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ABSTRACT

This paper presents an evaluation framework followed to identify cost-efficient alternatives to extend the MARS
Crop Yield Forecasting System (MCYFS), run by the European Commission Joint Research Centre since 1992, to
other main producing areas of the world: Eastern European Neighbourhood, Asia, Australia, South America and
North America. These new systems would follow the principles and components of the MCYFS Europe: a me-
teorological data infrastructure, a remote sensing data infrastructure, a crop modelling platform, statistical tools,
a team of analysts and a crop area estimation component. The framework designed evaluates the performance of
the possible MCYFS-like system realizations against six defined objectives and their costs. Possible monitoring
systems are based on a combination of different technical solutions for each of the MCYFS components, and are
evaluated through an automatic algorithm that calculates the expected system performance —relying on a priori
expert judgement-, the costs, and possible risks to construct some technical solutions, to finally identify the cost-
efficient ones. A baseline system, achieving the minimum required performance, was identified as the most
efficient starting point for the MCYFS extension in all the geographical areas. Such system would be built upon:
(i) near real-time reanalysis meteorological products; (ii) remote sensing data from low-resolution (~1km)
platforms with a long-term product archive; (iii) crop models based on crop-specific model calibration from
experimental data published in scientific literature; (iv) statistical methods based on trend and regression
analysis applied to national level; (v) a team of analysts with specific technical profiles (on meteorology, remote
sensing, and agronomy); and (vi) digital classification of very high resolution imagery supported by non-ex-
pensive ground surveys for area estimation. In countries where accessibility to local data and resources is high
the baseline system can be upgraded enhancing some of the components: sub-national statistical analysis with
additional statistical methods like multiple regression or scenario analysis; recruitment of experts on local
agricultural conditions in the team of analysts; local calibration of crop models with experimental data; and
exploiting high and low resolution biophysical products from remote sensing for crop monitoring.

1. Introduction These events triggered the Directorate-General of Agriculture and

Rural Development (DG-Agriculture) of the European Commission (EC)

High fluctuations of agricultural production during the last decade
depicted a scenario of volatility of agricultural prices, leading to food
crises and social unrest in different parts of the world. In 2007,/2008 the
coupled scarcity of goods at world level, consequence of unfavourable
conditions during the crop season, and the growing demand of food,
resulted in high market tensions and a sharp increase of food prices
(von von Braun, 2008). In the 2008/2009 season, abundant agricultural
production thanks to favourable weather conditions in the main pro-
ducing areas reversed the situation, and prices at world level went
down, until 2010/2011 when a severe drought in the Black Sea area
severely constrained cereal production, increasing international food
prices (Zaman et al., 2011).
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to launch and finance in 2011 the GLOBCAST study to assess the fea-
sibility of extending the European MARS Crop Yield Forecasting System
(MCYFS) -run by the EC Joint Research Centre since 1992- to the main
grain producing regions of the world (Russia, Ukraine and Kazakhstan;
India; China; Australia; North America and South America).

The objective of the GLOBCAST study was to design and develop a
global crop monitoring system to provide EC policy-makers with the
necessary information to implement effective measures to manage
agricultural markets, and contributing to international initiatives, such
as the Agricultural Market Information System (AMIS) propelled by G-
20 and coordinated by the Food and Agriculture Organization (FAO), to
increase transparency in agricultural markets. Independent, evidence-
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Table 1
Description of objectives and their priority —established by the EC DG-Agriculture- of the crop monitoring system.
Objective Description Priority
1. Alert and warning of hazards in crop Detection of major meteorological constraints or extreme events that can have a significant impact on crop development = Medium
growth and growth from sowing/planting to harvest.
2. Qualitative crop growth analysis A qualitative analysis of crop growth and development anomalies with a potential impact on crop yields, based on the Medium
system indicators: e.g. crop growth above or below the long-term and/or short-term average, crop cycle is advanced as
compared to the average year, etc.
3. Quantitative crop yield forecast Statistical analysis of the system indicators to produce a quantitative crop forecast. Forecast activities start early in season ~ High
with a yield trend analysis, and are replaced by more sophisticated statistical methods as the growing season progresses.
4. Quantitative crop area estimation Quantitative crop area figures will be produced that, jointly with crop yield forecasting, will allow calculating crop High
production. Crop acreage estimation will be provided early and late in the season, based on the use of medium/high
resolution remote sensing imagery for digital classification to estimate shifts in crop acreage and spatial distribution from
one season to another.
5. Bulletin production Regular analysis will be published in bulleting consisting on: description of the main agro-meteorological event; High
qualitative analysis of crop conditions; and the quantitative production figures.
6. Accessibility of information The dissemination to the public of the system indicators and outputs —crop modelling indicators, meteorological data and Low

remote sensing products— through dedicated software and/or upon request.

based and timely qualitative information on crop growth conditions
and crop yield forecasting in the main producing areas of the world are
critical for policy-making, preventing market disruptions, reducing
market speculation and thus contributing to overall food security.

The objective of this paper is to present the conceptual framework
that was designed to perform a cost-efficiency analysis of different
technical alternatives to build up a MCYFS-like system in the mentioned
producing areas. The framework constructed is partially inspired by a
similar exercise done some years ago by van Leeuwen et al. (2011)
when the authors benchmarked the contribution of new NASA satellite
products to improve global production estimates in the FAS (Foreign
Agricultural Service of the United States Department of Agriculture)
decision support system.

The framework presented comprises the definitions of the objectives
to be accomplished by the system, the components of that system
—based on the principles of the European MCYFS- and a scale to score
the level of attainment for these objectives of the technical solutions
proposed to build the components. The team of analysts at MARS
evaluated the attainment level of every technical solution, estimated
their costs, and established the risk level -mainly a consequence of
constraints to access local information and resources in some of the
geographical areas covered- to build some of them. Finally, an auto-
matic algorithm was implemented to identify —according to the scores,
costs and risks of the technical solutions— the cost-efficient MCYFS-like
systems.

The work conducted aims at being an objective a priori analysis of
the most suitable realizations of a MCYFS-like crop monitoring system
in the main producing areas of the world, responding to the premises
and requirements of the EC DG-Agriculture for the management of
agricultural markets in a global context, as stipulated in the European
Regulation No 1306,/2013.

This kind of preliminary assessment, being essential to devise a
feasible implementation for such a monitoring system —which requires
an important investment from taxpayers— is not frequently made public.
The strategy followed in the evaluation framework to address the sys-
tem's cost-efficiency is a valid example for the reader that illustrates
how to translate the functioning of a complex operational system —with
several objectives, components, interactions between components,
limitations, and expected outputs- in a benchmarking procedure that
may help to identify possible vulnerabilities or improvements. All this
information is explained in detail in Chapter 3.

The cost-efficient MCYFS-like systems identified by the evaluation
framework constitute the main output of the evaluation exercise. In
general existing continental/global crop monitoring systems use a wide
variety of data sources and methods including meteorological in-
dicators, satellite earth observation (EO) products, crop growth in-
dicators produced by crop growth models, etc. (Kucera and Genovese,
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2004; Van Leeuwen et al., 2006; Mueller and Seffrin, 2006; Wu et al.,
2014). These methods constitute non-exclusive technical alternatives to
build the components of a crop monitoring system. All of them can
provide reliable information on crop status, presenting advantages and
limitations when used quantitatively as a predictor of crop yield. The
results detailed in Chapter 4 show the key components of a MCYFS-like
system in order to achieve different performance in crop monitoring,
area estimation, and yield forecasting. That analysis is seized to the
specific principles and requirements of the MARS monitoring system,
but the outputs —particularly on what regards the composition of the
baseline cost-efficient system proposed and the roadmap to upgrade it
considering their set-up and operational costs— can be of interest in the
crop monitoring and yield forecasting community. The availability of
local information and the means to collaborate with local authorities
are essential when building a crop monitoring system like the MCYFS
outside the EU. The impact of these two factors in the possible cost-
efficient systems is illustrated through three scenarios (low constraints,
medium constraints, and severe constraints) describing the differences
found among the geographical areas to be covered in GLOBCAST.

