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framework and software are presented to evaluate and classify data sets into four classes regarding their
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food and energy production, carbon sequestration, soil properties,
biodiversity or conservation of water resources. Emissions from
agriculture are also seen as a threat to the global climate system,
which makes agriculture one of the key handles for climate change
mitigation. There is an increasing need to better understand these
complex systems, and to develop and utilize reliable process-based
models for scenario analyses as a basis for policy and management
decisions. Agro-ecosystem models are increasingly applied beyond
the point and field scales to support decision-making (van Ittersum
et al., 2003; Jones et al., 2003; Brisson et al., 2003; Stockle et al.,
2003; Keating et al., 2003), assess the impact of climate change
(Holzworth et al., 2015, position paper of thematic issue), and to
derive adaptation and mitigation strategies for the sustainable use
and management of land and other natural resources (Hammer
et al., 2002; White et al., 2011). Integrated Assessment and
Modelling as suggested by Parker et al. (2002) requires the inte-
gration of dispersed data sources in a consistent and spatially and
temporarily complete data set to provide necessary model inputs
for decision making (Janssen et al., 2009) and to transfer site-based
knowledge to regions and continents. With increasing size of the
area under investigation, input data tend to become more uncertain
relative to the point data of experimental sites, which were the
original basis of development for the majority of agro-ecosystem
models. Hence, model uncertainty also increases with the area
under investigation since data of relevant state variables for testing
and evaluation are not commonly available.

Critical to the evaluation, improvement, and use of crop models
is the availability of high quality data from field observations. There
is a mismatch between the rising demand by users for tested
models and research budgets for suitable experimental research
and monitoring, which tend to be decreasing (Rotter et al., 2011).

Since field experimental data sets are usually not recorded for
modelling purposes, their level of detail, quality of records, vari-
ables considered as well as their number of spatial and temporal
replicates vary enormously (Nix, 1985; Groot and Verberne, 1991)
Therefore, their suitability for modelling is often insufficient for
different reasons. White et al. (2013) proposed a standard approach
for describing and identifying variables of management, environ-
mental conditions, soils, and crop measurements, all for the pur-
pose of developing, testing, and applying crop simulation models.
In general, datasets used for model calibration and validation
consist of data describing a) the initial soil conditions, b) the crop-
specific management and c) the seasonal weather conditions
(Palosuo et al., 2011; Rotter et al., 2012; White et al., 2013). Addi-
tionally, data on phenology of the crop, yields and nutrient contents
from intermediate harvests, intra-seasonal soil conditions and
measurements of fluxes of energy, water and CO, may be provided.

The international community of agricultural system modellers,
e.g., in the Agricultural Model Intercomparison and Improvement
Project AgMIP (Rosenzweig et al., 2013) or the European MACSUR
(Modelling European Agriculture with Climate Change for Food
SecURity) project (Rotter et al, 2013) are currently building
harmonized data bases for the purpose of model testing and
improvement including the opportunity to create model-specific
interfaces for various models (Porter et al., 2014). In order to find
suitable experimental data for specific applications in the context of
modelling out of the vast offer of available data sets, a transparent
method of screening and pre-selection is demanded, which high-
lights specific positive and negative features of a data set with
respect to the intended application. To evaluate and select data sets,
Rosenzweig et al. (2013) proposed different classes of data for so-
called “Sentinel Sites”, which represent specific sites with experi-
mental data suitable for different levels of model testing and
improvement. However, specific for a transparent classification
were not provided. A joint community effort lead to the

development of a qualitative (Boote et al., 2015) and a quantitative
framework (this publication) to evaluate the quality of field
experimental data sets for crop modelling according to robust and
accepted criteria.

The aim of this paper is to provide a quantitative classification
framework by which the consistency and quality of agricultural
datasets can be evaluated. Variables under consideration are
weighted according to both their importance and their quality, and
justified by literature describing variance and errors of the different
state variables and measurement methods. The objective of such a
classification framework of data evaluation and labelling is (i) to
allow data base managers to pre-check the quality of data sets
before integrating them into their data base, (ii) to support the
creation and use of international publicly available benchmarked
data sets for model evaluation, inter-comparison and improve-
ment, (iii) to enable modellers to select appropriate data according
to their requirements, (iv) to give guidance to experimentalists for
designing their experiments with respect to aspects that go beyond
their primary research question, allowing for a broader use of
experimental data for systems analysis and modelling.

2. Definitions and terminology

Parameterisation means the estimation of fixed model param-
eter values (e.g., diffusion coefficient of a substance in water) for
single processes under controlled conditions.

Calibration means the adjustment of values of model parameters
outside the model code (e.g. thermal sums for phenological
development in external parameter files) to fit their output to a set
of measured state variables or fluxes (Penning de Vries and van
Laar, 1982). According to Van Keulen (1976), the main purpose of
calibration is to adapt weak or unknown parameters or relations.
Parameter values should preferably have a real and measurable
background and their values should be adjusted within a reason-
able range. Calibrated parameter values are valid only for the model
configuration that was used for the calibration. Introducing new
processes or algorithms usually requires re-calibration of at least
parts of the parameter set.

Validation (or falsification if model application is beyond its
limits) is the examination whether a model derived from analyses
of some systems is capable of describing other systems, or simply,
the test of a calibrated model against an independent data set that
has not been used for calibration (De Wit, 1982).

State variables represent the status of a specific dynamic system
variable (e.g. soil water content) at a particular time and location or
compartment. The variable can be expressed as a total amount or
concentration in a pre-defined compartment (e.g. soil layer or crop
organ).

Fluxes are defined as a transition of matter or energy across a
defined compartment border. They can be observed cumulatively
over a specific time period and compared to corresponding
simulations.

3. Data requirements for model calibration and validation

Application of a model in a new geographic/climatic environ-
ment or for a new crop requires new parameterisation and even-
tually modifications of the model, e.g. by consideration of
additional processes; otherwise parameter adjustment to fit
observed data becomes a pure tuning or curve fitting exercise (De
Wit, 1982). Such extension of a model requires suitable data to
identify and parameterise processes and it sometimes requires a re-
calibration of parameters of other processes or modules if processes
interact strongly.
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Calibration and validation of agro-ecosystem models require
consistent data sets of multiple state variables and fluxes (Nix,
1985). For field research, the assessment of “effective” parameters
representing a whole field is more suitable than measurements in
the laboratory using samples from single spatial points, which
might represent only a few centimetres. High spatial as well as
temporal resolution of measurements is required to understand,
how processes at a more detailed scale affect particular phenomena
at the scale of interest (Wagenet, 1998). While spatial variability
complicates model calibration if the underlying spatial structure of
inputs is unknown, the knowledge of these structures also provides
a chance to evaluate the sensitivity of a model's response to vari-
able inputs in a field, which often contains most of the variability of
a whole landscape (De Wit and van Keulen, 1987). Although model
applications have demonstrated and contributed to a better
explanation of spatial patterns, Baveye and Laba (2014) criticise the
missing benefit of such analyses. Nevertheless, model evaluations
(estimating the discrepancy between model results and measured
values) must consider the uncertainties of inputs as well as the
small-scale variability of observations.

The parameterisation and calibration, e.g. for new crops, cannot
be seen isolated from the relevant boundary conditions, e.g., soil
hydrological conditions, and from the purpose of application. For
example, it makes no sense to adjust crop model parameters to fit
only data of annual yields, if soil water dynamics are not realisti-
cally simulated, since this may lead to erroneous parameter settings
in another part of the model and erroneous predictions in a new
environment. Kersebaum et al. (2007) documented that different
models applied to the same data set were able to satisfactorily
simulate a specific target variable, but showed considerable dif-
ferences in the quantification of different underlying processes.
Therefore, a sound calibration of a model requires using a balanced
data set which includes observed state and flux variables repre-
senting as many of the processes and states of the model as possible
at temporal (and spatial) resolutions that allow process parameters
in the model to be adjusted and model assumptions to be tested.

