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Abstract. Mitigating diffuse-source nutrient pollution has created an urgent need to advance understanding of catchment
hydrological and nutrient dynamics, and develop robust integrated hydrological and water quality models to support decision
making. However, the current availability of integrated catchment-scale water quantity and quality assessment tools is very
limited compared to that of hydrological models, and the common developing strategy of extending existing hydrological
platforms might be restricted by specific hydrological structures and associated data requirements. Here we introduce a new
flexible catchment water quality assessment tool — HiWwaQ that aims to be compatible with multiple, often contrasting
hydrological model structures and that comprehensively considers spatio-temporally varying water quality impacts of
anthropogenic activities. The flexibility of HiwaQ is realised through: (1) a unified configuration interface for catchment
characteristics and the coupled hydrological structure; and (2) a generalised structure of storage-flux interactions for all bucket-
type storages. We also present the detailed N module development (HiWwaQ-N) for nitrate simulation and its coupling tests
with two contrasting fully distributed hydrological models (the process-based ecohydrological EcH,0-iso model and the multi-
scale conceptual mMHM model). The two couplings were tested and cross-compared in the mixed forest-agricultural Silberhitte
catchment (99 km?), central Germany, using the continuous daily discharge and Nitrate-N observations over 2012-2018.
Results demonstrated that: (1) HiwaQ-N could well reproduce the observed discharge and stream Nitrate-N patterns and
provided reliable spatio-temporal estimates of catchment N balance and networked in-stream N retention; (2) the two couplings
were generally consistent with each other, while they showed subtle, but insightful differences in N transport (e.g., responses
to small summer rainfall events) and transformations (e.g., the soil denitrification process), which could be attributed largely
to different hydrological structures. Despite promising potential for further exploiting the coupled catchment modelling (e.g.,
combining in-depth uncertainty analysis), HiwaQ has the unique value of making better use of advanced hydrological
modelling that embeds thoughtful modelling workflows and localised perceptual knowledge, thus better leveraging these

advancements in the integrated catchment water quantity-quality assessments. We encourage interested researchers and
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modellers to contribute to further open-source development, which is oriented to be scientifically insightful and practically

useful for catchment management.

1 Introduction

Maintenance of good water quality is a key aspect of hydrologic ecosystem services (Brauman, 2015) and essentially effects
the provision of other services, such as recreation and sustaining human health (Keeler et al., 2012). Increasing anthropogenic
demands and climate change pressures have amplified challenges to water-related ecosystem services (Millennium Ecosystem
Assessment, 2005; Guswa et al., 2014; Brauman, 2015). Among others, anthropogenically sourced nutrients have been
substantially threatening ecosystem functioning of fresh- and marine water systems (Rockstrém et al., 2009). The plateaued,
though still excessive nutrient levels are largely ascribed to agricultural diffuse sources (Kroon et al., 2016; Reusch et al.,
2018; Van Meter et al., 2018). Further control and mitigation require a solid scientific understanding of water and solute
dynamics at the catchment scale, and based on this, developing robust, integrated hydrological and water quality models to
support decision making (Guswa et al., 2014; Wellen et al., 2015; Jawitz et al., 2020).

Integration between hydrology and water quality at catchment scale has been attempted for many years (e.g., Rode et al., 2010;
Soulsby et al., 2002; Tscheikner-Gratl et al., 2019; Wellen et al., 2015). However, there still exist considerable disconnections
between the two modelling communities, which tend to focus on either water quantity or water quality predictions. For
example, processes are largely formulated adequately in their respective models, whilst these lack holistic and consistent
interaction formulations based on integrations of interdisciplinary expertise (Hrachowitz et al., 2016). Further, advanced
process-based hydrological models comprise a wide range of tools targeting various spatial and temporal scales with different
degrees of complexity in process representation (Clark et al., 2017a). However, in comparison, models facilitating catchment-
scale water quality assessment are relatively limited. For example, Wellen et al. (2015) found that the spatially distributed,
process-based catchment water quality modelling field is dominated by only five models (i.e., SWAT (Arnold et al., 1998),
INCA (Wade et al., 2002), AGNPS/AnnAGNPS (Young et al., 1989), HPSF (Bicknell et al., 1997) and HBV/HYPE
(Andersson et al., 2005; Lindstrom et al., 2010), accounting for more than 80% of 257 investigated scientific publications).
Nutrient transport across catchment landscapes is principally driven by hydrological flux dynamics, meanwhile, associated
biogeochemical transformations are related to relative exposure and reaction timescales (Oldham et al., 2013; Li et al., 2021).
These intrinsic interactions primarily lead to the fact that water quality process formulations are usually deeply integrated
within specific hydrological model structures; indeed, recent catchment water quality models are mostly developed in the way
of extending an existing hydrological modelling platform (e.g., mHM-Nitrate (YYang et al., 2018) and BioRT-Flux-PIHM (Zhi
et al., 2022)). Although such a developing strategy can make use of advanced features of integrated hydrological platforms,
the applicability and transferability are somewhat restricted by specific hydrological structures and their data requirements
(Norling et al., 2021). We argue that there remains a strong need to develop flexible water quality assessment tools that are

compatible with various (eco-) hydrological structures and can facilitate simultaneous catchment-scale water quantity and



65

70

75

80

85

90

https://doi.org/10.5194/gmd-2022-239
Preprint. Discussion started: 8 November 2022
(© Author(s) 2022. CC BY 4.0 License.

quality assessments. Such new flexible water quality assessment tools should take advantages of available eco-hydrological
modelling structures, acting as an alternative moving toward environmental models of everywhere (Beven, 2007). Meanwhile,
for a specific catchment, they can enable cross-comparisons of different hydrological process representations and further
investigate their impacts on nutrient dynamics, enriching insights into holistic catchment water quantity and quality
functioning.

The general characteristics of process-based water quality modelling provide the opportunity of developing such a flexible,
widely compatible assessment tool. For example, reaction rates of nutrient transformations are often quantified based on first-
order or Michaelis—Menten kinetics (Li et al., 2021; Reichert et al., 2001), with model parameters introduced for poorly
understood interaction mechanisms and empirical functions employed for influences of environmental controls (Yang et al.,
2019b). Moreover, nutrient storage-flux interactions in each bucket-type storage commonly follow the law of mass balance
and full-mixing assumptions, with additional passive storage might be influential in attenuating solute dynamics (Wade et al.,
2002; Birkel et al., 2011; Yang et al., 2018; Shanahan et al., 2001). However, the key challenges are to incorporate significant
differences in hydrological structures associated with various, often contrasting process-based catchment models (Gupta et al.,
2012), including (1) different catchment discretization schemes (e.g., semi- or fully distributed models) and drainage
configurations (lateral hydrological connectivity via channel routing and/or terrestrial drainage) and (2) different
conceptualisations and formulations of hydrological processes.

