
improve model fidelity.

In this two-part paper, we develop a unified modeling methodology, the Structure for Unifying Multiple
Modeling Alternatives (SUMMA, pronounced ‘su-ma9), based on the two propositions defined above, for the
model domain extending from the top of the vegetation to the base of active groundwater (i.e., the Earth’s
Critical Zone) [Anderson et al., 2008]. The collective understanding of the connectivity of fluxes and state var-
iables presented in Figure 1 allows us to formulate general conservation equations for water and energy in
different model subdomains (here, soil, snow, the vegetation canopy, and the canopy air space). From a
model development perspective, the conservation model equations and their numerical solution form the
“structural core” of the model. Different modeling approaches can then be implemented within the struc-
tural core, enabling a controlled and systematic analysis of alternative modeling options, and providing
insight for future model development.

1.3. Organization and Scope

We present our contributions in two related papers. This first paper introduces the general approach used
in SUMMA, detailing the spatial organization and model simplifications, and describing how different repre-
sentations of multiple physical processes can be combined within a single modeling framework. The second
paper [Clark et al., 2015] specifies the conservation equations used in the initial implementation of SUMMA,
and presents example applications for several research catchments throughout the western USA. Our intent
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for the first paper is to advance a general methodology for application of the method of multiple working
hypotheses in hydrologic and land-surface models (i.e., define a general master modeling template from
which existing models can be constructed and new models derived). Our intent for the second paper is to
provide a specific initial implementation of this methodology for a broad range of biophysical and hydro-
logic processes, including radiation transfer through the vegetation canopy, within-and below-canopy tur-
bulence, canopy interception, canopy transpiration, snow accumulation and ablation, and runoff
generation.

The remainder of this first paper is organized as follows. In section 2, we summarize key modeling require-
ments that motivate development of the SUMMA framework. In section 3, we introduce the SUMMA con-
cept, including the spatial organization and model simplifications, how different representations of multiple
physical processes can be combined within a single modeling framework, and how this modeling system
can be used to tackle major hydrologic modeling challenges. The model development is kept very general
to accommodate multiple physical processes representations within a single modeling framework. Based
on this development, in section 4 we discuss the ways in which SUMMA can unify different approaches to
hydrologic modeling, as well as some important model limitations. Finally, in section 5 we summarize and
point to uses of SUMMA to guide model development and understand differences among hydrologic
models.

2, Current Capabilities and Modeling Needs

Several frameworks have been developed to systematically evaluate hydrologic modeling alternatives. For
example, in the subfield of rainfall-runoff modeling, the Framework for Understanding Structural Errors
(FUSE) provides a choice between different process parameterizations for soil hydrology, including different
parameterizations for the fluxes of surface runoff, vertical percolation, evaporation, and baseflow [Clark
et al., 2008], the SUPERFLEX framework allows experimenting with model structures based on combinations
of reservoirs and transfer functions [Fenicia et al., 2011], and the Catchment Modeling Framework (CMF)
enables formulating alternative hypotheses of catchment behavior [Kraft et al.,, 2011]. As more comprehen-
sive examples, the Joint UK Land Environment Simulator (JULES) and the Noah-MP models support different
options for a range of biophysical and hydrologic processes [Best et al., 2011; Niu et al., 2011; Essery et al.,
2013]. Other examples of multiple-hypothesis frameworks are the Modular Modeling System (MMS)
designed to integrate different options for the model components used in catchment hydrology (e.g., differ-
ent soil models) [Leavesley et al., 2002], MODFLOW designed to integrate different options for groundwater
modeling [Harbaugh et al., 2005; Foglia et al., 2013], the Cold Regions Hydrologic Model (CRHM) designed
to integrate different options to simulate fluxes of energy and water in cold regions [Pomeroy et al., 2007],
and WRF-Hydro designed to couple lateral flow functionality and river routing routines to the land compo-
nent of numerical weather prediction models [Gochis et al., 2013]. These modeling methodologies provide,
to varying degrees, the ability to experiment with alternative model representations (hypotheses) of hydro-
logic systems. This flexibility allows hydrologists to more systematically follow the method of multiple work-
ing hypotheses [Clark et al., 2011] and facilitates a more controlled approach to model evaluation and
improvement.

The development of modeling methodologies that support multiple working hypotheses is, however, still in
its nascence, and (as yet) has not provided the systematic approach that is needed for model evaluation
and improvement. The major requirements to enable systematic model analysis are:

1. Capabilities to experiment with different representations of spatial variability and hydrologic connectivity.
Many of the modeling frameworks just described provide multiple process parameterizations only within
a fixed spatial architecture. For example, FUSE is limited to spatially lumped structures and Noah-MP is
limited to a semi-tile grid structure. It is therefore desirable to develop modeling frameworks that sup-
port (a) different spatial resolutions; (b) different spatial configurations, e.g., grids and Hydrologic
Response Units (HRUs); and (c) different representations of the lateral fluxes of water across model ele-
ments, including lateral flow through the soil matrix.

