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a b s t r a c t

The Agricultural Model Intercomparison and Improvement Project (AgMIP) seeks to improve the
capability of ecophysiological and economic models to describe the potential impacts of climate
change on agricultural systems. AgMIP protocols emphasize the use of multiple models; consequently,
data harmonization is essential. This interoperability was achieved by establishing a data exchange
mechanism with variables defined in accordance with international standards; implementing a
flexibly structured data schema to store experimental data; and designing a method to fill gaps in
model-required input data. Researchers and modelers are able to use these tools to run an ensemble
of models on a single, harmonized dataset. This allows them to compare models directly, leading
ultimately to model improvements. An important outcome is the development of a platform that
facilitates researcher collaboration from many organizations, across many countries. This would have
been very difficult to achieve without the AgMIP data interoperability standards described in this
paper.

© 2014 Elsevier Ltd. All rights reserved.
Software and/or data availability

The data translation tools described herein are provided to
AgMIP researchers at the AgMIP toolshed (http://tools.agmip.org/).
& Software.
; fax: þ1 352 392 4092.
These tools are in a continuous state of modification as translators
for new models are added, new functions are included in the
DOME, and known bugs are fixed. All source code for AgMIP
projects, including applications described herein, is maintained
under source control on GitHub. These repositories can be forked
or downloaded from https://github.com/agmip and are further
documented on the AgMIP research site at http://research.agmip.
org/display/dev/Projects. The GitHub.com repositories relevant to
this paper are:
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Acronyms

ACE AgMIP Crop Experiment data schema
ACMO AgMIP Crop Model Output data schema
AgMIP Agricultural Model Intercomparison and

Improvement Project
APSIM Agricultural Production Systems sIMulator (crop

model)
DOME Data Overlay for Multi-model Export
DSSAT Decision Support System for Agrotechnology

Transfer (crop model)
EPIC Environmental Policy Integrated Climate (crop

model)
ICASA-MVL International Consortium for Agricultural

Systems Applications-Master Variable List
JSON JavaScript Object Notation
RIA AgMIP Regional Integrated Assessment
RRT AgMIP Regional Research Team
RZWQM2 Root Zone Water Quality Model 2 (crop model)
SALUS System Approach to Land Use Sustainability (crop

model)
STICS Simulateur mulTIdiscplinaire pour les Cultures

Standard (crop model)
WOFOST WOrld FOod STudies (crop model)
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C Applications:
B quadui
B acmoui
C Libraries:
B ACE data translators (input and output):
- translator-apsim
- translator-agmip
- translator-wofost
- translator-stics
- translator-dist
- translator-cropgrow
- translator-dssat
- translator-generic-csv

B ACMO data translators:
- acmo-apsim
- acmo-dssat
- acmo-cropgrow

B agmip-common-functions

B agmip-core

B ace-core

B ace-lookup

B ace-translator-parent

B agmip-parent

C Others:
B json-translation-samples
AgMIP software tools above are made available under the BSD
3-Clause license.

1. Introduction

The Agricultural Model Intercomparison and Improvement
Project (AgMIP, www.agmip.org, Rosenzweig et al., 2013a) seeks to
improve the capability of biophysical and economic models to
characterize the risks of hunger and food insecurity due to the
increasing pressures of population, food price volatility, water
scarcity, land degradation, competition for arable land, weather
extremes and climate change. AgMIP promotes a consistent, long-
term research approach to agricultural model testing, improve-
ment and application across modeling disciplines, regions and
scales. The project encourages use of ensemble modeling ap-
proaches with climate, biophysical and agricultural economics
models.

AgMIP protocols emphasize the use of multiple models because
ensembles allow better characterization of the uncertainty associ-
ated with model outputs and because ensemble means of crop
responses are more accurate than outputs from single models
(Asseng et al., 2013; Bassu et al., 2014); consequently, data
harmonization is essential to facilitate interpretation, storage, ac-
cess, interoperability and publication of data products. Similar
problems of interoperability across models, scales and data sets
have been researched in the past using different approaches and
solutions in different domains. There has been extensive develop-
ment of modeling frameworks, which allow plug-and-play use of
different models (e.g., OMS, David et al., 2013; KEPLER; TIME,
Argent, 2004), or in a slightly different approach the development
of shared standards implemented as in OpenMI (Gregersen et al.,
2007; Knapen et al., 2013). Other efforts have focused on the de-
velopments of semantic techniques based on ontologies (Janssen
et al., 2011; Villa et al., 2009). Recently, attention has gone to re-
developing models as components that can be plugged into exist-
ingmodeling frameworks, see Donatelli et al. (2014) for an example
of such a solution. Modeling frameworks and standards such as the
OpenMI have advantages in aligning multiple models in the same
code base and allowing re-use of the models as components in
different configurations and applications. Although successful in
their specific modeling domains these modeling frameworks have
seen little adoption by the original model developers or others to
put models to new uses. This is due to the fact that some of those
frameworks are too narrow as they are tailored to specific domain
needs, while others, which are of generic nature, never invested
enough in community building. Knapen et al. (2013) discuss rea-
sons for slow or no adoption of OpenMI, which is currently pro-
posed as an OGC (Open Geospatial Consortium; OGC, 2014)
standard. One of the breakthroughs of the AgMIP work is that it
focused early in community building, brought together almost all
major crop model developer groups, and developed tools that have
been used for numerous AgMIP studies. Results presented here is
an outcome of a community process.

Interoperability and exchange of data among multiple models
potentially increase research efficiency, allow models to use a
greater variety of datasets, and facilitate comparability and en-
sembles. This paper describes the AgMIP approach to achieving
data interoperability across crop models, which consists of first,
establishing an efficient standardized data exchange mechanism
with specifications defined in accordance with international stan-
dards; second, implementing a flexibly structured data schema to
store experimental datasets; and third, providing consistent pro-
cedures for filling gaps in model-required inputs.

The following section describes the technical architecture,
standards and components as part of the AgMIP data solution,

http://www.agmip.org
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including a description of components for user interaction. This is
followed by a description of the development process, which leads
to the architecture, the development of the standards and the
different components. The usefulness of these software and
modeling products is demonstrated in a section on applications,
and finally followed by Discussion and Conclusions.

The work described herein has introduced several innovations
to the crop modeling community by implementing state of the art
technology. The design of the system, which was truly demand-
driven and community-developed, has been adopted and tested
extensively by a large research community. The systemworks with
off-the-shelf models and with tools that are designed and main-
tained by individual crop model development teams. The AgMIP
tools are based on recent technologies, including JSON data struc-
tures, a NoSQL database and a REST API to allow web-based access
to the data. The implementation of a standardized data format with
associated data translation libraries has not previously been suc-
cessfully implemented in a large, truly global, agricultural modeling
community.

