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Abstract

The interactions between the atmosphere and the land surface are characterized by

complex, non-linear processes on varying time scales. The Noah-MP is a medium com-

plexity land-surface model (LSM), which was recently selected as the new default LSM

for the hydrologically enhanced Weather Research and Forecasting modelling system

(WRF-Hydro). Compared to its predecessor, several parameterizations were consider-

ably improved and new ones added, inter alia more sophisticated groundwater descrip-

tions, which aim to replace the traditional free-drainage lower boundary condition.

This study investigates the benefits that can be obtained from a two-dimensional

groundwater representation within the WRF-Hydro modelling system by performing

two offline simulations for the upper Danube river basin. In comparison to the free-

drainage reference simulation, the lateral routing of groundwater and the two-way

interaction with the water table greatly enhances small scale variability in simulated

fields of soil moisture content and evapotranspiration (ET). The representation of

upward fluxes from the aquifer helps to maintain higher soil moisture contents and

thus ET during prolonged dry periods. These differences are rather small though (<2%)

and explained by the fact that the study region is considered to be limited by radiative

energy and not water availability. The most striking difference however is the perfor-

mance gap in simulating streamflow. WRF-Hydro with 2d groundwater scheme clearly

outperforms the reference simulation in terms of performance metrics. A comparison

with hourly streamflow observations for the water year of 2016 yields average Kling-

Gupta efficiencies of 0.79 versus 0.57 for the reference. Given that both model config-

urations were not calibrated beforehand, we conclude that the two-dimensional

groundwater option is especially beneficial for applications in poorly or even ungauged

catchments. Furthermore, the inclusion of a so far missing compartment of the water

cycle in the WRF-Hydro modelling system allows for a more holistic representation of

interactions between atmosphere land surface and subsurface, which will be advanta-

geous in feedback studies with the fully coupled WRF-Hydro.
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1 | INTRODUCTION

Besides representations for atmosphere, oceans, and cryosphere, land

surface schemes are an integral part in models describing the earth

system on a global or regional scale. More precisely, they are provid-

ing the lower boundary to an atmospheric model by representing a

variety of hydrological, biogeophysical, and biogeochemical processes

and thus information on fluxes of heat, moisture, and momentum to

the atmospheric model. Taking this background into account, many of

the land surface models (LSMs) were originally developed with the

coupled application in focus. Consequently, these models were

aligned to the spatial resolutions commonly used by atmospheric

models and are limited to a one-dimensional approach in describing

vertical fluxes across the compartmental interfaces. Another

characteristic—contrarily to classical hydrological models—is the fact

that process descriptions with relevance for the fluxes at the upper

boundary are typically more detailed than those of the lower bound-

ary, that is, the bottom of the simulated soil column in a depth of

2‑10 m (Wood et al., 2011).

One aspect of past and present endeavours to further evolve

LSMs is the improvement of hydrological process descriptions within

these model systems (e.g. Clark et al., 2015; Ning et al., 2019). The

underlying motivation is mainly to achieve a better understanding of

the interactions between the different compartments of the hydrolog-

ical cycle, and thus to ultimately improve the results obtained from

coupled applications, like weather and climate predictions. These

interactions are currently far from being understood, as shown by the

still growing number of studies investigating feedback mechanisms

between the land-surface and the atmosphere (e.g. Arnault

et al., 2016; Arnault et al., 2018; Arnault et al., 2019; Barlage

et al., 2015; Davison et al., 2015; Fersch, Francke, et al., 2020;

Forrester & Maxwell, 2020; Keune et al., 2016; Larsen et al., 2016;

Rahman et al., 2015; Rummler et al., 2018; Senatore et al., 2015;

Zhang et al., 2019).

In this regard, various efforts have been made to replace the

crude, unidirectional, free-drainage boundary condition commonly

found at the lower boundary of a typical LSM. More realistic descrip-

tions were added that allowed for two-way interactions between the

unsaturated zone and the water table. This led to a range of ground-

water implementations with varying degrees of complexity and spe-

cific use cases in mind. These include one-dimensional, column-based

approaches (e.g. Liang et al., 2003; Niu et al., 2005; Niu et al., 2007;

Yeh & Eltahir, 2005) that are computationally very efficient and hence

can be easily applied on a global scale. Medium complexity schemes

additionally consider lateral flow between neighbouring grid-cells

(e.g. Batelis et al., 2020; Miguez-Macho et al., 2007; Vergnes &

Decharme, 2012) and have shown their applicability on continental

and global scales in various studies using offline and fully coupled

model configurations (e.g. Anyah et al., 2008; Barlage et al., 2015;

Decharme et al., 2019; Fan et al., 2007; Martinez et al., 2016; Miguez-

Macho & Fan, 2012). Three-dimensional variably saturated groundwa-

ter models like for example ParFlow (Ashby & Falgout, 1996) have

also been integrated into LSMs (e.g. Kollet & Maxwell, 2006;

Maxwell & Miller, 2005) and subsequently coupled to multiple

regional climate models (e.g. Maxwell et al., 2007; Maxwell

et al., 2011; Shrestha et al., 2014; Sulis et al., 2017). Even though

these models are considerably more expensive from a computational

point of view, first applications on a continental scale (e.g. Keune

et al., 2016; Maxwell et al., 2015) proved the basic feasibility of such

endeavours.