2. Inclusion of a broad range of dominant biophysical and hydrologic processes, with multiple options for indi-
vidual processes. Many of the modeling frameworks are limited in scope. For example, FUSE is restricted
to rudimentary representations of the rainfall-runoff process and JULES and Noah-MP are focused
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primarily on land-atmosphere fluxes. To generalize approaches from multiple models, it is necessary to
formulate a common “structural core” that has sufficient flexibility to integrate equations for a broader
range of environmental processes. This enables investigating issues of model complexity—for example,
which processes should be represented explicitly—as well as evaluating the suitability of alternative rep-
resentations of individual physical processes.

3. Clean separation of the model equations from their numerical solution. In many current models, the specifi-
cation of the model equations is intertwined with their numerical solution. This complicates assessment
of different physical representations and makes it difficult to evaluate alternative numerical methods
[Clark and Kavetski, 2010]. To address this limitation, the hypothesized model equations should be articu-
lated before numerical approximations (such as treating fluxes sequentially) are applied. Programmati-
cally, this can be implemented by designing separate subroutines to calculate individual fluxes across
control volumes and their derivatives with respect to the relevant model state variables. This modular
approach maximally separates the model physics from the numerical solution, as the subroutines to cal-
culate the different flux terms and derivatives can be called by different numerical solvers. The modular
approach is also more scalable, as additional subroutines can be developed and integrated with minimal
impact on the overall program architecture.

4. Flexibility to adjust model parameters. Many current process-based models treat uncertain parameter val-
ues (e.g., time decay in snow albedo) as fixed physical constants. This imposes very strong constraints on
model behavior [Mendoza et al., 2015] and prevents an examination of the interplay between the choice
of model parameters and the choice of process parameterizations. The strong constraints imposed by
fixed model parameters may be obvious to the original model developers, but perhaps less obvious to
future model developers and users. Exposing parameter values to model users addresses this issue, and
can enable more comprehensive characterization of uncertainties in model simulations.

More generally, requirements 1-4 lead to highly modular and flexible modeling systems. Although this may
seem to be a trivial implementation detail, most current modeling frameworks do not provide the flexibility
to isolate and investigate individual modeling decisions. For example, the model building blocks in MMS
and CRHM have a very coarse level of granularity (e.g., a complete soil hydrology model, or a complete
snow model, with process representations intertwined with their numerical solution), and it is difficult to
attribute differences in model behavior to specific modeling decisions. Fine grain modularity facilitates
experimenting with both different physical representations and different numerical solvers.

We contend that a modeling framework meeting requirements 1-4 will provide a platform for comprehen-
sively and rigorously evaluating differences among process representations in existing hydrological models,
and for supporting future model development and improvement.

3. The SUMMA Concept

3.1. Model Domain

SUMMA’s model domain extends from the atmosphere above the vegetation canopy to the river channel and
includes the dominant biophysical and hydrologic processes for many regions of the world (Figure 1). We sim-
ulate thermodynamics, i.e., the storage and flux of energy, and hydrology, i.e., the storage and transmission of
water (in all of its phases). For thermodynamics, we simulate the heat balance of the vegetation canopy, the
canopy air space, snow, and soil, as affected by the radiative fluxes through the vegetation canopy, within-
canopy and below-canopy turbulent heat transfer, and energy fluxes throughout the snow and soil. For
hydrology, we simulate the water balance of the vegetation, snow, and soil, as affected by the fluxes of inter-
ception and unloading (or drip) of snow (or rain) from the vegetation canopy, snowfall, snow melt, and subli-
mation, vertical and lateral transmission of liquid water through snow and soil, the storage and transmission
of water in the shallow subterranean aquifer, and transpiration, canopy evaporation, and ground evaporation.

3.2, Spatial Variability and Lateral Fluxes of Water

A fundamental model development decision is the representation of spatial variability and lateral water
fluxes. Todini [1988] grouped spatially distributed hydrologic models into two broad classes. The first class
of models is distributed “integral” models, defined as a spatial assemblage of one-dimensional column
models, connected by a digital river network and/or nested within a larger basin/grid, with no lateral fluxes
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Figure 2. Spatial organization of SUMMA, showing: (a) GRUs (grid or polygon), (b) HRUs (single unit, grid, polygon), and (c) the connection
among soil columns and the aquifer. The horizontal footprint of each vertical soil column corresponds to a single HRU, and there can be
multiple soil columns (HRUs) embedded within a GRU. In the polygon HRU example (Figure 2b-iii) the riparian HRU was delineated using
the Height Above the Nearest Drainage (HAND) index [Gharari et al., 2011; Nobre et al., 2011] and the remaining hillslope areas were
delineated into HRUs by first dividing the basin into flow planes and then identifying hydrologically similar areas (considering radiation
loading, topographic sheltering, and vegetation type). Multiple configurations of GRUs and HRUs are possible, which may be optionally
connected or disconnected, representing spatial variability across a hierarchy of scales.