2. Objectives and architecture of a MCYFS-like crop monitoring
and yield forecasting system for the main grain producing areas of
the world

2.1. System objectives

A range of objectives for the MCYFS-like monitoring system to be
implemented in the main grain producing areas of the world is sum-
marized in Table 1. The first three objectives regard monitoring crop
growth and yields, and each one of them represents a different but
complementary focus of analysing the effects of weather on crop yield.
Objective 1 -Alert and warning of hazards in crop growth- has an an-
ticipatory nature, aiming at identifying possible weather extreme
events —even those happening before sowing— that may have a sig-
nificant impact on final crop yields. Objective 2 - Qualitative crop
growth analysis- implies an analysis in near real-time of current crop
growth indicators —essentially from crop models and remote sensing—
placing the ongoing season below/above a long- or medium-term
average that could lead to yield anomalies at the end of the season.
Whereas objectives 1 and 2 provide both a qualitative output, objective
3 - Quantitative crop yield forecast- consists in analysing statistically
the available indicators —meteorological, crop growth remote sensing—
to produce a yield forecast. Although the outputs from all these three
objectives are of high value for monitoring agricultural markets, DG-
Agriculture attributed a high priority to quantitative yield forecasting
(right column of Table 1), as yield figures can be directly used to build
agricultural balance sheets, and integrated with other information, they
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are an important instrument for policy-making.

Objective 4 is the quantitative crop area estimation, which is not
covered by the European MCYFS, where early and late-season area
estimates for the Member States are made available by EUROSTAT
following a specific calendar (Eurostat, 2015). Outside the EU, crop
area estimation is a necessary objective and thus requires a dedicated
system component, especially relevant for those countries where inter-
annual production variability is largely influenced by sown area.

The last two objectives 5 and 6 relate to the dissemination of the
system outputs. Regular bulletins constitute the reference documents
containing the results of the monitoring activities: reports on weather
and crop growth monitoring, remote sensing analysis, yield forecasts
and area estimates. Therefore, the release of regular bulletins has a high
priority for stakeholders. Moreover, all the indicators of the system
shall be publicly available with an appropriate infrastructure (e.g. in-
ternet data portal).

2.2. System components and workflow

The monitoring system to be built, following the principles of the
European MCYFS, is composed of six components:

A) An infrastructure to acquire and process meteorological data.

B) An infrastructure to process remote sensing data.

C) A software platform to calibrate and run crop growth models.

D) A statistical toolbox to perform yield forecasts, including an archive
of crop area and yield statistics.

E) A team of analysts in charge of the quantitative and qualitative
analysis of crop growth and yield.

F) A specific component to estimate crop area from remote sensing and
field sampling.

A schematic representation of the system and the different compo-
nents is given in Fig. 1, whereas Fig. 2 describes the data and processes
workflow.

The meteorological data infrastructure acquires and processes in
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near-real time (NRT) weather data from primary sources: weather sta-
tions and atmospheric models. Data processing in this component
comprises: error-checking of the original raw data; spatial interpolation
of primary weather indicators (e.g. temperature, precipitation, etc.) to a
reference system grid, and deriving advanced indicators (e.g. potential
evapotranspiration, incoming radiation when not included as primary
indicators). The computation of more complex indicators such as the
standardized precipitation-evapotranspiration index (SPEI, Vicente-
Serrano et al., 2009), the agricultural stress index (ASI, Hoolst et al.,
2016), or the global water satisfaction index (GWSI, Nieuwenhuis et al.,
2006), is considered as well.

Remote sensing products are used in the system qualitatively, de-
tecting positive or negative anomalies in crop growth, but also quan-
titatively, as yield predictor. A full description of the use of remote
sensing indicators in the MCYFS is given in Royer and Genovese (2004)
or Baruth et al. (2006). Overall, the infrastructure for remote sensing
relies on medium-low spatial resolution (from 500 to 1 km) imagery to
monitor crop growth and development. As an example, in the European
MCYFS, this component includes the processing of raw satellite imagery
to produce 10-day composites of biophysical products using dedicated
algorithms (e.g. Gobron et al., 2002; Weiss et al., 2010), based on
SPOT-VEGETATION and METOP-AVHRR. More recently, NDVI and
biophysical products —fAPAR, LAI- at 1km resolution were made
available by the land service from the EC Copernicus Global Land
Service (Verger et al., 2013, 2015), constituting a seamless historical
archive from 1998 up to the present using data of the SPOT-VEGETA-
TION and PROBA-V platforms. This component may also include re-
mote sensing products that can be used in the crop modelling compo-
nent (Fig. 2), e.g. incoming solar radiation, used as input for crop
models (Bojanowski et al., 2013), when these parameters are not reli-
able enough from weather stations.

The BioMA crop growth modelling platform (http://bioma.jrc.ec.
europa.eu/), developed at the JRC, constitutes the engine of the third
system component. It uses data from the meteorological data infra-
structure to simulate crop growth in NRT. In BioMA several general
crop growth models have been implemented: WOFOST (Van Diepen

E. Analysis team

Data inspection - data visualization — data analysis — information generation

C. Crop
growth
modelling:
platform

A. Meteorological data

infrastructure.

B-Remote sensing;

datainfrastructure

Information extraction over space and time

Convergence of analysis

E. Analysis team

Agricultural and economic information for the on-going campaign
National/international organizations/stakeholders

Range of plausible
crop yield forecasts

toolboX: F Groplarea

estimation

Quantitative & qualitative
reporting on crop growth

Crop production forecast

and yield Regular Bulletins

Fig. 1. Overall crop monitoring system structure. Letters A to F identify the six components of the system.
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Fig. 2. Data and processes workflow of the MCYFS-like crop monitoring and yield forecasting system to be built in the main grain producing areas of the world.

et al., 1989), CropSyst (Stockle et al., 2003), STICS (Brisson et al.,
2009); and the crop-specific models CaneGro (Singels et al., 2008) for
sugarcane, and WARM (Confalonieri et al., 2009) for rice. Moreover,
this third component includes, in addition to the BioMA platform, a
dataset of soil physical properties from existing soil maps —necessary to
simulate soil water balance- and crop experimental data (e.g. Boons -
Prins, 1993) used for crop model calibration.

The indicators provided by the meteorological, remote sensing and
crop modelling components are derived and aggregated at a 25km
resolution reference grid. Then, they are also aggregated at adminis-
trative unit level (following the Global Administrative Units Layers,
GAUL, from FAO) to produce regional indicators. The aggregation is
based on land use -taken from existing land cover maps such as GLO-
BCOVER (Arino et al., 2008) or GLC 2000 (Bartholomé and Belward,
2005), and crop area regional statistics to weight sub-national admin-
istrative units according to crop occurrence. As an example, a detailed
description of the aggregation of remote sensing indicators can be
found in Genovese et al. (2001). The mentioned three components in-
clude a historic archive of grid and regional indicators, where addi-
tional ones such as long-term and medium-term averages, quantiles,
etc. needed for anomaly detection, are regularly calculated and up-
dated.

Regional indicators produced by the first three components ag-
gregated at different administrative levels are analysed statistically in
the fourth component of the MCYFS-like system, the statistical database
and toolbox, to produce a yield forecast (Fig. 2). This component has
two main elements: a repository of historical time-series of official crop
yield and area statistics; and a software called CoBo (Control Board)
where different statistical methods are implemented to produce yield
forecasts. These methods try to identify the statistical relationship be-
tween the different indicators and yields statistics in the past —through
the analysis of yield trends, different regression methods, and similarity
analysis of time-series— to produce a yield figure. Moreover, CoBo,
developed for the European MCYFS, is also an archive of the forecasting
exercises and a management tool to guarantee the traceability of the
yield figures produced.

The analysis team is the fifth component of the system, and has a
central role for the accomplishment of all the system objectives
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explained in Section 2.1, with the exception of area estimation. The
European MCYFS is a data driven decision-support system, where the
role of the analyst is key. The analysts investigate the indicators pro-
vided by the rest of the components and identify the ones that better
explain actual crop growth and yields. They select the appropriate
statistical methods to produce a reliable yield forecast and report the
results of the mentioned analysis in the form of regular bulletins (see
https://ec.europa.eu/jrc/en/mars/bulletins). Moreover, the analysts in
the MCYFS have responsibilities for the system maintenance: high-
lighting possible caveats and limitations in some of the components;
proposing scientific and technical solutions to improve them; but also
maintaining links with local institutions of countries to exchange data
and resources. The analysis team is multidisciplinary, with profes-
sionals having a scientific/technical specialization —e.g. on agro-me-
teorology, agronomy, crop modelling, remote sensing, statistics...— that
favours the development and maintenance of the system components.
Each analyst is also specialized in a regional context (countries, group
of countries), which permits the analysts to reach an expertise on the
local agro-climatic conditions, to better understand how the crop in-
dicators produced by the different system components describe actual
yield variations in that regional context, and to consolidate the re-
lationship with local partners. This analysis team approach of the
European MCYFS is followed for the expansion of the system outside
the EU.