Here we developed a new water quality assessment tool — HiWaQ that is compatible with various hydrological structures and
present a detailed implementation of the Nitrogen module (HiWaQ-N). This development leverages benefits from existing
advanced catchment (eco-) hydrological models and can facilitate synthetic water resources assessments in terms of quantity
and quality in a technically easier way. The flexibility of HiWaQ-N was tested through coupling with two contrasting grid-
based catchment models, specifically, the process-based ecohydrological model EcH20-iso and the multi-scale conceptual
hydrological model mHM, representing both different process conceptualisations and spatial representations of the catchment
heterogeneity. The model performance of nitrate-nitrogen (NO3 — N) simulations and cross-comparisons between the two
couplings were evaluated in the mixed forest-agriculture Silberhiitte catchment (99 km?), central Germany. The objectives of
this paper are (1) to comprehensively introduce the HiWaQ structural design and its coupling interface, (2) based on the
HiWaQ-N model development and its coupling with EcH20-iso and mHM, to demonstrate the flexibility of the new platform
and test the model capability of simulating NO; — N, and (3) based on cross-comparisons between the two model couplings,
to evaluate effects of contrasting hydrological conceptualisations on spatio-temporal variability of catchment N dynamics. As
a model description paper, we further summarized the flexibility and strength of the HiwaQ platform, as well as its limitations

and outlook, which are anticipated to motivate interested researchers to contribute to future open-source development.
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2 The HiWaQ Overview and the nitrogen module development

2.1 HiwaQ design and coupling structures

HiwaQ was developed to provide a generalised tool that can easily facilitate catchment water quality assessments across

spatio-temporal scales, in accordance with readily available, pre-existing hydrological modelling frameworks. This means that

the new tool needs to be compatible with various process-based hydrological simulators (currently restricted to one-

dimensional ordinary differential equations - ODEs for water movement), independent from catchment configuration schemes

(e.g., semi- and fully distributed treatments, Fig. 1a) and hydrological model structures (e.g., different hydrological domains

and flow paths, Fig. 1b). The HiwaQ tool realises the coupling via a unified interface, where catchment and modelling settings

are specified (Figure 1c, and detailed examples of the configuration file “wgm_config.nml” in the repository Yang et al. (

2022b)). Here, we briefly describe some of the relevant coupling settings:

Catchment discretisation and landscape heterogeneity. HiWaQ requires explicit specification of the coupled
hydrological model type (“model_type”: “1” for grid-based fully distributed and “2” for semi-distributed types), as
catchment inputs (catchment geographic characteristics and climate forcing data) and hydrological modelling outputs
(internal state variables and fluxes) are always organised differently. Importantly, the two model types represent
landscape heterogeneity in different ways, which requires different input information and file formats. The semi-
distributed type is relatively straightforward with the hierarchical structure of subdividing into sub-catchments and
HRUs, thus, HiWaQ requires only areal proportions of HRUs in each sub-catchment. For the fully distributed type,
spatial distributions of landuse and soil types at the spatial resolution of the modeling are required; moreover, spatial
heterogeneity is further considered by allowing multiple types to be present in one grid cell, given that their areal
proportions are also provided. At each time step, HiWaQ updates vertical nutrient fluxes and storage states, looping
through all basic calculation units (i.e., HRUs of all sub-catchments for semi-distributed and grid cells for fully
distributed types). For the semi-distributed modeling, these state variables are averaged with weights of HRU areal
proportions of each sub-catchment, resulting in total terrestrial-phase fluxes and storage states; whereas for fully
distributed modeling, such aggregations are not needed, except when the spatial resolution of routing calculation is
coarser than that of the terrestrial calculation.

Drainage network and hillslope-channel configuration. HiWaQ further considers lateral exchanges across a
catchment, following its topographic drainage network. For the semi-distributed modeling in HiwaQ, the lateral
exchange is only possible through stream channel routing at the sub-catchment level. Thus, aggregated information
on the network morphology, such as the routing sequence of all sub-catchments and total stream length in each sub-
catchment, is sufficient. There is an option to distinguish between local streams (that take sub-catchment terrestrial
exports as input) and main streams (that take the routed outputs from local streams and upstream sub-catchments as
input) for higher-order sub-catchments. For the fully distributed modeling, lateral exchanges are possible for different

hydrological domains (e.g., surface overland flow, groundwater flow and deeper baseflow), as well as the stream
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channel routing. The terrestrial-channel organization for fully distributed modeling is further flexibly implemented:
(1) when terrestrial lateral exchange is enabled, the channel domain can be independently specified based on the real-
world river network (i.e., only channel-connected grid cells involve stream routing processes); (2) the channel routing

130 resolution can be set differently from that of terrestrial modeling resolution. HiWaQ requires spatially distributed
drainage information for each grid cell at the routing resolution, including the geographic location, major flow
direction according to topography, total stream length and average stream width. The computing order and grid
organization are automatically resolved based on the supplied geographic and topographic information (e.g., the
headwater grid cells should be computed prior to higher-order grid cells).

135 e Hydrological compartments and processes. Despite differences in catchment treatments and configurations, usually
process-based models conceptualise hydrological processes and storage-flux interactions within the basic calculation
units in a similar way, that is, defining multiple bucket-type reservoirs for water storages in different hydrological
compartments and multiple input-output fluxes for water exchanges between hydrologically connected compartments
and atmospheric interactions (mainly rainfall or snowfall inputs and evapotranspiration outputs). As illustrated in

140 Figure 1b, HiWaQ currently implements a comprehensive suite of hydrological compartments (i.e., canopy
interception, snowpack, surface water ponding, impermeable urban surface, soil water, groundwater, deep
groundwater and stream surface water;) and processes at vertical (i.e., canopy-exceeding throughfall, snowpack
accumulation and snowmelt, surface infiltration and downward transport between different soil layers, recharge to
gravitationally free groundwater storage, percolation to deeper groundwater system, canopy and soil evaporation,

145 vegetation transpiration) and lateral (i.e., stream runoff generation via surface overland flow, subsurface flow, deeper
baseflow, direct runoff from impervious surface and point sources from urban areas; terrestrial exchanges via surface,
subsurface and deeper groundwater system, and consequent vertical surface run-on re-infiltration and upward return
flows) directions. Note that HiWaQ considers the temporary surface water ponding only for surface runoff
generations, and structures for surface lakes and reservoirs are not implemented yet.

