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Abstract. The wflow_sbm hydretegie-hydrological model, recently released by Deltares, as part of the Wflow.jl (v0-6-+.7.3)
modelling framework is being used to better understand and potentially address multiple operational and water resources
planning challenges from catchment scale, national scale to continental and global scale. Wflow.jl is a free and open-source
distributed hydretegie-hydrological modelling framework written in the Julia programming language. The development of
wflow_sbm, the model structure, equations and functionalitities are described in detail, including example applications of
wflow_sbm. The wflow_sbm model aims to strike a balance between low-resolution, low-complexity and high-resolution, high-
complexity hydrologie-hydrological models. Most wflow_sbm parameters are based on physical characteristics or processes
and at the same time wflow_sbm has a runtime performance well suited for large-scale high-resolution model applications.
Wilow_sbm models can be set a-priori-a-priori for any catchment with the Python tool HydroMT-Wflow based on globally
available datasets and through the use of point-scale (pedo)transfer functions and suitable upscaling rules and generally results
in a satisfactory (0.4 > Kling-Gupta Efficiency (KGE) < 0.7) to good (KGE > 0.7) performance for discharge a-priori (without
further tuning). Wflow_sbm includes relevant hydretogie-hydrological processes as glacier and snow processes, evapotranspi-
ration processes, unsaturated zone dynamics, (shallow) groundwater and surface flow routing including lakes and reservoirs.
Further planned developments include improvements on the computational efficiency and flexibility of the routing scheme,

implementation of a water demand and allocation module for water resources modelling, the addition of a deep groundwater

concept and distributed-computing-with-a-foeus-on-multi-nede-paralleismcomputational efficiency improvements through for
example distributed computing and graphics processing unit (GPU) acceleration.

1 Introduction

Hydrelegie-Hydrological models have proven to be useful tools in better understanding multiple operational and water re-
sources planning challenges including drought (e.g., Trambauer et al., 2015) and flood forecasting (e.g., Alfieri et al., 2013),

the assessment of water availability (e.g., van Beek et al., 2011) and to analyse the impact of food production on river systems



25

30

35

40

45

50

55

(e.g., Jagermeyr et al., 2017). An advantage of spatially distributed (gridded) hydrelogie-hydrological models, in contrast to
spatially lumped models, is the ability to directly use the spatially varying information contained in spatial datasets for model
setup, forcing and validation. High resolution spatial datasets become increasingly available, often at a global scale, and can be
used to represent land cover, vegetation (e.g. Leaf-Areatndex)leaf area index (LAI)) and soil properties in spatially distributed
hydrologie-hydrological models. For example, SoilGrids provides gridded soil information at 250 m resolution globally (Hengl
et al., 2017). With regard to forcing, the release of the fifth generation ECMWF atmospheric reanalysis of the global climate
(ERAS) (Hersbach et al., 2020) dataset (1959-present) is worth mentioning, with a spatial resolution of ~31 km x 31 km and
a temporal resolution of 1 hour, and ERAS Land with a spatial resolution of ~9 km x 9 km. Recently, it has been argued that
the development of a hyperresolution global hydrological model at 1 km? or finer is a “grand challenge for hydrology” and is
needed to address the water problems facing society (Wood et al., 2011; Bierkens et al., 2014).

Notwithstanding the advantages of and need for (hyperresolution) spatially distributed hydrologie-hydrological models, pa-
rameterization of these models is not straightforward, because of overparameterization and as a result overfitting (Jakeman and
Hornberger, 1993; Beven, 1993, 2006). Furthermore, transferability of hydrelogie-hydrological parameters across spatial and
temporal scales is important for reducing calibration time and the application of hydrelegie-hydrological models in ungauged or
poorly gauged basins. However the impact of transferring model parameters accross spatial and temporal resolutions on model
performance is unequivocal and high parameter transferability across spatial resolution may also be the result of inadequate
representation of spatial variability in (large-scale) hydrologic-hydrological models (Melsen et al., 2016). Finally, there is the
scientific debate on the “best” approach to process-based hydrelogie-hydrological modelling leading to appropriate physical
realism, especially related to model structure and model solutions (Kirchner, 2006; Clark et al., 2016, 2017).

Concerning hydretegie-hydrological model structure and solutions, Hrachowitz and Clark (2017) classified hydrologic
hydrological models along two dimensions, process complexity and spatial resolution. Hydrologie-Hydrological models with
high process complexity and spatial resolution are for example PARFLOW (Kollet and Maxwell, 2006), HydroGeoSphere
(Brunner and Simmons, 2012) and HYDRUS-3D (§imﬁnek et al., 2008), while for example HBV (Bergstrom, 1992), SUPER-
FLEX (Fenicia et al., 2011) and FLEX-Topo (Gao et al., 2014) are characterized by low spatial resolution and low process
complexity. For the high-resolution, high-complexity hydrelogie-hydrological models the majority of the parameters are based
on physical characteristics, and may be directly or by upscaling be estimated from field or remotely sensed observations,
depending on the model resolution. For low-resolution, low-complexity hydrologie-hydrological models, the majority of pa-
rameters are effective parameters at the catchment-scale and calibration is required to identify parameter values. Generally,
high-resolution, high-complexity hydrelegie-hydrological models are computationally demanding, which limits their applica-
tion to smaller domains, or requires a reduction in model resolution or high performance computing resources for large-scale
applications. Free and open-source spatially distributed hydrologie-hydrological models that require a low calibration effort
(parameters based on physical characteristics) and have fast run times applicable for large-scale high-resolution modelling
(medium complexity), are not or very limited available to our knowledge.

Wilow_sbm represents a family of spatially distributed hydretegie-hydrological models that have the vertical hydrologic
hydrological simple bucket model (SBM, Vertessy and Elsenbeer, 1999) concept in common, but can have different lateral
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concepts that control how water is routed for example over the land or river domain. This paper presents the wflow_sbm
model configuration that makes use of the kinematie-wave-kinematic wave approach for river, overland and lateral subsurface
flow. It is part of the open-source distributed hydrologieie-hydrological model platform Wilow jl {van-Verseveld-et-al2022a)-
(van Verseveld et al., 2024) developed at Deltares. Wflow_sbm strikes a balance between low-resolution, low-complexity and
high-resolution, high-complexity hydrologie-hydrological models, giving an answer to most of the aforementioned challenges.
In this model, the soil part is largely based on Topog_SBM (Vertessy and Elsenbeer, 1999), with gravity-based infiltration
and vertical flow through the soil column as well as capillary rise representing a simplified version of the Richards’ equation.
Furthermore it uses a 1-D kinematic wave approach for channel, overland and lateral subsurface flows similar to TOPKAPI
(Benning, 1994; Todini and Ciarapica, 2002), G2G (Bell et al., 2007), 1K-DHM (Tanaka and Tachikawa, 2015) and To-
pog_SBM (Vertessy and Elsenbeer, 1999), as an approximation for dynamic waves and variably saturated subsurface flow
(Richards’ equation). The advantage is that most wflow_sbm parameters are based on physical characteristics and at the same
time wflow_sbm has a run time performance well suited for large-scale high-resolution modelling.

Furthermore, in line with the need to improve the transparancy, reproducibility and ease of setting up hydrelegie-hydrological
models (Clark et al., 2017; Knoben et al., 2021), we use the wflow plugin (HydroMT-Wflow, Eilander et al., 2022) of the
HydroMT Python package (Eilander and Boisgontier, 2022) to set up wflow_sbm models for any catchment based on globally
available datasets, e.g. SoilGrids (Hengl et al., 2017), GlobCover-2009 (Arino et al., 2010) and MERIT Hydro (Yamazaki et al.,
2019). Point scale (pedo)transfer-functions (PTFs) from literature are used to derive model parameters at the highest available
resolution of the data and scaled with suitable upscaling operators (Imhoff et al., 2020) to the desired model resolution. The
advantage is that transfer functions are only constrained by field and laboratory measurements, although we acknowledge that
the scale at which these PTFs can be applied remains uncertain (van Looy et al., 2017; Samaniego et al., 2017). Nevertheless,
the application of this method to the Rhine basin resulted for most discharge gauging stations in the central and northern part
of the basin in Kling-Gupta Efficiency (KGE, Gupta et al., 2009) values between 0.6 and 0.9 (Imhoff et al., 2020). In the
meantime, wflow_sbm and the forementioned approach was used and tested to model the basins in the upper region of the
greater Chao Phraya River in Thailand (Wannasin et al., 2021a, b) and the Citarum river in Indonesia (Rusli et al., 2021).
Meijer et al. (2021) used wflow_sbm to rapidly develop a water resources model for the Upper Niger Basin using global online
data. Sperna Weiland et al. (2021) used wflow_sbm to assess climate change impacts in nine river basins across Europe. While
Aerts-etak(202H-Aerts et al. (2022) used wflow_sbm to assess impact of various model resolutions (200m, 1km, 3km) on
wflow_sbm performance for the CAMELS-US dataset.

The objective of this paper is to describe the wflow_sbm model in detail (model structure and equations) and to present
some applications and envisaged future developments. Section 2 describes the development of the wflow_sbm model within
the Wflow.jl framework, its model structure, model equations, and functionalities. In section 3 we describe the computational
performance of wflow_sbm. Several applications of wflow_sbm are demonstrated in section 4, followed by conclusions and

foreseen future work in section 5.
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2 Model description

2.1 Overview

Wihow.jl (vO-6-H—(van-Verseveld-et-al52022a)-.7.3) (van Verseveld et al., 2024) is an open-source modelling framework for

distributed hydrelogie-hydrological modelling, containing multiple distributed hydrelogie-hydrological model concepts, imple-
mented in the programming language Julia (Bezanson et al., 2017). It is a continuation of the wflow framework (Schellekens

et al., 2020) which is based on Python PCRaster (Karssenberg et al., 2010). The switch to the programming language Julia
was made because Julia offers high performance (speed of C), required for large-scale high-resolution hydretegie-hydrological
model applications, and is an “easy-to-use” language. Julia also opens up opportunities to parallelize the code for further
improved computational performance. Wflow.jl provides several different vertical and lateral concepts that can be used for
hydretogie-hydrological modelling and is Basic Model Interface (BMI) compliant. Three vertical hydrologie-hydrological
concepts are available within Wflow.jl: HBV-96 (wflow_hbv), FLEXTopo (wflow_{flextopo) and SBM (wflow_sbm).
Wflow_sbm is the main hydrelegie-hydrological model concept of the Wflow.jl framework and represents a family of
hydrologie-hydrological models that have the vertical SBM concept in common. Wflow_sbm can have different lateral con-
cepts that control how water (river, overland and subsurface flow) is routed, easily enabled by the modular structure of Wflow.jl.
The wflow_sbm model presented here (Fig. 1) consists of the vertical SBM concept and for the lateral components the
kinematie-wave-kinematic wave approach is used for river, overland and lateral subsurface flow, similar to TOPKAPI (Ben-
ning, 1994; Todini and Ciarapica, 2002), G2G (Bell et al., 2007), IK-DHM (Tanaka and Tachikawa, 2015) and Topog_SBM
(Vertessy and Elsenbeer, 1999). The vertical SBM concept is largely based on Topog_SBM (Vertessy and Elsenbeer, 1999) that
considers the soil as a “bucket” with a saturated and unsaturated store. While Topog_SBM is specifically designed to simulate
fast-runoff processes during discrete storm events in small catchments (< 10 km?) as evapotranspiration losses are ignored,

wflow_sbm can be applied to a wider variety of catchments. The main differences of wflow_sbm with Topog_SBM are:

The addition of evapotranspiration and interception losses.

The addition of a root water uptake reduction function (Feddes et al., 1978).

The addition of capillary rise.

The addition of glacier, snow build-up and melting processes and an avalanche option for downhill snow transport.

Water is routed downstream over an eight direction (D8) network, instead of the element network based on contour lines

and trajectories, used by Topog_SBM.

The option to divide the soil column into different layers, to allow for transfer of water within the unsaturated zone.

Wflow_sbm has been applied in various catchments around the world showing satisfactory (0.4 > KGE < 0.7) to good (KGE
> 0.7) performance (e.g., Lopez Lépez et al., 2016; Hassaballah et al., 2017; Giardino et al., 2019; Gebremicael et al., 2019;
Imhoff et al., 2020; Laverde-Barajas et al., 2020; Wannasin et al., 2021a, b; Rusli et al., 2021; Meijer et al., 2021).
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Figure 1 presents the different processes and fluxes in the wflow_sbm model. Precipitation enters each grid cell through the
interception routine (total precipitation is first intercepted), based on the Gash model (Gash, 1979) or a modified Rutter model
(Rutter et al., 1971, 1975), depending on the time stamp the model is using. Throughfall and stemflow from the interception
routine are transferred to the optional snow (based on the HBV-96 hydretegie-hydrological model concept (Bergstrom, 1992))
and glacier routines (based on the HBV-light degree-day based model (Seibert et al., 2018)). The soil in every grid cell is
considered as a single bucket, divided into a saturated and unsaturated store, with the option to divide the soil column into
different layers. Available infiltration (stemflow and throughfall not converted to snow, including meltwater) infiltrates into the
soil or becomes direct runoff based on the river fraction or open water (excluding rivers) fraction. Soil infiltration is determined
separately for the paved and nonpaved areas, as these have different infiltration capacities. Naturally, only the water that can be
stored in the soil can infiltrate. If not all water can infiltrate, this is added as saturation excess water to the runoff routing scheme
for overland flow. Infiltration excess occurs when the infiltration capacity is smaller thea-than the available infiltration rate, and
this amount of water is also added to the runoff routing scheme for overland flow. An exponential decay of the saturated
hydraulic conductivity with soil depth is assumed. Transfer of water in the unsaturated store, and to the saturated store is based
on Brooks and Corey (1964) when the soil column is divided into different layers, and in case of one soil layer also the original
Topog_SBM vertical transfer formulation can be used. Part of the water evaporates through soil evaporation, transpiration
which is first derived from the saturated store if roots intersect with the saturated store and then from the unsaturated store, and
open water (excluding rivers) and river evaporation. Besides transpiration, capillary rise and leakage result in a flux from the
saturated store, to the unsaturated store and outside of the model domain, respectively. The kinematie-wave-kinematic wave
approach is used to route subsurface flow laterally. Saturation excess water occurs when the water table of lateral subsurface
flow reaches the surface, and exfiltration of water infrom the unsaturated store to the surface because of a changing water
table, is added as saturation excess water to the runoff routing scheme for overland flow. Also for overland and river the
kinematie-waverouting the kinematic wave approach is used. Reservoir and lake models (optional) can be included within the
kinematic wave river routing.