between the individual columns. Distributed integral models are widely used in the land-surface modeling
community [e.g., Best et al,, 2011; Lawrence et al, 2011; Niu et al., 2011] as well as in the surface water
hydrology community [e.g., Nijssen et al., 2001; Koren et al., 2004; Hay et al., 2006]. The second class of mod-
els is distributed “differential” models, which explicitly simulate the lateral fluxes of water among model ele-
ments [e.g., Wigmosta et al., 1994; Beven and Freer, 2001; VanderKwaak and Loague, 2001; lvanov et al., 2004;
Qu and Duffy, 2007; Kollet and Maxwell, 2008; Simunek et al., 2008]. The type of distributed modeling
approach has a major impact on the estimated basin-average evapotranspiration and runoff.

SUMMA is organized using a flexible hierarchical spatial structure, based loosely on the approach of Kouwen
et al. [1993]. This hierarchical structure consists of a collection of Grouped Response Units (GRUs) within the
spatial extent of the model domain (Figure 2a), and a collection of Hydrologic Response Units (HRUs) within
each GRU (Figure 2b). The GRUs and HRUs are defined as follows:

1. Grouped Response Units. The key characteristics of the GRUs are: (i) the GRUs can be of any shape (e.g.,
grids or subcatchments); (ii) the area of each GRU must be spatially contiguous; (iii) the GRUs can be of
any size (in principle); and (iv) the computations for each GRU are performed separately, and total runoff
from each GRU, including base flow from the GRU aquifer, is routed through the river network.

2. Hydrologic Response Units. A GRU is composed of one or more HRUs. The key characteristics of the HRUs
are: (i) similar to the GRUs, the HRUs can be of any shape and size, but there is no longer the restriction
that HRUs are spatially contiguous (e.g., an HRU can lump together hydrologically similar areas from dif-
ferent parts of the landscape); (ii) the meteorological forcing data can vary across the HRUs, as opposed
to the approach in Kouwen et al. [1993] where all HRUs within a given GRU receive the same meteorologi-
cal input; and (i) we include the option for lateral subsurface flow among HRUs (see Figure 2c¢).
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The spatial organization of SUMMA into GRUs and HRUs enables comprehensive evaluation of different
methods to represent spatial variability and lateral flow. This can be accomplished in three ways. First,
SUMMA supports different spatial configurations in terms of the size and shape of model elements (Figures
2a and 2b). Second, SUMMA supports different methods to represent the lateral flux of water across the
model domain, including approaches that explicitly represent the fluxes of water between soil columns and
approaches where multiple soil columns drain to a conceptual subterranean aquifer (Figure 2c). SUMMA
can accommodate complex topographical structures (e.g., multiple noncontiguous hillslope HRUs flowing
into a riparian HRU; Figure 2b-iii) and can be configured to simulate lateral subsurface flow between multi-
ple HRUs arranged along representative hillslope(s) (i.e., GRUs) connected to the river network [Fan and
Bras, 1998; Troch et al.,, 2002]. Third, SUMMA supports different methods to represent spatial variability in
meteorological forcing and model parameters. For example, in terms of model forcing data, spatial variabili-
ty in snowfall can be explicitly represented using spatially variable multipliers, and hence account for proc-
esses such as nonhomogeneous snow accumulation and drifting [e.g., Luce et al., 1998; Winstral et al., 2013].
This comprehensive representation of spatial variability and hydrologic connectivity is critical to address
fundamental questions of scaling behavior of different physical processes, through exploring alternative
spatial configurations, including grids and HRUs with different lateral flow parameterizations.

SUMMA can be used to reproduce the spatial organization for a broad range of hydrologic and land-surface
models. For example, the structure of nesting multiple HRUs within a GRU can be used to represent multiple
vegetation tiles within a model grid box, as used in the mosaic scheme of land-surface models [e.g., Koster
and Suarez, 1992; Liang et al., 1994]. The nesting of HRUs and GRUs can also represent the hierarchal land-
scape organization in ecohydrologic models, such as the embedding of landscape patches within basins in
RHESSys [Tague and Band, 2004]. As another example, routing flow from multiple GRUs through the river
network can be used to represent the one-way landscape-stream coupling approach used in many different
hydrologic and land-surface models [e.g., Nijssen et al., 2001; Bandaragoda et al., 2004; Koren et al., 2004;
Lawrence et al,, 2011]. More generally, the flexibility in defining the size and shape of the GRUs and HRUs
(Figures 2a and 2b) and the different options for hydrological connectivity in the soil subdomain (Figure 2c)
supports representing both the distributed integral and distributed differential methods to spatially distrib-
uted hydrologic modeling.