150 e Flow paths and storage-flux interactions. In accordance with the specific coupled hydrological structure, the activated
hydrological compartments and processes should be turned on explicitly in the interface (i.e., “processCase”), and
HiwaQ will run quality checks ensuring (1) associated variable names of storages and fluxes are provided in the
interface; and (2) computed values from the external hydrological modelling are supplied and correctly formatted.
For the generalisation of storage-flux interactions of various hydrological compartments, HiWaQ designs a

155 generalised bucket-type storage structure (Figure 1c), where all possible input-output fluxes (i.e., four vertical and
two lateral connections to other hydrological compartment storages, as well as any additional fluxes) can be specified.
Such a structure applies to both physical storage (e.g., soil water storages at different layers) and conceptual storage
(e.g., the so-called “unsaturated storage” of the HBV model (Bergstrém, 1995)). For the latter, it is worth noting that
(1) an additional variable pointing to one physical storage as the source water is required; and (2) if its “up_in” flux

160 is not specified (i.e., equals the default “none”), HiwaQ will directly replace the solute concentration of the conceptual
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storage with that of its source storage, otherwise normal full mixing calculation is applied. HiWaQ reads in all
externally simulated hydrological information as the NetCDF format (Unidata, 2022).
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Figure 1. The flexibly designed water quality assessment tool HiWaQ for various (eco-)hydrological modelling with different
catchment discretisation schemes (a) and hydrological compartments and processes (b). The coupling is realised through a
unified interface (c). The background picture in (b) is adapted from National Academies of Sciences, Engineering and Medicine
(2018). Note that (b) only demonstrates a schematic structure, where actual storages and their storage-flux interactions depend
on the coupled hydrological models and should be specified in the coupling interface. Andersson, L., Rosberg, J., Pers, B. C.,
Olsson, J., and Arheimer, B.: Estimating Catchment Nutrient Flow with the HBV-NP Model: Sensitivity to Input Data, Ambio, 34, 521-
532, 2005.

2.2 Anthropogenic impacts and nutrient transformation parameterisation

In addition to the nutrient transport driven by hydrological dynamics, anthropogenic nutrient inputs from urban point sources
and agricultural diffuse sources can significantly elevate nutrient levels in freshwater and marine waters, threatening safe-
operations of ecosystems (Rockstrom et al., 2009). Following the advanced implementations in the mHM-Nitrate model (Yang
et al., 2018; Yang and Rode, 2020), HiwaQ facilitates comprehensive consideration of spatio-temporal variability of
anthropogenic impacts. For fully distributed modelling, point-source inputs, whenever available, can be placed at the grid cells
where, for example, sewage plants are exactly located (see “&gaugenetwork” section of the configuration file), and the
heterogeneity of cropping systems is well represented by spatial maps of rotation types (similar to the representation of landuse
heterogeneity) and crop sequences for each type (a look-up-table file specified for “fn_lut_rotation” in the configuration file).

Detailed crop and management information (nutrient uptake, fertilization management and farming dates for each crop) is
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provided via a look-up-table (file hame specified for “fn_cropinfo” in the configuration file). Notably, the same crop with
different management practices (e.g., different fertilizer application rates or farming dates) can be defined separately with
different crop IDs and placed at different spatial locations via rotation maps. For semi-distributed modelling, point source
inputs are added at the sub-catchment level after aggregating terrestrial exports from different HRUs, and only one set of crops
and their rotation sequence is allowed for one sub-catchment.

Parameters representing nutrient transformations are parsimoniously introduced in HiwaQ. The model conceptualisation of
nutrient biogeochemical reaction rates consists of resolving environmental factors based on widely accepted empirical
functions (e.g., quantifying temperature effects using the Q1o coefficient (Stanford et al., 1975)) and encapsulating all other
unclear impacts as model parameters (to be calibrated in specific catchments). These parameters are often further tied to
landscape categories (e.g., landuse or soil types (Clark et al., 2017b; Jawitz et al., 2020)). HiwaQ facilities flexible
parameterisation schemes, i.e., (1) the users can separately specify landscape dependency for each parameter (currently as
either landuse or soil type dependent), and (2) the category types can be further grouped into several groups to reduce the total
parameter numbers (see details in Yang et al. (2022D)).

2.3 Descriptions of N transport and biogeochemical transformations in HiWwaQ-N

Based on the HiWaQ tool, the catchment nitrate model HiwaQ-N was developed from the mHM-Nitrate v2.0 model (Yang et
al., 2018; Yang and Rode, 2020). Here, we provide brief descriptions of the N dynamics and transformation implementations.
Along with hydrological dynamics across the catchment (e.g., Figure 1b), each water flux is associated with a NO; — N
concentration, and each bucket-type storage updates its NO; — N storage and concentration based on the full mixing of input
fluxes and the previous-step storage. Nitrogen biogeochemical transformations are considered only in soil water storage at
different soil layers and in the stream water storage (Figure 2). NO; — N concentrations of the output fluxes of each storage
are directly assigned as the updated concentration after the mixing and, if applicable, biogeochemical transformations.

