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Combining numerical models, which simulate water and energy fluxes in the subsurface-land
surface-atmosphere system in a physically consistent way, becomes increasingly important to
understand and study processes at compartmental boundaries and interdependencies of states
across these boundaries. Complete state evolutions generated by such models, when run at
highest computationally possible resolutions while incorporating as many processes as attain-
able, may be regarded as a proxy of the real world, which can be used to test hypotheses on
functioning of the coupled terrestrial system and may serve as source for virtual measurements
to develop data-assimilation methods. Such simulation systems, however, face severe problems
caused by the vastly different scales of the processes acting in the compartments of the terrestrial
system. This study is motivated by the development of cross-compartmental data-assimilation
methods, which face the difficulty of data scarcity in the subsurface when applied to real data.
With appropriate and realistic measurement operators, the virtual reality not only allows tak-
ing virtual observations in any part of the terrestrial system at any density, thus overcoming
data-scarcity problems of real-world applications, but also provides full information about true
states and parameters aimed to be reconstructed from the measurements by data assimilation.
‘We have used the Terrestrial Systems Modelling Platform TerrSysMP to set up the virtual catch-
ment for a regional terrestrial system oriented at the Neckar catchment in southwest Germany.
We find that the simulated catchment is in many aspects quite close to reality concerning, e.g.,
atmospheric boundary-layer height, precipitation, and runoff. But also discrepancies become
apparent both in the ability of such models to correctly simulate certain processes and the re-
alism of the results of some observation operators like the SMOS and SMAP sensors. In a
succeeding step, we will use this virtual reality to generate observations in all compartments of
the system for coupled data assimilation. The data assimilation will have to rely on a coarsened
and simplified version of the model system because ensembles with up to 100 members must
be generated in parallel.

1 Introduction

Numerical models, which simulate water and energy fluxes in the subsurface-land surface-
atmosphere system in a physically consistent way, are important ingredients to climate and
weather prediction, flood forecasting, water resources management, agriculture, and water
quality control (Shrestha et al. 2014; Larsen et al., 2014; Simmer et al., 2015)'-3. Recent
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developments embrace the combination of coupled land surface-subsurface models with
data-assimilation (DA) techniques in order to obtain real-time forecasts of the development
of the coupled system (Shi et al., 2014, 2015; Ridler ef al., 2014; Kurtz et al., 2016)+7.
Different data-assimilation philosophies and methods exist encompassing nudging, varia-
tional, and sequential ensemble-based methods (e.g., Kalnay 2003)8. Yet the development
and choice of appropriate data-assimilation methods is limited by the availability of ob-
servational information across all compartments as well as by appropriately characterised
real-world systems. The use of virtual reality systems that provide a virtual truth and de-
liver full information about the subsurface-land surface-atmosphere system can be key for
the development of a consistent data-assimilation framework.

The application of the virtual-reality concept for developing data-assimilation systems
has the following main advantages:

(D) For the prediction of fluxes and states in a real-world subsurface-land surface-
atmosphere system, we do not know whether the errors in our predictions are due to incom-
plete model specification (model structural errors) like wrong parameterisations, erroneous
model parameters or measurement errors, or defects in data assimilation. Working with a
virtual truth allows separating model structural error, both in the coupled terrestrial model
and in the measurement operators from other error sources, like the generation of the en-
semble or the choice of the data assimilation filters. Working only with real-world data
would hardly allow the attribution of prediction errors to their causative sources.

(I) The immense scale complexity of terrestrial systems renders already state estima-
tion very challenging despite the wealth of observations available nowadays from in situ
and remote sensing. Available measurements never cover all locations and times, thus
only parts of the heterogeneities can be probed. It is not always clear whether observa-
tions contain enough information with the appropriate spatial and temporal resolution to
substantially improve predictions. With the virtual catchment we circumvent data scarcity
in data-assimilation problems. The virtual-reality approach allows generating arbitrarily
long time series and high-density observations to work with, and it facilitates comparing
estimated states and parameters to the truth everywhere at all times. This is especially true
for coupled subsurface-land surface-atmosphere systems, for which data assimilation has
not been evaluated and tested until now.

(IIT) Studies on data assimilation using different observation densities, observation er-
rors, and data types will provide insight into data value and thus contribute to the develop-
ment of better monitoring designs for improved predictions of states and fluxes.

(IV) Virtual realities are unique testbeds to develop and validate data-assimilation
methods as well as the impact of the underlying assumptions (e.g., Gaussianity). In par-
ticular, weakly and fully coupled data assimilation can be compared. In weakly coupled
data assimilation, sequential data assimilation is done for multiple compartments of the ter-
restrial system (e.g., groundwater, land surface, and atmosphere), but observations made
for a given compartment only update states (and possibly parameters) within that com-
partment and not in other compartments. In fully coupled data assimilation, by contrast,
observations are available for multiple compartments of the terrestrial system and are used
to update states (and possibly parameters) across different compartments of the terrestrial
system through cross-correlations, which may be inferred from ensemble statistics of the
fully coupled system.

