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Abstract:

Hydrologteal modeling-with-auntformThe model structure of a hydrological model is

primarily determined by the spatial discretization scheme and the representation of

hydrological processes. Using a spatially consistent model structure is often

unreasonable for complex watersheds with significant spatial heterogeneity. Forsueh—

a-sttuation-areasonable-wayis-Hydrological modeling framework is a powerful tool

to integrate multiple hydrological-model structures, each tailored to a specific area

mof the watershed-efin

state-of-the-art frameworks have-enabled-suchintegration-of differenthydrelogieal-
model-struetures;-they-haveprimariyfoetused-enonly support lumped and-conceptual

models—The-absencemodel structures and do not support model structures composed

of spatially explicit distributed units and physically-based medels-in-such-integration—

hydrological proecesses-in-detat—hissimulation algorithms. To fill this gap, this paper
propesesproposed an innovative spatially hybrid hydrological modeling approach

based-en-a-divide-and-conqueridea—tn-this-appreach;where compatible spatial units

and simulation algorithms can be combined to construct different model structures for

each subbasin within the watershed is-nitially-divided-into-model structure-allocation—

compeosed-ofeonventionalsuch as lumped conceptual and distributed physically-based

e-model structures-

atMSAUlevel-are-. Model structures in each subbasin can be integrated #te-a—

spatially-hybridto perform the entire watershed medelsimulation. The proposed

approach is implemented threughby extending the Spatially Explicit Integrated
Modeling System (SEIMS)-A-) and evaluated by a case study was-econdueted-in a

medium-sized natural-watershed-+in-headwater of the Heihe River Basin, China-—where-

twe. Two distinct model structures;-eontainingthe-componentsfrom-beth-famped—
el e sl L WCTC e
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spatially-hybrid-medelsedesigned to evaluate-construct the spatially hybrid
hydrological model of the effectiveness-of the-propesed-approach-study area: a

lumped conceptual model structure for gently sloping subbasins and a distributed

physically-based model structure for mountainous subbasins. The two model

structures were also separately used to build two spatially consistent hydrological

models for comparison. Experiment results demenstrateshowed that the spatially

hybrid hydrelogiealmodel ntegrated-using-the-propesed-approeachstructure could

harness the strengths of both model structures on the simulation performance. This

approach holds promise for improving the rationality of hydrological modeling in

watersheds with significant spatial heterogeneity-thus-benefiting-watershed research—
L decisi o

Keywords: watershed simulation; hydrological modeling framework; hydrelogical—

model structure; spatial heterogeneity; SEIMS



60

61

62

63

64

65

66

67

68
69

Highlight

*  We proposed a-an approach for spatially hybrid-straeture-approachfor—

hydrological medelinemodel structure.

*  Model structures are-spatially—varied-and-can be flexibly constructed in the—

appreachsubbasins and then integrated.

*  TheappreachisWe implemented based-en-extensions-tothe approach by

extending SEIMS as an example.

* The spatially hybrid model structure outperformed two eenventional-uniform—

medelsspatially consistent ones.
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1 Introduction

Hydrological models provide an effective way to simulate and understand
complex hydrological processes in real-world watersheds. A-variety-efVarious
hydrological models existhave been developed, with each suitable for different

modeling requirements-dietated-by-the-unigue-application contexts according to
watershed characteristics-efa-watershed-and, available data, and other factors (Beven,

2000; Gharari et al., 2021; Wagener et al., 2001). Fhis-suitabilityisfundamentally—

shaped-by-Hydrological models can be classified from two perspectives that define

the model structures they adopt. The structure of most hvdrological models
encompasses-two-aspeets:-structure: the spatial discretization; scheme (i.e., lumped

and semi- or fully-distributed models) and the representation of hydrological

processes representation=(i.e., conceptual and physically-based models) (Chow, 1988;

Milad et al., 2012: Dingman, 2015; Hrachowitz and Clark, 2017). The determination

of an application-specific model structure, which involves deciding the suitable

spatial discretization scheme and hydrological process representations, stands as the

primary and critical step in hydrological modeling (Butts et al., 2004; David et al.,
2022; Pilz et al., 2020; van Esse et al., 2013).

The spatial discretization scheme refers to the organization of one or several

types of spatial units within the watershed for hydrological modeling deriving from

spatial data including terrain, land use, soil, and others (Dehotin and Braud, 2008).

Spatial units for lumped hydrological models typically ignore or broadly describe the

spatial heterogeneity of watershed characteristics using dominant geographic attribute

space, such as the dominant hydrological response unit (HRU) (DominantHRU for

short, i.e., HRUs defined by dominant soil types, land use types. and slope classes

within each subbasin: Arnold et al., 2010). In this regard, the entire watershed or

subbasins could also be defined as DominantHRU for lumped hydrological models. In

contrast, spatial units of semi- or fully-distributed hydrological models can fully cover

the entire geographic spatial space of the watershed with different detailed levels,

5
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such as HRU defined by unique combinations of selected geographic attributes

(FullHRU for short and one HRU may consist of several spatially separated areas;

Dile et al.. 2016), spatially explicit HRUs (ExplicitHRU for short and each HRU is a

spatially independent and continuously area:; Teshager et al.. 2016), fields or patches

(Tague and Band, 2004), and grid cells (Wigmosta et al., 1994). invelvessimulating—
hydroelogieallt is noted that the HRU is actually a broad term that can be specifically

defined as lumped units (DominatHRUs), semi-distributed units (FullHRUs), and

fully-distributed units (ExplicitHRUs). From this perspective, the widely used SWAT

(Soil and Water Assessment Tool: Arnold et al., 1998) model can be used as a lumped

or semi-distributed hydrological model according to different HRU definitions.

However, it cannot be a fully-distributed model since it does not consider lateral flow

processes between HRUs.

The representation of hydrological processes denotes the simulation algorithms

abstracting the real-world hydrological processes (e.g., evaporation, infiltration, and

channelsurface and subsurface flow routing) enspeeifie-spatial-units{e-g-the-entire—

processes into simulation algorithms, involves the selection of using different

mathematical equations, numerical solutions, and-the-temperal-seale(e-gannual—
monthly-datlyand-hourly)-ef simulatientemporal scales, and spatial units. A

conceptual representation would simplify the hydrological processes within a

watershed as three basic processes, which are water storage., water loss, and flow

routing processes, based on conceptual reservoirs (also called buckets), such as the

linear method or two-reservoir method for runoff prediction. The parameters of such

conceptual representations often lack explicit physical meanings (Fenicia et al., 2011;

Knoben et al., 2019). In contrast, a physically-based representation uses known

scientific principles to model water movements in vertical or lateral directions by the

partial differential equation representing the mass, momentum, and energy balance
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that solved by finite difference approximations or empirical equations (Abbott et al.,