In general, the evaluation of simulations with hydrologically

enhanced LSMs showed that connecting the soil column of a LSM

with the water table can lead to (1) a more realistic topographically-

driven soil moisture distribution (e.g. Forrester & Maxwell, 2020;

Larsen et al., 2016; Maxwell et al., 2007; Seuffert et al., 2002; Wagner

et al., 2016), (2) an increase in soil moisture in areas with shallow

water tables, which in turn (3) increases evapotranspiration in areas

that are not energy-limited (e.g. Koirala et al., 2014; Kollet &

Maxwell, 2006; Lam et al., 2011; Leung et al., 2010; Martinez

et al., 2016) and (4) impacts runoff generation (e.g. Batelis et al., 2020;

Koirala et al., 2014; Niu et al., 2007; Yeh & Eltahir, 2005).

However, hydrologically enhanced LSMs are not only used in pro-

cess studies or coupled applications as outlined above, but also

advance into areas that were previously covered by classical hydrolog-

ical models, like flood forecasting (e.g. Givati et al., 2016). Recently,

the WRF-Hydro modelling framework (Gochis et al., 2018) was

selected to become the National Water Model (NWM) to provide

streamflow forecasts over the entire continental United States. The

coupling framework extends a traditional LSM with a range of modu-

lar hydrological physics options and a subgrid approach to account for

example topographic heterogeneity. Groundwater processes, on the

other hand, are currently represented in a comparatively simplistic

way. This, however, shows the necessity to investigate the added

value of an explicit two-dimensional groundwater parameterization

within the WRF-Hydro modelling system, from which our research

questions arise: How does the implementation of an explicit two-

dimensional groundwater parameterization in the WRF-Hydro model-

ling system impact simulated variables of (i) soil moisture,

(ii) evapotranspiration, and does it improve the model's skill in rep-

roducing observed (iii) river streamflow? To answer these questions,

we implement the groundwater scheme described in Miguez-Macho

et al. (2007) into the WRF-Hydro modelling system and compare

results from a simulation with explicit groundwater to those obtained

from a simulation using the free-drainage boundary condition, which

is currently the default option in both WRF-Hydro and the NWM.

2 | MODEL DESCRIPTION

2.1 | WRF-Hydro modelling system

WRF-Hydro version 5.1.1 (Gochis et al., 2020) is used as the hydro-

logical model for this study. At its core, WRF-Hydro is a coupling

framework that enhances a traditional one-dimensional land surface

parameterization by providing additional descriptions for a range of

hydrological processes, that is, representations for surface overland

flow, saturated subsurface flow, channel routing, baseflow processes,

and lakes or reservoirs. Since the typical grid scales, LSMs operate on
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are too coarse to accurately route water across the landscape, WRF-

Hydro uses a sub-grid approach to account for topographic heteroge-

neity. The model can be used as a traditional hydrological model,

which is often referred to as “one-way coupling”, “offline”, or

“standalone” mode, where the meteorological forcing data has to be

supplied as gridded datasets. Alternatively, the model can be run in a

fully coupled configuration, where the LSM constantly exchanges

information with a limited area atmospheric model. The latter is driven

by meteorological forcing at the lateral boundaries of the model

domain and thus no additional hydrometeorological inputs to the LSM

are required. This configuration is often referred to as “fully” or “two-

way” coupled mode.

The default LSM since WRF-Hydro version 5 is the Noah-MP,

which is an augmented Noah-LSM with Multi-Parameterization

options (Niu et al., 2011; Yang et al., 2011). It is largely based on its

predecessor (Noah-LSM), although changes to the code structure

required a complete rewrite of the model code, which now follows a

modular concept. Compared to the legacy Noah LSM, the range of

user-selectable process descriptions has been considerably extended,

like for example by the Ball-Berry canopy stomatal resistance scheme

(Ball et al., 1987), a representation of dynamic vegetation (Dickinson

et al., 1998), a multi-layer snowpack parameterization (Yang &

Niu, 2003) with a more permeable frozen soil scheme (Niu &

Yang, 2006), and several new runoff/groundwater options

(e.g. Miguez-Macho et al., 2007; Niu et al., 2007). The soil column in

the Noah-MP LSM has a fixed 2-m profile that is subdivided into four

layers with thicknesses of 10, 30, 60, and 100 cm, respectively

(Figure 1). Soil related model parameters are a function of textural

class and read in from a lookup table.

2.2 | Free drainage runoff parameterization

The default runoff option in the WRF-Hydro model system is Noah-

MP's free drainage condition (from now on referred to as FD), where

simulated runoff is primarily governed by the three global parameters

F IGURE 1 A schematic illustration of a
single soil column from the Noah-MP LSM
with MMF groundwater parameterization
(left) and the associated WRF-hydro
routing extensions (right). Adapted from
Rummler et al. (2018)
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REFKDT, REFDK, and SLOPE (e.g. Yucel, Onen, Yilmaz, & Gochis,

2015; Cuntz et al., 2016). The first two parameters REFKDT (.) and

REFDK (.) are infiltration scaling parameters that are used to deter-

mine the surface runoff Qsurface:

Qsurface ¼Qwat� Imax ð1Þ

where Qwat (m s�1) is the water input rate on the soil surface, and

Imax (m s�1) the soil infiltration rate, which is calculated as following:

Imax ¼Qwat
D 1�exp �kdt �δtð Þ½ �

QwatþD 1�exp �kdt �δtð Þ½ � ð2Þ

with

D¼
X4

i¼1

ΔZi θsat�θið Þ ð3Þ

and

kdt¼ kdtref �Ksat

Kref
ð4Þ

where D (m) is the liquid soil moisture deficit of the modelled soil col-

umn, δt the time between two model time steps, Ksat (m s�1) is the

saturated hydraulic conductivity, Kref (m s�1) the reference value for

the saturated hydraulic conductivity (REFDK), which defaults to the

value of the silty-clay-loam soil texture (2�10�6ms�1) and kdtref

the REFKDT parameter. Finally, the SLOPE parameter is a scaling fac-

tor moderating the percolation Qperc (mm):

Qperc ¼ Slope �K4 ð5Þ

where K4 (mm) is the drainage from the bottom soil layer, and Slope (.)

is a scaling factor. By default, the Noah-MP LSM assumes a global

Slope value of 0.1. When using WRF-Hydro's conceptual groundwater

bucket option, Qperc is collected in those buckets and subsequently

redistributed to the channel network. Groundwater buckets are user-

definable and typically setup to cover the catchment area of individual

river reaches or measurement locations.