3.3. Process Representation

The selection of methods to represent physical processes at the HRU scale (i.e., given a particular spatial
configuration) is another fundamental model development decision. This involves making choices on (1)
model complexity, i.e.,, which physical processes should be represented explicitly, and, correspondingly,
which processes can be ignored or greatly simplified; and (2) process representation, i.e.,, what modeling
approaches should be used to represent the dominant biophysical and hydrologic processes.

SUMMA is implemented using a modular structure to support decisions on model complexity and process
representation (Figure 3). The key features of Figure 3 are

1. The flux parameterizations are cleanly separated from the conservation equations; and
2. The formulation of the model equations is cleanly separated from their numerical solution.

This modular structure enables incorporating different model representations of physical processes (in par-
ticular, different flux parameterizations) within a common set of conservation equations. For example, as
illustrated in Figure 3, the different flux parameterizations for the vertical redistribution of water in the soil
profile can include gravity drainage (a flux parameterization common in bucket-style rainfall-runoff models)
the Darcy flux parameterization (leading to Richards equation), and extensions to the Darcy parameteriza-
tion to include macropores (a multidomain implementation of Richards equation). The physical processes
summarized in Figure 3 can be organized in different spatial configurations, including model elements of
different shape and connectivity (section 3.2).

The clean separation of flux parameterizations from the conservation equations facilitates addressing the
key model development decisions in a controlled and systematic way. In particular, SUMMA can be used to
evaluate which physical processes should be represented explicitly, and, correspondingly, which processes
can be ignored or greatly simplified. As such, this allows SUMMA to cover the continuum from simple
bucket-style rainfall-runoff models to more complex physically based models. Evaluating which processes
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Figure 3. Conceptual diagram illustrating a framework for supporting multiple alternative model options for a range of physical processes, integrated as part of a common numerical
solver.

should be represented explicitly can be accomplished through model simplification [Watson et al., 2013],
where one could exclude some of the conservation equations and physical processes defined in Figure 3
(i.e., exclude some state variables) and replace them with much simpler approximations. For example, when
exploring the representation of evapotranspiration, it is possible to reproduce the structure of traditional
bucket-style rainfall-runoff models by replacing the relevant thermodynamic calculations with empirical
methods for estimating the energy forcing for evapotranspiration (e.g., estimates of potential evapotranspi-
ration). At a finer level of granularity, it is also possible to exclude representations of specific physical proc-
esses (e.g., neglecting lateral flow between soil columns). Conversely, following the approach of Sivapalan
et al. [2003], SUMMA can be used to systematically increase model complexity.

The capability to incorporate multiple flux parameterizations within a common set of conservation equa-
tions enables users to understand the impact of different modeling assumptions on model behavior. In par-
ticular, SUMMA can be used to systematically evaluate different parameterizations of the same process,
along with different model parameter values, based on extensive comparison with multivariate process
observations. This allows modelers to identify process parameterizations that are consistent with both theo-
retical expectations and observed data. More generally, analysis of model simulations of internal states and
fluxes can help detect compensatory effects of model errors, help to identify specific reasons for model
weaknesses, and help to understand uncertainties in individual model components (e.g., see Clark et al.
[2011] and the debate between Beven et al. [2012] and Clark et al. [2012]).

The flexibility in implementing multiple modeling approaches in SUMMA also offers practical advances in
characterizing model uncertainty. For example, previous multimodel studies have been constrained by the
large efforts required to apply multiple but distinct hydrologic models for the same data sets. Consequently,
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many multimodel studies are restricted to a small model ensemble [e.g., Butts et al., 2004; Mitchell et al.,
2004; Vano et al., 2012]. Such practical constraints can be alleviated in frameworks such as SUMMA because
it becomes logistically straightforward to generate a large number of model structures/configurations to be
used in the multimodel ensembles, through a permutation of the large number of supported model
options. Most importantly, the large number of possible permutations in SUMMA (both in modeling options
and parameter values) can provide a much more extensive and detailed coverage of the model hypothesis
space [Beven, 2006a; Clark et al., 2011], and hence a much more robust portrayal of model uncertainty than
the typical “small ensemble” multimodel applications.

3.4. Numerical Solution

Another fundamental model development decision is the method(s) used to solve—or, more commonly,
approximate—the model equations. The spatial organization and spatial approximations used in SUMMA
make it possible to solve the model equations independently for each HRU, resulting in a relatively low
dimensional state space (e.g., fewer than 20 state variables per HRU). Note that SUMMA is not currently con-
figured as a full 3-D model. From a numerical perspective, this simplifies the structure of the model equa-
tions and their numerical solution.