1986). such as the Richards’ equation or kinematic wave method for infiltration

(Graham and Butts, 2005). The rigorous physically-based models with partial

differential equations for water movement such as the MIKE SHE (Systeme

Hydrologique Furopeen; Graham and Butts, 2005) often faces challenges of data

requirements and computational complexity. Most physically-based models today,

such as the SWAT (Arnold et al., 1998). TOPMODEL (TOPography based

hydrological MODEL; Beven and Kirkby, 1979)., and WetSpa (Water and Energy

Transfer between Soil, Plants and Atmosphere; Wang et al.. 1996), also use empirical

formulations based on simplified representations of physical principles and adhere to

mass and energy balance. Parameters (especially terrain and soil attributes) used in

such physically-based models primarily have clear physical meanings and may be

derived from field measurements. Therefore, theselection-ofan-application-speeifie—

imphied in many model structure evaluation rescarches (Butts et al.. we regarded

“physically-based” as a broad term in this study.2664Dassd-et-gl—2022-D

TheExisting methods of determining model structure-determinedfora—

watershedstructures can be categorized into-twe-types;i-e-the-uniform-medel-
struetureand-the-as spatially consistent method and spatially varying method. The

spatially consistent model structure;aeeerding means the types of spatial units (also

referred to whethertheyas simulation units) and simulation algorithms of hydrological

processes are spatialhy-varying-within-the same for the whole watershed-efinterest.

Most research on directly ehoese-an-choosing a single existing hydrological model

with a fixed or near-fixed model structure which-is-uniformforthe-whelestudy—
area-fall into this category. Such a-model as-wel-asitsmodelstrueturestructures are

often developed with specific assumptions and intendedsuitable for applicationin—
constrained eatehmentcharacteristies—Examples-of such-single models—
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meludeapplication contexts. They vary from lumped to distributed spatial

discretization schemes, and from conceptual to physically-based representation of

hydrological process, such as HBV (Hydrologiska Byrans Vattenbalansavdelning;

Lindstrom et al., 1997), GR4J (mode¢le du Génie Rural a 4 parameétres Journalier;

Perrin et al., 2003), SWAT-(Arnoldetal-1998-TOPMODEL-Bevenand Kirkby—
1979y,, SWAT, RHESSys (Regional Hydro-Ecologic Simulation System: Tague and

Band, 2004), and DHSVM (Distributed Hydrology Soil Vegetation Model; Wigmosta

et al., 1994). Adopting a spatially consistent model structure assumes that the spatial

variability of watershed characteristics can be sufficiently represented by input data

and model parameters required by the determined model structure. ¥Waemesta-etal—

1094-Nevertheless, i#-isrecognized-that the vnifermfixed or near-fixed model

structure lacks flexibility in changing simulation units or customizing alternative

simulation algorithms of considered hydrological processes-and-thus. Thus, it cannot

accommodate watershed-applications-under-diverse eirenmstaneesand complex

application contexts (Ley et al., 2016; Savenije, 2009).

To accommodate complex application eentextcontexts with flexibility in

eentrothnedetermining the model structure-eempesitions, researchers have

increasingly turned to modular hydrological modeling frameworks, such as SUMMA

(Structure for Unifying Multiple Modeling Alternatives:; Clark et al., 2015), ECHSE

(ECo-Hydrological Simulation Environment; Kneis, 2015), SUMMA(Clark-et-al—
20055 MARRMoT (Modular Assessment of Rainfall-Runoff Models Toolbox:

Knoben et al., 2019), SEIMS (Spatially Explicit Integrated Modeling System; Liu et

al., 2016; Zhu et al., 2019), and RAVENRaven (Craig, 2020). _These frameworks

allowingfor-easthyfocus on different perspectives of flexibility in customizing

application-specific model structures—tis-typical-thateach-ofthe-interdependent—

modules within a hydrological modeling framework simulates a specific, such as

extensible types of simulation units and associated simulation algorithms (Kneis,




182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

2015), alternatives of simulation algorithms of each specific hydrological process

(Zhu et al., 2019), and alternatives of simulation algorithms of each conceptual part of

the-hydrological processes;-and-there-are-often-multiple-alternative-algorithmsfor—
simulating-ene-hydrelogteal proeess: (Craig, 2020). These medeling-frameworks weH-

suppertprovide supports for the concept of “multiple working hypotheses”;-as—

advocated by Clark et al. (2011, However, it is important to note that _(Clark et al.,

2011), facilitating studies including the suitability and uncertainty of different model

structures (David et al., 2022: Kiraz et al., 2013: Knoben et al., 2020). The focus of

these modeling-frameworks is primarily emphasize-the-applieation-efcustomizing and

applying a wnifermconsistent model structure across the entire-application-area,with—

m-many-apphieations;-theuniformwhole watershed. However, the spatially consistent

model structure may be unreasonable and inaccurate to capture the characteristics of

the dominant hydrological processes when the application context (-e--the-watershed-

charaeteristic-or-data-avatlability)-exhibitexhibits significant spatial heterogeneity-
(Gao et al., 2018; Sui and Turner, 2021).

Recognizing the limitation of the-uniform-structure-modeling-approach; some—

approeachesutilizing spatially consistent model structures, researchers have explored te-

eenstraetconstructing spatially varying model struetarestructures within the watershed

hein two different—

ideas:ways. The first is externally integrating multiple individual models manually

(Liuv et al., 2020; Li et al., 2021; Wang et al., 2021) or through a unified model

interoperable interface;-an
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integrationframewerks such as ESMF (Earth System Modeling Framework; Hill et

al., 2004) and OpenMI (Open Modeling Interface; Harpham et al., 2019). What—

theyHowever, the flexibility of such model-level integration may be limited because

each integrated are-commonlyindrvidual modelsthat simulatesentire-hydrological
precesses;fromranfal-toronoff Howeverasagreat deal efmodel has fixed or near-

fixed model structures. Besides, different interoperable interfaces often need to be

implemented

hydrelogistsfor each hydrological model to be integrated, making it challenging for

hydrologists without programming skills.

To augment the medelingflexibility of spatially varying model strueture;several-
stidhesstegestedstructures. the mternabintegrationapproach-based-on-theother idea

was to internally construct and integrate multiple model structures within one modular

hydrological modeling framework such as FLEX-Topo (Topography-driven Flux

Exchange hydrological model; Gao et al., 2014: Savenije, 2010), SUPERFLEX

(SUPER Flux Exchange hydrological model: Fenicia et al., 2011, 2016). and airGR

(suite of GR Hydrological Models; Coron et al., 2017; Thébault et al.,
2023).framewerks: In this appreachway, model structures can be distributed to

different modeling areas in the watershed; with only minor ehangechanges in
configuration or the tain-functions—Fhisapproach-hus-been-exemplitied-by-works—

al5-source code. 204F—Thébaultetal 2023 Nevertheless, the-hydrologiealmodeling

frameworks employed in these studies are inherently limited to conceptual

10
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straetare-pesesrepresentations of hydrological processes, with the simulation units

being only subbasins, DominantHRUs, or FullHRUs. Therefore, these state-of-the-art

flexible frameworks only support lumped or semi-distributed conceptual model

structures and thus face a substantial challenge when attempting to integrate and—

wtilize-distributed-and-physically-based models-ersimulation algorithms based-enand

spatially explicit distributed simulation units, such as grid cells erand patches, where

the spatial relationship between units are kept to enable the execution of physically-

based hydrological process representation.