The wflow_sbm model is described in more detail, including equations, in sections 2.2 - 2.7. These sections link to the main

routines of wflow_sbm (Fig. 1):

1. Interception (section 2.2)

2. Snow and glaciers (section 2.3)

3. Soil module and evapotranspiration (section 2.4)
4. Lateral subsurface flow (section 2.5)

5. Surface routing (section 2.6)

6. Reservoirs and lakes (section 2.7)

Table A1 lists wilow_sbm state and flux variables (non-exhaustive). Additionally, wflow_sbm model inputs and parameters are

listed in Table A2, including default values. Table A1 and A2 both list the symbols that are used in sections 2.2 - 2.7 as well
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as the corresponding Wflow.jl names. It is possible to provide cyclic model parameters to wflow_sbm, for example monthl

LAI maps (part of HydroMT-Wflow default model setup) to estimate time dependent interception parameters (see also section

2.2.3), or to provide model parameters as part of forcing (besides precipitation, potential evapotranspiration and temperature
fields

. For symbols that represent model parameters in sections 2.2 - 2.7 (except in section 2.2.3) a time dependent notation is

not used, because providing time dependent model parameters is optional.
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Figure 1. An overview of the different processes and fluxes in the wflow_sbm model (adeptedfrom-van-Verseveldetal;2022a)
adopted from van Verseveld et al., 2024). The model includes the following routines: Interception (green, section 2.2), Snow and glaciers

(light blue, section 2.3), Soil module and evapotranspiration (orange, section 2.4), Lateral subsurface flow (brown, section 2.5), Surface

routing (dark blue, section 2.6) and Reservoirs and lakes (black, section 2.7).

The equations of most hydrological processes of the wflow_sbm model are solved using the explicit Euler method for each
model time step ¢ of length At [s] (model time step size) specified in the configuration file. For the unsaturated flow through
multiple soil layers, a variable internal time stepping is used, as a maximum change in soil water per unsaturated soil layer is
allowed to prevent the overestimation of vertical unsaturated flows (section 2.4.2). The kinematic wave equations (sections 2.5
and 2.6) are solved using Newton’s method. For the river and overland flow Kinematic wave, a variable internal time stepping
based on the Courant number or a fixed time step size [s] specified in the configuration file is used when iterations of the
kinematic wave for surface flow are enabled in the configuration file, otherwise these equations are solved at model time step
L of length At [s]. Reservoir and lake equations (section 2.7) are solved using the explicit Euler method, except for the lake
model with a parabolic weir, the Modified Puls approach is used. The reservoirs and lakes are part of the kinematic wave river
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routing, and these equations are solved at the internal time step of the kinematic wave river routing. The lateral subsurface flow.
is solved for each model time step using Newton’s method, and depending on the model time step size, resolution and model
parameters related to lateral subsurface flow, this may result in loss of accuracy. With a daily model time step, we estimate to use
aminimum grid resolution of 200 m for generally accurate lateral subsurface flow results. The use of the explicit Euler method
for most equations means that results may differ between simulations that use a different model time step (for example daily vs.

hourly). Most flux variables in wflow_sbm are defined per model time step ¢ and external flux parameters (expressed per da

(the model base time step size)) are converted to the user defined model time step size, during model initialization. For model
equations in this section handling these flux variables, the model time step ¢ is implicitly embedded (e.
variable from a storage variable, the flux variable is not multiplied by  in the equation), identical to the code implementation
of these equations.

To run a wflow_sbm model several files are required: 1) a configuration file in the Tom’s Obvious, Minimal Language

. for subtracting a flux

(TOML) format, 2) a NetCDF file containing static and (optional) cyclic data, for example model parameters, flow direction,
river network and gauges, and 3) a NetCDF file containing forcing data (precipitation, potential evapotranspiration and tem-
perature fields). Storage and rating curves for lakes should be provided in CSV format. The static and forcing maps should
have the same spatial domain and resolution, e.g. regridding of forcing data is not supported. The focus of Wflow.jl is on the
computations (computational engine), and the modular structure of the code simplifies extendig-extending the base code for
pre- and post-processing purposes.

In the TOML file the following aspects are defined: simulation period and model time step size, model specific settings like
the model type (e.g. “sbm” for wflow_sbm) or whether to include snow modelling, locations and names of input and output
files, mapping of internal model variables and parameters to external NetCDF variables, optional modification of input model
parameters and forcing, and output options. Glacier and snow modelling, and lake and reservoir modelling are optional (specific
model settings). Wflow_sbm runs typically at a daily time step (recommended maximum model time step size) and a spatial
resolution of ~1 km (we recommend a maximum grid resolution of ~5 km). Sub-daily model time steps are supported, for
example for flow forecasting purposes or small (fast responding) catchments. Output options consist of gridded data (NetCDF)
and scalar data (NetCDF or CSV). Scalar data can be generated for individual grid cells or areas (e.g. sub-catchment).

For users that mainly want to run simulations without installing Julia, Wflow.jl is available as a compiled executable
(cross platform). Users that want to explore and modify the code, and want to extend Wflow.jl (e.g. writing your own Ju-
lia scripts around the Wflow.jl package), we recommend to install Wflowjl as a Julia package. The Wflow.jl documenta-
tion provides more details about the Wflow.jl installation and usage in the “User guide” section {van-Verseveld-et-al;2022a)

van Verseveld et al., 2024).

2.2 Interception

For interception the Gash model (Gash, 1979) for daily (or larger) time steps and a modified Rutter model (Rutter et al.,
1971, 1975) for sub-daily time steps is available within the Wflow.jl framework. The Gash model is a daily-storm-based
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interception model, by assuming one precipitation event per day;-and-model time step, and is applied when wflow_sbm runs at
a daily (or larger) time step. For sub-daily time steps a modified Rutter model is used.

2.2.1 Gash model

The original Gash model considers precipitation input as a series of discrete storm events, where each storm event is divided
into three sequential phases: 1) wetting phase during which precipitation saturates the canopy, 2) saturation phase during which
the canopy is saturated and the precipitation intensity is higher than the average evaporation rate of the saturated canopy and
3) drying phase during the period after precipitation has ceased. The ameunt-of-water-needed-precipitation rate to completely
saturate the canopy (Pstammax [mm ¢~ '] )-at time step ¢ is defined as:

o A E!
t t ; t -1
Psat,max = 52 gf:nopy max In|l— % (IIl‘dX((l - fcanopygap - fstcmﬁow):o)) 5 (1)
sat sat
where PL, [mm ¢ '] is the average precipitation intensity and E’,, [mm ¢~'] is the average evaporation rate during saturation

of the canopy, Scanopy,max [mm] is the canopy storage capacity, fcanopygap [-] is the canopy gap fraction and fstemfiow [-] is

t
the stemflow fraction. When leaf area index (LAI) is not provided to wflow_sbm the ratio st [-] is used as model parameter
sat

Table A2), otherwise FL,, = (1— f. ap) B where E [mm ¢~ '] is potential evapotranspiration (for the
computation of o as a function of LAI see section 2.2.3), P! . is then equal to the total precipitation input rate P?

[mm ¢~'] and o is time dependent when LAI is provided as a cyclic (e.g. monthly) parameter or as part of forcing.
The stemflow fraction fstemfow in Wilow_sbm is defined as a fixed fraction (0.1) of the-eanepy-gap-fraetion-feanopygap limited
by the canopy fraction (1 — f.. an ), and stemflow Psttemﬂow [mm L‘i ] at time step ¢ is calculated as the-stemflowfraction
» R pt . ’
follows:
fstcmﬁow = Inin(o'lfcanopygap; 1- fcanopygap); (2)
Psttemﬂow = fstemﬂowpt- €)]

Interception during the wetting phase 1%, [mm ¢ '], saturation phase I, [mm ¢~ '] and dry phase (tiry [mm ¢~ '] at time step

t are given by Eq. (4) - (6):

t : t t
It o (1 - fcaHOPygap - fStemﬂOW)Psat,maX - ScanOPy,max it P* > Psat,max (4)
et 7

Wi
(1 - fcanopygap - fstemﬂow)Pt otherwise,

t

Eear ( pt t e pt t
]t - pqtl: (P - Psat,max) it P* > Psat,max (5)
sat T
0 otherwise,
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: t t
Scanopy,max if P*> P,

sat,max

(6)

t
Idry - )
otherwise.

The total interception -1t | [mm ¢~ '] at time step ¢, assuming that trunk interception can be neglected, is the sum of the

interception in all three phases, bounded by pe{eﬂfialrev&pe&aﬂspifaﬁeﬁEéot)total:
IthflllEg&;dVl = min(I\fvet + Iéry + IiawE}tJot,total)' (7)
Throughfall P, ehan [MmM '] at time step ¢ is the remainder after subtracting the total interception and stemflow from the

precipitation:

t _ pt t t
Pthroughfall =P -1 totaltotal — Pstemﬂow‘ (®)

t

The remaining potential evaporation £ i o 2inder MM t~'] at time step ¢ is given by:

t _ 1t t
Epot,remainder - Epot,total -1 totaltotal- (9)

2.2.2 Modified Rutter model

For sub-daily time steps a modified Rutter interception model is used, which compared to the Gash model keeps track of the

canopy storage Sﬁanopy [mm] and is updated in two steps. Stemflow is calculated in the same way as the Gash model, see Eq.

(3). The amount-of preeipitation-precipitation rate on the cano Pc’fanopy [mm ¢ '] at time step ¢ that-falls-on-the-eanopy-isis
a function of the total precipitation amount-input rate and the canopy gap and stemflow fractions:

P(fanopy = w((l - fcanopygap - fstemﬂow>7O)Pt- (10)

The initial drainage rate Déanow’sl [mm ¢~ '] from the canopy storage at time step ¢ is the surplus of canopy storage at the

previous time step compared to the canopy storage capacity Scanopy,max [mm]:

t—1 : t—1
Scanopy - Scanopy,max if Scanopy > Scanopy,max

Dzanopy,sl = (11)
0 otherwise.

This check is required because S,

then updated based on the initial canopy drainage srate and precipitation that falls on the canopy and-the-evaperation(Eq. 12)
then the evaporation rate from the canopy storage ¢mintS omE o o) Llavopy, [Mm 1] +

can change over time (see section 2.2.3). The canopy storage is
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is determined (Eq. 13), and subtracted from S? (Eq. 14):

t _qgt-1 ¢
Scanopy Scanopy + Pcanopy Dcanopy sl» (12)
t t (ot
SEcanopy - S( anopy mln(scanopy’ Epot,total)’ (13)
t t t
Scanopy Scanopy Ecanopy (14)
The remaining potential evaporation Epot remainder MM £ '] at time step ¢ is given by:
t (ot t
Epot remainder — Epot,total - Inln(scanopyaE pot,totﬂl)cw- (15)
The canopy storage Scanopy is drained again if required with drainage rate . Déanopy ¢ at time step t:
St -8, if St > S
Dt o canopy canopy,max Canopy canopy,max 1
canopy,s2 —_ . ( 6)
otherwise,
subtracted-from- , .
and Stanopy 718 updated to get the final canopy storage S, [F#mm]:
t _ gt t
Scanopy Scanopy Dcanop,52 . (1 7)

Throughfall Pthmugrhfall [mm ¢ ~'] at time step ¢ is eateulated-as-given by adding the total drainage rate from the canopy and
the amount-of precipitation-that-falls-precipitation rate directly on the ground:

t _ t t t
Pthroughfall - Dcanopy,sl + Dcanopy,s2 + fcanopygapP . (18)

The total interception £——-I! . | [mm ¢~ '] at time step ¢ is given by:

t t t
I totaltotal = =P +D Pstemﬂow - Pthroughfall' (19)

canop,sl

2.2.3 Interception model parameters from Leaf Area Index (LAT)

Within wflow_sbm it is possible to estimate interception model parameters based on moenthty EAt-maps—(etimatology)LAL

[m2 m~ 2] as static input (generally not used) or as time dependent input such as cyclic timeseries (climatology) or as part of

forcing. It is assumed that the canopy capacity for leaves S is linearly related to EAFLAT" at time step ¢ through the

eaf ,max

specific leaf storage Sjeas [mm] (van Dijk and Bruijnzeel, 2001):
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= SieatLAT". (20)

t
Sleaf,max

The specific leaf storage is related to land cover type. Also the storage for the woody part of the vegetation Syood,max [Mm]
is required to estimate total canopy capacity Scamopy mas S ranops.mas MM] at time step t. The relations between land cover
and Siear and Syood,max are based on Pitman (1989) and Liu (1998). The canopy gap fraction fcanopygap [-] at time step ¢ is
determined by using the extinction coefficient k based on van Dijk and Bruijnzeel (2001) and the value of k is related to land

cover type:

t _ _(—KkLAT*
canopygap ~ € ) (21)

2.3 Snow and glaciers

2.3.1 Snow

Snow processes are adopted from the HBV-96 hydrelegie-hydrological model concept (Bergstrom, 1992). Effeetive-preeipitation
The effective precipitation rate Plg. ;.o [mm ¢~ '] (throughfall and stemflow) occurs as snowfall PZ - [mm ¢~ '] at time step

t, if the air temperature T, [°C] at time step ¢ is below a user-defined temperature threshold s¢a11 Tthreshold [°CJl. An interval

alr
parameter Sgaj Tinterval [©C] defines the range over which precipitation is partly falling as snow, and partly as rain, with 100%
snow at the lower end and decreasing linearly to 0% at the upper end. The fraction of precipitation that occurs as rainfall ff

[-] at time step ¢ is calculated as:

3 — t
0 if Sfall, Tinterval = 0& Tair < Sfall, Tthreshold
t : t
rain — 1 if Sfall, Tinterval = 0& Tair > Sfall, Tthreshold (22)

. Tt —0.5 v :
max <m1n< nir — (Sfall, Tthreshold —0.5 Sfall, Tinterval) 1) 0> if Sfall Tinterval £ 0.

Sfall, Tinterval

This fraction is used to calculate the-snowfalb-ameunt-snowfall P%  and rainfall ameunt-P! . [mm ¢_'] at time step ¢ as

follows:
P:I]OW = (1 ram ) Peﬁectlve ? (23)
PI‘taln = ralnPeffectlve (24)

For snowmelt HBV-96 uses a degree-day approach, an empirical relationship between melt and air temperature. If 77, is above
a melting temperature threshold Smelt, Tthreshold [°CJ, snowmelt occurs. The potential snowmelt rate . M;now,pot M] at

time step ¢, using the degree-day factor sqq¢ [mm +=1-¢ "1 °C~1], is calculated as follows:

11
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t : t
. sddf (Thy — Smelt, Tthreshold)  if Tagy > Smelt, Tthreshold
Msnow,pot = (25)

0 otherwise.

The actual snowmelt rate M’

ow,act MM t~1] at time step ¢ is limited by the snow storage S L [mm] at the end-of-the

sSnow

previous time step, and is calculated by taking the minimum of M, . and SI L . The snowpack-snowpack retains water

SNow,po snow *

that can refreeze if Tzfir is below Spelt, Tthreshold- The potential : g refreezing rate Mfefreezemot

[mm i:i ] at time step ¢, is controlled by sqqt, a coefficient of refreezing syefreeze [-] (fixed: 0.05), Tg’fir and Spelt, Tthreshold aS

follows:

t : t
‘ defsrefreeze(Smelt,Tthreshold - Tair) if Tair < Smelt, Tthreshold
Mrefreeze,pot = (26)
otherwise.