The objective of area estimation (Table 1) —necessary to provide
crop production estimates— has a nature very different compared to the
other objectives of the system. Area estimation, as it is conceived in the
MCYFS-like system, is a task that requires specific skills on spatial
sampling and remote sensing imagery classification, quite different
from the objectives on crop monitoring and yield forecasting, both
driven by expertise on biophysical monitoring and modelling. There-
fore, the component on crop area estimation is considered independent
from all the other system components, and focused exclusively on
achieving objective 4 (Table 1). It is actually a component not existing
in the European system, where area estimates are provided during the
season by the EU member states. The area estimation component relies
on the use of high-resolution remote sensing data —in some cases
combined with field surveys, see Section 2.3- as proposed by Gallego
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Table 2

Technical alternatives considered to build up the six components of the crop monitoring system.

A. Meteo

Input: Daily observations
from weather stations (high

indicators, projection/scaling

B. Remote Sensing

Input: High resolution (<50
m) multispectral imagery on a

NDVI).

Crop monitoring system components

C. Crop modelling

Models: General crop growth
models (e.g. WOFOST, CropSyst...)
plus specific solutions for rice and
sugarcane, calibrated using local

D. Statistical tools

Methods: Forecasts based
on the assimilation of
remote sensing products
into crop growth models
Statistical data: official
yield and area statistics at
sub-national level (GAUL 2)

Statistical methods:
Multiple linear regression
and similarity analysis
applied at sub-national

Statistical data: official
yield and area statistics at
sub-national level (GAUL 1)

Statistical methods: Linear
regression and trend
analysis applied at national

data: official

arable land areas

o i
8 density with local networks) :l::::t el ieliaEt agilauiiue] agronomic experimental data
c Processing: Error-checking, a . . collected from dedicated field
© L . Processing: Radiometrically N
gap-filling, aggregation to " . . studies.
> ; 5 calibrated biophysical " " "
el daily values, computation of . Soil Data: Detailed local soil maps to
© . products. Fusion of low and N
advanced variables and . . simulate water balance
. ) high resolution products for .
spatial interpolation crop-specific monitorin Additional crop management data:
— p-sp! 8- fertilization treatments, pest and
[
g diseases
[}
- Crop model: General crop growth
c I WOFOST
o Input: Daily observations . e (e.._g. © .OS ,CroFSyst...)
— [J] . Input: Low resolution (~1km) plus specific solutions for rice and
=) + from weather stations (WMO- " .
= © GHCN stations) platforms sugarcane, calibrated using
B e . . Processing: Radiometrically agronomic data collected from
o 7] Processing: Error-checking, " X R
("] £ ap-filling ageregation to calibrated and interoperable literature. level
— = e p L G . products across platforms Soil Data: Continental soil map to
M© b] daily values, computation of . N )
(] + . (e.g. GIO biophysical simulate water balance
— c advanced variables and . L
c = T e products). Long-term archives Additional crop management data:
= P distribution of irrigated areas and
g single/multiple cropping
'—
Input: Modelled weather data
l: G | tati
c (e.g. ECMWF) + Satellite- Input: Low resolution (~1km) c::\‘/’vtr:‘:::delsegaesr:dv::z:}alﬁﬂ
derived incoming radiation platforms 8 . 5
2 5 . . model calibration.
IS (MSG-SEVIRI) Processing: Radiometrically q
B n . ¥ N Soil data: N/A scale
c Processing: decoding, calibrated, sensor-specifc Additional crop data:
= aggregation to daily products (e.g. Top-of-canopy 7 o s G el I 6T

yield and area statistics at
national level
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E. Analysis team

Resources: Individual
teams with specialized
scientific profiles for each
geographical area with
expertise on local
conditions (e.g. networking
with local partners)

Resources: Medium-sized
staff group with specialized
individual profiles on agro-
meteorology, remote
sensing and crop modelling

Resources: Small-sized staff
group with general
scientific profile on
agricultural sciences and no
high specialization in the
different geographical
zones

F.Crop area

Input: Medium/high
resolution (<100 m)
multispectral imagery
Methodology: Digital
classification of satellite
imagery, supported by
ground data collected from
optimal sampling protocol

Input: Medium/high
resolution (<100 m)
multispectral imagery
Methodology: Digital
classification of satellite
imagery, supported by
ground data collected from
efficient sampling ‘along
the road’.

Input: Medium/high
resolution (<100 m)
multispectral imagery
Methodology: Digital
classification of satellite
imagery, no ground data.

to reference grid

(2004); Gallego et al. (2010)) and has specific staff for photo-
interpretation, digital classification, and statistical methods for crop
area survey design and area estimation. The successful implementation
of this component of the MCYFS-like system outside the EU requires
collaboration with local institutions, especially when planning and
conducting field surveys.

2.3. Technical alternatives to build up the system components

Several technical options exist to build each of the six components
in the MCYFS-like system, having different complexity, costs and im-
pact in achieving the objectives presented in Section 2.1. In this study,
these options are summarized in three distinct technical solutions
—-minimum, intermediate, and advanced- proposed for each of the six
system components. For a given component, technical solutions re-
present an incremental evolution of the component towards a higher
degree of complexity, which is assumed to have a positive impact on the
system reliability, but also a cost increment. These three technical al-
ternatives —summarized in.

Table 2— are based on state-of-the-art methods in scientific litera-
ture, and available resources that —according to the experience of the
MARS analysts— can be implemented operationally for large areas.

In the meteorological data infrastructure the minimum solution
relies on the use of modelled weather data at global level: reanalysis
and forecast weather data from the European Centre of Medium-Range
Weather Forecast, (ERA-Interim and HRES products from ECMWF, see
Dee et al., 2011), acquired and post-processed (projection, spatial ag-
gregation of indicators) daily in NRT. ECMWF products were preferred
to other NRT reanalysis datasets like the JRA-55, from the Japan Me-
teorological Analysis (Kobayashi et al., 2015) since it permits the use of
processing chains already implemented in the European MCYFS, which
uses currently ECMWF data. Other alternative reanalysis data like
MERRA, from NASA (Rienecker et al., 2011) were discarded as they are

not NRT products. The intermediate and advanced solutions would
incorporate additionally data from meteorological weather stations to
the ECMWF dataset, having thus two production lines of meteorological
indicators based, respectively, on modelled and observed weather data.
The use of observed data requires the implementation of a processing
chain to pre-process (error checking, computation of daily indicators...)
and interpolate spatially weather data (Micale and Genovese, 2004).
The intermediate one will rely on available open access weather data,
e.g. from the GHCN (Global Historical Climatological Network, see
https://www.ncdc.noaa.gov/ghcen-daily-description). In the advanced
level, an additional number of observations from local weather station
networks (e.g. from national meteorological institutes) are added to the
open datasets, increasing the density of observations to reach a density
similar to the European MCYFS - > 2500 active stations in the EU
territory— thus improving the quality of the interpolated weather in-
dicators.