AsTo address the state-of-the—artHlexible-approachtoachtevine spatiaty—~varyving
modelstructure-inability of existing internal-integrationstudies-based-on-modular—
hydrological modeling framework-enly-frameworks to support lumped-and-conceptual
modelstructures This inability-of framework in-supporting-distributed and—
physically-based model structures limits-the-flexibility-and-apphicability-during—

diverse-model struetures—Torelteve suchaninabilityin a spatially varying manner,
this paper propesesproposed a novel spatially hybrid hydrelegical-modeling approach-

by-enabling-the-spatial-allocation-ef-various. In this new approach, compatible types
of simulation units and simulation algorithms;-cemprising-both can be combined to

construct different model structures for each subbasin within the watershed. such as

lumped conceptual and distributed physically-based modelsto-ditferentareaswithin—

a-watershedmodel structures. Model structures in each subbasin can then be integrated

to perform the entire-watershed simulation. The remainder of thethis paper iswas

organized as follows: Section 2 eutlinesoutlined the design of the proposed spatiatly—
hybrid-medeling-approach and its implementation based on the SEIMS framework.

Section 3 diseusses-thepresented an experimental case study, followed by presentation-

ofresults and discussion in Section 4, and conclusion in Section 5.

11
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2 Method design and implementation

2.1 Basic idea

The-The basic idea of designing a spatially hybrid hydrological modeling

approach is constructing and executing different model structures on relatively

independent areas within the watershed in a divide-and-conquer way. Subbasins are

relatively closed catchment areas connected by the watershed drainage network and

thus can be regarded as the modeling unit to be configured with an individual model

structure. Therefore, the core design of the spatialy-hybrid-medelingproposed

approach involves two aspects: the-firstis1) the flexibility for model structure

construction, which enables the combination of different spatial discretization
methodsschemes and hydrological process representations-across-the-watershed-ef—
interest-theseeendis, and 2) the ability to distribute individual model structures to
differentareas-withinsubbasins of the watershed; and integrate them to be executed
under the same time loop.

The basic idea of designing the flexibly constructed model structure is to
decouple the hydrological process representations (e+specifically, the simulation
algorithms) from being bound to partieularspecific spatial discretization
methodsscheme (specifically, the simulation units). For instance, the physically—and—
proeess-based algorithms are typically applied to fine-scale simulation units such as
grid cells for both are assumed to describe the hydrological process in detail.
Similarly, conceptual algorithms are typically applied to lumped or coarse-scale units

such as HRUsDominantHR Us, hillslopes, or subbasins.

Such a binding is not necessary, and conversely, the combination of these-model

structure components have been acknowledged as effective-Hydrelogicalmodeling—




reguirernents, as demonstrated by various studies (Gunduz and Aral, 2005; Liu et al.,

2020; Sidle, 2021) and popular models such as the SWAT-and- FOPMODEL-. The

simulation algorithms can be categorized as computationally dependent and

independent according to their computational characteristics between simulation

units. The simulation of a computationally dependent algorithm on one simulation

unit often relies on the water flows or state variables of its adjacent or upstream units,

while the simulation of computationally independent algorithm on each simulation

unit is independent with others (Figure 1b). Similarly, existing simulation units can be

categorized as spatially connected and disconnected depending on whether spatially

explicit relationships exist between units (Figure 1a).

method-Therefore, three combinations of compatible simulation algorithms and

simulation units can be summarized: computationally dependent algorithm with

spatially connected units, computationally independent algorithm with spatially

connected units, and computationally independent algorithm with spatially

disconnected units (Figure 1b). For example, the conceptual reservoir-based surface

runoff generation algorithm with the physically-based kinematic wave-based surface
routing can be integrated to be applied to grid cells, where computational dependency
is satisfied by the flow directions between grid cells; the physically-based Richards—

eguation-basedGreen-Ampt surface runoft generation algorithm and the conceptual

13
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unit hydrograph-based surface routing algorithm can be integrated to applied on
HRUs; (Craig, 2020), where no computational dependency is required. Note that the

computational dependency is only a basic constraint, the rationality of the model

structure is to be determined by the modeler’s knowledge and requirements.-Fhus—

(a) Lumped units by dominant geographic attribute space
unit1 unit2
attribute1
attribute?2]

lattributed] -
alternative M Dominant HRU subbasin

spatial S,
discretization ¥

L~ Distributed units by fully covered geographic spatial space
schemes y g_g E P P
it &y &y EI= N |
e -] EEEN
2 u“’ u“’ EERE /:I ]
-]t
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FUHRU  ExplictHRU  gom s with
real-world ™
hydrological processes
alternative
hydrological
process e.g. 67[1( 1 g2t 07 =%
representations
physically-based conceptual )
combinations of sumulation units
(b) ‘ and simulation algorithms
X
in a valid combination, | #1 | #3
computational dependency T _ not
of the algorithm should be E available
sgtlsfleq by the HRAN #4.) #1
simulation units
computationall co tationally computationally computationall
algorithm: dpp§l Ient i e‘f)enldenty in eLE:enldenty deppuentli Y
. spatiall spatiall spatiall spatiall
unit: coﬁnecté,d cognectgd incgnne(:%,ed |ncgnnec¥ed j

different combinations allocated to

(c) spatially hybrid modeling differentsubbasin

™N N T
[
l:b subbasin as simulation unit \ TI
subbasin with hydrological response ] 7 H /
% unit (HRU) as simulation unit [ \ il
@ subt_)asiln %/_vith gri;j cell /l E r % | =
as simulation uni ~
AN / | \
conceptual { \$k4> 11
process representation \ J’ \ /’ = pr
: V4R v
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process representation § ] N =L |
: _ 7 N
mix of conceptual and physically-based < 1/
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Figure 1. Design of the proposed spatially hybrid hydrological modeling approach;—
which-invelves. a) neorporatingdiverse-decoupling the simulation of hydrological
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processes into spatial discretization sethedsschemes and hydrological process
representations-and; b) supporting theirHexible-combinations nte-medel-strueture-on-

the MSAU-evek-of compatible simulation algorithms and simulation units; and c)

enabling the spatial-varied varying allocation of these MSAU-medelsdifferent model

structures at the subbasin level.