The actual ameunt-that-canrefreeze-refreezing rate M

refreeze,ac

. [mm ¢ ~1] is based on the ameunt-of snow-waterliguid water

content of snow S;jolwyliquid [mm] at the previous time step and the potential amount-of-water-thatcanrefreezerefreezing rate
Lefreczepot> DY taking the minimum of Mg .. o, and ST\ . .. Snow pack-storage SZ,,, [mm] at time step ¢ is then
a function of snow paek-storage-storage S!L at the previous time steptSi snowfattameunt, snowfall, actual refreezing
amountrate and actual snowmelt at time step ¢:
t t—1 t t t
Ssnow = Ssnow + Psnow + Mrefreeze,act - Msnow,act‘ (27)

.. t . . . . t—1
The liquid water content of SNOW S, ., 1;quiq At time step ¢ is a function of the liquid water content of snow .5, Liuid
at the previous time step@i;c}wmﬁm—}, actual refreezing amountrate, actual snowmelt and rainfall ameuntrate at time step

t, and the maximum amount of water that the snowpack can hold. This maximum amount is controlled by the water holding

capacity Sy [-] of snow and the-srew-pack-snow storage at time step ¢:

t _ qt—1 It It t
SSHOW-ﬁquid - Ssnow,liqui(l - ]\[rcfrcozc,act + ]\'[snow,act + Prain'/
t _ qt—1 t t t
SSIIOW,liquid _ Ssnow,liquid + Msnow,act + Prain - Mrefreeze,act’ (28)
St =g! — max(S! — St o Swhe, 0) (29)
snow,liquid = ~snow,liquid snow,liquid snow ®whcs Y/
t _at . t ot .
Ssn()w,liquid - Ssn()w,liquid - IndX(Ssnow,liquid Ssnow‘SWhC? 0)

12
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The amount that does exceed the fraction—of-the—eurrent-snowpaelk—water holding capacity of snow (max(Sﬁnow liquid —
St

! owSwhe, 0)) is available as rainfall at time step .

To control unlimited build-up of the snew-pack-snowpack at high altitude where temperature rarely reaches above melting
temperature, the optional avalanche routine can be used to transport snow downhill based on the local drain network, where it

becomes available for snow melt. The fraction of snow that can be transported downhill is calculated as:

t

t o . Cland slope . Ssnow
snow transport — mln(0'57 m)mln(l, Smax )7 (30)

with f transport [-] the fraction of snow at time step ¢ that is available for transport downhill, ciand siope [M m~ 1] the slope

of the land surface and sy, [mm] the maximum snew-paek-snowpack with a fixed value of 10,000 mm. The fraction of snow
that can be transported downhill is multiplied with the snew-pack-snowpack storage, and gives-represents the transport capacity

of snow M.

t —1 : .
snow,downhill [mmf\t\/\,] at time Step L

Mt S;nowfstnow transport* (3 1)

snow,downhill —

Snow is then transported downhill, based on the local drain network and the transport capacity of snow that limits the snow

[mm] and liquid water content of snow S%, . ;i

transport, updating the-ameunt-of-spow-snow storage S.

chow 4 [mm] in each

grid cell at time step t.
2.3.2 Glaciers

Glacier modelling considers two main processes: glacier build-up from snow turning into firn/ice (adopted from the HBV-light
model; Seibert et al., 2018) and glacier melt (using a temperature degree-day model). First, a fixed fraction gsnow to ice [t;i],

that typically ranges between 0.001 and 0.006 -of-the-snowpaelk—Tor a daily time step, of snow storage S!

0w mm] on top of

the glacier is converted into ice for each time step +

t of length At [s]:

. t At
Sinow to ice — mln(gSnOW to iCeSsnowa 8— 7)3 (32)
4 A%,
where S 1o ice [mm £ 7] is the amount-of snow-converted-into-tee-snow into ice conversion rate at time step ¢, with a
maximum conversion rate of § mm dayg_l. This maximum conversion rate is scaled by the-the-model-timestep-+-sAt, and the
model base time step #;-size Aty of 86,400 [s]. The snow pack-storage from the snow module (section 2.3.1) St o [mm] at
time step ¢ is then updated as follows:
t t t
Ssnow = Ssnow - (Ssnow to icefglacier)a 33)

13
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with fglacier [-] the fraction of a grid cell covered by a glacier. When the snowpack on top of the glacier is almost all melted

(St .., <10 mm), glacier melt is enabled and estimated with a degree-day model. If the air temperature T, is above a melting

SNow air
temperature threshold gmelt, Tthreshold [°Cl, glacier melt occurs. The potential glacier melt M élmer’pot [mm t;i], using the
degree-day factor gqq¢ [mm ¢t~! °C~1], is calculated as:

. gadt (T, — Gmelt, Tehreshold)  if Ty > Gmelt, Tthreshold
Mglacicr,pot = (34)

otherwise.

The actual glacier melt M élaeier’act [mm ¢~ '] at time step ¢ is limited by the sur-of-the-glacier storage at the end-of the-previous

[mm] (expressed in mm water equivalent) and S*

. t—1 .
time step S snow to ice

glacier

as follows:

t R t t—1 t
Mglacier,act - mln(Mglacier,pot7 Sglacier + Ssnow to ice) . (35)

The glacier storage S*

glacier [MM] at time step ¢ is then updated as follows:

t _ qt—1 t t
Sglacicr - Sglacier + Ssnow to ice — Mglacicr,act' (36)

A map with Sgiacier values can be provided as an initial state (default: 5500 mm) when wflow_sbm is initialized with default

values in the code (“cold” start), see also Table A2.
2.4 The soil module and evapotranspiration
2.4.1 Infiltration

Water-available for-infiltration The infiltration rate F7, ;1,11 [mm ¢ '] of available water at time step ¢ into the soil (throughfall,
stemflow, snow and glacier melt) is first added to the saturated parts of the grid cell: the river flow and overland flow components
of wflow_sbm. This is based on the river fraction fyiver [-] (river flow component) and open water fraction (excluding rivers)

fopen water [-] (overland flow component) within a grid cell, as follows:

t ¢

Rriver = Jfriver Fivailables (37
t t

Ropen water — fopen water Favailable? (38)

where RY, . [mm ¢~'] is runoff from the river fraction in a cell at time step ¢, and R(t)pen water Imm £ '] is runoff from the

open water fraction in a cell at time step ¢. R, . and Rgpen water are later added to the wflow_sbm river and overland flow

components respectively. The rematning-water-available-for-infiltration-infiltration rate of remaining available water 7 ... .
[mm ¢~ '] at time step ¢ into the soil is determined as:

14
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t _t t t
Favailable - Favailable - Rriver - Ropen water* (39)

The soil in wflow_sbm is considered as a bucket with a depth z,;; [mm], and is divided into a saturated store Sg,¢; [mm] and
an unsaturated store Sypsat [mm]. The top of the saturated store forms a pseudo-water table at depth zyatertable [mm] such that

the value of S, is given by:

Ssat = (Zsoil - Zwatertable)(as - er)a (40)

where 6 and 0, are the saturated and residual soil water contents, respectively, both expressed as mm mm~!. The amount of
water that can infiltrate is a function of the infiltration capacity cinfiltration,paved [Mm d&yig:i ] of the compacted soil (or paved
area) fraction (fpaved [-]) of each grid cell, the infiltration capacity cingitration,unpaved [Mm dayilzzi] of the non-compacted
soil fraction (or unpaved area) ((1 — fpavea)) Of each grideell-the-grid cell, the initial storage capacity of the unsaturated zone
%&W[mm] at-the-previous-time-step-(Eq. 43) at time step ¢, and an optional reduction factor fg.ozen applied to
the infiltration capacity when snow is modelled. The parameter fg,.n depends on the near-surface soil temperature which is

modelled based on the approach of Wigmosta et al. (2009):

Tl =Thi + wsoit (Tyiy — Ti, (41)

soil

where T, Stoﬂ [°C] is the near-surface soil temperature at time step t, T;ir [°C] is the air temperature at time step t, Tst(;ﬂl
[°C] is the near-surface soil temperature at the previous time step, and +-ws. is a weighting coefficient [-¢ ~']. The optional
infiltration capacity reduction factor f{ . attime step ¢ is based on the model parameter fred frozen [-] and the near-surface

soil temperature as follows:

1

oy T fred frozen  1f snow & soilinfreduction

(=e(Tgos
Fivozen = 4 P T (42)
1 otherwise,
where W@MW The initial storage capacity of the unsatu-

t—1

rated zone S [mm] at time step ¢ is based on the saturated storage Sg,,  [mm] at the previous time step, the sum of

unsat,max

unsaturated storage for-in each soil layer n for m unsaturated soil layers %2 " stl ¢, [mm] at the previous time

t

tinsat,max 18 calculated as follows:

step), and the total soil water capacity of the wflow_sbm soil bucket. .S,

t t—1 t—1
Sunsat,max = Zsoil(es - er) - Ssat - S unsat,nunsat,n- (43)

n=l

15
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The total-available-waterforinfiltration-infiltration rate of remaining available water is split into two parts, the part that falls on

compacted areas I’

¢ ailablefpavea [mm £~1] and the part that falls on non-compacted areas ... (1 — fpavea) [mm ¢~ 1] at

time step ¢. The maximum ameuntof-waterthateaninfiltrate-infiltration rate in these areas is calculated by taking the minimum
of the infiltration capacity and the available-waterfor-infiltration-in-infiltration rate for these areas:

t .
EUIP aved — Hllll(( infiltration,unpaved jh ozen’ vaailablc (1 - fpavcd))a

t —mi t t

Funpaved - mln(Cinﬁltmtion,unpaved ffrozem Zfavailable(1 - fpaved)), (44)
t — min(e . ¢ t

Fpaved = mm(cmﬁltratlon,paved Jtrozens Favailablefpaved)- (45)
t

deved Inln(plnﬁltrd‘flon paved ffl rozen’ Fl\/dlldbl(-‘ fp av Pd)

TFhe-water-that-can-actaally-infilerate The actual total infiltration rate FY¥ . | [mm '] is ealeulated-bytaking the-minimum-a
function of the total waterthat-ean-infiltrate-infiltration rate (compacted and non-compacted areas) and the initial unsaturated

storage capacity:

t o ( t t
Ftotal = mln(Funpaved + Fpaved? S unsat,max)' (46)
Finally, the ameunt-of-infiltration excess water rate F%, ... [mm ¢~ '] at time step ¢ is determined as:
t t t t t
Fexcess = (Pﬁavailable(1 - fpaved) - Funpaved) + (Favailablefpaved - Fpaved)' 47

2.4.2 Soil water accounting scheme

The soil bucket in wflow_sbm with a depth zsi [mm] can be split-up in different layers. Assuming a unit head gradient,
the potential transfer of water ngfm‘mm [mm ¢~1] from an unsaturated steretayer-layer n at time step ¢ is
controlled by the vertical saturated hydraulic conductivity f<;—at-depth-—=of-the-bottomlayer(transfer-between—unsaturated
)KL, . [mm ¢~ at time step ¢ (Bg.
50), the effective saturation degree of the-tayer-layer n at time step ¢, and a Brooks-Corey power coefficient ¢er)-c,, [-] based
on the pore size distribution index ABroeks-and-Corey; 1964+

66, \"
ransfer,n — sz a4
Quanonn = Ko (=)
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410 ), [-1 (Brooks and Corey, 1964) of layer n:

t t 0 —0:\""
Qtransfer,pot,n = sz,n (6.71/ ) ) ) (48)
2+ 3\,
K, “)
2+ 3\
Cp = ——.
I S

Vertieal-where 0 [mm mm 1] is the soil water content of unsaturated soil layer n at time step ¢, and 65 and 6, as previousl
415 defined. The vertical saturated hydraulic conductivity #<—K? _ of unsaturated soil layer n for m unsaturated soil layers

based on the pseudo-water table depth at the previous time step 2% ! [mm¢ ! ]declines with soil depth = in-wilow_sbm
n = 1 refers to the upper soil layer) at time step ¢ is given by:

fKV, Kvoe(fvazbottom,n) lfn <m
K t = KV()G(_fKVz) " (50)

Vivz,n 1
va nKvoe(ifK\'Zwatertable) ifn= m,

A~

420 where the model parameter Ko [mm ¢~ !] is the vertical saturated hydraulic conductivity at the soil surface and-(that declines
exponentially with depth), is an optional (default: 1.0) multiplication factor [-] for each soil layer n to correct the vertical
saturated hydraulic conductivity, fx is a scaling parameter [mm™~'] ~For-and zpotsom, [mm] is the soil depth at the bottom

of soil layer n. The thickness 2! .. [mm] of unsaturated soil layer n for m unsaturated soil layers {%ﬁwm
step ¢ is given by:

Zn, thickness ifn<m
t _ t—1 .
425 Zn thickness — Zwatertable — “bottom,n—1 ifn=m&n>1 oy
21 ifn=1&m=1,

watertable

where z,, (1 is the actual thickness of soil layer n and zpoitom n—1 [mm] is the soil depth at the bottom of the soil layer

above soil layer n. For each unsaturated soil layer n, the transfer of water at time step ¢ for m unsaturated soil layers is
calculated as follows:
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t _ qt—1 t
S unsat,nunsat,n — S unsat,nunsat,n + Q in,nin,n» (52)

St St
t . . unsat,n unsat,n cnC
Q transfer,ntransfer,pot,n =— va,n(K ) (—frevz ”)VL nmln 0 0 t 2] 0 - ':L’ 1 ? (53)
- oo R Zn,thi(‘,kness( s T r) Zn,thickness( s r)
SQ* =5t —mi t St 54
7@ unsat,ntransfer,act,n — “unsat,n mln(Q transfer,ntransfer,pot,n nnsat,nunsat,n)v ( )
t
Sunsat n Sunsat n Qtransfcr,act,nv (55)
whef&@mwhere for unsaturated soil layer n =1 (upper soil layer) is the actual total infiltration rate F  (Eq.

t
in,n

t
% transfer,n—17

t
unsat,n—1/

Lt - ¢ . is the actual transfer of water
from the soil layer above layer n (Q! [mm t‘l]) Sfm 1” ».[mm] is the unsaturated storage of layer n at the

46), and for unsaturated soﬂ layer n > 1,

previous time step —Sm%&[mm] the subsequent updated unsaturated storage of layer n at time step t-—fxvmis

. During each model
time step ¢, an internal time stepping (iterations) is applied to Egs. (53), (54) and (55), during unsaturated conditions based on

a maximum allowed change in Synsat.n Of 0.2 mm for each internal time step to prevent an overestimation of Q! .