2.3 | MMF runoff parameterization

Another, more complex, runoff option within the Noah-MP LSM is

the two-dimensional MMF groundwater parameterization (Barlage

et al., 2015; Fan et al., 2007; Miguez-Macho et al., 2007), which

complements a traditional LSM by adding process descriptions for

an unconfined aquifer. The interaction with the four soil layers of

the LSM is accomplished by introducing an auxiliary soil layer with

similar properties, which connects the bottommost 4th soil layer

of the Noah-MP to the water table. The height of this additional

layer can change over time and location via the means of vertical

and lateral water movement. Similar to the Noah-MP, vertical

water movement within the unsaturated zone (i.e. drainage and

capillary rise) is described using a one-dimensional form of the

Richard's equation. Lateral water movement in the saturated zone

follows Darcy's law and is described by the Dupuit–Forchheimer

approximations, which relate the slope of the water table to

groundwater flux. Storage changes ΔS (m) within the deep layer

are given as:

ΔS¼RechargeþQlateral�Qriver ð6Þ

with Recharge (m) being the flux to/from the 4th soil layer of the

Noah-MP, Qlateral (m) being the sum of positive/negative fluxes to /

from a grid cell and Qriver (m) representing the groundwater flow to

rivers:

Qriver ¼Rcond � h� zriverbedð Þ ð7Þ

with Rcond being the river conductivity (.), h the water table head (m),

and zriverbed (m) the elevation of the assumed riverbed within a model

grid cell. It is important to note that Qriver is one-way only, so that

fluxes from the riverbed to the groundwater are neglected.

The calculation of surface runoff differs from the one used by the

default FD option (Equation 1). It is based on a TOPMODEL approach

(Niu et al., 2005; Niu et al., 2011), describing the saturation excess of

a fractionally saturated model grid cell, which is calculated by:

Qsurface ¼Qwat � 1�FCR1ð Þ �FsatþFCR1ð Þ ð8Þ

with FCR1 being the impermeable pore space fraction due to frozen

soil within the 1st soil layer. The saturated surface fraction Fsat is an

exponential function of the depth to the water table and is calcu-

lated by:

Fsat ¼ Fmax �e�0:5�f�max zwt�2, 0ð Þ ð9Þ

with f (m�1) being a runoff decay factor with a hardcoded value of

6 m�1, zwt (m) the depth to the water table, and Fmax (.) a tunable

global runoff parameter, which represents the maximum saturated

surface fraction of a model grid cell and defaults to a value of 0.38

within the Noah-MP. Thus, Fsat becomes Fmax when zwt is within the

resolved layers of the LSM, that is, zwt ≤ 2 m. Finally, the change in

depth of the water table can be computed by:

Δzwt ¼ ΔS
θsat�θequð Þ ð10Þ

with Θsat (m
3 m�3) and Θequ (m

3 m�3) being the saturated and equilib-

rium soil moisture content, respectively. In case that ΔS is greater

than the available pore space of the auxiliary layer, the water table

can rise to soil layers of the LSM. If these layers get saturated before

ΔS is fully depleted, the excess amount is treated as spring discharge

Qspring.
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It is noted that values for Θequ, Rcond, and zriverbed are computed

during the initialization of the MMF parameterization via an internal

spin-up routine. This routine requires an additional dataset on clima-

tological groundwater recharge, which is provided by the WRF

preprocessing system. For continental domains, the water table

depth at Θequ is considered as the lateral boundary condition. For a

more in-depth description of the MMF parameterization, the inter-

ested reader is referred to the descriptions given, for example, in

Miguez-Macho et al. (2007), Fan and Miguez-Macho (2010), or

Zhang et al. (2020).

2.4 | Model adjustments

The current implementation of the MMF groundwater option within

the Noah-MP LSM relies on the parallelization infrastructure provided

by the Weather Research and Forecast (WRF) atmospheric model

(Skamarock et al., 2019). To make use of the parameterization in the

offline variant of WRF-Hydro, the relevant code passages had to be

adapted accordingly. Furthermore, the MMF scheme was not origi-

nally designed to accommodate for WRF-Hydro's routing extensions

and vice versa. Hence, we made arrangements to incorporate Qriver

and Qspring within WRF-Hydro's coupling/routing concept. In particu-

lar, Qriver is now redistributed to individual river reaches via the associ-

ated groundwater buckets and Qspring is added to the infiltration

excess to make it available for redistribution with WRF-Hydro's sur-

face routing scheme. A schematic overview of the MMF

parameterization within the Noah-MP and WRF-Hydro's routing

extensions is given Figure 1.

3 | STUDY REGION AND MODEL SETUP

3.1 | Study region and period/observations

We apply the WRF-Hydro model to the upper Danube river basin,

with the outlet being located where the Danube crosses the border

from Germany to Austria. The watershed has a total drainage area of

76 642 km2 (Figure 2), with elevations ranging from 4049 to 286 m a.

s.l. at the outlet. In general, the climate of the study region can be

characterized as cool temperate and humid. Yearly average tempera-

tures range from 9.5 degrees centigrade in the northern lower areas

to subzero values in the glaciated alpine areas. Yearly mean precipita-

tion amounts strongly depend on the location and can reach values

well beyond 2400 mm/yr in the higher elevations of the northern

alpine front range, whereas regions in the northern part of the study

region or inner alpine valleys can receive amounts as low as 600 mm/

yr. On average, the month with the highest precipitation amounts is

typically July and 30%‑40% of annual precipitation falls during the

summer months. Exceptions to this rule are the low mountain ranges

like the Upper-Palatine or Bavarian Forest where the precipitation

maximum is usually found in December.