In the terrestrial phase (Figure 2a), initially adapted from the HYPE model (Lindstrom et al., 2010), soil N of each layer is
differentiated in four forms (dissolved inorganic nitrogen — DIN; dissolved organic nitrogen — DON; active and inactive solid
organic nitrogen — SONa and SON;, respectively), and transformations among these N pools are considered, including
denitrification removal of DIN (exclusively NO3 — N in this study), mineralization from DON and SONa to DIN, dissolution
between DON and SONa,, and degradation from SON, to SONa. External N inputs from fertilizer/manure application and plant
residues are added into corresponding soil N pools, while only partitioned between the first-two soil layers, with the depth of
~0-0.5 m as the major root zone. Crop/plant N uptake is calculated following two steps: (1) the potential N uptake of each
crop/vegetation type is estimated firstly using a three-parameter logistic grow function and partitioned between the first three
soil layers (depth up to ~2.0 m as the maximum rooting depth), (2) then, the actual N uptake from each soil layer is further
constrained by soil water and soil N availabilities. In the in-stream phase (Figure 2b), stream water dissolved inorganic
nitrogen (DINw, exclusively NO3 — N in this study) and organic nitrogen (ONw) pools are considered, with transformations

of in-stream denitrification removal, autotrophic uptake as primary production and re-mineralization. Brief descriptions of
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these biogeochemical transformations and corresponding reaction rates (introduced as HiwaQ-N parameters) are provided in
Table 1, and for details of empirical functions of the abiotic environmental factors, please refer to the source code (Yang et
al., 2022b), as well as the online documents from the HYPE model
(http://www.smhi.net/hype/wiki/doku.php?id=start:hype _model description, last access 23th September, 2022).
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Figure 2. N dynamics and biogeochemical transformations in soil (a, exampled as three soil layers) and in-stream (b) phases.
Dissolved inorganic nitrogen — DIN; dissolved organic nitrogen — DON; active and inactive solid organic nitrogen — SONa and SONj,
respectively; stream water dissolved inorganic nitrogen — DINw and organic nitrogen — ONw. Transformation equations and
parameters (italic parenthesized abbreviations) are described in Table 1.

Table 1. Descriptions of Nitrogen transformations, governing equations and introduced parameters. Please refer to the source code
(Yang et al., 2022b) for details of the empirical functions quantifying abiotic environmental factors (i.e., fsoircemp -SOil
temperature, fg, gen; -S0il moisture specifically for denitrification, f,, -soil moisture, fg,.-soil water nitrate concentration,
fwatertemp-Stream water temperature for in-stream denitrification, fya¢erconc-Stream water nitrate concentration, fgg-global
radiation, f,;-riparian vegetation leaf area index, ftempm-stream water temperature for the inversing primary production and
mineralization, and f,- long-term average total phosphorus concentration) . A and H denote stream benthic area and water depth
of each stream segment, respectively.

Transformation Description Governing equation Parameter

Denitrification Removal (DENT) of soil DIN  DENI = denis - fsoiitemp * fsm_deni * fsme * DIN Denitrification rate
due to denitrification process denis (d™1)

Mineralization Mineralization from SONa TRANS1 = minlr - fooutemp * fsm - SONy Mineralization rate
and DON pools to DIN TRANS2 = minlr* fioutemp * fsm - DON minlr (d1)

Dissolution Dissolution from SONAa to TRANS = dislr - fsoiitemp * fom * SON,y Dissolution rate dislr
DON @
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Degradation

In-stream
denitrification

In-stream gross
assimilation and
remineralization
(Yangetal.,
2019a)
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assimilation or net
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(Lindstrém et al.,
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Permanent nitrate removal
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due to denitrification process

Gross nitrate assimilation
(ASSly,) for in-stream
primary production and net
assimilation (NetASSI)
because part of ASSIy, is
returned due to
remineralization

Generic approach for either
net primary production or net
mineralization release
(originally implemented in

TRANS = degdr - fsoiltemp * fom * SON;

DENIw = min(0.5 - DINy, deniw * fyatertemp

' fwaterconc ' A)

ASSly = min(0.9 - DINw, Uy max * fer " (1 — frar)
- A)

NetASSI = min(0.5 * DINy, npprt * frempm
- ASSIy)

NetASSI = min(0.5 - DINy, wprod * frempm * ftp
“H-A)

Degradation rate degdr
@

In-stream
denitrification rate
deniw (kg m=2d~1)

In-stream gross
assimilatory uptake
rate Ug max

(kg m~2d~1) and net
assimilation proportion
npprt (-) after the
remineralization

generic parameter
wprod (kg m=3d~1)
representing in-stream
production/decay

2010) HYPE)

3 The HiWaQ-N coupling tests and cross-comparisons

The HiWaQ-N coupling tests were conducted using the process-based ecohydrological EcH,0-iso model (Maneta and
Silverman, 2013; Kuppel et al., 2018a) and the conceptual hydrological mHM model (Samaniego et al., 2010). Given the
substantial differences between the two models (see below subsections and Table S1), these tests allow testing of the flexibility
of the HiWwaQ tool in coupling with contrasting hydrological process conceptualisations and representations of catchment
heterogeneity. Moreover, the two coupled NO; — N simulations could be validated using continuous daily discharge and
NO3; — N observations in the mixed forest-agriculture Silberhitte catchment and cross-compared to unravel spatio-temporal

variability of catchment flow and N dynamics, as well as their interactions.

3.1 Testing model 1: the ecohydrological EcH20-iso model

EcH,0-iso is a fully distributed, process-based ecohydrological model, which integrates modules of energy balance, water
balance, vegetation dynamics and flux tracking based on stable isotopes of water (Maneta and Silverman, 2013; Kuppel et al.,
2018a; Smith et al., 2021). For each grid cell, the energy balance is solved at the vegetation canopy and the land surface levels,
simulating soil-vegetation-atmosphere energy dynamics. Latent heat fluxes due to canopy evaporation and soil evaporation
are constrained by the water availability in the intercepted storage and first-layer soil water storage, respectively. Transpiration
associated latent heat flux is further controlled by the canopy conductance. A Jarvis-type model is used for calculating stomatal
conductance (Jarvis, 1976), considering vegetation-dependent maximum physiological stomatal conductance and effects of

environmental factors (solar radiation, air temperature, vapor pressure deficit and available soil moisture). Then, leaf area
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index is used to scale the stomatal conductance to canopy conductance. The transpiration flux is partitioned into three soil
layers, according to root distributions (determined by an exponential function (Kuppel et al., 2018b)) and soil water availability
at each layer. Note that, when multiple vegetation types occurr in one grid cell, each type is calculated separately and the
overall fluxes are summed weighted by their areal proportions.