Based on the above idea of flexible model structure construction;-different-areas—

struetures-and-exectted-after-integration(Fig—e)—tn approach, in this study, the—

minimal-considering the spatial heterogeneity of watershed characteristics, each

subbasin unit feris regarded as the modeling unit to be configured with an individual

model structure (namely a subbasin model structure-allocationisnamed-as-amodel-

subbastnunttIn-other-words;-each-subbasin-adepts-a-) to simulate hillslope processes,

and then integrated as a watershed model through channel routing processes (Figure

1¢). A subbasin model structure andcan take all subbasinJtevel-hydrologic process as a

whole, or more commonly, separately consider hillslope processes and channel

routing processes. Therefore, different subbasin model structures can be constructed,

such as conceptual algorithms with subbasin as simulation unit, physically-based

algorithms with grid cells as simulation units, and a mix of conceptual and physically-

based algorithms with HRU as simulation units for hillslope process and conceptual

algorithms for channel routing processes (Figure 1¢). All subbasin model structures

will collectively constitute the watershed model structure—Fhese-subbasin-modelsare—

intereonneeted by interconnecting through the streamdrainage network with upstream-

downstream relationships. The execution sequence-ofsubbasin-modelseanbe—
determined-acecordingly—When-the-inputrequirements-ef-alof a downstream MSAUs—
are-satistted-withsubbasin relies on the output of its upstream MSAUs;-the-medels-on—

each- MSAUs-ean-be-integrated-Meodels-en MSAUssubbasins. Thus, executions of

15
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subbasins without the-upstream-downstream relationshiprelationships could be

parallely-exeeunted;parallelized; otherwise-, they must be executed sequentially.

2.2 Design of the spatially hybrid hydrological modeling
approach based on the hydrological modeling framework

SEIMS

Following the above basic idea, the proposed spatially hybrid hydrological

modeling approach iswas designed based on the medular-hydrological modeling

framework SEIMS (Liv-et-al 2046 Zhu-et-al20419)for its flexible modular design
and “subbasin-simulatien-unit-two-level parallelization strategy—Fhe-detailed-design—

supperting-spatial-varied-medel strueture-alleeation (Liu et al., 2016; Zhu et al.,
2019).=

16



381

382

383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

A05

aner: To support the flexible

model structure eentfigurationrequiredinconstruction of the proposed approach, the

spatial discretization methods-as-wel-as-the-medule libraryschemes of SEIMS should
be expanded (Eig-Figure 2a-and 2b:-detatled-in; Section 2.2.2)—

Fherefore;should be upgraded to accommodate compatible simulation units (Figure

2b; Section 2.2.2), and the execution of SEIMS-based model should be upgraded to

allocate different model structures to subbasins and executed independently(Fig2e:—

detatled-inin an integrated way (Figure 2¢; Section 2.2.3).
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(a) supporting various spatial discretization schemes (b) supporting flexbile (c) supporting spatial-varying model structure allocation
application of the
simulation algorithms N
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- loops of spatial simulation units
original

hillslope modules SEIMS

r_ ___I ] { 11 ; simulation D
i « grid-only )
H—— > . single process
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grid cells . :
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« applicable to any ; : » A N -
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—  simulation units !
« comprehensive 5e
. rocesses
HRUs hillslopes subbasin P

extended simulation units

Figure 2. Overall design of extending the SEIMS (Spatially Explicit Integrated

Modeling System) to implement the proposed spatially hybrid hydrological modeling

approach: a) supporting various spatial discretization schemes: b) supporting applying

simulation algorithms of hillslope processes to compatible simulation units: and ¢)

supporting spatial varying model structure allocation on the subbasin level to

construct a watershed model.

2.2.1 Brief introduction to SEIMS

As a hydrological modeling framework, SEIMS provides users with the

complete toolchain to preprocess modeling data, construct and execute the SEIMS-

based model, analyze the parameter sensitivity, and so on (Liu et al., 2021: Zhu et al.,

2019). More importantly, SEIMS supports developers in adding simulation modules

of hydrologic processes following the developing principles. The principles are

briefly introduced in three aspects: the spatial discretization scheme, the modular

modeling design, and the parallelization strategy.

(1) Spatial discretization scheme

SEIMS adopts a two-level spatial discretization scheme, i.e., the “subbasin-basic

simulation unit.” In the stage of preprocessing modeling data, SEIMS delineates the

watershed into subbasins, each with one channel. Within each subbasin, the basic

simulation units (i.e., erid cells in the original implementation) are delineated and
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organized as a one-dimension array with their actual positions recorded. Most

simulation modules of hillslope processes use grid cells as simulation units, while a

few modules use subbasin units such the linear reservoir algorithm for the

groundwater process. Modules of channel routing processes use channel lines or grid

cells as simulation units. All parameters required by the modules on these simulation

units are prepared using the preprocessing scripts of SEIMS. The grid cells are

layered within each subbasin based on the flow direction of each cell (i.e., the single

flow direction in the original implementation; Liu et al., 2014). The layers are used in

modules of hillslope surface or subsurface flow routing processes to determine the

simulation sequences of grid cells. The same idea is used for layering subbasins (i.e.,

channels).

(2) Modular modeling design

A SEIMS-based hydrological model is constructed by the SEIMS main program

and several user-configured modules of hydrologic processes in a text-based format

rather than hard-coded. The main program controls the time loop of the simulation

and repeatedly invokes the modules in sequence. Each module is responsible for the

simulation of one or several hydrologic processes on corresponding simulation units

in different orders. For example, the potential evapotranspiration module executes on

every grid cell in an arbitrary order, the subsurface flow (also referred to as interflow)

routing module executes on every grid cell by layering orders (Liu et al., 2014). and

the channel routineg module executes on each channel by upstream-downstream

orders.

In SEIMS, each module should handle its required simulation conditions. Users

should decide the feasibility of the module combinations to meet the requirements of

each module, including the boundary conditions when calculating vertical and lateral

water movements. For example, to implement a physically-based interflow module

based on the Darcy’s Law, the boundary condition could be set either with the

hydraulic gradient equal to the slope at each cell, or with the output of other
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cooperating modules.

Each module inherits from a standard module interface, including the definitions

of input data, parameters, and output data. The input data and parameters of one

module can be either read from the database created during the preprocessing stage or

referred from other modules during the runtime. Each module itself initializes its

output data. In this way, during the execution of the SEIMS-based model, the same

variable is shared among modules.

(3) Two-level parallelization strategy

Since SEIMS treated subbasins as relatively independent modeling units for

hydrological modeling, the first level of the two-level parallelization strategy

dispatches the simulation of subbasins to different computing processes (or nodes)

through the Message Passing Interface (MPI) (Liu et al., 2016). The second level is

achieved within each subbasin by dispatching the simulations of erid cells without

mutual dependencies to computing threads via Open Multi-Processing (OpenMP)

(Liu et al., 2014). Based on the design of the modular structure, variables required to

be communicated among subbasins only need to be defined in the metadata of each

module and will be handled by the SEIMS main program (Zhu et al., 2019). That

means the complicated MPI programming details are hidden from module developers.