The key decisions on numerical implementation for such low dimensional systems include the vertical discreti-
zation of the model equations, the use of operator-splitting approximations (i.e., the sequential solution of dif-
ferent physical processes), and choice of the solution method in the different model subdomains. These
numerical decisions are often based on accuracy-efficiency trade-offs. For example, a fixed-step noniterative
solution of the moisture-based form of Richards’ equation is used as a cost-cutting measure to reduce run
times in the Community Land Model [e.g., Oleson et al., 2010]. The impacts of numerical implementation on
the performance of large complex hydrologic models are poorly understood (in particular, the operator split-
ting approximations and the simplifications made for individual processes), and there is a need to evaluate
how different numerical approximations affect the solution accuracy and computational efficiency.

The modularity of SUMMA provides scope to experiment with different numerical solvers. In developing
and implementing SUMMA, its structural core (the inner circle in Figure 3) is deliberately separated from the
different physics options (the outer branches in Figure 3). While to-date we have implemented a single
numerical solver, the same model physics routines can be called from different numerical solvers. This ena-
bles experimentation with a range of different approximation methods, including explicit schemes, implicit
schemes, different operator-splitting approximations, and different adaptive time-stepping strategies. Such
flexibility in the choice of numerical solver (e.g., similar to the approach used by Clark and Kavetski [2010]
for traditional bucket-style rainfall-runoff models) enables systematic assessments of the impact of the
numerical solution on model simulations. The focus on improving the structural core of SUMMA parallels
the development paradigm in more complex models, e.g., numerical weather prediction and climate mod-
els [e.g., Held and Suarez, 1994], where efforts are focused on improving the “dynamical” core used to solve
the flow equations [e.g., Klemp et al., 2007].

3.5. Software Implementation

Different modeling groups have used different approaches to implement alternative process representa-
tions within a single model software framework [Clark et al., 2011]. Key considerations include both the
granularity of process integration (i.e., the size of the model building blocks) and the type of process inte-
gration (i.e., how the model building blocks are assembled). The size of the model building blocks can range
from (1) individual modeling decisions, e.g., an individual flux parameterization [Clark et al., 2008; Fenicia
et al, 2011; Niu et al., 2011; Essery et al., 2013]; (2) the dominant physical processes for a given subdomain,
e.g., a snow model integrated as part of a hydrologic modeling system [Leavesley et al., 2002; Pomeroy et al.,
2007]; and (3) entire models, e.g., a complete land surface model, integrated as part of a multimodel frame-
work [Kumar et al., 2006].

Different methods for assembling model building blocks include (1) simple “wrappers” to provide appropri-
ate software interfaces between different model components [e.g., Leavesley et al., 2002; Pomeroy et al.,
2007; Werner et al.,, 2013]; (2) more complex “couplers” to control the execution and time evolution of a
complex model by synchronizing and controlling the flow of data between the various model components
[e.g., Craig et al., 2011]; and (3) integrating new modeling capabilities into the master model code base [e.g.,
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Cherkauer et al., 2003; Maxwell and Miller, 2005; Lawrence et al., 2011; Niu et al., 2011]. The specific approach
used to combine process representations depends on the intended purpose of the model and other
considerations.

Our intent in developing SUMMA is to foster a controlled and systematic approach to model evaluation and
improvement. To this end, the software implementation of SUMMA provides modeling alternatives at a fine
level of granularity (e.g., at the level of individual modeling decisions, such as individual flux parameteriza-
tions [Clark et al., 2015], with alternative modeling approaches integrated into the master model code base.
Specifically, we formulate separate modules to calculate fluxes across the boundaries of model control vol-
umes and the derivative of the net flux with respect to the relevant model state variables. Multiple model-
ing options are included within the individual modules, and the flux terms and derivatives from the
different modules are combined as part of the numerical solver. This modular approach to software imple-
mentation provides flexibility both in the selection of different modeling options for physical processes and
in the selection of the numerical solver.

4, Discussion

4.1. Unifying Different Approaches to Process-Based Hydrologic Modeling

SUMMA is designed to provide a unifying modeling framework that both encompasses existing approaches
to process-based hydrologic modeling and facilitates the exploration of new modeling approaches. Here
we summarize how SUMMA addresses three common contrasts in modeling typologies: (1) parsimonious
bucket-style rainfall-runoff models versus physically explicit models; (2) lumped models versus distributed
models; and (3) hydrologic models versus land-surface schemes.