Water balance is conceptualized using linear bucket-type approaches (Figure 3a). Precipitation is firstly intercepted by canopy
storage. Throughfall (upon exceeding the maximum canopy storage) and snowmelt (due to any extra energy input into
snowpack after reaching the melting temperature) enter into the temporary surface ponding storage. Surface infiltration to the
first soil layer is calculated using the Green-Ampt method (Mein and Larson, 1973), and further percolation into deeper layers
once the upper layers reached field capacity is approximated kinematically. Vertical percolation from the third soil layer into
a deeper groundwater storage was added in Yang et al. (2021) to incorporate deeper groundwater dynamics and their
contributions to runoff generation. Lateral exchanges are enabled for free-flowing water storages, i.e., the surface ponding
water (as surface overland flow), the third-layer gravitational soil water after exceeding soil field capacity (as subsurface
groundwater flow) and the deeper groundwater storage (as deeper baseflow). The subsurface water movement to the downslope
cell is calculated using 1-D kinematic wave approaches, which consider effective hydraulic conductivity, slope gradient and
available water storage. Due to such terrestrial lateral inputs, re-infiltration and up-ward return flow may occur and are included
in the EcH,0O-iso model. For grid cells connected to channels, additional stream runoff generation is considered. Surface
ponded water is partitioned into overland flow to the channel and the down-slope cell; the two subsurface runoff components
are calculated using an exponential decay function, considering effective hydraulic conductivity, available water storage and
a seepage controlling parameter. Channel routing is calculated using a nonlinear kinematic wave model with a parameter of
scaled Manning’s roughness coefficient.

Modules of vegetation growth dynamic and isotopic tracer tracking are also available in EcH.O-iso. However, as being out of

the scope of the model development and initial coupling tests, the two modules were deactivated in this study.

3.2 Testing model 2: the hydrological mMHM model

The mesoscale Hydrological Model mHM (Samaniego et al., 2010) is a fully distributed, HBV-type model (Figure 3b). The
aboveground compartments are conceptualised through three linear reservoirs (canopy storage, snowpack and impervious
surface storage), and fluxes of throughfall and snowmelt are calculated based on a simple threshold behaviour. The effective
precipitation (the sum of snowmelt and throughfall) is partitioned into impervious surfaces where a direct runoff component
can be generated and pervious surfaces that allow further infiltration into soils. Evapotranspiration is calculated as fulfilling
the potential evapotranspiration demand (as model input data) and sequentially taken from the canopy level and soil layers
(according to available soil water storage and root fraction at each layer). Water flux percolation from the lowest soil layer
enters into the conceptual unsaturated water storage, from which fast interflow (after exceeding a storage threshold) and
permanent slow interflow are generated. The conceptual saturated storage receives percolation from the unsaturated storage

and generates the baseflow component of runoff. Note that the passive storage was added by Yang et al. (2018), representing
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N retention in the deeper groundwater system. All of the four runoff components (direct runoff, fast interflow, slow interflow
and baseflow) are summed as the terrestrial total runoff, which enters into channels for stream routing using a linear routing
method (e.g., the Muskingum routing method).

One of the key advantages of the mHM implementation is its multi-scale flexible structure and regionalization technique
(Samaniego et al., 2010; Kumar et al., 2013). For example, the spatial resolution for channel routing can be separately defined

by the users, and terrestrial exports at the modelling resolution will be automatically aggregated.
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Figure 3. Hydrological structures of the EcH20-iso model (a) and the mHM model (b). For EcH20-iso, the seepage to channel and
stream routing processes are only considered for channel-connected grid cells; For mHM, if the stream routing resolution is coarser
than that of terrestrial modelling, aggregation of terrestrial exports is considered.

3.3 Testing catchment and setups of the two coupled modelling

The HiwaQ-N module was tested in the Silberhiitte catchment (99 km?, mean elevation 441 m above sea level), located in the
lower range of the Harz Mountains, central Germany (Figure 4). The Silberhitte catchment is the headwater of the Selke
catchment, as part of Bode observatories of the Terrestrial Environmental Observatories - TERENO project (Wollschlager et
al., 2016). The Silberhitte catchment is dominated by forests (consisting of 44.3% coniferous, 12.8% deciduous, and 4.7%
mixed forests) and agricultural lands (18.5% arable and 16.1% pastures), with additional 3.4% urban areas (Figure 4b). Major
crops cultivated in the arable lands are winter wheat and winter rapeseed, with fertilizer application rates of 158 and 182
kg N ha=1yr~1, respectively (Yang et al., 2022a). The soil and geological properties are uniformly dominated by cambisols
and shallow schist/claystone, respectively (Yang et al., 2018; Wollschlager et al., 2016). The flow regime is relatively flashy

300 during winter high-flow periods (Dupas et al., 2017). Further, extensive bedrock fractures result in large deeper groundwater
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dynamics, contributing significantly to stream runoff generation especially during summer low-flow periods (Jiang et al., 2014;
Yang et al., 2018).
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Figure 4. The Silberhiitte catchment (99 km?) located in the lower Harz Mountain range, central Germany. (a) Digital elevation
model — DEM (30 m, source: ASTER Global Digital Elevation Model), stream network (source: the water authority LHW), and the
outlet gauging station Silberhtte; (b) land cover types. Both EcH20-iso and mHM are set-up in the catchment with 1km? terrestrial
modeling resolution (in (b)), while for stream routing, the former calculates only within the mask of real channel network (c) and
the latter considers in-stream processes for each grid cell of 2 km? routing resolution (d).

Daily climate forcing data over 2010-2018 were collected from the German Weather Service (DWD, including 51 precipitation
stations and 15 climate stations for all meteorological elements). Daily discharge and NO; — N concentration observations
over 2010-2018 at the outlet gauging station Silberhiitte were collected from the water authority LHW (State Agency for Flood
Protection and Water Management of Saxony-Anhalt) and the high-frequency monitoring of TERENO project from Helmholtz
Centre for Environmental Research - UFZ. Catchment-wide annual precipitation is 806+62 mm, with higher values in the
high-elevation boundary areas than in the leeward-positioned central areas. Annually mean temperature is 8.1 °C, ranging from
-4.3 to 19.6 °C (5% and 95% quantiles over 2010-2018). Annual runoff depth is ca. 227.7 mm, of which ca. 74.4% is
contributed during the wet winter-spring seasons. NO3 — N concentrations exhibit a similar seasonal pattern (> 4.0 and < 0.5

mg [~ during high- and low-flow periods, respectively), with the yearly mean of 1.59 mg (2.
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EcH,0-iso and mHM were both setup for daily simulations during 2010-2018 (with the first two years used as a spin-up
period), with the same spatial modelling resolution of 1x1 km (Figure 4b). Gridded climatic inputs and catchment
characteristics (topographic drainage, landuse, soil properties, etc.) were also identically prepared for both model setups.
Importantly, to test the flexibility of the HiwaQ tool, the two models were set up with different channel configurations, where
in-stream routing and N processes of the EcH,0-iso based modelling were considered only within the channel mask of the real
river network (Figure 4c), while for the mHM based modelling they were simulated with a spatial resolution of 2x2 km
(Figure 4d). Note that process descriptions of in-stream gross assimilation and re-mineralization by Yang et al. (2019a) were
chosen in this study (Table 1). For the initial testing purpose of this study, the whole period data were used for model
calibration and the calibrations were conducted in a step-wise manner: (1) flow simulations were firstly calibrated following
our previous work in Yang et al. (2022b) for EcH,0-iso and Yang et al. (2018) for mHM; then (2) N module parameters (listed
in Table 1) were calibrated exclusively against NO; — N concentration observations in this study using the Dynamically
Dimensioned Search method (Tolson and Shoemaker, 2007). More details of respective model calibration methods and

schemes were provided in Supplementary Text S1.