Besides, the implementation of OpenMP-based parallelization only needs one line of

preprocessor directive code before the loop of computationally independent code.

Therefore, module developers can easily develop modules and build high-

performance hydrological models in a nearly serial programming way (Zhu et al.,

2019). The two-level parallelization strategy provides the potential to implement the

proposed approach in this study that applies different model structures to distinct

subbasins.
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2.2.2 Constructing model structures with diverse simulation units and algorithms
based-on-extensionto-SEIMS

To enable the flexible eustomizationfor-ahybrid-struetareconstruction of model

structures based on SEIMS, the diversity of both spatial discretization

methedsschemes and hydrological process representations should be guaranteed. For

spatial discretization, the idea of constructing hydrological response unit-(HRHunits

(HRUs) could be added as a-simulation u#it-typeunits of hillslope processes in

SEIMS, thus-enablingincluding DominantHRU, FullHRU, and ExplicitHRU (see the

sei-and-and-use-maps;eonldfoHowlntroduction section for details) (Figure 2a). In

terms of parameters, the param

and-suppertbeth-conceptualand-physically-based parameters-—Physicallybased—
parameters can be derived from the-actual properties of the soil-erland-use-,

landuse/landcover, and other spatial data, while conceptual parameters are directly

specified within-theby lookup tables of soil and land-use-leekup-tables. For instance,

the reservoir capacity withinof an HRU can be represented by the soil depth

associated with that specific HRU area-, while some experimental coefficients could

be specified in the lookup tables.

Under such aan HRU discretization sethedscheme, the hillslope unit and

subbasin simulatien-unit can be supperted-with-SEIMS-asspeeialized-easesof HRUs-

regarded as specific DominantHRU to be used as simulation units. Therefore, the

extended SEIMS will offer the flexibility of utilizing subbasinsubbasins, hillslopes,

HRUs, and grid cells as spatial discretization options, allowing modelers to ¢choose the
moest-appropriate-optionfor-speetfiesimulation units of hillslope processes for various

modeling needs.

21



507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534

diseretization-methods-For hydrological process representations, SEIMS was initially

designed to primarily integrate simulation algorithms simatineof one speeifie—

preeesseshydrological process into each single module, while it previeusky-lacked a

conceptual model capable of considering multiple hydrological processes
comprehensively- (Figure 2b). To bridge this gap, the lumped conceptual models

could be integrated as two separate process-based hillslope modules:, i.c., the surface

runoff medulesmodule that generate runoff at each simulation unit; and the surface

routing module that directly convey water to the subbasin outlet. Sueh-medulescould-

and-subbasins—Folowing this-sehema;a-For example, the representative efwidely

used conceptual models, GR4J (Perrin et al., 2003), swasis suitable to be incorporated

into-theas SEIMS meduletibrarymodules. Such modules could be applied to any

simulation unit types stated above.

To ensure the combination compatibility of medule-combinations-with-the-spatial
diseretization-methodsimulation algorithms with simulation units applied to

subbasins, the SEIMS module interface ef- SEIMS-sshould be extended to mark its

computational dependency requirement as ene-ofthe felewingtwo-types:
- computatienalcomputationally dependent:— or independent. A

computationally dependent simulation module is exclusively applicable to grid cells,

analysts-and a computationally independent module is applicable to any types of

simulation unit. A model structure containing any eemputationalcomputationally

dependent module can only be applied to the MSAU-withsubbasin using grid cells as
the basic simulation unit-efgrid-eeHunits.
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2.2.3 Allocating individual model structures to MSAUsbased-on—

SEIMSsubbasins and integrating as a hybrid watershed model structure

An essential aspeetpart of-implementing the spatially hybrid hydrological

modeling methedapproach is to enable the separate allocation and execution of
individual model structures to different MSAUssubbasins (referred to as the subbasin
models) within the watershed. Fhis-entatls-alowing the separate-construction-and—
JAll subbasin
models (ersubbasin-medelsin-this-study)which-are subsequently integrated intoas a

watershed model. Fhisrequiresthe MSAUsto-betreated-ndividualhy-inan-objeetive-
ortented-manner—To-achieveThe requirements of flexible and-switmodel-econstruetion

and-modification;the-strueture configuration sheuld-be-text-basedratherthanhard-
coded.

Armeng-the-above-mentioned requirements;-theand subbasin-separate simulation
and-flexible- modelconfiguration-are compatible tewith the twe-level-parallelization—
strategy-and-text-based module configuration ef SEIMS as-iHustratedin-seetion 221

While-extension-should-stil-be-implemented-onits-medulemethod and two-level

parallelization strategy of SEIMS (see section 2.2.1) but still need improvement. The

module configuration file of SEIMS should be extended to designate a model

structure to the specific subbasin, and the adopted type of basic simulation units

(Figure 3). In this way, the SEIMS main program can read the configuration methed—

computing processes-of-file for each subbasin dynamically-read-the-configuration—
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files, load each-medulesimulation modules, and retrieve the spatialmodeling

parameters ef-each-subbasin-withaccording to the specified diseretization-methedbasic

simulation units.

TheThe two-level parallelization strategy should be improved in two aspects.

The first is task scheduling of the subbasin-level parallelization for load balancing

handled by the SEIMS main program. The domain decomposition of subbasins should

be determined by upstream-downstream relationships between subbasins and the

number of basic simulation units of each subbasin in the runtime, rather than using the

numbers of grid cells of each subbasin in the preprocessing stage in the original

implementation of SEIMS (Liu et al., 2016). The second aspect concerns the basic

24



589
590
591

592

593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
012
013

simulation unit-level parallelization handled in computationally independent modules,

which could be easily extended to support newly added simulation units such as

HRUs since the OpenMP for-loop code structure does not need to be changed.