We present the development and testing of a catchment-based virtual-reality system as
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Figure 1. Snapshot of the modelling system showing clouds (grey), precipitation (blue) and volumetric soil mois-
ture (coloured) for the entire domain. In the atmosphere the rain appears near the centre of the domain, while
some smaller clouds are visible elsewhere. The larger differences in soil moisture are caused by differences in the
physical properties of the soil; in addition regions that have not received any rain for a while are generally more
dry near the surface.

a first step in the development of a (weakly or strongly) coupled data-assimilation system.
Our virtual reality (VR) represents the fully coupled terrestrial system from the bedrock
to the upper atmosphere covering the catchment of a higher-order river (length 380 km,
area 14000 km?) with a buffer zone surrounding it, in which we simulate - as realistically
as possible - the evolution of states in all compartments and the water and energy fluxes
throughout the system.

This virtual reality provides an artificial truth, from which arbitrary (virtual) observa-
tions can be made and which avoids the lack of information for a thorough evaluation of
data-assimilation systems. Towards this ends, the model of the subsurface-land surface-
atmosphere system needs to represent the strong spatial variability especially of the land
component, which affects the overall system behaviour due to nonlinear couplings and
feedbacks. Setting up and executing a fully coupled simulation comes with challenges.
Without a sufficiently detailed representation of the relations and dependencies of fluxes,
states, and parameters in different compartments, the applicability of any data-assimilation
method derived from the simulation will be questionable. Since for a chosen size of the
catchment, IT-requirements limit the spatial resolution of the fully coupled model, a bal-
ance needs to be found between the detail in process representation and computational
feasibility. Accordingly, for some processes appropriate upscaling rules or apparent pa-
rameters need to be introduced and applied in order to guarantee that the interrelations
between different observations and forcings are adequately represented.
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2 Methods and Technical Aspects

The virtual catchment we chose for our studies is the Neckar catchment in southwestern
Germany which was chosen as a typical central European river catchment of medium size.
Other advantages include that the catchment has an average groundwater-table depth that
is in the root-zone of most larger plants, but can be too deep for smaller grasses and crops
to connect to it for water consumption. This leads to distinctive behaviours of the system,
particularly under dry conditions. Furthermore, the Neckar flows through various different
landscapes with its source located between the black forest and Swabian Alb mountains,
then flowing mainly through hilly terrain to the flat upper Rhine valley where it reaches
the Rhine near Mannheim. The land-use in the region is also typical and dominated by
agriculture while forests can be found especially in the mountainous regions. Urban areas,
which are specially difficult to model are replaced by simple bare-soil patches which may
not be realistic, but for the purpose of our studies not critical. In order to use the VR
as a surrogate reality we need a time-series of several years to cover all relevant different
weather conditions, including floods and droughts in order to establish a system that is able
to simulate all compartments and fluxes between them with reasonable accuracy.

To create the virtual catchment, we used the Terrestrial Modelling Platform
(TerrSysMP) which couples the atmospheric model COSMO, which is used by the Ger-
man Weather Service (DWD) for weather forecasts over central Europe, to the land-surface
model CLM (Community Land Model, developed at NCAR), and the 3D-groundwater
model ParFlow (developed at the Colorado School of Mines). The coupling is realised via
the external coupler OASIS3-MCT. The whole system was run on JUQUEEN, which was
chosen not only because the VR already needs extensive compute time, but also because
the ensemble simulations needed for the actual DA experiments require a massively par-
allel infrastructure. Since a long time-series was needed for the VR, we continuously had
jobs running on JUQUEEN, automatically restarting after seven days of simulation were
completed which took about 6-10 hours. This range in simulation time is caused mainly
by the hydrological model ParFlow which uses an iterative approach to solve the Richards
equations, which requires more compute time during periods with strong rainfall events in
order to handle the evolving strong gradients in soil moisture. Of all the model components
CLM is the fastest component, needing only few cores to run on while outpacing COSMO
and ParFlow. COSMO scales very well and was run using the same number of cores as
ParFlow. Except for very dry conditions, COSMO would still slightly outpace ParFlow. In
total we used 256 nodes, which is still rather small for JUQUEEN projects, but it was run
almost continuously (not considering waiting times) for about 150 days to create a seven-
year timeseries of the virtual reality. A 5 year spin-up (the bare minimum necessary) had
to be performed before the system is in approximate equilibrium and the production run
could be started.