In the remote sensing component, the minimum technical alter-
native consists in the use of sensor-specific low-resolution products (e.g.
simple NDVI), which are calculated from top-of-canopy reflectance,
provided in NRT in the form of 10-day composites. The intermediate
alternative is an upgrade of the minimum component using long-term
product archives based on inter-operable, multi-platform products. The
objective of this alternative is guaranteeing, at least, a product archive
of at least 15 years, beyond the end life cycle of remote sensing plat-
forms. This long-term archive is necessary when using the products to
detect crop growth anomalies (Baruth et al., 2006) against an average
year or as yield predictor (Lopez-Lozano et al., 2015). A product ex-
ample within this intermediate level are the NRT Copernicus land
biophysical products (e.g. fAPAR, LAIL see Verger et al., 2014), which
use reflectance data from SPOT-VEGETATION and PROBA-V platforms
since 1998 until present. Nevertheless, this level may require an extra
cost compared to the basic level, as it comprises the development of
inter-calibration algorithms for biophysical products in case of eventual
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discontinuities of the existing products (e.g. PROBA-V end on life). The
advanced technical solution adds to the intermediate level the use of
high-resolution remote sensing products (e.g. Spot-XS, Landsat 8, or
Sentinel 2) on a selection of agricultural areas (approximately 150 km
per 150 km each area) of high relevance for the agricultural production
in every geographical area. No historical archive of high-resolution
images will be constructed, and the images will be used for crop-specific
monitoring during the growing season. In these selected areas high and
low resolution products will be used synergistically to extract valuable
crop-specific information such as actual phenology (Zheng et al., 2016;
Liu et al., 2016), or crop yield (e.g. Lobell et al., 2003). To achieve this,
this advanced solution comprises as well the development of an op-
erational algorithm to estimate biophysical products (LAI, fAPAR) from
high-resolution top-of-canopy reflectance images.

The technical solutions for the crop growth modelling component
differ in both, the nature of the models used and the quality of the data
used to calibrate and run the modelling solutions. The minimum al-
ternative consists in using simple, easy to parameterize vegetation
growth models, with parameter values taken from scientific literature.
Examples of such simple models can be found in Lee et al. (2003)) or
Duchemin et al. (2008). These simple models will be run spatially over
arable land areas. In the intermediate and advanced alternatives crop
growth models, implemented in the BioMA platform (e.g. WOFOST,
CropSyst, STICS, WARM, see Section 2.2), will be used to simulate the
growth of individual crops. Crop growth models have the advantage
against simple vegetation models of a more detailed simulation of the
different processes: light interception, carbon assimilation, biomass
partitioning, evapotranspiration, etc. In the intermediate implementa-
tion the calibration of these models will be performed based on agro-
nomic data extracted from scientific literature. Soil properties com-
puted from global soil datasets (e.g. Batjes, 2008) will be used as input
for the soil water balance model. Additionally, local agro-management
data including irrigated/rainfed arable land and single/multiple crop-
ping distribution are collected enabling models to simulate crop growth
under realistic agro-management conditions. In the advanced solution,
the calibration of crop models is conducted using field information
collected from local experiments, similar to the work of Boons - Prins
(1993) for the European MCYFS. Detailed soil datasets will be used as
input for soil water balance simulations, and local data on fertilizing
practices and possible pressure of pest and diseases will be collected as
well to improve the reliability of crop model runs.

In the statistical component, the three technical solutions constitute
a gradient in the sophistication of the statistical methods derived for
crop yield forecasting, and the quality of the statistical data archive
(Table 2). In the minimum solution, the statistical methods used are the
simplest ones: trend analysis and linear regressions, applied at national
scale. In the intermediate solution, multiple linear correlation with
cross-validation and similarity analysis are incorporated to the statis-
tical methods. Moreover, the scale of analysis is sub-national (GAUL 1)
and requires a historical archive of sub-national statistics. The Eur-
opean MCYFS currently includes components of these minimum and
intermediate solutions (Genovese and Bettio, 2004). The advanced al-
ternative includes collection of statistics at GAUL 2 administrative level
(e.g. equivalent to counties in the US or départements in France) and the
assimilation of remote sensing data biophysical parameters into crop
models (e.g. de Wit and van Diepen, 2007; Dorigo et al., 2007). Al-
though data assimilation is not, properly speaking, a statistical method,
it was decided to include them in the statistical tools component as it
constitutes a post-processing of data from crop modelling and remote
sensing components.

The composition of the analysis team is a crucial element in the crop
monitoring system. As mentioned in Section 2.2, the number, profiles
and skills of the team members determine the quality and detail of the
monitoring analysis; the periodicity of the system outputs (bulletins,
meteorological alert reports, ad-hoc analysis, etc.); but also the possible
contribution of the team in sharing the outputs from the system
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—analysis, forecast, methodologies, etc.— within international initiatives
(e.g. AMIS, GEOGLAM,' or MedAmin?). In the minimum and inter-
mediate solutions for this component, teams are composed of small/
average number of people, with technical profiles but no specialization
on local agro-climatic conditions in the GLOBCAST geographical areas.
The advanced solution is equivalent to the staff resources in the Eur-
opean MCYFS, with a fully-fledged team including analysts with
background and expertise in the countries covered, thus favouring the
interaction with local partners from the different geographic areas of
the world covered and improving, theoretically, the quality of the
system outputs.

The technical alternatives for the area estimation component are
established depending on the additional site information that can be
collected to correct the bias inherent of area estimates based solely on
digital classification (Gallego, 2004). The minimum solution considers
only digital classification, with no correction from local sampling. The
intermediate alternative includes data from economic efficient sam-
pling surveys “along-the road” as described by Gallego et al. (2014).
Finally, in the advanced approach an optimal sampling protocol will be
followed to avoid possible over-or under-representation of crops when
using an along-the-road sampling.

3. Framework to identify the cost-efficient realizations for a
MCYFS-like system in the GLOBCAST regions

In this chapter we present the framework to evaluate the cost-effi-
ciency of the possible realizations of the MCYFS-like system, which are
the result of the different combinations of technical solutions for the six
components of the system. That evaluation is conducted separately for
each individual country of the GLOBCAST study: Russia, Belarus,
Ukraine, Kazakhstan, India, China, Australia, Argentina, Brazil, the
United States of America and Canada. The crops to be forecasted are the
most relevant grains —wheat, barley, maize, rice and soybean— and
sugarcane, specifically for Brazil.

The efficiency, or performance, of a system is measured as the level
of attainment —established through a score- for each of the six objec-
tives explained in Section 2.1. The contribution of every technical so-
lution to the system performance is first established attributing an at-
tainment score to every individual solution. This score is an a priori
assessment of the technical solutions, based on expert judgement. Then,
the overall performance for any given system is retrieved combining the
scores of the individual solutions composing it, according to their actual
interaction in the MCYFS, explained in Section 2.2.

An automatic algorithm is then applied to evaluate all the possible
realizations of the MCYFS-like systems, to retrieve their performance
and costs, to include the effect of risks in implementing some solutions
in specific countries, and to identify the cost-efficient options.

3.1. Attainment levels of the system objectives

The definition of the scores ranging from 5 (highest) to 1 (lowest)
used to qualify the attainment for each one of the MCYFS-like system
objectives is given in Table 3. These scores are attributed to the tech-
nical solutions by the team of analysts based on their expert judgement.
They represent an a priori indication of their performance, and their
definitions have been kept rather general and intuitive.

In Objectives 1 —alert warning— and 2 -qualitative assessment of
crop conditions— the scores are mostly describing precision in the
identification of meteorological and crop growth anomalies (e.g. iden-
tifying major issues, position within quartiles, above or below the
average), but also the accuracy of that identification (high or medium
reliability). By contrast, Objectives 3 and 4 —crop yield forecasting and

1 See http://geoglam.org/index.php/en/
2 See http://www.med-amin.org/en/
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Scores used to evaluate the attainment of the different objectives of the monitoring system. Capital letters indicate the components involved in the attainment of each
objective: A meteorological data; B remote sensing; C crop modelling platform; D statistical data and tools; E analysis tea; F area estimation.

Objectives/ 1.Alert warning on  2.Qualitative analysis of 3.Quantitative forecast of 4.Quantitative estimation of 5. Bulletin production 6.Accessibility to

Scores crop development crop development crop yield crop area information for external
users

Components

et A,B,Cand E A,B,C,and E A,B,C,DandE F D -

5 Detection of major issues Able to rank the current season Yield forecasts with significantly  Inter-annual changes of crop Detailed crop and region- Distribution to external users of
concerning possible crop with high reliability in the actual better accuracy than the average acreage, with significantly better specific analysis of the bulletins along the season and
abiotic stress with high quartile distribution. inter-annual variability, both at  accuracy than the average inter- meteorological conditions and  at the end of the season with
reliability in near-real time. national and sub-national levels. annual change, both at national and crop conditions + crop yield near-real time access to data from

sub-national levels. forecast + crop area estimation externals through a dedicated
+ sowing conditions for the new web application.
season.