Many processes show high spatial and temporal variability.
Denitrification for example requires a coincidence of suitable
temperatures, anoxic conditions and the presence of nitrate at a
certain location. These conditions may vary within very small dis-
tances of millimetres to centimetres leading to a high spatial vari-
ability of measurements (Parkin, 1987). To integrate this variability
to a larger space, e.g. field scale measurements of fluxes or crop
biomass should cover a representative elementary volume or area
to avoid too much noise in the observations due to effects at smaller
scales (Wagenet, 1998; Boote, 1999). Also the resolution of vertical
extent should be adequate for the scale, the problem to be
addressed and the model approach used. Besides the number and
accuracy of observed variables, one important point is the vari-
ability of experimental conditions occurring at a particular location
and year, related to the specific interactions between genotype
(crop/cultivar), environment (climate, soil) and agronomic man-
agement practices.

3.1. General framework of the data set classification

Four classes were defined to classify the datasets by quality:
From low to high quality, these classes encompass the levels
“copper”, “silver”, “gold” and “platinum” oriented to the classes
proposed by Rosenzweig et al. (2013) and extended by Boote et al.
(2015) for the classification of sentinel sites. Data sets of all classes
are useful for modelling as even in the copper class they fulfil the
minimum requirements of models. However, depending on the
purpose of their use by modellers they differ in suitability. Data sets

of the copper and silver class are usually sufficient to validate or to

adjust key parameters for crop varieties when the model is already
parameterised and calibrated. Model improvement, e.g. to identify
new processes or calibration for a new crop require more specific
data and usually data of higher density in terms of temporal or
spatial resolution or more compartments, e.g. Crop organs.

In our effort to develop a framework to evaluate data sets for
modelling, we first differentiate between input data and state
variables corresponding to model outputs to calibrate or validate
the model and to prove consistency of model outputs against
measured values. Additionally, we aim to address possible addi-
tional measurements that might be suitable to improve models for
particular purposes. However, we have created the framework
mainly from the aspect of crop modelling and it should be stressed
that specific research questions usually require additional mea-
surements. The framework encompasses six thematic groups of
input variables, which are also denoted as blocks since they are
evaluated separately (Table 1): meteorological data, agronomic
management, soil data, initial values, previous crop, and
topography.

In addition, the following thematic groups of state variables
(Table 2) are needed to be compared with model outputs:
phenology, crop growth variables, soil variables, and additional
observations. Since some phenological stages are regarded as
essential information to adjust crop parameters for a new envi-
ronment (e.g., Asseng et al., 2013) phenology is evaluated as a
separate block, while the other three groups are aggregated into
one block (state variables, fluxes and observations) for the
evaluation.

Within these groups, 65 potential variables were listed (see
Tables 1 and 2) which describe the experimental agricultural
datasets. For each variable, an estimation of their importance for
crop modelling was determined from modeller interviews using a
questionnaire. According to the selected importance, a relevance
factor (RF) (5=very important, 4=important, 3 =relevant,
2 =special interest, 1= additional value) was assigned to each
variable (Tables 1 and 2). For instance, in crop modelling the
weather variables Tmax and Tmin (the daily maximum and mini-
mum temperature) are of major importance for many processes
considered in the models. Thus, the variables get the highest rele-
vance (5), whereas Tavg (daily average temperature) has a lower
predictive power and was assigned the relevance of 3. Additionally,
the relevance factors are modified individually to cover aspects of
temporal and spatial resolution, representativeness, and accuracy
of observation methods to estimate weighting points (WP), which
are accumulated for the evaluation. The general scheme to calculate
weighting points WP is:

WP = RF-f(ngp, no, d, rep, xyz) (1)

where the elements which are considered (ngp represents the
number of observations during a year/season, no means the num-
ber of compartments/layers, d indicates the depth of the soil profile,
rep the number of replications of the observations, and xyz the
distance and elevation difference between experiment and mete-
orological station) in the functions vary depending on the variable.

For each block of variables and each class a minimum amount of
information was defined by a sum of total weights (Fig. 1). Absence
of a variable defined as a necessary part of the minimum data re-
quirements (= essential data) leads to a total failure of the data set
unless alternative information (e.g. global radiation can be
substituted by sunshine duration) can be used. This means that the
data set is not suitable for modelling or requires additional mea-
surements. Classification of the whole data set is performed by
either using the total sum of all variable weights or the average of
the achieved classes (values from 1 for copper to 4 for platinum
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Table 1
Input variables for agro-ecosystem modelling (¥ = minimum data requirement, ) can be substituted by #2)).
Variable Relevance Weight condition Factor for total weight Max. weight
Meteorological data
Precipitation® 5 <1 km dist. MIN(f{dist.}; f{altitude} 5
<30 m altitude see. Fig. 2, Eq. 2
Air temperature average 3 <5 km dist.; dto. dto. 3
Air temperature minimum® 5 <5 km dist. dto. 5
Air temperature maximum# 5 <5 km dist. dto. 5
Rel. humidity/Tdew/vapor pr.# 4 <5 km dist. dto. 4
Wind speed 3 <10 km dist.; dto. dto. 3
Global radiation * 5 <20 km dist. f(distance)} 5
Sunshine duration #2) 3 < 20 km dist. f{distance} 3
Agronomic management
Variety 3 0/1 0/1 3
Sowing/planting date® 5 0/1 0/1 5
Harvest date* 5 0/1 0/1 5
Fertilization# 5 date, amount, type 0/1 5
Rainfed/irrigation# 5 date, amount 0/1 5
Sowing density 3 0/1 0/1 3
Tillage 2 date, depth, type 0/1 2
Soil data
Texture® 5 0—150 cm *MIN(no. layers/3; 1.2) 7.5
>2 layers *MIN(depth/1.5; 1.25)
Bulk density 3 0—150 cm dto. 4.5
Water retention curve 3 0—150 cm dto. 4.5
Hydraulic conductivity curve 3 0—150 cm dto. 4.5
Field capacity meas. 3 0—150 cm dto. 4.5
Wilting point meas. 3 0—150 cm dto. 4.5
Soil organic carbon® 3 0-30 cm *MIN(no. layers; 1.2) 45
*MIN(depth/0.3; 1.25)
soil organic nitrogen 3 0—30 cm dto. 4.5
pH 2 0-30 cm dto. 3
Initial values
Soil moisture® 4 0—100 cm *MIN(no. layers/2; 1.2) 6
*MIN(depth; 1.25)
Soil mineral N 4 0—100 cm dto. 6
Previous crop
Crop 3 0/1 0/1 3
Sowing/planting date 2 0/1 0/1 2
Harvest date 3 0/1 0/1 3
Yield 2 0/1 0/1 2
Residue management 4 0/1 0/1 4
Fertilization 3 total amount 0/1 3
Irrigation 2 total amount 0/1 2
Topography
Latitude 5 0/1 0/1 5
Longitude 3 0/1 0/1 3
Altitude 3 0/1 0/1 3
Slope/exposition 1 0/1 0/1 1

were attributed to calculate a numerical average) of the single
blocks (Fig. 2). This should ensure that data sets are well balanced
and relevant deficits in one block of input variables are not masked
by very detailed information of another block. Thus, by listing all
variables given in an experimental dataset and multiplying these
variables with the above-mentioned weights, the dataset auto-
matically becomes classified into one of the four quality classes.
However, the results so far just represent only the data of one
season (or the average of several seasons). To consider the added
value when data of multiple seasons and/or different treatments of
a manipulated experiment are available, we created an additional
block with this information (see Table 3). In this block the number
of growing seasons per crop (e.g. if shifted crop rotations were run
in parallel) and of applied treatments are considered. Ideally, the
same cultivar of the crop should be used at multiple seasons, sites,
or treatments, which could lead to deviations due to genetic coef-
ficient variation. Additionally, data sets are upgraded if at least one
treatment comes close to representing “no stress” conditions for
crop growth which is seen as ideal for model calibration as stresses
might alter crop phenology and biomass partitioning, e.g. root/
shoot ratio (e.g. Blum, 1996). Also the added value of a treatment