2. Crop model data harmonization

This section presents a system of specifications, tools and
methods of application for achieving crop data harmonization
Fig. 1. Data flow diagram for AgMIP crop modeling activities. Source data, model inputs and
approaches.
across models in order to facilitate simulation interoperability and
long-term archiving. The system involves four parts: (1) developing
harmonized formats for the data types associated with AgMIP crop
modeling activities; (2) writing a library of translation tools to
allow input of raw data, generation of model-ready input files and
harmonizing model outputs; (3) providing a means of storing and
accessing these harmonized data; and (4) providing applications
and services to allow use of the data and the translation libraries.

2.1. AgMIP crop modeling data

Fig. 1 illustrates the challenges facing AgMIP researchers who
wish to use datasets from diverse sources with ensembles of crop
models and to use the simulated model outputs for comparison,
model improvement, and assessments. These challenges include
harmonizing the diverse data, translating data to the specific for-
mats required for each model, translating model outputs to a
harmonized format, and supplying model assumptions in a uni-
form way.

Diversity in specifications exists for datasets used to calibrate
and corroborate crop models due to the influences of the original
purpose of the experiment or survey and the measurement
equipment and methodologies used. Well-designed field experi-
ments may collect detailed records of soil properties, weather
model outputs have diverse and inconsistent formats, hampering ensemble modeling
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conditions, and management practices such as tillage, fertilizer and
water application dates, rates, methods and materials. Conversely,
farm and household surveys may only query general management
practices and estimations of seasonal total yields with a dearth of
specifics and details. More poignantly with respect to crop model
biophysical parameters, field studies often record crop phenology,
canopy and biomass development and response to management
practices, whereas such information is seldom solicited in surveys.
These data sources also vary in storage and schema implementa-
tion formats, including databases, spreadsheets, tabular text files,
structured XML and other specialized formats.

Most crop models are based on similar concepts (Boote et al.,
2013), although they currently lack the ability to share inputs and
parameters. While the various models may implement different
algorithms for crop, soil and atmospheric processes, the driving
data are generally similar. They typically include daily weather
records, soil physical and chemical properties, and information
related to management practices such as planting, fertilization,
irrigation and harvest. These inputs can have quite disparate
specifications, as models adopt different representations of the
same phenomena. This could be a matter of design choice, prefer-
ence, availability or even understanding of the underlying phe-
nomena. As an example, soil data specifications may differ in the
soil classification used (sometimes incompatible with each other)
and in how vertical differences in a given soil profile are specified
(e.g., number and depth of soil layers).

Likewise, although the core outputs from crop models are often
similar, the formats are diverse and inconsistent. Model output
formats generally parallel the input format structure. For example,
models running within the Decision Support System for Agro-
technology Transfer (DSSAT; Jones et al., 2003; Hoogenboom et al.,
2010) rely heavily on column formatted text for both input and
output files, while the Agricultural Production Simulator (APSIM,
Holzworth et al., 2014; Keating et al., 2003) relies on XML files,
with a syntactic heterogeneity on the variable names and
definitions.

In the past, there has been little coordination among crop
modeling groups and hence, there is minimal standardization
among formats associated with modeling datasets. The Interna-
tional Consortium for Agricultural Systems Applications (ICASA,
White et al., 2013; Hunt et al., 2001) developed comprehensive
standards for documenting field experiments. Although the ICASA
definitions and formats were developed with input from multiple
modeling groups, the standards have seen limited adoption, at least
in the naming and formatting of input variables. A similar situation
holds for the SEAMLESS ontologies (Athanasiadis et al., 2009;
Janssen et al., 2011), which were developed in the SEAMLESS
project (Van Ittersum et al., 2008). They have been developed to
facilitate the agricultural model integration as scientific workflows.
SEAMLESS ontologies define knowledge structures for crops, agri-
cultural feasibility filters, agricultural management, and economic
valuation of crop products, and agricultural and environmental
policy, which are in principle the main types of data exchanged by
the models. Issues related to translating data structures among
model programming languages have been tackled by employing
annotations in the ontology. However modular and rich these on-
tologies are, there was limited adoption in follow-up activities.
Even though it was realized early in the process that the SEAMLESS
ontologies offered added value for groups outside the project, there
was never a coordinated effort to reach the community and involve
these other groups. In contrast, in AgMIP, modelers from many
modeling groups were involved from the beginning of the project.

Compounding the problem of model formatting inconsistencies
is the issue of providing a consistent set of assumptions for infor-
mation that is required by models but is not available in the
datasets. Low information data sources in particular, but also highly
detailed records, require modelers to make assumptions about the
cropping system modeled in order to provide minimum input re-
quirements to themodels. For ensemblemodeling, it is necessary to
harmonize not only the recorded information but also the as-
sumptions used to infer any missing model-specific input param-
eters. Examples of these types of model assumptions include initial
soil water and nitrogen content, planting densities, and fertilizer
type and application method.

Thus, three types of harmonized data have been identified for
ensuring interoperability in AgMIP crop modeling activities: (1)
site-based agricultural records collected from various sources; (2)
uniform assumptions to supply minimum required inputs to crop
models; and (3) crop model simulation outputs.

2.2. AgMIP Crop Experiment (ACE) harmonized format

The AgMIP Crop Experiment (ACE) harmonized data format was
designed to provide a means of storing the highly variable types of
data associated with AgMIP crop modeling exercises in a flexible
and efficient schema. A data dictionary was needed to provide a
common vocabulary, independent of data source and level of detail
provided. The standards developed by the International Benchmark
Sites Network for Agrotechnology Transfer project (IBSNAT,
ICRISAT, 1984; Uehara and Tsuji, 1998) and subsequently revised by
the International Consortium for Agricultural Systems Applications
(ICASA) were designed to provide a comprehensive means of
describing field experiments (White et al., 2013). The ICASA stan-
dards emphasize common vocabularies, clear relations among
variables, and the ability to implement the specifications in various
formats including text files, relational databases, spreadsheets, and
XML. The foundation of the ICASA standards is the Master Variables
List (ICASA-MVL, http://research.agmip.org/display/it/
DataþInteroperability), which is organized in a hierarchical
arrangement with major separations among descriptions of man-
agement practices, soil characteristics, weather, and measurements
of crop and soil responses. The ICASA dictionary can be used to
provide detailed descriptions of management practices and traits of
soils and plants for crop experiments and other site-based agri-
cultural data. Therefore, it was selected as the foundation of the ACE
data definitions, but extended and modified for use within AgMIP.
Changes included defining model variables that were not previ-
ously described, clarifying definitions that could have distinct in-
terpretations in different models and accommodating metadata
specifically required for AgMIP simulations.