Geological units include from north to south the South German

Scarplands, North Alpine Molasse Basin, folded Molasse zone,

F IGURE 2 Elevation model of the
WRF-hydro model domain. The channel
network of the study region is shown as
blue solid lines for channels with a stream
order greater or equal to three. The
elevation in meters above mean sea level is
depicted by the colorbar on the left. The
four catchments for which simulated
streamflow is evaluated are marked by a
red outline: (a) river Iller till gauge Kempten,
(b) river Mangfall till gauge Rosenheim,
(c) river Wörnitz till gauge Harburg, and
(d) river Naab till gauge Münchshofen
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Helvetic zone, Flysch zone, Northern Limestone Alps, Alpine Gray-

wacke, and the Austroalpine basement rocks. The rump of a mountain

chain found in the eastern and north-eastern parts of the domain is

characterized by metamorphic and magmatic basement rocks that

were formed during variscan orogeny.

Highly productive fissured aquifers are found along the Northern

Limestone Alps, as well as the Swabian and Franconian Jura north of

the river Danube. Practically non-aquiferous rocks are located to the

east and northeast of the river Danube and south of the river Inn

(southern part of the domain). In the pre-alpine environment, condi-

tions are heterogenous: highly productive porous aquifers are typically

encountered in valley floors filled with quaternary river gravels,

whereas low productive aquifers are found in areas with glacial

moraine deposits and basin sediments.

The dominant land use class within the study region is cropland,

occupying nearly 50% of the area, followed by needleleaf forests

(22%) and mixed forests (8%). Soils in the study region are spatially

highly variable, with the majority of soils having been developed in

glacial, periglacial, or quaternary overburden layers. The dominant

topsoil textural class within the study region is silt loam (37%),

followed by loam (26%) and sandy loam (15%).

The water year 2016 was chosen as the study period. It should be

noted that the temporal delimitation of a water year may vary slightly

by country. Here, we follow the definition used, for example, by the

United States Geological Survey and investigate the period between

1 October 2015 and 30 September 2016. In terms of precipitation

amounts, the total amounts of the water year 2016 were close to the

long-term average. The first three months of the study period were

characterized by precipitation amounts below the long-term average.

The second quarter of the water year started with substantial rainfall

amounts in January and February that were well above the long-term

average. In May and June, a series of strong convective precipitation

events lead to localized flooding. In terms of temperature, the winter

months were considerably warmer than the long-term average. Spring,

on the other hand, was close to average and summer only slightly

warmer.

3.2 | Experiment design and model setup

To assess the added value of a more detailed groundwater description

within the WRF-Hydro modelling system, two experiments with the

two runoff parameterizations outlined in Section 2.1 (FD) and

Section 2.2 (MMF) are conducted. Both experiments use the model

domain as shown in Figure 2, which has an extent of 460 � 450 km

and spans the catchment of the upper Danube with a spatial resolu-

tion of 1 km. The WRF-Hydro routing extensions run on a sub-grid

with the same extent, but a spatial resolution of 200 m, resulting in an

aggregation factor of 5. The necessary high-resolution routing fields

were derived from elevation data extracted from the EU-DEM

(European Environment Agency, 2018). The drainage network was

compared to the EU-Hydro river network database (European Envi-

ronment Agency, 2019) to verify accuracy. In case of deviations with

respect to third- or higher-order channels, model topography was rec-

onditioned so that flow directions resembled the observed ones. The

initiation thresholds of first order channels were chosen in a way that

the resulting drainage network density is close to the one of the refer-

ence dataset. The land use information is based on the CORINE

dataset (Büttner & Kosztra, 2007), which was re-indexed to the classi-

fication system introduced by the International Geosphere Biosphere

Program. The topsoil texture data is generated by merging datasets

from the European Soil Database (Panagos et al., 2012) with informa-

tion extracted from the Harmonized World Soil Database (Fischer

et al., 2008).

The surface, subsurface and channel routing modules of WRF-

Hydro are all activated for both experiments and executed with a time

step of 15 s. The channel routing is done on a vectorized river net-

work using the Muskingum-Cunge option. WRF-Hydro's conceptual

groundwater bucket model is activated with the pass-through option

for both experiments, so that water entering the bucket is immedi-

ately redistributed to the associated river reaches. In the FD experi-

ment, the buckets receive input via percolation from the fourth soil

layer (Equation 5), while in the MMF experiment the buckets are only

used to redistribute water amounts originating from Qriver

(Equation 7). All other parametrization options in the Noah-MP are

kept to the settings prescribed by WRF-Hydro's default configuration.

Furthermore, it is important to note that the model calibration was

limited to WRF-Hydro's channel network. To be more precise, only

the settings for channel geometry and Manning's roughness coeffi-

cients were adjusted, based on results obtained from previous simula-

tions (not shown). We opted for this approach to avoid issues

introduced by overfitting model parameters, which would consider-

ably limit the robustness of the results and thus statements on their

transferability. We therefore neglect parameter and data uncertainty

in this study and instead solely focus on the structural model

uncertainty.