3.4 Results of catchment N dynamics and comparisons between the two coupled modelling

Discharge simulations of both EcH20-iso and mHM reproduced the observations at station Silberhitte well (Figure 5a), in
terms of seasonal patterns (winter-spring high flows and summer-autumn low flows) and inter-annual variability (the peak
flows differed largely between years under various weather conditions). Discharge performance metrics of both models were
also almost identical, with KGEs above 0.86 and PBIAS within £10%. Although summer flood events are generally subtle
compared to overall flow dynamics, the two model simulations showed relatively larger deviations during these periods. The
mHM simulations always responded rapidly to summer rainfall events, whereas the ECH20-iso simulations exhibited smooth
responses and relatively long-tailed recessions (e.g., the event during 24™ July — 29" August 2017).

For NO3 — N modelling based on the new HiwaQ-N model, the two coupled model simulations also performed similarly well
as compared to the daily NO3; — N concentration observations (KGE was better, while PBIAS was worse, for the mHM
coupling than the EcH,0-iso coupling; Figure 5b). Both coupled models well mimicked the high NO3 — N concentrations
during high-flow seasons (during which both simulated fluctuation patterns (though to a lesser extend compared to the
observations) and reproduced the inter-annual variations consistently. None of the two simulated time series outperformed the
other systematically, and their deviations were not consistent during the whole simulation period. Notably, compared to the
mHM coupling, the EcH20-iso coupling simulations exhibited smoother dynamics of NO; — N concentration during summer
periods and considerably overestimates during falling limbs of high-concentration events. These deviations were likely in

accordance with the smoother flow responses to summer events and the longer tailed flood recession patterns.
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Figure 5. Discharge (a) and NO3 — N concentration (b) performances of the coupled modelling with EcH20-iso and mHM. KGE-
Kling-Gupta Efficiency, ranging from - to 1 (the perfect fitting); PBIAS- percentage bias.

The two grid-based, coupled modelling approaches similarly simulated the high spatial heterogeneities of major terrestrial N
balancing components (Fig. 6) and soil stock (Fig. S1). N supplies from external applications (Fig. 6a, e and h) were identical
as defined exclusively by the HiwaQ-N model; supplies from internal remineralization (Fig. 6b, f and i) were also almost
identical, primary due to (1) that the initial conditions of soil organic N were identically specified in HiwaQ-N and (2) that
the NO3 — N dynamics are normally not very sensitive to the mineralization rate parameter (YYang et al., 2019b). However, N
uptake by plants/crops (Fig. 6¢ and g) and removal via denitrification (Fig. 6d and h) exhibited slight but important differences
between the two couplings (e.g., more uptake for the EcH,O-iso coupling whereas more denitrification for the mHM coupling
among the 17 grid cells with arable area proportion > 0.50; Fig. 6j and k). Moreover, the uptake and denitrification in the
arable lands seem to be compensating each other, leading to similar total removals between the two models (e.g., 138.4+24.5
and 136.1+22.9 kg N ha™yr~! for the EcH,O-iso and the mHM couplings, respectively, among the 17 arable-dominant grid

cells).
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Figure 6. Spatial distributions of catchment N balance simulated based on the HiwaQ coupled with EcH20-iso (a-d) and mHM (e-
h). Columns from left to right represent external equivalent N application (fertilizer and manure), mineralization from soil N organic
stock, annual vegetation uptake and denitrification removal. Mean + standard deviation values are presented separately for arable-
and forest-dominant grids, defined as area proportion > 0.50 (n=17) and > 0.75 (n=56), respectively. The subplots h-k with the 1:1
line directly compare the simulated values in each grid cell (both axes are with unit of kg N ha~1yr~1, and the colour code indicates
area proportion of arable lands of each grid cell).

In addition to the well represented spatial variability and the self-compensation of N balancing in the high N level agricultural
lands, the two couplings also consistently simulated the temporal variability of catchment-wide NO; — N dynamics (Figs. 7
and S2). The overall catchment soil NO; — N stock (Fig. 7a) varied substantially during the major growing seasons as jointly
impacted by vegetation uptake and the timing of fertilizer inputs (Fig. S2a and c¢) and reached minimum levels in July-August
as the end of the major growing season; then the stock was considerably supplied by the mineralization process throughout the
late summer and autumn seasons (Fig. S2b), with certain decreases during the high flow and NO; — N exporting periods (Fig.
7b), before the start of the next seasonal cycling. Moreover, both model simulations consistently demonstrated the strong
seasonal patterns of network-scale in-stream NO; — N retention (including both in-stream denitrification and net assimilatory
uptake) and their inter-annual variations (Fig. 7c). The retention amount increased from the beginning of spring, while it
generally started to decrease already during early summer when stream NO; — N loading dramatically reduced to, e.g., <
3x10% kg per month (Fig. 7b). This has associated with dramatic increases in retention efficiencies (percentages of total

retention amount to total terrestrial export), which remained high throughout the low-loading seasons (Fig. 7c). The retention
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during later summer and autumn varied significantly between years, exhibiting much higher retention amount while lower
efficiencies in years with higher summer NO; — N loading (e.g., in 2014 and 2017). In accordance with the higher terrestrial
exports during recession and summer periods (Fig. 7b), the retention of the EcHO-iso coupling showed relatively higher
retention amount than that of the mHM coupling, while their retention efficiencies were very similar (with even higher

efficiencies for the mHM coupling during the relatively high loading summers of 2014 and 2017).
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Figure 7. Comparisons of the monthly NO3 — N amounts of (a) soil stock, (b) terrestrial export and (c) in-stream retention and
efficiency simulated by the EcH20-iso coupling and the mHM coupling. The retention efficiency was calculated as the percentages
of total in-stream retention amount to total terrestrial export.