AgMIP site-based agricultural datasets have a wide range of
quality and quantity of records, which do not easily fit in a rigid
schema. Therefore a flexible, non-relational architecture was
selected. Data are managed using type-agnostic JSON (JavaScript
Object Notation, www.json.org) key-value structures. A key-value
structure is a data model that stores all data in <attribute
name, value> tuples. This accommodates the storage of infor-
mation for both simple observations and complex structured ob-
jects in an efficient, consistent and open-ended format. The key
(attribute name) in each key-value pair corresponds to an ICASA-
MVL variable; the value conforms to the variable definition,
including units. All keys and values are stored as text strings so that
formatting and significant figures remain as originally recorded.
The ACE core library enforces data specifications, referential
integrity, and formatting.

The core structure of ACE divides input elements to be provided
to simulation models into three compartments that reflect the
common drivers in most models, i.e. (a) experimental manage-
ment, (b) soil characteristics, and (c) weather-related information.
Each compartment is assigned an identification key, or hash code

http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://www.json.org
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(Secure Hash Standard, 2012), generated from the contents.
Weather and soil structures are associated with experimental site
data via these identification keys. This allows imposing one-to-
many relations for efficient storage.

Additional structure is maintained by using the hierarchy
implemented in the ICASA-MVL categories of Dataset, Subset,
Group and Sub-group. These groupings allow initial conditions,
management event details, soil layer parameters, and dailyweather
records to be recognized as consolidated structures. For example, a
fertilizer event structure could consist of fertilization date, material,
application method, nitrogen, phosphorus and potassium amounts,
and other particulars. ACE only contains data that were actually
recorded. Thus structures of the same kind may vary depending on
the data source or purpose. This flexible structure allows missing
information simply to be omitted without the need for placeholder
values when there are no associated field measurements. In
Fig. 2. Fragment of ACE JSON structure showing (a) expanded experiment data and (b) expa
the description of crop management to the section describing individual profiles.
contrast, a table-style structure, such as found in a relational
database, could result in large areas of the database containing null
values.

Fig. 2 presents a sample JSON fragment showing a) an expanded
experiment node and b) an expanded soils node. This dataset in-
cludes four soil nodes ([0] through [3]), five experiment nodes and
four weather nodes. Within the expanded experiment node [0] in
Fig. 2a, are key-value pairs including ‘fl_lat: “28.38”’, which
indicates that the ICASA variable ‘fl_lat’ (field latitude) has a
value of 28.38�. The units for each variable are defined by the ICASA
standards. Also within experiment node [0], there are three nested
structures containing grouped key-value pairs for observed data,
initial conditions and management data. The nested structure,
‘initial_conditions’ is expanded to show the internal key-
value pairs, such as ‘icrn : “0.80”’, indicating that the N con-
tent of the initial above-ground residue (ICASA variable ‘icrn’)
nded soil data. The circled soil identifiers show how a specific soil profile is linked from
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was recorded as 0.80% by mass. The ‘soil_id’ for the expanded
experiment in Fig. 2a corresponds to that of the expanded soil layer
in Fig 2b, linking these two structures. In Fig. 2b, soil node [2] is
expanded to show soil profile data, such as ‘sltx’, or soil texture,
with a text value of “SALO”, which is identified by the ICASA codes
as a sandy loam. Soil layer [2] is expanded to show data for that
layer, including soil bulk density (ICASA variable ‘slbdm’) of 1.50 g/
cm3.

Because of the diverse quality and content of datasets converted
to the ACE format, the required content for datasets is minimal. The
only mandatory data are field latitude and longitude (to indicate
location) and crop species. All other data are considered to be
optional, although a dataset with only these minimum data would
have minimal value.
2.3. Data Overlay for Multi-model Export (DOME)

The Data Overlay for Multi-model Export, or DOME, provides
a mechanism for representing model-specific assumptions for
required inputs and has several potential uses for model in-
tercomparisons. Foremost, this feature allows researchers to
provide supplemental information in order to utilize incomplete
datasets. For example, consider a farm survey dataset. From a crop
modeling perspective, it is considered incomplete as is it lacks
detailed information. However with additional interpretation, the
data may be useful as the basis for a modeling exercise, particularly
if many farms in a region were surveyed. Missing parameters
required by models can be supplied through one or more DOMEs
which allow researchers to make assumptions uniformly based on
the best agronomic knowledge of cultural practices in a region. This
is implemented as an overlay, which allows supplemented infor-
mation to remain detached from field-measured observations and
ensures that all models are provided with a consistent set of
tenable assumptions. A DOME which is specifically used to provide
a complete dataset for crop model simulations is referred to as a
“field overlay”.

In addition to filling in missing information, DOMEs can be used
to impose hypothetical management regimens, in order to simulate
adaptation or other “what-if” scenarios. These might be simula-
tions of field conditions over multiple years with existing or
imposed management and/or climate scenarios for seasonal strat-
egy analysis. A “seasonal strategy” DOME encodes associated
metadata describing the climate scenario, imposed management or
adaptation strategies, socioeconomic strata and other keys which
describe the hypothetical system.

“Rotational strategy” DOMEs are used to simulate long-term,
continuous crop rotations. Like seasonal strategy analyses, the
climate scenario and management regimen can represent histori-
cal, baseline or hypothetical future conditions. Unlike seasonal
strategy analyses, the initial conditions of soil water, soil organic
carbon, soil nitrate-ammonium, and prior crop residue are set only
once at the beginning of the continuous simulation period, rather
than at the beginning of each planting season.

DOMEs operate through the specification of functions, which
compute model inputs based on other available data. Examples of
DOME functions include an exponential decay function for distri-
bution of soil layer-specific data such as organic carbon and root
distribution; automatically computed planting dates based on
rainfall records; and distribution of fertilizer applications when
only the total fertilizer amount was reported. All DOME functions
are fully documented on the AgMIP research site (http://research.
agmip.org/display/it/DataþInteroperability). DOME data are
stored as JSON structures consisting of metadata, function calls and
associated function arguments.
2.4. AgMIP Crop Model Output (ACMO) harmonized format

Simulated outputs from the crop models are harmonized and
archived in the ACMO (AgMIP Crop Model Output) format to be
used for further analysis, aggregation and input to economic
models. As with ACE, the ACMO schema conforms to the ICASA
data dictionary. Unlike ACE, the ACMO data are uniform, with each
dataset containing exactly the same elements. Crop and economic
modelers collaborated in the selection of the ACMO variables to
ensure that these data are sufficient for use in the economic
models, yet readily available from the outputs of most crop
models. The full set of ACMO variables is listed and defined on the
AgMIP research site (http://research.agmip.org/display/it/
DataþInteroperability). Because of the consistent content of
metadata and simulated outputs, regardless of model or simula-
tion scenario, ACMO data are stored in a table format with each
row in the table representing a simulation for a single site and
single season.