1. Parsimonious bucket-style rainfall-runoff models versus physically explicit models. The SUMMA framework
enables systematically examining which physical processes should be represented explicitly to meet spe-
cific objectives, and which processes can be ignored or greatly simplified. Specifically, some of the flux
terms in the conservation equations can be set to zero, and some of the conservation equations can be
omitted from the model and replaced with simpler parameterizations (e.g., parameterizations of potential
evapotranspiration instead of explicitly simulating the thermodynamic state of the system; temperature-
index parameterizations of snow melt instead of explicitly simulating all snow-atmosphere energy fluxes).
These capabilities enable investigating models covering the spectrum from parsimonious bucket-style
rainfall-runoff models to more physically explicit models, and exploring model complexity issues in a con-
trolled way.

2. Lumped models versus distributed models. The SUMMA framework provides the flexibility to define the size
and shape of model elements across a hierarchy of spatial scales, as well as different options to represent
lateral subsurface flow in the soil subdomain. This enables representing both lumped hydrologic models
as well as a myriad of different approaches for spatially distributed hydrologic modeling.

3. Hydrologic models versus land surface models. The raison d’etre of land surface models is to simulate land-
atmosphere fluxes (historically focusing on biophysical processes) and the raison d'etre of hydrologic
models is to simulate streamflow (historically focusing on hydrologic processes). While this distinction
has become less clear-cut over time, land surface models still have more emphasis on biophysical proc-
esses such as within and below-canopy turbulence, whereas hydrologic models have more emphasis on
hydrologic processes such as runoff generation mechanisms. SUMMA includes a broad range of biophysi-
cal and hydrologic processes, and can represent the dominant processes included in most hydrologic
models and land-surface schemes. The SUMMA modular design is also extensible, allowing the modeler
to add processes and/or process representations not currently included.

More generally, SUMMA encompasses process representations and spatial organizations used across a
broad range of process-based hydrologic models. A noteworthy application of SUMMA is to select specific
physics options and spatial configurations that reproduce the structure and behavior of existing models
(the practice of “model mimicry”). The ability to reproduce existing models is valuable because the parame-
terizations in such models often embody the results from important (albeit often under-reported) investiga-
tions and modeling experiments. Therefore, the more flexible and systematic SUMMA framework can be
used to construct reference (benchmark) cases in structured model comparison experiments, and/or as
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starting points for subsequent model refinement. Importantly, applications of model mimicry can expose
specific reasons for inter-model differences that were hidden in previous model inter-comparison projects.

4.2, Relationships With Alternative Modeling Blueprints

SUMMA can help reconcile different philosophical approaches to process-based hydrologic modeling,
including the seemingly competing approaches of “physically explicit” models and “conceptual” models,
and the related dichotomy between “bottom-up” and “top-down” approaches.

Physically explicit models attempt to explicitly represent all dominant processes, typically by starting with
partial differential equations (PDEs) describing conservation of mass/energy and supplementing them with
closure relationships estimated at the small scale (or laboratory scale). This approach to model development
is frequently referred to as the bottom-up approach because it involves spatial integration of the small scale
equations. In practice, the integration is invariably carried out numerically over discrete grids. Models based
on the bottom-up approach are often referred to as “distributed physically based” models [Binley et al.,
1989a, 1989b; Grayson et al., 1992a, 1992b; Wigmosta et al., 1994; VanderKwaak and Loague, 2001; Ivanov
et al., 2004; Loague et al., 2006; Rigon et al., 2006] and, more recently, “integrated physical hydrology” mod-
els [Maxwell et al., 2014a, 2014b]. Freeze and Harlan [1969] provided one of the earliest and arguably the
most influential and commonly used blueprint for developing physically explicit models, using systems of
coupled PDEs.

There are two distinct challenges in implementing the bottom-up approach [Freeze and Harlan, 19691 (i) it is
difficult or impossible to obtain sufficiently high resolution spatial data on the physical characteristics of the
model domain, especially the storage and transmission properties of soils; and (ii) numerical implementation
on high resolution spatial mesh may be computationally infeasible. As a consequence, the bottom-up
approach is often applied with grid/data resolutions that are too coarse to accurately represent the small-
scale spatial heterogeneity and its effects on fluxes at larger spatial scales. For example, applications of Rich-
ards equation with horizontal grid resolution of the order of 1 km for a continental-scale domain [Maxwell
et al, 2014a] do not fully represent the strong topographic controls on subsurface flow in mountainous
regions and do not account for subgrid-scale heterogeneities in soil properties and vegetation. Conversely,
applications with horizontal grid resolution of the order of meters are only currently feasible for relatively
small domains [Kollet et al., 2010] and require soil data at spatial resolutions that are impractical given current
observational capabilities. Most applications of the bottom-up approach do not extensively experiment with
different flux parameterizations, in particular, to implicitly reflect the effects of subgrid-scale heterogeneities.