2.3 Implementation

Based on the above method design, the implementation of the proposed approach

with SEIMS involves modifications to beth-the-preprocessingand-the-main-modeling—
programs-of SEIMSIn-the-original Pythen-basedthe data preprocessing pregram,—

ntroduecessupportfor HRU-based-delineationssuehas-tools, SEIMS main programs,

and SEIMS module library. The data preprocessing tools mainly include a collection

of Python scripts and C++ programs to delineate spatial units at different scales (e.g..

subbasins and hillslopes—Fhis-entatlsealenlations-of ), extract spatial parameters of

spatial units, and create watershed modeling database (Zhu et al., 2019). In this study,

a configurable tool was implemented to support the delineation and parameterization

of HRU-based spatial units. This tool allows users to specify environmental variables

(e.g.. the default land-use and soil types) to delineate HRU-based units. This tool also

allows specifying base spatial units and delineation strategy to generate different

types of HRU such as taking subbasins or hillslopes as base units to generate

DominantHRU or FullHRU. Therefore, the data preprocessing tools could prepare

various types of spatial unit and associated spatial parameters for multiple-timesfor—
everyeach subbasin and-every-type-of simulationunit-speetfiedinaccording to the

user-defined configuration file-Fhe-main— to meet various hydrological modeling

program-and-the-module Jibraryscenarios. The procedures of thespatially hybrid
modeling with SEIMS are-based-on-theis depicted in Figure 3.
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Figure 3. Procedures of spatially hybrid modeling with the SEIMS (Spatially Explicit

Integrated Modeling System)

The SEIMS main program, written in C++language—They-havebeent+, was

extended to distinguishread the configuration file for each subbasin, load simulation

modules and retrieve the spatialmodeling parameters;-which-are-storedin-MeongoDB—
eorrespending according to the simlationunttspecified simulation units. Simulation

modules of the SEIMS module library were updated to declare the type of subbasin—

The-deelarationof computational dependency-is-also-added-to-every-module-in-the—
medule-library—. New conceptual simulation modules were added such as GR4J for

simulating hillslope runoff generation. With the above briefly introduced

implementation of the proposed approach, SEIMS can now support users in

constructing spatially hybrid model structures for considering spatial heterogeneity of

the watershed, where each subbasin may be simulated with different combinations of
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conceptual or physically-based simulation modules and spatial units. Consequently,

42 modules are available after the implementation of this study (detailed in Table S1

of the supplementary material), supporting simulation of processes including

snowfall, atmospheric deposition, snow balance, interception, soil temperature,

glacier, surface runoff, evapotranspiration, infiltration, percolation, interflow,

groundwater, channel routing, plant growth, and soil erosion.

editing-The SEIMS is open-source on GitHub (https://github.com/Ireis2415/SEIMS)

and is under continuous development, such as adding conceptual and physical-based

simulation modules for various geographic environments.

3 Case study

3.1 Study area and data

In this study, we selected the Babao River watershed at Qilian, Qinghai Province,
China;in-theupperreachesof the Hethe River Basin (Figure 4) as the case study area
to verify the proposed approach through daily-scale runoff simulation. The Babao
River watershed Eigure-3-is one of the headwaters of the Heihe River Basin. It is
located in a high-altitude, cold and mountainous region with an area of approximately
25112511 km?. The average elevation is 35653.565 m, and the region features glacier,

snow cover and frozen soil.

FhisThe data for hydrological modeling in this study extensivelyrelies-onare all

publicly available-data—We-used. The MERIT DEM with the 3"-resolution
tapproximately-of 90 m}MERITDEM-seureed-from—_ (Yamazaki et al-., 2017) was

selected for watershed delineation and calculation of terrain attributes. Meteorological

input-data ferthe-medelwerewas obtained from the China Meteorological
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Assimilation Driving Datasets for the SWAT model (CMADS) version 1.2, provided
in the form of approximately 0.125-° resolution gridded station data (Meng et al.,
2019). Land cover data forthe-modelwerewas derived from GLOBELAND30 with a
resolution of 30 m (http://www.globallandcover.com). Soil attribute #nput-data for-the—
modelwerewas sourced from the Harmonized World Soil Database (HWSD:—Wieder—
2014) Version 2.0 (Nachtergaele, 2023).
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Figure 34. The Babao River watershed

and the spatial constitution of the spatially hybrid watershed model.

3.2 Experimental settingdesign
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The threemodel structures-deseribed-above-wereutilizedTo verify the feasibility

and effectiveness of the proposed spatially hybrid hydrological modeling approach

and its implementation based on SEIMS, we constructed one distributed physically-
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based model structure (section 3.2.1) and one lumped conceptual model structure

(section 3.2.2) to build spatially consistent and spatially hybrid watershed models

(section 3.2.3) for comparison after parameter calibration (section 3.2.4). It is worth

noting that the watershed models constructed in this comparative experiment are not

intended to model the hydrological processes in the study precisely nor to enumerate

the possible model structures applicable as illustrated in Figure 1.

3.2.1 The distributed physically-based model structure

The distributed physically-based model structure uses grid cells as the basic

simulation units and encompasses simulation algorithms based on physical laws. For

example, the algorithms of percolation and interflow are based on Darcy’s law. The

percolation is calculated as the product of hydraulic conductivity and the eradient of

the hydraulic potential, and the interflow is calculated from the kinematic

approximation of Darcy’s Law and, with the hydraulic gradient equal to the slope at

each erid cell. These two methods are the same as those used in WetSpa [please refer

to Liu and Smedt (2004) and Safari et al. (2012) for more details]. Table 1 listed the

considered hydrological processes and their simulation algorithm associated with key

parameters for model calibration. The physically-based simulation algorithms

primarily utilize spatial parameters with clear physical meaning, such as soil hydraulic

conductivity and leaf area index. The geomorphology-based unit hydrograph is

derived from terrain data. Besides, this model structure also includes conceptual

simulation algorithms such as the surface routing module based on unit hydrograph

(Table 1). A model structure combined physically-based and conceptual hydrological

process representations is often regarded as a physically-based model, as stated by

existing hydrological model with a fixed or near-fixed model structure such as SWAT,

WetSpa, and RHESSys.
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724 Table 1. Simulation algorithms adopted for the distributed physically-based model
725 structure and the parameters involved in model calibration
Hydrological Simulation _
Parameters involved in calibration
process algorithm
Potential . .
. Penman-Monteith K_pet (correction factor)
evapotranspiration
) Interc_max (maximum interception storage),
) Maximum canopy . . . . .
Interception Interc_min (minimum interception storage), Pi_b
storage ) ] ]
(interception storage capacity exponent)
Glacier HBYV method -
T _rain_snow_delta (rain/snow mixture temperature
Snow melt HBYV method
range)
) Modified K_run (runoff exponent), P_max (maximum
Infiltration and ] T o )
coefficient precipitation corresponding to potential runoff
surface runoff ] ] ]
method coefficient), Runoff co (potential runoff coefficient)
Depression Linsley Depression (depression storage capacity)
Percolation Storage routing -
One-dimension o
Interflow ] ] Ki (interflow scale factor)
kinematic wave
Actual Thornthwaite and
evaporation Mather method N
Plant growth Simplified EPIC -
Base ex (baseflow recession exponent), df coef
) ) (deep percolation coefficient), gwmax (maximum
Groundwater Linear reservoir ]
ground water storage), Kg (baseflow recession
coefficient)
Geomorphology-
Surface routing based unit -
hydrograph
Channel routing Muskingum MSK X, MSK K
726  3.2.2 The lumped conceptual model structure
727 The lumped conceptual model structure has DominantHRUs as the simulation
728  units and has GR4J as the main simulation algorithm, which offers simplicity and can
729  generalize multiple hydrological processes (Table 2). The DominantHRUs are derived
730  from the overlay of the categorized land cover and soil maps, with the HRU with
731 occupying the largest area being the DominantHRU. The Hargreaves method is used
732  to provide the potential evapotranspiration for the GR4J. And the GR4J receives the
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733  potential evapotranspiration and precipitation as input to generate the hillslope runoff

734  at subbasin outlets, which are then ageregated by the Muskinegum method.