The ACMO data consist of a total of 52 variables; but only 10 of
these are simulated outputs from the models. The remaining
variables represent database hash codes (e.g., for weather and
soil data), simulation metadata (e.g., climate id, population
stratum represented by the simulation), field metadata (e.g.,
latitude, longitude, research institution), field data or model
input parameters (e.g., cultivar, planting date, observed data).
These data and metadata fields are stored with the model out-
puts to provide the necessary data provenance requirements for
the workflow.
2.5. Other aspects

2.5.1. Data provenance
Reproducibility and integrity of archived data is extremely

important for AgMIP researchers. The data at the end of the analysis
pipeline must be linked to the sources as well as to all intermediate
modifications. The metadata for the ACE, DOME and ACMO enforce
these provenance requirements.

Metadata for each ACE dataset include information regarding
the source of field, weather and soils records. Weather metadata
also include flags which denote modifications to weather obser-
vations or inclusion of data from other sources, such as solar radi-
ation from satellite observations (Chandler et al., 2013), where data
were not recorded at the weather station.

Simulated model outputs in the ACMO file are connected via
metadata to the raw data collected by researchers; the trans-
formations and additions supplied by DOMEs; and the model name
and version used for each simulation. The metadata fully identify
the modeled scenario and provide the identification of simulated
model outputs with the ACE datasets and DOMEs used to generate
the model inputs.

Archived ACE, DOME and ACMO datasets are taggedwith unique
hash codes which are generated from the data contents. This allows
verification of the data integrity at every step in the processing
chain. Hash codes are used to link the ACMO simulation outputs to
the ACE and DOME data used to drive the simulation. These hash
codes are generated upon writing the ACE and DOME files, prior to
executing DOME transformations or translations to prevent
impacting runtime performance. When an existing archived ACE
dataset is modified in away that would affect simulated outputs for
one or more models, a new unique hash code is generated and the
new dataset is stored, linked to the original. In this way, a history of
modifications is maintained. Modified datasets are available to
users, but a warning message is issued that the data may have been
superseded.

http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
http://research.agmip.org/display/it/Data+Interoperability
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2.5.2. Collaborative design process
AgMIP has demanded a high level of cooperation at all levels

among researchers around the globe. This is particularly evident in
the collaborative design of the data schemas used for ACE, DOME
and ACMO. The initial ACE data structure was developed at the
University of Florida and described by Villalobos (2012). Five
software development sprints were held in 2012 and 2013 to
develop the translation tools specific to each participating crop
simulation model. During each sprint, crop model developers or
experienced model users were paired with software developers in
a one-week intensive workshop to rapidly develop the model-
specific translation utilities. At the early workshops, in-depth
discussions took place among the modelers to improve and so-
lidify the form and function of the ACE data schema so that it
could represent a wide range of cropping systems, field experi-
ments and models. This has resulted in a robust, flexible, exten-
sible and efficient design.

The ICASA-MVL has evolved and will continue to evolve as more
models and modeling capability are included in AgMIP activities.
Changes to the ICASA-MVL were often the outcome of the devel-
opment sprints, where collaborative work revealed errors, omis-
sions and deficiencies, thus allowing improvements to the list.
AgMIP scientists are currently discussing similar data dictionaries
and harmonization methods for livestock, pest, and disease models
to allow inclusion of these as components in future modeling
frameworks.

The list of variables included in the crop simulation model
outputs, or ACMO variables, were developed collaboratively with
AgMIP crop and economic modelers in an iterative design process.
This was an important first step for the interdisciplinary team to
begin harmonizing scientific vocabularies so that economists and
crop modelers could understand the data flows intersecting these
two very different domains.

AgMIP data formats and metadata standards are also being co-
ordinated with other groups that deal with crop modeling and site-
based agricultural information. AgMIP members worked collabo-
ratively with representatives of the Climate Change, Agriculture
and Food Security (CCAFS) research program of the Consultative
Group on International Agricultural Research (CGIAR) partnership
to ensure that data and metadata are compatible and can be shared
between the online databases for the two organizations. Some
AgMIP data are currently shared on the CCAFS online site-based
database (http://agtrials.org/).

The MACSUR project (www.macsur.eu/) was developed to
contribute to the AgMIP initiative with a European focus, but also to
contribute to global AgMIP activities. Researchers from AgMIP and
MACSUR are collaborating on the development of databases,
Table 1
Status of translator development for 13 participating models. These translators are in va
development”. Use of a “e” indicates that development of the translator has not begun.

Crop model ACE input
translator status

ACE output translator status A

APSIM Under development Operational O
AquaCrop e Nearing completion U
CropGrow-NAU Operational Operational O
CropSyst Under development Operational O
DSSAT Operational Operational O
EPIC e Under development e

InfoCrop e Under development e

ORYZA2000 e Under development e

RZWQM2 e Under development e

SALUS e Operational e

SarraH e Under development e

STICS Under development Operational O
WOFOST e Operational O
translation tools and user interfaces as an efficient use of the
limited resources available to both groups.

As part of the collaborative efforts for AgMIP software devel-
opment, all AgMIP software products are developed in an open
source environment, hosted on GitHub (www.github.com/agmip).
The AgMIP development protocols ensure that these tools can be
implemented inmultiple computing environments and onmultiple
platforms for modeling, data preparation and analysis.

3. Implementation and demonstration

3.1. Data translation libraries

Three types of translation tools were developed to support
AgMIP crop modeling activities: 1) ACE input translators, which
allow data to be imported from various formats into the ACE
harmonized format, 2) ACE output translators, which take com-
bined ACE and DOME data and generate crop model-ready files for
crop simulation models and 3) ACMO translators, which convert
crop model outputs into harmonized format. In most cases, these
programswere developed as a library of translation tools which can
be implemented in multiple ways including desktop applications,
Web services and parallel processing platforms for large-scale
modeling applications. Table 1 lists the status of ACE input, ACE
output and ACMO translators that are completed or in
development.

Model developers who want to participate in AgMIP multi-
model activities generally attend an AgMIP development sprint
and begin with development of an ACE output translator, which
allows their model access to AgMIP datasets. Development of an
ACMO translator is the next step, which allows outputs from a
particular model to be used in analyses, visualizations and com-
parisons with other models. ACE input translators are an optional
development path for modeling teamswhowish tomake their site-
based crop data available to the wider modeling community.

The utility and accuracy of the DSSAT translators was tested by
taking a DSSAT-format experiment, converting it to ACE format
using the DSSAT ACE input translator, then converting back to
DSSAT format using the DSSAT ACE output translator. The resulting
input and output files were compared. The simulation output files
were equivalent for the pre- and post-translation versions of the
input data, with the only differences being the date-time stamp on
the output files. Pre- and post-conversion input files were actually
more dissimilar than the output files, but they contained equivalent
information. For example, the translated DSSAT input files pro-
duced more complete labeling of missing data for some data fields
which were not actually used by model; and the soil file contained
rious stages of development including “Operational”, “Nearing completion”, “Under

CMO status Reference for crop model

perational Holzworth et al., 2014; Keating et al., 2003
nder development Steduto et al., 2009; Raes et al., 2009; Hsiao et al., 2009
perational Yan et al., 2004
perational St€ockle et al., 2003
perational Hoogenboom et al., 2010; Jones et al., 2003

Izaurralde et al., 2006
Aggarwal et al., 2006
Bouman and Van Laar, 2006; Bouman et al., 2001
Ahuja et al., 2000
Basso and Ritchie, 2012; Basso et al., 2010
Sultan et al., 2013; Oettli et al., 2011

perational Brisson et al., 2009; Brisson et al., 2003
perational Van Diepen et al., 1989

http://agtrials.org/
http://www.macsur.eu/
http://www.github.com/agmip
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only the single soil profile needed by the simulation, rather than
the complete soil database. Other AgMIP models lack input trans-
lators, so similar tests could not be performed.