In contrast, conceptual models attempt to represent the aggregate effects of dominant processes on some
integrated response of interest (e.g., catchment-scale streamflow). These models do not attempt to use
detailed physical equations and instead lump multiple physical processes into a few “effective” mathemati-
cal functions [e.g., Burnash et al., 1973; Lindstrom et al., 1997; Perrin et al., 2003]. These models use weak con-
straints (e.g., “mass balance,” “flow increases with storage,” etc.) and require the modeler to choose specific
flux functions based on mathematical convenience (i.e., an educated guess), or based on previous studies,
or by iteratively fitting model predictions to observed data in the particular location of interest [e.g.,
Ambroise et al., 1996; Clark et al., 2008; Bulygina and Gupta, 2011; Fenicia et al., 2014]. This approach is often
referred to as top-down model development [Klemes, 1983; Dooge, 1986; Sivapalan et al., 2003], and forms
the basis for the alternative blueprint for hydrologic modeling presented by Beven [2002].

Top-down modeling can be viewed as an attempt to directly define large-scale flux equations (closure rela-
tionships) that implicitly represent the aggregate impact of subgrid scale heterogeneities, and hence avoid
the requirement for high resolution spatial data and the need for expensive numerical integration. The
quest to define large-scale flux equations was the main motivation for developing the Representative Ele-
mentary Watershed (REW) approach [Reggiani et al., 1998]. As noted above, these closure relationships are
seldom obtained by formal analysis of the small-scale equations (although see Reggiani et al. [1998] and
Zehe et al. [2006]). Instead, these functions are often selected from a range of quite simple a priori options
(often power laws relating storage and discharge) and/or on the basis of fitting quantities of interest such
as streamflow at the catchment outlet. Top-down modeling often produces models with predictive abilities
comparable or higher than the predictive abilities of bottom-up models—at a fraction of the computational
effort and data requirements [e.g., Smith et al., 2013]. However, such models are often criticized as “physi-
cally unrealistic"—for example, such models may not correctly represent the distinct flow generation
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processes that combine into the response of interest [Ebel and Loague, 2006], and such models are unlikely
to provide a robust basis for extrapolations such as those needed for predictions in ungauged basins and
for predictions of the effects of climate change [Hrachowitz et al., 2013].

The bottom-up and top-down perspectives need not be mutually exclusive. SUMMA unifies these compet-
ing modeling philosophies by combining the quest for physical detail (as in the bottom-up approach) with
the quest to develop/improve parameterizations that implicitly reflect the effects of subgrid-scale heteroge-
neities on grid-average fluxes (as in the top-down approach). In the SUMMA approach, we apply physically
explicit conservation equations to describe the time evolution of thermodynamic and hydrologic states
(where community agreement exists), and accommodate multiple representations of spatial variability, con-
nectivity and flux parameterizations (reflecting community disagreements).

4.3. Advancing Current Model Development Paradigms

Our emphasis on identifying suitable model representations of spatial variability, connectivity and fluxes is
shared in most hydrologic model development efforts. For example, the derivation of the REW approach
[Reggiani et al., 1998; Reggiani and Rientjes, 2005] formally distinguishes between (1) the application of physi-
cally explicit conservation equations within physically meaningful control volumes versus (2) the development
of scale-appropriate parameterizations of fluxes across the boundaries of the control volumes. Many other
model development efforts seek to identify scale-appropriate flux parameterizations. Examples include
attempts to define new flux parameterizations suitable for use at larger spatial scales [e.g., Mahrt, 1987; Essery
et al,, 2008]; statistical-dynamical modeling approaches which parameterize grid-average fluxes based on sub-
grid spatial variability in model state variables [e.g., Beven and Kirkby, 1979; Moore and Clarke, 1981; Wood
et al, 1992; Koren et al., 1999; Luce et al, 1999]; and schemes that attempt to improve simulations of grid-
average fluxes through multiple flux calculations over a given model control volume, such as separate stoma-
tal resistance calculations for sunlit and shaded leaves in order to properly scale evapotranspiration from the
leaf scale to the canopy scale [e.g., Wang and Leuning, 1998; Dai et al., 2004], and separate energy balance cal-
culations for snow-covered and snow-free areas [e.g., Takata et al., 2003; Swenson and Lawrence, 2012].