without nitrogen (N) fertilisation is positively regarded as this
provides information on the basic N supply by soil organic matter
or crop residue mineralisation and the response of crops to limited
N availability. Elevated CO, treatment could be given higher rating
if compared to ambient. If crop growth can be related to different
site conditions, e.g., if different soil information is available from
precision agriculture observations or an experiment is performed
within parallel lysimeters with different soils or hydrological
boundary conditions, the data exhibit a special value for model
sensitivity testing. Weight of a specific treatment factor is calcu-
lated from the number of the specific variants. However, weights of
different treatment factors are considered in an additive instead of
multiplicative way. The sum of this block is used to calculate a
factor that is used to modify the total sum as well as the average of
block classification to estimate the final rating of the data set. In
most cases, the data sets are upgraded for their additional focus
data, seasons or treatments. However, it may also be downgraded if
there are no additional seasons and treatments, but the experiment
indicates that water, nutrient availability, weeds, and pests or dis-
eases limited crop growth. Although the number of specific treat-
ments is not limited (see Table 3), realistically the sum of treatment
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Table 2

State variables, fluxes and observations for model testing (¥ = minimum data requirement).

Variable Relevance Weight condition Factor for total weight Maximum weight
Phenology
Emergence 3 0/1 0/1 3
Tillering/stem elong./other 2 0/1 0/1 2
Ear emergence/other 2 0/1 0/1 2
Flowering*/other 5 0/1 0/1 5
Maturity/other 3 0/1 0/1 3
Crop growth
Yield 5 0/1 +MIN(no.repl.-1)*0.05); 1) 6
Above ground biomass 4 0/1 *MIN(no. observ/3; 1.25) 6
*MIN(no. Replic/3; 1.2)
Weight single organs 3 0/1 *MIN(no. organs/3; 1.25) 4.95
(leaves, stems, etc.) *MIN(no. observ/3; 1.2)
*MIN(no. Replic/3; 1.1)
Root biomass 3 0/1 dto. 4.95
Nitrogen in above ground biomass 3 0/1 *MIN(no. observ/3; 1.25) 4.5
*MIN(no. Replic/3; 1.2)
Nitrogen in single organs 3 0/1 *MIN(no. organs/2; 1.25) 4.95
*MIN(no. observ; 1.2)
*MIN(no. Replic/3; 1.1)
Leaf area index 4 0/1 *MIN(no. observ/3; 1.25) 6
*MIN(no. Replic/3; 1.2)
Soil
Soil water gravimetric 3 0/1 *MIN(no. depths/3; 1.25) 4.95
*MIN(no. observ/5; 1.2)
*MIN(no. replic/3; 1.1)
Pressure heads 2 0/1 *MIN(no. depths/3; 1.25) 33
*MIN(no. observ/20; 1.2)
*MIN(no. replic/3; 1.1)
Soil mineral nitrogen 3 0/1 *MIN(no. depths/3; 1.25) 4.95
*MIN(no. observ/3; 1.2)
*MIN(no. replic/3; 1.1)
Soil water calibrated sensor 3 0/1 *MIN(no. depths/3; 1.25) 4.95
*MIN(no. observ/50; 1.2)
*MIN(no. replic/3; 1.1)
Deep percolation flux 3 0/1 *MIN(no. obs./10; 1.25) 4
Deep nitrogen leaching 2 *MIN(no. obs./10; 1.25) 2.5
Surface fluxes
Evapotranspiration 3 0/1 0/1 3
CO; flux (CO, exchange) 3 0/1 0/1 3
NH3 flux (volatilisation) 2 0/1 0/1 2
N, flux (denitrification) 2 0/1 0/1 2
N,O flux 2 0/1 0/1 2
NO flux 2 0/1 0/1 2
CHy4 flux 2 0/1 0/1 2
Additional observations (qualitatively)
Lodging 3 0/1 0/1 3
Pest/disease effects 3 0/1 0/1 3
Weeds 3 0/1 0/1 3
Physical damages (frost/hail/animals/etc.) 3 0/1 0/1 3

model inputs calibration/validation
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Fig. 1. Variable blocks and their minimum sums of weighting points required for each
quality class.

weights will rarely lead to an upgrade over two classes. However,
the factor, which is used to multiply the total sum of points and the
average of block ratings, is limited to a range from 0.94 to 1.3.
The importance of specific input variables depends on their
ecological significance but also on the model assumptions, the
model architecture and the main interested output variable or
research question. Although we provide a method here with sug-
gested default weights for crop modelling, these weights may be
subject to individual choices as demands vary depending on the
specific purpose of model development and applications. There-
fore, the realisation of the classification software offers the op-
portunity for users to change the individual weighting for variables
(see example in Fig. 4). Thus, one dataset can end up with multiple
rankings, and that reflects its suitability for different purposes.
The dataset ranking software was programmed as a Qt desktop
application in C++ code compiled under Windows 7 and includes
three components: “GUI”, “Datasets” and “RankPointGenerator”.
The dataset classification software contains register cards, where all
metadata defined in this chapter needs to be filled in manually. The
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optimal growth conditions).

dataset is ranked per block as soon as data is parsed in. This met-
adata can be stored per evaluated dataset in an ASCII file using the
JSON format (www.json.org). This data format is a language inde-
pendent data interchange format. Therefore, the format can be used
as an interface to automatically generate the required metadata
from any data base.

3.2. Relevance of data and requirements to data

3.2.1. Input data

Quality and uncertainty of input data have a high impact on
model output uncertainty and accuracy. In our evaluation frame-
work we differentiate between different types of input data
(Table 1):

3.2.1.1. Meteorological data. Meteorological input data are usually
the drivers of dynamic agro-ecosystem models. Sensitivity of
models to single meteorological variables differs depending on the
simulated model processes. Therefore, the weight of the single
variables differs in our framework (Table 1). However, weather
variables have different spatio-temporal variability which has to be

considered when evaluating their suitability for site-specific
modelling.

3.2.1.2. Agronomic management. Data on soil and crop manage-
ment are generally essential inputs for crop models. Sowing or
(trans-) planting date is essential to initiate crop growth. Harvest
date is required by many models to terminate the growing season.
Information about water and nutrient (especially N) supply are
required as both are important resources which determine crop
growth. In the framework, we just evaluate if the information is
available (Table 1), e.g., even to confirm rain-fed conditions. Other
information such as variety, sowing density and tillage are less
important.