735
736 Table 2. Simulation algorithms adopted for the lumped conceptual model structure
737 and the parameters involved in model calibration
Hydrological process Simulation algorithm Parameters involved in
calibration
Potential evapotranspiration Hargreaves -
Conceptual and GR4J SOILTHICK (X1), X2. X3,
comprehensive hillslope X4
runoff

Channel routing Muskingum MSK X, MSK K

738

739  3.2.3 One spatially hvbrid watershed model structure and two spatially

740  consistent model structures for comparison

741 Ideally, a physically-based model could better simulate hydrological processes

742  with explicit physical meaning. While limited to the insufficiency of the cognization

743 of hydrological processes and difficulty of implementing complicated simulation

744  algorithms, a conceptual model could be a valuable complementary, which is often

745  come up with mathematical fitting under some degree of generalization. Therefore, a

746  spatially hybrid model structure (referred to as the HybM) combining both physically-

747  based and conceptual models were constructed in afourthis case study. Most

748  parameters of the distributed physically-based model structure were derived from

749  actual terrain, landuse, and soil data, which would vary more significantly in spatial.

750  Thus, the distributed physically-based model structure is considered more suitable for

751 mountainous areas than the lumped conceptual model structure. Under this

752  assumption, the HybM in the Babao River watershed was constructed, as depicted in

753  Figure 4. In the HybM., 16 subbasins were assigned with the lumped conceptual

754  model structure, and the other 13 subbasins with the distributed physically-based
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model structure.

The two model structures were then used to build spatially consistent model

structures to be compared with the HybM. The model utilizing only the distributed

physically-based model structure was referred to as PhyM., and the model utilizing

only the lumped conceptual model structure was referred to as ConM.

3.2.4 Comparative experiments of parameter calibration

The parameters involved in model calibration that listed in Table 1 and Table 2

were selected by parameters sensitivity analysis. In the calibration of the HybM,

parameters in subbasins with the same model structure (the distributed physically-

based or the lumped conceptual) were changed together (i.e., add or multiply). That is,

parameters in the mountainous subbasins share the same change, and those in gently

sloping subbasins share the same change (Figure 4). For comparison to the HybM,

two calibration strategies are used for both the PhyM and ConM: 1) universal

calibration, where parameters in all subbasins were changed together. 2) regional

calibration, where parameters in the mountainous subbasins were changed together,

and those in gently sloping subbasins were changed together, i.e., the same calibration

strategy as the HybM.

The three models were executed in a six-year simulation, spanning from January

1, 2013; to December 30, 26+62018. The first year (2013) served as a warm-up

period, followed by twethree years (2014-ard2045-2016) designated for calibration,

and the-finalyear(2046two years (2017-2018) for validation. ¥arieusFour model
performance indices, including the Nash-Sutcliffe coefficient (NSE; Eq. 1), root mean
square error-standard deviation ratio (RSR; Eq. 2), percent bias (PBIAS: Eq. 3), and

R-square;R’(Eq. 4), were selected to evaluate the modelingmodel performance.

Lomnsaetes
121(0; — P)?
i=1(0; — 0)? (1)

NSE =1 —
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VI, (0; —

RSR = )
n (0 — 0)? (2)
n
L (0; — P;) x 100
PBIAS = = )
=11 (3)
R2=1-— ?=1(0i - Pi)z £4)
n N\ 2
i=1(0i - 0)

780 where 0, and P; are i-th observed value and predicted value, respectively. O_is the

781 averaged observed value, and 7 is the size of simulated time series.

782 The parameter calibration was conducted using the NSGA-II (non-dominated

783  sorting genetic algorithm-II; Deb et al., 2002) integrated in the SEIMS framework;

784  (Zhu et al., 2019), with a-pepulatiensize-of 200-andeach experiment having an
785  optimization fer15-generations—he-calibration-objeetivesareof 360 population and

786 25 generation. The calibration experiments were conducted on a personal computer

787  with a 2.70 GHz Intel Xeon Gold 6150 dual CPU (36 cores). Under the NSGA-II

788  algorithm, the Pareto front of each generation would be kept and compared with the

789  next generation. The objective function for parameter calibration is maximum NSE,

790  minimum absolute values of RSR and PBIAS-Fhe Pfactorand R-factor-wereused-as
791
792
793

794
795  experimental-model struetures:, with each component having the same weight.

796  Comparative analysis was carried out to assess the simulation performance of the

797  three medelsetsmodels based on theselected optimal parameters ebtained-during—
798  ealibrattenfrom the Pareto front.

799 Table 3. Experiments of parameter calibration with different calibration strategies for

800 different model structures
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Name of experimental cases

Calibration strategy

ConM PhyM HybM
Universal ConM1 PhyM1 -
Regional ConM2 PhyM?2 HybM

4 Results and discussion

Figure-4—The-The successful execution of the constructed spatially hybrid

watershed model structure proved the feasibility of integrating lumped conceptual

model structure and distributed physically-based model structure in a spatially varying

manner. According to the comparative experiments in this case study, the

effectiveness of the proposed approach and its implementation based on SEIMS can

be discussed from three aspects: 1) the performance of different model structures after

automatic parameter calibration under different calibration strategies: 2) the

rationality of the spatially hybrid model structure; and 3) the advantage of SEIMS in

implementing the proposed approach.
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4.1 The model performance of different model structures

under different calibration strategies

The model performances of the selected optimal individuals of all calibration

strategies of the three model structures are listed in Table 4. According to the

performance metrics of both calibration and validation periods, the spatially

consistent distributed physically-based model (i.e., PhyM) exhibits similar

performance under both the universal and the regional calibration strategies (i.e.,

PhyM1 versus PhyM2). In contrast, for the spatially consistent lumped conceptual

model, the ConM?2 that utilized the regional calibration strategy outperformed the

ConM1. The difference may attribute to the characteristics of modeling parameters.