4 Detection of major issues Able to rank the current season Yield forecasts with significantly  Inter-annual changes of crop Detailed crop and region- Distribution to external users of
concerning possible crop with medium reliability in the  better accuracy than the average acreage, with accuracy significantly specific analysis of overall crop the bulletins along the season and
abiotic stress with medium  actual guartile distribution. inter-annual variability at national better than the average inter-annual conditions + crop yield forecast at the end of the season with off-
reliability in near-real time. level and with accuracy change at national level and with + crop area estimation + sowing line external access to data

comparable to the average inter- accuracy comparable to the average conditions for the new season. products through a dedicated web
annual variability at sub-national inter-annual change at sub-national application.

level for the main production level for the main production

regions. regions.

3 Detection of extreme Able to place the current season Able to estimate the inter-annual Able to estimate the inter-annual Global analysis of overall crop  Distribution to external users of
events that will produce with high reliability below or changes of crop yields, with changes of crop acreage, with conditions + crop yield forecast the bulletins at the end of the
severe damages on crop above the actual average accuracy comparable to the accuracy comparable to the average + crop area estimation + sowing season with external access to
yield/development with season. average inter-annual variability at inter-annual change at national conditions for the new season. data products upon request.
high reliability. national level. Valid estimations  |evel. Valid estimations can be

can be produced regarding produced regarding specific areas
specific areas where strong where strong changes happen.
variations happen.

2 Detection of only extreme  Able to place the current season Forecasts able to provide Crop acreage analysis able to Global analysis of overall crop  Distribution to external users of
events that would produce  with medium reliability below indications about major changes provide indications about major conditions + crop yield forecast the bulletins at the end of the
severe damages on crop or above the average season. in crop yields. changes in specific areas. + crop area estimation. season upon request and access
yield/development with to data products.
medium reliability.

1 No reliable information can No reliable information about  No indications can be expected, No indications can be expected Crop yield forecast + crop area No external distribution is

except if exceptionally stro
changes occur.

be retrieved. crop development can be

produced.

area estimation— are both quantitative and, the scores make reference
to the accuracy of the figures produced, considered in relative terms to
the inter-annual variability or the inter-annual change of yields and
areas. The accuracy for the different scales of analysis is also included in
the score, assuming that at national level the accuracy of quantitative
figures is higher than at sub-national level, as yield and area variance
decreases with spatial scale (Gorski and Goérska, 2003).

The attainment of Objective 5 (bulletin production) is about the
extent and contents of the bulletins to publish and the spatial level of
reporting —national or sub-national-, which could be highly relevant in
large countries (e.g. Russia, China, India). The periodicity of the bul-
letins is assumed the same for all scores. Finally, in Objective 6 (ac-
cessibility of information to external users) the attainment scores are
established based on the IT infrastructure that could give access to the
information to external users, ranging from a software application
giving access in real-real time to the system indicators to a situation in
which no access is given to external users.

3.2. Evaluation of the individual technical solutions

The individual contribution of the technical alternatives proposed in
Section 2.3 (minimum, intermediate, advanced) to the performance of
the overall system with regard to the objectives (Table 1) is evaluated
assigning to each one of them an attainment score (Table 3).That
contribution is assumed to depend exclusively on the individual per-
formance of the solution and the role of that solution in the MCYFS-like
system workflow. Therefore, the score for a technical solution is con-
sidered independent of the geographical context where it is im-
plemented.

The scores have been attributed by the team of analysts of the
European MCYFS in 2011, based on their expert judgement and

ng

except if exceptionally strong estimation.

changes occur.

possible.

experience contributing to the European Bulletins. When evaluating
each solution for a given component, the analysts were asked to attri-
bute the score reflecting the performance of a system where this solu-
tion is implemented with the advanced solution the other components.
For instance, to evaluate the technical minimum solution of the me-
teorological data component in the achievement of objective 3 (quan-
titative yield forecast) the analyst attributes the score based on the
question: What is the overall accuracy to forecast yields of a system
built with ECMWF weather data in the meteorological component
(Table 2) and the advanced solution in all the remaining components?

The components involved in the attainment score of each of the six
objectives are given in Table 3. For objectives 1-3 the remote sensing
component produces independent indicators to those produced by the
interaction of the meteorological and crop modelling components
(Fig. 2), and is complementarily used in the MCYFS for qualitative and
quantitative analysis. Therefore, the scores for the remote sensing so-
lutions were assigned under the hypothesis that both, meteorological
and crop modelling components do not exist in the system. Similarly,
when scoring the solutions of the meteorological and crop modelling
components, the analysts had to assume that no remote sensing com-
ponent exists.

The analysts had also to establish a risk level for each technical
solution to express concerns about the feasibility to build that solution.
These concerns are due to the unavailability of necessary data/re-
sources in some specific countries, and thus the analysts evaluated the
risk of all technical solutions in every country covered by GLOBCAST,
according to the following scale:

® No risks. The data/information can be collected without major
constraints.
e Warning. Data is not easily available, and acquisition may need
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important efforts (e.g. economic).
e High risk. This data is not likely to be available, or is not reliable.

The replies from all the MCYFS Europe analysts on the individual
scores and risks were collected, and the most frequent score and risk per
component and country was selected.

In the crop modelling and statistical components, the analysts at-
tributed the attainment scores and risks to the sub-components
(Table 2): the crop models used -including agronomic data for model
calibration—, the soil data available to simulate soil water balance, the
additional local crop management data, the statistical methods, and the
statistical database. Considering sub-components in these two cases is
important since, in some countries a high risk may be attributed only to
one sub-component (e.g. experimental field data, or reliable crop sta-
tistics, are not accessible), but it can jeopardize the performance of the
whole component and eventually the system.

The scores for objectives 1-3 are attributed in different moments of
the cropping season (e.g. at sowing, flowering, grain filling, harvest). In
the case of area estimation (Objective 4) scores are attributed early in
the season and late in the season. The performance of solutions is ex-
pected to increase as the crop growing season progresses and, hence,
also the attainment score should increase. When evaluating the overall
system attainment, only the scores at the latest moment (e.g. harvest,
late in the season) are used, but the other scores are shown (see Section
4.1) for informative purposes.

3.3. Cost estimation

Costs are estimated for every technical solution (Table 2) under the
financial rules governing the European Commission as of 2011. Four
categories where considered: data acquisition; staff; software and IT
infrastructure; and contracted costs. The costs are established sepa-
rately for the set-up (una tantum) and operational phases (yearly cost,
including maintenance).

Data acquisition costs are calculated directly from public chart
prices when available (e.g. subscription to ECMWF forecast data in
NRT, acquisition of very high resolution satellite imagery). When price
lists are not publicly available (e.g. statistical data for some countries,
station weather data in local national networks) these costs are esti-
mated by expert judgement from unit costs (e.g. costs per station, per
dataset) remunerated in the operational MCYFS in Europe for data
acquisition.

Software (e.g. database server software, remote sensing programs,
GIS packages, mathematical applications and IT development en-
vironments) and hardware (workstations, FTP servers, etc.) are taken
based on the actual market prices. Additionally, information storage
and backup devices are estimated from the amount of hard disk space
necessary for the input data and output products (meteorological data,
satellite imagery, crop modelling products at different spatial units) and
assuming a yearly cost per terabyte of information, derived from the
actual expenses of the MCYFS system.

The investment needed in staff is based on current fares for the
European Commission statutory staff (both permanent and temporary)
and external (IT consultants).

Contracted costs are for those tasks that we recommend to outsource
to external tenderers: e.g. NRT processing of low-resolution remote
sensing products; pre-processing of weather data; or field studies to
collect experimental data for the calibration of crop models.

The absolute costs of most technical solutions vary from one country
to another, due to the total extension to cover, how the arable land is
distributed, the number of crops to monitor, etc. When presenting the
results of the cost-efficiency analysis in chapter 4 costs are expressed in
relative units (r.u.), and are calculated by dividing absolute costs of a
technical solution by the costs of the baseline system set-up (see Section
3.4.2) of the geographical zones. Reporting the costs in r.u. and not in
absolute numbers permits, to discuss the cost figures regardless of the

238

Agricultural Systems 168 (2019) 231-246

geographical area -relative units tend to be stable from one area to
another— while maintaining the proportionality among the technical
solutions.