4 Discussion and outlook
4.1 Insights into catchment N dynamics using different hydrological modelling structures

With equally well simulated discharge by EcH,O-iso and mHM, the coupled HiWwaQ-N simulations successfully and
consistently reproduced the temporal dynamics of NO3; — N concentration observed at the Silberhutte outlet (Fig. 5b),
including the clear seasonal patterns and inter-annual variability (e.g., the high values during the extraordinary flooding events
in late spring of 2013 and the prolonged low values during extreme droughts in summer-autumn 2018). The temporal patterns
of discharge and NO; — N concentration were well synchronised (i.e., higher discharge associated with higher
concentrations), exhibiting a more chemodynamic NO3 — N export regime of the catchment. This primarily results from the
flashy hydro-climatic regime and shallow bedrock condition that jointly hinder long-term soil N accumulation and its further

downward leaching to the regional groundwater system, even for the agricultural areas with high anthropogenic inputs (Dupas
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et al., 2017; Yang et al., 2022a). Further, both grid-based modeling consistently reflected the high spatial heterogeneity of
catchment N balancing and soil stock in this mixed forest-agricultural catchment. Agricultural activities have elevated soil N
levels nearly ten times compared to that of forest soils (Fig. S1); this has likely further stimulated more active N transformations
like the soil mineralization and denitrification processes (Fig. 6). The simulated denitrification amount and its larger variations
between agricultural and forest soils fit well with literature ranges, though catchment-scale assessments are still relatively rare
(Oehler et al., 2009; Hofstra and Bouwman, 2005; Barton et al., 1999). In-stream NO3 — N retention is also believed to play
essential roles on catchment water quality and overall nitrate export to receiving water bodies (Mulholland, 2004; Helton et
al., 2011; Yang et al., 2019a). The simulated network-scale retention showed strong seasonal patterns, which also differed in
terms of the retention amount and the retention efficiency (Fig. 7c). This could primarily result from combined impacts of
multiple stream environmental factors: increasing temperature and radiation conditions from the beginning of spring likely
result the dramatic increases of in-stream retention amount; however, from late spring/early summer, the in-stream processes
were largely constrained by the dramatically reduced stream NO; — N levels (indicated by the high retention efficiencies) and
stream light availability (shaded by the closed canopy of riparian deciduous vegetation (Yang et al., 2019a)).

In addition to the general consistency in revealing catchment-wide N dynamics, simulations of the EcH,O-iso coupling and
the mHM coupling exhibited subtle but insightful differences that are plausibly derived from the contrasting hydrological
model structures. Although process descriptions and catchment treatments are more physically grounded in EcH,O-iso than in
mHM (Fig. 3 and Table S1), the EcH,0-iso flow simulations during small summer events exhibited smoother responses and
longer tailed recessions and the performance was relatively poor, compared to that of the conceptual mHM (Fig. 5a). This
agrees that more complex process-based hydrological structures do not necessarily perform better than simpler ones at larger
scale catchments (Tetzlaff et al., 2008; Orth et al., 2015). Such modelling differences were obviously leveraged in the HiWaQ
NO3 — N simulations, i.e., the simulated stream NO3; — N concentrations exhibited higher degrees of divergence between the
two couplings (Fig. 5b). This, in turn, implied that catchment water quality data could also be sensitively indicative for
hydrological simulations and that its information content could be complementary to that of conventional hydrometric data
(with the fundamental reasoning of solute particle movement at velocity vs pressure wave propagation at celerity (Hrachowitz
etal., 2016)).

Moreover, vegetation N uptake and denitrification removal likely self-compensated, resulting in similar levels of total output
from the two couplings, especially in the high-N agricultural areas (Figs. 6). The EcH.O-iso coupling estimated higher
vegetation N uptake, plausibly due to the enabled lateral flow exchanges between grid cells in EcH»0-iso (Fig. 3a), which can
increase soil water availability, thereby relaxing soil water constraints of vegetation N uptake. However, this likely reduced
nitrate availability for soil denitrification, although higher soil water condition is favourable for this anaerobic process (Yang
et al., 2019b; Soana et al., 2022). Further tackling model structural uncertainty of such complex, integrated catchment models
remains challenging (Beven, 2007), which ultimately call for advancing interdisciplinary integrations of data and theories (Li
etal., 2021; Yang et al., 2022a). Similar to the multi-model philosophy in hydrological modelling (Duan et al., 2007; Clark et

al., 2008), cross-comparisons of catchment nutrient simulations using contrasting hydrological models (e.g., using the
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developed HiWaQ tool) might be a more practical alternative in guiding science-based catchment water quantity-quality

management.

4.2 Flexibility and strengths of HiwaQ

HiWwaQ aims to facilitate convenient catchment water quality assessments that take advantages of advanced hydrological

modelling, therefore, its flexibility of incorporating with various hydrological model structures is one of the key priorities

throughout the development. Particularly, it is realised through:

The implementation of the unified coupling interface that allows specifying spatial discretization schemes (semi-
distributed vs grid-based) and drainage configurations (terrestrial hydrological connectivity and stream channel
networks). Catchment configurations for the semi-distributed type are relatively simple, where vertical heterogeneity
and lateral connectivity of water movement are mainly considered at the HRU and the sub-catchment levels,
respectively. However, it is more variable and flexible for the gird-based type. As tested by the EcH.0-iso coupling,
HiwaQ is suitable for coupling with more complex, process-based ecohydrological models, which e.g., enables lateral
subsurface flux exchanges between grid cells and independent terrestrial-channel exchanges according to the real
river network. As tested by the mHM coupling, HiWaQ is also capable of handling multi-scale hydrological
modelling, which involves internal spatial aggregations of state variables and fluxes.

The inclusion of a comprehensive consideration of various hydrological processes (Fig. 1b). HiWaQ facilitates
flexible specification of hydrological processes and related variables of fluxes and storages, in accordance with the
coupled hydrological model structure. This has been well validated by the successful couplings with EcH,O-iso and
mHM, given their substantial structural differences (Fig. 3). Moreover, the consistency between the specified
processes and related variables is ensured through sequences of quality checks implemented in the HiwaQ codes,
accompanied with detailed documentations and debugging messages (Yang et al., 2022b).