When the soil bucket in wilow_sbm is not split-up into different layers, it is possible to use the original Topog_SBM vertical

transfer formulation. The transfer of water from the unsaturated store to the saturated store is in that case controlled by the
vertical saturated hydraulic conductivity #+-at depth 2% ! = and-the-, an optional multiplication factor fi, 1 [-] to correct
the vertical saturated hydraulic conductivity, the ratio between the unsaturated store storage 5%, 1 [mm] (resulting from Eq.
52) and the saturation deficit S}_g.;, [mm] WMQ@%WM time step ¢:

t t—1
Saeficit = (05 — 01) 2501l — Sqar » (56)
t
t — freziTh S unsat,1
Q transfer,ntransfer,pot,1 = fKV,l(KVO)e( fx Zwatertable ti’ (57)
7 T TR = Z Qeficit
t s t t
Qtransfer,act,l = Inln(Qtransfer,pot,l ’ Sunsat,l)‘ (58)

2.4.3 Evapotranspiration

Open water evaporation from water bodies (excluding rivers) Eopen water Imm ¢~ ] and rivers EY . [mm ¢ '] at time step ¢
is based on: the fraction of open water fopen water [-], the fraction of rivers fiiver [-] the water level in the kinematic reservoir

of the river flow component S

il river (Mmm] and the overland flow component St wl, Linq [mm] at the previous time step, and the

remaining potential evaporation after interception E, [mm ¢ '], as follows:

pot,remainder

t g t
Eu\ rer — Inln(SV\l ,river jl'iVC‘T? fl”i\’Cl'Epot,rcmaindcr)7
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t s t—1 g t
Erivcr - mln(friver‘swl,river’ friverEpot,rcmaindcr) ) (59)

t g t—1 t

Eopen water — mln(fol)e“ Waterswl,land’ fopen WaterEpot,remainder)' (60)
t I t—1 t

E()pen water — Inln(Swl,landf()pen water f()pen W'rltel'Ep()t,renmin(ler)'

The potential evaporation rate remaining after interception (Eq. (9) or (15)) and open water evaporation (rivers and water bodies

(excluding rivers)) E? mm t;j] at time step ¢ is then:

pot,remainder [

t _ t t t
pot,remainder — Epot,remainder - Eriver - Eopen water* (61)

t
pot,soil

Jfeanopygap [-] (assumed to be identical to the amount of bare soil and can vary in time (section 2.2.3)). When the soil bucket in

[mm ¢~ 1] is calculated as follows:

Potential soil evaporation E [mm ¢~ '] at time step ¢ is based on Ef)ot,remam der and the canopy gap fraction & omas

wflow_sbm is not split-up into different layers, soil evaporation E?  _

t _ t t

Epot,soil - Epot,remainderf,canopygap7 (62)

s

t _ . t deficit t

Eact,soil - mln(Epot,soil 0 0 7Sunsat,1):7 (63)
Zsoil( s r)

Eq. 55) as previously defined. As such, soil evaporation will be potential if the soil

is fully wetted and it decreases linearly with increasing soil moisture deficit, limited by S¢ . When the soil bucket in

wflow_sbm is split-up into different layers, soil evaporation F , [mm ¢ '] is restricted to the upper layer. As for the case

t
act,soi
of one single soil layer, potential soil evaporation is scaled according to the wetness of the soil layer, based on the unsatured

layer storage from Eq. (55), as follows:

St

1 t l;nSat,l t . t—1 .
t mln(Epot,SOilzt—l—w_@_)7Sunsat,1) if 20l e < 21 thickness
Eact soil - watertable \"”'s T (64)
, min(Et M St ) if t—1 S .
POt,50il 21 thickness (0s—0r) ?~ unsat, 1 Zwatertable ~ #1,thickness;

where 21 ¢hickness Jmm] is the actual thickness of the upper layer, and 6, 0, and 2l as previously defined. Soil evap-
oration E;Ct’soil is subtracted from the unsatured storage in the upper soil layer Sfmsat,l (Eq. 55), and the remaining potential

soil evaporation E?

remainder,soil 1S determined as follows:

t _qt t

Sunsat,l - Sunsat,l - Eact,soﬂ? (65)
t _ it t

Eremainder,soil - Epot,soil - Eact,soil' (66)
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t

! ot soilsar MM 1] from the saturated

When the soil bucket in wflow_sbm is split-up into different layers, soil evaporation E
store is possible, when the water table Zé;;tlertame is present in the upper soil layer with actual thickness zq thickness [mm], and

calculated as follows:

t—1
. Z1,thick a -
" . t ,thickness watertable . t—1
Eact,soil,sat - mln(Eremainder,soil ) (zl’thl(?knessi_z;Zwatertable) (95 - er))’ (67)
Z1,thickness

and-with 05 and 0, as previously defined. In case of a single soil layer, or when 2/} is not present in the upper soil layer.

Bl coinsac ds setatzero, BL ., is subtracted from the saturated store (at the previous time step):
t t—1 t
Ssat = Ssat - Eact,soil,sat' (68)

Potential evaporation E? [mm ¢~ '] that is available for transpiration, is based on the remaining potential evapo-

pot,remainder

ration after interception and open water evaporation (Eq. 61) and the canopy gap fraction, as follows:

t _ ot t
Epot,remainder - Epot,remainder (&]; - f,canopygap)' (69)

t—1

In wilow_sbm, transpiration is first taken from the saturated store if the roots reach the water table 2 _, i 110

at the previous
time step. The fraction of wet roots fyet roots [-] (ranging between 0 and 1) is determined using a sigmoid function, that defines
the sharpness of the transition between fully wet and fully dry roots. Transpiration E{ . c.¢ [mm ¢~ '] from the saturated store

at time step ¢ is calculated as follows:

1.0

F—1 s
1.0+ (’,(76“‘1 <Z\fvatcrtablc —Zrooting))

fwet roots —

1
fwet roots — T—1 5 (70)
1+ e(icrd(Zwatertableizro‘)ting))
E! = min(E" f St (71)
trans,sat — pot,remainder/ wet roots; “sat /»
. t " . .
- nnn(Epot,rcmaindm,fwet rootss Siat),  multiple soil layers

trans,sat

. " F—1 .
Hun(Epot,remain(lerfWQt roots» Ssat )7 0therw1se,

where c¢;q [rvnvrg;l] is a model parameter that controls the sharpness of the sigmoid function and z;0ting [mm] is the rooting

depth. The saturated store is then updated as follows
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Ssar = s ~ Plosussar 72)

t

ot remainder M t~1] available for transpiration from the unsaturated store is updated

The remaining potential evaporation E

by Ef ns sar as follows:

t _ ot t
Epot,remainder - Epot,remainder - Etrans,sat' (73)
The maximum allowed water extraction by-reets--—————rate by roots F! [mm ¢~ '] from unsaturated soil layer n
at time step ¢ is a function of the fraction of roots 55 floass . [-] Per-of unsaturated layer 7, and the available unsaturated
store-layer-depth-storage [mm] of layer n:

t t t
E root,max,nroot,max,n — f 1'0<>ts.nroots,ns unsatunsat,n- (74)

Next, a root water uptake reduction model based on Feddes et al. (1978) is used to calculate a reduction coefficient as a function

of soil matric suction. Soil matric suction is calculated following Brooks and Corey (1964):

>\’7l
hy 1
0—6,) (0, —6:) Iy (*) o =0
( ) (6 —6:) = "X >yl h < by, § N b
s =6) 0:26:) I 1 if By < B,

(75)

where #-h,, is the soil matric suction [cm] of unsaturated soil layer n, h is the air entry value [cm], and £0,,, 0,, 65 and X-),, as
previously defined. In wflow_sbm soil matric suction #.--h! for each unsaturated soil layer n % [mm]

n R~

at time step ¢ is calculated as follows:

hy hy

Won = e e (Shus s M 7
(0s—0:) (0s—0:)

where S, ... 1 is given by Eq. (65), and for unsaturated layers n > 1 {5t 1S given by Eq. (55). The root water

uptake reduction coefficient 5 e L aken. At time step ¢ with 7%}, below or equal h3 (400 cm) is set to 1, with

Hi-ht, above or equal to hy (15849 cm) £ i foot uptakew 18 0 and with AL-hi, between hy and hy F1 e

Wdeclines linearly from 1 to 0. The values for hy (100 cm), hz and hy are fixed, and h; is set by Ay, (default: 10

cm) and Ay, can be defined as input to the model. In the original transpiration reduction-curve of Feddes et al. (1978) root water
uptake abeve-below h; is set to zero (oxygen deficit) and between h; and hy root water uptake is limited. The assumption

that very wet conditions do not affect root water uptake too much is probably generally applicable to natural vegetation,
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however for crops this assumption is not valid. This could be improved in the Wflow.jl code by applying the reduction to

crops only. While the hg value is fixed, in the original transpiration reduction-curve of Feddes et al. (1978) h3 varies with the

t
trans,unsat,n

potential transpiration rate, and this could also be improved in the code. For unsaturated soil layer n

. . t 71 . t t . . . t
ANSPIration Fyygns unsat,o [Mm L] is controlled by £1557 oot max,n the remaining evaporation Ep o oyainder (MM
'] (Bg—73¥for soil layer n = 1 see Eq. (73) and for layers n > 1 see Eq. (79)) , the unsaturated storage St psasn

: _ t t : .
[mm] (for soil layer n = 1 see Eq. (65) and for layers n > 1 see Eq. (55)), and 55 piare il roatuptake > At time step ¢:
Bt — min(Et Et S* t 77
trans,unsat,ntrans,unsat,n — mln( root,max,nroot,max,n; ~pot,remainder> unsa‘tfnunsat,n)f root uptake,nroot uptake,n- ( )
. t t . . . . t 71 .
At the same time 5 55775Synsat . a0d the remaining potential evaporation E7 oo g, [Mm ¢ "] are updated by subtracting
Et .
trans,unsat,n*
t _qt t
Sunsat,n - ‘Sunsat,n - Etrans,unsat.m
Et .
~trans,unsat roc
t _qQt t
Sunsat,n - Sunsat,n - Etrans,unsat,n’ (78)
t _ t t
Epot,remainder - Epot,remainder - Etrans,unsat,n' (79)

E! =FE! —E!

pot,remainder pot,remainder trans,unsat,n*

After the soil water transfer, evaporation and transpiration computations, a soil water balance check is performed. Unsatu-
rated storage that exceeds the maximum storage per layer, is transferred to the layer above (or surface), from the bottom to the
top unsaturated soil layer, resulting in exeess-water-an excess water rate at the surface RY, ... unsar [Mm t_']. The water that
actuatty-tnfittrates-actual infiltration rate F)' ., [mm ¢~ '] is then calculated as follows:

t t t
Fact - Ftotal - Rexcess,unsatv (80)
and-the-amount-with F'! , | as previously defined. And the rate of water that cannot infiltrate due to saturated soil conditions

t —17: . .
Fixcess,sat Imm t_"] is determined as:

t _t t t t
chccss,sat - Favailablc - Ftotal - chccss + chccss,unsat:? (81)
with F* . F!  and F! as previously defined.
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Capillary rise in wflow_sbm is determined using-thefollowing-approach-first-,—————when an unsaturated zone occurs
in the soil column at time step ¢ is-determined-based on the water table - —depth at the previous time step -

watertable

Kt = fkv n([(Vv())e(7fKVz\Cv;tlcrtublc>?

VZwatertable

(zt=1 > 0), using the followin

t Kt
VZwatertablei~V& AR

(Eq. 50), the actual transpiration taken-rate from the unsaturated store Y~ st i 2ot Pirans.unsas f00  unsaturated
soil layers, SZ,; (Eq. 72), and the unsaturated store capacity S}, . max Which is based on SZ,; (Eq. 72) and 3575 -the

sum of unsaturated storage > ., St for m unsaturated soil layers (soil water balance check after Eq. (78)):-
18):

approach. First a maximum capillary rise CY . [mm ¢ '] at time step ¢ is determined from the minimum of

t _ t E m t

Sunsat,max - zsoil(es - ar) - Ssat - n:ls unsat,nunsat,n» (82)
t : t E m t t t

Cmax = maX(0.0, mlH(K VZwatertable VZ,1 3 n:lE trans,unsat,ntrans,unsat,n Sunsat,max? Ssat));a (83)

Finally-with 2.4y, 05 and 0, as previously defined. Then, the maximum capillary rise-rate is scaled using the following empirical
equation (e.g., Zammouri, 2001; Yang et al., 2011; Wang et al., 2016):

t—1 Ncap
t _ _Pwatertable : t—1 ) t—1
Cmax (1 Zcap,maxdepth if (Zwatertable > zrootmg) & (Zwatertable < anp,maxdepth)

Ct.= (84)

0 otherwise,
where Cfm [mm \t:j] is the capillary rise-rate at time step ¢, Zcap,maxdepth Mm] is the critical water depth beyond which
capillary rise ceasesand-#-, N,y [-] is an empirical coefficient related to soil properties and climate, generally set between
1-3, 2L e.and Zoaing as previously defined. When the soil bucket in wflow_sbm is split-up into different layers, C%,
is divided over the different unsaturated soil layers, from the bottom to the top unsaturated soil layer, without exceeding the

saturated water content 6s.
2.4.4 Leakage

In wflow_sbm it is possible to have leakage L' [mm ¢ '] at time step ¢ from the saturated store S?,, (Eq. 72) to deeper
groundwater, by setting the maximum leakage model parameter L, [mm I:Nl 1> 0. This water is lost from the saturated store

and runs out of the model domain. L? is calculated as follows:

Lt = min(va,nbKvoe(_vazson) ) Sstata Lmax);v (85)
where is the optional multiplication factor (to correct the vertical saturated hydraulic conductivity) for the bottom soil

layer ny,, and Kyq, [y and z..; as previously defined.
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2.5 Lateral subsurface flow

In wflow_sbm the kinematic wave approach is used to route subsurface flow laterally. The saturated store can be drained

laterally by saturated downslope subsurface flow for a slope with width w [m] according to:

Kh(] Cland slope KhO Cland slope
qubsurface = .
va

(e(*vaZ,qst:w,-.rermhle) (— fsst,Kv Zsst,watertable) __ e(*vaZssf.mu) (7fssf,Kstsf,soil)) w
SRSV e W,

fssf,Kv

(86)

where Cland siope 18 the land slope [-mm ™| 1, Qsubsurface is subsurface flow [m%—?’ d- %ﬁ@—O@@HVrUjﬁKHUf—b = 0.001K,,

is the horizontal saturated hydraulic conductivity at the soil surface [m dayd '], based on the vertical saturated hydraulic con-
ductivity at the soil surface Ko [mm t~1] and a-an_optional multiplication factor fino [-] (default: 100) applied to Ky,

Zssf,watertable [M] 1s the water table depth (set by Zwatertable [mm] after unit conversion at the start of the lateral subsurface

flow computation)and-, zsst soit [m] is the soil depth (set by zs0i1 [mm] after unit conversion), fssr iy is a scaling parameter
[m '] (set by fxy [mm~'] after unit conversion) and At;, and At as previously defined. Combining with the following conti-

nuity equation:

Oh oh 8Q5|1bsurfacc 6qubsurfacc
05 0 —_—— = input 7
R T T TR TR )

where h is the water table height [m], z is the distance downslope [m], w is the flow width [m], M—Rm}ifm%@mw

is the netto input rate [m d_'] computed from the netto input rate variable R,y [mm ¢ '] to-the-saturated-storesubstituting
fer—%r%whlch is
O

0Qsubsurface

art of the vertical SBM concept, and 6, and 6, as previously defined. Substituting for i

aqubsurface 6qubsurface _ _Caqubsurﬁa,ce 6qubsurface +C1UR1,1put,With celerity c— Kh() Cland slope 6(—vastf,wateltable)
ot 0t O dm (05 —6:)

(88)

The kinematic wave equation for lateral subsurface flow is solved iteratively using Newton’s method. In wflow_sbm, the flow
width w is calculated for each grid cell by dividing the cell area with the distance downslope x, based on the flow direction
and the length in the x and y direction of each grid cell. The land slope cjand slope N€€ds to be provided for each grid cell in
wiflow_sbm. The netto input rate Rinpyt in wilow_sbm consists of the-input-of-transfer of soil water #feﬂ%%h&%w“m

from unsaturated soil layer 1m above the water table 2! [mm] at the previous time step, and the losses through capillary

-1
watertable

transpiration L Fl o . from the saturated store, leakage L' and soil evaporation £ —5rEl, .

from the saturated store, mm. After the lateral subsurface flow calculation, that

rise Cl,,

is bounded by the maximum lateral subsurface flow rate based on zsf soil, @ check is made to determine if saturation of the
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entire soil column occurs, and as a consequence saturation excess overland flow is triggered. Water exfiltrating during saturated

conditions R? g, ... [m ¢~ '] at time step ¢ is calculated as follows:

t t
Rt ( subsurface,in + Ri“PUtU’ym - QSubSUI‘f&CC:OUt) (9 01.))’