3.4. Algorithm for evaluating system performance and selection of the cost-
efficient ones

An automatic algorithm has been specifically programmed in
Matlab (Mathworks Inc., US) to run the cost-efficiency analysis of the
MCYFS-like system for the different countries covered by GLOBCAST.
The algorithm first computes the overall attainment score in the six
objectives for all the possible systems (a total of 729 possible combi-
nations of the technical solutions for the system components). Then, a
set of rules is applied taking into account the system attainment scores
and costs to identify the cost-efficient ones.

3.4.1. Computation of system attainment score

The overall attainment score of any given system for a specific ob-
jective, S, where o is the objective number, is computed from the scores
So, c=1 and risks R.—, of the technical solution t adopted for all the
components ¢ involved —see Table 3— in objective o. Both S, .-, and
R._. have been established by expert judgement from the MCYFS
analysts in Section 3.2. An overview of the computation of S, is shown
in Fig. 3.

In the first step of the computation process, the initial component
scores S, -, are filtered by the risks: when the risk for a solution R._,
has been evaluated high, the score of that component is downgraded to
the most advanced solution for that component R — max Where the risk
is not high. For instance, if the advanced solution for a component has a
high risk, it will be downgraded to the intermediate solution if the risk
for that is “warning” or no risk, otherwise it will be downgraded to the
minimum solution.

The resulting scores S, . for all components of the system are then
used to compute the total system score S, for all the six objectives
o =1, ..., 6. The formulae to derive S, from S, . shown in Fig. 3 try to
reproduce the actual interaction of the components in the MCYFS
workflow (2.2) to the achievable attainment of each objective. In ob-
jectives 1, 2 and 3, where more than one objective is involved, the
nature of that interaction is twofold: either constraining —identified
with a minus sign in Fig. 3- or synergistic —plus sign in Fig. 3.

In a constraining interaction, the component with the minimum
score of the interaction acts as a bottleneck for all the others, and the
resulting score is the minimum of the components interacting. This
happens, for instance, when meteorological data and crop modelling
interact in the MCYFS for crop monitoring and yield forecasting. If the
meteorological data is not reliable, it will limit the performance given
by the crop modelling —using meteorological data as an input- no
matter how accurately the crop model has been calibrated and the
quality of additional soil and management information, and vice versa.
Something similar can be expected when the analysis team and the
statistical component interact with the outputs from the meteor-
ological, crop modelling and remote sensing components to produce
reliable crop monitoring analysis and yield forecasts (Fig. 3).

A synergy occurs with the result of the interaction between the crop
modelling and meteorological components, on one side, and the remote
sensing, on the other side (formulae with the plus sign in Fig. 3). As
crop modelling and remote sensing are used complementarily in the
MCYFS for growth monitoring and yield forecasting (objectives 1-3),
the performance of the system is not affected if only one of the two
components has a low reliability. Indeed, the resulting score of the
interaction may be higher than the two individual scores as a result of
the synergy: it will increase to 4 or 5 if both scores are 3 or 4, re-
spectively. For scores below 3 no synergy between components is ex-
pected.

The scores of objectives 4 and 5 (area estimation and bulletin pro-
duction) are directly given by the area estimation and analysis team
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Fig. 3. Schema to evaluate the overall system attainment S, of the objectives o =1,..., 5, from individual score S, .—. for solution t = (minimum, intermediate or

advanced) of components ¢ = A, ..., F, and risks R._,.

performance, not interacting with other components. Finally, objective
6 (accessibility to external users) has been not included in the schema,
as the existing tools in the MCYFS Europe (AGRI4CAST toolbox, http://
agri4cast.jrc.ec.europa.eu/) are considered sufficient for our purpose to
reach the maximum score, and no specific component for this objective
has been introduced ad hoc.

3.4.2. Selection of cost-efficient systems

For each of the 729 possible systems, costs were calculated summing
individual cost estimations per component and technical solution.
When a component or sub-component has to be downgraded due to a
high risk (see 3.4.1) the costs were adapted accordingly. Three rules
were sequentially applied to select the cost-efficient systems:
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e The overall attainment score obtained for the objectives 3, 4 and 5
—objectives with the highest priority for DG-Agriculture, as men-
tioned in Section 2.1- should be at least 3 (see Table 3 for details). If
the score is below that threshold, the system is not considered as
performing, and thus it is not cost-efficient.

e For those systems with identical scores for the objectives 3, 4 and 5
only the least expensive solution is selected. This rule eliminates
systems less efficient from an economical point of view, identifying
the ones with the most effective components (those that increase
overall score with lower costs).

e From the remaining systems (normally 6-10, depending on the
GLOBCAST area considered), three cost-efficient systems were se-
lected from the minimum, median, and maximum sum of the scores
for objectives 3, 4 and 5. These three systems are named baseline,
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Attainment scores given by the analysts to all the technical solutions of the MCYFS-like system components. The underlined scores (objectives with high priority)
were those used in the selection of the cost-efficient systems. Solutions with a high risk in, at least, one country of the geographical areas covered are marked with a

red box.
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average performing, and high performing systems.

4. Results and discussion: technical solutions and expected
performances of cost-efficient crop monitoring systems

4.1. Contribution of individual technical solutions to objectives attainment
and associated risks

Table 4 shows the scores attributed by the analysts of the European
MCYFS to the technical solutions proposed for all the six system com-
ponents. Overall, the analysts are confident with the use of weather
data from reanalysis products in crop models, and estimate a low im-
pact on the overall attainment of the system for crop monitoring and
yield forecasting (minimum solution of meteorological component has
a score of 4 for objectives 1-3). Nevertheless, one of the known main
limitations of reanalysis products are the uncertainties in precipitation
from convective events (Lorenz and Kunstmann, 2012). This may ac-
tually lead to significant differences in the performances of reanalysis
products in different areas of the world (e.g. Ceglar et al., 2016; de
Leeuw et al., 2015; Pena-Arancibia et al., 2013) where convective
precipitation prevails. The incorporation of observed weather data
would help to improve the system performance, as both the inter-
mediate and the advanced solution received a score of 5. The analysts
considered that incorporating weather observations with open access as
such from the GHNC (intermediate technical solution) are already
sufficient to reach the maximum attainment score of the component.
This is reasonable in many geographical regions of interest for GLOB-
CAST like North America, Australia, south of Brazil and Eurasia, where
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the number of available stations in the GHNC is rather high. Never-
theless, in some other countries like Argentina, Kazakhstan or China the
density of stations included in that archive is lower, and using ex-
clusively GHNC may lead to inaccuracies when describing spatial pre-
cipitations fields.

The technical solutions for both the crop modelling and remote
sensing components are those, according to the analysts, with the
highest impact on the performance of the system for crop monitoring
(objectives 1 and 2) and, especially, for yield forecasting (objective 3).
Only when calibrated crop models are used —the intermediate solution—
the system performance for these objectives reaches the minimum re-
quired score of 3, even if models are calibrated based on data from a
literature review. For qualitative analysis —objective 1 and 2- upgrading
to advanced technical solution results in a performance increase due to
the improvement in the model calibration —using local experimental
data, in the advanced solution— agreeing with the results of Palosuo
et al, (2011). However, to improve crop models performance for
quantitative yield forecasting (objective 3) the analysts considered ne-
cessary also local information on soil and crop management data, in
line with van Ittersum et al. (2013) when reviewing different works on
crop models to analyse yield gaps.

The analysts considered that the use of sensor-specific low resolu-
tion products -minimum solution- in the remote sensing component are
a suitable solution for Objectives 1 and 2, as vegetation indices are,
indeed, actual observations of vegetation status permitting to detect, to
some extent, crop growth anomalies and extreme events (e.g. Wu et al.,
2014; Rojas et al., 2015). However, that solution would not reach a
minimum score of 3 for crop yield forecasting. According to the
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analysts, cross-platform products with a long-term archive -inter-
mediate technical solution— are necessary to reach a sufficient perfor-
mance when used as yield predictor. Some studies have proven that
these products can be successfully used for crop yield forecasting at
regional level (e.g. Balaghi et al., 2008; Becker-Reshef et al., 2010;
Kogan et al., 2013or Johnson, 2014). Nevertheless, biophysical pro-
ducts from remote sensing seem to be reliable as yield predictors in
agro-climatic conditions where water availability is the main factor
determining inter-annual yield variability, but do not perform well in
humid regions where yields are not fully explained by changes in green
leaf area (Lopez-Lozano et al., 2015). The use of high and low-resolu-
tion sensors synergistically —advanced solution— would increase the
attainment score of yield forecasting to 4, as the introduction of high
resolution imagery is necessary in highly fragmented agricultural
landscapes with small field sizes for crop-specific analysis (Duveiller
and Defourny, 2010).