3.1.1. ACE input translators
Input translators facilitate importing raw data from a variety of

formats including spreadsheet templates with ICASA variable
headers and definitions, model input files, and AgMIPweather data.

The AgMIP Climate Team developed a standard format for
disseminating daily weather records, as described in the AgMIP
Protocols (Rosenzweig et al., 2011). Translators to convert these
weather data to the ACE harmonized format were the first AgMIP
input translators to be developed. Additional ACE input translators
have since been developed to convert daily weather data from
NetCDF format and from several model-specific formats.

Several spreadsheet templates are provided to AgMIP users to
accommodate differing levels of detail and widely varying man-
agement options, including templates for farm survey data, rice
paddy management systems, fertilizer trials, breeder trials and
other options. The primary formatting requirement is that the data
elements entered into a spreadsheet must fall under a variable
name columnwhich uses the ICASA standard naming approach. All
values entered into the template must be in the format and units
specified in the ICASA-MVL.

Model-specific input translators import model data directly
from the input files for some of the models actively used in AgMIP
research. As of this publication, only the DSSAT and CROPGROW-
NAU ACE input translators were operational. Additional trans-
lators for APSIM, CROPSYST and STICS are under development.
These model-specific input translators will allow many existing
datasets associated with each modeling platform to be harmonized
and made available to AgMIP researchers, in the formats specific to
each model. The time requirement for development of model-
specific ACE input translators is large. Development of these
translators has not been a priority in AgMIP because of the urgent
need and limited resources to provide ACE output translators for
use by crop modelers. Future AgMIP development sprints, if fun-
ded, would allow input translators to be developed for additional
models, thus facilitating rapid addition to the AgMIP Crop Site
database of calibrated field experiments from the databases of
modeling groups around the world.

The main incentive to the modeling teams for developing ACE
input translators is that the database of crop experimental data,
which has been calibrated and used extensively for that particular
model, can be made available to the wider AgMIP community for
model intercomparison and improvement activities. These activ-
ities have already resulted in the sharing of ideas between
modeling teams which are leading towards model improvements
among participating groups. In addition, the ability to share good
quality data, including calibrations for cultivars, will likely result in
wider acceptance and use of the source model.

3.1.2. ACE output translators
Translators from the ACE format to model-ready formats were

developed for 13 models at the time of this publication (see
Table 1). Five of the translators (APSIM, CropGrow-NAU, DSSAT,
STICS, WOFOST) are linked into a desktop translation utility and are
currently available for use by AgMIP researchers. Additionally, the
CropGrow-NAU, CropSyst, and EPIC models have translators linked
to the model user interface thus allowing these models to directly
use the ACE data format. Other ACE output translators are in various
stages of development and will be available for future AgMIP
modeling activities.

The amount of time required to develop model-specific ACE
output translator varies with the complexity of the model, the
programming abilities of the translator development team, and the
software approach used for development of the translator. In the
case of the APSIM ACE output translator, a working translator was
developed by a two-person APSIM team during the course of a 5-
day development sprint using a template approach for a single
crop. Additional crop and management capabilities were added to
the translator in subsequent months as the need arose from the
AgMIP crop modeling teams.

The primary incentive for developing an ACE output translator is
facilitate use of a given model in AgMIP ensemble modeling ac-
tivities, particularly the Regional Integrated Assessments, where
the number of simulations is too large to allow manual translation
of input data (see Section 4.1).

3.1.3. ACMO translators
ACMO translators are also currently available to AgMIP re-

searchers for the APSIM, CropGrow-NAU, DSSAT, and WOFOST
models. Other participating models, listed in Table 1, are also
developing or have developed translators which are integrated into
their model user interfaces. The ACMO file is partially generated
when ACE and DOME data are translated to model-ready formats.
The translation application (described in section 3.3) compiles all
metadata which describe the simulation, including links to the ACE
and DOME data used in the simulation; selected model inputs; and
the crop model for which the translation was done. After crop
model simulations are complete, the model-specific ACMO trans-
lators combine these pre-compiled metadata with the simulated
outputs into the ACMO harmonized file, in comma delimited
format. The number of simulated outputs stored in the ACMO
format was intentionally limited to a carefully selected subset (10
variables total) which represent biomass, phenology, and envi-
ronmental conditions and which are readily available outputs from
most models. All units are converted as necessary by the model-
specific ACMO translators to ensure conformance with the ICASA
MVL specifications. In addition, the specific model version used for
the simulations is recorded in the ACMO to facilitate reproducibility
of results.

Model-specific ACMO translators can be programmed in a few
hours, typically, due to the relatively simple data and formatting
requirements and the fact that the majority of data are pre-
compiled by the ACE-output translation application.

3.2. AgMIP data storage solution

The database for ACE, DOME and ACMO datawas designed using
a hybrid system of PostgreSQL and Riak (http://basho.com/riak/).
PostgreSQL is an enterprise-class, open source SQL database. Riak is
an open source, distributed database designed for scalable, fault-
tolerant operation and is within a class of NoSQL or non-
relational databases. The AgMIP implementation consists of mul-
tiple data nodes at facilities involvedwith AgMIP activities. The first
data node is in testing phase at the University of Florida, with future
nodes planned for University of Passo Fundo, Brazil; the Interna-
tional Crops Research Institute for the Semi-Arid Tropics (ICRISAT),
India; and other locations.

Fig. 3 illustrates the data services platform for AgMIP. The
distributed data nodes comprise the bottom layer of the three-tier
system. A separate metadata layer stores and indexes a searchable
subset of the ACE data enabling rapid searches. The hierarchical
structure allows for expedited import and retrieval of experiment
parameters.

The top tier of the data services platform involves the user ac-
cess controls, user interfaces and public websites. A single sign-on
(SSO) system links user authentication for all AgMIP sites. A REST
API is used to implement a standard interface for tools to query,

http://basho.com/riak/


Fig. 3. Proposed AgMIP data services. Three tiers of data include the main virtual private server, the metadata cluster and multiple data nodes.

C.H. Porter et al. / Environmental Modelling & Software 62 (2014) 495e508 503
download and upload datasets to the database. In addition to the
data.agmip.org site, this API can be used be external entities (such
as data sharing partners) to discover AgMIP data or enable tool
developers to interact with the database. Searching, download and
viewing of datasets are not restricted, but only registered AgMIP
users may upload to the database.