The parameters of the PhyM are derived from spatially distributed input data,

implying a low dependency on regional calibration. In contrast, the initial parameters

of the ConM were the same across the watershed since their lack of clear physical

meaning, resulting in the dependency on distributed calibration.
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Table 4. Performance metrics of selected optimal calibrated individuals with different

model structures under different calibration strategies (PhyM1 and PhyM2:

physically-based model structure with universal and regional calibration; ConM1 and

ConM2: conceptual model structure with universal and regional calibration,

respectively: HybM: the spatially hybrid model structure with regional calibration)

Best Representative individual performance selected from the

Experimental . . . .
Pareto front (calibration / validation periods)

case
NSE RSR PBIAS (%) R’
PhyM1 0.58/0.60 0.64/0.63 10.63/2.58 0.66/0.67
PhyM?2 0.59/0.60 0.64/0.63 17.34/13.90 0.67/0.66
ConM1 0.41/0.32 0.77/0.82 2.89/-42.87 0.42/0.61
ConM2 0.45/0.50 0.74/0.71 10.96/-21.03 0.48/0.60
HybM 0.72/0.60 0.53/0.63 10.02/-18.28 0.73/0.71

The HybM demonstrated an overall better performance over the PhyM and

ConM. In terms of NSE. the HybM showed the highest performance in the calibration

period (0.72), and one of the highest performances in the validation period (0.6). The

HybM also had lower RSR (0.53/0.63) and higher R? (0.73/0.71) than the PhyMs and

ConMs. while its PBIAS (10.02%/-18.28%) did not show advantage. This

demonstrated that the proposed approach could achieve higher performance compared

to the spatially consistent model structures.

4.2 The rationality of the spatially hybrid model structure

Figure 4 showed the hydrographs of simulation results of the-final cenerationin—
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the-conceptualmoedelFigure 4a-and-4b(Figure 4). In dry seasons, typically from

November to the following April when baseflow is the primary contributor to

discharge, the physieally-based-modelPhyM1 exhibits aneticeable-underestimationan
accurate estimation of baseflow-during. In contrast, the dry-seasen-between2045-and—

processes—Converselythe-coneeptualmedelConM?2 provides an overall
reasonableoverestimation of the baseflow simulation-butat. In the costof—
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flows-in-wet seasons, which-typically-oceurfromMay-to-October1n-the wetseasons,—
the-physieally-based-medelPhyM 1 produces steeper rising and falling limbs in the
hydrographs, corresponding to the intensive precipitation-during-wet-seasens, as
depicted in Figure 54. This behavior aligns with itsthe physical basis- of the study
area. The eonceptual-medelConM2, on the other hand, strugglestend to simralatecither
overestimate or underestimate the peak flows-aceurateby-espeeially-during-the—
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Figure 4. The simulation results of the individuals with best performance after

calibration of the ConM2. PhyM 1. and HybM. (PhyM1: physically-based model

structure with universal calibration; ConM2: conceptual model structure with regional

calibration: HybM: the spatially hybrid model structure with regional calibration)

The spatially hybrid model HybM., as a result, combines the strengths of both the

physically-based and the conceptual model structures. Especially, the HybM exhibited

a more accurate simulation of peak flows and recession all through the simulation

periods, better than both the PhyM1 and the ConM2. And for the rising limbs, the

HybM reacted close to the PhyM 1, which fitted better than the ConM2. While for the

baseflow, the HybM showed a compromising between the PhyM1 and the ConM2,

which turns out to be a n overestimation but better than the PhyM1.

4.3 The advantage of SEIMS in implementing the proposed

approach

The selection of SEIMS in implementing the proposed approach exhibited

effectiveness in computing efficiency and modeling flexibility. Due to the detailed

representation of various hydrological processes in the physically-based model, its

calibration took approximately +9675 hours for 36669000 model runs (266360
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population and 4525 generations). Such a high calibration demand limits its
availability to larger watersheds. In contrast, the calibration time for the conceptual
model was significantly shorter, approximately +5-minutes] hour. Therefore, the
spatially hybrid model, which contains both models, exhibited an intermediate
calibration time of around 5630 hours, prepertionate-to-the participationaverage of the
two models. This efficiency enhancement suggests a broader applicability to larger
watersheds, where specific subbasins of interest can be treated individually. This
approach not only saves time but also enables the production of more model runs for
parameter eptimizationscalibration or uncertainty analysis.

The subbasin-independent design also gives rise to the modeling flexibility.

Model developers could implement their models in module-level to simulate a single

process or multiple processes, which can then be combined easily with other modules

into a customized spatially hybrid model structure. While it is worth noting that the

module developers should handle the input requirements and boundary conditions for

the single module, and the module users should examine the feasibility of the

combined model structure.

5 Conclusion

This paper introdueesintroduced a novel spatially hybrid hydrological modeling
approach, offering a versatile solution to address the modeling challenges posed by
the spatial heterogeneity of complex watersheds. Unlike traditionalexisting distributed
hydrological models that allow only spatial variability of parameters, the proposed

approach takes a divide-and-conquer idea to accommodate spatially varied and hybrid

model structures. H-introducesthe-conceptof-Model Strueture AHoecation Units—
MSAUs)forallecatingindividualmedel struetures—This approach advocates the

hybrid combination of different spatial discretization sethodsschemes and
hydrological process representations, enhancing structural flexibility on each MSAU—

Constraints-on-the MSAUsubbasin. The constraints of integrating subbasin model
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structures arewere also discussed to ensure theirintegrationintothe successful

construction of the final watershed model.

Based on the implementation on the hydrological modeling framework SEIMS,

an-expertment-wasthe comparative experiments were conducted to validate the

feasibility and effectiveness of the proposed approach. The spatially hybrid model

structure, compared to vnifermthe spatially consistent distributed physically-based

and lumped conceptual model structures, demonstrated not only the capability of
modeling with spatially varied and flexible structure, but also the ability to synergize

the strengths of the eenstituentspatially consistent model structures, potentially

leading to reduced uncertainty.

This approach empowers researchers to serutinizeprecisely utilize and fine-tune

model structures-with-preeision, aligning them with the unique characteristics of
specific areas within a watershed. It offers enhanced flexibility and a wider range of
available model structures, extending the horizons of hydrological modeling for
spatially varying model structures. This extension facilitates the exploration of
multiple working hypotheses, ultimately enhancing our understanding of complex

watershed systems.

However, there are also limitations in the current implementation. First-while—

needed-to-assess-its-suitabiity-onthese-units—SecondFirstly, the SEIMS module

library saustshould undergo further development to encompass a broader

speetrumrange of medels-andsimulation algorithms;partienlarly-theserelated-te and

hydrological processes, for example, implementing tightly coupled simulation

methods of several hillslope hydrological processes using rigorously physically-based

algorithms as one simulation module, implementing simulation modules for glacier

and frozen soil processes, in-orderto-construct model strueturesfor-a-wider range-of—
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applications in watersheds with signilicant spatial heterogeneity. Lastlyete. Sceondly,

as the spatial constitution of the spatially hybrid model structure can be freely
configured and revised, determining the optimal spatial constitution for specific

application contexts remains a subject for future study.
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