The solutions proposed to build the statistical component do not
impose severe constraints to the performance of the system on crop
yield forecasting as all the three solutions received a score of, at least, 3.
Sub-national yield forecasting is, however, critical in large countries
with a wide variability of agro-climatic conditions to produce a reliable
analysis and thus the attainment score improves from 3 to 5 (Table 4) if
the intermediate solutions are implemented in the component. The
MCYFS is a decision support system where the role of the analysis team
is central (Section 2.2) in analysing the convergence/divergences of the
different indicators, identifying valid evidences, and producing quality
outputs. Only with a sufficient number of analysts with specialized
profiles (intermediate solution) the reliability of the system outputs,
especially on quantitative yield forecast, reaches the minimum required
performance. That is essential in large countries, where sub-national
analysis is needed but it requires a high volume of work to be conducted
in a relatively short period -no > 10 days- as otherwise the analysis
would be outdated.

Only those technical solutions of the area estimation component
where digital classification is supported by field survey —intermediate
and advanced- are able to produce a satisfactory output, in line with
recommendations from Gallego et al. (2010). Selecting the advanced
technical solution —digital classification assisted by field surveys with
an optimal sampling protocol- the component will only improve the
attainment score to 4, meaning that area estimates will have an accu-
racy significantly better than the inter-annual change only at the na-
tional level, but will have a lower reliability for sub-national adminis-
trative units.

Red boxes in Table 4 highlight those technical solutions evaluated
with a high risk in some countries. The advanced solution of the crop
modelling component requires ad hoc experimental data to calibrate
operationally crop, and local information on agricultural practices and
detailed soil data. In some specific countries, this data is not available
and, according to the analysts, was extremely difficult to collect. Reli-
able crop statistics at sub-national level —intermediate and advanced
solutions of the statistical component— were not accessible to us in all
the countries covered in GLOBCAST. Moreover, the possibility to con-
duct systematic field campaigns for area estimation in collaboration
with local authorities was not always considered feasible, constraining
the area component to the basic solution in certain countries. Finally,
the advanced solution for the analysis team requires recruiting analysts
with an expertise in the local agronomic conditions of the areas cov-
ered, which has been judged also not feasible for some particular
countries.

4.2. Selected cost-efficient MCYFS-like systems and expected performance

The strategy to identify the cost-efficient alternatives to construct
the crop monitoring and yield forecasting system presented in Chapter
3 tends to privilege similar technical solutions for the different coun-
tries covered by GLOBCAST. This is expected as the solution scores are
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fixed for all geographical areas, and the relative costs of the different
technical solutions are —as mentioned in Section 3.3- highly stable.
Nevertheless, the country-specific risks identified constitute important
differential factors that constrain the available technical solutions, and
the feasible systems. According to this, the results of the cost-efficient
analysis across the GLOBCAST countries can be summarized in three
scenarios:

A. Countries with low constraints to access information, however some
data is missing or not accessible but this has no major effect on the
overall system performance. For these countries, the number of
feasible systems is high, and the three systems selected (baseline,
average performing and high performing) are purely based on cost-
efficiency. This scenario will be used to illustrate the roadmap
chosen when upgrading the baseline system to the maximum per-
forming one based on the less expensive solutions.

. Countries with moderate constraints, preventing some technical
solutions to be realized. That reduces the number of different sys-
tems that can be actually built, and restricts, especially, the attain-
ment score of the maximum performance system.

. Countries with severe constraints to build and run system compo-
nents, as resources needed to build critical technical solutions to
guarantee a reliable system are not available. Due to these con-
straints, there is a very limited number of technical choices to build
up the system, and their expected performance is substantially lower
than the ones of scenarios A and B.

The composition and objective attainment scores of the cost-effi-
cient systems for these three scenarios are shown in Fig. 4.

4.2.1. Roadmap towards a maximum performance system in countries
where data availability is high (scenario a)

In the scenario A, only the access to local fertilizing treatments and
pest and diseases pressure has been evaluated as high risk (advanced
technical solution of the agro-management data sub-component),
which do not produce any constraint to the overall system performance.

The baseline system for scenario A —shown in Fig. 4- is the least
expensive one giving a score of 3 —-lower limit established for a system
to be considered as cost-efficient— in objectives 3, 4 and 5. This baseline
system is built upon the minimum technical solution in the weather
data and statistical components; plus the intermediate solutions for the
crop modelling, remote sensing, analysis team, and area estimation
components.

The improvement of that baseline system towards more performing
ones, with higher attainment scores can be achieved upgrading dif-
ferent components of the system. Fig. 5 illustrates the roadmap to im-
prove from the baseline system (attainment score of 3 in objective 3) to
the average and high performing one (scores of 4 and 5, respectively),
showing the alternatives existing for every successive upgrade and their
cost. The roadmap in Fig. 5 is illustrated with the score of objective 3 —
quantitative yield forecasting- as it is the only one involving more than
one component among the high priority objectives.

To increase the score of the baseline system on crop yield fore-
casting and to reach the average performing system an upgrade of the
analysis team and the statistical component is required, if not, ac-
cording to Table 4, any other component upgrade would be inefficient
constraining the score to 3. In addition, either the remote sensing or the
crop modelling component have to be upgraded to the advanced solu-
tion. The cost- efficient choice is upgrading the crop modelling com-
ponent (Fig. 5). Although the set-up costs of these upgrades are quite
similar (about 20 r.u. in both components), the operating costs of up-
grading the remote sensing component is much higher than improving
the crop model calibration (60versus 0.5r.u. for four years, respec-
tively, of additional cost to the baseline system). Indeed, improving
modelling calibration and soil information affects almost exclusively
the costs of the set-up phase, as the additional costs to run in an
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Scenario A. low constraints

Scenario B. moderate constraints

Scenario C. severe constraints
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Fig. 4. Composition (left) and attainment scores (right) of the three cost-efficient systems proposed in the scenario A (low constraints to the technical solutions); B
(moderate constraints); and C (severe constraints). Red horizontal line and text in the system composition describe a high risk of a given component that is blocking
an upgrade to an improved technical solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

operational environment a better calibrated model are marginal. By
contrast, the acquisition, processing and storage of high resolution
imagery increases significantly the budget. In this average performing
system the upgrade of the analysis team to the advanced solution -more
staff with specialized profiles— implies that the operating costs of this
component double (from 105 to 210r.u. for four years), representing
almost 75% of the system costs. This upgraded system, apart from
improving the attainment of objective 3, permits to reach also a score of
5 for the objectives 1,2, and 5 (Fig. 4).

An increase in the attainment score from 4 —average performing- to
5 -high performing system- can be achieved in two different ways:
either upgrading the meteorological component (alternative 2.1, in
Fig. 5) or the remote sensing component (alternative 2.2). Upgrading
the meteorological component to the intermediate solution —individual
attainment score of 5, see Table 4- has a cascade effect, increasing the
performance of the crop modelling component and, hence, in the ab-
sence of bottlenecks, improving the reliability of the system (Fig. 3).
This first alternative is, however, very expensive (see Fig. 5), as ac-
quiring, processing, interpolating and storing 30 years of daily weather
data to construct the historical archive of weather data makes the
budget for the set-up of the system to increase from 59 to 518 r.u. The
upgrade of the remote sensing component to the advanced solution
—individual score of 4 for objective 3, see Table 4- produces a synergy
with the crop modelling component (Fig. 3), increasing the objective 3
score to 5. This second alternative is the cost-efficient one: even if
yearly costs of the advanced remote sensing solution are slightly above
those of upgrading the meteorological component, the expensive set-up
for the latter does not compensate the extra operational cost at short-
medium term.