— Lt
exfilt,sat — HldX(O'/ wr éssf,watcrtablc

t t
qubsurhee inAtSSf + 0‘001RinPUth - qubsurhee out Altgst

t ace, ace,
bt )
Si—1
Rexﬁlt sat — ma‘X(O ASsubaurfatce Zssf, Watertable(e - ar))a (90)
where AS? ... [m] is the change in subsurface storage at time step ¢, QF . urface.in [M> dayd 1] is the subsurface flow

in to a cell at time step ¢, Qéubsurface out [m3 dﬂycrl] is the subsurface flow out of a cell ;%.+———————at time step ¢

“ssf,watertable
tf 1

Zustwatestable. [M] 18 the water table depth —at-time-step#--at the previous time step, Algy [d] is the time increment (same
length as At [s], expressed in different unit [d]) of the lateral subsurface flow component, and Rinput, w, x, 05 and 6, as

previously defined. Additionally, after the lateral subsurface flow calculation wflow_sbm checks if exfiltration R} g}, \nsa

[mm til] of the unsaturated store onto the land surface occurs because of a change in water table depth 2zyatertable [mMm] (set

by szf watertable after unit conversion). This check is performed from the bottom unsaturated layer (at the previous time step)

until the top unsaturated layer, where the excess of unsaturated storage for each layer is transferred from the bottom to the top

unsaturated layer, and can result in exfiltration of water onto the land surface.
2.6 Surface flow routing
The kinematic wave approach is used for river and overland flow routing. The kinematic wave equations are (Chow et al.,

1988):

dQ dA

5 =( inflow
e a9

5Q
%+ 5 = Qe 1)

A=aQ’, 92)

A=aQ”,

and can be combined as follows:
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0Q 5-10Q _
% + O‘ﬂQ E - anﬂowa (93)

where @ is the surface runeff-flow in the kinematic wave [m3 s~!], z is the length of the runoff-flow pathway [m], A is the
cross-section area of the runeff-flow pathway [m?], Qinfiow is the lateral inflow per unit length into the kinematic wave [m?
sT1], t-is-the-integrationtime step-sand-a and 3 are coefficients. These coefficients can be determined by using Manning’s
equation (Chow et al., 1988), resulting in:

B

9 2
P:  nP3
a=|-=" n and 8 = 0.6, (94)
v/ Cslope 4/Cslope

where +>-Py, [m] is the wetted perimeter, Csiope (Cland slope fOr overland flow and criver slope for river flow) is the slope [m m—1],
and n (n1ang for overland flow and 7,iye, for river flow) is Manning’s coefficient [esropes m™ 3 ]. The wetted perimeter 2-P,, for
river flow is calculated by adding the river width (w,iver) and two times half of the river bankfull depth (Apanksal). For overland
flow, -, is set equal to the effective flow width, determined by dividing the grid cell area by the flow length, and subtracting
Wriver- In wflow_sbm for river flow the parameters wriver, length (Zriver) and Criver siope, and for overland flow ciand siopes

need to be provided. The lateral inflow ©asw—per unit flow length for overland flow routing consists of infiltration excess

t

exfiltration water from the unsaturated store I, a1 unsat

water F¢

! cosss Saturation excess water during infiltration £/

excess,sat?

t

. . . ¢
water exfiltrating during saturated conditions R g); ..., runoff from open water R, waters

and open water evaporation loss
Ef)pen waters converted to m? s~1. The lateral inflow €iriow-per unit length of 2,ye, for river flow routing consists of overland
flow [m? s~'], lateral subsurface flow [m® d~'], runoff from the river R% . [mm ¢~'], and river evaporation loss EY, .
[mm ¢~ '], converted to m? s~!. Like the lateral subsurface routing, these equations are solved in wflow_sbm using Newton’s
method. The number of iterations for surface raneff-flow in the kinematic wave within-a-at time step ¢ of length At [s], defaults

to the Courant number C':

- def/ CkAt
C=-" v (95)

where c; [m s~1] is the kinematic wave celerity: ¢, = W randz-and tas-previousty-defined Az [m] is the space increment.

The number of iterations within a time step ¢ is calculated by multiplying the 95th percentile of C' (to remove potential very
high values (outliers)) for the wflow_sbm model domain with 1.25. The number of iterations can also be fixed to a specific
sub time step [s] for both river and overland flow, this is a model setting in the wflow_sbm configuration file. For river cells
in wflow_sbm, where overland and river flow can be both present, lateral subsurface and overland flow into the river cell is
partitioned based on the land slope of the river cell ciand siope,river [-angnvji ] and the land slope Cland slope,upstream [-angn;i ]

of the upstream cell:
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Cland slope,upstream
fto river — 5 (96)
Cland slope,upstream + Cland slope,river
fto land = 1 — fto rivers (97)

where fio viver [-] 18 the fraction of lateral subsurface or overland flow from an upstream cell that flows into the river, and
fto 1and [-] s the fraction of lateral subsurface or overland flow from an upstream cell that flows into the downstream kinematic
reservoir of lateral subsurface and overland flow respectively. In case a river cell has the same flow direction as the upstream

cell, fio river = 0, and thus overland and lateral subsurface flow from the upstream cell do not contribute to flow into the river.
2.7 Reservoirs and lakes
2.7.1 Reservoirs

In wflow_sbm, reservoirs can be included in the kinematic wave routing for river flow. The first step in the reservoir module
is to calculate the storage S-—S%_ [m®] at kinematic wave time step ¢; with length At [s], based on the storage S.=1-Sti-1

at the previous time step ﬂ'ﬁﬂw@mof the kinematic wave, inflow ?‘ oo [m? s7'] at time step tt;, average precipitation
P4 [mm ¢, '] (converted from P, [mm ¢~']) and potential evapotransp1rat10n W [mm ¢, '] (converted from Bl ot res

[mm i\j 1) on the reservoir area A;eg [m? ], at time step ¢

S s =S T e+ Qi res +0.001 P Ao — 0.001E 1 4 s Ares. (98)

Then the storage fraction £L——— W-] is calculated based on the maximum storage of the reservoir Siesmax [m?]

Jres,storage

(above this storage amount water is spilled):

ti
SYCS . (99)

SI'(—‘,S ,max STGS,I‘H&X
NN

t
tti _ SICb
f,,\,rcs,storagc -

The minimum release R:—R" . [m? ¢ 1] at time-step—-the kinematic wave time step t; is based on a sigmoid function, the

min min-d

minimum flow requirement downstream of the reservoir Qumin req. [m® s~'1, the target minimum storage fraction (of Syes max)

ti : .
fres,min ['] and mwt time Step t
(gmin req.t Qmin req.Ati

Riimin = mln( 7Siires) 3 (100)

EYVET: — o
1 4+ e 30(f{es storage = fres,min) 1 4 e~ 39(feds storage = fres,min)

and RL—R" is subtracted from the reservoir storage S

MIN AR
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670 Sfires = Siires - Rfimin~ (101)

An additional release R-R' [m? ¢ ] is-ealeulated-occurs when the reservoir storage is above the target maximum storage

fraction fres,max [-], controlled by the maximum release capacity below the spillway Qmax,res [m3 s~ 17

Rt - min(max((), Slt(\g - (Sros,rnaxfrcs,nmx)):Hlax(o; Sf(\g - Srcs,max) + Qmax,ros anm)

675 Rgot = maX(O Sﬁes (Sres,rnaxfres,max)); (102)
:ics,abovc max maX(O Sﬁes - Sres,max)a (103)

ty t; t; t;
R mln(RpOt’ Sres above max + Qmax,resA Rmm) (104)
M%[m3 '] is the potential reservoir release and S" [m?] is the reservoir storage above the
maximum reservoir storage. R" is subtracted from the reservoir storage 5+
ti .
680 Sl
Sfires = Sf;fires - Rit:, (105)

The total reservoir inflow Q! m? ¢~'] and outflow QL. ; ... [m? £~'] for model time step ¢ of length At [s] are calculated

as follows:

b res }:QM% (106)
n;
685 f)ut,res = Z(Rfmn + Rti)7 (107)
i=1
where n; refers to the number of iterations within model time step ¢, and Q' L. R and At; as previously defined.

2.7.2 NaturaHakesLakes

As—for-Lakes can be included in the kinematic wave routing for river flow, and as for the reservoirs in wflow_sbm —a mass
balance approach is used for modelling natural-takes:

690  lakes:

Slake (f + Af) SlteillteAti — Slake( ) Stake
At Ay At Ay

(mmmww%MWW$“%fmmﬁMm

+Qt Ak, in, lake T At At

out,lake-
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(108)

where Sa1c is lake storage [m?], A+-is-the-model-timestep-t; is the kinematic wave time step of length At; [s], Qin,lake 18 the
sum of inflows [m? s~ 1], Qout 1ake is the lake outflow at the outlet [m® s, Pris-preeipitation- P21 is the precipitation

amount [mm] Fmre-during At; (converted from P} [M&is lake evaporation [mm] during A¢; (converted

695 fwrgglva\fak& [@Vrgvt;l]l and Ajaie is the lake surface [m2]. Most of the terms in Eq. (108) are known at the current or previous

time step, except %ﬁ%%fﬂﬂmwmwﬁ;m For lakes characterized by a storage curve of the form

Slake = Alake H1ake and the following rating curve:

Qout,lake = alg/l@(Hlake - HO,Iake)Eél,i],(jv (109)

where Hy jake is the minimum water level under which the outflow is zero, and-the-5-aj,ie [@Vs:vi ] is a parameter that depends
700 on lake outlet characteristics and the (), exponent has a value of 2 (parabolic weir) the Modified Puls Approach is used.

Then, Siake can be expresses-expressed as follows:

Alake Alake
VO Ve

Slake = AlakeHlake = Alake(h + HO,lake) =

\V4 Qout,lake + AlakeHO,lake;a (1 10)

where h = Hi,e — Hy 1ake. Inserting this equation in the mass balance equation gives:
21 i +At; ti+A
\/m Alake chLAti +Qti+Ati i lake = Slakc(t) Slake +Qti+Ati_ Ik +0-001(P1ak0 - Elakc)Alakc 0'001(P1ake - Elake
Y EOEE At fOlake YL oublake T o oubIaRe TNy Ay e e At At;
(111)
705 The solution for Qour e Q525 is then:
A H, 2
_ 2 4 T _ “lake’’0,lake
flake+\/f1akc+ (S lake At; ) if SI > AlakeHO,lake
t+AL - 2 lake At; 1 12
Q o Oout,lake — ( )
. Alake Ho lake
0 if SIlake < AL )
here £ — Alake a7 Sl . A | 0.001(Plake — Biae) Alnke 0 Alake st f4 A 0.001(Z
WNETEe Jrake = AIL\/&’ antoOTTake — At T &in,lake T AL —, all = o Ry —_—

The Modified Puls Approach is not applicable for lakes characterized by a rating curve (lEq. 109) with 52-F1a5c 7 2 (non-
parabolic weir, for a rectangular weir usually a value of 3/2 is used) or a rating curve from measurements (linear interpolation

710 of Qout,lake and Hi,ke values in a lookup table), in combination with a storage curve from measurements (linear interpolation
of Slake and Hi,ye values in a lookup table) or computed from the relationship Siake = Aiake Hiake- For these lakes Qout,lake 18

first computed for each time step, based on Hj,y. at the previous time step. Then, S} is updated with Eq. (108), and Hi,e is
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updated with the storage curve based on the updated Siake. For closeby lakes which are connected it is possible to link the lakes
and return flow can be allowed from the downstream to the upstream lake. An average lake water level (Hjake,avg [m]) should

be provided as an initial state when wflow_sbm is initialized with default values in the code (“cold” start), see also Table A2.
The total lake inflow Q! 7 m?> ¢ 1] %[M for model time step ¢ are calculated as follows:

1n lake — Z an lake (1 13)
ni
out Jake — Z Qout 1'1ke (114)
where n; refers to the number of iterations within model time step ¢, and b b and At; as previously defined.

3 Computational performance

One of the reasons to switch to the Julia programming language is that it offers high performance, required for large-scale
high-resolution hydretegie-hydrological model applications. Here we compare the simulation times of wflow_sbm between
the Julia (van-Verseveld-et-al;-2022a)(van Verseveld et al., 2024) and Python (Schellekens et al., 2020) version, for three large
catchments: Moselle, Meuse and Rhine (Fig. 2). We used HydroMT-Wflow (Eilander et al., 2022) to setup the models for the
three catchments at a resolution of 30” (~1km x 1km). The models were run at a daily time step for 5 years (2000-2005) with
ERAS forcing data. We did exclude the input/output (I/O) operations to allow for a clean comparison between the Julia and
Python version, and ran the simulation on a machine with the following specifications: a desktop with an Intel Xeon Gold 6144
CPU (with 4 cores, 4 threads exposed to the user) and 16GB RAM.

The switch to Julia results in substantial smaller simulation times, independent of the size of the catchment (Fig. 2). By
enabling threads (Julia version) the simulation times decrease further, leading to a model that runs 4-5 times faster compared
to the Python version. For the Rhine catchment the simulation time for 1 year is 120 min for the wflow_sbm Python version,
for the Julia version this is 37-min-and-25-36 min and 23 min with 1 and 4 threads, respectively. These simulation times take

up most of the total computational time (>-¢.g. ~ 98% for the Rhine model with Julia running on one and multiple threads).
These results show that the wflow_sbm Julia version is suitable for large-scale high-resolution model applications.
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Figure 2. Simulation times of the wflow_sbm model in three large catchments with the wflow Python version 2020.1.2 (Schellekens et al.,

2020) and Wflow.jl vO-6-3-van-Verseveldet-al52022a).7.3 (van Verseveld et al., 2024), including multithreading in the Julia version.