3.2.1.3. Soil data. Soils influence crop growth in several ways, in
particular as soil acts as an important storage and buffer especially
for water and N. Soil texture is one of the most influencing factors
for sorption properties, pore size distribution and water retention
characteristics and is given a very high relevance factor (Table 1).
Water availability is among the most important input information
for crop models. The available water capacity is one of the most

Table 3

Calculation of multiplier for multiple seasons, treatments and optimum conditions.
Variable Relevance Weight condition Factor for total weight Max. weight
Seasons
No. of seasons per crop 1 0/1 *MIN(no. seasons; 5) 5
Sites
No. of site variants (e.g. soils) 1 0/1 *MIN(no. site variants.; 5) 5
Treatments/management
Management close to optimum 1 1-5 * value 5

1 (limited) to 5 (potential growth)

zero N treatment (no=0, yes=1) 3 0/1 *value 3
Treatment 1 (e.g. irrigation) 1 0/1 * no. treatments No limit
Treatment 2 (e.g. nitrogen fert.) 1 0/1 * no. treatments No limit
Treatment 3 (e.g. CO;) 1 0/1 * no. treatments No limit
Treatment 4 (e.g. tillage) 1 0/1 * no. treatments No limit
Treatment 5 (...) 1 0/1 * no. treatments No limit
Treatment 6 (...) 1 0/1 * no. treatments No limit
Factor estimation
SW = MIN (Sum of weights;28) 1+ (SW(7 -1)*0.1 13
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Fig. 3. Decrease of relevance for data classification of important weather variables with distance between experimental field and weather station.

sensitive yield-affecting soil properties under rain-fed conditions
with significant impact on crop model output especially when
water is limiting (van Keulen and Seligman, 1987; Aggarwal, 1995;
Pachepsky and Acock, 1998). Beside texture, bulk density of the soil
plays an important role, as compaction mainly affects the mid-size
pore space which determines plant available water. Estimation of
soil water retention curve and soil hydraulic conductivity functions
is required for models which simulate water dynamics based on the
Richards equation (Richards, 1931). However, many models are
operating with a capacity approach which requires only the soil
water content at field capacity and permanent wilting point.

Knowledge of soil organic carbon (C) and N are relevant inputs
to assess C and N pools for C and N mineralisation (Table 1). Under
limited N fertilisation typical for agriculture in low-income coun-
tries of Sub-Saharan Africa, information about total soil organic C
and N is specifically important since soil organic matter decom-
position is the major source of plant available N. This is also the case
for many organic farming systems in developed countries (Doltra
et al,, 2011). A remaining problem is the fractionation of the total
soil organic C and N into active versus stable soil organic C and N
pools, which are used differently by various models (Gabrielle et al.,
2002). Especially in sandy soils, soil organic matter contributes
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Fig. 4. Example of a sub-page for meteorological variables of the classification software representing the data situation for Miincheberg 1993—1996 and Lednice (except soil

temperature).
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significantly to the soil cation exchange capacity and influences its
water holding capacity.

Soil pH has an impact mainly on biological turnover processes
and some nutrient dynamics, e.g. phosphorus (Deveau et al., 2009).
The weight of pH in the framework is relatively low (Table 1) as soil
pH in well managed arable soils is usually not at a critical level.
However, very low pH values typical of tropical soils can cause
severe limitations to root growth and might require raising the
weight for these soils (Marschner, 1991).

3.2.14. Initial values. As dynamic simulation models predict state
variables for a specific time step from their status of the previous
time step, the models require initialisation for all variables with
reasonable start values prior to the simulation. Most crucial are soil
water and soil mineral N contents because of their high spatio-
temporal variability. There is a high weight given to knowing
initial nitrate and ammonium in soil layers at pre-season if the crop
is grown under limiting N fertilisation (Table 1). Considering the
importance of water and N availability, the initial conditions of soil
water status and soil mineral N have a strong influence, especially
on early crop development and growth. If soils are dry, germination
can be delayed significantly (Ashraf and Abu-Shakra, 1970). Also
low N contents, especially in combination with dry topsoil can
cause distinct N and water stress in the juvenile phase when the
root system is poorly developed. However, the impact of initial
conditions varies depending on the site properties (Kersebaum
et al., 2002). For example high initial soil mineral N before sow-
ing of a winter crop might have a minor contribution to crop growth
and yield formation if N is leached during autumn and winter in
soils of low water holding capacity. However, if N leaching is a
major aspect of the simulation study, the pre-sowing mineral N
content is of high relevance. In our framework, these data can be
substituted by good information on previous crop and its cultiva-
tion. Other state variables like organic C and N pools can be derived
from more conservative soil characteristics such as soil organic
matter content.

3.2.1.5. Previous crop. The status of water and N for the simulation
could be simulated by starting the model one growing season
earlier with assumed initial data if observed initial values are not
available. The error of this assumption will mainly disappear during
this pre-simulation if the model is capable of properly simulating
the dynamics. However, this requires data regarding the growing
period of the previous crop and the method of residue manage-
ment, which makes this data relevant for modelling (Table 1). For
the simulation of long-term C and N dynamics in soil and its
feedback on the growth dynamics of a crop rotation system, a pre-
run of several decades to centuries may be necessary to achieve
steady state conditions in the virtual pools (Bruun and Jensen,
2002). In this case, assumptions on the history of crop manage-
ment including the return of crop residues to the soil also have to be
made.

3.2.1.6. Topography. Information regarding the location of the
experimental site such as latitude, longitude and altitude are
particularly important if models calculate process-relevant status
variables such as day length from latitude and day of year or correct
other input data due to deviations of their locations, e.g. if weather
data come from another location or altitude. Information on slope
and exposure provides information if topographic shading or
lateral water flow might affect the site (Reuter and Kersebaum,
2009).

3.2.2. State variables for model testing

Model performance is usually tested by comparing simulated
against measured state variables or fluxes, preferably measured
with an appropriate temporal frequency and spatial resolution
(Table 2).

3.2.2.1. Phenology. Since phenological data provide an essential
pre-information to adjust crop variety specific parameter values
when applying models for new varieties or new sites, we assign
these data within a separate block for evaluation. Phenology is
crucial information for modelling of a crop. It controls a multitude
of physiological processes in the plant, and, in turn is almost
entirely controlled by external climatic and soil variables such as
temperature and photoperiod, drought or N availability (van Keulen
and Wolf, 1986; van Keulen and Stol, 1991; Olesen et al., 2012). This
usually makes phenology the first process that is considered during
the model calibration procedure. The ability to reproduce the
plant's ontogenesis with the model largely determines the success
of modelling other plant traits (Jeong, 2012). Phenology plays a
central role in the partitioning of assimilates. Additionally, sensi-
tivity to stresses can be different during specific growth stages.
Therefore, it is important to have information at least on some key
phenological stages. Flowering is very important (Table 2) for many
grain crops as it initiates the period of grain filling. It also marks a
stage which is very sensitive to stress, e.g. drought or heat (Savin
and Nicolas, 1999; Semenov and Shewry, 2011; Eitzinger et al.,
2013). Also maturity date provides relevant information on the
termination of plant growth. We provide more detailed consider-
ations on phenological observations in section 4.5.

3.2.2.2. Crop growth variables. Crop yield is one of the most rele-
vant variables for crop model simulations (Table 2). Often reported
as dry matter yield (e.g. grains for cereals), but for some crops (e.g.
field vegetables, sugar beet or sugarcane) fresh matter yield is a
more useful unit to work with and the conversion from one unit
into the other (i.e., dry matter content) requires special attention
(Nendel et al., 2009). Total crop biomass and its partitioning to
different crop organs over time is of special interest to calibrate
assimilate partitioning among organs in growth models
(Kersebaum, 2011; Boote et al., 2015). Within many crop growth
models a specific leaf area (area per unit mass) is used to transfer
leaf weight into leaf area index (LAI), which forms the interface to
adsorb solar radiation for photosynthesis. Therefore, measure-
ments of LAI play an important role to control crop model behav-
iour. The vertical distribution of root biomass (and related root
length density) is relevant information, which can be directly
compared to corresponding model variables. Additionally, it in-
dicates the soil depth exploited by the crop for water and nutrient
uptake.

Crop nutrient status of above-ground biomass and of crop or-
gans (including roots) over time provides information on the in-
tegrated nutrient fluxes in and from the crop at a specific growth
stage of the plant and the distribution among crop organs. In
conjunction with a stepwise increase of nutrient supply, subse-
quent measurements of the nutrient concentration in plants can
provide useful information to derive critical nutrient concentration
curves for assessing nutrient stress at specific growth stages (e.g.,
Greenwood et al., 1990; Plénet and Lemaire, 1999).