Regarding crop area estimation, to achieve a score of 3 the inter-
mediate solution of the crop area component is needed (Table 4). The
maximum performance system must necessarily include the advanced
solution to reach a score of 4. The area component is one of the most
expensive ones (costs not included in Fig. 5), as it includes the acqui-
sition of very high-resolution satellite imagery, research on efficient
digital classification algorithms, and designing and contributing to
ground area surveys. The set-up costs for the intermediate solution of
this component are about 62 r.u. and 74 r.u. per year in the operational
phase which is > 60% of the total baseline system budget. The cost for
the advanced solution increases up to 86r.u. and 98r.u. per year, re-
spectively, for the set-up and operational phases.

4.2.2. Possible cost-efficient system in countries where technical solutions
are limited (scenarios B and C)

The baseline system in the scenario B is identical to the one in
scenario A (Fig. 4). In the scenario B the constraints to upgrade the
technical solutions are mainly affecting the crop model sub-component,
as in these countries collecting the necessary local experimental data to
improve crop model calibration has been judged not feasible by the
analysts. This blocks the crop modelling component to the intermediate
solution, and thus, the average performing system can be only achieved
upgrading the statistical component, the analysis team, plus the remote
sensing component, an upgrade equivalent to the alternative 1 shown in
Fig. 5. Any further investment in other components would not produce
any increase in the system attainment for objectives 1, 2 or 3. As a
consequence, the high performing system in this scenario B is similar to
the average performing, but upgrading the area estimation component
to the advanced solution, which will increase the attainment score for
objective 5.

In the scenario C, the performance of the system is severely
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constrained by non-accessibility to reliable crop statistics at the sub-
national level. In the MCYFS, the crop indicators are statistically related
to official yields to produce the forecasts and, therefore, the accuracy of
the crop yield forecasts depends largely on the quality of the statistics.
Particularly in large countries with contrasting agro-climatic conditions
the crop yield forecasts need to be done at sub-regional level rather
than at country level to be reliable and the lack of reliable statistics at
sub-national level acts as a bottleneck for the performance of whole
system. Moreover, the recruitment of analysts with a high specialization
on local conditions in some countries has been judged not feasible, thus
limiting the technical solution of the analysis team component to the
intermediate. These two constraints make any upgrade of the other
system components inefficient, as they will not increase the perfor-
mance of the system. On what regards area estimation, in scenario C
conducting ground area surveys in collaboration with local authorities
is not possible, which constraints the solution for this component to the
minimum (digital classification not supported by field survey) and
would not permit to reach reliable results (attainment score of 2,
Table 4). In summary, due to these severe constraints, only a baseline
system can be implemented in the scenario C.

The high risks attributed by the analysts to the technical solutions
are somehow specific for an international organization like the EC,
when aiming to run a crop monitoring system outside the EU. For in-
stance, the feasibility of conducting field surveys for area estimation,
acquiring experimental data or recruiting specialized experts would be
much higher for a system run by a national institution for its territory.
National bodies can more effectively to set-up any kind of operational
activity for collecting field data, or involving technical/scientific part-
ners that can help to solve the important challenges that implementing
a MCYFS-like system may have. Establishing partnerships and links
with national services may constitute an effective strategy to eventually
mitigate these limitations, improving the feasibility of the MCYFS in
many of the GLOBCAST areas.

5. Conclusions

This paper presents an evaluation framework followed to identify
cost-efficient alternatives to extend the MARS Crop Yield Forecasting
System (MCYFS), running in Europe since 1992, to other main produ-
cing areas of the world: Eastern European Neighbourhood, Asia,
Australia, South America and North America. The extended systems
follow the principles and components of the MCYFS Europe: a data rich
system driven by expert knowledge (team of analysts), where indicators
are produced by a meteorological data infrastructure, a remote sensing
data infrastructure, and a crop modelling platform. They are analysed
to report on crop growth and produce crop yield forecasts. An area
estimation component —not existing in the European MCYFS- is added
to produce independent crop area figures.

The framework designed evaluates the performance of the possible
MCYFS-like system realizations against six defined objectives and their
costs. Possible monitoring systems are based on a combination of dif-
ferent technical solutions for each of the MCYFS components. The
performance is evaluated through a system of scores, representing the
attainment level for each objective. An automatic algorithm calculates
the attainment scores, the costs, introduces the effect of the risks to
construct technical solutions and identifies the least expensive system
yielding a satisfactory attainment score. The analysis produced three
systems considered cost-efficient: a baseline system, with an adequate
attainment score and reduced costs; and an average and a high per-
forming system, which are cost-efficient upgrades from the baseline.
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Fig. 5. Roadmap to upgrade the baseline system (attainment score of 3) towards improved systems with attainment scores of 4 and 5 in the crop yield forecasting
objective in the scenario A (low constraints to the technical solutions). Costs are expressed, separately for the set-up and operational (4 years) phases, in relative units
to the baseline system set-up costs (100 r.u. = costs of baseline system set-up, including component F on area estimation).

However, the average and high performance system cannot be al-
ways achieved, as some technical solutions are not feasible in certain
countries. According to an evaluation a priori of the possible risks, some
necessary data and resources cannot be easily collected: experimental
and agro-management data to improve the calibration and reliability of
crop models; reliable sub-national crop statistics; experts on local
conditions to recruit; and ground surveys for crop area estimation.
These mentioned resources are may not always be accessible for an
international organization like the EC, implementing a crop monitoring
system outside its territory, but can be, in theory, achieved by national
institutions interested in building such systems.

The results of the evaluation framework presented were im-
plemented in successive phases of the GLOBCAST project, and the
MCYFS extension to South America, India, China, Turkey, Ukraine,
Russia and Kazakhstan started in 2012. In these cases the baseline
system was implemented: reanalysis near-real-time products for the
meteorological component; a crop modelling platform with crop models
calibrated with existing data form scientific literature; global soil and
arable land maps to run the model spatially; a remote sensing compo-
nent based on low resolution biophysical products with a log-term ar-
chive; and a statistical component with simple methods -regression,
trend analysis— applied at national/sub-national scale; and an analysis
team with staff of different backgrounds on agronomy, remote sensing,
cop modelling, etc. Only the crop area component has not been im-
plemented for the time being. An overview of the implementation of the
MCYFS in those countries and its results can be found in https://ec.
europa.eu/agriculture/events/globcast-dissemination_en. The roadmap
for system upgrades serves is serving a reference to further improve-
ments in some of the mentioned countries. Bulletins on crop growth
monitoring and yield forecasting were released in these countries since
the second half of 2014 (see https://ec.europa.eu/jrc/en/mars/
bulletins), and once this operational phase is consolidated —e.g. after
a minimum of six or seven years- the suitability of the technical solu-
tions adopted will have to be re-evaluated through a quality assessment
of the yield forecasts produced.

After 25 years of the MCYFS in Europe the exercise presented in this
paper was also a good opportunity to critically evaluate the European
system, and study possible cost-efficient upgrades that may help to
improve the system performance. The evaluation framework presented
here could be adapted to perform that analysis systematically, and to
depict a feasible roadmap for a system upgrade that incorporates recent
technological developments. For instance, the accessibility to high re-
solution satellite data, with the open access data policy for Sentinel 2
imagery (https://sentinel.esa.int/web/sentinel/sentinel-data-access);
opportunities to develop added-value NRT products that combine dif-
ferent data sources in new big data environments; or the contribution of
recent initiatives on crowdsourcing and citizen science (Beza et al.,
2017).

This framework can be also of interest to other global or national
initiatives on near real time crop monitoring and yield forecasting. The
basic principles to evaluate the possible technical solutions and the
inclusion of costs when identifying the feasible ones are general ideas
that can be applied to other system architectures, e.g. with different
objectives, components, or interactions between components.

The results of the analysis presented are, by contrast, specific to the
MCYFS architecture, particularly on what regards the contribution of
the different technical solutions to the overall system performances.
Moreover, the scores to the different technical solutions were given by
the current MCYFS analysts based on their own experience working
with the European MCYFS, and that introduces some subjectivity in the
evaluation. However, there is no easy way to circumvent it in an

analysis a priori when planning a system implementation. Furthermore,
the exercise was conducted in 2011 and some technical alternatives and
their costs have evolved over time: e.g. open access high resolution
imagery, decrease of data processing costs, adoption of transparency
and open data access policies from local governmental bodies and re-
search institutions to increase that availability. All this may introduce
some differences in the results of the analysis if the exercise was done
again nowadays.
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