The design of the generalised structure of storage-flux interactions for both physical and conceptual storages (Fig.
1c). Among others, the setting differentiation for the “up_in” flux of conceptual storages ingeniously generalises the
differences in hydrological conceptualisations. For example, the “groundwater storage” in EcH,0-iso (Fig. 4a) is not
an independent storage but represents the gravitational part of the soil water storage at the third soil layer; therefore,
its “up_in” flux variable should be set as “none” in HiWaQ, indicating that its concentration is directly replaced with
that of its source storage. In contrast, the “unsaturated storage” in mHM (Fig. 4b) represents an independent
conceptual storage that receives soil water recharge (the flux assigned to the “up_in” variable) and supplies interflow
generation and percolation to deeper groundwater; therefore, HiwaQ treats it as a normal storage, of which NO3 — N

concentration is calculation based on the full mixing assumption.

465 To our knowledge, HiWaQ is one of the first catchment water quality simulation tools that emphasise such coupling capability

to multiple hydrological model structures. As inherited from previous mHM-Nitrate implementations (Yang et al., 2018; Yang

and Rode, 2020), impacts of anthropogenic activities on catchment water quality are also comprehensively considered,
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including both diffuse sources (agricultural management practices in terms of fertilizer application and crop rotation) and point
sources (time-varying inputs at specific locations). Moreover, each of the introduced parameters (e.g., Table 1 for nitrate-
related biogeochemical reaction rates) can be independently specified as either land-use or soil type dependent and further
grouped into a smaller number of categories, ensuring a more flexible and parsimonious parameterisation scheme for the water
quality module.

With the above generalisation concerns of hydrological structures and advanced water quality modelling implementations,
HiwaQ offers new potential for simultaneous, robust catchment water quantity and quality assessments. Cross-comparison
and integration of multiple model structures are commonly conducted in hydrological modelling community, as a learning
process of handling model structural errors (Beven, 2007; Clark et al., 2008) and of improving understanding of the complex
catchment system (Clark et al., 2011); building on this, HiwaQ provides a unified framework that represents a step forward
in extending such multi-model strategies to catchment water quality modelling. Water quality-related boundary conditions and
anthropogenic activities are identically set in HiwaQ, such that differences in simulated water quality status can be better
attributed to different hydrological structures. This is particularly essential for the coupled environmental modelling which
usually exhibits higher degrees of complexity and equifinality problems (Li et al., 2021; Beven and Freer, 2001).

HiwaQ does not implement any flow simulation modules, but exclusively relying on external hydrological modelling. This
avoids pre-selections among tremendous available hydrological structures, which might differ throughout the model building,
e.g., the five steps summarised by Gupta et al. (2012): conceptual physical structure, conceptual process structure, spatial
variability structure, equation structure, and computational structure. Meanwhile, such a loose coupling strategy (i.e.,
exchanges of hydrological fluxes and state variables via the common NetCDF format) relaxes complex technical integration
between various modelling platforms and programming languages. Overall, HiwaQ can make most use of existing (eco-
)hydrological modelling that embeds thoughtful modelling thinking and localised perceptual knowledge, and can better

leverage these advancements in the simultaneous catchment water quantity-quality assessment.

4.3 Limitations and Outlook

As aninitial development, we also noted that there are also several aspects of limitations in the current HiWwaQ implementation:

e Itisrestricted to the bucket-type modelling system that is solved by one-dimensional ODEs, and therefore, it is not
compatible with hydrological models containing any 2-D/3-D components.

e The full-mixing assumption is applied to all storages, and the storage volume differentiation between hydrologically
dynamic and passive parts is only possible for the deep groundwater storage (usually generating low and constant
baseflow, but its solute signals could be largely attenuated by regional groundwater systems). Further development
can be directed to enable the dynamic- and passive-volume differentiation option for each subsurface storage (e.g.,
in Birkel et al. (2011) and Wade et al. (2002)) and thereafter, to implement the option for the partial mixing between
the differentiated volumes (e.g., following Hrachowitz et al. (2013)).
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e Options of hydrological compartments and processes can be further extended. For example, tile drainage process is
not considered yet given that detailed tile drain information is usually absent at catchment scale, while it might
substantially alter hydrological and water quality dynamics in agricultural catchments and should be considered
(e.g., as shown in Li et al. (2010)).

e As adrawback of the loose coupling, per time-step interaction with external hydrological models is not possible.
This may involve heavy 1/O processing, especially for larger-scale coupling and for larger-number iterative model
analysis. Several solutions are possible to work around this. Associated with the open-access model codes, we
provided a python script that helps arranging parallel running using array jobs, while the implementation of MPI-
based parallel computing is underway.

Nevertheless, the development of HiWwaQ-N and its coupling tests with the contrasting EcH,O-iso and mHM models,
demonstrated that the current HiWwaQ tool satisfies its general aims in terms of providing robust estimates of catchment N
dynamics and facilitating insightful cross-comparisons between couplings with different hydrological structures. Further
exploiting the coupled catchment modelling, e.g., better integrating nitrate dynamics with the EcH,O-iso simulations of
vegetation dynamics and water ages, can potentially inspire advanced insights into the complex environmental systems.
Moreover, it is also highly promising to further extend the platform to other nutrients and pollutants (e.g., phosphorus, carbon,
and their intrinsic stoichiometric relations), to further couple the platform with various, contrasting hydrological models and
to apply the coupled modelling to catchments under different climatic and anthropogenic conditions.

By facilitating such a generalised, flexible coupling, we believe that this framework can bring together catchment hydrologists
and environmental scientists in a technically easier way; In turn, with tremendous expertise of the open-source earth system
model community, we hope that interested researchers and model developers can be involved in and contribute their knowledge
and skills to the further development, which is oriented to be scientifically insightful for catchment modelling and practically

useful for catchment management.

Code availability. The HiwaQ source code and documentation can be found at https://github.com/XYang-
EcoHydroWwQ/HiWaQ v1.0 (last access: 23th September 2022) and an archived version at
https://doi.org/10.5281/zenodo.7107394 (Yang et al., 2022b). The EcH20-iso model source code can be found at
https://github.com/XYang-EcoHydroWQ/EcH20-iso_largescale, and mHM at https://qit.ufz.de/mhm/mhm (this work used

the version v5.5).

Data availability. The testing data in the Silberhiitte catchment and coupling configurations related to this work are available
athttps://doi.org/10.48758/ufz.12943 (Yang, 2022).

Supplement. The supplement related to this article is available
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