To assess the performance of the two runoff options, we employ

a regional approach and compare simulated hourly streamflow to

quality-controlled observations obtained from the state measurement

network. Nash-Sutcliffe efficiency (NSE; Nash & Sutcliffe, 1970),

Kling-Gupta efficiency (KGE; Gupta et al., 2009), and percent bias

(PBIAS) are used as performance measures. As outlined by Prentice

et al. (2015), streamflow can be seen as the residual of the water bal-

ance components precipitation, evapotranspiration, and storage

changes and is thus considered to be a well-suited integrative mea-

sure. In this regard, a special focus is put on two left- and two right-

hand tributaries of the Danube, whose catchments are shown in

Figure 2a,b and properties are summarized in Table 1. This selection

has been made to assess the model performance over a broader spec-

trum of natural physiogeographic characteristics and to honour the

fact that the main mechanisms for high-flow events are inherently dif-

ferent for right- and left-hand tributaries of the Danube: Flood events

in the southern (pre-) alpine catchments predominantly occur during

the spring and summer months and are typically caused by high pre-

cipitations amounts in conjunction with a snow melt phase. Con-

versely, high-flow events in the northern tributaries are typically
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found during the winter months, caused by high surface runoff

amounts due to liquid precipitation falling onto saturated or

frozen soil.

Since the focus of this study is on the added value of increased

model complexity instead of investigating potential interactions

between land-surface and atmosphere, the offline or one-way

coupled WRF-Hydro is applied. This basically assures identical meteo-

rological boundary conditions for both experiments and thus allows

for a fair comparison of model results. The initial conditions for both

experiments are taken from a spin-up run (water year 2012) that was

cycled 100 times to account for the slow groundwater component of

the MMF parameterization. It is noted that the FD experiment lacks a

groundwater component and thus model spin-up is much faster. How-

ever, to avoid the possibility of tainting the comparison of the FD and

MMF experiments by effects originating from different initial condi-

tions, we opted to initialize both experiments with identical initial con-

ditions. Subsequently, both experiments are run for the water years

2013 to 2016 and evaluated for the water year of 2016. The

extended spin-up of three years was chosen to grant both experi-

ments sufficient time to reach their respective soil moisture equilib-

rium states. Anthropogenic influences, such as reservoirs, diversions,

or groundwater pumping are not considered in the simulation setups.

This circumstance was accounted for in the selection process of the

four study catchments, so that simulated runoff can be more easily

compared with the observations. The hourly gridded meteorological

forcing data used to drive both experiments is described in the follow-

ing section.

3.3 | Meteorological forcing dataset

The regional reanalysis Cosmo Rea6 (Bollmeyer et al., 2014) was cho-

sen to provide the meteorological forcing to both offline WRF-Hydro

model runs. The regional reanalysis is derived from ECMWF's ERA-

Interim reanalysis dataset (Dee et al., 2011) by dynamical downscaling

with the COnsortium for Small-Scale MOdelling (COSMO) limited-

area model (Doms & Baldauf, 2013) of the German Meteorological

Service (DWD). Apart from the lateral boundary forcing at a 3-h inter-

val, the reanalysis system features the continuous nudging of observa-

tions, a snow analysis every 6 h and a daily analysis of soil moisture

and sea surface temperatures. The output data are available on an

hourly basis with a spatial resolution of approximately 6 km for conti-

nental Europe and currently covers the period from 1995 to 2019.

The resulting datasets are provided free of charge and are available

via DWD's open data distribution points.

Due to the differences in horizontal resolution, the necessary forc-

ing data consisting of precipitation, surface pressure, air temperature,

specific humidity, short- and longwave radiation, and near-surface wind

information was remapped to the horizontal resolution of the Noah-

MP model grid. Fields for near-surface temperature, specific humidity,

surface pressure, and shortwave radiation were additionally modified

with respect to the topography of the model domains. In particular, sur-

face pressure was adjusted by applying the barometric formula. Near

surface temperatures were downscaled by considering a lapse rate of

0.64�C per 100 m change in elevation. Specific humidity information

was first converted to relative humidity, subsequently interpolated to

the model domain and reconverted to specific humidity, taking into

account the previously downscaled values of surface pressure and near

surface temperature. Finally, downwelling shortwave radiation was

adjusted for slope and shading effects by applying the method found in

the radiation driver of the WRF model.

In contrast to traditional forcing datasets, which are often gener-

ated from interpolated station measurements, this approach provides

physically consistent information and is deemed superior for data

sparse regions. However, uncertainties remain in terms of model

biases (Kaiser-Weiss et al., 2019). Local bias introduced by complex

topography has been addressed with the postprocessing outlined

above.

4 | RESULTS

4.1 | Impact of the improved groundwater
representation on simulated soil moisture patterns and
dynamics

Figure 3 depicts the average annual column integrated soil moisture

content for both experiments and their relative difference. Overall,

the representation and lateral transport of groundwater in the MMF

simulation ensures a substantial higher spatial heterogeneity in terms

of soil moisture, with a clearly visible influence of topography

(Figure 2). Consequently, the largest positive changes in soil moisture

content are found in areas with topographic convergence (e.g. river

valleys) with values up to 20%–50% higher than in the FD simulation.

Drier conditions, on the other hand, are simulated in higher elevations

and along ridges.

TABLE 1 Key characteristics of the four study catchments

River/gauge Catchment size Average slope Annual mean temperature range (Avg.) Annual mean precipitation

Iller/Kempten 955 km2 25.3% 0.2–8.2 (6.0) �C 1922 mm

Mangfall/Rosenheim 1095 km2 13.9% 2.9–9.4 (7.7) �C 1526 mm

Wörnitz/Harburg 1570 km2 3.9% 8.1–9.4 (8.9) �C 750 mm

Naab/Münchshofen 4009 km2 5.7% 5.5–9.2 (8.2) �C 788 mm

Note: Values for long-term annual mean temperature and precipitation were derived from gridded observational datasets provided by the German

meteorological service.
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The evolution of basin-averaged, column integrated soil satura-

tion fraction for the four study catchments is shown in Figure 4.