4 Applications

The wflow_sbm model has been applied to a number of specific cases. Below we describe these specific applications and
its a-priori parameter estimation, including forcing, with HydroMT-Wflow for a variety of hydroclimates and hydrological

processes.
4.1 Parameter estimation with HydroMT-Wflow

The estimation of wflow_sbm model parameters is based on earlier work by Imhoff et al. (2020) that focused on the Rhine
basin, and the development of the Iterative Hydrography Upscaling (IHU) method by Eilander et al. (2021) to derive flow
direction and representative river length, slope and width parameters. Eilander et al. (2021) showed an improved accuracy with

IHU upscaled flow direction maps, applied to MERIT Hydro, compared to other often-used upscaling methods. Furthermore,
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for a case study of the Rhine basin, Eilander et al. (2021) showed that with IHU applied to MERIT Hydro, errors in the timing
and magnitude of simulated peak discharge compared to simulations at the native data resolution are minimized. Imhoff et al.
(2020) used available point-scale (pedo)transfer-functions (PTFs) from literature to generate seamless parameter maps for the
Rhine basin. Following the Multiscale Parameter Regionalization (MPR) technique (Samaniego et al., 2010), parameters were
estimated on the erginal-original data resolution (‘level-0’), and upscaled to the model resolution (‘level-1") with upscaling op-
erators. Although universal scaling rules for hydrological model parameters are not available, the correct upscaling operator is
found when model parameters are characterized by a constant mean and standard deviation across different spatial resolutions.
Additionally, model fluxes and states should be consistent across different spatial resolutions. For the Rhine basin, Imhoff et
al. (2020) found that modelled actual evapotranspiration fluxes were consistent across different spatial resolutions (1.2, 2.4,
3.6, and 4.8 km). Routed discharge in headwater basins was not consistent across scales (KGE decreased from the finest to
the coarsest resolution), while for the main Rhine river routed discharge was consistent. For recharge fluxes, relatively large
differences were found for regions with high drainage densities.

The transfer function and upscaling operators to derive wflow_sbm model parameters for any region in the world are part of
the HydroMT-Wflow software (Eilander et al., 2022) and are listed in Table 1. For two sensitive wflow_sbm model parameters,
the temperature threshold (Sgai, Tthreshold) and the multiplication factor fxno, a PTF is not available (Imhoff et al., 2020). For
Stall Tthreshold and fkno a uniform default value of 0.0 °C and 100.0 is applied (Table 2), respectively. The a-priori parameter
estimation for wflow_sbm provides a model setup without the need for much further calibration, in most cases only the model
parameter fkpo is tuned (e.g., Wannasin et al., 2021a; Sperna Weiland et al., 2021).

Table 1 also includes references to examples of global datasets that can be used to set up a wflow_sbm model with HydroMT-
Wflow. For soil properties the SoilGrids (Hengl et al., 2017) at 250 m resolution is available. For land cover the datasets
GlobCover-2009 (Arino et al., 2010) at 300 m resolution, VITO v2.0.2 (Buchhorn et al., 2019) at 100 m resolution and
Corine Land Cover (CLC) 2018 (European Environment Agency, 2018) are currently available. Leaf area index climatology
is based on the MCD15A3H Version 6 Leaf Area Index product, at 500 m resolution (Myneni et al., 2015). For elevation and
derived data, the MERIT DEM-based Hydrography map (MERIT Hydro, Yamazaki et al., 2019) at 90 m resolution is used.
It contains a global flow direction map derived from the Multi-Error-Removed Improved-Terrain Digital Elevation Model
dataset (MERIT DEM, Yamazaki et al., 2017) and a synthetic water layer map that consists of a combination of the Global 1-s
Water Body Map (G1WBM, Yamazaki et al., 2015), Global Surface Water Occurrence (GSWO, Pekel et al., 2016) and water-
related features from OpenStreetMap. The fine-resolution MERIT Hydro flow direction map is upscaled to the wflow_sbm
model resolution with the Iterative Hydrography Upscaling (IHU) method (Eilander et al., 2021). River width (wyiver) and
bankfull depth (hpanksa) are based on MERIT Hydro (river mask based on a minumum upstream area) and the global reach-
level bankfull river width dataset from Lin et al. (2019). River bankfull depth Ap,pnkean is estimated from bankfull discharge
(Qpankfan) data in Lin et al. (2019) with the following power law relationship:

hbankfall = CQﬁankqu, (115)

32



780

785

790

with ¢ = 0.27 (default) and p = 0.30 (default).

For glacier-related model parameters, the Randolph Glacier Inventory 6.0 (Pfeffer et al., 2014) is available. Lake-related
parameters are derived from the HydroLAKES Version 1.0 (Messager et al., 2016) dataset, and reservoir parameters are based
on a combination of The Global Reservoir and Dam Database (GRanD), Version 1, Revision 01 (v1.01) (Lehner et al., 2011),
HydroLAKES Version 1.0 (Messager et al., 2016), and GSWO datasets. For more details on the setup of a wflow_sbm model,
from global (or regional/local) datasets with HydroMT-Wflow, we refer to the documentation and code of HydroMT-Wflow
(Eilander et al., 2022).

Figure 3 shows examples of model parameter maps setup with HydroMT-Wflow for the Moselle catchment (see also section
4.2.4). The parameters are related to elevation (slope), elevation and flow direction (Strahler stream order), land cover (rooting

depth) and soil properties (vertical saturated hydraulic conductivity).

Slope [-] Vertical saturated
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Figure 3. Wflow_sbm static model parameter maps slope, vertical saturated hydraulic conductivity, rooting depth and Strahler stream order

for catchment Moselle.

4.2 Wflow_sbm model cases

The wflow_sbm model cases have been setup with HydroMT-Wflow at a resolution of 30" based on the (pedo)transfer functions
listed in Table 1 and HydroMT-Wflow constant default model parameters listed in Table 2. We present two model cases
illustrating the model sensitivity to the model parameter horizontal hydraulic conductivity fxno (Whanganui catchment, see

section 4.2.1) and the parameter fk. (Crystal River catchment, see section 4.2.2) that controls the exponential decline of vertical
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Table 1. List of wflow_sbm parameters estimated with a (pedo)transfer function (PTF). Upscaling operators are abbreviated as follows: A -

arithmetic mean, log A - arithmetic mean of the natural logarithm.

Parameter Equation or Section (pedo)transfer function Upscaling Additional notes
operator
Cn Eq. (48) and (49) Rawls and Brakensiek (1989) logA A upscaled with log A, ¢y,
applied to SoilGrids determined from \,, at model
resolution
k Eq. (21) van Dijk and Bruijnzeel (2001) A Lookup table from land cover
Ko Eq. (50) Brakensiek et al. (1984) logA For the soil depths z: 0, 50,
applied to SoilGrids 150, 300, 600, 1000 and 2000
mm
LAI Eq. (20) and (21) Myneni et al. (2015) A LAI climatology from the
period 2003-2017
fxv Eq. (50) Fitting exponential function
between K, and z
Nland Eq. (94) Engman (1986); Kilgore A Lookup table (land cover)
(1997)
Nriver Eq. (94) Liu et al. (2005) A Derived at model resolution,
lookup table (Strahler order)
Zrooting Eq. (70) Schenk and Jackson (2002); A drs rooting depth, lookup table
Fan et al. (2016)
Sleaf Eq. (20) Pitman (1989); Liu (1998) A Lookup table (land cover)
Cland slope Eq. (86) and (94) Horn (1981) A Derived from MERIT DEM
Criver slope Eq. (94) Derived from MERIT Hydro
Triver Sect. (2.6) Derived from MERIT Hydro
Wriver Sect. (2.6) Lin et al. (2019) River mask from MERIT
Hydro
Abankfull Sect. (2.6) Lin et al. (2019) River mask from MERIT
Hydro
Zsoil Eq. (40) Hengl et al. (2017); ESDAC A
(2004)
Swood,max Sect. (2.2.3) Pitman (1989); Liu (1998) A Lookup table (land cover)
05 Eq. (40) Téth et al. (2015) A
0, Eq. (40) Téth et al. (2015) A
fopen water Eqg. (60) A Lookup table (land cover)
fpaved Sect. (2.4.1) A Lookup table (land cover)
Selacier » falacier Eq. (36) Pfeffer et al. (2014)
Hiake,avg, Mlake, Sect. (2.7.2) Messager et al. (2016) Lake parameters, fixed
Alake Brake =2
Avres, Sress fres,mins Sect. (2.7.1) Lehner et al. (2011); Messager Reservoir parameters

fres,max, Qmin req.»

Qmax,res

et al. (2016); Pekel et al. (2016)
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Table 2. Constant wflow_sbm model parameter values defined in HydroMT-Wflow (Eilander et al., 2022).

Parameter Equation Value

T Eq. (1) 0.11

Cinfiltration,paved Eq. (45) 5.0 mm dayd !
Cinfiltration,unpaved ~ Bq. (44) 600.0 mm dayd !
fred,frozen Eq. (42) 0.038

Sfall, Tthreshold Eq. (22) 0.0°C

Sfall, Tinterval Eq. (22) 2.0°C

Sddr Eq.(25)and (26) 3.75653mmd ' °C~" day—
Smelt, Tthreshold Eq. (25) and (26) 0.0 °C

Swhe Eq. (29) 0.1

gaat Eq. (34) 53mmd ! °C lday—"
Genow to ice Eq. (32) 0.002d""

Gmelt, Tthreshold Eq. (34) 1.3°C

Cra Eq. (70) -500.0 mm

fxno Eq. (86) 100.0

Liax Eq. (85) 0.0 mm dayd '

saturated hydraulic conductivity. We also illustrate how wflow_sbm performs based on the a-priori parameter estimation with
only changing the model parameter fkyo for the catchment Umeilven (section 4.2.3), where reservoir operations and snow

processes play an important role, and-for the Moselle catchment (section 4.2.4) including discharge and catchment-average

soil moisture as output, and for the Rhine catchment (section 4.2.5) to demonstrate the ability of wflow_sbm to represent the

spatial distribution of actual evapotranspiration F, and snow storage Sgnoy . Finally, we present a model case for the Oueme
catchment (section 4.2.6), where groundwater loss plays an important role. The location of the wflow_sbm model cases on a
global map are shown in Fig. 4a. For each model case a map of the catchment with elevation and rivers is presented in Fig.
4b-f. For each model case four soil layers are defined as follows (default): 6-+6;1+6-46;46-126-and1+20-em-0-100, 100-400,
400-1200 and 1200 mm up till the maximum soil depth z,,; (Table 1), to capture changes in soil hydraulic properties and
roots, and thus soil moisture fluxes, with depth. Wflow_sbm determines the actual soil layer thickness for each layer per grid
cell based on z,,;;. For river and overland flow the time step is set to a fixed value of 900 and 3600 s, respectively. When snow

is enabled, a reduction factor to infiltration in soils because of frozen conditions, is not applied. Other, more specific model

settings are descibed per model case in sections 4.2.1 - 4.2.6.
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Figure 4. Locations and maps of wflow_sbm model cases: (a) model case locations on a global map, (b) Europe - Rhine (section 4.2.5) (c
Europe - Umeiilven (section 4.2.3), (ed) Europe - Moselle (section 4.2.4), (de) USA - Crystal River (section 4.2.2), (ef) Africa - Oueme River
(section 4.2.6), (fg) New Zealand - Whanganui River (section 4.2.1).

The model performance of the wflow_sbm applications is here assessed with the modified Kling-Gupta Efficiency (KGE,

Kling et al., 2012) for discharge and catchment-average soil moisture:

KGE=1—+/(r—1)24+(8—-1)2+(y—1)2 (116)

where r is the the-correlation coefficient between observed and simulated values, [ is a bias term and -y is the variability ratio:

2 2 2 2
KGE =1 /(r—1)2+ (/mm B 1) N <Usr,,m//1/m,m B 1> (r—1)2+ <u51m B 1) n <051m/,u51m B 1> (117)
Hobs O—Obs/,uobs Hobs Uobs/Mobs

where-ts;m-where [ig,, is the mean of simulated values, #t555-{1g1s 1S the mean of observed values, 70y, 18 the standard

deviation of simulated values and o, is the standard deviation of observed values. KGE = 1 means a perfect match between

simulated and observed values, and KGE = -0.41 indicates the model simulation is as accurate as the observed mean (Knoben

et al., 2019). For each-the assessment of the reproduction of spatial patterns for the model case of the Rhine catchment the
spatial efficiency metric (Fsp, Dembélé et al., 2020) is used:
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Bsp=1—/(rs—1)?+(a—1)?+ (7 —1)?,with (118)

6" d?
=1 —en i 119
" n(n? —1) (119)
a=1-Erns(Zx,,,Zx,,,)and (120)
N osim/usim’ (121)

where 7, is the Spearman rank-order correlation coefficient, d; is the difference between the two ranks (observed variable X,

and simulated variable X;,,) of each cell 7 in n grid cells, « is a term that determines the spatial location matching, calculated
Z

ratio (equal to the y term of KGE). As for KGE, Fqp ranges from —oo to 1 (a perfect match between X, and X ;0).

as the root mean squared error (F of the standardized values (z-scores is the variabilit

For each model case we use the first year as warm-up period. For the simulations of all except two-three model cases we use
ERAS forcing, temperature and potential evapotranspiration (using de Bruin method (de Bruin et al., 2016)) are derived based
on downscaled ERAS fields using a fixed lapse rate of -0.0065 °C m~!. For the model case of the Crystal River catchment

(section 4.2.2) forcing is based on the dataset by Maurer et al. (2002), for the model case of the Rhine catchment (section 4.2.5
we use the Multi-Source Weighted-Ensemble Precipitation version 2.8 (MSWEP V2.8) (Beck et al., 2019) global precipiation

roduct instead of ERAS rainfall, and for the case of catchment Oueme (section 4.2.6) we use Climate Hazards group Infrared
Precipitation with Stations (CHIRPS) rainfall (Funk et al., 2015) estimates instead of ERAS rainfall.

4.2.1 New Zealand - Whanganui River - Effect of model parameter fkno

The wflow_sbm model parameter fxyo is a multiplication factor applied to the vertical saturated hydraulic conductivity at
the soil surface K, to calculate the horizontal saturated hydraulic conductivity used for computing lateral subsurface flow.
This parameter compensates for anisotropy, small scale saturated hydraulic conductivity (soil core) measurements that do not
represent larger scale hydraulic conductivity, and smaller flow length scales (hillslope) in reality, not represented by the model
resolution. Land cover derived model parameters are based on VITO v2.0.2 (Buchhorn et al., 2019). For this model case, the
snow (including the snow avalanee-avalanche routine) and glacier model are enabled. To illustrate the effect of different fxno
values (1, 20, 50, 100), Fig. 5 shows the discharge simulation (daily time step) and KGE values for GRDC station 5865600
of the Whanganui River catchment in New Zealand, for the year 1996. Figure 5 clearly shows that higher fxno values results

generally in higher baseflow values and flattened peaks. The fkno value of 20 results in the highest KGE of 0.71 for the year
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1996. For the complete period of simulation 1979-2009, the KGE values were 0.63, 0.79, 0.68 and 0.55 for fxyo values 1, 20,
50 and 100, respectively.

GRDC station 5865600

2000 a) KGE = 0.58 fino =1 — fikno =50 observed

1750 KGE = 0.44 fiho =20  —— fino = 100
1500
1250
1000

750

Discharge [m~3 s71]

500

250

15

Log Discharge [m~3 s71]

1.0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1996

Figure 5. Effect of fxno on simulated discharge for GRDC station 5865600 of the Whanganui River catchment, in 1996. (a) discharge, (b)
logio of the discharge.