The actual setup was realised with a rectangular COSMO domain covering an area
of 57,850 km?, which encompasses the whole Neckar catchment of 14,000 km?. This
results in 256 x 230 grid-points with a spacing of 0.01 deg (about 1.1 km) with 50 vertical
layers which allows for directly simulating deep convection. CLM and ParFlow domains
have to match exactly because both share the same grid for the upper 10 soil layers and
were chosen slightly smaller to exclude the boundary zone of COSMO where the lateral
forcing of the atmosphere by another, larger-scale atmospheric model dominates. CLM
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Figure 2. Results from the seven year timeseries of hourly precipitation. The left image shows average yearly
precipitation for the virtual catchment. The middle image shows the same for the raster dataset REGNIE'? which
is based on observations while the right image shows the differences between the VR and REGNIE.

and ParFlow were run at 400 m grid spacing resulting in 605 x 535 grid-points and 50
vertical layers for ParFlow. In total the VR has 22.364.500 gridpoints.

The different models need several inputs for their setup. COSMO needs lateral forcings
to drive the model, which we got directly from DWD from their 2.8 km forecast analysis
archive which also includes all static fields such as topography. For CLM we used the
topography provided by the European Environment Agency EEA® and the 2006 Corine
Land Cover Data Set!'. From the MODIS database we derived leaf area index values
for four of the land-use classes that CLM uses: broad-leaf and needle-leaf trees, crops
and grasslands. For the soil we used the BUK soil map from the Federal Institute for
Geosciences and Natural Resources - BGR!? from which the soil parameters needed for
ParFlow and CLM were derived.

3 Results

In order to showcase the VR we present a snapshot in Fig. 1 which shows parts of all
compartments with clouds, rain and soil moisture showcased. One focus of the analysis of
the extensive VR (~35 TB are required for hourly system states) due to the hourly output,
was to make sure, that this dataset is suitable to be used as an artificial reality. In some areas
we expected rather poor results such as river discharge, because the Neckar river is heavily
managed, which is not considered in our setup and also because in ParFlow rivers develop
on the gridsize which at 400 m is much larger than most rivers in the domain. However,
these problems can be mostly solved by going to a smaller gridsize, which is planned
in the future. Differences in discharge will, however, have only very limited impact on
the behaviour of the system, while other variables, especially related to the atmosphere,
much more impact the system state as they act as the primary forcing for both CLM and
ParFlow. Precipitation in particular is very important as it impacts many different processes
and terrestrial system states, from evaporation to soil moisture and groundwater recharge.
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Figure 3. Map of the distance to groundwater for the entire domain for May 2007. The colour scale is modified
and shows log(distance to groundwater+1) in order to give more detail at the shallow end of the spectrum.

In Fig. 2 the results from our VR are compared to the observation-based gridded data-
set REGNIE'?. While there are in general areas, especially near the boundary, with larger
differences, they are rather small in most of the Neckar catchment. There some smaller
discrepancies common to most atmospheric models, such as a slight underestimation of
convective rainfall in the summer.

However, even the best precipitation input is useless if the setup of the subsurface is
poor and does not produce realistic groundwater levels or soil moisture. In Fig. 3 the
distance to groundwater is shown (with modified colour scale to better show differences
at small values). Very shallow groundwater table depths are found in the river valleys
and very deep groundwater in the mountain regions including steep slopes. There are also
discrepancies between simulated soil moisture and soil moisture derived from satellites,
which currently cannot yet be attributed to the model or the satellite retrieval algorithm.

In summary, the VR is able to fulfil its role and observations extracted from it would
have a good enough quality to be used in the planned DA experiments.

4 Outlook

There is a follow-up version planned for the virtual catchment with the resolution of the
surface and sub-surface components increased to 100 m. This will improve the modelling
of discharge for individual hill-slopes and for narrow valleys. In order to realise this, we
have to upgrade the CLM component to a newer version, as CLM3.5 is not able to run at
the required resolution while also performing I/O. Production runs are planned in January
2018.

Even before this new VR is generated we will implement the first version of our data
assimilation system, which will focus on experiments related to weakly coupled data as-
similation, where measurements from one compartment only update states in the same
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compartment. This DA system will be based on an ensemble that we are currently testing
to make sure that the ensemble spread (the states covered by the different members) is suf-
ficient for all variables and compartments. The second version of the DA system is planned
to start in early 2019 and will use virtual observations from the latest virtual catchment.
This setup will include strongly coupled DA as well as parameter estimation experiments.
Towards the end of 2019 apply all newly developed DA methods to a real word catchment
,the Rur catchment, in order to test our developments under real world conditions.

The ensemble runs and the data assimilation runs are even more demanding than the
VR run, however, time periods will be shorter and parallel scaling will be even better.

Finally, we strive to make all datasets we produce available to everyone (with special
focus on the VR and the possibility to create virtual observations).
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