3.2.2.3. Soil variables. A central part of agro-ecosystem models is
the simulation of soil water balance including temporal dynamics
of soil water contents, and upward and downward fluxes. Crop
growth and soil water and N dynamics are closely interlinked and
can hardly been simulated independently from each other. To prove
the validity of a crop growth model it has to be insured that the
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simulation of biomass production is based on the right boundary
conditions in the soil. Depending on the model approach, soil water
content measurements are relevant to test models in that aspect,
whereas tensiometer measurements of matric potential are of
special interest for potential-driven models (Table 2).

Flux measurements at the bottom of a soil profile — usually
deeper than the rooting depth — are mainly restricted to the use of
lysimeters or accumulated measurements by ion exchange resins
(Lehmann et al., 2001). These measurements are required to eval-
uate simulated seepage and nutrient losses by leaching, which are
relevant components of the whole water and nutrient balance and
important environmental indicators.

3.2.2.4. Surface fluxes. Evapotranspiration is a key process in agro-
ecosystem modelling. Therefore, model testing with measured
water fluxes at soil or canopy level is quite important (Table 2).
Measurements of gas exchange at the soil surface are especially
important for environmental impact analysis, e.g. the emission of
trace gases (CHg4, N2O, CO;) or to quantify processes related to N
dynamics such as ammonia volatilisation (NH3) and denitrification
(N3, N20O, NO) for model calibration. CO, flux measurements pro-
vide vital information for testing the models' ability to describe
short-term C dynamics. In the context of climate change impact
assessment and model-based development of mitigation strategies,
the testing of appropriate model approaches becomes increasingly
important, and therefore there is an increasing need to test agro-
ecosystem models against flux measurements.

3.2.2.5. Documentation of damages and yield losses by external fac-
tors. Most crop models do not consider crop damages by external
factors (e.g. pest and diseases, lodging, hail, frost, radiation damage,
damage from animals, etc.). Large deviations between observed
and simulated yield can occur especially if the risk increases with
increasing yield level as for cereal lodging. Therefore, such events
should be recorded to explain deviations between observed and
simulated biomass/yield and documentation is rated as relevant
(Table 2).

4. Quality and uncertainty of observations

Field data are never free of error (random or bias), which chal-
lenges model calibration and validation (van Keulen and Seligman,
1987). This constrains desired stringency in model evaluation: If
random error were the only source, it would, as a rule make sense
to consider model results satisfactory, as long as they are within the
standard error (SE) of the data, because the SE is the statistical
measure of accuracy. However, SE provides no information on bias,
so there will always be uncertainty in the judgement (van Keulen
and Seligman, 1987). The number of replicates for measurements
is therefore considered positively in the calculation of the weight-
ing and conservation of replicate data is emphasized. Three repli-
cates are assumed to be the standard for most of the
measurements. Therefore, less replicates lead to a reduction of
weighting according to the factor for total weight given in Table 2.

The quality of measurement can be related to the type of in-
struments used, thus measurement methodology and instruments
used should be reported. However, the quality of instruments is not
taken into account here since there are multiple opportunities to
measure a specific state variable or flux and technical suitability
may vary depending on site conditions. In addition, there is less
value for measurements that have high variability (uncertainty),
which is possible to document if replicate values are given, or if
measurement error is reported.

4.1. Meteorological data

The representativeness of meteorological measurements for an
experimental site must be considered in the evaluation of data as
spatial variability of specific variables reduces their usefulness if
not directly measured at the site. To qualify for “platinum” or “gold”
meteorological measurements should be within the optimal dis-
tance of each variable (Fig. 3).

The network of synoptic stations in Europe, used for weather
forecast models, has a typical inter-station distance of 50—90 km
(van Diepen and van der Voet, 1998). Spatial variation in weather
and climate may be larger than between two stations. For field
experiments the nearest weather station must capture the same
weather condition. Phenomena like thunderstorms and cumulus
convection have a horizontal dimension of up to 10 or 20 km.
The deviance in the meteorological elements from the local
weather at the field site increases with the distance to the
weather station and with the difference in altitude (Zhao et al,,
2015).

Precipitation often exhibits significant spatial variations
within a region (Baigorria et al., 2007; Tetzlaff and Uhlenbrock,
2005). Small-scale variability in annual precipitation can be in
the order of 8% (Subedi and Fullen, 2009). Zhao et al. (2015)
estimated very high spatial variability of precipitation within a
few kilometres even in moderately heterogeneous regions. To
achieve a deviation (root mean square error) below 200 kg ha~' of
water limited crop biomass by crop modelling, resolutions of
1—10 km were necessary in a predominant part of Germany. For
recording the amount of water which can be used by the crops,
rainfall measurements should be made as close as possible to the
experimental site. We suggest a distance within one kilometre as
realistic for a good representative of an experimental station. In
general, wind speed measurements must be close enough that
surface wind is driven by the same meso-scale driving airflow.
Wind measurements made according to WMO-rule at 10 m over
open terrain are synoptically comparable wind speeds and can
describe wind in a region of at least 5 km diameter (Wieringa,
1998b, Table 1).

A comparison of ground-based global radiation measurements
with satellite-derived hourly global irradiance was made for
Switzerland, the Northeast US (Zelenka et al., 1999) and Germany
(Schroedter-Homscheidt et al.,, 2006). The analysis shows that
global radiation measurements up to 20 km around a station are
more accurate and representative than satellite data, provided that
surrounding obstacles remain below a few degrees above the ho-
rizon (Wieringa, 1998a). Measured ground-based global radiation
is, in many cases, unavailable, and this data is frequently replaced
by sunshine duration (Campbell-Stokes), cloud cover or diurnal
temperature range (sometimes combined with precipitation).
Although the reliability of sunshine duration (hours of bright
sunshine) as a global radiation predictor is rather high (Trnka et al.,
2005), under specific conditions it can significantly alter agro-
ecosystem model performance (e.g. Trnka et al.,, 2007). On this
basis, measured global radiation gets a higher weight compared to
sunshine duration.

Fig. 3 shows the decrease of relevance of different weather
variables with distance between experimental field and weather
station. An altitude effect on weight points WP, of the variable is
calculated if the altitude difference (AZ) between experimental plot
and weather station is >30 m:

WP, = Max (RF — 1*(AZ/30); 0) 2)

The minimum of both weights from distance and altitude dif-
ference is used to calculate the final weighting points WP (Table 1).
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4.2. Basic soil data

Crop response to climatic drivers strongly depends on site
conditions, in particular soil properties (Kersebaum and Nendel,
2014). Spatial variability of soils is often high even within fields
leading to spatial variability of crop yields (Nielsen and Bouma,
1985; de Wit and van Keulen, 1987; Kersebaum et al., 2002, 2005).

Soil texture can vary within very short distances depending on
the sedimentation conditions of the parent material, relief or
erosion processes. Soil organic matter is often related to clay con-
tent, but is especially prone to re-distribution due to erosion pro-
cesses leading to reduced soil organic matter at shoulders and
backslope and accumulation at footslope (Moore et al.,, 1993).
Consequently, related soil properties, especially water characteris-
tics, relevant for crop growth show a similar pattern (Kersebaum
et al,, 2002). Vertical distribution of texture and bulk density can
affect crop growth mainly if root penetration is limited to shallow
soil layers. Stones in soils have to be considered as they reduce the
pore space of a given soil volume.

Estimation of soil water retention and conductivity functions are
labour-intensive and require a large number of samples due to their
large variability. Water content at field capacity and wilting point
can be estimated from laboratory measurements or can be deter-
mined in the field if soil moisture observations cover the whole
range of wet and dry conditions. However, soil hydraulic properties
are often derived from primary data like texture, bulk density and
organic matter using pedo-transfer functions (e.g. van Genuchten,
1980; Wosten et al, 2001) with an inherent uncertainty
(Heuvelink, 1998).