AgMIP researchers are active in many countries and regions
around the world. The data which are served by AgMIP must be
made readily available in a format that can be searched and
accessed efficiently by researchers who may lack access to high
speed Internet connections. Many ensemble modeling approaches
use 30 years or more of daily weather data associated with each
climate scenario, climate model, downscaling method, and time
slice. Thus, weather datasets required for Regional Integrated As-
sessments (RIAs) can be large. All data are uploaded and down-
loaded from the server use a compressed format to minimize
transfer latency.
3.3. Software applications for AgMIP harmonized data

The AgMIP Regional Research Teams (RRTs, see http://www.
agmip.org/regional-integrated-assessments-handbook) in South
Asia and Sub-Saharan Africa began work on their RIAs
simultaneously with the AgMIP Information Technologies (IT)
team's development of the data translation tools intended to
enhance the researchers productivity. For this reason, it was
necessary to quickly implement rudimentary tools to allow raw
data to be converted to ACE format and thence to formats needed
by themultiple models used in RIAs. At the same time, the AgMIP IT
team began development of a more robust web-based user inter-
face to allow users to upload, search and download harmonized
data from an online database. The following examples illustrate the
flexibility of the designed protocol which allows implementation
using different tool sets.
3.3.1. Desktop utilities
All desktop data translation applications described herein are

available for download from the AgMIP toolshed at http://tools.
agmip.org/. AgMIP RRTs currently use these tools in their RIAs.

The QuadUI desktop utility implements ACE input translators,
DOME functions and ACE output translators in an interactive java-
based application. Users prepare raw data, translate to harmonized
format, optionally apply DOMEs, and translate the combined ACE-
DOME data stream to model-ready formats for multiple models.
Translated model-ready files are written to a directory selected by
the user, with separate sub-directories for each model. Metadata

http://data.agmip.org
http://www.agmip.org/regional-integrated-assessments-handbook
http://www.agmip.org/regional-integrated-assessments-handbook
http://tools.agmip.org/
http://tools.agmip.org/
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files are also created at the time of ACE output translation for later
use in generation of the ACMO files. QuadUI generates the com-
pressed JSON files for ACE and DOME data (ACE-binary format),
which can be later uploaded to the AgMIP online database.

The ACMOUI application is a separate desktop utility for
harmonizing crop model outputs from multiple models using the
model-specific ACMO translators. A harmonized ACMO file, con-
taining both metadata and simulated model outputs, is generated
with a unique name, based on simulation metadata.

Use of these desktop applications is discussed in Section 4.1 on
the AgMIP Regional Integrated Assessments use case.

3.3.2. Model-integrated translators
The CROPGROW-NAU model, developed recently at Nanjing

Agricultural University, reads the AgMIP ACE format directly, with
development of I/O routines based entirely on the documentation
on the AgMIP research website (research.agmip.org). This illus-
trates that ACE input and ACE output translators are not always
necessary but could be incorporated within the model
implementation.

The developers of the CropSyst and EPIC models developed
translators that are integrated into their respective model user in-
terfaces. This allowed these developers the flexibility to develop
translation utilities in a language that was not necessarily
compatible with the AgMIP Java applications, in these cases, Cþþ
for CropSyst and Python for EPIC. The Python based translator for
EPIC is estimated to require another man-month of development
and testing. The Cþþ translator for CropSyst is operational,
although further testing is required. An ACE input translator is also
under development for CropSyst.

3.3.3. AgMIP Data Interchange
The AgMIP Data Interchange is a web-interface to access online

AgMIP databases. As of this publication the interface was linked
only to site-based crop modeling data (ACE, DOME and ACMO) but
eventually it will link to other AgMIP databases including quality
controlled climate data for historical and future scenarios, regional
and global economic data, and GIS data to drive large-scale spatial
modeling. The search interface for site-based data allows a user to
search for and select datasets based on specified criteria including
location and crop. The user may elect to view the metadata for the
selected datasets; to download data in ACE-binary format (com-
pressed JSON) or to download the metadata in human-readable
format. Registered AgMIP users may sign on to upload their data
in ACE-binary format, after agreeing to the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/3.0/).

Access to some AgMIP data may be restricted either perma-
nently or temporarily due to intellectual property rights, govern-
mental restrictions or a researcher wishing to delay until
publication of their study. In this case, only the metadata are stored
and made available for viewing and searching. If a user wishes to
access restricted data, they will be directed to contact the data
owner.

3.3.4. Future software enhancements
The first generation desktop utilities (QuadUI and ACMOUI),

currently used in AgMIP RIAs, were developed quickly in response
to an immediate need by RRTs. It is recognized that the iterative
process for generating and manipulating ACE and DOME data to
produce successful and accurate simulations with multiple models
can be a cumbersome process. The ICASA-MVL is extensive and the
number of variables can be overwhelming for a user who is not
familiar with the terms and structure of this data dictionary. The
format of the DOME is essentially a Domain Specific Language
(DSL), which can be difficult to learn for many researchers. For
these reasons and others, we recognize that the next generation
user interfaces must make data entry, manipulation and translation
much easier for the user.

The AgMIP IT team has begun design of an enhanced desktop
utility for data management that will combine the capabilities of
QuadUI, ACMOUI and the AgMIP Data Interchange. Researchers will
use this multi-function application for direct input of ACE and
DOME data and to perform the iterative process of refining the
inputs to generate useful and accurate simulations. Models which
can be run with a command line will be accessed directly from the
interface, with ACMO outputs generated automatically. Direct
linkage to the server will allow a user to search the database,
download datasets, manipulate the data, and upload results to the
server, all within a single desktop application.

Under a National Science Foundation project called Framework
to Advance Climate, Economic and Impact Investigations with In-
formation Technology (FACE-IT, www.faceit-portal.org), re-
searchers are developing a web-based, workflow platform to
support AgMIP modeling activities. This platform will allow a
researcher to create complex workflows within a visual interface,
connect the workflow to diverse data sources and share the
workflow, data and outputs with other researchers conducting
similar types of research. The platform uses the Galaxy workflow
engine, used extensively in data intensive biology applications, but
under modification for use in Earth Science domains. For this
project, the AgMIP Regional Integrated Assessment process (section
4.1) represents a use case and the data translation utilities devel-
oped for AgMIP have been implemented as workflow apps within
the FACE-IT toolshed. It is envisioned that this platform will facili-
tate ensemble modeling efforts for researchers worldwide as it
becomes more fully operational.