Across the board, the largest differences are found during the first

months of the study period, where the MMF experiment maintains a

higher soil saturation. This is thought to be related to a preceding

drought that affected southern Germany during summer of 2015 and

the subsequent months with precipitation amounts well below aver-

age. During this phase, the representation of groundwater—with the

possibility to transport water upwards from the aquifer—is capable of

maintaining higher soil moisture contents. The following months,

however, show little differences, which is most likely related to the

humid conditions with ample precipitation amounts and the fact that

the FD experiment presented here uses the Noah-MP with the

default scaling factor of 0.1 to constrain the percolation out of the

bottommost soil layer (Equation 5). Additionally, both experiments

employ WRF-Hydro's surface and subsurface routing modules, which

allow for reinfiltration of surface runoff and therefore help to retain

moisture within the model domain (e.g. Senatore et al., 2015; Yucel

et al., 2015). This behaviour changes close to the end of the study

period in August 2016, when the MMF experiment is again able to

maintain wetter soils. An exception to this behaviour is the catchment

of the river Woernitz, which shows lower values for most of the study

period. This might be related to groundwater recharge and is further

discussed in Section 4.3.

4.2 | Influence of the improved groundwater
representation on simulated evapotranspiration
patterns and dynamics

Figure 5 shows the annually averaged daily evapotranspiration

(ET) for both experiments and their relative difference. Overall, a close

resemblance to the changes in soil moisture (Figure 3, right) and thus

topography can be recognized. Areas with high elevations (e.g. Alps in

the south, Bavarian Forest in the north-east, or the Black Forest in the

west of the domain) show overall little differences (± 5%), with the

exception of those areas where the model resolution is high enough

to resolve individual valley structures, and the availability of sufficient

quantities of energy to sustain a higher ET. Contrarily, ET is mostly

unaffected by differences in soil moisture in the higher elevations,

which can be explained by an energy deficit due to low temperatures

and ample precipitation amounts. Spatially averaged values for ET are,

on the other hand, very similar in both experiments. Averaged across

the upper Danube basin (domain), the MMF experiment simulates

values for ET that are 1.5% (0.5%) larger than in the FD experiment,

which is on the order of soil moisture differences.

Shown in Figure 6 are the timeseries of catchment-averaged ET

for the rivers Mangfall and Wörnitz. These two catchments have been

selected due to the noticeable deviations in terms of soil moisture

between the FD and MMF configuration at the beginning and the end

of the study period, with lower soil saturation levels in the FD experi-

ment (Figure 4b,c). In the Mangfall catchment, the impact of differ-

ences in soil moisture availability on ET is barely noticeable, which

means that the soils are nevertheless still wet enough to not be a lim-

iting factor for ET. The Wörnitz catchment, however, shows some

deviation at the beginning of the timeseries in October and November

of 2015, where the larger amounts of soil moisture in the MMF exper-

iment exert a positive feedback on simulated ET. This is attributed to

the unusual warm and dry weather conditions during that time period,

as outlined in Section 4.2. The remaining time span, as well as the

timeseries for the Iller and Naab catchments, show no noteworthy dif-

ferences. Overall, from the watershed level up, the influence of the

explicit groundwater parameterization on simulated ET is rather weak

in this region.

4.3 | Ramifications of the improved groundwater
representation on WRF-Hydro's streamflow prediction
skill

The timeseries of simulated and observed hourly streamflow for the

four study catchments are presented in Figure 7 and associated per-

formance metrics in Table 2. Overall, the metrics obtained for the

MMF experiment clearly outperform those of the FD experiment in all

F IGURE 3 (left and middle panel)
Average column integrated soil
moisture content (mm) for the water
year 2016 and the simulations with
two-dimensional groundwater
parameterization (MMF) and free-
drainage (FD) condition, respectively.
(right panel) As in the left, except for
the relative differences (%) between

the MMF and FD experiment. The
four study catchments are marked by
black solid outlines and the basin of
the upper Danube by a black dotted
outline
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four study catchments and presented measures, with the exception of

PBIAS in the Iller catchment. Most striking, however, is the fact that

the performance difference between the FD and MMF simulation is

considerably larger in the northern than in the southern study

catchments.

Indeed, the southern study catchments receive considerable

higher precipitation amounts (Table 1) and therefore the soil columns

in the FD experiment are also more likely to reach the higher

saturation levels found with the MMF experiment (Figure 4a,b), which

in turn might lead to more similar surface runoff amounts in response

to a precipitation event. Additionally, the complex topography with

steep slope angles (Figure 1 and Table 1) further favours fast runoff

generation and lateral redistribution due to saturation excess overland

flow and subsurface return flow. These processes are represented in

both model configurations by WRF-Hydro's surface and subsurface

routing capabilities, so the differences in simulated streamflow

F IGURE 4 Timeseries of basin-
averaged soil saturation fraction (.)
for the simulation with two-
dimensional groundwater
parameterization (MMF) and free-
drainage (FD) condition, respectively.
(a) River Iller till gauge Kempten,
(b) river Mangfall till gauge
Rosenheim, (c) river Wörnitz till

gauge Harburg, and (d) river Naab till
gauge Münchshofen

F IGURE 5 (left and middle panel)
Average daily evapotranspiration
(mm d�1) for the water year 2016
and the simulation with two-
dimensional groundwater
parameterization (MMF) and free-
drainage (FD) condition, respectively.
(right panel) As in the left, except for
the relative differences (%) between
the MMF and FD experiment. The
four study catchments are marked by

black solid outlines and the basin of
the upper Danube by a black dotted
outline

F IGURE 6 Timeseries of basin-
averaged evapotranspiration
(mm d�1) for the simulation with
two-dimensional groundwater
parameterization (MMF) and free-
drainage (FD) condition, respectively.
(a) River Mangfall till gauge
Rosenheim and (b) river Wörnitz till
gauge Harburg
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between the two experiments are comparatively smaller in that

environment.