4.3. Soil water status

Methods for measuring soil water content range from gravim-
etry, and neutron moisture probes to new sensors mainly based on
the relationship of soil dielectric constant vs. volumetric soil water
content such as Time Domain Reflectometry (TDR) or Frequency
Domain Reflectometry (FDR; e.g. Topp et al., 2003). Sensor-based
automated measurements of soil water status, enable researchers
to determine water contents in soil profiles rapidly and continu-
ously over longer time periods with a high time resolution. Such
measurement techniques can well determine the wet and dry ex-
tremes of soil water contents. Accurate knowledge is required of
both the wet extremes because of their important contribution to
water flow and, the dry extremes in order to validate models of root
water uptake. Reviews on methods for measuring soil water status
are given by Robinson et al. (2008) and Vereecken et al. (2008). A
site-specific calibration of TDR and FDR-probes is often needed,
improving the precision to a range from +0.01 to +0.05 cm> cm ™3
(Abbas et al., 2011; Paige and Keefer, 2008; Wegehenkel, 2005;
Mittelbach et al., 2012). Therefore, sensor data are not considered
by the evaluation framework as “calibrated” if less than two
gravimetric measurements were performed.

4.4. Soil nutrient status

Soil nutrient status can vary significantly spatially as well as
temporarily. Especially soil mineral N has shown tremendous
spatial variability within small distances (Kersebaum et al., 2002).
Giebel et al. (2006) found that 35—49 % of soil mineral N variability
within a 20 ha field derived from short distance variability (<5 m)
and that spatial patterns across the field are temporarily unstable.
Analytic error was estimated in the range of 5—10 kg N ha~';
however, measurement uncertainties of 10—26 kg N ha~! for the
soil depth of 60 cm can be expected. Dahiya et al. (1984) estimated a
required number of sampling points of 21—33 depending on the

depth to attain a sample mean within 10% of the real mean value
(85% probability). The number can be reduced to 5 to 8 if the pre-
cision limit is set to 20%. Therefore, three replicate mixed samples
were set as a standard requirement in the evaluation method
(Table 1). Compared to auger sampling, measurements of nutrient
concentration in the soil solution using suction cups have the
problem that the sampling captures a very small pore space which
might fail to represent nutrient status at field level. Additionally,
preferential flow pathways can lead to large deviations within
small distances (Grossmann and Udluft, 1991), which may not be
well represented by suction cup samplings.

In our method we have not considered explicitly other nutrients
like potassium or phosphorus. However, tropical regions routinely
have phosphorus deficient soils. The problem here is that most
models lack response to P or K fertility, and even those that do,
require soil tests for P and K as model inputs and the soil testing
methodology varies considerably across regions. Nevertheless, the
rating whether an experiment is close to optimum in terms of
nutrient supply can be used to consider such deficiencies (Table 3).

4.5. Phenology

Observing plant phenology has two major challenges: first, site
heterogeneity causes some plants within the stand to develop more
rapidly than others (Elmore et al., 2012), resulting in a significant
time lag between an individual plant's ontogeneses, especially at
later developmental stages due to propagation of heterogeneous
development (Zhang and Tao, 2013; Migliavacca et al., 2012). This
makes phenological monitoring for a larger population of plants
difficult and highly dependent on observer skills. Second, some
crucial developmental stages cannot be detected visually and are
therefore rarely recorded. The double ridge stage of wheat can only
be observed with an apex specimen using a microscope. However,
it marks a crucial stage at which generative development begins
and photoperiodism starts to significantly influence further
development of wheat. Some simulation models use this stage to
control other physiological processes in the virtual plant (Cao and
Moss, 1997; Nendel et al., 2011). Visually well detectable pheno-
logical stages are more often recorded (Meier, 2001). However,
since extensive monitoring requires frequent presence at the
growing site, most data sets include only a limited set of observed
phenological stages and often based on less frequent observations.

The use of different phenometrics, such as BBCH (Lorenz et al.,
1994), Feekes (1941) or Zadoks et al. (1974), may cause trouble
when harmonising data sets, even more if different characteristics
of a developmental stage are recorded. For grapevine phenology,
bud break is commonly recorded in Germany at BBCH 09 (Lorenz
et al., 1994), while in France, Czechia or Slovakia, on the contrary,
it is commonly recorded at BBCH 07.

4.6. Plant biomass and nutrient uptake

Plant biomass measurements represent probably the most
important variables both in calibrating and in validating crop
models (i.e., yields, above and below ground biomass, leaf area, leaf
mass, stem mass, grain etc.). In particular, yields represent the most
important model output variables for model users, stakeholders,
policy makes, etc. (Table 2). Unfortunately, most of the data
collected on crop biomass are not obtained for modelling applica-
tions. Thus, very often only data at harvest time are measured. This
allows their use, mainly for validation purposes, but limits their
application for calibrating simulations of crop growth. Therefore,
the weight in the evaluation process is reduced if less than three
and increased by up to 25% if more measurements were performed
during the season. Measuring biomass distribution to different
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organs over time during the crop life cycle is required to parame-
terise partitioning of assimilates in models (Boote et al., 2015).
Doing this for new crops where stress response functions are not
already known, requires data which are obtained under optimal
crop growth conditions (Table 3), because biomass partitioning can
be altered if crops are suffering from water or nutrient deficit
(Blum, 1996).

Crop biomass and yield may vary considerably within small
distances and across fields (Kersebaum et al., 2005). Therefore, the
number of plants on the area of harvesting biomass samples has to
be large enough to avoid variation due to missing plants or
microscale variation (Boote, 1999). We therefore presume in the
evaluation framework that three replicates are required to achieve
full marks for yield and biomass measurements (Table 2). This
holds for the determination of nitrogen uptake since it is based on
biomass measurement. Further variation is added on N uptake due
to the high spatial variability of soil mineral N especially in N-
limited systems, e.g. in organic farming systems or smallholder
agriculture in developing countries.

5. Application of the evaluation framework on datasets
To examine the outcome of the evaluation framework we

applied it to three datasets used for various modelling studies with

Table 4

two periods at Miincheberg/Germany (1993—1995 and
1996—1998), and one at Lednice/Czech Republic (1992—2006).
The “Miincheberg” data set, described in detail by Mirschel et al.
(2007), has been used (at least partially) for model inter-
comparisons (Kersebaum et al, 2007; Palosuo et al, 2011).
Tables 4 and 5 provide information for the two sites on data
availability and the resulting rating using the default weights.
Within the table we differentiate the data set into two periods,
1993—-1995 and 1996—1998, because measurements of biomass,
soil water and soil mineral N were reduced towards the end due to
budget cuts, a typical situation in many countries. During the whole
period the field trial was managed under both rainfed and irrigated
conditions. As frequency of observations varied due to different
crops, we estimated an average number for both periods. During
the first period five intermediate harvests divided into stem/leaf,
storage organ and root biomass were performed. Additionally, soil
mineral N and gravimetric water contents were sampled 4 to 8
times per year. During the later three years biomass sampling was
performed just once beside the final harvest (except sugar beet
where 4 samples were taken) and soil sampling occurred two times
per year. Record of soil moisture by TDR probes in different depth
provided about 250—300 data points per depth for each year for
both periods. However, measured TDR values had to be re-
calibrated using the gravimetric values (see section 4.3).

Input data availability for data sets from Miincheberg, Germany (2 periods) and Lednice, Czech Republic and resulting classification of input data blocks (¥ = minimum data

requirement).