4. AgMIP use cases for data interoperability

4.1. AgMIP Regional Integrated Assessments (RIA)

The AgMIP RRTs in South Asia and Sub-Saharan Africa use
AgMIP protocols to conduct Regional Integrated Assessments to
quantify the effects of climate change on food security in their re-
gions. The teams use multiple climate, crop and economic models
to answer three key questions:

1. What is the sensitivity of current agricultural production sys-
tems to climate change?

2. What is the impact of climate change on future agricultural
production systems?

3. What are the benefits of climate change adaptations?

The AgMIP RIA process requires collaboration among a multi-
disciplinary team to provide consistent and cohesive inputs at
each phase of the process for climate, crop and economic analyses.
These processes are described in detail in the AgMIP Regional In-
tegrated Assessment Handbook (Rosenzweig et al., 2013b). This use
case focuses only on the cropmodeling process, which uses outputs
of climate models as input and which generates inputs for the
economic modeling phase of the assessments. A simplified data
flow diagram for the crop modeling process is shown in Fig. 4,
which shows the use of the three types of data translators and the
two desktop utilities, QuadUI and ACMOUI.

Many sets of crop modeling simulations are required in order to
evaluate current climate and technology conditions, future climate
conditions with current technology trends and future climate
conditions with adaptation. Each of these systems is simulated for
multiple climate models and climate scenarios, multiple crop
models, and multiple site-years. This results in a large number of

http://research.agmip.org
http://creativecommons.org/licenses/by/3.0/
http://www.faceit-portal.org


Fig. 4. Crop modeling data flow diagram for AgMIP Regional Integrated Assessments showing ACE input, ACE output and ACMO translators as implemented in desktop utilities
QuadUI and ACMOUI.
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simulations which are to be evaluated and compared and then used
as input to regional economic models. A single modeler may
generate several hundred thousand model simulations. Over 3
million model simulations were done by the AgMIP RRTs in Sub-
Saharan Africa and South Asia. The processes described below in
detail are for analysis of the historical conditions under which the
survey data were collected. The data translation process for the
analyses of seasonal strategies and future climate and adaptation
scenarios is similar, but includes the application of additional
DOMEs. The interested reader should refer to the AgMIP Regional
Integrated Assessment Handbook (Rosenzweig et al., 2013b) for
details of these analyses.

The use of translation tools in the RIAs is part of an iterative
process. The site-based data are collected, converted to ACE format
with units as specified in the ICASA-MVL, and input to a survey
data template, typically as a spreadsheet. The templates are
modified by the crop modelers to include the appropriate ICASA
variables associated with the available survey data for each
regional analysis.

A field overlay DOME is created to supply data required by the
cropmodels, but not supplied in the farm or household survey data.
DOME templates are available for users to modify with their site-
and region-specific crop model inputs. Multiple DOMEs may be
necessary to apply selective parameters to different soil types or
socio-economic strata or to impose spatial variability among sites
in an assessment.

ACE and DOME data are converted from spreadsheet format to
comma-delimited format, then converted to a compressed ZIP
format, either manually or using the AgMIP Data Assistant (ADA)
desktop utility, also available on the AgMIP toolshed site.

Generation of ACE and DOME data which produce good, error-
free simulations for multiple models and multiple sites is an iter-
ative, often frustrating process. QuadUI is used to read the survey
and DOME data from the zipped archives, combine them into a
single data stream, and translate into user-selected model formats.
Syntax errors, misspelling of key variable names or DOME names,
or omission of critical information can all cause the translation to
fail. When translations occur without error, themodels may still fail
if required model inputs are not provided. Or the models may run
without error but produce results which do not adequately describe
actual regional yields or other observed data. At each stage, the user
must troubleshoot the problems using the QuadUI log, model
outputs and error messages and by revising the survey and DOME
sheets as needed.

Once the simulations for historical conditions have been suc-
cessfully generated, the user runs ACMOUI to generate the ACMO
harmonized data, which can then be analyzed and used as input to
the regional economic models.

Analyses of multi-season systems for current and future climate
conditions and adaptation scenarios follow the same process, and
use the same field overlay DOMEs. Seasonal strategy DOMEs are
applied to impose automatic planting date rules, future manage-
ment regimens, and to simulate 30 weather years with current or
future climatology for each site.

A final step is for the user to upload the working datasets using
the AgMIP Data Interchange web interface. ACE and DOME data are
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uploaded in compressed ACE format; ACMO files are uploaded in
comma-delimited format.

Results of the AgMIP Regional Integrated Assessments are being
prepared for publication in the Handbook of Climate and Agro-
ecosystems (Hillel and Rosenzweig, in preparation).

4.2. Model intercomparisons

Crop-specific model intercomparisons form one type of collab-
orative activity undertaken by AgMIP researchers. These model
comparisons allow researchers to quantify the uncertainty in the
crop modeling process and also to highlight areas where models
can be improved to better predict the responses to climate vari-
ables. The AgMIP wheat model intercomparison project (Asseng
et al., 2013) began in 2011 and included 27 wheat models, each
with different input requirements and formats. Both the wheat and
maize (Bassu et al., 2014) model intercomparisons showed that the
mean of the ensemble predicted yields better than any single
model over a range of environments, even for a small number of
models. Additionally, an ensemble approach allows researchers the
ability to quantify the uncertainty associated with the crop models,
which can be high in comparison with the uncertainty associated
with climate models and downscaling methods. AgMIP rice and
sugarcane crop intercomparison teams are progressing similarly.
Development of the translation tools had not yet begun at the time
that the wheat model intercomparison was initiated and so the
tools were not available for automated preparation of inputs for the
multiple models. As a result, each modeling group converted
project data manually to the various model-specific formats. In
some cases, the groups may have applied inconsistent assumptions
in order to supply inputs required by their model, but not explicitly
provided to the modelers.

A second phase of the wheat model intercomparison, using
observed elevated temperature datasets, is underway currently and
is using AgMIP harmonized data entry templates to supply data to
the participating modeling groups. The model groups who have
working translators are able to quickly generate model input files.
AgMIP IT intends to continue development of data translation tools
and adding more model translators so that future model inter-
comparison and improvement activities may have all the benefits
of the harmonized data structure and the multi-model overlays for
consistent application of model assumptions and simulation
boundary conditions.

4.3. Large-scale gridded modeling efforts

The pSIMS (parallel System for Integrating Impact Models and
Sectors) framework, developed at the University of Chicago (Elliott
et al., 2014), uses a massively parallel computation system to run
the DSSAT crop simulation model over a large scale for gridded
(raster) inputs. Recent integration of the AgMIP data translation
tools has enabled this system to run multiple models on high
performance computing platforms using identical inputs. The sys-
tem allows data in NetCDF format to be converted to ACE format
and thence to various model input formats. The pSIMS framework
with multi-model capability was tested using DSSAT and APSIM for
a regional study in East Africa as part of a USAID project and for a
global analysis as part of the AgMIP Global Gridded Crop Model
Intercomparison project (http://www.agmip.org/ag-grid/ggcmi/
and Rosenzweig et al., 2014).