In contrast, the situation in the northern study catchments is

quite different. Both catchments receive substantially less precipita-

tion, and the topography is less pronounced (s. Table 1 and Figure 1).

As shown by the unsatisfactory NSE results with values of 0.12

and � 0.58, the FD experiment has serious difficulties with predicting

the right timing and magnitude of peak flow events in the catchments

of the rivers Wörnitz and Naab. In particular, a couple of events dur-

ing the first three month of the study period are not captured at all

(Figure 7c,d). This issue is absent or far less prominent in the MMF

experiment, as showcased by the superior results in terms of perfor-

mance metrics, for example, NSE of 0.72 and 0.62, respectively. The

temporal delay of runoff peaks and the high values for PBIAS in case

of the FD experiment suggests that there is too little surface runoff

and, instead, too much infiltration and subsequently moisture leaving

the model via percolation from the lowest soil layer. This assumption

is additionally supported by the slightly higher soil saturation found in

the FD simulation during spring and summer of 2016 (Figure 4c,d),

and basin-averaged groundwater recharge amounts (Figure 8c,d) that

roughly resemble the dynamics of simulated streamflow. It is noted

that groundwater recharge means inflow to the groundwater bucket

model of WRF-Hydro in the FD simulation context.

The MMF simulation, however, captures most of the peak flow

events and is able to reasonably reproduce baseflow amounts as

shown by KGE values of 0.8 and 0.76, respectively. The rather large

negative PBIAS of �13.4% for the Naab catchment can be explained

by excessive amounts of recharge (Figure 8d), which is consistent with

the lower values for soil saturation fraction (Figure 4d) described in

Section 4.1.

5 | DISCUSSION

The evaluation of simulated hourly streamflow at four different loca-

tions in the study region revealed that the simulation with groundwa-

ter representation was far more capable in capturing the dynamics,

variability, and total amounts of observed hourly runoff amounts as

shown by an average KGE of 0.79 versus 0.57. We contend that the

higher heterogeneity in terms of soil moisture and the additional

information on water table depth, which the MMF simulation employs

in the calculation of infiltration excess amounts (Equations 8, 9), help

to achieve a more realistic representation of runoff separation in fast,

intermediate, and slow components within the WRF-Hydro model

system. A similar improvement has been recently reported by Batelis

et al. (2020), who implemented a 2D groundwater scheme in the Joint

UK Land Environment Simulator. As shown by a series of previous

WRF-Hydro modelling studies (e.g. Fersch, Senatore, et al., 2020;

Kerandi et al., 2017; Lahmers et al., 2019; Yucel et al., 2015), the

default (FD) model configuration typically requires calibration of the

surface runoff (Equations 2, 3, 4) and percolation (s. Equation 5)

parameters, among others, to adequately reproduce the observed run-

off amounts.

The often-tedious task of calibrating the model to observed

streamflow (e.g. Fersch et al., 2020a; Yin et al., 2020) is usually limited

by computational constraints and bound to catchments with sufficient

observational data, relying on the transferability of parameters for

areas without observational data. For offline model applications with

F IGURE 7 Timeseries of hourly observed and simulated
streamflow Q (m3 s�1) for the simulation with two-dimensional
groundwater parameterization (MMF) and free-drainage
(FD) condition, respectively. The observation (Obs) is shown as solid
black line. A timeseries of basin-averaged precipitation P (mm h�1) is
shown in the upper part of each panel. (a) River Iller till gauge
Kempten, (b) river Mangfall till gauge Rosenheim, (c) river Wörnitz till
gauge Harburg, and (d) river Naab till gauge Münchshofen
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a focus on a limited area this is probably not critical. It becomes a con-

cern, however, in fully coupled model applications, where the atmo-

spheric model mandates a considerable minimum size of the model

domain and feedbacks between land-surface and atmosphere are pos-

sible. Taking the results presented in this study into consideration, it

can be assumed that a calibration of the FD model configuration

would very likely yield different parameter settings for the northern

and southern study catchments and thus limit their transferability. In

contrast, the simulation with explicit groundwater representation has

shown potential to achieve satisfactory values for example KGE with

a reduced set of so far uncalibrated model parameters, which might

make it a viable choice for applications in ungauged catchments and

large model domains where model calibration is limited due to the

constraints outlined above.

Compared to the baseline WRF-Hydro configuration, the simula-

tion with MMF groundwater scheme increases the computational

time by less than 5%, which would not add significantly to computa-

tional cost in long-term simulations. This is achieved by allowing for a

series of simplifying assumptions in terms of model physics, as well as

the structure and properties of the subsurface. Considering that the

complexity of individual model components should be balanced

(Prentice et al., 2015), we argue that the presented groundwater

implementation is nevertheless a valuable addition to the WRF hydro-

modelling system and usefully augments the already existing

parameterizations for surface and subsurface routing. For more

sophisticated application scenarios that for example demand for a var-

iably saturated 3D representation of subsurface flow or a representa-

tion of human interaction through extraction of groundwater, one of

the models presented in example Kollet et al. (2017) might be a more

appropriate choice. Although at the cost of a considerable higher com-

putational burden and additional data requirements (Rahman

et al., 2019; Tijerina et al., 2021).