Variable Relevance Miincheberg 1993—1995 Miincheberg 1996—1998 Lednice
av WP av WP av WP
Agronomic management
Variety 3 1 3 1 3 1 3
Sowing date® 5 1 5 1 5 1 5
Harvest date® 5 1 5 1 5 1 5
Fertilization® 5 1 5 1 5 1 5
Rainfed/irrig.” 5 1 5 1 5 1 5
Seed density 3 1 3 1 3 1 3
Tillage 2 1 2 1 2 1 2
sum/class 28 plat 28 plat 28 plat
Soil data dep lay dep lay dep lay
Texture® 5 2.0 6 7.5 2.0 6 7.5 1.5 4 6
Bulk density 3 0.9 3 1.8 0.9 3 1.8 1.5 4 3.6
Water ret. curve 3 0 0 0 0 0 0 0 0 0
Hyd. cond. fct. 3 0 0 0 0 0 0 0 0 0
Field capacity 3 0.9 3 1.8 0.9 3 1.8 0 0 0
Wilting point 3 0.9 3 1.8 0.9 3 1.8 0 0 0
Soil org. C* 3 0.9 3 4.5 0.9 3 4.5 1.5 4 4.5
Soil org. N 3 0.9 3 4.5 0.9 3 4.5 1.5 4 45
pH 2 0.9 3 3 0.9 3 3 1.5 4 3
sum/class 249 gold 249 gold 21.6 gold
Initial values dep lay dep lay dep lay
Soil moisture® 4 0.9 3 43 0.9 3 43 0 0 0
Soil min. N 4 0.9 3 43 0.9 3 43 0 0 0
sum/class 8.6 gold 8.6 gold 0 fail
previous crop
Crop 3 1 3 1 3 1 3
Sowing date 2 1 2 1 2 0 0
Harvest date 3 1 3 1 3 0 0
Yield 2 1 2 1 2 1 2
Residue man. 4 1 4 1 4 1 4
Fertilization 3 1 3 1 3 0 0
Irrigation 2 1 2 1 2 1 2
sum/class 19 plat 19 plat 11 cop
Topography
Latitude 5 1 5 1 5 1 5
Longitude 3 1 3 1 3 1 3
Altitude 3 1 3 1 3 1 3
Slope/expos. 1 1 1 1 1 1 1
sum/class 12 plat 12 plat 12 plat

av = available (1)/not available (0); WP = weighting points; dep = depth (m); lay = no. of layers, classes: plat (platinum), gold (gold), silv (silver), cop (copper).
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Table 5

Availability of state variables, flux measurements and additional observations for agro-ecosystem model testing (¥ = minimum data requirement).
Variable Relevance Miincheberg Miincheberg Lednice

1993-1995 1996—-1998
no Nob rep WP no Nob rep WP no Nob rep WP

Phenology
Emergence 3 1 3 1 3 1 3
Tillering/stem elong./other 2 1 2 1 2 1 2
Ear emer./oth. 2 1 2 0 0 0 0
Flowering® 5 1 5 1 5 1 5
Maturity/oth. 3 1 3 0 0 1 3
sum/class 15 plat 10 silv 13 plat
Crop growth
Yield 5 1¥ 1 3 6 1¥ 1 3 6 1¥ 1 3 6
Ab. gr. biomass 4 1¥ 5 3 5 1¥ 1 3 133 0 0
Mass single organs 3 2¥ 5 3 2.4 2¥ 1 3 0.67 0 0
Root biomass 3 1¥ 4 3 1.2 0 0 3 0 0 0
N ab. gr. biomass 3 1¥ 5 3 3.6 1¥ 1 3 1 0 0
N in single organs 3 2¥ 5 3 3.6 2¥ 1 3 3 0 0
Leaf area index 4 0 0 0 0 0 0
Soil
Soil water gravimet. 3 3= 6 3 3.6 3= 2 3 1.2 0 0
Pressure heads 2 5= 100 3 3 5= 0 3 0 0 0
Soil mineral N 3 3= 6 3 3.6 3= 2 3 2 0 0
Soil wat. cal. sensor 3 3= 300 3 3.6 3= 280 3 3.6 0 0
Deep percol. flux 2 0 0 0 3 0 0 0
Deep N leaching 2 0 0 0 2 0 0 0
Surface fluxes
Evapotranspiration 3 0 0 0 0 0 0
CO;, flux 3 0 0 0 3 0 0 0
NH3 flux 2 0 0 0 2 0 0 0
N, flux 2 0 0 0 0 0 0 0
N,0 flux 2 0 0 0 5 0 0 0
NO flux 2 0 0 0 0 0 0 0
CHy4 flux 2 0] 0 0 0 0 0
Add. observations (qualitatively)
Lodging 3 1 3 1 3 3 1 3
Pest/disease effects 3 1 3 1 2 3 1 0
Weeds 3 1 3 1 3 3 1 0
Physical damages 3 1 3 1 2 3 1 2
sum/class 47.6 plat 30.8 gold 18 silv

no =no. of ¥ organs or = layers; ob = no. of observations per year; rep = no. of replications; WP = weighting points; classes: plat (platinum), gold (gold), silv (silver), cop

(copper).

Meteorological data are within the optimal distance of 1 km from
the investigation sites for Miincheberg and Lednice leading to a
“platinum” rating for both (Fig. 4).

Rating of the single blocks results in “platinum” classes for
nearly all blocks except for initial values and soil data, which ach-
ieved a “gold” mark mainly because samples are limited to 90 cm
depth and soil water characteristic (water retention and conduc-
tivity curves) was not measured (Table 4). As the crop rotation was
replicated with one year shift, at least two more seasons for each
crop are available. In combination with the second treatment, the
total sum of weights and the average of block classes were multi-
plied by 1.07 (Table 6) which did not change the overall mark
“platinum”. As only frequency of state variable measurements was
reduced, the second period received mainly the same marks for the
classes except for the state variable block (Table 5), which was
downgraded to gold and the phenology block (Table 5), which was
downgraded to silver as observations were reduced to three per
season (no observation for sugar beets). As the second period still
benefits from the basic investigations of the first period it achieved
still a “gold” mark.

The data set from Lednice, Czech Republic was used in the
model-inter-comparison of Palosuo et al. (2011). It provides crop
yield data of one cultivar, basic soil data, management and key
phenological stages of winter wheat for 15 years (1992—2006).
“Platinum” was achieved for the agronomical management,
phenology, and weather information (33 WP), while site and soil

information achieved “gold” due to missing measured soil hy-
draulic properties (Tables 4 and 5), which had to be derived from
texture. The block of initial soil conditions failed since measure-
ments were missing. However, as data from previous crop are
sufficient to assess at least initial soil water content, the combined
mark reached “copper”. Only yield was measured in three repli-
cates in the state variable block (Table 5), which achieved “silver”
due to well documented ratings of damages. The large number of 15
seasons with a constant variety is a strong aspect to increase the
total weight sum by the seasons/treatments factor. There were no
additional treatments and growth conditions were not always at
optimum since the trial was not irrigated and dry spells occur
during some of the seasons. Therefore, the rating for optimum
conditions was set to 3 out of 5. In summary the seasons/treat-
ments factor modifies the total sum and the block average by
only +3% (Table 6). Overall, the data set closely failed to achieve
“gold” and is marked as “silver”. This would be not suitable to
parameterise, calibrate and improve models, but offers very good
opportunities to test and validate models especially regarding their
sensitivity to annual weather variability, which was the main
intention of the study of Palosuo et al.,, 2011).