A demonstration of the multi-model capability of pSIMS for
multi-scale assessments of crop growth and climate impacts is
presented by Elliot et al. (2014). In that paper, the authors describe
four pSIMS campaigns that were conducted for maize in Africa from
1980 to 2010. The four campaigns involve two models (pDSSAT and
pAPSIM), each simulating a) the full continent at 0.5� spatial res-
olution (10,301 unique grid cells) and b) the Southern/Eastern Af-
rican countries of Zimbabwe, Malawi, Zambia, Tanzania,
Mozambique, Ethiopia, Burundi, Rwanda, Uganda, Kenya, and So-
malia at 0.25� spatial resolution (7778 unique grid cells). These
campaigns are small compared to a standard global climate impact
run (56,537 grid cells run over 150 years), but are useful to convey
the versatility of the framework and the multi-model capability
using AgMIP data translation utilities.

5. Discussion and conclusions

The AgMIP harmonized data solution was developed in
response to a need by the AgMIP community of researchers for
interoperability of data for multiple crop models for assessment of
climate change and food security issues. Ensemble modeling in
crop model impact assessments has two major benefits: (1) the
mean from multiple models is a better predictor of yield than any
single model, when applied over a range of environments and (2)
the uncertainty from crop models can be assessed. To date, crop
model uncertainties are generally greater than those associated
with downscaled general circulation models (Asseng et al., 2013;
Bassu et al., 2014).

The ACE and ACMO data formats coupled with the concept of
the DOME and a library of translators provide a simple, flexible, and
extensible means of handling data from diverse sources and for
making them available to multiple crop models. The design of the
data structures and modifications to the underlying ICASA-MVL
were collaborative efforts between the crop modeling groups that
participated in AgMIP Development Sprints in 2012 and 2013 and
the economists who use outputs from the crop models. The ACE
key-value schema provides an efficient and flexible means of
defining and archiving the inconsistent site-specific data from
diverse sources. The DOME provides a means for users to supply
information such as assumed management details, initial condi-
tions, simulation time span, or hypothetical management regimens
consistently to multiple models. Harmonization of simulated
model outputs enables consistent analysis of the results from
multiple models and makes the data more readily available for
input to economic models.

Our main scientific innovation involves the collaboration among
diverse research groups to develop a community-driven standard
for interoperability of data for use in multiple cropping system
models. The use of these standards and software applications, as
discussed in Section 4, is becoming widespread through AgMIP
modeling activities. As of publication of this manuscript, approxi-
mately 50 AgMIP crop modelers in South Asia and Sub-Saharan
Africa are finalizing results of Regional Integrated Assessments
using the procedures outlined in Section 4.1 to analyze the impacts
of climate change on food production systems in their regions.
These analyses include over 3 million multi-model simulations
using datasets prepared for DSSAT, APSIM and STICS models using
the standards and applications described in this paper. These
research teams are currently interpreting the results of their ana-
lyses, which will appear in Hillel and Rosenzweig (in preparation).
It is beyond the scope of this paper to present these data and re-
sults, but our experiences convince us that model dataset pro-
cessing for multiple models on this scale would have been
impractical without the data interoperability standards and appli-
cations developed for AgMIP.

Another primary innovation associated with the design and
implementation of the AgMIP data interoperability standards and
tools, is the in the ability to conduct ensemble crop model simu-
lations with confidence that the input data supplied to each model
conform to a standard and represent equivalent information

http://www.agmip.org/ag-grid/ggcmi/
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regardless of model data formatting differences. Current imple-
mentation of the tools by the AgMIP regional research teams use
only two or three models to analyze hundreds of sites using low-
quality farm survey data. Uniform application of assumed data via
DOMEs is critical to the use of multiple models in these studies. As
more model translators are developed by the crop modeling teams,
analyses using larger model ensembles will be possible. This may
be especially beneficial for the crop-specific model in-
tercomparisons which emphasize high quality data from a rela-
tively few sites for use by a larger number of models.

Crucial to the design of the AgMIP data interoperability tools is
the expertise of the modeler in the use of their crop model. The
tools and data provide only the input files for running the model,
after which the modeler must step in, and check for any missing
values and out-of-bounds parameters, then correct these through
iterative passes with DOME inputs. The modeler remains respon-
sible for calibrating the model, validating the outputs, and gener-
ating appropriate scenarios for different climate, technology or
variety specifications. This focus on the practices of themodeler has
an important implication in that the tools must be flexible enough
to handle both the data used in the experiment and the model
running the experimental data. This flexibility comes at a cost
because for each combination of an experimental dataset and a
modeling tool, an intervention of the modeler is required to fill
parameters and to validate the model. This requires consideration
of whether a given experiment can be run with a given model, and
which experimental data can be adequately included. For example,
it does notmake sense to run an experimental dataset with detailed
observations of nutrient dynamics through a crop model that lacks
modules to compute nutrient dynamics.

The current implementation of AgMIP data interoperability
tools uses spreadsheet templates and desktop utilities to allow
researchers to harmonize and translate site-based data. These tools
filled an immediate need for the researchers but remain difficult to
use. Next generation tools will include more interactive user in-
terfaces and web-based approaches. The existing data schemas and
translators can be implemented in these next generation utilities
without redesign.

The AgMIP translation tools depend on a large enough collection
of datasets archived in a harmonized format to be of interest to
modelers, and to stimulate new groups to join the efforts of the
AgMIP community. Many of these site-based datasets have tradi-
tionally been poorly curated, sitting at experimentalists' desks in
paper, personal hard drives and reports. Lately, there has beenmore
attention to curating the data for long term preservation. AgMIP is
well positioned to facilitate the sharing and harmonization of crop
modeling data within its large global community of modelers. As a
second step, links could be established with experimentalists
gathering new data sets potentially useful for crop modeling, to
share the data harmonization formats to allow ease of exchange
and application. For example, developments of the crop ontology
(http://www.cropontology.org/) developed by scientists involved
in plant breeding could be linked to the ICASA-MVL.

The AgMIP data management system was designed to address
the needs of a large, distributed, multi-model research community
by adopting a rich, extensible vocabulary to describe site-based
agricultural data from diverse sources; flexible data structures
which allow both detailed and lesser quality records to be stored in
an efficient database; and the ability to provide a consistent set of
assumptions and parameters which can be extrapolated tomultiple
models. For the first time ever, researchers andmodelers are able to
use these tools to run an ensemble of models on multiple,
harmonized datasets. This allows them to compare models, leading
ultimately to model improvements. Perhaps the most important
outcome is that the AgMIP project has provided a platform that
facilitates researcher collaboration frommany organizations, across
many countries. The level of cooperation between these groups is
unprecedented and has already resulted in data interoperability
tools that will benefit the large crop modeling community of re-
searchers bymaking data from awide variety of sources available to
any of the participating model users. This would have been very
difficult to achieve without the AgMIP data standards described in
this paper. As AgMIP grows to include more regions, researchers
and modeling groups, the harmonized data format and translation
tools will continue to be valuable resources.
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