By changing the parameter fxyg it is expected that the contribution of overland flow and lateral subsurface flow to river
discharge will change. We show in Fig. 6a the effect of different fkyo values (1 and 100) on the average lateral inflow compo-
nents subsurface flow Qsubsurface, toriver and overland flow Q1and toriver to the river. With a fiyo value of 1, the contribution of

Qsubsurface, toriver 1S Minimal (maximum contribution is 0.0011 m? s~ 1), and river inflow consists mainly of Qjand toriver, With

high values during discharge peaks and quickly dropping to low values during baseflow conditions (Fig. 6a). The average water
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table depth zyatertable 1S low without much variation with a fkyng value of 1 (Fig. 6b). With a fkyo value of 100, the contribu-
tion of Qsubsurface,toriver i higher, and Qland,toriver is lower during peaks and higher during baseflow conditions, compared
to a fkno value of 1. On average zyatertable 1S lower and shows more variation with a fkpo value of 100 compared to a fkno
value of 1 (Fig. 6b). Thus, fxno controls the distribution of Qsubsurface,toriver AMd Qiand toriver, related to the overall wetness
of the catchment and the magnitude of lateral subsurface flows (Qsubsurface)» Which has an effect on the peak discharges and

baseflow values of the hydrograph.

Whanganui River catchment
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Figure 6. Simulated (a) average lateral inflow (subsurface flow Qsubsurface,toriver and overland flow Q1and, toriver), (b) average water table

depth zwatertable, Of the Whanganui River catchment, in 1996, with fkno = 1 and fkno = 100.

4.2.2 USA - Crystal River - Effect of exponential decline of Ko

The wflow_sbm parameter fx. controls the exponential decline of the vertical saturated hydraulic conductivity Kq at the soil
surface with depth, and thus vertical flow and lateral subsurface flow. A-priori, fk. is estimated with HydroMT-Wflow through
the use of two different fitting methods using non-linear least squares (curve_fit) and a least-squares solution (linalg.lstsq)
applied to the estimated vertical saturated hydraulic conductivity K, at different depths from SoilGrids (see also Table 1).
Figure 7 shows simulated (daily time step) discharge for the Crystal River near Redstone (Colorado, USA) in 2003, with land

cover derived model parameters based on VITO v2.0.2 (Buchhorn et al., 2019). For this model case, the snow (including the
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snow avalanee-avalanche routine) model is enabled. For both fitting methods the performance is good (KGE 0.9 or higher), the
fitting method using non-linear least squares (curve_fit) resultresults in a higher KGE value. This fitting method is capturing
the rising limb (partially caused by snow melt) during the period 15 March - 15 May, and generally the falling limb (less
overestimation) of the hydrograph better. The average fk, value for the catchment was 0.0027 and 0.0011 for fitting using
non-linear least squares and least-squares solution, respectively. A higher fx, value results in a more exponential decline of
Ko with depth.

Crystal River AB Avalanche C. near Redstone (USGS Region 14 Upper Colorado)

80 —— observed
simulated - f (curve_fit)
70 KGE = 0.9 —— simulated - f (linalg.Istsq)

60
50
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0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Figure 7. Simulated discharge for the Crystal River near Redstone (Colorado, USA) in 2003, with different fitting methods for fxk. .

As for the parameter fxy, it is expected that by changing the fk. parameter the contribution of overland flow and lateral
subsurface flow to river discharge will change. We show the effect of the different fi., values as a result of different fitting
methods on the average lateral inflow components Qsubsurface,toriver ANd Qland toriver to the river in Fig. 8a, and on zyatertable
in Fig. 8b. The curve_fit fitting method is capturing the rising limb of the hydrograph better during the period 15 March - 15
May because the contribution of Q1and, toriver 1S higher compared to the linalg.lIstsq fitting method, while the Qsubsurface, toriver
contribution is similar (Fig. 8a). With the curve_fit fitting method the catchment is wetter; Zyatertable has a shallower pattern
compared to the linalg.Istsq fitting method (Fig. 8b), causing higher Q1and toriver Values. During the falling limb of the hydro-
graph, the curve_fit fitting method results in less overestimation caused by a lower Qsubsurface,toriver CONtribution, while the

Q1and,toriver contribution is similar (Fig. 8a).
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Crystal River AB Avalanche C. near Redstone (USGS Region 14 Upper Colorado)
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Figure 8. Simulated (a) average lateral inflow (subsurface flow Qsubsurface,toriver and overland flow Q1and, toriver), (b) average water table

depth zwatertable, for the Crystal River near Redstone (Colorado, USA) in 2003, with different fitting methods for fi-.

4.2.3 Europe - Umeilven - Snow and Reservoirs

The Ume river in Sweden is one of the largest rivers in Sweden and has been extensively cultivated for hydroelectric power.
From a hydrometeorlogical-hydrometeorological aspect, snowfall and melt play here an important role. Furthermore, account-
ing for these hydropower stations in the hydrological model is done on the basis of the information in the GRanD, Hydro-
LAKES and GWSO datasets. This information is rather uncertain as hydropower operators have their own release curves or
optimization schemes. Here, we simulated discharge for the period 1979 until-2626-to 2019 at a daily time step, with land
cover derived model parameters based on CLC 2018 (European Environment Agency, 2018). The values derived for the ver-
tical saturated hydraulic conductivity are quite large in the order of a few meters per day and hence no anisotropy factor for
taterat-horizontal saturated hydraulic conductivity was applied (fxno = 1). For this model case, the snow (including the snow
avalanee-avalanche routine) and glacier model are enabled, and lakes and reservoirs are included.

Figure 9 presents KGE scores for Swedish Meteorological and Hydrological Institute (SMHI) stations simulated with E-
HYPE (Swedish Meteorological and Hydrological Institute, 2022) and wflow_sbm. Observed discharges for the stations were
obtained from Swedish Meteorological and Hydrological Institute (2021). Because of differences in forcing, simulation periods
and the use of different KGE methods, a quantitative comparison of model performance scores is not possible. However, it is

obvious that for locations (20010 and 20047) largely influenced by reservoirs and lakes, and thus reservoir operations, both
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models show poor performance. For a more upstream location like station 1630, E-HYPE performance is good (KGE > 0.8)
and wflow_sbm performance is satisfactory (KGE = 0.66). Wflow_sbm shows lower KGE values for locations 2237 and 2238,
while for locations 1733 and 1734 wflow_sbm shows a better performance. Wflow_sbm performance for the unregulated
Vindel river (locations 1630, 2237 and 2238), a tributary to the Ume river, could probably be improved on the basis of E-HYPE
performance. This could be done for example through a further analysis of the impact of different snow model parameters like
Sfall, Tthreshold and sqqr on model performance, lake model settings of lake Storovan, and possibly other forcing datasets than
ERAS.

Figure 10 shows simulated and observed discharge for the SMHI stations within catchment Umedlven for the year 1993.
The performance for the most downstream stations 1733 and 1734 is satisfactory. The underestimation of discharge peaks for
station 1733 during July and August is mostly caused by underestimating discharge peaks at station 20010 (downstream of
lake Storuman) during the same period. The actual release scheme of lake Storuman is very likely not captured well enough by
wflow_sbm. Wflow_sbm is overestimating baseflow and underestimating peak flows for station 2238 (Fig. 10), downstream
of lake Storovan. This may be caused for example by the lake model settings of lake Storovan, upstream model parameters
related to lateral subsurface flow (see also sections 4.2.2 and 4.2.1) or snow dynamics, and has an effect on underestimating
peak flows at the downstream station 1734 by wflow_sbm. Overall, we show that with the a-priori parameter estimation, the

performance for catchment Umeélven is (qualitatively) similar to the E-HYPE performance for this catchment.

E-HYPE (SMHI) wflow_sbm
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Figure 9. KGE scores for stations within the Umeilven catchment with E-HYPE and wflow_sbm. E-HYPE and wflow_sbm performance is

assessed with KGE from Gupta et al. (2009) and the modified KGE from Kling et al. (2012), respectively.
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Figure 10. Simulated (blue) and observed discharge (black) for the SMHI stations within catchment Umeélven for the year 1993.

4.2.4 Europe - Moselle - Soil moisture

Besides comparing simulated discharge with observed discharge, it can be useful to compare model state variables like soil
moisture or snow water equivalent to actual observations or satellite based datasets for calibration and validation purposes of
the hydrologie-hydrological model. Here we simulate for the period 1979 untit-26260-to 2019 at a 6-hourly time step, with land
cover derived model parameters that are based on CLC 2018 (European Environment Agency, 2018). We use a fkno value
of 250 based on previous hydrelegie-hydrological modelling work of the Rhine basin in Imhoff et al. (2020). For this model
case, the snow (including the snow avalanee-avalanche routine) model is enabled, and lakes and reservoirs are included. The

simulated soil moisture dynamics of the first soil layer (0-10 cm) are compared to the SMAP Enhanced L3 Radiometer dataset
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(O’Neill et al. , 2021), averaged over the catchment, for the period 2015 unti-2020-to 2019, Figure 11 shows that wflow_sbm
915 captures the average soil moisture dynamics quite well, with a KGE score of 0:860.83. Some of the lower and higher soil
moisture values of the SMAP Enhanced L3 Radiometer dataset are not captured by wflow_sbm. This could be caused by using
the default first soil layer thickness of 10 cm here, while the SMAP Enhanced L3 Radiometer dataset represents the top 5 cm
of the soil column. Additionally, differences in used saturated and residual water contents between wflow_sbm and SMAP
Enhanced L3 Radiometer can also play a role, for example the average saturated and residual water content for the wflow_sbm
920 model is 0.44 and 0.17 respectively, while the SMAP soil moisture product shows values outside of this range (Fig. 11). Figure
12 shows simulated and observed daily discharge for GRDC station 6336050 (Cochem, near the outlet of the Moselle river in
to the Rhine river), for the period 2007-2008, with a KGE score of 0.74. The KGE score for GRDC station 6336050 for the

complete simulation period is 0.71, and thus the overall performance of simulated soil moisture dynamics and discharge at the

catchment scale is good.

Soil moisture - Moselle catchment
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Figure 11. Average-Catchment-average simulated and SMAP soil moisture for the Moselle catchment.
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Figure 12. Simulated and observed discharge for GRDC station 6336050 (Cochem).

4.2.5 Europe - Rhine - Actual evapotranspiration and snow storage

As a spatially distributed hydrological model, wflow_sbm can easily make directly use of spatial datasets for model calibration

evaluation and data-assimilation. Because of the increasing availability of satellite-based earth observations, also at finer

temporal and spatial resolutions, hydrological modelling studies increasingly make use of these datasets for calibration
2016; Demirel et al., 2018; Dembélé et al., 2020). Here

evaluation and data-assimilation purposes (e.g., Lopez Lépez et al.,

3 2

we demonstrate the ability of wilow_sbm to represent the spatial distribution of actual evapotranspiration £, and snow storage
S. , with the a-priori estimation of the model parameters and only changing the o _parameter, for the Rhine catchment.

CLC 2018 (European Environment Agency, 2018). We use a regionally optimized 0 map, initially based on hydrological
for Rijkswaterstaat (part of the Dutch Ministry of Infrastructure and Water Management). For this model case, the snow.
including the snow avalanche routine) and glacier models are enabled, and lakes and reservoirs are included. The KGE
actual evapotranspiration comparison, we use The Global Land Evaporation Amsterdam Model (GLEAM) v3.7b daily actual

Wflow_sbm FE, is upscaled to the GLEAM resolution using average resampling. Figure 13 shows the average annual £, for

the period 2015-2019 for wilow_sbm and GLEAM. The spatial variabiliy is quite similar (v = 1.07), the spatial correlation
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is moderate (r4 = 0.70), but the matching of the spatial location of grid cells (o = 0.19) is not satisfactory, leading to an

Esp_of 0.13. GLEAM and wflow_sbm both show a higher region of F, in northern Switzerland characterized by lower
elevations and flatter terrain than the southern part of Switzerland. For other parts in the Rhine catchment GLEAM shows
spatial clusters with higher /, values that are not matched by wflow_sbm. While an Eisp value of 0.13 may seem low, isp can
be considered a tough criterion. Koch et al. (2018) identified the SPAtial EFficiency metric (SPAEF) as such, a spatial efficiency.

metric equivalent to F'sp. Additionally, according to Koch et al. (2018) more detailed investigation in the relationship between

spatial variability and spatial efficiency metrics as SPAEF and Esp is required to be able to put these metrics into context,
for example for the comparison of different models or catchments. The temporal KGE scores for each grid cell (not shown)
show a satisfactory to good performance, the median KGE is 0.79, with a range between 0.54 and 0.91, indicating wflow_sbm
can represent 7, from GLEAM. Comparing catchment-average daily [, from GLEAM and wflow_sbm (Fig. 14) shows a
good agreement (KGE = 0.87), with generally an underestimation of £, by wflow_sbm during the months July and August,
and GLEAM showing more variability during Fall and Winter. Overall, these results indicate that wflow_sbm can represent
daily F, variability from GLEAM., although the matching of the spatial location of grid cells is not well represented. This

might for example be caused by the difference in resolution between GLEAM and wflow_sbm (especially in regions with

complex terrain), the potential evaporation method used by each model (GLEAM uses the Priestley-Taylor equation), irrigation

not (yet) included in wflow_sbm while in GLEAM this is partly corrected for by the assimilation of satellite soil moisture

Miralles et al., 2011) and differences in snow evaporation approaches between wflow_sbm (only evaporation of intercepted

snow) and GLEAM (snow evaporation based on a modified Priestley-Taylor equation).

wflow_sbm GLEAM

Ea [mm/y]
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= 400 ?
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u 1550

| [

n u 1600
iE u 1 650

. 700
. 750

Figure 13. Wflow _sbm simulated and GLEAM long-term (2015-2019) average annual evapotranspiration (£,) for the Rhine catchment.
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Figure 14. Wflow_sbm simulated and GLEAM catchment-average daily evapotranspiration (£,) for the Rhine catchment for the period

20152019,

The C-SNOW project provides Sentinel-1 (S1) snow depth observations over the Northern Hemisphere mountains at a spatial

resolution of ~1 km (Lievens et al., 2019, 2022). For the European Alps the S1 snow depth dataset of Lievens et al. (2019)
was improved (Lievens et al., 2022) over the period 2017-2019, and we use this dataset at ~~1 km resolution for the comparison
with wilow_sbm Sgnoy. Because C-SNOW provides snow depth observations and Sipow represents snow water equivalent,
a direct comparison of spatial patterns is not feasible with the spatial efficiency metric Esp. Therefore, we determine the
temporal correlation for each grid cell (Fig. 15). and the spatio-temporal correlation between S1 snow depth retrievals and
Ssnow, estimated with the Spearman rank-order correlation coefficient 7. The S1 snow depth retrievals are matched to the
wilow_sbm grid using nearest neighbor resampling, excluding wet snow conditions detected by S1. The spatio-temporal
correlation between S1 snow depth retrievals and Ssuow is 0.88. Figure 15 shows generally a strong to a very strong positive

0.87), except in the valleys. Lievens et al. (2022) indicated that main uncertainties in S1 snow depth

correlation (median of r =

retrievals are mainly caused by wet, shallow, and occasional snow cover and forest cover. Regional model simulations of snow.
depth to assess the S1 snow depth retrievals showed a strong positive temporal correlation if the maximum snow depth reaches
above ~1 m at an elevation above ~~1000 m or with a forest cover fraction below ~80 % (Lievens et al., 2022). A similar
pattern is revealed by the temporal correlation between the S1 snow depth retrievals and wilow_sbm Sspow in Fig. 15.
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Figure 15. Temporal correlation (Spearman rank-order coefficient rs) for each grid cell between wflow_sbm Senow and S1 snow depth

retrievals from C-SNOW for the Alps in the Rhine catchment, for the period 2017-2019.