Many field trials which are mainly focussed on yield estimation
related to variations of varieties (variety trials) or fertiliser or water
supply may fall into the “copper” class or even fail to be suitable for
modelling purposes since they are lacking relevant soil informa-
tion, having missing or distant weather data, or lacking information
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Table 6
Calculation of multiplier (according to Table 3) for multiple seasons, treatments and optimum conditions for three data set examples.
Variable x Relevance Miincheberg Miincheberg Lednice
1993-1995 1996—-1998
Value of x WP Multiplier No of# WP Multiplier No of# WP Multiplier

Crop seasons

No. of seasons per crop 1 6 5 6 5 15 5

Sites

No. of site variants 1 1 1 1 1 1 1

(e.g. soils)

Treatments

Management close to optimum 1 4 4 4 4 3 3

x =1 (limited) to 5 (potential growth)

zero N treatment 3 0 0 0 0 0 0
(x =0 for no, 1 for yes)

No. of treatment 1 1 2 2 2 2 0 0
(e.g. irrigation)

No. of treatment 2 1 0 0 0 0 0 0
(e.g. nitrogen fert.)

No. of treatment 3 1 0 0 0 0 0 0
(e.g. CO,)

No. of treatment 4 1 0 0 0 0 0 0
(e.g. tillage)

No. of treatment 5 (...) 1 0 0 0 0 0 0

No. of treatment 6 (...) 1 0 0 0 0 0 0

Sum 12 1.07 12 1.07 9 1.03

WP = weighting points.

on previous crop or initial soil conditions although they investigate
a very useful range of treatments. Some of these data could be
measured even after the experiment, e.g. conservative soil prop-
erties like texture or SOC, to upgrade the data and make them
useful for modelling.

6. Discussion

Several attempts have been made to describe data requirements
for agro-ecosystem modelling. Minimum data requirements for
crop modelling were defined by Nix (1984) and were manifested in
the IBSNAT data base (Tsuji et al., 2002). Some data quality re-
quirements were inherently included in the IBSNAT and ICASA
protocol and best methods for growth sampling and specified
minimal land-area for growth samples and minimum land-areas
for final yields were specified, to insure data quality (Boote, 1999;
Hunt et al, 2001). Recently, White et al. (2013) published an
approach for describing and identifying variables of management,
environmental conditions, soils, and crop measurements for
improvement and testing of crop models. Although Rosenzweig
et al. (2013) presented a general classification hierarchy for data
for the AgMIP project, no quantitative weighting criteria were
assigned to the classes. Boote et al. (2015) recently presented a
qualitative method to evaluate data sets for their suitability for crop
modelling. The comprehensive quantitative evaluation framework
and software presented here provides a tool to evaluate data
regarding their suitability for modelling including aspects of data
quality. This helps data base managers to evaluate data regarding
their suitability for modelling, and modellers to select data
appropriate to their requirements to either parameterise, or cali-
brate or validate their models. Additionally, experimentalists have
the opportunity to screen their experimental design and decide on
the most valuable and effective measurements to improve the
usefulness of their data for modelling.

Although, the weight of the variables was set mainly under the
aspect of crop modelling, users can adjust weighting factors ac-
cording to their specific objectives and needs to cover different
aspects of agro-ecosystem analysis. The examples show that the
method was capable to differentiate data for the different purposes

of modelling. While in all three examples most of the standard
input data for crop modelling were available, the difference came
from information provided on initial values or previous crop
management and from the range and extent of observed state
variables.

The framework presented here should not be seen as a final
product and is open for extension. Several topics are currently
under discussion for model improvement, which require additional
information to fill existing knowledge gaps. Quality of marketable
yields is an issue, which has large potential for improvement in
many models. Wheat protein composition for example is relevant
to describe baking quality. Further development of models in this
direction requires investigations on protein fractionation under
controlled conditions. Moreover, yield quality parameters (i.e.
protein content and composition, sugar and acid concentrations, oil
content, digestibility, etc.) are often more important than quantity
ones. For such purposes, failure to collect these data makes datasets
less appropriate for modelling applications and requires adequate
attention for future experimental design and measurement
protocols.

The possibility to apply agro-climatic models in climate change
impact assessments is strongly related to the availability of data on
the impact of CO, concentrations on crop growth and yield (Ewert
et al.,, 2015; Webber et al., 2014). Such data have been collected
from experiments performed in a wide variety of settings (e.g.
greenhouses, chambers, free air enrichments), and results have not
always been consistent across the different experimental condi-
tions (Ainsworth et al., 2008; Kimball et al., 2002). Thus, their use in
simulated impact assessments has been criticized for over-
estimating the effect of elevated CO, concentration on wheat
growth and yield (Long et al., 2006), while others have shown that
the simulations are consistent with FACE experiments (Tubiello
et al., 2007). Bunce (2013) emphasized the need to monitor high
frequency fluctuations of CO; during the free air experiments.
Combined effects of increasing temperature and CO, concentration
are increasingly investigated. This should also include the above
mentioned yield quality aspects.

The impact of various adverse weather events e.g., late frost,
severe frost with absent snow cover, heat stress during anthesis,
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heat stress during the reproductive phase affecting leaf senescence,
signs of drought stress and wilting, effect of lodging or overly wet
soil leading to root anoxia should be monitored. They should be
clearly described and ranked using standardized tables (e.g. 1-9
scale). While these events have high impact (both in experiments
but also on “real” farms) they tend to be absent in most field data
sets; however, the ability of crop models to capture such events is
highly demanded (e.g., Asseng et al., 2011; Lobell et al., 2013). The
usual practice is to dismiss experiments damaged by adverse
weather event from the database as non-representative. The use-
fulness of such data, however, should not be under-estimated; for
example, Trnka et al. (2010), demonstrated how crop model per-
formance benefits from the introduction of a simple snow cover
model. It can be of high value to make use of such experiments,
which are significantly damaged, to learn how to deal with such
events in model approaches. However, without proper data of field
conditions as described above, the further development of models
capable of encapsulating these situations will remain problematic
at best (see Rotter et al., 2011; Semenov and Shewry, 2011).

Measured data can be erroneous. Therefore, the presented
classification framework has to be accomplished by a test on
plausibility of data. Application of a limited number of selected
agro-ecosystem models can help to identify errors in observations,
e.g. of water balance, and to eliminate erroneous observations
before making the data set publicly available.

7. Conclusions

Modeller groups have so far mainly used their specific data sets
and formats to develop and evaluate their models (Holzworth et al.,
2015). Some groups have access to large data bases to evaluate their
models over a wide range of conditions and cropping systems (e.g.
Coucheney et al., 2015). The different formats and requirements
aggravate the joint usage of data by different models and hampers
collaboration between modeller groups (Holzworth et al., 2015). The
common use of data by multi-model ensembles enables to evaluate
robustness and behaviour of different model approaches under a
wide range of conditions and allows the exchange of knowledge and
algorithms to improve individual models and to reduce the uncer-
tainty expressed by the variability of model ensemble results
(Asseng et al., 2013). Holzworth et al. (2015) emphasised the ne-
cessity of standardized publicly available benchmark data sets to
evaluate models and algorithms at different scales. Therefore, one of
the goals of international initiatives such as AgMIP and MACSUR is to
adopt a common data storage format and to provide tools to convert
the data to the specific input requirements of the various models
(Porter et al., 2014). These community efforts ensure that the data
sets are made publicly available and stored with a trustworthy and
long-lasting provider. Availability for all users is one of the prime
criteria for defining standard data sets, which the community could
later develop out of the platinum-ranked sites into mandatory data
sets for model development and compulsory benchmarks for model
testing. The appointment of such mandatory data sets could stim-
ulate joint efforts in the data providing communities across the
globe to produce a new generation of experimental data sets or
monitoring series, which are then well concerted with the model
developers. A rising awareness of a secondary use of experimental
data by modelling studies is already tangible among the experi-
mentalists and observers and the presented data evaluation
framework will aid them to design multiple use field experiments
and monitoring programs. However, up to now, the number of
platinum-ranked data sets is scarce and the model improvement
efforts carried forward in the community networks continuously
identifies knowledge gaps, which — once being filled — could boost
the quality of model results.
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