Results further demonstrated that a representation of lateral

groundwater fluxes and two-way interactions between water table

and soil column lead to a considerably higher spatial heterogeneity in

terms of simulated soil moisture content and, to a somewhat lesser

extent, evapotranspiration. Overall, a strong link to model topography

was evident, which is in line with the findings of Forrester and

Maxwell (2020) and Batelis et al. (2020). While a comparison on a

point basis yielded considerable differences on the order of �30% to

50% for these quantities, the spatial averages for the study region

(< 2%) and domain (< 1%) were very close. This can be attributed to

the fact that the region is not water limited, but energy limited which

is supported by analysis of long-term averaged climate datasets

(Klingler et al., 2021).

The verification of the identified differences in simulated soil

moisture content with observations, however, remains an open issue

due to a lack of suitable observational datasets at intermediate scales

TABLE 2 Performance metrics of
simulated hourly streamflow with respect
to gauge observations, for the water
year 2016

River / gauge

NSE KGE PBIAS

MMF FD MMF FD MMF FD

Iller/Kempten 0.69 0.33 0.84 0.69 �4.8% 3.8%

Mangfall/Rosenheim 0.56 0.19 0.71 0.63 9.7% 21.6%

Wörnitz/Harburg 0.72 0.12 0.80 0.57 �6.1% 29.1%

Naab/Münchshofen 0.62 �0.58 0.76 0.37 �13.4% 56.8%

Note: MMF and FD denotes the WRF-hydro simulation with two-dimensional groundwater

parameterization and free-drainage condition, respectively.

Abbreviations: KGE, Kling-Gupta efficiency; NSE, Nash-Sutcliffe efficiency; PBIAS, percent bias.

F IGURE 8 Timeseries of basin-
averaged groundwater recharge
(mm d�1) for the simulation with
two-dimensional groundwater
parameterization (MMF) and free-
drainage (FD) condition, respectively.
Positive (negative) values represent
downward (upward) fuxes. (a) River
Iller till gauge Kempten, (b) river
Mangfall till gauge Rosenheim,
(c) river Wörnitz till gauge Harburg,
(d) river Naab till gauge
Münchshofen
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(Robinson et al., 2008). Considerable differences were identified along

ridges and valley structures, while only subtle differences were

obtained for catchment averages. This underlines the need for obser-

vational datasets that at least (a) cover an extent on the order of tens

of kilometres and (b) provide the information at suitable spatial scales.

In this context, a promising option might be the cosmic ray neuron

sensing technique proposed by Zreda et al. (2008). The non-invasive

measurement approach alleviates the representativeness issue of

point measurements by having a measurement footprint on the order

of hundreds of meters, which suits the resolutions typically used by

LSMs. Measurement depths are superior to airborne or satellite-based

remote sensing products and are on the order of tens of centimetres.

Consequently, the method may have potential to also capture soil

moisture content in the root zone, which is of crucial importance for

plant transpiration. Additionally, mobile measurement equipment

(Desilets et al., 2010) can be used to retrieve measurements with

greater spatial detail for specific areas of interest, for example, valley

transects where our simulations showed considerable differences.

The measurement network presented in Fersch et al. (2020b), for

example, could be a suitable starting point if a different strategy is

used for the placement of sensors.

Finally, the results obtained for soil moisture bias and heteroge-

neity might also be relevant for further feedback studies with the fully

coupled WRF-Hydro modelling system. As outlined by Wood

et al. (2011), many warm-season precipitation events are thought to

be potentially sensitive towards small-scale variabilities in land-surface

properties, like for example topography, land-use and soil moisture. In

particular, feedbacks are expected during the warm season and

phases of weak synoptic forcing that allow for the development of

mesoscale circulation (Taylor, 2015; Taylor et al., 2007). In terms of

soil moisture, two mechanisms are conceivable: A positive feedback

loop via the concept of precipitation recycling (e.g. Eltahir &

Bras, 1996), which relates the contribution of local evapotranspiration

to local precipitation. Alternatively, a negative feedback loop due to

the location of convective initiation (Taylor, 2015; Baur, Keil, & Kraig,

2018). Differential heating of dry and moist patches is thought to cre-

ate circulation cells within the planetary boundary layer, resulting in

convergence over dry and divergence over wet patches. An increase

of precipitation is thus obtained for the dry patches, since conver-

gence supports an earlier transition from shallow to deep convection

at those locations.

The findings of this study indicate that simulations with the MMF

scheme may facilitate or strengthen positive feedback loops during

prolonged dry phases, when the explicit groundwater representation

can provide additional moisture to sustain higher evapotranspiration

rates. In addition, the higher topography-induced heterogeneity of soil

moisture simulated by the MMF scheme may enable or amplify nega-

tive feedback loops under favourable conditions.

6 | CONCLUSIONS

In this study, we replaced WRF-Hydro's empirical groundwater bucket

model with a two-dimensional groundwater scheme and explored

potential benefits of an explicit representation of a so far missing

major compartment of the water cycle in the modelling system. The

low additional computational cost and modest data requirements

enable applications over large model domains—as typically found in

fully coupled model setups—and over long time periods, such as the

dynamical downscaling of climate scenarios. Results from a real-world

application in the upper Danube catchment suggest that an explicit

groundwater treatment can substantially improve the ability of the

uncalibrated model to reproduce observed runoff volumes, which is

particularly beneficial for model applications in poorly or even

ungauged basins. The groundwater-enhanced model configuration

exhibits a higher topographically-induced heterogeneity in soil mois-

ture content and evapotranspiration, which lends itself to further

investigation with the fully coupled modelling system to study poten-

tial feedbacks between soil moisture and precipitation. It is important

to note, however, that the study region presented here is energy

limited, which constrains the transferability of our results to other

hydro-climatic regions and underlines the necessity of further model

evaluation. Yet, the results of this study demonstrate that a better

representation of groundwater is highly desirable in the current LSM

of WRF-Hydro in particular and for LSMs with free drainage lower

boundary condition in general.
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