4.2.6 Africa - Oueme River - groundwater loss

The Oueme mesoscale site (Benin), Africa, is part of the AMMA-CATCH observation network covering a 14,000 km? basin
in Sudanian climate on a crystaline basement. It is an interesting test case for wflow_sbm and the automated model setup
including a-priori estimation of the model parameters. Various studies using a variety of hydrological model concepts, including
similar model concepts as wflow_sbm have been conducted (see Cornelissen et al. (2013) and references therein) for this area.
Séguis et al. (2011) reported that around 15% of water is being lost to the groundwater which is disconnected from the river

system. Here, we run the wflow_sbm model for the period 1981 unti-2626-to0 2019 at a daily time step both without and with

groundwater 108 (Lax = 0 mm/d vs Ly = 0.6 mm/d(; 15% of ~4 mm/day-ef-yearly-averagerainfalh))-d of annual average
daily rainfall) and analyse the model results for a variety of locations. L,,,, represents a maximum groundwater loss value and
the actual groundwater loss (computed by wflow_sbm) is controlled by the vertical hydraulic conductivity at the soil bottom

and the saturated store (see Eq. 85) and may vary spatially and in time. Land cover derived model parameters are based on
VITO v2.0.2 (Buchhorn et al., 2019). For this model case the snow model is disablesdisabled, and lakes and reservoirs are

not included. Figure 16 shows the KGE scores of discharge for the stations within the Oueme mesoscale site without and
with groundwater loss. Generally the performance of wflow_sbm increases with groundwater loss with a median increase of
0.86 for all stations. Figure 17 shows simulated discharge for station TEBOU for 2010 with and without groundwater loss.
The simulation with groundwater loss clearly shows less overestimation of discharge during the rising limb and peaks of the

hydrograph, also reflected in the higher KGE score for the simulation with groundwater loss.

While the simulation with groundwater loss shows generaly a better performance, we expect further improvement is possible
by checking the effect of different groundwater loss values. For example, during the start of the rising limb of the hydrograph
the simulation underestimates the discharge for 2010 (Fig. 16) and other years (not shown). Applying a lower uniform

48



995 groundwater loss value (we use the upper range of 15% reported by Séguis et al. (2011)), or applying spatially distributed
roundwater loss values based on discharge measurements and a water balance approach for the upstream area (sub-catchment
of each station, could further improve simulation results.
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Figure 16. KGE scores of discharge for stations within the Oueme mesoscale site without and with groundwater loss.
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Figure 17. Simulated (with and without groundwater loss) and observed discharge for station TEBOU for 2010.
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5 Conclusions and future work

We presented the wflow_sbm hydrological model as part of the Wflow.jl (v0-6-}+.7.3) open-source modelling framework for
distributed hydrologie-hydrological modelling in Julia, a continuation of the wflow development in the PCRaster-Python
framework. Wflow_sbm has been applied in various catchments around the world with satisfactory to good performance.
With wflow_sbm we aim to strike a balance between low-resolution, low-complexity and high-resolution, high-complexity
hydretegie-hydrological models. Most wflow_sbm parameters are based on physical characteristics and at the same time
wflow_sbm has a run time performance well suited for large-scale high-resolution modelling. We demonstrated some exam-
ples of wflow_sbm applications with Wflow.jl (v0:6-1.7.3), using HydroMT-Wflow to setup the wflow_sbm model, including
forcing, in an automated way. The wflow_sbm applications illustrate that the a-priori model parameter estimates in combination

with a manual adjustment of the fkpo model parameter result in generally satisfactory to good performance for discharge and

catchment-average soil moisture (Moselle catchment), with for catchment Umeilven similar performance for discharge (qual-
itatively) to E-HYPE. For the Rhine catchment we demonstrated the ability of wflow_sbm to represent the spatial distribution
of actual evapotranspiration £, from GLEAM, and snow storage Siyow for the Alps by comparing to C-SNOW S1 snow.
depth observations. Wflow_sbm can represent daily F, variability from GLEAM, although the spatial location matching is
not satisfactory, which could be due to, amongst others, the difference in resolution between GLEAM and wflow_sbm and
different or missing process representations as snow evaporation and irrigation, For the comparison of Sinow and S1 snow.
depth retrievals a good performance indicated by the spearman rank-order correlation coefficient (temporal (median of s =
0.87) and spatio-temporal (7 = 0.88)) is obtained. The Oueme River case illustrates the use of the model parameter L, (max-

imum leakage) based on data from literature, resulting in an overall significant increase in model performance. Including the
process of leakage to deeper groundwater results in loss of water outside of the model domain, and we recommend to include
this process only if scientific literature or geological data indicate that leakage to deeper groundwater is of importance. With
the a-priori parameter estimation, a working wflow_sbm model is setup quickly and incorrect process representations become
apparent. The results, e.g. for the Oueme River, indicate that local information and literature studies can help in improving
process representation and if not, it opens the way for a better focus on the missing process representation. This is something
that lacks when a hydrologie-hydrological model would directly be calibrated for a given catchment.

While (pedo)transfer funetion-functions are available for most of the sensitive wflow_sbm model parameters, this is not the
case for the fxyo model parameter. An interesting approach, as part of future work focusing on model data, could be to develop a
transfer function for this model parameter by estimating the transfer function with function space optimization (FSO), a method
presented by Feigl et al. (2020). Relevant hydrologie-hydrological processes as glacier and snow processes, evapotranspiration
processes, unsaturated zone dynamics, (shallow) groundwater, surface flow routing including lakes and reservoirs are part
of wflow_sbm. Floodplain dynamics (backwater effects and floodplain storage) are not part of the kinematic wave routing
in Wflow.jl and and this may be problematic to accurately simulate discharge and water depths when backwater effects and
floodplain storage cannot be ignored (e.g. Zhao et al., 2017). Additionally, the kinematic wave approach is mostly applicable

when slopes are steep and less reliable for low gradient rivers. A recent wflow_sbm development, which is part of v0-6-1.7.3, is
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the improvement of the routing scheme for river-floodplain dynamics and to improve discharge and water depth estimates for
low gradient rivers. The improved routing scheme eonsists-of-includes the following options: 1) a 1-D local inertial solution
for river channel flow and a 2-D local inertial solution for floodplain and overland flow, similar to Neal et al. (2012), and 2) a
related to the improved local inertial routing scheme are 1) to improve the multi-threaded performance for the 2-D local inertial
solution, 2) vector based routing (e.g. Mizukami et al., 2021) would allow for more flexible channel routing configurations that
are less computationally intensive and 3) to combine different routing solutions (e.g. kinematic wave and local inertial) at the
submodel-domain scale (e.g. local inertial for the floed-plainfloodplain). For water resources modelling studies, wflow_sbm is
often linked to a network-based water allocation model (e.g., Meijer et al., 2021). The developement of a water demand module
(irrigation, livestock, industrial and domestic) and water allocation module is foreseen, to fully exploit the gridded capabilities
of wflow_sbm. The standard soil column of wflow_sbm extends to 2 m below surface level based on SoilGrids data, and
although the soil column depth can be increased, the process modelled by wflow_sbm consists of shallow lateral subsurface
flow, with an exponential decline of K with depth, that may not be appropriate for simulating deep groundwater. While for
many applications deep groundwater processes can be ignored, for the coupling with a groundwater model like MODFLOW,
or for the extraction of groundwater as part of the foreseen water demand and allocation developments, implementation of a
deep groundwater concept is important. Finally, speedup of the wflow code is ongoing work, recently multi-threading (single

node) was added to the wflow code, and further

using for example Julia’s implementation Distributed.jl or the Julia

using-developments may include distributed computin
interface to Message Passing Interface (MPI) isptanned-MPL jl) and GPU acceleration. In view of these future developments

and the current status of the Wflow.jl framework, we have developed the wflow_sbm model which is applicable worldwide,

and serves as an important tool to provide relevant information for operational and water resources planning challenges.

Code and data availability. Wflow.jl is open-source and distributed under the terms of the MIT license. The code and documentation is
provided through the following GitHub repository https://github.com/Deltares/Wflow.jl. Wflow v0.7.3 is available through

https://github.com/Deltares/Wflow.jl/releases/tag/v0.7.3, Zenodo with the associated DOI: https://doi.org/10.5281/zenodo.10495638 (van
Verseveld et al., 2024), and is available as a Julia package. The wflow_sbm model cases presented in this paper are available at Zenodo
with the associated DOI: https://doi.org/10.5281/zenodo.10370017 (van Verseveld et al., 2023). Development and maintenance of Wflow.jl

is conducted by Deltares and we welcome contributions from external parties.
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Table A1. Wflow_sbm state and flux variables (non-exhaustive).

Senow Jiquid. Amount of liquid water in the snowpack mm snowwater
Sglacie Glacier storage nm glacierstore
Sunsato. Amount of water in the unsaturated zone, for layer 1 mm ustorelayerdepth
Ssar_ Amount of water in saturated store mm satwaterdepth
Siake Lake storage m’ storage
Hiake, Water level lake m waterlevel
Pisongntal Throughfall mmt | throughfall
Facy Actual infiltration rate m actinfilt
Besmivsn. Water exfiltrating during saturation excess conditions_ mt’ exfiltwater
Rexfirtunsat Water exfiltrating from unsaturated store because of change in water table  mm¢_" ~ exfiltustore
Ropen waser Runoff from open water fraction (excluding rivers) mmt'  runoff land
Lopen water Evaporation from open water bodies (excluding rivers) mm¢”.  ae_openw 1
Barsat Soil evaporation from the saturated store_ mmt . soilevapsat
Caer. Actual capillary rise mm¢”  actcapflux
L Leakage mmt”'  actleakage
Binpue Net recharge to the saturated store mmt|  recharge
subsutfe Subsurface flow. mid” ssf
sransler,astuan Transfer of water from unsaturated soil layer m to saturated store mmt”!  transfer
Q Surface flow in the Kinematic wave m’sT gavl
in lake Lake inflow m’t inflow
LPlage Lake average precipitation_ mmt_|  precipitation
s Reservoir inflow mit’ inflow
Qoutrss. Reservoir outflow m’t totaloutflow
Less_ Reservoir average precipitation mmt_'  precipitation
Bpotes. Reservoir average evaporation mmt_' evaporation

Note. Variables are defined for model time step ¢. Some variables use the same Wflow.jl names to improve code-readability, as they are handled in separate structs.

2qg_av represents the average surface flow during model time step ¢.
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Table A2. Wflow_sbm model parameters and forcing.

Symbol Description Unit ‘Wflow.jl name Default value
P Precipitation mm ¢! precipitation -

Epot, total Potential evapotranspiration mm ¢! potential_evaporation -

Tair Mean air temperature °C temperature -

Zsoil Soil depth mm soilthickness 2000.0

0s Saturated soil water content mm mm ' '8 0.6

0r Residual soil water content mm mm~* 0. 0.01

Soaved Fraction of compacted soil (or paved) - pathfrac 0.01
Sfopenwater Open water fraction (excluding rivers) - waterfrac 0.0

Sriver River fraction - riverfrac -
Cinfiltration,unpaved  Infiltration capacity of non-compacted soil mm ¢t infiltcapsoil 100.0 mm d !
Cinfiltration, paved Infiltration capacity of compacted soil mm ¢t infiltcappath 10.0 mmd—!
Zrooting Rooting depth mm rootingdepth 750.0

Epj—;‘: Gash interception model parameter - e_r 0.1

LAI Leaf area index m? m~2 leaf_area_index -

Sleat Specific leaf storage mm sl -
Scanopy,max Canopy storage capacity mm cmax 1.0
Seanopygap Canopy gap fraction - canopygapfraction 0.1

Swood. max Storage capacity woody parts of vegetation mm swood -

k Extinction coefficient - kext -

Crd Model parameter controlling the sigmoid function, for the fraction of wet roots mm ™" rootdistpar -500.0
Zcap,maxdepth Critical water depth beyond which capillary rise ceases mm cap_hmax 2000.0

Neap Empirical coefficient controlling capillary rise - cap_n 2.0

Ko Vertical saturated hydraulic conductivity at the soil surface mm ¢~ ? kvg 3000.0 mm d~?
frv Scaling parameter for saturated hydraulic conductivity mm~! £ 0.001

Cn Brooks-Corey power coefficient - c 10.0

hy Air entry value cm hb 10.0

Lmax Maximum allowed leakage mm ¢ maxleakage 0.0mmd~!
fxno Multiplication factor applied to K¢ (for lateral subsurface flow) - - 1.0

frv.n Multiplication factor (correcting vertical saturated hydraulic conductivity) - kvfrac 1.0

Sddf Degree-day-melt factor snow mm¢t°C?t cfmax 375653 mmd ! °C~ !
Sfall, Tthreshold Temperature threshold for snowfall °C tt 0.0

Sfall, Tinterval Temperature threshold interval for snowfall °C tti 1.0

Smelt, Tthreshold Temperature threshold for snowmelt °C ttm 0.0

Swhe Water holding capacity of snow - whe 0.1

Gmelt, Tthreshold Temperature threshold for glacier melt °C g_tt 0.0

gaat Degree-day-melt factor glacier mm¢t°Ct g_cfmax 30mmd~t°Ct
Setacier Fraction covered by a glacier - glacierfrac 0.0

Sglacier Glacier storage mm glacierstore 5500.0
Gsnow to ice Fraction of snow that is converted into ice tt g_sifrac 0.001d7!
Wsoil Weighting coefficient for near-surface soil temperature -t w_soil 0.1125d7*
fred, frozen Controlling infiltration reduction factor - cf_soil 0.038

Cland slope Slope of the land surface mm-! B )

Criver slope Slope of river mm-t s1 )

Ares Reservoir area m? area -

Qmin req. Minimum flow requirement downstream of the reservoir m? st demandrelease -

Qmax,res Maximum release capacity spillway m? st maxrelease -

Shres,max Maximum storage of the reservoir m? maxvolume -

Sres,min Target minimum storage fraction - targetminfrac -

Sres,max Target maximum storage fraction - targetmaxfrac -

Alake Lake area m? area -

Ho lake ‘Water level lake threshold, below this threshold no outflow occurs m threshold -

Hiaxe Water level lake m waterlevel -

(lake Lake rating curve coefficient ms~! <'°‘), m% g1y -

Blake Lake rating curve exponent e -

Nland Manning’s roughness (overland flow) s m’% n 0.072

Nriver Manning’s roughness (river flow) s m’% n 0.036

Triver River length m dl -

Wriver River width m width .

Pbankfull River bankfull depth m bankfull_depth 1.0

Note. t represents the model time step. Some parameters use the same Wflow.jl names to improve code-readability, as they are handled in separate structs.

(@) unit for parabolic weir (

) unit for rectangular weir.
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