SUMMA provides substantial flexibility in evaluating competing modeling approaches. First, SUMMA allows
for flexibility in the representation of spatial variability—the control volumes used in SUMMA can be defined
based on hydrologic similarity (e.g., using HRUs) [Vivoni et al., 2004; Newman et al., 2014] and/or using high-
resolution grids [Wigmosta et al., 1994]; where the HRUs and grids can be nested to provide simulations that
span multiple spatial scales. Second, SUMMA provides flexibility in the use of different methods to represent
the hydrologic connection of spatial elements across the landscape [Beven and Freer, 2001]. We do not require
that the flux parameterizations be based on spatial gradients in model state variables (section 3.3)—SUMMA
explicitly allows for both gradient-based [Freeze and Harlan, 1969] and spatially averaged flux formulations
[Reggiani et al., 1999]. Third, SUMMA can accommodate newly hypothesized flux parameterizations, facilitat-
ing the exploration of model representations of heterogeneity and scaling behavior [Dooge, 1986; Reggiani
et al., 1998; Sivapalan, 2005; Beven, 2006b; Kirchner, 2006; McDonnell et al., 2007; Troch et al., 2009].

More generally, SUMMA is intended as a tool to enable systematic development and testing of hydrologic
modeling alternatives. SUMMA (in itself) does not provide a framework to derive flux parameterizations that
represent nonlinear and hysteretic behavior and the impact of subgrid heterogeneities on grid-average
fluxes. Rather, we recognize that improvements in model fidelity require a tool that can isolate and evaluate
individual processes within a model, in order to minimize the number of differences between alternative
model configurations so that it is possible to attribute differences in model behavior to individual modeling
decisions. Improvements in model fidelity also require a tool that can evaluate how interlinked physical
processes combine to produce the system-scale response at larger spatial scales. SUMMA enables decom-
posing land surface models into a set of testable components (constituent hypotheses), and using multivari-
ate and multiscale data to systematically evaluate individual model hypotheses and their interactions.

4.4. Limitations
SUMMA has several important limitations, both in terms of the scope of the initial implementation and in
terms of the overall modeling concept.

The initial implementation of SUMMA (described in the companion paper) is limited to the terrestrial water
and energy fluxes shown in Figure 1. SUMMA does not currently include terrain effects on the radiation
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balance, vapor transport within snow and soil, horizontal transport of snow associated with avalanching or
drifting, storage and fluxes of carbon and nitrogen, and does not currently explicitly represent depression
storage, wetlands and lakes, major aquifers, and losses from the stream to the aquifer. It is straightforward
to extend SUMMA to include additional physical processes. This can be done both through expanding
model couplings (e.g., coupling with a groundwater model) and/or through expanding the current set of
state equations.

A more general limitation is that we approximate the soil subdomain as a set of hydrologically connected
multilayer vertical columns (connected through lateral subsurface flow), and do not attempt a full 3-D repre-
sentation of the model domain [e.g., Kollet and Maxwell, 2006; Loague et al., 2006]. Specifically, the lateral
flow among soil columns is included as a source/sink term in the conservation equation for soil hydrology.
This approach offers flexibility to experiment with a broad range of modeling approaches—for example,
these spatial approximations for the soil subdomain are used in a number of existing catchment hydrology
models [e.g., Wigmosta et al., 1994; Beven and Freer, 2001; Troch et al., 2003]. The simpler spatial discretiza-
tion employed here has previously been demonstrated to reproduce the behavior of 3-D variably saturated
flow models [Paniconi et al., 2003], and we plan to further investigate differences with full 3-D representa-
tions of subsurface flow in future model work (e.g., using the set of benchmarks described by Maxwell et al.
[2014b]).

5. Conclusions

This paper describes a unified framework for hydrological modeling, designed to enable a systematic imple-
mentation and evaluation of alternative modeling approaches for process representation, and the identifi-
cation of specific causes of model weaknesses. The proposed approach, which we term the Structure for
Unifying Multiple Modeling Alternatives (SUMMA), is based on the community understanding of how the
dominant fluxes of energy and water affect the time evolution of thermodynamic and hydrologic states.
The framework is centered on the structural core, which comprises the general conservation equations for
the hydrologic and thermodynamic state variables within the model domain, and general algorithms for
their numerical solution. Different process representations and different spatial configurations can be inte-
grated into the structural model core, which enables users to decompose the modeling problem into the
individual decisions made as part of model development and evaluate different “fine grain” model develop-
ment decisions in a systematic and controlled way.

SUMMA can facilitate progress toward answering the following fundamental modeling questions and chal-
lenges: (1) which physical processes should be represented explicitly in different environmental settings,
and, correspondingly, which processes can be ignored or greatly simplified; (2) what modeling approaches
should be used to represent the dominant biophysical and hydrologic processes at the spatial scale of the
model discretization; (3) how should the spatial variability of physical processes be represented across a
hierarchy of spatial scales, including the complexity of the spatial linkages (hydrologic connectivity) across
the landscape; (4) what algorithms should be used to solve the model equations; and (5) how can we pro-
vide insights into the sources of model uncertainty. The companion paper describes the initial implementa-
tion of SUMMA for key biophysical and hydrologic processes, and provides example applications that begin
to address some of these fundamental modeling challenges.
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